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FOREWORD

Following a Congressional mandate® to develop new and improved techniques,
systems, and equipment to strengthen law enforcement and criminal justice, the National
Institute of Law Enforcement and Criminal Justice (NILECJ) has established the Law
Enforcement Standards Laboratory (LESL) at the National Bureau of Standards. LESL's
function is to conduct research that will assist law enforcement and criminal justice
agencies in selection and procurement of quality equipment.

In response to priorities established by NILECJ, LESL is (1) subjecting existing
equipment to laboratory iesting and evaluation and (2) conducting research leading to
the development of several series of documents, including national voluntary equip-
ment standards, user guidelines, state-of-the-art surveys and other reports.

This documeri, LESP-RPT-0301.00, Survey of Image Quality Criteria for Passive
Night Vision Devices, is a law enforcement equipment report prepared by LESL. and
issued by NILECJ. Additional reports as well as other documents will be issued under
the LESL program in the areas of protective equipment, communications equipment, secu-
rity systems, weapons, emergency equipment, investigative aids, vehicles and clothing.

Technical comments and suggestions concerning the subject matter of this report
are invited from all interested parties. Suggestions should be addressed to the Program
Manager for Standards, National Institute of Law Enforcement and Criminal Justice,
Law Enforcement Assistance Administration, U,S. Department of Justice, Washington,

D.C. 20530.
Lester D. Shubin, Manager

Standards Program

*Section 402(b) of the Omnibus Crime Control and Safe Streets Act of 1968, as amended.,
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LESP-RPT-0301.00

SURVEY OF IMAGE QUALITY CRITERIA FOR
PASSIVE NIGHT VISION DEVICES

Abstract

Image quality is probably the single most important parameter in determining the utility of any optical device,
For night vision devices, in particular, image quality is of paramount importance. In looking at two different
photographs of the same scene, which are essentially two different images fixed by thé photographic process, al-
most anyone can tell at a glance which has the better image quality, particularly if there is a significant difference
in image quality. Objective evaluation of image quality in quantitative terms is not easy, because there are many
variables that contribute to image quality, not all of which have been identified, or can be quantitatively evalu-

ated.
This report is a preliminary survey of image quality evaiuation techniques that have been described in the
literature and discussion of their merits for use in a standard for passive night vision devices.

1. BASIC PROBLEMS OF IMAGE QUALITY ASSESSMENT

In the discussion that follows we will be using the radiometric terms radiance and ir-
radiance. These are both measures of the spatial distribution of radiz at flux or power, ®,
the time rate of flow of radiant energy, and are defined in appendix A.

A scene can be viewed because it varies in radiance, both spatially and spectrally [1].
A perfect optical system will reproduce in image space the radiance distribution that is
present in object space. For each point in object space, there will be a corresponding point
in image space, the location of which is determined by the laws of optics. Each element of
area surrounding a point in object space will have a radiance in the direction of the optical
system which will be essentially constant over the small solid angle subtended by the en-
trance pupil of the system from the point. The radiant power from the element of area will
be the radiance times the projected area of the element times the solid angle subtended by
the entrance pupil. The optical system will focus this radjant power, producing an irradi-
ance on a second element of area surrounding the corresponding point in image space,
whose area is related to the area of the element in object space by the square of the linear
magnification of the optical system, In a lossless system this irradiance is related to the
radiance in object space by the f-number of the optical system. With the optical system
focused at infinity and viewing a large-area diffuse source of uniform radiance

Ei=0.257Lf-2 (1)

where E; is the irradiance in image space, L, is the radiance in object space and f is the f-
number of the optical system. For real systems, focused on an object at a finite distance,

the equation becomes
Ei=aLlor [4f2(M+1)2+ 1] @)

where 7 is the transmittance of the optical system and M is the magnification, given by
M=F/D-F) ©)
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where F is the focal length of the optical system and D is the object distance [2].

Unfortunately, all real detectors are essentially surfaces, and usually plane surfaces,
and the image that is observed is the variation in irradiance on that plane. If the scene in
object space is confined to a plane normal to the optic axis, a perfect optical system will
form a perfect image at the image plane, which will correspond to the detector if the
system is in perfect focus. If the scene is not confined to a plane, the image of those points
not in the object plane will be blurred by defocusing.

No real optical system is perfect. There will always be losses due to reflection, scat-
tering and absorption in the optical elements, various types of aberrations due to imperfec-
tions in the optics, and diffraction effects. All of these factors and the defocusing degrade
the image, and the image is never a true representation of the scene. The objective of this
report is to discuss the ways in which images formed by real optical systems and particu-
larly those formed by image-intensifier night vision devices deviate from the ideal image,
and in particular, how such deviations can be evaluated.

The image produced as the output of an imaging system may fail to faithfully
reproduce the scene in object space in several ways. Most systems with which we will be
dealing produce monochromatic images, that is, the image consists of areas of varying
radiance, and the spectral, or color, information in the scene is lost, The extent of such loss
may be observed by comparing color and black and white photographs of the same scene.
In addition, (1) the magnification may be different in different parts of the image; this will
produce a distorted image, although it may be of good quality otherwise; (2) the image will
not resolve all of the detail that is present in the scene; and (3) the contrast in the image
will be different from that in the scene. In other words, the full range of radiance present in
the srene will not be present in the image. The reduction in resolution may be due to im-
perfert optics (aberrations of various types), grain in film, noise in electronics, the size of
the resolution element in scanned systems, etc. The reduction in overall contrast may
result from veiling glare in the optical system, the threshold and saturation limits of the de-
tector, nonlinearity in the detector gain, etc. The two effects, loss in resolution and loss in
contrast, are coupled. The loss in contrast increases with the spatial frequency in the
image until the remaining contrast is so low that fine detail in the image is lost.

