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FOREWORD 

The Law Enforcement Standards LabDratory (LESL) of the National Bureau of Stand­
ards (NBS) furnishes technical support to the National Institute of Law Enforcement and 
Criminal Justice (NILECJ) program to strengthen law enforcement and criminal justice in 
the United States. LESt's function is to conduct research that will assist law enforcement 
and criminal justice agencies in the selection and procurement of quality equipment. 

LESL is: (1) Subjecting existing equipment to laboratory testing and evaluation and (2) 
conducting research leading to the development of several series of documents, including na­
tional voluntary equipment standards, user guidelines, state-of-the-art sUr/eys and other 
reports. 

This document is a law enforcement equipment report developed by LESL under the 
sponsorship of NILECJ. Additional reports as well as other documents are being issued under 
the LESL program in the areas of protective equipment, communications equipment, security 
systems, weapons, emergency equipment, investigative aids, vehicles and clothing. 

Technical comments and suggestions concerning the subject ~atter of this report are 
invited from aU interested parties. Comments should be addressed to t~e Law Enforcement 
Standards Laboratory, National Bureau of Standards, Washington, D.C. 20234 .. 

iv 

Jacob J.' Diamond 
Chief, Law Enforcement 

Standards Laboratory 
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Executive Summary 

The camera operating characteristics most frequently quoted by manufacturing of mono­
chrome television cameras are: (1) limiting resolution, (2) signal-to-noise ratio, and (3) 
sensitivity. These characteristics are related to each other, and to the scene parameters: (1) 
spatial frequency, (2) contrast and (3) brightness. The camera characteristics a~e evaluated 
under optimum limiting conditions of the scene parameters, and hence define in a general 
way the quality of the image produced, but they do not give much information about the 
range of scene parameters over which the camera will produce useful picfiures. The contrast 
transfer function and the responsivity curve of the camera give additional 'information about 
image quality. A sixth camera operating characteristic, relative spectral response, which is 
independent of the other camera characteristics and the scene parameters, also may affect image 
quality. 
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IMAGE QUALITY OF MONOCHROME TELEVISION CAMERAS 

Joseph C. Richmond 

The camera operating characteristics most frequently quoted by manufacturers of monochrome tele­
vision cameras are the: (1) limiting resolution, (2) signal-to-noise ratio, and (3) sensitivity_ These IJhar. 
acteristics are coupled to each other und to the scene parameters: (1) spatial frequency, (2) contrast and 
(3) brightness. The camera characteristics are evaluated under limiting conditions of the scene parameters, 

-and hence define in a gcnf'ral way the l'ange of scene parameters over which the cumera will prodUce 
useful pictures, but they do not give mudl information about the quulity of the image produced. The contrast 
transfer function and the responsivity curve of the camera give more information about image qUlllity. A 
fourth camera operating characteristic. rrlativC' spectral response, which is independent of the other camera 
characteristics and scene parameters, may also affect image quaJity. 

Key words: Contrast; contrast transfer function; image quality j limiting resolution; relative spectral re­
sponse; signal-to·noise ratio; square wave patterns; television cameras. 

INTRODUCTION 

The purpose of this report is to show how the performance characteristics of a television 
()amera or system relate to the subjective perception of image quality. It will be shown that 
the camera characteristics usually quoted by manufacturers of television cameras do not fully 
describe image quality. These characteristics are: tl) limiting resolution, (2) signal.to.n<>ise 
ratio and (3) sensitivity. Two additional characteristics, the contrast transfer function and 
the r'tsponsivity curve give much additional information about the image quality. 

SUBJt:CTiVE VISUAL EVALUATION OF IMAGE QUALITY 

Image quality is not easily defi~ed.l If two photographs, of different image quality, are 
made of the same scene, almost anyone will be able to tell which has the helter image quality, 
but he will probably not be able to dearly explain why one is better than the other. The 
adjectives used to explain the difference will probably be "sharper," "better contrast," or 
"better resolution." 

