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CHAPTER 1

INTRODUCTION

§l.lwTHE SUBJECT

Object size, luminance and contrast are the main parameters of vision
and the corresponding visual aids are angular magnification, image in-
tensification and contrast enhancement. Angular magnification and con-
trast enhancement have been realized by optical instruments such as tel-
escopes, microscopes and phase-contrast microscopes. Image intensifica-
tion on the other hand cannot be realized by optical aids alone, and had
to wait for the development of photography and electro-optics. With that
a new visual problem arose: the effect of graim'ness or speckle-noise
upon visual performance. In this thesis vision through photo-electronic
image intensification is studied in particular and compared with unaided
vision.

§1.2. CONTRAST SENSITIVITY FUNCTIONS

The most important aspects of visual performance are resolving power
and contrast sensitivity, i.e., the abilities to distinguish small de-
tails and to detect small luminance differences. Neither of them can be
characterized by a single number, however, since the resolving power is
a function of contrast and contrast sensitivity is a function of object
size. Indeed the quality of optical instruments was expressed for a time
in the resolving power for high contrast only, but high contrast seldom-
ly occurs, especially in the open air. Arnulf (1937) therefore measured
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the resolution of bar patterns observed through telescopes as a function
of contrast.

Now it is preferable to measure contrast sensitivity for sine wave
gratings (Fig. 1) as a function of spatial frequency. The resulting con-
trast sensitivity functions link up with the modulation transfer func-
tions (MTF's), which are currently used to describe the imaging quality
of optical instruments (Baker, 1971). In addition to the transfer of con-
trast they also reflect the sensitivity of the detection process in-
cluding the possible effect of noise.

It is not claimed here that vision is unequivocally characterized by
sine wave responses. One may reasonably assume, however, that contrast
sensitivity functions comprise sufficient information to predict the per-
formance of realistic visual tasks. Classical test objects, such as cir-
cular disks and Landolt-rings may be equally representative as sine wave
gratings, and in some special cases they may be even more representative.
Contrast sensitivity functions for sine wave gratings, however, have the
additional advantage that they can be easily analyzed in and synthesized
from their components.

§1.3. OUTLINE

Unaided vision
In .chapter 2 the measurements of contrast sensitivity functions for

unaided vision are described. These contrast sensitivity functions are
primarily used in the later comparison of aided and unaided vision. Nat-
urally the De Vries (1943) and Rose (1948) hypothesis, that vision is
limited by photon noise at low luminances is discussed. The Poisson-
fluctuations in a signal of R photons amount to /N. Thus the signal to
noise ratio is N//N = /N, and indeed contrast sensitivity is found to be
proportional to the square root of luminance in appropriate conditions.
This behaviour is complicated by changes in spatial summation. At low
luminances larger summation areas favour contrast sensitivity at the
cost of resolution. At higher luminances smaller summation areas improve
resolution at the cost of contrast sensitivity. Considering this the in-
tegral I of contrast sensitivity over spatial frequency is proposed as
an index for visual performance:

I = /(w).dw (1.1)



It will be shown that I obeys the square root law of the fluctuation
theory over a large range of luminances.

From photon-noise to speck-noise
Fundamental questions concerning vision with image intensification

are investigated experimentally in chapter 3. Electronic amplification
can not compensate fully for the absence of light in object space. Al-
though each photon that is detected by a photocathode can be displayed
as a more or less bright speck on a phosphor screen, the speck-density
will reflect the Poisson-fluctuations. The user's eye views a speck-im-
age as illustrated in Fig. 2 instead of the normal "photon-image". It
is generally assumed in literature (§3.2), that vision is limited by
speck-noise in exactly the same way as it is by photon-noise in unaided
vision at low luminances. From this point of view the specks must be
sufficiently bright to be detected by the retina, and any further in-
tensification is useless, because it amplifies the noise as much as the
signal.

This simple signal-to-noise theory is not self-evident with respect
to the visual system. It is conceivable, that the visual system processes
speck-noise differently. Undoubtedly speck-noise will limit contrast sen-
sitivity. The question is, however, whether this is the same limit that
photon-noise places on unaided vision. Apart from that an important prac-
tical question concerns the minimum required speck-intensity to insure
that the specks are detected by the observer's retina. Are the available
threshold data for single flashes applicable to the different situation
of specks in a speck-image?

To answer these questions contrast sensitivity is measured for vision
at speck-images, generated by a special experimental set up. Speck den-
sity and speck-intensity both are parameters in these experiments. By
varying the intensity of the specks from low to high the gradual transi-
tion from photon-noise-limited vision to speck-noise-limited vision can
be followed.

Quantum efficiency
The basic advantage of image intensifying devices is that they col-

lect more photons than the unaided human eye. Their entrance pupil is
usually larger and the sensitivity of their photocathode may be higher



than the sensitivity of the retina. The literature on the quantum effi-
ciency of the retina (briefly reviewed in §4.2) reports values between
0,5% and 10% for the dark-adapted peripheral retina at the optimum wave-
length. This gives rise to different opinions on the relative effective-
ness of image intensifiers, of which the maximum quantum efficiency can
be about 10$. In chapter 4 a hew method to determine the quantum effi-
ciency of the retina is introduced. This method is based upon the speck-
image experiments of chapter 3. If photon-noise and speck-noise affect
contrast sensitivity equally, then the quantum efficiency can be found
as the ratio of the photon-density and the speck-density that are re-
quired to obtain a certain contrast sensitivity in both cases.

Vision through intensifier telescopes
In chapter 5 vision through telescopes equipped with image intensi-

fier tubes is evaluated and compared with unaided vision and vision
through night-glasses. Speck-density and speck-intensity in image space
follow from the relevant properties of telescope and intensifier tube.
Imperfect imaging, expressed in the modulation transfer function of the
device, can be accounted for as well as the possible contrast rendition
by straylight. Thus the final speck-image observed by the user of an im-
age intensifier telescope can be specified, and contrast sensitivity can
be predicted from the speck-image experiments of chapter 3. This proce-
dure is verified for vision with some actual image intensifier telescopes.

Optical modulation transfer of the human eye
The contrast sensitivity functions mentioned represent the visual sys-

tem as a whole and as such they are directly useful. For insight in the
underlying visual processes, however, they should be analyzed into their
optical and neural components. One might question for instance whether
the high-frequency decay is of optical origin only?

The optical quality of the eye is discussed in chapter 6. Experimen-
tal data on the various geometrical aberrations are available in litera-
ture. Modulation transfer functions can be calculated from these data.
Considering that the chromatic difference of focus is the predominating
aberration in whitish light and that this aberration is not different in
individual eyes, the results of such calculations may be generally re-
presentative.



Fig. 1. Spatial sine wave pattern. The luminance is sinusoidally
modulated as a function of spatial coordinate. The contrast is de-
fined as a/B. The spatial frequency w is the number of periods per
unit of angle.

Fig. 2. Speck-image of a sine wave grating. Speck-density is modu-
lated sinusoidally as a function of spatial coordinate. The con-
trast of the sine wave gratings is defined as the ratio of ampli-
tude and mean speck-density.



Modulation transfer functions have also been measured, by Campbell and
Gubish (1966) among others. They managed to reconstruct MTF's from the
weak image of a narrow slit, that is reflected by the fundus of the eye.
The interpretation of these fundus reflection measurements is not com-
pletely clear. Nature and origin of the fundus reflection are uncertain
and at least some contrast reduction by retinal scattering is included.
Thus the present calculations may complement these measurements. They
further reveal the connection of modulation transfer and aberrations and
can be extended to the special conditions of vision at low luminances.

Spatial interactions in the retina-brain system
The ratios of the contrast sensitivity functions of the visual system

as a whole and the MTF's of the optics of the eye can be interpreted as
contrast sensitivity functions of the retina-brain system. The form of
these contrast sensitivity functions may be related to the spatial in-
teractions in the retina-brain system. Various models on spatial inter-
actions have been proposed, all more or less succesful in explaining one
type of experiments. Rose (1948) assumed, that the visual system sum-
mates the retinal photon-flux over the whole test object regardless of
its size and compared the result with the photon-flux in an equal area
of the background. Most of the literature on vision through image inten-
sification (§3.2) adheres to this idea, even though it is unfeasible.
Rose's model is contrary to the experimental evidence of so-called Ricco-
areas with fixed size. Bouman and Van der Velden (1947) differentiated
two kinds of spatial interactions in their two-quanta explanation of
threshold vision: direct summation of the photon flux within Ricco-areas,
followed by summation of detection probability when a test object is
larger than Ricco's area. Which model is supported by the contrast sen-
sitivity functions of the retina-brain system?

§1.4. RESTRICTIONS

In this thesis vision with and without image intensification is
studied in terms of modulation transfer and contrast sensitivity for sine
wave gratings. Some important restrictions may be mentioned. First, aids
to vision are used for realistic visual tasks like the detection and rec-
ognition of relevant objects. The gap between such realistic tasks and



the present elementary sine wave responses has still to be bridged and
is subject to further study (Van Meeteren and Zonneveld, 1972). Second,
not all aspects of optical instruments, the eye included, may be ex-
pressed in terms of contrast sensitivity functions or MTF's. This espe-
cially applies to the function of the field of view in visual search.
Third, temporal and spatio-temporal aspects of moving objects remain un-
touched.



CHAPTER 2

CONTRAST SENSITIVITY FUNCTIONS FOR UNAIDED VISION

52.1. LITERATURE

In this chapter natural unaided vision at low luminances will be de-

scribed briefly on the basis of contrast sensitivity functions for spa-

tial sine wave gratings. A rather extensive literature on contrast sen-

sitivity functions has been published since their introduction by Selwyn

(1948). Westheimer (1965), Ronchi and Van Nes (1966), and Van Meeteren

(1966) present literature surveys. Contrast sensitivity functions depend

in absolute value and in form upon luminance, field size, retinal posi-

tion, orientation, presentation time and pupil size, but not upon colour.

In natural vision these factors operate simultaneously. Their separate

effects may be surveyed here in bird's-eye view.

The independency of colour was established by Van Nes and Bouman (1967),

who measured contrast sensitivity functions for monochromatic blue, green

and red lights and found no difference in photopic conditions. This does

not imply necessarily, that the three receptor systems have the same con-

trast sensitivity functions when isolated (Green, 1968; Kelly, 1973), but

possible differences do not come out in practical vision.

Luminance was varied by Schade (1956), Rosenbruch (1959), Robson and

Campbell (1964), Patel (1966), Van Nes and Bouman (1967), Daitch and

Green (1969), and Van Meeteren, Vos and Boogaard (1971). Just like for

other test objects, contrast sensitivity for sine wave gratings first in-

creases roughly with the square root of luminance and finally levels off

to the Weber-fraction when luminance is raised. The visual system is a
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bandpass filter for spatial frequencies: contrast sensitivity is not on-
ly subject to high-frequency decay but is also suppressed at low spatial
frequencies. This bandpass filter shifts to higher spatial frequencies
at higher luminances. The high-frequency decay may be caused by optical
blurring and neural sampling. The low-frequency suppression must be ex-
clusively of neural origin.

Contrast sensitivity depends markedly on the size of the sine wave
fields. The larger the sine wave field the higher the contrast sensitivi-
ty, but the improvement is only marginal when the field contains more
than 7 periods of the pattern (Rosenbruch, 1959; Coltman and Anderson,
1960; Findlay, 1969) and when the length of the bars exceeds 1° (Schober
and Hilz, 1965). Thus sine wave fields should extend over some degrees
of visual angle and the lowest spatial frequencies should be excluded
from the measurements in order to avoid field size complications. We
will return to this in chapter 7.

Contrast sensitivity functions are different in fovea and periphery
(Patel, 1966; Daitch and Green, 1969). Contrast sensitivity is higher in
the periphery, whereas spatial bandwidth is larger in the fovea.

Contrast sensitivity is about two times higher for gratings in the
vertical and the horizontal orientation as compared with the oblique ori-
entation (Campbell, Kulikowski and Levinson, 1966). The difference is at
least partly of neural origin and seems to be somewhat larger at high
spatial frequenciöw

Presentation time is1 a .determinant factor also. According to Schober
and Hilz (1965) contrast sensitivity is improved by more than a factor
10 when the presentation time is raised from 15 to 1000 msec. Unfortu-
nately it is not made clear whether a further improvement might be ex-
pected from longer presentation times. The relative suppression of low
spatial frequencies is not found for short presentation times and appa-
rently takes some time to develop. This also fits with experiments of
Van Nes, Koenderink and Bouman (1967)on spatio-temporal contrast sensi-
tivity for moving and flickering sine wave gratings.

Finally the effect of pupil size is twofold. First, pupil size controls
retinal illuminance and as such its effect is equal to that of varying
luminance. Second, the quality of the retinal image depends upom pupil
size as will be amply discussed in chapter 6. The effect of pupil size
was controlled as a rule in the experiments cited, by the use of arti-



ficial pupils.
The more recent literature on experiments with sine wave gratings con-

centrates predominantly on the possible existence of sine-wave-channels,
mediating Fourier-analysis in vision ('Campbell, 1969). We will return to
this question in chapter 7. To avoid possible misunderstandings it should
be noted, that the use of contrast sensitivity functions measured with
sine wave gratings does not stand or fall with the existence of Fourier-
analytical processing in the visual system.

The above literature survey is far from complete and deals with those
factors only that might be related to the present problem. The measure-
ments on natural vision at low luminances described in this chapter are
comparable to the measurements of Schade (1956). Schade, however, pre-
sented normalized contrast sensitivity functions and did not mention ab-
solute values of contrast sensitivity. Moreover, new measurements were
required to characterize the unaided visual performance of the same ob-
servers, that participated in the experiments on aided vision.

§2.2. THE MEASUREMENTS

A set of sine wave gratings with different spatial frequencies was
produced photographically in the form of slides by making blurred con-
tact prints of bar patterns. These slides could be illuminated from be-
hind and observed directly, when only small sine wave fields were needed,
as in the experiments of 53.6, S4.3., S5.5 (it-1) and §6.2. Large sine
wave fields, as used in the experiments of §2.3, §5.2 and §5.5 (it-2),
were realized by projection. The special use of the sine wave slides in
the speck-image experiments of chapter 3 will be illustrated on the spot.

The contrast a/B of the sine wave gratings (see Fig. 1) is varied by
superposition of a uniform veiling field. To reduce the contrast, for
instance, the average luminance of the sine wave grating itself is de-
creased, whereas the luminance of the veiling field is increased by the
same amount. Thus the total mean luminance B is kept constant. Lumi-
nance calibrations were made with a weston Viscor photocell.

The procedure of the measurements was as follows. In fact two con-
trast sensitivity functions were measured simultaneously by presenting
the sine wave gratings in vertical and horizontal orientation. The ex-
perimenter presented a number of contrast settings near threshold in
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random order and in steps of a factor 1.3 (1.2 in the latter experiments
of chapters 3, 4, 5 and 7). The observer's task was to detect the orien-
tation of the grating. He was asked to respond with "vertical", "hori-
zontal" or "no choice". The responses were registered as follows:

contrast

horizontal

vertical

0.10

0

0.12

0

0

0.14

0

0 /

0.17

0 /

+

0.20 0.24 0.28 0.33

t + ' t

+

where 0 stands for "no choice" and + for correct "horizontal" or "verti-
cal" responses. The threshold was defined as indicated by the slash and
is 0.185 for the horizontal grating and 0.155 for the vertical grating
in the above example. About 5 per cent of the "horizontal" and "vertical"
responses were incorrect. Incorrect responses were considered as a sign
of guessing and neighbouring correct and incorrect responses were inter-
preted as neutralizing each other to "no choice" responses. Admittedly,
this method is a coarse one, relying upon the stability of the observer's
criterion. It must be realized that rigid measurements of frequency of
seeing curves require 150-200 presentations and are impractical when the
interest is mainly in mutual comparison of contrast sensitivity functions.
In practice the reproducability, especially of complete contrast sensi-
tivity functions, is satisfactorily. Repeated measurements of the same
threshold contrast show a standard deviation of 20%. As followed from a
pilot experiment thresholds determined in this simplified way correspond
roughly to a detection probability of 70 per cent with 30 per cent false
alarms.

Most of the experiments were made by two observers, JB and AvM, in
order to verify the results of one at least by one other one. The visual
acuity defined as the reciprocal of the just resolvable Landolt-ring gap
in min of arc, was 2 for both subjects when they wore their normal cor-
rection glasses. The latter were built in to the apparatus, when artifi-
cial pupils were used, as well as in the measurements with night-glasses
and intensifier telescopes in order to avoid discomfort.

For the sake of brevity and clarity the average results of both ob-
servers and both pattern orientations will be presented, if not mentioned
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otherwise. Only small differences between observers and orientations
have been found, which in general may remain undiscussed in this study.

§2.3. CONTRAST SENSITIVITY AND RESOLVING POWER

To characterize natural unaided vision a set of contrast sensitivity
functions was measured in the luminance range of 10"1* to 10 cd/m2 with
large sine wave fields of 17° x 11° projected on a white screen. The
sine wave gratings were observed from a distance of 4 m in free fixa-
tion with both eyes, unlimited presentation time and natural pupil. The
size of the natural pupil was measured in the experimental conditions
and changed from about 5 mm at 10 cd/m2 to about 7 mm at lO"1* cd/m2 for
both observers. The measured contrast sensitivity functions are plotted
in Fig. 3 and show the general properties known from literature.