There are six related basic criteria that have been used by others in the past to quan-
titatively evaluate optical image quality. They are (1) the point spread function, (2) the line
spread function, (3) the edge gradient, (4) the optical transfer function, (5) the contrast
transfer function, and (6) the limiting resolution. Three additional factors that may degrade
the quality of an optical image are veiling glare, flare, and distortion. In cases where the
optical image is electronically processed before viewing, as in image-intensifier night vi-
sion devices and television, the electronics may further degrade image quality. The pro-
perties that may contribute to electronic degradation are dark current or light-equivalent
background, light induced background, noise and nonlinear amplification.

2. POINT SPREAD FUNCTION [3,4,5,6,7]

The image of a point source will always have a finite area roughly circular in shape.
The irradiance on the image plane will vary from a maximum at the center to essentially
zero at some distance from the center and usually with secondary ridges and/or peaks
[3.4,5]. Axial images generally have axial symmetry, while off-axis images generally have
two-fold symmetry about a radius from the optical axis [6]. That is, the two halves of the
image on either side of a radius through the center will be mirror images of each other. If
the irradiance on the image plane is plotted as a function of position in that plane, the
resulting three dimensional figure is the point spread function and contains information
that completely describes the image forming characteristics of the system at that point [7].
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However, the point spread function is not easy to evaluate, is difficult to represent graphi-
cally, and when so represented is not easy to interpret directly in terms of image quality;
hence is apparently not much used for image evaluation.

3. LINE SPREAD FUNCTION [7,8,9,10]

If a line source is used instead of a point source, its image will be changed from a dot
to a line of finite width in which the irradiance varies in a direction normal to its length. A
plot of the irradiance of the line image as a function of position along a normal to the image
is the line spread function. For an axial image, this function contains all of the information
necessary to evaluate the quality of an image formed at that point. For an off-axis point,
two line spread functions are required—one taken from a line source oriented along a
radius from the optic axis, and one oriented normal to the radius [7].

The line spread function is somewhat easier to measure than the point spread function
and can be represented in two dimensions. It is perhaps somewhat easier to estimate the
resolution of a system from a line spread function than from a point spread function, but
mathematical transformation is required (o get quantitative data on the image quality of a
system from the line spread function [5,7].

4. EDGE GRADIENT [5,7,10,11,12,13,14]

If an object having a sharp, straight edge and high radiance is outlined on a low-radi-
ance background (thus having an abrupt discontinuity in radiance) and then is imaged, the
transition in the image will not be as abrupt as that in the object. If the irradiance in the
image is plotted as a function of position along a normal to the edge, the resulting curve is
called the edge gradient. The derivative of such an edge gradient is the line spread func-
tion.

The edge gradient may be easier to measure than the line spread function. Such a
measurement requires a source with a sharp discontinuity in radiance, which can be
produced by a single knife edge, as compared to the line source required for the line spread
function, which usually requires a narrow slit made from two knife edges parallel and close
together [7]. The comments about the information content of the line spread function
apply equally to the edge gradient.

A parameter called acutance [5,15,16,17,18] can also be obtained from the edge
gradient. Acutance may be thought of as the sharpness of edges in an image and is a mea-
sure of image quality. For evaluating acutance, the negative log of the irradiance (the opti-
cal density of a photographic negative or the reflection density of a photograph) in the
image of a knife-edge pattern is plotted as a function of distance, in micrometers, across
the edge in the image [17]. The acutance is then the square of the slope of the density-vs-
distance curve across the edge, averaged between the points on either side where the slope
has a value of 0.005 density units per micrometer, divided by the density difference
between the light and dark areas in the image. A typical edge gradient is shown in figure 1
for a knife-edge image recorded on film. The points A, at X, and D, and B, at X, and Dy,
are where the slope has a value of 0.005. Expressed mathematically, the acutance
(G;)?2/DS is

1

(G:)?/DS= (Ds—D2) (Xo—X2)

LB(dD/dedx @)

where G is the slope of the curve at point x, DS is the density difference between the light
and dark areas, D,— D, D is the optical density of the negative and x is the distance, in
micrometers, normal to the edge.



IRRADIANCE, D

-L0G

OR

A

1 |
Xa Xg
DISTANCE IN MICROMETERS, X

OPTICAL DENSITY,

2
I

FIGURE 1. A typical edge gradient, showing the points, A at X,, Dy and B at X,, Dy, where dD|dx=0.005,
between w+izh acutance is computed.

5. OPTICAL TRANSFER FUNCTION [3,5,7-10,12,18-29]

The one-dimensional optical transfer function (OTF) is defined as the Fourier trans-
form of the line spread function and can be computed from the measured edge gradient or
line spread function. The mathematical derivation of the optical transfer function is given
in appendix B. However, it may be easier to visualize what it represents from the way in
which it is measured directly.