Sharpness generallr refers to the way in which edges in the scene, where a dark object' 
its outlined against a light background or vice v~rsa, are depicted in the iIP'lge. In a sharp 
image the transition between dark and light occurs in a very short distance. In a less sharp 
-image the transition requires a greater distance. Contrast refers both to the difference between 
the luminances of the liglltest white and darkest black in the image dnd to the number of 
shades of gray that can he distinguished between them. The image with the best contrast 
is the one in which the shades of gray in the imf\ge best represent the brightnesses in the 
scene. Resolution refers to the size of the smallest detail in the scene that can be distinguished 
iu the image. 

MONOCHROME IMAGE~ 
I'), 

In a monocrome imaging system such as black aud white television the scene is repro-
duced. as an image that varies in brightness only. AU of the spectral, or color, information 
in the scene is lost. In addition, the image may differ in several ways from the scene as 
seen by the human eye. The system has a re,~olution limit, that is, some of the fine detail 
in the scene is not reproduced in the image. The resolution limit in the monochrome tele­
vision system may be related to the size of the scanning electron beam in the camera tube 
or picture tube, to the bandwidth of the amplifier, or to the resolution of the objective 
lens of the camera. The range of brightnesses that can be produced in the image on the monitor 

1 For " delailed dlscu .. i<l" of h".~r 'IUl!l;ty <rileria OPl' LESP-RPT·0301.00 SurvCy of Image Qu.lity Criteria tor Pa •• !ve Night 
Vloion Device •• CPO Stock No. 2700·0026~. price 65 cent •• U.S. Government Printing Office. Washington, D.C. 20402. 
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is limited. The brightest highlight in the image may be significantly darker than the brightest 
highlight in the scene and the darkest shadow in the image may be significantly lighter than 
the darkest shadow. Also the overall brightness in the image may be different than that in 
the scene. The image also contains noise, which may be visible as "snow," a grainy pattern 
of light and dark dots superimposed on the ~tnage. FinallYj if the relative spectral response of 
the camera differs from that of the normal human eye, the relative brightnesses of areas of 
different colors in the scene will be different in the image. 

The signal produced by the television camera can be modified by the monitor electnmics 
in at least two woys. The "brightness" control can be used to vary the overall brightness in 
the image and the "contrast" control can be used to vary the contrast (gamma) of the image. 
By use of the two controls it is possihle to increase the detail visible in the shadows or high. 
lights of the image at a sacrifice of detail in other areas. Because of the modifications that 
may be introduced by the monitor electronics, it is generally preferable to evaluate the quality 
of the image produced by a television camera in terms of the video signal displayed on a 
waveform monitor, rather than in terms of the image displayed on a television monitor. 
In the discussion that follows, reference will be made to the appearance of the image on a 
TV monitor, but all measurements will be of the voltage of the video signal as displayed on 
a waveform monitor. 

BASIC SCENE PARAMETERS 
In order to relate the suhjective visual parameters of the image to the performance 

characteristics of the imaging system, it is necessary to define the basic parameters of the 
SCene and construct a simple scene in which these parameters can be varied. The basic 
parameters of the scene are brightness, contrast and spatial frequency. Brightness is the 
luminance of the scene or any part of it. Contrast is related to the difference in brightness 
of adjacent areas of the scene. Spatial frequency is related to the relative size of areas of 
nearly uniform brightness in the scene. Any scene can thus he reJlre~e!-lted as a series of 
parallel lines in which the brightness of a spot on the line varies with position. If the 
brightness is plotted as a function of position along the Hne, the resulting curve can be 
formed by the sum of the amplitudes of a large nurnbes of sine waves of diffesent frequencies, 
amplitudes and phases. Thus if we know how the camera reproduces a sine-wave pattern, 
in which the brightness in the direction of scanning varies sinusoidally, for patterns of all 
spatial frequencies, we know essentially all about the imaging characteristics of the camera 
OJ,' system. We can also learn a great deal about the imaging characteristics from the \Vl!,~{ 

in whj"u the system or camera reproduces square-wave patterns of different spatial frequen" 
cies. Square-wave patterns are much easier to produce than are sine wave patterns. 

