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Foreword

It is not often that one has the occasion to indulge in superlatives without fear of
abusing the language. This is such an occasion.

Otto Schade’s career in television and the allied imaging sciences is unique.
Many of the concepts that one takes for granted had their origin in his pioneer-
ing work in the 1940’s and 1950’s. At that time the television, photographic, op-
tical, and visual systems each had its own method for evaluating its imaging
properties. And the methods were generally non-commensurable. Schade intro-
duced a set of criteria common to all of these systems, a set that is now univer-
sally accepted. His modulation transfer functions and equivalent line numbers
can be applied equally to amplifiers, lenses, and the human eye. He recorded
the first measurements, in these terms, on the human visual system.

It was Schade’s intimate knowledge of and contributions to all parts of the
television chain from camera to viewer that made possible his unparalleled dem-
onstrations of picture quality. Many of these photographs are scattered through
his publications and some have not appeared in print. It is for this reason that a
number of his colleagues felt that a compilation of these photographs in a single
volume would constitute a valuable service to the art and science of imaging. It
would also, we felt, establish the television system as a versatile imaging tool
confined not alone to the constraints of the commercial broadcast standards but
capable as well of unusually high-quality renditions.

The impact of well executed photographs bespeaks volumes. Hence, the
slender profile of this collection.

Ailbert Rose
Princeton, N.J., 15 April 1975




Preface

Image quality is a subjective judgment made by a mental comparison
of an external image with image impressions stored and remembered
more or less distinctly by the observer, who allows for a loss of detail
in areas too small to be resolved by the eye. The quality of a photo-
graphic print is judged by its gray scale, definition, and graininess;
the subjective ranking of the image as “poor,” “good,” or “excellent”
depends, of course, on the size of the image and the viewing distance.
Moreover, the rating of a given image may be greatly influenced by
the availability of a much better image for comparison purposes. A
study of intensity transfer functions, modulation transfer functions,
and granularity or noise levels permits the determination of objective
criteria for image quality that will correlate with visual observations.
Nevertheless, viewing conditions remain important parameters, and a
picture is far more instructive than a set of numbers or functions de-
scribing the image.

The collection of pictures grouped at the end of this volume were
taken by the writer over a period of two decades. They illustrate far
better than words the quality of television and photographic images
obtained with specific electric and optical system parameters. The
text describes these parameters and gives a brief account of the
methods used for evaluation of objective image criteria and equiva-
lents developed during this span of time.

The writer has enjoyed in this work the stimulation and guidance
of many scientists in RCA and the Eastman Kodak Company, and is
particularly indebted to A. Rose, D. O. North, and E. G. Ramberg of
RCA Laboratories, Princeton, N.J. for many discussions and help in
the analysis and formulation of the objective measures. I would like
to thank Charles C. Foster and Ralph F. Ciafone for their generous
help in preparing the text and reproductions for publication.

Otto H. Schade, Sr.
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Image Quality—A Comparison of Photographic and

Television Systems

Introduction

One of the most difficult problems in the early stages of television
was to produce a system that could pick-up and reproduce live im-
ages with acceptable detail and low flicker, because these two charac-
teristics are determined by the number of picture elements and the
rate at which they are transmitted over an electrical frequency chan-
nel. It was indeed a tremendous task to build a system that could
transmit 5 million picture elements or thirty 441-line images in one
second, because it required a bandwidth equal to that of 500 sound
broadcast channels. It is not surprising that the quality of a television
picture was judged then, and even now, by its resolution, implied by
the number of scan lines. It was recognized quite early that the band-
width-limited resolution of a television image was something quite
different from the grain-limited resolution of a motion picture. In
motion pictures, the detail contrast decreases steadily towards zero,
whereas a bandwidth-limited system can maintain a high detail con-
trast close to its limit of resolution. The resolving power used as a cri-
terion of image sharpness in photography cannot be directly applied
to commercial television images, which, by subjective tests, appear
considerably sharper than indicated by.the moderate resolving power
of the system. One may well ask if this difference alters the general
appearance of the image and, if so, in what ways the appearance dif-
fers from that of a good photograph. The answer to these questions
depends to a degree on the subject material and requires a more de-
tailed analysis.

The “perfect” picture should, in a practical sense, look like a piece
of the real world to the unaided eye. The broad term “image quality”
encompasses much more than resolution or sharpness. It includes
three basic parameters:

(1) The gray scale, which is determined by the intensity transfer
function. Continuity of the intensity in the vertical coordinate of
a TV image is of particular concern because the continuous opti-
cal image from the camera lens is sampled and reproduced in dis-
crete increments by a line raster. It will be shown that continuity
in the vertical coordinate of the image can be restored by proper
choice of the scanning spots in the camera and in the display
tube.

(2) Sharpness and definition, which are determined by the modula-
tion transfer function.

(3) Granularity or noise, which is controlled by the particle or quan-
tum density that can be stored in the sensor of the camera.

These characteristics should be uniform within the format of the

image, a condition that implies isotropy, absence of geometric distor-

tion, shading, and other image defects.

The photographs used to illustrate image quality, Figs. 27 through
72, are grouped together following the text. In the text, these num-
bers are given in bold face to distinguish them from those figures that
are included with the text. It is hoped that this arrangement will aid
the reader in perceiving, by direct comparisons of these photographs,
the visual significance of such characteristics as number »f lines,
bandwidth, noise, and gray scale as they affect image quality.

1. The Gray Scale

The reproduction of a natural gray scale ranks first in importance. It
was known from photography that the overall transfer function of the
system (plotted in log-log units) should depart from a straight line,
representing a linear function with a slope or “gamma” of unity, and



be somewhat S-shaped for a most pleasing reproduction. The gamma
in the center range should be in the order of 1.2 and fall off towards
the ends of the range. The range itself should be at least 100 to 1.
This range is difficult to achieve in a paper print; it can be exceeded
considerably in the display on a cathode-ray tube (CRT) in a dark
room or with transparencies; and in a motion-picture projection it is
limited to somewhat less than 100 to 1 by lens flare and ambient
light.

The gray scale and gamma of early TV systems were fixed by the
transfer functions of the sensor and the display tube (CRT) and
yielded a short range, going rapidly into black. Thus, gray-scale range
could be controlled only by lighting all darker areas in the studio
scene to reduce the gamma of the scene itself. This cannot be done
for outdoor scenes or in the reproduction of motion-picture film. An
intensive study of television and motion-picture transfer functions!
led to the concept of “gamma correction” in the electrical video chan-
nel, where the normally linear signal transfer can be manipulated by
nonlinear networks. It was found that these gamma-correction cir-
cuits could change any combination of transfer functions in the sen-
sor (camera), display tube, and the scene picked up by the camera to
a desirable overall transfer function, including the transfer from a
motion-picture film.

The effectiveness of gamma correction by electrical means was
demonstrated to the motion-picture industry in 1950 by a side-by-
side comparison between an optical projection of a series of 2 X 2-
inch transparencies and a television display of duplicate slides picked
up by a light-spot scanner with gamma correction. The correction cir-
cuits could be adjusted to obtain a nearly exact match of gamma in
the optical and television images, or to expand or compress the shad-
ow region or the highlight region of the gray scale. Copies made with
a 4 X 5-inch view camera of the optically projected image and of the
television image reproduced over a 525-line 4.25-MHz channel are
shown in Figs. 27 through 30. The exposure in the view camera was
1.5 seconds at f:16 to minimize image degradation in the photograph-
ic copying process. This time exposure integrates noise from the TV
process, and the apparent grain in these pictures is caused by the sta-
tionary grain structure of the CRT screen in the light-spot scanner.

Pictures of a live pickup made at the same time with an image-
orthicon camera (4%-inch face plate) over a 4.25-MHz 525-line chan-
nel and over a 625-line 8-MHz channel are reproduced in Figs. 31 and
32. It was demonstrated that the direct-view television images could

be given more “sparkle” in the highlights than seen in the optical
projections of the slides. The expanded highlights, however, are not
reproduced by the photographic copying process owing to saturation
in the film, which is more pronounced when copying a TV line struc-
ture from a CRT display. (The density range in the film is much
higher than indicated by the gray scale range because of the light
concentration into the fine scanning lines.)

The Sampled Image

The intensity distribution of a television image is reproduced in the
vertical coordinate by a sampling process. The structure of the line
raster should be no more visible than the dot structure in a good half-
tone print at normal viewing distances. Raster structures are carrier
frequencies of the sampling process, which, like noise, interfere with
the detection of fine detail and must be filtered out by low-pass fil-
ters preceding and following the raster process. In fact, a somewhat
lengthy analysis? indicates that the modulation frequencies from the
camera and in the final image should be limited to one-half the fre-
quency of the raster carrier, or sampling frequency, to eliminate all
unwanted modulation products, which are sum and difference
frequencies of the modulation with all harmonics of the pulse carrier
frequency. The sampling frequency f; of a line raster is the raster line
number n, = f;, and for a 500-line raster, the modulation frequency
should go to zero at 250 cycles, or N, = 500 TV lines. This “Nyquist”
limit is difficult to satisfy with the normally gaussian spot shapes of
television tubes without incurring an excessive loss of modulation
transfer. The theoretically most desirable modulation transfer func-
tion (MTF) is rectangular up to the Nyquist limit and requires a
(sinx)/x spot cross section with first zeros on adjacent raster lines.
This exotic spot shape can be approached by vertical aperture correc-
tion using delay lines that are now commercially available.3 A com-
promise design for gaussian spots aims at filtering out the raster car-
rier to eliminate a visible line structure but retains an MTF of 38% at
the Nyquist limit; it is called the “flat field” condition. The gaussian
line profiles extend over two line spacings, which is sufficient to pro-
duce a uniform intensity in the vertical direction in the display and
prevent unscanned interline spaces in the camera. The latter would
decrease sensitivity and can cause instability of the raster and strong
“aliasing” which cannot be removed by post filtering in the display.
The nonzero response at the Nyquist limit produces a maximum spu-
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rious signal amplitude of (0.38)2, or 14%, which occurs only occasion-
ally and can be tolerated.

For applications such as reconnaisance, where maximum resolving
power is essential, a higher sampling frequency (four samples per
spread function) is recommended, which corresponds to an MTF not
larger than 5% at the Nyquist limit. Stated mathematically in terms
of TV lines,

MTF,, = MTF,,,, < 038 at N = n, (1]

and
Ne(c)t' = Ne(d+e)v = 0‘64nr

" where Ng), is the noise-equivalent pass band calculated from the
MTTF of the camera (pre-filter) and Nw+e)v is the noise-equivalent
pass band* for the post-filter. The latter consists of the cascaded

* Discussed in section dealing with the modulation transfer function of the
visual system (Eq. [3]).

MTF value MTF(4+.), for the display system and the eye in the ver-
tical direction of the image. Thus, the MTF of the display device
(CRT) alone can be higher than specified by Eq. [1] for larger viewing
distances, where filtering by the eye can be sufficient.

The strong aliasing produced by an optical raster process and a
very small sampling spot in the camera (Ne(), > n,) is illustrated by
Fig. 1. A raster plate containing very fine vertical slits having a fre-
quency fr = n, = 480 lines was placed over a linearly increasing fre-
quency pattern (a) to produce the sampled image (b). The repetitive
frequency spectrum extends far beyond the normal frequency re-
sponse of the Nyquist limit f = 0.5 f,. Integration by a post-filter (c)
eliminates the sampling frequency (fine white lines) but not the ali-
asing. The response of the post filter is shown by (d), obtained by re-
moving the raster plate. The post-filter MTF is zero at the sampling
frequency f.. Similar pre-filtering is necessary to decrease the genera-
tion of alien frequencies, as stated by Eq. [1].

