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The world’s first digital electronic computer was built using 18,000 vacuum tubes. It occupied an
entire room, required 140 kW of ac power, weighed 50 tons, and cost about $1 million. Today, an
entire computer can be built within a single piece of silicon about the size of a child’s fingernail.
And you can buy one at the local parts house for less than $10.

Within our lifetime, the progress of technology has produced dramatic changes in our lives
and respective industries. Impressive as the current generation of computer-based video equip-
ment is, we have seen only the beginning. New technologies promise to radically alter the com-
munications business as we know it. Video imaging is a key element in this revolution.

The video equipment industry is dynamic, as technical advancements are driven by an ever-
increasing professional and customer demand. Two areas of intense interest include high-resolu-
tion computer graphics and high-definition television. In fact, the two have become tightly inter-
twined.

Consumers worldwide have demonstrated an insatiable appetite for new electronic tools. The
personal computer has redefined the office environment, and HDTV promises to redefine home
entertainment. Furthermore, the needs of industry and national defense for innovation in video
capture, storage, and display system design have grown enormously. Technical advances are
absorbed as quickly as they roll off the production lines.

This increasing pace of development represents a significant challenge to standardizing orga-
nizations around the world. Nearly every element of the electronics industry has standardization
horror-stories in which the introduction of products with incompatible interfaces forged ahead of
standardization efforts. The end result is often needless expense for the end-user, and the poten-
tial for slower implementation of a new technology. No one wants to purchase a piece of equip-
ment that may not be supported in the future by the manufacturer or the industry. This dilemma
threatens to become more of a problem as the rate of technical progress accelerates.

In simpler times, simpler solutions would suffice. Legend has it that George Eastman (who
founded the Eastman Kodak Company) first met Thomas Edison during a visit to Edison’s New
Jersey laboratory in 1907. Eastman asked Edison how wide he wanted the film for his new cam-
eras to be. Edison held his thumb and forefinger about 1 3/8-in (35 mm) apart and said, “about so
wide.” With that, a standard was developed that has endured for nearly a century.

This successful standardization of the most enduring imaging system yet devised represents
the ultimate challenge for all persons involved in video engineering. While technically not an
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electronic imaging system, film has served as the basis of comparison for nearly all electronic
systems. The performance of each new video scheme has, invariably, been described in relation
to 35 mm film.

Video imaging has become an indispensable tool in modern life. Desktop computers, pocket-
sized television sets, stadium displays, big-screen HDTYV, flight simulator systems, high-resolu-
tion graphics workstations, and countless other applications rely on advanced video technolo-
gies. And like any journey, this one begins with the basic principles.
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Source: Standard Handbook of Video and Television Engineering

Chapter

1.1

Light and the Visual Mechanism

W. Lyle Brewer, Robert A. Morris, Donald G. Fink

1.1.1 Introduction

Vision results from stimulation of the eye by light and consequent interaction through connecting
nerves with the brain. In physical terms, light constitutes a small section in the range of electro-
magnetic radiation, extending in wavelength from about 400 to 700 nanometers (nm) or bil-
lionths (10~%) of a meter. (See Figure 1.1.1.)

Under ideal conditions, the human visual system can detect:

+ Wavelength differences of 1 milllimicron (10 A, 1 Angstrom unit = 108 cm)
» Intensity differences as little as 1 percent
» Forms subtending an angle at the eye of 1 arc-minute, and often smaller objects

Although the range of human vision is small compared with the total energy spectrum, human
discrimination—the ability to detect differences in intensity or quality—is excellent.

1.1.2 Sources of lllumination

Light reaching an observer usually has been reflected from some object. The original source of
such energy typically is radiation from molecules or atoms resulting from internal (atomic)
changes. The exact type of emission is determined by:

* The ways in which the atoms or molecules are supplied with energy to replace what they radi-
ate

* The physical state of the substance, whether solid, liquid, or gaseous

The most common source of radiant energy is the thermal excitation of atoms in the solid or gas-
eous state.

1-7
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Figure 1.1.1 The electromagnetic spectrum.

The Spectrum

When a beam of light traveling in air falls upon a glass surface at an angle, it is refiacted or bent.
The amount of refraction depends upon the wavelength, its variation with wavelength being
known as dispersion. Similarly, when the beam, traveling in glass, emerges into air, it is refracted
(with dispersion). A glass prism provides a refracting system of this type. Because different
wavelengths are refracted by different amounts, an incident white beam is split up into several
beams corresponding to the many wavelengths contained in the composite white beam. This is
how the spectrum is obtained.

If a spectrum is allowed to fall upon a narrow slit arranged parallel to the edge of the prism, a
narrow band of wavelengths passes through the slit. Obviously, the narrower the slit, the nar-
rower the band of wavelengths or the “sharper” the spectral line. Also, more dispersion in the
prism will cause a wider spectrum to be produced, and a narrower spectral line will be obtained
for a given slit width.

It should be noted that purples are not included in the list of spectral colors. The purples
belong to a special class of colors; they can be produced by mixing the light from two spectral
lines, one in the red end of the spectrum, the other in the blue end. Purple (magenta is a more sci-
entific name) is therefore referred to as a nonspectral color.

A plot of the power distribution of a source of light is indicative of the watts radiated at each
wavelength per nanometer of wavelength. It is usual to refer to such a graph as an energy distri-
bution curve.
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Figure 1.1.2 The radiating characteristics of tungsten: (trace A) radiant flux from 1 cm? of a black-
body at 3000K, (trace B) radiant flux from 1 cm? of tungsten at 3000K, (trace B’) radiant flux from
2.27 cm? of tungsten at 3000K (equal to curve A in the visible region). (After[1].)

Individual narrow bands of wavelengths of light are seen as strongly colored elements.
Increasingly broader bandwidths retain the appearance of color, but with decreasing purity, as if
white light had been added to them. A very broad band extending throughout the visible spec-
trum is perceived as white light. Many white light sources are of this type, such as the familiar
tungsten-filament electric light bulb (see Figure 1.1.2). Daylight also has a broad band of radia-
tion, as illustrated in Figure 1.1.3. The energy distributions shown in Figures 1.1.2 and 1.1.3 are
quite different and, if the corresponding sets of radiation were seen side by side, would be differ-
ent in appearance. Either one, particularly if seen alone, would represent a very acceptable white.
A sensation of white light can also be induced by light sources that do not have a uniform energy
distribution. Among these is fluorescent lighting, which exhibits sharp peaks of energy through
the visible spectrum. Similarly, the light from a monochrome (black-and-white) video cathode
ray tube (CRT) is not uniform within the visible spectrum, generally exhibiting peaks in the yel-
low and blue regions of the spectrum; yet it appears as an acceptable white (see Figure 1.1.4).

1.1.3 Monochrome and Color Vision
The color sensation associated with a light stimulus can be described in terms of three character-
istics:
* Hue

e Saturation
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Figure 1.1.3 Spectral distribution of solar radiant power density at sea level, showing the ozone,
oxygen, and carbon dioxide absorption bands. (After[1].)

Power radioted
equals area
under curve

Watts per nanometer

300 400 500 600 700 800
Wavelength, nm

Figure 1.1.4 Power distribution of a monochrome video picture tube light source. (After[2].)

* Brightness

The spectrum contains most of the principal hues: red, orange, yellow, green, blue, and violet.
Additional hues are obtained from mixtures of red and blue light. These constitute the purple
colors. Saturation pertains to the strength of the hue. Spectrum colors are highly saturated. White
and grays have no hue and, therefore, have zero saturation. Pastel colors have low or intermediate
saturation. Brightness pertains to the intensity of the stimulation. If a stimulus has high intensity,
regardless of its hue, it is said to be bright.
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Table 1.1.1 Psychophysical and Psychological Characteristics of Color

Psychophysical Properties Psychological Properties
Dominant wavelength Hue
Excitation purity Saturation
Luminance Brightness
Luminous transmittance Lightness
Luminous reflectance Lightness

The psychophysical analogs of hue, saturation, and brightness are:
* Dominant wavelength
» Excitation purity
* Luminance

This principle is illustrated in Table 1.1.1.

By using definitions and standard response functions, which have received international
acceptance through the International Commission on Illumination, the dominant wavelength,
purity, and luminance of any stimulus of known spectral energy distribution can be determined
by simple computations. Although roughly analogous to their psychophysical counterparts, the
psychological attributes of hue, saturation, and brightness pertain to observer responses to light
stimuli and are not subject to calculation. These sensation characteristics—as applied to any
given stimulus—depend in part on other visual stimuli in the field of view and upon the immedi-
ately preceding stimulations.

Color sensations arise directly from the action of light on the eye. They are normally associ-
ated, however, with objects in the field of view from which the light comes. The objects them-
selves are therefore said to have color. Object colors may be described in terms of their hues and
saturations, such as with light stimuli. The intensity aspect is usually referred to in terms of light-
ness, rather than brightness. The psychophysical analogs of lightness are luminous reflectance
for reflecting objects and luminous transmittance for transmitting objects.

At low levels of illumination, objects may differ from one another in their lightness appear-
ances, but give rise to no sensation of hue or saturation. All objects appear as different shades of
gray. Vision at low levels of illumination is called scotopic vision. This differs from photopic
vision, which takes place at higher levels of illumination. Table 1.1.2 compares the luminosity
values for photopic and scotopic vision.

Only the rods of the retina are involved in scotopic vision; cones play no part. Because the
fovea centralis is free of rods, scotopic vision takes place outside the fovea. The visual acuity of
scotopic vision is low compared with photopic vision.

At high levels of illumination, where cone vision predominates, all vision is color vision.
Reproducing systems such as black-and-white photography and monochrome video cannot
reproduce all three types of characteristics of colored objects. All images belong to the series of
grays, differing only in relative brightness.

The relative brightness of the reproduced image of any object depends primarily upon the
luminance of the object as seen by the photographic or video camera. Depending upon the cam-
era pickup element or the film, the dominant wavelength and purity of the light may also be of
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Table 1.1.2 Relative Luminosity Values for Photopic and Scotopic Vision

Wavelength, nm Photopic Vision Scotopic Vision

390 0.00012 0.0022
400 0.0004 0.0093
410 0.0012 0.0348
420 0.0040 0.0966
430 0.0116 0.1998
440 0.023 0.3281
450 0.038 0.4550
460 0.060 0.5670
470 0.091 0.6760
480 0.139 0.7930
490 0.208 0.9040
500 0.323 0.9820
510 0.503 0.9970
520 0.710 0.9350
530 0.862 0.8110
540 0.954 0.6500
550 0.995 0.4810
560 0.995 0.3288
570 0.952 0.2076
580 0.870 0.1212
590 0.757 0.0655
600 0.631 0.0332
610 0.503 0.0159
620 0.381 0.0074
630 0.265 0.0033
640 0.175 0.0015
650 0.107 0.0007
660 0.061 0.0003
670 0.032 0.0001
680 0.017 0.0001
690 0.0082

700 0.0041

710 0.0021

720 0.00105

730 0.00052

740 0.00025

750 0.00012

760 0.00006
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consequence. Most films and video pickup elements currently in use exhibit sensitivity through-
out the visible spectrum. Consequently, marked distortions in luminance as a function of domi-
nant wavelength and purity are not encountered. However, their spectral sensitivities seldom
conform exactly to that of the human observer. Some brightness distortions, therefore, do exist.

1.1.3a Visual Requirements for Video

The objective in any type of visual reproduction system is to present to the viewer a combination
of visual stimuli that can be readily interpreted as representing, or having a close association
with a real viewing situation. It is by no means necessary that the light stimuli from the original
scene be duplicated. There are certain characteristics in the reproduced image, however, that are
necessary and others that are highly desirable. Only a general discussion of such characteristics
will be given here.

In monochrome video, images of objects are distinguished from one another and from their
backgrounds as a result of luminance differences. In order that details in the picture be visible
and that objects have clear, sharp edges, it is necessary for the video system to be capable of
rapid transitions from areas of one luminance level to another. While this degree of resolution
need not match what is possible in the eye itself, too low an effective resolution results in pictures
with a fuzzy appearance and lacking fineness of detail.

Luminance range and the transfer characteristic associated with luminance reproduction are
also of importance in monochrome television. Objects seen as white usually have minimum
reflectances of approximately 80 percent. Black objects have reflectances of approximately 4
percent. This gives a luminance ratio of 20/1 in the range from white to black. To obtain the total
luminance range in a scene, the reflectance range must be multiplied by the illumination range.
In outdoor scenes, the illumination ratio between full sunlight and shadow can be as high as 100/
1. The full luminance ranges involved with objects in such scenes cannot be reproduced in nor-
mal video reproduction equipment. Video systems must be capable of handling illumination
ratios of at least 2, however, and ratios as high as 4 or 5 would desirable. This implies a lumi-
nance range on the output of the receiver of at least 40, with possible upper limits as high as 80
or 100.

Monochrome video transmits only luminance information, and the relative luminances of the
images should correspond at least roughly to the relative luminances of the original objects. Red
objects, for example, should not be reproduced markedly darker than objects of other hues but of
the same luminance. Exact luminance reproduction, however, is by no means a necessity. Con-
siderable distortion as a function of hue is acceptable in many applications. Luminance repro-
duction is probably of primary consequence only if the detail in some hues becomes lost.

Images in monochrome video are transmitted one point, or small area, at a time. The com-
plete picture image is repeatedly scanned at frequent intervals. If the frequency of scan is not suf-
ficiently high, the picture appears to flicker. At frequencies above a critical frequency no flicker
is apparent. The critical frequency changes as a function of luminance, being higher for higher
luminance. The basic requirement for monochrome television is that the field frequency (the rate
at which images are presented) be above the critical frequency for the highest image luminances.

The images of objects in color television are distinguished from one another by luminance
differences and/or by differences in hue or saturation. Exact reproduction in the image of the
original scene differences is not necessary or even attainable. Nevertheless, some reasonable cor-
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respondence must prevail because the luminance gradation requirements for color are essentially
the same as those for monochrome video.

1.1.3b  Luminous Considerations in Visual Response

Vision is considered in terms of physical, psychophysical, and psychological quantities. The pri-
mary stimulus for vision is radiant energy. The study of this radiant energy in its various manifes-
tations, including the effects on it of reflecting, refracting, and absorbing materials, is a study in
physics. The response part of the visual process embodies the sensations and perceptions of see-
ing. Sensing and perceiving are mental operations and therefore belong to the field of psychol-
ogy. Evaluation of radiant-energy stimuli in terms of the observer responses they evoke is within
the realm of psychophysics. Because observer response sensations can be described only in
terms of other sensations, psychophysical specifications of stimuli are made according to sensa-
tion equalities or differences.

1.1.3¢  Photometric Measurements

Evaluation of a radiant-energy stimulus in terms of its brightness-producing capacity is a photo-
metric measurement. An instrument for making such measurements is called a photometer. In
visual photometers, which must be used in obtaining basic photometric measurements, the two
stimuli to be compared are normally directed into small adjacent parts of a viewing field. The
stimulus to be evaluated is presented in the test field; the stimulus against which it is compared is
presented in the comparison field. For most high-precision measurements the total size of the
combined test and comparison fields is kept small, subtending about 2° at the eye. The area out-
side these fields is called the surround. Although the surround does not enter directly into the
measurements, it has adaptation effects on the retina. Thus, it affects the appearances of the test
and comparison fields and also influences the precision of measurement.

Luminosity Curve

A luminosity curve is a plot indicative of the relative brightnesses of spectrum colors of different
wavelength or frequency. To a normal observer, the brightest part of a spectrum consisting of
equal amounts of radiant flux per unit wavelength interval is at about 555 nm. Luminosity curves
are, therefore, commonly normalized to have a value of unity at 555 nm. If, at some other wave-
length, twice as much radiant flux as at 555 nm is required to obtain brightness equality with
radiant flux at 555 nm, the luminosity at this wavelength is 0.5. The luminosity at any wave-
length A is, therefore, defined as the ratio Psss/P, where Py denotes the amount of radiant flux at
the wavelength A, which is equal in brightness to a radiant flux of Psss.

The luminosity function that has been accepted as standard for photopic vision is given in
Figure 1.1.5. Tabulated values at 10 nm intervals are given in Table 1.1.2. This function was
agreed upon by the International Commission on Illumination (CIE) in 1924. It is based upon
considerable experimental work that was conducted over a number of years. Chief reliance in
arriving at this function was based on the step-by-step equality-of-brightness method. Flicker
photometry provided additional data.

In the scotopic range of intensities, the luminosity function is somewhat different from that of
the photopic range. The two curves are compared in Figure 1.1.6. Values are listed in Table 1.1.2.
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While the two curves are similar in shape, there is a shift for the scotopic curve of about 40 nm to
the shorter wavelengths.

Measurements of luminosity in the scotopic range are usually made by the threshold-of-vision
method. A single stimulus in a dark surround is used. The stimulus is presented to the observer at
a number of different intensities, ranging from well below the threshold to intensities sufficiently
high to be visible. Determinations are made as to the amount of energy at each chosen wave-
length that is reported visible by the observer a certain percentage of the time, such as 50 per-
cent. The reciprocal of this amount of energy determines the relative luminosity at the given
wavelength. The wavelength plot is normalized to have a maximum value of 1.00 to give the

scotopic luminosity function.

In the intensity region between scotopic and photopic vision, called the Purkinje or mesopic
region, the measured luminosity function takes on sets of values intermediate between those
obtained for scotopic and photopic vision. Relative luminosities of colors within the mesopic
region will therefore vary, depending upon the particular intensity level at which the viewing
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takes place. Reds tend to become darker in approaching scotopic levels; greens and blues tend to
become relatively lighter.

Luminance

Brightness is a term used to describe one of the characteristics of appearance of a source of radi-
ant flux or of an object from which radiant flux is being reflected or transmitted. Brightness
specifications of two or more sources of radiant flux should be indicative of their actual relative
appearances. These appearances will greatly depend upon the viewing conditions, including the
state of adaptation of the observer’s eye.

Luminance, as previously indicated, is a psychophysical analog of brightness. It is subject to
physical determination, independent of particular viewing and adaptation conditions. Because it
is an analog of brightness, however, it is defined to relate as closely as possible to brightness.

The best established measure of the relative brightnesses of different spectral stimuli is the
luminosity function. In evaluating the luminance of a source of radiant flux consisting of many
wavelengths of light, the amounts of radiant flux at the different wavelengths are weighted by the
luminosity function. This converts radiant flux to luminous flux. As used in photometry, the term
luminance applies only to extended sources of light, not to point sources. For a given amount
(and quality) of radiant flux reaching the eye, brightness will vary inversely with the effective
area of the source.

Luminance is described in terms of luminous flux per unit projected area of the source. The
greater the concentration of flux in the angle of view of a source, the brighter it appears. There-
fore, luminance is expressed in terms of amounts of flux per unit solid angle or steradian.

In considering the relative luminances of various objects of a scene to be captured and repro-
duced by a video system, it is convenient to normalize the luminance values so that the “white”
in the region of principal illumination has a relative luminance value of 1.00. The relative lumi-
nance of any other object then becomes the ratio of its luminance to that of the white. This white
is an object of highly diffusing surface with high and uniform reflectance throughout the visible
spectrum. For purposes of computation, it may be idealized to have 100 percent reflectance and
perfect diffusion.

Luminance Discrimination

If an area of luminance B is viewed side by side with an equal area of luminance B + AB, a value
of AB may be established for which the brightnesses of the two areas are just noticeably different.
The ratio of AB/B is known as Webers fraction. The statement that this ratio is a constant, inde-
pendent of B, is known as Weber s law.

Strictly speaking, the value of Weber’s fraction is not independent of B. Furthermore, its value
depends considerably on the viewer’s state of adaptation. Values as determined for a dark-field
surround are shown in Figure 1.1.7. It is seen that, at very low intensities, the value of AB/B is
relatively large; that is, relatively large values of AB, as compared with B, are necessary for dis-
crimination. A relatively constant value of roughly 0.02 is maintained through a brightness range
of about 1 to 300 cd/m?. The slight rise in the value of AB/B at high intensities as given in the
graph may indicate lack of complete adaptation to the stimuli being compared.

The plot of AB/B as a function of B will change significantly if the comparisons between the
two fields are made with something other than a dark surround. The greatest changes are for
luminances below the adapting field. The loss of power of discrimination proceeds rapidly for
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luminances less by a factor of 10 than that of the adapting field. On the high-luminance side,
adaptation is largely controlled by the comparison fields and is relatively independent of the
adapting field.

Because of the luminance discrimination relationship expressed by Weber’s law, it is conve-
nient to express relative luminances of areas from either photographic or video images in loga-
rithmic units. Because A(log B) is approximately equal to AB/B, equal small changes in log B
correspond reasonably well with equal numbers of brightness discrimination steps.

1.1.4 Perception of Fine Detail

Detail is seen in an image because of brightness differences between small adjacent areas in a
monochrome display or because of brightness, hue, or saturation differences in a color display.
Visibility of detail in a picture is important because it determines the extent to which small or
distant objects of a scene are visible, and because of its relationship to the “sharpness” appear-
ance of the edges of objects.

“Picture definition” is probably the most acceptable term for describing the general character-
istic of “crispness,” “sharpness,” or image-detail visibility in a picture. Picture definition
depends upon characteristics of the eye, such as visual acuity, and upon a variety of characteris-
tics of the picture-image medium, including its resolving power, luminance range, contrast, and
image-edge gradients.
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Visual acuity may be measured in terms of the visual angle subtended by the smallest detail in
an object that is visible. The Landolt ring is one type of test object frequently employed. The
ring, which has a segment cut from it, is shown in any one of four orientations, with the opening
at the top or bottom, or on the right or left side. The observer identifies the location of this open-
ing. The visual angle subtended by the opening that can be properly located 50 percent of the
time is a measure of visual acuity.

Test-object illuminance, contrast between the test object and its background, time of viewing,
and other factors greatly affect visual-acuity measurements. Up to a visual distance of about 20 ft
(6 m), acuity is partially a function of distance, because of changes in the shape of the eye lens
when focusing. Beyond 20 ft, it remains relatively constant. Visual acuity is highest for foveal
vision, dropping off rapidly for retinal areas outside the fovea.

A black line on a light background is visible if it has a visual angle no greater than 0.5 s. This
is not, however, a true measure of visual acuity. For visual-acuity tests of the type described, nor-
mal vision, corresponding to a Snellen 20/20 rating, represents an angular discrimination of
about 1 min. Separations between adjacent cones in the fovea and resolving-power limitations of
the eye lens give theoretical visual-acuity values of about this same magnitude.

The extent to which a picture medium, such as a photographic or a video system, can repro-
duce fine detail is expressed in terms of resolving power or resolution. Resolution is a measure
of the distance between two fine lines in the reproduced image that are visually distinct. The
image is examined under the best possible conditions of viewing, including magnification.

Two types of test charts are commonly employed in determining resolving power, either a
wedge of radial lines or groups of parallel lines at different pitches for each group. For either
type of chart, the spaces between pairs of lines usually are made equal to the line widths. Figure
1.1.8 shows a test signal electronically generated by a video measuring test set.

Resolution in photography is usually expressed as the maximum number of lines (counting
only the black ones or only the white ones) per millimeter that can be distinguished from one
another. In addition to the photographic material itself, measured values of resolving power
depend upon a number of factors. The most important ones typically are:

» Density differences between the black and the white lines of the test chart photographed
» Sharpness of focus of the test-chart image during exposure

» Contrast to which the photographic image is developed

» Composition of the developer

Sharpness of focus depends upon the general quality of the focusing lens, image and object
distances from the lens, and the part of the projected field where the image lies. In determining
the resolving power of a photographic negative or positive material, the test chart employed gen-
erally has a high-density difference, such as 3.0, between the black-and-white lines. A high-qual-
ity lens is used, the projected field is limited, and focusing is critically adjusted. Under these
conditions, ordinary black-and-white photographic materials generally have resolving powers in
the range of 30 to 200 line-pairs per millimeter. Special photographic materials are available with
resolving powers greater than 1000 line-pairs per millimeter.

Resolution in a video system is expressed in terms of the maximum number of lines (counting
both black and white) that are discernible when viewing a test chart. The value of horizontal
(vertical lines) or vertical (horizontal lines) resolution is the number of lines equal to the dimen-
sion of the raster. Vertical resolution in a well-adjusted system equals the number of scanning
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Figure 1.1.8 Test chart for high-definition television applications produced by a signal waveform
generator. The electronically-produced pattern is used to check resolution, geometry, bandwidth,
and color reproduction. (Courtesy of Tektronix.)

lines, roughly 500 in conventional television. In normal broadcasting and reception practice,
however, typical values of vertical resolution range from 350 to 400 lines. The theoretical limit-
ing value for horizontal resolution (Ry) in a 525 line, 30 Hz frame rate system is given by:

_ 2(0.75)(AN _ -4
"= 3062y 0.954 x 10 "Af (1.1.1)

where Af'= the available bandwidth frequency in Hz.

The constants 30 and 525 represent the frame and line frequencies, respectively, in the con-
ventional NTSC television system. A factor of 2 is introduced because in one complete cycle
both a black and a white line are obtainable. Factor 0.75 is necessary because of the receiver
aspect ratio; the picture height is three-fourths of the picture width. There is an additional reduc-
tion of about 15 percent (not included in the equation) in the theoretical value because of hori-
zontal blanking time during which retrace takes place. A transmission bandwidth of 4.25 MHz—
typically that of the conventional terrestrial television system—thus makes possible a maximum
resolution of about 345 lines.

1.1.4a Sharpness

The appearance evaluation of a picture image in terms of the edge characteristics of objects is
called sharpness. The more clearly defined the line that separates dark areas from lighter ones,
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the greater the sharpness of the picture. Sharpness is, naturally, related to the transient curve in
the image across an edge. The average gradient and the total density difference appear to be the
most important characteristics. No physical measure has been devised, however, that predicts the
sharpness (appearance) of an image in all cases.

Picture resolution and sharpness are to some extent interrelated, but they are by no means per-
fectly correlated. Pictures ranked according to resolution measures may be rated somewhat dif-
ferently on the basis of sharpness. Both resolution and sharpness are related to the more general
characteristic of picture definition. For pictures in which, under particular viewing conditions,
effective resolution is limited by the visual acuity of the eye rather than by picture resolution,
sharpness is probably a good indication of picture definition. If visual acuity is not the limiting
factor, however, picture definition depends to an appreciable extent on both resolution and sharp-
ness.

1.1.4b  Response to Intermittent Excitation

The brightness sensation resulting from a single, short flash of light is a function of the duration
of the flash and its intensity. For low-intensity flashes near the threshold of vision, stimuli of
shorter duration than about 1/5 s are not seen at their full intensity. Their apparent intensities are
nearly proportional to the action times of the stimuli.

