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E. R.

E. R. Piore is a graduate of the University
of Wisconsin, where he received the 3. A. and
Ph.D. degrees in physics in 1930 and 1936,
respectively. He remained there from 1936
to 1938 as an assistant instructor in physics.

From 1938 to 1942 Dr. Piore was engineer
in charge of the television laboratories of the
Columbia Broadcasting System, and was in-
strumental in the development of color televi-
sion. In 1942 he joined the civilian staff of
the United States Navy's Bureau of Ships as
senior physicist. In 1944 he was called to ac-
tive duty in the Naval Reserve as a Lieu-
tenant Commander attached to the office of
the Deputy Chief of Naval Air Operations.

Dr. Piore joined the Office of Research and
Inventions (which later became the Office of
Naval Research) in 1946 as head of the elec-
tronics branch. Since then, his service with
ONR has been continuous except for the vear

Piore
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1948-1949, when he was a guest scientist in
electronics at the rescarch laboratory of the
Massachusetts Institute of Technology. In
1949 Dr. Piore became Deputy for Natural
Sciences, and in April, 1951. he was ap-
pointed Deputy and Chief Scientist of the
Office of Naval Research.

Dr. Piore joined the Institute of Radio
Engineers as an Associate in 1938. He became
a Member in 1942 and a Senior Member in
1943. In 1950 he received the award of Fellow
for his “many contributions in the fields of
engineering and physical sciences, and for
outstanding service in enhancing the national
effort in basic research.”

He is also a Fellow of the American Phvsi-
cal Society, a member of Sigma Xi, a member
of the American Society of Naval Engineers,
and a member of the Association for Com-
puting Machinery.
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The Color-Television Issue

From the beginning, it has been the aim of the PROCEFDINGS OF THR I.R E. to meet the
major technical-information needs of its readers. One of its functions has theretore been to
present papers describing advanced research and development projects, thus providing basu
information for future use and preparing the engineer to take practical advantage of new and
powerful tools. Another of its functions has been, in timels (ashion. to pubhish papers describing
the current status of certain divisions of engineering and to give analyvses of important ac-

complishments in these fields

The present i< an appropriate time to fulhll both these functions by offering to the IRE
membership an unusual and valuable group of papers on color television, specially selected for
the purpose. Pheir publication as a group in this greatly expanded issue of the PROCEFDINGS
was proposed by the Editorial Department and approved by the IRE Executive Commuttee.
They are exceptional contributions to a field in which basic progress has recently heen made,
and one w hich should be carefully studied and well understood by the communications-engineer-

ing fraternity.

The recent technigues in color television are also of special interest to others besides engineers
in that they offer a whole new series of instrumentalities for the « ontrol of color. It is now possi-
ble to control the brightness, hue, and chroma of light-emissive sources by purely clectronic
means. These methods and instruments should be helpful to scientists in a number of fields
(including physiologists, psychologists, colorimetrists, and ophthalmologists). to color-photo-
graphic investigators. and to certain industries (such as printing, dyeing, and the like). Mani-

festly, these techniques will find many valuable applications, as vet partly unforeseen.

The IRE is gratified to be able to place this issue of its PROCEEDINGS before a large group of
workers who can profit from it. It is thought that this issue, like certain earlier issues, will be
found in the coming vears to have been a classical contribution to the subject of which it treats.

It is believed that it will thus advance the art of color television.—The Edstor.
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Alternative Approaches to Color Television
DONALD G. FINK{, FELLOW, IRE

[ Y NGINEERS and administrators concerned with
1-4 establishing standards for color television have
been divided for several years into two camps of
opinion. In the first camp, it has been argued that a
system based on simple apparatus (the field-sequential
system) should be adopted, despite certain difficulties
imposed on the system by the nature of human vision.
In the second, it is argued that a system based on more
complicated apparatus (the color-subcarrier system)
should be adopted to take advantage of certain char-
acteristics of human vision and thus to provide higher
quality of transmission.

This schism has been greatly intensified by the public
investment in over 13 million receivers, designed for
the 525-line, 60-field black-and-white scanning stand-
ards and incapable of operating on other standards
without extensive modification. Unfortunately the field-
sequential method of color reproduction leads inevi-
tably to scanning standards well outside the range of
these receivers. The field-sequential system is, there-
fore, incompatible with the existing television broad-
cast structure and must operate under a heavy eco-
nomic handicap during the early stages of its introduc-
tion to the public. The color-subcarrier system, on the
other hand, is inherently more flexible in the choice of
scanning standards. This makes it possible to adopt
values identical to the black-and-white standards and
thus achieve a compatible color system.

While the desire for a compatible color system is with-
out doubt the principal motivating force behind the de-
velopment of the color-subcarrier system, there is doubt
that compatibility should be the controlling factor in the
choice of a system. Compatibility has important eco-
nomic consequences only during the early stages of the
introduction of color service. Thereafter, the normal
processes of competition and obsolescence can be ex-
pected to bridge the gap between the systems, so far
as scanning standards are concerned. After this transi-
tional stage, the important and enduring questions are
the quality of the television service (in color and in
black-and-white) and the cost of rendering and utilizing
the service. Since the life of the television standards is
presumably longer than the transition period, it would
appear that principal importance should be attached to
the quality and cost factors, and that compatibility
should be considered only to the extent that it affects the
initial acceptance by the public of the color service.

* Decimal classification: R583%535.6. Original manuscript re-
ceived by the Institute, August 24, 1951, )

t Electronics Magazine, McGraw-Hill Publishing Co., New York,
N. Y.

This philosophy was adopted by the Federal Com-
munications Commission in its recent action in adopting
the field-sequential system for public service. In effect,
the Commission ruled that a satisfactory color system
should not be retarded merely because it was incom-
patible, whereas an inferior color system should not be
adopted merely because it was compatible. Viewed
from the perspective of the past year, it now appears
to many observers that this decision was a correct one
at the time it was made. At that time, the quality and
cost factors weighed on the side of the field-sequential
system and the compatibility argument was used only
as a reason for making the decision at once, to ease the
introduction of the field-sequential service.

The error which may properly be attributed to the
Commission is its judgment that the quality of the
color-subcarrier system could not be improved, nor its
costs reduced, in a period comparable to the time re-
quired to introduce the ficld-sequential system. This
error now appears to be one of excessive conservatism,
always a danger in assessing the future course of tech-
nical development.

Fortunately judgments of this sort are subject to
review in a free society and the Commission has in fact
“left the door open” for such a review as soon as the
facts of techinical development warrant it. The future
procedure with respect to administration of color tele-
vision service thus appears to involve a continuing
assessment of the quality and cost factors until such
time as the public acceptance of one or another system
precludes further discussion

In endeavoring thus to assess the relative merits of
the field-sequential and the color-subcarrier systems
from the standpoint of quality and cost, the technical
worker is confronted with a rapid change in the state of
knowledge, more rapid perhaps than at any previous
stage in the history of television development. The rate
of change applies not only to the development of ap-
paratus, but also to our appreciation of the role of the
human eye as an element in the television system. Con-
currently a revolution has occurred in many traditional
concepts in transmission theory. Methods of transmis-
sion which, five years ago, seemed impossible in prin-
ciple to the majority of television workers, have now
been further analyzed, proved sound and, in fact,
demonstrated.

It is not surprising, therefore, that much confusion
exists among radio engineers, even among those whose
specialty is television systems development. One result
of the confusion is the tendency to take sides in the
controversy, and thus to intensify it, based on partial
knowledge of the facts. Qualified engineers can be heard
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to denounce the color-subcarrier system as a “paper
system,” while others, equally qualified, denounce the
field-sequential system on the score of “mechanical
complexity.” In point of fact, neither judgment is valid,
let alone necessary and sufficient cause for argument.

Within recent months certain clarifying concepts have
been advanced and certain crucial demonstrations have
taken place which permit the whole field of television,
including the two principal systems of color television,
to be viewed in better perspective than has been pos-
sible since the end of the war. It is the purpose of this
paper to review these concepts and demonstrations as
an introduction to the more specialized papers which
follow in this issue of the PROCEEDINGs OF THE I.R.E.

SUBJECTIVE REQUIREMENTS IN TELEVISION

From the standpoint of systems engineering, the
phrase “quality of television service” implies just one
attribute of the system: the degree to which the televi-
sion image satisfies observers as a pleasing reproduction
of the events which occur before the camera. The im-
portant word in this definition is “pleasing.!” Ten years
ago, “accurate” reproduction would have been the cri-
terion among television engineers. Today, largely as a
result of the influx of knowledge from the field of photog-
raphy, it is recognized that the reproduction should not
be accurate in the technical sense. From the standpoint
of system economics the system should not perform bet-
ter than is necessary to please typical observers with
what they see.

Full recognition of this criterion has come with the
development of color television, not only because of the
many compromises involved in color transmissions, but
also because television engineers have availed them-
selves of the experience of photographic technicians in
color reproduction. In color photography it is a truism
that an accurate reproduction is usually less satisfactory
than a distorted reproduction carefully contrived to im-
press the viewer as being “natural,” “bright,” “warm,”
or “cold,” depending on the context of the material
represented.

A color television system must be flexible enough to
convey these intentional distortions of image quality.
But a television system should never be called upon to repro-
duce an image that is “more than pleasing.” This seem-
ingly trivial limit on the required excellence of a televi-
sion system has profound influence on the cost of ren-
dering the service and the amount of radio spectrum
space required. It implies that the system should not
have capabilities beyond the reproduction of a satis-
factory (pleasing) image, since such capabilities cost

L .} The word “pleasing” is here used in its psychometric sense of

giving pleasure in general”; it does not refer to the emot ional reac-
tion to particular f)rogram material. “Convincing” and “having the
appearance of reality” are implied. “Realistic” 18 not meant, since
this means a characterization of things “as they really are.”
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dear, in money and in spectrum resources.

Television system design thus properly starts with a
statistical study of what constitutes a pleasing image.
The statistics must be based on a suitably large sample
of experienced (but preferably technically untrained)
viewers who are asked to state a preference or dis-

‘cern a difference as one variable in image quality is

changed.

Many such tests have been conducted in past years.
One crucial series of tests by Baldwin? in 1939-40 on the
subjective sharpness of television images had an im-
portant bearing on the choice (by the National Televi-
sion System Committee, in 1940) of the 525-line image
in preference to the 441-line standard then in vogue.
Tests of flicker have been conducted extensively by
motion picture engineers and, in the television field, by
RMA Committee TS 2.3 in 1946,2 and in 1950 by Study
Group 11 of the CCIR. These tests confirm the logarith-
mic form of the Ferry-Porter law and establish absolute
levels of brightness at which flicker becomes perceptible
and intolerable, under given conditions of apparatus and
observation.

In addition to subjective tests of resolution and
flicker, tests are necessary to establish the allowable or
desirable distortions in the tonal gradation of television
images. Here again, extensive tests have been conducted
in the motion picture field, and preferred values of
negative and positive gamma, contrast range, and limits
on halation and flare have been established. In televi-
sion this subject is less perfectly developed, partly be-
cause the standards of tonal gradation are independent
of the scanning standards and hence are not so mate-
rial a factor in transmitter and receiver design. The
FCC standard on gradation (the input-light versus
carrier-level-output curve of the transmitter) is written
in vague terms and is, in point of fact, not enforced at
the present time.

Despite the unsatisfactory state of tonal gradation
standards, it may safely be said that the presently avail-
able subjective data on resolution, flicker and gradation
are sufficient to form a sound basis for the choice of
black-and-white standards. To a certain extent the
same data are useful in the choice of standards for a
color-television system. But in a number of essential
respects they are deficient. The brightness level at
which flicker becomes perceptible is known to be a func-
tion of the color of the image, and the tonal gradations
of primary-color images must be related in a specific
manner. But, so far as the writer is aware, no definitive
tests of subjective tolerances of these effects, directly
applicable to color-television system design, have been
conducted.

. M. W. Baldwin, “The subjective sharpness of simulated tele-
vision images,” Proc. L.R.E., vol. 28, p. 548; October, 1940,

3 RMA Television Systems Committee, “UHF Television Sys-
tems,” RMA Data Bureau Report 2146; November, 1946.
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The major deficiency has been, until very recently,
the lack of detailed knowledge on the required subjec-
tive sharpness (resolution of the image) as a function of
color. This problem has not figured importantly in the
development of color photography, so the pertinent data
lay hidden for years in the records of physiological op-
tics. References to visual acuity for colored light can be
found as far back as 1865, but it was not until 1940
that the facts were rediscovered by television engineers.
In that year, Alfred N. Goldsmith applied for a patent!
on a television system having low resolution in the
blue primary; in 1945 this proposal was applied by
Bedford in the “mixed-highs” method of transmission.?

The lack of suitable information on the subjective
aspects of color television has now been fully realized
and has led to an extensive series of tests at the Bell
Telephone Laboratories, the first of which, having to
do with the subjective sharpness of simulated color tele-
vision images, is reported by Baldwin in this issue of
the ProOCEEDINGS.® Other tests have been reported by
Panels 2 and 11 of the NTSC. The time is not far off,
therefore, when the performance of competing color
systems can be judged in terms of the basic factors in a
pleasing color reproduction. Meanwhile, the judgments
expressed herein must be considered as subject to
refinement.

Whatever the final outcome of these subjective tests,
one principle of system design may be accepted: the
color television image, as a whole and in all its constitu-
ent parts, should not display an excess of quality with
respect to resolution or flicker. Such excesses, measured
against a proper standard of pleasing reproduction,
have three effects: they add unnecessarily to the cost
of transmitters and receivers; they add unnecessarily
to the radio spectrum occupied; or, if the spectrum
space is fixed, an excess in one quantity (flicker per-
formance) leads to a deficiency in another (resolution).
This criterion (a restatement of the “not-more-than-
pleasing” rule) thus serves to delineate the quality-cost
ratio of a given system. In addition, the tonal grada-
tion, the color gamut covered, and the freedom of the
image from extraneous disturbances, such as transients,
interference and noise, must also satisfy the “pleasing,
but not-more-than-pleasing” rule. In what follows, the
field-sequential and color-subcarrier systems are com-
pared on the basis of these requirements.

DEVELOPMENT OF THE FIELD-SEQUENTIAL SYSTEM

In the field-sequential color system, successive fields
are scanned individually in one of the three primary

4 Alfred N. Goldsmith, U.S. Patent 2,335,180, issued November
23, 1943.

5 A. V. Bedford, “Mixed highs in color television,” Proc. L.R.E,,
vol. 38, p. 1003; September, 1950.

¢ M. W. Baldwin, “Subjective sharpness of additive color pic-
tures,” Proc. I.R.E., pp. 1173-1176; this issue.
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colors, the color fields following in the order red, green,
blue, red, green, blue, and so on. The rate of scanning
the fields is so rapid that the sensation produced by
one field persists in the mind of the observer during
the scanning of the next two fields. Consequently, the
image appears as if all three primary colors were pres-
ent simultancously and the sensations add, producing
mixtures of the primaries which reproduce the varie-
gated colors of the scene hefore the camera.

This method of color reproduction has had a long
history in motion pictures and television. In one of the
early color-movic systems, the frames of the film were
exposed successively through two color filters (red-
orange and blue-green) carried on a filter wheel rotat-
ing before the camera lens. The film was projected
through a similar rotating filter wheel so synchronized
with the film that red-orange light was projected by the
frames corresponding to those exposed through the red-
orange filter, and similarly for the other color. In the
course of these experiments it became clear that, to
keep flicker within acceptable limits, approximately
twice as many frames had to be projected in a given time
for color reproduction as for black-and-white reproduc-
tion. The resulting high consumption of film, and the
strain put on the film by the rapid intermittent actions
of camera and projector, forced abandonment of the
system. Successful commercial color motion pictures
were produced only when it became possible to include
all three primary colors in cach film frame, first by the
additive methods of Dufaycolor and Kodacolor, and
later by the subtractive processes of Technicolor, Agfa-
color and Kodachrome.

The first color television demonstration in the United
States” was given to the press by the Bell Telephone
Laboratories on June 27, 1929, The equipment oper-
ated on the simultaneous-color basis. The head and
shoulders of the subject were scanned in white light
by a mechanical flying-spot scanner, and the light was
picked up by three phototubes fitted with color filters
(blue, red and green). Three separate transmission
channels were used to actuate three glow lamps in the
respective colors. Those were viewed through mirrors
which superimposed the primary-color images. The
images were scanned at 50 lines per picture, 17.7 pic-
tures per second.

The start of experimental color-television broad-
casting did not come until 11 years later when 1. O,
Goldmark gave his first demonstration to the press on
September 4, 1940, over the facilities of the Columbia
Broadcasting System. These carly images were highly
impressive and provided the initial impetus on which
the subsequent development of the art has largely de-
pended. The images were scanned by the field-sequential

T H. E. Ives and A, L. Johnsrud, “Television in colors by a he
s%a‘l(n)ning method,” Jour. Opt. Soc. 4Amer., vol. 20, p. ]]‘)'j;.lm::;'\].l
1930, ! S0
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method at 343 lines per frame and 120 fields per second,
and were transmitted over the standard 6-mc channel
then occupied by the CBS black-and-white station
W2XAX.

Subsequently, papers®? by Goldmark and his asso-
ciates revealed that the CBS color system, even in its
carly form, had reached a high state of development
with respect to camera taking characteristics, receiver
primary filters, and control of color balance and grada-
tion, all of which contributed to the excellent color
rendition of the system. In other respects, the images
were limited by the scanning standards adopted to fit
the signal into the 6-mc channel. The 343-line resolution
was considered unsatisfactory, and the 120-per second
field rate produced severe flicker when the image
brightness was increased above a few foot-lamberts. In
1941, work on the system was suspended as a result of
the war,

At the end of the war, in 1943, television engincers
were in accord that a channel wider than 6 mc was re-
quired for a satisfactory color image, and that any color
svstem must therefore be incompatible (on a frequency
assignment basis) with the black-and-white system
which had been in commercial operation since July,
1941. Since this conflict was considered inevitable, all
cves turned toward the ultra-high-frequency spectrum
reserved for television (then 480-920 mc) as the even-
tual home of the color service. There was some conflict
of opinion as to the preferred method of transmission,
but the field-sequential method was in general favor.
The majority of the RTPB Television Panel favored a
field rate of 180 per second to achieve flicker per-
formance equal under all circumstances to that of the
black-and-white system, and 525 lines per frame to
provide equal resolution. These figures implied a chan-
nel width of the order of 15 mc, and this requirement was
viewed with understandable misgiving by all concerned.

At the FCC color-television hearing which began
December 9, 1946, the Columbia Broadcasting System
petitioned for immediate commercialization of color
television, proposing a compromise which would permit
field-sequential color transmissions on channels 12 mc
wide. The proposed scanning standards were 525 lines
per frame, 144 fields per second. These values were in
line with the majority opinion concerning resolution;
the compromise was the field rate of 144 per second
which limited the brightness of the image, for tolerable
flicker, to about 25 foot-lamberts. This compared with
over 100 foot-lamberts for the black-and-white system.

At this hearing the compatibility argument was heard
for the first time. 1t was argued that the demand for
television channels would soon exceed the supply and

s I, C. Goldmark, J. N. Dyer, E. R. Piore, and J. M. Hollywood,
;‘C;)zlor television—Part 1,” PProc. LR.E., vol. 30, p. 162; April,
) R

' . C. Goldmark, K. R. Piore, J. M. Hollywood, T. II. Cham-
bers, and J. J. Reeves, “Color television—DPart 11,” Proc. L.R.E.,
vol. 31, p. 465; September, 1943,
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that channels devoted to color transmissions should also
be capable of serving the existing black-and-white re-
ceivers when tuned to the color transmissions. Labora-
tory demonstrations of a simultaneous color system,
designed to meet this requirement, were given by the
Radio Corporation of America to the FCC during the
hearing. In this system, described in greater detail be-
low, three separate signals, devoted respectively to the
primary colors, were transmitted on separate carriers.
The proposed scanning standards were identical to the
black-and-white standards, so existing black-and-white
receivers could be operated by tuning to one of the car-
riers, i.c., that carrying the green image. By reducing the
bandwidth devoted to the blue and red images (mixed-
highs transmission) it was believed possible to confine
the transmissions to a 12-mc channel. Those opposing
the CBS petition argued that it was unwise to decide
on any color system until the relative merits of the
field-sequential and simultaneous systems could be ex-
plored, and until further information was available on
uhf propagation, since both systems were then envisaged
as occupying the uhf channels. In March 1947, the FCC
denied the CBS petition.

The subsequent development of the field-sequential
system has been conditioned by the phenomenal ac-
ceptance by the American public of television broadcast-
ing. In 1948 it became clear that the channel demand
had already outrun the supply. By September in that
vear, the FCC had issued 107 construction permits or
licenses to tv stations and had 310 applications for
permits on its books. It was evident that this large
number of stations could not be accommodated in the
12 channels of the vhi band, particularly since numerous
reports of excessive cochannel and adjacent-channel
interference had been received. Accordingly, in that
month the Commission called a halt on further expan-
sion of television broadcasting, pending further study
of interference as affected by channel assignments. The
pressure for additional channels was so great that the
requirement of 12-mc channels for color television,
essential as it then seemed {rom the standpoint of satis-
factory service, was wholly impractical in view of the
public demand for television service. Accordingly in
1949, the Commission adopted the position that the
proponents of color television must reconcile themselves
to 6-mc channels, and asked for information on the
practicability of instituting color service in the near
future, using such channels.

Meanwhile the CB3S field-sequential system had been
demonstrated on a closed-circuit basis before the
American Medical Association at Atlantic City, on
June 6, 1949, using scanning standards suitable for a
6-mc channel. This demonstration, the first since 1940
on a 6-mc basis, convinced the majority of those who
observed it that field-sequential color television was
indeed practical on 6-mc channels so far as the quality
of reproduction was concerned, provided that care was
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taken to minimize the effects of limited resolution. Ac-
cordingly, at the FCC color-television hearing which
began on September 26, 1949, the Columbia Broad-
casting System proposed that commercial color broad-
casting begin at once on the basis of 405-line images,
scanned field-sequentially at 144 fields per second.

It should be noted that these standards exceeded the
1940 values both in number of lines (405 versus 343)
and in fields per second (144 versus 120). Two factors
underly these changes. First, the CBS engineers decided
to utilize a large number of lines, and thus to augment
the vertical resolution at the expense of horizontal
resolution, in the expectation that a new technique
(“crispening,” see paper!® on this subject by Goldmark
and Hollywood in this issue of the PROCEEDINGS) would
permit improved horizontal resolution. Second, it had
been conclusively demonstrated that 144 fields per
second was the minimum field rate for acceptable free-
dom from flicker.

At this hearing, the compatibility issue came into
sharp focus. The incompatibility of frequency assign-
ments was resolved, since the location of carriers for
field-sequential color was to be the same as for black-
and-white, but the scanning standards differed ma-
terially. The number of lines scanned per second in
field-sequential color is 29,160 per second (405X 144/2),
against 15,750 (525X60/2) in black-and-white. The
number of fields scanned per second in color is 144 as
against 60 in black-and-white. All attempts to reduce
these wide discrepancies had failed; the field-sequential
system and the black-and-white system were unavoid-
ably incompatible in scanning standards.

The simultaneous system, brought to the attention
of the Commission in 1946-47, was not suitable in its
original form because the three carriers could not be
squeezed side-by-side into the 6-mc channel without
complete loss of compatibility in the frequency sense.
Another form of compatible system, similar to the
earlier simultaneous system in many respects, was
brought forward by RCA. This system (described be-
low) used only one color subcarrier so modulated and
demodulated that the colors appeared to be laid down as
dots along each line. Accordingly it was christened the
“dot-sequential system.”

After 62 days of taking testimony from 53 witnesses,
the transcript of which totalled nearly 10,000 pages,
the FCC decided on October 10, 1950 that immediate
commercialization of the field-sequential color system
was in the public interest. After an interval, during
which the decision was reviewed and upheld by the
Supreme Court, the Commission’s order became effec-
tive early in 1951, Public color broadcasts, the first in
the history of the art, were inaugurated by CBS in
New York on June 25, 1951.

10 P, C. Goldmark and J. M. Hollywood, “A new technique for
improving the sharpness of television pictures,” Proc. I.R.E., pp.
1314-1322; this issue.
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CAPABILITIES AND LIMITATIONS OF
F1ELD-SEQUENTIAL COLOR

The principal strength of the field-sequential color
system, from the technical standpoint, is that it offers
the equipment designer a wide range of choice of ter-
minal equipment (cameras and picture reproducers).
The salient fact is that the primary colors, being pre-
sented in successive scanning ficlds, succeed one another
at intervals of the order of a hundredth of a second
(actually 1/144th second). This is a sufficiently long
time to permit the color change to be introduced
mechanically by the rotation of a disk (or cone or drum)
carrying filter segments. When this mechanical method
is used, a single sensitive surface in the camera, and a
single light-producing area in the picture tube, suffice
to reproduce the image. Several advantages accrue
from this arrangement, among them being uniformity
of color gradation over the area of the image, and free-
dom from misregistration!' among the primary colors.

Several disadvantages also appear in the mechanical
method. Among them are the perfection of dynamic
balance, the large amount of mechanical power and the
precision of synchronization required in rotating a disk,
cone or drum of sufficient size to encompass the large
images demanded by the public. If these drawbacks
dismay the designer, the alternative of purely elec-
tronic color reproduction, using a tricolor picture tube,
can be adopted.

In any event, wide latitude is available to the de-
signer, including designs displaying a rockbottom sim-
plicity (for example, a mechanical receiver synchronized
by connection to the power line with manual control
of color phase) that ¢annot, it now appears, be matched
by any other proposed system of color television.

Whether these simple receivers will find favor with
the public, particularly if the picture size is limited,
only time will tell. If they do not, the advantage of re-
ceiver simplicity may prove, to that extent, to be il-
lusory. But even in that event, the simplicity of the
camera remains and with it the advantages of uniform
color balance and accurate registration.

The limitations of the field-sequential system are
found in two characteristics of the human eye: its aver-
sion to excessive discontinuity of light and to excessive
discontinuity of motion. If the eye were generously
tolerant of such discontinuities, it would be feasible to
adopt for the field-sequential system the same scanning
standards as are used in the black-and-white system.??
The compatibility difficulty would then evaporate, and
the flicker performance and resolution of the systems

! Misregistration can occur, however, due to the effects of hum
and stray fields, since the field-scanning rate is not integrally related
to the power-supply frequency.

2 On the same assumption of flicker tolerance, however, the field
rate for black-and-white pictures would have been chosen a't a lower
value.; In that case, the flicker tolerance would presumably not

extend sufficiently to permit field-sequential color
! to operate
same field rate as black-and-white. pe at the
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would roughly coincide. Under such circumstances, it is
doubtful if any serious opposition to the field-sequential
system would have arisen.

But natural vision is not so constituted. The eye
rebels when light flashes are presented to it at an effec-
tive flicker rate lower than about 40 per second, unless
the image is so dim that eyestrain results from con-
tinued observation of the image. This flicker limit cor-
responds, as explained below, to the 120-per-second
field rate of the early field-sequential tests. The marginal
performance in respect to flicker, evident in those tests,
required a change from 120 to 144 fields per second.

The eye rebels also against excessive discontinuity in
the apparent motion of the image. This requirement is
ordinarily satisfied when flicker is brought under con-
trol. But the tolerance to this effect is noticeably re-
duced if the discontinuity in position is accompanied
by a change in color. Color fringing accompanying
rapid motion in the image, and color break-up accom-
panying casual motion of the eye are apparent in field-
sequential images. There is evidence that the sensi-
tivity to these latter effects decreases in many individuals
with exposure to them over a long period, so it is per-
haps proper to subordinate this limitation to that caused
by the high rate of field scanning.

Since the latter consideration is basic, it is worthy
of more detailed examination. Three conditions should
be distinguished with respect to flicker in the field-
sequential system. The first occurs when a large part of
the image area is occupied with a green color, like
that of the green filter used in the camera. So far as
this part of the image is concerned, only one out of
three successive fields (that producing green light at the
receiver) is active; the blue and red fields then con-
tribute but little light. The effective rate of image repe-
tition is then one third of 144 per second, or 48 per
second, and flicker is especially noticeable. A similar
condition occurs when only red light or only blue light is
present in a substantial portion of the image, but since
red and blue light are ordinarily less bright than green,
the flicker is not so evident in the latter cases.

In the second case, white light occupies a substantial
portion of the image area. In this case all three primary
fields are active, but the brightnesses of the fields are in
the approximate proportion red:blue:green=33:14:69
(for the standard FCC field-sequential primaries). Since
the green primary then exceeds the blue in brightness
by about 5 times, and exceeds the red primary by
about 2 times, the same general effect is present as in
the first case, but since the disparity between fields is
less, the effective flicker threshold occurs at higher
brightness. Accordingly the second case is less critical
as to flicker than the first.

In the third case the successive fields all have the
same brightness (in a linear receiver this means that
the signal voltages actuating the primaries are in the ap-
proximate ratio red:blue:green=6:14:3). The color
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then is predominantly blue. In this case, there being
no change in brightness from field to field, the flicker
rate is 144 per second. This is an excessively high value
for freedom from flicker. In fact for such equiluminous
fields, the flicker rate is 144 —48 =96 per second higher
than for the first case (the saturated green).

This represents an enormous difference in flicker per-
formance; by the Ferry-Porter law it is equivalent to a
change in flicker-threshold brightness of 10%/12:¢ = 3107
times.® Actually the Ferry-Porter law does not hold
over such extreme ranges. But the fact is that the pre-
dominantly blue hue of case 3 may be thousands of
times brighter than the saturated green of case 1, for
equal freedom from flicker when the field rate is 144
per second.

It thus appears that when the field rate is chosen to
be “pleasing” with respect to flicker for white light,
it is “less than pleasing” for saturated greens of the
same brightness, and greatly “more than pleasing” for
blue reproduced by equiluminous fields of the same
brightness. This violation of the “pleasing-but-not-
more-than-pleasing” rule is inherent in the field-
sequential method of scanning.

The net result is that the satisfactory field-scanning
rate for field-sequential color is not less than 144 fields
per second, despite the fact that substantially lower
values would suffice for many combinations of colors,
of which case 3, above, is the most striking example.

The excess of performance, thus made necessary in
certain instances with respect to flicker, must be
matched by a corresponding deficiency of performance
in respect to resolution. Unfortunately the latter defi-
ciency applies in every instance to all fields, whereas the
excess of flicker performance applies to only certain
color combinations.

The resolution deficiency is readily expressed in
terms of the ratio of the field frequencies for field-
sequential color and black-and-white, i.e., 144/60=2.4.
For a given video bandwidth, and for equal percentage
blanking times, the resolution of the color image is then
1/2.4=41.6 per cent as great as that of the black-and-
white image, measured in the total number of resolvable
picture elements per frame. In terms of the specific
scanning standards, the vertical resolutions in the two
systems are in the ratio of the number of lines per
frame 405/525=77.2 per cent, and the horizontal resolu-
tions are in the ratio 525/405X1/2.4=>54 per cent
(about 325 lines in black-and-white, 175 lines in field-
sequential color).

The resolution deficiency is subject to amelioration
by the presence of color contrast in the color image,
and by such resolution-enhancing techniques ar “crisp-
ening.” These are effective, of course, in all color sys-
tems, but are particularly useful when the inherent

. 1A difference of 12.6 cps in flicker frequency represents ten
times change in flicker threshold brightness.
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resolution of the system is low. In a high-resolution
system. the improvement they provide is subjectively
less impressive because there is less need for improve-
ment.

The effect of limited resolution on the quality of the
color-television service may be described in various
ways. Perhaps the most useful comparison, from the
standpoint of practical operating procedures, is in terms
of the solid angle viewed by the camera. If a given
viewing angle suffices to portray a given subject when
the resolution of the system is 100 per cent, then a re-
duction to 41.6 per cent (as between the black-and-
white system and the field-sequential system) requires
the viewing angle to be reduced in the same proportion
for the same degree of satisfaction in viewing the same
subject matter. Such reduction of viewing angle is ac-
complished by viewing the subject more closely, by
moving the camera closer or by employing a lens of
longer focal length.

In other words, much greater reliance must be placed
on close-up shots in a system of limited resolution,
and this acts as a restriction on the camera operator,
technical director, and'producer of the program. In
effect it reduces the number of objects and events
which may be seen together in the image and forces
cameras to be switched to establish the relationships be-
tween such objects and events. This restriction is evi-
dent in comparing the camera techniques currently
emploved in the two systems.

Little exception can be taken to the color gamut,
tonal gradation, and freedom from disturbances of the
ficld-sequential system. The color gamut is somewhat
reduced by the use of the so-called “low-flicker” pri-
maries but this is not a serious limitation. The judg-
ments expressed by laymen and technicians alike on
the color rendition of the system are almost universally
favorable.

An important advantage of the field-sequential sys-
tem is that it employs only one carrier. In a system
employing two carriers (the color-subcarrier system)
greater opportunity exists for interference to cause
visible (i.e., low-frequency) beat patterns. Moreover, in
a two-carrier system, the sclective effects of wave inter-
ference in the presence of multipath transmission may
prove troublesome. Finally, transient disturbances af-
fect all parts (successive fields) of the field-sequential
image in the same way (although transients are more
visible, due to the higher line-scanning velocity, than
in the black-and-white system). In a simultaneous pres-
entation like that of the color-subcarrier system, the

possibility exists that such transients may affect one
part of the image (its brightness component, defined

14 A full discussion is given in the Condon Committee Report,
“The present status of color television,” by the Advisory Committee
of Color Television, reprinted in Proc. I.R.E., vol. 38, p. 980; Sep-
tember, 1950. See Chapter 2, Part VII, pp. 982-983.
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helow) differently from the other parts (hue and satura-
tion components).

In summary, the field-sequential system offers the
advantages of simple terminal apparatus (with limited
picture size), while not restricting the designer to simple
equipment, It has excellent performance with respect to
tonal gradation and color gamut. It resists the effects of
noise, multipath transmission, interfering carriers, and
transmission transients to about the same extent as does
the black-and-white system. Counter to these strong
points, it finds difficulty in co-operating with the eyve in
the matter of flicker. Consequently a high field rate must
be adopted to avoid flicker in certain circumstances;
this high rate is not required in other circumstances and
thus represents an excess of performance. The price paid
for this excess is a reduction in geometric resolution to
about 42 per cent of the black-and-white system.

DEVELOPMENT OF THE COLOR-SUBCARRIER SYSTEM

The alternative color-television system, the color-
subcarrier system,® represents the culmination of
an effort extending over five yvears or more to find a
satisfactory compatible system. Its roots go back to the
50-line color system demonstrated by the Bell Tele-
phone Laboratories in 1929, referred to above. In this
early system, three video signals, cach identical in
principle to the others, were transmitted to carry the
information present in the respective primary-color
images. The bandwidth consumed was identically three
times that required for the equivatent black-and-white
image.

The distinguishing characteristic of the terminal ap-
paratus, which links it to all subsequent systems of the
same type, is the use of three separate photosensitive
devices and three separate image-reproducing devices,
all operating simultancously, In this sense, the 1929
system served as the crude prototype of the “simul-
taneous color system.” o

The second demonstration of a simultaneous color
svstem was that shown to the FCC by RCA in the
1946-1947 color hearing, as briefly described in a previ-
ous paragraph. This differed from the 1929 system in
degree but not in basic principle. Modern scanning
standards (525 lines, 60 ficlds per second) were used,
and the signals were transmitted in the form of modu-
lated radio-frequency carriers, rather than as video
signals on wires. But three photosensitive devices (e.g.,
three multiplier phototubes in a tricolor flying spot
scanner) and three picture tubes were employed, all
operating simultancously.

This system was intended to be compatible in scan-

¥ The form of the color-subcarrier system described here is that
recommended in April, 1951 by the Ad Hoc Committee of the
National Felevision System Committee. For an account of this
group and its work, see “Plans for compatible color television ”
Electronics, vol. 24, p. 90; August, 1951 ’ '
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ning with the black-and-white system. As noted above,
the carrier signal corresponding to the green primary
image was to serve two purposes: to operate black-and-
white sets (equipped with frequency converters to ac-
cept uhf signals), and to serve as one component of color
reception. It was proposed, therefore, that the green
carrier might serve as the primary carrier of the trans-
mission, and that the red and blue signals might be sent
as subcarriers, imposed on the primary carrier by sub-
modulators and appropriate wave filters.

Many objections to this simultaneous system were
raised. The problem of register among the three separate
color images at transmitter and receiver, the loss of
spectrum space in guard bands between the three sets
of sidebands, the possibility of selective attenuation
and phase displacements among the carriers and their
sidebands, were urged as serious shortcomings. Its ad-
vantages were also recognized. Since the three primary
images worked in unison, the flicker problem was no
more in evidence than in the black-and-white system
(which had by then proved itself abundantly satis-
factory in this respect). Some measure of compatibility
had been achieved. But the system had not been field
tested prior to the FCC demonstration, and no accurate
measure of its strength and weakness was available.

In perspective, it appears that this second (“1946”)
simultaneous system took one important step forward,
but failed to take another important step. The advance
was the proposal of mixed-highs transmission, which
recognized that the resolution required in the three
primary images was not the same. Tests were conducted
to show that, in a color image composed of red, blue
and green primaries, the highest resolution was required
in the green image, somewhat less resolution in the red
image, and substantially less in the blue image.'

This fact, which had been recognized by physical
oculists for years, and had been reported by a lighting
engineer in 1911, revealed to television specialists that a
color system which utilizes bandwidth to provide equal
resolution in the three primary images is wasteful of
spectrum space. The 1946 simultaneous system, wasteful
in this respect in requiring guard bands, was partially
redeemed by the proposal to limit the resolution of the
blue image to about one third that of the green 'and
red images, with proportionate saving in the spectrum
occupied by the blue-image sidebands.

The conspicuous failure of the system was that fwo
subcarriers and their sidebands occupied regions of the
spectrum separate from that of the primary carrier. It
is now recognized that only one subcarrier is necessary,
(since the subcarrier, when synchronously modulated
and demodulated, can carry quadrature or three-phase
information on two or three color quantities). Further,

¥ Quantitative evidence of this fact is given in the paper by
M. W. Baldwin, “Subjective sharpness of additive color pictures,”
Proc. 1.R.E.,, pp. 1173-11706; this issue.
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it is realized that the primary carrier and the subcar-
rier can occupy the same region of the spectrum, if
the carrier frequencies are so related that their side-
bands are interleaved. The latter relation is satisfied
when the subcarrier frequency is an odd multiple of
half the line-scanning frequency.

These concepts, particularly the latter, are con-
sidered by many to be relatively new to television
engineering. In point of fact, neither idea is new and
both were available when the 1946 simultaneous sys-
tem was designed. The writer well remembers the
surprise and chagrin with which an early patent, which
had expired in 1947, was resurrected in 1950. This
patent; covering an invention'’ by Frank Gray, one of
television’s great unsung pioneers, showed not only
that the frequency interleaving of sideband com-
ponents was feasible, but actually envisaged its applica-
tion to a color-television system! Such is the lack of
communication between successive generations of engi-
neers that apparently no one remembered the patent.

The third appearance of the simultaneous color sys-
tem came during the 1949-1950 FCC color television
hearing, when RCA demonstrated the dot-sequential
system. This system used a single subcarrier, modulated
by three color quantities in three-phase form and syn-
chronously demodulated to recover the quantities with
a minimum of interaction between them. The color-
subcarrier sidebands occupied the same portion of the
spectrum as the primary carrier sidebands, but the
technique of frequency interleaving was imperfectly de-
veloped (as judged from the present perspective) and
the interference between carrier and subcarrier was
unduly prominent.

The interference appeared in the image as a dot struc-
ture, and it could be considered that the primary
images were made up of collections of such dots, inter-
laced along each line of the image. It was natural to
think of these dots as being laid down in sequence, so
by analogy to the field-sequential and line-sequential
systems then in evidence before the Commission, the
system took the name “dot-sequential color system.”

For months there was great confusion as to the
proper terminology for this system. From the stand-
point of terminal apparatus it was clearly a simul-
taneous system, since three cameras and three picture
tubes were used, each devoted to one of the primary
colors, and each operated simultaneously with the
others. But from the standpoint of the transmission
method, it appeared to be a sequential system, since
the camera output signals were sampled in sequence,
and the picture tubes were activated in like sequence,
the sequence occurring at the rate of three samples for
each cycle of the color subcarrier (3X3.58 mc=10.74
million samples per second). It now appears that the

. " US, Pl'atent 1,769,920, F. Gray. Applied for April 30, 1929,
issued July 8, 1930,
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sampling technique was incidental to the basic principle
of the system. By a modification of the receiver (filtering
the color signals before application to the picture tubes)
it could be shown that the three picture tubes could in
fact operate in simultaneous fashion.

It remained for the full development of a new tech-
nique, shunting a monochrome (brightness) signal
around the color-subcarrier apparatus, to reveal that
the dot-sequential color-subcarrier system was really a
simultaneous color-subcarrier system.

When the first demonstration of the dot-sequential
system was given in 1949, in its initial “sampled” form,
the dot structure in the images impressed most observers
as a major drawback and the susceptibility of the
color subcarrier to interference was a matter of concern.
But basically the system was attractive: it was com-
patible; it was free from flicker difficulties; it had high
resolution capability; and it was highly efficient in the
use of the radio spectrum. Consequently many able
workers were inspired to carry on after the system was
rejected in the FCC decision of October, 1950. While it is
too early to assign credit by name without fear of in-
justice to those unnamed, the names of Loughlin and
Bailey of the Hazeltine Corporation, Bradley and Bing-
ley of the Philco Corporation, and Dome and Samulon
of the General Electric Company will undoubtedly be
added to those of .Kell, Brown and their coworkers in
RCA, when the history of this phase of television de-
velopment is finally written down.

Following the FCC decision, three noteworthy dem-
onstrations of different approaches to the color-sub-
carrier system were held: On December 5, 1950, RCA
demonstrated a revised form of its system to the press
and acknowledged the contributions of the Hazeltine
Corporation. In this demonstration, the shunted mono-
chrome technique (see below) was used, and a notable
reduction in the dot structure of the images, in color
and black-and-white, was evident. In February, 1951,
the Philco Corporation demonstrated to the NTSC Ad
Hoc Committee a color-subcarrier system employing a
wide-band brightness signal and two color-difference
signals modulating the subcarrier in quadrature. Finally
in the week of August 6, 1951, demonstrations of color-
subcarrier systems were held by General Electric,
Hazeltine, RCA and Philco which illustrated the effect
of the value of the color-subcarrier frequency, the
constant-luminance system (first demonstrated by
Hazeltine in April 1950), and the most recent improve-
ment, “oscillating color sequence.”

The last stage in the development of the color-sub-
carrier system, covering the period 1950-1951, has re-
sulted in a substantial refinement in terms of colori-
metric concepts. Prior to this stage, the colorimetry of
color television was simple, involving the choice of
three receiver primaries and three corresponding camera
taking characteristics.

A more subtle approach had been prevented by pre-
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occupation with conservation of spectrum space. When
spectrum economy was well in hand, the next step was a
concerted effort to achieve a high degree of co-opera-
tion between the color-subcarrier system and the human
eye, by application of the principles of colorimetry.

The three basic color quantities are brightness, hue
(redness, blueness, ctc.), and saturation (lack of dilu-
tion of the hue by white light). A black-and-white tele-
vision system deals solely with the first quantity,
brightness. A compatible color-television signal, in-
tended to be of optimum value to a black-and-white
receiver, must provide brightness information without
undue disturbance from the hue and saturation com-
ponents of the color image.

Thus there were two forces, one scientific (the effort
to base the color system on the properties of the eye)
and one economic (the effort to achieve a system of
high compatibility) which conspired to demand a
colorimetric revaluation of the system.

From this study came three major advances in the
color-subcarrier system. The first was the realization
that the color-television signal should be cast into two
components, a primary carrier and sidebands for bright-
ness transmission, and a subcarrier and sidebands for
hue-plus-saturation (“color-minus-brightness”) trans-
mission,

The second step, realized simultaneously with the
first, was to proportion the modulation vectors of the
subcarrier so that interference from external sources to
the subearrier would create a minimum of brightness
disturbance in the image. The latter aim was met by
constraining the color subcarrier to approach zero for
colors near white.

The third step was the realization that certain simple
taking characteristics of the camera, and.the signals
arising therefrom, could be transformed in electronic
computers, known as matrix units, to obtain signals
corresponding to brightness on the one hand and to
color-minus-brightness on the other.