Assuming that the requirements for the gray scale and sampling
have been met, we can proceed to a discussion of the MTF and the
equivalent pass band (N.) that determine definition and sharpness of
the image.

2. Modulation Transfer, Definition, and Sharpness

The accuracy in the reproduction of detail is determined in principle
by the diameter and intensity distribution of the point image of the
process. When the first point image from the lens is reproduced,
every point is expanded into a finite size; the second point image is
increased in size and its intensity distribution is usually different
from that of the first point image. Practical point images are in gen-
eral not sharply defined but have a bright nucleus surrounded by a
haze disc of gradually decreasing intensity. Beyond the diameter
where the haze disc intensity decreases to less than 1% of that of the
bright center, it cannot be seen any longer, but the total light flux in
the haze component at this and lower intensities may represent a
large fraction of the total flux in the point image. For this reason a
specification of the point spread function must have an accuracy far
better than 1%. Successive point images are generated by considering
the second point image as an “aperture” of nonuniform transmit-
tance that scans the first point images, a process called “convolu-
tion.”




The intensity products within the scanning aperture, plotted as a
function of displacement (Ax, Ay), yield the point image of the two
processes. Edge transitions can be generated similarly. The method
can be applied to any type of intensity distribution that, no matter
how complex, can be broken down by a Fourier analysis into a series
of sine-wave components having certain amplitudes and phase rela-
tions. A complete specification of the “aperture effect” of point im-
ages can therefore be given by evaluating the Fourier transform of
the aperture by a convolution with sinusoidally varying intensity
functions of different spatial frequencies in the direction of scanning
(and uniform in the perpendicular direction). This sine-wave re-
sponse function or, as it is now called, the modulation transfer func-
tion, may have different values for different directions of scanning
when the aperture is not circular. Being an integral of the total flux
distribution in two-dimensional products, the accuracy of measured
MTF’s is better than obtained by calculation from measured point
images.

The concept of representing the spread functions of all compo-
nents in photographic and TV systems by their “aperture response”
i.e., by their frequency transforms (the sine-wave response or modu-
lation transfer function), arose from the need to determine the con-
tribution of individual system components in a multi-stage process to
the blurring of the final image. Recordings of original TV images on
motion-picture film were needed for networking purposes, and the
quality of the originals was severely degraded in the process. Data on
spot sizes or on the aperture response of lenses, display tubes, and
photographic film were non-existent. It was thus necessary to develop
instrumentation for measuring the MTF or the square-wave re-
sponse?~® of these components and establish experimental proof of
the two-dimensional transform theory. The combined MTF of any
number of components could then be obtained by simple multiplica-
tion. It followed immediately that a given response factor for a sys-
tem with n components requires that the response of every stage be
the nth root of the desired response. For example, a moderate MTF
of 32% at the output of a_5-stage system requires an MTF of 80% in
every stage! The idea of correcting deficiencies in the horizontal MTF
of the TV system “aperture” by a boost of high frequencies met with
instant success,%® whereas aperture correction in the vertical direc-
tion was hampered by the unavailability of delay lines until a much
later time.37 The effectively smaller aperture obtained by such cor-
rection circuits is traded for increased noise. The noise increases to

its normal value consistent with the smaller aperture when the cor-
rection is made for apertures following a noise source, but it is higher
than the normal noise when the correction is made for a low-MTF el-
ement preceding a noise source, which puts stringent requirements
on the camera lens. The rms noise is inversely proportional to the di-
ameter of the sampling aperture. It follows that high-resolution sys-
tems have basically a higher noise level than systems with moderate
resolution and, therefore, réquire a higher exposure and photon den-
sity in the sensor to maintain the same quantum count and signal-
to-noise ratio in the smaller sampling aperture.

Before going further into the subject of noise, it is appropriate to
discuss the evaluation of a modulation transfer function for the visual
process that must be included in any assessment of image definition
and sharpness.

2.1 Modulation Transfer Function of the Visual System

It is logical that an external image will be judged to be perfectly sharp
when all spatial frequencies within the visual pass band are repro-
duced with an MTF of unity. It is also logical that all frequencies be-
yond the visual pass band can’be cut off by a filter without effect on
the visual impression. Therefore, a cutoff within the visual pass band
or an attenuation of the MTF in some part of the visual frequency re-
sponse cannot be assessed properly without knowledge of the MTF of
the eye.

The square-wave flux response function rA(N) of the eye was de-
rived in 1948 from measurements of its contrast sensitivity to square-
wave line patterns? by a method used for measuring the frequency re-
sponse of amplifiers, namely by adjusting the input signal to main-
tain a constant output signal at different frequencies. The sine-wave
response was calculated with Eq. [7] (see Sec. 2.2, Sharpness and
Texture).

Direct measurements of the response of the eye to sine-wave fields,
i.e., the luminance MTF of the eye, were made in 1955.8 A set of these
MTF’s normalized to unity at f = 0 is shown in Fig. 2. The MTF is
expressed in cycles/mm (f) at the retina of the eye, which has an ef-
fective focal length of 17 mm. Thus for a given viewing ratio, p =
viewing distance divided by the vertical picture dimension, the corre-
sponding TV line number is

N seyer = 34/ p. 2]
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The MTF calculated with Eq. [7] from the square-wave flux response
of the earlier measurement is in good agreement with the MTF
shown in Fig. 2 for the average field brightness B of 4 ft-L. The actu-
ally measured MTF’s (see Ref. 8) for stationary sine-wave fields,
however, show a loss of low frequencies as indicated by curve 4a and
need further discussion. It is well known that the eye must vibrate
(ocular tremor) to see fine detail, i.e., to generate ac signals from con-
tours and small objects. Its dc response is very low, and is restored in
the brain by a complex correlation with other sensor inputs and the
vast stored information acquired in a lifetime of picture processing.
The amplitude of the ocular tremor is quite small, about 6 um,® so
that the ac signals decrease for frequencies smaller than 80 cycles/
mm. However, in terms of “sensation” units, the decrease is compen-
sated to a large extent by the increasing signal-to-noise ratio for larg-
er objects, and for very low frequencies by the jerky motion of the
eyeball. Curve 4a was measured with a short time of observation, pro-
viding no time for eyeball motion. A second set of observations was
therefore made with sine-wave fields drifting at a rate of one cycle
per second at low frequencies, which increased the low-frequency re-
sponse as shown by curve 4b for B = 4 ft-L. A long observation time
during which the eye scans the image increases the low-frequency re-
sponse.* The low-frequency response to square-wave test patterns is
on the order of 80% at zero frequency because of the steep sides of
this waveform, which is more common in natural scenes than a low-
frequency sine wave. A representative MTF should take into account

* The low-frequency loss disappears for extremely short exposures, i.e.,
transient excitation.

the signal processing in the retina-brain combination, and is better
represented by an MTF normalized to unity at zero frequency. These
MT%F’s are lower than the MTF of the optic of the eye because they
include the loss in the sampling structure of the retina and the ocular
tremor.

The MTF increases at higher light levels, partly because of the au-
tomatic iris that stops the lens down to £:7.25 at B = 400 ft-L (re-
duced aberrations) and partly because of reduced integration in the
retinal signal processing. A broken-line curve indicates an upper limit
calculated for a diffraction-limited f:7.25 lens in cascade with a 2.2-
um cone structure and the ocular tremor. The actual MTF for B =
400 ft-L indicates an aberration of approximately 0.4 wavelength of
light, which is indeed good performance for a lens—sensor combina-
tion.

Because of the signal processing and memory in the brain, the eye
will recognize nearly all departures from a normal MTF in an exter-
nal image, and will judge the image to be unnatural when its low-fre-
quency response is depressed, or if a sharp cutoff or “image crispen-
ing” produces an overemphasis of contours or visible transients in the
retinal image, or when the image contains an artificial line or dot
structure. These faults can be seen in many TV images at a normal
viewing distance, and are interpreted as typical “TV image quality”
compared to a good photograph.

2.2 Sharpness and Texture (Equivalent Pass Bands)

Clearly the diameter of the sampling aperture or its corresponding
frequency transform determines the sharpness of an image. The dif-
ferences in aperture transmittance and MTF’s indicate the desirabil-
ity of a measure such as an equivalent aperture and MTF, which can
be specified by a single number. A random grain structure or “white”
noise is a very useful test object because its frequency components
have a flat spectrum with random phase relations. When this noise
spectrum is passed through an aperture, one measures the MTF of
the aperture. The squared value of the MTF is a measure of the total
sine-wave energy. The area under the squared MTF of the aperture
can be represented by a rectangle—an equivalent MTF, of constant
response up to a frequency f. or line number N, where the MTF,
drops abruptly to zero. This constant-amplitude pass band is called



the “noise-equivalent pass band” %6 of the aperture defined by

i, = f "MTF,, 2df [3]
or

N, = f MTF, , 2dN
0

and yields the following equivalents: For a square aperture of area a,
N. = 1//a; for a gaussian aperture of diameter 6 = 4ro, N. = 1.6/5;

and for a round aperture of uniform transmittance and diameter 6,
N, = 1.08/6. It can be demonstrated that the equivalent pass band of
a multistage process can be computed with good accuracy* from the
individual N, values of the stages with

N?(p_) = 1/(N91_2 + N82—2 + ...)”2. [4]

This simple rule derives from the fact that the MTF’s of different
spot shapes or apertures are similar in the region N < N, when plot-
ted in normalized units N/N,, as illustrated by Fig. 3, and that the
differences at high frequencies are greatly attenuated in the MTF
product of a multistage process.

The square-wave amplitude response (#(N)) measured with bar-
pattern test charts can be converted to a (sine-wave) MTF by the fol-
lowing equation?

. 1. 1PN 1.
MTF y, ~ Z("N + grsv T gl + 7rin +

1 1_
T ~ ﬁrmfv) (5]

The waveform from a square-wave pattern degenerates into trape-
zoids and finally into sine waves in the upper two thirds of a square-
wave response function because of the loss of harmonics. The change
of waveform is not recognized by the eye at higher frequencies, be-
cause its own MTF eliminates the harmonics of fine-line objects,
which are judged by their effective contrast, i.e., by their equivalent
mean square-wave amplitude. The equivalent square-wave flux re-

* Exceptions are the abnormal MTF’s of aperture correction circuits or fil-
ters which require evaluation with Eq. [3] when included in a process.
* Note that the term for 9N does not appear in the series.
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sponse (rApn) at a line number (N) is defined by the flux ratio Ay (n)/
Ay (N = o) where Ay is the mean intensity of the half-wave as mea-
sured with a rectifier type meter. The square-wave flux response can
be calculated from the MTF by

-) (6]

Conversely the MTF can be calculated from the square-wave flux re-
sponse with

Ay = %(MTFN + %MTF,,N + EIBMTFW -

- 1 1
MTFN = —grAN - §MTF3N - %MTFM; = ... [7]

For evaluation, one starts with high line numbers for which the 3rd-
harmonic response is negligible. The MTF for lower line numbers can
then be computed with the now available MTF’s of the higher order
terms.8

It is found further that the edge transitions of apertures having
equal noise-equivalent pass bands are reasonably equivalent. This
condition is illustrated in Fig. 4 for the MTF of a lens and a cos? spot
having equal values N,. The edge transition of the lens has a some-
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what steeper slope at the center of the transition, but the total length
of the transition curve is longer than for the equivalent cos? aperture.
These differences compensate one another, and the noise-equivalent
pass band emerges as a good measure for ranking general image
sharpness as illustrated by the photographs Figs. 33 and 34. It is evi-
dent from Eq. [3] that a long high-frequency tail of low amplitude in
an MTF contributes little to the integral N,.