Starting at low light levels, contrast sensitivity first rises pro-
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«
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50 100

Fig. 3. Contrast sensitivity functions. Spatial frequency is plot-
ted in periods per degree. These measurements refer to normal free
vision to a field of 17° x 11°. The natural pupil was 5-7 mm in the
luminance range concerned.
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portional to the square root of luminance in agreement with the De Vries-
Rose law, and finally levels off submitting to Weber's law. Naturally
contrast sensitivity is cut off at higher spatial frequencies. The high-
frequency decay reflects the total fusion caused by the optics of the
eye and by the retina-brain system. It appears that the contrast sensi-
tivity functions for the various luminances cannot be brought to coin-
cide by vertical shifts alone. They are also shifted horizontally to-
wards higher spatial frequencies at higher luminances, mainly because
of shrinking neural fusion, as will be shown. Remarkably, contrast sensi-
tivity is suppressed also at low spatial frequencies when the light lev-
el is sufficiently high. This "differentiator" effect is exclusively of
neural origin and associated with lateral inhibition (Ratliff, 1965).
In short, contrast sensitivity as a function of luminance obeys to well-
known visual laws, and contrast sensitivity as a function of spatial fre-
quency is controlled by spatial imaging and neural processing. The qua-
lity of the eye optics is dealed with in chapter 6. Some models of neu-
ral processing are discussed in chapter 7. The fluctuation theory under-
lying the De Vries-Rose law is explained in §2.4.

The curves of Fig. 3 are intentionally plotted to read contrast sensi-
tivity as a function of spatial frequency. One may read also from the
same curves resolving power as a function of contrast, when resolving
power is defined here as the highest spatial frequency that can be re-
solved at a certain contrast. Thus the curves clearly reflect two im-
portant aspects of vision: contrast sensitivity in their height and re-
solving power in their width. The maximum resolving power - akin to the
visual acuity for optotypes - is obtained in particular for unitary con-
trast and can be read from the intersections of the contrast sensitivity
functions with the abscissa. Maximum contrast sensitivity and maximum
resolving power as derived from Fig. 3 are replotted va. luminance in
Fig. 4. The square root law for contrast sensitivity is approximated
indeed, though not over a large luminance range. The maximum resolving
power also improves with rising luminance but at a lower rate, which
is in agreement with visual acuity measurements (König, 1897). The amel-
ioration of the maximum resolving power is partly implied by the rising
contrast sensitivity, as will be evident from inspection of Fig. 3. This
has been pointed out before by Denier van der Gon (1959) in his fluctu-
ation theoretical treatment of visual acuity. The improvement of visual
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Fig. 4. Contrast sensitivity and visual acuity for sine wave gra-
tings as a function of luminance. Data derived from Fig. 3.

acuity is yet smaller than would follow from the square root law, due to
the convex form of the contrast sensitivity functions. Apart from this
the resolving power is further improved at higher luminances by the
changes in image quality and neural processing mentioned above.

§2.4. FLUCTUATION THEORY

According to the fluctuation theory of De Vries (1943) and Rose (1948)
vision is limited at low luminances by the Poisson-fluctuations in the
collected photon flux. Let the photon flux that enters the eye be <f> pho-
tons per sec per min2 of arc upon the retina. To get measurable signals
the retina collects <|> over some area o2 and some time T. The number N
of collected photons in such a sample is:

V
(2.1)

where n is the quantum efficienct and a2 and T are expressed in min2 of
arc and sec respectively. N is the average number of collected photons
in the sample. Repeated countings will show a standard deviation /Nc, due
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to Poisson-fluctuations. Possible differences ANc in different coutings
can be detected at best with a certain probability P(k) if:

Thus the threshold contrast AN /N that must be exceeded to detect the
difference ANc with a probability > P(k) is:

/N

Cth = ̂
and the corresponding contrast sensitivity S becomes:

, Nr , t _ ,
S^.-C I/AT (2.2)K /NC

 k p

Eq. (2.2) puts an upper limit to contrast sensitivity inherent to the
quantum nature of light. Contrast sensitivity can at best be proportion-
al to the signal to noise ratio N //N in the collected photon flux.

The most important inference of Eq. (2.2) is that contrast sensitivi-
ty is expected to be proportional to the square root of the photon flux
that enters the eye. This De Vries-Rose law is roughly in agreement with
the well known experimental data of Blackwell (1946) among others, as
Rose (1948) demonstrated. This may indicate indeed, that the visual sys-
tem follows the photon-noise limit close on. How closely the photon-noise
limit is approximated has to be judged by a quantitative evaluation of
Eq. (2.2), which unfortunately is problematic because of uncertainty on
the quantum efficiency n (see chapter 4).

Rose (1948) further attempted to predict contrast sensitivity for cir-
cular disks as a function of their size. He assumed that the visual sys-
tem summa tes the incoming photon-flux over the area of the test object
and compares the result with a sample of equal size taken from the back-
ground. In other words the integration area would adapt to the test ob-
ject and Rose substituted the size of the testobject for a2 in Eq. (2.2).
This model, which has been borrowed as a rule in the theoretical evalu-
ations of vision with image intensifies, leads to a simple description
of spatial vision.

Rose's assumption is unlikely all the same. The forthcoming descrip-
tion of spatial vision is too simple in fact and holds at best for a
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small range of medium object sizes, as Rose (1948) demonstrated himself.
It is more likely that the visual system summates the incoming photon-
flux over constant summation areas, which do not specifically adapt to
the size of the test object; as will be discussed in chapter 7. A compli-
cation of the De Vries-Rose law is, that the size of these summation ar-
eas depends upon the light level. At lower luminances the visual system
summates over larger Ricco-areas, in favour of contrast sensitivity as
will be evident from Eq. (2.2). Morgan (1965) recognized this and sub-
stituted the reciprocals of the spatial and temporal "noise equivalent
bandwidths" for a and T. Deriving "noise equivalent bandwidths" from con-
trast sensitivity functions measured by Schade (1956) and Kelly (1961),
he found contrast sensitivity data of DePalraa and Lowry (1962), Black-
well (1946) and Sturm and Morgan (1949) in good agreement with Eq. (2.2).

The use of the "noise-equivalent bandwidth" is debatable here, how-
ever. It presumes that each point of the retina is the center of a sum-
mation area in a continuously overlapping array. The retina in fact con-
tains a mosaic of only partly overlapping receptive fields. Considering
this, one should substitute the effective size a& of the receptive fields
in Eq. (2.2). This size aß can nevertheless be derived from the form of
the contrast sensitivity functions for sine wave gratings as will be ar-
gued in §7.4. The contrast sensitivity functions S(w) can be written as
the product S-T(w) of contrast sensitivity S and modulation transfer
T(w). It can be shown then that:

e 2/T(w)dw 2/S(w)dw k ;

Combining this with Eq. (2.2) it follows that:

oo

I = ƒ S(w)dw.../* (2.4)
O *

In other words the integral I of contrast sensitivity over spatial fre-

quency should be proportional to the square root of the detected photon
flux. This prediction is confirmed by the integrated contrast sensitivi-
ties derived from the data of Fig. 3 and plotted vs. luminance in Fig. 5:
integrated contrast sensitivity is proportional to the square root of lu-

16



5000

2000
>>

I 1000
Si

§ 500
in
S
"c
o
u

TJ
01

200

100

£ 50
c

20

10
-3 -2 -1 O
luminance in log cd/m2

Flg. 5. Integrated contrast sensitivity according to Eq. (2.4)
plotted us. log luminance. Note the square root slope. Data de-
rived from Fig. 3.

minance over almost five decades. At higher luminances the integrated
contrast sensitivity remains behind the square root relation, partly be-
cause of shorter summation time and smaller pupils, partly as an onset
of the Weber regime.

It may be remarked finally that the fluctuation theory has developed
to a general principle explaining chromaticity discrimination as well as
contrast sensitivity (Walraven, 1962; Vos and Walraven, 1972). The fluc-
tuation theory describes the photon-noise limitation of vision without
specifying any threshold mechanism. Bouman and his coworkers investi-
gated possible mechanistic models (Bouman and Koenderink, 1972).

§2.5. THE INTEGRATED CONTRAST SENSITIVITY

The integrated contrast sensitivity I is proposed here as a summary
measure for visual performance. It characterizes the total amount of in-
formation that is assimilated, irrespective of the form of the contrast
sensitivity functions. The absolute height of the contrast sensitivity

17



functions represents the amount of metric information, whereas the spati-
al bandwidth represents the amount of structural information (Van Soest,
(1952). The total amount of information carried by a photon flux is pro-
portional to the square root of that photon flux. This is reflected in
the integrated contrast sensitivity of the unaided eye. At low luminances
the visual system summates over large Ricco-areas in favour of contrast
sensitivity at the cost of resolution. This results in a relatively high
contrast sensitivity function over a relatively small range of spatial
frequencies. At higher luminances smaller Ricco-areas favour resolution
while contrast sensitivity levels off. This finds expression in relative-
ly low contrast sensitivity functions over a large range of spatial fre-
quencies. Irrespective of this change in strategy the integrated contrast
sensitivity is a good summary measure of the total amount of information
that is assimilated.

As will be discussed in chapter 5 the total gain in visual performance
provided by intensifier telescopes can be distributed more or less at
choice over angular magnification or concentration of the detected pho-
ton flux. By angular magnification the contrast sensitivity functions
are shifted towards higher spatial frequency. The contrast sensitivity
functions are shifted upwards on the other hand by concentration of the
detected photon flux, -i.e. , by intensification of the effective lumi-
nance. Whatever choice is preferred the total gain in integrated contrast
sensitivity is governed by the photon-catch of entrance pupil and photo-
cathode.

It may be expected that the performance of realistic visual tasks
like the detection and recognition of relevant objects correlates well
with the integrated contrast sensitivity I. A high correlation was found
at least between the akin MTFA and the interpretability of photographs
(Snyder, 1973). This MTFA integrates the difference of the modulation
transfer function T(w) of the photographs and the threshold contrast
Cth(w):

MTFA = m(w) - Cth(w)}dw

The integrated contrast sensitivity I in this case would integrate the
ratio of T(w) and Ctu(w):
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JT(w)-S(w)dw = ƒ -T(W) dw

The MTFA proved to be a good measure for the interpretability of photo-
graphs with different modulation transfer functions T(w). In the case of
aided and unaided vision, however, the integrated contrast sensitivity I
is preferable as a performance measure for its simple relation to the
detected photon flux and since it reflects contrast sensitivity uniforme-
ly over its whole range. The MTFA hardly appreciates the difference be-
tween threshold contrasts of 0.01 and 0.10, for instance.

It should be realized that summary measures to characterize visual
performance in one dimension are of limited use. The integrated contrast
sensitivity I, for instance, attaches the same weight to contrast sensi-
tivity and resolving power. In practice, however, one may be more impor-
tant than the other, depending on circumstances.
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§2.6. BINOCULAR AND MONOCULAR VISION

In normal vision both eyes are used and from the beginning on great

value has been set on the binocular make-up of telescopes (De Waard,

1906). And indeed, leaving the greater comfort aside, two eyes see more

than one. This has to be taken into account in the comparison of vision
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through monocular instruments with natural unaided vision. The mecha-
nisms of binocular interaction will not be discussed here. Suffice it to
illustrate and quantify the effect. In Fig. 6 contrast sensitivity func-
tions, measured with a large sine wave field of 15° in diameter at a lu-
minance of 3.5 x 10"1* cd/m2, are presented for binocular and monocular
vision. Contrast sensitivity is about a factor /2 higher for binocular
vision in agreement with measurements of Campbell and Green (1965b).

§2.7. RECAPITULATION

Natural unaided vision at low luminances was discussed briefly with
the aid of contrast sensitivity functions. The integral I of contrast
sensitivity over spatial frequency was proposed as a summary measure for
visual performance. In agreement with the fluctuation theory this inte-
grated contrast sensitivity is proportional to the square root of lumi-
nance over almost five decades. At higher luminances the integrated con-
trast sensitivity levels off, according to the Weber-Fechner law. The
spatial bandwidth of the contrast sensitivity functions is smaller at
low luminances, which can be related to summation over larger Ricco-ar-
eas in favour of contrast sensitivity. The contrast sensitivity func-
tions represent the visual system as a whole: a further analysis into
the optical and the neural components is required.
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CHAPTER 3

FROM PHOTON-NOISE TO SPECK-NOISE

§3.1. INTRODUCTION

Once detected by the photocathode of electro-optical instruments, .
photons can be made visible as bright specks on an image screen by elec-
tronic amplification. When the detected photon flux is sufficiently high
these specks combine in space and time to form a normal, smooth image.
At lower light levels in object space, however, the detected photon flux
can be so small, that the corresponding specks are visible as such, es-
pecially when the amplification is high. Fig. 2 illustrates such a speck-
image of a sine wave grating.

The speck-density reflects the Poisson-fluctuations of the underlying
photon flux. Where unaided vision is already limited by photon-noise,
vision at speck-images will be the more so by the corresponding speck-
noise. As far as we know, all theoretical evaluations of vision with
image intensification, accordingly are variations of the fluctuation the-
ory, discussed in §2.4. One simply replaces photon flux by speck-density
in the formulations. Contrast sensitivity for vision at speck-images thus
should be proportional to the square root of speck-density, and this pre-
diction was confirmed experimentally by Coltman (1954) and others. After
several experimental determinations of the factor k in Eq. (2.2), which
will be surveyed in §3.2, the evaluation of vision with image intensifi-
cation thus seems to be complete.

On reflection, however, some important questions remain to be an-
swered. In its basic form the fluctuation theory states, that contrast
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sensitivity is governed unambiguously by the retinal signal-to-noise ra-
tio. From this point of view there is no difference between photon-noise
and speck-noise. It is conceivable, however, that the visual system pro-
cesses speck-noise differently. Taking for granted that photon-noise and
speck-noise put a limit to unaided and aided vision respectively, the
question is whether this is exactly the same limit, as was assumed more
or less tacitly in the literature. As long as each speck results in not
more than one photon detected by the retina the assumption is acceptable.
What happens, however, when the intensity of the specks is higher so that
the speck-noise becomes visible as such? It notably is conceivable, that
speck-images as illustrated in Fig. 2, would be processed at a central
stage of the visual system in a more sophisticated way, resulting in
higher contrast sensitivity. It is further conceivable that spatial and
temporal processing are different at such a central stage of the visual
system. This would result in a different form of the contrast sensitivi-
ty functions. It is possible also that the visibility of the speck-noise
disturbs the detection proces at a central level and reduces contrast
sensitivity henceforward.

It will be evident that the specks must be sufficiently bright to en-
sure that each of them is detected by the retina of the observer's eye.
A practical question, then, first of all is: what is the minimum required
speck-intensity to make sure that all specks are detected? In the fovea
a single speck must contain about 450-900 "corneal" photons (see the lit-
erature survey in §4.2.2). "Corneal" here and in the following means:
measured at'~'the"cornea'and over the entrance pupil. In the periphery a-
bout 50-110 corneal photons are required to see a single speck (§4.2.2).
It is questionable, however, whether these data apply to the different
situation of specks in a speck-image. In the latter case it is only re-
quired that the specks are detected by the retina, not that they are seen
by the observer.

Vision at speck-images is investigated in this chapter with these
doubts in mind. Are the effects of speck-noise and photon-noise the same?
And what is the minimum required speck-intensity? To answer these ques-
tions contrast sensitivity functions were measured with speck-density
and speck-intensity as parameters.
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§3.2. LITERATURE

3.2.1. Direct experiments with speck images^

In the following literature survey we will connect to Eq. (2.2), re-
written as:

S=!(Ta2*s)
e (3>1)

where * is the retinal speck-density expressed in the number of specks
2per sec per mi n of arc.

Rose (1948) simulated speck-images of a test-chart with circular black
disks on a kinescope-screen. To determine the value of k he made photo-
graphs of the image on the kinescope-screen and counted the number of
specks NS within an area equal to the area of the just detectable black
disk. Assuming that the visual system summates the signal over the whole
test object indeed, Rose thus found k to be about 5.0. Returning to the
kinescope screen he concluded that the integration time T was about 0.2
seconds.

Sturm and Morgan (1949) and Tol (1953) measured contrast thresholds
for circular holes in a Burger-phantom observed through a fluorescopic
screen intensification system. Their results are roughly described by Eq.
(3.1) for medium sized objects. They found k-values between 3 and 5 when
the summation time was taken as 0.2 sec.

Coltman (1954) simulated speck-images of a bar pattern of about 5 ppd
on a kinescope-screen and measured contrast sensitivity as a function of
speck-density. The square root relation of Eq. (3.1) was roughly con-
firmed. What about spatial integration with respect to bar patterns? Colt-
man assumed that the visual system summates over the light bars and the
dark bars separately and then compares the difference with the noise in
an equal area. Taking the values of Rose (1948) for T and k Coltman con-
cluded that the aforesaid integration area extended over "1/4 of the
test pattern" in the experiment concerned. This is a rather loose inter-
pretation, and there is no indication how to extrapolate the data to
other spatial frequencies than the one that was investigated.

Schagen (1963) presented experimental data on the resolution of Lan-
dolt-rings observed through an actual intensifier telescope as a func-
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tion of the luminance in object space. He found Eq. 3.1 confirmed and
derived a value of 1.9 for k when the integration time was taken as 0.2
sec. According to Schagen this k-value is in agreement with the theoret-
ical value for "a detection probability" of 75 per cent in a four-chan-
nel forced choice situation".

Some experimenters added white beam current noise to video signals.
The resulting display noise differs from the speck-noise mentioned sofar
in its analog character compared with the digital character of speck-
noise. This difference may be visible at extreme low signal to noise ra-
tios. However, when the display noise is really white, it can be argued
that Eq. (3.1) applies here also if /$ is replaced by an appropriate
expression for the beam current signal to noise ratio.

Coltman and Anderson (1960) added white noise to bar patterns on a
television display and found the just resolvable number of line pairs per
picture to be proportional to the current signal to noise ratio. However,
they urged the observers to optimize the viewing distance in order to ob-
tain the highest resolution. As the authors point out themselves, the
best strategy then is, to change the viewing distance inversely propor-
tional to the current signal to noise ratio, and to keep the retinal sig-
nal to noise ratio constant in this way. Considering this the experiment
only confirmed that the performance of the eye is the same when the re-
tinal image is the same.

