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16 Claims.
1

This invention relates to g method of deter-
mining tristimulus values of mixtures of a plu-
rality of ceolors, and particularly to methods of
automatically matching the tristimulus values
of dyeings with rredetermined dyes. The in-
vention includes instruments capable of carrying
out the above processes.

The scientific specification of colors is in terms
of tristimulus values; that is to say, the amount
of each of three theoretical and imaginary colors,
or stimuli, X, ¥ and Z, which will give the same
response to the eye as the actual color. While
ah infinite number of sets of tristimuli are pos-
sible, including resl as well as imaginary colors,
in practice a unique set of imaginary colors is
employed. This set is characterized by the fact
that every color, even spectral colors, can be
represented without using a negative amount
of any tristimulus, something which would be
impossible with real colors, and, further, one,
Y, corressonds to tha enlor sensitivity of the
human eye. The tristimuli for different illumi-
nants are somewhat different, and, in general,
two sets are in common use. one for daylicht
and one for tunesten light, These are the only
ones used in the vast majority of color match-
ing. The descrintion of the tristimulus nota-
tion appears in Chapter 1 of the Handbook of
Colorimetry by Dr. Arthur C. Hardv, 1936 edi-
tion. Fig. 9 on page 8 of this book shows the
spectrophotometric curves of three tristimuli for
daylight illumination. This figure is reproduced
in Fig. 15 of the drawings which will be described
below.

In the past the problem of determining the
tristimulus values of a mixture of a plurality
of dyes, and particularly the matching of a dye-
ing with such dyes, has been a matter of im-
portance to the dyestuff industrv. It is mathe-
matically feasible to determine tristimulus values
of mixtures of dyes from the reflectance values
of the separate dyes by extensive and time con-
suming mathematical calculations. 'This method
of solution permits the maiching of an unknown
dyeing with a mixture of predetermined dye-
stuffs but it involves excessive time. The mathe-
matical operations, even with the aid of new
equation technique, are still slow and the op-
eration requires the assumption of starting con-
centrations ¢f tha colors and then a series of
cut and fry solutions with various concentra-
tions. It may require hours to obtain a satis-
factory match by this methed.

The present invention relates to a method of
solving the problem and to apparatus for carry-

10

20

28

30

35

40

45

650

58

2

ing out the method in which the spectral curves
of the dyestuffs to be used to match a given
dyeing are divided into a series of selected, or
breferably weighted, ordinates. The number of
wave length ordinates chosen depends on the
accuracy desired in the determination of the
tristimulus values of a mixture of dyes. The
accuracy increases very rapidly with multiplica-
tion of ordinates chosen up to an order of mag-
nitude of about 8 to 12 ordinates. When the
dye components are sensibly chosen additional
ordinates do not add toc the accuracy of the re-
sult sufficiently greatly to warrant the addi-
tional complexity which they introduce in the
mechanical methods of handling the data ac-
cording to the present invention. For practical
color matching ten or eleven properly selected
ordinates give sufficient aceuracy, and except for
special scientific problems larger numbers do not
give results which are worth the additional com-
plication.

The present invention gives instantaneous or
substantially instantaneous registration of the
tristimulus value of a mixture of any concen-
trations of a plurality of known dyestuffs. When
a match is sought by the cut gnd try method
the matching is not automatie. However, the
énormous increase in speed of determining each
trial mixture cuts the time down to a very small
fraction of that now required. Broadly, there-
fore, the present invention might be considered
as including methods and apparatus for giving
a substantially instantaneous determination of
tristimulus values of any mixture of g plurality
of dyes in various concentrations. In a more
specific aspect, however, the. invention goes
beyond this sub-combination of steps and pro-
vides for substantially instantaneous matching
of any dyeing, the tristimulus values of which
are known. In. this more specific aspect the
process and apparatus automatically varies the
proportions of the dyes in the mixtures until
one is reached which matches the unknown
dyeing.

The term “substantially instantaneous” used
in both of these modifications requires slight
elaboration. In the sub-combination which
gives fristimulus values for any mixture the re-
sults are obtained in a time interval of the order
of magnitude of from a fraction of a second %o
several seconds. The preferred modification of
the process which provides for automatic match-
ing produces results in g time of the order of
magnitude of from a second or two to from one
to two minutes. The terms “substantially in-
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stantaneous” are intended to be used in this
somewhat broader sense.

In order to match a given dyeing by means
of the present invention, using either manual
or automatic matching, it is necessary to obtain
the tristimulus values of the ynknown dyeing
using a spectrophotometer and tristimulus inte-
gration. This is not a new procedure as an ap-
paratus capable of performing this function is
described in the patent to Hardy, No..1,799,134.
Tt is also possible to use the method and appara-
tus of the present invention to obtain these
figures, but as they are obtainable by knowi

10

means this particular step in the solution of the -

problem is not considered fo form a part of the
present invention, although the information ob-

tained thereby, namely, the tristimulus values, .

constitutes part of the data used in carrying
out the process of the present invention.

The first step of the process of the present
invention involves the transformation -of the
ordinates selected from the spectrophotometric
curve of each of the dyestuffs to be used in-a
mixture,” and if desired the substrate such as
cloth or other fabric to be dyed, into a physical
force which is substantially instantaneously: ad-~
ditive. This force must be proportional to the
product of dye concentration with the’ additive
function of the dye, which will be referred to
as K. K is substantially proportional to

(1—R)*
2R

where R is percentage reflectance.

The description of the ]
mula for the additive absorption function K is
to be found in the United States patent to Pineo,
No. 2,218,357, where it is pointed out that some
of the light striking a dyed fabric is reflected
from the surface; that is to say, non-selectively
as far as color is concerned. The rest of the
light penetrates various distances into the fabric
and is selectively absorbed by the dyestuff mole-
cules, which results in color.
tion and claims the surface reflectance will be
referred to as “s,” and the light reflected after
passing through paths of various lengths in the
fabric as “b,” the so-called “body reflectance.”
The Pieno patent evelops X in terms of b. Tor
most fabrics, of which wool is typical, s is small,
though not negligible. While K is substantially
proportional to .

(1—R)*
2R

it is not exactly proportional, and the relation
will vary slightly with different fabrics by the
smount of the surface reflectance s.

n the cases of transmission samples, mixtures
of fibers and other color applications, there are
additive functions K but these functions differ
mathematically from X for reflectance given
above. Some of these other additive functions
are described in the American Dyestuff Reporter,
volume 33, page 177, and the patent to Pineo,
No. 2,176,013, patented October 10, 1939, Thru-
out, the remainder of this description will deal
with K for reflectance as reflectance  samples
gonstitute the most important field at the present
ime.

The spectrophotometric curve may be used as
a physical shape in some of the modifications of
the apparatus of the present invention. In
other cases it, or spectrophotometer readings,
may be used merely to obtain data for the chosen

development of the for-
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ordinates. In the first case it is usually neces-
sary to have a curve which is invariant in shape
with concentrations, is proportional to log K,
so that linear movement will measure concen-
tration changes on a logarithmic scale. Such
a curve can be drawn with a flickering beam
spectrophotometer using o varying ratio drive,
a5 described in patent to Pineo, No. 2,218,357
referred to above. In general such a curve is
a logarithmic function of the extinction coefiici-

ent of the color for the particular wave length
- ordinate.
tain the reflectance data it is desirable to use

Where the curve is merely used to obh-

2 curve plotted in terms of the extinction co-
efiicient itself, which is additive for a plurality
of dyes, whereas the logarithmic function is not.
- In the modification in which the spectrophoto-
metric curve is used as a physical entity this
may be effected by transforming the ehosen or-
dinates into fixed physical lengths by cutting in
rigid material a template having the profile of
the curve. This mechanical embodiment of the

seurve’ may be ‘used’ with varlous ‘medifications

of the other ‘steps of the process or elements of
the apparatus. If presents advantages in that
templates can be readily filed and are cheap to
manufacture. It is thus possible to-provide a
library of templates: for-all dyes to be used in
matching., There is a disadvantage in that one
additional step in the process; or corresponding-
1y additienal element in the apparatus, is neces-
sary because the lengths of the ordinates repre-
sent logarithmic functions and these have to be
transformed into their anti-logarithmic equiv-
alents in order to permit their addition, as will
be discussed in greater detail below.