Although the edge sharpness of the images Fig. 33 and 34 may be
alike, there remain subtle differences because of faint high-frequency
detail from the aperture having a high limiting resolution. This is
called “texture,” which is missing in an image having a short high-
frequency spectrum (cos? spot). One image shows faintly the texture
of the ropes, whereas the other one does not. These small differences
are important in reconnaissance images where texture can give a clue

to the nature of the objects. A relatively small amount of noise or
granularity, however, can easily obscure the texture. Photography has
not had in the past the flexibility available in television to manipu-
late the shape of the modulation transfer function. Higher resolution
is obtained by going to larger formats and a finer grain structure,
which increases the scale factor of the MTF but does not change its
shape. Image processing and manipulation of the MTF should be
looked at with caution because it can destroy the natural balance in
good normal photography. Nevertheless, a general sharpness rating of
imaging ps#€esses by a single number is of considerable interest. Such
a rating is very accurate when the shape of the overall MTF at the
retina of the eye is reaonably constant.

2.3 Sharpness Rating of Images

A barely detectable difference in sharpness, i.e., a “liminal” unit of
sharpness, was determined in 1940 by Baldwin!® in terms of the de-
tectable change in the number of picture elements (figures of confu-
sion) in images produced with a calibrated out-of-focus projector
having a well-defined spread function. Translated into just percepti-
ble differences in N, values, this liminal unit turned out to be a
change of 3.5% in N, or in the effective length of an edge transition in
the retinal image, calculated from the MTF products of the total pro-
cess and the MTF of the visual system.#:!! Expressed in log units the
sharpness is given by

S = —66.7 log(Ne(E)/Ne(p+e))’ [8]

where N, () is the eye’s equivalent pass band and Ne(p+e) is the com-
bined pass band of the external image and the eye. It is often more
convenient to refer the pass band of the eye to the external image
plane. The pass band N, of the eye referred to an external image
depends on the viewing ratio (p) and is given by

Ne(e)p = 34fe(e)/p (see Flg 2 fOI’ fe(e)) [9]

and
Ne(pf-e) = [Ive(e)p_2 + Ive(p)_zjl_”2

A graph of the above equation with p as parameter is shown in Fig. 5
for a mean image luminance B of 4 to 7 ft-L (foe) = 22.3 cycles/mm).
The highlight luminance of the image is generally 4 to 6 times the
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Fig. 5—Image sharpness (liminal units, see Eq. [8]) plotted as a function of the equiva-
lent pass band (Ny,) of the external image with viewing ratio (p) as parameter
for a mean image luminance B = 4 ft-L.

mean value. The sharpness rating is very accurate when the overall
MTF (including the eye) has a consistent shape. This condition is ap-
proached, with few exceptions, for normal viewing distances because
the product of a large number of component MTF’s tends towards a
gaussian function, even though the MTF’s of individual components
may differ substantially in shape.

A set of photographs with known N, values made in 1952 with a
calibrated defocusable projector is shown in Figs. 35 through 40 to il-
lustrate image sharpness as a function of the equivalent pass band of
the image. The photographs with N, ratings of 270 lines and 350 lines
differ according to Fig. 5 by only two liminal units at p = 4. They
should look equally sharp at p = 8, where they differ by less than one
liminal unit, and the sharpness difference of 4} units at p = 2 should
be quite apparent. A TV reproduction of the same object is shown in
Fig. 41. Its N, rating is 360 lines and it was reproduced with a 625-
line raster over an 8-MHz frequency channel. This image should be
viewed at a distance of at least 2 times the vertical dimension in order
to prevent the visibility of the raster lines.

A more accurately controlled test for comparing television and
photographic images was made for the purpose of establishing the
constants for a theater TV system!? that would have the same sharp-
ness as a high-quality 35-mm motion picture, in which Plus X nega-

Sine Wove Response (MTF)

(o] 10 20 30 40 50 60
Spotiol Frequency (f) cycles/mm

Fig. 6—MTF's of a motion picture process. Curves 1-5 are for the various components
of the system, curve 5 shows the transfer loss (for one stage), curve 6 the
MTF products of 1-4, and curve 7 includes the three transfer losses in the mo-
tion picture system.

tive film (4231) and high-contrast positive film (5362) are used with a
good 40-mm f:2.8 camera lens and an excellent 4-inch f:2.5 projection
lens. The MTF’s of the process are shown in Fig. 6 by curves 1
through 5.* Their product is curve 6.

The total pass band is then Ngppyo = 21.7 1/mm. This theoretical
pass band is reduced by focusing errors in the intermittant film

cycles/mm

1 1 1 J

08

o
(2]

Sine-Wove Response

Response Factor

o
>
T
L —

~—— Squored Response
I\\
|
02 |
| ~
oL 1 1 I P . -]

e
500 1000 1500
Line Number (N)

Fig. 7—Measured MTF of photographic slide-duplicating process simulating a 35-mm
motion picture process.

* Film data from Eastman Kodak Co.
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transport mechanisms and by diffusion in printing processes that
have been investigated more recently.!3 The transfer loss in a step
contact printer in perfect adjustment is shown by curve 5, and the
transfer losses in the camera and projector mechanisms are similar.
The three transfers in the above system (see Fig. 12) reduce the over-
all MTF to curve 7 and decrease the equivalent pass band of the com-
plete motion-picture system to N,y = 18.8 I/mm. For the 15.7-mm
dimension of a standard motion picture frame this corresponds to
Ney = 295 TV lines on the projection screen for an original master
print. Release prints are made from duplicate negatives that degrade
the process to N.p) =~ 280 lines in the vertical format dimension.

To ensure a similar quality for comparative tests, measurements
were made with resolution test plates reproduced by the same process
used for making photographic copies of a series of excellent 2 X 2-
inch transparencies made with a good 35-mm camera. The sine-wave
MTTF of the photographic duplicating process simulating the motion
picture is shown in Fig. 7, and a print of the test plate (which was
measured with a microphotometer) is shown in Fig. 8. A block di-
agram of the photographic and television duplicating processes and
their N, values is shown in Fig. 9. The test plate copy for the TV pro-
cess and its MTF’s are reproduced in Fig. 10 and Fig. 11. All N,

Fig. 9—Block diagram of the television and photographic duplicating processes and their

Fig. 10—Test plate for television
process (see Fig. 11).

TV Horizontol MTF

Oy n,* 625 Lines

4ts B MHz

Sine Wove Response Factor (MTF)

1 1 1 1 L 1
o 100 200 300 400 500 600 700 800

TV Line Number (N}
Fig. 11—MTF’s of 625-ine 8-MHz television system (light spot scanner) at the display
screen (curves 1 and 2), MTF of the eye (curve 3) reflected onto the display
screen for p = 3, and overall product MTF's (curves 4 and 5).
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values are given in the block diagram, including those for the original
35-mm transparencies and the final photographic recording process
on 8 X 10-inch paper prints, which must be included in the overall
sharpness evaluation of the prints. The diagram shows that the N,
ratings of the TV and photographic duplicating processes have the
same values and agree with the values calculated above for a 35-mm
motion-picture process. Two sets of pictures reproduced by the two
systems are shown in Figs. 42 and 43. The test proved conclusively
that a 625-line TV system with a mean equivalent pass band N, =
(NeghyNew))p'/2 = 360 lines can provide a picture equal in sharpness
to a 35-mm motion-picture process for a minimum viewing distance
three times the vertical frame dimension, although the MTF reveals
that the resolving power of the motion picture is in the order of 1400
lines compared to 550 lines in the TV image. The reproduced pictures
do not represent the relative noise level of the processes because of
the larger format of the originals and the integration of “live” noise
by the time exposure in the 4 X 5-inch copy camera. The granularity
visible in the TV images is caused by the stationary grain structure of
the phosphor screen in the light-spot scanner, which is not integrated
out by a time exposure.

3. Granularity and Noise

The noise modulation of a gray-scale level is caused by random fluc-
tuations or deviations in the number of quanta integrated within the
sampling aperture of the process. It can be measured with a micro-
photometer. The dc current from the average light flux passing
through the sampling aperture is the signal from the gray-scale level,
and the fluctuations in the current, measured with an rms meter, are
the rms noise: their ratio is the signal-to-noise ratio (SNRy) of the
gray-scale level. The effective size and noise-equivalent pass band of
the aperture sampling the noise is determined by the MTF product
following the noise source, and depends on the location of the noise
source in the system. The pass bands for noise are thus, in general,
larger than for the signal and may differ from one another. The noise
must, therefore, be determined separately for each noise source, and
the total noise at a point of observation is obtained by an addition of
mean-squared noise values or, expressed by signal-to-noise ratios,

SNR,, = (SNR,~2 + SNR,2 + ... + SNR,")7'2 [10]

Signal-to-noise ratios measured in the video channel of a TV sys-
tem or at the films of a photographic process do not completely de-
fine the visual appearance and magnitudes of the noise, because they
are taken in mid-system and do not include the low-pass filtering in
the display device and the eye. Most television systems contain high-
pass filters or aperture-correction stages that have the opposite effect
on noise from that of a low-pass filter, and their effect on the noise
spectrum in the video channel is quite different from that at the reti-
na of the eye,24 that is, a high-pass filter accentuates noise, whereas a
low-pass filter reduces noise.

Another important parameter controlling the noise of a gray-scale
level is the (intensity) transfer function of the system which, in gen-
eral, has a different transfer ratio (¥) for noise and signals in differ-
ent stages and gray-scale levels. The “point-gamma” (}) at a gray-
scale level is the slope of the transfer function in log-log coordinates
and equal to the ratio of the small-signal to the large-signal transfer
factors. Thus, a signal-to-noise ratio SNR; 4 originating in stage one
and transferred to stage four must be divided by the product y2¥3¥4
of the stages following the noise source.213(®

3.1 Noise in Photographic Processes

Photographic film is measured with a round sampling aperture of
48-um diameter. Eastman Kodak specifies the noise by a granularity
number G=1000 o(p), where op) = 0.4343/SNR,, is the standard de-
viation in density at a net density D = 1. The value SNR, is mea-
sured with the aperture pass band N, = 1080/48 = 22.5 1/mm. The
signal-to-noise ratio at any density and for different sampling aper-
tures can be computed with

Nem 10°
SNR, = SNRmW = 9'77W [11]

where N, is the equivalent pass band of the sampling aperture ex-
pressed in TV-lines/mm. The gray-scale level is expressed by the
photographic density D = —log transmittance, and the exponent
(0.45) applies to films with mixed grain sizes such as TRI-X, Panato-
mic-X, Plus-X and Super-XX films. It has a value of 0.5 for single-
grain-size films (high-resolution types).14

The evaluation of signal-to-noise ratios for a 35-mm motion-pic-
ture process may serve as an example. The motion-picture process
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bands of interest,'* as illustrated by the block diagram in Fig. 12. Ad- .
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the source (72;) in the negative film is transferred by the positive film
and the projection lens to the external image plane and from there
into the visual system. For the transfer to the projection screen, the

calculated in TV-lines/mm for use in Eq. [11] and the SNR in the ex-
ternal projection image is given by
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where the gamma values are determined at coordinated operating
points, or gray-scale densities, Dy and D3 of the transfer functions
shown in Fig. 13. The gamma (¥3) of the projection lens is unity if a
complete absence of lens flare and ambient illumination is assumed.
It decreases near the black level for the more realistic assumption of
1.5% ambient illumination (Bg = 0.015 By,,y) as illustrated in Fig. 13.
N EA I S N TN The SNR1,3) calculated, for the granularity G = 10 of Plus-X nega-
: 2o, ! ° " 1og €, © tive film* and Ne(z,3) = 27.2 1/mm, with Eq [12] and Fig. 13 is shown
as a function of gray scale (D3) by curve 1 in Fig. 14. The noise (/i2)
Fine Groin Positive 2 from the positive film (G = 6.5) is sampled by the apertures of the
projection lens and one transfer (MTFr), yielding Ne() = 43.7 I/mm.
The SNRy,3) is calculated similarly and combined according to Eq.
[10] with SNR(, 3) to obtain the total SNR, in the projected image,
shown by the solid curve 2 for By = 0.015 By in Fig. 14.