When the two signals, brightness and color-minus-
brightness, are added together they produce color.
When the brightness signal alone is present (as during
the scanning of white or gray objects), the color sub-
carrier is inactive and can cause no dot structure or
other deleterious cross-effects with the primary carrier.
As a result, the isolation of brightness transmission and
hue-saturation transmission not only improved the
quality of color rendition but greatly improved the
structure of the image, both in color and in black-and-
white.

To these improved color analysis and synthesis meth-
ods, were added refined methods of superimposing the
carrier and subcarrier in the same region of the spec-
trum. Among these refinements were: vestigial side-
band modulation of the subcarrier, improved filtering,
the use of a balanced modulator as a substitute for
critical filtering operations in the transmitter, and
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alternation of the sequence of the color-modulation
vectors on successive fields to minimize the effects of
phase distortion and of transients generated in vestigial
sideband transmission.

The net result of these measures is that a brightness
signal having identically the bandwidth of the black-
and-white system (4 mc) and thus having equal resolu-
tion, is combined in the same spectrum with a color-
minus-brightness (hue-plus-saturation) signal occupying
a bandwidth of about 2 mc. The latter signal produces
essentially no brightness contrast and, since lack of
resolution is less perceptible without such contrast, the
resolution of the image is carried substantially by the
brightness component. The over-all result closely ap-
proaches that produced by a simultaneous system em-
ploying a separate 4-mc band for each primary, or 12
mec in all. The fact that an image can now be transmitted
on a 4-mc band which, five years ago, would have re-
quired 12 mc is, in the writer's opinion, the most striking
accomplishment in spectrum conservation in the history
of electrical communication.

Since November, 1950, work on the color-subcarrier
system has been co-ordinated by the National Tele-
vision System Committee. As this is written, agreement
is being reached within the NTSC panels concerning
detailed technical specifications with which to conduct
field tests during the latter months of 1951.

No account of the development of the color-subcatrier
system is complete without mention of the tricolor
picture tube (“color kinescope,” see papers on this sub-
ject in this issue of the PROCEEDINGS).!® This type of
color tube can be used in both the color-subcarrier and
field-sequential systems of color television, and hence is
not a major distinguishing feature between the two sys-
tems. But it is only fair to say that, without the de-
velopment of such a picture tube, the color-subcarrier
system would be under a most severe handicap, since
the dichroic-mirror receivers used in the early demon-
strations of the system are conceded to be impractical
for home use.

The only form of tricolor tube to be demonstrated
publicly to date is the mask-and-dot form invented by
Alfred N. Goldsmith and developed in the RCA Labo-
ratories. This tube takes second place only to the image-
orthicon camera tube as a tour de force in clectron optics.
Its design and construction combine in a remarkable
manner the talents of the electron optician, the phosphor
chemist, the photographic technician, the photoen-
graver, the printer, and the mechanical engineer, not to
mention the production man concerned with its as-
sembly and processing.

Since this tube is thoroughly described in the follow-
ing pages, a brief description suffices here. The viewing
screen consists of a glass plate on which are printed

18 A geries of papers on direct-view color kinescopes begins on
page 1177 of this issue.
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some 600,000 separate phosphor dots, like the halftone
dots in color printing, 200,000 fluorescing in each of the
three primary colors. The phosphor dots are arranged
in groups of three, the group constituting a picture
element. Three electron guns are used (a single-gun
tube has been developed but at the moment does not
show the promise of the three-gun type). Each gun is
so arranged that it can excite phosphor dots of one color
only. By exciting the three guns simultaneously, three
primary-color images are created, interspersed dotwise
on the viewing screen. The dot structure is so fine that it
cannot be discerned at normal viewing distances, and
the three images fuse, recreating the image in full color.

The three electron beams are constrained to fall only
on the phosphor dots of the associated color by passing
them through holes in a metal mask, mounted parallel
to, and about one-half inch from, the viewing screen.
One such hole is aligned with each group of three
phosphor dots. That fact that the metal mask must be
pierced by 200,000 holes, each accurately aligned with
200,000 groups of phosphor dots, poses a considerable
problem in the manufacture of the tube, so much so
that the writer once swore under oath before the FCC
(before seeing the tube demonstrated) that he did not
believe it could be done. In this he, also, erred on the
side of excessive conservatism. By using the techniques
of photoengraving and color printing the alignment is
arranged en masse. While great care must be used in
this alignment process, it poses no more of a problem
fundamentally than that met by color printing presses
which produce millions of copies of colored pictures each
week, each consisting of many millions of aligned color
dots.

It appears therefore that the tricolor tube will suc-
cumb to the techniques of mass production without too
much struggle and will be used, in one form or another,
in all the systems of color television, including that one
which eventually commands the ultimate support of the
viewing audience.

CAPABILITIES AND LIMITATIONS OF THE
COLOR-SUBCARRIER SYSTEM

Pending the outcome of field tests, no assessment of
the NTSC color system can be considered final. But a
preliminary outline of its strength and weakness may
be stated.

The strong points relate to compatibility and quality
of service. The system is fully compatible; the dot
structure in the black-and-white rendition of the color
signal has been reduced to a residue of such low visibility
as to have no practical importance, when constant-
luminance modulation and oscillating color sequence are
used.

The quality of the color image is high. The resolution
and flicker performance are identical to that of the
black-and-white system. The color gamut, color bal-
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ance and gradation, in the latest demonstrations, are
fully equal to the high standards set in similar test
demonstrations of the field-sequential system. The sys-
tem displays high resistance to the effects of random
noise and interfering carriers. With respect to the
primary carrier, including synchronization of scanning
and color phase, the NTSC color system requires no
more protection than the black-and-white system. \With
respect to the subcarrier, the effect of interfering car-
riers near the subcarrier frequency has been markedly
reduced by the constant-luminance modulation method.
Whether any special protection against the remaining
subcarrier interference effects is necessary must be
established in the field test. It is confidently ex-
pected that the field test will prove that quality of
service can be maintained under the same conditions of
interference as now affect the black-and-white service.

The principal reservation concerning field perform-
ance has to do with severe conditions of multipath
transmission. Since the color subcarrier is, in part,
phase modulated, reflected signals may cause partial
cancellation or reinforcement of the subcarrier, with
consequent disturbance to the color values in the image.
If such effects appear prominently in the field test, it
will be necessary to assess them relatively to those in-
troduced by similar multipath conditions in the black-
and-white and field-sequential color systems.

The remaining doubts concerning the color-subcar-
rier system lie almost wholly on the cost side of the
quality-cost equation. The terminal equipment of the
system, involving three superimposed images at trans-
mitter and receiver, can be expected to be more costly,
at least for the immediate future, than the simple rotat-
ing-disk camera and reproducer. But if the limitations of
picture size force more elaborate (i.e., rotating-drum or
tricolor-tube) designs on the field-sequential receiver
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designer, the disparity in terminal equipment cost will
largely disappear.

The circuit arrangements of the color-subcarrier re-
ceivers are at present more involved than those of
ficld-sequential receivers. A field-sequential receiver,
cquipped for the two sets of scanning standards, with a
crispening circuit and automatic control of color phase
can be expected to employ about ten more tubes and
crystal diodes than an equivalent black-and-white-set.
Current models of color-subcarrier receivers employ 54
tubes, about 32 more tubes than a typical black-and-
white scet. Designers promise that more than half of
these 32 tubes will be removed without adverse effect,
as more experience with the circuits is gained. If this
promise is kept, the color-subcarrier receiver would
have about five more tubes than the field-sequential re-
ceiver, but this differential would be overcome by the
expense, in the latter set, of such items as the filter-
disk motor and the saturable reactor required for
color phase control. It is, of course, too early to draw
any realistic comparison of receiver costs, since a proper
correlation can be drawn only between receivers pro-
duced competitively for the same market.

Whatever the future trends in cost, at present the
color-subcarrier system is demonstrably more compli-
cated than the field-sequential system. In return for
this additional complication, higher quality of trans-
mission is achieved. To this long-term advantage must
be added the overwhelming short-term advantage of
compatibility.

The eventual decision between the color systems, if
made on rational grounds, will depend on the relative
importance attached to the quality and cost factors.
In a few months, sufficient data should be at hand to
permit rational conclusions to he reached by engineers,
by FCC, and by the master of both, the public.

CTNEEETO
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Color Television and Colorimetry”
W. T. WINTRINGHAMY, FELLOW, IRE

Summary—The high lights of the history of color measurement
and of color photography are reviewed. Following this introduction,
the principles of modern 3-color colorimetry are developed from
a hypothetical experiment in color matching. The conventional
theory of ‘‘perfect color reproduction” by color television is built up
from colorimetric background. Some of the difficulties to be expected
in applying colorimetry to color television are brought out.

Finally, there is some discussion which tends to show that
colorimetry may not be a sufficiently powerful tool to provide answers
to all of the questions which will arise in the reproduction of scenes
in color by television. The advantage of colorimetry as a background
is indicated, however.

problems with every advance of radio communi-

cation, from wireless telegraphy to color televi-
sion. From one point of view the steps between teleg-
raphy, telephony, and black-and-white television have
not been very great. Admittedly, each new communica-
tion method has required new techniques. But, in each
method of communication the transmitted signal bears
a proportional relation to some readily identifiable meas-
ure of the material to be transmitted. It is sound pres-
sure (or particle velocity) which is measured and trans-
mitted in a radio-telephone system. Similarly, it is
brightness (or more accurately luminance) which is
measured and transmitted in a black-and-white televi-
sion system.

By a logical extension of this line of thought, the
quantity measured and transmitted in a color-television
system is color. At this point, the radio engineer finds
he is faced with a new problem. How does one measure
color? It is reasonable to expect to find the answer to
this question in the science of colorimetry, which may be
defined as the measurement and specification of color in
numerical terms.

Before we can tackle the application of colorimetry to
color television, we must understand some of the funda-
mental things about color. For that reason the author
intends to answer a few questions before discussing the
general matter of colorimetry. These questions are:

4 I YHE RADIO engineer has been faced with new

1. What is color?

2. Why 3-color?

3. How does color in television differ from Koda-
chrome?

4. Why do we depend on colorimetry in color tele-
vision?

The discussion under these headings is historical in part,
and the general conclusions are repeated in the discus-
sion of 3-color colorimetry. If the reader has a firm

* Decimal classification: RS583%535.6. Original manuscript re-
ceived l?' the Institute, August 15, 1951,
t Bell Telephone Laboratories, Inc., Murray Till, N. J.

grasp of the fundamentals of color, he may wish to skip
over these introductory sections.

WHAT Is CoLoRr?

Color, as one aspect of our surroundings, has aroused
the curiosity of natural philosophers and scientists for
at least as long as there is any record of scientific in-
vestigation.! Much of the groundwork for what we con-
sider today to be technically sound treatment of light
and color was laid by Sir Isaac Newton. Most of his
work in this field is reported in his “Opticks,”? although
a few additional experiments are described in his “Lec-
tiones Opticae.” Much of this material covers the laws
of reflection, refraction, chromatic aberration, and the
like, which we would classify as physical optics. How-
cver, a large portion of Part Il of the First Book of
Opticks is devoted to color and its perception.

Newton pointed out?® that the sensation of color did
not arise because light rays were themselves colored but
because ravs of different wavelengths had “a certain
Power and Disposition to stir up a Sensation of this or
that Colour.” As we shall see later, this idea is contained
in our modern definitions of light and of color. After
demonstrating that the color sensation was not altered
by any further reflection or refraction of a narrow band
of wavelengths, Newton concluded that the apparent
color of objects was due to selective reflection or trans-
mission of the incident radiation. e pointed out that
if the radiation from the sun did not contain more than
one wavelength “there would be but one Colour in the
whole World."”

Newton showed that the appearance of the compon-
ents disappeared in a mixture of spectrum colors; and
also that colors could look alike and have different spec-
tral composition. In particular, he mentioned that the
mixture of spectrum red and spectrum yellow appeared
like spectrum orange, although differing from spectrum
orange in composition. He went on to show that mix-
tures of neighboring spectrum colors looked like the
intermediate spectrum colors, but that mixtures of red
and violet produced purples which did not appear in the
spectrum.

In further experiments, Newton showed that white
could be produced by mixtures of spectrum colors. The
resulting white was the same whether the spectrum
colors were added together at one time (simultaneously)
or whether they were added sequentially at a sufficiently
high frequency. The reader will recognize that both
these methods of adding colors have been used in ex-
perimental color-television systems.

! See bibl. ref. 1
2 Sec bibl. ref. 2.
3 See “Definition” on p. 124, bibl. ref. 2.
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Finally, Newton concluded that all colors “in the
Universe” were either spectrum colors or were the result
of the mixture of spectrum colors, taken in different
proportions. To complete the story, he showed how the
color of mixtures of spectrum colors might be calculated,
giving this analysis under the title “In a mixture of
Primary Colours, the Quantity and Quality of each be-
ing given, to know the Colour of the Compound.” Since
he could see seven distinct colors in his prismatic spec-
trum (red, orange, yellow, green, blue, indigo, and
violet), he assumed seven primaries for this calculation.
His process is fundamentally the same as the one we
shall discuss later for the mixture of primary lights.

The important facts about color which we have gar-
nered from Newton are:

1. Any given composition of radiation with wave-
length arouses a sensation which an observer asso-
ciates with a particular color.

2. The sensation of this same color can be aroused by
a variety of compositions of radiation.

3. The color of objects is affected both by the com-
position of the radiation from the illuminant and
by selective reflection or transmission by the ob-
ject.

Way 3-CoLor?

Even before Newton made his demonstrations of the
effects of mixing colored lights, some experimenters
knew that nearly all colors could be obtained by mixing
only three pigments.* The difference between the mix-
ture of pigments and the mixture of lights (which is the
difference between color printing and color television)
was not clearly stated by Newton. This difference was,
indeed, a continuing source of confusion until the mid-
dle of the nineteenth century when Helmholtz® pre-
sented a clear exposition of the subject. As an example
of this confusion, LeBlon,® before 1722, thought he was
following Newton when he tried to make color pictures
using seven pigments. The failure of the 7-color (pig-
ment) process drove LeBlon to the use of only three
colors, and finally to the use of a 3-color (pigment)
plus black process. This latter process is the forerunner
of modern color printing.

In 1792, Wiinsch” reported a series of experiments
using colored lights obtained from the prismatic spec-
trum. He found that four of Newton’s seven primary
colors could be produced by suitable mixtures of the
remaining three. As a consequence, Wiinsch went on to
show that only three colored lights were required in
mixtures that would look like any of the known colors.

Thomas Young presented a paper “On the Theory of
Light and Colours”® before the Royal Society of Lon-
don, on November 12, 1801. This paper was a logical
demonstration, based on the literature from the time of

4 See bibl. ref. 66.

6 See bibl. ref. 6.
¢ See bibl. ref. 63.

7 See bibl. ref. 64.
8 See bibl. ref. 3(a).
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Newton, that light must be wave motion rather than be
composed of physical particles. To explain color vision,
Young suggested that the retina was made up of reson-
ators which responded differentially to radiation of dif-
ferent wavelengths. In order that the number of differ-
ent kinds of resonators be kept within reason, Young
said . . ., it becomes necessary to suppose the number
limited for instance to the three principal colours, red,
yellow, and blue, . . . .” As the reader will see shortly,
these colors happen to be the subtractive (or pigment)
primaries.

By the time Young published his lectures® in 1807, he
had reached the opinion that the three fundamental
visual sensations should correspond to the additive (or
light) primaries: red, green, and violet. Apparently he
reached this conclusion by painting sectors in different
colors on a disk and additively combining the reflected
lights by spinning the disk.!® From further experiments
with this device, Young concluded, just as Wiinsch had
concluded from his experiments with spectrum lights,
that the impression of all colors could be produced by
the additive combination of red, green, and violet
lights.

It appears that the choice of red, green, and violet
disturbed Kelland who edited Young's lectures for re-
publication in 1845." Kelland added a footnote refer-
ence, in which he pointed out that Wiinsch'? had sug-
gested this same set of primary colors, but that Mayer!®
had chosen red, yellow, and blue and that “this is the
more common hypothesis.”

Wiinsch’s report of his experiments seems to have
been forgotten completely. It is likelv that Young’s con-
firmation would have been lost similarly, except that
he speculated that color vision might be explained by
three sensation mechanisms corresponding to these three
primary colored lights. Parenthetically, it should be
pointed out that we need not be concerned about this
cr any other theory of color vision in studying color
television. The observed facts, rather than any theory,
form the basis on which our study is founded.

In fact, following Young, most experimental effort
was still directed toward the study of pigment mixture.'*
Actually, as late as 1849 Maxwell's mentor, Forbes,!®
proposed the systematic classification of all colors on the
bqsns of mixtures of three reference pigments. As was
still common, Forbes did not distinguish between the

? See bibl. ref. 3(b).

& 10 Ap;?nrcntly this device for the addition of colored lights has
cen discovered and forgotten many times. It is credited to the
?\sr;‘rgrr;g;:ir ll;t?lgsrgy ‘\lg the second ‘century by the Encyclopedia
“Again: . experim'en[i:ey\\fl'nl? Eesl}:ng '(see.blbl. refl. 4(b)) wrote:

g wit orham’s discs, such as Maxwell
employed. . . .’ Maxwell siw this device in Forbes' laboratories
while he was still in high school (sze the introduction to bibl. ref. 7).

Today we call this device the “Aaxwell disk.” | ly b f
AL , > » he
fundamental nature of the experime 1o ite darridd OOt Wich it -
i See bibl el 500 experiments he carried out with it.
12 See bibl. ref. 64.
:: ﬁe bibl. ref. 33.
The author has only found one exception to this generalit
tl}g?:)ﬁ‘lti};el;:\i?;k donf by Llldicll:e (see bibl. ref. 65) and r%:ported xyr;
. r work seems t g
¥ Soa bin e s to have been completely forgotten.




mixture of pigments and lights, and in consequence
he stated that Young’s choice of red, green, and violet
as primary colors was obviously wrong.

The Young three-sensation theory of color vision was
“revived by Helmholtz who endeavored to find for it a
physiological basis,”® in the early 1850's. In his first
paper on the subject!” Helmholtz reported that most col-
ors could be imitated by a mixture of red, green, and
violet lights, taken in suitable proportions. He stated
also that he could imitate white light by a mixture of
only one specific pair of spectrum lights. This obvious
contradiction of the philosophy set down by Newton!®
aroused the interest of Grassmann to the point that he
made an extended theoretical study of the mixture of
colored lights."® After proving by pure logic several as-
sumptions which have become basic precepts of colorim-

. etry, Grassmann proved that there must be an infinite
number of complementary spectrum colors. Later,
Helmholtz improved his experimental procedure and
confirmed Grassmann’s conclusion.?

Meanwhile, immediately upon the receipt of his de-
gree from Cambridge in 1854, Maxwell plunged into a
series of experiments with the purpose of testing the
Young 3-color theory by measurement.? Since Max-
well's interest was directed toward measurement as con-
trasted with Helmholtz's search for a physiological basis
for Young's 3-color theory, we find that Maxwell laid
the foundation for the modern numerical 3-color theory.

Maxwell studied color mixtures by using both the
spinning disk? and a so-called “color box” which was ar-
ranged to combine spectrum colors.? From these ex-
periments, he concluded that mixtures of three suitably
chosen colors taken in different proportions would cover
a wide gamut of color. However, even using spectrum
colors for primaries, he found it impossible to produce
mixtures which looked like all of the other spectrum
colors.

We can sum up the results of Wiinsch, Young, and
Maxwell, as they apply to color television, somewhat
like this: Mixtures appearing like nearly all possible
colors can be produced using only three colored lights in
combination. We shall see later that the impossibility
of producing every color by mixing three colored lights
is not a very important limitation on a color-television
system.

How DoEs CoLor IN TELEVISION DIFFER FROM
KODACHROME?

The use of a mixture of only three colored lights, in-
L stead of the whole spectrum, in the reproduction of a

1¢ See bibl. ref. 6, 7.

17 See bibl. ref. 8.

18 See bibl. ref. 2.

19 See hibl. ref. 9.

2 See bibl. ref 6.

1 See bibl. ref. 10.

1 See bibl. ref. 7(a)-(7d).
3 See bibl. ref. 7(e).

3 See bibl. ref. 7(e), 7(h).
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scene in color is credited to Maxwell.?® There is no in-
dication, however, that this was his original intention.
The fact is that in a paper published in 1857, Max-
well described Young's three-sensation theory of color
vision. In order to clarify the idea, he suggested an
analogy with a “supposed case taken from the art of
photography.” To represent the red sensation in the
visual process, he proposed the projection by red light
of a lantern slide, the negative for which was made
through a red glass. Similarly, the green and violet sen-
sations were to be represented by lantern slides made
and projected through green and violet glasses, respec-
tively. To extend the analogy to cover the color response
produced in the brain by the three independent color
sensations, Maxwell suggested superimposing the three
projected images on the screen. It was obviously his
thought that the combined image on the screen was a
good parallel to the combined effect of the sensations in
the brain. He stated also that the colors in the combined
screen image would not look right because in viewing the
screen the process would be repeated. That is, in making
the analogy the visual steps would have occurred once
and in viewing the combined image, the process would
be duplicated.

Maxwell demonstrated this analogy in another lec-
ture in 1861. The lantern slides for this demonstration
were made by Thomas Sutton, the editor of Photo-
graphic Notes. The process so interested Sutton that he
published not only his description of it but also Max-
well’s own account of his lecture.?” It is interesting that,
in the 4 years between these two lectures, Maxwell had
overcome his doubts that color photographs could be
made in this way. He said of a picture of a colored rib-
bon that, except for the deficiencies of the available
photographic materials, the result “would have been a
truly coloured image of the riband.” Actually, Maxwell’s
doubts were valid. Almost 30 years were to pass, how-
ever, before the rational basis for making 3-color addi-
tive photographs was to be demonstrated by F. E.
Ives.?8

The reader who has any knowledge of color printing
will ask at this point: why the insistence on work done in
the middle of the nineteenth century; what of LeBlon’s
3-color prints made in 1722??° The answer is that the
methods are different; that one is an example of the
process we use in color television, and that the other is
an example of the color process used in Kodachrome.

The process described by Maxwell involved the com-
bination of colored lights, and his is the first known
description of the process. This method of producing a
color reproduction is known as the additive method. To-
day we know of no other practical method of producing
a color-television picture. In the television case, the
colored lights are produced by colored phosphors on

% See bibl. ref. 11.

3 See bibl. ref. 7(b).
27 See bibl. ref. 67.

8 See bibl. ref. 12.
 See bibl, ref. 11, 63.
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kinescope screens, or by color filters in front of the phos-
phors. These colored lights may be combined either by
half silvered or by dichroic mirrors in a simultancous
system. Alternatively, the three colored lights may be
placed so close together that the observer sces them as
one. In a sequential system, the combination is made
by presenting the three colors in sequence so rapidly
that they add together in the observer’s visual system.

The process used by LeBlon, and by his successors to
the present day, depends on a different principle. In
most practical cascs, it is impossible to show this dif-
ference clearly. However, in Kodachrome the essen-
tially different element of LeBlon's process is present
in a pure form,

In viewing a Kodachrome picture, we start, not with
colored light, but with white light, The Kodachrome
image is made up of three separate layers, the images in
these layers corresponding to the amounts of red, green,
and blue in the original subject. The image in the layer
corresponding to red light in the subject is a positive
photograph of this red. It is therefore dense where there
was no red light in the subject and thin where the sub-
ject contained large amounts of red. It is obvious that
this layer should only affect red light incident on it and
that the green and blue components of white light falling
on it should be transmitted freely. The color of the
transmitted light is the mixture of green and blue, com-
monly called “minus-red” or “cyan.” Similarly, the im-
age in the layer corresponding to green in the subject
modulates only the green rays from white light falling on
it, and transmits both red and blue rays. The color of
this layer is, therefore, blue-red, and this color is known
as “minus-green” or “magenta.” The third laver modu-
lates only the blue rays, and transmits both red and
green. Its color is minus-blue or yellow. Since each laver
takes away, or absorbs, a part of the incident light, this
is known as the subfractive method of color reproduction.

Obviously, color pictures can be made on a white
paper base, using the same principle as the Kodachrome
process for transparencies. In this case, light must pass
through the modulating layers to the white base and be
reflected through the layers again before reaching an ob-
server's eye. Provided these images are made up of
homogeneous dyes which transmit and absorb in differ-
ent spectral regions as described above, such prints on
paper are truly subtractive. However, if we use pig-
ments to form the images, an additional complication
arises. When light falls upon a mixture of particles of
pigments, some of it is reflected singly from individual
particles, and some of it is reflected many times be-
tween particles before reaching an observer's eye. Con-
sequently, ordinary color printing has some of the char-
acteristics of both the additive and the subtractive proc-
esses. For this reason, the production of a pleasing print
has been largely empirical in the past,

Fundamentally, however, there are these two color
processes. The first in our interest in television is the
additive, in which colors are produced by the additive
combination of colored lights. The other, which is much
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more common in our experience, is the subtractive proc-
ess, in which white light is successively modified hy
three layers of what might be considered band-elimina-
tion materials. The usual primaries for additive color
processes are red, green, and blue. As mentioned above,
the bands of radiation transmitted by the ideal subtrac-
tive color materials correspond to eyan (blue-green),
magenta, and vellow. Many materials used for the sub-
tractive process may depart so far from the ideal <hat
they appear to be blue, red, and yellow; and in conse-
quence, these 3-color names are frequently used to desig-
nate the primaries for printing or painting.

Wiy Do We DErEND oN COLORIMETRY IN COLOR
TELEVISION?

In an ecarlier paragraph, the close parallel between
Maxwell's demonstration of color photography and
color television was pointed out. Why, then, can we not
find the answer to our color problems in television in the
art of additive color photography? The answer is that
no such art ever developed.

Actually, F. E. Ives, using photographic emulsions
which were sensitive over the entire visible spectrum,*
repeated Maxwell’'s demonstration in 1888. Later in the
same year, he realized that spectral sensitivity char-
acteristics in the camera channels should be related to
certain characteristics of color mixture that Maxwell
had measured, and he corrected his technique accord-
ingly.3 Later he arranged to market 3-color cameras,
projectors, viewers, and steroviewers for additive color
photography. However, the apparatus was complicated,
the care required in the photographic steps was great,
and each set of positives had to be registered to view
the resulting color pictures. Consequently, this proc-
ess never became a success commercially. Later some
screen-plate color photographic processes were devel-
oped which were additive in principle.® However, the
color techniques used were empirical.

The fundamental relations, stated by F. E. Ives, be-
tween certain characteristics of vision and the sensitiv-
ity of the taking channels were used by his son Herbert
E. Ives in the design of a color-television system in
1929.% However, these principles did not begin to re-
ceive any great consideration until, in 1937, Hardy and
Wurzburg wrote a paper showing that the theoretical
basis for additive color reproduction lay in the science
of colorimetry .3

And why should this delay have occurred, or why
should not color-reproduction theory have developed,
particularly, since color printing had gained wider and
wider circulation over this same period? In an earlier
paragraph it was pointed out that color printing was

3 See bibl. ref. 12¢a).

a SLC bibl. ref. 12(h).

# Through the kindness of Ferbert . Ives, the author has had
the privilege of examining some of these pictures. If and when color
television produces cqually pleasing results, other present-day color
processes will do well to look to their laurels.

3 See bibl. ref. 11, 13,

* See bibl. ref. 14.

¥ See hibl. ref. 15.
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fundamentally a subtractive process, diluted with some
characteristics of the additive process. In consequence,
much of its development has been along empirical lines;
and its stalwarts have been impatient of theory.* Such
impatience arose because it was far too complicated to
modify the theorv of additive color mixture to fit the
hybrid color process involved; and there seemed to be
no hope of gaining commercially useful results from a
theory of the necessary complexity. It is only recently,
through the application of scanning methods to the
making of color plates, that the advantages of any color
theory could be realized practically in subtractive color
printing.®?

All of these technical developments in color reproduc-
tion since 1937 have been based on knowledge gained in
the field of colorimetry. But how does it happen that
color theory has advanced in colorimetry, while remain-
ing almost static in the field of color reproduction?

The first suggestions of color measurement in the
modern sense were made almost simultaneously with the
first suggestions for additive color reproduction. Both
VMaxwell and Grassmann suggested that any color could
be specified in terms of a mixture of colors which ap-
peared like it. In two papers by Maxwell 38 we find the
suggestion that any color be specified in terms of the
mixture of three “standard” colors which matches it.
Grassmann recommended specifying a color in terms of
the mixture of white and saturated colored light which
matches it.3® This saturated light is identified by its
wavelength in the spectrum. \We find both these meth-
ods for the specification of a color in use today.*

It is likely, however, that the specification of color in
numerical terms would have gone the way of additive
color reproduction if Abney,* and a little later F. E.
Ives,® had not resurrected it at a time when such spe-
cification began to be of commercial importance. e that
as it may, colorimetry has developed as a science almost
continuously since about the beginning of this century.

To sum up, additive color reproduction and colorim-
etry have a common beginning in the work of Maxwell.
Prior to our interest in color television, no additive
color process has appeared that has been sufficiently
important commercially to call for the development of a
separate theoretical background. Colorimetry, in con-
trast, with a strong commercial interest in the specifica-
tion of color, has fostered a continuous growth of theory
and of measuring techniques. Fortunately, it is possible
to apply much of the theory of colorimetry to the prob-
lem of additive color reproduction

FUNpAMENTALS oF COLOK

T'o help in understanding what it is we mean when we
sav that a color-television system reprocuces color, there

% See il ref. 11

37 See bibl. ref. 16

» See hibl. ref. 7(c), T(e
® See hibl. ref. 9.

40 See bibl. ref. 17, 19(d).
t See hibl. ref. 20.

2 See bibl, ref. 21
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is quoted below a definition of that word by the Com-
mittee on Colorimetrv of the Optical Society of Amer-
ica:#

“Color consists of the characteristics of light other
than spatial or temporal inhomogeneities; light be-
ing that aspect of radiant energy of which a human
observer is aware through the visual sensations
which arise from the stimulation of the retina of
the eye.”

From the point of view expressed in this definition, light
and color are neither radiant energy, nor are thev sensa-
tion. Rather, light “is the aspect of radiant energy of
which human observers are aware through the visual
sensations . . . .» Color is one characteristic or dimen-
sion of light; and in addition to color, light may have
characteristics which convey impressions of form and of
fluctuation or of motion.
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Fig. 1—Compositions of radiance for sample colors.
Ec(A\) = Radiacl.\ce of reference surface, irradiated by [Humi-
nant C.
R()\) =Directional reflectance of Munsell Chip 5R4/14.

As a further aid in understanding the meaning of
color, let us consider the radiance* compositions shown
in Fig. 1. The curve labeled E.(\) represents the radi-
ance of an “ideal” surface* irradiated by a source of
artificial daylight. (This particular radiance composi-
tion corresponds to “Illuminant C,”* which was stand-
ardized by the International Commission on Iltumina-
tion (ICI) in 1931.)"" If we were to look at this ideal sur-
face so irradiated, we would call it “white” (or possibly
“bluish-white”) and say it was very bright."® These
words describe the color sensation evoked by this radi-
ant energy.

4 See hibl. ref. 19(c).

“ Radiance, which is power per unit solid angle radiated per unit
of projected area, is used throughout this discussion lo avoid com-
plications which depend solely on the geometry of the problems.

% An “ideal” surface is one which absorbs no radiation and which
diffuses perfectly all radiation falling on it.

* In a private communication, 1)r. Deanc B. Judd advises the
author of a trend toward the replacement of the term “Illuminant A”
(or B, or C) by the term “Standard Source A” (or, B, or C). Exam-
ples of the use of this newer terminology arc found in bibl. ref. 31
and 40.

47 See bibl. ref. 22-24.

# The numerical values of radiance in Fig. 1 are somewhat
greater than you would find outdoors on a clear day.
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Suppose we replace the ideal surface by a piece of
paper, the directional reflectance of which varies as is
shown by the curve R(\) in Fig. 1. The radiance from
this surface will be distributed as is shown by the curve
[RA) X E.(\)]. If we were to look at the piece of paper,
we would say it was red, and probably that it was not as
bright as the ideal surface had heen. This is a case of a
different color sensation evoked by a different composi-
tion of radiance.

Identical color sensations to those evoked in these two
examples could be aroused by an infinite variety of radi-
ance compositions. In particular, Newton*® showed, and
it was confirmed by Helmholtz,t® that the sensation of
white could be produced by the additive combination
of pairs of suitably related spectrum colors. Similarly,
Wiinsch,” Young,? and Maxwell® showed that both the
white and the red, as well as almost. all other color sen-
sations, could be produced by the additive combination
of only three suitably chosen colored lights or primary
colors.

It is that latter fact that forms the basis for color
television. We can produce three colored lights by means
of colored phosphors in picture tubes, or we can start
with phosphors, which radiate energy over the greater
part of the visible spectrum, and use color filters to pro-
duce the colored lights. Variation of the signals applied
to the picture tubes will vary the strength of these
colored lights, and their mixture will produce almost all
color sensations.

We must know how to vary the strength of these re-
ceiver primaries to produce the same color sensation as
any given composition of radiance would produce at the
television camera. This question is the one that colorim-
etry can answer.

3-CoLoR COLORIMETRY

The whole philosophy of 3-color colorimetry can be
set down in a few statements. The statements are formal
expressions of the results of experiments; and they are
strictly true only under the limited conditions of color
measurement.

Rules of Colorimetry

These rules (axioms) are:
1. Any color can be matched by a mixture of no
more than three colored lights.
This fundamental principle was stated by
Wiinsch in 1792.% As Maxwell pointed out,® it
requires interpretation in some cases. This mat-
ter will be discussed later.
2. A color match made at one radiance level holds
over a wide range of radiance levels.

49 See bibl. ref. 2.

50 See bibl. ref. 6.

81 See bibl. ref. 64.
52 See bibl. ref. 3.

63 See bibl. ref. 7.

54 See bibl. ref. 64.
# See bibl, ref. 7(e).
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This rule can be derived by repeated application
of rules 5 or 6 below. It has been shown to fail
for very high® or very low®? levels of illumina-
tion.

3. The components of a mixture of colored lights can-
not be resolved by the eye.

This fact has been known for a long time. It was
stated in almost these words by Newton.t8

4. The luminance®® of a mixture is equal to thetsum
of the luminances of its components.

This is one of the assumptions made and proved
by Grassmann, with certain reservations on the
validity of his proof however.%® It was tested
thoroughly by Abney and Festing.®! It has been
considered axiomatic for a long time (for exam-
ple, see I1. E. Ives,® and the report of the Com-
mittee on Colorimetry of the Optical Society of
America).®

5. Color matches obey the law of addition; that is, if
color (M) matches color (N) and if color (P)
matches color (Q), then the additive mixture of
colors (M) and (P) matches the additive mixture
of colors (N) and (Q).

This rule is known as Grassmann’s law. It is
one of the assumptions made and proved by
Grassmann.°

6. Color matches obey the law of subtraction; that is,
if the additive mixture of colors (M) and (P)
matches the additive mixture of colors (N) and
(Q) and if color (P) matches color (Q), then color
(M) matches color (N).

This is an obvious corollary to statement 5.

7. Color matches obey the transitive law; that is, if
color (A1) matches color (N) and if color (NV)
matches color (P), then color (M) matches color
(P).

This statement was implied by both Newton®®
and by Maxwell5 in discussing their experi-
mental results. It was used by Grassmann®® in
his analysis of complementary colors. Helm-
holtz% stated it explicitly.

8. A color match can be stated in the form of a color
equation. As an example, the statement that color
(€) is matched by the additive mixture of M units
of color (M), N units of color (N), and P units of
color (P) can be written in the form

(€) = M(M) + N(N) + P(P).
If we interpret the symbol = as “color matches,”

% See bibl. ref. 25.
57 See bibl. ref. 26.
8 See bibl. ref. 2.

* Luminance is the quantity measured in a photometer when the
ﬁe_lds are color-ma_tchcd. Itis the technical r.amg for the photometric
brightness of a uniform, small field.

¢ See hibl. ref. 9.

¢ See bibl. ref. 4.

2 See bibl. ref. 27.

% See bibl. ref. 19(c).

% See bibl. ref. 7.

 See bibl. ref, 6.
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the symbol + as “additively mixed with,” this
equation is an obvious abbreviation of the de-
scriptive sentence. However, the color equation
has broader implications than this. If we assume
the existence of color space, every color is repre-
sented by a point in that space. The co-ordin-
ates of the point corresponding to the color (C)
are given by the quantities M, N, and P, where
the symbols (M), (N) and (P) represent unit
vectors along the axes on which these co-ordin-
ates are measured. These quantities (M), (N),
and (P) are analogous to vector operators in this
interpretation of the color equation. Such equa-
tions were used, in the first sense, by Grass-
mann® and, in both these senses, by Maxwell.®

It will be recalled that we expected colorimetry to
provide an answer to the questlon what is the strength
of three television receiver pnmanes which, in an addi-
tive mixture, will color match a given composition of
radiance at the television camera. The fifth rule, that
color matches obey the law of addition, contains part of
the answer. We can apply this rule by considering sepa-
rately all of the possible color matches to spectrum
colors, corresponding to the given radiance in narrow
bands extending from A—(AN/2) to MN+(AN/2). The
strength of each primary to match the whole distribu-
tion is given by the sum for all wavelengths of all of
these incremental components.

Obviously, we can carry out this calculation only if
we know the strength of the primaries required to match
spectrum colors. Such data, called “Tristimulus Values
of Spectral Stimuli of Equal Radiance” (or sometimes
“Color-Mixture Data for the Spectrum”), are funda-
mental in colorimetry. How are they obtained?

The Fundamental Experiments

We cannot calculate or predict the values of color-
mixture data for the spectrum. Such data actually de-
fine a composition of radiance, corresponding to the
mixture of three primary colors, which appears exactly
like a spectrum color. As such, these data are one meas-
ure of the visual process of people. It is obvious that the
data must be collected by observations on people.

The instrument used in these observations is a colo-
rimeter.’” This instrument has a divided visual field.
The color to be matched is presented in one half of the
field and the mixture of primaries is presented in the
other half. Calibrated attenuators are provided to ad-
just the strength of each of the primaries. Since color
vision varies over the area of the retina,®® the field of
most colorimeters is of the order of 2 or 3 degrees. The
division between the two halves of the field is made
sharp to permit the adjustment of identity of their ap-
pearance with as little difficulty as possible.

4 See hibl. ref. 7(b), 7(d), 7(e).
47 See hibl. ref. 19(e).
 Sce bibl, ref. 7(g).
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The reader can be excused if he thinks the color-
mixture data for the spectrum is evaluated by determin-
ing the radiances of the colorimeter primaries which
color-match known radiances of spectrum colors.®® The
colorimetrist has very good reasons for avoiding such
absolule measurements.

Let us see how the colorimetrist collects these data,
and let us find out what errors he minimizes or avoids
by making relative measurements. First, he would choose
a set of primaries for use in his colorimeter. He can
choose colored lights for the primaries which would be
obtained by filtering the light from a tungsten lamp, or
he can choose spectrum colors which would be obtained
through the use of the equivalent of a prism and slits.
It is not likely that he would choose the same prim-ries
that we would choose for a color-television receiver.
This fact need not worry us, for as we shall see later,
when color-mixture data corresponding to one set of
primaries are known, it is possible to calculate similar
information for any other set of primaries.

Let us assume that our colorimetrist selects spectrum
primaries for his measurements; furthermore, let us as-
sume that these primaries correspond to radiance in
narrow bands around these wavelengths:"°

Red 700.0 millimicrons (mu)
Green 546.1 millimicrons (mg)
Blue  435.8 millimicrons (mg).

The first step in the colorimetrist's experiment is
not the matching of spectrum colors. Instead, he
matches a specified “reference white.” As we shall see,
the units in which he measures the strength of the
primaries in any other mixture are established by this
match. Practically, the “reference white” might be the
illuminant which the colorimetrist would use to irradi-
ate samples of materials to be measured. For our pur-
pose, however, let us assume that the “reference white”
corresponds to constant radiance per millimicron at all
wavelengths, the so-called “equal-energy” white.™ The
setting of the three attenuators corresponding to this
color match are recorded. Let us call the transmission
of the attenuators under this condition S, S;, and S,
respectively. In careful work, these values correspond
to the means of repeated observations, including ob-
servations with the unknown and the mixture sides of
the colorimeter field interchanged.

The second step in the experiment is to color-match
spectrum colors. When the spectrum color corresponds
to radiation in narrow bands located between 700.0
and 546.1 millimicrons, we find that the attenuators

_® Actually Maxwell, in making the first known measurements of
this kind, did do much of this sort of thin (see bibl. ref. 7(e)). He
recorded data, taken with his “color box” (colorimeter), in terms of
the width of the slits in his spectroscope

™ These are known as the Natlonal Physlcal Laboratory (NPL)
g;nr;a;nea, and were standardized by the ICI in 1931 (scergibl. ref.

" Let us not worry how equal-energy white might be produced.
The complication of thought which would follow the assumption of a
more easily produced “reference white” adds nothing to our under-
standing of trm particular experimental procedure.
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in the paths of the primaries can he adjusted until the
two halves of the field look alike or match (except that
if we are very fussy there will be some difficulty near
575 my). However, as we decrease the wavelength of
the spectrum color below 540 my, we run into trouble.
Before we give up, let us try transferring one or more
of the primaries to the unknown side of the field. When
we provide for such transfer, we can find settings of the
colorimeter for which the two halves of the colorimeter
ficld match for any spectrum color. At this point we
have learned that the first rule of colorimetry (that
any color can be matched by a mixture of no more than
three colored lights) is true only if we interpret it cor-
rectly.

Actually, when we transfer a primary to the unknown-
color side of the colorimeter, the color match is made
between the mixture of that primary and the unknown
in one half of the colorimeter field, and the mixture of
the remaining two primaries in the other half of the
field. Expressing this color match in the form of a color
equation, we have

©) + M(M) = N(N) + P(P) (1

where (C) =the unknown color, and M, N, and P=the
amounts of the primaries (Af), (N), and (P). We know
that the amount M of primary (M) would be matched
by itself in the other half of the colorimeter field. As a
color equation

MM) = M(M). (2)

The sixth rule of colorimetry tells us that the subtrac-
tion of color matches is a valid operation. We can,
therefore, subtract the color match expressed by equa-
tion (2) from the one expressed by equation (1), with the
result

(3)

In this form of the expression for the color match, the
primaries all appear on the same side of the equation,
but the amount of the transferred primary is negative.
Actually, the existence of negative light is impossible,
but we can call this light negative as long as we keep
in mind the physical significance of the expression.
Call the transmission of the attenuators in the paths
of the primaries corresponding to a match to a spectral
color I,, I,, and Is. As pointed out above, these trans-
missions are recorded as positive or negative quantities,
depending on which side of the colorimeter field the
primary occupied in the mixture. Now form the ratios

(€) = — M(M) + N(N) + P(P).

R =1,/S,
G=1,/S, 4)
B = 1,/S,.

A color match to a particular spectrum color is de-
fined by stating that a mixture of R units of the red
primary, G units of the green primary, and B units of
the blue primary matches the spectrum color. It is
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obvious that the absolute size of the units is determined
by the color match to the “reference white.” This size
is such that a mixture of one unit of cach of the threc
primaries matches “reference white.” It is obvious also
that the numbers of these units depend on the radiance
of each of the spectrum colors, and in this experiment
these radiances are not necessarily the same for all
wavelengths.

The introduction of units based on the “rc{crcn(‘c-
white” match has the result that all observers are
forced to report the same number of units, i.c., one for
each of the primaries in their mixture which matches
the white. Observers will still disagree about colors
which are different from the “reference white,” and
their disagreement will increase the less like the white
the color in question is. llowever, since a large fraction
of the important colors are not too far from white, the
practical colorimetrist decreases the dispersion of the
results to a considerable degree by this procedure.

There are other reasons why, in colorimetry, the
amounts of primaries in mixtures are measured in terms
of the match to reference white. If the primaries were
measured in units of radiance or of luminance, the
numbers expressing a color match to white might differ
for the three primaries by an order of magnitude or so.
The use of the same number of significant figures for
the measures of the primarics would require different
numbers of decimal places which is awkward. Such
numbers also would give no indication of the importance

‘of each primary in a mixture. However, when the units

are based on a white match, the resulting numbers
satisfy an instinctive feeling that all three primaries are
of equal importance in making a mixture that appears
white or gray.