Resell (1971) studied the probability of detecting rectangular tar-
gets on a television display with additive white noise. The target was
presented in one of four quadrants. The possible target positions were
located on the corners of a square of 8° x8°. It should be remarked that
this is a search task rather than a detection task. The experimental pro-
bability of detection curve, measured as a function of the display sig-
nal-to-noise ratio, fitted satisfactorily to the theoretical curve and
spatial integration proved to be complete within squares up to 1 degree2

and rectangulars of 0.13 x 6.2 degree2. This large spatial integration may
be typical for search tasks. According to Rosell the theoretical and ex-
perimental value of k is 3.7 for "a detection probability of 75 per cent
in a four-channel forced choice situation".

The experiments mentioned sofar regarded vision with image intensifi-
cation directly. In general they confirm the fluctuation theory. In pre-
senting k-values for various types of test objects and threshold criteria
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they make Eq. (3.1) fit for use. The value of k seems to be in agreement

with its detection theoretical value. The higher k-values of Rose (1948)
and Tol (1953) may indicate that in their case the threshold criterion
corresponded to a high probability of detection. How contrast sensitivi-
ty depends upon target size or spatial frequency in vision with image in-
tensification has not been settled by these experiments. All authors as-
sume, as Rose (1948) did, that the retina summates over the whole area
of the test object and compares the result with the noise in an equal ar-
ea of the background. They consequently substitute the size of the test
object for a2 in Eq. (3.1). This may be correct for medium sized objects.
Spatial summation, however, may not be complete over larger test objects,
whereas the detection of small test objects is complicated by spatial
blur and neural fusion. It finally is not clear how to extent this re-

lation to sine wave gratings.

3.2.2. Comparison with unaided vision

Vision with image intensification has also been evaluated indirectly

by comparison with the naked eye. It is postulated, then, that the visu-
al system processes speck-noise and photon-noise equally. Dirksen and
Van Schie (1963) in this way transfered BlackwelTs (1946) contrast
threshold data for unaided vision to the object space of intensifier tel-

escopes. And Morgan (1965) predicted contrast sensitivity functions for
vision with image intensification from contrast sensitivity functions for
unaided vision. If correct, this approach is attractive. All data on un-
aided vision would be available at once for the detailed evaluation of
vision with image intensification. Two objections stand in its way. First
the quantum efficiency of the unaided eye must be known. Dirksen and Van

Schie adopted a value of 6%, whereas Morgan took 12%, and Schaqen about
1%. We will return to the quantum efficiency of the retina in chapter 4.

Second, the starting point of the method is not selfevident as will be
discussed in the next section.

3.2.3. The effect of speck-intensity

Are there experimental indications that the visual system processes
speck-noise and photon-noise equally? This question is identical to an-
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other one: what is the effect of varying speck-intensity? At low speck-
intensities (10 corneal photons per speck for instance) the speck-im-
ages cannot be distinguished from "photon-images". When the speck-inten-
sity is raised to a high level (500 corneal photons per speck for in-
stance) the speck-noise becomes visible as such and one might speak of
speck-images indeed. The effect of speck-intensity is hardly touched by
the authors cited sofar. They simply assumed that the specks were suffi-
ciently bright in their case, in other words, that there is no effect of
speck-intensity above a certain critical level.

This level is not explicitly specified by most authors and has not
been experimentally verified in the literature known to us. Refering to
a retinal quantum efficiency of 10% (Pirenne, 1956), Schagen (1963) ar-
gued that 10 corneal photons per speck are sufficient in scotopic vision
and that this can be realized with single stage intensifier tubes. Dirk-
sen and Van Schie (1963) refered to a retinal quantum efficiency of 6%
which implies a critical speck-intensity of about 17 corneal photons. On
the other hand one could also have referred to absolute threshold data
for single specks (§4.2.2). The problem really is that neither the quan-
tum efficiency nor the single-speck-threshold need to be representative
for the critical intensity of specks in a speck-image, so that an experi-
mental determination will be worthwhile.

A curious reasoning is held by Balaskovic (1965). His starting point
is that the contrast sensitivity of the eye levels off anyhow to the
Weber-fraction at about 60 lux. Next, he calculates the minimum speck-
density to obtain the Weber contrast sensitivity on the basis of the
fluctuation theory. The required speck-intensity then follows as the
quotient of luminance and speck-density. Admittedly, a higher speck-in-
tensity would be meaningless at the onset of the Weber-regime, but this
seems to be a rather arbitrary condition to start from.

The indifference with respect to the critical intensity is fostered
by the development of cascade image-intensifier tubes. Three stage tubes
provide speck-intensities above the most conservative estimates of a
possible critical level, even for photopic observation. This, however,
is attended by a loss in image quality. It thus remains interesting to
know the critical speck-intensity, if existing. We now return to the
question whether visual performance indeed levels off at higher speck-
intensities.
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Tol (1953) reports quantitative conclusions of an experiment with two
different high speck-intensities. Of 5 observers 2 found no difference,
2 only a small difference, whereas for 1 observer contrast detectabili-
ty was definitely lower at the lower speck-intensity.

Beurle (1969) predicted maximum contrast sensitivity for medium speck-
intensity. At lower speck-intensities contrast sensitivity is reduced
since not all specks are counted, whereas at higher speck-intensities
contrast sensitivity will be reduced by shrinking of the summation area.
In Beurle's opinion the effect of speck-noise and photon-noise is essen-
tially the same, and contrast sensitivity is controlled by the retinal
signal-to-noise ratio, but it should be recognized, that spatial and
temporal processing are controlled by the retinal illuminance, i.e., by
the product of speck-density and speck-intensity. Whether this leads to
a distinct maximum in the contrast sensitivity vs. speck-intensity re-
lation may depend upon circumstances. The effect was experimentally dem-
onstrated by Hodgson (1971) for large disks at a rather low speck-c'snsi-
ty as far as can be derived from the text.

Kühl, Geurts and Overhagen (1969) asked a group of observers to opti-
mize the subjective quality of speck-images by adjusting the speck-in-
tensity. Surprisingly, lower intensifications were preferred as the
speck-density was raised.

Cuelenaere and Mulder (1972) studied the effect of different intensi-
fication factors in intensifier telescopes. They found a continuous a-
melioration of contrast sensitivity when the intensification was in-
creased, at least in the investigated range.

Taylor (1972) demonstrated that high speck-intensities enable foveal
vision with its inherent advantages. He compared two intensifier tel-
escopes with a single-stage tube in one, and a three-stage tube in the
other, resulting in low and high speck-intensity respectively. When the
observer was allowed to use peripheral fixation the performance with
the single stage tube was almost as good as with the three-stage tube.
When peripheral fixation was excluded the three-stage tube was clearly
superior.

Finally, a possible interaction of speck-intensity and optical blur
must be mentioned. If a speck-image is blurred the contrast of the test
object is reduced. This does not necessarily imply a lower signal to
noise ratio, since the noise may be smoothed also, as Albrecht and Proper
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(1965) and Mulder (1971) remarked. This will happen in general when sig-
nal and noise are both divisible such as in a beam current. It does not
apply to the imaging of photon-noise, since photon are indivisible. It
may apply to speck-noise, however, when the specks contain sufficient pho-
tons to be considered as divisible.

Summarizing the above literature on the effect of speck-intensity it
is plausible that Ricco's summation area changes when the speck-intensi-
ty is varied over large ranges. What happens apart from that is not clear.
The experiences of Kühl et.al. (1969) and of Cuelenaere and Mulder (1972)
seem to be in conflict with the concept of a critical speck-intensity
beyond which visual performance levels off.

S3.3. SIMULATION OF SPECK-IMAGES

To study the fundamental limits of vision with image intensification
experimentally, speck-images were simulated on a kinescope-screen. Fig.
2 is a snapshot of such a speck-image.

-j> observer

Fig. 7. The simulation set-up. A flying spot scans transmutant
sine wave gratings at Wl. A uniform field is superimposed via W2.
The contrast of the sine wave grating is controlled by adjusting
the polaroid systems PI and P2. Neutral density filters Fl reduce
the photon flux, detected by the photo-multiplier PM to such a de-
gree, that the photons are converted into separate specks on the
kinescope-screen. The apparent intensity of the specks is control-
led with neutral density filters F3.



The proposed experiments can hardly be done with actual image inten-
sif iers (Van Meeteren et.al., 1971), in which the spatial frequency range
is limited by the image quality of objective lens and image tube and con-
trasts are reduced by straylight. Further, speck-density and speck-inten-
sity are not constant over the field of view and not accurately known.
These difficulties were for the greater part evaded by the simulation
set-up, rendered in Fig. 7.

The set-up was a modified version of the flying spot scanner system
used by Rose (1948). Slides, inserted in the holder Wl, were scanned by
a flying spot, running synchronously with the line raster of a kinescope
screen. The photon-flux, modulated by the image on the slide, was de-
tected with a photomultiplier, converted into an electric signal, ampli-
fied and fed into the kinescope. With the aid of neutral density filters
(Fl) the incoming photon-flux was reduced to such a degree, that the de-
tected photons resulted in separate pulses. These pulses passed a pulse-
heigth discriminator, were converted into standard pulses and finally
displayed as unit specks on the kinescope-screen. The halfwidth of the
standard pulses was 0.8 x 10 sec corresponding to a visual angle of
0.5 min of arc on the kinescope-screen when observed from a distance of
3 m. The intensity of the specks on the kinescope-screen decreased to
1% in 10 msec.

A drawback of this simulation set up was that the specks could not
coincide within time intervals of 0.04 sec and spatial intervals of a-
bout l min of arc along the raster lines, whereas the line distance was
0.4 min of arc, when observed from a distance of 3 m. As a consequence
the speck-density should be restricted to about 50 specks per sec per
min2 of arc. The highest speck-density in the experiments was 18.2 specks
per sec per min2 of arc. In order to check whether the photon-noise was
correctly simulated by this set-up, repeated countings of the speck-den-
sity were made. The standard deviation proved to be equal to the square
root of the mean, as required. Fig. 8 shows a histogram of speck countings
at a speck-density of 16 specks per sec per min2 of arc. These countings
refer to a basic interval of 4 x 10"7 sec in the video-signal, corre-
sponding to a visual angle of 2.5 min of arc on a distance of 3 m. To ob-
tain about 6 specks on the average 10 independent intervals were taken
together from successive frames in each counting. The histogram shows
good agreement with the Poisson distribution within an angular area a-
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bout as wide as the spread function of the human eye.
Via beam-splitting prisms and mirrors a second light path was created

such that two images could be superimposed. In the present experiments
transmittant sine wave gratings were inserted in the holder Wl and a uni-
form field in W2. The final contrast of the sine wave gratings could be
controlled without changing luminance, by adjusting the polaroid systems
PI and P2. A small contrast reduction, caused by the set-up, had to be
taken into account at the highest spatial frequencies. Because of the
use of unit specks the non-linear relation between beam current and lu-
minance of the kinescope-screen gave no cause for concern, as was con-
firmed by measurements of the screen-luminance as a function of speck-
density.

The luminance of the kinescope-screen was calibrated with a luxmeter
at a high speck-density. The speck-density was counted electronically.
Thus the luminous intensity of the specks could be derived. Most experi-
ments were made when looking at the kinescope-screen from a distance of
3 m through an artificial pupil of 3 mm. Taking into account the spec-
tral composition of the light from the phosphor screen, it was calcu-
lated that in these conditions an average of 490 photons per speck en-
tered the observer's eye. This speck-intensity could be reduced by in-
serting neutral density filters in front of the artificial pupil.

It should be realized that a strong reduction of the speck-intensity
leads to the confusing concept of specks containing less than one pho-
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ton. In fact, this means, that only some specks contain a photon and
that others are "empty".One should not speak of specks then, but we will
nevertheless do so for the sake of continuity. At such low speck-inten-
sities the signal-to-noise ratio is determined by the fluctuations in
the photon-flux. At higher speck-intensities the signal-to-noise ratio
is determined by the fluctuations in the speck-density. Of course there
is a transitional state in between. Thus, by varying the speck-intensi-
ty one can study the gradual transition from the photon-noise limited
state to the speck-noise limited state.
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§3.4. EFFECT OF OBSERVATION DISTANCE

When the attendant changes in spatial frequency and speck-density on
the retina are compensated, contrast sensitivity will be independent of
the observation distance. Coltman and Anderson (1960) confirmed this
plausible statement experimentally. In the present case, however, the re-
tinal size of the specks also changes from 0.25 min of arc at an obser-
vation distance of 6 m to 1.5 min of arc at 1 m. The possible effect of
this was examined in a pilot experiment. The speck-intensity was made as
high as possible in this experiment. No distance effect was found in the
range of 1 to 6 m, as is shown in Fig. 9 for the contrast sensitivity at
4.5 ppd. This means that the size of the specks play no role if smaller
than 1.5 min of arc. The subsequent experiments were made at an obser-
vation distance of 3 m, with specks of 0.5 min of arc, if not mentioned
differently.
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§3.5. EFFECT OF SPECK-INTENSITY

The effect of speck-intensity was studied with a sine wave grating of
4.5 ppd extending over a field of 3° x 3°. Considering that image inten-
sification as a rule will enable foveal vision, this field was foveally
fixated in most of the experiments. Some additional experiments on peri-
pheral vision at speck-images will be described in §3.9.

The observations were made monocularly by two subjects through an ar-
tificial pupil of 3 mm. The results are presented in Fig. 10. The measur-

5 10° 2 5 101 2 5 102 2 5
number of corneal photons per speck

103

Fig. 10. Contrast sensitivity as a function of speck-intensity,
with speck-density as parameter. The speck-intensity is expressed
in the number of photons per speck entering the observer's eye.
The speck-density is expressed in the number of specks per sec
per nin2 of arc. The speck-intensity at which speck-images can
just be distinguished from normal images is indicated by verti-
cal bars.

ing points represent the averages over the two subjects and the two ori-
entations of the sine wave grating. Contrast sensitivity at first in-
creases when the number of photons per speck entering the artificial pu-
pil is raised, and finally levels off. In the first stage the average
number of photons per speck is too low to ascertain the detection of each
speck. As the intensity of the specks is raised, more of them can be de-
tected and contrast sensitivity increases. Finally, all specks are de-
tected. Further intensification does not yield more specks. Thus, the
signal-to-noise ratio, and, as a consequence, the contrast sensitivity
level off. This at least is the most simple explanation of the experi-
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mental data and is further supported by the square root relation of con-
trast sensitivity and speck-density at the final level, which is illus-
trated in Fig. 11.
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Fig. 11. Contrast sensitivity as a function of speck-density at
high speck-intensity. Apart from a deviation at low speck-densi-
ties contrast sensitivity is proportional to the square root of
speck-density.

Remarkably the minimum number of photons to obtain the final level
appears to depend upon the speck-density. This effect is similar to the
experience of Kühl et.al. (1969) who noted that more intensification is
preferred subjectively at lower speck-density. As a consequence the
square root relation between contrast sensitivity and speck-density is
complicated and holds over a larger range as the intensification is in-
creased. This may explain why Cuelenaere and Mulder (1971) found devia-
tions from the De Vries-Rose law in vision through actual intensifier
telescopes with variable intensification.

As a consequence of the effect just mentioned one cannot simply in-
dicate one value for the required intensification. At the lowest realis-
tic speck-densities about 500 photons per speck should enter the pupil
of the observer's eye. Such a high intensification is not necessary at
high speck-densities, but neither is it harmful to contrast sensitivity
as follows from Fig. 10.

Contrary to Beurle's (1969) prediction we find no reduction of con-
trast sensitivity at higher speck-intensity. Based as it would be upon

the degradation of spatial integration such an effect indeed should not
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be substantial in the fovea, as we will see in §3.6.
At high speck-intensity the visibility of the noise is considered as

inconvenient by most observers, witness the experiments of Kühl et. al.
(1969). The speck-intensity at which the noise becomes visible was de-
termined in an additional experiment. A uniform speck-image was compared
with an adjacent normal uniform field at the same luminance. The obser-
vers were asked to adjust a neutral density wedge in front of their eye
in such a way that there was no difference in apparent noisiness of both
fields. These wedge-settings were made with an accuracy of 20%. The re-
sults are indicated in Fig. 10 by vertical bars. The noise apparently
becomes visible at about the same speck-intensity as is required to a-
chieve the final contrast sensitivity level. Thus the intensification
of image intensifiers preferably should be adjustable to avoid hindrance
of visible noise at higher speck-densities.

§3.6. CONTRAST SENSITIVITY FUNCTIONS FOR UNAIDED FOVEAL VISION

The spatial processing of speck-images can be investigated by measur-
ing contrast sensitivity functions. For comparison, a set of contrast
sensitivity functions for unaided foveal vision with luminance as para-
meter, was measured first in exactly the same conditions. The observa-
tions were made monocularly through a 3 mm pupil and with a small fo-
veally fixated sine wave field of 3° x 3°. The experimental set up used
for these experiments is described elsewhere (Van Meeteren et.al. 1971).
The results are presented in Fig. 12.

The contrast sensitivity functions for vision at a small foveally
fixated field differ markedly from those for free vision at large fields
as described in §2.3. Apparently contrast sensitivity drops drastically
at low luminances when peripheral vision is excluded. Second, the form
of the curves is nearly independent of luminance. Spatial bandwidth de-
creases but little at lower luminances. The strategy of the visual sys-
tem to summate over larger areas in favour of contrast sensitivity ap-
parently involves the use of the periphery. We will return to this in
chapter 7.

The curves of Fig. 12 do not show a peaked maximum in the luminance
range investigated. This is in agreement with measurements of Patel
(1966) who found low frequency suppression but at higher retinal illu-
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fig. 12. Contrast sensitivity functions. Spatial frequency is plot-
ted in periods per degree. These measurements refer to a foveally
fixated field of 2.8° x 2.8° and a 3-nm artificial pupil.

minances only, in a small foveally fixated field.