With increasing intensity of the stimulus, the time necessary for the resulting sensation to
reach its maximum becomes shorter and shorter. A stimulus of 5 mL reaches its maximum
apparent intensity in about 1/10 s; a stimulus of 1000 mL reaches its maximum value in less than
1/20 s. Also, for higher intensities, there is a brightness overshooting effect. For stimulus times
longer than what is necessary for the maximum effect, the apparent brightness of the flash is
decreased. A 1000 mL flash of 1/20 s will appear to be almost twice as bright as a flash of the
same intensity that continues for 1/5 s. These effects are essentially the same for colors of equal
luminances, independent of their chromatic characteristics.

Intermittent excitations at low frequencies are seen as successive individual light flashes.
With increased frequency, the flashes appear to merge into one another, giving a coarse, pulsat-
ing flicker effect. Further increases in frequency result in finer and finer pulsations until, at a suf-
ficiently high frequency, the flicker effect disappears.

The lowest frequency at which flicker is not seen is called the critical fusion frequency or sim-
ply the critical frequency. Over a wide range of stimuli luminances, the critical fusion frequency
is linearly related to the logarithm of luminance. This relationship is called the Ferry-Porter law.
Critical frequencies for several different wavelengths of light are plotted as functions of retinal
illumination (trolands) in Figure 1.1.9. The second abscissa scale is plotted in terms of lumi-
nance, assuming a pupillary diameter of about 3 mm. At low luminances, critical frequencies dif-
fer for different wavelengths, being lowest for stimuli near the red end of the spectrum and
highest for stimuli near the blue end. Above a retinal illumination of about 10 trolands (0.4
ft- L), the critical frequency is independent of wavelength. This is in the critical frequency range
above approximately 18 Hz.

The critical fusion frequency increases approximately logarithmically with increase in retinal
area illuminated. It is higher for retinal areas outside the fovea than for those inside, although
fatigue to flicker effects is rapid outside the fovea.

Intermittent stimulations sometimes result from rapid alternations between two color stimuli,
rather than between one color stimulus and complete darkness. The critical frequency for such
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stimulations depends upon the relative luminance and chromatic characteristics of the alternating
stimuli. The critical frequency is lower for chromatic differences than for luminance differences.
Flicker photometers are based upon this principle. The critical frequency also decreases as the
difference in intensity between the two stimuli becomes smaller. Critical frequency depends to
some extent upon the relative time amounts of the component stimuli, and the manner of change
from one to another. Contrary to what might be expected, smooth transitions such as a sine-wave
characteristic do not necessarily result in the lowest critical frequencies. Lower critical frequen-
cies are sometimes obtained when the transitions are rather abrupt in one direction and slow in
the opposite.

When intermittent stimuli are seen at frequencies above the critical frequency, the visual
effect is a single stimulus that is the mean, integrated with respect to time, of the actual stimuli.
This additive relationship for intermittent stimuli is known as the Talbot-Plateau law.
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Chapter

1.2

Photometric Quantities

W. Lyle Brewer, Robert A. Morris, Donald G. Fink

1.2.1 Introduction

The study of visual response is facilitated by division of the subject into its physical, psycho-
physical, and psychological aspects. The subject of photometry is concerned with the psycho-
physical aspects: the evaluation of radiant energy in terms of equality or differences for the
human observer. Specifically, photometry deals with the luminous aspects of radiant energy,
or—in other words—its capacity to evoke the sensation of brightness.

1.2.2 Luminance and Luminous Intensity

By international agreement, the standard source for photometric measurements is a blackbody
heated to the temperature at which platinum solidifies, 2042 K, and the luminance of the source
is 60 candelas per square centimeter of projected area of the source.

Luminance is defined as

V(MPR)

1.2.1
wocoso ( )

B =K,

Where:

K,, = maximum luminous efficiency of radiation (683 lumens per watt)

V' = relative efficiency, or luminosity function

P/(@a cos 6) = radiant flux (P) per steradian (©) per projected area of source (o cos 6)

Upon first examination, this appears to be an unnecessarily contrived definition. Its useful-
ness, however, lies in the fact that it relates directly to the sensation of brightness, although there
is no strict correspondence.

Other luminous quantities are similarly related to their physical counterparts, for example,
luminous flux F is defined by

1-23
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Table 1.2.1 Conversion Factors for Luminance and Retinal llluminance Units (After[1].)

Multiply Quantity Expressed in Units of X by Conversion Factor to Obtain Quantity in Units of Y

Y | Candelas per
square Candelas per | Candelas per | Candelas per
X centimeter square meter square inch square foot Lamberts Millilamberts | Footlamberts Trolandst3
Candelas per
square
centimeter | 1 1 X 10 6.452 9.290 X 107 3.142 3.142 % 10 2.919 X 10° 7.854 X 10"
Candelas per
square
meter
(nit)§ 1x 107 1 6.452 X 107% | 9290 X 1072 | 3.142 X 107* | 3142 x 10 ' | 2919 x 107! | 7.854 x 107!
Candelas per
square
inch 1550 X 10°' | 1.550 X 10* | 1 1.440 X 10° 4.869 X 107" | 4.869 X 10° 4.524 X 10° 1.217 X 10°*
Candelas per
square foot | 1.076 X 10 * 1.076 X 10 6.944 X 107 | 1 3.382 X 107* | 3.382 3.142 8.454
Lamberts 3183 X 10! | 3.183 X 10° | 2.054 2.957 X 10° 1 1 X 10* 9.290 X 10? 2.5 X 10°
Millilamberts 3.183 X 10~* 3.183 2.054 X 107 2.957 X 10 ! 1x107? 1 9.290 X 10~' 2.500
Footlamberts | 3.426 X 10~* | 3.426 2.210 X 107 | 3.183 X 107" | 1.076 X 10™* | 1.076 1 2.691
Trolands 1273 X 107% | 1.273 8213 X 107! | 1.183 X 107! | 4.000 X 10~* | 4.000 X 10! | 3.716 X 10~ | 1
+In converting luminance to trolands it is y to multiply the | co ion factor by the square of the pupil
tIn converting trolands to luminance it is necessary to divide the | diameter in millimeters.
§As recommended at Session XII in 1951 of the International Commission on Illumination, one nit equals one
candela per square meter.
F = K,[ VO)P@)dh (12.2)

When P is given in watts and F is given in lumens.
When the source is far enough away that it may be considered a point source, then the lumi-
nous intensity 7 in a given direction is

(1.2.3)

~
I
al=

Where:
F = luminous flux in lumens
® = the solid angle of the cone (in steradians) through which the energy is flowing

Conversion factors for various luminance units are listed in Table 1.2.1. Luminance values for
a variety of objects are given in Table 1.2.2.

1.2.2a llluminance

In the discussion up to this point, the photometric quantities have been descriptive of the lumi-
nous energy emitted by the source. When luminous flux reaches a surface, the surface is illumi-
nated, and the illuminance E is given by E = F/S, where S is the area over which the luminous
flux F is distributed. When F is expressed in lumens and S in square meters, the illuminance unit
is lumens per square meter, or /ux.

An element of area S of a sphere of radius » subtends an angle wat the center of the sphere
where w= S//2. For a source at the center of the sphere and r sufficiently large, the source, in
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Table 1.2.2 Typical Luminance Values (After[1].)

Parameter Luminance, ft- L

Sun at zenith 4.28 x 108

Perfectly reflecting, diffusing surface in sunlight 9.29 x 103

Moon, clear sky 2.23x 10°
Overcast sky 9-20 x 102
Clear sky 6-17.5 x 102
Motion-picture screen 10

effect, becomes a point source at the apex of a cone with S (considered small compared with ,2)
as its base. The luminous intensity / for this source is given by / = FI(S/r?). Tt follows, therefore,
that / = F*/S and I = Er?. Thus, the illuminance E on a spherical surface element S from a point
source is £ = I/r*. The illuminance, therefore, varies inversely as the square of the distance. This
relationship is known as the inverse-square law.

As previously indicated, the unit for illuminance £ may be taken as lumen per square meter or
lux. This value is also expressed in terms of the metercandle, which denotes the illuminance pro-
duced on a surface 1 meter distant by a source having an intensity of 1 candela. Similarly, the
footcandle is the illuminance produced by a source of 1 candela on a surface 1 ft distant and is
equivalent to 1 lumen per square foot. Conversion factors for various illuminance units are given
in Table 1.2.3.

The expression given for illuminance, E = I/r?, involves the solid angle S/r?, which therefore
requires that area S is normal to the direction of propagation of the energy. If the area S is situ-
ated so that its normal makes the angle 6 with the direction of propagation, then the solid angle is
given by (S cos 0)//2, as shown in Figure 1.2.1. The illuminance E is given by E = I cos 8//°.

1.2.2b Lambert’s Cosine Law

Luminance was previously defined by its relationship to radiant flux because it is the fundamen-
tal unit for all photometric quantities. Luminance may also be defined as

Iy

ocos0

By = (1.2.4)

where Iy = the luminous intensity from a small element o of the area S at an angle of view 0,
measured with respect to the normal of this element.

For luminous intensities expressed in candelas (or candles), luminance may be expressed in
units of candelas (or candles) per square centimeter.

A special case of interest arises if the intensity /g varies as the cosine of the angle of view, that
is, Iy = I cos 0. This is known as Lambert s cosine law. In this instance, B = I/o. so that the lumi-
nance is independent of the angle of view 6. Although no surfaces are known which meet this
requirement of “complete diffusion” exactly, many materials conform reasonably well. Pressed
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Table 1.2.3 Conversion Factors for llluminance Units (After[1].)

Parameter Lux Phot Footcandle
Lux (meter-candle); lumens/m2 | 1.00 1x 1074 9.290 x 1072
Phot; lumens/cm? 1% 10* 1.00 9.290 x 102
Footcandle; lumens/ft? 1.076 x 10 1.076 x 1073 1.00
Multiply the quantity expressed in units X by the conversion factor to obtain the quantity in units of
Y.

Figure 1.2.1 Solid angle wsubtended by surface S with its normal at angle 8 from the line of prop-
agation. (After[1].)

barium sulfate is frequently used as a comparison standard for diffusely reflecting surfaces. Var-
ious milk-white glasses, known as opal glasses, are used to provide diffuse transmitting media.

The luminous flux emitted per unit area F/a is called the luminous emittance. For a perfect
diffuser whose luminance is 1 candela per square centimeter, the luminous emittance is © lumens
per square centimeter. Or, if an ideal diffuser emits 1 lumen per square centimeter, its luminance
is 1/ candelas per square centimeter. The unit of luminance equal to 1/m candelas per square
centimeter is called the lambert. When the luminance is expressed in terms of 1/m candelas per
square foot, the unit is called a footlambert.

The physical unit corresponding to luminous emittance is radiant emittance, measured in
watts per square centimeter. Radiance, expressed in watts per steradian per square centimeter,
corresponds to luminance.

1.2.3 Measurement of Photometric Quantities

Of the photometric quantities luminous flux, intensity, luminance, and illuminance, the last is,
perhaps, the most readily measured in practical situations. However, where the light source in
question can be placed on a laboratory photometer bench, the intensity can be determined by cal-
culation from the inverse-square law by comparing it with a known standard.
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Total luminous flux can be determined from luminous intensity measurements made at angu-
lar intervals of a few degrees over the entire area of distribution. It can also be found by inserting
the source within an integrating sphere and comparing the flux received at a small area of the
sphere wall with that obtained from a known source in the sphere.

In many practical situations, the illuminance produced at a surface is of greatest interest.
Visual and photoelectric photometers have been designed for such measurements. For most situ-
ations, a photoelectric instrument is more convenient to use because it is portable and easily read.
Because the spectral sensitivity of the cell differs from that of the eye, the instrument must not be
used for sources differing in color from what the instrument was calibrated for. Filters are also
available to make the cell sensitivity conform more closely to that of the eye.

Visual measurements of illumination are generally more suitable where the light is colored.
The general procedure is to convert the flux incident on the surface of interest to a luminance
value that can be compared with the luminance of a surface within the photometer.

1.2.3a Retinal llluminance

A psychophysical correlate of brightness is the measure of luminous flux incident on the retina
(retinal illuminance). One unit designed to indicate retinal stimulation is the troland, formerly
called a photon (not to be confused with the elementary quantum of radiant energy). The troland
is defined (under restricted viewing conditions) as the visual stimulation produced by a lumi-
nance of 1 candela per square meter filling an entrance pupil of the eye whose area is 1 mm?. If
luminance B is measured in millilamberts and pupil diameter 1 in millimeters, then the retinal
illuminance i is given approximately by

i =258 (12.5)

For more accurate evaluation, the actual pupil area must be corrected to the effective pupil
area, to take into account that brightness-producing efficiencies of light rays decrease as the rays
enter the eye at increasing distances from the central region of the pupil (the Stiles-Crawford
effect). Variations in transmittance of the ocular media among individuals also prevent the com-
plete specification of the visual stimulus on the retina.

1.2.3b  Receptor Response Measurements

The eye, photographic film, and video cameras are receptors that respond to radiant energy. The
video camera exhibits a photoelectric response. Photons of energy absorbed by the photosensi-
tive surface of a pickup tube, for example, cause ejection of electrons from this surface. The
resulting change in electrical potential in the surface gives rise to electrical signals either directly
or through the scanning process.

The initial response of a photographic film is photoelectric. Photons absorbed by the silver
halide grains cause the ejection of electrons with a consequent reduction of positive silver ions to
silver atoms. Specks of atomic silver are thus formed on the silver halide grains. Conversion of
this “latent image” into a visible one is accomplished by chemical development. Grains with the
silver specks are reduced by the developer to silver; those without the silver specks remain as sil-
ver halide. Chemical reactions occurring simultaneously or subsequently to this primary devel-
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opment determine whether the final image will be negative or positive, and whether it will be in
color or black-and-white.

The direct response of the eye is either photoelectric, photochemical, or both. Absorption of
light by the eye receptors causes neural impulses to the brain with a resulting sensation of seeing.

Each of these receptors—the eye, photographic film, and video camera—responds differen-
tially to different wavelengths of light. Determination of these receptor responses for photo-
graphic film and the video camera provides a basis for correlating the reproduced image with
that incident upon the receptor. Interpretation in terms of visual effects is made through a similar
analysis of the eye response.

1.2.3¢c  Spectral Response Measurement

In the photoelectric effect of releasing electrons from metals or other materials, light behaves as
if it travels in discrete packets, or quanta. The energy of a single quantum, or photon, equals /v,
where £ is Planck’s constant and v is the frequency of the radiation. To release an electron, the
photon must transfer sufficient energy to the electron to enable it to escape the potential-energy
barrier of the material surface. For any material there is a minimum frequency, called the thresh-
old frequency, of radiant energy that provides sufficient energy for an electron not already in an
excited state to leave the material. Because of thermal excitation, some electrons may be ejected
at frequencies below the threshold frequency. The number of these is usually quite small in com-
parison with those ejected at frequencies above the threshold frequency. It is because of the rela-
tionship between frequency and energy that ultraviolet light usually has a greater photoelectric
effect than visible light, and that visible light has a greater effect than infrared light.

For any given wavelength distribution of incident radiation, the number of electrons emitted
from a photocathode is proportional to the intensity of the incident radiation. Photoelectric emis-
sion is, therefore, linear with irradiation. In practical applications where there are space-charge
effects, secondary emissions, or other complicating factors, this linear relationship does not
always apply to the current actually collected.

Spectral response measurements are made by exposing the photosensitive surface to narrow-
wavelength bands of light. The ratio of the emission current to the incident radiant power is a
measure of the sensitivity for this wavelength region. A plot of this ratio as a function of wave-
length gives the spectral response curve. If the photo-emissive device is a linear one, the intensity
of the incident radiation in each spectral region may be taken at any convenient value without
affecting the resulting curve.

If the electric output of the photoelectric device is not linear with the intensity of illumination,
the intensities of the spectral irradiations must be more carefully controlled. The electrical output
for each spectral region should be the same. A plot of the reciprocal of the incident irradiance as
a function of wavelength then gives the spectral response distribution. Common response distri-
butions for several camera pickup devices are shown in Figure 1.2.2

The eye is a precise measuring device for judging the equality and nonequality of two stimuli,
if they are viewed side by side. It cannot be depended upon to give accurate results in ascertain-
ing the amount of difference between two stimuli that are not alike. Therefore, in determining the
spectral response characteristics of the eye, it is essential that measurements be made at equal
response levels. For color response measurements, amounts of three primary stimuli are found
which, in combination, identically match the fourth stimulus being evaluated. The relative
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Figure 1.2.2 Light-transfer characteristics for video camera tubes.

amounts of the three primary stimuli necessary for the match are indicative of the response elic-
ited by the test stimulus.

For spectral-luminance response measurements, the evaluations must be made at a common
response level of equal brightness. The loss of precision associated with such measurements
where chromatic differences exist is minimized by means of step-by-step comparisons or by
means of flicker photometry. The brightness response characteristics, or luminosity function, of
the spectrum colors are the reciprocals of the amounts of energy of these colors, all of which
have the same brightness.

1.2.3d Transmittance

Light incident upon an object is either reflected, transmitted, or absorbed. The transmittance of
an object may be measured as illustrated in Figure 1.2.3. Light from the source S passes through
the object O and is collected at the receiver R. The spectral transmittance #) of the object is

defined as

t, = =& (1.2.6)
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R
P, P
s =
Figure 1.2.3 Measurement of diffuse trans- INTEGRATING
mittance. (After[1].) | SPHERE
[+
P), = the radiance at wavelength A reaching the receiver through the object
Py, = the radiance reaching the receiver with no object in the beam path
The spectral density D; of the object at wavelength A is defined as
P
O\
D, = -logt, = log—= 1.2.7
A g1y g P, ( )

An object with a transmittance of 1.00, or 100 percent, has a density of zero. One with a trans-
mittance of 0.1, or 10 percent, has a density of 1.0.

Objects that transmit light also generally scatter the light to some extent. Consequently, the
transmittance measurement depends in part upon the geometrical conditions of measurements.
In Figure 1.2.3, the light incident upon the film is shown as a narrow collimated, commonly
called specular, beam. The receiver, in the form of an integrating sphere, is placed in contact
with the object so that all the transmitted energy is collected. The transmittance measured in this
fashion is called diffuse transmittance. The corresponding density value is referred to as diffuse
density. The same results are obtained if the incident light is made completely diffuse and only
the specular component evaluated.

If the incident beam is specular and only the specular component of the transmitted light is
evaluated, the measurement is called specular transmittance. The corresponding density value is
specular density. A smaller portion of the transmitted energy is collected in a specular measure-
ment than in a diffuse measurement. The specular transmittance of an object is always less than
the diffuse transmittance, unless the object does not scatter light, in which case the two transmit-
tances are equal. Specular densities are equal to, or larger than, diffuse densities. The ratio of the
specular density to the diffuse density is a measure of the scatter of the object. It is defined as the
Callier Q coefficient.

Transmittance measurements made with both the incident and collected beam diffuse are
known as doubly diffuse transmittances.

The integrated transmittance of an object depends upon the spectral radiant-flux distribution
of the incident illumination and upon the spectral response characteristics of the receiver. Inte-
grated transmittance 7 is defined as
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j P,(L)S()d\
- (1.2.8)
[ Posdn

Where:

P/(\) = the radiant flux reaching the receiver through the sample

Po(A) = the radiant flux that reaches the receiver with no sample in the beam path
S(\) = the spectral response function of the receiver

The radiant flux reaching the receiver is equal to the product Pn(A)#(A), where #(X) is the
transmittance function of the sample. Transmittance T is therefore equal to

[ Po(Mt()S(hydk
T =

(1.2.9)
[ Po()sdn

1.2.3e  Reflectance

Reflectance of an object may be measured as illustrated in Figure 1.2.4. Following reflection
from the object, a portion of the light reaches the receiver. Spectral reflectance ry, is defined as

Py
o= 2k (1.2.10)
Poy

Where:

P, = the radiance at wavelength A reaching the receiver from the object

Py, = the radiance reaching the receiver when the sample object is replaced by a standard com-
parison object

Because of its high reflectance and diffusing properties, a surface of barium sulfate is fre-
quently used as a standard. White paints that have satisfactory reflectance characteristics also are
available.

The geometrical arrangement of the light source, sample, and receiver greatly influences
reflectance measurements. The incident beam may be either specular or diffuse. If specular, it
may be incident upon the object surface perpendicularly or at any angle up to nearly 90° from
normal. Essentially all, or only a part, of the reflected light may be collected by the receiver. The
effects of various combinations of these choices on the reflectance measurement will depend
considerably upon the surface characteristics of the object being measured.

1.2.4 Human Visual System

The human visual system (HVS) is powerful and exceeds the performance of artificial visual sys-
tems in almost all areas of comparison. Researchers have, therefore, studied the HVS extensively
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1.2.4a

INCIDENT
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U]
Figure 1.2.4 Measurement of reflectance.
(After[1].) SAMPLE

to ascertain the most efficient and effective methods of communicating information to the eye.
An important component of this work has been the development of models of how humans see.

A Model for Image Quality

The classic approach to image-quality assessment involves presenting a group of test subjects
with visual test material for evaluation and rating. The test material may include side-by-side dis-
play comparisons, or a variety of perception-threshold presentations. One common visual com-
parison technique is called the pair-comparison method. A number of observers are asked to
view a specified number of images at two or more distances. At each distance, the subjects are
asked to rank the order of the images in terms of overall quality, clearness, and personal prefer-
ence.

An image acquisition, storage, transmission, and display system need not present more visual
information to the viewer than the viewer can process. For this reason, image quality assessment
is an important element in the development of any new video system. For example, in the devel-
opment of a video compressing algorithm, the designer needs to know at what compression point
impairments are visible to the “average” viewer.

Evaluation by human subjects, while an important part of this process, is also expensive and
time-consuming. Numerous efforts have been made to reduce the human visual system and its
interaction with a display device to one or more mathematical models [2—6]. The benefits of this
research to design engineers is obvious: more timely feedback on new product offerings. In the
development of advanced displays, it is important to evaluate the visual performance of the sys-
tem well in advance of the expensive fabrication process. Display design software, therefore, is
valuable. Because image quality is the primary goal in many video system designs, tools that
permit the engineer to analyze and emulate the displayed image assist in the design process. Such
tools provide early feedback on new display techniques and permit a wider range of prospective
products to be evaluated.

After the system or algorithm has successfully passed the minimum criteria established by the
model, it can be subjected to human evaluation. The model simulation requires the selection of
many interrelated parameters. A series of experiments is typically conducted to improve the
model in order to more closely approximate human visual perception.
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Section

Color Vision, Representation, and
Reproduction

Visible light is a form of electromagnetic radiation whose wavelengths fall into the relatively
narrow band of frequencies to which the human visual system (HVS) responds: the range from
approximately 380 nm to 780 nm. These wavelengths of light are readily measurable. The per-
ception of color, however, is a complicated subject. Color is a phenomenon of physics, physiol-
ogy, and psychology. The perception of color depends on factors such as the surrounding colors,
the light source illuminating the object, individual variations in the HVS, and previous experi-
ences with an object or its color.

Colorimetry is the branch of color science that seeks to measure and quantify color in this
broader sense. The foundation of much of modern colorimetry is the CIE system developed by
the Commission Internationale de I’Eclairage (International Commission on Illumination). The
CIE colorimetric system consists of a series of essential standards, measurement procedures, and
computational methods necessary to make colorimetry a useful tool for science and industry.
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Source: Standard Handbook of Video and Television Engineering

Chapter

2.1

Principles of Color Vision

Alan R. Robertson, Joseph F. Fisher

2.1.1 Introduction

The sensation of color is evoked by a physical stimulus consisting of electromagnetic radiation in
the visible spectrum. The stimulus associated with a given object is defined by its spectral con-
centration of radiance Lo(\)

L(1)=—E,()R(A)
i 2.1.1)

Where:
E. (L) = the spectral irradiance
R(\) = the spectral reflectance factor

The spectral reflectance p(A) is sometimes used instead of R(A). Because p(A) is a measure of
the total flux reflected by the object, whereas R(A) is a measure of the flux reflected in a speci-
fied direction, the use of p(A) implies that the object reflects uniformly in all directions. For most
objects this is approximately true, but for some, such as mirrors, it is not.

2.1.2 Trichromatic Theory

Color vision is a complicated process. Full details of the mechanisms are not yet understood.
However, it is generally believed, on the basis of strong physiological evidence, that the first
stage is the absorption of the stimulus by light-sensitive elements in the retina. These light-sensi-
tive elements, known as cones, form three classes, each having a different spectral sensitivity dis-
tribution. The exact spectral sensitivities are not known, but they are broad and overlap
considerably. An estimate of the three classes of spectral sensitivity is given in Figure 2.1.1.

It is clear from this trichromacy of color vision that many different physical stimuli can evoke
the same sensation of color. All that is required for two stimuli to be equivalent is that they each
cause the same number of quanta to be absorbed by any given class of cone. In such cases, the

2-1
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Figure 2.1.1 Spectral sensitivities of the three types of cones in the human retina. The curves
have been normalized so that each is unity at its peak. (After[1, 2].)

neural impulses—and thus the color sensations—generated by the two stimuli will be the same.
The visual system and the brain cannot differentiate between the two stimuli even though they
are physically different. Such equivalent stimuli are known as metamers and the phenomenon as
metamerism. Metamerism is fundamental to the science of colorimetry; without it color video
reproduction as we know it could not exist. The stimulus produced by a video display is almost
always a metamer of the original object and not a physical (spectral) match.

2.1.2a  Color Matching

Because of the phenomenon of trichromacy, it is possible to match any color stimulus by a mix-
ture of three primary stimuli. There is no unique set of primaries; any three stimuli will suffice as
long as none of them can be matched by a mixture of the other two. In certain cases it is not pos-
sible to match a given stimulus with positive amounts of each of the three primaries, but a match
is always possible if the primaries may be used in a negative sense.

Experimental measurements in color matching are carried out with an instrument called a
colorimeter. This device provides a split visual field and a viewing eyepiece, as illustrated in Fig-
ure 2.1.2. The two halves of the visual field are split by a line and are arranged so that the mix-
ture of three primary stimuli appears in one-half of the field. The amounts of the three primaries
can be individually controlled so that a wide range of colors can be produced in this half of the
field. The other half of the field accepts light from the sample to be matched. The amounts of the
primaries are adjusted until the two halves of the field match. The amounts of the primaries are
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Figure 2.1.2 Tristimulus color matching instruments: (a) conventional colorimeter, (b) addition of a
primary color to perform the match.

then recorded. For those cases where negative values of one or more of the primaries are needed
to secure a match, the instrument is arranged to transfer any of the primaries to the other half of
the field. The amount of a primary inserted in this manner is recorded as negative.