When a two-dimensional sine-wave pattern in which the- luminance varies
sinusoidally in one dimension is imaged, the image will also be a sine-wave pattern in
which the spatial frequency (reciprocal of the wavelength) of the image will be that of the
object pattern times the magnification factor of the optical system used to form the image.
The amplitude, or contrast, of the image usually is less then that of the object and the
image may be displaced relative to the image that would have been formed by a perfect
imaging system [24]. The OTF relates the flux distribution (radiance or luminance) in the
image to that in the object and consists of two parts—a real part, called the modulation
transfer function (MTF), and an imaginary part, called the phase transfer function (PTF),
as explained in appendix B.

The MTF is defined as the ratio of the contrast, or modulation, in the image to that in
the object. The c..."rast, or modulation, C(f), at a spatial frequency f, is given as

__L max " Lm[n
C(f) Lmax + Lmin (5)

where Lyar is the maximum luminance and L, the minimum luminance in the pattern.
The MTF(f) at spatial frequency fis then
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where the subscripts i and o refer to the image and object, respectively.

The PTF(f) is a measure of distortion and is the difference in phase between the image
formed by the system under test and the image that would be formed by an equivalent
error-free system. It is expressed as cycles, either as 4 phase angle w, in radians or
degrees, or simply as cycles. 27 radians=360°= 1 cycle. When the PTF has an apprecia-
ble value, the line spread function is asymmetrical. The PTF is likely to be given only as a
fraction of a cycle, in degrees or radians, the whole cycles being ignored. Some equipment
used for evaluating OTF measures only the fractional phase ‘difference, and not the
number of complete cycles.

Both MTF(f) and PTF(f) usually vary with position in the image plane, and usually
with orientation of the patterns at any one point [24]. For points away from the optic axis,
they are usually measured in two orientations with the waves normal and parallel to a
radius from the optic axis, respectively [21].

Both MTF(f) and PTF(f) are plotted as a function of spatial frequency to form the
MTF and PTF curves for a system. Generally such curves are plotted for a point on the
optic axis, and for a point away from the optic axis, usually about 2/3 of the distance from
the center to a corner of the field.

To an experienced individual, the MTF curves will give a good qualitative evaluation
of the quality of image produced, but no single value measure of image quality derived
from an MTF curve has been generally accepted, although some have been proposed
[30,31,32]. The PTF curve is not easily interpreted in terms of the distortion of the image
and in most cases distortion is measured directly. '

The measurement of OTF (MTF and PTF) for lenses and other purely optical
systems is simpler then for photoelectronic imaging systems such as night vision devices
and television, in which an optical (light) image is converted into an electronic image,
which is amplified and converted back into an optical image for viewing. In the purely op-
tical system, the photons pass through the system at the speed of light with essentially no
time delay. In the photoelectronic systems, the speed of the electrons in that part of the
system is significantly less than the speed of light, and the phosphor screen, used to
recreate the optical image, has a significant decay time. The net result is that a rapidly
moving image, that can be correctly focused by a purely optical system, will be smeared
out and appear to have poor resolution in a photoelectronic system.

The less-expensive equipment for measuring OTF makes use of a moving square
wave pattern, generated by a rotating dis¢ with radial slots behind a fixed slit [33]. The
spatial frequency of the pattern can be changed by changing the angle between the fixed
and rotating slits. The moving image formed by the optical system under test is scanned
across the entrance aperture (slit) of the detector in the image plane of the device, at a
frequency of 1 KHz, and the output of the detector is filtered at the fundamental frequen-
¢y, hence is directly proportional to the MTF of the system, and the phase difference
between the input and output waves is the PTF. Equipment of this type is available in the
$30,000 to $50,000 price range.

The above simple equipment cannot be used with photoelectronic systems, because
the movement of the pattern is fast compared to'the time constant of the system. For such
systems the pattern in object space thust move so slowly that the time constant of the
system does not reduce the MTF, or a stationary pattern is scanned with a moving detec-
tor [25]. The second procedure is less desirable for image intensifier night vision devices,
because the periodic pattern formed by the fiber optic plates may introduce perturbations
when the image is scanned. Because of the difficulty in generating stationary sine-wave
patterns with variable spatial frequency, many systems designed for use with photoelec-
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tronic devices use a line source, which consists of a very narrow slit {34]. The image of
the line source is then scanned with a moving detector with a narrow slit aperture to
produce the line spread function of the device, which is then processed by either analog or
digital procedures to obtain the MTF. Because of the more elaborate processing of the
output, such equipment is more expensive than that using moving images. The general
price range for such equipment is $60,000 to $100,000.

The OTF is theoretically the best measure of the image-forming ability of a system,
but practically such measurements leave something to be desired. Past experience has in-
dicated that agreement from one laboratory to another, and from one type of measuring
equipment to another, are likely to fail to agree by at least 5 percent, even on lenses, and
discrepancies of 10 percent or more are rather frequent [21,24]. Even measurements
made on the same lens with the same equipment at different times will frequently fail to
agree, Errors with photoelectronic imaging devices are likely to be larger than those with
lenses,

Because of the high cost of equipment and inconsistency of measurements of OTF in
the past, it was decided that this method is not suitable for use in a standard at this time.

6. CONTRAST TRANSFER FUNCTION [9,14,15,22,23,28]

The major problem in measuring OTF is in generating the sine-wave pattern to be
imaged, at all of the frequencies required. If the sine-wave pattern is replaced by a bar pat-
tern, the measured quantity is the contrast transfer function, CTF, Measurement of CTF
avoids the major disadvantages of MTF measurements and gives results of reasonable ac-
curacy with much less expensive equipment, with only a small loss in information content
[14,22,23]. Figure 2 shows the MTF and CTF of a typical lens.