We find another reason for the use of units based on
the white match. Beginning with Newton,? colors have
been represented by points on a plane diagram. Such
diagrams are bounded by polygons, the vertices of
which correspond to primaries. On™ these figures, it is
customary to place the point corresponding to white at
the center of the polygon of primaries. Newton stated
that the point corresponding to a mixture of primaries
could be located by finding the center of gravity of
weights cquivalent to the strength of the primaries, the
weights being located at the points corresponding to
the primaries. Using only three primaries, and making
the resulting triangle cquilateral, it is obvious that the
white point will fall at the center of the triangle if the
weights are equal. As Lambert showed,” the weights
can be made equal by measuring the strengths of the
primaries in terms of the strengths that mix to match
white. lLambert also anticipated our next step, of
normalizing the weights of the primaries. lle did this
not to reduce observer differences, as we do in colorim-
etry, but for the sole reason of obtaining numbers to
plot in the color triangle.

2 See bibl. ref. 2.
7 See bibl. ref. 28, 35(b).
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In colorimetry, the second step in reducing observer
differences is normalizing the data. New quantities are
calculated from R, G, and B by using these relations

r = RI(R+G+ B)
G/(R+G+ B) )
B/(R+ G + R).

8
b

The reference white in terms of these “chromaticity
co-ordinates” must have the values (1/3, 1/3, 1/3).
Also, each of the primaries must be represented by the
chromaticity co-ordinates (1, 0, 0), (0, 1, 0) or 0,0, 1).
These two steps in treating the data have the effect
of eliminating observer differences for four colors, the
reference white and the three primaries. The result is
decreased dispersion of all color data.™

To clarify the concept of these “chromaticity co-
ordinates,” let us consider a color space in which a color
is represented by the co-ordinates R, G, and B meas-
ured along three axes represented by (R), (G) and (B).
If we change the intensity of this color, each of the co-
ordinates R, G, and B will be changed proportionately.
The locus of points corresponding to changes of in-
tensity is a straight line passing through the origin and
the point (R, G, B). The direction of this locus obviously
is a measure of the color when its intensity component
is suppressed. These “chromaticity co-ordinates,” as
defined by (5), are a convenient way of identifying the
direction of this locus of points.

Chromaticity co-ordinates of spectrum colors for the
“standard observer” are shown in Fig. 2. These curves
apply to the spectrum primaries we have been con-
sidering (red, 700.0 mp; green, 546.1 mp; and blue,
435.8 mp). The values were obtained by averaging the
results of experiments similar to our hypothetical onc,
for 17 observers. The numerical values, at intervals of
5.0 myu, were standardized by the ICI in 1931 as a
definition of the chromaticity characteristic of the
“standard observer.”™

It is to be noticed that the sum of the three chroma-
ticity co-ordinates is always unity. Consequently, only
two of these co-ordinates are independent quantities.
However, a color is completely specified by three inde-
pendent quantities so that chromaticity co-ordinates
are not a complete specification of color. The careful
reader will have noticed, too, that no mention has been
made of the strength of the reference white nor of any
spectrum color which was matched. This omission was
intentional. The normalizing process applied to the mix-
ture data in calculating the chromaticity co-ordinates
eliminated the radiance or the luminance dimension of
the color matches.

There are two reasons for suppressing the strength as-
pect of the color matches. The measurement of radi-
ance or of luminance in a colorimeter is difficult, and

7 See bibl. ref. 17.
% See hibl. ref. 22, 24.
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is avoided if it possibly can be. The colorimetrist ar-
gues, too,” that observers disagree more in measuring
luminance than they do in measuring the chromaticity
co-ordinates of colors. The dispersion of the color data
is improved, at the expense, however, of a loss of part
of it. How do we regain this lost information?
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Fig. 2—Chromaticity co-ordinates of spectrum colors for
the Standard Observer.
Spectrum primaries: Red=700.0 my; Green =546.1 mu; Blue
=435.8 mu.
Reference white =equal-energy white.
L.:L,;:L,=1:4.5907:0.0601.

In practical colorimetry the third dimension of a color
is regained by an independent measurement of lu-
minance with a photometer. The color-mixture data for
the spectrum are obtained by combining the chroma-
ticity co-ordinates of the spectrum with photometric
data for equal-energy spectrum colors. The particular
photometric information used is known as the “lu-
minosity curve.”

As implied by the name, the luminosity curve ex-
presses the relation (as a curve) between the luminance
and the radiance of spectrum colors. Data for this func-
tion are gathered by adjusting the radiances of spectrum
colors in the two halves of a photometer field until their
luminances appear to be equal. To avoid comparisons
of greatly dissimilar fields, these measurements are
made either by a step-by-step method or by a flicker
method.”™ In the step-by-step method, comparisons are
made between a first and second spectrum color, be-
tween the second and a third, and so on, the spacing in
wavelength always being kept small enough that the
comparisons can be made without too much difficulty.
In the flicker method, the two radiances are applied
alternately in the same field, and advantage is taken of
the fact that chromaticity difference disappears at a fre-
quency lower than that required to suppress flicker due

 See hibl. ref. 19(c), 29.
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to small luminance differences. Under suitable condi-
tions, these two methods give results which are in
agreement.

The results of these observations are reduced to show
the luminance of spectrum colors of equal radiance, and
are then plotted in the form of a curve reaching unity
at its peak. Such a curve, representative of normal
vision under good lighting conditions, is given in Fig. 3.
Data for this curve at 10 millimicron intervals were
adopted by the ICI in 1924, and in 1931 it was re-
affirmed as the luminosity curve for the standard ob-
server.” Based on the new definition of the lumen, and
on the new International Temperature Scale, the peak
value of the luminosity curve corresponds to 680 lumens
per watt.”®
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Fig. 3—Luminosity curve for the Standard Observer.
At 555 my, one watt is equivalent to 680 lumens.

Calculation of Color-Mixture Data for the Spectrum

The “tristimulus values of spectral stimuli of equal
radiance” can be calculated from the luminosity curve
and the chromaticity co-ordinates of the spectrum. As
we have seen, any color is completely specified by three
independent numbers. The tristimulus values form one
set of such numbers. The chromaticity co-ordinates,
taken together with the luminance, form another set
of three such numbers. The steps in calculating the
tristimulus values of spectral stimuli of equal radiance
from the chromaticity co-ordinates of the spectrum in
combination with the Juminosity curve are given below.

Fundamentally, these calculations depend on two
facts: First, when two colors are matched their lumi-
nances are equal; and, second, the mixture of one unit
of each of the primaries color-matches the reference
white (which, in the case we are considering, is equal-
energy white). There are two definitions, too, on which
these calculations depend: First, the luminosity curve
shows the luminance of spectral stimuli of equal radi-
ance; and, second, the chromaticity co-ordinates of the
spectrum are the proportions, measured in units of
primaries, in which the primaries are mixed to match
spectrum colors.

As a first step, let us make use of the equality of

77 See bibl. ref. 30.
78 See bibl. ref. 22-24.
7 See bibl. ref. 31.
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luminances in the case of color matches. T'he luminance

of a spectrum color, specified by one watt per steradian
per square meter of radiance at wavelength A, is equal
to 680 v(\,) lumens per steradian per square meter. In
this expression, v(\1) is the ordinate of the luminosity
curve at wavelength A;. The luminance of the mixture
of primaries which color-matches this spectrum color
is equal, by the fourth rule of colorimetry, to the sum
of the luminances of each of the primaries. We may ex-
press this equality of luminances as

6802(N)) = LFi(A\) + L,g(\1) + Lib(Ay) (6)

where
L,, L;, Ly=luminosity coefficients (luminance of
one unit) of the primaries (R), (G),
and (B).

#(M1), (M), b(\1) = tristimulus values of the spectrum
color, specified by one watt per
steradian per square meter of radi-
ance at wavelength \;.

A little thought will reveal that we do not know the
values of the luminosity coefficients, and that the
tristimulus values are exactly the tristimulus values of
spectral stimuli of equal radiance that we are trying to
calculate.

When we apply the fact that for any one wavelength
the tristimulus values are in direct proportion to the
chromaticity co-ordinates of the corresponding spectrum
color, we reduce the number of unknown quantities in
(6) from six to four. This proportionality can be ex-
pressed by introducing an unknown multiplier K(\). In
terms of this multiplier and the chromaticity co-
ordinates of the spectrum, the tristimulus values of
spectral stimuli of equal radiance are

(M) = K(\pDr(\y)
) = K(\)g(ny) (7
b()\l) = K()\x)b()\r)‘

It might be possible to devise a further experiment
to evaluate the luminosity coefficients of the primaries.
However, this experimental step is made unnecessary
by applying methods of successive approximation de-
vised independently by Judd® and Wright.® In these
methods, the calculation is begun with rough values
for the luminosity coefficients, Such rough values might
be gotten by a slight modification of the colorimeter
whi.ch was used in determining the chromaticity co-
ordinates of the spectrum (or they might be intelligent
guesses). If we designate these rough values by primes
on the luminosity coefficients and if we substitute

these yalues and also (7) into (6) and solve the resulting
equation for K(\;), we have

680v(),)
K(Xl) B S

Lr(M) + Lo'g(M) + Ly'b(ny) €
30 See bibl. ref. 32.

8 See bibl. ref. 33.
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When this calculation is made for several wavelengths
and the results used to calculate the tristimulus values
of spectral stimuli of equal radiance, these tristimulus
values may be plotted as in Fig. 4.

TRISTIMULUS VALUES

380 420 460 500 540 580 620 660 700 740 780
Am o

Fig. 4—Tristimulus values of spectral stimuli of equal radiance
for the Standard Observer (standard color-mixture data for
the spectrum).

Spectrum primaries: Red=700.0 mu; Green=564.1 my; Blue
=435.8 myu.

Reference white =equal-energy white.

L,:L,:Ly=1:4.5907:0.0601

The check of our approximation comes when we use
these calculated values to evaluate the mixture that
matches the reference white (equal-energy white in the
case under consideration). By application of the fifth
rule of colorimetry, the amount of each primary in a
mixture which matches equal-energy white is equal to
the sum of all the ordinates of the corresponding curve
(or the area under the curve). However, by definition
the units in which the primaries are measured are such
that a mixture of one unit of each primary matches
equal-energy white. The areas under the curves in Fig.
4 must be equal, therefore, and they will be equal only if
the assumed values for the luminosity coefficients of the
primaries are correct. If the areas are found to be un-
equal, the calculations must be repeated with revised
values for the luminosity coefficients of the primaries,
the methods of Judd®® or of Wright® being used to find
these new values. In practice, the convergence of this
method is rapid.

For the set of spectrum primaries under consideration
(red, 700.0 mu; green, 546.1 my; and blue, 435.8 my),
and when the mixture of one unit of each primary
matches equal-energy white, the ratios of the luminosity
coefficients are®

L:L,: Ly = 1:4.5907:0.0601.

Curves of the tristimulus values for spectral stimuli of
equal radiance, calculated in this way, are plotted in
Fig. 4. Values at intervals of 5.0 muy were standardized
by the ICI in 1931.%

Let us see what is represented by these curves in
Fig. 4. Although they are called “tristimulus values of
spectral stimuli of equal radiance,” they are not curves
of the absolute values of amounts of the primaries which,

' See bibl. ref. 22, 24.
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when mixed, would match a particular quantity of
radiance of a spectral stimulus. In fact, as long as we
specify the units in which the primaries are measured in
terms of a match to a reference white of unspecified in-
tensity, we cannot have results in absolute units. These
curves differ, however, from the chromaticity co-
ordinates plotted in Fig. 2. The chromaticity co-
ordinates are admittedly relative quantities, expressing
fractions of a whole mixture. The tristimulus values are
consistent between wavelengths—for example, the ratio
between 7 at 460 mp and at 660 mgu is exactly the ratio
of the numbers of units of the red primary that would
enter mixtures matching the same quantity of spectral
radiance at these two wavelengths.

The thoughtful reader may wonder in what way
7, 8, and b differ from the quantities R, G, and B de-
fined by (4). Provided the colorimeter were operated
by the standard observer, and provided the spectral
radiance in the unknown side of the colorimeter field
were constant for all wavelengths, there would be no
difference. All of the steps following (4) have been intro-
duced only because physical apparatus and real ob-
servers are frail.

Use of Data for Spectrum Primaries

The basis for all modern colorimetry is contained in
the eight rules recited earlier, the tristimulus values of
spectral stimuli of equal radiance, the luminosity co-
efficients of the three spectrum primaries, and the value
680 lumens per watt corresponding to the peak of the
luminosity curve. Let us use these data to calculate
what we can about the spectral compositions of radi-
ance which are shown in Fig. 1.

The curve labeled [R(\) X E.(\) ] in this figure shows
the variation of radiance with wavelength (in watts per
steradian per square meter per millimicron) from the
sample of red paper. At any wavelength \o, the radiance
in a band of width A\, extending from (Ao—AM/2) to
(A\o+AN/2) cannot be distinguished in chromaticity
from the spectrum colors we have been discussing.
The radiance in this band is of course equal to
[R(\o) X Ec(\o) JAN (in watts per steradian per square
meter).

The tristimulus values of spectral stimuli of equal
radiance, plotted in Fig. 4, are proportional to the
number of units of each of the spectrum primaries
which, when mixed, will match a given quantity of
spectral radiance. The numbers of units of each primary
required to match the radiance [R(No) X E.(No) JAN are

AR, = K.#(No) [R(No) X E.(No)]AN
AG, = KgZ(Mo)[R(\o) X E.(No)]AN (units) (9)
AB, = K, (M) [R(\o) X Eo(No) JAN

where K, is a constant of proportionality. The values
#(No), 2(No), and B(Ne) are read from the curves in Fig.
4 for the wavelength (Ao), or are found in the tables
standardized by the 1CI.%
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To determine how many units of each primary are
required in a mixture which will match the color of the
whole radiance-wavelength distribution, we apply the
law of addition (the fifth rule) to the individual matches
calculated for successive narrow wavelength bands.
Performing these additions, and allowing the widths of
the subbands to become infinitesimal, we find that

R. = K,fwi()\)[R()\) X E.(N) Jdn

0
G. = K,fwg()\)[k()\) X E.N)]d\ (units)  (10)
B. = A;fwb(x)k(x) X E.(\) ]an.

These expressions give the number of units of each
primary which, when mixed together, color-match the
radiant flux from the red paper. That is, if the radiant
flux from the red paper were applied to the unknown
side of a colorimeter field and the strength of the
primaries were adjusted for a color match, a “standard
observer” would obtain the values shown in (10).

It should be kept in mind that the quantity
[R()\)XE,;()\)] appearing in (10) is the radiance per
unit wavelength of any distribution that is to be color-
matched by the mixture of R,, G., and B, units of the
three primaries. \WWe may use this equation to calculate
matches to equal-energy white, to Illuminant C, to the
radiant flux from our red paper, or to any other given
composition of radiance.

Suppose we do use (10) to calculate the matches (a)
to an equal-energy white of one watt per steradian per
square meter per millimicron, (b) to Illuminant C as
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Fig. 5—Composition of radiance with wavelength for Munsell Chip
5R4/14 irradiated by Illuminant C, and distribution weighted
by the standard color-mixture data for the spectrum, for the
spectrum primaries.

Spectrum primaries: Red =700.0 my; Green=3516.1 mu; Blue
=435.8 mu. .

Reference white =equal-energy white.

Ly:L,: Ly=1:4.5907:0.0601,
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plotted in Fig. 1 (the curve labeled E.N), and (¢)
to the radiance from the red paper, shown as
[RON) X E.(A)] in Fig. 1. In the case of the equal-energy
white, for which the assumed radiance per millimicron
is one watt per steradian per square meter, the arcas
indicated by (10) are the areas included by the curves
in Fig. 4. In the case of the radiance of the red paper,
the products of the tristimulus values of spectral
stimuli of equal radiance by the spectral composition of
radiance may be plotted as in Iig. 5. In this case, the
arcas under these curves are the areas indicated by (10),
Similar curves could be drawn to show the correspond-
ing arcas for the radiance distribution corresponding to
an ideal diffuser irradiated by Hluminant C. Evaluating
the areas under these curves, we find the number of
units of the primaries in these three cases to be

TABLE |
Equal-Energy S Red Paper
White i & and 1Il. €
Red 782 7 3.275 K 1.644 A
Green 782 3.867 K 0.308 A
Blue 782 {.401 K 0.236 K

In order that the units in which the primaries are
measured fit the convention that the equal-energy white
is matched by a mixture of one unit of cach primary,
the constant K. must have the value 1/3.782. Under
this condition, the three colors in Table [ are described
by mixtures of the numbers of units of the three
primaries shown in Table I1.

TABLE 11
Equal-Energy Red Paper
White € and 1. ¢
Red 1 unit 0.866 unit 0.435 unit
Green 1 unit 1.022 umits 0.082 unit
Blue 1 unit 1.180 unijts 0.062 unit

The figures in Table 11 may be interpreted in this
way. Under the reference condition, a mixture of one
unit of each spectrum primary matches an equal-energy
reference white for which the radiance is one watt per
steradian per square meter per milimicron. If the
strengths of the primaries are rcadjusted to color-
match the radiance distribution [RV) XFE.N)]in Fig. 1,
the red primary must be decreased to 0.435 times one
unit, the green primary to 0.082 times one unit, and the
blue primary t0 0.062 times one unit. The figures in the
column headed “Iil. C” are interpreted in the same way.

We could calculate the luminance of each of these
colors by following a similar procedure. However, a
somewhat different approach uses the numbers we have
already calculated, and is therefore a little easier.

We have found that the luminosity coefficients of the
spectrum primaries are in the ratios

Letlgily = 1:4.5907:0.0601.
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The luminosity coefficient of each primary can be
written as

L. =K,

L, = 4.5907K;, (lumens/steradian/square meter)®®

Ly, = 0.0601K,.
Applying the rule that the luminances of components of
a mixture add, we find that the luminance of a mixture

of R units of red primary, G units of green primary,
and B units of blue primary is given by
L Ki(R 4+ 4.5907G

+ 0.0601B) (candles/square meter). (11)

When this relation is applied to the three colors we
have just considered, we find the luminances given in
Column | of Table I11.

TABLE III
LuMiNaNCES OF CERTAIN CoLORS

Equal-Energy White 4.6508 K | 72,660 candles/sq m
. C (Fig. 1 5.6305 K;, | 86,970 “
Red Paper and 1Ii. C (Fig. 1) | 0.8126 K | 12,700

We can find the value of K, by calculating the
luminance of any one of these colors. It is easiest to
calculate the luminance of the equal-energy white cor-
responding to one watt per steradian per square meter
per millimicron. This luminance is equal to the product
of the area uncler the luminosity curve (shown in Fig. 3)
and the value of 680 lumens per watt, corresponding to
the peak of this curve. When we go through this calcu-
lation, we find that the luminance of this equal-energy
white is 72,660 candles per square meter. The value of
K, must therefore be 72,660/4.6508 or 15,625. The
luminances of the other two colors were calculated
using this value of K, and are shown in Column II of
Table I11.

Some of the procedures we have followed in preparing
Tables II and I1I would be thought quite odd by a
colorimetrist. \s we have learned, his whole procedure
is aimed at relative answers, and we have gone beyond
his usual techniques. Lt us backtrack and find out
what he would have done with these data.

Consider first the luminance dimension of the colors
we have been considering. It is quite unusual to know
the absolute values of radiance, such as are shown in
Fig. 1. These data usually would be presented to the
colorimetrist as distributions of radiance, i.e., as com-
positions of radiance normalized to unity at some wave-
length. Practically, then, he could not calculate their
luminance. However, his interest lies largely in assign-
ing numbers which describe a color in terms of some
sort of reference. In the case of a transmitting medium
(stained glass, for example) he might compare its color,
when illuminated, with the color of the illuminant. In

* One lumen per steradian per square meter is equal to one
candle per square meter.
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the case of a reflecting medium (the red paper referred
to here) he might compare its color, when illuminated,
with the color of an ideal reflector under the same il-
lumination. In the one case, the reference is a perfectly
transparent transmitting medium; in the second the
reference is a perfectly diffusing reflector.

In the examples we have been considering, Illuminant
C was the color of a perfectly diffusing reflector ir-
radiated by a source of radiance having the spectral
distribution of radiance of Illuminant C. The value of
luminance shown in Column I of Table III is therefore
a reference to which a colorimetrist would refer the
luminance of the red paper sample. The colorimetrist
would give the ratio of the figures 0.8126 and 5.6305,
or 14.43 per cent, and call it the “luminance factor” for
the red paper under Illuminant C.

For most applications of color, the luminance factor
is an adequate measure of the luminance of a surface.
The absolute level of luminance depends on the il-
lumination level.® The relative luminance of adjacent
surfaces, similarly illuminated, is measured by their
luminance factors. However, the aesthetic appeal of a
combination of adjacent surfaces depends largely on
their relative, not on their absolute, luminances.

Chromaticity Co-ordinates

Just as absolute values of luminance are not too im-
portant in a large part of the colorimetrist’s work, the
numbers of units of primaries matching a color are not
too useful. It should be obvious in any case that the
tristimutus values for the three colors in Table Il de-
pend on the radiance of a particular equal-energy white,
These numbers would be different if the reference white
were more or were less intense.

TABLE [V
Equal-Energy Red Paper
\White ) and 1Il. C
r 0.3333 0.2822 0.7511
g 0.3333 0.3333 0.1409
b 0.3333 0.3845 0.1080

The chromaticity co-ordinates, which were discussed
earlier, are quantities which eliminate the intensity
aspect implied in the tristimulus values. Since, in his
work, the colorimetrist is not concerned with absolute
values, he would express the chromatic aspect of color
in its chromaticity co-ordinates. These co-ordinates are
given by (5), which is repeated here for convenience.

R/(R + G + B)
G/(R+G+ B) (5)
B/(R + G + B).

If we substitute values from either Tables I or II in
(5), we find these colors have the chromaticity co-
ordinates shown in Table IV.

I

r

l

[

% The number of lamps that are lighted determines the level of
illumination
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Graphic Representation of Colors

The earliest suggestion the author has found that an
individual color might be represented by a point in
“color space” was made by Lambert in 1772.% He pro-
posed representing surface colors in the form of a
pyramid, where the projection on a horizontal plane
corresponded to a color triangle and the projection on
the vertical axis corresponded to the amount of black
or white in the mixture! A similar method of repre-
sentation in three-dimensional space is used today for
the colors of surfaces in the Ostwald® system of color
notation.

Newton suggested the representation of colors in a
plane figure.®” His diagram took the form of a circle,
the center of which represented white. The circum-
ference of the circle was divided into seven arcs, cor-
responding to the seven principal colors he saw in the
spectrum, and the leﬁgths of the arcs were made pro-
portional to the seven musical intervals in an octave. At
the center of gravity of each arc he placed a small circle,
the area of which was proportional to the number of
“rays” of the corresponding color in a given mixture.
The character of the mixture, colorwise, was indicated
by the position of the center of gravity of the seven
small circles. The radius, drawn through this point,
intercepted the circle at a point which corresponded to
the primary the mixture was most like, and the distance
from the center of the circle indicated the “Fulness” of
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xes = primaries.
Vertices of cube=mixtures of primaries taken singly, in pairs,
and all together.
Ci and Gy =particular colors.
G+ Ci=additive mixture of C; and Cs.
Hgl. Hﬂ. Hdm=hlle lines of C|, Cg, and of C|+Cz.
la ancli lea=projections of colors €, and C: in the Maxwell tri-
angle,
tey — 4= trace of plane containing colors C; and Cs in the Maxwell
triangle.

8 See bibl. ref. 28, 35(b).
8 See bibl. ref. 34.
87 See bibl. ref. 2.
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the mixture. This method of representing colors is
mych like the representation of chromaticity co-ordi-
nates on a Maxwell triangle which is used today.

The representation of colors on a triangle seems to
have been done first by Tobias Mayer in 1758.8% In
both Mayer’s triangle and in Lambert’s adaptation of
it,% the primaries were pigment colors. In his discus-
sion of the three-sensation theory of color vision, Young
showed colors on a triangle, with his three prfmary
colored lights at the vertices.®? This same representation
was used by Maxwell.?0

In addition to using the color triangle, Maxwell repre-
sented colors in three-dimensional space.®! Color repre-
sentation in three-dmensional space is illustrated in
Fig. 6. The three orthogonal axes correspond to the
three primaries (R), (G), and (B). Every color is repre-
sented by a point in the color space defined by this co-
ordinate system. The co-ordinates of a point represent-
ing a color, such as C in Fig. 6, are the tristimulus
values of that color (listed in Table II for the colors we
have been considering). The reference white is shown
as the point (1, 1, 1). The similarity of this representa-
tion to that of a peint in three-dimensional vector space
is obvious,

It will be noted that the effect of change of the in-
tensity component of a color is to move the point at
which it is plotted along a line passing through the
origin.® The direction of this line is therefore a meas-
ure of the chromatic aspects of a color. One way of de-
scribing the direction of such a line in space is to define
the point at which it intersects a reference plane. A
particular refernce plane, shown in Fig. 6, is the one
passing through the points (1, 0, 0), (0, 1, 0), and
(0, 0, 1). The co-ordinate planes define a triangle on this
reference plane which is called a “Maxwell triangle.”®
When points in this plane are specified in trilinear co-
ordinates, it is found that the specification is precisely in
terms of the “chromaticity co-ordinates” which we have
discussed previously. The chromaticity co-ordinates of
spectrum colors (from Fig. 2) and of the colors we have
been considering (from Table IV) are plotted in a
Maxwell triangle in Fig. 7.

However, only two of the chromaticity co-ordinates
of a color are independent quantities. There is no ad-
vantage in plotting and showing three numbers as is

* See bibl. ref. 35,
:“ gee bibl. ref. 3.
? See bibl. ref. 7(a), 7(b), 7(e).
 See bibl. ref. 7(e). B 9
1s 1s a copy of Fig. 1 in a paper published in the Journal
of U:f Franklin Institute in 1915 by H. E. lves (see bibl. ref. 36(a)).
ik S;nce. the luminance of a mixture is equal to the scalar sum
Of the luminances of the primaries, the relation between the length
o" \}'lector in this color Space and the luminance of a color changes
With every change of direction of the vector. This is a severe limita-
:532 on the general usefulness of the three-dimensional represen ta-
® It is not clear from Maxwell's
el T papers whether he referred to
;hlﬁitn'gngle, corresponding to a set of physical primaries, or whether
axwell triangle is more properly one which circumscribes the

spectrum locus, 1.e., on i H i
ot Ly e corresponding to a set of nonphysical pri-
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done in the Maxwell triangle. Not only for this reason,
but also because it is easier, is it customary to plot
two of the chromaticity co-ordinates of colors in
rectangular co-ordinates. Such color triangles, or more
properly, chromaticity diagrams, are projections of the
Maxwell triangle on one of the co-ordinate planes in
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Fig. 7—Maxwell triangle for spectrum primaries for
the Standard Observer.

Spectrum primaries: Red (R)=700.0 mu Green (G) =546.1 my;

Blue (B) =435.8 mu.
Reference white =equal-energy white
L,:L,:Ly=1:4.5907:0.0601.
E =equal-energy white.
C =llluminant C.
P =Munsell Chip 5SR4/14 irradiated by Illuminant C.

Fig. 6. Obviously, we can use any one of the three pos-
sible projections, i.e., we can plot red-green, red-blue,
or blue-green chromaticity diagrams. The red-green
chromaticity co-ordinates of spectrum colors and of the
several colors we have considered are plotted on a
chromaticity diagram in Fig. 8.

Additive Mixture of Colors

The properties and limitations of additive mixtures
can be learned by studying just how such mixtures ap-
pear in the graphical representations we have just con-
sidered.

Of the rules of colorimetry quoted earlier, the fifth
was a statement that color matches obey the rule of
addition. Let us see what this leads to. Consider two
colors, each of which is matched by a mixture of three
primaries. We can write these matches as color equa-
tions thus:

(Cx) = Ri(R) + G.\(G) + B\(B) (12)

(C2) = Ru(R) + Gx(G) + Bo(B) (13)

where R,, Gy, B, Ry, G2, and B, are tristimulus values.
When we apply the fifth rule, we find that

C) + (Cy) = (R + R:)(R) + (G: + G2)(G)
+ (B, + B:)(B).

and

(14)
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Now what does this mean in the various graphical repre-
sentations of colors?

Consider first the three-dimensional representation
shown in Fig. 6. The two colors (C1) and (C,) are repre-
sented by two vectors, extending from the origin to
points the co-ordinates of which are the tristimulus
values. The co-ordinates of the extremity of the vectar
corresponding to the mixture of these two colors are
equal to the coefficients of the unit vectors (R), (G),
and (B) in (14). The addition of color vectors in color
space in this way was first discussed by Maxwell.® If
we consider the plane which includes the two color
vectors, the vector corresponding to their additive mix-
ture will be seen to lie in it. Additionally, the magnitude
and direction of this vector are given by the diagonal
of the parallelogram of which the two component color
vectors are two sides. Grassmann pointed out that this
construction was like that used in determining the mag-
nitude and direction of the resultant of two forces.%

Because the Maxwell triangle is of little practical
utility, additive mixture on this diagram shall not be
discussed.

)

Y
\
WY

Fig. 8—Red-green chromaticity diagram for spectrum primaries
for the Standard Observer.
Spectrum primaries: Red (R)=700.0 mu; Green (G) =546.1 my;
Blue (B) =135.8 mu.
Reference white =equal-energy white.
L,:L,;:Ly=1:4.5907:0.0601.
E =cqual-energy white.
C =Illluminant C.
P =Munsell Chip 5R4/14 irradiated by Illuminant C.
(X), (Y), and (£)=Standard ICI nonphysical primaries.

When colors are specified by their luminances and by
their positions on a chromaticity chart, we know L and
the chromaticity co-ordinates, say r and g, for each of
the colors. How do we find their additive mixture?

% See bibl. ref. 7(c).
6 Sce bibl. ref. 9.
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It will be recalled that

b=1-(+yg (15)

r = R/(R+G + B)
£=G/(R+GC+ B) (5
b= B/(R+C+ B)

/ RiL, +GL, + BL,. (16)

When (5) and (16) ar'c solved for R, G, and B in terms
of r, g, and L, we find:
R = rL/(rL, + gL, + bLy)
G = gL/(rl, + gL, + bLy)
B = bL/(rL, + gL, + bL,)

(17)

where b is given by (15). These values of R, G, and B
can be substituted in (14) for the mixture of two colors.
The results are the tristimulus values for the mixture.
By substituting these values in (5) and (16), we arrive
at the chromaticity co-ordinates and luminance of the
mixed color. Proceeding with the algebra, we find that

L1+2 =ly+ L, (18)

This statement, that the Juminance of a mixture is
equal to the sum of the luminances of its components,
checks our algebra since it is a confirmation of the
fourth rule set down earlier. The chromaticity co-
ordinates of the mixture of two colors whose individual
chromaticity co-ordinates are (ry, g1, &) and (r., g, b2)
are found to be
riga = Kyry + Koy

Bi+2 Kigr+ Kag (19)
bng Klbl + K'.’b2
where
L,/D,
I\'l — —
Li/D)) + (La/Dy)
1,/D
1\'_) - x - 1 K|
Ly Dy + Ly/Ds
and

l)l = ’lL, + glL,, + bll.b; D2 = ’2Lr + g2La + b‘.'ldb~

et us consider the signiticance of this result. The
point in a chromaticity diagram corresponding to a
mixture is seen to lie on a line connecting the points
corresponding to the two components of the mixture.
The position of the mixture point on this line corre-
sponds to the position of the center of gravity of two
weights proportional, respectively, to L,/D, and L,/D,
located at the positions of the components of the mix-
ture. It will be recalled that Newton suggested this
analogy in his discussion of color mixture.®”

This analysis can be extended readily to the treat-
ment of a mixture of three colors. However, with the
analogy to the center of gravity of a system of more

7 See bibl. ref. 2.
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than two weights in mind, it is seen that the mixed
color can fall anywhere within the triangle formed by
the lines connecting the chromaticity co-ordinates of the
component colors. T'he position of the mixture point
within this triangle depends on the relative luminances
of the components. Negative values of one or more of
the component luminances would he required to pro
duce a mixture outside this triangle-——a physical im
possibility. As predicted by the fourth rule of clorim
etry, the luminance of the mixture is equal to the sum
of the luminances of its components.

In this discussion there has been no limitation
placed on the colors to be mixed additively. The only
requirement given was that their chromaticity co.
ordinates and their relative luminances be known. Ob
viously, they might be a different set of primaries for
colorimetry or a set of primaries for use in a color
television svstem. However, we have demonstrated
that we can study the problems of mixture for one set
of primaries on the chromaticity chart prepared for
another set

This is a most important conclusion. The experi
ments that have been described thus far, and the pro
cedures for calculation that have been developed, are all
that we need to know to apply colorimetry to color
television. From this point on, we will be concerned only
with mathematical treatment of these fundamental
facts for the sole purpose ol putting them into forms
that will be casier to use

The ICI Nonphysical Primaries

Since we need only one chromaticity chart to study all
color-mixture problems, the set of primaries on which
that chart is based should he chosen with care. That is
the reference svstem should be the simplest possible one
to use. Let us sce what conditions it will be desirable
to meet with a set of primaries (X), (V), and (Z),
which we might use in place of the spectrum primaries
(R), (G), and (B).** Some of the desirable conditions,
and means for obtaining them are the tollowing:

I Ttwill be recalled that evaluation of the amounts of
the primaries in a mixture involves integration of
radiance-wavelength distribution, using the tri
stimulus values of spectral stimuli of cqual radi-
ance as weighting functions (see (10)). In gen-
eral, neither of these factors is in the form of an
analytic function, so that numeric integration is
necessary. T'o simplify the numeric integration and
to minimize the possibility of error, the tristimulus
values of spectral stimuli of equal radiance should
not change sign over the range of wavelengths
within the visible region. This result is obtained if
the triangle corresponding to the three reference
primaries whollv includes the locus of the chroma-

* The philosophy set down here is essentially that followed t
the ICl in 1931 1[:1 establishing the system of p)l,'lmuries ',j’,{\‘\\,e( }’)):
and (Z) (bibl. ref. 22, 24). This philosophy was foreshadowed by
proposals by Deane B. Judd in 1930 (bibl. ref. 37).
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ticity co-ordinates of the spectrum (the spectrum
locus).

2. To lessen the labor of calculation, the tristimulus
values of spectral stimuli of equal radiance should
be zero over as large a part of the range of visible
wavelengths as is possible. Examination of the
chromaticity diagram in Fig. 8 shows that the
spectrum locus approximates a straight line over
the greatest range of wavelength from 780 mpu
toward shorter wavelengths. If one side of the
new color triangle is tangent to the spectrum locus
at 780 my, these colors can be matched by mixtures
of the two primaries (X) and (YY), and the value
of (Z) will be zero. One side of the new triangle
is defined, therefore, by the line X— 1 in Fig. 8.

3. Calculation of the luminance of a color would be
easier if the luminosity coefficients of two of the
primaries were equal to zerc. The luminance of
the color then would be equal to the luminance
of the number of units of the third primary re-
quired to match the color. This result (Lx=1Lz=0)
is obtained by placing the primaries (X) and (Z) on
the line defined b:

rl, + gL, 4+ bLy =0
whereb=1—(r+g).

(20)

This line is shown in Fig. 8. It is obvious that
the new primary (X) must be located at the
intersection of this line and the tangent line
(X — V) be located in the preceding paragraph. The
chromaticity co-ordinates of primary (X) in terms
of the spectral primaries are

r 1.2750
g = —0.2778
b 0.0028.

4. There is no arbitrary requirement whiclr can be
set to fix the position of the third side of the new
triangle. However, if the amounts of the two
primaries (V) and (Z) are to be sensitive to
changes of chromaticity of physical colors (those
within the spectrum locus), these primaries should
be located as near the spectrum locus as pos-
sible. That is, in order that the range of magni-
tudes of the primaries be large, as colors matched
by the mixture vary over the possible range, the
primary color triangle should he no larger than is
required to include these colors within it. The
necessary compromise was included in the recom-
mendation of the ICIL.®® The chromaticity co-
ordinates of the new primary (Y), in termns of the
spectral primaries, are

y 1.7394
g =+ 2.7674
b 00280,

? See bibl, ref. 22.
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The chromaticity co-ordinates of the new primary

(Z) are
r=—0.7429
g = + 0.1409
b = + 1.6020.

5. The new svstem of primaries becomes fully speci-
fied when the scales in which they are measured are
set. For convenience, the ICI recommended that
a mixture of one unit of each primary should match
“equal-energy” white.!%°
At this point we have gone as far with the ICI pri-

maries as we had with the spectrum primaries when we

chose their wavelengths and also the reference white.

We must have tristimulus vatues of spectral stimuli of

equal radiance in terms of the new primaries if we are

to make use of them. Since the new primaries are non-
physical, we cannot duplicate the experimental pro-
cedure we described for the spectrum primaries.

This is, of course, a problem of general interest, for
we will want to know how to specify colors in terms of
mixtures of specific primaries that are convenient to
the problem in hand. We are justified, therefore, in
considering the problem in detail.

Most fundamentally, the problem is one in color
matching. \We want to know the amounts of each of a
second set of primaries which, when mixed, will match
a color that we know is matched by a mixture of three
reference primaries. This problem can be solved in two
steps. The first step is to find the amounts of each of
the first set of primaries which, when mixed, will match
a unit of each one of the second set of primaries. These
relations are found by applying the transitive law (Rule
7) to the mixture of the first set of primaries and the mix-
ture of the second set of primaries which match the
second reference white. The second step is to find the
amounts of each of the second set of primaries which,
when mixed, will match a unit of each one of the first
set of primaries. These relations are found by applying
the transitive law to the mixture of the first set of
primaries and the mixture of the second set of primaries
which match any color. It will be noted that the size of
units of the second set of primaries is fixed by the first
step and that the result of the second step is our de-
sired answer.

This problem has been treated by the methods of
vector algebra (color equations) by lves'"' and by
Guild.'”? Their analyses assumecd the same reference
white for both the first and the second sets of primaries.
i“or that reason, the analysis in the Appendix has been
prepared for the case of different reference whites.

\ further insight into this problem may be gained
by considering the three-dimensional representation of
color illustrated in Fig. 6. You will recall that the co-

190 Tt will be recalled that “equal-energy” white is characterized by
a radiance distribution that is independent of wavelength.

101 See hibl. ref. 36.
102 See bibl. ref. 38.
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ordinates of any point in this color space are the tri-
stimulus values of a color in terms of the primaries
for which the co-ordinate axes werme drawn. The
chromaticity co-ordinates of any color fix the direction
of a vector from the origin by establishing the point in
the plane (1, 0, 0), (0, 1, 0), and (0, 0, 1) through which
the vector passes.

Lines corresponding in directions to the second set of
primaries can be drawn by plotting their chromaticity
co-ordinates in the Maxwell triangle plane and connect-
ing these points with the origin. This construction is

shown in Fig. 9.1%
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Fig. 9—Transformation from one set of primaries to another.

R, G, B =primaries of the first set.
R’, G', B’ =primaries of the second set, plotted in the co-ordinate

system of the first set. e
Vertices of cube=mixtures of primaries of the first set, taken

singly, in pairs, and all together.
Verlices of parallelopiped =mixtures of primaries of the second

set, taken singly, in pairs, and all together.

The scales on which amounts of the second set of
primaries are measured are found by projecting the
point corresponding to the second reference white onto
each of the lines corresponding to the second set of
primaries. The length of each of these projections (desig-
nated by BR’, BG’, and BB’ in Fig. 9) is equal to a unit
of the corresponding primary of the second set. (In
the case of Fig. 9, the same reference white ¥ is used
for both systems of primaries.) Projections of other
points, fixed in this color space by their tristimulus
values in terms of the first set of primaries, onto the
lines corresponding to the second set of primaries, when
measured in terms of these unit amounts, are the re-
quired tristimulus values in terms of the second set of
primaries.

When we apply the results of the Appendix to the
case of the transformation from the spectrum primaries

103 Fig. 9 is a copy of Fig. 2 of Ives’ 1915 paper (bibl. ref. 36(a)).
It is a general re‘presentation of a new set of primaries in the co-

ordinate system of the old set.
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(R), (G), and (B) to the ICI primaries (X), (¥), and (2),

we find that
X = 2.7690R + 1.7518G 4+ 1.1300B

Y = 1.0000R + 4.5907G + 0.0601B (21)
Z = 0.0000R + 0.0565G + 5.5943B
and
Ly =0
Ly =1 ¢y
Lz 0

where X, ¥, and Z are the tristimulus values of a color
in terms of the new primaries, and R, G, and B the
tristimulus values in terms of the spectral primaries. In
making this transformation the chromaticity co-ordi-
nates of the new primaries were given the values de-
termined in the preceding paragraphs. The reference
white for both the system of spectral primaries and the
new system of ICI primaries (X), (V), and (Z) is equal-
energy white. If we assume that the luminance of the
reference white for the new system is unity when the
luminances of units of the spectral primaries (R), (G),
and (B) are 1, 4.5907, and 0.0601, respectively, the
tristimulus values of the new white are given by (47(a))

and are
R, =G, = By, = 1/(1 + 4.5907 4 0.0601).

The tristimulus values R, G, and B in (21) can be
those of any color. In particular, they may be the tri-
stimulus values of a spectral stimulus of equal radiance.
When such values from Fig. 4 (or from the standard
tables)'* are substituted into this equation, the result-
ing tristimulus values X, V, and Z are the tristimulus
values for a spectral stimulus of equal radiance (%, L2
and z) in terms of the new primaries. The results of
such calculation are plotted in Fig. 10.

(23)
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Fig. 10 Tristimulus values of s imuli i
pectral stimuli of equal radiance
for the Standard Observer (standard color-mixture data for the
spectrum).
}{C} nonphyslical primaries (X), (V), (2).
cterence white =equal-energy white.
L,:L,,:L,::O:I.O:O.q 4

. The color-.mixture data (%, #, and z) and the chroma-
thle co-ordinates (x, vy, z) for the spectrum were stand-
ardized for the standard observer by the ICI in 1931105

194 See bibl. ref. 22, 24.
1% See bibl. ref. 22-24,
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Hardy has interpolated between the standardized
values, and has tabulated these quantities at intervals
of one millimicron.'%

4
(8) 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 Lo
x

Fig. 11—Maxwell triangle for the ICI primaries (X), (¥), (2)
for the Standard Observer
Reference white =equal-energy white.
E =equal-energy white.
C =Nlluminant C.

One condition placed on this new system of primaries
was that the luminance of a color be proportional to
its tristimulus value Y. The color-mixture curve for the
spectrum corresponding to the (V) primary (the §
curve) should therefore be the same as the luminosity
curve. Comparison of the curves in Figs. 3 and 10 shows
this to be the case.

We can represent colors graphically in terms of these
new primaries in the same way as we represented them
in terms of the spectrum primaries. A Maxwell triangle
in the (X), (V), (Z) co-ordinates is shown in Fig. 11,
and the x —y chromaticity diagram is shown in Fig. 12.
In each of these figures, the chromaticity co-ordinates
of the spectrum have been plotted to show the spectrum
locus, and, in addition, points representing some of the
other colors we have been considering are shown. On
these figures, the co-ordinates of equal-energy white are
(1/3,1/3, 1/3) because we chose the size of units of the
primaries to make this so. The co-ordinates of II-
luminant C are (0.3101, 0.3163, 0.3736). The chroma-
ticity co-ordinates of the spectrum primaries we con-
sidered first are shown in Table V.17

TABLE V
x y z
Rs (700.0 mu) [ 0. 7347 0.2653 0.0000
Gs (546.1 myu) | 0.2738 0.7174 | 0.0088
0.1666 | 0.8245

Bgs (435.8 mu)

0.0089 |

100 See bibl. ref. 39.
197 These chromaticity co-ordinates were standardized by the
ICI in 1931 (bibl. ref. 22, 24).
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Use of the ICI Nonphysical Primaries

The ICI system of specific nonphysical primaries was
recommended for use with two purposes in mind. First,
it represents a common frame of reference in which all
laboratories, procurement agencies, and the like, can
specily colors with very little possibility of misunder-
standing. Second, the primaries were so selected that
the possibility of making arithmetical errors in calculat-
ing the tristimulus values of colors (ie., in indirect
colorimetry)!?® is minimized. How is this system used?

Earlier, the use of the color-mixture data for the
spectrum in terms of the spectrum primaries, and the
way to calculate color matches from these data, was dis-
cussed. The procedure for using the ICI nonphysical
primaries is similar.

Fig. 12—x-y chromaticity diagram for the ICI primaries
(X), (Y), (2) for the Standard Observer
Reference white =equal-energy white.
E =equal-energy white.
C=llluminant C.
(R.), (G.), (B.) =spectrum primaries.
(R,), (G,), (B,) =receiver primaries.