The operation of color matching may be expressed by the match equation

C=RR+GG + BB (2.12)

This equation is read as follows: Stimulus C is matched by R units of primary stimulus R
mixed with G units of primary stimulus G and B units of primary stimulus B. The quantities R,
G, and B are called tristimulus values and provide a convenient way of describing the stimulus C.
All the different physical stimuli that look the same as C will have the same three tristimulus val-
ues R, G, and B.
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It is common practice (followed in this publication) to denote the primary stimuli by using
boldface letters (usually R, G, and B or X, Y, and Z) and the corresponding tristimulus values by
italic letters R, G, and B or X, ¥, and Z, respectively.

The case in which a negative amount of one of the primaries is required is represented by the
match equation

C=-RR+GG + BB (2.13)

This equation assumes that the red primary is required in a negative amount.

The extent to which negative values of the primaries are required depends upon the nature of
the primaries, but no set of real physical primaries can eliminate the requirement entirely. Exper-
imental investigations have shown that in most practical situations, color matches obey the alge-
braic rules of additivity and linearity. These rules, as they apply to colorimetry, are known as
Grassmann'’s laws [3]

To illustrate this point, assume two stimuli defined by the following match equations:

C,=RR+G,G+BB (2.1.4)
C2 = RzR + GzG + BzB (215)

If C, is added to C, in one half of a colorimeter field, and the resultant mixture is matched
with the same three primaries in the other half of the field, the amounts of the primaries will be
given by the sums of the values in the individual equations. The match equation will be

Ci+Cy=(R + RYR + (G| + Gp)G + (B + BB (2.1.6)

In this discussion, the symbols R, G, and B signify red, green, and blue as a set of primaries.
The meaning of these color names must be specified exactly before the colorimetric expressions
have precise scientific meaning. Such specification may be given in terms of three relative spec-
tral-power-distribution curves, one for each primary. Similarly, the amounts of each primary
must be specified in terms of some unit, such as watts or lumens.

The concept of matching the color of a stimulus by a mixture of three primary stimuli is, of
course, the basis of color video reproduction. The three primaries are the three colored phos-
phors, and the additive mixture is performed in the observer’s eye because of the eye’s inability to
resolve the small phosphor dots or stripes from one another.

2.1.2b  Color-Matching Functions

In general, a color stimulus is composed of a mixture of radiations of different wavelengths in
the visible spectrum. One important consequence of Grassmann’s laws is that if the tristimulus
values R, G, and B of a monochromatic (single-wavelength) stimulus of unit radiance are known
at each wavelength, the tristimulus values of any stimulus can be calculated by summation. Thus,
if the tristimulus values of the spectrum are denoted by

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



Principles of Color Vision

Principles of Color Vision 2-15

(). g(4), b(2)
2.1.7)

per unit radiance, then the tristimulus values of a stimulus with a spectral concentration of radi-
ance L, (L) are given by

780

R=[ LMF}r)ad (2.1.8)
380
780

G=] Lzha (2.1.9)
380
780 _

B=[ " LMbMd\ (2.1.10)
380

If a set of primaries were selected and used with a colorimeter, all selections of color mixture
could be set up and the appropriate matches made by an observer. A disadvantage of this method
is that any selected observer can be expected to have color vision that differs from the “average
vision” of many observers. The color matches made might not be satisfactory to the majority of
individuals with normal vision.

For this reason, it is desirable to adopt a set of universal data which is prepared by averaging
the results of color-matching experiments made by a number of individuals who have normal
vision. A spread of the readings taken in these color matches would indicate the variation to be
expected among normal individuals. Averaging the results would give a reliable set of spectral
tristimulus values. Many experimenters have conducted such psychophysical experiments. The
results are in good agreement and have been used as the basis for industry standards.

The curves are now generally known as color-matching functions, although in older literature
the terms color-mixing functions and distribution coefficients were sometimes used. The set of
color-matching functions used by the CIE in 1931 as a basis for an international standard are
shown in Figure 2.1.3 in terms of a particular set of real primaries, R, G, and B.

2.1.2¢c Luminance Relationships

Luminances are, by definition, additive quantities. Thus, the luminance of a stimulus with tris-
timulus values R, G, and B is given by

@2.1.11)

Where:
Lp = luminance unit amount of the R primary
L ; = luminance unit amount of the G primary
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Figure 2.1.3 Color-matching functions of the CIE standard observer based on matching stimuli of
wavelengths 700.0, 546.1, and 435.8 nm, with units adjusted to be equal for a match to an equien-
ergy stimulus.

Lp = luminance unit amount of the B primary

In the special case of a monochromatic stimulus of unit radiance, the luminance is given by

L=Lyr(A)+Lsg(A)+Lyb(A)

(2.1.12)
This luminance condition is also given by
L=K,V ()
(2.1.13)
Where:
K, =683 Im/W

V(L) = the spectral luminous efficiency function

It follows that V(L) must be a linear combination of the color-matching functions
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K,V (A)=Ler(A)+L;g(A)+Lgh(A)

m

(2.1.14)

Vision Abnormality

In the previous discussion of color matching, the term “normal” was deliberately used to exclude
those individuals (about 8 percent of males and 0.5 percent of females) whose color vision dif-
fers from the majority of the population. These people are usually called color-blind, although
very few (about 0.003 percent of the total population) can see no color at all. About 2.5 percent
of males require only two primaries to make color matches. Most of these can distinguish yel-
lows from blues but confuse reds and greens. The remaining 5.5 percent require three primaries,
but their matches are different from the majority and their ability to detect small color differ-
ences is usually less [2, 4].

Color Representation

Tristimulus values provide a convenient method of measuring a stimulus. Any two stimuli with
identical tristimulus values will appear identical under given viewing conditions. However, the
actual appearance of the stimuli (whether they are, for example, red, blue, light, or dark) depends
on a number of other factors, including:

e The size of the stimuli
¢ The nature of other stimuli in the field of view
* The nature of other stimuli viewed prior to the present ones

Color appearance cannot be predicted simply from the tristimulus values. Current knowledge
of the human color-vision system is far from complete, and much remains to be learned before
color appearance can be predicted adequately. However, the idea that the first stage is the absorp-
tion of radiation (light) by three classes of cone is accepted by most vision scientists and corre-
lates well with the concept and experimental results of tristimulus colorimetry. Furthermore,
tristimulus values—and quantities derived from them—do provide a useful and orderly way of
representing color stimuli and illustrating the relationships between them.

It is possible to describe the appearance of a color stimulus in words based upon a person’s
perception of it. The trichromatic theory of color leads to the expectation that this perception will
have three dimensions or attributes. Everyday experience confirms this. One set of terms for
these three attributes is:

* Hue—the attribute according to which an area appears to be similar to one, or to proportions
of two, of the perceived colors red, orange, yellow, green, blue, and purple.

* Brightness—the attribute according to which an area appears to be emitting, transmitting, or
reflecting more or less light.

» Saturation—the attribute according to which an area appears to exhibit more or less chromatic
color.

A perceived color from a self-emitting object, therefore, is typically described by its hue, bright-
ness, and saturation. For reflecting objects, two other attributes are often used:
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Figure 2.1.4 A geometrical model of perceptual color space for reflecting objects.

» Lightmess—the degree of brightness judged in proportion to the brightness of a similarly illu-
minated area that appears to be white.

» Perceived chroma—the degree of colorfulness judged in proportion to a similarly illuminated
area that appears to be white.

Reflecting objects, thus, may be described by hue, brightness, and saturation or by hue, light-
ness, and perceived chroma. The perceptual color space formed by these attributes may be repre-
sented by a geometrical model, as illustrated in Figure 2.1.4. The achromatic colors (black, gray,
white) are represented by points on the vertical axis, with lightness increasing along this axis. All
colors of the same lightness lie on the same horizontal plane. Within such a plane, the various
hues are arranged in a circle with a gradual progression from red through orange, yellow, green,
blue, purple, and back to red. Saturation and perceived chroma both increase from the center of
the circle outward along a radius but in different ways depending on the lightness. All colors of
the same saturation lie on a conical surface, whereas all colors of the same perceived chroma lie
on a cylindrical surface.

If two colors have equal saturation but different lightness, the darker one will have less per-
ceived chroma because perceived chroma is judged relative to a white area. Conversely, if two
colors have equal perceived chroma, the darker one will have greater saturation because satura-
tion is judged relative to the brightness—or, in this case, lightness—of the color itself [4].
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2.1.2f  Munsell System

It is possible to construct a color chart based on the set of color attributes described in the previ-
ous section. One such chart, devised by A. H. Munsell, is known as the Munsell system. The
names used for the attributes by Munsell are hue, chroma, and value [5-7], corresponding,
respectively, to the terms hue, perceived chroma, and lightness. In the Munsell system, the colors
are arranged in a circle in the following order:

* Red(R)

* Red-purple (RP)

* Purple (P)

* Purple-blue (PB)

* Blue (B)

* Blue-green (BG)

¢ Green (G)

* Green-yellow (GY)
* Yellow (V)

* Yellow-red (YR)

The Munsell system chart defines a hue circle having 10 hues. To give a finer hue division,
each of the 10 hue intervals is further subdivided into 10 parts. For example, there are 10 red sub-
hues, which are referred to as 1R to 10R.

The attribute of chroma is described by having hue circles of various radii. The greater the
radius, the greater is the chroma.

The attribute of value is divided into 10 steps, from zero (perfect black or zero reflectance
factor) to 10 (perfect white or 100 percent reflectance factor). At each value level there is a set of
hue circles of different chromas, the lightness of all the colors in the set being equal.

A color is specified in the Munsell system by stating in turn (1) hue, (2) value, and (3)
chroma. Thus, the color specified as 6RP 4/8 has a red-purple hue of 6RP, a value of 4, and a
chroma of 8. Not all chromas or values can be duplicated with available pigments.

This arrangement of colors in steps of hue, value, and chroma was originally carried out by
Munsell using his artistic eye as a judge of the correct classification. Later, a committee of the
Optical Society of America [8] made extensive visual studies that resulted in slight modifica-
tions to Munsell’s original arrangement. The committee’s judgment is perpetuated in the form of
a book of paper swatches colored with printer’s ink and marked with the corresponding Munsell
notation [9]. A set of chips arranged in the form of a color tree can also be obtained.

2.1.2g Other Color-Order Systems

In addition to the Munsell system, there are a number of other color-order systems [3]. The three
scales of the various systems, and the spacing of samples along the scales, are chosen by differ-
ent criteria. In some systems the scales and spacing are determined by a systematic mixture of
dyes or pigments, or by systematic variation of parameters in a printing process. In others, they
are based on the rules of additive mixture, as in a tristimulus colorimeter. A third class of color-
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Figure 2.1.5 The color triangle, showing the use of trilinear coordinates. The amounts of the three
primaries needed to match a given color are proportional to r, g, and b.

order systems (which includes the Munsell system) is based on visual perceptions. Within each
class the exact rules by which the colors are ordered vary significantly from one to another.

2.1.2h  Color Triangle

The color triangle is an alternative method of classifying and specifying colors. This method
was originated by Newton and used extensively by Maxwell. It is a method of representing the
matching and mixing of stimuli and is derived from the tristimulus values discussed previously.

The color triangle displays a given color stimulus in terms of the relative tristimulus values;
that is, the relative amounts of three primaries needed to match it. Thus, the color triangle dis-
plays only the quality of the stimulus and not its quantity. In one form, the stimulus is repre-
sented by a point chosen so that the perpendicular distances to each of the three sides are
proportional to the tristimulus values. The triangle need not be equilateral, although the triangles
used by Newton and Maxwell were of this type. The method is illustrated in Figure 2.1.5.

This method of display is equivalent to the use of trilinear coordinates, which form a well-
known coordinate system in analytical geometry. In this representation, the three primaries
appear one at each of the three vertices of the triangle, because two of the trilinear coordinates
vanish at each vertex.

It is more common, however, to use a right-angled triangle as shown in Figure 2.1.6. The
quantities 7, g, and b, called chromaticity coordinates, are calculated using the following equa-
tions:
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Figure 2.1.6 A chromaticity diagram. The amounts of the three primaries needed to match a given
color are proportionaltor, g;and b(=1-r—g).

R G , B
r= N —3 N —
R+G+B ° R+G+B R+G+B

(2.1.15)

The chromaticity coordinates are plotted with r as abscissa and g as ordinate. Because » + g +
b =1, it is not necessary to plot b because it can be derived by » = 1 — r — g. This (r, g) diagram,
and others like it, are known as chromaticity diagrams.

2.1.2i  Center of Gravity Law

The chromaticity diagram is a useful way of representing additive color mixture. Consider two
stimuli C; and C5:

C]ERlR"F G1G+BIB (2116)
C,=R,R+G,G +B,B (2.1.17)

As explained previously, primary stimulus C; is matched by R; units of primary stimulus R,
mixed with G| units of primary stimulus G, and B; units of primary stimulus B. In a similar
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manner, stimulus C, is matched by R,, G,, and B, units of the same primaries. It follows that the
chromaticity coordinates are

Rl Gl Bl
]/i = s — gl = s bl =
(2.1.18)
The sum of R| + G| + B = T}, the total tristimulus value. Then
Rl Gl Bl
Rn=—r, &= b=—
4 4 4
(2.1.19)
After reordering the equations it follows that
R =nT, G=gT, B =hl
(2.1.20)
In a similar manner
Ry =nh, G,=gT,, By=bT,
(2.1.21)

In terms of chromaticity coordinates (7, g, and b), the equations for C; and C, may be written

as
C, = THR+ (g, TG+ (b T))B (2.1.22)
Cy = ()R + (g,15)G + (b,T,)B (2.1.23)

Thus, by Grassmann’s laws, the stimulus C formed by mixing C; and C, is
C=RR+ GG + BB (2.1.24)

Where:

R=r1T1 +r2T2
G=gT1 t gD
B=b1T1 +b2T2

The chromaticity coordinates of the mixture, therefore, are
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Figure 2.1.7 The center of gravity law in the chromaticity diagram. The additive mixture of color
stimuli represented by C; and C, lies at C, whose location on the straight line C;C, is given by
dy Ty = dy T, where T and T, are the total tristimulus values of the component stimuli.

_ihAnh o _ghtelh | bLi+hD
L+T, ~ L, +7T, L+T,

>

(2.1.25)

The interpretation of this math in the chromaticity diagram is simply that the mixture lies on
the straight lining joining the two components and divides it in the ratio 7,/7;. This concept,
illustrated in Figure 2.1.7, is known as the center of gravity law because of the analogy with the
center of gravity of weights 7 and 7, placed at the points representing C; and C,.

2.1.2j  Alychne

As stated previously, the luminance of a stimulus with tristimulus values R, G, and B is
(2.1.26)

If this expression is divided by R + G + B and if L = 0, then
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Figure 2.1.8 The spectrum locus and alychne of the CIE 1931 Standard Observer plotted in a
chromaticity diagram based on matching stimuli of wavelengths 700.0, 546.1, and 435.8 nm. The
locations of the CIE primary stimuli X, Y, and Z are shown.

O0=Lpr+Lgg+Lgh
(2.1.27)

The foregoing is the equation of a straight line in the chromaticity diagram. It is the line along
which colors of zero luminance would lie if they could exist. The line is called the alychne.

The alychne is illustrated in Figure 2.1.8, which is a chromaticity diagram based on mono-
chromatic primaries of wavelengths 700.0, 546.1, and 435.8 nm with their units normalized so
that equal amounts are required to match a stimulus in which the spectral concentration of radi-
ant power per unit wavelength is constant throughout the visible spectrum (this stimulus is called
the equienergy stimulus). The alychne lies wholly outside the triangle of primaries, as indeed it
must, for no positive combination of real primaries can possibly have zero luminance.

2.1.2k  Spectrum Locus

Because all color stimuli are mixtures of radiant energy of different wavelengths, it is interesting
to plot, in a chromaticity diagram, the points representing monochromatic stimuli (stimuli con-
sisting of a single wavelength). These can be calculated from the color-matching functions
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Table 2.1.1 Perceptual Terms and their Psychophysical Correlates

Perceptual (Subjective) Psychophysical (Objective)
Hue Dominant wavelength
Saturation Excitation purity
Brightness Luminance
Lightness Luminous reflectance or luminous transmittance

s
r()+ 5 (D) +b(2)

)
D+ ()5 ()

r(4) . g(d)=

(2.1.28)

When these spectral chromaticity coordinates are plotted, as shown in Figure 2.1.8, they lie
along a horseshoe-shaped curve called the spectrum locus. The extremities of the curve corre-
spond to the extremities of the visible spectrum—approximately 380 nm for the blue end and
780 nm for the red end. The straight line joining the extremities is called the purple boundary
and is the locus of the most saturated purples obtainable.

Because all color stimuli are combinations of spectral stimuli, it is apparent from the center of
gravity law that all real color stimuli must lie on, or inside, the spectrum locus.

It is an experimental fact that the part of the spectrum locus lying between 560 and 780 nm is
substantially a straight line. This means that broad-band colors in the yellow-orange-red region
can give rise to colors of high saturation.

2.1.21  Subjective and Objective Quantities

It is important to distinguish clearly between perceptual (subjective) terms and psychophysical
(objective) terms. Perceptual terms relate to attributes of sensations of light and color. They indi-
cate subjective magnitudes of visual responses. Examples are hue, saturation, brightness, and
lightness.

Psychophysical terms relate to objective measures of physical variables which identify stimuli
that produce equal visual responses under specified viewing conditions. Examples include tris-
timulus values, luminance, and chromaticity coordinates.

Psychophysical terms are usually chosen so that they correlate in an approximate way with
particular perceptual terms. Examples of some of these correlations are given in Table 2.1.1.
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Chapter

2.2

The CIE Color System

Alan R. Robertson, Joseph F. Fisher
Jerry C. Whitaker, Editor-in-Chief

2.2.1 Introduction

In 1931, the International Commission on Illumination (known by the initials CIE for its French
name, Commission Internationale de 1’Eclairage) defined a set of color-matching functions and a
coordinate system that have remained the predominant, international, standard method of speci-
fying color to this day.

The CIE system deals with the three fundamental aspects of color experience:

* The object
» The light source that illuminates the object
* The observer

The light source is important because color appearance varies considerably in different light-
ing conditions. Generally, the observer is the person viewing the color, but it can also be a cam-
era. Working from experiments conducted in the late 1920s, the CIE derived a set of color
matching functions (the Standard Observer) that mathematically describe the sensitivity of the
average human eye with normal color vision.

2.2.2 The CIE System

The color-matching functions of the initial CIE effort were based on experimental data from
many observers measured by Wright [1] and Guild [2]. Wright and Guild used different sets of
primaries, but the results were transformed to a single set, namely, monochromatic stimuli of
wavelengths 700.0, 546.1, and 435.8 nm. The units of the stimuli were chosen so that equal
amounts were needed to match an equienergy stimulus (constant radiant power per unit wave-
length throughout the visible spectrum). Figure 2.2.1 shows the spectrum locus in the (7, g) chro-
maticity diagram based on these color-matching functions.

2-27
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Figure 2.2.1 The spectrum locus and alychne of the CIE 1931 Standard Observer plotted in a
chromaticity diagram based on matching stimuli of wavelengths 700.0, 546.1, and 435.8 nm. The
locations of the CIE primary stimuli X, Y, and Z are shown.

At the same time it adopted these color-matching functions as a standard, the CIE also intro-
duced and standardized a new set of primaries involving some ingenious concepts. The set of
real physical primaries were replaced by a new set of imaginary nonphysical primaries with spe-
cial characteristics. These new primaries are referred to as X, Y, and Z, and the corresponding
tristimulus values as X, ¥, and Z. The chromaticity coordinates of X, Y, and Z in the RGB system
are shown in Figure 2.2.1. Primaries X and Z lie on the alychne and hence have zero luminance.
All the luminance in a mixture of these three primaries is contributed by Y.

This convenient property depends only on the decision to locate X and Z on the alychne. It
still leaves a wide choice of locations for all three primaries. The actual locations chosen by the
CIE (illustrated in Figure 2.2.1) were based on the following additional considerations:

* The spectrum locus lies entirely within the triangle XYZ. This means that negative amounts
of the primaries are never needed to match real colors. The color-matching functions
x(M), y(A), z(A) (shown in Figure 2.2.2) are therefore all positive at all wavelengths.

* The line Z= 0 (the line from X to Y) lies along the straight portion of the spectrum locus. Z is
effectively zero for spectral colors with wavelengths greater than about 560 nm.

* The line X = 0 (the line from Y to Z) was chosen to minimize (approximately) the area of the
XYZ triangle outside the spectrum locus. This choice led to a bimodal shape for the X(A)
color-matching function because the spectrum locus curves away from the line X = 0 at low
wavelengths. See Figure 2.2.1. A different choice of X = 0 (tangential to the spectrum locus at
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Figure 2.2.2 CIE 1931 color-matching functions.

about 450 nm) would have eliminated the secondary lobe of X(A) but would have pushed Y
much further from the spectrum locus.

* The units of X, Y, and Z were chosen so that the tristimulus values X, ¥, and Z would be equal
to each other for an equienergy stimulus.

This coordinate system and the set of color-matching functions that go with it are known as
the CIE 1931 Standard Observer.

The color-matching data on which the 1931 Standard Observer is based were obtained with a
visual field subtending 2° at the eye. Because of the slight nonuniformities of the retina, color-
matching functions for larger fields are slightly different. In 1964, this prompted the CIE to rec-
ommend a second Standard Observer, known as the CIE 1964 Supplementary Standard
Observer, for use in colorimetric calculations when the field size is greater than 4°.

2.2.2a Color-Matching Functions

The color-matching functions of the CIE Standard Observer, shown in Figure 2.2.2, are listed in
Table 2.2.1. They are used to calculate tristimulus specifications of color stimuli and to deter-
mine whether two physically different stimuli will match each other. Such calculated matches
represent the results of the average of many observers, but may not represent an exact match for
any single real observer. For most purposes, this restriction is not important; the match of an
average observer is all that is required.
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Table 2.2.1 CIE Colorimetric Data (1931 Standard Observer)

Trichromatic Distribution Coefficients, Energy Distributions for Standard

Wave- Coefficients Equal-energy Stimulus llluminants

length

(mm) r g 7 g b Ea Eg Ec Epes
380 0.0272 -0.0115 0.0000 0.0000 0.0012 9.80 22.40 33.00 49.98
390 0.0263 -0.0114 0.0001 0.0000 0.0036 12.09 31.30 47.40 54.65
400 0.0247 -0.0112 0.0003 0.0001 0.0121 14.71 41.30 63.30 82.75
410 0.0225 —0.0109 0.0008 —0.0004 0.0371 17.68 52.10 80.60 91.49
420 0.0181 —0.0094 0.0021 —0.0011 0.1154 20.99 63.20 98.10 93.43
430 0.0088 —0.0048 0.0022 —0.0012 0.2477 24.67 73.10 112.40 |86.68
440 —0.0084 |0.0048 —0.0026 | 0.0015 0.3123 28.70 80.80 121.50 |[104.86
450 —0.0390 |0.0218 0.0121 0.0068 0.3167 33.09 85.40 124.00 |[117.01
460 0.0909 0.0517 —0.0261 0.0149 0.2982 37.81 88.30 123.10 |[117.81
470 —0.1821 0.1175 —0.0393 0.0254 0.2299 42.87 92.00 123.80 114.86
480 —0.3667 | 0.2906 —0.0494 | 0.0391 0.1449 48.24 95.20 123.90 |[115.92
490 -0.7150 | 0.6996 —0.0581 0.0569 0.0826 53.91 96.50 120.70 |108.81
500 1.1685 1.3905 0.0717 0.0854 0.0478 59.86 94.20 112.10 [109.35
510 —-1.3371 1.9318 —0.0890 |0.1286 0.0270 66.06 90.70 102.30 |107.80
520 —0.9830 1.8534 —0.0926 | 0.1747 0.0122 72.50 89.50 96.90 104.79
530 —0.5159 1.4761 0.0710 0.2032 0.0055 79.13 92.20 98.00 107.69
540 0.1707 1.1628 0.0315 0.2147 0.0015 85.95 96.90 102.10 |104.41
550 0.0974 0.9051 0.0228 0.2118 —0.0006 92.91 101.00 [105.20 |104.05
560 0.3164 0.6881 0.0906 0.1970 —0.0013 100.00 102.80 [105.30 |[100.00
570 0.4973 0.5067 0.1677 0.1709 —-0.0014 107.18 102.60 [102.30 |[96.33
580 0.6449 0.3579 0.2543 0.1361 0.0011 114.44 101.00 |[97.80 95.79
590 0.7617 0.2402 0.3093 0.0975 —0.0008 121.73 99.20 93.20 88.69
600 0.8475 0,1537 0.3443 0.0625 —0.0005 129.04 98.00 89.70 90.01
610 0.9059 0.0494 0.3397 0.0356 0.0003 136.35 98.50 88.40 89.60
620 0.9425 0.0580 0.2971 0.0183 —0.0002 143.62 99.70 88.10 87.70
630 0.9649 0.0354 0.2268 0.0083 —0.0001 150.84 101.00 |88.00 83.29
640 0.9797 0.0205 0.1597 0.0033 0.000 157.98 102.20 |87.80 83.70
650 0.9888 0.0113 0.1017 0.0012 0.0000 165.03 103.90 |[88.20 80.03
660 0.9940 0.0061 0.0593 0.0004 0.0000 171.96 105.00 |87.90 80.21
670 0.9966 0.0035 0.0315 0.0001 0.0000 178.77 104.90 |86.30 82.28
680 0.9984 0.0016 0.0169 0.0000 0.0000 185.43 103.90 |84.00 78.28
690 0.9996 0.0004 0.0082 0.0000 0.0000 191.93 101.60 |80.20 69.72
700 1.0000 0.0000 0.0041 0.0000 0.0000 198.26 99.10 76.30 71.61
710 1.0000 0.0000 0.0021 0.0000 0.0000 204.41 96.20 72.40 7415
720 1.0000 0.0000 0.0011 0.0000 0.0000 210.36 92.90 68.30 61.60
730 1.0000 0.0000 0.0005 0.0000 0.0000 216.12 89.40 64.40 69.89
740 1.0000 0.0000 0.0003 0.0000 0.0000 221.67 86.90 61.50 75.09
750 1.0000 0.0000 0.0001 0.0000 0.0000 227.00 85.20 59.20 63.59
760 1.0000 0.0000 0.0001 0.0000 0.0000 232.12 84.70 58.10 46.42
770 1.0000 0.0000 0.0000 0.0000 0.0000 237.01 85.40 58.20 66.81
780 1.0000 0.0000 0.0000 0.0000 0.0000 241.68 87.00 59.10 63.38
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Trichromatic