100

o [+23 m
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TRANSFER FUNCTION, %
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SPATIAL FREQUENCY, LINE PAIRS PER MM

Figure 2. Contrast transfer function (CTF) and modulation transfer function (MTF ) curves for a typical
photographic lens. '
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7. LIMITING RESOLUTION [6,15,32,35]

Resolution in optical systems is a measure of the ability of the systems to separate
images of two neighboring object points [36]. In astronomy, the object points are stars,
and the limiting resolution is the angular separation of two stars that can just be seen as
two and not one, In a spectroscope, the objects are spectral lines, and the resolution is the
dimensionless ratio of the wavelength difference and the average wavelength of two lines
that can just be separated [37].

When an imaging device is to be used to extract information from a scene, rather than
to determine the relative positions of point or line sources, it has been found by experience
that a recognition test gives a better evaluation of performance than the criteria mentioned
above. A common example is the Snellen visual acuity test, The test chart [38] consists of
lines of letters in which the height of the letters in each line decreases by a constant frac-
tion from top to bottom. The person whose eyes are being tested is located a known
distance from the chart, usually 20 ft, and is required to read the letters as far down as
possible, and his visual acuity is rated on the basis of the smallest letters he can read. For
this test the letters are black on white background so the object contrast is high, and the
chart is well lighted.

Other charts that can be used for visual acuity tests of individuals who do not read
consist of 1) a block letter E, the Snellen E [39]. Such a figure can be oriented with the
opening, to the right when the E is in normal position, to the right, left, up or down. In this
case the person being tested is required to give the direction of the opening; and 2) a Lan-
dolt C [39] which consists of a circular ring of width equal to 1/5 of its outer diameter,
having a gap equal to the width of the ring. The ring can be oriented with the gap at any of
6 positions corresponding to 2, 4, 6, 8, 10, or 12 o’clock on a clock face. Again the person
being tested is required to tell the direction of the gap.

For limiting resolution tests of optical systems, line or bar patterns are frequently
used [9,22,40]. A resolution bar chart usually consists of a series of patterns in which the
size of adjacent patterns varies by a constant factor, Each pattern consists of several bars,
separated by a distance equal to the width of a bar. Charts of this type vary in the length-
to-width ratio of the bars, the number of bars in a pattern, and the ratio of sizes of adjacent
patterns.

Other common patterns consist of bars that are wedge-shaped, varying in width and
arranged in a fan, the space between the bars being of the same shape as the bars, [41] and
of a single series of parallel bars in which the width of adjacent bars and of the space
between bars is decreased by a constant factor [42-44]. Charts of these types are
frequently seen in television test patterns.

One resolution chart that has been widely used in testing photographic lenses is the
Air Force 1951 Resolution Chart [40]. In this chart the length-to-width ratio of the bars
is 5, and the number of bars in a group is 3. A single pattern consists of two groups with the
bars horizontal and vertical, respectively. A single group of three bars and two spaces is
contained within a square. The ratio of the sizes of adjacent groups is 2'/% or 1.122462. The
patterns are available commercially as reflectance charts with a constrast, C(f}, of about
0.97, and as transparencies having contrasts of 2.00, 0,80 and 0.20, expressed as density
difference, or C(f) values of 0.99, 0.72 and 0.50, respectively.

A second well-known resolution chart is the NBS 1952 resolution chart for photo-
graphic lenses [45]. In this case the length-to-width ratio of the bars varies from about 10
to 36; there are again three bars in each group, and two mutually perpendicular grougs in
each pattern. The ratio of the sizes of succeeding patterns is 2Y/4 or 1.189207. These charts
were published as reflection charts in two degrees of contrast. 1.4 and 0.20 expressed as
density difference, or C(f) values of 0.97 and 0.50, respectively.

A third widely used resolution chart is the NBS 1963 Microcopy Resolution Test
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Chart [46]. In this chart, the length~t2-width ratio is 24, and there are five bars in each
group, and two mutually perpendiculss groups in each pattern. The size raiio between ad-
jacent patterns is again 2V6, These charts ure avaiiat’s enly as reflection charts, with con-
trast C(f) of about 0.99. '

Bar charts are not often used for visual acuity tesis, Their principal use is in evaluat-
ing the limiting resofution of imaging devices.

For evaluating the limiting resolution of a visual optical device, such as a telescope, a
microscope, or a lens, the chart can be viewed directly through the device. In the case of
photoelectronic imaging devices, the image on the phosphor screen may be viewed
directly or with the aid of a r.iagnifying eyepiece. In the case of a photographic system, the
image in the negative or print usually must be viewed through a microscope. In every case
the image should be viewed through a magnifier if necessary to assure that the limiting
resolution evaluated is truly that of the device and not that of the eye of the observer. The
limiting resolution of the device being evaluated is the spatial frequency, in line pairs per
mm, of the smallest pattern in the image that can be clearly identified as a line pattern. This
will be the spatial frequency in the patter: on the chart divided by the magnification of the
device. The magnifization of the eyepiece, if any, does not enter into the computation.

Limiting resolution tests are quite widely used to evaluate image quality. This is un-
fortunate, because the limiting resolution in an image gives but little information about the
quality of the image for most purposes. As mentioned previously, loss in resolution is cou-
pled with loss in contrast, and information is needed on the contrast remaining at spatial
frequencies lower than the limiting frequency, in order to evaluate the useful image quali-
ty.