The composition of radiance corresponding to the
color of a material sample is given by the product of the
composition of radiance of the illuminant and the rela-
tive reflectance of the sample. The tristimulus values of
this color are given by the expressions

X = f wx(x)[E(x) X R(\) Jd\

1% Direct colorimetry is the process of making color matches in
a colorimeter. Indirect colorimetry is the process of calculating color
matches from spectrophotometric data for the sample and stand-
ardized color-mixture data for the spectrum.
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f wy(k)[/i(k) X R(N) Jdx (24)

Z

f i N [EON) X RN Jan.

These tristimulus values are the amounts of the three
primaries (X), (V), and (Z) which, when mixed, would
match the sample color for the standard observer. I'he
units in which these primaries are measured are such
that a mixture of one unit of each matches equal-
energy white.

At the same time that the 1Cl adopted this system
of nonphysical primaries, they adopted recommenda-
tions about methods of illuminating and measuring the
relative reflectance (R(N)). They also recommened
three illuminants, any one of which might be used in the
general specification of the color of materials. These
illuminants are (a) a gas-filled lamp operated at a color-
temperature of 2,854°K,'%° (b) this same lamp with a
specified two-part liquid filter, and (c) the same lamp
with another specified two-part liquid filter."'®

The use of Illuminant 4 obviously is indicated for
samples that are to be viewed principally under artificial
illumination. The color-temperature of Illuminant B is
4,800°K, and it is an approximation to noonday
sunlight. It represented a minor modification of the
illuminant used at the National Physical Laboratory in
their color work at that time. The color-temperature of
Hluminant Cis 6,500°K, and it is an approximation to
average daylight. Spectral distributions of radiance of
each of these illuminants were standardized by the
ICI."® Since the products #(\) X E(A), and the like, ap-
pear in (24), it is a matter of convenience in colorimetric
computation to have these products tabulated. Such
tabulations have heen made by Judd,"2 by Smith and
Guild,"® by Hardy,"™ and also by the Committee on
Colorimetry of the Optical Society of America.!s

Chromaticity co-ordinates of a color sample in terms
of this system of primaries are calculated in the same
way that we calculated such co-ordinates for the spectral
primaries, that is

te = Xo/(Xe+ V. + 2))
ye=Y/(Xe+ Y.+ Z.)
=Z/(X. + Y. + 2,).

(25)

19 The recommendation of the ICI was a color-temperature of
2,848°K. The adoption of the new International Temperature Scale
made the change to 2,854°K necessary to preserve the radiance dis-
tribution of Hluminant A (bibl. ref. 40).

110 See bibl. ref. 22-24.

U In a private communication, Dr. Deane B. Judd advises the
author of a trend toward the replacement of the term “Hluminant
A" (or B, or C) by the term “Standard Source 4” (or B, or C)
Examples of the use of this newer terminology are found in bibl. refs.
31 and 40.

112 See bibl.

113 See bibl.

114 See bibl.

115 See bibl.

ref. 23.
ref. 24.
ref. 39.
ref. 19(d).
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The colorimetrist specifies a color by a pair of its
chromaticity co-ordinates (say, x. and ¥:) and by its
luminance or, more usually, by its luminance factor.
You will recall that this system of primaries was set up
in such a way that the luminance of a color is propor-
tional to the tristimulus value Y.. Provided the radi
ance distribution [E\)XR(\) ] is known in units of
power per steradian per square meter per unit of wave-
length, the luminance can be calculated from the value
of V., and the fact that one watt at the peak of the
curve 7 is equivalent to 680 lumens.!'® It is customary;,
however, to give the luminance factors of a colored sur-
face or medium. This factor is given by

B ./} (26)

where ¥, is the V-tristimulus value of an ideal diffusing
surface illuminated in the same way as the colored
sample. The value of 1. is found by substituting
R\)=1in (24).

We have scen how to evaluate the color of the addi
tive mixture of two colors when each is specified by its
luminance and its chromaticity co-ordinates in terms
of the spectrum primaries. The procedure is the same
but the arithmetic is a little easier in this system of
(X), (Y), (%) primaries since the luminosity coefficients
of two of these primaries are zero. Bv analogy to (19),
we find the chromaticity co-ordinates of an additive
mixture of two colors, specified by xy, 31, Liand x4, y,. L
are given by the relations

Tige = Kiay 4+ A%,
Yig2 = Klyl + /\'2)'2 (27)
S142 Kizy + Koz
where
W/
K, : /N 4
(le yl) + (Lz/ yz)
Lo/
KA, A — K.

, =1
(Lr/y1) + (Lo/ y2)
Other Methods of Specifying Color

Specification of a color by its tristimulus values in
terms of the ICI primaries (X), (Y),and (Z) is only one
of many ways of specifving a color. As has heen pointed
out, the chromaticity co-ordinates and luminance or
luminance factor form a preferred alternative in most
colorimetry.,

The chromaticity co-ordinates are only one wav of
defining the chromaticity aspect of color. Dominant
wavelength and purity, referred to the same illuminant
that was used in finding the chromaticity co-ordinates,
are alternate quantities in which chromaticity may he

. '8 \Vhen the tristimulus values of self-luminous sources are given
in the \mencap Standard Method for Specification of Color (bibl.
ref. 31), the units in which primaries (X), (¥), and (Z) are measured
are adjusted so that the tristimulus value V¥ is equal to the luminous
flux in lumens.
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expressed. Conversion from one method of expression
to the other is treated by Hardy,"? Judd,"® and by the
Committee on Colorimetry of the Optical Society of
America.!?®

There are a variety of other methods of color specifica-
tion which have advantages in specific cases. These sys-
tems are described fully in two papers by Judd.!?® The
reader who is interested in this aspect ol color specifica-
tion is advised to consult these papers, to each of which
an extensive bibliography is appended.

CoLok TELEVISION

The preceding pages contain a general history of the
development of the theory and a discussion of the funda-
mental principles of colorimetry. The way in which these
principles may be applied in the design of a color-tele-
vision system form the subject of the remainder of this
paper.

Basically, colorimetry is the specification of a color
by giving the strength of three lights which, in an addi-
tive mixture, match that color. In the first few decades
of development of colorimetry, an observer would ac-
tually make such color matches in a colorimeter. It was
recognized, even by Maxwell, that the differences be-
tween the visual processes of typical observers were so
great that direct colorimetry was none too precise a
method for color specification. To avoid the effects of
observer differences, indirect colorimetry was developed.
Indirect colorimetry is based on spectrophotometric
measurements of radiance and on standardized observer
responses. In 1931, the ICI recommended the use of
color-mixture data for the spectrum which was based
on the best measurements of the color characteristics
of observers that were available.'?

The tristimulus values of a color, for which the spec-
tral composition of radiance is given, are found by
evaluating these integrals!”

R,
1412 (rrLrl + grL g1 + brLbl) (;w
B,
1 "
L02 " (ruldrl + gaLal + baLbl) | gr
b,
ry
Loz = (relos + golgr + boln) | &
b,
17 See bibl. ref. 39
118 See bibl. ref. 41.
119 See hibl. ref. 19(d)
120 Sce hibl. ref. 41, 42
128 See bibl. ref. 22 24

'# Since the visible spectrum is limited to the range 380-380 niu,
these integrals need be evaluated only over this range.
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R = f wf()\)[R()\)‘X E(N) Jax
G = [ ng(x)[R(x) X E(N) |dx (28)
B = .f"”z}(x)[k(x) % E(\) ]dr

where,

R, G, B=tristimulus values of the color corresponding
to the radiance composition [R(\) X E(\) ]

b = tristimulus values of spectral stimuli of equal
radiance for the set of primaries (R), (G),
and (B) under consideration.

&

The color-mixture data for the spectrum 7, g, and b,
and the corresponding tristimulus values of the color
are those for the “standard observer” when these data
are based on those standardized by the ICI in 1931.

The primaries (R), (G), and (B) for which the tri-
stimulus values are given by (28) may be any set of
primary colors, physical or nonphysical.'”® The problem
of converting color-mixture data corresponding to one
set of primaries to another is treated in the Appendix.
It is shown there that

'lRl ¥, Py / |- Re ' rs ri.]
Ro=|G, gg 8 / Go 8o 8b
By b, b / B, b, b
r, Ry 1 7 | Ru 1
G:= 8 Gi g // ge. + G 188 (54)
b, By by / b, B. b
ry Ty Ry o |t g Ry
B,=|g g G / | & 8a Gu
1 b b, Bl / [ By by willy
re e £h' vy T
a 8 / \ g 8o &
b, bs b, by by
R, ry ye Ty Py
Go 8 / g 8o 8o (57)
By by / by b, by |
A | ¥ 7y 1R
g8 Go :g 8o &b |
by B by b, byl

122 Nonphysical primaries are primaries the chromaticities of
which lic outside the spectrum locus, and consequently are primaries
which cannot be produced by physical lights. The ICl primaries
(X), (¥}, and (%) are nonphysica(in this sense. The engineer will
commit no error if he considers such primaries as no more than a
convenient reference co-ordinate system.




1156

where,
Rw = eru/(’erl + ngJl + bwLbl)
G ngw/(rw]lrl + ngnl + bwLbl)
Bw = bu\Lw/(errl + ngol + bwLbl)-

In these expressions,

(47(a))

Ry, Gy, By=tristimulus values of a color in terms of
the first set of primaries,
R,, Ga, By=tristimulus values of the same color in
terms of the second set of primaries,
ey Lry br
7o, €0y bep =chromaticity co-ordinates of the second
s, £, bbJ set of primaries in terms of the first set,
7wy Bw» b =chromaticity co-ordinates of the reference
white for the second set of primaries in
terms of the first set
Ry, Gy, B, = tristimulus values of the reference white
for the second set of primaries in terms of
the first set,
L.\, L,, Ly =luminosity coefficients of the primaries of
the first set,
L., Lys, Ly =luminosity coefficients of the primaries of
the second set,
L, =luminance of the reference white for the
second set of primaries.

Equations (28), (54), and (57), taken together with
the color-mixture data for the spectrum standardized
by the ICI,'* contain all of the information we require
to apply the principles of indirect colorimetry to color
television.

But what about color television? If we consider each
element of a scene separately, a composition of radiance
[R(\) XE(\)] is presented to the camera for that ele-
ment. At the receiver that same element of the scene is
represented by the mixture of three colored lights. These
lights might be produced by colored phosphors on pic-
ture tubes and the addition performed by viewing them
through dichroic or through half-silvered mirrors. Alter-
natively, these lights might be produced by viewing a
white phosphor through color filters in rapid succession.
These three colored lights should be thought of as a set
of primaries—receiver primaries—the mixture of which
should match the color of successive elements of the
scene before the camera.

These color matches will be obtained for the standard
observer if the strengths of the three lights are equal to
the tristimulus values of the successive scene elements
for the receiver primaries. Neglecting, for the moment,
transformation of color co-ordinates in the television
system, and assuming linearity in all parts of the sys-
tem, the currents from the camera should be propor-
tional to these tristimulus values. Examination of (28)
will show that this result is obtained provided the spec-
tral sensitivity of each channel of the camera is propor-
tional to the corresponding color-mixture curve for the
spectrum. This conclusion seems to have been reached

12¢ Sce bibl. ref. 22-24.
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first by F. E. lves for color photography in 1888.'% |t
was applied to color television in 1929 by H. E. Ives

and A. L. Johnsrud.'®

Primaries for a Television Receiver

Today we do not have much freedom of choice of the
sources of primaries to be used in a television receiver.
Such sources must be capable of modulation at the fre-
quencies resulting from scanning. The most practical
sources at this time are fluorescent screens in cathode-
ray tubes (picture tubes).

From the point of view of color reproduction, it is of
little moment whether the primaries are formed through
the use of separate phosphors or through the combina-
tion of color filters and mixed phosphors. In either case,
the receiver primaries will correspond to radiance dis-
tributions of considerable width measured in milli.
microns. The chromaticity co-ordinates of such pri-
maries will be inside the spectrum locus, and the color
triangle corresponding to these primaries will be smaller
than a triangle for spectrum primaries.

As we have scen, the chromaticities of colors that can
be produced by a set of primaries lie within the color
triangle corresponding to the primaries. The larger the
triangle, the greater the gamut of colors that can be
produced. From this point of view, it is desirable to use
primaries of large purity, i.e., which are nearly spec-
trum colors. The purity of a primary can be increased
however, only by decreasing the width of the radiance
distribution in wavelength. If we require purer primary
colors than we can obtain directly from phosphors
filters must be used with the phosphors, resulting in a
decrease of useful radiance. For efficient use of phos-
phors, i.c., to produce primaries of high luminance, it is
desirable, therefore, to use the colors that can be ob
tained directly from phosphors, even if this results in
desaturated primaries.

There is another reason why it may be desirable to
use desaturated primaries in a television receiver. It has
been found in direct colorimetry that observer differ-
ences can be minimized by making the color triangle of
the primaries no larger than is necessary to include the
variation of chromaticities to be measured.!?’

There is every indication that it is undesirable to use
receiver primaries of greater purity than is necessary.
The choice, obviously, must be a compromise. For dis-
cussion purposes, let us assume the use of a set of pri-
maries which were recommended by an RMA commit-
tee a few years ago.'?® These primaries were specified as
having the same chromaticities as these combinations:

Red —Illuminant C and Wratten No. 25 Filter
Green—Illuminant C and Wratten No. 58 Filter
Blue —Illuminant C and Wratten No. 47 Filter.

126 See bibl. ref. 12.
126 See bihl. ref. 14,
:;: gecc ll))ibl. ref. 43, 44.
See bibl. ref. 45. Other sets of primaries have been discussed
by CBS, NTSC, RCA, and by this same RMA committee. §l’hissseis

not the place to consider the differences between these several
choices of primaries,




1951

It was recommended also that the white corresponding
to equal signals on the three picture-tube grids—the
equal picture-tube-signal white—should be Illuminant
C.

The combinations of filters and an illuminant set
down above are a convenient way of specifying the
chromaticities of receiver primaries. To use these data,
we must evaluate the chromaticities of these primaries
and their color-mixture data for the spectrum. As a first
step, we must find the distributions of radiance cor-
responding to each combination. The radiance-wave-
length distribution of Illuminant C was standardized by
the ICI, and is tabulated in a number of references.!?®
Typical transmission of Wratten filters has been tabu-
lated by their supplier, the Eastman Kodak Com-
pany.'® The radiance distribution for each filter-illu-
minant combination is given by the product of these
data, and is plotted in Fig. 13 for the three combinations
under consideration.
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Fig. 13—Distribution of radiance for Wratten
filters and 1lluminant C.

T:5(\) =transmittance of Wratten No. 25 filter.

T (M) =transmittance of Wratten No. 47 filter.

T:a(X) =transmittance of Wratten No. 58 filter.

The tristimulus values for each of the colors cor-
responding to the distributions of radiance in Fig. 13
are found by substituting these values into (28). It is
most convenient to use the standard values #, ¥, and 3
of the color-mixture data for the spectrum correspond-
ing to ICI primaries (X), (V), and (Z) in making these
calculations.!®! Using the tristimulus values calculated
in this way, we can calculate the chromaticity co-ordi-
nates of each of the receiver primaries. These chroma-
ticity co-ordinates of these RMA primaries are given in
Table VI.132 The chromaticity co-ordinates of these

129 See bibl. ref. 19(d), 22, 23, 24, 39.

130 See bibl. ref. 46.

'3 Some saving in calculation results from the use of the tabulated

functllons 2E,N), $E.(\), and zE.(\) (bibl. ref. 19(d), 23, 24, 31,
';‘" Sfimlilar gﬂlculptions ha(\J/c been made for the combination of

each of three illuminants and every one of the Wr: fi

David L. MacAdam (bibl. ref. 47). 4 T
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primaries, and the corresponding color triangle are
shown on the x—y chromaticity diagram, Fig. 12. As
we have seen already, the chromaticity co-ordinates of

TABLE VI
—_— S r - —— e ‘_ - —
Receiver |
Primary e I y l 2
Red 0.6805 0.3193 ~ 0.0002
Gt 0.2500 06885 0.0615
Blue 0.1477 0.0412 |  0.8111

Illuminant C in terms of the ICI nonphysical primaries
(X), (Y), and (Z) are (0.3101, 0.3163, 0.3736).

When we substitute these figures into (54) and (57),
we find that the relations between the tristimulus values

of a color in terms of the two systems of primaries are
R, =  2.2842X — 0.7959Y — 0.3755Z
G, = — 0.8078X + 1.7215Y + 0.0596Z (29)
R, = ~0.0447X — 0.0958Y + 0.8906Z
and also that
L., = 0.2456
L, =0.6976 (30)
Ly, = 0.0568.

We can interpret (30) as meaning that the luminances
of the three receiver primaries, when they are mixed to
match Illuminant C, are in the ratios

LoiL,:Ly =_1:2.8406:0.2314. (31)

If we examine (54) and (57), it will become appar-
ent that the tristimulus values of the reference white
for the receiver primaries serves only to set the scale of
R., G,, and B,, and the relative luminance of units of
the receiver primaries L,,, L, and Ls,. In the case of
two receivers having, primaries of identical chromatici-
ties but for which the equal-signal whites are different,
identical color reproduction can be obtained from the
same three signals provided the proper gain changes are
introduced in one or the other receiver. That is, the
equal-signal white can be thought of as a specification
of the relative gains in the three color-signal channels.

Camera Spectral Sensitivities

A straightforward and logical approach to the prob-
lem of spectral sensitivities of the television camera to
be used with this receiver is to assume that these sensi-
tivity characteristics are identical to the color-mixture
curves for the spectrum for the receiver primaries. Let
us calculate these curves for the standard observer and
find out where this approach leads us.

When the tristimulus values for spectral stimuli of
equal radiance for the ICI nonphysical primaries (%, 9,
and z) are substituted for X, Y, and Z in (29), the tri-
stimulus values R,, G,, and B, are the corresponding
color-mixture data for the spectrum #,, g, and b, for
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the receiver primaries. These calculations have been
made, and the results are shown in Fig.14.

Under the conditions we set down in the specification
of this particular set of receiver primaries, if a camera
having the spectral sensitivities shown in Fig. 14 were
irradiated by Illuminant C, or by any other composition
of radiance which color matched Illuminant C, the cur-
rents in its three output circuits would be equal. These
cqual signal currents would produce a color match (for
the standard observer) to Illuminant C on the receiver,

0.4

0.3

o
(9

TRISTIMULUS VALUES \
©

©

=0,
380

580 séo 760
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660 740 780

Fig. 14—Tristimulus values of spectral stimuli of equal radiance
for the Standard Observer (standard color-mixture data for the
spectrum).

Receiver primaries =(R,), (G,), (B,)
Reference white =Illuminant C.
L:L,:Ly=1:2.8407:0.2314.

Each of these characteristics in Fig. 14 is positive for
part of the range of visible wavelengths and is negative
for the remainder of the range. Obviously, we must use
photocathodes in the camera to convert from radiance
to electric currents. The combination of the spectral
sensitivity characteristic of a cathode and the trans-
mission characteristic of an optical filter are the vari-
ables we can use to approximate each of these char-
acteristics. But, we do not know how to produce the
reversals of current with changg of wavelength re-
quired by these curves. \We know of no simple way of
approximating these sensitivity characteristics which
are required if the color-television system is to color-
match any radiance-wavelength distribution, even
though the corresponding color is reproducible by a mix-
ture of the receiver primaries.

We can, of course, conceive of a very complicated
camera in which each loop of the sensitivity curve be-
tween crossings of the zero axis is treated by a separate
filter and photocathode. If we follow this approach, we
find that we would require three filters and photo-
cathodes, with their outputs combined with the proper
signs, to produce each of the spectral sensitivity char-
acteristics shown in Fig. 14,

This sort of complication is quite unnecessary. If we
examine (54) for the relations between the tristimulus
values of colors in terms of two different sets of pri-
maries, we find the relations are of the form
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R: = Ki\R, + K4y + KB,
G: = KRy + KiG) + KoB (32)
By = KiRy + KsG) + KoBi.

The quantities K, - - - Ky depend only on the chro-
maticities of the second set of primaries and the tristim-
ulus values of the second reference white, all in terms
of the first set of primaries. The important fact is that
these quantities are constant, that they depend only on
the constants of the two sets of primaries, and that they
are independent of the tristimulus values of colors ex-
pressed in terms of either set of primaries.

If we have a camera, the spectral sensitivities of
which correspond to a set of primaries (R;), (G,), and
(B)1), the currents from this camera will be proportional
to the tristimulus values R), G,, and B, of a color in
front of the camera. If our receiver primaries are (R,),
(G2), and (Bs), we need only provide electrical circuits
to perform the operations indicated by (32) to derive the
currents necessary to control the receiver primaries.
These operations are simple to carry out electrically.
All that is required is the addition (or subtraction, de-
pending on the signs of the K's) of fractions of the cam-
era currents to derive the currents required to control
the receiver.!s

We can utilize this possibility to eliminate the neces-
sity for regions of positive and negative sensitivity in
the spectral sensitivity characteristics of the camera.
One of the propertics of a color triangle is that the
mixture of positive amounts of the corresponding pri-
maries can be made to match only those chromaticities
that lay within it. If color-mixture data for the spectrum
is to be positive for all wave-lengths, the triangle cor-
responding to the primaries must include the spectrum
locus. The desired camera sensitivity -characteristics,
therefore, can be obtained only if the camera primaries
are nonphysical. Instead of trying to establish chrom-
aticities for a set or sets of camera primaries which
require suitable spectral sensitivity characteristics, this
problem is better attacked from the other end.

If we replace Ry, Gy, and B, by %, ¥, and 2z, respec-
tively in (32), the quantities R, G2, and B; become the
color-mixture data for the spectrum for a set of unspeci-
fied primaries. Judd has shown that only one restriction
need be placed on this process.!® That is:

;1\'1 K, K,
| K¢ Ky K¢ 0. (33)
| K: Ks K|

We can select values of Ki - - - Ky, subject to this re-
striction, which give us spectral sensitivity character-

13 Thi, a1l .. q .
. ’ll"l;‘ls operation has been called “matrixing” in some discus-
Sions. The analogy to the matrix operation, which is used in veclor

g{)g\filé:las to change from one system of co-ordinates to a second, is

'™ See bibl. ref. 37.
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istics for the camera which are practical. Of course, we
must include an electrical co-ordinate transformation
between the camera and the receiving picture tubes so
that the voltages applied to them are proportional to
the tristimulus values of colors in terms of the receiver
primaries.

This method of combining the color-mixture data for
the spectrum #, ¥, and z to obtain new curves of special
shapes has been done for a variety of purposes. Judd
has made this kind of transformation to obtain spectral
sensitivity curves which might be used to explain some
kinds of color blindness.'® Szekeres has made a similar
transformation in an effort to find the “physiological
primaries” of vision.'® Marriage performed the same
operations to find “the narrowest possible linear com-
bination of the C.I.E. curves not involving negative
values,” in connection with a study of color photog-
raphy.’? The values of the constants K, - - - K, used
in these respective studies are given in Table VII.

It is likely that no one of these transformations vields
the best characteristics for a color-television camera. In
addition to the requirement that each color-mixture
curve can be duplicated by the spectral sensitivity
characteristics of a combination of a filter and a photo-
cathode, we must consider noise. In a co-ordinate trans-
formation, it is clear that the signals from separate
camera tubes will be added or subtracted to obtain
the signals to control each picture tube. However, since
the camera tubes are independent noise sources, the
noises will add even if the signals are subtracted. For
illustration, let us assume that one of the picture tubes
should be controlled by a current proportional to the
ICI tristimulus value X. If the camera has the spectral
sensitivities suggested by Judd's figures, 46 per cent of
X is present in the output of the camera green channel.
However, to isolate this quantity from the total output
of the camera green channel, we must subtract 10.1 per
cent of the output of the camera blue channel and
135.9 per cent of the output of the camera red channel
from the output of the camera green channel. In ob-
taining 46 per cent of X, we have gotten, also, all of the
noise from the camera green channel, increased by 10.1
per cent of the noise from the camera blue channel, and
by 135.9 per cent of the noise from the output of the
camera red channel. Obviously, we have a method here
to which much thought must be given before the best
compromise is found.

¥ See bibl. ref. 48.
138 See bibl, ref. 49.
7 See bibl. ref. 50.
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The application of electrical methods of transforma-
tion of color co-ordinates in color-television systems is
not restricted to the camera. It is possible that advan-
tages might be gained by using different color co-ordi-
nates in the part of the system between the camera and
the picture tubes than is used at these two ends of the
system. This is another section of the field of color tele-
vision that has not been explored and the best com-
promises found yet.

Shortcoming of this Color System

It is well to recall at this point the fundamental prin-
ciples of color mixture. When three physical colors are
added together, the chromaticity of their mixture lies
within the triangle formed by connecting their chro-
maticities on a chromaticity diagram. The gamut of
chromaticities which can be produced by the receiver
primaries (R,), (G,), and (B,) lies within the correspond-
ing triangle shown in Fig. 12.

Provided we expend sufficient effort in a television
system, we have seen that it is possible to obtain cur-
rents which are proportional to the tristimulus values of
any color in terms of these receiver primaries. It is
possible, therefore, to color match (for the standard ob-
server) any color the chromaticity of which lies within
the triangle formed by the receiver primaries. This state-
ment assumes linearity in all parts of the system, or at
least that all nonlinearities have been corrected by
suitable means.

The area covered by this triangle seems quite small in
proportion to the area covered by the spectrum locus.
Iet us see how to judge the relative importance of the
colors that can be reproduced and those which cannot.

The UCS Color Triangle

The ICI color triangle for the primaries (X), (Y),
and (2) is decidedly nonuniform in perceptual terms.
That is, the linear distance between the chromaticities
of two colors which are just perceptibly different varies
over a wide range over the triangle. In particular, in
the area near the spectrum locus at 520 myu, the linear
distance corresponding to just perceptible steps of
chromaticity is many times greater than elsewhere in
the figure. In the x —y chromaticity chart, which is the
best of the three projections of the Maxwell triangle
from this point of view, the length of a just perceptible
step near 400 my is only about 1/20 as great as it is
near 520 mpu.

TABLE VII

X 0 ke K PAE BT RE R S S N L - Ks
Judd 0 1 0 0.460 1.359 0.101 | 0 I 0 1
Szekeres 1.8517 0.6642 0 1.0630 0.3321 0.0020 l 0.2113 0.0037 0.9980
Marriage 0.4684 0.6323 0.1007 0.5050 1.3964 0.1086 0 0 1




1160

A number of linear transformations of the ICI tri-
angle have been proposed to produce a triangle in which
this effect is lessened. (As we have seen, such linear
transformations correspond to plotting the color tri-
angle in terms of new sets of primaries.) The first of
these transformations'®® is the Judd Uniform Chro-
maticity Scale (UCS) triangle,3® shown in Fig. 15. This
triangle corresponds to a set of nonphysical primaries
since the points (0, 0), (1, 0), and (0, 1) lie outside the
spectrum locus. '
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Fig. 15—~Judd’s Uniform Chromaticity Scale color
triangle (UCS).
E =equal-energy white.
C =Iluminant C.
(R.), (G)), (B.)=spectrum primaries.
(R.), (G.), (B,) =receiver primaries.

In devising the Uniform Chromaticity Scale triangle,
Judd made use of all the available data on perceptible
differences of chromaticity. He tested this representa-
tion by checking linear distances between points repre-
senting the chromaticity of pairs of colors against the
known perceptibility or sensibility of difierence between
these colors. In particular, he subjected the UCS tri-
angle to these tests.

A. Sensibility to change of dominant wavelength at
constant purity.
1. Sensibility at unit purity (spectral colors).
2. By ratios of sensibility at purity p to that at
unit purity.
B. Sensibility to change of purity at constant
dominant wavelength.
1. Sensibility as a function of purity.
2. Sensibility for purity nearly zero (off-whites).
3. The number of perceptible steps between zero
and unit purity as a function of dominant
wavelength.
C. Other test.
1. Sensibility to change of color temperature, 40
2. Sensibility to change of Lovibond number 1®

1% Judd discusses several of these transformations in “Color-
imetry” (bibl. ref, 41).

139 See bibl. ref. 19(d), 51.

10 See “Colorimetry” (bibl. ref. 41) for a description of these
methods of color designation.
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Judd concluded from all these tests that about 90 per
cent of the available data were represented properly by
the UCS triangle within the uncertainty of the experi-
mental observations on which these data were based.

Suppose we plot the triangle corresponding to the
RMA receiver primaries on the UCS triangle in Fig. 15.
We see that the areas which cannot be reproduced by
these primaries ((R,), (G.), and (B,)) appear differently
than they do on the ICI x—y chromaticity diagram
(Fig. 12). The large area in the blue-green region has
been shrunk, and the purple-magenta area appears
larger on the UCS triangle. However, this representa-
tion shows more accurately the relative importance of
the areas that cannot be reproduced by mixtures of
these receiver primaries.

In this connection, it is interesting to note that there
have been proposals to reduce certain flicker problems in
television receivers by choosing a blue primary having a
dominant wavelength near 480 mu. The serious degra-
dation of color reproduction that would result from
such a move can be estimated by examining Fig. 15.

Colors to be Reproduced

\We may interpret the preceding discussion as showing
that no more than one-half of all distinguishable chro-
maticities can be reproduced (color-matched) by mix-
tures of the primaries suggested for use in a television
receiver. Before we reach the conclusion that color tele-
vision is impractical, let us look into the practical im-
portance of the areas that cannot be reproduced. Ob-
viously, the spectrum locus lies outside the triangle
formed by the receiver primaries, but it would lie out-
side the triangle formed by any set of physical pri-
maries. That is, spectrum colors cannot be reproduced
by any 3-color additive system. This, however, is not a
serious limitation on color television.

Another family of colors, some members of which fall
outside this triangle, are filtered lights. It is possible
that some colors used in stained glass windows fall
into this class. We shall see later that the luminances of
colors outside this triangle are apt to be low, and it is
not too obvious that they would be used. The colors of
some phosphors and of some fluorescent materials also
may_ lie outside this triangle. At the moment, all we can
say 1s that colors can be produced that cannot be repro-
duced by this set of television-receiver primaries.
Whether it is important that such colors be reproduced
accurately is another matter.

In any case, the colors discussed above probably will
be present only in a small number of television scenes.
L.et us examine the more usual colors. The entire gamut
of fast or permanent surface colors is represented in
the color chips of the Munsge]ji and of the Ostwald!*
systems of color notation. The gamut of reasonably fast

" See bibl. ref, 52,
2 See bibl. ref, 34.
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colors is covered by the cards of the Textile Color Card
Association.'® A color-television system capable of re-
producing all of these colors would be expected to re-
produce practically all of the colors of costumes, sets,
and the like, that might be used in television produc-
tions, as well as all of the more drab colors found in spot
news or other scenes from outside the studios. Another
gamut of colors which forms a guide to what might be
considered useful is the one produced by printing inks.!%
The irregularly shaped outline in the x —y chromaticity
diagram in Fig. 16 represents the locus of maximum
purities of all these colors, i.e., of the Munsell and the
Ostwald samples, the TCCA colors, and the gamut
covered by printing inks.

The triangle corresponding to the suggested televi-
sion-receiver primaries is shown in this same figure. It
is seen that all of the colors of paper and of cloth, except
for a limited range of the blue-greens, can be color-
matched by mixtures of these primaries. There seems
to be no indication that any colors found in nature lie
outside the locus shown in Fig. 16.

Maximum Luminance Factors

The gamut of surface colors indicated by the locus
shown in Fig. 16 seems to be quite restricted. Is there
any good reason for this to be so? Actually there is, and
we find the answer in the maximum luminance factots
of surface colors.

As MacAdam has pointed out, Ostwald reached the
empirical conclusion that the attainment of maximum
purity with pigments requires that the spectral re-
flectance characteristic have only the values unity and
zero. He drew the further conclusion that the char-
acteristic should display only one continuous reflectance
band or only one continuous absorption band in the
range of visible wavelengths." That is, in the Ostwald
system of color specification, “full colors” are colors of
the maximum attainable purity.?

MacAdam pointed out, too, that Schrédinger had
established a confirmation of Ostwald’s conclusion by
studying the shape of the color-mixture data for the
spectrum in conjunction with possible spectrophoto-
metric characteristics of surface colors.

Through an ingenious application of the parallel be-
tween color-mixture and center-of-gravity problems,
MacAdam proved the theorem: “The maximum at-
tainable purity (closest approach to the corresponding
spectrum color) for a material having a specified
dominant wavelength and visual efficiency will be at-
tained if the material has a spectrophotometric curve
which is everywhere either zero or unity, and which
has, at most, two transitions between these values within
the region of visible radiation.”® (Visual efficiency is

143 See bibl. ref. 53.
14 See bibl. ref, 54.
18 Sec bibl. ref. §5.
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Fig. 16—~Locus of extreme purities of pigments, dyes,
and inks for llluminant C.
C=1lluminant C.
(R,), (G,), (B,) =receiver primaries.

an older term for the quantity we call luminance
factor.) It is seen that Ostwald’'s and Schrédinger's
conclusions are either supported by or are corollary to
this theorem.

The conditions set forth in this theorem are satisfied
by reflectance (or transmittance) wavelength character-
istics of one of the two shapes shown in Fig. 17. The
first, designated as Type I, requires perfect reflection
between the limiting wavelengths \; and \; and perfect
absorption elsewhere. The second, designated as Type
II, requires perfect absorption between the limiting
wavelengths A;, and A; and perfect reflection elsewhere.

You will recall that the luminance factor of any sur-
face (B) is equal to the ratio Y./ V., where

Vo= [ TS0[EM X R Jax (34)
and

Fret = f " SV EQy . (35)
0

Using these relations, we find that the luminance factors
of the two types of surface shown in Fig. 17 are

A2 o0
Br(\y, )\a)=.£ y()\)E()\)dx/fo FN)EMN)d(N)  (36)

Bri(M, Ag) = 1 — Bi(Ay, M), 37
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We could find relations between chromaticities and
luminance factors by choosing \; and A, haphazardly
and doing the computation. MacAdam has used a
computation technique which is more orderly and
which results in loci of constant luminance factor as
functions of chromaticity.'® The curves in IFig. 18 rep-
resent chromaticity loci for retlecting (or transmitting)
materials of equal luminance factor when the source is
INuminant C."" Similar curves are shown in Fig. 19
for the case where the source is Illuminant 4. These
show the maximum luminance factor that can be ob-
tained for any given chromaticity co-ordinates. In order
to reach these maximum values, the retlectance-wave-
length characteristics must be of the tvpes shown in
Fig. 17.

The reflectance-wavelength characteristics produced
by known pigments or dyes differ from these ideal
shapes. Such departures may appear in a number of
ways, but it is characteristic that the transitions be-
tween absorption and reflection are never so abrupt as
to amount to a discontinuity. Some dyes do produce a
fairly steep transition between nearly complete retlec-
tion of long waves and nearly complete absorption of
short waves. Such surfaces, producing red and vellow
colors, may depart only by small amounts from the
ideal.

Pigments or dyes intended to produce band-pass
characteristics do not behave nearly as well. The transi-
tions are seldom very sharp and the reflectance usually
misses zero and unity by substantial amounts. Conse-
quently, the luminance factor of blue and of green
materials usually falls far short of the theoretical
maxima.

Pigments or dyes intended to produce band-elimina-
tion (or single-absorption-band) characteristics fail at
least as badly as the materials producing band-pass

¢ See bibl. ref. 56.
17 Figures 18 and 19 were plotied from the numbers that Mac-

Adam tabulated in his paper (bibl. ref. 56).
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Reflectance characteristics for surfaces having maximum luminance factors.

characteristics. High luminance factors, in consequence,
are rare in the case of purple and magenta colored
materials.

We see, as a consequence ol the shortcomings of
physical pigments and dyes, that only for red, orange,
and yellow materials are high purity and high lumi-
nance factors found together. Green, blue, and magenta
materials of high purity will have low luminance
factors, much lower than we would expect from Mac-
Adam’s theory.

Now let us see what practical significance there is
in this conclusion. The colors in any scene can be spec-
ihed by the variations of two quantities, luminance
and chromaticity, i.e., chromaticity taken alone is not a
complete specification of color. Judd has pointed out
that differences’ in chromaticity are less apparent for
dark colors than for light colors.'*® That is, the just per-
ceptible difference in chromaticity increases in size as
the luminance factor of a material decreases. \We mas
draw the important conclusion from this fact that per
fection of color reproduction of a scene is less important
in the areas of smaller luminance. Unless the scene is of
low key, i.e., having the greater part of its area of low
luminance, those portions least likely to be reproduced
accurately by a color-television system need not be re-
produced accurately.'*® This is one of the phenomena
taking place in viewing scenes and pictures which
makes color reproduction at all practical. It is an effect
howe_ver' that could not be predicted solelv from colori-
metric considerations.

Effect of Imperfect Camera Sensitivity Characleristics

As we have seen, it is possible in theory so to shape
the spectral sensitivity characteristics of a color-tele-

:“ See bibl. ref. 41

Y ) B e :

' As pointed out earlier, it is possible that, under some circum

:u;rccis. slpectra, stained glass windows, fluorescent-dyed materials
ne lx(]e tke, may form part of a television presentation. In such

cases, the general conclusions drawn here obviously are invalid
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Fig. 18—Loci of maximum luminance factors
for Illuminant C.
(Ry), (G,), (B.) =receiver primaries.

vision camera that all colors within the triangle formed
by the receiver primaries ((R,), (G/), and (B,)) will be
color-matched perfectly (for the Standard Observer). If
the color to be transmitted lies outside this triangle, the
voltage at the grids of one or two of the picture tubes
will become negative. However, the corresponding re-
ceiver primary or primaries can go no further negative
than zero. Negative light is an unknown quantity. As
a result, colors outside the receiver triangle will be
reproduced along the periphery of that triangle. The
color produced by the receiver corresponds to the mix-
ture of those primary amplitudes which are positive.

Practically, the spectral sensitivity characteristics of
a color-television camera will deviate from the ideal
characteristics. The ideal characteristics, it will be re-
called, are proportional to the color-mixture data for the
spectrum corresponding to the camera primaries. In
the simplest case, the deviations from the ideal will
arise from small errors in matching the ideal character-
istics. However, in some color-television systems it may
be desirable (or even necessary) to do no electrical
transformation of color co-ordinates. Under this condi-
tion, the camera primaries must be the same as the
receiver primaries. As we have seen (Fig. 14, for ex-
ample) the camera spectral sensitivity characteristics,
under this condition, muét have both positive and
negative lobes in the important range of wavelengths,

1.0

| |
S -l
| sexg=-(Br)
4%0 #7360-420 |
o X) 0.2 0.3

Fig. 19— Loci of maximum luminance factors
for Illuminant 4.
(R.). (Gy), (B,) =receiver primaries.

In this situation, there is a strong tendency to forget
about any other than the major positive lobe in de-
signing the television camera. What effect do such de-
partures from the ideal curves have on color repro-
duction?

There is no simple answer to this question. The error
in the colors reproduced by a system having incorrect
camera characteristics is different for every error and
for every composition of radiance producing a color to
be reproduced. The effect can be determined only by
calculating the strength of the receiver primaries for a
variety of compositions of radiance and comparing the
results with ideal values. The calculations for the actual
system are similar to those we have made several times
in evaluating tristimulus values corresponding to given
radiance-wavelength distributions. In performing the
integrations, however, the color-mixture data for the
spectrum are replaced by the actual spectral sensitivity
characteristics.

As an example of the results one might expect, let us
calculate the effect of neglecting all but one principal
positive lobe in the characteristics shown in Fig. 14.
Since the reference white (or equal picture-tube-signal
white) corresponding to these characteristics was chosen
to be Illuminant C, the first step in the calculation is
the determination of the signals corresponding to this
color. The camera currents are found to be
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Red 1.185 units
Green 1.075 units
Blue 1.035 units.

The effect of driving the picture tubes with these cur-
rents is to produce a color, the chromaticity co-ordinates
of which (in terms of the ICI primaries (X), (¥), and
(2)) are (0.3218, 0.3208, 0.3674). The relative luminance
of the reproduced color is 1.100. However, if the
camera had the proper spectral sensitivity character-
istics, Illuminant C would have been reproduced with
its proper chromaticity co-ordinates (0.3101, 0.3162,
0.3736) and its proper relative luminance of unity.

If these two reproductions were put in the two halves
of a colorimeter field, there would be no question of their
difference. Even adjusting the luminances to equality
would not eliminate the difference. The effect of the im-
proper camera sensitivity characteristics is to make the
reproduction too red by about a dozen just-perceptible
steps. Recalling that the equal-signal white in a televi-
sion system is no more than a specification of the rela-
tive gain in the three transmission channels, obviously
we can correct this reproduction by reducing the gains
in all three channels by the ratios indicated above.

When the television system is adjusted to reproduce
the equal-signal white correctly, we can predict its
performance with other colors by further calculation.
Such calculations have heen made for twelve composi-
tions of radiance corresponding to twelve colors spaced
fairly evenly in hue around the hue circuit. In every
case, the reproduced color was found to be different in
dominant wavelength and of lesser purity than the
original. The shifts can be visualized most readily by
converting the color specifications into revised Munsell
notation.'® In Munsell terms, the worst hue shift was
3 units. This hue shift may be compared with the hue
steps of 2.5 units in the 40 hue edition of the Munsell
Book of Color.!s! The greatest change in value was 0.3
unit, while the steps in the Munsell Book of Color are
1.0 unit. Chroma changes as great as 3.5 units were
calculated, while the chroma steps in the Munsell Book
of Color are 2.0 units.

Every one of these distortions in color reproduction
would be quite evident in a colorimeter. It is possible
that the difference between the original and the repro-
duced colors in a television scene could be detected upon
direct comparison. In practical color-television broad-
casting, the typical observer at a receiver has no access
to the original. Under this condition, it is likely that
these distortions of color are not important.

DiscussioN

To this point the author has followed the conven-
tional treatment of the application of the principles of
colorimetry to the problems of color reproduction.

180 See bibl. ref. §7.
1! See bibl ref. §8.
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Prior to the active development of color television,
there has been no easy way in which this conventional
colorimetric approach could be tested under the condi-
tions of picture viewing. Some aspects of this practical
problem will be discussed here.

All of the data on which indirect colorimetry is based
applies strictly for the Standard Observer only. When
we use such data for the design of a color-television sys-
tem, we must realize we are establishing a system
which will produce color matches for the Standard Ob-
server. The unit amplitudes of the three receiver
primaries are those required by the Standard Observer
in a mixture which color matches the specified equal
picture-tube-signal white. Sjmilarly, the camera spectral
sensitivity characteristics are proportional to the color-
mixture data ior the spectrum for the Standard Ob-
server. It is not known how seriously color reproduc-
tion is afiected by the fact that no observer sees mix-
tures in the same way as the Standard Observer.

In passing, it should be pointed out that this com-
ment in no way deprecates the value of standardized
data for use in indirect colorimetry for color specifica-
tion purposes. Ifowever, the purpose of color television
is so different from that of indirect colorinietry that it is
well to keep these observations in mind.

In direct colorimetry, the effect of observer differ-
ences was minimized by letting each observer adjust the
size of the units in which the primaries were measured.
An individual, watching a reproduction by color tele-
vision, could make a similar adjustment by varying
the relative gains in the three color channels. Such
adjustments are impractical, however, when a televi-
sion viewer is a member of a group. The effect on color
reproduction of the compromise which is necessary here
will be learned only when there has been more experi-
ence with color television.

In this same direction, there is a possibility that a
set of color-mixture data for the spectrum can be found
that will suit the typical television viewer better than
the data recommended by the ICI. As another pos-
sibility, it may be that less saturated receiver pri-
maries than were suggested above would produce
satisfactory results for a larger fraction of the color-
television audience. These and similar questions of com-
promises should be studied in laboratories equipped for
psychological research before any general conclusions
can be drawn about color television.

Therc.is one important consideration that tends to
offset tln_s pessimism. That is the fact that a member of
the television audience js not likely to be able to com-
pare the reproduction with the original. Parenthetically,
1t_may be pqmted out that where such comparison
might be posmple (as in the case of a standard package
for a commercial product) it is likely that the original
used bef_ore thg Camera will be modified to make the re-
production satisfactory. If the picture on the receiver
1s pleasing and coincides with the viewer’s mental image
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of the original, he is apt to be well satisfied."*? Experi-
ence in other fields of color reproduction bears out this
point of view. Some very bad reproductions in the
colorimetric sense prove to be quite satisfactory to the
viewers.