§3.7. CONTRAST SENSITIVITY FUNCTIONS FOR VISION AT SPECK-IMAGES

Next, contrast sensitivity functions were determined in the same con-
ditions for vision at speck-images. In all evaluations discussed in §3.2
it was assumed, that the spatial processing of speck-images is the same
as in normal vision. The form of the contrast sensitivity functions for
vision of speck-images thus should be the same as for normal vision. It
is conceivable, however, that speck-images are processed on a more cen-
tral stage of the visual system in a different, perhaps more ideal, way.
Fig. 13 illustrates contrast sensitivity functions for 2.2 specks per
min2 of arc per sec at three different speck-intensities. The curves are
taken from the measurements on normal vision in the same conditions de-
scribed in the previous section. The measuring points follow the curves.
This is trivial at the lower speck-intensi ties, where the speck-image
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Fig. 13. Effect of speck-inten-
sity upon contrast sensitivity
functions. The form of the
curves is derived from the mea-
surements on normal unaided fo-
veal vision (Fig. 12).

cannot be distinguished from the normal image and spatial processing has
to be the same. However, spatial processing seems to be the same also at
high speck-intensities where the specks are visible as such. Here also
a good agreement of curves and measuring points is obtained after suita-
ble shifts of the curves along the vertical axis. It should not be ex-
pected here, that the absolute values of contrast sensitivity for vision
at speck-images and for normal vision at the same luminance coincide.
The form of the contrast sensitivity functions for both kinds of vision,
however, is apparently the same. This conclusion is confirmed at other
speck-densities as illustrated in Fig. 14. The contrast sensitivity
functions of Fig. 14 apply to a high speck-intensity of 490 corneal pho-
tons. Here again the curves are taken from the previous measurements on
unaided vision in the same conditions and represent the form of the con-
trast sensitivity functions for normal foveal vision at the same retinal
illuminance. Each curve again was shifted along the contrast sensitivity
axis to obtain the best fit. At all speck-densities the fit is satisfac-
tory. The form of the contrast sensitivity functions for vision at speck-
images apparently is the same as in unaided vision and is controlled by
the retinal illuminance. The spatial processing of speck-images by the
visual system thus does not seem to be different from normal in the in-
vestigated ranges of speck-intensities and speck-densities.
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§3.8. DISCUSSION

The present experiments in general confirm that the visual system does

not differentiate between speck-noise and photon-noise. At higher speck-

densities the intensity of the specks can be reduced from 500 to about

30 corneal photons without causing a change in contrast sensitivity. The

most simple explanation of this is that neither the number of detected

specks nor the threshold criterion is changed. From specks of 30 photons

at best about one photon will be detected. This means that speck-images

with specks of 30 photons cannot be discriminated from normal images, as

was experimentally verified moreover. Yet, the same threshold criterion

holds as for speck-images with specks of 500 photons. It was further

found that spatial processing of normal images and speck-images is the

same. It seems reasonable to conclude, that vision is limited by retinal

noise, independent of its photon- or speck-origin.

For further discussion the data of Fig. 10 are replotted in Fig. 15

vs. screen luminance, i.e. the product of s peck-intensity and speck-den-

sity. In this way they can be compared with the corresponding curve for

normal foveal vision. The luminances of the speck-images and the normal

field, used in the experiments, were calibrated in exactly the same way,



100

50-
U)

S 20
UI

10

w=4.5ppd

1CT3 2 5 IQ'2 2 5 IQ'1 2 5 10° 2 5 101

screen luminance in cd/m2

Fig. 15. Data of Fig. 10 replotted vs. luminance (i.e. the product
of speck-intensity and speck-density) to be compared with the cor-
responding contrast sensitivity for normal unaided foveal vision
(interrupted curve).

so that possible calibration errors cannot disturb the comparison. The
curves for the different speck-densities now tend to coincide, with the
normal "mother-curve" at low luminance. This was to be expected since
at low speck-intensities speck-images cannot be distinguished from nor-
mal images. When the intensity of the specks is sufficiently high, all
specks are detected by the retina of the observer and the curves for the
different speck-densities branch off to their own final level. Thus, vi-
sion ai speck-images is roughly equal to normal unaided vision as long
as the intensity of the specks is low, and is limited by the fluctuations
in the number of specks when the intensity of the specks is high.

Two deviations complicate this simple representation of the facts.
First, at high speck-density the speck-intensity can be reduced to 30
corneal photons, and yet, all specks seem to be counted. In this case
contrast sensitivity can be higher for speck-images than for normal vi-
sion at the same luminance, as arrow A in Fig. 15 indicates. It seems
as if the quantum efficiency of the retina is higher when the light is
clustered in specks. This type of non-linearity might point to coinci-
dence-mechanisms as hypothesized by Bouman (Bouman and Koenderink, 1972).
Such mechanisms are triggered when two or more absorbed photons coin-
cide in a smaller area and time interval. Clustering of light in specks
might enhance the probability of coinciding absorptions.

Second, at low speck-density the contrast sensitivity decreases imrae-
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diately when the speck-intensity is reduced below 500 corneal photons,
as indicated by arrow B in Fig. 16. This in itself is compatible with
the foveal threshold for single specks (§4.2.2). It is difficult to re-
concile the second effect with the first. When a coincidence-mechanism
responds to specks of 30 corneal photons at A it should also respond to
150 corneal photons at B. One might hypothesize a second coincidence me-
chanism now: Two responses of the first are required within a certain
area and time to pass the second one. This implies that the first me-
chanism is a sub-unit of the second, which reminds of Bouman's "human
ommatidia" (Bouman and Koenderink, 1972). Zacks (1970) and Sakitt (1971)
recently reported evidence also for sub-units within Bloch's time and
Ricco's area respectively. An alternative explanation might be found in
Barlow's (1958) internal-noise hypothesis; it is conceivable that the
speck-noise is dominated here by internal-noise, unless the specks are
sufficiently bright to overcome this barrier.

§3.9. ADDITIONAL MEASUREMENTS IN THE PERIPHERY

Considering that image intensification in general enables photopic
vision the above experiments were made with small foveally fixated
fields. Peripheral vision, however, may be involved also, for instance
in the use of intensifier telescopes for search tasks. One might wonder
moreover, whether simple devices with low intensification used in peri-
pheral vision might compete with high intensification devices in foveal
use.

Some additional measurements on peripheral vision at speck-images may
be mentioned therefore. A sine wave grating of 2.2 ppd, extending over
3° x 3° was presented 7° nasally. The observation distance was reduced
to l m to obtain higher speck-intensities. As a consequence the avail-
ble range of speck-densities is limited to about 1 speck per min2 of arc
per sec. These measurements were made by the observers VG and AvM (in-
stead of OB and AvM). VG has normal corrected vision. His contrast sen-
sitivity proved to be slightly higher for vertical than for horizontal
gratings. Contrast sensitivity was roughly the same for both observers.
The average results are plotted in Fig. 16. It should be realized that
peripheral threshold measurements in which one has to look beside the
test object are far more difficult than foveal measurements. It is a
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Fig. 16. Contrast sensitivity as a function of speck-intensity for
peripheral fixation, 7° nasally. Parameter is the speck-density ex-
pressed in numbers of specks per min2 of arc per sec. Observers VG
and AvM.

pity, in retrospect, that no measurements were made in between 50 and
200 corneal photons per speck (see Fig. 16: the experiment was done ori-
ginally to determine the speck-noise level only).

The results are less complicated than in foveal vision. Contrast sen-
sitivity obtains its highest value in between, say 150 and 200 corneal
photons per speck, independent of the speck-density. This value is com-
patible with the threshold for single specks in scotopic vision.

It should be remarked that the above conclusion is restricted, of
course, to the investigated range of speck-densities. However, at the
higher speck-densities vision will be photopic in practice.

Finally, it may be noted that contrast sensitivity tends to decrease
again when the speck-intensity is made very high, as was predicted by
Beurle (1969) and demonstrated also by Hodgson (1971).

53.10. CONCLUSIONS

Vision at images produced by image intensifiers, which convert the
photons detected by the cathode of an image tube into bright specks on
a display, is in general not different from normal unaided vision. Spa-
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tial processing is the same and controlled by the screen-1 umi nance. Con-
trast sensitivity is similarly controlled by the retinal signal to noise
ratio in both cases no matter the origin of the noise. Thus, all data on
unaided vision are available for the evaluation of vision with image in-
tensification by.a simple transformation.

The minimum intensification to make sure that all specks are counted
by the retina of the observer's eye surprisingly depends upon the speck-
density. As far as photopic observation is concerned, about 500 photons
per speck must enter the pupil of the observer's eye when the speck-den-
sity is low. For peripheral observation about 150-200 corneal photons per
speck are sufficient, independent of the speck-density. Above these mini-
mum speck-intensity levels vision is basically speck-noise limited. Con-
trast sensitivity obeys a square root law in that case.

Possible design consequences of the present results are mentioned in
55.7.
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CHAPTER 4

THE QUANTUM EFFICIENCY OF THE EYE

§4.1. INTRODUCTION

The main conclusion of the preceding chapter was that vision with im-
age intensification can be predicted from unaided vision by substituting
speck-density for detected photon flux. This requires the quantum effi-
ciency of the eye to be known first of all. One finds values between 0.5
and 10% in the literature, leading to different opinions on the poten-
tial gain of image intensifier tubes, of which the quantum efficiency is
about 10%.

The measurements on vision at speck-images, described in chapter three,
provide a new method to determine the quantum efficiency, operationally
fitted to the present purpose. Before describing this method the litera-
ture on the quantum efficiency is briefly surveyed.

§4.2. LITERATURE ON THE QUANTUM EFFICIENCY

Three different measurements can be distinguished in which the quan-
tum efficiency is defined differently:
1. Measurements of ocular transmission and pigment absorption lead to

an estimation of the fraction of corneal photons that is absorbed by
the receptors.

2. Measurements of absolute thresholds lead to the minimum number of
corneal photons required for a visual perception.

3. Measurements of differential thresholds (contrast sensitivity) lead
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to detected photon fluxes in the sense of the fluctuation theory
(Eq. (2.2)).

These three methods need not to result in the same quantum efficiency.
Not all absorbed photons may be effective i more than one effectively ab-
sorbed photon may be required to exceed the absolute threshold; and the
effectiveness of absorbed photons may depend on the stimulus conditions.

4.2.1. Ocular transmission and pigment absorption

The ocular media transmit about 50% of the light at 510 nm and 60% at
550 nm, as was measured by Ludvigh and MacCarthy (1938).

The pigment absorption has been estimated in various ways with differ-
ent results. Crescitelli and Dartnall (1953) measured the density of a
solution of rhodopsin and derived an in situ pigment absorption of 3.4%.
Rushton (1956) compared the amount of light reflected by the fundus in
complete dark-adaptation and after full bleaching respectively. He con-
cluded that maximum pigment absorption is 20% in rods. One may consider
the result of Crescitelli and Dartnall as a lower limit: the pigment ab-
sorption may be higher in vivo thanks to the wave guide construction of
the receptor. Rushton's value on the other hand might be too high, since
it only applies to the light that passes the pigment, and consequently,
does not account for light passing in between the receptors.

The pigment absorption seems to be higher in cones. Wai raven and
Bouman (1960) derived a value of about 80% from the wavelength-dependen-
cy of the Stiles-Crawford effect. Microspectrophotometric measurements
of Dobelle, Marks and MacNichol (1969) support this high value. This pig-
ment absorption again represents the light that enters the cones only,
and the fraction of corneal photons that is absorbed might be lower.

Summarizing,the fraction of corneal photons that is absorbed in the
retina is not well known. If it is assumed that most of the light in-
ciding upon the retina traverses the receptors, this fraction may be as
high as about 10% for rod areas and 50% for cone areas.

4.2.2. Absolute thresholds

Since Langley (1889) a number of authors determined the minimum ener-
gy to produce a visual effect in the most favourable conditions of dark-
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adapted peripheral vision. The older literature, surveyed by Hecht,
Shlaer and Pirenne (1942) reports minimum energies of 17-90 corneal pho-
tons. The precise definition of the threshold is somewhat problematic.
This is improved later, when Brumberg and Vavilow (1933), Hecht, Shlaer
and Pirenne (1942) and Bouman and Van der Velden (1948) measure frequen-
cy of seeing curves by presenting small flashes of different energies
repeatedly. Their results will be given here in the form of the number
of corneal photons to obtain a probability of detection of 55%. One can
roughly state, that this number Ng5 reflects the possible threshold num-
ber. Brumberg and Vavilow (1953) found N55 to be about 49. Hecht et.al.
(1942) found N55 values in the range 51-113 for 7 subjects. Bouman and
Van der Velden (1948) found N55 to be about 20. A weakness of the above
measurements is that the observers knew that a flash was presented; this
may have affected their decision. Baumgardt (1960) included catch-trials
in the presentations and found N55 to be 80, 81, 95 and 97 respectively
for four observers. Thus, N55 values all together are found in between
17 and 113. It is not likely that this wide spread is caused completely
by individual subject differences. Part of it may result from different
threshold criteria. Considering this, one might weigh Baumgardt's (1960)
results heavier and estimate N5c in between 50 and 110.

There is less spread in the experimental absolute thresholds for fo-
veal vision. Bouman and Van der Velden found thresholds of 800 corneal
photons for small flashes at 560 nm. Marriott (1963) found the absolute
foveal threshold to be 494-879 corneal photons at 550 nm for a group of
9 subjects, with an average of G06 and a standard deviation of 118. Ol-
der measurements, reviewed by Marriott, agree well with these results.
Thus the foveal threshold is much higher than the peripheral threshold
and is found in between 450 and 900 corneal photons.

The above absolute thresholds lead to quantum efficiencies of 1-2% in
the periphery and 0.1-0.2% in the fovea, when it is assumed that one ab-
sorbed photon evokes a visual perception. The occurrence of spatial and
temporal interactions, however, indicate that at least two absorbed pho-
tons are involved in the absolute threshold. This led Van der Velden
(1944) to the two-quanta explanation of Piper's and Pieron's law. From
this point of view the absolute threshold data lead to quantum efficien-
cies of 2-4% in the periphery and 0.2-0.4% in the fovea.

As a matter of fact one might assume also that more than two quanta
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must be absorbed near the absolute threshold. This accordingly leads to
higher quantum efficiencies.

4.2.3. Fluctuation theoretical approach

By practicing the fluctuation theory in the form of Eq. (2.2) the
quantum efficiency can be derived from contrast threshold measurements.
The problem is that Eq. (2.2) contains four unknowns, namely k, T, o and
n. Rose (1948) determined k = 5 and T = 0.2 sec separately, as discussed
in §3.2.1 and substituted the area of the test object for a2. Starting
from a number of experimental data derived from literature, Rose came to
a quantum efficiency of 5% at lower luminances and 0.5% at higher lumi-
nances, not claiming high accuracy. On reflection,Rose's detection model
is a curious mixture of idealism and realism: spatial integration is ide-
al, but temporal integration as well as the factor k are not ideal.

Clark Jones (1959) defined the "detective" quantum efficiency as the
ratio of the number of corneal photons needed by an ideal detector and
the corresponding number needed by the eye for the same task. This de-
tective quantum efficiency, as derived from literature data obtained a
highest value of nearly 1% in foveal vision for medium durations of 0.1-
0.2 sec and for medium sizes of 4-10 min of arc, whereas it was lower for
shorter and longer presentation times and for smaller and larger objects.
This result agrees with the concept of limited summation times and are-
as; the visual system functions as an ideal detector only, when the sti-
mulus just fits to its integration area and time.

Barlow (1958) presented a fluctuation theoretical interpretation of
Stiles' (1953) measurements of photopic contrast thresholds. He took a
k-value of 3.3 and substituted the duration (0.2 sec) and the size
(0.79 deg2) of Stiles' test objects for T and a2 in Eq. (2.2). He thus
arrived at quantum efficiencies of about 0.4» for Stiles' red and green
mechanisms. According to Barlow a k-value of 3.3 "corresponds to a de-
gree of reliability which allows the subject to give 0.1% false re-
sponses to zero stimuli". Stiles' criterion, however, was a probability
of detection of 50% and it is not clear how the k-value could be de-
rived from an unmentioned false response rate. It further is doubtful
whether the size of such a large test object can be substituted for o2

in Eq. (2.2). Direct summation of photon fluxes over such a large area
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seem to be unlikely.
According to Barlow (1958) the absolute threshold is basically a dif-

ferential threshold and described by Eq. (2.2) also, when it is assumed
that there is a certain amount of internal noise or "dark light". Hallett
(1969) recently interpreted absolute threshold measurements in this way.
He found the absolute peripheral threshold intensity to be about 100 cor-
neal photons for a small flash of short duration presented 18° nasally.
The internal noise would be characterized by about 30 corneal photons.
The quantum efficiency then necessarily must be high, namely 10%, to ex-
plain the threshold. However, the threshold can be explained otherwise
by the two-quanta hypothesis and the existence of dark noise is not dem-
onstrated, neither by Barlow nor by Hallett.

Summarizing, the most reliable determination of the quantum efficien-
cy within the frame work of the fluctuation theory was made by Clark
Jones (1959). He derived a foveal quantum efficiency of nearly 1% from
appropriate contrast sensitivity data. The quantum efficiency might be
higher in the periphery, but lower than Rose's value of 5%, when it is
considered that Rose's k-value is probably too high.