The limiting resolution obtained with a given resolution pattern is influenced by the
geometry of the pattern. For best precision, charts consisting of parallel lines separated by
a distance equal to the width of a line are used. Even with charts of this type, the measured
resolution increases with an increase in the length-to-width (aspect) ratio of the lines and
the number of lines in a pattern, up to some limiting values on the order of 20 for length-to-
width ratio and 10 for the number of lines. Even the measured CTF values are influenced
by these factors, but to a much smaller extent than limiting resolution. Both limiting
resolution and CTF are strongly influenced by the contrast of the test pattern.

The Air Force 1951 Chart has been selected for use in evaluating image quality
(CTF) of night vision devices for several reasons. This chart has been used for over 20
years, and there is a large body of experiznce in its use, Charts are available from several
manufacturers, as either reflectance charts or transparencies, and as positive or negative
charts. As transparencies, 3 degrees of contrast are supplied, Charts are available in a
wider range of pattern sizes than are most other charts.

8. DISTORTION [4,6,40]

In section 5, Optical Transfer F unction, it was mentioned that the PTF is a measure
of distortion in the image, but that the PTF curves are not easily interpreted in terms of the
actual distortion present in an image.

Disto.rtion is measured directly by viewing a chart with a square grid, large enough to
fill the entire field of view, with the lines wide enough to be clearly visible in the image, and
the size of the squares such that there are about 10 to 20 squares across the image [40].
To eva'luate distortion quantitatively, a square grid chart with a distinctive mark at its
cepter 18 set up so that its plane is normal to the axis of the device being tested, and the
axis passes through the center of the chart. The viewing distance is adjusted until there are
about 18 squares across the field, The image is then photographed with a distortion-free
camera with a | to | magnification. The image, after processing, is measured with a travel-
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ing microscope. The distortion is then measured as the deviation of the lines in the image
from a true grid, expressed as a percentage of the distance from the axis. The percent
distortion is then plotted as a function of the distance from the axis, and is classified as
either pincushion or barrel type. The distortion varies significantly with position. In barrel
type distortion the magnification is greater at the center than it is at the edges, and a
straight line normal to a radius from the axis will be concave toward the axis. In pin-
cushion type distortion, the magnification is less at the center than at the edges, and a
straight line normal to a radius from the axis is convex toward the axis [47,48].

If a single value for distortion is desired, it is usually taken at some stated distance
along a radius—a common value is 80 percent of the radius along a diagonal. In measuring
the distortion along any radius from the axis, the grid should be oriented so that the lines
on which distortion is measured are normal to the radius.

9. LIGHT-INDUCED BACKGROUND [20,21,40,49]

In any photoelectronic imaging system there is a uniform background signal over the
entire image area. This uniform background is made up of two parts. One part, called light-
equivalent background or dark current, is independent of the irradiance on the
photocathode, and is discussed in the next section. The second part of the uniform
background varies with the irradiance on the objective lens of the imaging device, and is
called light-induced background.

The light-induced background is also made up of two parts, one originating in the ob-
jective lens, and one in the photoelectronic portion of the equipment. That portion
originating in the objective lens is called veiling glare [21,40] and that originating in the
photoelectronic portion of the equipment is called electronic light-induced background
[49].

In any real imaging system, most of the light incident on the objective lens is regularly
transmitted and focused. A small fraction of the light is scattered in the optical system, and
is spread more or less uniformly over the plane. The fraction of incident light so scattered
is called veiling glare. Veiling glare is thus a property of the objective lens, and evaluation
of veiling glare is a part of the process of evaluating objective lenses, which will be covered
in a separate report.

The electronic light-induced background is due to three factors. First, the accelerated
electrons in the tube may collide with atoms or molecules of contaminating gas, and form
electron-ion pairs, The electron of such a pair js accelerated by the electric field and at-
tracted to the phosphor screen, and contributes to the background. The positively charged
jon is also accelerated by the electric field, and attracted to the photocathode, where it
may knock out additional electrons, which contribute to the background. Secondly, elec-
trons may suffer collisions with atoms or ions in the tube, and be scattered from their nor-
mal paths, thus contributing to the background. Thirdly, some light from the phosphor
screen may get back through the tube and be incident on the back of the photocathode, and
liberate photoelectrons which contribute to the background.

The measured light-induced background will consist of the veiling glare of the objec-
tive lens plus the electronic light-induced background of the photoelectronic portion of the
equipment, plus the light-equivalent background.

The effect of background is to add a constant increment to both Lyuur and L ineq
(2) for the contrast of the image, which thus reduces the MTF at all frequencies

- (Lmax + B) - (Lmln + B) = Lmax - Lmln (7)
(Lmax + B) + (Lmin + B) Lmax + Lmin + 2B
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where B is background luminance. Because of the background, the MTF is never exactly
unity even at zero spatial frequency, For this reason it is customary to normalize the MTF
curve by substituting C(O); for C(f), in eq (6) (see app. B). In other words, the MTF at
zero frequency is set equal to 1.00, and those at al! other frequencies are adjusted by mul-
tiplying them by the ratio C(Q),/C(O);.