When the energy forms for substantially in-
stantaneous addition are to be electrieal voltages,
the: ordinates may be potentiometers set in ac-
cordance with the ordinates of the curve for K.
These may be physically moved by templates or

‘they may be pre-set manually. In the labter

case it is also possible to design the potenti-
ometers in the form of fixed tapped resistance

which can be provided with plug-in or other
quick electrical” conneetions, and “filed, one set
for each dye. When the potentiometers -are

manually ‘set or when tapped resistors are used,

variations in concentrations are usually ex-
-pressed as changes in the voltage applied to-the

In the case of templates or

potentiometers: |
forms of the spectrophoto-

other mechanical

“metric curve which can be used to actuzte de-

vices ‘concentration is usually expressed, on a
logarithmic scale, as linear motion of the tem-
plate. : ) :

Other additive quantities may be used in the
place of voltages, for example, capacities. ‘In one
of the steps of the process of the present inven-
tion the use of capacities presents’ an advantage

‘ that variation can be effected both by shape of

the movable condenser plates and by spacings.
However, condensers are more delicate and more
easily deranged than potentiometers.

~ The additive quantities may be mechanical in
their nature, for example, they may be angular
torques produced by modified forms of chain
balances.  Other physically additive quantities

gy be used and the process of the preseént in-

vention is not limited to voltages, capacities,
angular torques, etc., described ahove. The
process is also a multi-step process in which it
is possible to use more than one type of physical
quantity. ~Thus, for example, an electrical
quantity may be used in one or more steps and
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angular torque in another step, one step may
use capacities and another voltages, etc. This
great flexibility of the process is a practical ad-
vantage.

‘While the process is not broadly concerned
with the use of any particular means or additive
physical quantity, nevertheless the different
quantities present advantages and disadvantages,
and for most operations there is an advantage
in using voltages as the quantities. The circuits
and the physical units are more rugged and in
some cases more simple, and it is possible in some
of the steps of the process to use electronic am-
plifiers to effect some of the operations. This
eliminates the use of many moving parts and
adds to the simplicity and reliability of the ap-
paratus for performing the process of the pres-
en} invention.

The first step of the present invention is to
produce an output of the additive quantities as
linear or reciprocal functions of X of the dyes
and substrates for the chosen ordinates. In
the case of processes or apparatus using mov-
able templates this involves logarithmic poten-
tiometers or specially shaped capacitors to trans-
form the logarithmic function of K into a func-
tion which is additive. Where the data from
a curve is expressed directly in the form of
quantities proportional to K or its reciprocal as
when potentiometers, capacities
torques are set in accordance with the data from
the reflectance curve of a particular dye, this
change of function is not necessary, but the en-
ergy fed to the step must be capable of variation
with dye concentration if matching is to be
eifected automatically.

The additive quantity, such as voltages, ca-
pacities, weights, or the like, for each ordinate
of each dye and, if desired the substrate, are
then added. When these are electrical units
they are arranged in circuits so that they add
up in series for voltages, parallel for capacities,
etc. When the quantities are weights they are
attached to the same side of a balance. The
addition of the ordinates for the dyes results in
the production of a number of quantities equal
to the number of ordinates, each quantity repre-
senting the sum of the same ordinate for all the
dyes. In a typical example where three dyes
and one substrate are to be used, the quantity
for each ordinate vepresents the sum of the three
dyes and the substrate. If in a typical case
where there are eleven ordinates there will be
eleven quantities.

he next step is to transform the vhysical
auantities into quantities proportional to the
three tristimaulus value at each ordinate i e, R
times the tristimulus coefficients which will re-
sult in a number of gquantities three times as
great as the number of ordinates. This trans-
formation may he effected in various ways, for
example, by comparing the quantity correspond-
ing to the sum for the dyes and substrate for
each ordinate with a standard quantity in the
same units. The standard quantity is varied by
& motor which responds to the differential be-
tween the summed ordinate quantities and the
fraction of the standard quantity produced by
movement of the motor. In the case of voltages
the motor operates the movable arm of a poten-
ticmeter or rheostat supplied with standard voli-
age and the voltage between one terminal and
the movable arm is connected in opposition to
the voltage corresponding to the sum for the
dyes and substrate for the ordinate, preferably

or angular g
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using a suitable relay to operate the motor.
The motor will obviously turn until the mov~
able arm of the potentiometer is set to the same
voltage as that corresponding to the ordinate.
Other electrical quantities such as capacities may
be compared in a similar manner. In the case
of mechanical weights the motor will vary the
amount of the standard weight, for example, the
length of a chain. The amount of movement of
the balancing motors is used to set up three
quantities for each ordinate which are attenu-
ated in accordance with the tristimulus coeffi-
cient of the wave length corresponding to the
ordinate. In the case of voltages three equal
voltages may be generated and attenuated by
three different potentiometers, or potentiometers
may be equally driven across three voltages pro-
portional to the tristimulus coefficient. In anal-
ogous methods other electrical units may be
compared. In the case of mechanical weights
the weight may be inecreased, for example, by
lowering a chain from a cam shaped pulley.

In the case of electrical quantities it is pos-
sible to eliminate motors, as the tristimulus
values can be obtained from the output of elec-
tronic amplifiers of suitable design with an ac-
curacy sufficient for most practical purposes.
Extreme, and for most PUrposes unnecessary,
accuracy is sacrificed for a more rugged and
simpler apparatus with fewer moving parts.

The final result of the above step produces
three quantities proportional to the tristimulus
values of each ordinate. The tristimulus values
of the ordinates are then added to produce three
integrated quantities, each corresponding to the
sum of the particular tristimulus values of all
of the ordinates. This is done in a manner sim-
ilar to the addition of the quantities produced
by the first step, but the addition is across the
ordinates instead of the different dyes and sub-
strate for a single ordinate.

The three integrated tristiraulus values ob-
tained almost instantaneously by the process of
the present invention are useful as such. In
other words, this sub-combination constitutes a
useful process or machine and represents a tre-
mendous advance over what was hitherto pos-
sible because the integrated tristimulus values of
a mix are determined almost instantaneously.
If these are to be compared with integrated tri-
stimulus values of the dyeing to De matched,
the comparison is immediate and the concentra-
tions of the various dyes may be manually varied
bit by bit until a match results. The speed
depends on how close the original concentrations
approach the final desired result and on the skill
of the operator in determining what new con-
centrations to try. Howsever, as the integrated
tristimulus values of 3 new arrangement of con-
centration is given by the process or msachine
of the present invention practically ‘instantane-
ously the cut and try method is speeded up by
such an enormous factor that it becomes entirely
practicable. Matches can be obtained under
favorable circumstances manually in from five
to fifteen minutes as against hours which were
required before. 'This great increass in speed
renders the modification of the present inven-
tion, which includes only the steps or elements
described above, a thoroughly practical pProcess
or instrument which represents a great advance
over what was hitherto possible. However, even
with the substantially instantaneous determing-~
tion of integrated tristimulus values for any mix
the machine still requires skilled operation and
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the judgment of the skilled operator. It is not
automatic and the process does not automati-
cally produce a match. It merely speeds up
tremendously the determination of integrated
tristimulus values of mixes.

It is desirable to eliminate the skill of the
operator and still further increase the speed of
matching, by carrying oub automatically the
operations which fhe skilled operator has to.go

through in setting up .successive trial mixtures,

8 ‘
of the spectrum for each tristimulus value, and
these ordinates -are then treated equally. - This

" eliminates the question of different degrees of

(23

attenuation of values for a particular ordinate
in order to cbtain the tristimulus values. Cne
step or element of apparatus is eliminated.
However, it is necessary to have three times as

“many ordinates for each color because the ordi-

and to this further refinement of the process -

and machine a preferred embodiment of the
present invention is directed. T4 will he obvious
_that what a skilled operator does when he uses
the sub-combination of the present invention
deseribed above is to vary the concentration of
the different dyes in such & manner as to bring
the integrated tristiraulus values cigser and closer
to the true intesrated tristimulug vaiues of the
dyeing to be matched. In the case of the oper-
ator his judgment informs him that certain dyes
will have a relatively large affect on .one oOr
other tristimulus value. For instance, the inte-
grated tristimulus value X is affected very great-
1y by a blue or violet, or even to a lesser extent
magenta dye, whereas it is affected much less
by .a yellow dye. Correspondingly a yellow dye
would affect the integrated tristiraulus value Z
to a great degree. Therefore, the skilled oper-

ator, if he finds that the integrated tristimulus !