§4.3. NEW METHOD: COMPARISON WITH SPECK-NOISE LIMITED VISION

After the experiments of chapter 3 the quantum efficiency of the eye
can be straightforwardly determined by comparison of unaided vision and
speck-noise limited vision. One simply measures contrast sensitivity
for a certain spatial frequency as a function of the corneal photon
flux, and in a second experiment as a function of speck-density. The re-
sults of such measurements, made with a foveally fixated sine wave grat-
ing of 4.5 ppd extending over a 3° x 3° field, are plotted in Fig. 17.
The measurements of both curves were made by the same observers with the
same method and in the same conditions. As argued in chapter 3 spatial
and temporal processing as well as the threshold criterion are the same
with respect to both curves. Combining Eq. (2.2) and Eq. (3.1) at a cer-
tain contrast sensitivity than gives:

It will be evident that k, T and a2 need not to be known at all. The
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Fig. 17. Contrast sensitivity for unaided vision in foveal fixation
as a function of the corneal photon flux (upper curve, upper scale)
and for vision to speck-images as a function of speck-density (lower
curve, lower scale). Observers JB and AvM. The comparison yields the
quantum efficiency of the eye.

quantum efficiency can be read from Fig. 17 in this manner. Similar re-
sults are plotted in Fig. 18 for peripheral fixation, 7° nasally. These
measurements were made by VG and AvM (see also §3.9). Finally in Fig. 19
the quantum efficiencies derived from Figs. 17 and 18 are plotted vs. re-
tinal illuminance. In both cases the quantum efficiency is about 1%, in
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Fig. 18. Same as Fig. 17, for periperal fixation, 7° nasal. Ob-
servers VG and AvM.
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good agreement with the result of Clark Jones (1959), mentioned in
§4.2.3.

The foveal quantum efficiency, however, drops rapidly below 0.3 tro-
land. This effect is compatible with the high absolute threshold for fo-
veal observation of small flashes and might have the same origin (§3.8).

At higher retinal illuminance contrast sensitivity obtains the Weber-
level in the periphery. This results in Fig. 19 in a decreasing quantum
efficiency, as defined here. The same will happen in the fovea also at
a higher retinal illuminance beyond the measuring range. The foveal
quantum efficiency in fact is constant over a small luminance range on-

ly.
The fovea with its direct environment and the periphery are apparent-

ly equally sensitive in their typical working ranges. This is con-
firmed also by the uninterrupted square root relation between integrated
contrast sensitivity and retinal illuminance (Van Meeteren and Vos,
1972).

The accuracy of the method can be judged from the spread in the
"measuring" points of Fig. 19 as far as the underlying threshold measure-
ments are concerned. Of course a calibration error in 0 may have been
made. The luminance of the field was measured with a brightness spot me-
ter within + 10% and the corresponding photopic and scotopic corneal pho-
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ton fluxes were calculated from Eq. (5.5). The speck-density $ was
counted electronically and we can imagine no other errors than in the
geometrical dimensions, say up to 5%. It finally may be remarked that
the simplicity of the method favours accuracy and interpretation: all
unknowns but the one we are interested in are eliminated.

§4.4. DISCUSSION

Table I presents a survey of quantum-efficiency values according to

the various methods. Is it possible to reconcile the differences?

Table I. Quantum efficiency according to different methods

Method

1. Pigment absorption
2. Absolute threshold (2-quanta explanation)
3. Contrast threshold (fluctuation theory)

Periphery

2-102
2- 4Ï
IX

Fovea

50«
0.2-0.4%

1%

The psychophysical methods yield lower quantum efficiencies than
would follow from the fraction of light that is absorbed by the visual
pigments. This is acceptable to a certain degree. First, part of the
light leaks in between the receptors probably, and second, not all ab-
sorbed photons may activate a receptor. According to Rushton (1972) on-
ly 60% of the photons caught lead to bleaching. These factors may ex-
plain the difference between the pigment absorption and the absolute
threshold in the peripherys not in the fovea.

The difference between the peripheral quantum efficiencies derived
from absolute threshold and contrast threshold measurements respective-
ly suggest that the quantum efficiency depends upon the stimulus condi-
tions. One might conclude that the quantum efficiency is "normally" about
1%, both in the fovea and in the periphery, but assumes a higher value in
special cases. The same suggestion arose in §3.8 from the fact that 50
photons may evoke a foveal event when clustered in specks.

The low quantum efficiency emerging from the absolute foveal thresh-
old is compatible with the decreasing foveal quantum efficiency follow-
ing from contrast threshold measurements (Fig. 19). Both effects may
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have the same origin: either more severe coincidence conditions or a
higher internal noise level in the fovea relative to the periphery.

As for the present purpose, the comparison of vision with image in-
tensifiers and unaided vision, one may rely upon an operationally meas-
ured quantum efficiency of \%.
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CHAPTER 5

VISION THROUGH INTENSIFIER TELESCOPES

§5.1. THE PREDICTION OF VISUAL PERFORMANCE WITH IMAGE INTENSIFIER DE-
VICES

Continuing the line of the preceding chapters it should be possible
now to predict contrast sensitivity functions for vision through image
intensifier devices. This prediction is described here for vision through
intensifier telescopes (Fig. 20) and experimentally verified for some
actual devices. The prediction of visual performance in other applica-
tions of image intensification such as X-ray fluoroscopy and low light
level television, is not basically different. Also the speck-noise ex-
periments can be used to evaluate the effect upon contrast sensitivity
of video-noise in general, i.e. not necessarily originating from fluc-
tuations in the detected photon flux.

The prediction contains two stages. First, the physical image as pre-
sented on the final display to the observer must be described in terms
of contrast (MTF), speck-density (photon-catch) and speck-intensity (in-
tensification). More general one might specify a display signal-to-noise
ratio in stead of speck-density. Second, the visual contrast sensitivi-
ty for vision at the display concerned follows either directly from the
speck-image experiments of chapter 3, or from an appropriate comparison
with the unaided eye.
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fiber optical
-face plate —'

Fig. 20. Schematic diagram of a telescope with and without an image
intensifier tube. Note that the effective diameter D of the en-
trance pupil is at best equal to m.de> in the absence of the inten-
sifier tube, where m is the angular magnification and de is the dia-
meter of the pupil of the observer's eye. The intensifier tube
breaks through this relation of entrance pupil and angular magnifi-
cation. Note also the light losses by diffuse scattering of the
phosphor screen, which have to be compensated for by the intensifi-
cation of the tube.

55.2. VISION WITH NIGHT-GLASSES

Vision with night-glasses is shortly treated of first, as it is reason-
able to compare intensifier telescopes first of all with them. Fig. 20
illustrates how the objective lense of a telescope, if sufficiently large,
collects a factor m2 more light than the unaided eye. This compensates
exactly for the rarification of light over the image plane, as caused by
the angular magnification m. Thus the function of perfect night-glasses
is angular magnification at constant retinal illuminance. As a conse-
quence the contrast sensitivity functions of the unaided eye are simply
shifted by ideal night-glasses towards higher spatial frequencies in ob-
ject space conformably to the angular magnification. Fig. 21 shows the
experimental verification of this simple precept for vision through a

52



pair of 7 x 50 night-glasses. The sine wave gratings were projected in
this experiment on a white screen and observed from a distance of 4 m
with the naked eyes and from, a distance of 28 m through the binocular
night-glasses. As follows from Fig. 21 the contrast sensitivity function
for vision through the night-glasses remains slightly behind the predic-
tion for ideal night-glasses, mainly due to contrast rendition by stray-
light and imperfect imaging.

Fig. 22 illustrates the MTF of the night-glasses used. Though far
from perfect the imaging quality may be considered as representative,
even for professional instruments (Van Schie and Risselada, 1973). There
is a difficulty in the use of MTF's for direct viewing optical aids. One
cannot simply multiply the contrast sensitivity function of the eye with
the MTF of a telescope. Instrument and eye have to be dealt with as one
optical unit, of which the MTF depends upon the algebraic sum of their

separate wave aberrations. Strictly spoken one should specify the wave
aberrations of telescopes in stead of their MTF's, and evaluate the pos-
sible interactions with the wave aberrations of the human eye. This is
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Fig. 21. Contrast sensitivity functions for unaided vision and vi-
sion through 7 x 50 night-glasses to sine wave fields of 15° diame-
ter (in image space) at 3.5 x 10-1* cd/m2 (in image space). The right-
most uninterrupted curve is obtained by shifting the contrast sen-
sitivity function of the unaided eyes over a factor 7 corresponding
to the angular magnification. After correction for imaging errors
and straylight the interrupted curve predicts the contrast sensiti-
vity function for vision through the night-glasses.
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Fig. 22. Modulation trans-
fer functions of a diffrac-
tion-limited telescope, a
pair of 7 x 50 binoculars
(night-glasses) and the eye-
optics, all for a pupil of
7 nm in image space.

a cumbersome way. It seems to be more realistic to characterize direct
viewing instruments by an effeotive MTF, defined as the ratio of the
contrast sensitivities for aided and unaided vision. In practice a sa-
tisfactory estimation of the effective MTF may be obtained from the no-
minal MTF, when the latter is divided by the diffraction limited MTF
(Van Meeteren, 1969). A second source of contrast rendition is instru-
mental stray!ight. As this factor depends upon the light distribution
in object space it does not make sense to include it in the MTF. In the
conditions of the experiment described above straylight reduced.contrast
by a factor 0.96. The interrupted curve in Fig. 20 is derived from the
"perfect" curve after multiplication with the effective MTF and account-
ing for the straylight.

About 20% of the light is lost in coated binoculars. This was antic-
ipated in the experiment by increasing the luminance in object space ac-
cordingly. In practice it implies a reduction of contrast sensitivity
with a factor (0.80)* = 0.9 according to the square root law, discussed
in §2.4. Taking all losses together one comes to a total reduction of
contrast sensitivity with a factor 0.70 roughly. Summarizing, night-
glasses shift contrast sensitivity functions toward higher spatial fre-
quencies according to the angular magnification. Due to straylight, im-
perfect imaging and light losses the contrast sensitivity functions fall
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downward also along the contrast sensitivity axis with about a factor
0.70.

Night-glasses cannot intensify the retinal illuhiinance. Their gain is
provided exclusively in the form of angular magnification. This neverthe-
less enables a visual performance that normally belongs to a higher lumi-
nance level as Fig. 23 illustrates. Thus, night-glasses bring about a
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Fig. 23. The function of night-glasses. The contrast sensitivity
function of the unaided eyes at 10-3 cd/m2 is shifted towards high-
er spatial frequency in object space, so that the performance ap-
proximates the level of 10"1 cd/m2.

functional gain in the luminance required for a certain visual perfor-
mance. This especially applies to the detection of point sources. Point-
sources are small relative to Ricco's area by definition. They are char-
acterized by their intensity BdO, where B is their luminance and dO is
their area. Imaged with luminance B and area m2dO their intensity is
m2BdO when observed through night-glasses. Thus, they are brighter and
can be detected more easily, though their luminance is essentially un-
altered.
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It has been assumed so far, that the exit pupil of the night-glasses
just fills the pupil of the observer's eye. Only then the retinal illu-
minance will be the same as in unaided vision. Otherwise it will be re-
duced by a factor D2/(d|.m2), where D is the diameter of the entrance
pupil of the night-glasses, m is the angular magnification and d is the
diameter of the pupil of the eye. Thus chosing a larger magnification
this simultaneously results in a lower retinal illuminance. The best
tradeoff between more angular magnification and lower retinal illumi-
nance has been discussed extensively in the German literature. According
to Kühl (1927) visual acuity is roughly proportional to E' at low lumi-
nances, where E indicates the retinal illuminance (see also §2.3). Thus
the gain G in resolving power is:

i
Gr = n"Hr̂  = f-VmD (5.1)

Lde-m J

The term /mD became known as [.'ammerungszahl or Twilightnumber. Eq. (5.1)
is supported experimentally (Köhler and Leinhos, 1957). For the gain G
in contrast sensitivity on the other hand one finds according to the
fluctuation theory:

Thus it depends on the visual task whether, for instance, a 10 x 50 tel-
scope is [setter than a 7 x 50 or not. Quantitatively the discussion is
hardly relevant, however.

§5.3. THE USE OF IMAGE INTENSIFIER TUBES IN TELESCOPES

The compelling connection of photon-catch and angular magnification
in common night-glasses miglit be broken by a diffuse transmitting screen
in the focal plane of the telescope. The diffuse scattering, however,
would imply that only a fraction of the light would enter the observer's
eye, so that the original gain in photon-catch would be lost. The de-
velopment of image intensifier tubes has changed all this. The telescope
is cut, as it were, in the focal plane and an image intensifier tube is
inserted, as Fig. 20 illustrates. The image intensifier tube functions
like a diffuse transmitting screen with built-in electronic light inten-
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sification.

Various types of image intensifier tubes have been developed. An ele-

mentary form is illustrated in Fig. 20. The object space is imaged upon

a photocathode. Once detected by the photocathode photons are converted

into free electrons, which are accelerated by a high voltage electric

field and hit a phosphor screen with sufficient energy to evoke a light

flash of about 1COO photons. The image is preserved by electros-'.inic fo-

cusing. Admittedly the photocathode detects only IQ% of the incident
light and the final intensification is a factor 100 only, but that is

sufficient to overcome the above mentioned scattering loss. Thus, with

the aid of a rather simple image intensifier tube one might construct
telescopes in which the gain in photon-catch is not necessarily attended

by a high angular magnification. There is a second profit moreover: the

photocathode is more sensitive than the retina. The final effective pho-

ton-catch can be two orders of magnitude higher, if sufficient intensi-

fication is applied to insure that each photon detected by the photo-

cathode is also detected by the observer's eye.

A more detailed description of inage intensifier tubes, including

other types is presented by Schnitzler (1971).

§5.4. THE GAIN IN PHOTON-CATCH

When the luminance in object space is L cd/m2, the light-flux E that

enters a pupil of A mz will be:

E = 8.47 X IO-SAL 1umen (5.3)
min2 of arc

The number of photons per sec per lumen, weighed after the spectral dis-

tribution F(x) of the light source and the relative spectral sensitivi-

ty S(X) of the detector, which w'il be called the photon-yield p, is:

photons
Y 680/F(,v)V(A)dx sec, lumen' I0-*'

where V(x) is the photopic relative spectral sensitivity. Fig. 24 com-

pares the spectral sensitivity of photopic vision, scotopic vision and

the S-25 photocathode that is mostly used in image intensifier tubes.
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Fig. 24. Relative spectral sensi-
tivity of the human eye in photo-
pic and in scotopic vision, and
of the S-25 photocathode (taken
from Schnitz 1er, 1971).

Fig. 25 shows the spectral distribution of some relevant light sources.
The corresponding photon-yields are given in Table II. Combining Eq.

(5.3) and Eq. (5.4) the weighed photon flux is found:

photons
<t> = 8.47 X HT8 p.A.L. (5-5)

sec. min2 of arc

In the photon-yield p.only the relative spectral sensitivity normalized
to unity at the maximum is accounted for. The absolute sensitivity at
the maximum is expressed separately in the quantum efficiency n- The de-

300 400 500 600 700 800 900
wavelength in nm

Fig. 25. Relative spectral distri-
bution of some light sources.
Curves A and B represent the irra-
diances from full moonlight plus
airglow and 0.03 full moonlight
plus airglow respectively on a
clear night through 2 air masses,
and are taken from Biberman (1971).
Curve C represents standard light
source A.

58



Table II. Photon-yield p according to Eq. (5.4)

Standard light
source A

photopic vision
scotopic vision
S-25 photocathode

4
2
16

.27

.22

.2

X

X

X

1015

10' «

1015

Moonlight

4
2
11

.19 x

.98 x

.93 x

1015

10' 5

1015

Nightlight

4
2
11

.09

.95

.82

x
x
X

1015

1015

1015

tected photon flux $ . now becomes:

*. = 8.47 x 10-8 nTpAL EÜ£t£ÜL (5.6)
d sec. min2 of arc

where i is the transmission factor of the optical media. The ocular
transmission of the human eye is usually included in the quantum effi-
ciency. Thus as far as the human eye is concerned T = 1.0 formally in
Eq. (5.6).

The gain P in photon-catch, provided by any aiding instrument with
respect to the human scotopic eye follows immediately from Eq. (5.6):

[tnpAj ..
P = äiS_ (5.7)

r̂ sc. eye

P is the gain in detected photon flux with respect to the object-
space and can be distinguished from the gain H in detected photon flux
with respect to the image space:

(5.8)

where m is the angular magnification of the aiding instrument. The fac-
tor H was introduced by Dirksen and Van Schie (1963).

According to the experiments of chapter 3 one and the same fluctuation
theory applies to vision with and without image intensification. From
this point of view the contrast sensitivity functions of the unaided eye
are shifted in general along the contrast sensitivity axis with a factor
/H by the use of the aiding instrument. Next to this they are shifted
along the spatial frequency axis in object space with a factor m. The
gain Gt in integrated contrast sensitivity thus will be:
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Gj = m/H = /P (5.9)

Note that P = tin2 and H = T for common night-glasses, which states
once more that the gain in photon-catch can only be used in the form of
angular magnification in that case. The designer of intensifier tele-
scopes on the other hand is essentially free to distribute the gain over
m and H.

Table III presents a quantitative survey of the various pertinent
data and the resulting gain factors P and H for unaided scotopic vision,
7 x 50 night-glasses, and two intensifier telescopes, which will be in-
dicated as it-1 and it-2. It-2 has a catadioptric objective with central
obscuration, which is included in the low transmission. The photon-yields
in Table III refer to standard light source A and are taken from Table
II (page 59). The quantum efficiency of the human eye is discussed ex-
tensively in chapter 4. The sensitivity of S-25 photocathodes is speci-
fied as 0.21 mA per lumen (standard light source A), by the manufacturer
(Schnitzler, 1971), which corresponds to a quantum efficiency of 0.08 at
the maximum of the spectral sensitivity curve.