10. BACKGROUND OR DARK CUFRRENT

In any photoelectronic device there will be a background signal that is produced in the
absence of light. In the case of a photoconductive device this is appropriately termed
“‘dark current” because it is the current that flows through the device under the influence
of the bias potential, in the absence of light.

In the case of a photoelectronic imaging device, this phenomenon appears as the lu-
minance of the phosphor screen when the device is activated, but the objective lens is
capped, so that no light is incident on the photocathode. The term “dark current” is inap-
propriate in this case, since it is manifest as a luminous flux, rather than as an electric cur-
rent. When this property is measured directly in terms of luminance of the phosphor
screen, it is called background luminance. When it is evaluated in terms of the irradiance
on the photocathode required to produce an equivalent luminance on the phosphor screen,
it is termed “light equivalent background.” The two terms are related by the optical gain
of the imaging device.

The background is due primarily to electrons emitted by the photocathode spontane-
ously, as a resuit of thermal vibration of its molecules or atoms. Its amount varies with the.
temperaiure of the photocathode and the potential between photocathode and phosphor
screen.

Light equivalent background can be measured directly, or can be computed from the
measured luminance of the phosphor screen and the optical gain of the device, which is
evaluated separately and is not considered as an essential parameter of image quality.
When light equivalent background is evaluated directly, the luminance of the phosphor
screen is evaluated with the objective lens capped. The cap is then removed, and the
device is focused on a large-area source, whose radiance is slowly increased until the Iu-
minance of the phosphor screen is exactly doubled. The source radiance required to ex-
?Cgi( double the luminance of the phosphor screen is then the light equivalent background

507.

11. FLARE [21,51,52]

Flare is a second type of defect in an image that may be produced by internal reflec-
tions in the optical system. Flare produces a ghost image and hence is localized, in con-
trast to light induced background, which is spread uniformly over the image area.

Flare is produced by a bright light source that is near an edge of or just outside the
field of view of the device, but if outside, in a position where the light from the source is in-
cident on the objective lens. It shows up as one or more bright areas on the image.

Circular images are usually caused by mutltiple reflections between the lens elements.
Line images may be caused by reflection from the lens barrel. In any case flare, if present,
can significantly degrade image quality in the areas where it is present. In a photoelec-
tronic irmage device the flare from a red source may be significantly greater than that from
a “white” source of the same luminance, patticularly if the device has a S-1 or §-20 ER
photocathode. The antireflection coating on the lens elements, particularly for photo-
graphic lenses, usually is not very effective in the red and near infrared, where the
photocathode has its sensitivity peak. '
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Flare can be reduced by use of a lens shade that prevents light from outside the field
of view from striking the objective lens, and by not looking at bright sources. However,
this is not always possible, and the flare of the system should be evaluated as a part of the
imaging properties of the system.

12. PERSISTENCE

While not directly related to image quality as such, persistence may degrade image
quality of night vision devices when viewing a moving bright object, or when the image
device itself is moved while viewing such an object, so that the image moves on the output
screen,

Persistence is most noticeable as a streak or tail trailing behind the moving image of
a bright object. It may be considered as a blurring of an image in time, comparable to the
blurring of an image in space produced by the optical elements of the system. It may be
measured as the time required for the image of a bright area to decay to some predeter-
mined low value, such as 0.1 percent of the initial value. Persistence becomes significant
only when the decay time is signficantly greater than the integration time of the eye, which
is usually taken as 0.2 sec.

13. DISCUSSION

Any resolution test evaluates the resolution of the entire system, including the detec-
tor. In all of the visual tests described above, particularly in section 7, the human eye is
used as the detector, hence the visual acuity of the individual observer making the test is
a part of the evaluation, Visual acuity varies not only from one individual to another, but
for the same individual from day to day and from hour to hour, depending on his general
health, the state of adaptation or fatigue level of his eyes, his general bodily fatigue level,
his diet during the previous few days, his emotional state and the level of alcohol in his
blood, to mention only a few of the variables that are difficuit to control. Among the sig-
nificant variables that are more easily controlled are the contrast of and irradiance on the
test chart, the luminance level of the phosphor screen for a photoelectronic device, and the
time allowed for a determination, The general conclusion is that visual tests are not likely
to have the degree of precision and accuracy that is desired in a standard test method.

In the methods that require a scanning mic -ophotometer, such as the various transfer
functions, the scanning device forms a part of the system being evaluted, and the line
spread function, edge gradient, MTF or CTF evaluated is that of the combination of the
imaging device and the scanning microphotometer. It is thus essential that the MTF or
CTF of the scanning device be high at all spatial frequencies at which the imaging system
is to be evaluated. This means that the scanning aperture should be small compared to the
period of the highest spatial frequency being measured, or that the slit function of the
scanning device should be much narrower than the line spread function of the imaging
device being evaluated.

If the above criteria are met, the effect of the transfer function of the scanning device
can be largely corrected for by use of eq (6). The transfer function of the scanning device
remains constant, and need be evaluated only once. ,

The following conclusions about the test described in sections 2 through 8 appear
justified. (1) Limiting resolution gives but little information about image quality for most
purposes. (2) The line spread function and edge gradient both contain complete informa-
tion about the imaging characteristics of an imaging system, but not in a ferm that is easy
to interpret. (3) The optical transfer function contains all of the information that is present
in the line spread function and edge gradient. The MTF is in a form such that it is easier to
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interpret, in terms of image quality, than the other. image criFeria, bl.lt the PTF is not easy
to interpret in terms of distortion. OFT tests require expensive equipment, are somewhat
time consuming to make and the accuracy and precision of such tests leave something to
be desired. (4) The contrast transfer function is much easier to evaluate than the MTF,
and provides similar information, (5) Distortion and background tests give additional
quantitative information that is helpful in evaluating image quality. And, (6) flare, if
present, can significantly degrade images, but there is no convenient way to evaluate flare
in quantitative terms.