The SNR, in the retinal image is most important for a comparison
b of different processes. After selection of the viewing ratio, the MTF
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Fig. 13—Transfer functions of motion picture process. * Film data from Eastman Kodak Co.



12

B /Bmox
60 0.01 002 005 01! 0.2 05 1.0
T T T T T T
i | SNR;3 (Bp=0)
C 2 SNRp, Bg=0.015Bmgx
%‘ - 3 SNR, , p=3,single frame
z 50— 4 SNR, , p=3,24fromes
2z L
SO}
O] -
g B L —
o 40— a %0‘5&/
£ rreshol—
o i eye . —
° L
) _//
2
& 30—
» :\\
20 1 1 1

1
2.0 1.0 o]
Oensity (D3}

Fig. 14—Signal-to-noise ratios of motion-picture process at the display screen (SNRg)
and at the retina of the eye (SNR,) for a viewing ratio p = 3.

of the eye can be expressed in TV-lines/mm at the film plane by

34
N(p)e = p_V(’ [13]

where f is the spatial frequency at the retina, V = 15.7 is the vertical
frame dimension of 35-mm film. Also

3Af
Nepe = p‘;( g [14]

Sensor,
Staroge ond Reodout

Noise Sources

Television Process

Signal-to-noise ratios and N, values expressed in TV-lines/mm for
the noise pass bands of the two film noise sources are evaluated sepa-
rately before combining them with Eq [10]. For the viewing ratio p =
3, the SNR; 4 from the negative noise is increased over SNR; 3 by a
factor of 1.69, whereas SNRo 4 is increased over SNRy 3 by a factor of
2.7 at the retina of the eye. The total SNR; at the retina (curve 3 in
Fig. 14) is 5.0 dB higher than the external value SNR,,. A further in-
crease by v/2.4 occurs in the eye, which integrates 2.4 frames of a run-
ning motion picture that shows 24 frames per second (each frame is
shown twice to reduce flicker). This SNR; is curve 4 in Fig. 14. The
broken curve marked “Eye Threshold” indicates the approximate
threshold signal-to-noise ratio where noise can just be seen.® Noise is
visible for all values below this threshold and agrees with the obser-
vation that the 35-mm motion picture is noisy in the highlights and
middle tones and noise free in the blacks. The SNR, does, of course,
increase for larger viewing distances (the curves move up). The com-
puted values do not include noise caused by film wear, which is very
noticeable after relatively few runs.

3.2 Noise in Television Processes

The evaluation of signal-to-noise ratios for a television system is sim-
ilar.2 However, the vertical and horizontal noise-equivalent pass
bands are no longer alike, as in a motion-picture process, and must be
determined separately. In addition, the system (see block diagram
Fig. 15) contains a raster process, aperture-correction circuits, and an
electrical cutoff filter limiting the pass band to a definite value N,z
in the horizontal direction. The system contains three basic noise

Aperture

Correction

|
Video System || Disploy
: Roster CRT Screen

2| Hor.  Filter
MTFp, MTF¢

Fig. 15—Block diagram of transfers and noise sources (7) in television process.



sources. The noise source (7)) represents photoelectron noise gener-
ated in the sensor. Excess noise is injected by the “readout” system
(Ag)t and by the preamplifier (723). Depending on the type of camera
tube and sensor, a multiplication of charges may take place before
storage which introduces a gain G;* (image intensifier stage) before
readout. In this case the noise source /i; becomes the dominating
noise generator when G* is sufficiently large.

Camera tubes of the vidicon type have no prestorage gain. For a di-
rect target readout, beam transfer and target noise (7g) are negligible,
and the predominant noise source is preamplifier noise (7i3), which is
injected between a low-pass MTF caused by capacitive input loading
of the amplifier and a correction MTF, that restores a constant MTF
for the signals! but changes the white-noise spectrum of the source
(R3) to a triangular “peaked” noise spectrum. A third type of camera
tube contains an electron multiplier, and the storage surface is read
out by the return beam (image orthicon, return-beam vidicon). The
multiplier introduces a high gain G2*, which makes beam and multi-
plier noise (fig) the dominating noise source, because it is larger than
ity when G* is small or unity. The noise spectrum from g is then
flat (white noise).

The MTPF’s for the signal transfer in an 8-MHz 625-line system
containing a modern lead-oxide vidicon camera tube are shown in
Figs. 16a and 16b. The MTF}, for the horizontal coordinate is the
product of all MTF’s in the system shown by curves 3 and 4 (Fig. 16a)
for the display screen (CRT) and the retina of the eye, respectively.
The MTF, for the vertical coordinate (Fig. 16b) is curve 1, requiring
vertical aperture correction with two delay-line sections®7 to increase
the MTF to curve 2 and curve 3 at the retina of the eye for p = 3.

The MTF’s following the dominant amplifier noise source 713 (Fig.
15) are shown in Figs. 17a and 17b and require explanation. The total
noise at the display screen is essentially amplifier noise, and the sig-
nal-to-noise ratio can be computed as a function of screen luminance
with

SNRO,max(IB/Imax)

ot 15
@B *i7q ol

SNR(B/Bpax) =

¥ hgis a combination of as many as four noise sources.
1 The method of correcting for a capacitive roll-off of the input MTF (high
peaking in a separate stage or feedback) is immaterial.
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Fig. 16—MTF’s for signal transfer in an 8-MHz 625-Line system with lead oxide vidicon.
(a) For the horizontal component: curve 1 is MTF of camera tube, 2 is MTF of
display tube, 3 is overall MTF at display screen, and 4 is overall MTF at retina
for viewing ratio p = 3. (b) For the vertical component: curve 1 is overali MTF
at display screen without aperture correction, 2 is MTF at screen with aperture
correction, and 3 is overall MTF at the retina of the eye for p = 3.

where & = Ne(myn/Nep and 8 = Ng(nyu/n, are the horizontal and verti-
cal bandwidth reduction factors for noise, and N, and n, are the ap-
erture pass bands for the electrical channel used for measuring or cal-
culating the signal-to-noise ratio SNR, max at the amplifier output (n,
is the active raster line number). The signal current is proportional to
the input exposure (E) for a lead oxide vidicon (Fig. 18), which re-
quires gamma correction (a low 4,) to achieve a normal gray-scale re-
production in combination with the high-gamma display tube. The
current /g corresponding to the screen luminance (B) is determined
by the system transfer functions. The transfer function of the display
tube is basically a 3rd-power characteristic changed by a‘1% ambient
light level and a 13% black-level setup to the function shown in Fig.
18.

Electrical noise sources are one-dimensional, and the second di-
mension (V) is generated artificially by the raster process as dis-
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Fig. 17—Noise spectra and MTF’s for dominant amplifier noise source (7 in Fig. 15) in
an 8-MHz 625-line system with lead oxide vidicon. (a) For horizontal compo-
nent: curve 0 is spectrum of noise source 7, 1is noise spectrum after input
compensation, 2 is MTF of filter, 3 is MTF of filter with aperture correction, 4 is
noise spectrum at display screen, and 5 is noise spectrum at retina of eye for
p = 3. (b) For vertical component: curve 1 is noise spectrum after sampling, 2
is after aperture correction, 3 is folded MTF of display tube, 4 is folded MTF of
eye (p = 3), 5 is noise spectrum at display screen, and 6 is noise spectrum at
retina (p = 3).

cussed subsequently. The essentially white-noise spectrum of the am-
plifier noise source 73 is changed to a peaked-noise spectrum (curve 1
in Fig. 17a) having the normalized value /3 at the cutoff line number
N = 537 lines of the 8-MHz channel. (The N, value of curve 1 is
unity in relative units.) For the horizontal direction this MTF, is
multiplied by the MTF; of the cutoff filter, the MTFy;, of the hori-
zontal aperture correction circuit, and the MTF; of the display tube
to obtain the MTF; , of the noise spectrum at the display screen
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Fig. 18—Transfer functions of television process.

(curve 4). This spectrum multiplied by the MTF of the eye for the se-
lected viewing ratio (p = 3) yields curve 5, and integration of the
squared overall MTF’s yields the equivalent pass bands N, and
Ne(nye,w for noise at the display screen and at the retina of the eye.

The artificially generated noise spectrum for the vertical coordi-
nate of any electrical noise source is a “flat” noise spectrum. The
wide-band noise of the source is sampled at line-frequency rate for
any vertical section in the display. Without filtering, the low sam-
pling rate (18.75 kHz for 625 lines) heterodynes the peaked wide-
band noise into the low-frequency range limited by the line frequen-
cy, yielding a highly repetitive spectrum (aliasing).2 Summing of like
frequencies by a quadratic addition results in a flat noise spectrum
within the “Nyquist” limit N, = 0 to n, indicated in Fig. 17b by the
straight line fg,. Because of the spectrum aliasing, the MTF’s fol-
lowing the noise source are “folded” into the range N, = 0 to n; to
calculate the rms noise spectra

MTF,,, = (MTF,? + MTF,)"IMTF,,
MTF,,, = [(MTF;,MTF,,? + (MTF,MTF,,?]"*MTF,,



at the display and at the retina of the eye and the bandwidth reduc-
tion factor 8.

The signal-to-noise ratios calculated with Eq. [15] are for the inte-
gration time (Y9 second) of a single TV-frame, and must be multi-
plied by v/3 to account for the integration of 3 frames by the eye. The
functions SNRy(B/Bmax) on the CRT screen and SNR(B/Bmay) at
the retina are shown by curves 1 and 2 in Fig. 19. The low-pass filter-
ing of the peaked noise spectrum by the eye causes a drastic reduc-
tion of the noise (10.8 dB).

The value SNRg max = 90 is used for the lead oxide vidicon and
8-MHz channel, and corresponds to SNRgmax = 180 (45 dB) in a
5-MHz channel. For a standard 525-line 4.25-MHz system, the curves
1 and 2 are displaced up by approximately 8 dB, and the retinal
image at a 3-to-1 viewing ratio is practically noise free.

An image orthicon camera tube has a lower gamma in the high-
light region (Fig. 18) and does not require gamma correction. The
noise is predominantly beam noise (722) because of the high multiplier
gain (G2* in Fig. 15). The 4%-inch image orthicon has a higher MTF
than the lead oxide vidicon and requires less aperture correction. The
horizontal noise spectrum is flat, and although SNR, max is somewhat
lower, the signal-to-noise ratios at the display screen and at the retina
are substantially higher (curves 3 and 4 in Fig. 19) and comparable to
35-mm motion-picture noise for “live” images.