Distribution Coefficients,

Distribution Coefficients Weighted

Wavelength Coefficients Equal-energy Stimulus by llluminant C
(mm) _ - _
X y X v z E-x Ecy Ecz
380 0.1741 0.0050 0.0014 0.0000 0.0065 0.0036 0.0000 0.0164
390 0.1738 0.0049 0.0042 0.0001 0.0201 0.0183 0.0004 0.0870
400 0.1733 0,0048 0.0143 0.0004 0.0679 0.0841 0.0021 0.3992
410 0.1726 0.0048 0.0435 0.0012 0.2074 0.3180 0.0087 1.5159
420 0.1714 0.0051 0.1344 0.0040 0.6456 1.2623 0.0378 6.0646
430 0.1689 0.0069 0.2839 0.0116 1.3856 2.9913 0.1225 14.6019
440 0.1644 0.0109 0.3483 0.0230 1.7471 3.9741 0.2613 19.9357
450 0.1566 0.0177 0.3362 0.0380 1.7721 3.9191 0.4432 20.6551
460 0.1440 0.0297 0.2908 0.0600 1.6692 3.3668 0.6920 19.3235
470 0.1241 0.0578 0.1954 0.0910 1.2876 2.2878 1.0605 15.0550
480 0.0913 0.1327 0.0956 0.1390 0.8130 1.1038 1.6129 9.4220
490 0.0454 0.2950 0.0320 0.2080 0.4652 0.3639 2.3591 5.2789
500 0.0082 0.5384 0.0049 0.3230 0.2720 0.0511 3.4077 2.8717
510 0.0139 0.7502 0.0093 0.5030 0.1582 0.0898 4.8412 1.5181
520 0.0743 0.8338 0.0633 0.7100 0.0782 0.5752 6.4491 0.7140
530 0.1547 0.8059 0.1655 0.8620 0.0422 1.5206 7.9357 0.3871
540 0.2296 0.7543 0.2904 0.9540 0.0203 2.7858 9.1470 0.1956
550 0.3016 0.6923 0.4334 0.9950 0.0087 4.2833 9.8343 0.0860
560 0.3731 0.6245 0.5945 0.9950 0.0039 5.8782 9.8387 0.0381
570 0.4441 0.5547 0.7621 0.9520 0.0021 7.3230 9.1476 0.0202
580 0.5125 0.4866 0.9163 0.8700 0.0017 8.4141 7.9897 0.0147
590 0.5752 0.4242 1.0263 0.7570 0.0011 8.9878 6.6283 0.0101
600 0.6270 0.3725 1.0622 0.6310 0.0008 8.9536 5.3157 0.0067
610 0.6658 0.3340 1.0026 0.5030 0.0003 8.3294 4.1788 0.0029
620 0.6915 0.3083 0.8544 0.3810 0.0002 7.0604 3.1485 0.0012
630 0.7079 0.2920 0.6424 0.2650 0.0000 5,3212 2.1948 0.0000
640 0,7190 0.2809 0.4479 0.1750 0.0000 3.6882 1.4411 0.0000
650 0.7260 0.2740 0.2835 0.1070 0.0000 2.3531 0.8876 0.0000
660 0.7300 0.2700 0.1649 0,0610 0.0000 1.3589 0.5028 0.0000
670 0.7320 0.2680 0.0874 0.0320 0.0000 0.7113 0.2606 0.0000
680 0.7334 0.2666 0.0468 0.0170 0.0000 0.3657 0.1329 0.0000
690 0.7344 0.2656 0.0227 0.0082 0.0000 0.1721 0.0621 0.0000
700 0.7347 0.2653 0.0114 0.0041 0.0000 0.0806 0.0290 0.0000
710 0.7347 0,2653 0.0058 0.0021 0.0000 0.0398 0.0143 0.0000
720 0.7347 0.2653 0.0029 0.0010 0.0000 0.0183 0.0064 0.0000
730 0.7347 0.2653 0.0014 0.0005 0.0000 0.0085 0.0030 0.0000
740 0.7347 0.2653 0.0007 0.0003 0.0000 0.0040 0.0017 0.0000
750 0.7347 0.2653 0.0003 0.0001 0.0000 0.0017 0.0006 0.0000
760 0.7347 0.2653 0.0002 0.0001 0.0000 0.0008 0.0003 0.0000
770 0.7347 0.2653 0.0001 0.0000 0.0000 0.0003 0.0000 0.0000
780 0.7347 0.2653 0.0000 0.0000 0.0000 0.0000 0.000 0.0000
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2.2.2h

2.2.2¢

Tristimulus Values and Chromaticity Coordinates

By exact analogy with the calculation of the tristimulus values R, G, B, the tristimulus values X,
Y, Z of a stimulus L,(A) are calculated by

780

X=[ L)I(h)dh 2.2.1)
380
780

Y=[ Ly} (2.2.2)
380
780

7 = j L,(M)z(M)dh (2.2.3)
380

The chromaticity coordinates x, y are then calculated by

X Y

x: ’y=
X+Y+Z X+Y+Z

(2.2.4)

The chromaticity coordinates x, y are plotted as rectangular coordinates to form the CIE 1931
chromaticity diagram, as shown in Figure 2.2.3.

It is important to remember that the CIE chromaticity diagram is not intended to illustrate
appearance. The CIE system tells only whether two stimuli match in color, not what they look
like. Appearance depends on many factors not taken into account in the chromaticity diagram.
Nevertheless, it is often useful to know approximately where colors lie on the diagram. Figure
2.2.4 gives some color names for various parts of the diagram based on observations of self-
luminous areas against a dark background.

Conversion Between Two Systems of Primaries

To transform tristimulus specifications from one system of primaries to another, it is necessary
and sufficient to know—in one system—the tristimulus values of the primaries of the other sys-
tem. For example, consider two systems R, G, B (in which tristimulus values are represented by
R, G, B and chromaticity coordinates by , gand R” G” B’ (in which tristimulus values are rep-
resented by R* G° B’ and chromaticity coordinates by # g’ ). If one system is defined in terms
of the other by the match equations

R’ Ea11R+a21G+a31B (225)
G = alzR + 6122(; + a32B (226)
B = a13R + a23G + a33B (227)
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Figure 2.2.3 The CIE 1931 chromaticity diagram showing spectrum locus and wavelengths in
nanometers.

Then the following equations can be derived to relate the tristimulus values and chromaticity
coordinates of a color stimulus measured in one system to those of the same color stimulus mea-
sured in the other system:

R=a; R +a;,G +apB (2.2.8)
G=ayR +anG +ayB (2.2.9)
B=a31R" +a3G +apB (2.2.10)
R =byR+b,G +by3B 2.2.11)
G = by R+ byyG + by3B 22.12)
B’ = b3 R+ b3yG + by3B 2.2.13)
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Figure 2.2.4 The CIE 1931 chromaticity diagram divided into various color names derived from
observations of self-luminous areas against a dark background. (After[3].)
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_ ’ ’

(2.2.16)
o Brir+Bing+ B3
t/
(2.2.17)
. BurtBrngtBiy
g = t!
(2.2.18)
t'= P31+ Bing+ P
(2.2.19)

These equations are known as projective transformations, which have the property of retain-
ing straight lines as straight lines. In other words, a straight line in the 7, g diagram will transform
to a straight line in the ", g’ diagram. Another important property is that the center of gravity
law continues to apply. The derivation of the CIE XYZ color-matching functions and chromatic-
ity diagram from the corresponding data in the RGB system is an example of the use of the
transformation equations previously given.

2.2.2d Luminance Contribution of Primaries

Because X and Z were chosen to be on the alychne, their luminances are zero. Thus, all the lumi-
nance of a mixture of X, Y, and Z primaries is contributed by Y. This means that the Y tristimulus
value is proportional to the luminance of the stimulus.

2.2.2e Standard llluminants

The CIE has recommended a number of standard illuminants E(A) for use in evaluating the tris-
timulus values of reflecting and transmitting objects. Originally, in 1931, it recommended
three—known as A, B, and C. These illuminants are specified by tables of relative spectral distri-
bution and were chosen so that they could be reproduced by real physical sources. (CIE terminol-
ogy distinguishes between illuminants, which are tables of numbers, and sources, which are
physical emitters of light.) The sources are defined as follows:

* Source A. A tungsten filament lamp operating at a color temperature of about 2856K. Its
chromaticity coordinates are x = 0.4476, and y = 0.4074. Source A represents incandescent
light.

* Source B. A source with a composite filter made of two liquid filters of specified chemical
composition [4]. The chromaticity coordinates of source B are x = 0.3484 and y = 0.3516.
Source B represents noon sunlight.
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Figure 2.2.5 The relative spectral power distributions of CIE standard illuminants A, B, C, and Dgs.

* Source C. This source is also produced by source A with two liquid filters [4]. Its chromatic-
ity coordinates are x = 0.3101 and y = 0.3162. Source C represents average daylight according
to information available in 1931.

In 1971, the CIE introduced a new series of standard illuminants that represented daylight
more accurately than illuminants B and C [5]. The improvement is particularly marked in the
ultraviolet part of the spectrum, which is important for fluorescent samples. The most important
of the D illuminants is D5 (sometimes written D6500), which has chromaticity coordinates of x
=0.3127 and y = 0.3290.

The relative spectral power distributions of illuminants A, B, C, and Dgs are given in Figure
2.2.5.

2.2.2f  Gamut of Reproducible Colors

In a system that seeks to match or reproduce colors with a set of three primaries, only those col-
ors can be reproduced that lie inside the triangle of primaries. Colors outside the triangle cannot
be reproduced because they would require negative amounts of one or two of the primaries.

In a color-reproducing system, it is important to have a triangle of primaries that is suffi-
ciently large to permit a satisfactory gamut of colors to be reproduced. To illustrate the kinds of
requirements that must be met, Figure 2.2.6 shows the maximum color gamut for real surface
colors and the triangle of typical color television receiver phosphors as standardized by the Euro-
pean Broadcasting Union (EBU). These are shown in the CIE 1976 «” ,v" chromaticity diagram

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



The CIE Color System

The CIE Color System 2-37

06

05

04 Receiver

phosphors

N

v 03
Real
02— surface
colors
01
o] L | L l ) ] L 1 L 1 1
(0] 0.1 0.2 0.3 C.4 05 06

Figure 2.2.6 The color triangle defined by a standard test of color television receiver phosphors
compared with the maximum real color gamut on a u”, v chromaticity diagram. (After [6].)

in which the perceptual spacing of colors is more uniform than in the x, y diagram. High-purity
blue-green and purple colors cannot be reproduced by these phosphors, whereas the blue phos-
phor is actually of slightly higher purity than any real surface colors.

2.2.2g Vector Representation

In the preceding sections the representation of color has been reduced to two dimensions by
eliminating consideration of quantity (luminance) and discussing only chromaticity. Because
color requires three numbers to specify it fully, a three-dimensional representation can be made,
taking the tristimulus values as vectors. For the sake of simplicity, this discussion will be con-
fined to CIE tristimulus values and to a rectangular framework of coordinate axes.

Tristimulus values have been treated as scalar quantities. They may be transformed into vec-
tor quantities by multiplying by unit vectors i, j, and k in the x, y, and z directions. As a result, X,
Y, and Z will become vector quantities iX, j¥, and kZ. A color can then be represented by three
vectors iX; jY, and kZ along the x, y, and z coordinate axes, respectively. Combining these vectors
gives a single resultant vector V, represented by the vector equation

V=iX+jY+kZ (2.2.20)

The resultant is obtained by the usual vector methods, which are shown in Figure 2.2.7.
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A

)

Figure 2.2.7 Combination of vectors.

Some implications of this form of color representations are illustrated in Figure 2.2.8. The
diagram shows a vector V representing a color, a set of coordinate axes, and the plane x + y + z =
1 passing through the points L(1,0,0), M(0,1,0), and N(0,0,1). The vector passes through point O
in this plane, having coordinates x, y, and z. Point P is the projection of point Q into the xy plane,
and therefore has coordinates (x, y). From the geometry of the figure it can be seen that

X Y Z X+Y+Z
x y z x+y+z
(2.2.21)
Because Q is on the plane x +y + z = 1, it follows
X Y Z
—=—=—=X+Y+Z
X y z
(2.2.22)
Therefore
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Figure 2.2.8 The relationship between color space and the CIE chromaticity diagram.

X Y
x: N =
X+7+2 7 X+r+zZ

(2.2.23)

Thus, x and y are the CIE chromaticity coordinates of the color. Therefore, the xy plane in
color space represents the CIE chromaticity diagram, when the vectors have magnitudes equal to
the CIE tristimulus values and the axes are rectangular. The triangle LMN is a Maxwell triangle
for CIE primaries. The spectrum locus in the xy plane can be thought of as defining a cylinder
with generators parallel to z; this cylinder intersects the plane of the triangle LMN in the spec-
trum locus for the Maxwell triangle.
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Figure 2.2.9 A drawing of the 1931 CIE color standard illustrating all three dimensions, x, y; and Y.

2.2.3 Refinements to the 1931 CIE Model

The CIE XYZ tristimulus values form the basis for all CIE numerical color descriptors. How-
ever, the XYZ values are not intuitive for most people. As a result, the CIE continued to develop
and refine other approaches to color specifications'. Just as geographers use maps to represent
geographic coordinates and other information, color scientists have developed two- and three-
dimensional diagrams and graphic models to represent color information. Hence, the newer
models are often also referred to as color spaces. A three-dimensional representation of chroma-
ticity space is shown in Figure 2.2.9. The point at which the luminance axis (Y) touches the x, y
plane is dependent upon the chromaticity coordinates of the illuminant or white point being ref-
erenced.

2.2.3a Improved Visual Uniformity

The 1931 chromaticity diagram was developed primarily for color specification and was not
intended to provide information on color appearance. Consequently, the system does not display
perceptual uniformity. That is, colors do not appear to be equally spaced visually. For example,
colors that consist of the same visually perceived hue or color family (those associated with a
specific wavelength) do not follow straight lines within the diagram, but are curved instead. This
non-uniformity is similar to the way a Mercator projection world map distorts what is truly repre-
sented on a globe. Another drawback to the 1931 diagram is that black, or the absence of color,
does not have a unique position.

1. This section was adapted from: “Colorimetry and Television Camera Color Measurement,”
application note 21 W-7165, Tektronix, Beaverton, Ore., 1992. Used with permission.
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Figure 2.2.10 The 1976 CIE UCS diagram. The v, v chromaticity coordinates for any real color
are located within the bounds the horse-shoe-shaped spectrum locus and the line of purples that
joins the spectrum ends. (Courtesy of Photo Research.)

The search for a chromaticity diagram with greater visual uniformity resulted in the 1976 CIE
u’ V' uniform chromaticity scales (UCS) diagram shown in Figure 2.2.10. The " and v' chro-
maticity coordinates for any real color are located within the bounds of the spectrum locus and
the line of purples that joins the spectrum ends. As with the x and y coordinates of the 1931 dia-
gram, the »” and V' coordinates do not completely describe a color because they contain no
information on its inherent lightness. The third dimension of color is again denoted by the tris-
timulus value ¥, which represents the luminance factor. The Y axis position is perpendicular to
the u” ,v" plane, extending up from its surface.

The u’ , V' coordinates of the 1976 UCS diagram can be derived from a simple transforma-
tion (defined by the CIE) of the 1931 x, y coordinates, or, more directly, from a transformation of
the XYZ tristimulus values:
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Figure 2.2.11 The triangle representing the range of chromaticities generally achievable using the
additive mixture of typical red, green, and blue phosphors on a CRT display.

, 4x , 9y
u'= , V=
—2x+12y+3 —2x+12y+3
(2.2.24)
These quantities can also be expressed as
, 4X , 9Y
u'= , V=
X+15y+3Z X+15y+3Z
(2.2.25)

The 1976 UCS diagram displays marked improvement over the 1931 x, y diagram in overall
visual uniformity. It is not without flaws, but it enjoys wide acceptance. For video applications,
the CIE 1976 UCS diagram is particularly useful because the region of the space delineated by
the chromaticity limits of typical phosphor primaries falls within the most uniform region of the
diagram, as illustrated in Figure 2.2.11. The most severe visual nonuniformities occur outside of
the phosphor triangles and at the extreme limits of the chromaticity diagram.
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2.2.3b  CIELUV

In an ideal color space, the numerical magnitude of a color difference should bear a direct rela-
tionship to the difference in color appearance. While the 1976 UCS diagram provides better
visual uniformity than earlier approaches, it does not meet the critical goal of full visual unifor-
mity, because uniform differences in chromaticity do not necessarily correspond to equivalent
visual differences in Y or luminance. In addition, the diagram lacks a built-in capability to incor-
porate the important aspect of white reference, which significantly affects color appearance.

The CIE 1976 L*, u*, v¥ (CIELUV) color space addresses these concerns. CIELUV is
another tristimulus color space that uses three hues to describe a color. It integrates the CIE 1976
u’ , v parameters with the 1976 metric lightness function, L*.

CIELUV is an opponent-type color space. Opponent-color theory is based on the assumption
that the eye and brain encode all colors into light-dark, red-green, and yellow-blue signals. In a
system of this type, colors are mutually exclusive in that a color cannot be red and green at the
same time, or yellow and blue at the same time. A color such as purple can be described as red
and blue, however, because these are not opponent colors.

In the CIELUV system, the u* and v* coordinate axes describe the chromatic attributes of
color. The u* axis represents the red-green coordinate, while the v* axis represents yellow-blue.
Positive values of u* denote red colors, while negative values denote green. Similarly, positive
values of v* represent yellows and negative values signify blues. The L* axis denotes variations
in lightness or darkness and lies perpendicular to the u*, v* plane. The achromatic or neutral col-
ors (black, gray, white) lie on the L* axis (the point where u* and v* intersect, u* = 0, v* = 0).
Figure 2.2.12 shows the basic layout of the axes with respect to one another.

Calculating CIELUV coordinates requires a full chromaticity specification of the reference
white point. For calculating CIELUYV values in this section, all specifications are in the 1976 u” ,
V', Y format. The following equations are standard «” , v', Y to CIELUV transforms defined by
the CIE:

+ Y
L' =3116|—=|~16
YW

for (Y,/Y,,) > 0.008856

(2.2.26)

The transform can also be described as

. Y
L =903.29—%
: Y,

(2.2.27)

for (Y,/Y,,) £ 0.008856
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Figure 2.2.12 The CIELUV color space illustrating the relationship between the opponent color
axes and the axis representing 1976 CIE metric lightness.

u' =130 (us* —ut ), v =131 (VS* —vw*)

w

(2.2.28)

Note that the subscript s (¥) refers to color coordinates of the sample color, while coordinates
with the subscript w (Y,,) are reference white.

Because each of the opponent coordinates is a function of metric lightness, the CIELUV color
space has a unique location for black. As a result, when L* is equal to zero, the coordinates u*
and v* are also zero; thus, black lies at a single point on the L* (neutral) axis.

The total CIELUYV color space is represented by an irregularly shaped spheroid, illustrated in
Figure 2.2.13. There are two reasons why the space approaches absolute limits at each end of the
L* scale. At the lower end of the color space L* approaches zero. Thus, by definition, so do u*
and v* because they are functions of L*. This is what ensures a unique, single-point definition
for black. The top portion of the CIELUV space converges for a different reason. Remember that
in the CIE «’ , V' color standard, as Y increases, the limits on chromaticity become severe and
less chromatic variation is possible. This results in a unique white point. The irregularity of the
CIELUYV color solid reflects the fact that certain colors are inherently capable of greater dynamic
range than others.

In addition to the basic parameters of color, the CIE has also developed several psychometric
coordinates designed to equate more with how color is perceived. In the CIELUV system, the
two most often used are psychometric hue angle and psychometric chroma.
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Figure 2.2.13 The CIELUV object-color solid showing constant lightness planes, L* = 10.0, 20.0,
40.0, 60.0, 80.0, and 90.0.

Psychometric hue angle (h,,) represents an angle in the u*, v* plane that is correlated to a
color family name or hue. The metric is defined as

(2.2.29)

Psychometric chroma is a quantity that represents overall vibrancy or colorfulness. It is
defined by

*_ [ s2 2
= % *
C, =vu*+v

(2.2.30)

Currently, the CIELUV system and its related quantities are the best visually-uniform color
space for additive colors accepted for international use. The deviations from uniformity found in
the 1976 CIE ’ , V' diagram are more obvious in certain regions of color space than in others,
particularly towards the limits of the spectrum locus. Fortunately, the gamut of achievable colors
on a CRT lie in the most uniform region of the ", v' diagram. Furthermore, because the CIE-
LUV system is based on the CIE u’ , V' parameters, it provides the same advantages to video-
based implementations.
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2.2.3c

Colorimetry and Color Targets

Color targets serve as a standardized method for describing specific colors. These targets gener-
ally provide reproduction of the resident colors within some well-controlled tolerance. Colors,
when expressed scientifically, are described relative to a particular lighting condition. Changing
the illuminant can dramatically change the color’s composite spectral curve and, hence, the
appearance of the color. These changes occur in different areas of the visible spectrum, depend-
ing on the character of the illuminant used. As a result, certain colors can be more affected by a
shift in illuminant than others.

The colors in a color target are subject to the same laws of physics as any other colors. For
example, the Macbeth color checker is widely used as a color reproduction standard in many
industries and across applications, most notably as a means of assessing the color balance of
photographic films. Like other color targets, however, this chart is standardized for only one spe-
cific viewing situation. The widely published color coordinate data for this chart is accurate only
when the lighting environment approximates CIE Illuminant C (“average” daylight). The results
will be erroneous if the target is used in other lighting environments. Furthermore, it is not
enough to simply take the origin (Illuminant C-based) data and transpose it relative to a new illu-
minant. If the target is used in a different lighting environment, the only way to truly represent
the appearance of the color target under the new condition is to obtain data that is representative
of each chart color in the new environment.

2.2.4 Color Models

A color model is a specification of a three-dimensional color coordinate system. The model
describes a visible subset in the system within which all colors in a particular color gamut lie.
The RGB color model, for example, is the unit cube subset of the 3D Cartesian coordinate sys-
tem. The purpose of a model is to permit convenient specification of colors within a given
gamut, such as that for CRT monitors. The color gamut is a subset of all visible chromaticities.
The model, therefore, can be used to specify all visible colors on a given display.

The primary color models of interest for display technology are:

e  RGB model, used with color CRT devices

*  YIQ model, used with conventional video (NTSC) systems

*  CMY model, used in printing applications

* HSV model, used to describe color independent of a given hardware implementation

The RGB, YIQ, and CMY models are hardware-oriented systems. The HSV model, and vari-
ations of the model, are not based on a particular hardware system. Instead, they relate to the
intuitive notions of hue, saturation, and brightness.

Conversion algorithms permit translation of one color model to another to facilitate compari-
son of color specifications.
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Figure 2.2.14 The RGB color model cube. (After[7].)

2.2.4a RGB Color Model

The RGB (red, green, blue) color model is used to specify color CRT monitors. As illustrated in
Figure 2.2.14, it is a unit cube subset of the 3D Cartesian coordinate system. As discussed previ-
ously, the RGB color model is additive. Combination of the three primary colors in the proper
amounts yields white. As the figure shows, the monochrome (gray scale) vector stretches from
black (0, 0, 0 primaries) to white (1, 1, 1 primaries). The color gamut covered by the RGB model
is defined by the chromaticities of the CRT phosphors. Therefore, it follows that devices using
different phosphors will have different color gamuts.

To convert colors specified in the gamut of one CRT to the gamut of another device, transfor-
mations M and M, are used from the RGB color space of each monitor to the (X, ¥, Z) color
space. The form of each transformation is [7]

x| |%r X X IR
v = |7 v, 16 2.2.31)
Zl |z,2,7,||B

where X, = the weights applied to the monitor RGB colors to find X, ¥, and Z.
If M is defined as the 3 X 3 matrix of color-matching coefficients, the preceding equation can

be written

X R

Y| = M|G (2.2.32)
Z B
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Given that M and M, are matrices that convert from each of the CRT color gamuts to CIE,
then (M, — 1 M) converts the RGB specification of monitor 1 to that of monitor 2. As long as
the color in question lies in the gamut of both monitors, this matrix product is accurate.

2.2.4b  YIQ Model

The YIQ model describes the NTSC color television broadcasting system used in the U.S. and
elsewhere. The NTSC system is optimized for efficient transmission of color information within
a limited terrestrial bandwidth. A primary criteria for NTSC is compatibility with monochrome
television receivers. The components of YIQ are:

* Y—the luminance component
* Jand Q—the encoded chrominance components

The Y signal contains sufficient information to display a black-and-white picture of the encoded
color signal.

The YIQ color model uses a 3D Cartesian coordinate system. RGB-to-YIQ mapping is
defined by the following [7]

Y 0.299 0.58 0.114 ||R
Il = 10.596 -0.275 -0.321| |G (2.2.33)
0 0.212 -0.528 0.311 | |B

The quantities in the first row of the equation reflect the relative importance of green and red
in producing brightness, and the smaller role that blue plays. The equation assumes that the RGB
color specification is based on the standard NTSC RGB phosphor set. The CIE coordinates of
the set are:

Red Green Blue
X 0.67 0.21 0.14
y 0.33 0.71 0.08

The YIQ model capitalizes on two important properties of the human visual system:
« The eye is more sensitive to changes in luminance than to changes in hue or saturation
* Objects that cover a small part of the field of view produce a limited color sensation

These properties form the basis upon which the NTSC television color system was developed.

2.2.4c CMY Model

Cyan, magenta, and yellow are complements of red, green, and blue, respectively. When used to
subtract color from white light, they are referred to as subtractive primaries. The subset of the
Cartesian coordinate system for the CMY model is identical to RGB except that white is the ori-
gin, rather than black.

In the CMY model, colors are specified by what is removed (subtracted) from white light,
rather than what is added to a black screen. The CMY system is commonly used in printing
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Figure 2.2.15 The CMY color model primaries and their mixtures. (After [7].)

120° v
A

Green Yellow

Red

Cyan

Magenta

Figure 2.2.16 The single-hexcone HSV color model. The V = 1 plane contains the RGB model R
=1, G=1, and B= 1 planes in the regions illustrated. (After[8].)

applications, with the white light being that light reflected from paper. For example, when a por-
tion of paper is coated with cyan ink, no red light is reflected from the surface. Cyan subtracts
red from the reflected white light. The color relationship is illustrated in Figure 2.2.15. As
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shown, the subtractive primaries may be combined to produce a spectrum of colors. For example,
cyan and yellow combine to produce green.