From the above analysis it appears that the tests required for evaluating the image
quality of an imaging system should include: 1) CTF measurements at spatial frequencies
from near zero frequency to the frequency at which the CTF approaches zero, 2) distor-
tion measurements, 3) light-induced background measurements, and 4) a qualitative
evaluation of flare.

14. SUMMARY AND CONCLUSIONS

It appears that no singte parameter adequately describes the image quality of even a
simple visual instrument such as a microscope or telescope. In the more complex case of
a photoelectronic imaging device such as an image intensifier night vision device, at least
five parameters are required to describe the image quality. These are (1) CTF, (2) distor-
tion, (3} light induced background and (4} light equivalent background, all of which can be
quantitatively evaluated, and (5) flare, which can only be evaluated qualitatively.

Two of the parameters that can be evaluated quantitatively, CTF and light induced
background, vary with the level of irradiation on the target, and must be evaluated at
several levels of irradiance covering the range of values to be expected in actual service.
Distortion should be nearly free from variation due to irradiation level. Flare will be af-
fected both by the radiance of the source producing the flare and the general level of irradi-
ance on the primary target area, and should be roughly proportional to the ratio of the radi-
ance of the flare source to that of the target area. However, since flare is not subject to
easy quantification, it will probably be sufficient to evaluate it on a qualitative basis for a
single high ratio of flare source radiance to general target radiance.

This report has included discussion of only those parameters of a night vision device

that affect image quality. Other important parameters, such as optical gain and durability,
will be discussed in subsequent reports.

APPENDIX A —Nomenclature

Irradiance, E, (at a point on a surface)— Quotient of the radiant flux incident on an
element of the surface containing the point by the area of the element [53].
[53]Radiant flux, ®,~Power emitted, transferred or received in the form of radiation
Radiance, L, (in a given direction, at a point on the surface of a source or a receptor,
or at a point on the path of a beam)— Quotient of the radiant flux leaving, arriving at, or
passing through an element of surface at this point and propagated in directions defined by
an elementary cone containing the given direction, by the product of the solid angle of the

cgne and the area of the orthogonai projection of the element of surface on a plane perpen-
dicular to the given direction [53].

Expressed mathematically

E=d®/dA (A-1)
12

where dA is the element of area surrounding the point. The unit is W - m~2,
L =d*®/dwdAcosf (A-2)

where w is the solid angle of the elementary cone and 6 is the angle between the normal to
the surface and the given direction. The unitis W - m-2 sy,

Figure 3 may help to understand the concept of radjance. The point P is the point at
which radiance is measured, and AA is the plane area surrounding P. The line P-P’ defines
the given direction from P’ to P. The area AA’ surrounding P' is in a plane normal to P-P’
and subtends the solid angle Aw from P. The solid angle is not shown in the figure. N is the
normal to surface AA at P and 0 is the angle between A and P-P*. The radiation field is
represented by the arrows. That portion of the radiation field passing through AA' and AA
in that order constitutes the flux Ad. Then

L(P,P' — P)=A®d/(AwAAcosf) ' (A-3)

Note that eq (A-3) differs from eq (A-2) in the use of finite flux, A, solid angle, Aw, apd
area, AA, instead of the differential quantities in eq (A-2), since all real measurements in-
volve finite quantities, not differentials.

FiGure 3. The concept of radiance.

In the absence of diffusion, it can be demonstrated that the optical ext'ent‘, pdrodufc_:t r?f
the geometric extent of an element of a beam and the square of the refractive 1n ;x g jhe
medium of propagation, is an invariant along the length of the beam, whatever the devia-

tions which it undergoes by reflection or refraction (dG + n*= constant). In consequence,

the basic radiance, quotient of the radiance by the square of the refr.active mdeyé, ISt 1(;:
varient along the length of an element of beam if the losses by absorption or by reflecti

are taken as zero (L - n?= constant) [44].
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We can characterize the impulse res

The values of irradiance and radiance to be used are weighted by the spectral
response of the detector used to measure the radiant flux or power. If the human eye is
used as the detector, the spectral response of the CIE Standard Observer [45] is used as
the weighting function and the irradiance becomes the illuminance, E, and the radiance
becomes the luminance, L. .

Flare— A defect in an optical system which produces ghost images of a bright source
due to reflections in the system. Light from the source must strike the outer surface of the
objective lens, but need not be in the field of view. The images may be of almost any size
or shape, but circular or elliptical discs, circular or elliptical lines, or portions of either are
the most common form.

Veiling glare— A defect in an optical system which produces a relatively uniform
background over the entire image area. The background is due to scattering in the system.
Note: The term “flare” is sometimes used in the literature to mean “veiling glare’ as
defined above, or the combination of both “flare” and “veiling glare.”

Modulation Transfer Function—The ratio of the modulation contrast in the image to
that of the object imaged, when imaging a pattern whose radiance varies sinusoidally in
one dimension, plotted as a function of the spatial frequency in the image.