We, of course, do not know how much a guide experi-
ence in other fields of color reproduction may be. In
color television we have, for the first time, the possi-
bility of perfect color matching in the colorimetric
sense. And, at least for one observer at a time, it is
possible theoretically to establish perfect individual
colorimetric color matches. This possibility has not
existed before in-any practical sense. Systems of color
photography, printing, and the like, have all suffered
from serious distortions of color, and only in painting
has anything close to perfect reproduction been pos-
sible. In each of these arts, the reproduction has been on
paper (or canvas) where the possible range of luminances
is restricted. In these arts, it is known that controlled
distortion is preferred to exact reproduction of color.

The explanations offered for the preference for dis-
torted reproduction in the prior arts depend in part on
the limited available luminance range of the reproduc-
tion, and in part on the color distortions inherent in
these processes. Over and above these factors, however,
there are many physical and psychological factors which
cannot be neglected.

The reproduced scene is bounded by borders which
do not exist in the original. Beyond these borders the
surroundings of the reproduction bear no relation to
the original scene. There is evidence that this fact
alone contributes appreciably to the effect of the repro-
duction. Of equal importance is the fact that the colors
of a reproduction satisfy an observer only if they match
his conception or recollection of what they should be.
Both of these phenomena are complicated by the effect
of the color of the local ambient illumination, color of
the surroundings of the observer, and the like.!%

There would be little point in entering a discussion of
these differences between color reproduction in the
colorimetric sense and in the pictorial sense at our
present state of knowledge of such things. However, we
do know enough to realize that formal colorimetry as a
basis for analysis of color-television systems can be no
more than a point of departure. It may be found that
the psychological phenomena control the system to such
an extent that errors of reproduction considered enor-
mous in the colorimetric sense are of little practical
importance.
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APPENDIX

Transformation of the Co-ordinates of a Color
from One System of Primaries to Another

Calculation of the tristimulus values of a color in
terms of a second set of primaries when these values
are known in terms of a first set of primaries is a gen-
eral problem. When direct colorimetry was common
practice, such co-ordinate transformation was neces-
sary to express the results of measurement with a labo-
ratory colorimeter in terms of sets of primaries used in
other laboratories. In color television we have the possi-
bility of using a camera having spectral sensitivity
characteristic corresponding to one set of primaries and
of using a different set of receiver primaries.

The problem of transformation of the color co-
ordinates of a color has been studied by Ives'® and by
Guild.”s® The same “reference white” was assumed for
both sets of primaries in each of these published anal-
yses. In the interest of generality, the problem is
treated here without this restriction.

Statement of the Problem

We are given the tristimulus values Ry, Gy, and B,
of some specific color in terms of one set of primaries.
We want to know the tristimulus values R;, G, and B,
of this same color in terms of another set of primaries.
The second set of primaries are specified by their chro-
maticity co-ordinates in terms of the first set of pri-
maries, and the reference white for the second set of
primaries is specified by its chromaticity co-ordinates in
terms of the first set of primaries, and by its luminance.

184 See bibl. ref. 36.
188 See bibl. ref. 38.
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The data we have for the new primaries may be ex-
pressed by the following unit color equations:

(Ro) = r(R) + g(G) + b(B)

G2)" = ri(R) + g,(G) + bu(B) (38)
(B'z\' ’ ’b(Rl) + gb(Gl) + bb(Bl)
(W2)" = ru(R) + gu(G)) + bu(B)). (39)

In these expressions {(R)), (G)), and (B,) represent unit
(uantities of the first set of red, green, and blue pri
maries, respectively. The lower case letters 7, g, and b
are chromaticity co-ordinates.

The successive steps in solving the problem outlined
here are given below. There are two major portions of
the solution. First, the size of units of the second set of
primaries are found by color matches to the new refer-
ence white. Second, color matches to the specified color
are studied to find the new tristimulus values.

Evaluation of Units of the Second Set of Primaries

1. Write the tristimulus values of the new reference
whice for both sets of primaries.

As a part of the study of the rules governing color
mixture on a chromaticity diagram, we have learned how
to determine the tristimulus values of a color from its
luminance and its chromaticity co-ordinates. Therefore,
we may substitute the data for the new reference
white in terms of the first set of primaries into (17).
The color equation for the new reference white is found
to be

L"’[r"'(RI),A_*_. £4(Gh) + bu(By)]

1.0(W) =
( ) ’erl + gwlral + b!r, 1 1)

(40)
where L), Ly, and Ly, are the luminosity coefficients of
the first set of primaries.

By definition, the reference white for the second set
of primaries is matched by a mixture of one unit of each
of the second set of primaries. The color equation ex-
pressing this color match is

1.0(I) = 1.0(Rs) + 1.0(Gs) + 1.0(By).  (41)

2. Write the tristimulus values of units of the second set
of primaries in terms of the first set of primaries.

Since the chromaticity co-ordinates of any color are
equal to the ratios of the individual tristimulus values of
the color to the sum of its tristimulus values, the tri-
stimulus values of any color are equal to its chromaticity
co-ordinates increased by a multiplier. We can write

1.0(Rz) = p(Ry)’
1.0(G2) = 6(Gy)’ (42)
1.0(Bs) = B(B,)

where p, 8, and 8 are unknown multipliers.
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Substituting the values of (R.)’, (G:)’, and (B)’ from
(38) into (42), we have the color equation

1.O(Rs) = p[r.(R) + g(G1) + 6.(B))]
1.0(G2) = 0[ro(Ry) + 2.,(Ch) + by(By)] (43)
1.0(B,) = B[ru(R1) + gs(Gy) + bo(B)].

3. Apply the transitive law to the two mixtures which
match the new reference white.

The transitive law of colorimetry (Rule 7 in the text)
tells us that colors which match a common color match
one another. When this rule is applied to the color
matches expressed by color equations (40) and (41),
we find that

1.0(Ry) + 1.0(G,) + 1.0(B,)
Lio[ro(R) + gu(G1) + bu(By)] .

44)
r lvl + ng;l + bwLbl

4. Replace the units of the second set of primaries by
their tristimulus values in terms of the first set and
solve for p, 6, and B.

The tristimulus values of units of the second set of
primaries are given by (43). \When these values are sub-
stituted in (44), we have

P[fr(Rl) + 2(G) + br(Bl)J
+ 6[ro(R) + £,(G) + b,(B)]
+ Blru(R) + ¢4(G1) + bu(BY)]

Lo[ra(Ry) + gu(Gy) + bu(B))]
LA . (45)
errl + gL’LaI + bwLbl

In a color equation, such as (45), the coefficients of
L.’ZlCh of the unit primaries (R1), (G)), and (B;) must
form identities. That j

prr + Or, + Br, = Lore/(rol,, + gul g1+ buLy)
P+ 080+ Bgo = Lugu/(ruLni + gulor + buls)  (46)
pbe + 065 + Bby = Lubu/(rls + gulos 4 bulsy),

Tlle solutions of this set of three simultaneous equa-
tions are

Ru‘ fﬂ r rr r, ry I
p G 80 £ / 8 g0 £
B bv bb b,-

by by
r» R. 7, | 7o 7, rp |
b = 8r G 8o / 8 8¢ &b : (47)
b' If bb / b [)g bl’

143 Ty R ' Yy r Yo |
B = 8r 89 Gw / 8 8o 143
b, b, B, b, b, b,
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where
Ri = Lot/ (rula + gulg + beln)
G = Luogue/(Toln + gulo + buln)
B = Lubu/(relsy + gl gy + bulw),

i.c., Ru, G., and B, arc the tristimulus values of the
new reference white in terms of the old primaries.

The tristimulus values of units of the second set of
primaries in terms of the first set are found by substitut-
ing the values for p, 8, and 8 from (47) into (43).

FEuvaluation of the Tristimulus Values of a Color in Terms
of the Second Set of Primaries

5. Write the tristimulus values of a specified color for
both sets of primaries.

The color equations, expressing the mixture of the
first set of primaries which matches a specified color is

€) = Ri(R) + Gi(Gy) + By(By). (48)

The color equation, expressing the mixture of the
second set of primaries which matches the same specified
color is

(C) = Ra(R2) + G2(Go) + Ba(B2). (49)

6. Apply the transitive law to the two mixtures which
match a specified color.

Exactly as in step three above, we can write
Rz(Rz) + Gz(Gz) + 32(32)
= Ri(R) + Gi(Gy) + Bu(By).  (50)

7. Replace the units of the second set of primaries by
their tristimulus values in terms of the first set and
solve for Ry, Ga, and Bo.

The tristimulus values of units of the second set of
primaries in terms of the first set were evaluated in the
first section of this Appendix. When these values are
substituted in the color equation (50), we have

Roplr.(R) + g(Gy) + b:(B1) |
+ Gob[ro(Ry) + g4(G1) + bo(By)
+ BaBlrs(Ry) + g6(G1) + bu(BY)]
= Ry(R) A Gi(Gy) + Bi(BY). (51)

Treating this color equation in the same way that we
treated (45), we write separate identities for the coeffi-
cients of cach primary

Rapr, + Gor, 4 Bafry = Ky
Rapgr + Gog, + Bafge = (n (52)
Rzpb' + (;1017” + Bzﬂbb = Bl

The solutions of this set of three simultancous equations
are
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Ry r, 1 [ 7. 1y 7o |
Ry=|Gi go 8 |8 8o b |
(47a) B, b, b, | b, b, by |
r. Ry ry | re Ty, T i
Gr=|g G g /0 o g g | (53
b B by | -
|7 ry Ry r, Ty T ‘
By=|g 8 U B | g & & |
b, b, B b, b, b,,l

The analytical treatment of the transformation of
color co-ordinates is completed when the values for p,
0, and B from (47) are substituted into (53). The result

is
| Ry ry 1e R, r, 1
R-g=’(;1 gb g / Go 8o 8b
| By b, b B, b, b
N r. R, rp
Gy = 8r Gl gb / 8r Gw g ‘ (54)

b, B, by b, Bw by |

[

|

{

{

rm. Ry 7
r,. r, R, r. ry Ro
By=|g g U / g &0 Go |

b b,

Bl / b, b, B

Luminosity Coefficients of the Second Set of Primaries

The luminance of a mixture of the second set of pri-
maries is equal to the sum of the luminance contribu-
tions of each of the primaries. That is, the luminance of a
color, the tristimulus values of which in terms of the
new primaries are Rs, Ga, and By, is given by

Le = Ral,s+ GaoLlgo + BaLye (55)

where L,s, Ly, and Ly are the luminosity coefficients of
the second set of primaries.

The luminosity coefficients of the second set of pri-
maries can be determined from their tristimulus values
in terms of the first set of primaries, and the luminosity
coefficients of the first set of primaries. That is

L,z = Rerl + GrL gl + BrLbl
I‘ﬂ’ = RﬂLrl + GaLal + BaLbl (5())
Loz = Ryl + GoLgy + Bolow.

These tristimulus values were determined in the first
part of this Appendix. We can substitute these values
into (56), and one form of the result is

L= P[rrLrl + grLaI + brLle
Lo = 0lroLn + golor + bolun] (57)
I.u = ﬁlf,,l.,l + g,,l.”l + bp,thl.
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Values of p, 8, and 8 are given by 47).

List or SymBoLs

(C) =a color corresponding to a speci-
fied composition of radiance with
wavelength.

CIE =Commission Internationale de
L’Eclairage. Usually termed In-
“ternational Commission on Il-
lumination (ICI) in American
references.

E=radiance of a source.

E(N) =radiance of a source, described
by the relation between radiance
in narrow wavelength bands and
wavelength.

EAa(N), Es(N), Ec(N\) =radiance of ICI Illuminants 4,
B, and C,” respectively, spe-
cified by distributions of radi-
ance with wavelength.

I;, I,, Iy = transmittances of the red, green,
and blue attenuators, respec-
tively, in a colorimeter when a
match is obtained with a color.

ICI =international Commission on Il-
lumination.

K.=a constant, introduced in the
text, to permit expression of a
color match in absolute terms.

Kip=a constant, introduced in the
text, to facilitate evaluation of
the luminance of a mixture of
three primary colors.

L =luminance.

L, L;, Ly=luminosity coefficients of pri-
maries (R), (G), and (B), respec-
tively.

R(M\) =directional reflectance of a sur-
face at wavelength \.

(R), (G), (B) =unit quantities of primary colors
red, green, and blue.
(R.), (G.), (B.,) =unit quantities of spectrum pri-
maries.
(R.), (G), (B,) =unit quantities of television-re-
ceiver primaries.

7, & b=tristimulus values of spectral
stimuli of equal radiance (color-
mixture data for the spectrum) in
terms of primaries (R), (G), and
(B).

R, G, B =tristimulus values of a color in
terms of primaries (R), (G), and

(B).

156 In a private communication, Dr, Deane B. Judd adyises the
author of a trend toward the replacement of the term “Illuminant 4”
(or B, or C) by the term “Standard Source A” (or B, or C). Examples
of the use of this newer terminology are found in bibl. refs. 31 and 40.
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r, g, b=chromaticity co-ordinates of a
color in terms of primaries (R),
(G), and (B)
r=R/(R+G+ B), and so on.

S, S,, S, = transmittances of the red, green,
and blueattenuators,respectively,
in a colorimeter when a match is
obtained with the reference white.

T'(\) =relative transmittance of a me.
dium at wavelength A,

UCS=Judd’s Uniform Chromaticity
Scale.

v(A\) =ordinate of the luminosity curve.

(X), (Y), (£) = unit quantities of the nonphysi-

cal primary colors recommended
for use in 1931 by the ICI.

%, ¥, Z=tristimulus values of spectral
stimuli of equal radiance (color-
mixture data for the spectrum) in
terms of primaries (X), (V), and
(2).

X, Y, Z=tristimulus values of a color in
terms of primaries (X), (Y), and
(Z2).
tristimulus  values of the il
luminant (or an ideal surface
under the illuminant) used in
evaluating the tristimulus values
X, Y, and Z of a color.

x, ¥, z=chromaticity co-ordinates of a
color in terms of primaries (X)
(Y),and (2).
x=X/(X4+Y+Z), and so on.

B =luminance factor.

‘3 =] )rcf

A =wavelength, in tliis paper ex-

pressed in millimicrons (abbrevi-
ated my).

A’rnh Yr('fv Zref

GLOSS\RY

In preparing this paper, most terms have been used
in their colorimetric sense as defined by the Optical
Society of America or by the Hlumination Engineering
Society.®®? These definitions have been copied below
for the convenience of the reader. There are included a
few new terms which it has been found desirable to intro-
duce in this discussion of color television.

Achromatic Color. Color perceived to have no hue.
Note—Examples of achromatic color perceptions are
black, gray, white, silver, and “clear, colorless.”

Brightness. The attribute of the color perception of a
luminous area that permits it to be classified as equiva-
lent to some member of achromatic color perceptions
ranging from very dim to very bright.

7 See bibl. ref. 62.
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Camera Primaries. The set of primary colors for which
the color-mixture data for the spectrum are proportional
to the camera spectral sensitivity characteristics.

Camera Spectral Sensitivity Characteristics. Curves
showing the relations between current (or voltage)
outputs of a camera and radiance before the camera as
functions of wavelength.

Candle. The unit of luminous intensity. It is based on
assigning 60 candles per square centimeter as the
luminance of a black body at the temperature of
freezing platinum.

Chroma (Munsell). Expression of the degree of de-
parture of an object color from the nearest achromatic
color on arbitrary scales defined in terms of its B-value
(luminance factor) and its chromaticity co-ordinates
(5 Sk

Note—The Munsell chroma scales have approxi-
mately uniform perceptual steps; under ordinary ob-
serving conditions Munsell chroma of a specimen
correlates well with the saturation of the color per-
ceived to belong to the specimen.

Chromaticity. The quality of a color specified by
dominant wavelength (alternatively, complementary
wavelength) and purity, taken together.

Note—Chromaticity is equivalent to the common
concept of quality as distinguished from quantity of
light. Chromaticity may be specified in other ways
than by dominant (alternatively, complementary)
wavelength and purity, such as by the chromaticity
co-ordinates (x, y) of the standard ICI co-ordinate
system.

Chromaticity Co-ordinates. The ratios of each of the
three tristimulus values of a sample color to the sum of
the tristimulus values.

Chromaticity Diagram. A plane diagram formed by
plotting one of any set of three chromaticity co-ordi-
nates against another.

Color. Color consists of the characteristics of light other
than spatial or temporal inhomogeneities, light being
that aspect of radiant energy of which a human observer
is aware through the visual sensations which arise from
stimulation of the retina of the eye.

Color Co-ordinate Transformation. Computation of the
tristimulus values of colors in terms of one set of pri-
maries from the tristimulus values of the same colors
in terms of another set of primaries.

In color television this computation is performed
electrically.

Color Match. Adjustment of three parameters of a
radiance distribution until it looks like a sample radi-
ance distribution.

Color-Mixture Data. The amounts of the primaries
required to establish a match with the sample, either
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by addition of all three, or addition of one primary to
the sample to match any pair of primaries, or the addi-
tion of any pair to the sample to match the remaining
primary.

Note—The amounts of the primaries mixed with
the sample are recorded as negative quantities. Color-
mixture data depend on the choice of primaries and
upon the individual observer for whom the match is
satisfactory. Individual variations of color-mixture data
are considerable.

Synonym—Tristimulus Values.

Color-Mixture Data for the Spectrum. Color-mixture
data for spectrally pure samples of various wavelengths.

Color Temperature. The temperature of a black body
radiator whose chromaticity is the same as that of the
color in question.

Color Triangle. 1. Same as chromaticity diagram. 2.
The locus of chromaticities on a chromaticity diagram
that can be color-matched by mixtures of positive
amounts of a set of primary colors.

Colorimeter. In optics, an instrument in which an equi-
valent stimulus is set up for the unknown color which is
then specified in terms of the equivalent stimulus.

Colorimetry. Expression of color numerically.

Complementary Color. Color that when combined with
another color produces a mixture which color-matches
some agreed upon achromatic color.

Composition of Radiance (Spectral Composition of
Radiance). Radiance per unit of wavelength at each
wavelength.

Note—Composition of radiance refers to data ex-
pressed in absolute units.

Direct Colorimetry. Color matching in a colorimeter for
the purpose of numerical specification of color.

Directional Reflectance. The ratio of the radiance of a
surface to the radiance of an ideal, nonabsorbing, per-
fectly diffusing surface placed in the same position and
similarly irradiated.

Distribution of Radiance (Spectral Distribution of
Radiance). Relative spectral composition of radiance.

Note —Spectral distribution data may be accom-
panied by separate statements of the radiance per unit
of wavelength at some wavelength, or integrated for all
wavelengths.

Dominant Wavelength. The wavelength of a spectrum
color that, when combined with achromatic light in
suitable proportions, matches a color.

Note—Many qualities of light are considered achro-
matic under some conditions. Usually the quality of the
prevailing illumination is acceptable as achromatic and
is used as the achromatic component in the determina-
tion of dominant wavelengths of the colors of objects.
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Equal-Energy White. \n achromatic light corresponding
to equal radiance per unit of wavelength at all wave-
lengths.

Equal-Signal White. The achromatic color produced by
a color-television receiver when equal-signal voltages
are impressed on the three color-signal channels,

Note—In use, this term should be modified to in-
clude a notation of the point of application of the equal
signal voltages.

Hue. The attribute of a color perception that determines
whether it is red, yellow, green, blue, purple, or the like.

Hue (Munsell). Expression of one aspect of an object
color on an arbitrary scale, defined in terms of its lumi-
nance factor (8) and its chromaticity co-ordinates
(x, ¥).

Note—The Munsell hue scales have approximately
uniform perceptual steps; under ordinary observing
conditions Munsell hue of a sample correlates well with
the hue of the color perceived to belong to it.

ICI Standard Illuminants'® for Colorimetry. Three il-
luminants adopted in 1931 for colorimetric purposes by
the ICI: Hluminant A, representative of gas-filled tung-
sten-filament lamps; Iluminant B, representative of
noon sunlight; and Nluminant C, representative of aver-
age daylight,

Indirect Colorimetry. Calculation of the color-mixture
data for a sample from those of the spectrum and the
spectral distribution of radiance of the sample,

Irradiance. Radiant flux incident per unit area of a sur-
face.
Note—The usual unit is the watt per square meter,

Lovibond Numbers. Numbers proportional to the densi-
ties of three glass colorants, a vellow, a red, and a blue
colorant, required to modify a standard source to pro-
duce a color match.

Lumen. The unit of luminous flux. It is equal to the
flux through a unit solid angle (steradian) from a uni-
forin point source of one candle, or to the flux on a unit
surface all points of which are at unit distance from a
uniform point source of one candle.

Luminance. Luminous flux emitted, reflected, or trans-
mitted per unit solid angle and unit projected area of the
source.

Note—Usual units are the candle per square meter,
the candle per square foot, the lambert, the millilam-
bert, and the foot-lambert. This quantity is sometimes
called photometric brightness,

Luminance Factor. The ratio of the luminance of a
reflecting or transmitting surface, viewed from a given

B8 In a private communication, Dr, Deane B. Judd advises the
author of a trend toward the replacement of the term “Itluminant A"
(or B, or C) by the term “Standird Source A4” (or B, or C). Examples
of the use of this newer terminology are found in bibl. refs. 31, 40.

OF T11l. 1.R.I October

direction, to that of a perfec( diffuser receiving the same -
illumination.

Luminosity. Ratio of photometric quantity to corre-
sponding radiometric quantity in standard units (lumens

per watt).

Luminosity Coefficient of a Primary Color. The lumi-
nance of a unit of a primary color.

Note—These coefficients are usually expressed as
ratios between the three primaries, and not in absolute

units.

Luminosity Curve. Curve of luminosity of spectrally
homogeneous lights, plotted relative to the maximum
luminosity as a function of wavelength.

Luminous Flux. The time rate of flow of light. When
radiant tlux is evaluated with respect to its capacity
to evoke the brightness attribute of visual sensation,
it is called luminous flux and this capacity is expressed
in lumens.

Maxwell Triangle. The cquilateral-triangular form of
chromaticity diagram in which the primaries are repre
sented at the vertices of the triangle.

Mixture. Superposition of two or more radiances. If
the mixture is formed by sequential presentation of the
radiances, the frequency must be sufficiently high to
avoid flicker.

Nonphysical Primary Colors. 1. Primary colors which
can be produced only by mixing negative amounts of
light with positive amounts of light from physical
sources. 2. The hypothetical primaries that correspond
to some color co-ordinate transformations,

Photometry. The measurement of luminance.
Primary. See Primary Colors.

Primary Colors. 1. Three colors of constant chromaticity
used to specify an unknown color by the amounts of
them required in an additive mixture to match the
unknown color.

Note—Any three colors can serve
provided no one of them can be
mixture of the other two.

2. Three colors of constant chromaticity, which, when
mixed in the proper proportions, can be used to produce

all other colors. The three colors most commonly used
arered, green, and blye.

as primary colors
matched by additive

Purity. The relative luminances of the spectrum and
achromatic components, in the mixtures mentioned in
the definition of dominant wavelength, determine and
are specified by purity.

Note—Various scales of purity are used, all of which

can be expressed as some mathematical function of the
ratio of the components.

Radiance. Flux radiated per unit solid
projected arca of surface.

Note—The usual unit is the watt per steradian per
Square meter. This is the radiant analog of luminance.

angle and unit
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Receiver Primaries. In color television, the three colors
of constant chromaticity produced by the receiver
which, when mixed in proper proportions, produce all
other colors.

Note—The three colors most commonly used are red,
green and blue.

Reference White. The achromatic color, specified by its
distribution of radiance with respect to wavelength,
which is matched by a mixture of unit amounts of three
primaries.

Note—In color television, reference white serves to
specifiy the relative gains of the three color-signal
channels.

Reflectance. Ratio of reflected to incident flux.

Saturation. The attribute of any color perception pos-
sessing a hue that determines its difference from the
achromatic color perception most resembling it.

Spectral Color. Color obtainable by mixture of some
portion of the spectrum with an adopted achromatic
light.

Spectrum Color. Color of some part of the spectrum.

Standard Observer. The characteristics of the color
vision of the ICI Standard Observer are defined by the
luminosity curve and the chromaticity co-ordinates of
the spectrum for a particular set of spectrum colors as
primaries. These functions were adopted by the ICI in
1931.

Transmittance. Ratic of transmitted to incident flux.
Tristimulus Values. Same as Color-Mixture Data.

Uniform Chromaticity-Scale Color Triangle. A color
triangle resulting from a color co-ordinate transforma-
tion of standard color-mixture data, in which equal
lincar distances approximate equally perceptible steps
of chromaticity.

Unit of a Primary Color. The amount of a primary color
which, in a mixture with two others, matches reference
white.

Value (Munsell). Expression of the luminous transmit-
tance or reflectance of an object color on a scale giving
approximately uniform perceptual steps under usual
conditions of observation.

Note- -Munsell value of an opaque surface may be
found approximately by taking the square-root of the
luminance factor expressed in per cent.
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Subjective Sharpness of Additive Color Pictures’
M. W. BALDWIN, JR.}, FELLOW, IRE

Summary—This is a report on the first numerical results to come
from a laboratory experiment on the subjective sharpness of additive
3-color pictures. The sharpness factor is isolated by using out-of-
focus projection (of slides) instead of actual television transmission.

An observer’s acuity for defocus is greatest for the green com-
ponent and least for the blue component, in an additive 3-color pic-
ture. When the same picture is reproduced in monochrome (white,
red, green, or blue) at the same brightness, his acuity for defocus
is equal to that found for the green component.

T URING the past few years the issue of color
J.D television has raised some questions about the

ability of the human eye to resolve fine detail
in color pictures. In practical terms, we want to know
whether the color picture sent by one television system
will look sharper than that sent by another. Before this
broad question can be answered, it must be resolved
into simpler basic questions for which answers can be
obtained by suitable experimentation.

We have begun a program of laboratory work aimed
at answering some of these basic questions. Observers
are put into a viewing situation that might represent,
in a rough way, the watching of television at home.
Then they are shown a color picture produced on a
screen by the additive mixture of three primaries, after
the fashion of color television. What makes the experi-
ment possible is that this color picture can readily be
adjusted with respect to geometrical resolution and that
the adjustment can be made primary by primary. In
other words, the color picture may have high resolution
in the red component, moderate resolution in the green
component, and low resolution in the blue component,
or any other combination. The apparatus used will be
described below.

This facility for producing additive color pictures
with controlled resolution is a useful tool for answering
some of the questions about how the eye resolves detail
in color pictures. The present experiment is one of the
simplest and perhaps one of the most fundamental, and
it yields a few numerical results that are probably new.
Please remember that this is only a first step; do not
expect answers for all of the resolution problems of
color television. )

In order to describe the results we need to introduce
a new concept. We call it “acuity for defocus.” This is
a threshold quantity which is somewhat like the “visual
acuity” used for measuring vision. “Acuity for defocus”
is defined here as sharpness of vision in respect to the
ability to see blurring, or lack of resolution, in a repro-
duced picture. The measure of acuity for defocus is the
same as the measure of visual acuity, that is, the re-
ciprocal of the visual angle. In this case, the visual
angle is the angle subtended at the eye by the diameter

* Decimal classification: R583 X535, Original manuscript received
by the Institute, Ma{xlo, 1951. Presented, 1951 IRE National Con-
vention, New York, N. Y, March 3, 1951,

1 Bell Telephone Laboratories, Inc., Murray Hili, N. J.

of the equivalent circle of confusion on the screen. For
numerical purposes, we express it in the conventional
minutes of arc so that acuity for defocus is measured in
reciprocal minutes.

Fig. 1 is a plot of acuity for defocus against viewing
distance, for a picture of a single figure, three-quarter
length, against a simple background. The curves marked
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Fig. 1—Single figure, three-quarter length, against a simple back-
ground. Screen size 10.0 by 13.3 inches. Average of seven readings,
one each by sever’ observers. Highlight brightness 15 foot-lam-
berts in the whites, composed 80 per cent of green, 15 per cent of
red, and 5 per cent of blue. Highﬁght brightness of monochrome
15 foot-lamberts.

blue, red, and green tell the story for a 3-color picture
in which only one of the colors at a time is made un-
sharp. The upper curve, marked “monochrome,” ap-
plies to a black-and-white picture of the same subject.
This curve is included merely to show what happens in
a more familiar case.

The experimental conditions were as follows: The
picture had the size and shape of a 17-inch rectangular
television picture, and the viewing distance ranged from
2 to 16 times the picture height. Highlight brightness,
in the whites, was 15 foot-lamberts, of which 80 per
cent came from the green primary, 15 per cent from the
red primary, and only § per cent from the blue primary.
The brightness range was about 50 to 1. The room had
enough ambient illumination to bring the walls up to
about a half foot-lambert at eye level.

Seven observers, working one at a time, were used for
this test. Three of them were between the ages of 2§
and 35, and four were between 45 and §5. They sat at
the indicated distances and watched the screen with
both eyes and without any optical gadgets except their
own glasses. Each observer was required to adjust the
picture to the point where he could just distinguish it
from a picture of maximum resolution. Since he was
asked to be sure on each observation, his indicated
acuity is probably lower than a statistical threshold
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value. That is, some accuracy was purposely sacrificed
in order to protect the observer from excessive fatigue.

I'he seven values of acuity derived from the seven
individual observers, for a particular distance and color,
are averaged and plotted as a single point in Fig. 1.
The straight lines connecting these average values to-
gether can easily be taken to mean more than the data
warrants. Only the larger effects are significant at this
early stage because the differences between observers
are not too small. -

Three major effects are apparent:

(1) The green component is the critical one in the
additive 3-color picture. Acuity for defocus is roughly
3 times larger for green than for red, and is probably
more than 5 times larger for green than for blue.

(2) The green component of a 3-color picture is just
about as critical as the single component isin the mono-
chrome or black-and-white case. That is to say, the
blurring of the green component is not masked appreci-
ably by the presence of the high-resolution red and biue
components.

(3) Acuity for defocus falls off at the shorter dis-
tances, certainly for monochrome and the green com-
ponent, probably for the red component, but maybe not
for the blue component. Close viewing seems to reduce
this kind of acuity more than ordinary visual acuity.

It is fortunate that acuity for defocus rloes fall off
at the shorter distances—otherwise we could not have
measured it for monochrome and green at 20 inches.
The dashed line running steeply upward from the origin
marks one of the physical limitations of the equipment.
It represents the sharpest image that could he put on
the screen. The 25,000 circles per square inch specify
the geometrical resolution. It means that the minimum
circle of confusion was 1,/25,000 of a square inch in area,
or about 7 mils in diameter. In television terms, this
sharpest image corresponds to about 4,000 scanning
lines and a bandwidth of about 250 mc at 30 frames per
second for each color component.

These television numbers should not be taken for
exact equivalents. They are based on a comparative
calibration, but the calibration ignored some factors
that could make a difference. For example, these pic-
tures had no flicker, no noise, no scanning lines, no
moving objects, and no moiré patterns. The sharpness
factor was purposely isolated in its most elementary
form for the first step.

Another equipment limitation interfered with the
measurement of acuity for defocus in the blue primary
at distances greater than 40 inches. The lower dashe
line in Fig. 1 represents the most blurred image that
could be put on the screen without running through a
mechanical limit stop. The maximum circle of confusion
had an area of 1/25 of a square inch, or a diameter of
almost Y4 of an inch. This image was pretty bad: in
television terms it would correspond to about 120
scanning lines and a bandwidth of about 1§ mc at 30
frames per second. However, it was not bad enough for
the blue component at the longer distances.

It is clear that, in the co-ordinates of Fig. 1, any
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straight line through the origin rcprcse.nls a constant
geometrical resolution on the screen, wnth. the steeper
slope corresponding to the higher reSOIllll.Ol.l.The line
representing standard black-and-white television may be
of interest. The geometrical resolution is reckoned to
be 400 circles of confusion per square inch, and this is
shown in Fig. 1 as the middle dashed line. It corre
sponds to about 525 scanning lines and a bandwidth of
about 4 mc at 30 frames per second.

This line lies under the monochrome and green curves
out to a cistance of about 120 inches, or 12 times the
picture height. In other words, according to this data
our average observer would have more than enough
acuity to distinguish a standard monochrome picture
from a much sharper one at any viewing distance up
to about 12 times the picture height. He could do just
about as well with a 4-mc, 30-frame green component
in a color picture, but he would not have enough acuity
to make such a distinction with a 4-mc, 30-frame blue
component at any distance. In the case of red, he might
be able to do it at close range.

This is a good place to recall that we are still talking
about one particular picture: a single figure, three-
quarter length, against a simple background. Other
subject matter will vield different results, and we have
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Fig. 2—RM A Rcsolutiqn Chart (1946). Screen size 10.0 by 13.3
inches. Average of nine readings, one each by five observers plus
two each by two observers, Highlight brightness 20 foot-lamberts,

composed 80 per cent of green, 15 per cent of red, and § per cent
of blue.

tried only a few different pictures. The most critical
one was the R\IA Resolution Chart (1946), which
gave the results shown in Fig. 2. This was a black-and-
white picture, of course. even though it comprised red,
green, and blue components. The highlight brightness
was 20 foot-lamberts, composed 80 per cent of green,
.15 per centof red, and § per cent of blue, as in the whites
in the first picture. The brightness range and the ambient
illumination were also the same as before.

The observers were the same seven people, but in this
case two of them took the test twice so that in Fig. 2
each point represents the average of nine readings. The
more apparent lack of smoothness in these curves
shows even better than Fig. 1 that fluctuations of meas-
urement are masking all hut the larger effects.

' |
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The only significant difference between the test chart
and the three-quarter length figure is that the test
chart gives a somewhat higher level of acuity. Our
average cbserver can now distinguish a 4-mc, 30-frame
green component from a much sharper one at any dis-
tance up to at least 16 times the picture height. Indeed,
at the 20-inch distance his acuity for the green com-
ponent begins to approach the limit set by the equip-
ment. The blue component is now measurable out to 60
inches before the mechanical stop interferes.

In Figs. 1 and 2, acuity for defocus and primary
brightness in the whites both fall in the same order by
color; that is, both are highest for the green component,
intermediate for the red, and lowest for the blue. It is
reasonable to suppose that acuity for defocus is some-
how related to primary brightness in the whites, and
this hypothesis will be tested in future experiments.

One of the simpler aspects of the relationship be-
tween acuity and brightness and color is illustrated in
Fig. 3. When the picture contains only one primary,
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Fig. 3—Single figure, three-quarter length, against a simple back-
ground. Screen size 10.0 by 13.3 inches. Average of seven readings
Dy one observer. Each color component viewed separately, not in
mixture. Highlight brightness 1 foot-lambert for each color.

that is, when it is all green, all red, all blue, or all white,

then acuity for defocus is substantially the same for all
these colors, provided their brightnesses are equal.

Even this simple rule breaks down outside a limited

range of viewing distances.

For the data shown in Fig. 3 we went back to the
three-quarter length figure for subject matter. T'here
was only one observer, but he took the test seven
times so that cach point represents the average of seven
readings. The highlight brightness was only 1 foot-
lambert, instcad of the 15 or 20 used previously, be-
cause that was the most that could be produced in the
blue picture. Remember that in this test the picture
contained only one primary at a time, which is quite
different from the mixture of 3 primaries used in the
previous test.

At the shorter distances, the most that can be said is
that acuity for defocus may be a little lower for red
than for the other colors. As the distance increases, red
becomes more ncarly equal to green and white, but blue
begins to fall off. This falling off in blue is probably a
consequence of some well-known facts regarding visual
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accommodation. We know that this particular observer
was not color blind, that he was young, and that he had
normal vision. We know also that in normal vision dis-
tant objects are focused short of the retina in blue
light and beyond the retina in red light, and that ac-
commodation works only to shorten the focus, that is,
with the aid of accommodation, distant objects can be
focused in red light, but cannot be focused in blue
light. It might be said that our observer's normal vision
made him a little bleary-eyed for these blue images at
the longer distances.

There is a small lesson in Fig. 3 for special-effects
enthusiasts. If a color system has been designed to save
bandwidth in the blue, then the blue primary alone
should not be used to create moonlight effects. It might
work in theaters, but probably not in living rooms be-
cause the observer’s acuity for blue will not be low un-
less there is a mixture of primaries on the screen.

The primary colors used in this experiment have been
described simply as blue, green, and red, and the
monochrome has been described as white. The spectral
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Fig. 4+—Spectral distributions of the 3-color primaries and
of the monochromaitic white.

distributions corresponding to these color names are
shown in Fig. 4. The blue and red primaries are non-
overlapping on this scale, while the green primary over-
laps them both to some extent. The additive mixture of
blue, green, and red in approximately the amounts
shown produces a chromaticity match with the white.
Fig. 5 shows these same colors plotted on a standard
chromaticity diagram as the round dots. The white,
because of its wide spectral distribution, shows some
variation with lamp voltage (higher voltage toward the
left), and so does the green to a lesser extent, For com-
parison, the reference receiver primaries described in the
FCC order of Nov. 20, 1950 are shown by crosses.
Fig. 6 shows the essential features of the mechanism
that produces the color pictures. It isan assembly of four
special lantern-slide projectors, each one designed for
variable focus at constant magnification. The 2.25- by
3.00-inch lantern-slide transparencies are printed from
color-separation negatives made in a one-shot color
camera. The four individual images can be put into
good registry on the 10.0- by 13.3-inch viewing screei,
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Fig. 5—ICI chromaticity diagram, showing the 3-color primaries,
the monochromatic white, and the reference receiver primaries
specified in the FCC order of November 20, 1950. Whiteand green
show variation with lamp.

and each image separately can then be put way out of
focus without any change in its size or in its registry
with the other images. The viewing screen is bordered
by a 1-inch slot, opening into a black cavity, which
absorbs the color fringes resulting from inexact registry
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of the edges of the projector apertures. Apart from the

slot, the picture surround is composed of a 2-foot square
of white reflecting material, and outside, the room walls.
The condition for constant magnification is met when
both the lantern slide and the projection lens are moved
in the same direction (normal to the screen) and by
such amounts that the lens always divides the distance
between the slide and the screen into two parts whose
ratio is the magnification, 4.50 to 1. This is accomplished
by means of a simple pantagraph motion, as shown at
the lower left. The slide remains parallel with the
screen as it moves to and fro in the circular path with
the longer radius. Projection lens also remains parallel
with screen as it moves in the different circular path
with the shorter radius. Registration requires lenses to
be closer together than slides, as shown (lower right).
The plan view, at the upper part of Fig. 6, shows that
the slide moves a little more than the lens does and that
their combined motions serve to pull the sharp image
out in front of the screen in order to put a blurred
image of the right size on the screen. The plan view
shows also that the lamp houses are aimed toward the
screen center to secure equality of illumination.
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DIRECT-VIEW COLOR KINESCOPES

A series of eleven papers.

SraAgETE

Methods Suitable for Television Color Kinescopes®
E. W. HEROLDY, FELLOW, IRE

Summary—This paper is the first of a series which covers Radio
Corporation of America work on color-television cathode-ray picture
reproducers (color kinescopes) for the home. Minimum reproducer
requirements are here considered to be high-light brightness and
resolution equal to or exceeding that achieved in the present United
States black-and-white television system and large-area three-color
fidelity which encompasses the major part of the horseshoe-like area
of the chromaticity diagram of the International Commission on Illu-
mination (ICI). Color phosphors with electron-beam excitation meet
the requirements.

One color-kinescope method, which requires the beam to be
accurately positioned at all times during scanning on a screen of
adjacent subelemental color-phosphor areas, has practical disad-
vantages. In a second method, using a similar type of kinescope, the
beam position controls the color signal; although accurate scanning
is not required, some of the disadvantages are the same. A third
method, which uses adjacent complete picture images, optically
combined, has little to offer over the use of three separate color
tubes. A phosphor screen, whose color can be changed by a dif-
ference in electron-beam velocity or current density, has attractive
features, but is not available in practical form. Methods of con-
siderable interest are those whereby either the electron beam is
electrically controlled at the phosphor screen for changing color or
whereby shadowing techniques are employed to produce a direction-
sensitive color screen. All these methods were investigated ; subse-
quent papers of the series will describe some of the tubes which
were built and give information as to their design and operation.

INTRODUCTION

NVENTORS AND SCIENTISTS havebeen con-
I[ cerned with television reproduction in color ever

since the late 1920’s when a number of color-televi-
sion demonstrations were given using scanning-disk
techniques.!? Although the patent literature and occa-
sional publicationsindicate that thought was being given
to all-electronic means for color reproduction, the most
successful work of the 1930’s continued to use mechani-
cal methods. This work reached its ultimate about 1940
when the field-sequential color-television system using a
rotating color disk was extensively demonstrated and
publicized.? Although the color-disk method, by adding
the cathode-ray tube, eliminated some of the more com-
plex moving parts of the mechanical scanning system,

. * Decimal classification: R583.6X535.6. Original manuscript re-
ceived by the Institute, August 15, 1951,
.t RCA Laboratories Division, Radio Corporation of America,
Princeton, N. J.
1], L. Baird; July, 1928. See R. F. Tiltman, “Television in natu-
ral colors demonstrated,” Radio News, vol. 10, p. 320; October, 1928.
1 H. E. Ives, “Television in color,” Bell Lab. Rec., vol. 7, pp. 439-
444; July, 1929,
1P, C. Goldmark et al., “Color television,” Pt. I, Proc. LR.E.,
vol. 30, pp. 162-182; April, 1942. Also Pt. 11, Proc. L.R.E,, vol. 31,
pp. 465-478; September, 1943,

there were inherent limitations in reproduction, namely,
the inability to provide color sequences at a sufficiently
rapid rate for other than frame or field-sequential meth-
ods and the inherently small-size picture which resulted
from any practical direct-view receiver.

Recognition of these limitations stimulated efforts
toward electronic solutions. Work in this direction by
the Radio Corporation of America led, early in 1940, to
a demonstration to the Federal Communications Com-
mission (FCC)-of color reproduction using three opti-
cally superimposed images from three cathode-ray
tubes, thereby eliminating all moving parts.* By 1942,
Baird, in England, also demonstrated all-electronic color
pictures, but by means of a single cathode-ray tube
producing two adjacent images, optically combined to
give a two-color effect.® His British patent application of
1942 and 1943% showed that he had more ingenious tubes
in mind. One of these, using a two-sided phosphor screen
for a two-color picture, was actually demonstrated in
principle by Baird in 1944. At the same time he de-
scribed a more complex tube suitable for three colors.”
RCA engineers also continued to study the single-tube
color reproducer during this period, but it was not until
after World War 11 that such factors as improved high-
voltage and deflecting systems, metal kinescopes, alu-
minized phosphors, and the like provided the key to some
of the problems. As a result of this progress, it finally
became possible, early in 1950, to demonstrate a satis-
factory and practicable single-tube, three-color repro-
ducer for the home.®?

The purpose of this paper is to present some of the
problems of a three-color reproducer and to show how
they may be solved in all-electronic form using cathode-

4« 4See Television in color—members of F.C.C. visit plants of
RCA and Philco,” N. Y. Tsmes, p. 18; February 6, 1940. Also, “Tele-
vision in color demonstrated by RCA,” Philadelphia Inquirer, p. 18;
February 6, 1940.

s “].L. Baird's improved colour television,” Electronic Eng. (Lon-
don), vol. 15, p. 327; January, 1943. See also, Wireless World, vol. 49,
p. 41; February, 1943.

¢ J. L. Baird, British Patent 562,168 (provisional spec. left July
25, 1942, complete spec. left July 23, 1943).

1 4], L. Baird's Telechrome,” Jour. Telev. Soc., vol. 4, pp. 58-59;
September, 1944. See also, Electronic Eng7. (London), vol. 17, pp. 140~
141; September, 1944 ; Electronics, vol. 17, p. 190; October, 1944; and
Wireless World, vol. 50, pp. 316-317; October, 1944.

+ T. R. Kennedy, Jr., “RCA shows all-clectronic tube as key to
color television,” N. Y. Times, p. 1;: March 29, 1950; “New color
television tube seen bringing color programs to the home,” Radio
Age, vol. 9, pg. 3-5; April, 1950. 5

{ RCA Laboratories Div. “General description of receivers which

employ direct-view, tri-color kinescopes,” RCA Rev., vol. 11, pp. 228~
232; June, 1950.




1178

ray beams and luminescent screens. This paper is the
first of a series of articles; subsequent papers will pre-
sent technical information on some of the color kine-
scopes which have been developed by RCA and the
techniques necessary for their' utilization.