SQUARE WAVE PATTERNS 

The ideal square-wave pattern is a series of parallel dark lines on a light background. 
The space between lines is equal to the width of a line, and the length of each line is at 
least five times its width. Such a pattern can be completely described by three parameters: 
spatial frequency, which is related to the width of a line; contrast, which is a measure of 
the ratio of the brightness of the lines and spaces and the absolute brightness of the lines 
and spaces. Since most patterns are made to be viewed by diffusely incident illumination on 
the front of an opaque pattern or the back of a transparency, the last parameter can also 
be expressed as an illumination level times the reflectance or transmittance of the pattern. 

The spatial frequency, j, is generally e}"1>ressed in lines (lines plus spaces) per picture 
height. Normal U.S. Broadcast television is referred to as having 30 frames per secoild of 
nOI?inally 525 scanning lines each. However, the maximum number of scanning lines dis-
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played on the monitor screen is 489, the time required for the other 36 lines being required 
for the vertical blallking interval and control pulses. The height-to-width ratio of the tele­
vision image is 3 to 4. If we know the number of pattern lines, N, just filling the width of 
the field of view of the camera, we can compute I as 

1= 0.75 N, (1) 

or, if we know the width of the field of view, W, and the width of a pattern line, w, in the 
pattern, 

1=0.75 Wlw. (2) 

The spatial frequencies of many resolution charts are reported in line pairs per mm. 
A line pair consists of one line and one space, and thus line pairs per mm is equivalent to 
cycles per mm. In the television industry, however, the units used for spatial frequency are 
pattern lines per picture height, in which a line pair (one qark and one light line) counts 
as two lines. It may also be conftlsing that the unit is in Hnes per picture height, although 
almost always measured as lines per picture width; hence the factor of 0.75. 

Modulation contrast, C, is measured as 

L,-LrJ 
C= L!+LrJ' (3) 

The subscripts land d refer to the light and dark lines respectively and the symbol L may be 
the luminance of the pattern or the image on a monitor, the radiance of the pattern, or the 
voltage in the video signal as evaluated by means of a waveform monitor. 

Brightness is expressed as luminance for light of a color temperature of 2870 K (tele­
vision industry standard) or a spectral distribution of em Standa.rd Source A (color temper­
ature 2856 K). Lights of these two spectral distributions are indistinguishable visually and 
nearly indistinguishable photometrically. 

RESPONSIVITY 
Responsivity is the voltage of the video signal produced per unit radiance (or 1umi­

nance) in the scene or unit irradiance or illumination on the input fa<,e of the camera tube. 
It is usually measured with a uniform diffuse source of size large enough that the measured 
value is independent of source size. Such a source could C(lIlsist of a single light line that 
fills the entire field of view of the camera. If the illumination on the pattern is zero, the 
image on a TV monitor will have some low brightness greater than zero. As the illumination 
is slowly increased, the brightness on the monitor will remain constant until a point is reached 
where an increase in illumination {In the pattern can just hf! detected. This is the ~hreshold level 
of the system. To characterize a system or a camera, it is expressed either in terms of the 
luminance or radiance of the pattern. To characterize a camera tube it is expressed as the 
irradiance or illumination on the input face of the camera tube. Some manufacturers of 
television cameras report the characteristics of the camera tube as being the characteristics 
of the camera. This can be misleading unless it is clearly stated that the characteristics apply 
to the camera tube and not the camera. 

The illumination, E{, in the optical image formed on the input face of the tube is related 
to L" the luminance ~'11l the scene, by the equation 

'/TTLs E.= 4(11N) 2 

where liN is the I-munber of the lens, and T is the transmittance of the lens. 
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As the illumination on the pattern is increased above the threshold level at a constant 
rate, the brightness of the monitor will increase at an increasing rate, as indicated near the 
bottom of the curve in figure 1. A region will soon be reached where the brightness in the 
image, L/, is related to the brightness in the seane, L., by the equation 

(5) 

in which the exponent y is the "gamma" of the system. The "gamma" of many television 
cameras is less than one. 
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FIGURE 1. The responsivity df a television system, evaluated in terms of the bright· 
ness 0/ the image produced by the television monitor. 