It is silently assumed sofar that the gain in photon-catch is fully
exploited. The specks on the phosphor screen must be sufficiently bright
thereto. This condition is met by both intensifier telescopes mentioned
in Table III, as a rough estimation of the corneal speck-intensity shows.
Both instruments are equipped with three-stage-cascâded intensifier tubes,

Table III. Relevant data and gain factors of some aiding instruments

Quality

Entrance
pupil (m*)
Transmission
Photon-yield
Quantum ef-
ficiency
Gain in pho-
ton-catch
Angular mag-
nification
Gain in pho-
ton flux in
image space

Sym-
bol

A

T

P

n

P

m

H

Scot, eye

3.85 x 10-5

1.00
2.22 x 1015

0.01

1.0

1.0

1.0

Night-
glasses

1.89 x IQ'3

0.80
2.22 x 1015

0.01

39.2

7.0

0.80

Intensifier

it-1

4.55 x ID"3

0.88
16.2 x 1015

0.08

6080

3.5

496

telescopes

it-2

4.64 x

0.50
16.2 x

0.08

3200

4.0

200

10- 3

1015
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which generate specks of about 60000 photons on the third and final phos-
phor screen. The it-1 scatters 0.6X or 360 of these into the pupil of
the observer, when the latter lias a diameter of 5 mm. The it-2 provides
even a higher cornea! speck-intensity. As can be read from Figs 10 and
16 a speck-intensity of 360 corneal photons will be sufficient in general.

§5.5. EXPERIMENTS WITH ACTUAL INTENSIFIER TELESCOPES

Fig. 26 illustrates measured contrast sensitivity functions for vision
with the two intensifier telescopes mentioned above.

The parameter is luminance in object space. The difficulty arises
here, that light units refer to the spectral sensitivity of the human
eye by definition, and thus are no good measure for radiances weighed
by the spectral sensitivity of photocathodes. Biberman (1971) therefore
proscribes light units in connection with opto-electronic devices. With-
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Fig. 26. Contrast sensitivity functions for vision through two ac-
tual image intensifier telescopes. Fig. 26a refers to vision with
the it-1 to a sine wave field of 11 x 11 in image space (no arti-
ficial pupil). Fig. 26b refers to vision with the it-2 to a sine
wave field of 15 in diameter in image space with an artificial pu-
pil of 3 mm in front of the observer's eye.Luminances are expressed
in equivalent levels of standard light source A (see §5.5).
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in the framework of the present comparison of aided and unaided vision
we nevertheless prefer to use light units. To avoid the problem we will
express light levels in the object space of intensifier telescopes al-
ways in equivalent luminances L. of standard light source A:

LA =

It will be evident from Eq. (5.4) that this procedure leads to correct
photon fluxes, notwithstanding the use of different light sources. One

may read from Table II how one lumen of moonlight or nightlight yields
a little less S-25 photons than one lumen of standard light source A.
Light source A is chosen here as a standard, since cathode sensitivities
are usually specified also with respect to light source A. The light u-
nits used here can be converted into radiance units, if required, con-
sidering that the luminous efficiency of light source A is about 20 lu-
men per Watt.

Studying the contrast sensitivity functions for vision with both in-
tensifier telescopes (Fig. 26) the gain relative to unaided vision (Fig.
3) is striking indeed: the curves refer to much lower luminances. Pay-
ing attention for instance to the curve for vision with it-2 at 1.3 x
10"1* cd/m2 one notes considerable shifts toward higher spatial frequency
and higher contrast sensitivity. On reflection, however, it is somewhat
misleading to speak of simple shifts. The contrast sensitivity functions
are cut off already at about 35 ppd in object space, or about 10 ppd in
image space. This must be ascribed to imperfect imaging in the devices.

Fig. 27 illustrates the MTF's of the two intensifier telescopes as
well as the eye optics for a 5 mm pupil (see chapter 6). The iiiia^e qual-
ity of the intensifier telescopes clearly is the limiting factor. As to
this the image quality of the objective lens and the image tube of it-1
are equally bad (Van Meeteren, Vos and Boogaard, 1971). The catadioptric
objective of it-2 is practically perfect (Becker, 1970) and thus the MTF
is controlled here by the image tube. Note that there is but little dif-
ference between the final MTF's of the two devices, when plotted vs spa-
tial frequency in image space.

Considerable amounts of straylight may occur in intensifier teles-
scopes, partly arising in the intensifier tube. In the center of a small
black test object upon a uniform illuminated background, covering the
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Fig. 27. Modulation transfer func-
tions of two actual image intensi-
fying telescopes. For comparison
the modulation transfer of the eye
optics is plotted here also for a
pupil of 5 mm in diameter.

whole field of vu:w of it-1, the veiling proved to be 20% of the back-
ground luminance. A veiling of 6% was found when only a field of 3 (in
object space) was illuminated as in the above experiments. In it-2 4%
stray-light was measured in the center of a 3.8° field (in object space).

Accounting for the MTF's of the devices and for the contrast losses
caused by strayiight the quality of the image on the final phosphor
screen can be reconstructed. Considering further the photon-catch and
the corresponding speck-density the measured contrast sensitivity func-
tions can be compared with the results of the speck-image experiments of

chapter 3. If the agreement is satisfactory, this settles the prediction
of contrast sensitivity for vision through actual intensifier telescopes.

For a fair comparison the measurements with it-1 were repeated in the
same conditions as the speck-image experiments of chapter 3: using an
artificial pupil of 3 mm and foveally fixated sine wave fields of 3° x
3° in image space. The results, plotted in Fig. 28a, differ barely from
those of Fig. 26a, referring to larger sine wave fields and natural pu-
pil. The data are replotted in Fig. 28b after correction for the MTF of
it-1 and for straylight. Thus they can be compared with the predicted"
curves taken from Fig. 14 by interpolation at the appropriate specjcrdeh-
sities <(> ,/m2, where m is the angular magnification and $. follows .from
Eq. (5.6). , . .• ,.
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Fig. 28a. Contrast sensitivity functions for vision with the it-1
to a sine wave field of 3° x 3° in image space, using a 3 ran arti-
ficial pupil. The data are replotted in Fig. 28b after correction
for the MTF of the it-1 and compared with predicted curves. The lat-
ter are derived from the speck-image experiments of chapter 3 (Fig.
14) and refer to the same experimental conditions as Fig. 26a. Pa-
rameter is here the detected photon flux +d/m2 in image space cal-
culated from the light levels of Fig. 26a according to Eq. (5.6).

Fig. 29 shows the same comparison for it-2. Here the data of Fig. 26b
are replotted after correction for MTF and straylight, and compared with
predicted curves.

For it-1 contrast sensitivity remains markedly behind the prediction
at low spatial frequencies and higher luminances. Contrast sensitivity
is limited to about 50 in vision through this device. This might quite
well be due to the inhomogeneous structure of the fiber-optical face-
and coupling plates in this older instrument. Contrasts lower then 2%
apparently get lost in interference with the visible chicken-wire struc-
ture. In it-2 no such inhomogenities were visible and contrast sensiti-
vity is not restricted in this way in the range investigated. Apart from
this the actual and predicted contrast sensitivity levels agree statis-
factorily for vision through it-1 and it-2. Dark1 current as well as addi-
tional noise (variable s peck-intensity) of the intensifier tubes appa-
rently have no measurable effect.
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§5.6. THE GAIN IN INTEGRATED CONTRAST SENSITIVITY

The net proceeds of intensifier telescopes may be characterized by
the gain in integrated contrast sensitivity. The simple shifts of con-
trast sensitivity functions brought about by ideal devices are compli-
cated by losses in actual devices. A simple and yet detailed description
of the final gain thus cannot be given. Abandoning detail, however, the
gain in integrated contrast sensitivity, introduced as a summary measure
for visual performance in §2.5, may be discussed.

In Fig. 30 the integrated contrast sensitivity I is plotted vs. log
luminance in object space for natural unaided vision, vision with 7 x
50 night-glasses, and for vision through the two intensifier telescopes.
The net gain provided by the devices can be characterized now by a sim-
ple shift along the log luminance axis. One might speak of an effective
luminance gain to be compared with the calculated gain in photon catch
(Table III, page 60). This effective luminance gain amounts to a factor
1000 roughly for both intensifier telescopes, whereas the gain in pho-
ton catch according to Table III is 6080 for it-1 and 3200 for it-2.
It should be realized first that monocular devices are compared here
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Fig. 30. Integrated contrast sensitivity (defined in Eq. (2.4)) for
vision with unaided eyes, 7 x 50 night-glasses and two image inten-
sifying telescopes, plotted as. log luminance in object space (equi-
valent levels of standard light source A), note the shift toward
lower luminance provided by the aiding instruments. This shift might
De interpreted as the effective luminance gain and can oe compared
as such with the original gain in photon-catch (55.6).

with binocular unaided vision. Considering this the effective luminance
gain ideally could have been 3040 and 1600 respectively as follows from
§2.6. Thus the effective luminance gain differs from the ideal values
by factors 3 and 1.6 for it-1 and it-2 respectively. These factors re-
present the losses arising from imperfect imaging in the devices. As
such they indicate possible improvements of the gain by better techno-
logy.

§5.7. DESIGN CONSEQUENCES AND TEST PROCEDURES

One might wonder whether new design consequences for intensifier tel-
escopes emanate from the present study, and whether it suggests new test
procedures. In answering this question it should be realized that the
present experiments first of all remove certain doubts on the fluctua-
tion theory of vision with image intensifies. As such they justify
current design principles.

Next to that the experiments on the minimum required intensification
to obtain the speck-noise limited contrast sensitivity levels (§3.5 and
§3.9) may be helpfull to the design of image intensifies. Schagen's
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(1963) opinion, that 10 cornea! photons per speck would be sufficient in
scotopic observation-of the phosphor screen is refuted. About 150 corne-
al photons per speck are required in peripheral observation (§3.9). Sur-
prisingly, however, the speck-intensity does not need to be higher for
photopic observation, when the retinal speck-density is not lower than
1 speck per sec per min2 of arc (§3.5). And when the retinal speck-den-
sity is about 10 specks per sec per min2 of arc it seems that even 30

corneal photons per speck suffice. Such a corneal speck-intensity may be
realized with a single-stage image intensifier tube, resulting in specks
of about 1000 photons on their phosphor screen, when the pupil of the ob-
server's eye is about 6 mm in diameter and the focal length of the ocu-
lar lens is 17 mm.

To evaluate the practical significance of the retinal speck-densities
just mentioned we may relate them to the luminance L in object space,
taking for instance an entrance pupil of 2.8 x 10~3 m2 (diameter 60 mm)
and a transmission T = 0.8. It follows then from Eq. (5.6) that the de-
tected photon flux in object space amounts to 2.5 x 105 L photons per
sec per min2 of arc, if L is expressed in cd/m2 and refers to standard
light source A. The retinal speck-density thus will be 2.5 x 105 L/m2 in
this example, where m is the angular magnification. With L = 10"1* cd/m2

a minimum retinal speck-density of 10 specks per sec per min2 of arc can
be obtained, but only if the angular magnification is smaller than 1.6.
In general it seems to be possible to design intensifier telescopes e-
quipped with a single-stage intensifier tube, and yet to obtain the speck-
noise limited contrast sensitivity level, even in photopic observation,
if the angular magnification is kept small. The loss in image quality re-
sulting from cascading image intensifier tubes would be evaded in this
way.

It has been emphasized that the angular magnification of intensifier
telescopes can be chosen independently of the photon-catch, which is a
large advantage over common night-glasses. However, the focal length fQb

of the objective lens cannot be too small relative to the diameter of the
entrance pupil, and the focal length f of the ocular lens cannot be too

large relative to the pupil of the user's eye. As a consequence f„i/foc

will be about 4 in practice which leads to a corresponding angular magni-

fication. Fortunately, demagnifying image tubes are available to reduce
the total angular magnification, if required so. Thus the gain in photon
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catch can be used for a great part to obtain higher contrast sensitivity.
The designer then should keep Weber's law in mind: beyond a certain level
contrast sensitivity cannot be improved. In that case the gain in photon-
catch can be better exploited in the form of angular magnification, which
indeed is the principle of daylight optical aids.

Finally, it may be remarked that the further development of "second
generation" microchannel-plate image intensifiers and transmission sec-
ondary-electron multipliers may render the problem of sufficient inten-
sification and yet good image quality out of date in the future.

As to test procedures the present study connects to the measurement of
cathode sensitivity, intensification and MTF. The speck-noise could be e-
valuated from photon-catch calculations, but it is preferable, of course,
to measure the display signal-to-noise ratio and the dark current also.

Apart from this, it is proposed to measure contrast sensitivity func-
tions for vision through new types of intensifier telescopes as a check
on prediction. Especially when the speck-intensity is high there may be
an interaction between MTF and signal-to-noi se ratio, as discussed at the
end of §3.2, which is difficult to predict.

§5.8. RECAPITULATION

Vision through intensifier telescopes, as an example of applied image
intensification, can be understood and predicted from unaided vision by
considering the gain in photon-catch, the angular magnification and the
image quality of the devices.

68



CHAPTER 6

MODULATION TRANSFER FUNCTIONS OF THE EYE-OPTICS

§6.1. INTRODUCTION

The contrast sensitivity functions found by threshold measurements,

with sine wave gratings characterize the visual system as a whole. They
are the joint product of optical and neural modulation transfer. Their
interpretation implies the separation of these two components. One might
question, for instance, whether the high frequency decay is caused com-
pletely by optical imperfections. In chapter 2 the gradual changes in

the width of contrast sensitivity functions with luminance have been at-
tributed to neural processing mainly, which has to be argued as yet.
There are two alternative ways to separate the optical and the neural
components of contrast sensitivity functions. One can either determine

the optical MTF first and consider the residue as the neural contribu-
tion, or in the reverse, measure the neural contrast sensitivity func-
tion separetely and solve the optical MTF. Both ways have been explored
in the literature. In this chapter the calculation of MTF's for the eye-
optics will be described, starting from experimental data on the vari-
ous geometrical aberrations taken from literature. These calculations
provide a welcome supplement to recent measurements, and moreover reveal
the relation of the MTF's to the underlying aberrations.

Though the eye undoubtedly is the most used optical instrument, its

image quality is still subject to debate. The retinal image was not ac-
cessible to measurements in living eyes until Flamant (1955) managed to
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record the weak fundal reflection of a line source. Several authors since
have improved the recording technique (Krauskopf, 1962; Köhler, 1962;
Westheimer and Campbell, 1962), and removed certain doubts on the origin
and nature of the fundus reflection (Campbell and Gubish, 1966; Röhler,
Miller and Aberl, 1969). These measurements, however, reflect the com-
bined effect of optical imaging and retinal scattering and it remains
questionable in how far the latter is represented correctly. A second
method to evaluate the quality of the retinal image was applied by Arnulf
and Dupuy (1960), Westheimer (1960) and Campbell and Green (1965). They
measured contrast thresholds for sine wave gratings imaged on the retina
by the optics of the eye in the normal way and compared the results with
contrast thresholds for sinusoidal interference fringes generated on the
retina by coherent illumination of two narrow slits placed in front of
the pupil (Le Grand, 1937). The modulation of the interference fringes
is not affected by the imaging errors of the eye-optics, and thus, the
optical MTF can be reconstructed. However, the role of retinal scatter-

ing is not clear in this method too, especially with respect to the in-
terference gratings. Unfortunately, the results of the interference gra-
ting method cannot be compared with the results of the fundus reflection
measurements since the latter were made in whitish light only and the
first in monochromatic light only. Summarizing, the interpretation of
both experimental methods is subject to uncertainty and an independent
calculation of the optical quality of the human eye, preferably in terms
of modulation transfer is needed.

A number of calculations on the image quality of the human eye are
described in literature. The diffraction-limited cut-off frequency was
calculated by Rayleigh (1903). "Hie effect of__chromati£_aberration upon
the edge-spread function was evaluated by Von Helmholtz (1866). Lapicque
(1937) calculated the combined effect of diffraction, spherical aberra-
tion and chromatic aberration upon the point-spread function for a 5 mm
pupil. He found only a small difference when the spherical aberration

was neglected completely and concluded that the ghromatic difference of
focus_js the most dominant aberration in wjjHe light. This encourages
further calculations, because there is little variation in this aberra-
tion between different human eyes, so that the white light optical per-
formance should be fairly constant, and its calculated value can be ge-
neralized. Apart from some incidental estimates of the effect of chroma-
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tic aberration upon modulation transfer (Campbell and Gubisch, 1966) no

systematic calculations of modulation transfer functions of the human

eye optics are known to us.

An important question concerns the effect of focus errors upon the mo-

dulation transfer functions. TJieimage î _iudged_5.ubj«ctiveliL3s sharp

wUhin arather large rangejof focus se^ttinjs (Campbell ,1957). According

to KasaTTKOndo.Sekiguchi and Fujii (1971) the accomodation probably fluc-
tuates around the hypermétropie border of this range. If so,the eye would

normally be out of focus. MTF's for just noticeable focus errors may give

an impression of the subjective tolerance as to visual image quality.

Visual acuity is reduced at low luminance, mainly because of the de-

creasing signal-to-noise ratio of the incoming photon flux. In addition

to this, optical modulation transfer might also be worse for scotopic

vision, due to different factors. First,the chromatic aberration is more

pronounced in the scotopic spectral sensitivity range. Second,.rods have

no S til es-Crawford effect (which diaphragms the pupil in photopic vision).

Third, more peripheral parts of the retina are used in scotopic vision

leading to more oblique aberrations. The total effect upon the modula-

tion transfer functions for vision at low luminances will be calculated

and discussed.

The present calculations have been made for white light (equal energy

distribution) weighed either by the photopic or the scotopic spectral

sensitivity. Some complementary calculations for light of standard source

A have shown no significant differences, so that it can be stated that

the results apply to whitish light in general. No results are presented

here for monochromatic_llghts. The use of MTF-calculations for monochro-

matic light is doubtful with respect to the-human eye. First, monochroma-

tic aberrations are subject to individual variations, and second, the ac-

comodation-mec'hanism seems not to be able to fully exploit the better mo-

nochromatic image (Fincham, 1953).