One additional comment should be made with respect to the ap-
pearance of television noise from a system with “peaked” noise (fi3).
The image has sharper “grains” than the motion picture because of
the larger high-frequency content of the horizontal noise component,
curve 5 Fig. 17a, at the retina of the eye, which psychologically in-
creases the impression of a sharper picture when compared with the
more blurry noise from a system containing only low-pass filters. The
above evaluation is made for a relatively close viewing distance and
the SNR; obviously increases in all cases for larger viewing distances,
where the noise becomes invisible.

4. Format Size and Image Quality

The effects of a smaller format size of the motion-picture film can be
analyzed by simple reasoning. Assume that the format is reduced by
placing a rectangular mask in front of the negative film in the camera
to restrict the exposed area. For the same film types, neither the ex-
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Fig. 19—Signal-to-noise ratios for television process: for lead oxide vidicon, curve 1 is at
the display screen and curve 2 is at the retina of the eye (p = 3); for the image
orthicon, curve 3 is at the display and curve 4 is at the retina.

posure nor the processing in the system are affected by the frame size
reduction. The MTF’s in l/mm and the SNR, (Egs. [11] and [12]) re-
main unchanged! The projected image, however, will be smaller and
for the same viewing distance looks equally sharp and has the same
noise level at the retina because the viewing ratio (p) has increased. A
half-size 16-mm frame, for example, contains only one half the total
resolution Nepp) = 150 lines compared to Ny = 300 lines for the
35-mm frame. Fig. 5 shows that the sharpness ratings for p = 3 and
Ne(p) = 300, or for p = 6 and N,(,) = 150 are both —8 liminal units.
However, when the projected image from the 16-mm film is increased
to normal size by increasing the projector magnification for a viewing
ratio of 3, the sharpness rating of the 16-mm film decreases to —19.2
liminal units and the granularity is coarser because of the higher
magnification to the retina of the eye. The SNR, computed for this
condition is 3.5 dB lower than the curves 3 or 4 in Fig. 14 for 35-mm
film. Similarly for an 8-mm film (Y size format), Ne(p) decreases to 75
lines. Sharpness and noise in the small image appear the same for a
viewing ratio of 12, but the sharpness decreases to —36.4 liminal units
at p = 3 when the projected picture is increased to full size. The SNR,
at the retina is 5.1 dB below curves 3 or 4 in Fig. 14 and the diameter
of the grains has increased four times!
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The actual formats of 16- and 8-mm films are somewhat smaller
than used in the examples, and the signal-to-noise ratios at the retina
are approximately 0.4 dB lower. In addition, the focal lengths of the
lenses used for smaller formats are smaller and the N, value of the
projection lens in particular may be somewhat higher. The sharpness
rating is slightly higher but so is the noise. (A similar exchange occurs
for reversal films.)

The signal-to-noise ratio in the displayed image is independent of
format size for given film types and MTF’s in a photographic system.
This condition is duplicated in a TV system when the dominant noise
sources are i or g (Fig. 15), provided the bandwidth of the video
channel is proportional to the frame area. It applies exactly to the
case of simply masking the format of the sensor down to a smaller ex-
posed format without making any other change in the system, includ-
ing the display, which then shows a smaller picture in a dark frame of
the original size. Assume for example an image orthicon camera,
which is beam-noise limited (712). When the sensor is masked down to
one-half format size (% area) nothing happens until the scanned area
in the sensor is reduced to the smaller format to restore the full pic-
ture size in the display. The signal current then decreases to one
fourth, the beam current can be reduced to one fourth, and the SNR
decreases to one half. When the video pass band is reduced to one
fourth (which can be done because the MTF is now theoretically one
half), the original SNR,, in the display is restored. This does not work
out the same when the system is amplifier-noise limited because this
noise is proportional to the 1.5 power of the bandwidth. Thus, for a
frame area of one fourth, the signal current is again reduced to one
fourth, but the bandwidth reduction decreases the noise by a factor
(4)'5, the SNR,, has twice the value, and the bandwidth need be re-
duced only to 1/2.5 to maintain the original value. The opposite hap-
pens when the format size is increased.

It is pointed out that the examples do not account for effects
caused by beam-current changes on the MTF or the capacitance
change when a camera tube is scaled up or down. Nor do they account
for the bandwidth limitation of the MTF. The general result is that
the quality of the image from smaller TV camera tubes does not de-
crease as much as indicated by the simple theory compared to smaller
photographic frames, and that it does not increase in proportion to
the frame area in the same manner as photographic film, unless the
system components are changed.

The noise in TV images is generally lower than in photographic im-

Table 1—Pass bands (Nem), sharpness (S), and signal-to-noise ratios of
motion pictures (Plus X, F.G.Pos) reproduced by a 525-line 4.25-
MHz TV system at B/Bm.x = 0.15, p = 3 with low-gamma (0.6)
vidicon, Imax = 300 nA.

System N. Nun S SNR, SNR.* Remarks
TV alone 400 270 -9.2 38.0 115.0 (peaked noise)
TV & 35-mm M.P. 400 183 —-15.2 39.0 85 M.P. noise only
27.2 68.3 total noise
TV & 8-mm M.P. 350 67 —-39.4 20.3 33.8 M.P. noise only
17.9 32.4 total noise

* Includes frame integration by eye

ages of the same sensor format (in the camera) because the quantum
efficiency of film is less than 1%, whereas the quantum efficiency of
TV sensors ranges from 20% to close to 100%. Note that a standard
vidicon format is very close to a 16-mm film format.

5. Image Quality of Motion Pictures Reproduced by a Standard 525-
Line TV System

A standard 525-line TV system limited by a 4.25-MHz channel has a
limiting resolution of 340 lines in the horizontal direction and 490
lines in the vertical direction. The mean equivalent pass band of the
image on the CRT display screen calculated for a vidicon camera is
Ne(py = 270 lines. Clearly, the sharpness of a motion picture repro-
duced by the TV system will be lower than this value, and motion-
picture noise will be visible because of the lower signal-to-noise ratio
in 35-mm and smaller film formats.

The results of a numerical evaluation* are listed in Table 1 for a
gray-scale level (B/Bmax) of 0.15 near the center of the logarithmic
gray scale (see Figs. 14 and 18). The resolution (N.) of the 35-mm
film is limited by the TV system to a mean value of 400 lines, whereas
the MTF of 8-mm film is essentially inside the TV pass band and is
not limited by the reproduction. The sharpness values (S, liminal
units) are reduced substantially compared to the TV system alone.
(The sharpness of the 8-mm motion picture is only 3 liminal units
lower than the sharpness of a direct projection of this film, S =
—36.4). The signal-to-noise ratios at the CRT screen (SNRy) are

* Film data from Eastman Kodak Co.




dominated by film noise and more so at the retina of the eye (SNR,)
at the close viewing ratio of 3, where the peaked noise of the TV sys-
tem is greatly attenuated. The film noise will be relatively more visi-
ble when the viewing distance is increased to a more normal value (a
p of 4 to 6) where the TV noise becomes invisible. The values of SNR;
include noise integration over 3 frames for the TV system noise and
over 2.4 frames for the motion-picture film noise. The noise pass
bands at the retina (p = 3) for TV, 35-mm motion pictures, and 8-mm
motion pictures are Nen, = 250, 148 and 90 TV lines, respectively,
and indicate relative grain sizes of 1:1.7:2.8. The complete functions
SNR; (B/Bmay) are plotted in Fig. 20.

The signal-to-noise ratio SNRyay in Eq. [15] at the camera output
before signal processing in the video channel has the value SNR, max
= 230 for I max = 300 nA for the TV system without motion-picture
noise. The corresponding value at the retina of the eye for p = 3 is
SNR, = 580, five times higher than at B/Bp, = 0.15, whereas the
SNR; of the motion picture increases only by a factor of two. The
high-light noise in a 35-mm film reproduction is 3.6 times higher than
the TV system noise and the high-light noise from an 8-mm film is
8.7 times higher than the TV system noise.

6. High-Definition Systems

A larger sensor format increases the total definition. The focal
lengths of the lenses must be increased to cover the format and their
N, values decrease somewhat so that the increase in the overall pass
band N, () of the process is not proportional to the increase in format
size. This condition is particularly pronounced in TV systems be-
cause of the electron optics and different noise sources. A detailed
analysis!516 is beyond the scope of this paper.

A moderate increase in resolution can be obtained in a TV system
by simply increasing the bandwidth and raster line number. Larger
increases require, in addition, an increase of the sensor format, a se-
lection of sensors having a higher resolution density (cycles/mm), a
decrease of the scanning-beam diameter in the readout system, and
redesign of the electron optics to cover a larger format with low aber-
rations, uniform focus, and high MTF.!5 In all cases, a smaller sam-
pling aperture (a smaller picture element) demands a higher quan-
tum efficiency or an increase of exposure to restore a quantum count
for adequate signal-to-noise ratios. The pass band of the electrical
video system increases as the square of the total resolution for a given
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Fig. 20—Signal-to-noise ratios at the retina, for a viewing ratio p = 3, of motion pictures
reproduced by a 525-line 4.25 MHz TV system.

frame rate, and so does the required beam current. It therefore be-
comes necessary to decrease the frame rate and go to a slow-scan
readout, because even a 100-MHz bandwidth requires a readout time
of 0.7 second for a single frame of a 10,000-line system in a square
format (108 picture elements). Available video pass bands are gener-
ally lower and increase the frame time to several seconds. These high-
resolution images are recorded on a large-format film exposed direct-
ly by an electron beam or a laser beam. A direct-view image requires a
faster readout and is then bandwidth limited in resolution by the
available channel. The detail in the image can, however, be inspected
by reading out a small fraction of the total format area (electronic
zZoom).

A high-resolution return-beam vidicon camera (50 X 50-mm ASOS
sensor) and CRT monitor at the Harrison, N.J. laboratory of RCA
Electronic Components was available to demonstrate the effects on
the resolution of the TV images of varying the sensor format, line
number, bandwidth, and other system parameters. Readout time,
scan rates, and bandwidth of the system could be varied over a wide
range, as could the scanned format area. The photographs in Figs.
44-45 were taken with a 4 X 5-inch view camera of the pictures dis-
played on the 17-inch CRT monitor (10 X 10-inch format).

A test-pattern reproduction by an excellent 600-line system is
shown in Fig. 44. The resolution is given in TV lines by multiplying
the numbers on the wedges in the large circles by 20 and the numbers
on the small wedges and in the small circles by 50. The scanning lines
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are not visible because spot wobble was used to obtain a “flat field.”
The effect of the raster can be seen by the spurious patterns in the
horizontal wedges, where the raster carrier produces a diamond-
shaped pattern at the number 60, corresponding to 1200 lines and a
sampling frequency f. of 600 cycles. The zero beat at the sampling
frequency is seen in the linear vertical frequency strip pattern at the
number 6 (the pattern goes to 2000 lines at 10). The Nyquist limit
(600 lines) occurs at 3, where the response from the camera should be
cut off. The spurious response beyond this number is the aliasing of
the raster process, i.e., the sideband modulation of the carrier by the
difference frequencies f,-f,, when the response of the camera is finite
at the Nyquist limit.

The fine detail of the test pattern is resolved much better by a
1000-line system, Fig. 45. Note that the Nyquist limit has moved up
to 1000 lines (5 in the strip chart) and the zero beat with the raster
carrier occurs at 2000 lines (10 in the strip chart).

The direct photograph of the test pattern with the view camera on
Panatomic-X film (65 X 65 mm), Fig. 46, has a resolution limit of
4000 to 4500 lines (80 to 90 in the small wedges and small circles)
seen better in the enlargement Fig. 47. The sharpness is increased
substantially, but the small type in the newspaper is not readable, be-
cause this requires a resolution in the order of 8000 lines.