CMYK is a variation of the CMY model used for some color output devices and most color
printing presses. K refers to the black component of the image. The addition of black to the pro-
cess is particularly useful for printing applications, where text is almost always printed as black.

HSV Model

The HSV model [8] utilizes the intuitive elements of hue, saturation, and value to describe color.
The coordinate system is cylindrical. The subset of the space within which the model is defined
is a hexcone (six-sided pyramid), as illustrated in Figure 2.2.16. The top of the hexcone corre-
sponds to ¥ = 1, which contains the relatively bright colors. Hue (H) is measured by the angle
around the vertical axis, with red at 0°, green at 120°, and blue at 240°. The complementary col-
ors in the HSV hexcone are 180° opposite one another. The value of S is a ratio ranging from 0
on the center line (¥ axis) to 1 on the triangular sides of the hexcone. Saturation is measured rel-
ative to the color gamut represented by the model.
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Chapter

2.3

Application of Visual Properties

Jerry C. Whitaker and K. Blair Benson, Editors

2.3.1 Introduction

Advanced display systems improve on earlier techniques primarily by better utilizing the
resources of human vision. The primary objective of an advanced display is to enhance the visual
field occupied by the video image. In many applications this has called for larger, wider pictures
that are intended to be viewed more closely than conventional video. In other applications this
has called for miniature displays that serve specialized purposes. To satisfy the viewer at this
closer inspection, the displayed image must possess proportionately finer detail and sharper out-
lines.

2.3.2 The Television System

Terrestrial broadcast television is the basis of all video display systems. It was the first electronic
system to convert an image into electrical signals, encode them for transmission, and display a
representative image of the original at a remote location.

The technology of television is based on the conversion of light rays from still or moving
scenes and pictures into electronic signals for transmission or storage, and subsequent reconver-
sion into visual images on a screen. A similar function is provided in the production of motion
picture film. However, where film records the brightness variations of a complete scene on a sin-
gle frame in a short exposure no longer than a fraction of a second, the elements of a television
picture must be scanned one piece at a time. In the television system, a scene is dissected into a
frame composed of a mosaic of picture elements (pixels). A pixel is defined as the smallest area
of a television image that can be transmitted within the parameters of the system. This process is
accomplished by:

* Analyzing the image with a photoelectric device in a sequence of horizontal scans from the
top to the bottom of the image to produce an electric signal in which the brightness and color
values of the individual picture elements are represented as voltage levels of a video wave-
form.

» Transmitting the values of the picture elements in sequence as voltage levels of a video signal.

2-51
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Figure 2.3.1 The interlace scanning pattern (raster) of the television image.

* Reproducing the image of the original scene in a video signal display of parallel scanning
lines on a viewing screen.

2.3.2a  Scanning Lines and Fields

The image pattern of electrical charges on a camera pickup element (corresponding to the bright-
ness levels of a scene) are converted to a video signal in a sequential order of picture elements in
the scanning process. At the end of each horizontal line sweep, the video signal is blanked while
the beam returns rapidly to the left side of the scene to start scanning the next line. This process
continues until the image has been scanned from top to bottom to complete one field scan.

After completion of this first field scan, at the midpoint of the last line, the beam again is
blanked as it returns to the top center of the target where the process is repeated to provide a sec-
ond field scan. The spot size of the beam as it impinges upon the target must be sufficiently fine
to leave unscanned areas between lines for the second scan. The pattern of scanning lines cover-
ing the area of the target, or the screen of a picture display, is called a raster.

2.3.2b Interlaced Scanning Fields

Because of the half-line offset for the start of the beam return to the top of the raster and for the
start of the second field, the lines of the second field lie in between the lines of the first field.
Thus, the lines of the two are interlaced. The two interlaced fields constitute a single television
frame. Figure 2.3.1 shows a frame scan with interlacing of the lines of two fields.

Reproduction of the camera image on a cathode ray tube (CRT) is accomplished by an identi-
cal operation, with the scanning beam modulated in density by the video signal applied to an ele-

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



Application of Visual Properties

Application of Visual Properties 2-53

ment of the electron gun. This control voltage to the CRT varies the brightness of each picture
element on the phosphor screen.

Blanking of the scanning beam during the return trace (retrace) is provided for in the video
signal by a “blacker-than-black” pulse waveform. In addition, in most receivers and monitors
another blanking pulse is generated from the horizontal and vertical scanning circuits and
applied to the CRT electron gun to ensure a black screen during scanning retrace.

The interlaced scanning format, standardized for monochrome and compatible color, was
chosen primarily for two partially related and equally important reasons:

» To eliminate viewer perception of the intermittent presentation of images, known as flicker.
* To reduce the video bandwidth requirements for an acceptable flicker threshold level.

The standards adopted by the Federal Communications Commission (FCC) for monochrome
television in the United States specified a system of 525 lines per frame, transmitted at a frame
rate of 30 Hz, with each frame composed of two interlaced fields of horizontal lines. Initially in
the development of television transmission standards, the 60 Hz power line waveform was cho-
sen as a convenient reference for vertical scan. Furthermore, in the event of coupling of power
line hum into the video signal or scanning/deflection circuits, the visible effects would be sta-
tionary and less objectionable than moving sum bars or distortion of horizontal-scanning geom-
etry. In the United Kingdom and much of Europe, a 50 Hz interlaced system was chosen for
many of the same reasons. With improvements in television receivers, the power line reference
was replaced with a stable crystal oscillator.

The initial 525-line monochrome standard was retained for color in the recommendations of
the National Television System Committee (NTSC) for compatible color television in the early
1950s. The NTSC system, adopted in 1953 by the FCC, specifies a scanning system of 525 hori-
zontal lines per frame, with each frame consisting of two interlaced fields of 262.5 lines at a
field rate of 59.94 Hz. Forty-two of the 525 lines in each frame are blanked as black picture sig-
nals and reserved for transmission of the vertical scanning synchronizing signal. This results in
483 visible lines of picture information.

2.3.2¢  Synchronizing Video Signals

In monochrome television transmission, two basic synchronizing signals are provided to control
the timing of picture-scanning deflection:

* Horizontal sync pulses at the line rate.

» Vertical sync pulses at the field rate in the form of an interval of wide horizontal sync pulses
at the field rate. Included in the interval are equalizing pulses at twice the line rate to preserve
interlace in each frame between the even and odd fields (offset by 1/2 line).

In color transmissions, a third synchronizing signal is added during horizontal scan blanking to
provide a frequency and phase reference for signal encoding circuits in cameras and decoding
circuits in receivers. These synchronizing and reference signals are combined with the picture
video signal to form a composite video waveform.

The receiver scanning and color-decoding circuits must follow the frequency and phase of the
synchronizing signals to produce a stable and geometrically accurate image of the proper color
hue and saturation. Any change in timing of successive vertical scans can impair the interlace of
even and odd fields in a frame. Small errors in horizontal scan timing of lines in a field can result
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in a loss of resolution in vertical line structures. Periodic errors over several lines that may be out
of the range of the horizontal-scan automatic frequency control circuit in the receiver will be evi-
dent as jagged vertical lines.

2.3.2d Television Industry Standards

There are three primary standard-definition color transmission standards in use today:

* NTSC (National Television Systems Committee)—used in the United States, Canada, Central
America, some of South America, and Japan. In addition, NTSC is used in various countries
or possessions heavily influenced by the United States.

e PAL (Phase Alternate each Line)—used in the United Kingdom, most countries and posses-
sions influenced by England, most European countries, and China. Variation exists in PAL
systems.

* SECAM (SEquential Color with [Avec] Memory)—used in France, countries and possessions
influenced by France, the USSR (generally the former Soviet Bloc nations, including East
Germany) and other areas influenced by Russia.

The three standards are incompatible for a variety of reasons.

2.3.2e  Composite Video

The term composite is used to denote a video signal that contains:
* Picture luminance and chrominance information
* Timing information for synchronization of scanning and color signal processing circuits

The negative-going portion of the composite waveform, shown in Figure 2.3.2, is used to
transmit information for synchronization of scanning circuits. The positive-going portion of the
amplitude range is used to transmit luminance information representing brightness and—for
color pictures—chrominance.

At the completion of each line scan in a receiver or monitor, a horizontal synchronizing (H-
sync) pulse in the composite video signal triggers the scanning circuits to return the beam rapidly
to the left of the screen for the start of the next line scan. During the return time, a horizontal
blanking signal at a level lower than that corresponding to the blackest portion of the scene is
added to avoid the visibility of the retrace lines. In a similar manner, after completion of each
field, a vertical blanking signal blanks out the retrace portion of the scanning beam as it returns
to the top of the picture to start the scan of the next field. The small-level difference between
video reference black and the blanking level is called setup. Setup is used in the NTSC system as
a guard band to ensure separation of the synchronizing and video-information functions, and to
ensure adequate blanking of the scanning retrace lines on receivers.

The waveforms of Figure 2.3.3 show the various reference levels of video and sync in the
composite signal. The unit of measurement for video level was specified initially by the Institute
of Radio Engineers (IRE). These IRE units are still used to quantify video signal levels. Primary
IRE values are given in Table 2.3.1.
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Figure 2.3.2 The NTSC color television waveform: (a) principle components, (b) detail of picture
elements. (Source: Electronic Industries Association.)
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Figure 2.3.3 Detail of sync and color subcarrier pulse widths for the NTSC system. (Source: Elec-
tronic Industries Association.)

Table 2.3.1 Video and Sync Levels in IRE Units

Signal Level IRE Level
Reference white 100
Color burst sine wave peak +20 to —20
Reference black 7.5
Blanking 0
Sync level —40
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Color Signal Encoding

To facilitate an orderly introduction of color television broadcasting in the United States and
other countries with existing monochrome services, it was essential that new transmissions be
compatible. In other words, color pictures would provide acceptable quality on unmodified
monochrome receivers. In addition, because of the limited availability of RF spectrum, another
related requirement was fitting approximately 2 MHz bandwidth of color information into the
4.2 MHz video bandwidth of the then existing 6 MHz broadcasting channels with little or no
modification of existing transmitters. This is accomplished using the band-sharing color system
developed by the NTSC, and by taking advantage of the fundamental characteristics of the eye
regarding color sensitivity and resolution.

The video-signal spectrum generated by scanning an image consists of energy concentrated
near harmonics of the 15,734 Hz line scanning frequency. Additional lower amplitude sideband
components exist at multiples of 59.94 Hz (the field scan frequency) from each line scan har-
monic. Substantially no energy exists halfway between the line scan harmonics, that is, at odd
harmonics of one-half the line frequency. Thus, these blank spaces in the spectrum are available
for the transmission of a signal for carrying color information and its sideband. In addition, a sig-
nal modulated with color information injected at this frequency is of relatively low visibility in
the reproduced image because the odd harmonics are of opposite phase on successive scanning
lines and in successive frames, requiring four fields to repeat. Furthermore, the visibility of the
color video signal is reduced further by the use of a subcarrier frequency near the cutoff of the
video bandpass.

In the NTSC system, color is conveyed using two elements:

* A luminance signal
* A chrominance signal

The luminance signal is derived from components of the three primary colors, red, green, and
blue in the proportions for reference white, E,, as follows

E,=03Ep+0.59EG +0.11E, (2.3.1)

Where:

Ep = the red chrominance component
E¢ = green chrominance component
Ep = blue chrominance component

These transmitted values equal unity for white and thus result in the reproduction of colors on
monochrome receivers at the proper luminance level (the constant-luminance principle).

The color signal consists of two chrominance components, / and Q, transmitted as amplitude
modulated sidebands of two 3.579545 MHz subcarriers in quadrature (differing in phase by 90°).
The subcarriers are suppressed, leaving only the sidebands in the color signal. Suppression of the
carriers permits demodulation of the components as two separate color signals in a receiver by
reinsertion of a carrier of the phase corresponding to the desired color signal. This system for
recovery of the color signals is called synchronous demodulation.

I and Q signals are composed of red, green, and blue primary color components produced by
color cameras and other signal generators. The phase relationship among the 7 and Q signals, the
derived primary and complementary colors, and the color synchronizing burst can be shown
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Figure 2.3.4 Vectorscope represen-
tation of vector and chroma amplitude
relationships in the NTSC system for
a color bars signal. (Courtesy of Tek-
tronix.)

graphically on a vectorscope display. The horizontal and vertical sweep signals on a vectorscope
are produced from R — Y and B — Y subcarrier sine waves in quadrature, producing a circular dis-
play. The chrominance signal controls the intensity of the display. A vectorscope display of an
Electronic Industries Association (EIA) color bar signal is shown in Figure 2.3 .4.

Color Signal Decoding

Each of the two chrominance signal carriers can be recovered individually by means of synchro-
nous detection. A reference subcarrier of the same phase as the desired chroma signal is applied
as a gate to a balanced demodulator. Only the modulation of the signal in the same phase as the
reference will be present in the output. A lowpass filter can be added to remove second harmonic
components of the chroma signal generated in the process.

2.3.2f  Deficiencies of Conventional Video Signals

The composite transmission of luminance and chrominance in a single channel is achieved in the
NTSC system by choosing the chrominance subcarrier to be an odd multiple of one-half the line-
scanning frequency. This causes the component frequencies of chrominance to be interleaved
with those of luminance. The intent of this arrangement is to make it possible to easily separate
the two sets of components at the receiver, thus avoiding interference prior to the recovery of the
primary color signals for display.

In practice, this process has been fraught with difficulty. The result has been a substantial lim-
itation on the horizontal resolution available in consumer receivers. Signal intermodulation aris-
ing in the bands occupied by the chrominance subcarrier signal produces degradations in the
image known as cross color and cross luminance. Cross color causes a display of false colors to
be superimposed on repetitive patterns in the luminance image. Cross luminance causes a crawl-
ing dot pattern that is primarily visible around colored edges.

These effects have been sufficiently prominent that manufacturers of NTSC receivers have
tended to limit the luminance bandwidth to less than 3 MHz (below the 3.58 MHz subcarrier fre-
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Figure 2.3.5 Comb filtering: (a) circuit introducing a one scan-line delay, (b) the luminance and
chrominance passband.

quency). This is far short of the 4.2 MHz maximum potential of the broadcast signal. The end
result is that the horizontal resolution in such receivers is confined to about 250 lines. The filter-
ing typically employed to remove chrominance from luminance is a simple notch filter tuned to
the subcarrier frequency.

Comb Filtering

It is clear that the quality of conventional receivers would improve if the signal mixture between
luminance and chrominance could be substantially reduced, if not eliminated. This has become
possible with the development and widespread use of the comb filter. A common version of the
comb filter consists of a glass fiber connected between two transducers—a video-to-acoustic
transducer and an acoustic-to-video transducer. The composite signal fed to the input transducer
produces an acoustic analog version of the signal, which reaches the far end of the fiber after an
acoustic delay equal to one line-scan interval (63.555 ps for NTSC and 64 ps for PAL). The
delayed electrical output version of the signal is then removed.

When the delayed output signal is added to the input, the sum represents luminance nearly
devoid of chrominance content. This process is illustrated in Figure 2.3.5. Conversely, when the
delayed output is subtracted from the input, the sum represents chrominance similarly devoid of
luminance. When these signals are used to recover the primary-color information, cross-color
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Figure 2.3.6 Comb filtering: (a) circuit introducing a two scan-line delay; (b) the luminance pass-
band.

and cross-luminance effects are largely removed. Newer versions of comb filters use charge-cou-
pled devices that perform the same function without acoustical treatment.

Similar improvements in video quality can be realized through improved encoding tech-
niques. Comb filters of advanced design have been produced that adapt their characteristics to
changes in the image content. By these means, luminance/chrominance component separation is
greatly increased. Filters using two or more line and/or field delays have been used. The greater
the number of delays, the sharper the cutoff of the filter passband. Figure 2.3.6 shows a simpli-
fied diagram of a 2-H comb filter, and its luminance passband.

2.3.3 Video Colorimetry

A video display can be regarded as a series of small visual colorimeters. In each picture element,
a colorimetric match is made to an element of the original scene. The primaries are the red,
green, and blue phosphors. The mixing occurs inside the eye of the observer because the eye can-
not resolve the individual phosphor dots; they are too closely spaced. The outputs (R, G, B) of the
three phosphors may be regarded as tristimulus values. Coefficients in the related equations
depend on the chromaticity coordinates of the phosphors and on the luminous outputs of each
phosphor for unit electrical input. Usually the gains of each of the three channels are set so that
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equal electrical inputs to the three produce a standard displayed white such as CIE illuminant
D65.

Therefore, a video camera must produce, for each picture element, three electrical signals
representative of the three tristimulus values (R, G, B) of the required display. To accomplish this
the system must have three optical channels with spectral sensitivities equal to the color-match-
ing functions 7(A), g(A), and b(A) corresponding to the three primaries of the display.

Thus, the information to be conveyed by the electronic circuits comprising the camera, trans-
mission system, and receiver/display is the amount of each of the three primaries (phosphors)
required to match the input color. This information is based on the following items:

* An agreement concerning the chromaticities of the three primaries to be used.

* The representation of the amounts of these three primaries by electrical signals suitably
related to them.

» The specification (typically) that the electrical signals shall be equal at some specified chro-
maticity.

The electrical signal voltages are then representative of the tristimulus values of the original
scene. They obey all the laws to which tristimulus values conform, including being transform-
able to represent the amounts of primaries of other chromaticities than those for which the sig-
nals were originally composed. Such transformations can be arranged by forming three sets of
linear combinations of the original signals.

Unfortunately the simple objective of producing an exact colorimetric match between each
picture element in the display and the corresponding element of the original scene is difficult to
fulfill, and, in any case, may not achieve the ultimate objective of equality of appearance between
the display and the original scene. There are several reasons for this, including:

» It may be difficult to achieve the luminance of the original scene because of the limitation of
the maximum luminance that can be generated by the reproducing system.

» The adaptation of the eye may be different for the reproduction than it is for the original scene
because the surrounding conditions are different.

* Ambient light complicates viewing the reproduced picture and changes its effective contrast
ratio.

* The angle subtended by the reproduced picture may be different from that of the original
scene.

Although an oversimplification, it is often considered that adequate reproduction is achieved
when the chromaticity is accurately reproduced, while the luminance is reproduced proportion-
ally to the luminance of the original scene. Even though the adequacy of this approach is some-
what questionable, it provides a starting point for system designers and enables the establishment
of targets for system performance.

A block diagram of a simplified color television system is shown in Figure 2.3.7. Light
reflected (or transmitted) by an object is split into three elements so that a portion strikes each
camera tube, producing outputs proportional to the tristimulus values R, G, and B. Gain controls
are provided so that the three signals can be made equal when the camera is viewing a standard
white object. For transmission, the signals are encoded into three different waveforms and then
decoded back to R, G, and B at the receiver. The primary purpose of encoding is to enable the
signal to be transmitted within a limited bandwidth and to maintain compatibility with mono-
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Figure 2.3.7 Block diagram of a simplified color television system.

chrome reception systems. The decoded R, G, and B signals are applied to the picture tube to
excite the three phosphors. Gain controls are provided so equal inputs of R, G, and B will pro-
duce a standard white on the display.

2.3.3a Gamma

So far in this discussion, a linear relationship has been assumed between corresponding electrical
and optical quantities in both the camera and the receiver. In practice, however, the transfer func-
tion is often not linear. For example, over the useful operating range of a typical color receiver,
the light output of each phosphor follows a power-law relationship to the video voltage applied to
the grid or cathode of the CRT. The light output (L) is proportional to the video-driving voltage
(E,) raised to the power ¥
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L=KE,
(2.3.2)

Where vy is typically about 2.5 for a color CRT. This produces black compression and white
expansion. Compensation for these three nonlinear transfer functions is accomplished by three
electronic gamma correctors in the color camera video processing amplifiers. Thus, the three
signals that are encoded, transmitted, and decoded are not in fact R, G, and B, but rather R’ , G’
and B’ , given by

R/:Rl/y, G/:Gl/y’ /:Bl/y
(2.3.3)

If the rest of the system is linear, application of these signals to the color picture tube causes
light outputs that are linearly related to the R, G, and B tristimulus inputs to the color camera, and
so the correct reproduction is achieved.

2.3.3b  Display White

The NTSC signal specifications were designed so that equal signals (R = G = B) would produce
a display white of the chromaticity of illuminant C. For many years, most home receivers (but
not studio monitors) were set so that equal signals produced a much bluer white. The correlated
color temperature was about 9300K and the chromaticity was usually slightly on the green side
of the Planckian locus. The goal of this practice was to achieve satisfactorily high brightness and
avoid excessive red/green current ratios with available phosphors. With modern phosphors, high
brightness and red/green current equality can be achieved for a white at the chromaticity of Dgs
so that both monitors and receivers are now usually balanced to Dgs. Because Dg;s is close to illu-
minant C, the color rendition is generally better than with the bluer balance of older display sys-
tems.

2.3.3¢c Scene White

When the original scene is illuminated by daylight (of which D5 is representative), it is a clearly
reasonable aim to reproduce the chromaticities of each object exactly in the final display. How-
ever, many video images are taken in a studio with incandescent illumination of about 3000K. In
viewing the original scene, the eye adapts to a great extent so that most objects have similar
appearance in both daylight and incandescent light. In particular, whites appear white under both
types of illumination. However, if the chromaticities were to be reproduced exactly, studio whites
would appear much yellower than the outdoor whites. This is because the viewer’s adaptation is
controlled more by the ambient viewing illuminant than by the scene illuminant and, therefore,
does not correct fully for the change of scene illuminant. Because of this property, exact repro-
duction of chromaticities is not necessarily a good objective.

The ideal objective is for the reproduction to have exactly the same appearance as the original
scene, but not enough is yet known about the chromatic adaptation of the human eye to define
what this means in terms of chromaticity. A simpler criterion is to aim to reproduce objects with
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Figure 2.3.8 CIE 1931 chromaticity diagram showing three sets of phosphors used in color televi-
sion displays.

the same chromaticity they would have if the original scene were illuminated by Dgs. This can be
achieved by placing an optical filter (colored glass) in front of the camera with the spectral trans-
mittance of the filter being equal to the ratio of the spectral power distributions of D¢ and the
actual studio illumination. As far as the camera is concerned, this has exactly the same effect as
putting the same filter over every light source.

This solution has disadvantages because a different correction filter (in effect, a different set
of camera sensitivities) is required for every scene illuminant. For example, every phase of day-
light requires a special filter. In addition, insertion of a filter increases light scattering and can
slightly degrade the contrast, resolution, and S/N.

An alternative method involves the adjustment of gain controls in the camera so that a white
object produces equal signals in the three channels irrespective of the actual chromaticity of the
illuminant. For colors other than white this solution does not produce exactly the same effect as a
correction filter, but in practice it is satisfactory. Typically, the camera operator focuses a white
reference of the scene inside a cursor on the monitor, and a microprocessor in a the camera per-
forms white balancing automatically.
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2.3.3d  Phosphor Chromaticities

The phosphor chromaticities specified by the NTSC in 1953 were based on phosphors in com-
mon use for color television displays at that time. Since then, different phosphors have been
introduced, mainly to increase the brightness of displays. These modern phosphors, especially
the green ones, have different chromaticities so that the gamut of reproducible chromaticities has
been reduced. However, because of the increased brightness, the overall effect on color rendition
has been beneficial. Figure 2.3.8 shows two sets of modern phosphors plotted on the CIE chro-
maticity diagram.
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2.4.2

Chapter

2.4

Essential Video System Characteristics

Laurence J. Thorpe

Donald G. Fink

Introduction

The central objective of any video service is to offer the viewer a sense of presence in the scene,
and of participation in the events portrayed. To meet this objective, the video image should con-
vey as much of the spatial and temporal content of the scene as is economically and technically
feasible. Experience in the motion picture industry has demonstrated that a larger, wider picture,
viewed closely, contributes greatly to the viewer’s sense of presence and participation.

Current deployment of HDTV services for consumer applications is directed toward this
same end. From the visual point of view, the term “high-definition” is, to some extent, a misno-
mer as the primary visual objective of the system is to provide an image that occupies a larger
part of the visual field. Higher definition is secondary; it need be no higher than is adequate for
the closer scrutiny of the image.

Visual Acuity

Visual acuity is the ability of the eye to distinguish between small objects (and hence, to resolve
the details of an image) and is expressed in reciprocal minutes of the angle subtended at the eye
by two objects that can be separately identified. When objects and background are displayed in
black and white (as in monochrome television), at 100 percent contrast, the range of visual acuity
extends from 0.2 to about 2.5 reciprocal minutes (5 to 0.4 minutes of arc, respectively). An acu-
ity of 1 reciprocal minute is usually taken as the basis of television system design. At this value,
stationary white points on two scanning lines separated by an intervening line (the remainder of
the scanning pattern being dark) can be resolved at a distance of about 20 times the picture
height. Adjacent scanning lines, properly interlaced, cannot ordinarily be distinguished at dis-
tances greater than six or seven times the picture height.
Visual acuity varies markedly as a function of the following:

* Luminance of the background

2-67

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)

Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



Essential Video System Characteristics

2-68 Color Vision, Representation, and Reproduction

25

2.0 A

&
N

Visual acuity
N,

5
N

0.5 /

10E-3 10E-2 10E-1 1.0 10E1 10E2 10E3
Luminosity (Im/sq ft)

Figure 2.4.1 Visual acuity (the ability to resolve details of an image) as a function of the luminosity
to which the eye is adapted. (After R. J. Lythgoe.)

* Contrast of the image
* Luminance of the area surrounding the image
* Luminosity to which the eye is adapted

The acuity is approximately proportional to the logarithm of the background luminance,
increasing from about 1 reciprocal minute at 1 ft-L (3.4 cd/m?) background brightness and 100
percent contrast, to about 2 reciprocal minutes at 100 ft-L (340 cd/m?). Figure 2.4.1 shows exper-
imental data on visual acuity as a function of luminance, when the contrast is nearly 100 percent,
using incandescent lamps as the illumination. These data apply to details viewed in the center of
the field of view (by cone vision near the fovea of the retina). The acuity of rod vision, outside
the foveal region, is poorer by a factor of about five times.

Visual acuity falls off rapidly as the contrast of the image decreases. Under typical conditions
(1 ft-L background luminance) acuity increases from about 0.2 reciprocal minute at 10 percent
contrast to about 1.0 reciprocal minute at 100 percent contrast, the acuity being roughly propor-
tional to the percent contrast. Figure 2.4.2 shows experimental measurements of this effect.