S6.2. GEOMETRICAL ABERRATION DATA

In §6.3 the calculation of MTF's from geometrical aberration data will

be outlined in short. Introductory, the experimental data may be surveyed

first.

Data on the chromatic difference of focus, spherical aberration and
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astigmatism are available in the literature. The amount of chromati^ab-
erration__is__so1i^ly_based. The dispersion of the eye media is practical-
ly the same as that of water and there is little variation in the results
of different eyes and from different authors. Fig. 31 shows the chromatic
difference of focus D expressed in diopters as a function of wavelength
according to the extensive measurements of Wald and Gr i f f in (1947).
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Fig. 31. Chromatic difference of
focus, according to Wald and Grif-
fin (1947). Average results and
standard deviations of 14 subjects.

The spherical aberration may be characterized by the difference S in
refractive power between marginal and central rays, expressed in diop-
ters. Un l ike chromatic aberration the data on spherical aberration show
rather large differences between subjects. A sample of experimental data
taken from literature is plotted in Fig. 32 and compared with the sphe-
rical aberration of the well-known G u l l strand eye model. In real eyes
the spherical aberration is apparently smaller, thanks to the flattening
of the cornea and the decreasing refractive index of the crystalline lens
as the distance to the axis increases. When the crystalline lens is mo-
dified in the Gullstrand model wi th a quadratically decreasing refractive
index n = 1.3939 - 710 r2, r being the distance to the axis in m, the
interrupted curve in Fig. 32 is obtained. This curve is used as an esti-
mation of actual spherical aberration in the fo l lowing calculations.

Astigmatism is characterized by Sturm's interval I, expressing the
difference in diopter:, between the sagittal and the tangential focus.
Rempt, Hoogerheide and Hoogenboom (1971) recently measured astigmatism
by sciascopy of almost 900 eyes, all satisfying minimum visual standards
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Fig. 32. Longitudinal spherical
aberration in diopters. Experimen-
tal data of some authors are indi-
cated. The upper curve refers to
the Gull strand eye, the lower
curve refers to a modified Gull-
strand eye.
Legend: o, Koomen et.at. (1949);

+, Francon (1951);
., Ivanoff (1956);
A, Schober et.al. (1968).

required for aircrew licensing. Like Ferrée, Rand and Hardy (1931) they
found different patterns of astigmatism. About half the number of eyes,
however, forms the largest class with "normal" astigmatism, i.e. with
the retina in the middle of Sturm's interval, although with considera-
ble variability in magnitude. The average Sturm's interval of a sample

of 100 eyes with such normal astigmatism, taken from Rempt et.al., is
plotted in Fig. 33. An interpolation curve is drawn through the data
points in order to estimate oblique astigmatism at small visual angles,

where no measurements were made. Admittedly, marked individual deviati-
ons may occur, but it seems reasonable to conclude that oblique astig-
matism is small in foveal vision and not really problematic in the peri-

pheral areas used in scotopic vision.
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Fig. 33. Sturm's interval accord-
ing to the measurements of Rempt
et.al. (1971). Average results and
standard deviations of 100 eyes
with normal astigmatism. The in-
terpolation curve is given by I =
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No experimental data on the amounts of coma and chromatic magnifica-
tion error are available, but they can be derived from the spherical ab-
erration and the chromatic difference of focus respectively. As to the
chromatic magnification error this has been shown in studies on the col-
our stereoscopic effect (Vos, I960). The point is, as Guidarelli (1972)
remarked, that the human eye is practically homocentric: the center of
curvature of the dominant corneal surface coincides roughly with the no-
dal points and with the center of curvature of the retina. Thus the eye
would be free of oblique aberrations, if the pupil was also in that same
position. That is why Ivanoff (1953) found the foveal viewing axis to be
practically achromatic also. It implies that the only contributions to
coma and chromatic magnification emerge from the position of the pupil
with respect to the viewing axis. Due to the fact that the pupil is about
3.7 mm in front of the nodal points its position is eccentric with re-
spect to the viewing axis, when the latter makes an angle with the opti-
cal axis. It will be explained in §6.3 how spherical aberration leads to
coma in that case, and how the chromatic difference of focus leads to a
chromatic magnification error.

Finally, it must be remarked that irregular aberrations may occur in
the human eye and cause an additional blur. When a point source is ob-
served out of focus the blur circle does not look uniform but like a
"star". Since aphakes do not see such stars the effect is ascribed to
the radial sutures of the crystalline lens (Lapicque, 1937). Van den
Brink (1962) found irregular patterns of dioptric power by scanning of
the eye optics with a small artificial pupil. His results are difficult
to interpret, however, since differences in local dioptric-power are not
good measures for aberrations (Schober, Müncker and Zoll eis, 1968).
Smirnov (1961) measured the wave aberration function w(x,y) with mono-
chromatic light in 12 different eyes and found irregularities superimpo-
sed over regular aberrations. His conclusion, however, is that monochro-
matic aberrations are small in general and practically without effect
upon image quality. Possible irregularities in them thus seem to be of
minor importance.

Epitomizing the above survey, Gullstrand's paraxial standard eye may
be completed with "s:andard" third order geometrical aberrations. Chro-
matic difference of -focus, spherical aberration and astigmatism could be
taken from literature, whereas chromatic magnification error and coma
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follow from them. It must be remarked in this respect that the aberra-

tions of Gullstrand's eye model itself are incorrect: the model should

not be used otherwise than paraxially.

§6.3. WAVE ABERRATIONS AND THE MTF

The calculations of MTF's will be described here briefly: the reader

is referred to textbooks for an account of the mathematics involved. The

starting point is the wavefront in the exit pupil:

F(x.y) = |F(x,y)|-exp { Mw(x,y)}, if X2+ ya ^ j.

F(x,y) = 0, if x2+ y2 > 1, ( 6 -1>

where x and y are coordinates in the pupil plane, normalized to unity at

the border of the pupil. The phase of the wave front is expressed in the

optical path-difference W(x,y) with respect to the ideal spherical wave-

front converging in the image point. The amplitude F(x,y) will be most-

ly uniform except in the case of special apodization filters. In the hu-

man eye the socalled Stiles-Crawford effect finds expression in a non-

uniform |F(x,y)|.

The complex optical transfer function 0(w) can be calculated by con-

volution of the pupil function:

: (x-2«- . y)dxdy
0(w) = —ï (6.2)

//F(x,y)-F*(x,y)dxdy

where w is the spatial frequency and wd is the diffraction limited cut-

off frequency (O'Neill, 1963). Eq. (6.2) refers to sine wave gratings

oriented in the direction of the y-axis. For other orientations of the

sine wave gratings the pupil function must be convoluted analogously in

a direction perpendicular to the orientation.

The modulus of the optical transfer function represents the ratio of

the sine wave modulation in the image to the original modulation and is

called modulation transfer function (MTF).

The diffraction limited cut-off frequency w. can be written as:

wrf =f —0- - -- • — • b periods per degree (6.3)
360 \ f
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Here n = 1.336 is the refractive index in image space; X is the wave-
length of the light; a is the variable radius of the exit pupil; f =

0.022785 m is the focal length and b = 0.017055 m is the distance from

the second nodal point to the image plane. These data were taken from

Gull strand's model eye (Le Grand, 1952).

The various aberrations deform the ideal spherical wavefront and make

the phase function W(x,y) different from zero. Taking only third order

aberrations and focusing errors into account one can write for W(x,y) :

W(x,y) = Cf(x
2+y2) + Cs(x

2+y2)2 + Cmx + Cc(x
2+y2)x + Cax2, (6.4)

where Cf represents focusing errors, Cs spherical aberration, Cm dis-

tortion or magnification error, C coma and C, astigmatism. This form of
C cl

Eq. (6.4) implies that the meredian plane is defined by the optical axis
and the x-axis.

The coefficients Cf, C, and C, are related to the corresponding geo-T 5 a
metrical aberrations D, S and I (see §6.2):

r _ -a2D
fT 2

C. = — (6.5a)
4s

Ca =

The derivation of these relations can be found in the textbooks of Long-

hurst (1957) and O'Neill (1963), among others. As discussed in §6.2 dis-

tortion (chromatic magnification) and coma are due mainly to the eccen-

tricity of the pupil with respect to the main ray. This eccentricity can

be introduced in the focusing error term and the spherical aberration

term of Eq. (6.4) by substitution of x1 = x-e/a, where e/a is the eccen-

tricity relative to the radius of the pupil. In this way a magnification
error term and a coma term come out and one finds:

Cm » -4 Cf =

C. = -4 e C = eaS
c ä s

(6.5b)
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The Sti1 es-Crawford effect, if applying, is introduced in the form of
the amplitude |F(x,y)|:

|F(x,y)l = exp {- 2Î (x̂ y*)}, (6.6)
2

where o = 0.108 as derived from Crawford (1937). It is generally assumed

that the Stil es-Crawford effect is related to the antenna-like construc-

tion of the cones. From this point of view the interaction of the opti-

cal image with the receptor-layer might be more complex and also change

the phase-function W(x,y). Such a possible effect is not introduced in

the present calculations. In first order approximation it might add a

pseudo focus-term to W(x,y) and change the effective power of the eye

optics rather than image quality.

The numerical evaluation of the convolution integrals (Eq. (6.2)) was

made with a digital computer according to Hopkin1 s method (1957). The
computer program was tested by calculating transfer functions for focus-

ing errors that can also be derived analytically.

The optical transfer function for white light was calculated as a

weighed superposition of monochromatic transfer functions:

11 0(x.,w)V(X,)
0 ( W ) _ ± ] L!!. (6.7)

Ii V(xn.)

where x. was taken in steps of 8 nm from 440 - 680 nm in the calculations

for photopic vision and from 400 - 640 nm in the calculations for scoto-

pic vision. 0(x.j,w) is the complex optical transfer function at xi,

taking into account the chromatic difference of focus and the lateral

shift caused by the chromatic magnification error. V(x . ) is the photopic

or the scotopic spectral sensitivity function.

§6.4. MTF's FOR FOVEAL VISION

The fovea is about 5° off-axis (Le Grand, 1952). The amount of coma,

astigmatism and chromatic magnification error were chosen accordingly.

The Stiles-Crawford apodization proved to reduce the effect of aber-

rations markedly at larger pupil sizes (Van Meeteren, 1973) and was

taken into account.

The MTF's depend first of all upon the state of focusing. Optimum fo-
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cusing is probably an exception rather than a rule in normal vision. The
range of focus settings within which the image is judged as sharp and
within which the stimulus for better focusing probably is weak, proves
to be rather large (Campbell, 1957). No wonder that accommodation shows
microfluctuations of about 0.2 D (Campbell, Robson and Westheimer, 1958).
It nevertheless makes sense to calculate modulation transfer functions
for optimum focusing. First, they describe the upper-limit of image qua-
lity. Second, optimum focusing is often imposed experimentally with cor-
rection lenses after paralysis of accommodation. Third, in threshold ex-
periments with long or unlimited presentation time the responses may be
representative for the best focus setting. To find the optimum focus the
modulation transfer was calculated as a function of focusing. Fig. 38
illustrates examples of such focusing curves. The optimum focus depends
upon the spatial frequency. The lower the spatial frequency the more
myopic the focus setting will be (Green and Campbell, 1965). There is
but little change, however, in the optimum focus for spatial frequencies
of 20 ppd and higher and the following MTF's for foveal vision refer to
optimum focusing for 20 ppd, i.e. to optimum focusing for higher spatial
frequencies in general.

Fig. 34 presents an analysis of the effects of the various aberrations
as a function of pupil size. The human eye is practically diffraction li-
mited at pupils smaller than 1 mm. Chromatic difference of focus is the
most important aberration and reduces modulation transfer considerably
when the pupil is larger than 2 mm. The total effect of spherical aber-
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Fig. 34. Cumulative effect of the
various aberrations upon the modu-
lation transfer of vertical grat-
ings at 20 ppd as a function of
pupil size. Curve A refers to the
diffraction limit, curve B to on-
axis imaging with chromatic aber-
ration, curve C to on-axis imaging
with chromatic and spherical aber-
ration and curve D to the foveal
image with chromatic, spherical
and oblique aberrations.
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ration, coma and astimatism is negligible for pupils smaller than 3 mm
and always moderate when compared with chromatic aberration. The chroma-
tic magnification error reduces the transfer of vertically oriented sine
wave gratings noticeably when the pupil is small.

As has been emphasized already, the predominant chromatic aberration
is practically the same in different eyes. Thus the white light MTF of
individual eyes will not drastically deviate from the calculated ones.
Spherical aberration may be different in different eyes, but considering
that its average effect is moderate, its variation probably will not
lead to measurable differences in individual modulation transfer func-
tions. This was confirmed by the fundus reflection measurements of
Campbell and Gubisch (1966), who found practically the same MTF's in
three different eyes.

The calculated modulation transfer functions for foveal vision in op-
timum focus are plotted in Fig. 35 with pupil size as the parameter.
Different curves are presented for horizontal and vertical sine wave
gratings.

Note in the first place the diffraction limited cut-off of the curves
for small pupils. The best tradeoff between diffraction and chromatic

100

0 10 20 30 £0 50 60 0 10 20
spatial frequency in ppd

30 40 50 60

Fig. 35. Foveal modulation transfer functions for different pupil
sizes. Fig. 35a refers to vertical sine wave gratings, Fig. 35b to
horizontal sine wave gratings. The latter are not affected by the
foveal chromatic magnification error.
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aberration is found between 2 and 3 mm pupils.
The modulation transfer functions for pupils of 3 mm and larger are

remarkably similar. The high-frequency decay is practically the same:
the curves run parallel. In principle this phenomenon was already ex-
plained by Von Helmholtz (1866). Chromatic aberration causes a more or
less wide skirt of light, due to wavelengths that are not in focus, upon
which a relatively sharp image is superimposed. The skirt functions as
a veiling luminance, reducing the modulation at all spatial frequencies
by roughly the same factor.

The most important difference between horizontal and vertical sine
wave gratings is that the first are not affected by the off-axis posi-
tion of the fovea. The modulation transfer of horizontal gratings there-
fore is slightly better at higher spatial frequencies than the modula-
tion transfer of vertical gratings.
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0.1
10 20 30 40 50 60

spatial frequency in ppd

Fig. 36. Ratios of the modulation transfer functions, measured by
Campbell and Gubisch (1966) and the presently calculated ones. The
curve represents the modulation transfer function for retinal scat-
tering, measured by Ohzu and Enoch (1972).

When the modulation transfer functions derived by Campbell and Gubisch
(1966) from the weak fundus reflection of a narrow slit (fixated by the
subject) are plotted in the way of Fig. 35, they look quite similar, a-
part from their steeper high-frequency decay. The curves for the various
pupil sizes also run parallel and the effect of pupil size is the same.
It seems as if the modulation transfer functions measured by Campbell
and Gubisch (1966) are the product of the modulation transfer functions
of the dioptrics of the eye and some other modulation transfer function.
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This is illustrated in Fig. 36, where the quotients of the Campbell and

Gubisch data and the presently calculated MTF's are plotted. Recently,

Ohzu and Enoch (1972) managed to directly determine the MTF's of fresh-
ly isolated human foveas. This MTF is also plotted in Fig. 36. It seems

that the difference between the MTF's measured by Campbell and Gubisch

(1966) and the calculated MTF's for the dioptrics of the eye is equal

to the i-ITF of the retina. Thus, two independent experiments and the pre-

sent calculations confirm each other. This encourages further calcula-

tions in conditions where no measured MTF's are available.

§6.5. THE SUBJECTIVE TOLERANCE TO IMAGE QUALITY

1.

10 20 30 40 50
spatial frequency in ppd

60

Fig. 37. Foveal modulation trans-
fer functions for just noticeable
focusing errors with pupil size
as parameter. Focusing errors:
2 mn: -0.42 D 5 mm: -0.24 0;
3 ram: -0.35 D; 7 mm: -0.17 D.

Fig. 37 illustrates MTF's for focusing with just noticeable hypermé-
tropie focus errors. The latter are taken from Campbell (1957). Such
MTF's indicate the subjective tolerance to image quality. Although mo-
dulation transfer for pupils of 2 and 3 mm is reduced to half of its op-
timum value in the high frequency range the image is still judged sub-
jectively as sharp. This can be understood when the modulation transfer
function of the eye optics is multiplied with the contrast sensitivity
function of the retina-brain system. It follows then, from the steepness
of the overall contrast sensitivity functions, that visual acuity, de-
fined as the highest spatial frequency that can be resolved, is reduced
by 20% only.
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It is remarkable that these MTF's practically coincide for different
pupil sizes at high spatial frequencies. This might indicate that the
tolerance limit is an absolute rather than a relative one: a certain im-
age quality, characterized by the coinciding curves in Fig. 37, is con-
sidered to be satisfactory. According to Kasai et.al. (1971) the accom-
modation fluctuates around the just noticeable hypermétropie focus error
in normal vision. If so, the coinciding curves in Fig. 37 are represen-
tative for image quality in practical vision.

In view of this tolerance, correction of the spherical aberration of
the eye and__eyen of the chromatic difference of focus is not likely to
be of practical use. Several attempts to obtain better~"vision by such
corrections have failed indeed (Von Helmholtz, 1866; Van Heel, 1946).