The full resolution of the 4%4-inch return-beam vidicon is 80 to 100
cycles/mm (8000 to 10000 lines for the 50 X 50-mm format). To show
this resolution, the object distance of the test pattern was doubled to
make the numbers in the small circle of the test pattern direct read-
ing in cycles/mm (Fig. 48) and the scanned area was reduced to pre-
vent bandwidth limitation by the 60-MHz video channel. The faint
diagonal dot and line structure is caused by the field mesh in the
camera tube, which should have a finer ruling.

The bandwidth-limited resolution of a 100-MHz video system is
shown in Fig. 49. The full format was scanned with 1870 lines, 20
frames/s, 3 to 1 interlaced. The CRT display was expanded and an
enlargement is necessary to reproduce the 100-MHz cutoff at 3600
lines (72 in the small circle). Fig. 50 shows that the small newspaper
print in the test pattern is definitely readable when the bandwidth
limitation is removed by underscanning in the camera.

The photographs Figs. 51 through 55 were made with a scanning
raster of 1870 lines, 20 frames/s, 3-to-1 interlaced and a 60-MHz
bandwidth. Raster lines are not visible because a “flat field” was ob-
tained by spot wobble in the display tube. The full format pictures

Fig. 51, 52, and 54) are bandwidth-limited 1870-line reproductions of
aerial photographs (9 X 9-inch contact prints on paper) picked up by
the camera. The detail in the actual image stored in the sensor is
shown in the remaining figures by 1870-line pictures of small areas in
the stored image (approximately %4 of the format area in the sensor).
This detail can be read out by a single slow scan of the full format
into a tape storage or into a high-resolution recorder to make a hard
copy.

Gray scale, definition, and granularity in an image are controlled
basically by the total number of quanta (photons, electrons, grains)
that can be stored in the sensor format of the camera. The number of
quanta in the sampling area or picture element determines gray scale
and noise level, and the number of picture elements in the sensor for-
mat determines the total definition in the image.

The loss of image quality resulting from a format reduction of the
sensor is illustrated by the following two series of pictures. The image
quality decreases at first slowly and then more rapidly because of the
limited resolving power of the eye. A larger viewing distance (or
smaller image) is required for a poor picture to reduce its apparent
graininess and improve the apparent resolution.

The first set of pictures (Fig. 57 to 63) were made with television
cameras, starting with a larger sensor format and a high quantum
density that were then decreased to smaller values and lower electri-
cal pass bands. The original master print copied with these cameras is
a very sharp contact paper print from an 8 X 10-inch negative film
taken with a large view camera by a professional photographer. This
print has an excellent gray scale, a limiting resolution of 5400 lines,
and an equivalent pass band (N.) of the order of 2200 lines. A photo-
graphic copy of the master print was made with a 4 X 5-inch camera,
which decreased the resolution to 3000 lines with N, ~ 1200. The
printed reproduction shown in Fig. 56, made with a 150-line/inch
printing raster, further reduces N, to roughly 800 lines.

Fig. 57 is the reproduction of a 1760-line TV image picked up with
a high-resolution return-beam vidicon and displayed on a 17-inch
CRT monitor. The originally bandwidth-limited MTF is degraded se-
verely by copying the CRT image; N, is degraded substantially to
perhaps 600 lines and further by the printing process. The fact that
the image definition is limited by the 60 MHz pass band and copying
process and not by the return-beam vidicon camera is demonstrated
by Fig. 58. The high quality of the original master print and excellent
definition of the image stored in the sensor of the camera tube are




visible in this figure, which shows a section of the image electronically
enlarged 3.2 times. This magnification was obtained by reducing the
scanned area in the camera to 10% of the full format area.

An experiment was made in 1951 to generate a 1000-line TV image
with a high equivalent pass band by assembling a picture from four
500-line TV images. The assembly was rephotographed and is repro-
duced in Fig. 59. The estimated N, value is 650 lines.

Figs. 60 through 63 show the same scene reproduced by systems
operating at 625 lines, 9 MHz, 30 frames per second; 525 lines, 7.5
MHz, 30 frames per second; 625 lines, 5 MHz, 25 frames per second
(European standards); and 525 lines, 4.25 MHz, 30 frames per second
(U.S. standards). One can follow the reduction in image sharpness as
the number of lines and the bandwidth are reduced.

It should be pointed out that the gray scale in these images, taken
in 1951, suffered in the copying process. The noise level seen on the
direct-view CRT images was quite low, but is not reproduced in the
illustrations, as it is integrated out by the various copying processes.

The second set of pictures (Figs. 64 to 72) illustrates loss of image
quality and increasing coarseness of the grain structure resulting
from a format reduction in a photographic process in which the noise
level is considerably higher for small formats than in TV images. The
8 X 10-inch original paper print used for the previous series was copi-
ed with an Exacta miniature camera (f:2 Schneider Xenon, 50 mm,
stopped to f:5.6) on 35-mm, 16-mm, and super-8-mm motion picture
formats. Three sets of 8 X 10-inch enlargements were made: (1) with
the same lens for the 35-mm motion-picture format, (2) with a
13-mm f:1.5 wide-angle Elgeet lens stopped to f:4 for the 16-mm film
format, and (3) with the Elgeet lens stopped to f:2.8 for the 8-mm
motion-picture format.

The excellent sharpness of the grain structure in the enlargements
testifies to the high quality of the enlarger. Figs. 64 through 69 were
taken on Plus-X negative film, and Figs. 70 through 72 were taken on
Tri-X film. This film has roughly the same MTF as Plus-X film but
1.6 times the granularity because of its higher speed (ASA400 com-
pared to ASA125 for Plus-X). The loss of definition and increase in
granularity by the progressive reduction from 35-mm to 8-mm mo-
tion-picture frame sizes is very evident, particularly for the Tri-X
film, which must be used with a large-aperture lens to approach the
sensitivity of a normal TV camera. The reader may compare the visu-
al image quality of the Plus-X series with the data given in the pre-
ceding numerical evaluation.

7. Resolving Power

The oldest measure of image quality is the resolving power. As a sub-
jective measure it requires no knowledge of the physical factors in-
volved in an imaging process. The international standard test object
is an assembly of periodic line patterns. The chart contains pairs of
3-bar line patterns of progressively decreasing size (see Fig. 21). The
resolving power is specified by the frequency or line number (N,) of
the smallest pair of patterns in which 3 bars are resolved in at least
one pattern of the pair, and all larger patterns are resolved.

The objective criterion for the detection of a “signal” in a noisy
background is a detail-signal-to-noise ratio which must have a certain
value (k) for a given probability of detection.!”!8 The signal from an
object area (such as a disc or rectangle) in a noisy background is basi-
cally the difference of the quantum count in the object area (a,) and
the mean quantum count in the background taken with the same
area, i.e., the object area is regarded as the sampling aperture for
measuring the signal and the noise in the background. This concept
implies that the noise must be integrated within the object area by
the imaging system. The system must be matched by a two-dimen-
sional filter to the spectrum of the object area under observation. A
normal imaging system has a small sampling aperture and clearly re-
solves the noise in larger areas. It follows that a larger object in a very
noisy background may not be visible at close viewing distances or
with higher magnification, whereas it may be easily detected when
the magnification is reduced to a value where the sampling aperture
of the eye (or of any other detector) matches the object area. This
fact is illustrated by the set of pictures in Fig. 21 and by the enlarge-
ments of selected pictures in Figs. 22, 23, and 24. The resolving power
in picture # 3, Fig. 21, for example, is best seen when observed with a
hand magnifier, whereas pattern 2.5 in the magnified image, Fig. 23,
is resolved more clearly from a larger viewing distance. The require-
ment for optimum filtering is particularly evident for the low-con-
trast picture # 14 in Fig 21, where the fairly large pattern number 1.1
(see Table 2) is just resolved at a normal viewing distance of 25 cm,
but cannot be detected in the 4.6 times larger image, Fig. 24a, unless
the viewing distance is increased to 5.6 feet. The reader can verify
that the exact distance is not critical.

The optimum matching condition occurs when the equivalent pass
band of the eye equals the equivalent pass band of the object, in this
case the reciprocal bar width (1/w) of the pattern. For a luminance in
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Fig. 21—Standard test patterns showing resolving power (lines/mm) in noisy images as a function of contrast {(see Table 2 for data).

Table 2— Resolving power (N,), contrast (C), and image detail contrast (Cv:) for photographs in Fig. 21.

Photo 1 2 3 4 5 6 7 8 9 10 11 12 13 14
N, 25 7 6.1 5.8 5.5 5.0 4.7 4.4 4.1 3.6 3.2 2.8 2.6 2.1
C 1 1 .91 .87 .83 .17 .71 .67 .62 .55 .5 .43 .4 .33
Cni .88 .88 .8 .75 .72 .66 .61 .56 .53 .47 .42 .36 .34 .29

Pattern
Number 2.6 2.5 2.4 2.4 2.3 2.3 2.2 2.1 1.6 1.5 1.4 1.3 1.1
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Fig. 24a—Enlargement of picture 14 of Fig. 21, contrast C = 0.33, N, = 2.1 lines/mm.
Pattern is visible at a viewing distance of 4 feet or more.

Fig. 22—Enlargement of picture 1 of Fig. 2t showing resolving power of system without
noise at high contrast (C = 1) where N, = 600 lines or 25 lines/mm.

Fig. 23—Enlargement of picture 3 of Fig. 21, where contrast is reduced to C =0.91 and
noise added (N, = 6.1 lines/mm, determined at pattern 2.5). Fig. 2db—Same as Fig. 24a, but with noise removed to show definition hidden by noise.
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the range of 4 to 40 ft-L and a normal viewing distance of 25 cm, the
best match occurs when the test pattern frequency is 1 to 1.5 cycles/
mm or N = 2 to 3 1/mm. The optimum magnification for a visual de-
tection has therefore the value Mooy =~ N,/3, where N, is the resolv-
ing power in lines/mm.

The set of pictures was made by projecting a high-contrast test
pattern image on a photographic grain plate which introduces the
noise. The contrast was varied by adding a uniform light bias to the
test pattern light via a semitransparent mirror in the projection path.
The noise plate was mounted on a scanning table, so that the noise
could be removed by integration, i.e., by applying a scanning motion
to the noise plate during exposure of the film in the recording cam-
era.!4 This feature was used to focus the projector and is illustrated
by the picture pairs (#1, #2) and (#14, #15). The noise seen in
picture #2 was removéd by scanning to produce the noise-free pic-
ture #1 enlarged in Fig. 22. Similarly the noise in the low-contrast
picture # 14 was remove by scanning to obtain picture #15 and to
show the actual image hidden by noise. The enlargement, Fig. 24b,
shows fine scratches caused by incomplete integration of the noise by
the scanning motion.

The original purpose for generating pictures with accurately known
noise levels and contrasts by an optical synthesis was the determina-
tion of the threshold value (k) for the resolving-power test object.!
With this value it is possible to calculate the resolving power from the
constants of the imaging system and the object contrast. The detail-
signal-to-noise ratio (SNRa n) is calculated for the image area (a;) of
a single bar of the periodic image with

SNRAW = SNR(I)&ailm(ABO/FO)rZI\?(lO/li) [16]

where ¥ is the sensor gamma (unity in this case), and the ratio (ABo/
By) is the peak-to-peak signal modulation of the bar pattern. The
mean gray-scale signal By, which determines the noise measured or
calculated for this level, is expressed by the signal-to-noise ratio
SNR(y) for the unit area of one mm2. The product rAn(lo/l;) specifies
the amplitude reduction of the object signal by the square-wave flux
response factor (rAy) in the periodic direction and by the reciprocal
spread factor of the imaging system (lo/l;) in the direction of the bar
length. Substitution of equivalent pass bands yields

SNRyy = SNR,,,y(5/ Nb“2XAB,/BorAy [17]

where b = [25 + (N2/N¢)2)]Y2 and N is the equivalent pass band
of the complete imaging system. For visual observations, the square-
wave flux response factor can be calculated from the system MTF
with rAy = 0.81MTFy.