When colored images are viewed, visual acuity depends markedly on the color. Acuity is
higher for objects illuminated by monochromatic light than those illuminated by a source of the
same color having an extended spectrum. This improvement results from the lack of chromatic
aberration in the eye. In a colored image reproduced by primary colors, acuity is highest for the
green primary and lowest for the blue primary. This is partly explained by the relative lumi-
nances of the primaries. The acuity for blue and red images is approximately two-thirds that for a
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Figure 2.4.2 Visual acuity of the human eye as a function of luminosity and contrast (experimental
data). (After J. P. Conner and R. E. Ganoung.)

white image of the same luminance. For the green primary, acuity is about 90 percent that of a
white image of the same luminance. When the effect of the relative contributions to luminance of
the standard FCC/NTSC color primaries (approximately, green:red:blue = 6:3:1) is taken into
account, acuities for the primary images are in the approximate ratio green:red:blue = 8:3:1.

Visual acuity is also affected by glare, that is, regions in or near the field of view whose lumi-
nance is substantially greater than the object viewed. When viewing a video image, acuity fails
rapidly if the area surrounding the image is brighter than the background luminance of the
image. Acuity also decreases slightly if the image is viewed in darkness, that is, if the surround
luminance is substantially lower than the average image luminance. Acuity is not adversely
affected if the surround luminance has a value in the range from 0.1 to 1.0 times the average
image luminance.

2.4.2a Contrast Sensitivity

The ability of the eye to distinguish between the luminances of adjacent areas is known as con-
trast sensitivity, expressed as the ratio of the luminance to which the eye is adapted (usually the
same as the background luminance) to the least perceptible luminance difference between the
background luminance of the scene and the object luminance.

Two forms of contrast vision must be distinguished. In rod vision, which occurs at a back-
ground luminance of less than about 0.01 ft-L, the contrast sensitivity ranges from 2 to 5 (the
average luminance is two to five times the least perceptible luminance difference), increasing
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Figure 2.4.3 Contrast sensitivity as a function of background luminosity. (After P H. Moon.)

slowly as the background luminance increases from 0.0001 to 0.01 ft-L. In cone vision, which
takes place above approximately 0.01 ft-L, the contrast sensitivity increases proportionately to
background luminance from a value of 30 at 0.01 ft-L to 150 at 10 ft-L. Contrast sensitivity does
not vary markedly with the color of the light. It is somewhat higher for blue light than for red at
low background luminance. The opposite case applies at high background luminance levels.
Contrast sensitivity, like visual acuity, is reduced if the surround is brighter than the background.
Figures 2.4.3 and 2.4.4 illustrate experimental data on contrast sensitivity.

2.4.2h  Flicker

The perceptibility of flicker varies so widely with viewing conditions that it is difficult to
describe quantitatively. In one respect, however, flicker phenomena can be readily compared.
When the viewing situation is constant (no change in the image or surround other than a propor-
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Figure 2.4.4 The effects of surround luminance on contrast sensitivity of the human eye. (After P
H. Moon.)

Table 2.4.1 Relative Flicker Threshold for Various Luminances
(The luminances tabulated have only relative significance; they are based on a value of 180 ft-L for
a flicker frequency of 60 Hz, which is typical performance under NTSC.)

Flicker Frequency (Hz) System Frames/s T:fn':?r:::(::s(rtol_l;’
48 Motion pictures 24 20

50 Television scanning 25 29

60 Television scanning 30 180

tional change in the luminance of all their parts, and no change in the conditions of observation),
the luminance at which flicker just becomes perceptible varies logarithmically with the lumi-
nance (the Ferry-Porter law). Numerically, a positive increment in the flicker frequency of 12.6
Hz raises the luminance flicker threshold 10 times. In video (NTSC) scanning, the applicable
flicker frequency is the field frequency (the rate at which the area of the image is successively
illuminated). Table 2.4.1 lists the flicker-threshold luminance for various flicker frequencies,
based on 180 ft-L for 60 fields per second. The following factors affect the flicker threshold:

* The luminance of the flickering area

* Color of the area

* Solid angle subtended by the area at the eye
* Absolute size of the area

* Luminance of the surround

* Variation of luminance with time and position within the flickering area

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.




Essential Video System Characteristics

2-72 Color Vision, Representation, and Reproduction

243

* Adaptation and training of the observer

Foveal and Peripheral Vision

As stated previously, there are two areas of the retina of the eye that must be satisfied by video
images: the fovea and the areas peripheral to it. Foveal vision extends over approximately one
degree of the visual field, whereas the total field to the periphery of vision extends about 160°
horizontally and 80° vertically. Motions of the eye and head are necessary to assure that the fovea
is positioned on that part of the retinal image where the detailed structure of the scene is to be
discerned.

The portion of the visual field outside the foveal region provides the remaining visual infor-
mation. Thus, a large part of visual reality is conveyed by this extra-foveal region. The vital per-
ceptions of extra-foveal vision, notably motion and flicker, have received only secondary
attention in the development of video engineering. Attention has first been paid to satisfying the
needs of foveal vision. This is true because designing a system capable of resolving fine detail
presents the major technical challenge, requiring a transmission channel that offers essentially no
discrimination in the amplitude or time delay among the signals carried over a wide band of fre-
quencies.

The properties of peripheral vision impose a number of constraints. Peripheral vision has
great sensitivity to even modest changes in brightness and position. Thus, the bright portions of a
wide image viewed closely are more apt to flicker at the left and right edges than the narrower
image of conventional systems.

Figure 2.4.5 illustrates the geometry of the field occupied by the video image. The viewing
distance D determines the angle / subtended by the picture height. This angle is usually mea-
sured as the ratio of the viewing distance to the picture height (D/H). The smaller the ratio, the
more fully the image fills the field of view.

The useful limit to the viewing range is that distance at which the eye can just perceive the
finest details in the image. Closer viewing serves no purpose in resolving detail, while more dis-
tant viewing prevents the eye from resolving all the detailed content of the image. The preferred
viewing distance, expressed in picture heights, is the optimal viewing ratio, commonly referred
to as the optimal viewing distance. Tt defines the distance at which a viewer with normal vision
would prefer to see the image, when pictorial clarity is the criterion.

The optimal viewing ratio is not a fixed value; it varies with subject matter, viewing condi-
tions, and visual acuity of the viewer. It does serve, however, as a convenient basis for comparing
the performance of conventional and advanced display systems.

Computation of the optimal viewing ratio depends upon the degree of detail offered in the
vertical dimension of the image, without reference to its pictorial content. The discernible detail
is limited by the number of scanning lines presented to the eye, and by the ability of those lines to
present the image details separately.

Ideally, each detail of a given scene would be reproduced by one pixel. That is, each scanning
line would be available for one picture element along any vertical line in the image. In practice,
however, some of the details in the scene inevitably fall between scanning lines. Two or more
lines, therefore, are required for such picture elements. Some vertical resolution is lost in the
process. Measurements of this effect show that only about 70 percent of the vertical detail is pre-
sented by the scanning lines. This ratio is known as the Kell factor; it applies irrespective of the
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Figure 2.4.5 Geometry of the field of view occupied by a television image.

manner of scanning, whether the lines follow each other sequentially (progressive scan) or alter-
nately (interlaced scan).

When interlaced scanning is used, the 70 percent figure applies only when the image is fully
stationary and the line of sight from the viewer does not move vertically. In practice these condi-
tions are seldom met, so an additional loss of vertical resolution, the interlace factor, occurs
under typical conditions.

This additional loss depends upon many aspects of the subject matter and viewer attention.
Under favorable conditions, the additional loss reduces the effective value of vertical resolution
to not more than 50 percent; that is, no more than half the scanning lines display the vertical
detail of an interlaced image. Under unfavorable conditions, a larger loss can occur. The effective
loss also increases with image brightness because the scanning beam becomes larger.

Because interlacing imposes this additional detail loss, it was decided by some system design-
ers early in the development of advanced systems to abandon interlaced scanning for image dis-
play. Progressive-scanned displays can be derived from interlaced transmissions by digital image
storage techniques. Such scanning conversion improves the vertical resolution by about 40 per-
cent.

2.4.3a Horizontal Detail and Picture Width

Because the fovea is approximately circular in shape, its vertical and horizontal resolutions are
nearly the same. This would indicate that the horizontal resolution of a display should be equal to
its vertical resolution. Such equality is the usual basis of video system design, but it is not a firm
requirement. Considerable variation in the shape of the picture element produces only a minor
degradation in the sharpness of the image, provided that its area is unchanged. This being the
case, image sharpness depends primarily on the product of the resolutions, that is, the total num-
ber of picture elements in the image.

The ability to extend the horizontal dimensions of the picture elements has been applied in
wide-screen motion pictures. For example, the Fox CinemaScope system uses anamorphic opti-
cal projection to enlarge the image in the horizontal direction. Because the emulsion of the film
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Figure 2.4.6 Comparison of the aspect ratios of television and motion pictures.

has equal vertical and horizontal resolution, the enlargement lowers the horizontal resolution of
the image.

When wide-screen motion pictures are displayed at the conventional aspect ratio, the full
width of the film cannot be shown. This requires that the viewed area be moved laterally when
scanned to keep the center of interest within the area displayed by the picture monitor. The inter-
relation of the aspect ratios for various services is shown in Figure 2.4.6.

The picture width-to-height ratio chosen for HDTV (widescreen) service is 1.777. This is a
compromise with some of the wider aspect ratios of the film industry, imposed by constraints on
the bandwidth of the HDTV channel. Other factors being equal, the video baseband increases in
direct proportion to the picture width.

The 16:9 aspect ratio of HDTV offers an optimal viewing distance of 3.3 times the picture
height, and a viewing angle of 39°, which is about 20 percent of the total horizontal visual field.
While this is a small percentage, it covers that portion of the field within which the majority of
visual information is conveyed.

2.4.3b  Perception of Depth

Perception of depth depends on the angular separation of the images received by the eyes of the
viewer. Successful binocular video systems have been produced, but their cost and inconvenience
have restricted large scale adoption as of this writing. A considerable degree of depth perception
is inferred in the flat image of video from the following:

» The perspective appearance of the subject matter.

* Camera techniques through the choice of the focal length of lenses and by changes in depth of
focus.
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Continuous adjustment of focal length by the zoom lens provides the viewer with an experience
in depth perception wholly beyond the scope of natural vision. No special steps have been taken
in the design of advanced visual services to offer depth clues not previously available. However,
the wide field of view offered by HDTV and similar displays significantly improves depth per-
ception, compared with that of conventional systems.

2.4.4 Contrast and Tonal Range

The range of brightness accommodated by video displays is limited compared to natural vision.
This limitation of video has not been overcome in advanced display systems. Moreover, the dis-
play brightness of wide-screen images is restricted by the need to spread the available light over a
large area.

Within the upper and lower limits of display brightness, the quality of the image depends on
the relationship between changes in brightness in the scene and corresponding changes in the
image. It is an accepted rule of image reproduction that the brightness be directly proportional to
the source; the curve relating input and output brightness should be a straight line. Because the
output versus input curves of cameras and displays are, in many cases, not straight lines, inter-
mediate adjustment (gamma correction) is required. Gamma correction in wide-screen displays
requires particular attention to avoid excessive noise and other artifacts evident at close scrutiny.

2.4.4a Chrominance Properties

Two aspects of color science are of particular interest with regard to advanced display systems.
The first is the total range of colors perceived by the camera and offered by the display. The sec-
ond is the ability of the eye to distinguish details presented in different colors. The color gamut
defines the realism of the display, while attention to color acuity is essential to avoid presenting
more chromatic detail than the eye can resolve.

In the earliest work on color television, equal bandwidth was devoted to each primary color,
although it had long been known by color scientists that the color acuity of the normal eye is
greatest for green light, less for red, and much less for blue. The NTSC system made use of this
fact by devoting much less bandwidth to the red-minus-luminance channel, and still less to blue-
minus-luminance. All color television services employ this device in one form or another. Prop-
erly applied, it offers economy in the use of bandwidth, without loss of resolution or color quality
in the displayed image.

2.4.4b  Temporal Factors in Vision

The response of the eye over time is essentially continuous. The cones of the retina convey nerve
impulses to the visual cortex of the brain in pulses recurring about 1000 times per second. If
video were required to follow this design, a channel several kilohertz wide would be required in
HDTV (in an 1125/60—SMPTE 240M—system) for each of nearly a million picture elements.
This would be equivalent to a video baseband exceeding 1 GHz.

Fortunately, video display systems can take advantage of a temporal property of the eye, per-
sistence of vision. The special properties of this phenomenon must be carefully observed to
assure that motion of the scene is free from the effects of flicker in all parts of the image. A com-
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mon conflict encountered in the design of advanced imaging systems is the need to reduce the
rate at which some of the spatial aspects of the image are reproduced, thus conserving bandwidth
while maintaining temporal integrity, particularly the position and shape of objects in motion. To
resolve such conflicts, it has become standard practice to view the video signal and its processing
simultaneously in three dimensions: width, height, and time.

Basic to video and motion pictures is the presentation of a rapid succession of slightly differ-
ent frames. The human visual system retains the image during the dark interval. Under specific
conditions, the image appears to be continuously present. Any difference in the position of an
object from one frame to the next is interpreted as motion of that object. For this process to rep-
resent visual reality, two conditions must be met:

* The rate of repetition of the images must be sufficiently high so that motion is depicted
smoothly, with no sudden jumps from frame to frame.

* The repetition rate must be sufficiently high so that the persistence of vision extends over the
interval between flashes. Here an idiosyncrasy of natural vision appears: the brighter the
flash, the shorter the persistence of vision.

Continuity of Motion

Early in the development of motion pictures it was found that movement could be depicted
smoothly at any frame rate faster than about 15 frames/s. To accurately portray rapid motion, a
worldwide standard of 24 frames/s was selected for the motion picture industry. This frame rate
does not solve all the problems of reproducing fast action. Restrictive production techniques
(such as limited camera angles and restricted rates of panning) must be observed when rapid
motion is encountered.

The acuity of the eye when viewing objects in motion is impaired because the temporal
response of the fovea is slower than the surrounding regions of the retina. Thus, a loss of sharp-
ness in the edges of moving objects is an inevitable aspect of natural vision. This property repre-
sents an important component of video system design.

Much greater losses of sharpness and detail, under the general term smear, occur whenever
the image moves across the sensitive surface of the camera. Each element in the surface then
receives light not from one detail, but from a succession of them. The signal generated by the
camera is the sum of the passing light, not that of a single detail, and smear results. As in photog-
raphy, this effect can be reduced by using a short exposure, provided there is sufficient light rela-
tive to the sensitivity of the camera. Electronic shutters can be used to limit the exposure to 1/
1000 s or less when sufficient light is available.

Another source of smear occurs if the camera response carries over from one frame scan to
the next. The retained signal elements from the previous scan are then added to the current scan,
and any changes in their relative position causes a misalignment and consequent loss of detail.
Such carry-over smear occurs when the exposure occupies the full scan time. A similar carry-
over smear can occur in the display, when the light given off by one line persists long enough to
be appreciably present during the successive scan of that line. Such carry-over also helps reduce
flicker in the display; there is room for compromise between flicker reduction and loss of detail
in moving objects.
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Flicker Effects

The process of interlaced scanning is designed to eliminate flicker in the displayed image. Per-
ception of flicker is primarily dependent upon two conditions:

* The brightness level of an image
* The relative area of an image in a picture

The 30 Hz transmission rate for a full 525 line conventional video frame is comparable to the
highly successful 24-frame-per-second rate of motion-picture film. However, at the higher
brightness levels produced on video screens, if all 483 lines (525 less blanking) of an image were
to be presented sequentially as single frames, viewers would observe a disturbing flicker in pic-
ture areas of high brightness. For comparison, motion-picture theaters, on average, produce a
screen brightness of 10 to 25 ft-L (footlambert), whereas a direct-view CRT may have a highlight
brightness of 50 to 80 ft-L.

Through the use of interlaced scanning, single field images with one-half the vertical resolu-
tion capability of the 525 line system are provided at the high flicker-perception threshold rate of
60 Hz. Higher resolution of the full 490 lines (525 less vertical blanking) of vertical detail is pro-
vided at the lower flicker-perception threshold rate of 30 Hz. The result is a relatively flickerless
picture display at a screen brightness of well over 50 to 75 ft-L, more than double that of motion-
picture film projection. Both 60 Hz fields and 30 Hz frames have the same horizontal resolution
capability.

The second advantage of interlaced scanning, compared to progressive scanning, is a reduc-
tion in video bandwidth for an equivalent flicker threshold level. Progressive scanning of 525
lines would have to be completed in 1/60 s to achieve an equivalent level of flicker perception.
This would require a line scan to be completed in half the time of an interlaced scan. The band-
width would then double for an equivalent number of pixels per line.

Interlace scanning, however, is the source of several degradations of image quality. While the
total area of the image flashes at the rate of the field scan, twice that of the frame scan, the indi-
vidual lines repeat at the slower frame rate. This gives rise to several degradations associated
with the effect known as interline flicker. This causes small areas of the image, particularly when
they are aligned horizontally, to display a shimmering or blinking that is visible at the usual
viewing distance. A related effect is unsteadiness in extended horizontal edges of objects, as the
edge is portrayed by a particular line in one field and by another line in the next. These effects
become more pronounced as the vertical resolution provided by the camera and its image
enhancement circuits is increased.

Interlacing also produces aberrations in the vertical and diagonal outlines of moving objects.
This occurs because vertically-adjacent picture elements appear at different times in successive
fields. An element on one line appears 1/60 s (actually 1/59.95 s) later than the vertically-adja-
cent element on the preceding field. If the objects in the scene are stationary, no adverse effects
arise from this time difference. If an object is in rapid motion, however, the time delay causes the
elements of the second field to be displaced to the right of, instead of vertically or diagonally
adjacent to, those of the first field. Close inspection of such moving images shows that their ver-
tical and diagonal edges are not sharp, but actually a series of step-wide serrations, usually
coarser than the basic resolution of the image. Because the eye loses some acuity as it follows
objects in motion, these serrations are often overlooked. They represent, however, an important
impairment compared with motion picture images. All of the picture elements in a film frame
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are exposed and displayed simultaneously so the impairments resulting from interlacing do not
occur.

As previously noted, the defects of interlacing have been an important target in advanced dis-
play system development. To avoid them, scanning at the camera must be progressive, using only
one set of adjacent lines per frame. At the receiver, the display scan must match the camera.

2.4.4¢c Video Bandwidth

The time consumed in scanning fields and frames in a conventional video (NTSC/PAL systems)
is measured in hundredths of a second. Much less time, less than one ten-millionth of a second, is
available to scan a picture element in many advanced imaging systems, such as 1125/60 HDTV.
The visual basis lies in the large number of picture elements (600,000 to 900,000) that are
required to satisfy the eye when the image is under the close scrutiny offered by a wide-screen
display. The eye further requires that signals representative of each of these elements be transmit-
ted during the short time persistence of vision allows for flicker-free images, typically not more
than 1/24 s. It follows that the rate of scanning depends upon the picture elements, ranging up to
22.5 million per second and beyond. This requirement is directly derived from the properties of
the eye. When translated into engineering terms, the rates of scanning picture elements are stated
in video frequencies. At best, one cycle of uncompressed video can represent only two horizon-
tally adjacent picture elements, so the scanning rate of 22.5 million picture elements/s requires
video frequencies of up to about 11 MHz for each channel.
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Chapter

2.0

Space and Time Components of
Video Signals

K. Blair Benson, Donald G. Fink

2.5.1 Introduction

The images picked up by a television camera are sampled in space and in time [1]. The line
structure represents sampling in the vertical axis. In digital processing, each line is sampled by
the analog-to-digital converter, thereby producing samples in the horizontal axis of the image.
These perpendicular sampling processes provide the spatial analysis. The field and frame repeti-
tions provide the temporal sampling of the image. The signal content of all three dimensions
must be exploited by the system designer to take full advantage of the channel’s capacity to carry
information. This approach, spatio-temporal analysis, was an important tool in advanced televi-
sion system development.

Two of the dimensions are divided into specific intervals: the vertical distance between the
centers of the scanning lines and the time occupied by each field scan. The third dimension, in
the analog operation of the system, is not divided this way because scanning the picture elements
is then a continuous process. The intervals in the vertical and field-time dimensions result from
the sampling of distance and time, respectively. The Nyquist limit applicable to sampled quanti-
ties imposes limits on their rates of change, and these limits must be observed in processing the
signals resulting from the repetition of the scanned lines and fields.

The 3-dimensional nature of the video signal requires that it be represented as a solid figure,
known as a Nyquist volume. Examples of this figure are given in Figure 2.5.1a for progressive
scanning and Figure 2.5.1b for interlaced scanning of the luminance signal. The cross section of
this volume is bounded by the maximum frequencies at which the vertical and time information
can be transmitted, and its long dimension is bounded by the maximum frequency at which the
picture elements can be scanned. Negative as well as positive frequencies (arising from the math-
ematical analysis of the signal space) are shown. They may be thought of as arising from the
choice of the origin of the axis in each dimension.

Within the Nyquist volume reside all the permitted frequencies in the luminance channel.
Study of the volume’s contents reveals which frequencies are occupied by a given signal format,
where additional signal information might be added, the extent of the interference (crosstalk)
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Figure 2.5.1 The Nyquist volume of the luminance signal: (a) progressive scanning, (b) interlaced
scanning. (From [1]. Used with permission.)

thereby created, and where empty space may be created—by filtering—to reduce or eliminate the
crosstalk.

Dimensions of the Nyquist Volume

To determine the specific dimensions and contents of the Nyquist volume, it is appropriate first
to examine its cross section [1]. This can be approached in two steps, shown in Figures 2.5.2 to
2.5.4. Figure 2.5.2 represents the intervals between samples for progressive scanning, and Figure
2.5.3 details the intervals between samples for interlaced scanning. Figure 2.5.4 represents the
corresponding frequency limits.

The intervals in Figures 2.5.2 and 2.5.3 are the center-to-center separations between lines in
the vertical dimension of the image, shown on the vertical axis, and the field-to-field time inter-
vals, on the horizontal axis. Figure 2.5.2 relates to progressive scanning, in which the lines are
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Figure 2.5.2 Sampled intervals in the vertical-picture and field-time axes for progressive scanning.
(From [1]. Used with permission.)

adjacent to one another. For example, taking the number of active lines as 484 (NTSC system),
the line spacing is found to be 1/484 of the picture height. The NTSC field-to-field interval is 1/
59.94s.

Positive and negative intervals are shown on both axes. Hence, the axes represent the indefi-
nite progression of the line and field scans, with one position and one time selected for the ori-
gin. The plot, therefore, is covered by an indefinitely large number of separate points where a
distance and a time coincide. These are marked on the figure as dots. It will be noted that succes-
sive intervals of 1/484 of the picture height and 1/59.94 s enclose the rectangular figure shown,
and that the area of the plot is covered without gaps by such rectangles.

Note that the mathematical analysis of the plots given in Figures 2.5.2 to 2.5.4 involves Fou-
rier series and matrix algebra. The simplified presentation given here arrives at the conclusions
of the analysis in a form appropriate for this book.
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Figure 2.5.3 Sampled intervals in the vertical-picture and field-time axes for interlaced scanning.
(From [1]. Used with permission.)

When the scanning is interlaced (Figure 2.5.3), a different arrangement of the line intervals
occurs. Vertically above each field interval, only half the line intervals are occupied. (In inter-
laced scanning, every other line is omitted.) Above the next field time to the right, the same
omissions exist, except that the occupied intervals lie opposite the omitted intervals to the left;
that is, the line intervals are interlaced. In this plot, the figure connecting adjacent intervals is
diamond-shaped. This figure is replicated throughout the area of the plot.

To convert the distance-vs.-time intervals to the corresponding sampling rates (Figure 2.5.4),
the axis numbers are inverted. Thus, for our NTSC example case, 1/484 of the picture height
becomes 484 cycles per picture height (c/ph), and 1/59.94 s becomes 59.94 Hz. Figure 2.5.4a
shows inverted values over the rectangular region bounded by the values 484 c¢/ph and £59.94
Hz. These are the sampling rates for progressive scanning. The maximum frequencies for lines
and fields, under the Nyquist limit, are one-half these values—242 c¢/ph and 29.97 Hz, respec-
tively. These limits bound an inner rectangle, shown shaded, in which all the frequencies of the
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Figure 2.5.4 Sampling rates corresponding to the intervals in Figure 2.5.2 and Figure 2.5.3: (a)
progressive scanning, (b) interlaced scanning. (From [1]. Used with permission.)
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Figure 2.5.5 The Nyquist volume of the NTSC signal space: (a) location of the chrominance sub-
carrier, (b) cross section showing field- and line-frequency components. (From [1]. Used with per-
mission.)

sampled quantities must reside if aliasing is to be avoided. This rectangle is the cross section of
the Nyquist volume in Figure 2.5.1a. The corresponding plot for interlaced scanning is shown in
Figure 2.5.4b. The area bounded by +484 c/ph and £59.94 Hz in this case is a diamond-shaped
figure. When the Nyquist limit is applied to these values, the central diamond figure (shaded) is
the area contained within £242 c/ph and +29.97 Hz. This area bounds the frequency range
allowable in interlaced scanning, and it is the cross section of the Nyquist volume shown in Fig-
ure 2.5.1b.

2.5.2a Significant Frequencies in the Nyquist Volume

On and within the Nyquist volume, a number of subcarrier frequencies and their sideband
regions can be identified [1]. Figure 2.5.5 shows examples in the NTSC system. The horizontal
dimension extends to the limit of the video baseband, £4.2 MHz (Figure 2.5.5a). The color sub-
carrier occupies a slice in Figure 2.5.5b through the volume, intersecting the horizontal axis in
Figure 2.5.5a at £3.58 MHz. Because the subcarrier repeats its full cycle only after four fields,
its picture-repetition rate is 14.985 Hz, and its line-repetition rate is reduced to 121 c¢/ph. When
these values are laid out within the Nyquist volume (Figure 2.5.5b), the subcarrier frequency
appears on its surface, at the positions marked by the dots. About these dots as origins, Nyquist
volumes are erected to represent the chrominance frequency space.

The spaces occupied in common by the luminance and chrominance frequency volumes are
shown in Figure 2.5.6. Within this common space, crosstalk between the luminance and chromi-
nance signals occurs. This crosstalk can be reduced or eliminated if the common space is
removed from the luminance volume by filtering the luminance signal at the source and again
prior to the display [2].