Contrast Transfer Function—A modulation transfer function measured with a
square-wave pattern as the object, instead of a sinusoidal pattern. Note: “Modulation
transfer function™ is sometimes used in the literature to mean “contrast transfer function”

. as defined above.

APPENDIX B— Optical Transfer Function [55]

An imaging system views the radiance of objects in object space, and focuses the radi-

ance on a surface, usually plane, in image space. The irradiance on this surface is detected
by the eye in visual systems, by photographic film in cameras or by various types of detec-
tors ir3 photoelectronic imaging systems. In any one system the irradiance on the image
plane is proportional to the radiance in object space, and the proportionality constant can
be computed from the geometry of the system. In the discussion that follows I, represents
the radiance in object space and I; the irradiance on the image plane. The proportionality
constant is omitted from the equations because the transfer functions are independent of
the absolute values of radiance or irradia~.ce.
‘ 'Ijhe basic mathematics of the optical transfer function requires a linear system—one
in Wh'lCh, for incoherent illumination, the irradiance adds linearly. In such a system the op-
tical image is a linear superposition of impulse responses summed over the entire object
plane. This simple relation is best expressed as a convolution of the object radiance, To(1),
and the impulse response of the imaging element(s),

L) =1, (Wi(x — w) du (B-1)

where, sinc'e we are dealing with the problem in one dimension, f(x) is the line impulse
respopse (}mg sprez}d function). Thus, if we consider the delta-function (a line source) as
an object, its image is the impulse response (line spread function), i.e.,
Lix)= f 8(u)f(x — w) du
1) (B-2)

X . ponse (line spread function) as the ¢
two amplitude impulse responses. ) as the complex product of

f00 = du(x) - &30 = [$(0)|2 (B-3)
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By combining this with eq (B-1), we obtain

100= | To() =) 95 x— ) s (B-4)

Because we are treating a linear system, the spectrum of the image is given by its
Fourier transform. The tilde ~ is used to designate a Fourier transform. Then,

110) = [ [ Lo gutx— gt (c— p)dpe-sriveax (B-5)

Aided by the General Fourier Theorem, this becomes

(o) =1,(c) - f(o) (B-6)

where

fo) = j $(k—0) $* o) do (B-7)

f(o) is called the transfer function, and, since the transform of the amplitude impulse
response is the aperture (pupil) function, is seen to be the convolution of the aperture func-
tion with its complex conjugate, the fundamental definition of optical transfer function. As
with all truly linear systems, eq (B-6) shows that image spectrum is *‘object spectrum times
transfer function.” An alternate representation of the transfer function stems from eq (B-
7), by application of the convolution theorem; it is seen to be the Fourier transform of the
impulse response,

f(cr)=ff(x)e*2"‘”dx (B-8)

We now consider the effect of the transfer function (and its determination) on an
image. We choose a radiance distribution which is cosinusoidal in the p-plane. This allows
us to consider a physically realizable (and measureable) object of a single frequency: all
parameters.are known and/or can be measured without ambiguity. Thus,

[o() =A(l + mcos 2mwopu) (B-9)

where A and m are constants, The image is given by eq (B-1), with a change of variable,

L= [ Hu)du
+Am f £(u) cos 2m(x— ) dp
—4 [ tdu
-+ Amcos 27oX f f(ue) cos 2aropudu

+ Amsin 27ox f f(w) sin 2mropudu (B-10)
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We commonly normalize the transfer function to unity at the origin, using the area under
the impulse response (line spread function) as the normalizing factor. Thus, the normal-
ized transfer function is written

-~ J'f(,u)e“”"’“du
{ = 11
= T (B-10
We now define the normalized Fourier Cosine and Sine transforms by
=, o Jf(u)cos2moudu
and

. J () sin 2o udu

fs = _
(o) T (B-13)

Then, by incorporating (B~12) and (B-13) in (B-10), the normalized image irradiance is ob-
tained:

1i(x)= A+ Am{f.(o) cos 2mox + T;(c) sin 270X} (B-14)
For a given frequency, f(¢) has a numerical value. To condense (B-14) accordingly, let

fc(cr)=n cos 6

~ (B-15)
fi(o)=mnsind
Then eq (B-14) reduces to
Li{x)= A+ nmA cos Quox — 6) (B-16)
By taking the ratio of f;(o) to f.(o), we find that
— oy £s(0)
6= tan-! =82
F.(o) (B-17)
When we square and add eq (B-15), we obtain
7 cos? 6+ ? sin? 6= {f(0)}2 + {£:(c)}2 (B-18)
and
1= f0)] = [{F)}? + {£()}2]02. (B-19)

Then n is the mpdulus of the complete transform, and 6is the relative phase angle. Finally
the normalized image intensity is given by ,

- L(x)= A{l + m |£(0)| cos (2mox ~ 6)} (B-20)
Since
If(c)l =1,

compa:rison of (B:9) and (B-20) shows that a sine wave is imaged as a sine wave with (at
most) its modulation attenuated and phase shifted. Thus, for a linear system, a measure or
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characterization of performance is the optical transfer function (OTF). When phase shift
is not present (or neglected, for one reason or another) the system attenuates only modula-
tion, and (B-11) is called the modulation transfer function (MTF). These terms are often
used interchangeably, and the basic meaning and implication should always be determined
before conclusions are reached. v, plotted as a function of spatial frequency, forms the
MTF curve, and § plotted as a function of spatial frequency forms the PTF curve,
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