The threshold value for SNR A n determined by observation of re-
solving powers in the above and other test series is & = 3.6. With this
value substituted for SNRa n, Eq. [17] can be solved for N as a func-
tion of the known detail contrast (ABo/Bp) of the test object, given
the MTF and the large area signal-to-noise ratio SNR;) for one mm?
of the imaging system.

Table 2 lists the calculated resolving power (N,) for the pictures
shown in Fig. 21 in TV-lines/mm (total picture height is 24 mm) and
the corresponding pattern number as well as the large-area contrast C
= ABy/Bpmax and the actual detail contrast Cn; ~ (ABo/Bo)rAn in
the image. The reader can verify by observation (with suitable magni-
fication) that observed and calculated values are in agreement, allow-
ing for normal statistical variations. Exceptions are pictures #2 and,
to some extent, # 3, where the noise simulation by optically additive
grain noise is inaccurate.

Expressed in TV units, the noise-free image # 1 has a limiting re-
sultion of 600 lines in the frame dimension of 24 mm (N, = 25 I/mm).
The signal-to-noise ratio SNR(;) for a sampling area of one mm? is
12.52 in all pictures containing noise, at any gray-scale level, because
of the method of optical noise addition.

The threshold value for a TV reproduction of the test object with
30 frames/s is k = 2 because of the frame integration by the eye in a
live image.

The resolving power in the photographs in Figs. 64, 66, and 68 was
calculated with Eq. [17] for the standard 3-bar resolving power test
object and the threshold value SNRyn = & = 3.6. The MTF of the
system is the product for 2 lenses (curve 1 squared in Fig. 6), the neg-
ative film (curve 3), and the transfer MTF (curve 5). The MTF of the
printing paper can be neglected because of the large magnification.

The resolving power (N,) in TV-lines/mm is plotted in Fig. 25 as a
function of detail contrast for several gray-scale densities (D7) of the
negative film. Corresponding exposure levels (E/E ) are listed in
the figure. Additional scales indicate the resolving power in TV-lines
per format dimension for 35-mm, 16-mm, and 8-mm film formats.
The resolving power in Figs. 64 and 66 can be observed on the period-
ic windows of a number of buildings. The observed range is indicated
in Fig. 25 and refers to different gray-scale levels in the original and




different contrasts. Absolute blacks rarely occur in a real scene or in a
print having a good gray scale.

The detail signal-to-noise ratio at the display screen of a normal
TV system using a lead oxide vidicon camera (controlled by amplifier
noise) is given closely by

SNRaw) = I(AEy/EQOSIMTFy /(iney V) [18]

where I is the gray-scale current at the target, MTFy is the response
factor of the system at the line number N, and the denominator is the
rms noise current of the preamplifier calculated for the area ao =
5/N2 of one bar in the resolving-power test object. The noise current
of the amplifier is closely

Inay = 0.56[(X /Y)0.2N%/(2bt )F/2C,,/ g% nA [19]

For X/Y = 4/3, t; = 1/30, b = 0.784 (blanking factor), Ci, = 20 pF
and g, = 0.0065, Eq. [19] reduces to i,y = 1.6-10~° N3 nA. The
bandwidth factor «!/2 is calculated as discussed in connection with
Eq. [15] for each assumed value N.

The resolving power for a live TV image is obtained by letting
SNR., ) equal the threshold value k£ = 2 and solving for the expo-
sure contrast AEy/E,:

AEy/E, = 39510-°/aN 2/ T-MTF,

where N, is the resolving power in TV lines, I is the gray-scale cur-
rent in nA, and MTFy is the product of the response factors of the
camera lens, the vidicon, and the display tube, assuming no aperture
correction.

Resolving-power functions computed for this vidicon camera sys-
tem are plotted in Fig. 26. The video pass band must, of course, be
wide enough to pass the line numbers N and 0.2N of the test object
under observation in respective coordinates.

Amplifier noise is independent of the gray-scale level for any given
line number. As a result, the maximum resolving power occurs in the
high-light region, whereas it occurs for photographic film (Fig. 25) in
the shadow region where the highest product of SNR and film gamma
is obtained.

The resolving power of a motion picture is somewhat different
from that of a still photograph. The noise is decreased by frame inte-
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Fig. 25—Resolving power computed for the projection prints Figs. 64, 66, and 68 from
15.7 X 21 mm, 7 X 9 mm, and 3.7 X 5 mm, Plus X negatives taken with a
35-mm camera.

gration in the eye and may be increased by a positive process, where-
as the MTF of the system is reduced by additional transfer stages.

It should also be pointed out that the resolving-power functions of
TV systems using return-beam vidicons or camera tubes with intensi-
fier stages have a different shape and may have higher resolving pow-
ers at low gray-scale levels, because they are not amplifier-noise lim-
ited.!920 The resolving power of standard TV systems is, of course,

1000

800

600

400

200

Resolving Power (N )-TV Lines

Lo L1 1 aaaal
0.0t 0.02 0.05 [oX] 02 0.5 1.0 20
Signal Modulation AE,/E,

Fig. 26—Resolving power computed for a television system with a lead oxide vidicon
camera operating at 30 frames/s with a peak signal current of 300 nA.
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bandwidth limited by the electrical video channel. The resolving
power, provided it is observed or computed as a function of gray scale
and contrast,!? is an excellent measure of the information content of
an image.
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Photographs

The photographs of television pictures reproduced on the following pages were
made under laboratory conditions in which equipment limitations were minimized
insofar as possible. The pictures permit an evaluation of the three principal fac-
tors that determine picture quality—(1)gray scale, (2)noise, and (3)definition, or
sharpness.

The standards under which a television system operates impose a basic limi-
tation on the maximum sharpness that a picture can have. The standards for
broadcast are established by governments. They are designed to give a flicker-
free picture with reasonable sharpness, with the transmitted signal contained
within a specified radio-frequency-channel width. The most widely used sets of
standards at the present time are (1) 525-line picture, 4.25-megahertz video
channel width, at 30 pictures per second, and (2) 625-line picture, 5-megahertz
video channel width, at 25 pictures per second. The first is used in the United
States, Canada, Mexico, and Japan, while the second is used in a number of
Western European countries.

The sharpness limitation imposed by the standards is comparable to a slight
defocusing of an optical system. However, in broadcast television as seen in the
home, any loss of sharpness attributable to the standards under which the sys-
tem operates is frequently masked by a much greater loss of sharpness due to
less than ideal receiving conditions. In the photographs shown here, picture deg-
radation due to equipment operation has been essentially eliminated, so that the
effect of the standards alone can be observed. Some of the pictures were made
using the U.S. 525-line standards. Others were made using non-standard specifi-
cations, and include 625-line, 1000-line, and 1800-line pictures.

Three sources of video signal were used—a flying-spot scanner for transpar-
encies and either a 4% inch image orthicon or a return-beam vidicon for direct
pickup. The television pictures were displayed on a monitor with a high-quality
picture tube and photographed with a 4 X 5 inch camera. For comparison pur-
poses when the source was a transparency, the picture was projected onto a
white screen and photographed with the same camera.

The reproductions were made by offset printing, using a 150-line screen. No
special precautions were taken to avoid moiré effects.
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Fig.

27

2X 2-inch slide reproduced by photographing optical projection image.
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Figures 27-30
Gray Scale

Fig. 28 2X2-inch slide reproduced by standard 525-line, 4.25-MHz TV system using flying-spot scan-
ner and gamma correction; photograph of 16-inch cathode-ray-tube image.
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Fig. 29

2X2-inch slide reproduced by photographing optical projection image.




29

Figures 27-30
Gray Scale

Fig. 30 2X2-inch slide reproduced by standard 525-line, 4.25 MHz TV system using flying-spot scan-
ner and gamma correction; photograph of 16-inch cathode-ray-tube image.
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Fig. 31

Live pick-up with 4%-inch image orthicon, 525-lines, 8-MHz, 30 frames/sec; photograph of
16-inch cathode-ray-tube image.
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Fig. 32 Live pick-up with 4%-inch image orthicon, 625-lines, 8-MHz, 30 frames/sec; photograph of
16-inch cathode-ray-tube image.
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Fig. 33 Enlarged section of photograph made with a common lens; MTF, equivalent pass band (N,),
and edge transition are given in Fig. 4.
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Fig. 34 Subject of Fig. 33 reproduced by an equivalent cos® aperture yielding the same N, value as
in Fig. 33. The N, values of the two lenses are the same. It is seen that the sharpness is de-
termined by N, rather than the Timiting resolution, which is substantially higher for the com-
mon lens (see Fig. 4). While Fig. 34 may appear to be slightly sharper, Fig. 33 actually con-
tains “‘texture” not present in Fig. 34. The strands in some of the ropes can be seen in Fig.
33 but not in Fig. 34.
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Fig. 35 (a) Photographic reproduction of test pattern with camera defocused to give N, = 110 lines.
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Figures 35-41
Sharpness

Ratings

(b) Photographic reproduction of a photograph with camera defocused to give N, = 110
lines.
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Figures 35-41
Sharpness

Ratings

(b) Photographic reproduction of a photograph with camera defocused to give N, = 150
lines.
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{a) Photographic reproduction of test pattern with camera defocused to give N, = 200 lines.




(b) Photographic reproduction of a photograph with camera defocused to give N, = 200
lines.
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Figures 35-41
Sharpness

Ratings
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(b) Photographic reproduction ot a photograph with camera defocused to give N, = 270

fines.
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Figures 35-41
Sharpness

Ratings
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Fig. 39 (a) Photographic reproduction of test pattern with camera defocused to give Np = 350 lines.
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Figures 35-41
Sharpness

Ratings

(b) Photographic reproduction of a photograph with camera defocused to give N, 350 lines.
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1400 lines.

(a) Photographic reproduction of test pattern with camera focused to give N,

Fig. 40
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Figures 35-41
Sharpness
Ratings

{b) Photographic reproduction of a photograph with camera focused to give N, = 1400 lines.
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Fig. 41 Television reproduction of a photograph; 625 lines, 8 MHz bandwidth, 30 frames/sec, N, =
350 lines. Compare with Fig. 39b.



Fig. 42 “Tv image (625 lines, 8 Mhz, 30 frames/sec) (lefty and simulated 35-mm motion picture image {right) having equal equivalent
pass band (N, = 286); see Fig. 9.