The 3.58 MHz subcarrier frequency is one of a set of frequencies that lie on the surface of the
Nyquist volume for NTSC. They are the odd multiples of half the line-scan frequency, subcarri-
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Figure 2.5.6 Nyquist volumes of the chrominance space positioned within the luminance volume.
(From [1]. Used with permission.)

ers of alternating phase on successive scans of each line. One such multiple, 455, sets the color
subcarrier in the NTSC system. The locus of these subcarrier frequencies is a horizontal line
along the center of one of the Nyquist volume surfaces, marked SC-1 in Figure 2.5.7. Another
such locus of subcarrier frequencies, SC-2, lies along the center of the adjacent face of the vol-
ume. Such a subcarrier can be formed by inverting the phase of an SC-1 type subcarrier on alter-
nate lines. The locations of the SC-1 and SC-2 subcarriers, shown in cross section (Figure
2.5.7b), demonstrate that they can coexist in the signal space. So an additional channel, available
for auxiliary information, is provided by the SC-2 subcarrier. These are known as phase-alter-
nate-frequency (PAF) carriers.

2.5.2b Signal Distinctions in the Nyquist Volume

The Nyquist volume is indicative only of the frequency content of a signal. It does not reveal how
signals may otherwise be distinguished. To separate or protect signals sharing the frequency
space, several characteristics or processes may be used. These processes rely on the following:

* The relative amplitude (energy content) of conflicting signals
* Changes with the time of signal occupancy, determined by the modulation used

* The distribution of the frequency space by imposing barriers to the signal spectra by filtering

Distinction by Energy Level

The energy distribution among signal frequencies in television depends on the subject matter.
This includes the following scene characteristics:

* Colors

¢ Luminances
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Figure 2.5.7 Subcarrier locations on the faces of the Nyquist volume: (a) relative positions, (b)
cross-sectional view. (From [1]. Used with permission.)

» Sharpness along horizontal, vertical, and diagonal edges
» The shapes and motions of extended objects

Despite this variety in televised images, some general properties of the energy concentrations in
the luminance and chrominance signals are known and can be used to define the relative impor-
tance of the frequency regions they occupy in the Nyquist volume [1].

The energy concentration in luminance is greatest at the low frequencies, by which extended
shapes are defined. The high frequencies serve to define edges; above 2 MHz, most of the signal
energy is of low amplitude. The energy in the chrominance signal is also greatest at the low fre-
quencies, and it is largely removed in the Q component, to meet the NTSC standard, above 0.5
MHz. The I/ component extends to about 1.5 MHz. When the luminance and chrominance signals
are combined in the NTSC signal spectrum, the high-energy chrominance surrounds the 3.58
MHz subcarrier, which is superimposed on the low-energy region of the luminance spectrum. As
a result, the crosstalk is decreased, but it still is severe enough to adversely affect the perfor-
mance of most receivers. Reduction of crosstalk between luminance and chrominance has been
guided by the identification of these signals in the frequency space of the Nyquist volume

Distinction by Modulation Method

Quadrature modulation is a method widely used to permit two distinct signals to occupy the
same frequency space [1]. It is used in the NTSC and PAL systems to impose the two color-dif-
ference signals on the chrominance subcarrier. The Nyquist volumes of the 7 and Q sidebands of
the NTSC system are shown in Figure 2.5.6 as they are located within the luminance volume.
Although crosstalk occurs between luminance and chrominance, none is present between the /
and Q components. This is accomplished by the use of quadrature modulation. The signals are
separated by combining two color subcarriers, whose oscillations are out of phase by 90°, sepa-
rately modulated by the 7 and Q signals. In the Nyquist volume, each point in the frequency
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space occupied by the subcarrier sidebands is filled first by the I sideband and next by the O
component, but in stationary images neither occupies the space at the same time.

In the NTSC and PAL systems, the subcarrier is suppressed, and only the sidebands are trans-
mitted. To recover the 7 and Q sideband components at the receiver, the color burst synchroniza-
tion signals are used to recreate the subcarrier, which is combined with the 7 and Q sidebands.

Distinction by Filtering

To make room for chrominance and other auxiliary signals, some of the frequency space in the
Nyquist volume must be emptied by filtering the luminance signal [1]. The unoccupied regions
are known as channels. Filtering may be applied in all three dimensions of the frequency space.
One-dimensional filters, operating along the horizontal axis, limit the baseband of the video
spectrum. Such filters are of the continuous-frequency (wave filter) type. Two-dimensional fil-
tering also includes the field-repetition axis, with a periodicity of 59.94 Hz (again, for the NTSC
case). This function is provided by a periodic filter of the line-comb type. Three-dimensional fil-
tering adds the third axis, the vertical dimension in cycles per picture height. This function also
employs a periodic filter that covers the picture scanning time, that is, a frame store (or two field
stores having capacity for 262 and 263 lines, respectively, for NTSC).

The periodic filters typically used for creating channels in the Nyquist space are of the nonre-
cursive type with taps taken at each junction between delay cells. Consequently, 2- and 3-dimen-
sional filtering involves many interconnections among a large number of cells. Although
integrated circuits can readily meet this requirement, multidimensional filtering must meet the
demands of intricate design formulas, and a number of compromises are involved (e.g., between
sharpness of frequency cutoff and the introduction of signal overshoot and ringing).

An example of 1-dimensional filtering is provided by the typical conventional television
receiver. No filtering between luminance and chrominance is provided at the transmitter, so
crosstalk between them is inherent in the broadcast signal. To separate them at the receiver, the
luminance response is cut off at about 2.5 MHz, and the chrominance sidebands are limited to
+ 0.5 MHz. The Nyquist frequency space of the received signal output from the second detector
then appears as shown in Figure 2.5.8. The horizontal axis of the luminance space is cut off at 2.5
MHz, and the chrominance sidebands extend on that axis from 3.08 to 4.08 MHz, beyond the
luminance limit. This cutoff of luminance bandwidth limits the horizontal resolution, but the loss
has been accepted in the interest of reducing crosstalk.

When a comb filter is used, adjacent wells are introduced in the frequency space, into which
the luminance and chrominance frequencies fall separately, appreciably reducing crosstalk.
These examples apply only to receiver processing of the frequency space. A more modern
approach, cooperative processing, involves filtering the space within the Nyquist volume at the
transmitter (prefiltering) and the receiver (postfiltering). This arrangement deepens and sharpens
the wells into which the luminance and chrominance fit, making the crosstalk substantially invis-
ible in stationary images.

Considerations Regarding the Nyquist Volume

The foregoing examples serve to show the options available in the frequency space within the
Nyquist volume. When the NTSC system of compatible color television was developed in the
early 1950s, the mathematical and physical bases of the Nyquist volume were known to commu-
nications theorists, but not to many television engineers. Few of the NTSC members had a clear
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Figure 2.5.8 One-dimensional filtering between luminance and chrominance, as provided by a
typical NTSC receiver. (From [1]. Used with permission.)

understanding of the unused resources in the spectrum of the compatible color signal. Nor, for
that matter, could those engineers then envision the compromises that have since been found
acceptable concerning the limits of luminance and chrominance spectra, and of the tradeoff
between high resolution in a stationary image and low resolution in a moving one.
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Section
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Choosing a lens for studio production or remote location shoot might at first glance appear to be
a rather straightforward task. However, all types of cameras, from ENG to high-end production
models, are used in television today, and each one is served by specific types of lenses. While
this complicates the selection process, a good understanding of the available choices can make it
considerably easier. And, by the same token, a firm grasp of the physical properties that make
lenses work is a necessity as well.

In this section, we will examine the fundamental principles of optics, and explain the basic
operation of common optical systems.
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Chapter

3.1

Geometric Optics

W. Lyle Brewer, Robert A. Morris

3.1.1 Introduction

Geometric optics deals with image formation using geometric methods. It is based on two postu-
lates:

* That light travels in straight lines in a homogeneous medium
» That two rays may intersect without affecting the subsequent path of either

The fundamental laws of geometric optics can be developed from general principles, such as
Maxwell’s electromagnetic equations or Fermat’s principle of least time. However, the laws of
reflection and refraction can also be determined in a simple way by means of Huygen’s principle,
which states that every point of a wave front may be considered as a source of small waves
spreading out in all directions from their centers, to form the new wave front along their enve-
lope.

3.1.2 Laws of Reflection and Refraction

The laws of reflection and refraction for optics may be stated as follows:
* Law of Reflection. The angle of the reflected ray is equal to the angle of the incident ray.

* Law of Refraction. A ray entering a medium in which the velocity of light is different is
refracted so that n sin i = n” sin r, where i is the angle of incidence, r is the angle of refrac-
tion, and n and n” are the indexes of refraction of the two media.

A ray is an imaginary line normal to the wave front. The angle the advancing ray forms with
the line normal to the surface in question is the angle of incidence and is equal to the angle the
wave front forms with the surface.

The index of refraction is the ratio of the velocity of light ¢ in a vacuum to the velocity v in the
medium
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(a)

Figure 3.1.1 Refraction and reflection at air-glass surface: (a) beam incident upon glass from air,
(b) beam incident upon air from glass. (After[1].)

(.1.1)

For air, the velocity of light is generally considered equal to the velocity in vacuo so n = 1.0
and the equation may be simplified to

sini .

sinr
(3.1.2)

When a ray passes from a medium of smaller index into one of larger index, as from air to
glass, the angle of refraction is less than the angle of incidence, and the ray is bent toward the
normal. In passing from glass to air, the ray is bent away from the normal, as illustrated in Figure
3.1.1. The incident ray, reflected ray, refracted ray, and the normal to the surface at the point of
incidence all lie in the same plane.

A ray passing from a medium of higher index to one of lower index may be totally internally
reflected. The following relationship applies:

nsini =n'sinr
(3.1.3)

The value of sin 7 is always greater than sin i when 7 is greater than »” . The maximum value
for sin 7 is unity ( = 90°) and occurs for some value of i, called the critical angle, which is deter-
mined by the refractive indexes of the two media. For a water-air surface
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Figure 3.1.2 The result when the angle of refraction exceeds the critical angle and the ray is totally

reflected. (After[1].)

2-133

S

(3.1.4)

and the critical angle is 48.5°.

When the angle of incidence exceeds the critical angle, the ray is not refracted into the
medium of lower index but is totally reflected, as illustrated in Figure 1.3.2. For angles smaller
than the critical angle the rays are partially reflected.

Application of the sine law to two parallel surfaces, such as a glass plate, shows that the ray
emerges parallel to the entering ray, but is displaced. The most important applications of the laws
of reflection and refraction relate to the formation of images by means of spherical surfaces,
such as mirrors and lenses.

Refraction at a Spherical Surface in a Thin Lens

It can be shown by tracing a ray through a single refracting surface that

’ ’
n n n—n

—4—

s s R
(3.1.5)

Where:

s = object distance to refracting surface
s” = image distance to refracting surface
R = radius of curvature of surface

n = index of refraction of object medium

n’ = index of refraction of image medium
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A ray traversing two refractive surfaces, as in a lens in air, has a path whose image distance
and object distance are found by applying the foregoing equation to each of the two surfaces. For
a lens whose thickness may be considered negligible relative to the image distance, the following
applies:

Lol Ll_L

© b=

Where:

n = the index of refraction of the lens

R, = the radii of curvature of the first surface
R, = the radii of curvature of the second surface

The right side of the equation contains quantities that are characteristic of the lens, called the
power of the lens. The reciprocal of this expression is referred to as the focal length f

1 1 1
2= (n—l){———-} (3.1.7)
f Ry R,
For a thin lens in air the object distance, image distance, and focal length are related as fol-
lows:
1 1 1
—+ —=—
s s f

(3.1.8)

Certain conventions of algebraic sign must be observed in the use of this and previous equa-
tions. The conventions may be summarized as follows:

» All figures are drawn with the light incident on the reflecting or refracting surface from the
left.

» The object distance s is considered positive where the object lies at the left of the vertex. The
vertex is the intersection of the reflecting or refracting surface with the axis through the cen-
ter of curvature of the surface.

+ The image distance s is considered positive when the image lies at the right of the vertex.

* The radii of curvature is considered positive when the center of curvature lies at the right of
the vertex.

» Angles are considered positive when the slope of the ray with respect to the axis is positive.

+ Dimensions, such as image height, are considered positive when measured upward from the
axis.
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Figure 3.1.3 Various forms of simple converging and diverging lenses. (After[1].)

(b)
/ \
\ F2 Fi /

Figure 3.1.4 Lens effects: (a) parallel rays incident upon the lens pass through the second focal
point, (b) rays passing through the first focal point incident upon the lens emerge parallel. (After

1)

In general, after observing the first two conventions, the others follow the rules of coordinate
geometry with the vertex as the origin.

From the previous equations and the foregoing sign conventions, it is apparent that the sign of
the focal length may be negative or positive. For a lens in air, and parallel incident rays, the focal
length is positive when the transmitted rays converge and negative when they diverge. Cross sec-
tions of simple converging and diverging lenses are shown in Figure 3.1.3.

There are two focal points of a lens, located on the lens axis. All incident rays parallel to the
lens axis are refracted to pass through the second focal point; all incident rays from the first focal
point emerge parallel to the lens axis, as illustrated in Figure 3.1.4. For a thin lens, the distances
from the two focal points to the lens are equal and denote the focal length.

The magnification m provided by a lens is defined as the ratio of the image height (/' ) to the
object height ()

(3.1.9)

The principles of magnification are illustrated in Figure 3.1.5. From the similar triangles ABC
and CDE, it follows
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Figure 3.1.5 Magnification of a simple lens. (After[1].)

(3.1.10)

3.1.2b  Reflection at a Spherical Surface

By considering reflection as a special case of refraction, many of the previous equations can be
applied to reflection by a spherical mirror if the convention is adopted that n° = —n. This yields

1 1

2
s s R
(3.1.11)

The focal point is the axial point that is imaged at infinity by the mirror; its distance from the
mirror is the focal length. Hence

R
173

(3.1.12)

For a concave mirror, R is negative and the focal point lies at the left of the mirror, following
the convention of signs described previously. For any spherical mirror

1 1

1
s s f
(3.1.13)

It also follows that
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(3.1.14)

Such mirrors are subject to spherical aberration as in lenses, such as the failure of the cen-
trally reflected rays to converge at the same axial point as the rays reflected from the mirror edge.
Aspherical surfaces formed by a paraboloid of revolution have the property that rays from infin-
ity incident on the surface are all imaged at the same point on the axis. Thus, for the focal point
and infinity, spherical aberration is eliminated. This is a useful device in projection components
where the light source is placed at the focal point to secure a beam of nearly parallel rays.

Spherical aberration in mirrors can be eliminated by inserting lenses before the mirror. The
Schmidt corrector is an aspherical lens, with one surface convex in the central region and con-
cave in the outer region. The other surface is plane. A Schmidt system of spherical mirror and
corrector plate can be made with a high relative aperture; f/0.6 is a typical value. Because of the
efficiency and low cost of these systems, compared with projection lens systems, they have been
used to obtain enlarged images from CRT devices for large screen display (among other applica-
tions).

Another type of corrector for a spherical mirror is a meniscus lens having no aspherical sur-
faces, known as a Maksutov corrector. The spherical surfaces of the meniscus lens permits easy
manufacturing.

3.1.2¢c  Thick (Compound) Lenses

The equations given previously apply to thin lenses. When the thickness of the lens cannot be
ignored, measurements must be made from reference points other than the lens surface, such as
the focal points—which have already been defined—or from the principal points. The principal
points are located as follows (see Figure 3.1.6):

* Consider ray OA4 proceeding from the object parallel to the lens axis. This will be refracted to
pass through the focal point F” .
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» The ray OB, which passes through the focal point F, will emerge along DI parallel to the lens
axis.

* If O4 and F’ I are extended, their point of intersection lies in the second principal plane.

» The point H" , where this plane intersects the axis, is called the second principal point. Simi-
larly, the intersection of OF and DI extended lies in the first principal plane, and H is the first
principal point.

* The distances FH and F” H' are the first and second focal lengths, respectively.

When the index of the medium on both sides of the lens is the same, as for a lens in air, the first
and second focal lengths are equal.

If the direction of the light ray is reversed (the object is placed at the image position), the ray
retraces its path and the image is formed at the former object position. Any two corresponding
object and image points are said to be conjugate to each other, and hence are conjugate points.

The equation

1 1 1
_+_,=_
s s f
(3.1.15)

given previously for a thin lens, continues to hold for a thick lens, but s and s° are measured
from their respective principal points, as is the focal length f. The object distance, image dis-
tance, and focal length are related in another form, known as the Newtonian form of the lens
equation. If x is the distance of the object from its focal point, and x” the image distance from its
focal point, then

(3.1.16)

3.1.2d Lens Aberrations

Up to this point, optical images have been considered to be faithful reproductions of the object.
The equations given have been derived from the general expressions for the refraction of a ray at
a spherical surface when the angle between the ray and the axis is small so that sin 6 = 0. This
approximation is known as first-order theory. The departures of the actual image from the pre-
dictions of first-order theory are called aberrations. von Seidel extended the first-order theory by
including the third-order terms of the expanded sine function. The third-order theory contains
five terms to be applied to the first-order theory. When no aberrations are present, and mono-
chromatic light is passed through the optical system, the sum of the five terms is zero. Thus von
Seidel’s sums provide a logical classification for the five monochromatic aberrations. In addi-
tion, two forms of chromatic aberration can occur because of variation of index with wavelength.
The five monochromatic aberrations are:

* Spherical aberration

¢ Coma
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Figure 3.1.7 Surfaces of best focus, illustrating lens astigmatism. (After[1].)

* Astigmatism
¢ Curvature of field
¢ Distortion of field

Spherical aberration may be described as the failure of rays from an axial point to form a
point image in the direction along the axis. In general, spherical aberration can be minimized if
the deviation of the rays is equally divided between the front and rear surfaces of the lens. In a
system of two or more lenses, spherical aberration can be eliminated by making the contribution
of the negative elements equal and opposite to that of the positive elements.

Coma relates to failure of the rays from an off-axis point to converge at the same point in the
plane perpendicular to the axis. Coma can be eliminated for a given object and image distance in
a single lens by proper choice of radii of curvature.

Astigmatism contains aspects of both spherical aberration and coma. It resembles coma in
that the off-axis points are affected, but—like spherical aberration—results from spreading of the
image in a direction along the axis. The rays from a point converge on the other side of the lens
to form a line image, actually the axis of a degenerate ellipse; continuing, the rays join with other
rays to form a circle, and then at a still further distance form a second image crossed perpendic-
ularly to the first. The best focus occurs when a circular image is formed. The locus of inner line
images—the primary images—is a surface of revolution about the lens axis, called the primary
image surface, shown in Figure 3.1.7. The locus of outer line images forms the secondary image
surface. The locus of circles of least confusion forms the surface of best focus. As shown in the
figure, these surfaces are tangent to one another at the lens axis.

Astigmatism is the failure of the primary and secondary image surfaces to coincide. The sur-
face of best focus is usually not a plane but a curved surface; this type of aberration is known as
curvature of field. It is not possible to eliminate both astigmatism and curvature of field in a sin-
gle lens.

All rays passing through a lens from the center to the edge should result in equal magnifica-
tion of the image. Distortion of the image occurs when the magnification varies with axial dis-
tance. If the magnification increases with axial distance, the effect is known as pincushion
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Figure 3.1.8 Pincushion and barrel distortion in the image of a lens system. (After[1].)

distortion, and the opposite effect is known as barrel distortion. The types of distortion are illus-
trated in Figure 3.1.8.

The five types of lens aberration described here can occur in uncorrected lenses even though
light of a single wavelength forms the image. When the image is formed by light from different
regions of the spectrum, two types of chromatic aberration can occur:

*  Axial or longitudinal chromatism
» Lateral chromatism

Axial chromatism results from the convergence of rays of different wavelength at different
points along the axis; the lens focal length varies with wavelength. Because magnification
depends upon the focal length, the images are also of different size, producing lateral chroma-
tism. In many instances, lenses are corrected so that the focal points coincide for two or three
colors, thus eliminating longitudinal chromatism. However, unless the focal lengths are also
made to coincide, the images will be of slightly different size. This defect results in color fring-
ing in the outer portions of the field.

3.1.2e Lens Stops

It is obvious in the case of a simple lens that the rim of the lens forms the limiting boundary for
rays transmitted by the lens. The introduction of smaller apertures before or after the lens can
further limit the bundle of transmitted rays. This is done to eliminate unwanted rays that would
produce distortions, to control the quantity of light transmitted, or to control the field of view. An
aperture that controls the quantity of light transmitted, as the iris diaphragm in a camera, is called
an aperture stop. (See Figure 3.1.9). An aperture that controls the field of view is called a field
stop. The image of the aperture stop, projected into the object space, is called the entrance pupil
of the lens system. The image of the aperture stop in the image space is called the exit pupil.
The relative aperture of a lens, usually called the f-number, is the ratio of the focal length to
the effective lens diameter. A lens of /3.5 has a focal length 3.5 times its effective diameter. In
photographic objectives, the lens stop may be reduced from its maximum, rated value to a limit-
ing value, usually f722. Because the focal length remains constant, the effective area of the lens,
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Figure 3.1.9 Aperture stop, entrance pupil, and exit pupil for a lens system. (From [1]. Used with
permission.)

Figure 3.1.10 Lens system treated as a single thick lens. (After[1].)

and hence the amount of light transmitted, varies inversely as the square of the f~number. Thus, a
lens set at f/8 passes nearly twice as much light as the same lens set at f/11.

3.1.3 Lens Systems

A combination of lenses may be treated as a thick lens. Consider two thin lenses of focal lengths
/1 and £, separated by a distance d. (See Figure 3.1.10.) The second principal plane is found in
the same manner as for a single thick lens. The focal length of the combination f'is the distance
from the focal point to the principal plane. It is related to the focal lengths of the two thin lenses
by
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Figure 3.1.11 Principle of the telephoto lens.
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(3.1.17)

This equation can also be applied to calculate the focal length of a typical telephoto lens sys-
tem, shown simplified in Figure 3.1.11. If the positive lens has a focal length of +20 cm, the neg-
ative lens a focal length of —20 cm, and they are separated by a distance of 10 cm, Equation
(3.1.17) shows that the focal length of the system is 40 cm. The system has a long focal length,
but the rear-element-to-pickup-element distance is half the focal length.

Lenses are shaped to have spherical properties (uniform properties about the center of the
lens) or cylindrical properties (uniform properties about the horizontal or vertical axis of the
lens). An anamorphic lens is designed to produce different magnification of an image in the hor-
izontal and vertical axes.

Anamorphic lenses are described in terms of their aspect ratio, the ratio of width to height of
the screen image. The historical motion picture screen dimensions are 4 units wide to 3 units
high, or an aspect ratio of 1.33:1. In 1953, the Cinemascope system was introduced, with an
aspect ratio of 2.35:1 at the screen. Other motion picture aspect ratios include 1.65:1 and 1.85:1.
The conventional television screen ratio uses the historical standard 1.33:1. High-definnition
television (HDTV) typically uses a 1.77:1 (16:9) aspect ratio.

3.1.4 References

3.1.5

1. Fink, D. G. (ed.): Television Engineering Handbook, McGraw-Hill, New York, N.Y., 1957.
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Chapter

3.2

Fundamental Optical Elements

W. Lyle Brewer, Robert A. Morris

3.2.1 Introduction

Cameras and many color projection display systems require spatial separation of the red, green,
and blue source light. These beams may also need to be filtered to eliminate spurious or undes-
ired wavelengths. The design goal of a color beam-splitting system is to reflect all the light of
one primary color and to transmit the remaining visible radiation. Dichroic mirrors and prisms
are used with supplemental trimming filters to accomplish this end. The most efficient systems
utilize dichroic mirrors.

3.2.2 Color Beam-Splitting Systems

A dichroic mirror is made by coating glass with alternate layers of two materials having high and
low indices of refraction. The material must have a thickness of 1/4-wavelength at the center of
the band to be reflected. Figure 3.2.1 shows a typical mirror arrangement. The blue light is
reflected by the first mirror, and the red and green light is transmitted. The red light is reflected
by the second mirror, and the green light is passed. The curves of Figure 3.2.2 show typical
transmittance versus wavelength characteristics. The blue reflecting mirror transmits about 90
percent of the green and red light, and the red reflecting mirror transmits nearly 90 percent of the
blue and green light.

3.2.2a Dichroic Prism

It can be seen in Figure 3.2.3 that when the angle of incidence of a light ray exceeds the critical
angle, the ray is totally reflected. The critical angle for an air-glass surface is 42° for a typical
index of refraction for glass of 1.50. Hence, a 45-45-90° glass prism offers a totally reflecting
surface. Other designs permit partial reflection and refraction. Coatings at the prism surface, as
for dichroic mirrors, will selectively pass or reflect different colors.

3-19
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Figure 3.2.1 Arrangement of a dichroic
mirror beam-splitting system. (After[1].)
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Figure 3.2.2 Transmission characteristics of typical dichroic mirrors.

3.2.2b  Spectral Trim Filters

A typical dichroic mirror does not abruptly change spectral reflection at some specific wave-
length. This property can be observed in Figure 3.2.2. Instead, there is a gradual transition over a
wide band. This transition must be eliminated to maintain the purity of the red, green, and blue
color signals. The spectral reflectance transmittance bands are trimmed by inserting filters hav-
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Figure 3.2.3 The result when the angle of refraction exceeds the critical angle and the ray is totally
reflected. (After[1].)
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Figure 3.2.4 Response curve of a spectral trim filter (yellow). (Source: Eastman Kodak Company.)

ing abrupt divisions between high and low transmittance. These filters are constructed of glass,
plastic, or gelatin containing light-absorbing substances.

The neutral density filter is another type useful in beam splitter applications. The filter
absorbs equally, or nearly so, all wavelengths in the visible spectrum. These filters are available
in different densities so that color beams can be balanced for equal signal output.

Figure 3.2.4 shows the response curve of a spectral trim filter (yellow). Figure 3.2.5 illustrates
the response of a neutral density filter (D = 1.0).
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Figure 3.2.5 Response curve of a neutral density filter (visible spectrum). (Source: Eastman
Kodak Company.)

3.2.3 Interference Effects

Huygen’s principle was mentioned in Chapter 3.1 as forming the basis for the laws of reflection
and refraction. To this concept should now be added the principle of superposition, which states
that the resultant effect of the superposition of two or more waves at a point may be found by
adding the instantaneous displacements that would be produced at the point by the individual
waves if each were present alone.

If the wave path is thought of as a sinuous path consisting of alternate crests and troughs, the
maximum height of the crests or depth of the troughs is called the maximum amplitude. Starting
at zero amplitude and progressing through a crest back to zero and through a trough to zero con-
stitutes one cycle; the distance traveled through the medium is one wavelength. The number of
cycles per unit time is the frequency. The distance traveled per unit time is the velocity. There-
fore, the velocity u is the product of the wavelength A and the frequency v

u=vAa
(3.2.1)

If two waves meet in such a manner that the crests reinforce each other to produce the maxi-
mum possible amplitude, the waves are said to be in phase, but if the crest meets the trough to
produce the minimum possible amplitude, they are said to be 180° out of phase. Thus, the phase
expresses the distance between the crests of the waves. If two waves of the same amplitude, trav-
eling in the same or opposite directions, are 180° out of phase, they are said to completely inter-
fere and no disturbance is noted. If the phase, amplitude, or frequency of the waves is not the
same, then the waves can reinforce at certain points and destroy at other points to produce an
interference pattern.