~value X too low will_decrease the ccncentration
of the blue dyes. In other words, if three dyes
~ are used to produce a mix each of the dyes may
_be chosen so that each affects mosh strongly one
integrated tristimulus value. o
The automatic matching then proceeds by
the same method as is used in obtaining the
‘three quantities for the original integrated tri-
stimulus values, namely, the compsarison of the
quantity represented by the tristimulus value
produced on the machine or produced by the
_process with the tristimulus value of the shade
to be matched. The diffsrential, through suit-
able electrical or mechanical relays if necessary,
 can then move the elements which determine
the concentration of the particular dye which
has a large effect on that integrated tristimulus
‘yalue. For example, if profile templates “are
used, this differential may cause & motor to move
the template in a direction which would corre-
spond to increased or decreased concentration.
" Of course the change in concentration at any
time will affect all three infegrated tristimulus
_values, but it will have a greater effect on the
one which it more nearly complements. The
last step will result in a balancing which will
automatically change the concentrations of the
dyes bringing them closer and closer to a per-
fect match with the integrated {ristimulus, values
of the dyeing. In the case of the preferred
"machine .of the present invention the operation
is very rapid and may take from a few seconds
to a minyte. The final result is not only pro-
duced at a speed which is almost instantaneous
compared to -the hours that were required by
mathematical calculation, but the procsss and
the apparatus are entirely independent of skilled
overation and their aceuracy is just as high with
‘an unskilled operator as with a man who had
had great experience in judging color.

" There are two general ways in which integrated
tristimulus values may be obtained. These are
known as the sclected ordinate and weighted
ordinate methods. In the selected ordinate

method ordinates are selected in different parts.
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‘nates for each integrated txjistimulus value are

different.
The weighted ordinate system utilizes a single

" set of ordinates  properly chasen’ through the

spectrum, and the product corresponding to each
ordinate is theén attenuated -electrically or me-
chanically to prodice three different quantities
corresponding to the relative tristimulus values
for the particular wave length. While this does
involve an additional step the enormous simpli-
fication which is effected by using only a single
set of ordinates for each color will ordinarily
render the weighted ordinate method preferable,
and in fact this is the preferred form of ‘the
present invention. The preference has nothing

‘to do with effective operation. Sust as good

results can ‘be obtained by the selected ordinate

‘method but. the latter, except in exceptional cir-

‘etimstances,” involves more complex and more
expensive apparatus.
Fig. 1 is an elevation of four template racks;

‘Fig. 2 Is a wiring diagram of & portion of the
modification shown in Fig. 1;

Fig. 3'is a side view of the potentiometer drives
of one of the template racks of Fig. 1;

" Fig. 4 is & bottom view corresponding to Fig. 3;
“gig, 5 is a top view of the potentiometer drives
shown in Fig. 3,
 mig. 6 is a detailed enlarged vertical section
through one of the potentiometers;

Fig. 7 is a section through a template rack
along the line 7—T1 of Fig. 1 using condensers

* instead of potentiometers;

45

Fig. 8 is a horizontal section through Fig. 7
along the line 8—8; '

" Fig. 9 is a perspective of the two condenser
plates of Fig. 7; C )

Tig. 10 is a wiring diagram of a portion of the

* ‘modification showx in Figs.7 to 9;
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Fig. 11 is an enlarged vertical section through

the capacity matching device shown in Fig. 10;

Pig. 12 is a wiring diagram of a modification
using tapped resistors instead of templates;

" Fig. 13 is a wiring diagram of an amplifier

for producing alternating current voltages pro-
portionate to tristimulus coefficients;

Fig. 14 is & wiring diagram showing addition
of alternating tristimulus voltages produced by
the modification of Figs. 12 and 13;

Fig, 15 is a graph of three tristimulus response
curves; o

Fig. 16 is a diagrammatic plan view of & modi-~

fication employing chainomatic balances;

‘Fig. 17 is'a vertical elevation of the modifica~
tion of Fig. 16; and )
Fig. 18 is a perspective of representative por-

‘tions of the modification shown in Figs. 15 and

- 17,and
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Fig. 19 is a block diagram of the apparatus

“for three wavelengths and three ‘dyestuifs.

‘ The invention will bhe described generally in
connection with Fig. 19 which is a block diagram

‘for three dyestuffs and three wave-lengths.

" The figure shows nine elements, one for each

dyestuff A, B and C for each wavelengih. The

wavelengths will be referred to by numbers, S0
that the blocks are designated Al, AZ, A3, BI,
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B2, efc. In these elements there are generated
groups of equal physical quantities proportional
to concentration of the three dyestuffs. The
outputs of these elements are designated AlC,
A2C, A3C, etc. A second group of elements,
designated AIR, AZR, A3K, etc., are responsive
to the outputs and produce outputs proportional
to concentration multiplied by light additive
function X of each dyestuff at each wavelength.
The outputs of this second group are therefore
designated AICK, A2CK, A3CK, ete. 'These last
outputs are summed for each wavelength to
Produce three quantities corresponding to the
sum of the CK’s for the mixture of dyestuifs,
and are designated MICK, M2CK and M3CXK.
Three elements, {KR, 2KR and 3KR are actuated
by the three MCK quantities respectively, and
produce output quantities corresponding to the
reflectance of the mixture of the dyes for each
wavelength, and are designated MIR, M2R and
MBR. The quantities are non-linear functions
of K and the wavelength corresponding to the
relation between K and reflectance:

R=b4s

and
_{(1-b)?
K="
where
R is tofal reflectance,

b is body reflectance,
s is surface reflectance, and
¥ is the additive light absorption function.

The three KR elements actually generate not
one MR quantity but three equal ones, each of
which actuates a separate element Xi, Yi , Zi,
X2, Y2, 22, etc. These elements transform the
MR quantities into outputs proportional to re-
flectance times the tristimulus coefficient of the
particular tristimulus X, Y or Z for the par-
tieular wavelength , 2 or 3. The outputs are
designated IRX, IRY and IRZ respectively.
The three XR quantities are summed to a quan-
tity IX representing the integrated tristimulus
value for X, and in a similar manner, two other
sums representing the integrated tristimulus
value Y and integrated tristimulus value 7 are
obtained. Three other predetermined integrated
tristimulus values IoX, I,Y and LoZ are generated,
corresponding to the integrated tristimulus
values of a shade to be matched. The two in-
tegrated tristimulus values for X are then in-
troduced into a differential element DX which
generates an output proportional to the differ-
ential between IoX and IX, which is designated
- IoZ~IX. This quantity actuates the elements
Al, A2 and A3. Similarly differential element
DY produces a quantity Io¥Y~IY, and g differ-
ential element DZ produces a quantity IoZ~17Z;
which quantities control the elements Bi, B2
and B3, and CI, C2 and C3 respectively.

The choice of the elements AIK, A2K, A2K,
ete., that is to say, the choice of dyestuffs, and
the phasing of the differential quantities L X~IX,
ete., are so made that the actuation of the ele-
ments Al, A2, A3, etc., is in a direction to reduce
the differential quantities, The machine oper-
ates when the proper choice of dyestuffs has been
used to reduce the differentials to zero.
cators, represented by the conventional dial and
pointer, show the magnitude of the quantities
proportional to concentration applied to the ele-
ments Al, A2, A3, ete. In other words, these
indicators show the concentrations of the chosen
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dyestuffs necessary to match the predetermined
shade.

Fig. 19 has been limited to three dyestuffs and
three wavelengths in order to provide a clear
diagrammatic showing. In practice, of course,
there may be more than three dyestuffs, and
there will usually be a K element corresponding
to substrate. Various modifications of the in-
vention will be described in detail in Figs. 1-18
where a larger number of ordinates, eleven, are
llustrated.