World Radio Histol
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Fig. 43
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(a) TV image of text material (625 lines, 8 MHz, 30 frames/sec) made under conditions indi-
cated in Fig. 9 (N, = 286).
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Fig. 44

Reproduction of a high-resolution test pat-
tern by a 600-line TV system with spot
wobble.
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Figures 44-63

Resolution

Fig. 45

Reproduction of a high-resolution test pat-
tern by a 1000-line TV system with spot
wobble.
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Fig. 46

Direct photograph on 65X65-mm Linag-
raph Shellburst film, 4500 lines limiting res-

olution.
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Fig. 48

Readout of a small section of the 50X50-
mm image in a return-beam vidicon show-
iNg a resolution of 100 cycles per mm. A
pattern generated by the beat of the raster
with the field mesh of the vidicon ig visible.
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Fig. 49 Enlargement of CRT display of 50X50-mm image from a 4%-inch return-beam vidicon, read

out with 100-MHz video channel (1870 lines, 20 frames/sec, 3:1 interlace) showing band-
width-limited resolution of 3600 lines.
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yorts Awards Made
To WEHS Athletes

MrLs awards were
42 el presen-
ey 0 the West
g School sl -
néay. Boys who
1o In the three
# - Crosacoum Ty,
i~ soccer - were

| members of the
Wity team  who
leners were: Bd
odger Coupe, Don
, Dewg Hedman,
nan, 4l senlors.
ampbetl, Danny
, PettyNeare, and
reds, 3ll paniors,
Letth, & sopho-

m Mcllellan also
. —

UYIR SRvICE
e s Dviver foe
O N L

e 1$5.00
R 196.00
. $8.00

received & lettar for N
service B& VAIsily man-
ager.

Junilor varsity, conaims -
ing of Pl Eptfanio, Larry
Mulyo and Dan Ingerio, was
managed by Doug Kerr, and
hese Doys also received
swerde. Freahenen on (he
team were Willlam Fricke,
Doug  Goudhall,  Willlam
Hawhsley, Michael Hogan,
Robert Peillo and Peter
M gt cea

be Knighte produced a
great nw r of fouball
players this year, (n the
varsity were: Seniors Vince

Albergato, Rodger Beach’

bd Beesley, Mike Comclio,
Pawl Crotta, James King,
Dean Kirschaer, John M-
Cleeve, Gordon Maorris,
William Pharmer, and Mich
T hompeon, mansger,
Jumiore k4 HBaker, Mandy
Bechwith, Levrge Beur,
Jach DeVirten, Lonrad ben-
1ch, Gene Gargutlo, Rudger
Johnsun, Carl Maffel, Mike
Kalafer, George Mears,
Joseph 'Brien, Chatlea
Roveds, Francis Rice,
Chrin Unger, and  Kent
Senith, manager, andboph -
mores Mike Furey, William
Katner, Kichard McCleeve,

Robert Thompeon, Richard
Wets and  Bodb Comnor,
manager

The jumior warsity foot-
ball team was made up of
Juniots Paul Dork, Mike
Miver, Robert Senith,
George Wakely, and Allan
Walker, and Lophomores
Kobert Comiey, Bing Heck -
man, Sceve Ralafer, Alan
Koch, Thomas Kuhoc, Ram -
sey  Mahadeen,.  Thamas
Miller, Jack W'Hea, Andy
Miver, Seve ‘Polverino,
Kobert Schafer and Peter
Vogel, with Howsrd Heath
s manager,

Wemst sacs had & stromg
freshman fiaball team this
year. Winners of awards
for thin sport were: Peter
Dernhardr, Carmine Car-
na.a, Michael Carmody,
Jobnn Carpertier, Amthony
Lottone, Michael Curry,
William Latun, Robert Fer-
lami, Peter Gennaro, Cary
Gless, Gary Mannon, Wil.
llam Kerr, Jeoff Kuebler,
Geurge  Lincadn, William
Martin, NKon McAllister,
William Miniwu, Joseph
Mullen, Greg Park, Steve
Scaranc, Greg Varley,
Chartlen’ Voelher, HByron
Walker, Kenneth Walter,
and managers Melvin Bel -
lot, Kobert Dught, and Al-
bert German,

WEHS sxcer team, cO-
champions of the state In
Growp 11, came up with the
best record of fall sporie
Members of the 1964 soccer
team who recelved varaity
awards were: Sentors Bob
Conkll Paul  Galusha,
Harold Habermaas, Glen In-
tle, Jon Knoop, Alvin Kon-
ner, Biwce Mc Kaba,
Kichard Meter, Toum Nel-
son, Jobn  Pullih, Grex
Schneider, Jeff Smith, Gene
Yarnchak x Mot Svehla,

1)

Juniare Bruckhash,
Richard Gaodman, Eimar
Habermas, Fred Mac-

Namara, Charles Parting-
ton, and managers Charles
Bachellor and John Jenl,

Junior varsity conststed
of. Jemiors Fred Giltgow,
Jow Jesemian, Roger Jones,
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ewice, Ureg | uhemier,
Tom Shelhamer, Bob
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Ao son I ruston, ey
Vesce, Cralg Warner and
Kury Wirtig,

A special  award was
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., whose team had a
m.calnnq the war-
sity’s picture prepared for
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—age

North Calduwell

Mr, and Mrs. Walter
Kops of Mowusain avenus
had as their guest on Sun-
day, Dr, Willlam A,
fNrown, who recently ar-
rived In this couwunry from
Africa. Dr., Brown fa
professor at fhe University
of Monrovia inNorth Africa
and super vises sducation in
the buah country, His werk
is under the direction of the
Methodist Mission Board,
Before retwning to Africs,
Or, Hrown will make a tour
through South America,

Mr. and Mrs. Richard
Nelson of Hillcrest place
were holiday hoats Wednes -
day evening at & carolling
party, Joining them for the
Joyoua occasion were Mr,
and Mru, Denjamin  Scan-
ley, Mr, and Mra, Robert
Griffith, Mr, and Mre,
Oakley Roark, Mr, and
Mrw, James Richarda, Mr,
and Mra, Richard Wagner,
Mr, and Mrs, Francis Dean,
Mr.andMrs. Ned Kehoo of
North Caldwell, Mr, and
Mrs, John Jacobmen of
Cedar CGrove and Dr, and
Mrn, Joseph Fleming of
Montclalr, They all re-
turned to the Nelson home
late in 8 evening for re-
freshments,

Mr, and Mra, ' Hyman
Goldman of Mountainave-
nue were In the growp who
returned for & party after
the recent presentation of
Dickens’ Chrintmasn
Carol”’, Theparty was held
for the cast and crew mem-
bere  at the Firemen's
Pullding,

Miss  Juwdith Goodman,
daughter of Mr, and Mre,
Morris Goodman of Mown-
ain avenue, returned home
on Friday from Douglass
College for the holidays,

Mr, and Mrs. Pau
Bender of Vine place expect
their son home for the holl-
days, from the Lniversity of
Miami,

T™he Carden Club of Noreh
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Fig. 50

Enlargement of small portion of the high-
resolution test pattern. The enlargement
was obtained by scanning a small area of
the 50X50 mm target of the 4%-inch re-
turn-beam vidicon so as to remove the
bandwidth limitation. The width of one
newspaper column is approximately one
millimeter on the target.

Fig. 51

R

TV reproduction of 9X9-inch print of aerial
photograph; 4%-inch return-beam vidicon,
1870 lines, 20 frames/sec, 3-to-1 inter-
lace, 60-MHz bandwidth; photographed
from 17-inch cathode-ray tube. Resolution
is bandwidth limited. Scanning lines are not
visible because of spot-wobble applied to
the beam of the CRT.
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Resolution







Fig. 52

PR

TV reproduction of aerial photograph; 4%-
inch return-beam vidicon, 1870 lines, 20
frames/sec, 3:1 interlace, 60-MHz band-
width; photographed from 17-inch cathode-
ray tube. Resolution is bandwidth limited.
Scanning lines are not visible because of
spot-wobble applied to the beam of the
CRT.

Fig. 53

An enlargement of part of Fig. 52 obtained
by scanning a small portion (approximately
50) of the format area in the pickup-tube
sensor. This gives an indication of the
amount of detail actually stored in the sen-
sor.
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Fig. 54

TV reproduction of aerial photograph; 4%-
inch return-beam vidicon, 1870 lines, 20
frames/sec, 3:1 interlace, 60-MHz-band-
width; photographed from 17-inch cathode-
ray tube. Resolution is bandwidth limited.
Scanning lines are not visible because of

spot-wobble applied to the beam of the
CRT.
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Figures 44-63

Resolution

Fig. 55 Electronic enlargement of part of Fig. 54
obtained by scanning a small portion (ap-
proximately %) of the format area in the
pickup tube sensor. This gives an indica-
tion of the amount of detail actually stored
in the sensor.
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Fig. 56

Photographic copy of 8X10-inch master print (resolution 5400 lines, N, = 2200). The copy,
which was made with a 4X5-inch camera, has a resolution of 3000 lines, N, = 1200. The
printing process used in this book (150-line-per-inch screen) reduces the N, of this print to
roughly 800 lines.
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Figures 44-63
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Fig. 57 TV reproduction of master print, 1760 lines, 60 MHz, ‘photographed with 4.5-inch return-
beam vidicon on 17-inch CRT. The photographic copy used to make the reproduction shown
here has a resolution of 1500 lines, N, = 600.
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Fig. 58 Electronic enlargement of Fig. 57 obtained
by scanning a portion of the target of the
return-beam vidicon.




Fig. 59
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Composite 1000-line TV picture (N, = 650) assembled from four 500-line 7 MHz, 30 frames/
sec. TV pictures.
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Figures 44-63

Resolution




(R
i gl
il P

o

Fig. 60 TV reproduction of master print, 625 lines, 9 MHz, 30 frames/sec, 4.5-inch image orthicon.
Photographed from 17-inch CRT. )




Figures 44-63
Resolution

TV reproduction of master print, 525 lines, 7 MHz, 30 frames/sec, 4.5-inch image orthicon.
Photographed from 17-inch CRT.
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Fig. 62
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TV reproduction of master print, 625 lines, 5 MHz, 25 frames/sec, 4.5-inch image orthicon.
This is the broadcast standard in Western Europe. Photographed from 17-inch CRT.
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TV reproduction of master print, 525 lines, 4.25 MHz, 30 frames/sec, 4.5-inch image orthi-

con. This is the U.S. broadcast standard. Photographed from 17-inch CRT.

Fig. 63
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Reproduction of 8X10-inch master print by 35-mm motion-picture frame; medium-speed

Plus-X film (ASA 120). Magnification from film to reproduction shown here: 10.5.

Fig. 64




Fig. 65
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Figures 64-72

Film

Reproduction 6f 8X10-inch master print by 35-mm rhotion-picture frame; medium-speed
Plus-X film (ASA 120). Magnification from film to reproduction shown here: 10.5.
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Fig. 66 Reproduction of 8X10-inch master print by 16-mm motion-picture frame; medium-speed
Plus-X film (ASA 120). Magnification from film to reproduction shown here: 24.
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Figures 64-72

Film

Fig. 67 Reproduction of 8X10-inch master print by 16-mm motion-picture frame; medium-speed
Plus-X film (ASA 120). Magnification from film to reproduction shown here: 24.
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Fig. 68
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Reproduction of 8X10-inch master print by super-8-mm motion-picture frame; medium-
speed Plus-X film (ASA 120). Magnification from film to reproduction shown here: 43.
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Figures 64-72

Film

Fig. 69 Reproduction of 8X10-inch master print by super-8-mm motion-picture frame; medium-
speed Plus-X film (ASA 120). Magnification from film to reproduction shown here: 43.
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Reproduction of 8X10-inch master print by 35-mm motion-picture frame; high-speed Tri-X

film (ASA 400). Magnification from film to reproduction shown here: 10.5.

Fig. 70
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Figures 64-72
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Reproduction of 8X10-inch master print by 16-mm motion-picture frame; high-speed Tri-X

film (ASA 400). Magpnification from film to reproduction shown here: 24.

Fig. 71




78

Fig. 72
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Reproduction of 8X 10-inch master print by super-8-mm motion-picture frame; high-speed
Tri-X film (ASA 400). Magnification from film to reproduction shown here: 43.