REQUIREMENTS OF A COLOR REPRODUCIK

Some of the requirements of a color reproducer are
apparent from black-and-white television experience.
The picture should have a large area, preferably equal
to or larger than that of a 16-inch kinescope (14§ inches
diagonal). For color, the picture brightness should be
not less than, and perhaps exceeding, that of black-and-
white home-television reproduction. It is important, of
course, that good contrast range be achieved; it must
be noted that the effect of ambient white-light illumina-
tion, which reduces contrast in black-and-white pic-
tures, has the additional effect of reducing chromarticity
in color reproduction.

An additive color system, such as one produced by
electron-heam excitation of phosphors, with or without
color filters, requires only three primary colors, red,
green, and blue, for good color reproduction of large-
area detail.'® More recently, it has been established!
that the normal human eye is much less sensitive to
color in small detail, the color defection resembling that
known as tritanopic vision (blue blindness). Thus, a
color reproducer must have good three-color primaries
for the larger areas, but necds only a limited two-color,
or even monochrome, reproduction for fine detail. Al-
though this characteristic of the eve is utilized in tele-
vision systems emploving “mixed-highs,”' the applica-
tion of the principle in a color-reproducer system is not
yet a matter of public knowledge. (The color kinescopes
to be considered later will be capable of equal resolution
in each of the primary colors and, hence, will provide
more color fidelity than the eye can use.)

Colorimetry makes use of the ICI chromaticity dia-
gram shown in Fig. 1.1 The entire range of colors oh-
servable by the normal eve is found within the horse-
shoe-shaped figure, whose periphery bears numbers to
indicate pure spectral wavelengths in millimicrons. Any
color has x and y coordinates which specify the fraction
of red and green components of a fictitious and physi-
cally unrealizable set of primary colors. A three-color
television reproducer must use realizable primary colors
which, in an optimum case, would lie so that lines join-
ing their ICI coordinates encompass the most important
part of the area of the horseshoe of Fig. 1. Suitable pri-
mary color points, as suggested by Hardy and Wurz-
burg,' are shown by the circled points in Fig. 1.

'* R. M. Evans, “An Introduction to Color,” John Wiley and
Sons, Inc., New York, N. Y.; 1948.

"W.E. K. Middleton and M. C. Holmes, “The apparent colors
of surface of small subtense,” Jour. Opt. Soc. Amer., vol. 39, pp. 582
592; July, 1949. Also, other references given therein.

12 A. V. Bedford, “Mixed highs in color television,” Proc. I.R.E.
vol. 38, pp. 1003-1009; September, 1950.

1BA, 8 Hardy and F. L. Wurzburg, Jr., “The theory of three-

color reproduction,” Jour. Opt. Soc. Amer., vol. 27, pp. 227-240; July,
1937.
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The resolution
reproducer must achieve, depends on the capabilities of

the system with which it is to be used. Present 525-line
black-and-white television, with 60 interlaced fields
through a 4.25-megacycle channel, is capable, under
ideal conditions, of about 340-line resolution in each di-
rection. If it is assumed that there is no deterioration of
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o HARDY AND WURZBURG
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Fig. 1 I'he ECI color diagram includes all visual colors. The three
color primaries achieved by unfiltered phosphors are compared
with the color disk and with the idealized primaries of Hardy and
Wurzburg. The area possibie with modern color printing (accord
ing to MacAdam) is shown by the dashed-line figure.

standards and that no use is made of the above-dis-
cussed dichromatic vision for small detail, the color re-
producer should also have at least 340-line resolution in
each direction and should have the appropriate number
of picture-element groups, each one of which must be
capable of light emission in any one of the three primary
colors.

A color reproducer nee not operate with all of the
possible color-television svstems although most all-elec-
tronic reproducer methods can be made to operate on
any known color s\ stem, with more or less difficulty.
Although color systems have been classified as ﬁel(—l-
sequential, line-sequential, dot-sequential, and simul-
tancous,™ the distinction is not straightforward. The
system, sometimes called

: “(lot-sequential,” which was
successfully field tested by

RCA in 1949 through 1950,

1 « .

“’l'h; I'{;L);r:toilglle Sl'l;dtel(\(]\'ll\()ry Committee on Color Television
§ us of color televisi DI
98()-‘5]()‘02; Sehiba: | oo tlevision,” Proc. 1.R.E., vol. 38, Pp.

RCA Laloratories Division, “\ 6-mc. compatible high-defini-

" 1 A% ,
lt)leorx'l 11184091" television svstem,” RCA Rex., vol. 10, pp. 504-524. Decem

or fineness of detail, which a color
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is also a simultaneous system with brightness informa-
tion which amplitude-modulates the main carrier, color-
hue information which phase-modulates a subcarrier
(the so-called “sampling frequency”), and color-satura-
tion information which amplitude-modulates this same
subcarrier.’® The nature of the color system—simul-
| taneous or sequential—is an important consideration in
the color reproducer. A truly sequential system is one
in which the colors appear one at a time in sequence
and are reproduced by the reproducer only one at a
time: in a cathode-ray reproducer the electron beam or
beams share the time of use between the colors. For this
reason, in a color-kinescope reproducer, no matter
whether one or three electron beams are used, the
brightness of the sequential picture is inherently limited
to one-third of that of simultaneous reproduction with
three beams. A television system which permits either
sequential or simultaneous presentation, such as the
aforementioned RCA color system, is advantageous be-
cause the choice of reproducer tube and reproduction
method can be made on purely economic grounds.
Regarding the requirements imposed by the color
system on the reproducer, it is clear that a purely se-
quential system requires time-switching of colors and
there is, therefore, an advantage in a reproducer in
which switching can be done by the application of sine
waves, especially if it is necessary to change color at a
rapid rate. With cathode-ray reproduction, when three
electron beams are used (one for each color) simultane-
ous reproduction has no such problem of color switching.
A reproducer with one electron beam, used for simul-
taneous presentation, must have some means of chang-
ing colors, but the problems are quite different from
those with sequential presentation. For the inventor of
new color kinescopes, a color system which allows either
simultaneous or sequential presentation again has the
advantage of permitting greater flexibility of design.

CoLOR PHOSPHORS

The requirements for a color reproducer can be well
fulfilled by a cathode-ray device, provided that suitable
color-emitting phosphors or color filters are used. Most
luminescent materials have characteristic colors other
than white, and the “white” phosphors of the black-and-
white kinescope are actually mixtures of phosphors of
two complementary colors, or three-color mixtures
which give white. In view of this, it is clear that use of
such a “white,” with a color filter, as is done in the color-
disk method of reproduction, makes inefficient use of the
electron beam since the beam energy must divide itself
among two or three color phosphors, with only one por-
tion of the light going through the filter at a time. The
best use of cathodo-luminescence, then, is to eliminate
filters as much as possible by choice of phosphors with

¥ When a black and white picture is transmitted by this com-
patible system, the amplitude of the subcarrier is zero and the trans-
mission is identical with that of a black-and-white system.
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high light output and ICI points close to the ideal ones
of Fig. 1.

The art of preparing cathodo-luminescent materials
is an extensive one,!” in which many varieties are avail-
able. For the color tubes demonstrated by RCA in
March, 1950, willemite (Zn,SiO,:Mn) was used for the
green and another silicate [(‘aMg(SiO;)zzTi] for the
blue. The third phosphor was a readily-available cad-
mium borate (2CdO - B;03: Mn), which has a red-orange
color which many observers judged to be not close
enough to the optimum red. At the suggestion of G. C.
Sziklai of RCA Laboratories, a didymium-glass filter
was used which has a sharp rejection band at the yellow
sodium lines: at other wavelengths it is very much like a
neutral filter with 40- to 50-per cent absorption. This
filter made the color reproduction satisfactory.'® Al-
though a substantial loss of light resulted, there was a
slight compensating advantage in the improved con-
trast due to the neutral-filter action. However, the
borate red left much to be desired in efficiency and the
output of the more efficient green and blue phosphors
had to be reduced to achieve a color balance.

As a result of much careful work, an improved red-
emitting phosphor has been synthesized.!? When the
same green willemite phosphor, a sulphide blue (ZnS:Ag)
of improved efficiency,” and the new red material,
7n3(PO,)2:Mn, are used, ICI points which form the
solid-line triangle in Fig. 1 are achieved, together with
improved visual efficiency. A comparison is made in Fig.
1 with the primaries achieved by the color-disk televi-
sion reproducer, on which considerable effort has been
expended over a number of years. The comparison Iis
made with the result of this work, the so-called pri-
maries “E.” A second comparison is made with the
range achieved with modern printing inks shown by
MacAdam.? It is evident that the phosphor primaries
are superior to the others and sufficiently close to the
optima for excellent color reproduction. Further im-
provement in efficiency of the red component is, of
course, still desirable.

To obtain a very desirable increase in brightness, the
color phosphors can be operated at high voltages. This
is readily possible provided aluminizing is used, a tech-
nique which has other advantages as well.?

It is now appropriate to examine the different ways

17 H. W. Leverenz, “An Introduction to Luminescence of Solids,”
John Wiley and Sons, Inc., New York, N. Y.; 1950.

18 Exhibit 392, “Color Characteristics of the RCA Tri-Color
Kinescopes,” Radio Corporation of America, F. C. C. Dockets 8736,
8975, 9175, and 8976; 1949-1950 hearings.

19 A, L. Smith, “Luminescence of three forms of zinc orthophos-
phate: manganese,” Jour. of the Electrochem. Soc.; vol. 98, pp. 363-
368, September, 1951.

2 Developed by H. W. Leverenz and the Chemico-Physics group
at RCA Laboratorics, Princeton.

11 Exhibit 210, Columbia Broadcasting System, F.C.C. Dockets
8736, 8975, and 9175; 1949-1950 hearings.

2 D, L. MacAdam, “On the geometry of color space,” Jour.
Frank. Inst., vol. 238, pp. 195-210; September, 1944. Also see, Life,
vol., 17; July 3, 1944,

.2 D. W. Epstein and I.. Pensak, “Improved cathode-ray tubes
with metal-backed luminescent screens,” RCA Rev., vol. 7, pp. 5-10;
March, 1946.
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in which such phosphors can be used for a color kine-
scope.

ACCURATE BEAM-SCANNING METHOD

The earliest proposals for a color kinescope were an
extension of the black-and-white technique, specifying
that the white phosphor screen should be covered by a
“checkerboard” of color filters,?* or should be replaced
by one of ruled phosphor lines of the three colors in suc-
cession.” % Although, with the line screen, scanning by
the single electron beam could be either parallel or trans-
verse to the phosphor lines, scanning accuracy was
easier to achieve with the former. Fig. 2 illustrates this
method. Obviously, extreme scanning accuracy in one

RED
/GREEN > PHOSPHORS
% eLuE |

ELECTRON BEAM

S Raw /
-~ T~ 7
i T I
~O~—+d-
e g
e
SCANNING ELECTRON
SYSTEM GUN

Fig. 2—Example of line-screen color kinescope using one electron
beam. To assure correct colors, beam scanning must be highly
accurate. No automatic registry means are shown.

direction is required if color dilution or error is to be
avoided and a high-definition system seems very difficult
to achieve. The “checkerboard” color screen, or dot
screen, requires accuracy of scan in both directions: it
was once considered difficult to make®* and would cer-
tainly be difficult to operate; nevertheless, it has been
revived in a very recent patent.2’” The colors may be
sequentially presented when only one electron gun and
beam are used and, of course, are controllable by slight
shift in beam position. If the beam is controlled to excite
more than one color strip or spot at a time, simultaneous
presentation with a single beam is possible. A beam may
also be split into three or more parts, separately con-
trolled, but through a common deflecting system, to
achieve simultaneous presentation.?%.2

Line or dot screens with this method require phosphor
lines or dots which are of size less than one-third of the
distance between scanning lines (when scanned parallel)
or less than one-third of a picture-element size (when
scanned transversely). The making of the screen is only

# V. K. Zworykin, U. S. Patent 1,691,324 (applied for July 13,
192;?.[{. Riidenberg, U. S. Patent, 1,934,821 (convention date May 5,
193’1‘)iVl. vonArdenne, British Patent 388,623 (convention date June
ket 71’91‘31. )kasperoxvicz, U. S. Patent 2,508,267 (applied for October 26,

1945).
* Fernseh Akt. Ges., British Patent 434,868 (convention date

March 6, 1933). >
# B. T. Hewson and A. Locan, British Patent 533,993 (complete

spec. left June 17, 1940).
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one of the difficulties, since the scanning beam must also

have a correspondingly reduced minimum spot size.

The achievement of high scanning accuracy is aided
by automatic control and registry by feedback methods,
of which a large variety have been devised during the
past decade. Some of the proposals have been published
as patents,’°3!32 but many are still being worked on in
the laboratory. Although the achievement of automatic
registry by control signals or feedback may lead to com-
plex circuitry, it seems clear that a single-beam, line-
screen, color kinescope can be made with relativelv
little complexity since it would require few more parts
than the black-and-white conventional kinescope.
Among the line-screen tube disadvantages are the color
error when the beam is misregistered, or incorrectly
focused.

Over a number of years, experiments with line screens
were made by D. \W. Epstein at RCA Laboratories by a
three-step phosphor-settling process through a movable
mask. Subsequently, suitable screens were made by a
development of the RCA Victor Division at Harrison,
N. J., in which the three color-phosphor line-groups
were printed, using the silk-screen process.®® A demon-
stration of the principle of a line-screen tube was shown
by RCA to the FCC on October 10, 1949. At RCA
Laboratories, color pictures were achieved both with
accurate scanning linearity alone and with associated
feedback circuits to lock the beam in its correct position
at all times.®

SiGNaL ConTROL BY BE AM-SCANNING PosITION

The method of the previous section requires extreme
scanning accuracy because the scanning and the color
signals are essentially independent phenomena. If, how-
ever, the color signals can be made dependent on the
scanning, the latter need be no more accurate than in
black-and-white practice since the scanning now con-
trols the colors. This may be done by use of a color-
sensitive photo device, or other special signal-generating
means built into the screen, by which the kinescope con-
trol grid is automatically switched to the correct pri-
mary color signal, depending on the instantaneous beam
position. The method has been suggested for transverse
scanning of line screens, .3 35a but, because of the need
for an extremely smal| focused spot, it is subject to some
of the same disadvantages as the accurately controlled
scanning method of the previous section.

1944 K Zworykin, U.S. Patent 2,415,059 (applied for October 13,

. o
2 194\5\:'.. H. Stevens, British Patent 803,080 (complete spec. left July

32
1946'};:{' [; Huffman, U. s, Patent 2,490,812 (applied for January 3,
. ¥ N.S. Freedman and K. M. McLaughlin, “ S
pllca“tBnSm color kinescopes, ” Proc., LR.u 5 ;;; 1;).;‘(;)5{,21?&;1‘;:?&5?15
S .OPgnl(iil;eI:‘S.cH lc?ll, and D. G. I,\’loore, “Development and
Th30. morat reen color kinescope,” Proc. I.R.E. pp. 1218-
3 foi

1948).P' K. Weimer, U. s, Patent 2,545,325 (applied for January 30,
% Alfred N.

August 5. 144y, Coldsmith, U. s Patznt 2,431,115 (applied for

o PR L ISR S e e S U TN AN
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ADJACENT IMAGE METHOD

Hardly far behind the accurate beam-scanning
method in point of time were proposals for a color
kinescope involving two or more complete television im-
| ages, in different colors, which were optically combined
| by mirrors or by projection. The method can be used

with three beams®:37 allowing simultaneous presenta-
tion, or with one beam?® which, in this case, is restricted
to sequential presentation. Fig. 3 illustrates the method
in one form. Although either field-sequential or line-
sequential systems are well suited for the one-beam
tube, the latter system has received particular atten-
tion®3? because a single line scan can be made to trav-
erse all three areas. Because of the optical registration,
which is very similar to that needed for three separate
_ color kinescopes, the combination of the three images in
one tube is not a sufficient advantage to make the meth-
od attractive. For a direct-view kinescope, furthermore,
the front face area is very inefficiently used. Although
good performance is difficult to achieve,*® such an all-
electronic picture reproducer device has been frequently
demonstrated,’*? probably because the tube is so
easily constructed.
The Baird two-color tube,®? using one color phosphor

GLASS
PLATE -,

SCANNING
SYSTEM

s fon
gE=1
e 0/
ELECTRON
GUN BEAM GREEN

PHOSPHOR

RED
PHOSPHOR

Fig. 3—Kinescope with adjacent color images. Optical combining
means for direct view or projection are required.

on one side of a mica sheet and the second phosphor on
the opposite side, with two electron guns at opposite
sides and at an angle to permit viewing, is to be classi-
fied as in the adjacent-image group but requires no
optical registry. However, a two-color system is severely
handicapped in comparison with a three-color one.

MuLtipLE-COLOR PHOSPHOR SCREEN

A superficially attractive possibility for a color kine-
scope uses a single phosphor or a combination of phos-
phors in which color is responsive to either electron

“31;). Schlesinger, U. S. Patent 2,083,203 (convention date October
a7 1 C. Wilson, U. S. Patent 2,294,820 (applied for April 29, 1941).
u Fernseh Akt. Ges., British Patent 432,989 (convention date
March 6, 1933).

#® R, Lorenzen, U. S. Patent 2,200,285 (applied for June 22, 1937).

@ C. S. Szegho, “Color cathode-ray tube with three phosphor
t;g;(()ls," Jour. Soc. Mot. Pic. Eng., vol. 55, pp. 367-376; October,

4 Color Television, Inc. Exhibits 237, 259, 260, F.C.C., Dockets
8736, 8975 and 9175; 1949-1950 hearings.

@ Exhibit 210, Item 8 and Item 9b, Columbia Broadcasting Sys-
tem, F.C.C., Dockets 8736, 8975, and 9175; 1949-1950 hearings.
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velocity or current density. Considering the former, it is
possible to build up a three-layer screen so that electrons
of one velocity penetrate only the first layer, producing
one color, whereas faster electrons will penetrate to the
second layer and the fastest electrons reach the third
layer, so producing three colors, as shown in Fig. 4(a).®

V™, 6LASS
GREEN
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REO\%
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A

YELLOW PHOSPHOR

2
<! O
f— e e !
> & © (b)
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LIGHT OUTPUT —e

CURRENT OENSITY —=

Fig. 4—Multicolor phosphor screen: (a) shows a multiple-layer
screen with color depending on beam velocity, and (b) shows how
saturation in a two-cotnponent screen makes color dependent on
current density.

A variation of the method uses barriers of different
thickness on the beam side of the color phosphors.*
Either a single gun, in which the cathode potential is
varied to change the electron velocity, or three guns of
differing cathode potentials can be used for color rendi-
tion. Unfortunately, it appears unlikely that such
screens can be made to operate with electron-velocity
differences of less than around ten kilovolts, so that se-
quential switching is very difficult at best. There may
be inherent color dilution, as well, so as to affect color
fidelity. Use of three clectron sources at such large
velocity differences has other difficult problems, such
as scanning amplitude differences.

A change of color with current density has often been
observed® when saturation of one or more of the phos-
phor components sets in (See Fig. 4(b)). This effect has
been proposed for a color kinescope by using variable-
frequency pulses for brightness modulation and changes
in current density for color.®® The color change in the
usual two- or three-component phosphors due to satura-

194‘;)C. S. Szegho, U.S. Patent 2,455,710 (applied for December 21,
WG, C. Sriklai and A. C. Schroeder, U. S. Patent 2,543,477
(applied for July 29, 1948).
. *A. Bril and F. A. Kroger, “Saturation of fluorescence in tele-
‘1“955.8" tubes,” Philips Tech. Rev., vol. 12, pp. 120-128; October,
wC. S. Szegho, U.S. Patent 2,431,088 (applied for December,
3,1943).
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tion is slight, and high-chroma colors are difficult to voltage color-changing and insulation problems remain.
achieve. However, a color effect has been observed in  In addition, there 1s now parallax because the lh.rec color
certain single phosphors which have high-chroma emis- phosphors are no longer in the same plane; this can be
sion of two widely separated colors, depending on cur- overcome by projection rather than direct viewing,
rent density 7 If such a phosphor can be made with provided depth of focus is sufficient in the projection op-
light efficiencies comparable to those now widely used, tics.
a new technique for color reproduction will become prac- 'he impracticality of such highcolor-changing voltages
tical. suggests actual deflection electrodes at the phosphor
screen, so that a single beam can be detlected to the cor-
rect color with much lower voltage differences than
needed with Fig. 5(a). One such device is shown in Fig
A general method, which offers an extremely fertile 5(b), indicating detlection plates aligned with the rows
field for particular and interesting variations in a color of color-phosphor lines.** |t js seen that, when there is
kinescope, is one in which the electron beam is de- o potential difference between detlection plates, the
Hected, or otherwise controlled, in the vicinity of the peam strikes the green-emitting phosphor. Since alter-
phosphor screen. In simplest form, only one electron nate deflection plates are connected, a potential difier
beam is used, but modifications using multiple beams ence causes the beam to be bent toward ecither the red- -
can also be employed. or blue-emitting lines, depending on which group of
Historically, the switching-at-screen approach was plates is more positive. A simple calculation shows that
first used to eliminate the need for accurate scanning  with deflection plates of 1 ¢cm or more in width, spaced
with the color-line screens of Fig. 2. The method in- by about one picture element, only some tens of volts
volved insulating the color phosphor strips from cach are required to change colors, in distinction to Fig.

other and applying a high positive potential to the strips 5(a) which requires from 100 to 500 times more voltage
whose colors are to be excited, with a low or even a nega-

BEAM CONTROL AT PHOSPHOR SCREEN rOK
CHANGING CoLoR

tive potential to the strips containing the other col- Pig;g:on s
ors,48-62 p:Sngon — 0 L LINES \b‘.‘
An illustration is shown in Fig. 5(a), in which the g*ﬂl;j— AT hpeay [
phosphors are deposited on the surface of metal strips, \ o1 1 ™" T e
the electron beam coming in at an angle to permit view- -[" J Bean <l
ing. In view of the closeness of the color strips, as re- o | o3 I =% e
quired for high definition, the electric field needed for o ‘l['. ‘B3l ¥
deflection to the correct color is confined to a region very v«“,of o ’ ® '.‘:
close to the screen and high-voltage differences are re- &7 emSULATEO 1 coron OEFLECTION
quired. The color-changing circuits must, therefore, SCREEN /il TLATES
operate with voltages of many kilovolts, and are diffi- (a) (b)
cult to make in practical form. With a sequential pres- 0 . X
entation, the difficulties increase rapidly as the switch- SWITHING :[ ¥ S,
ing rate is increased, which makes switching least diffi- e U0 [ o
cult for field or frame color sequencing. There are even Beam v
greater practical disadvantages when a magnetic field [ 4 ()
is used for switching color.5 i vl
One modification of the high-voltage switching meth- ::° Pl creen
od®** eliminates the line nature of the screen by using W PHOSPHOR

three closely-spaced, phosphor-coated grids. This makes

. o . Fig. 5—Beam control at p} ! > angi
% 93 Sy fabricate, but the high- ) 2 phosphor screen for changing color. (a)
e ] phor screen easier to cate, t g snmplelme—screencolorsullchmg. (b) Deflection switching of colors

‘7 Unpublished work of O. Schade, RCA Victor Division, Harrison, with line screen. (c) Deflection swilching without requiring
N. J., and F. H. Nicoll, S. M. Thomsen, and others, RCA Labora- registry.
w(r:ics, Princci:t)on, N. J.; and R. C. Bitting and L. M, Seeburger, Tt
RCA Victor Division, Camden, N. J. 1e capacitance of the tw ‘
L. C. Jesty, British Patent 443,896 (complete spec. left Novem- { ]] 0 the two groups of Plates since there
ber 5, 1935). are ol the order of 150 (0 300 of them in each group, is
49 1 H H . d .
o 192‘.})?/. Bedford, U. S. Patent 2,307,188 (applied for November sufficiently high to pose SC‘}'l()llS difficulty when rapid
50 H.)E. Kallmann, U. S. Patent 2,416,056 (applied for February ~€0lor changes are needed. For sequential presentation, ‘
21, 1944). correct gating si ie -
1 L. E. Swedlund, U. S. Patent 2,446,440 (applied for January 28, it g - ,g e am)lxu‘l to the clectron $ust per- |
1947). mit a sine wave to he applied to the color-deflection

$2 L. \V. Parker, U. S. Patent 2,498,705 (applied for July 2, 1947). lates, and this permi N
5 T, W. Chew, U.S. Patent 2,529,485 (filed October 9, 1945). ! luc: It 'S permits tuned circuits to be used, thus
“ A. B. Bronwell, U. S. Patent 2,461,515 (applicd for July 16, reducing the power as compared with square-corner
1945). switching wav
% A. B. Bronwell, “A new viewing tube for color television, g e forms.
Tele-Tech, vol. 1, pp. 4041 and 60-65; March, 1948. Also in Elec-
tronic Eng. (London), vol. 20, pp. 190-191; June, 1948.

11
1946)7\. C. Schroeder, U. S, Patent 2,446,791 (applied for June 11




1951 Ierold: Methods Suitable for Television Color Kinescopes 1183

The registry of such a large number of deflection
plates with the phosphor lines is a mechanical difficulty
of the Fig. 5(b) method, which has been overcome by

epositing two of the color phosphors directly on the
deflection plates, as proposed by R. L. Snyder and con-
structed and improved by H. B. Law, both at RCA
Laboratories, Princeton, N. J. An illustration is shown
in Fig. 5(c). This simplifies tube construction but pre-
vents use of aluminizing over the phosphors since the
red and blue light must pass through the green phosphor,
which acts as a diffusing screen to reduce undesired di-
rectivity of the red and blue colors. When aluminizing is
not used, care must be taken to prevent differences in
charging up of the phosphors, which cause nonuniform
deflection. Special techniques, of course, are also re-
quired for use of anode potentials on the kinescope above
the “sticking potential” of the phosphors. Improved
phosphor conductivity and transparent conducting
coating under the green phosphor are methods which
mav be used but, in general, much more care must
be taken in such a tube than in black-and-white tubes
because three different and unmixed phosphors are
involved. There is also limited red and blue definition,
due to a finite number of deflection plates in the one
direction and the diffusion of the red and blue light
through the green-emitting phosphor in the other direc-
tion. On the other hand, the tube requires comparatively
little mechanical registration (chiefly tilting of plates to
keep them parallel to the deflected electron beam).

The use of fine-meshed control grids at the phosphor
screen assembly for overcoming high color-changing
voltages was developed by S. V. Forgue.’? In such tubes,
the light-emitting area is composed of a set of parallel,
closely spaced, phosphor screens, which are separated
by color control grids operated near cathode potential.
When one of the color control grids isslightly positive in
potential, the electron beam can pass through a subse-
quent phosphor screen. When the grid is negative in po-
tential, the beam is turned back to strike a preceding
phosphor screen. In a two-color tube, one control grid
separates two phosphor screens. In a three-color tube,
two control grids interleave with three phosphor
screens. When such kinescopes are used for a sequential
color-picture presentation, sine-wave switching can be
used for high-sequence rates, and the capacitance is
considerably less than the deflection-plate methods of
Figs. 5(b) and 5(c). There is, however, parallax between
the color images which either limits the viewing angle or
suggests projection optics as with the other tube using
grids.54.65

. K. Weimer developed a switching-at-screen color
kinescope which uses a single electron beam at an angle
of 45 degrees with the viewing screen.’® All three color-
emitting phosphors are now placed on the front surface

S, V. Forgue, “A grid-controlled color kinescope,” I’koC
I.R.E,, p&. 1212-1218; this issue.
. ¥ P. K. Weimer and N. Rynn, “A 45-degree reflection-type color
kinescope,” Proc, L.R.E,, pp. 1201-1212; this issue.

of a perforated metal sheet in adjacent line-like areas.
By varying the voltage on a nearby and parallel trans-
parent conducting coating, the electron beam is re-
flected back in a path which can be slightly altered to
strike one, or another, color. The phosphor areas and
the openings in the sheet are so located that the same
color is emitted no matter at what point on the raster
the beam is deflected, assuming a fixed reflecting-elec-
trode potential. To obtain a rectangular raster, key-
stone-correction is applied to the deflection circuits.
This device has a mechanical requirement, namely, ac-
curate parallelism of the perforated sheet and the trans-
parent reflecting electrode, but in other respects it has
many advantages, among which is an effectively perfect
superposition of the three color images. A sine wave
can be used for sequential color switching, when this
need be done at a rapid rate, using circuits developed
by N. Rynn.

Each of the color kinescopes in this section has been
described with a single electron beam; for sequential
color presentation only one beam is needed. For a
simultaneous presentation, brighter pictures are often
obtained by use of three separate electron beams. With
the kinescopes using a color control mechanism at the
screen, one may use three separate electron guns by
operating them at different cathode potentials. The
three guns are located as closely together as possible (if
a single deflecting system is to be employed). In the
methods of Fig. 5(a), or the Bronwell gridded tube,*
the differences in cathode potentials are so large that a
single deflecting system would be impracticable. How-
ever, for the Forgue grid-controlled color tube, or the
\Weimer 45-degree reflection tube, only a small cathode-
potential difference is required for the three electron
guns to cause the fixed-potential color control system at
the screen to act differently on each beam. With the
type of operation using a transverse control field, as in
Fig. 5(b) and 5(c), the analogous procedure (i.e., three
guns at slightly different cathode potentials) would not
be applicable, and one is led to a separation of the elec-
tron guns in space, with no control field. This becomes
a direction sensitive color screen (treated in the next
section) which depends on shadowing.

DIRECTION-SENSITIVE COLOR SCREENS
UsING ELECTRON SHADOWING

Because electrons in a field-free region move in sub-
stantially straight lines, one can make use of shadow
techniques to produce a color-emitting phosphor screen
in which color depends on the direction of arrival of the
impinging electron beam. An early proposal using color-
phosphor lines shadowed by an aligned grid is shown in
Fig. 6.5 It is seen in Fig. 6(b) that a single beam may
be deflected and reconverged so as to appear to come
from three positions in time sequence. Alternatively,
three separate and spaced electron guns may be used

# W, Flechsig, German Patent 736,575 (applied for July 12,
1938); see also, corresponding French Patent 866,065,
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as in Fig. 6(a). The mechanical difficulties in such a
structure are great and the use of the line screen requires
a nonsymmetrical deflecting voltage for normal color
sequencing in a one-beam tube; for this reason, a color

screen with dots instead of lines has

particular ad-

vantages.
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Fig. 6—Proposal by Flechsig using color phosphor lines shadowed
by wire grid. (a) With three beams. (b) With one beam deflected

at the gun.

The first direction-sensitive method to receive con-
siderable publicity made use of a nonplanar surface,
and was proposed by Baird for a three-color kinescope.®-?
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Fig. 7—Baird three-color nonplanar color screen, in principle.

Shown in Fig. 7, it used a ridged transparent plate with
the color phosphors deposited as strips along the
ridges. The third color was produced on the opposite
side. Modified nonplanar color screens using all three
beams on the same side were devised by Geer®® and

© C, W. Geer, U.S. Patent 2,480,848 (applied for July 11, 1944).
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others,®®* for which a typical illustration is shown in

Fig. 8. The major problems of such a tube, aside from
fabrication, lie in obtaining good color directivity and
in the complex deflection problems. It is necessary to
produce a rectangular raster with three off-axis, key-
stone-corrected guns, in which not only the edges but
each scanning line should be registered with those of
the other two guns. Although these problems have not
yet been overcome practically, they are now receiving
serious consideration in at least one laboratory. A few
years ago, R. R. Law and D. A. Jenny, at RCA Labora-
tories, Princeton, N. J., studied means for reducing the
angle of separation of the three beams by using very
steep pyramids on the nonplanar surface, and also by
constructing alternative nonplanar surfaces, two varie-
ties of which are shown in Figs. 9(a) and 9(b). Unfortu
nately, the deposition of phosphors so nearly parallel to
the direction of viewing leads to so large a light loss that
widely spaced guns, with their attendant deflection
problems, may be essential.

There is, of course, a very substantial advantage in a
direction-sensitive color screen with such a narrow angle
between eclectron beams that a single deflection yoke
can be used. Although it is possible to do this with the
line-screen shadow device of Fig. 6,% it appears to be

DIRECTION OF
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DIRECTION ,or;%} ‘i ‘%ij‘(-f ".J\ DIRECTION OF
BLUE BEAM ~ \ul.‘i‘:(-t.i’{,{ 'i' RED" BEAM

Fig. 8:—Cl_:bica‘l-pyramid_ nonplanar color screen. Sides of cubes
facing in different directions are coated with different color
phosphors.

much easier to adopt proposals of Alfred N. Goldsmith
consulting engineer to the Radio Corporation of
America, and A. C. Schroeder, of RCA Laboratories.
Special techniques developed by H. B. Law, of RCA
Laboratories, showed the practicality of the arrange-
ment and permitted successful tubes to be made using
three beams, one for each color. This screen uses color
phosphors arranged in groups of three dots in an equi-
lateral triangle; close to the phosphor screen and be
tween it and the electron guns is an aperture mask
which produces the shadowing. For each group of three
phosphor dots, there is a hole in the shadow mask of

L l‘;ﬁ;fred N. Goldsmith, U.S. Patent 2,481,839 (applied for August

* Developments of A. B. Dumont Lab ies, “ i
catht?de-ray tubes for television,” Elrclromc;;?tg:fs'zo,Egrse;llrgf?ltg!
March, 1947. See also, U.S. Patent 2,544,690 (applied for December

26, 1946).
6 [ H
*C. 8. Szegho, “Experimental tri-color cathode-ray tube,”

Tels?}:]ech., vol. 9, PP 34-35: July, 1950

. B. Law, three-gun shadow- i "
Proc. I.R.E., pp. 1186-1194; tﬁlis is:uz. ST o s
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about the same size as one dot. An electron beam ap-
proaching the scanning mask at a slight angle (of the
order of 1 degree) from the line to the center of deflec-
tion, will land only on a single color in any one of three
rotational positions, 120 degrees apart. Thus, by plac-
| ing the three guns at an appropriate distance from the
axis of the tube and at the correct azimuthal orienta-
tion, the three beams may be converged to a point on
the screen, and each beam is able to exciteonly a single
color. Use of a very large number of dot groups pre-
vents discernment by the viewer of the picture struc-
ture, just as in color printing.

The technique for making the mask and dot screen
and their registry is described in another paper.® Dep-
osition of the hundreds of thousands of accurately
located phosphor dots presented a major problem which
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Fig. 9— Two forms of nonplanar direction-sensitive color screen.

was overcome by the use of printing techniques de-
veloped by N. S. Freedman and K. M. McLaughlin.®
Other details of the three-gun shadow-mask color kine-
scope are discussed in accompanying papers.®-®:7 The
three beams are converged to a single point on the
screen, even through wide angles of deflection, by using
an anastigmatic deflection yoke and convergence sys-
tem %

A modification of the shadow-mask color kinescope
is attainable by use of an ingenious development of
R. R. Law of RCA Laboratories.®® In this develop-

% H. C. Moodey and D. D. Van Ormer, “Three-beam guns for
color kinescopes,” Proc. L.R.E., pp. 1236-1240; this issue.

% ). D. Van Ormer and D. C. Ballard, “Effects of screen toler-
ances on operating characteristics of aperture-mask, tri-color kine-
scopes,” an accompanying paper. Proc. 1.LR.E., pp. 1245-1249;
this issue.

7 B. E. Barnes and R. D. Faulkner, “Mechanical design of
aperture-mask, tri-color kinescopes,” Proc. L.LR.E., pp. 1241-1245;
this issue.

& A W. Friend, “Deflection and convergence in color kinesce "
Proc. 1.R.E., pp. 1249-1263; this issue. £ neseopen.

ment only a single electron beam is used; prior to the
normal scanning deflection, a small additional deflec-
tion at the gun and subsequent convergence moves the
beam to different azimuth positions so as to cause any
desired color to be emitted. When this is done in time
sequence, so as to display each primary color in turn, a
sequential color presentation is achieved, and it appears
possible to use simple circuit components even at very
high sequence rates. Alternatively, by correct control
of the beam deflection at the gun, space-sharing of the
color phosphors by the beam allows a simultaneous
presentation.®®

Both the one-beam and the three-beam shadow-mask
kinescopes, using the RCA color television system, were
publicly demonstrated® in March, 1950, in Washington,
D.C.
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A Three-Gun Shadow-Mask Colot chscope

H. B. LAWY}, SENIOR MEMBLR, IRE

Summary—A three-gun shadow-mask color kinescope is de-
scribed as well as construction techniques. The beams, from three
guns mounted together in a 2-inch diameter neck, are deflected by a
single deflection yoke. The guns are pointed so that the electron
beams converge to a spot on a thin, perforated metal sheet that
acts as a mask and is located a short distance away from a viewing
screen composed of many phosphor dots. Associated with each hole
in the mask is a trio of phosphor dots capable of emitting the three
primary colors, red, blue, and green. The dots are so placed that each
electron beam as it scans can “see” only one dot of the trio. Each
of the three besms is thus capable of exciting one color only, and
when all three beams are modulated with the appropriate primary
color information, a picture in full color can be reproduced.

An apparatus called the “lighthouse” is used to record the loca-
tions of the phosphor dots on a photographic plate placed behind the
mask and in the plane of the phosphor screen. A point source of
light, at the position from which the deflection of one of the beams
appears to take place, is used to simulate the electron beam in
recording the phosphor dot positions. The pattern for one color of
phosphor is the same as for the other two colors, and the geometry
of the hole system in the mask is such that the three phosphor pat-
terns nest together perfectly. The phosphor screens may be made by
using various processes such as, electrostatic printing, offset printing,
photoprinting processes, silk screening, and settling. The latter two
methods have been used in the tubes described in the text. Experi-
mental tubes have shown the principles of operation and construction
to be sound.

I. INTRODUCTION

N THE PAST, a number of ideas for all-electronic
I[ television picture tubes have been proposed that
allow both the brightness and color of individual
picture elements to be displayed. Progress toward a
practical reproducer has been slow, primarily because
of tlie technical difficulties involved. In the last few
years, however, many of the difficulties have been re-
solved by new techniques for black-and-white kinescope
production such as metal-cone construction and alu-
minized phosphor screens. Other developments described
below make the production of a color kinescope feasilile.
A resumé of color-tube proposals has been given in an
accompanying paper by Ilerold.! Some of these pro-
posals may be compared with techniques used in color
photography and color printing. For example, color
photography by layer emulsion, such as Kodachrome,
has a counterpart in the proposal to use three different
layers of phosphor for the screen, each phosphor element
being capable of emitting one of the three primary
colors when selected to do so in some manner by the
scanning beam. The proposal to superimpose optically

* Decimal classification: R583.6%535.6. Original manuscript re-
ceived by the Institute, August 15, 1951, )

t RCA Laboratories Division, Radio Corporation of America.
Princeton, N. J. - )

'E. W. Herold, “Methods suitable for television color kine-
scopes,” Proc. L.LR.E,, pp. 1177-1185; this issue.

three rasters in the primary colors, to form a color pic-
ture, is similar to color photography employing separa
tion negatives. As for color printing, a great many of the
color-reproducer proposals have incorporated a struc-
ture at or near the viewing screen to produce small ele-
ments of color that may be likened to the color dots of a
printed picture.

Although a change of color can be obtained with layer
phosphors, no commercial tube for the production of
color pictures by this method has yet appeared. The
optical superposition of three pictures in the primary
colors has performed satisfactorily when three separate |
kinescopes have heen used, and this method has served
well for system experimentation. A single screen, made
up of enough controllable color elements to give a good
picture, seems, at first thought, complex. However,
should complexity be unavoidable, a color-reproducer
tube mav still be useful if, by confining the complexity
to the fabrication of the tube itself, the tube is made
simple to operate. \Vhether such a reproducer tube is
practical then depends on the solution of manufacturing
problems. The color-reproducer tube to be considered
here attempts to place the complex features into the
tube itself so that the user finds it nearly as simple to
operate as black-and-white kinescopes.

The shadow-mask color kinescope is based on the fact
that electrons, moving in a ficld-free region, travel in
straight lines. By use of the geometry of the color phos-
phor screen, it is possible to cast shadows on certain
portions of the screen whose color one does not wish to
excite. When the direction of arrival of the impinging
beam is shifted, the shadows are shifted in position and
the beam is permitted to illuminate only the desired
color on the screen. The form of shadow geometry em
ployed in the present tube incorporates proposals by
Alfred N. Goldsmith consulting engineer to The Radio
Corporation of America, and A. C, Schroeder, of the
RCA Laboratories Division.

.Tlfis paper describes a color-kinescope shadow-mask
viewing screen comprising a shadow mask placed in cor-
rect alignment with a phosphor screen consisting of a
multiplicity of color-emitting phosphor dots. The
shadow-mask screen is discussed in connection with a
kinescope using three guns while the application of the
same shadow-mask screen to 4 one-gun three-color kine-
scope is covered in a companion paper by R. R. Law
Later work pertaining to the problems involved in
producing the tube in meta] cones with printed phos-
phor screens is presented by members of the RCA Vic-

'R.R. Law, “A one-gun shadow-mask i i
LR.E., pp. 11941201 . this issue. T Rlariiehte Baog

|
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tor Division in companion papers.** Work undertaken
at RCA Laboratories Division on the development of a
suitable deflection yoke also appears in this series of
papers.”

The first public demonstration of single-gun and
three-gun shadow-mask color tubes incorporating this
work was made in March, 1950.%8 In December, 1950, a
triple-gun tube was demonstrated, which had improved
phosphors and a greater number of color elements.®

II. PrRINCIPLE OF OPERATION

In the three-gun shadow-mask color kinescope three
electron beams are used, one for each primary color. The
beams strike a phosphor screen composed of a regular
array of red-, green-, and blue-emitting phosphor dots
as shown in Fig. 1. Between the electron gun position
and the phosphor screen, there is placed a thin perfo-
rated metal sheet for the purpose of partially masking
the electron beams. That is, the electron beam which is
to contribute the red part of the picture is prevented,
by the mask, from striking those areas of the screen

PREFERRED DIRECTION OF
HORIZONTAL SCAN

BLUE-"‘\"--r&ED

\ .

\\'\l,\‘ \
\ +
[ 3 \
/ W B
, GREEN " : T

CENTER OF WAXES OF
DEFLECTION ELECTRON
PLANE BEAM

SHADOW MASK
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COVERED WITH TANGENT
PHOSPHOR DOTS

Fig. 1—An illustration of the geometrical relation between the elec-
tron beams, shadow mask, and phosphor screen, in the color
kinescope.

containing blue and green emitting phosphors. Likewise,
the green and blue beams can strike only the green- and
blue-emitting phosphor dots, respectively.

The viewing screen is made up of closely spaced
phosphor-dot trios on a flat glass plate (Fig. 1). Each
trio consists of a red-, green-, and blue-emitting phos-
phor dot with the centers of the dots lying at the cor-

3H. C. Moodey and D. D. Van Ormer, “Three-beam guns for
color kinescopes,” PRocC. I.R.E.,(!Jp. 1236-1240; this issue.

+D. D. Van Ormer and D. C. Ballard, “Effects of screen toler-
ances on operating characteristics of aperture-mask, tri-color kine-
scopes,” Proc. 1.R.E,, F{p. 1245-1249; this issue.

s B, E. Barnes and R. D. Faulkner, “Mechanical design of aper-
ture-mask, tri-color kinescopes,” Proc, I.R.E., pp. 1241-1245; this
issue.

¢N. S. Freedman and K. M. McLaughlin, “Phosphor-screen
application in color kinescopes,” Proc. L.R.E., pp. 1230-1236; this
issue,

17A. W. Friend, “Deflection and convergence in color kine-
scopes,” Proc. .R.E., pp. 1249-1263: this issue.

s T. R. Kennedy, Jr., “RCA shows all-electronic tube as key to
color television,” N. Y. Times: March 29, 1950.

¢ Jack Gould, “Improved RCA color is shown,” N. Y. Times;
Dec. 6, 1950.
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ners of an equilateral triangle. The trios themselves lie
at the corners of an equilateral triangle of larger size.
Associated with each of the trios is a hole in the shadow
mask; these holes are also located at the corners of an
equilateral triangle.

SHADOW
PHOS PHOR

DOTS

PREFERRED DIRECTION OF
HORIZONTAL SCAN

Fig. 2—Phosphor-dot array used in the color kinescope. The rela-
tion between the shadow-mask holes and the phosphor dots is
shown for a region near the axis of the tube.

The phosphor pattern and shadow mask have a num-
ber of geometrical properties that may be more clearly
seen in Fig. 2. The shadow mask hole associated with
each trio is shown as a dotted circle.