As the illumination on the scene is increased further, the brightness of the image will 
follow that of the scene as predicted by equation (5) for a while, then at a slower and slower 
rate, until an uppt'r limit of the brightness of the image is reached as shown in figure 1. 
Above this upper level of scene brightness the brightness of the image remains constant, 
regardless of the brightness of the scene. The limit of scene brightness above which image 
brightness remains constant is called the saturation level. 

If the logarithm of the brightness of the image is plotted as a function of the logarithm 
of scene brightness, the resulting curve will look like the one in figure 1. 

Scene brightness should be evaluated in units of radiance [W' m-2
• sr-1J. However, it 

is the practice of the photoelectronic industry to use units of luminance [1m • m-2 
• sr~]. 
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Such units are valid for evaluating the response of a device having a relative spectral response 
that is different trom that of the normal human eye only if the spet:tral distribution of the 
light is known. The photoelectronic industry specifies the spectral distribution of the light as 
being that of a tungsten filament lamp at a color temperature .~J£ 2870 K. The spectral dis­
tribution of such a source is reasonably well known out to <l wavelength of abollt 1.5 !-tm. 
The photoelectl'onic industry also evaluates scene brightness in units of luminance, even 
though the spectral distribution is unknown. 

The units used for luminance are the nit [cd' m-2] and footlambert [cd' '11'-1 • ft-2] and 
for illumination the lux [1m' m-2] and footcandle (lm· fr2]. 

In figure 1 the point A,E represents the threshold level of the system and the point 
D,H the saturation ievel. A is the logarithm of scene brightness or the logarithm of the 
irradiance or illumination on the input face of the camera tube at the threshold level and D 
is the logarithm of the same quantity at the saturation level. 

The points n,F and e,G ,:,?present the ends of the straight line portion of the responsiv­
ity curve. Scene brightness in the range represented by B-C will be reproduced on the moni­
tor in the luminance range F-G as computed by use of eq (5) if the gamma of the monitor is 
set at l.00, and the brightness control of the monitor is set at the proper level. The exponent 
'Y of eq (5) is evaluated as the slope of the straight line portion of the sensitivity curve: 

SIGNAL· TO·NOISE RATIO 
The threshold level of luminance of the TV monitor, E, is determined by background 

or noise. The principal source of noise in vidicon cameras is the shot noise in the scanning 
electron beam. A signal is produced at scene brightness levels lower than A, but it is so small 
compared to the noise that it cannot be detected. Thus the noise effectively sets the threshold 
levelo£ the system. While the signal can be amplified indefinitely, the noise is also amplified, 
and hence the signal-to-noise ratio must be above some lower limit to produce a useful signal. 

The signal-to-noise ratio reported by the manufacturer is that at the upper end of the 
responsivity curve. It is thus a rough indication of the useful range of the camera, repre­
sented by the range B-C in illumination on the input face of the camera tube. 

As scene brightness decreases the signal-to-noise ratio decreases fro.n the maximum value 
at the input represented by C, until it is so low that no satisfactory picture can be produced. 
The signal-to-noise ratio of the system is thus directly related to input light level or scene 
illumination. 

Signal-to-noise ratio is usually reported in units of decibels, dB. 

SIN = 10 log sin [dB], (7) 

where s is the peak power in the video signal and n is the root-mean-square power in the 
r oise. The noise has a very broad frequency band. The TV monitor does not respond to very 
high frequencies. Hence it is cllstomary to use a filter, which passes the lower frequencies 
to which the TV monitor responds, before measuring noise. 