The modifications of the invention using volt-
age or capacity addition described in Pigs. 1 to
14 are shown in connection with color matching
involving three colors and g substrate. As most
of the elements are duplicated for each color and
substrate they will bear the same reference char-
acters, with the subscript A, B or C for the par-
ticular dye, or D for the substrate. In g similar
manner elements associated with each of the
three tristimulus eurves of Fig. 15 will bear the
subscript X, Y and Z of the corresponding tri-
stimulus,

Figs. 1 to 6 show a modification using voltage
addition and dye and substrate templates. In
Fig, 1 there is shown four template guide frames
13, each provided with eleven slots 12, in which
the pins | to [{ can move. The frames accom-~
modate templates A, B and C for the three colors
and D for the substrate, the profile of the tem-
plates corresponding to the logarithm of the ad-
ditive function K of the dyes and substrates.
Vertical motion of the templates results in posi-
tions of the pins Ia to {ia, iz to tis, 1o to {ig,
respectively, corresponding to the logarithm of
the product of K with dye concentration. The
templates carry a reference mark 15 which move
along scales 14 on the template frame, the scale
being logarithmic and showing concentration of
the dye corresponding to the particular position
of the template in each frame. Movement of the
template is effected by a rack 17 having a clamp
16 and moving through bearings 28 on each tem-
plate frame. Each rack meshes with a pinion I8
which is driven through a worm 19 from an elec-
tric motor. "The motor driving template A bears
the character MX, that driving template B, MY,
and that driving template C, MZ. These desig-
nations indicate that the motors are driven re-
spectively in accordance with voltages deter-
mined by the three integrated tristimulus values
X, Y and Z of the mixture of the dyes, respec-
tively. The rack for the substrate template D is
set by the hand screw 32 and does not move dur-
ing any particular color match as the concentra-
tion of the substrate does not change.

The pins | to 11 in each frame are clamped to
endless cables 41 to 51, respectively. These cables
at one end run over a series of idler pulleys T
to 81 (Pig. 5), and then around the pulleys of
corresponding potentiometers 21 to 31 (Figs. 3
to 5). Three of the cables, 43, 47 and 5i, run
straight. The other cables are deflected down
by pulleys 33 to 40 (Figs. 3 and 5) in order to
permit a staggered mounting of the potenti-
ometers 21 to 21.

The potentiometers are of a conventional log-
arithmic type and the drive is illustrated in Fig.
6 for the potentiometer numbered 22. The
pulley is shown at 82 and turns a shaft 63 jour-
naled in an arm 84 which is clamped to the po-
tentiometer supporting bracket 83, the latter
being in turn fastened to the main framework
of the template frame. Rotation of the pulley 52
is opposed by the coiled spring §4 which tends to
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, 11
turn the pulley so that when there is no template
in the frame the pin 2 is at the top of its. slot.
To the shaft §3 there is clamped an arm 65
bearing at one end a fork 88 with a sharp wheel
671 running between the coils 99 of the potenti-
ometer. The other end carries a moving contact
§8. Wires 68 and 78 connect to the two ends of
the potentiometor resistance. As shown the po-
tentiometer makes five full revolutions to cover
the whole of its resistance. The resistance is of
conventional coiled wire type and is, of course,
non-uniform, as in all 1pgarithmic potentiom-
eters. The scale of Fig. 6 is. too small to show
this non-linearity.

Tig. 2 is a wiring diagram for the pins 2a—2p.
The potentiometers 222—22p are shown diagram-
matically as logarithmic potentiometers across
batteries 82a—82p. The voltages between the
negative ends of the potentiometers and the slid-
ing contacts 68a—68p are designated VAK2,
VBK2, VCK2, and VDK?2, the notation-indicating
that the voltage is proportional to K times con-
centration of the dye A al the wave length corre-
sponding to pin 2, and so on. .

The four voltages are connected in series and
therefore added, the sum being designated
VEIM, o notation indicating that it is the volt-
age proporional to the sum of the functions K
for the mixture of dyes and substrate, and for
the wave length of the spectrum corresponding
to pin 2. This voltage is conneched in opposition
to.a voltage produced by battery 85 and rheostat
85 having a sliding contact connected to the
other end of the battery through a resistance 87
small in compariscn to 88, The sliging arm 87
is conhected to the center tap of a coil §2 of the
input transformer 81 of a vacuum tube amplifier
a3. The two ends of the coil 82 are connected to
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contacts 86 and §5 which can be successively en- .

gaged by the vibrator contact 88, which is con-
nected to slider 82a. Vibration is effected in the
conventional manner by a magneb 85 and coil
87 connected to the A. C, line {88, The difference
between the voltage from the battery 85 and the
voltage VEZ2M is thus applied in the form of
alternating potential to the amplifier 98, the out=
put of which is led through wires 48 to a balanc-
ing motor 88, which drives the moving arm 87 of
the rheostat 83 in a direction to reduce the dif-
ferential. When the arm &7 has been moved to a
point at which the voltage from the battery 85
is exactiy equal and opposite to VE2M the motor
88 stops. This device is shown in diagrammadtic
forrm only, as ibs structure forms 1no ‘part of the
present invention and the unit is a piece. of
standard electrical equipment which can:be pur-
chased on the cpen market. )

The motor 88 turns a.cam 89 which carries a
follower 98 driving the sliding arms 111 fo 113
of three equal potentiometers 118 to {48, across
batteries £17 to £48. It will be noted that since
the balancing voltage generated by the battery
85 is applied through a rheostat the movement
of the cam 89 is proportional not o VK2M bub
substantially to its reciprocal. The profile of the
cam 88 iz so chosen that the voltages produced
from the potentiometers 1id to {6 are propor-
tional to refiectatice of thé mixture of ‘dyes and
substrate at the wave length corresponding to
pin 2. The transformation from reciprocal of
VKM instead of VKEM itself is chosen because
at certain points the change of ‘reflectance, R,
with K, is too rapid to permit reliable operation
of a cam and follower. The steepness of the
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cam transforming 1/X into R is sufficiently
moderate so that a reliable cam action is possible.

The voltages generated by the potentiometers
113 to 116 are applied across tapped resistors i20
to £22. In ordey to produce a voltage which is &
constazit fraction of the potentiometer voltage
within the accuracy of the whole method of the
present inventicn, the resistance of the tapped
resistors is very much greater than the resist-
ance of the potentiometers. ¥or example, they
may be one thousand times as great. The resis-
tors are tapped to give a proportion of the total
voltage corresponding to- the tristimulus . coeffi-
cients for each of the three stimuli at the wave
length corresponding o the pin number, as is
shown in Fig. 15. Since these voltages are in
proportion to esch tristimulus coefficient for the
reflection of the mixture of dyes and,substrate,
they are designated VRIMY, VRIMY, and
VR3ZMZ, respectively.

The voltages for each tristimulus are connect-
ed in series, as.is shown for fristimulus X in Fig.
9. The sum of the voltages corresponding to tri-
stimulus X is connected in opposition to the volt-
age from a habiery 189 and potentiometer io1.
This potenticmeter is.set manually in accordance
with the integrated tristimaulus value X of the
color shade to be matched. The slider of poten-
tiometer 181 is connected to the center tap of coil
;48 of the input transformer 188 of a. vacuum tube
amplifier §#8 of the same design as amplifier 93.
In o similar manner the differential between the
sum of the tristimulus voltages X and the voli-
age from the potentiometer 181 is applied onto a
vibrator arm 182 which is vibrated by the A. C.
coil 87 and magnet 188 to alternately strike con-
tacts 164 and 185, which are 'respectively‘connect-
ed to the ends of the coil §08. The differential
of the voltage is therefore applied to the ampli-
fier {18 in the form of an slternating voltage in
precisely the sarce manner as the differential
voliage was applied to the amplifier 83.

The output of the amplifier | 18 drives the mo-
tor MX (Fig. 1), which moves the template for
dye A. The mobor turns in a direction to de-
creage the differential input to the amplifier {10:
In & similar manner the voliages VRIMY—
VRiIMY, and VRIMZ—VERiMZ are matched
with potentiometers set to the tristimulus values
v and Z and drive motors MY and MZ through
amplifiers, the circuits of which are the same as
amplifier 1£8. AS these circuits duplicate the one
shown in Fig. 2, they are not {ltustrated in the
drawings.

Ti the operation of the modification just de-
seribed in connection with Figs. 1 to 6 dyes A,
B and C are chosen of suitable general colors,
and the integrated tristimuius values X%, Y and Z
of the mixture of dyes and substratés are op-
posed by the three voltages set on potentiometer
{84 and the cther two corresponding potentiom-
eters (not shown) in sccordance with the inte-
grated  tristimuius values of the shade to be
matched. Amplified differential yoltages turn
the motors MX, MY and MZ in directions to de-
crease these differentials, and finally the motors
come to rest at positions of templates A, B andC,
which will produce a perfect mateh of the shade
desired.  The concentrasion of the dyes A, B and
C is'read by the pointers {8a to (8con the scales
184 to' 140, respectively.

igs. 7 to 11 illustrate a modification in which
condensers are ‘used in place of potentiometers
of other voltage generators. The pins of the
template frames instead- of being clamped to
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cables are fastened to movable plates 129 (Figs. 7
and 9) which are provided with a second sup-
porting button 127, and which are moved by the
templates against the tension of springs such as
128. The movable condenser plates 129 are pro-
vided with fixed condenser plates {80 of a shape
such that the capacity varies.in accordance with
the additive function K as the plate 129 moves
in accordance with log K.