The three beams, located 120 degrees apart about the
tube axis, are converged to a point on the mask (Fig. 3)
either by pointing the guns or by a lens system.? If the
convergence angle, or angle between each of the beams
and the tube axis, is made large, it is necessary to pro-
vide three separate deflecting systems capable of pro-
ducing accurately registered rasters on the screen. Alter-
natively, if the angle of convergence is made small
enough, the three beams can be included in the same
neck and a single deflecting system can be used. In

THREE
ELECTRON
GUNS

SHADOW MASK-/

DEFLECTION YOKE PHOSPHOR SCREEN

Fig. 3—Experimental shadow-mask color kinescope.

three-gun tubes described in this and companion pa-
pers,* it has been found possible to reduce the con-
vergence angle to less than 2 degrees so that the three
guns may be built into a two-inch diameter neck. In
the one-gun tube, a single gun on the tube axis is used
but the beam is deviated from the axis, bent back again,
and rotated to give virtual origins equivalent to the
three guns.
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The three beams go through the deflection yoke off
axis, and each beam has its own center of deflection that
is approximately a point. The three points for the three
beams define a plane normal to the tube axis that may
be called the center-of-ceflection plane (Fig. 1). Each
beam may be considered as originating from its center
of deflection, and therefore each changes its angle of
incidence at the mask as it scans. The trio of phosphor
dots associated with each mask hole must not lie di-
rectly under each mask hole, but should be displaced
radially in accordance with the angle of incidence of the
beam.

The geometry of the positioning of the phosphor dots
is shown in Fig. 4, where a plane defined by a row of
mask holes and one of the deflection centers is illus.
trated. If an infinitely thin mask and a point source of
clectrons are assumed, it can be seen that the radial dis-
placement of the phosphor dots required for correct
alignment, results in a phosphor dot array similar to
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Fig. 4—A plane perpendicular to the shadow mask and passing
through a row of holes in the y direction as defined in Fig. 2. The
geometry for a point source is shown

the hole array in the mask, but enlarged by the factor
L/(L—gq), where L is the detlection-plane-to-phosphor-
screen distance and ¢ is the mask-to-screen distance.
Two other identical phosphor-dot arrays result from
the remaining two deflection centers, the three arrays
nesting perfectly if the correct relation exists between
L and g for a given spacing between mask holes. The
implication for manufacturing is that, if a stencil can
be made for depositing phosphor of one color with all
the dots in the right place, then the proper shift of the
stencil will result in accurate positioning of the second
and third colors.

Various processes may be used to place the phosphor
in the desired position on the phosphor plate. These
processes include electrostatic printing, offset printing,
photoprinting processes, silk screening, and settling.
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The latter two methods will be discussed in this and in

another paper.’
LI, Sapow-NMask DESIGN

Regardless of the geometrical pattern of holes chosen
for the shadow mask, the electron beams in scanning the
mask will trace patterns on the phosphor screen that
are similar to the mask pattern but slightly enlarged
In general, one gun is required for cach color that is to
be displayed on the phosphor screen. The design of the
pattern of holes in the mask then consists of finding an
arrangement of holes and a placement of beam detiec-
tion centers such that the patterns scanned by the beams
on the phosphor screen will nest together without voids
or overlap. One such pattern of holes in the shadow
mask that would be satisfactory for any number of
colors is a system of parallel slots with the deflection
centers on a line normal to the slots. Another arrange
ment suitable for three colors is to place the holes in the
mask at the corners of equilateral triangles (Fig. 2). The
deflection centers also occur at the corners of an equi
lateral triangle. The orientation of this triangle, with
respect to the mask, must be correct or voids and over
lap will result; the correct orientation is illustrated in
Fig. 1.

The triangular pattern was chosen for the shadow
mask in experimental tubes primarily because of its
mechanical properties. A thin piece of metal perforated
with the pattern can be stretched taut on a frame and
will resist the tension about equally in all directions
Each hole in the pattern is well supported and mayv be
expected to maintain its position better than, for exam
ple, a shadow mask made up ot a grill where support is
confined to the ends of the strips in the grill.

Having chosen the triangular-array dot pattern for the
shadow mask, one must determine the fineness of the pat-
tern required to realize in the reproducer the full capa-
bilities of the transmitting system. This may be done by
experimentally relating the number of holes in the mask
to the maximum possible horizontal and vertical resolu-
tions due to the structure of the mask alone. An expres-
sion giving the number of holes in the mask mav be
found as follows: If the width divided by the height of
the picture, or aspect ratio, is 4, then a mask of height
h has a width Ak, \When the mask is oriented as in Fig.
2, and the distance between holes is a, there are 2/ /a
horizontal rows of holes with Ah/ax 3 holes in each row.
Every hole is associated with a trio of red, green, and
blue dOlS, so that if one wishes V stich trios in the I)hOS'

phor screen
24 (h 2
v )
Vi3\a

Now, if Ry and Ry are the horizontal and vertical limit-

ing resolutions expressed in lines per picture height,
then

Ru=kuvN: Ry = byuW

where (e” and kv are the proportionality factors to he
determined.
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The subjective resolution of a kinescope employing a
~ombination of a conventional scanning-line raster, to-
gether with triangular arrays of phosphor groups, has
not yet been determined by a method analogous to that
already employed for the scanning process alone.! Pre-
lliminary observations were made, however, with a high-
definition-monochrome scanning raster on a shadow-
mask screen assembly. Observations also were made of
the resolution that can be seen when wedge patterns are
placed in direct contact with a mask and viewed by
transmission. The results for a number of observers
were between ky=0.67 to 0.82, and ky=0.72 to 0.93.
As an example of the use of these values, the shadow-
mask color kinescopes, which were publicly demon-
strated in December, 1950° had 195,000 mask holes,
corresponding to N =215,000"; using the resolution fac-
tors above, a horizontal resolution between 325 and 400
lines and a vertical resolution between 350 and 450 lines
is indicated.

Complete experiments, such as those in E. W. Eng-
strom's'? study of scanning line structure visibility, can
be performed to determine the dot structure needed for
negligible visibility over a wide range of viewing dis-
tances. At normal viewing distances, the dot structure
of the color kinescopes demonstrated in December, 1950,
was unobjectionable.

For the triangular array of holes in the shadow mask,
a hexagonally-shaped hole would allow the patterns

traced out on the phosphor screen to cover 100 per cent’

of the area and nest perfectly. However, if the diameter
of the hole is only a factor of two or three greater than
the thickness of the metal, the shape of the hole obtained
will depend largely on the method of fabrication. One
of the best ways of making the holes, to be described
later, is to etch them through the thin mask metal.
Round holes of the size required are most easily made by
this process and are quite satisfactory because it is pos-
sible for about 90 per cent of the area on the phosphor
screen to be struck by the beam. Etched holes have a
further advantage in that they may be made to have
sloping sides so that the masks are extremely thin from
an operational standpoint, i.e., mask holes as viewed
from the deflection center do not appear to close up
near the edge of the mask because of the thickness of the
mask.

Another factor to be considered is a possible color
dilution in the picture caused by secondary electrons
from the mask striking the phosphor screen. Since the
shadow-mask is at the same potential as the aluminized
screen, high-velocity secondaries (reflected clectrons)
from the shadow-mask apertures may strike the phos-
phor screen. When one of the three guns is turned on
and the direct beam strikes a phosphor of a single color,

1* M. W. Baldwin, Jr., “The subjective sharpness of simulated
television images,” ProcC. I.R.E., vol. 28, pp. 458-468; October, 1940.

1 The actual number of holes in the mask is about 10 per cent
less than those computed for a rectangular picture because of the
rounded sides of the picture displayed.

12 E_ W, Engstrom, “A study of television image characteristics,”
Proc. I.R.E., vol. 21, pp. 1631-1651; December, 1933.
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slight color dilution could result if these electrons, scat-
tered from the shadow-mask, fall on phosphors of all
three colors. Assuming equal efficiency for the phos-
phors, the effect would be a white dilution. If, as is true
of currently available phosphors, the red is not as effi-
cient as the other two, the dilution of the red would be
slightly greater than that of the other colors because of
the larger beam current needed in the red gun. The dilu-
tion caused by scattering is a minimum, as a result of
the tapered holes. As the beam strikes the sharp edge of
the taper, a smaller fraction of the high-velocity second-
aries can be scattered through the hole than if the hole
had straight sides like a punched hole. Using tubes made
in this way, colorimetry measurements by \WW. F. David-
son of RCA Laboratories indicated the dilution is not
an important factor, since it was only 3 per cent or less.

As a further step in the design of the mask, the pre-
ferred orientation of the mask array with respect to the
horizontal scan must be determined. The shadow mask
contains a regular array of holes through which the three
beams pass to reach the phosphor screen. Because of
the regularity of the array, the holes fall into rows in
certain directions. If the scanning beams travel parallel
to a row of holes, then the raster will be modulated nor-
mal to the direction of scan, unless the scanning line
separation is an exact multiple of the separation be-
tween rows of holes. If the scan lines are not parallel to
the rows of holes, the modulation will take place at some
angle other than normal to the raster. Modulations of
these types, if noticeable, may produce an effect called
moiré.

Experimentally, it was found that noticeable moiré
could be eliminated by scanning the mask in the x direc-
tion (Fig. 2), but that considerable moire resulted from
scanning at an angle approaching either plus or minus
30 degrees from the x direction. The experiments were
confirmed in a theoretical study by E. G. Ramberg of
RCA Laboratories, in which the maximum deviation
from the average transmission of the mask was deter-
mined as a function of the angle between the scanning
lines and the optimum scanning direction. In the cal-
culations a bell-shaped density distribution in the elec-
tron spot was assumed. For a picture with approxi-
mately 470 visible scanning lines, corresponding to pres-
ent United States’ 525-line black-and-white standards,
with a scanning spot small enough to resolve these
lines easily, and a shadow-mask of N =215,000, the cal-
culations showed that intensity variations from the
average (moiré) were negligible, being only 1 per cent
when the mask was scanned in the x direction of Fig. 2.
Within an angle of 2 degrees from this optimum direc-
tion, variations were still under +2 per cent, a tolerable
value. Again checking observation, a 30 degree devia-
tion, i.e., horizontal scanning along the ¥ direction of
Fig. 2, was shown to lead to intensity variations of + 35
per cent from the average. For shadow masks with
larger numbers of holes, of course, the allowable devia-
tion from the favored direction is increased. The effects
are also greatly decreased when the scanning spot size
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is increased to the point at which the scanning lines arc
just resolved.

Although of rare occurrence, another source of moiré
is possible with certain types of signal. A strong inter-
mittent signal of high video frequency can combine with
the dot structure in the tube to form a “beat” pattern.
When a sufficiently large number of mask holes is used,
or with scanning spots which cover more than one hole,
the effect is also of small magnitude.

IV. DEsiGN GEOMETRY

Thus far, in discussing the geometry of the tube, each
electron beam has been considered as originating from a
point source at its center of deflection, which implies
that the holes in the mask may be nearly equal in size
to the phosphor dots. Since the electron beam at the
center of deflection is far from a point, its diameter will
require a reduced mask-hole size to obtain proper shad-
owing action at the phosphor screen. To study the ef-
fect, a simple approximation is to assume that electrons

PHOSPHOR SCREEN

Fig. 5—A plane perpendicular to the shgdow mask and passing
through a row of holes in the y direction as defined in Fig. 2. The
geometry for a source of diameter M is shown.

originate and travel in straight lines from a disc that
represents the crossection of the beam at the center of
deflection. Peripheral rays would then define the elec-
tron beam as it goes through the shadow mask to the
phosphor screen.

Fig. 5 represents a plane through the axis of the tube
and one of the deflection centers; the beam cross section
disc diameter is M and the distance from its center to
the axis is S. The geometry will ke discussed for only
one of the beams and its associated phosphor dots be-
cause the other two colors have identical geometry. Fig.
2 shows a view of the phosphor dots in the plane of the
phosphor plate and indicates by the y axis the row of
single phosphor dots considered.
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The centers of adjacent phosphor dots making up a~
trio lie at the corners of an equilateral triangle. As
shown in Fig. 5, let R be the phosphor dot diameter
when the three-color array consists of tangent dots, /)
the minimum distance between dots of the same color,
and d the distance from the center of a trio to the center
of one of the dots of the trio. 1hen

D= Rv3 = 3d. 3

In Fig. 5, similar triangles may be uscd to get the rela

tions
d D a

¢ (L-¢ L (L-yg)

where S is the separation of the axis of the electron beam
from the tube axis in the deflection plane, a is the dis-
tance between holes in the mask, L is the deflection
plane-to-phosphor-screen distance, and g is the mask-to-
phosphor-screen distance. 13y eliminating (L—gq) and

using (1), the following relations may be found.
La 1 1 1 1 V3 ( 1 1) 3)
3" D o 38 R a 38/

Again from similar triangles,

B M B R
2 2 2 .
(4)
/ 9+ v 9+ x

where x is the crossover point of the peripheral rays, B
is the mask hole diameter, and A the diameter of the
electron beam in the deflection plane. Eliminating x and
using the above relations, the mask hole diameter B is
related to the hole spacing a bv

a \r
(\ 3 ) (5)

R
The ratio of the open area of the mask to the total area
1s an mmportant variable in determining picture bright-

ness. From the above relations this rartio in terms of M
and Sis

,-- Holearea B2 g ( M2
: V3 ) (6
o Total area 2a°/3 184/3 S (

The open area becomes zero when M =/3S, or when
the cross sections of the beams are tangent disks in the
deflection plane. If the beams originate from point
sources in the deflection plane,i.e., when A/ = 0, then the

open area would be a maximum of 5 '67\'3=130.3 per
cent.

V. DEsIGN For Maxivunm EFrIciENCY OF OPERATION

From (6) the heam striking the phosphor screen will

be
™ M\?
Is= 2. =
18\/2<\/3 S) @)

where /,, is the current arriving at the mask. To evaluate
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I, a simple approximation is to assume that the cross
section of the beam in the deflection plane is a geometri-
cal enlargement of the cross section in the final limiting
aperture of the gun. As a result of this assumption, there
is effectively an aperture of diameter M in the deflec-
| tion plane with a beam centered in the aperture. Now
| assume that in this aperture there is a current density
distribution

(8)

where r is the radial distance from the center of the
beam, po is the current density on the beam axis, and
b is the radius at which the current density has fallen
to po/e.

The current arriving at the mask is then

p= Poe_"’b’

.u./'.'
[ = Zﬂ.pof re "’bzdr — 7rpob2[1 — (—-M!/cm], (9)
0

and the total current in the beam is
(10)

‘I'he current to the phosphor screen from (N, (9), and

(10) is then )
T (\/3 MY
18v/3 S)' (1)

An inspection of (11) shows that the larger S the
more efficiently the beam is used, i.e., Is/lo becomes
larger. Also, from the equation it can be seen that the
smaller b the larger Is/I,. However, since the total
beam current [, increases with b (10), the optimum
value of b for maximum beam current involves gun de-
sign that is considered beyond the scope of this discus-
sion. Accordingly, conditions for maximum beam utiliza-
tion and not maximum beam current will be investi-
gated. Further inspection of (11) shows that Ig/Io=0
for both M=0and M= V/3S, which indicates there is
an optimum M. Itis the purpose of the discussion to find
this value of M.

From (11) the value of M for maximum efficiency of
operation g/l may be found by setting d(Is/Is)/dM
=0. The result is

S 1 [1 n 4b? ( W _ ]
M V3 e )|

I, = ‘h‘pobz.

Is = Io[l - e‘“’““]

(12)

Equation (12) enables the value of M for maximum
Is/Io to be calculated when any combination of S and
b have been chosen. By expanding M in (12), it
can be shown that S/M approaches 2/1/3 as b ap-
proaches infinity, i.e., when there i8 a uniform current
density across the diameter M. In this case the open
arca of the mask is 7.5 per cent. To find M graphically
from (12) for other values of b, it is convenient to plot
S/b against S/ M. This has been done in Fig. 6.

It is of interest to find the open area of the mask as
well as how efficiently the beam is used, for the opti-
mum values of M, when combinations of S and b have
been chosen. Equation (7) for the open area of the mask
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Is/In, and (11) for the efficiency in use of the beam
Is/Is, have been plotted in Fig. 7. In the latter plot,
the optimum value of M from (12) was used by elimi-
nating b between (11) and (12).

In Fig. 7 it may be seen that the beam efficiency goes
to zero for S/M=2/+/3=1.15. The efficiency becomes
zero because b becomes infinite when S/M= 2/\/3, and
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RATIO OF BEAM SPACING FROM AXIS

TO BEAM RADIUS PARAMETER,%

Fig. 6—Plot of the relation between b, S, and the corresponding op-
timum value of M. S is the distance between the axis and the
center of each beam in the center-of-deflection plane, M is the
diameter of the electron beam in the center-of-deflection plane,
and b is the radius of the beam in that plane at which the current
density in the beam has reduced to 1/e of its maximum value.

infinite b means that the beam current is infinite. If at
S/ M =2/+/3 the current density were uniform over the
area of the beam diameter M, but zero elsewhere, the
efficiency in use of the beam would be simply the trans-
mission of the mask at S/]V[=2/\/3 or 7.5 per cent.

As an example of the way the curves in Fig. 6 and
Fig. 7 may be used, suppose the current density dis-
tribution in the deflection plane is as postulated, and a
typical gun is used that results in 80 per cent of the
cathode current passing through a disc of 0.200-inch
diameter in the deflection plane, then the b value may
be found from (9) as follows:

0.8 = 1 — ¢0-200/4", b = 0.0786 inch.

Having found b, S may be chosen and the optimum
value of M found. The 0.200-inch assumed for M in the
example above was only for the calculation of band is
not necessarily the optimum value for the S to be
chosen. Proceeding with the examble, if §=0.300 inch,
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then S/b=3.82 and S/M=1.72 for optimum M, as
found from the curve in Fig. 6. For the chosen value of
S, then, M =0.174 inch. From Fig. 7 the proper trans-
mission for the mask is 13.3 per cent, and the beam is
used with an efficiency of 9 per cent.

The current to the phosphor screen for a black-and.
white and for a three-gun color tube may Dbe compared,
using the typical gun data mentioned above. For black
and white, a single gun is used, and the assumption was
made that 80 per cent of the cathode current reaches the
screen. Three such guns are used for the color tube, with
each gun delivering 9 per cent of its own cathode cur-
rent to the screen for a total of 27 per cent. The ratio of
current arriving at the black-and-white screen to that
of the color-phosphor screen is then 80/27 = 3. Because

30 l T —
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RATIO OF BEAM SPACING FROM AXIS TO OPTIMUM
BEAM DIAMETER IN THE DEFLECTING PLANE, %

Fig. 7—The efficiency with which the cathode current is utilized, and
the open area of the mask as a function of S/ M for the optimum
values of M found in Fig. 6.

of differences in anode voltage, phosphors, etc., how-
ever, it must not be concluded that the color kinescope
necessarily sacrifices brightness.

VI ConsTRUCTION TECHNIQUES FOR SHADOW-
MAsk SCREEN ASSEMBLIES

A vital part of the complete tube is the screen assen-
bly which consists of a shadow mask, spacer frame, and
phosphor-dot screen. Experimental shadow masks were
made with the appropriate array of holes in thin copper
sheet by using photoengraving techniques. The master-
dot pattern for photoengraving was made by contact
printing a grill twice on the same photographic plate,
the second time after the grill had been rotated through
60 degrees. A pattern of properly positioned diamond-
shaped spots results from the shadowing eflect of the
opaque part of the grill. Subsequent printing steps, with
shaped light sources and a spacer between the negative
and the photographic plate to be exposed, make it pos-
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sible to transform the diamond dots into approximately

circularly shaped black dots.

Having obtained a suitable negative, the steps in pro-
ducing the holes in the shadow mask are as follows: the
thin copper is coated with engravers enamel, exposed
through the negative with ultraviolet light, and de-
veloped. The exposed enamel is insoluble but the unex
pose enamel washes away to uncover the metal under-
neath. Ferric-chloride etching solution is then applied to
etch holes where the metal is exposed. Shadow masks
with spacings between holes of from 0.018 inch to 0.030
inch were made for experimental tubes.

The shadow masks were mounted on cold-rolled steel
frames designed to be of the right thickness to act also
as a spacer between the shadow mask and the glass
plate on which the phosphor-dot pattern was placed.
Because the shadow-mask to phosphor-screen distance
must be held uniform over the screen area, it was found
hecessary to stretch the shadow mask on the spacer
frame. The required tension was produced by placing
the mask between heated metal blocks while screws
clamping it to the frame were still loose. The mask ex
pands but the frame yemains relatively cool so that
when the clamps are tightened and the hot blocks re
moved, the mask quickly draws tight.

The glass plate for the phosphor-dot screen is fastened
to the other side of the spacer frame. It was necessary
to fix the position of the glass plate with respect to the
shadow mask at room temperature and yet allow for
differential expansion of the glass and metal during
tube processing. The required result w as obtained by
an alignment hole on one end of the spacer frame and
an alignment slot in line with the hole on the other end.
Two corresponding holes were drilled in the glass and
close fitting pins served to locate the glass accuratel

In order to position correctly the phosphor dots on
the glass plate, each beam may be considered as origi
nating from its center of deflection with electrons travel
ing in straight lines from the deflection center to the
mask. Using an apparatus that has been called the
“lighthouse,” a point-light source placed at the center of
deflection of the beams was used to simulate the elec-
tron beam. A photographic plate placed in the plane of
the phosphor screen was used then to record the correct
position of the phosphor dot of one color under every
shadow-mask hole. It was not necessary to make an ex-
posure from the remaining two detlection centers to
locate the other two-color dot arravs since, as shown
above, the patterns would be the same except for a
shift of position. A reference for making the shift, as
well as locating the pattern on the spacer frame, was oh-
tained by recording the hole and slot positions on the
photographic plate at the time the dot pattern w as ex-
posed.

With the photographic plate it was possible to make
a settli.ng mask of thin copper by again using photo-
engraving techniques. A single mask that was shifted
after each color was deposited was used in settling early

[
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experimental screens, as were three masks made from
plates exposed from all three beam positions. Settling
was done with the masks in contact with the glass
plate. The masks were then removed before pouring off

Fig. 8—Experimental shadow-mask color tube containing
a test sample of dot screen

the settling solution. Later, phosphor screens printed by
the silk-screen process were also made.®
The three phosphors used were green willemite
Zn,Si0,:Mn), blue silicate [CaMg(SiOs).:Ti], and
red-orange borate (2CdO-B,O;:Mn). After all three
colors had been laid down, the alignment was checked by

\1/‘-(
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Fig. 9—Unassembled parts for an experimental shadow-
mask color kinescope.

assembling the phosphor plate on the spacer frame with
the mask in position and by illuminating the phosphor
screen from one of the centers of deflection. Diffusion of
light in the phosphor dots makes it casy to observe with

a microscope the individual beams, as defined by the
holes in the shadow mask. The phosphor screen was then
disassembled and aluminized, both to increase the light
output of the screen and to insure a field-free region be-
tween the shadow mask and the phosphor screen.

Vil. EXPERIMENTAL SHADOW-MAsK CoLoRr TUBES

Experimental tubes were made by mounting the as-
semblies already described in glass kinescope bulbs hav-
ing 2-inch necks to provide room for the three guns.
One of the first such tubes for testing a small portion of
a full size screen is shown in Fig. 8. The screen assembly
in this tube, 3 inches X 3 inches in size, has a mask with
spacings between holes of 0.030 inch for a total of 11 ,500

Fig. 10—]ig for locating the clectron guns with respect to the phos-
phor-screen assembly in an experimental shadow-mask color
kinescope.

holes. The three guns mounted in the neck all point to
a spot on the mask with a convergence angle of about
2 degrees.

In operating the tube it was found necessary, because
of slight gun misalignment, to use very small permanent
magnets mounted on the outside of the neck adjacent
to the individual guns in order to bring the spots accu-
rately together. A correction was also required for the
earth’s field to keep the beams from being bent away
from their respective color centers. If the tube was set
up for good color ficlds, a rotation of the tube in the
horizontal plane would cause dilution of the pure fields.
One remedy was to place llelmholtz coils around the
tube and adjust them so that the earth’s field was neu-
tralized. Since the coils required readjustment when the
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tube was rotated, however, a Mu-metal shield was used
to eliminate the earth’s field inside the tube, as well as
any stray fields that might be present.

Even with all magnetic fields in the tube eliminated,
the beam did not accurately go through the color cen-
ters because of a misalignment of the guns with respect
to the phosphor-screen assembly. It was possible, how-
ever, to place a permanent magnet in such a position
that its effect was to produce pure color fields. If, at
the same time, a Mu-metal shield was used, then rota-
tion of the tube and the permanent magnet in the
earth’s field produced no change in the pure color fields.
Color pictures shown on the tube were bright with the
colors cleanly separated. Even though this early tube
was crude and contained only a small portion of a full
screen, experiments with it showed that the principles
of operation and construction were sound.

Tubes with finer masks were built, but the screen
size was limited because of glass-tube construction. Fig.
9 shows the parts for a tube with a 4 inch X6 inch screen
having a hole spacing of 0.018 inch in the shadow mask,
the total number of holes being 85,500. The convergence
angle in this tube was reduced to a little over 1 degree.
Color pictures obtained showed a marked improvement
in texture.

Fig. 10 shows the jig arrangement for locating the
guns. The fixture protruding from the tube contains the
information on the proper orientation and distance from
the mask for the guns. By placing the glass cone and the
gun press in position, the correct location of the gun
press was spotted, and then the jig was removed before
the glass seals were made.
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Improved tubes, making use of the techniques and
principles herein discussed, are described clsewhere.®

VIII. CONCLUSION

It has been demonstrated experimentally that a sin
gle kinescope can be made to present color pictures of
good color purity when the principle of ¢lectron shadow-
ing is used in the construction of the viewing screen.
Although classed as a “structure” screen, its construc-
tion has proven to be less difficult than some. Its suc-
cessful fabrication depends, in a large measure, on tech
niques whereby the screen and its mask are handled as
a whole, as contrasted to the construction and assembly
of individual elements. Of equal importance is the fact
that it was found practical to reduce the angle between
guns to the point where the deflection of all three beams
could be accomplished witli one deflection yoke instead
of three. T'he result of this work has been the demonstra-
tion of a direct-view color kinescope, with good resolu-
tion capabilities and a nondirectional viewing screen of
large size and very good color separation.
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A One-Gun Shadow-Mask Color Kincscopc*

R. R. LAWY, SENIOR MEMBER, IRE

Summary—A direct-view shadow-mask three-color kinescope
employing a single electron gun is described. Color selection in this
tube is accomplished by controlling the direction of approach of a
single electron beam to a direction-of-approach sensitive color
screen. For sequential presentation the beam is shared in time
sequence between the three primary colors. For simultaneous pres-
entation the beam is shared continuously among the three primary
colors. The new problems presented by the one-gun shadow-mask
color kinescope arise from the special requirements placed on the
electron optical system, from the need for deflecting the beam into
different color positions, and in the case of sequential presentation,
from the necessity for blanking-off the beam as it is switched from
one color position to the next. Practical solutions to these and other

problems are presented.

* Decimal classification: R583.6X535.6. Original manuscript re-

ceived by the Institute, August 15, 1951. . )
l tRC);\ Laboratories Division, Radio Corporation of America,

Princeton, N. J.

INTRODUCTION

VHIS one-gun shadow-mask color kinescope is an
outgrowth of the RCA work on all-electronic
color television. It makes use of a single electron

gun and a direction-of-approach sensitive color screen
which emits light of am combination of the three pri
mary colors, depending upon the direction of arrival of
the impinging electrons. Be ‘ause an electron beam has
very little inertia and its direction of approach can
readily be changed, a single beam from a single electron
gun can be shared in time sequence between the primary
colors to reproduce a color-television picture from any
color-television signal capable of sequentialt presenta-

! Report of the Senate Advisory C i isi
“The present status of color tel Vision” Paoe. L RS, Lelevision,
9801002 Sopremias ©f sole television,” Proc. | R.E., vol. 38 PP
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' tion; alternatively, by the use of appropriate color-

' signal circuits, the single beam can be shared con-

tinuously among the three primary colors to achieve

| simultaneous reproduction from signals which so per-

mit. In each case the brightness signal is applied to the
electron gun control grid, but the method of color selec-
tion depends upon the mode of presentation. In the case
of field-sequential or line-sequential presentation, step-
wise switching from color to color is desired. In the case
of dot-sequential presentation, sine-wave switching by
circular deflection with uniform angular velocity is
preferred. In the case of simultaneous presentation, the
color signals determining hue and saturation are applied
to the color-selection deflection system to vary the
direction of approach continuously.

In one successful application,? the direction of ap-
proach of a single electron beam is changed from picture
element to picture element as it is made to scan a screen
which employs a multiplicity of color dots and an
apertured shadow-mask? registered therewith. Thus the
electrons approaching from a particular direction can
strike only a single color phosphor no matter which part
of the raster is being scanned. In this manner it is pos-
sible to reproduce a color-television signal* in which a
line on the raster consists of dots of the three primary

colors arranged from left to right in the sequence red,

blue, and green.

The concept of the one-gun tube is understood as
follows: Electrons may be “colored-tagged” as they
leave the electron gun by imparting to them a desired
direction. This is possible because in an axially sym-
metric electron optical system, within the limits imposed
by aberrations, electrons emerging from a common
source-poinf at the gun may be reconverged to a com-
mon image point at the screen, carrying intact their
original direction-of-approach “color tag.” Control of
current to represent brightness is accomplished in the
conventional manner.

The operation of the one-gun color kinescope is differ-
ent from the operation of the three-gun color kinescope?
in that the beam from the single gun may be deflected
away from the axis by any amount and in any direction
so that it will return to the axis with any desired direc-
tion and angle of approach. In case a dot-sequential
presentation is employed, the beam is deflected so that,
in effect, it occupies in time sequence the three positions
of the three guns in the three-gun kinescope. If a
simultaneous presentation is employed, the direction of
deflection is changed continuously to vary the angle of
approach in accord with the hue and saturation informa-
tion. The problems unique to the one-gun kinescope
arise in part from the differences in electron optics, the

1 RCA Laboratories Division “General description of receivers for
the dot-sequential color television system which employ dircci-view
tri-color kinescopes,” RCA Rev., vol. 11, pp. 228—235’; f:me 1950.

3 H. B. Law, "A three-gun shadow-mask color kinescope,” Proc.
[.R.E., pp. 1186-1194; this issue.
Q R(?X Laboratories Division, “A 6-mc compatihle high-defini-

tion color television system,” RCA Rev., vol. 10, pp. 504-524; De-
cember, 1949,
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need for deflecting the beam into the different color
positions, and, in the case of sequential presentation, the
necessity for blanking off the beam as it is switched
from one color position to the next.

First, the electron optics of the one-gun color kine-
scope are analyzed in regard to both the basic optical
principles and the fundamental limitations imposed by
space charge. Second, the problem of “sampling”, as
used in a sequential presentation, is examined with
particular regard to the color purity to be expected
when the beam is keyed on and off in synchronism with
the changes in direction of approach to provide auto-
matic sampling. Third, these findings are compared
with the performance of practical tubes working in ac-
cord with these principles.

ELEcTRON OpTICS OF THE ONE-GUN
CoLorR KINESCOPE

As is well known, in an axially symmetric electron
optical system, in the absence of space charge and
within the limits imposed by aberrations, electrons
emerging from a common source point may be recon-
verged to a common image point.® Thus, in the electron

ANASTIGMATIC

COLOR - SELECTION
ODEFLECTION SYSTEM

&

Fig. 1—Electron optics of the one-gun color kinescope.

optical system of Fig. 1 the three separate beam pencils
7, b, and g emerge from a common object point o on the
axis of symmetry. They may be reconverged to a com-
mon image point 4, also on the axis of symmetry, with
direction-of-approach angles so that they may excite
the red, blue, or green phosphors of a direction-of-
approach sensitive color screen. Furthermore, within
the same basic limitations, and if the current through
the dynamic convergence coil is adjusted to compen-
sate for the fact that less convergence is required as the
beam is deflected from the center, the three-pencil
beam will still reconverge at a common image point 7’ on
a flat screen even after it has been caused to trace out a
raster by the anastigmatic deflection yoke. When an
individual beam pencil is traced through the system, it
will be found that the direction of approach of the beam

¢ Bruche und Scherzer, “Geometrische Electronoptik,” Julius
Springer, ‘Berlin; 1934,
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pencil at the image is related to the direction of emer-
gence of the beam pencil from the object. Thus, a single
beam pencil may be used to give any one of the desired
primary colors by detlecting the beam pencil into any
one of the positions r, b, or g. It should be emphasized
that the functions of the color-selection deflection sys-
tem and the anastigmatic deflection yoke are quite
independent: The color-selection deflection system
serves to “color-tag” the electrons as they leave the
gun; the anastigmatic deflection yoke serves to deflect
the beam over the raster. As a result, the “color-tagged”

- L tm
t BEAM AXIS T

Fig. 2—Diagram of a half-lengitudinal section of a beam of
circular cross section beyond an electron lens.

beam may be focused on the screen and detlected over a
raster in much the same manner as the beam in a con-
ventional cathode-ray tube, except for the greater
diameter of the composite beam which necessitates a
wider aperture electron optical system.

The requirements on the elements of this electron
optical system will hecome less stringent as the beam
pencils are crowded closer and closer together. But it
will be seen from IFig. 1 that as the angle-of-approach is
reduced the individual beam pencils must be made
smaller and smaller if they are not to overlap. The
question now arises whether space-charge mutual-
repulsion effects will permit the individual beam pencils
to be made as small as desired. This problem of space
charge is of much greater concern for the one-gun tube
than for the three-gun tube because of the different
current requirements. \When the one-gun color kine-
scope is used to reproduce a color-television picture
sequentially,? the single electron beam is shared in time
sequence between the three primary colors and blanked
off as it is switched from one color position to the next.
As a result, the average beam current to any particular
color phosphor can only be a small fraction of the peak
current capability of the single electron gun. When al-
lowance is made for this low duty factor and the loss of
electrons on the shadow-mask, peak beam currents of
several milliamperes may be required to give a picture of
adequate brightness.

A rigorous analysis of space-charge effects is beyond
the scope of this presentation, but a simple approximate
analysis suffices to give a satisfactory indication of the
point where space-charge effects may become important.
In terms of the geometry of Fig. 2, by making certain
simplifying assumptions, Thompson and Ileadrick®

¢ B. J. Thompson and L. B. Headrick, “Space charge limitations
on the focus of electron beams,” Proc. I.R.E., vol. 28, pp. 318-324;

July, 1940.
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have shown that for a beam of circular cross section the

minimum radius is given by
P = R\jé‘ ~(Vam/ic)V, (])
where

Ro=iniuial radius of outer beam surface, ¢cm

r»=minimum radius of beam, cm

IV, =initial inward component of velocity of outer

electrons, cm/sec

V4=axial component of velocity of the beam, cm/sec,

I =electron beam current, esu
e =clectronic charge, esu,
m =electron, mass, grams.

The following assumptions may be made in develop-
ing this relationship: First, the radial component of the
velocity of the electrons as they leave the clectron lens is
assumed to be proportional to their distance from the
beam axis; second, the beam is assumed to be a uniform
cylinder of electrons moving in a ficld-iree space, except
for the ficld due to the electron-charge density of the
beam; and third, the axial velocity of the electrons in the
beam is assumed to be constant. In practice the devia
tions from the assumptions will tend to increase the size
of the focused spot. For the purpose of this analysis, this
relation will be construed as setting a lower limit to the
beam size obtainable in a high vacuum rather than
being a measure of the spot size.

In a practical design of the one-gun shadow-mask
color kinescope, the lens-to-screen distance is 14 inches,
the angle of approach is 1.2 degrees, and the second
anode voltage is 18 kv.2 [n this case, a simple compu-
tation based on the geometry of Fig. 1 will show that
if the beams are not to overlap the diameter of the in-
dividual beam pencils in the plane of the converging lens
cannot exceed 0.52 inch. Translated in terms of the
geometry of Fig. 2, R, cannot be greater than 0.26 inch.
Furthermore, if the converging lens is adjusted so that
the beam comes to a point focus in the absence of space
charge corresponding to low levels of beam current,
cannf)t_ be greater than 0.0187 I, Under these specific
con(_lmons, the variation of 7,, with 7 as computed b
(1) is shown in the following Table |.

TABLE |
- I (milliamperes) rm (inches)
13 0.035
: 0.009
0.002

The practical tube for which the above calculations
were madg gives a picture approximately 9 inches high.?
For 500-line vertical resolution the spot should not be
more thaf’l 0.009 inch radius. If space-charge effects are
to. be ummportant, 7,, as computed above, must cer-
tainly be less than 0.009 inch It the point where space-
charge effects limit the performance is arbitrarily taken
to be that point were 7, equals 0.009 inch, Table |

s'hows that the beam current should not exceed 9 mil-
liamperes.
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By a similar calculation one may determine the limit-
ing beam current corresponding to other beam-approach
angles. The results of these calculations are shown in the
following Table II. As is to be expected, the limiting
beam current varies as the square of the beam-approach
angle.

I'ABLE Il

Maximum beam current

that can be focused Beam-approach angle

in spot (degrees)
(milliamperes)
9 1.2
3 0.7
1 0.4

in the preceding calculation for a tube with a lens-
to-screen distance of 14 inches and an angle-of-approach
of 1.2 degrees, we saw that the individual beam pencils
might approach one-half inch in diameter at the plane
of the converging lens. By similar reasoning, it is
easily shown that the composite beam may exceed 1
inch in diameter. It has been possible to provide an
electron optical system which will handle this relatively
large diameter beam. As already pointed out in connec-
tion with Fig. 1, this system includes a large aperture
primary converging lens, an auxiliary dynamic con-
vergence lens to compensate for the fact that less con-
vergence is required as the beam is deflected from the
center, and an anastigmatic deflection system. Some of
these problems have been encountered in the design of
projection-tube systems. It is known that a large

COLOR -SELEC MION
DEFLECTION SYSTEM

CONVERGING LENS

CENTER OF COLOR- 5o
SELECTION DEFLECTION H

Fig. 3—Electron optics of a developmental
one-gun color kinescope.

aberration-free aperture can be obtained with a suffi-
ciently large magnetic lens located outside the tube
envelope.” When such a primary magnetic converging
lens is used, dynamic convergence is conveniently ac-
complished by an auxiliary coil inside the main lens.
The solution of dynamic convergence and anastigmatic
deflection problems are similar in both the three-gun
and one-gun color kinescopes, and are discussed in detail
clsewhere.®

An electron source which meets the requirements
schematically indicated in Fig. 1 was suggested and

1 R.” R. Law, “High current electron gun for projection kine-
sco;:e;\, \}Gm})“c.‘ l.g.l"‘,i.)va)l. 25, pp.(‘j)54r—976: August, 1937,
. W. Friend, “Deflection and convergence in color kinescopes.”
Proc. L.R.E., pp. 1249-1263; this issue. ¢ pes

R. R. Law: A One-Gun Shadow-Mask Color Kinescope

1197

developed by D.A. Jenny of RCA Laboratories. As in-
dicated in Fig. 3, it includes a standard 5TP4 projection-
type electron gun, a color-selection deflection system
which serves to deflect the beam into the successive
color positions, and a converging lens which bends the
beam pencils back toward the axis to form the image.
The voltages applied to the electrodes of the gun are

CIRCULAR
SCAN
COLOR-SELECTION ’ z : \
DEFLECTION SYSTEM be =\
/ ‘
TRUE OBJECT-/ ’ \

v £

77 \

VIRTUAL OBJECT- POINT
AND VIRTUAL CENTER
OF COLOR-SELECTION

\ DEFLECTION

Fig. 4—Electron trajectories in the region of the color-
selection deflection system.

so adjusted that the beam comes to a focus at the ob-
ject point. The electron optical requirements are met
when the longitudinal position of the object point is so
adjusted that the virtual object point coincides with the
virtual center of deflection of the color-selection deflec-
tion system. This relationship is shown in greater detail
in Fig. 4. In the field-free region beyond the deflection
system the electrons are assumed to travel in straight
lines. Insofar as the converging lens is concerned, the
electrons appear to have originated from a virtual
source at the apex of the dashed-outlir:e cone formed by
tracing the straight-line trajectories back into the de-
flection system. Because of the finite length of the de-
flection system, the virtual center of deflection lies
somewhat ahead of the geometric center of the color-
selection deflection system. Also, because the beam is
bent somewhat before it reaches the virtual center of
deflection, the true object point traces out a circle
around the virtual object point.

Such a system was used with the one-gun color
kinescope in the March, 1950 demonstrations.? The
standard 5TP4 projection-type electron gun was used
to form the object point. This gun, itself, is unneces-
sarily long for this application. Also, as the first-anode
voltage is lowered to move the object point in close to
the gun, less than normal beam current for the gun is
obtained. By placing an auxiliary magnetic-type elec-
tron lens over the electrostatic electron lens formed by
the first-to-second-anode transition, as shown in Fig. §,
it is possible to raise the first-anode voltage and increase
the beam current several fold. This arrangement was
suggested by F. H. Nicoll of RCA Laboratories. To
reduce the length of the tube further, the simplified
shortened electron gun, shown in Fig. 6, was developed,
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The electron optics of this arrangement are of course
similar to those encountered in the system of Fig. 5. The
details of the performance of these several practical
designs are reported in a later section.

COLOR SELECTION IN THE ONE-GUN
CoLor KINEscOPE

Color selection in the one-gun color kinescope is ac-
complished by deflecting the beam into appropriate
color positions. Because the energy stored in a magnetic
field makes it difficult to suddenly change the direction
of deflection, the choice of magnetic deflection or elec-
trostatic deflection for color selection will depend upon
the color system under consideration. In the case of
tield-sequential or line-sequential color systems, step-
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r DEFLECTION SYSTEM
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Fig. 5—Developmental electron gun with
auxiliary magnetic lens.

5TP4
ELECTRON
GUN

.
wise switching from color to color is desired. This prob-
lem is no more difficult than the raster scan, and it
should be possible to accomplish the switch by mag-
netic means during the beam-retrace time. If the direc-
tion of approach is to be changed from picture element
to picture element to provide a dot-sequential presenta-
tion of the color signal, magnetic-deflection color
selection with sine-wave switching by circular deflection
with uniform angular velocity is preferred since it leads
to considerable circuit simplification. In the case of
simultaneous presentation of the three primary colors
with the brightness signal applied to the gun-control
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Fig. 6—Developmental simplified short electron gun.

grid and the color signals determining hue and satura-
tion applied to the color-selection system, the ability to
change continuously is desired. The rate of change of
direction of approach required will be determined by
the bandwidth of the hue and saturation information.
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Ordinarily, this bandwidth will be great enough to
make electrostatic color-selection deflection desirable.

In the receiver previously described,? dot-sequential
presentation of the color signal is employed and color
selection is done magnetically. The required circular
deflection is provided by a small deflection yoke having
two sets of coils which are fed with quadrature currents
at color-subcarrier frequency to produce a rotating field.
Service adjustment of color phasing is provided by
mechanical positioning of this yoke. The amplitude of
the circular deflection is adjusted to produce the proper
convergence angle as required by the mask and phos-
phor-dot screen. The duty factor of the beam is con
trolled by a signal having a frequency three times the
color-subcarrier frequency which is injected into the
kinescope cathode circuit. The amplitude and phase of
this signal are determined by the alignment of a filter
circuit whici utilizes the third harmonic of the circular
deflection driver tube.

The performance of the one-gun color kinescope
under the above operating conditions is well illustrated
by analyzing the case of a large-area single primary color
at various relative brightness levels. The essential
features of such an analysis are illustrated in Figs. 7, 8

+

BEAM CURRENT
CATHODE - GRID VOLTAGE
GRID VOLTAGE

CATHODE VOLTAGE
N TIME

e
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RELATIVE VOLTAGE OR CURRENT
(=]

Fig. 7—Time variation of voltage and current when reproducing a

single primary color of uniform brightness.
9, and 10. All amplitudes in these figures are expressed
as relative values. Inasmuch as the circular scan is
synchronized and locked in phase with the incoming
signal, time may be expressed in either electrical de-
grees at the color-subcarrier angular velocity or azi
muth angle of the circular scan. The phase is adjusted
so that the beam is centered on the desired phosphor at
the moment the desired single-primary-color signal is a
maximum. In the present analvsis time arbitrarily starts
at this instant.