Noise is usually not apparent in the picture displayed on the monitor until the signal­
to-noise ratio decreases to a value on the order of 10_ or about 10 db. Most cameras are 
reported by the manufacturer to have signal.to-noise ralios on the order of 40 dB OJ; 10,000 
to 1. For much of the discussion that follows noise will be ignored, because images formed at 
high light levels, where noise does not contribute significantly to image degradation, will be 
discussed. 
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CONTRAST AND RE'SOLUTION 
When a square wave pattern is illuminated at a level such that the brightness of the light 

lines in the pattern is slightly less than C and that of the dark lines slightly greater than B 
in figure 1, the contrast in the image will be less than that in the pattern. The ratio of the 
contrast in the image to that in the pattern is defined as the contrast transfer function 
(CTF) of the system or camera. However, it is customary to take as the contrast of the 
pattern the measured contrast in the image at zero frequency (usually identical to that ob­
tained when two lines fill the total field of view). The CTF (j) is plotted as a function of 
spatial frequency, j, to obtain the CTF curve of the camera or system. A typical CTF curve is 
shown in figure 2. The CTF (f) at frequency j will decrease with increasing spatial frequency. 

100%1----__ 

,"", 

2% 
OL-----------------------------------~~~~ A SPATIAL FREQUENCY, LINES PER PICTURE HEIGHT 

FICURE 2. A typical Contrast Transfer Functir1n (CTF) curve for a television camera. The dotted line at two 
percent contrast is the limit below which a linear pattern is usually not detected. 

When the contrast of the image drops to about 2 percent, the image will appear to be 
uniformly gray and the rines of the pattern cannot be distinguished as such. The spatial fre­
quency at which this occurs, indicated by A on figure 2, is the limiting resolution of the 
camera or system. 

The limiting resolution is thus a measure of the smallest detail that can be visually dis­
tinguished in the image of a scene with maximum contrast under ideal lighting condition:;, 
It is reported in units of pattern lines per picture height, even though it is horizontal resolu­
tion. The limiting resolution conveys no information about image quality at lower spatial 
frequencies. 

CTF gives a much better evaluation of image quality than limiting resolution. In gen­
eral, the overall subjective impression of image quality is well correlated with the area between 
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the CTF curve and the 2 percent line shown in figure 2 for scenes with good contrast and 
adequate lighting. 

CTF, and hence iimiting resolution, decreases with both a decrease in the contrast of 
the scene view~d, and with a decrease in the signal-to-noise ratio. The signal-to-noise ratio 
decreases as the light level decreases. 

SPECTRAL RESPONSE 
Relative spectral response is a measure of the degree to which the camera or system 

responds to light of different wavelengths. The relative spectral responi:!e curve of a camera 
or system is a plot of the logarithm of the relative response of the system to spectrally narrow 
bands of light of different wavelengths, plotted as a function of the peak wavelength of 
maximum illumination for each band, for all wavelengths at which there is significantly 
response. 

If the relative spectral response of the camera is a good match to th~t of the normal human 
eye, the image will portray the relative brightness of the various colors as the eye sees them 
and the image will look correct. In the image produced by a camera that has peak respon­
siv1ty in the violet end of the spectrum, the blues and violets will appear too light and the 
yellows and reds too dark. If the peak is near the red end of the spectrum, the violets, blues 
and greens will appear too dark and the yellows and reds too light. 

Cameras with peak responsivity well into the infrared may produce images of some 
scenes that appear unreal: For instance, facial blemishes may be accentuated, dark skin may 
look light, dark green foilage may appear white, and white snow may appear dark. 

SUMMARY 
The three characteristics generally reported by the manufacturers of television cameras 

to indicate image quality are: (1) limiting resolution, in lines per picture heigbt, (2) signal­
to-noise ratio, in decibels, and (3) sensitivity, in terms of scene illumination and/or face­
plate illumination required for a usable pictme and for a full video signal. In addition, they 
mayor may not report relative spectral response. 