Fig. 8 shows four pins, | to 4, attached to mov-
aple plates {31 to {34, which cooperate with fixed
plates 135 to {38. The movable plates are pro-
vided at the top with flanges 123 to {26 which keep
the plates accurately in alighment. As far as the
frames and templates go the operation proceeds
precisely as described. in conjunction with Figs. 1
to 6 where voltages were generated.

Fig. 10 shows a capacity wiring diagram for the
pin 2 analogous to Fig. 2. The movable plates
132,—132p are connected in parallél as are the
corresponding stationary plates 136a—13%p. The
capacities, in accordance with the notation used
for voltages, are designated CaAK2, CaBK2,
CaCX2, and CaDK2. These four capacities in
parallel add up to the capacity CaK2M, and this
capacity is impressed across one arm of g Wheat-
stone bridge circuit, which is provided with a
conventional source of alternating potential 138,
resistance arms {48 and 14{, and a variable con-
denser arm {42. The junction point of the re-
sistance arms of the bridge is connected to one
end of the input coil {43 of the input. transform-
er {44 of an amplifier 145, and the junction point
of the two capacitative arms is connected to the
othier end of the same coil. An alternating cur-
rent input signal is, therefore, impressed on the
amplifier, which is proportional to the ratio be-
tween CaX2M and capacity of the variable con-
denser {42. The output of the amplifier feeds a
balancing motor {46, which in turn drives the
variable condenser 142. The shape of the plates
of this condenser may be so chosen that the ro-
tation of the motor 145 is proportional:either to
K or to a reciprocal thereof, and of course the
capacity of the condenser is changed in a direc-
tion to match CeK2M. At match the bridge is
balanced and the motor 146 stops.

The same motor 146 drives three variable con-
densers 48, {58 and 181, the plate shape and
spacing of which is sueh that the capacities are
proportional to reflectance of the mixture of dyes
and substrates times the tristimulus coefficient
for the wave length of the spectrum correspond-
ing to the pin. In accordance with the notation
chosen for voltages these capacities are designat-
ed as CaR2MX, CaR2MY, and CaR2ZMZ, respec-
tively. The capacities corresponding to the co-
efficient for tristimulus X for the various pins
are shown added in parallel in the same figure.

The sum of the capacities for tristimulus X
forms one arm of a second Wheatstone -bridge
provided with a source of .alternating potential
159, two resistance arms 160 and 161 and a.manu-
ally adjustable variable condenser {62. The lat-
ter is adjusted to a capacity corresponding to
the integrated tristimulus value X of the shade
to be matched, the procedure being .analogous
to the setting of the potentiometer 101 in Fig. 2.
The junction points of the resistance arms and
the capacitative arms of the bridge are connected
to the two ends of a coil 163 of the input trans-
former 164 of amplifier 165.- The circuit operates
precisely as does the amplifier -145 but-is based
on an input signal which is ‘the ratio -between
the sum of the X tristimulus capacities and the
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capacity of the condenser 1§2. The output of the
amplifier {83 drives motor MX, just as the output
of the amplifier {{8 drove the same motor in the
modification using additive voltages.

Fig. 11 shows in a schematic form the con-
densers {42, 149, {58 and {51 appearing in the wir-
ing diagram of Fig. 10, The motor 148 is shown as
driving a toothed bar or rack i53. This bar
carries a movable plate 147 of the condenser 142
which cooperates with the fixed plate 148. The
same bar moves three movable plates 152, 153
and {84, which cooperate with fixed plates (55,
168 and 157, to form the three condensers 148,
158 and {5f. The fixed plates 155 to (57 are
shown as being the same shape and possessing
the profile which will transform the chosen func-
tion of ¥ into R. The relative proportion of the
capacity corresponding to each tristimulus coef-
ficient for the wave length of pin 2 is determined
by the relative spacing of the plates in condensers
{48, 183 and I51.

If desired, the whole of the transformation
from K to R need not take place in a single con-
denser plate. A fixed plate {48 of non-uniform
shape may be used. Fig. 11 is purely schematic
and representative of the method. In practice, of
course, it is undesirabie to use condensers with
50 few plates, as errors due to edge effects would
be too high and, therefore, multiplate condensers
will normally be used. For simplicity, however,
Fig. 11 is shown in a purely schematic form with
two plate condensers.

Instead of employing template frames and tem-
biates, the profile of which is proportional to the
log of K, it is desirable in many cases to employ
a system in which a set of eleven tapped resistors
are provided for each dye, the tap being so placed
as to correspond to K for the particular point
of the spectrurm corresponding to positions 1 to 11
in Fig. 15. A set of tapped resistors for three
dyes, A, B and C and a substitute D, are shown
in Fig. 12, the tapped resistors being desig-
nated by the numbers 171:to 181 corresponding to
points { to ff in Fig. 15, or pins { to i in the
preceding modifications. The tapped resistors
are across secondaries of a series of identical
transformers £58 to 468, the primaries of which
are connected in parallel and plug into attenu-
ators 87, 88, 69 and {78. The first three
attenuators are driven by motors 255, 288 and
255 and the attenuator 170 may be adjusted
manuaily for a particular substrate. All of the
attenuators receive voltage from a source of al-
ternating voltage 186. The attenuators which
are of conventional design and provided with the
usual dials (not shown) have output impedances
which are very low compared to the resistance
of any of the tapped resistors {71! to i8{. Tor
example, the attenuators may have output im-
pedances from about !/1000 to /10,000 of the resist-
ance of a tapped resistor.

The setting of the attenuator multiplied by the
factor determined by the tap on weach resistor
results in the production of voltages which are
proportional to X times concenfration for each
of the eleven ordinates for each dye and sub-
strate 1. e., C. K. In accordance with the voltage
notation used before, these voltages are desig-
nated as VAKi to VAKI{I: VBKI to VBKII;
VCKI to VCK{{; and VDKI to VDKIi{. The voli-
ages for a particular ordinate or pin position are
connected in series. For clarity in Fig. 12 the
wires are not drawn out in full.

Fig. 13 shows an amplifier for the ordinate cor-
responding to position No. 2 which transforms
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voltages proportional to the CK's for the ordi-
nate, into separate voltages proportional to R
times tristimulus coefficient. Similar amplifiers
are provided for each of the other ten positions.
The amplifiers may be cf various designs. The
figure illustrates a two-part amplifier. The sum
of the voltages corresponding to K for position 2
is impressed across the input resistance 182 of a
logarithmic amplifier. This amplifier, which is
of conventional design, and described in the Re-
view of Scientific Instruments, vol. 4, pages 672~
675, is shown as provided with three tetrodes of
the “35” type, 185, 186 and (87, the grid of the
first tube receiving a portion of the input signal
determined by the setting of the potentiometer
arm 183, A bias battery (9f is provided to bring
the voltages within the range for which the am-~
plifier is designed. Flate and screen supply volt-
ages are obtained from two b batteries 192 and 196.
The former supplies the screen grids 188, 1892 and
{90, and the latter the plates 83, 194 and 195,
through plate resistors {87, (88 and igs. Cou-
pling for the tube outputs is through condensers
208, 261 and 202 in series with chokes 283, 204
and 205. A triple plate rectifier tube 209, of the
“85” type, the plate and grid of the triode section
heing connected together to form a third diode
plate. The plates being numbered 286, 207 and
288 receive alternating potential through suitable
resistors from the input from chokes 203, 204 and
205. The cathode of the rectifier is connected
to ground through a filter including choke 210
and condensers 2{f and 2{2. A potentiometer
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nected to the grounded cathode as usual. The
plate is coupled to a potentiometer 234 through
a condenser 233. From the latter alternating
current is applied to the coil 237. This coil is
the primary of a transformer provided with three
equal secondary coils 222 leading to potentiom-
eters 242 set in accordance with the tristimulus
coefficient X, Y and Z for point 2 on Fig. 15.

A source 228 of stabilized A. C. voltage of suit-
able magnitude is applied across a double poten-
tiometer 218 one sliding arm of which, 238, im-
presses a voltage across the other coil of the
coupling transformer 2i5. A second siiding arm
238 connects a potentiometer 23§ in series to
ground and the sliding arm of this potentiometer
impresses a voltage of 0.017 volt across the coil
935 in opposite phase to the voltage in coil 231.