I.)r(‘)ceeding now to the detailed analysis, the voltage
arriving at the grid is a sine wave of fundamental fre-
quency whose amplitude is proportional to the bright-
ness of the desired monochrome area. In keeping with
the re.quirement that the current must be zero with
zero signal, this sine wave is plotted in Fig. 7 about a
vol_tage axis corresponding to the cutoff voltage. It is
indicated by the curve labeled “griq voltage.” As al-
ready mentioned, the duration of the beam pulse is
controlled by a signal which jg injected into the kine-
scope cathode circuit, and which has a frequency three
times the color-subcarrier frequency, This signal is repre-
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sented in Fig. 7 by the curve labeled “cathode voltage,”
and is plotted about a voltage axis marked “bias volt-
age” equal to the peak third-harmonic voltage ampli-
tude. The algebraic sum of these voltages is the resultant
signal between the cathode and the grid. It is repre-
sented in Fig. 7 by the curve labeled “cathode-grid
voltage.” In the particular case portrayed, the third
harmonic amplitude is one-half the fundamental am-

Fig. 8—Diagram of beam positions assumed during
circular color scan.

plitude. When the kinescope is operated in the space-
charge-limited region of its characteristic, the beam cur-
rent is very nearly proportional to the five-halves power
of the cathode-grid voltage. It is represented here by
the curve labeled “beam current.”

The shadow-mask screen is described elsewhere.? Two
features are of importance in the present analysis: First,
the phosphor dots of contrasting colors occupy ad-
jacent tangent circles; second, to provide a factor of
safety for errors in mechanical alignment, the openings
in the shadow mask are of such size that the electron
beam transmitted by each opening arrives at the phos-
phor plate in a spot smaller than the individual phos-
phor dots. Because of the circular deflection of the
beam, the electron spot scans the trio of contrasting
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Fig. 9—Time variation of area of each color bombarded by beam
with uniform angular-velocity circular scan.

phosphor dots with a uniform circular motion, as
shown in Fig. 8. The position of the hole in the mask,
the mask to phosphor-dot-screen distance, and the
convergence angle are so related that the spot traverses
a circular path from the center of the desired phosphor
dot through the centers of each of the undesired
phosphor dots and returns to the center of the desired
phosphor dot. Thus in Fig. 8, at zero electrical degrees
or zero angle of scan, it is centered on the desired
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phosphor dot R. At 60 degrees it impinges equally on
the desired phosphor dot R, and the undesired phosphor
dots G’ and B. G' will be recognized as one of the
phosphor dots of an adjacent trio. In a similar manner,
the remainder of the cycle may be traced out in detail.
In the following analysis, the relative area of the spot
on each of the phosphor dots has been computed for the
case where the diameter of the electron spot is 80 per
cent of the diameter of the phosphor dots. The results
of this analysis are indicated in Fig. 9. The relative
areas at various angles of scan are shown by the curves
r, g, and b. The analysis has been carried out for the
remainder of the scanning cycle, but for reason of sim-
plicity it is not reproduced here.

The instantaneous relative excitation of the several
phosphor dots is now, of course, the product of the rela-
tive instantaneous values of current and area. The
variation of instantaneous excitation with scanning
angle for one-third cycle is shown by the curves R, G,
and B in Fig. 10. Finally, the relative light output of
each color is ~numerically equal to the relative area
under each of these curves. When the complete cycle
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Fig. 10—Time variation of relative instantaneous excitation of each
color due to single primary-color signal.

is traced out in this manner, it can be shown that light
of the two undesired colors is produced in equal small
quantities. Since an equal small portion of the desired
color may be combined with the undesired colors to
produce white, the net contaminating eflect may be
expressed as a slight dilution. For the purpose of this
analysis, dilution is arbitrarily defined as

>~ Light output of undesired colors

Dilution = =
Light output of desired color

The foregoing analysis gives the dilution and the
light output for one particular operating point. During
modulation corresponding to changes in the brightness
level of the monochrome area, the signal on the grid
changes but the third-harmonic signal applied to the
cathode does not. By repeating the analysis using a
fixed third-harmonic signal with various relative ampli-
tudes of the fundamental, it is possible to deduce a
transfer characteristic and the dilution at corresponding
points. The effect of using other relative values of the
third harmonic may be computed in the same manner.
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The results of these computations are shown in Fig. 11.
\s is to be expected, the dilution decreases as the rela-
tive amplitude of the third harmonic is increased. Of
particular interest from a practical standpoint is the
fact that dilution can be substantially eliminated by the
addition of a third-harmonic component. For examyple,
the introduction of a 20-per cent relative amphitude
third harmonic recuces the dilution to about 6 per cent.
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Fig. 11—Kinescope transfer characteristic and dilution for
various values of third harmonic.

Also, the relative transfer characteristic is observed to
change very little as the third-harmonic content is
changed.

To translate relative brightness into true brightness,
it is necessary to know the duty factor, i.e., the ratio of
average heam current to peak beam current. Inasmuch
as high-light brightness is measured in the “whites” of
the picture, the duty factor of greatest interest is that
for a white field. The duty factor for a white field is
readily determined from Fig. 7; it is simply the ratio of
the area under the desired beam-current-versus-time
curve to the area possible if the beam current remains
at peak amplitude throughout the cycle. I'ig. 12 shows
the results of such a graphical analysis for various third-
harmonic-amplitude ratios. To better show the relation
of dilution to duty factor, the dilution data of Fig. 11
are replotted in Fig. 12, with relative third harmonic
as the independent variable. It will be observed that the
introduction of a 20-per cent relative third harmonic
which reduces the dilution by a factor of more than
three reduces the duty factor, and consequently the
brightness, by less than one-third.

It should be pointed out that the foregoing questions
of dilution and duty factor do not arise when ap-
propriate means of simultaneous reproduction are em-
ployed. In one method of simultaneous presentation,
proposed by G. C. Sziklai of RCA Laboratories, the rest
position of the beam is on the axis of the electron optical
system. In the rest position the beam strikes the three
phosphor dots equally to produce white; as the current
is varied, a black-and-white picture is reproduced so
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long as the beam remains on the axis. Color information
is imparted by deflecting the beam from the axis to
vary the direction of approach: the direction of deflec-
tion in azimuth serves to determine the hue of the color,
and the amplitude of detlection serves to determine the
saturation of the color.

This method can take advantage of the principle of
mixed highs since the relative beam direction need only
be changed as color changes are required. l'urthermore,
because of the symmetry of the three phosphor dots
with respect to both the electron optical axis and the
hole in the shadow mask, off-axis excursions of the
beam are large only for high saturation. On this account,
less accurate convergence may be tolerated. It should
be emphasized, however, that stringent requirements
are made upon the accuracy of the shadow-mask screen
assembly in any system where hue and saturation are
directly dependent on direction of approach. Thus
deviations in the shape and uniformity of the phosphor
dots and in alignment of the shadow-mask holes with
respect to the phosphor dots mav lead to less faithful
color rendition
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Fig. 12-—Duty-factor and dilution as a function of relative

amplitude of third harmonic

PERFORMANCE OF PRACTIC AT ONE-GUN SHADOW-
Mask CoLor KiNEsCcopR

As already indicared, to move the object point in
cloge tg the gun the first anode of the standard 5TP4
projection-type electron gun, used in the tube for the
Narch, 1()50(lem(mslralions,f was operated with a lower
than normal first-anode porential. Instead of the normal
6 kv, it was ne €ssary to operate the first anode at about
3 kv. Under this condition, tests indicate that the peak
beam current is less than 0.5 milliampere.

Although a detailed correlation of peak beam current
and Qbscrvc(l high-light brightness involves details of
colorimetry bevond the scope of this paper, an approxi
mate analysis is of interest because it indicates the in-
fluence of the several operational factors. The details
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' of colorimetry may be incorporated in an assumed value

for the “white” visual output in lumens per watt. For
the present calculation, assume that the tube is operated
under the following conditions:

“White” visual output 7 lumens/watt

Shadow-mask transmission factor® 0.20
Relative third-harmonic sampling

voltage 0.20
Duty-factor (from Fig. 12) 0.40
Peak beam current 0.5 ma
Anode voltage 18,000 volts
Picture size 9 X 12 inches.

Under these conditions, a high-light brightness of 7 foot-
lamberts is to be expected. When allowance is made for
the 0.6 transmissivity of the “minus-yellow” filter em-
ployed for color correction of the phosphors in use at
that time,® the high-light brightness is reduced to 4
foot-lamberts. This checks the observed value.'

With the improved phosphors presently available, no
filter is required. Also, as already indicated, the per-
formance of the tube is greatly improved by adding an
auxiliary magnetic-type electron lens over the electro-
static lens, as shown in Fig. 5. By this means it is pos-
sible to increase the useful beam current several fold.
Tests of this by V. D. Landon and associates of RCA
laboratories indicate that peak beam currents of 1.5

9 Telev. Dig., vol. 6, no. 13; April 1, 1950.
10 Teley. Dig., vol. 6, no. 14; April 18, 1950.
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milliamperes may be used. Under these conditions
pictures with good fidelity and color rendition and with
20 foot-lamberts high-light brightness are obtained.
Substantially the same result is obtained with the
simplified shortened electron gun of Fig. 6. This gun
makes possible an improved tube, for not only is the
first-anode voltage obviated but the shorter gun makes
it possible to reduce the tube length by approximately 7
inches.

A further improvement is brought about by using a
shadow-mask with reduced angle of approach. As al-
ready indicated, when the beam pencils are crowded
closer together, the requirements on the electron optical
system become less stringent. Tubes of this design were
built using a shadow-mask screen with 0.7-degree angle
of approach. The most noticeable difference is simplifica-
tion of dynamic convergence.
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A 45-Degree Reflection-Type Color Kinescope®

PAUL K. WEIMERY, SENIOR MEMBER, IRE, AND NATHAN
RYNNT, MEMBER, IRE

Summary—The 45 degree reflection-type color kinescope is an
experimental tube of the single gun type in which the color is
changed by applying a control voltage directly to the screen assembly.
The screen assembly consists of a multi-apertured metal plate
coated on the front side with red, green, and blue phosphor strips
and mounted parallel to a glass plate coated with a transparent
conductive film. An electron beam scans the back of the metal
plate at an angle of incidence of approximately 45 degrees. The
portion of the beam passing through the slots is reflected by the
electric field between the plates, causing it to fall back on one set of
phosphor strips. By varying the potential of the glass “reflector”
plate, the beam can be shifted from one color phosphor to another.
The scanning beam is not required to follow the aperture pattern
and the color purity is independent of beam focus.

A feature of this tube is the automatc registry of the three colors
over all parts of the screen. The screen is not difficult to construct;
the power required to switch colors at megacycle frequencies is
small. Other characteristics of this tube which should be noted are:
the unconventional shape of the bulb, and the need, in some forms

_* Decimal classification: R583.6%535.6. Original inanuscript re-
ceived by the Institute, August 15, 1951,

.t RCA Lahoratories Division, Radio Corporation of America,
Princeton, N. J.

of the tube, for a “keystoning” correction of the scanning.

Experimental one-gun tubes having screens seven inches in
diameter have been built and operated with the RCA color system.
Tests have shown that the 45-degree reflection-type color kinescope
is capable of good quality, high definition pictures. A complete evalua-
tion of tubes of this type, in which advantages and disadvantages are
weighed against those of other color kinescopes, cannot be made at
this time.

Associated circuits for operating the tube with the RCA color
signal are outlined. Variations of the tube including a three-gun
version are also described.

INTRODUCTION
&- NUMBER of proposals for color kinescopes have

been outlined in a paper by Herold.! The 45-
degree reflection-type kinescope falls into the
class of tubes in which the emitted color is controlled by
deflection of the beam in the immediate vicinity of the
phosphor screen. A desirable feature of this class of

‘lz.”W. Herold, “Methods suitable for television color kine-
scopes,” Proc. 1.R.E., pp. 1177-1185; this issue.
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black-and-white lines resolution (540 color lines). This °
size screen was chosen for convenience and was a part
of a larger screen capable of 360 black-and-white lines
resolution and filling a 16-inch envelope. The 7-inch
experimental tubes were tested with the RCA color
television signal and were found to give color pictures of
pleasing quality, judged on the basis of the limited num
ber of picture elements available.

tubes is that the color control is entirely independent
of the scanning process and of the beam focus. A color
picture inherently free from misregistry of the three
colors may be obtained using a single gun with conven-
tional scanning techniques. The three primary com-
ponents of the color signal may be presented sequen-
tially at any rate, depending upon the color system
employed.

Thescreen arrangement for the “beam deflection” type
of color kinescope usually consists of a beam-defining
structure in registry with an array of red-, green-, and
blue-emitting phosphor strips or dots, plus some means
of bending the beam from one strip to the next. An im-

PRINCIPLLE OF OPERATION

Fig. 1 shows a cross sectional diagram of the 45.
degree reflection kinescope. The screen assembly which
is shown in greater detail in Fig. 2 consists of two parts
a metal aperture plate and a transparent reflecting elec-
trode. The beam approaches the aperture plate at an
angle of incidence of approximately 45 degrees and a
fraction of the beam passes through the slots. An electric
field between the aperture plate and the reflector elec
trode causes the transmitted portion of the beam to be
reflected and to return in a parabolic path to the aper-
ture plate, where the beam strikes one of the phosphor
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Fig. 1—Cross-sectional diagram of the 45-degree reflection-type 3‘ : %
three-color kinescope. Although the beam scans the screen at AT DR
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normal manner. P s
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portant advantage of tubes that have a beam-defining €

structure near the color screen is that the color purity
1s insensitive to beam focus. This is to be contrasted
with the “line-screen” arrangement? wherein the beam
must be aimed and focused by the gun onto a thin strip
of color; here even a slight defocusing tends to dilute
the colors.

Pairs of minute detlection plates mounted in front of
each set of color strips have been proposed® as a means
of switching the beam from one color to another. Such
structures are difficult to build on a fine enough scale to
give a high-quality color picture. Furthermore, the
switching voltages required and the capacitance to be
driven are likely to be inconveniently high.

The 45-degree reflection-type kinescope emplovs a
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Fig. 2—Screen assembly of the 45-degree reflection kinescope shown
;r:ﬂg;«:;;e;l;i;ta:l}; Byﬂvar)('jmg the potential on the transparent

P » the reflected portion of the beam i
from one color phosphor to another. can be switched

The color picture is viewed directly through the trans-
parent rcl!ector electrode. The phosphor is deposited on
the plate in the form of strips so that a group of three

relatively simple method of controlling the beam in the
neighborhood of the screen. This paper will descrile
some of the early experimental tubes with 7-inch screens
having a line structure suficiently fine to give about 180

2 D. S. Bond, F. H. Nicoll, and D. G. Moore, “Development and
operation of a line-screen color kinescope,” Proc. I.R.E., pp. 1218-

1230; this issue.
3 L. C. Jesty, British Patent 443,896.

§tr1|?s emitting red, green, and blue light, respectively,
is laid between each pair of apertures. The width of each
of the phosphor strips within the group is approximately
the same as that of the aperture, so that the reflected
beam can be made to fall on any one of the three colors
_se]ectively. When the voltage on the reflector electrode
1s varied, the point of impact of the reflected beam can
be shifted from one color to another. The voltage change
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.‘ required to switch colors is inversely proportional to the

distance between the aperture through which the beam
passes and the corresponding bombarded spot. In some
experimental tubes, the strength of the reflecting field
was so chosen that the reflected beam actually jumped
across about thirty slots before returning to the plate.
Under these conditions less than 100 volts change in
voltage of the reflector plate shifted a 12,000 volt beam
from one color to another. A still finer pattern would
require less power to switch colors. The capacitance to
be driven by the color-control voltage need not exceed
50 to 100 micromicrofarads.

It must be noted that the color reproduction is en-
tirely independent of the scanning raster and of the
focus of the beam. The beam is not required to follow
any particular pattern of slots on the aperture plate. A
conventional gun and deflection yoke are entirely ade-
quate with no possibility of misregistry of the three
colors, assuming, of course, that the pattern is suffi-
ciently fine. ‘

The 45-degree angle of incidence of the beam re-
quires a tube envelope of unconventional design. How-
ever, as a compensating feature, it permits a more
compact cabinet design. In the tubes tested, a keyston-
ing correction has to be added to the scanning to give a
rectangular picture. Tests of the tube with the RCA
color television signal are described below.

ELrcTrRON OPTICS
Basic Equations—Color Switching

In the experimental 45-degree reflection-type kine-
scopes described herein, the aperture plate and the
reflector plate are accurately flat and parallel. The elec-
tron motion in such a uniform field is similar to that
of a projectile in a gravitational field and is readily
calculable. It is found that the distance between the
point where the beam passes through an aperture and
the point where it returns to the aperture plate is given
by:

2VgD

= sin 28
Ve - Vg

(1)

where:

S is the range of the reflected beam (see Fig. 3),

D is the distance between the reflector plate and the
aperture plate.

Vg is the potential of the reflector plate in volts,

Vg is the potential of the aperture plate in volts,

@ is the angle of incidence of the beam with respect
to the aperture plate.

In order to shift the beam from one color to another,
the rate of change of S with respect to a change in the
reflector plate potential is of interest. I'rom (1) the dif-
ferential displacement is:

S ZVBD sin 20(1V'¢

(Va = Vi)?

where dS is the displacement of the point of impact of

2
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the reflected beam produced by a change of reflector
voltage of dVr.

In the operation of these kinescopes, it was found
convenient to keep the mean potential of the reflector
plate at ground. Setting Vg=0in (1) and (2),

S = 2D sin 26 3)

and

2D
dS = — sin 20dVg.

Vs

4

Experimental tubes were made with a spacing
D =approximately 0.44 inch, giving Smax=0.88 inch.
In the approximate center of the picture where 6 =45 de-
grees, the center-to-center spacing of the color strips
was approximately 0.007 inch. Substituting these values
in (4), the voltage change required to deflect a 12 kilo-
volt beam from one color to the next is

’
VpdSmax 12,000 volts X 0.007 inch 4

dVR = = =
2D 2 X 0.44 inch

V.

The 95 volts required to switch from one color to another
were readily obtainable with sine-wave color switching
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Fig. 3—Parabolic electren trajectory in the reflecting field between
the aperture plate and the reflector plate.

at 3.58 mc, the color-sequence rate in use during tests
with the RCA color television system. By (2), the re-
quired switching voltage could have been reduced to
approximately 50 volts for the same target structure if
Ve, the average potential of the reflector plate, had
been run at 3,000 volts instead of at ground. Under these
conditions the beam will skim much closer to the re-
flector plate but not strike it because its energy at the
instant of closest approach will be directed parallel to
the plate.

It is noted from (4), that the shift of the reflected
beam produced by a change in voltage of the reflector
plate is proportional to the spacing D between the re-
flector and aperture plates. The spacing of 0.44 inch
was chosen as a compromise, giving adequate voltage
sensitivity without sacrificing resolution. A very much
larger spacing would allow the use of still less power for
switching but would require a beam of exceedingly nar-
row angle of convergence to avoid objectionable spread-
ing in a direction parallel to the slots. (The reflecting
field provides focusing of the beam but only in a direc-
tion perpendicular to the slots.) On the other hand, if
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extra power for switching is available, a further reduc-
tion in spacing would be desirable in order to make the
tube still less susceptible to misalignment and to stray
magnetic felds.

Color Uniformity

An electron-optical problem connected with the 45-
degree kinescope is that of making the reflected heam
falt on the proper ccolor phosphor over all parts of the

RED

GREEN
—BLUE

A-CURVED ELECTRODES

RED
——— GREEN
BLUE

FINE MESH
SCREEN

B-ELECTRON

LENS

Fig. 4—Two alternative methods of achieving color uniformity by
causing the beam to strike the entire screen at 45 degrees. The
electrodes in (A) are nonspherical surfaces whose vertical cross-
section is a spiral and whose horizontal cross-section is a circle.
The electron lens method in (B) permits plane electrodes to be
used and eliminates the need for a “keystoning” correction in the
scanning.

screen. Three possible approaches were considered.

(a) Curving the aperture plate and reflector plate so
that the beam approaches the aperture plate at exactly
45 degrees over all parts. Fig. 4 (a).

(b) Using plane electrodes but providing an electron
lens between the gun and the front of the aperture plate
so the 45-degree angle of incidence is preserved over
the whole screen. Fig. 4 (b).

(c) Using plane electrodes but arranging the position
of the apertures and phosphors to compensate for the
different angles of approach over the target (Figs. 1
and 35).

The greater simplicity of constructing plane elec-
trodes as compared to the curved electrodes ruled out
(a) for the initial experiments. The electron lens method
mentioned in (b) is a promising approach but requires a
longer tube with some loss in brightness due to the fine
mesh screen. The third approach was used and gave very
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satisfactory results. liquations (1), (2), (3),and (4) show

that the maximum values of the range S and the dis-
placement dS occur in the center of the picture, where
the angle of incidence 0 is exactly 45 degrees. At the
top and the bottom of the picture, where 0 approaches
60 degrees and 30 degrees, the range may decrease as
much as 20 per cent. To compensate for thiseffect, a par-
ticular pattern of apertures has been devised for the
aperture plate

Fig. 5 shows the particular arrangement of apertures
used in the 45-degree reflection-tvpe kinescope. The
insert shows an enlarged view of the slot-like apertures.
These apertures are formed on concentric arcs of circles,*

the centers of which lie on a common point O obtained |

by dropping a perpendicular from the center of de-

flection to the plane of the target. The phosphors are |
laid on arcs about the same center, with three rows of

phosphor between each two rows of apertures (Fig. 2).
Along each arc the beam approaches the aperture plate
at the same angle. Thus, for a constant voltage on the
reflector plate, the beam will excite the same color
phosphor all along the arc

The color uuniformity from top to bottom was
achieved by arranging the spacing between adjacent
concentric arcs to take into account the fact that the
range Sisa maximum for a 45-degree angle of incidence

J PICTURE AREA

)
——
e —
AN
o
jf ~ “ )
-~
f}L/~ >,

[ENLARCED VIEW /" /
OF APERTURES

Fig. 5- -Circular pattern of apertures used in experimental 45-degree
reflection kmescopqs. Plane electrodes are made feasible b
arranging the position of the apertures and phosphor strips to
((:Ic;rigpellisa’tﬁ for the va}rymg angle of incidence across the screen

- 1). 1he mnsert shows an enlarged view of : i
of the aperture plate. : 4 et R

as indicated by (equations (1), (2), (3), and (4)). For a
16-inch kinescope employing a picture 9 inches high,
the spacing between rows may be approximately 20 per
Cent greater in the center of the picture than at the top
and the bottom.

¢ The circular pattern of apertures B
berg, RCA Laboratories Divisﬁ)en, Prin(‘:'ggns,u%g.cjsmd by I G Ram.
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The radii of the arcs along which the apertures were
to be formed were calculated in a step-wise manner
from (3). The plane of the target was set 8.5 inches from
the center of deflection, and the angle of incidence
varied between 30 degrees at the bottom of the picture
to 60 degrees at the top. It was decided arbitrarily that
the range should span thirty rows of apertures over all
parts of the target and that the maximum range in the
center of the picture (45-degree incidence) should be
0.8854 inch. The radii of successive arcs were then given
by

[
Rat30 = R, + 0.8854 sin 26,,

R,
8, = arc tan( )
8.5

The radii were calculated for 393 arcs covering a vertical
distance of 102 inches. This pattern would permit a
useful picture about 93 inches high having approxi-
mately 1,000 color-phosphor strips. The experimental
tubes described herein used an aperture plate based on
the central part of these calculations, giving a screen
diameter of 7 inches.

where

The Focusing Action of the Reflecting Field

The preceding discussion has assumed that the angle
of incidence of the beam over all parts of the aperture
screen is specified exactly by a line connecting the
bombarded aperture with the center of the deflection
coil. This is, of course, true only for the central core of
the beam and then only in the absence of perturbing
fields or possible misalignments of the screen. The de-
pendence of the range S on the angle of incidence was
given by (3).

Inasmuch as a variation in the range of one part in
120 in the present screen moves the beam from one color
phosphor to another, the rate of variation S with a
small change in 8 is of interest. Differentiating (3) with
respect to 8, one obtains

as
—— = 28max CoOs 26. (5)
do

It is noted that dS/d@ is small in the neighborhood of 45
degrees. This means that the electric field between the
aperture plate and the reflector plate has a focusing
action in the plane of incidence of the beam. Thus, the
fraction of the beam passing through each aperture may
actually diverge and still be brought together by the
reflecting field to strike a single-color strip without ap-
preciable excitation of adjacent color strips. The relaxa-
tion of the requirements on alignment of the target and
on the shielding of the beam from stray magnetic fields
are further advantages of this focusing effect.

Equation (5) shows that if the angle of incidence is
greater than 60 degrees or less than 30 degrees, dS/df > S,
which is equivalent to defocusing. This would appear to
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limit the total angle of scan to 30 degrees if the benefits
of the focusing action are to be obtained. Such a limita-
tion is not a severe restriction on tube dimensions or
receiver cabinet design since a 30-degree total angle
centered about a 45-degree angle of incidence would per-
mit a shorter cabinet for the same size picture than a
conventional tube with a total angle of 60 degrees.

The tapering off of the focusing effect of the reflecting
field at the top and the bottom of the picture makes
some magnetic shielding desirable to prevent stray
fields, such as the earth’s magnetic field, from shifting
the beam from the proper color. The focusing of the re-
flecting field in these areas does not appear to be essen-
tial for color purity since the convergence angle of a
high velocity beam is a very small fraction of one de-
gree.

It may be noted that the two alternative methods of
achieving color uniformity illustrated in Fig. 4 profit by
having a 45-degree angle of incidence over the entire
screen.

ALTERNATE FORMS OF THE 45-DEGREE
CoLor KINESCOPE

Transmission-Type Kinescope

A variation of the 45-degree reflection-type kinescope
is the transmission-type tube operating by the method
illustrated in Fig. 6. The beam strikes the phosphor
strips on the second plate at high velocity. The color is
switched by applying an ac voltage to the second plate.

10KkvY 300v.

10 KV

TRANSPARENT
ONDUCTIVE
SUPPORT

SWITCHING

APERTURE VOLTAGE

PLATE

Fig. 6—An alternate form of 45-degree color kinescope. This “trans:
mission type” tube was considered less attractive than the re-
flection type on the grounds that it was more difficult to con-
struct, required more power to switch colors and lacked the de-
sirable focusing features of the reflecting field.

Simple calculations show that the transmission-type
tube at 45 degrees requires four to eight times as much
switching voltage as the reflection-type tube for the
same beam voltage and target spacing. There is no
focusing action of the field, and the target is very sensi-
tive to stray magnetic fields. Unlike the reflection-type
tube, this form requires accurate mechanical registry
of the two plates. A satisfactory solution to the uni-
formity problem would have to be worked out before
a useful tube could be built. It may be noted that the
circular pattern of apertures used to achieve uniformity
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extra power for switching is available, a further reduc-
tion in spacing would be desirable in order to make the
tube still less susceptible to misalignment and to stray
magnetic fields.

Color Uniformity

An electron-optical problem connected with the 45-
degree kinescope is that of making the reflected beam
fall on the proper color phosphor over all parts of the

~RED

~GREEN
—~BLUE

A-CURVED ELECTRODES

RED
-—— GREEN
BLUE

FINE MESH
SCREEN

B-ELECTRON

LENS

Fig. 4 —Two alternative methods of achieving color uniformity by
causing the beam to strike the entire screen al 45 degrees. The
electrodes in (A) are nonspherical surfaces whose vertical cross-
section is a spiral and whose horizontal cross-scction is a circle.
The electron lens method in (B) permits plane electrodes Lo be
used and eliminates the need for a “keystoning” correction in the
scanning.

screen. Three possible approaches were considered.

(a) Curving the aperture plate and reflector plate so
that the beam approaches the aperture plate at exactly
45 degrees over all parts. Fig. 4 (a).

(b) Using plane electrodes but providing an electron
lens between the gun and the front of the aperture plate
so the 45-degree angle of incidence is preserved over
the whole screen. Fig. 4 (b).

(c) Using plane electrodes but arranging the position
of the apertures and phosphors to compensate for the
different angles of approach over the target (Figs. 1
and 5).

The greater simplicity of constructing plane elec-
trodes as compared to the curved electrodes ruled out
(a) for the initial experiments. The electron lens method
mentioned in (b) is a promising approach but requires a
longer tube with some loss in brightness due to the fine
mesh screen. The third approach was used and gave very
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satisfactory results. Equations (1), (2), (3),and (4) show

that the maximum values of the range S and the dis- |
placement dS occur in the center of the picture, where |
the angle of incidence 8 is exactly 45 degrees. At the |

top and the bottom of the picture, where 8 approaches
60 degrees and 30 degrees, the range may decrease as
much as 20 per cent. Tocompensate for thiseffect, a par-
ticular pattern of apertures has been devised for the
aperture plate

Fig. 5 shows the particular arrangement of apertures
used in the 45-degrec reflection-type kinescope. The
insert shows an enlarged view of the slot-like apertures.
These apertures are formed on concentric arcs of circles,*
the centers of which lie on a common point O ohtained
by dropping a perpendicular from the center of de-
flection to the plane of the target. The phosphors are

laid on arcs about the same center, with three rows of ~

phosphor between each two rows of apertures (Fig. 2).
Along each arc the beam approaches the aperture plate
at the same angle. Thus, for a constant voltage on the
reflector plate, the beam will excite the same color
phosphor all along the arc.

The color uniformity from top to bottom was
achieved by arranging the spacing between adjacent
concentric arcs to take into account the fact that the
range S is a maximum for a 45-degree angle of incidence,

/ PICTURE AREA

Z;NLARGED VIEW
OF APERTURES

Fig. S]~~C.xrculal_’ pattern of apertures used in experimental 45-degree
retleciion kinescopes. Plane electrodes are mude feasible by
arranging the position of the apertures and phosphor strips to
((:Ig:]g‘pelr;sa'tl‘el Lot_' thetva}rymg angle of incidence across the screen

- 1) The insert shows an enlarged view of . i
of the aperture plate. . ~iSp ) ackin

as indicated by (equations (1), (2), (3), and (4)). For a
16-inch kinescope employing a picture 9 inches high,
the spacing between rows mav be approximately 20 per
cent greater in the center of the picture than at the top
and the bottom.

* The circular pattern of aperiures wa >
berg, RCA Laboratories Divis?oen, Princel;ns,ul%g.els.tcd "2 & Ehitam.
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The radii of the arcs along which the apertures were
to be formed were calculated in a step-wise manner
from (3). The plane of the target was set 8.5 inches from
the center of deflection, and the angle of incidence
varied between 30 degrees at the bottom of the picture
to 60 degrees at the top. It was decided arbitrarily that
the range should span thirty rows of apertures over all
parts of the target and that the maximum range in the
center of the picture (45-degree incidence) should be
0.8854 inch. The radii of successive arcs were then given
by

’
Ro430 = R, + 0.8854 sin 26,,

(53)
#, = arc tan .
8.5

The radii were calculated for 393 arcs covering a vertical
distance of 102 inches. This pattern would permit a
useful picture about 9% inches high having approxi-
mately 1,000 color-phosphor strips. The experimental
tubes described herein used an aperture plate based on
the central part of these calculations, giving a screen
diameter of 7 inches.

where

The Focusing Action of the Reflecting Field

The preceding discussion has assumed that the angle
of incidence of the beam over all parts of the aperture
screen is specified exactly by a line connecting the
bombarded aperture with the center of the deflection
coil. This is, of course, true only for the central core of
the beam and then only in the absence of perturbing
fields or possible misalignments of the screen. The de-
pendence of the range S on the angle of incidence was
given by (3).

Inasmuch as a variation in the range of one part in
120 in the present screen moves the beam from one color
phosphor to another, the rate of variation S with a
small change in 0 is of interest. Differentiating (3) with
respect to 8, one obtains

as
—— = 2Sm‘x Cos 20. (5)
do

It is noted that dS/d8 is small in the neighborhood of 45
degrees. This means that the electric field between the
aperture plate and the reflector plate has a focusing
action in the plane of incidence of the beam. Thus, the
fraction of the beam passing through each aperture may
actually diverge and still be brought together by the
reflecting field to strike a single-color strip without ap-
preciable excitation of adjacent color strips. The relaxa-
tion of the requirements on alignment of the target and
on the shielding of the beam from stray magnetic fields
are further advantages of this focusing effect.

Equation (5) shows that if the angle of incidence is
greater than 60 degrees or less than 30 degrees, dS/d8> S,
which is equivalent to defocusing. This would appear to
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limit the total angle of scan to 30 degrees if the benefits
of the focusing action are to be obtained. Such a limita-
tion is not a severe restriction on tube dimensions or
receiver cabinet design since a 30-degree total angle
centered about a 45-degree angle of incidence would per-
mit a shorter cabinet for the same size picture than a
conventional tube with a total angle of 60 degrees.

The tapering off of the focusing effect of the reflecting
field at the top and the bottom of the picture makes
some magnetic shielding desirable to prevent stray
fields, such as the earth’s magnetic field, from shifting
the beam from the proper color. The focusing of the re-
flecting field in these areas does not appear to be essen-
tial for color purity since the convergence angle of a
high velocity beam is a very small fraction of one de-
gree.

It may be noted that the two alternative methods of
achieving color uniformity illustrated in Fig. 4 profit by
having a 45-degree angle of incidence over the entire
screen.

ALTERNATE FORMS OF THE 45-1)EGREE
CoLor KINESCOPE

Transmission-Type Kinescope

A variation of the 45-degree reflection-type kinescope
is the transmission-type tube operating by the method
illustrated in Fig. 6. The beam strikes the phosphor
strips on the second plate at high velocity. The color is
switched by applying an ac voltage to the second plate.

orvY 300v.
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TRANSPARENT
CONDUCTIVE
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SWITCHING

APERTURE VOLTAGE

PLATE

Fig. 6—An alternate form of 45-degree color kinescope. This “trans.

mission type” tube was considered less attractive than the re-
flection type on the grounds that it was more difficult to con-
struct, required more power to switch colors and lacked the de-
sirable focusing features of the reflecting field.

Simple calculations show that the transmission-type
tube at 45 degrees requires four to eight times as much
switching voltage as the reflection-type tube for the
same beam voltage and target spacing. There is no
focusing action of the field, and the target is very sensi-
tive to stray magnetic ficlds. Unlike the reflection-type
tube, this form requires accurate mechanical registry
of the two plates. A satisfactory solution to the uni-
formity problem would have to be worked out before
a useful tube could be built. It may be noted that the
circular pattern of apertures used to achieve uniformity
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in the reflection-type tube docs not appear attractive
here because of the lack of focusing.

Electron Mirrors for Compactness and Simplification of
Bulb Design

The electric field between a flat plate and a fine mesh
screen can be used as a plane mirror for electrons. Fig. 7

= APPARENT CENTER
Y ' OF DEFLECTION

RECTANGULAR
OR CYLINDRICAL
BULB -t

FINE MESH/

SCREEN

COLOR SWITCHING

“APERTURE PLATE

Fig. 7—The use of an electron mirror 1o shorten or simplify the bulb
design of the 45-degree color kinescope.

shows how such a mirror might be used to simplify or
shorten the bulb design of the 45-degree tube. The
target would be aligned for the apparent center of de-
flection instead of the actual center of deflection. The
principal disadvantage is the loss in beam strength pro-
duced by the double transit through the screen .S. With
available high-transmission screens, this loss might be
reduced to about 50 per cent.

Three-Gun 45-Degree K inescope

An  alternative 45-degree kinescope arrangement
which does not require a color switching signal consists
of three guns mounted as close together as possible with
a 45-degree reflection-type target. With a 12-kv beam,
color separation can be achieved by operating the
cathodes of the red and blue guns approximately 95
volts above and below the potential of the green gun.
For each color the electrons pass through the apertures
with slightly different velocities, thus falling on dif-
ferent colors. See (4).

The beams should be as nearly superimposed as pos-
sible for best registry of the three colors. Even so, the
three rasters will be slightly different in size, owing to
the different velocities of the beams when passing
through the deflection coil. For this reason the screen
should be designed to shift colors with as little change
in beam voltage as practicable. With the screen as-
sembly described above, and using a magnetic-type
scanning yoke, the red and blue rasters differ in size
from the green raster by about 0.4 per cent. The re-
sulting displacement, which is of the order of a picture
element, occurs only at the edge of the picture and will
be unnoticed.

PROCEEDINGS OF THE I.R.I.

October

CONSTRUCTION OF AN [EXPERIMENTAL 45-DEGREER
Coror Kinkscors

Aperture plates for the experimental tubes were made
from copper sheets 0.002 inch thick having openings
etched by photoengraving techniques. A photographic
master of the pattern desired was first obtained by rul-
ing on a heavy lucite block with a stylus mounted on a
vertical milling machine. T"he radii of the arcs were set
to an accuracy of a few ten thousandths of an inch, ac-
cording to the calculations outlined previously. This
pattern was transferred to a photographic negative by
contact printing using a point‘-light source. A second
ruling of radial lines was then combined with the curved
pattern to give a negative of the slot pattern complete
with radial cross bars. The cross bars were made as
thin as possible, consistent with adequate mechanical
strength of the final aperture plate.

I'he copper sheet was coated with a “cold top” photo-
sensitive enamel and exposed with ultraviolet light
through the slot pattern negative. The action of the
light makes possible the formation of an acid-resistant
coating over all parts of the copper, except where the
slots are to be. Immersion in an etching solution forms
the holes in an accurate copy of the original pattern

The aperture plate was then coated with the three
phosphor materials emitting the primary colors. Each
material was deposited in turn by settling through a
mask similar, but not identical to, the apeirture plate it-
self. Other methods of lay ing down the phosphors could
have been used cqually well. For a small target, a copy
of the aperture plate itself could be used as a settling
mask for all three colors, without appreciable error, by
simply displacing the mask in turn for each color. For a
large target with a wide angle of scan, each color should
have its own settling mask ruled so that the center of
its arcs coincide with the center of curvature of the
aperture plate. In the experimental tubes with the 7-inch
Screens, a satisfactory compromise was made in which
a settling mask was computed and ruled for the phos-
phor row falling midway between the slots. The error,
resulting from displacing the mask + 0.007 inch for the
adjacent colors, was not objectionable for the 7-inch
picture. FFig. 8 shows a photomicrograph of the three
phosphors deposited on the aperture plate. The thick-
nesses of the coatings were adjusted for color balance to
give an acceptable white.

When the tube was assembled, the copper aperture
!)late Was mounted on a rigid frame which permitted
1t to be stretched tight and flat. The frame also sup-
ported the glass reflector pPlate spaced parallel to the
mask. The tolerances on parallelism and flatness of each
plate were quite close. The inner surface of the glass
plate was coated with a transparent conducting coating,
called “Nesa,” supplied by the Pittsburgh Plate Glass
Company. The “Nesa” coating is highly transparent
and could be formed on the glass with a surface resist-
ance of several hundred ohms per square. The resist-
ance was sufficiently low to give no objectionable volt-
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age drop or power loss, even when switched at mega-
cycle frequencies. Lavite spacers were used to support
the glass 0.4427 inch from the aperture plate.

Fig. 8—Photomicrograph of the 3 sets of phosphor strips deposited
by settling onto the copper aperture plate.

Early tests of the screen assemblies were made by
placing the structure in a demountable vacuum system
shown in Fig. 9. Color uniformity, color stability, bright-
ness, contrast, resolution and moiré could all be readily
examined without requiring a complete color signal.

Fig. 9—Demountable vacuum system used for testing color-kine-
scope screens. A 7-inch diameter 45-degree reflection-type screen
is shown in position for test prior to being sealed in a bulb

In parallel with the development of the screen, the
associated circuits were developed for operating the
tubes with an RCA color-television signal. Sealed-off
experimental tubes with 7-inch diameter screens were
built and tested successfully with a full color picture.

OPERATION OF THE 45-DEGREE KINESCOPE WITH THE
RCA CoLoR TELEVISION SIGNAL

The 45-degree reflection-type color kinescope be-
longs to that class of color tubes in which the primary
color emitted is determined by a control voltage ap-
plied to the screen structure. The phosphor strips were
laid down on the aperture plate in groups of three,
having the order red, green, blue (Fig. 2). In the ab-
sence of the color switching signal, the proper dc bias
was applied to the reflector plate to give a uniform
green color. For sequential three-color reproduction, a
repetitive wave form of proper magnitude was applied
to the reflector plate to cause the reflected beam to
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Moo (@

WAVE —
COLOR ' GREEN . GREEN
SWITCHING TO
REFLECTOR _i L ]
PLATE BLUE BLUE
| A i i )
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' ' ! ' 1
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PLATE G, ()
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Co <
-~
10.74 MC
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TO BIAS CUT
KINESCOPE -OFF
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Fig. 10—Waveforms of the color-switching voltage which may be
applied to the reflector plate. For low s switching the step
wave shown in A would be preferable. For high speed switching
at mc frequencies the sine wave shown in B was entirely suitable.
Beam blanking at three times the switching frequency was used
to give the required color sequence.

oscillate from the central green phosphor to the adjacent
red and blue phosphors. At the same time, the beam cur-
rent was modulated in turn with each primary signal so
that the total light emitted by each tri-color element car-
ried the proper intensity, hue, and saturation.

Fig. 10 shows two forms of switching voltage which
may be applied to the reflector plate for a sequential
color presentation. In 10(a), a step wave is shown.
This wave shape would give the maximum light out-
put, each color being on one-third of the time. Gener-
ating this wave form at high sequence rates presents an
unusual circuit problem and an attempt was made,
with some encouraging results, to do it by means of a
multiresonant circuit, as a plate load of a class-C ampli-
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fier. IFor the work with the RCA color television sys-
tem, however, using a 3.58 (mc) color subcarrier, it was
found more convenient and, for all practical purposes,
just as eflective, to use the sine-wave form shown in Fig.
10(b). Sequential color presentation with the RCA sys.
tem requires color switching at the subcarrier frequency .t
A 3.58 mc sine wave of approximately 75 volts rms
was applied to the reflector plate. By switching the
beam on at 120-degree intervals with proper timing
(say at 60 degrees, -180 degrees, 300 degrees, 60 de-
grees, etc.) the BGRBGR (blue, green, red, etc.) sc-
quence of the dot sequential presentation was preserved.
[f the beam was not switched on and off, whichever color
was the center color—in this case green—was repeated
twice for every one of the other two to give a
BGRGBGR sequence. Thus, the beam blanking per-
formed the double function of eliminating the extra
green line and of effecting “sampling.” Beam blanking
was accomplished conveniently by modulating the

VERTICAL
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SCAN w
KEYSTONE 3.58MC
CORRECTYION §§|LT%§“NG
VOLTAGE
RCA
COLOR 10.74 SAMPLING
SIGNAL VIDEO
INPUT SCANNING | /
SYNC AMPLIFIER

SEPARATOR
3.58MC SYNC AMP LIF IER
N AN
AvLUS TER TARuen

PHASE
ADJUSTER
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Fig. 11— Block diagrain of associated circuits for operating the 45-
degree reflection kinescope with the RCA color signal. A 3.58
mc sine wave is applied to the reflection plate and a 10.74 mc
sine wave used for sampling the signal at the gun.

video on the grid of the kinescope with a sine wave of
three times the switching frequency, or 10.74 mc (as
shown in Fig. 10(b)) synchronized with the switching
voltage. This was done by linearly adding this sampling
frequency to the video and then operating the grid of
the kinescope class C, much the same as in grid modula-
tion of an amplitude-modulated radio signal.

8 RCA Laboratories Division, “A 6-mc, compalible, high defini-
tion color television sysiem,” RCA Rev., vol. 10, pp. 504 -524: De.
cember, 1949,
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T'he use of sine wave switching has the advantage of
reducing the power requirements of, and of simplifying
the circuitry. Resonant circuit techniques were em
ployed throughout

Fig. 11 is a block diagram showing this use of sine
wave switching and the associated video and deflection

circuits.

Switching and Sampling Circuits

The circuits involved were straightforward and pre
sented no unusual problems beyond a mechanization of
Fig. 11. A possible exception was keystoning, of which
more will be said later. The major difficulty encountered
was that of transmitting signals over long leads and/or
cables first to a demountable and then to a test rack.
This is reflected in the “brute force” type of circuits
which were used, rather than the compact circuitry
usually encountered in receiver design.

The input signals used were received via two cables
connected to the master color television signal gen
crators set up in the television studio at RCA Labora
tories. One signal consisted of the 3.58 mc color syn
chronizing signal and the other was the R( A color sig-
nal, ie., standard black-and-white sync and blanking,
a video signal with a 3.58 mc color subcarrier, and a
3.58 mc burst on the back porch of the horizontal sync
pulse. The burst was not used because of the availabil
ity of the separate color sy nchronizing signal. The cir-
cuits were divided into two parts: the color switching
and sampling circuits driven by the 3.58 mc sine 