Unfortunately the first three characteristics are each evaluated under conditions that give 
the most favorable value for that characteristic. Limiting resolution is evaluated for a high­
contrast target at near-maximum light level and is reported as. a maximum spatial frequency. 
Signal-to-noise ratio is evaluated at a near-maximum light level and a minimum spatial 
frequency. Sensitivity is evaluated at the minimum light levels required to produce a usabIe 
picture and a full video signal. These parameters thus roughly delineate a valume in three­
dimensional space within which a usable image will be formed; the axes are light level or 
signal-to-noise ratio, spatial frequency and contrast. 

Additional information is contained in the total responsivity curve and the CTF CIi)rve, 
which more clearly establish the boundaries of this space. These curves also give some addi­
tional insight into some of the interrelationships between the three factors within the 
boundaries. 
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can Chemical Society (ACS) and the American Institute of 
Physics (AlP). Subscriptions, reprints, and supplements 
available from ACS, 1155 Sixteenth St. N W., Wash., D.C. 
20056. 
Building Science Series-Disseminates tecimical information 
developed at the Bureau on building materials, components, 
systems, and whole structures. The series presents research 
results, test methods, and performance criteria related to the 
structural and environmental functions and the durability 
and safety characteristics of building elements and systems. 
Technical Notes-Studies or reports which are complete in 
themselves but restrictive in their treatment of a subject. 
Analogous to monographs but not so comprehensive in 
scope or definitive in treatment of the subject area. Often 
serve as a vehicle for final reports of work performed at 
NBS under the sponsorship of other government agencies. 
Voluntary Product Standards-Developed under procedures 
published by the Department of Commerce in Part 10, 
Title 15, of the Code of Federal Regulations. The purpose 
of the standards is to establish nationally recognized require­
ments for products, and to provide all concerned interests 
with a basis for common understanding of the characteristics 
of the products. NBS administers this program as a supple­
ment to the activities of the private sector standardizing 
organiz.ations. 
Consumer Information Series-Practical information, based 
on NBS rest:arch and experience, covering areas of interest 
to the consumer. Easily understandable language and 
illustrations pro\'lide useful background knowledge for shop­
ping in loday's technological marketplace. 
Order above NBS publicatiolls from: Superintendent of 
Documents, Government Printing Office, Washington, D.C. 
20402. 
Order following NBS publicatiolls-NBSlR's alld FIPS from 
the National Technical Illformation Services, Springfield, 
Va. 22161. 
Federal Information Processing Standards Publications 
(FIPS PUB)-PlIblications in this series collectively consti­
tute the Federal Information Processing StandardS Register. 
Register serves as the official source of information in the 
Federal Government regarding standards issued by NBS 
pursuant to the Federal Property and Administrative Serv­
ices Act of 1949 as amended, Public Law 89-306 (79 Stat. 
1127), and as implemented by Executive Order 11717 
(38 FR 12315, dated May 11, 1973) and Part 6 of Title 15 
CFR (Code of Federal Regulations). 
NBS Interagency Reports (NBSIR)-A special series of 
interim or final reports on work performed by NBS for 
outside sponsors (both government and non-government). 
In general, initial distribution is handled by the sponsor; 
public distribution is by the National Technical Information 
Services (Springfield, Va. 22161) in paper copy or microfiche 
form. 

BIBLIOGRAPHIC SUBSCRIPTION SERVICES 

The following current-awareness and literature-survey bibli­
ographies are issued periodically by the Bureau: 
Cryogenic Data Center Current Awareness Service. A litera­

ture survey issued biweekly. Annual subscription: Domes­
tic, $25.00; Foreign, $30.00. 

Liquified Natural Gas. A literature survey issued quarterly. 
Annual subscription: $20.00. 

Superconducting Devices and Materials. A literature survey 

issued quarterly. Annual SUbscription: $30.00. Send SUbscrip­

tion orders and remittances for the preceding bibliographic 

services to National Bureau of Standards, Cryogenic Data 

Center (275.02) Boulder, Colorado 80302. 
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