For convenience in tabulating the operation of
the eleven amplifiers for the eleven ordinates the
input voltage to the potentiometer §32 will be
designated V2KM, the attenuated input to the
grid (84VA, the output of the logarithmic ampti-
fier VB, the attenuated voltage from the poten-
tiometer arm 214VC, the input voltage to the
grid of tube 2i8VG, the output voltage of this
tube VD, the voltage across the coil VE, and the
differential voltage between coils 235 and 23TVR.
These designations are indicated on the diagram.
The following table shows the results of the am~
plifier for values of K from .01 to 98.1, the ex-
treme range thru which K is usefully measured.
Most shade matching involves measurements
from a K of .5 to 98.1.

VoM Va Vs Vo Vo Vp Vr Ve | Desired | 200X
0 0 © 0 P T N EEUN N
ol | .oom 7,00 5.15 1.43 2,42 960 a3 |
05| 0005 3,90 6 56 2,84 2,05 (812 J795 T80 =
12| loos2 9,02 7.3 359 180 713 696 170 -4
97| loo28 | 10090 8,03 431 152 1603 " 586 T80 1
g0l Coosi| 1L60 854 482 128 - 500 1492 50 8
90| .ooe2| 122 9.04 5.32 1.05 416 399 .40 -1
resl  otes| 1295 9.52 5.80 82 1324 1307 3 Ty
g9 | .03 1375 ] 1012 6. 40 57 1995 J208 “50 18
810 | 083 e | 10,92 7.20 ‘39 197 “110 10 1.0
1505 184 174l 1158 7.86 17 " 067 - 050 105 0
48.02 | 490 16.88 | 12,42 8.70 .07 028 o1 .02 —9
9801 | 1000 770 ] 13.02 9,30 J02 008 1000 o

Vx2M="voltage to be converted.

Va=output of unit A (attenuator)=0.0102 Vx.
ve=output of unit B (log amplifier)=2.66 log Va-+17.70.
Ve=output of unit C (attenuator)=0.737 Vs.

V g=grid bias on unit

D=V¢—-3.72

Vp=output of unit D=f(Va) see tube characteristics.
Vg=output of unit & (attenuator)=0.396 Vp.

Vr=converted voltage=Vg—0.017.

213, thru a movable arm 214 connects ground to
the bias battery and potentiometer 216. It is a
property of an amplifier of the type described
that the output across the potentiometer 213 is
proportional to the logarithm of the input volt-
age. In other words, the output is proportional
to log VK2M. The constants are so chosen that
this output voltage equals 2.66 log inpub voltage
on grid {84 plus 17.70.

The slider 214 produces an attenuated voltage
across one coil of a coupling transformer 2148.
The setting is such that this voltage is 0.737
times the voltage across the potentiometer 243.
The voltage is fed to the grid 27 of a “gSIT”
tube 218, a bias of plus 3.72 volts being provided
by the hattery and potentiometer 286. The
sereen grid and plate of the tube 2{8 are sup-
plied through separate resistors from a B battery
240, giving about 300 volts on the plate and 125
volts on the screen. 'The suppressor grid ig con-
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It will be noted that the extreme error is only
1.4% and within the range of most practical
operation the maximum error is 19%. 8Since the
errors vary from plus to minug they tend to can-
cel out and the average error is very small.

The alternating current voltages, modified in
sccordance with various tristimulus coefficients
are added. This is shown in Fig. 14 where the
output coils 221x to 231x, 222y to 283y, and 22fz
to 226z are shown for the amplifiers, correspond-
ing to all eleven ordinates.

From Fig. 15 it will be apparent that the {ri-
stimulus coefficient is zero for ¥ at point { and
for 7 at points 7 to 1. Therefore, the output
coils 22¢ to 23! and their potentiometers 241 to
25{ are missing at these points for the particu-
lar tristimuli.

The sum of all the X voltages is impressed
across the primary of an input transformer 267
of an amplifier 254 in opposition to an alternating
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potential from a source 232 across a potentiometer
253. In a similar manner the sum of the volt-
ages corresponding to tristimulus Y is applied
across the input transformer 256 of an amplifier
259 in opposition to an alternating potential from
a source 257 across a potentiometer 258, and the
voltages corresponding to tristimulus Z are ap-
plied to the input transformer 281 of an amplifier
264 in opposition to alternating potential from
source 262 across potentiometer 283. The po-
tentiometers 253, 258 and 263 are set to corre-
spond with the integrated tristimulus values of
the shade to be matched. The amplifiers there-
fore operate on the differential voltages hetween

the summed tristimulus voltages and the inte- :

grated tristimulus values set on the three po-
tentiometers. The outputs of amplifiers 254, 258
and 264 operate respectively motors 255, 260 and
285 (see Figs. 12 and 14). These motors drive
the attenuators 157, 168 and 188 (Fig. 12) in a
direction to bring the differential input into the
respective amplifiers to zero. When this condi-~
tion has been brought about the motors 285, 269
and 285 stop and the concentrations of the three
dyestuffs A, B and C are read off on the dials of
the attenuators 157, {85 and 169.

The method and apparatus employing the
vacuum tube amplifiers has the advantage that
it reduces the number of moving parts to the
three motors 255, 269 and 265. While this modi-
fication requires careful initial adjustment it op-
erates reliably, and because of its simplicity and
few moving parts constitutes a preferred modifi-
cation.

Figs. 16 to 18 illustrate a method and anparatus
which operates on purely mechanical principles
employing the well known chainomatic halances.
Because of the large number of parts in the draw-
ings some of the chains are not illustrated and

the method is shown for three dyes only, without

a substrate.

Eleven chainomatic balances 321 to 24! are
provided, one corresponding to each of the eleven
points of Fig. 15. Each balance is provided with
three left hand arms and the eleven balances
therefore show thirty-three left hand arms ar-
ranged in three sets of eleven. These three sets
are numbered 271—281, 291—301, and 21{—321,
respectively.

Fig. 17 shows one set of left hand arms 271 to
281. This group of arms is associated with a
rack 269 carrying scales 267 and a framework
268 provided with an arm 285 and a meotor 2178,
the operation of which moves the frame 268 up
and down the rack by means of the conventional
pinion (not shown). The arm 268§ carries eleven
pins from each of which a chain extends to one
of the arms 271 to 284 of the balance. For clarity
only one representative chain is shown in the
perspective view, Fig. 18. The others are con-
nected to their respective arms in the same man-
ner. The position of each chain on its arm as
is shown in Fig. 18 for the representative chain
459, is determined by the relative value of K for
the dyestuff corresponding to the arm 28§. Figs.
16 to 18 are diagrammatic in nature and Fig, 18

merely shows the chains 454 and 469 with o stir-
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rup at the desired point on the arm. In an op- -

erating device the conventional micrometric
weight shifting mechanism of a chainomatic bal-
ance is used for each arm. As this mechanism
is purely conventional it is omitted for sake of
clearness in the schematic drawings.

The second dye is represented (Fig. 16), by a
rack 283, frame 284, motor 285, and chain arm 282

70
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and, similarly, a third dye has a rack 287 with a
frame 289, motor 288 and chain arm 288, a repre-
sentative chain 454 being shown in Fig. 18.
Chains from the arm 282 go to the balance arms
291 to 301, and from the chain arm 285 to bal~
ance arms 3{4 to 32i. The movement of the
frames carrying the chain arms on their racks
adds the same amount ef weight to each balance
arm, the effect of each chain depending on its
position on the arm, which in turn is proportional
to K. In other words, the movement up and
down on the racks and reading on the rack scale
broduces an effect on the balances proportional
te concentration times K. Since each balance
carries three arms, the total effect is to add the
K’s for each of the eleven positions mechanically
as they were added. in the form of voltages or ca-
pacities in the modifications described in the
Figs. 1 o 14.