A commonly observed example of interference is the array of colors seen in a thin film of oil
on a wet pavement. Light waves are reflected from the front and rear surfaces of the film. When
the thickness of the film is an odd number of quarter wavelengths, the light of that wavelength
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reflected from the front and back surfaces of the film reinforces itself and light is strongly
reflected (assuming normal incidence). For an even number of quarter wavelengths, destructive
interference occurs. Thus, from one area of film only blue-green light may be reflected while
from another area of different thickness red light can be observed.

If—instead of a thin film of oil—two reflecting surfaces, such as two glass surfaces, are
placed together but not in complete optical contact, an interference pattern is formed by light
from the front and rear surfaces. Frequently the pattern takes the form of concentric rings, called
Newtons rings.

Interference patterns are useful in grinding optical surfaces. The new surface may be tested
by bringing it in contact with a surface of known curvature and noting the shape and separation
of the fringes. By repeating the test at intervals, the new surface may be gradually worked to the
desired precision.

3.2.3a Diffraction Effects

If an obstacle such as a slit or straight edge is placed in a beam of light—according to Huygen’s
principle—each point along the slit becomes a source for new wavelets. It can be shown that as
these wavelets fan out beyond the obstacle they tend to reinforce or destroy each other in various
regions, forming an interference pattern. As the wavelets fan out beyond the obstacle, the light
“bends around” it, producing light areas in regions that would be dark if the light traveled only in
straight lines. The effects produced by blocking part of a wave front to form interference patterns
are called diffraction effects. If a wave front is incident on a circular opening such as a lens aper-
ture, the diffraction pattern consists of a bright central disk surrounded by alternate dark and
bright rings. The angle o formed at the lens by the diffraction circle is dependent upon the diam-
eter of the lens opening D

(3.2.2)

The diffraction grating is an important device utilizing diffraction principles. This element
consists essentially of a large number of parallel slits of the same width spaced at regular inter-
vals. Light passing through the slits is diffracted to form interference patterns. The waves will
reinforce to form a maximum when the following condition is met

sin9=ﬂ
d

(3.2.3)

Where:

0 = angle of deviation from the direction of incident light
d = distance between successive grating slits

n = an integer denoting order of the maximum
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Some light will pass directly through the grating. This is called the zero order. The first max-
imum (assuming monochromatic light) lies beyond the zero order and is called the first order.
The next maximum is the second order and so on. If white light is incident on the grating, the
zero order is a white image followed by a first-order spectrum, then second-order, and so on. By
proper ruling of the grating lines, a large proportion of the incident light can be directed into one
of the first-order spectra. These gratings are used in many spectral-analysis instruments because
of their high efficiency.

3.2.3b Polarization Effects

Because light is a series of electromagnetic waves, each wave can be separated into its electric
(E) and magnetic (H) vectors, vibrating in planes at right angles to each other. A series of elec-
tromagnetic waves will have E vectors, for example, vibrating in all possible planes perpendicu-
lar to the direction of travel. By means of reflection, double refraction, or scattering, the waves
can be sorted into two resultant components with their E vectors at right angles to each other.
Each ray is said to be plane-polarized, that is, made up of waves vibrating in a single plane. If
two rays with waves of equal amplitude are brought together, they can form elliptically, plane, or
circularly polarized light depending upon whether:

» The phase difference between the vibrating waves lies between 0 and 1/2 for elliptical polar-
ization

» The phase is at 0 or & for plane polarization
* The phase is at w2 for circular polarization.

The angle of incidence at which light reflected from a polished surface will be completely
polarized is given by the equation known as Brewster’s law

n
tanf = —

(3.2.4)

Where n’ and n are the indexes of refraction of the two media.

For glass and air, »” = 1.5 and n = 1, the polarizing angle is 56°. Of the natural light incident
at the polarizing angle, about 7.5 percent is reflected and is polarized with its vibration plane per-
pendicular to the plane of incidence. The rest of the light is transmitted and consists of a mixture
of the light with a vibration plane parallel to the plane of incidence and the balance of the per-
pendicular component. By passing the mixture through successive sheets of glass stacked in a
pile, more of the perpendicular component is removed at each reflection and the transmitted frac-
tion consists of the parallel component.

The velocity of a light wave through many transparent crystalline materials is not the same in
all directions. Because the ratio of the velocity of light in a medium to the velocity in a vacuum is
the index of refraction, these materials have more than one index of refraction. When oriented in
one position with respect to the direction of the incident ray, the crystal behaves normally and
that direction is called the optic axis of the crystal. A ray incident on the crystal to form an angle
with the optic axis is broken into two rays, one of which obeys the ordinary laws of refraction
and is called the ordinary ray; the second ray is called the extraordinary ray. The two rays are

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



Fundamental Optical Elements

Fundamental Optical Elements 3-25

plane-polarized in mutually perpendicular planes. By eliminating one of the rays, such doubly
refracting materials can be used to obtain plane-polarized light. In some materials, one of the
components is more strongly absorbed than the other. Crystals of iodoquinine sulfate are an
example. The parallel orientation of layers of such crystals in plastic has been used to form
polarizing filters.

Kerr discovered that some liquids become doubly refracting when an electric field is applied.
The Kerr effect makes it possible to control the transmission of light by an electric field. A Kerr
cell consists of a transparent cell containing a liquid such as nitrobenzene. The cell is placed
between crossed polarizers. When an electric field is applied light is transmitted; it is cut off
when the field is removed.
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Section

Digital Coding and Signal Processing

Digital signal processing (DSP) techniques are being applied to the implementation of various
stages of video capture, processing, storage, and distribution systems for a number of reasons,
including:

* Improved cost-performance considerations
» Future product-enhancement capabilities
* Greatly reduced alignment and testing requirements

A wide variety of video circuits and systems can be readily implemented using various degrees
of embedded DSP. The most important parameters are signal bandwidth and S/N, which define,
respectively, the required sampling rate and the effective number of bits required for the conver-
sion. Additional design considerations include the stability of the sampling clock, quadrature
channel matching, aperture uncertainty, and the cutoff frequency of the quantizer networks.

DSP devices differ from microprocessors in a number of ways. For one thing, microproces-
sors typically are built for a range of general-purpose functions and normally run large blocks of
software. Also, microprocessors usually are not called upon to perform real-time computation.
Typically, they are at liberty to shuffle workloads and to select an action branch, such as complet-
ing a printing job before responding to a new input command. The DSP, on the other hand, is
dedicated to a single task or small group of related tasks. In a sophisticated video system, one or
more DSPs may be employed as attached processors, assisting a general-purpose host micropro-
cessor that manages the front-panel controls or other key functions of the unit.

One convenient way to classify DSP devices and applications is by their dynamic range. In
this context, the dynamic range is the spread of numbers that must be processed in the course of
an application. It takes a certain range of values, for example, to describe a particular signal, and
that range often becomes even wider as calculations are performed on the input data. The DSP
must have the capability to handle such data without overflow.

The processor capacity is a function of its data width, i. e., the number of bits it manipulates
and the type of arithmetic that it performs (fixed or floating point). Floating point processing
manipulates numbers in a form similar to scientific notation, enabling the device to accommo-
date an enormous breadth of data. Fixed arithmetic processing, as the name implies, restricts the
processing capability of the device to a predefined value.
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Recent advancements in very large scale integration (VLSI) technologies in general, and DSP
in particular, have permitted the integration of many video system functional blocks into a single
device. Such designs typically offer excellent performance because of the elimination of the tra-
ditional interfaces required by discrete designs. This high level of integration also decreases the
total parts count of the system, thereby increasing the overall reliability of the system.

The trend toward DSP operational blocks in video equipment of all types is perhaps the single
most important driving force in video hardware today. It has reshaped products as diverse as
cameras and displays. Thanks in no small part to research and development efforts in the com-
puter industry, the impact is just now being felt in the television business.
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« “Digital Television,” by Ernest J. Tarnai—reprinted from the second edition of this handbook.
This chapter provides valuable background information on filter theory, digital transmission
methods, and classic digital video applications.
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Source: Standard Handbook of Video and Television Engineering

Chapter

4.1

Analog/Digital Signal Conversion

Susan A. R. Garrod, K. Blair Benson, Donald G. Fink
Jerry C. Whitaker, Editor-in-Chief

4.1.1 Introduction

Analog-to-digital conversion (A/D) is the process of converting a continuous range of analog sig-
nals into specific digital codes. Such conversion is necessary to interface analog pickup elements
and systems with digital devices and systems that process, store, interpret, transport, and manip-
ulate the analog values. Analog-to-digital conversion is not an exact process; the comparison
between the analog sample and a reference voltage is uncertain by the amount of the difference
between one reference voltage and the next [1]. The uncertainty amounts to plus or minus one-
half that difference. When words of 8§ bits are used, this uncertainty occurs in essentially random
fashion, so its effect is equivalent to the introduction of random noise (quantization noise). For-
tunately, such noise is not prominent in the analog signal derived from the digital version. For
example, in 8-bit digitization of the NTSC 4.2 MHz baseband at 13.5 megasamples per second
(MS/s), the quantization noise is about 60 dB below the peak-to-peak signal level, far lower than
the noise typically present in the analog signal from the camera.

4.1.2 The Nyquist Limit and Aliasing

A critical rule must be observed in sampling an analog signal if it is to be reproduced without
spurious effects known as aliasing. The rule, first described by Nyquist in 1924 [2], states that
the time between samples must be short compared with the rates of change of the analog wave-
form. In video terms, the sampling rate in megasamples per second must be at least twice the
maximum frequency in megahertz of the analog signal. Thus, the 4.2 MHz maximum bandwidth
in the luminance spectrum of the NTSC baseband requires that the NTSC signal be sampled at
8.4 MS/s or greater. Conversely, the 13.5 MS/s rate specified in the ITU-R studio digital standard

4-9
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Figure 4.1.1 Basic elements of an analog-to-digital converter. (From [1]. Used with permission.)

can be applied to a signal having no higher frequency components than 6.75 MHz. If studio
equipment exceeds this limit—and many cameras and associated amplifiers do—a low-pass fil-
ter must be inserted in the signal path before the conversion from analog to digital form takes
place. A similar band limit must be met at 3.375 MHz in the chrominance channels before they
are digitized in the NTSC system. If the sampling occurs at a rate lower than the Nyquist limit,
the spectrum of the output analog signal contains spurious components, which are actually
higher-frequency copies of the input spectrum that have been transposed so that they overlap the
desired output spectrum. When this output analog signal is displayed, the spurious information
shows up in a variety of forms, depending on the subject matter and its motions [1]. Moiré pat-
terns are typical, as are distorted and randomly moving diagonal edges of objects. These aliasing
effects often cover large areas and are visible at normal viewing distances.

Aliasing may occur, in fact, not only in digital sampling, but whenever any form of sampling
of the image occurs. An example long familiar in motion pictures is that of vehicle wheels (usu-
ally wagon wheels) that appear to be rotating backward as the vehicle moves forward. This
occurs because the image is sampled by the camera at 24 frames/s. If the rotation of the spokes of
the wheel is not precisely synchronous with the film advance, another spoke takes the place of
the adjacent one on the next frame, at an earlier time in its rotation. The two spokes are not sepa-
rately identified by the viewer, so the spoke motion appears reversed. Many other examples of
image sampling occur in television. The display similarly offers a series of samples in the verti-
cal dimension, with results that depend not only on the time-vs.-light characteristics of the dis-
play device but also, and more important, on the time-vs.-sensation properties of the human eye.
These aspects of sampling have a significant bearing on the design of HDTV systems.

4.1.3 The A/D Conversion Process

To convert a signal from the analog domain into a digital form, it is necessary to create a succes-
sion of digital words that comprise only two discrete values, 0 and 1 [1]. Figure 4.1.1 shows the
essential elements of the analog-to-digital converter. The input analog signal must be confined to
a limited spectrum to prevent spurious components in the reconverted analog output. A low-pass
filter, therefore, is placed prior to the converter. The converter proper first samples the analog
input, measuring its amplitude at regular, discrete intervals of time. These individual amplitudes
then are matched, in the quantizer, against a large number of discrete levels of amplitude (256
levels to convert into 8-bit words). Each one of these discrete levels can be represented by a spe-
cific digital word. The process of matching each discrete amplitude with its unique word is car-
ried out in the encoder, which, in effect, scans the list of words and picks out the one that matches
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Table 4.1.1 Binary Values of Amplitude Levels for 8-Bit Words (From [1]. Used with permis-
sion.)

Amplitude Binary Level Amplitude Binary Level Amplitude Binary Level
0 00000000 120 01111000 240 11110000
1 00000001 121 01111001 241 11110001
2 00000010 122 01111010 242 11110010
3 00000011 123 01111011 243 11110011
4 00000100 124 01111100 244 11110100
5 00000101 125 01111101 245 11110101
6 00000110 126 01111110 246 11110110
7 00000111 127 01111111 247 11110111
8 00001000 128 10000000 248 11111000
9 00001001 129 10000001 249 11111001
10 00001010 130 10000010 250 11111010
11 00001011 131 10000011 251 11111011
12 00001100 132 10000100 252 11111100
13 00001101 133 10000101 253 11111101
14 00001110 134 10000110 254 11111110
15 00001111 135 10000111 255 11111111

the amplitude then present. The encoder passes out the series of code words in a sequence corre-
sponding to the sequence in which the analog signal was sampled. This bit stream is, conse-
quently, the digital version of the analog input.

The list of digital words corresponding to the sampled amplitudes is known as a code. Table
4.1.1 represents a simple code showing amplitude levels and their 8-bit words in three ranges: 0
to 15, 120 to 135, and 240 to 255. Signals encoded in this way are said to be pulse-code-modu-
lated. Although the basic pulse-code modulation (PCM) code sometimes is used, more elaborate
codes—with many additional bits per word—generally are applied in circuits where errors may
be introduced into the bit stream. Figure 4.2.2 shows a typical video waveform and several quan-
tized amplitude levels based on the PCM coding scheme of Table 4.1.1.

The sampling rate, even in analog sampling systems, is crucial. Figure 4.1.3a shows the spec-
tral consequence of a sampling rate that is too low for the input bandwidth; Figure 4.1.3b shows
the result of a rate equal to the theoretical minimum value, which is impractical; and Figure
4.1.3¢ shows typical practice. The input spectrum must be limited by a low-pass filter to greatly
attenuate frequencies near one-half the sampling rate and above. The higher the sampling rate,
the easier and simpler the design of the input filter becomes. An excessively high sampling rate,
however, is wasteful of transmission bandwidth and storage capacity, while a low but adequate
rate complicates the design and increases the cost of input and output analog filters.

Analog signals can be converted to digital codes using a number of methods, including the
following [3]:
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Figure 4.1.3 Relationship between sampling rate and bandwidth: (a) a sampling rate too low for
the input spectrum, (b) the theoretical minimum sampling rate (Fs), which requires a theoretically
perfect filter, (c) a practical sampling rate using a practical input filter.

* Integration
*  Successive approximation
* Parallel (flash) conversion

¢ Delta modulation
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* Pulse-code modulation
* Sigma-delta conversion

Two of the more common A/D conversion processes are successive approximation and parallel
or flash. Very high-resolution digital video systems require specialized A/D techniques that often
incorporate one of these general schemes in conjunction with proprietary technology.

4.1.3a Successive Approximation

Successive approximation A/D conversion is a technique commonly used in medium- to
high-speed data-acquisition applications. One of the fastest A/D conversion techniques, it
requires a minimum amount of circuitry to implement. The conversion times for successive
approximation A/D conversion typically range from 10 to 300 us for 8-bit systems.

The successive approximation A/D converter can approximate the analog signal to form an
n-bit digital code in 7 steps. The successive approximation register (SAR) individually compares
an analog input voltage with the midpoint of one of n ranges to determine the value of 1 bit. This
process is repeated a total of n times, using »n ranges, to determine the » bits in the code. The
comparison is accomplished as follows:

* The SAR determines whether the analog input is above or below the midpoint and sets the bit
of the digital code accordingly.

* The SAR assigns the bits beginning with the most significant bit.

» The bitis set to a 1 if the analog input is greater than the midpoint voltage; it is set to a 0 if the
input is less than the midpoint voltage.

* The SAR then moves to the next bit and sets it to a 1 or a 0 based on the results of comparing
the analog input with the midpoint of the next allowed range.

Because the SAR must perform one approximation for each bit in the digital code, an n-bit code
requires n approximations. A successive approximation A/D converter consists of four main
functional blocks, as shown in Figure 4.1.4. These blocks are the SAR, the analog comparator, a
D/A (digital-to-analog) converter, and a clock.

4.1.3b Parallel/Flash

Parallel or flash A/D conversion is used in high-speed applications such as video signal process-
ing, medical imaging, and radar detection systems. A flash A/D converter simultaneously com-
pares the input analog voltage with 2”7 — 1 threshold voltages to produce an n-bit digital code
representing the analog voltage. Typical flash A/D converters with 8-bit resolution operate at 100
MHz to 1 GHz.

The functional blocks of a flash A/D converter are shown in Figure 4.1.5. The circuitry con-
sists of a precision resistor ladder network, 2" — 1 analog comparators, and a digital priority
encoder. The resistor network establishes threshold voltages for each allowed quantization level.
The analog comparators indicate whether the input analog voltage is above or below the thresh-
old at each level. The output of the analog comparators is input to the digital priority encoder.
The priority encoder produces the final digital output code, which is stored in an output latch.
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Figure 4.1.4 Successive approximation A/D converter block diagram.
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Figure 4.1.7 Output filter response requirements for a common D/A converter.

An 8-bit flash A/D converter requires 255 comparators. The cost of high-resolution A/D com-
parators escalates as the circuit complexity increases and the number of analog converters rises
by 2" — 1. As a low-cost alternative, some manufacturers produce modified flash converters that
perform the A/D conversion in two steps, to reduce the amount of circuitry required. These mod-
ified flash converters also are referred to as half-flash A/D converters because they perform only
half of the conversion simultaneously.

4.1.4 The D/A Conversion Process

The digital-to-analog converter (DAC) is, in principle, quite simple. The digital stream of binary
pulses is decoded into discrete, sequentially timed signals corresponding to the original sampling
in the A/D. The output is an analog signal of varying levels. The time duration of each level is
equal to the width of the sample taken in the A/D conversion process. The analog signal is sepa-
rated from the sampling components by a low-pass filter. Figure 4.1.6 shows a simplified block
diagram of a D/A. The deglitching sample-and-hold circuits in the center block set up the analog
levels from the digital decoding and remove the unwanted high-frequency sampling components.
Each digital number is converted to a corresponding voltage and stored until the next number is
converted. Figure 4.1.7 shows the resulting spectrum. The energy surrounding the sampling fre-
quency must be removed, and an output low-pass filter is used to accomplish that task. One cost-
effective technique used in a variety of applications is called oversampling. A new sampling rate
is selected that is a whole multiple of the input sampling rate. The new rate is typically two or
four times the old rate. Every second or fourth sample is filled with the input value, while the
others are set to zero. The result is passed through a digital filter that distributes the energy in the
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real samples among the empty ones and itself. The resulting spectrum (for a 4X oversampling
system) is shown in Figure 4.1.8. The energy around the 4x sample frequency must be removed,
which can be done simply because it is so distant from the upper band edge. The response of the
output filter is chiefly determined by the digital processing and is therefore very stable with age,
in contrast to a strictly analog filter, whose component values are susceptible to drift with age
and other variables.

4.1.4a Practical Implementation

To convert digital codes to analog voltages, a voltage weight typically is assigned to each bit in
the digital code, and the voltage weights of the entire code are summed [3]. A general-purpose
D/A converter consists of a network of precision resistors, input switches, and level shifters to
activate the switches to convert the input digital code to an analog current or voltage output. A D/
A device that produces an analog current output usually has a faster settling time and better lin-
earity than one that produces a voltage output.

D/A converters commonly have a fixed or variable reference level. The reference level deter-
mines the switching threshold of the precision switches that form a controlled impedance net-
work, which in turn controls the value of the output signal. Fixed-reference D/A converters
produce an output signal that is proportional to the digital input. In contrast, multiplying D/A
converters produce an output signal that is proportional to the product of a varying reference
level times a digital code.

D/A converters can produce bipolar, positive, or negative polarity signals. A four-quadrant
multiplying D/A converter allows both the reference signal and the value of the binary code to
have a positive or negative polarity.

4.1.5 Converter Performance Criteria

The major factors that determine the quality of performance of A/D and D/A converters are res-
olution, sampling rate, speed, and linearity [3]. The resolution of a D/A circuit is the smallest
possible change in the output analog signal. In an A/D system, the resolution is the smallest
change in voltage that can be detected by the system and produce a change in the digital code.
The resolution determines the total number of digital codes, or quantization levels, that will be
recognized or produced by the circuit.
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Table 4.1.2 Representative Sampling of Converter Operating Parameters

Converter Type = Sampling Rate Resolution S/Ng' :!:, ae);uj:r'::; Con:?lvr\:le;tion
400 Ms/s2 8 bits 43 dB 1 GHz 3W
AD 200 Ms/s 10 bits 58 dB 400 MHz 2W
120 Ms/s 12 bits 70 dB 350 MHz 1w
70 Ms/s 14 bits 75 dB 300 MHz 1.3W
Sampling Rate Resolution Dynamic Range Conzzv:;tion
D/A 500 Ms/s3 10 bits 80 dB 250 mW
300 Ms/s 12 bits 85dB 300 mW
200 Ms/s 14 bits 88 dB 350 mW
Notes:
1 signal-to-quantization noise, 2 megasamples per second, 3 settling rime in megasamples per second

The resolution of a D/A or A/D device usually is specified in terms of the bits in the digital
code, or in terms of the least significant bit (LSB) of the system. An n-bit code allows for 2"
quantization levels, or 2" — 1 steps between quantization levels. As the number of bits increases,
the step size between quantization levels decreases, therefore increasing the accuracy of the sys-
tem when a conversion is made between an analog and digital signal. The system resolution also
can be specified as the voltage step size between quantization levels.

The speed of a D/A or A/D converter is determined by the amount of time it takes to perform
the conversion process. For D/A converters, the speed is specified as the settling time. For A/D
converters, the speed is specified as the conversion time. The settling time for a D/A converter
varies with supply voltage and transition in the digital code; it is specified in the data sheet with
the appropriate conditions stated.

A/D converters have a maximum sampling rate that limits the speed at which they can per-
form continuous conversions. The sampling rate is the number of times per second that the ana-
log signal can be sampled and converted into a digital code. For proper A/D conversion, the
minimum sampling rate must be at least 2 times the highest frequency of the analog signal being
sampled to satisfy the Nyquist criterion. The conversion speed and other timing factors must be
taken into consideration to determine the maximum sampling rate of an A/D converter. Nyquist
A/D converters use a sampling rate that is slightly greater than twice the highest frequency in the
analog signal. Oversampling A/D converters use sampling rates of N times rate, where N typi-
cally ranges from 2 to 64.

Both D/A and A/D converters require a voltage reference to achieve absolute conversion
accuracy. Some conversion devices have internal voltage references, whereas others accept exter-
nal voltage references. For high-performance systems, an external precision reference is required
to ensure long-term stability, load regulation, and control over temperature fluctuations.

Measurement accuracy is specified by the converter's linearity. Integral linearity is a measure
of linearity over the entire conversion range. It often is defined as the deviation from a straight
line drawn between the endpoints and through zero (or the offset value) of the conversion range.
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Integral linearity also is referred to as relative accuracy. The offset value is the reference level
required to establish the zero or midpoint of the conversion range. Differential linearity, the lin-
earity between code transitions, is a measure of the monotonicity of the converter. A converter is
said to be monotonic if increasing input values result in increasing output values.

The accuracy and linearity values of a converter are specified in units of the LSB of the code.
The linearity may vary with temperature, so the values often are specified at +25°C as well as
over the entire temperature range of the device.

With each new generation of devices, A/D and D/A converter technology improves, yielding
higher sampling rates with greater resolution. Table 4.1.2 shows some typical values as this book
went to press.
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Chapter

4.2

Digital Filters

J. A. Chambers, S. Tantaratana, B. W. Bomar
Jerry C. Whitaker, Editor-in-Chief

4.2.1 Introduction

Digital filtering is concerned with the manipulation of discrete data sequences to remove noise,
extract information, change the sample rate, and/or modify the input information in some form
or context [1]. Although an infinite number of numerical manipulations can be applied to dis-
crete data (e.g., finding the mean value, forming a histogram), the objective of digital filtering is
to form a discrete output sequence y(n) from a discrete input sequence x(n). In some manner,
each output sample is computed from the input sequence—not just from any one sample, but
from many, possibly all, of the input samples. Those filters that compute their output from the
present input and a finite number of past inputs are termed finite impulse response (FIR) filters;
those that use all past inputs are termed infinite impulse response (IIR) filters.

4.2.2 FIR Filters

An FIR filter is a linear discrete-time system that forms its output as the weighted sum of the
most recent, and a finite number of past, inputs [1]. A time-invariant FIR filter has finite mem-
ory, and its impulse response (its response to a discrete-time input that is unity at the first sample
and otherwise zero) matches the fixed weighting coefficients of the filter. Time-variant FIR fil-
ters, on the other hand, may operate at various sampling rates and/or have weighting coefficients
that adapt in sympathy with some statistical property of the environment in which they are
applied.

Perhaps the simplest example of an FIR filter is the moving average operation described by
the linear constant-coefficient difference equation

419
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M
yln] = Zbkx[n—k] b, = 4.2.1)
k=0

Where:

y[n] = output of the filter at integer sample index »
x[n] = input to the filter at integer sample index n
b, = filter weighting coefficients, k= 0,1,...,M

M = filter order

In a practical application, the input and output discrete-time signals will be sampled at some reg-
ular sampling time interval, T seconds, denoted x[n7] and y[nT], which is related to the sampling
frequency by f; = 1/T, samples per second. However, for generality, it is more convenient to
assume that 7' is unity, so that the effective sampling frequency also is unity and the Nyquist fre-
quency is one-half. It is, then, straightforward to scale, by multiplication, this normalized fre-
quency range, i.e. [0, 1/2], to any other sampling frequency.

The output of the simple moving average filter is the average of the M + 1 most recent values
of x[n]. Intuitively, this corresponds to a smoothed version of the input, but its operation is more
appropriately described by calculating the frequency response of the filter. First, however, the z-
domain representation of the filter is introduced in analogy to