The eleven balances 234 to 341 carry right hand
arms 351 to 36{, respectively. Pig. 18, being
schematic, shows these arms spaced at different
parts of the balance. The arms 354 to 384 carry
at their ends switch members 414 to 4924 respec-
tively (Fig. 17), connected to wires 382, 366, 389,
283, 388, 329, 403, 408, 489, 422 and 426 respec-
tively (Fig. 16). Each arm also carries s chain,
one of which, 842, is illustrated in Fig. 17 for
arm 382, These chains correspond to pulleys 394
to 881 respectively, which in turn are driven by
motors 371 to 381,

Hach of the switch members 211 to 421 is
capable of making contact with electrical con-
tacts connected to one of twe wires. For the
arms 851, to 861 the wires are respectively 382,
and 364, 385 and 367, 388 and 378, 382 and 384,
285 and 287, 388 and 380, 482 and 484, 455 and
407, 408 and 410, 422 and 424, and 425 and 421.
The switch members 4{{ to 421 are housed in
switch boxes £31 to 44{. It will be seen on Pig.
16 that from each of these switch boxes three
wires run to one of the motors 371 to 381, one
wire going from the switch members and the
other two wires from the cantacts. Tn the dige
gram shown on Fig. 16 the motors illustrated are
conventional shaded pole motors, the movement
of the switch arms resulting in short circuiting
one of the shading coils. In other words, the
motor runs in one direction when a switch arm
makes. contact with one contact, and in the re-
verse direction when it makes contact with the
other. All motors are fed from the common A. C.
line 298, the motors 279, 285 and 258 being fed
through the wires 349 and 350, 347 and 348, and
345 and 346, respectively.

The phasing of the motors 37f to %84 is so
chosen that they rotate the pulleys 38! to 481
in a direction to counteract the movement of
the corresponding balance arms 351 to 38{. In
other words, considering the arm 352 in mig, 17,
if the turning movement of the left hand arms
of the balance 332 is greater than that of arm
882, the latter will rise, making contact between
the switch member 412 and the wire 23§5. As
the switch member connects t0 one end of hoth
shading coils in the motor 272 in the usual man-
ner, this will result in short-circuiting one of
the coils, which will cause the motor to turn in
a direction o unwind more of the chain 442,
The motor will continue to run until the addi-
tienal weight of the unwound chain 442 causes
the balance arm 352 to drop to a neutral position,
at which time the motor will stop. If thereafter
the weight decreases on the left hand arms of
balance 332, arm 352 will drop, making contact
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between the member 412 and wire 357, which will
vesult in short-circuiting the other shading coil
in the motor causing it to reverse and wind up
the chain 842 until 2 balance is again reached, at
which point the motor will again stop. A similar
operation is constantly taking place with the
other ten balances 3314, and 323 to 341.

The shafts of the motors 37§ to 381 carry mul-
tiple cam shaped pulleys 443. Botors 371 and 377
to a8t carry double pulleys and the remainder
{riple. Each cam shape of the multiple cam
shaped pulleys winds or unwinds a chain con-
nected to an arm of one of the balances 428 fo
429. These chains are designated generally on
Tz, 16 by the reference character 488, For clar-
ity, the reference character is shown with lead
lines only o the two chains from the pullevs of
the first motor 371. Each of the balances 428 to
£39 corresponds to one of the tristimuli, halance
428 corresponding to tristimulus X, balance 428
to tristimulus ¥, and balance 438 to tristimulus
7. Since the ordinates are chosen so that there
is a tristimulus coefficient for X at each point,
balance 428 carries (! left hand arms, the ons
for point No. { on Fig. 15 being designated 447.
Bglance 429 carries only {8 arms, the arm for
point No. { bearing the reference numeral 4433
because the tristimulus Z coefiicient correspond-
ing to point [ is substantially zero. Balance 439
earries only 6 arms as the cosfficient for points ¥
to t! is substantially zero.

Fig. 17 shows, in more detail, the oneration of
motor 272 corresnonding to point Wo. 2 on Fig. 15.
The rotation of the shaft of the motor 372 is
proportional to the sum of the X’s for the con-
centration of each dye for point 2. The motor
shaft carries s triple cam shaped pulley 348,
which is eanable of winding or unwinding chains
A48, AA5, 446 vesvectively, The shape of these
cams is such that thev wind out chain in nrovor-
tion to the ratio hetween R and ¥. These three
chains lead to left hand balance arms 865, 4588,
and 457, respectively, of balances 428, 628 and
430. The location of the chains on the arms s
in proportion to the tristimulus coefficients for
point 2 for tristimuli X, ¥ and Z respectively.
Tn other words, a turning moment is applied to
the halances 428, 829 and 428 in proportion to
R times the tristimulus coefficients X, ¥ and Z
for the mixture of the three dyes at point 2.

The bhalances 428, 429 and 438 are provided
respectively with right hand arms 342, 382 and 844
corrying adjustable weights £8!, 452, and £53.
Tha positions of these weights are adjusted in
accordance with the integrated tristimulus values
X,V and % of the shade to be matched. The same
right hand balance arms also carry switch mem-
bers 322, 225 and 328 connected by wires 308,
305 and 292 to motors 289, 285 and 278. The
switch member can contact pairs of points 323
and 324, 228 and 2327 and 328 and 2333, The
points are connected to wires 328 and 319, 388 and
3R7, 382 and 384 respectively, leading to the three
motors 288, 285 and 278. 'The circuit is similar to
that described in connection with motor 72, the
motors, 278, 285 and 288 also being shaded pole
motors. Movement of the right hand balance
arms of the balances 428, 423 and 4238 will there-
fore cause the motors 218, 285 and 288 o wind up
or unwind chains to the various left hand arms of
the balances 331 to 381 in & direction to bring the
halances 628, 428 and £33 back to balance again.
YWhen this finally occurs the motors 278, 285 and
283 stop and the concentrations of the dyes pro-
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viding a match may be read off on the scales
on tha racks 268, 283 and 288.

As stated above, for the sake of simplicity Figs.
1€ to 18 show only three dyes and do not show
any sibstrate. If a substrate is present an addi-
tional set of eleven left hand arms must be pro-
vided on the balances 33{ to 34f. These arms
do not have to be of the chainomatic type as the
weight added at each point by the substrate does
not change during any mateh, and these arms
may carry adjustable weights similar to the
weights 851, 852 and 453 of the balances 428 and
430, except, of course, that the weights are much
smaller in magnitude than the latter, which have
o balance the sum of from six to eleven tristim-
wlus turning moments. The pulleys which wind
up the chains run to the halaneces 224 to 341, and
those which run to the balance 428, 428, and 438,
can both he cam shaped. This will permit the
use of shapes which are less steep than if the
whole transformation is to be effected by & single
cam shaped puliey.

Tn the drawings modifications have been
shown which are either all-electric or all-me-
chanical. It is, of course, possible to combine
clectrical and mechanical devices. Thus, for ex-
ample, the production of quantities proportional
to the sum of the K’s for each point may be
effected electrically and the additidn of tristimu-
lus values effected mechanically, or vice versa.
Such a combination presents some advantages
over an all-mechanical operation. Three bal-
ances, 828 to 438, operate simply, but the com-
plexity of cleven balances in the addition of
the ¥’s for each of the eleven poinis introduces
considerable mechanical complexity and for this
step, at least, the electrical methods present ad-
vaniages. In a similar manner one of the in-
tegrations may be effected by means of voltages
snd the other by means of capacities. 'The pos-
sibility of using different physical methods to
produce the desired quantities is an additional
advantage of the present invention and renders
it more flexible.

VWhile the accuracy of the varicus modifica-
tions, when properly operated, is comparable,
the supericr ruggedness of the methods using
electrical voltages make them preferable to
methods using capacities or purely mechanical
methods. This preference is not due to their
guperior accuracy but to economic considera~
tions.

The detailed degeriptions in connection with
the drawings relate to modifications of the proc-
ess and apparabtus, in which a color mateh is
obtained. Such modifications require that the
physical quantities proportional to the three
tristimulus values of the mixture of dyes and
substrate be used to drive means which vary
the coneentration of the dyestuffs. In the case
of electrical modifications employing templates
these are the motors MX, MY and MZ. In the
case of the modification of Figs. 12 to 14 they
are the motors 255, 280 and 285, which drive

5 the attenuators, which are moved in proportion

to changes of concentration, and finally, in the
mechanical modification illustrated in Figs. 16
to 18 they are the three motors 270, 285 and 288.
Tf it is desired to use only a portiocn of the pre-
ferred form of the invention, namely, an instan-
tanecus recording of tristimulus values, the quan-
tities corresponding to the three tristimulus
values are actually measured. In the modifica-
tion described in Figs. 1 to 6 this would require

76 matching the sums of the tristimulus voltages
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for X, Y and Z with three other voltages, using
a matching potentiometer of the same type as
is- described in connection with the addition of
the voltages VK A2, VBK2, VCK2, and VDK?2 de-
scribed above. The motors which would be driven
by the amplifiers corresponding to 110 would
drive a balancing potentiometer, as does the bal-
ancing moter 88, and the setting -of this balanc-
ing potentiometer would then be read on its dial.
In a similar manner the cutput of the capacity
amplifier corresponding to 185 would operate
motors driving the maiching condensers 152, and
when a match was obtained the amount. of capac-
ity in the condenser 152 would appear on its dial.
In the medification dercribed in Figs. 12 to 14
the alternating current tristimulus values are
matched in the same way. Where voltages are
used it is also possible to read the three tristi-
mulus value sums on suitable volt meters.

In a similar manner the angular torgues cor-
responding to the right hand arms of the bal-
ances 428 to 431 can be read.

Since automatic matehing in most cases repre-
sents such a great saving in time over cut and
try methods, it will usually be preferable to utilize
the preferred modifications of the presant inven-
tion, which lead to direct matching without the
necessity of cut and try procedure. These pre-
ferred process and apparatus are the ones illus-
trated in the drawings.

The process and apparatus of the present in-
vention has been described more particularly in
coniunction with the matching of shades for
which thres tristimulus values were available for
a predetermined iluminant, such as for example,
sunlight or & particular kind of artificial light.
Change of the illuminant, of course, changes the
tristimulus coeficients at the selected ordinates.
Therefore, if it is desired to obtain a mateh for
more than one illuminant it is necessary to pro-
duce as many sets of three integrated tristimulus
values as there are to be illuminants.

In most machides the color matching is con-
cerned solely with producing shades which will
appear the same to the humsan eye, and therefore
for most machines the ordinates will be chosen
only in the visual spectrum. TFor certain pur-
poses it is desirable to determine reflectance be-
yond the visible spectrum, for example, it is of
importance to determine photographic infrared
response, and in such cases the ordinates or
usually additional ordinates may be selected in
the near infrared, or in certain cases, in the ultra-
violet. Of course for photographic response it
is not necessray to have three tristimulus values.
One is sufficient because the photographic emul-
sion responds according to its sensitivity curve
and the response results in g difference in density
and not a difference in color. The photographic
response to & single coefficient function through-
out the spectrum, while not identieal with the
eye’s response to the three fristimulus coeffi-
cients, operates in the same manner in the same
process and in the present device, and therefore
the term “tristimulus” in the claims will be used
in a broader sense to include sets of tristimulus
values for different illuminants in the case of
the eye and the analogous quantities determining
photographic response. The photographic re-
sponse is directly tied up with the color percep-
tion in such cases as military camouflage where
it is necessary to produce visual matches that will
not show great reflection difference in the in-
frared.
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I claim:

1. An-apparatus for producing a physical quan-
tity -corresponding to the reflectance of a plu-
rality of dyestuffs which comprises in combinga-
tion means for generating at a plurality of
wavelengths a group of equal physical quantities,
each quantity correspending to one -of ‘the plu-
rality of wavelengths and being proportional to
the concentration of one of the dyestufls, means
for generating other such groups having quan-~
tities corresponding to the concentrations of the
other dyestuffs, means responsive to the guantities
generated in each group at each wavelength for
generating a second group of quantities propor-
tional to the product of econcentration and addi-
tive light absorption function X of each dyestuil
o} the same wavelength, K being a non-linear
funetion both of the dyestuff and of wavelength,
means for summing the quantities of the second
groups for each wavelength, means responsive to
each of said sums for generating at least one
physical quantity proportional to reflectance ‘be-
ing a non-linear function of the sums and re-
lated thereto by the predetermined non-linear

5 function which reiates refiectance to KC.

2. An apparatus ascording to claim 1 for pro-
ducing physical guantities corresponding to in-
tegrated tristimulvs values in which a plurality
of equal physical gnantitieg proportional to re-
flectance are generated, means responsive t6 each
of said .quantities for each wavelength for gen-
erating physical quantities propertional to
reflectance multiplied by each tristimulus coeffi-
cient for that wavelength, and means for summi ng
the last physicdl quantitiss for each tristimulus
for all of the wavelengths to produce summed
quantities proportionai to integrated tristimulus
values.

3. An apparatus according to claim 2-compris-
ing means for generating ‘physical quantities pro-
portional to the integrated tristimidus values of
a predetermiined shade, means responsive to the
differential between the said physical quantities
and the summed physical quantities for the corre-
sponding tristimulus to vary the quantities gen-
erated corresponding to concentration of the
different. dyestuffs in a direction to reduce the
value of the differentials, and means for indicat-
ing the concentrations of the dyestufis.

4. An apparatus according to claim 3 for pro-
ducing a physical quantity corresponding to the
reflectance of a plurality of dyestuffs dyed on a
predetermined substrate in which means are pro-
vided for generating an additional group of
physical quantities vroporticnal to a predeter-
mined fixed concentration of substrate.

5. An apparatus according to claim 1 for pro-
ducing a physical quantity corresponding to the
reflectance of a plurality of dvestuffs dyed on a
predetermined substrate in which means gre pro-
vided for generating an additional group of
physical quantities proportional to a predeter-
mined fixed concentration of substrate.

6. An apparatus for producing an electrical
quantity corresponding to the reflectance of a
plurality of dyestuffs which comprises in com-
bination means for gensrating at a plurality of
wavelengths a group of equal physical quantities,
each quantity corresponding to one of the plu-
rality of wavelengths and being proportiongl to
the coneentration of one of the dyestufls, means
for generating other such groups having quan-
tities corresponding to the concentrations of the
other dyestuifs, means responsive to the quantities
generated in each group at each wavelength for
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generating a second group of electrical quantities
proportional to the product of concentration and
additive light absorption function K of each
dyestuff at the same wavelength, X being a non-
linear function both of the dyestuil and of wave-
length, means for summing the electrical quan-~
tities of the second groups for each wavelength,
means responsive to each of said sums for gen-
erating at least one electrical quantity propor-
tional {c reflectance being a non-linear function
of the sums and related thereto by the predeter-
mined non-linear function which relates re-
flectance to XC.

7. An apparatus for preducing & voltage corre-
sponding to the reflectance of a plurality of dye-
stuffs which comprises in combination means for
generating at a plurality of wavelengths a group
of equal physical quantities, each quantity corre-
sponding to one cf the plurality of wavelengths
and being propcrtional to the concentration of
one of the dyestuffs, means for generating other
such groups having quantities corresponding to
the concentrations of the other dyestuffs, means
responsive to the quantities generated in each
group at each wavelength for generating a second
group of voltages propertional to the product of
concentration and additive light absorption func-
tion X of each dvestuff at the same wavelength,
K being 2 non-linear function both of the dye-
stuff and of wavelength, means for summing the
voltages of the second groups for each wave-
length, means responsive to each of said sums for
generating at least one veltage proportional to
reflectance being a non-linear function of the

sums and related thereto by the predetermined :

non-linear function which relates reflectance
to KC.

8. An apparatus according to claim 6 in which
the electrical quantities are capacities.

9, An apparatus according to claim 7 in which
the means for generating physical quantities pro-
portional to dyestuff and substrate concentration
comprises a plurality of frames, one for each
dyestuft, said frames being adapted to receive
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rigid templates having profiles proportional to
the logarithm of X of the dyestuffs and said
frames being provided with slots at the plurality
of wavelengths, each slot carrying a pin movable
therein and capable of contacting the profile of
the template, the frames being provided with
guides and driving means for moving the
templates longitudinally of the slots, and loga-
rithmic potentiometers driven by each pin capable
of generating voltages proportional to the product
of concentration and K of the dyestufl corre-
sponding to the template at the wavelength cor-
responding to the pin.

10. An apparatus according to claim 7 in which
the means for producing physical quantities
corresponding to dyestuff concentration com-
prises a source of A. C. potential and an attenua-
tor provided with means for indicating voltage
changes produced thereby, and the means for
generating gquantities proportional to dyestuil
concentration and K comprising a plurality of
series of potentiometric attenuators, one for each
dyestuff, the number of attenuators in each series
corresponding to the number of wavelengths, and
each attenuator comprising a fransformer fed
by the A. C. voltage attenuated in proportion to
dyestuff concentration for the particular dye-
stuff, and a potentiometric attenuator, the at-
tenuation for each wavelength being proportional
to K of the particular dyestuff at that wave-
length.
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