56.6. MTF's AT LOW LUMINANCES

Three factors make the MTF for vision at low luminances worse than
for daylight vision: larger chromatic difference of focus in the scoto-
pic spectral sensitivity range, lack of Stiles-Crawford diaphragmation
in rod vision, and the use of more peripheral parts of the retina in-
volving larger oblique aberrations. As gratings of 20 periods per degree
are below threshold at low luminances, there can be no optimum focusing
at this spatial frequency. The relevant spatial frequency for optimum
focusing decreases with luminance. In fact, this explains a considera-
ble part of the well known night-myopia, since for lower spatial fre-
quencies the optimum focus is more myopic, as is illustrated in Fig. 38
for a pupil of 7 mm. The optimum focus at 5 periods per degree is about
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Fig. 38. Modulation transfer at 5
and 20 ppd as a function of focus-
ing in photopic and scotopic vi-
sion through a 7 mm pupil. Note
the two components of "night-myo-
pia", i.e. the shift in the peak
between 20 ppd and 5 ppd photopic
(low-frequency myopia) and the
shift between 5 ppd photopic and
5 ppd scotopic corresponding to
the shift in spectral sensitivity.

82



0.5 D more myopic than at 20 periods per degree in this case. It was ex-
perimentally demonstrated also by Green and Campbell (1965) that part of
the night-myopia is caused by the reduction of the relevant spatial fre-
quency, and that low luminance is not necessarily a prerequisite. Larger
amounts of myopia can be expected when the spatial frequency range is
further reduced. However, the focusing curves grow flatter and finally
no stimulus for better focusing remains. In this view the eye at rest,
being about 2 D myopic (Schober, 1954), is focused as expected for near-
ly empty fields. In Fig. 38 the total amount of night myopia, caused by
the low frequency effect together with 0.5 D corresponding to the P'ur-
kinje-shift is about 1 D.

10 15 20 25 30 O 5 10
spatial frequency in ppd

15 20 25 30

Fig. 39. Modulation transfer functions for scotopic vision through
5 and 7 im pupils. Curve A: on-axis; curve B: 5° off-axis; curve C:
10° off-axis. For comparison the interrupted curve represents photo-
pic vision 5° off-axis (fovea). These MTF's refer to optimum focus-
ing at 5 ppd.

Some MTF's for scotopic vision of vertical sine wave gratings in op-

timum focus at 5 ppd are presented in Fig. 39 for pupils of 5 and 7 mm.

For comparison the interrupted curve represents the MTF for photopic vi-

sion at 5° off-axis, also in optimum focus at 5 ppd. In general, image

quality is worse in vision at low luminances, as was expected, but the

difference is not really large in the spatial frequency range below 5
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ppd. It would be incorrect, however, to assume that the quality of the
optical image is nearly perfect in the low spatial frequency range of
vision at low luminances. The MTF drops to 0.35 already at 5 ppd for a
7 mm pupil.

The effect of the 1 arger_ghromatic difference of focus in scotopic
vision can be judged from the comparison of curve B with the interrupted
curves (curve B is omitted in Fig. 39 for the 7 mm pupil, but would run
in between curves A and C). The effect of the chromatic magnification
error, astigmatism and coma is shown by the curves A, B and C. This ef-
fect is comparable to the effect of the larger chromatic difference of
focus for the 5 mm pupil, and it is almost negligible for the 7 mm pu-
pil.

The MTF of the peripheral retina with a rather thick tissue layer in
front of the receptors might be worse than in the fovea. Such a layer
might just be absent in the fovea to avoid its inherent scattering. Ac-
cording to Ohzu and Enoch (1972), however, the major part of retinal
blurring must be located in the outer segments of the receptors, not in
the tissue layer just mentioned. They found the MTF of rat-retinas, which
have no fovea, to be as good as the MTF of the human fovea. In this line
the MTF of the peripheral retina will be roughly equal to the MTF of the
fovea, and can be read from Fig. 36.

§6.7. RECAPITULATION

In whitish light the chromatic difference of focus is the predominat-
ing aberration of the human eye. As a consequence little individual dif-
ferences are expected in the image quality of normal eyes. This justi-
fies the calculation and general use of MTF's for the dioptrics of the
human eye on the basis of "standard" geometrical aberrations. MTF's cal-
culated in this manner are in agreement with experimental MTF's, as de-
rived from fundus reflection measurements by Campbell and Gubisch (1966),
after correction for the MTF of the retina, according to the measurements
of Ohzu and Enoch (1972). Encouraged by this consistency the calcula-
tions have been extended to vision at low luminances.

84



CHAPTER 7

THE NEURAL COMPONENT

§7.1. CONTRAST SENSITIVITY FUNCTIONS OF THE RETINA-BRAIN SYSTEM

The overall contrast sensitivity functions are the product of optir
cal imaging and neural processing. After the evaluation of the optical
component in chapter five, the neural contribution obviously comes out
as the residue. The ratios of overall contrast sensitivity functions
and pertinent optical MTF's can be interpreted as contrast sensitivity
functions of the retina-brain system. Some examples derived from the
overall contrast sensitivity functions for large sine wave fields (§2.3,
Fig. 3) and for small foveally fixated sine wave fields (§3.6, Fig. 12)
are rendered in Fig. 40. The corrections for the optical MTF's, inclu-
sive retinal scattering, were made according to the size of the natural
or the artificial pupil concerned, and, as to curve B, under the assump-
tion of scotopic vision.

Similar contrast sensitivity functions of the retina-brain system
have been determined in a completely different manner by Arnulf and
Dupuy (1960), Westheimer (1960), and Campbell and Green (1965). They
evaded the optics of the eye by generating Young's interference grat-
ings directly on the retina after a suggestion of Le Grand (1937). The
curves of Fig. 40 agree with the results of these measurements in gener-
al aspects. The neural system contributes markedly to the high frequen-
cy decay of the visual system, and suppresses low spatial frequencies
also at higher luminances. Considering the different conditions the
present results cannot be compared in detail with those of the authors
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cited.
It was anticipated in chapter 2 that the changes in the overall con-

trast sensitivity functions with luminance level are of neural origin
mainly. This is confirmed here in Fig. 40 after correction for the op-
tical MTF. Fig. 40 further illustrates once more the functional differ-
ence of fovea and periphery, apart from the attending optical differ-
ences. The fovea is specialized for resolution at the cost of contrast
sensitivity. The periphery sacrifices resolution in favour of contrast
sensitivity. This can be understood from the fluctuation theory of vi-
sion when the form of the contrast sensitivity functions is related to
the retinal summation areas, or more general to spatial interactions in
the retina-brain system.

Different spatial interaction models will be discussed in the follow-
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Fig. 40 Contrast sensitivity functions of the retina-brain system.
Curves A and B are derived from Fig. 3 and refer to large sine wave
fields in free fixation at 10"1 and 10"3 cd/m2, observed through na-
tural pupils of about 6.5 and 7 mm respectively. Curves a and b are
derived from Fig. 12 and refer to small foveally fixated fields at
3.4 x lO"1 and 9.2 x 103 cd/m2, observed through an artificial pu-
pil of 3 mm. These luminances are chosen in such a way, that the
photon fluxes detected by the retina are about equal for curves a
and A, and for curves b and B.
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ing and it will be asked what model fits best with the sine wave contrast
sensitivity functions.

§7.2. EFFECT OF FIELD SIZE

The high-frequency decay of the neural contrast sensitivity functions
indicates spatial averaging over certain areas, such that smaller de-
tails are erased. The positive effect of increasing field size upon con-
trast sensitivity for sine wave gratings, mentioned in 52.1, reflects a
second echelon of spatial integration. This kind of spatial integration
extends over much larger areas, within which detail is apparently not
erased. These two echelons have been distinguished first by Bouman and
Van der Velden (1947) in their two-quanta-explanation of absolute thresh-
olds. They hypothesized that two quanta must be absorbed within a small
critical area and time interval in order to evoke a visual perception
(first echelon). They further assumed, that the probability of detection
accumulates when a test object is covered by more than one critical ar-
ea (second echelon). One thus may speak of probability swmatian with
respect to the second echelon. Bouman, Vos and Walraven (1963) distin-
guished summation of enery and summation of information. Schober and
Hilz (1965) spoke of coherent and incoherent summation.

Fig. 41 illustrates the field-size effect for a foveall.y fixated sine
wave grating of 26 ppd. The measurements were made by AvM for vertical
gratings only. Contrast sensitivity levels off when the field is about
15 x 15 min2 of arc, whereas the. summation area of the first echelon
(Ricco's area) is smaller than 3x3 min2 of arc in this case. Morgan
(1965) and Van Meeteren and Vos (1972) have shown, that the contrast
sensitivity for sine wave gratings is about 5 -10 times higher than
would follow from the signal-to-noise ratio in a single summation unit.
This may be explained now, when it is realized that on the second ech-
elon the information of about 25 summation units is integrated. It
should be remarked, however, that very little is known experimentally
on probability summation in the detection of sine wave gratings. Fig.
41 illustrates the field size effect for one spectral frequency only.
Further experiments are necessary to investigate the size and the form
of the probability summation area as a function of spatial frequency,
and luminance among others.
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Fig. 41. The effect of field size (height and width) upon contrast
sensitivity. Results of one observer (AvM) for a sine wave grating
of 26 ppd in vertical orientation, observed in foveal fixation
through an artificial pupil of 3 mm at a luminance of 30 cd/m*.
Note that the width of 1 period is 2.3 min of arc.

§7.3. SPATIAL WEIGHTING FUNCTIONS

Optical MTF's can be related to line spread functions by Fourier
transformation. This elucidates their origin: the blurrinq of diffrac-
tion and aberration. Analogously one might compute the Fourier trans-
forms of the neural contrast sensitivity functions and interpret the re-
sult as weight-ing f-unctians, characterizing the neural spatial interac-
tions (Ratliff, 1965). If this leads to an acceptable representation in
agreement with common knowledge, one thus may consider the neural con-
trast sensitivity functions to be explained. However, at least four ob-
jections can be made:
1. More and more evidence has been gathered in recent years on the ex-

istence of special sine wave channels (Campbell, 1969). The question

arisis then whether the contrast sensitivity functions of the retina-
brain system should not be considered as the envelopes of the corres-
ponding tuning curves rather than as a reflection of spatial interac-
tions. This is highly improbable in my opinion. Even if sine wave
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channels would exist, it is plausible that the form of the contrast
sensitivity functions reflects spatial processing first of all. The
input of possible sine wave channels will be subjected to retinal pro-
cessing anyhow. There further is no reason to assign different sensi-
tivity to the various possible, sine wave channels.

2. Probability summation might also be frequency dependent and introduce
a component in the neural contrast sensitivity function (Hay and
Chesters, 1972). This component according to Hav and Chesters would
be absent in transfer functions measured in suprathreshold conditions,
where probability summation is put out of order. Davidson (1968) and
Campbell and Maffei (1970) compared transfer functions derived from
threshold and suprathreshold measurements and found almost no differ-
ence in their form. This can only mean, that a probability summation
component is absent in both. Harris (1964) formulated a mathematical
theory of probability summation in the detection of images. According
to this theory probability summation over a certain area of a sine
wave grating does not introduce a frequency-dependent term in the
contrast sensitivity functions. This is plausible moreover when it is
realized, that the probability of a sine wave signal is compared with
the probability that the same signal is present in the white spatial
spectrum of photon-noise. Thus contrast sensitivity functions do not
contain a component coming from the signal-to-noise criterion itself,
if probability summation extends over a fixed area.

3. The spatial interactions concerned may not be linear and linearity is
a condition for meaningful Fourier transformation. However, spatial
summation is apparently linear within Ricco-areas, although Sakitt
(1971) recently found summation to be configuration-dependent within
Ricco-areas in absolute threshold experiments. The linearity of la-
teral inhibition was investigated by Thomas (1968). Measurable non-
linear inhibition between two adjacent retinal areas was found, when
the luminances of the latter differed more than a factor 2. Thus
small signal linearity practically applies to the threshold measure-
ments we start from.

4. The weighting function of the retina is not invariant. Given the mo-
saic structure of the retina one cannot consider each retinal point
as the center of continuously overlapping weighting functions. This
follows also from the neural contrast sensitivity functions (Fig. 40).
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For, if the retinal processing could be characterized bv an invariant
weighting function, it would transfer the spatial spectra of signal
and noise equally and the signal-to-noise ratio would not be altered.
Thus the contrast sensitivity function of such a retina would be in-
dependent of spatial frequency. As far as this is not the case, it
indicates the granularity of the sampling grid. Strictly spoken, Fou-
rier-analysis is thus out of order. One nevertheless may relate the
weighting functions of the non-overlapping receptive fields to the
form of the neural contrast sensitivity functions by Fourier trans-
formation. Let the receptive fields, centered at x = 0, be character-
ized by a weighting function g(x) in one-dimensional notation, where
g(x) weights the contribution to the final output when the receptive
field is stimulated at a distance x from the center. The maximum out-
put of a receptive field in the presence of a sine wave grating is
found when the receptive field is centered on a peak of the grating.
The minimum output is found when the receptive field is centered on
a trough of the grating. The modulation transfer can be defined as
the ratio of the minimum difference between peak and trough in output
and input signal. Though the output siqnal of the receptive field
grid is by no means sinusoidal, one thus can compute its "amplitude"

a
0(w) = i a-j(w) f |cos(2Trwx)-cos(2Trwx+Ti)|g(x)dx,

— oo

where a - ( w ) is the input amplitude of the sine wave grating. Or:

00

= ƒ cos(2nwx)g(x)dx (7.1)

In other words the modulation transfer, defined in the above way as
the ratio of the output "amplitude" aQ(w) and the input amplitude
a.(w), can be found by Fourier transformation of the weighting func-
tion. In the reverse one can find the weighting function by Fourier
transformation of the neural contrast sensitivity function, when it
is assumed that the threshold is determined indeed by the above out-
put "amplitude" aQ(w). However, the weighting functions are not in-
variant in one other aspect: they are not the same over the whole sine
wave field. Thus the result of Fourier transformation will be an av-
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erage weighting function.

Keeping the above objections in mind one may consider the weighting
functions presented in Figs 42 and 43 as an attempt to relate the neu-
ral contrast sensitivity functions roughly to spatial interactions. The
calculations have been described in more detail by Van Meeteren and Vos
(1972).

1.0

-0
5 10 15 20 25
angular distance in min of arc

30

Fig. 42. Spatial weighting functions obtained by Fourrier-transfor-
mation of curves A and B in Fig. 40. These weighting functions cha-
racterize vision to large sine wave fields of 17 x 11 .

Curve B in Fig. 42 refers to a large field including the periphery
and is typical for peripheral vision. At the higher luminance (curve A)
the retinal position involved probably moves toward the fovea. The dif-
ferences between curves A and B derived from the large field measure-
ments represent the changes in practical vision when the luminance in-
creases. Curves a and b in Fig. 43 are typical for the fovea and its di-
rect environment. The halfwidth of the peripheral weighting function B
is about 10 min of arc, whereas the foveal weighting function has a
halfwidth of 1 - 2 min of arc. These halfwidths agree with the sizes of
Ricco's complete summation areas as found by Bouman and Van der Velden
(1948). They also agree with the results of Van den Brink and Bouman's
(1954) study of integrative actions. They determined the degree of sum-
mation of two subliminal point-sources as a function of the mutual dis-
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Fig. 43. Spatial weighting functions obtained by Fourrier-transfor-
mation of curves a and b in Fig. 40. These weighting functions cha-
racterize vision to small sine wave fields in foveal fixation.

tance. The above correspondence places the contrast sensitivity functions
in line with older experiments on spatial summation using completely dif-
ferent methods.

Curve A shows lateral inhibition corresponding to the suppression of
low spatial frequencies. Van Nes, Koenderink, Nas and Bouman (1967) re-
mark that this suppression implies that the Weber-regime is obtained
at a lower luminance as the spatial frequency is lower. This onset of
the Weber-regime can be delayed here by moving the sine wave qrating.
A possible model that associates Weber-behaviour, suppression of low spa-
tial frequencies and lateral inhibition with each other has been pro-
posed by Koenderink, Van de Grind and Bouman (1971).

S7.4. EFFECTIVE SAMPLING AREA

In 52.4 the effective sampling area a of the retina was used in the
context of the fluctuation theory. The derivation of Eq. (2.3) can be
given now. The effective sampling size a of weighting function g(x) can
be defined as:

a = ƒ g(x)dx (7.2)

It is assumed here, that lateral inhibition, if present, reduces the ef-
fectiveness of the receptive fields in collecting photons, rather than
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that surround photons would be instantaneously subtracted from central

photons. In other words lateral inhibition reduces the effective size
with an adaptational factor that is itself not subject to photon fluc-
tuations. Eq. (2.3) can be derived from Eq.(7.2) as follows. According
to Eq. (7.1) the normalized modulation transfer function T(w) can be
written as:

oo

ƒ cos2irwxg(x)dx

T(w) = ̂ -^

ƒ g(x)dx
-00

Thus:

CO OO

ƒ ƒ cos2irwxg(x)dxdw

ƒ T(w)dw = £_I± (7.3)
o e

The numerator of the right-hand part of Eq. (7.3) is equal to g(o)/2

(of. Margenau and Murphy, 1943). One thus finds:

v -^— • <7-4)
2 ƒ T(w)dw

o

which is the expression of Eq. (2.3) in §2.4

§7.5. DISCUSSION

Striking a balance the contrast sensitivity functions for sine wave
gratings can be interpreted in three components:
1. The optical MTF related to blurring of the retinal image.
2. The neural MTF related to retinal receptive fields (Ricco-areas).
3. Probability summation over larger areas, probably independent of spa-

tial frequency.

Too little is known on probability summation to formulate a complete
quantitative description of the detection of sine wave gratings. This is
why I did not specify a k-factor for the detection of sine wave gratings
in §2.4.
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Two alternative approaches have been explored in the literature on
vision with image intensification. First, there is Rose's model. Rose's
(1948) assumption of complete summation over the whole test-object and
comparison with the noise in an equal area of the background gained most
adherence, witness the literature survey of §3.2. There are nevertheless
serious objections:
a. The predicted relation of contrast threshold and object diameter does

not come true. Experimental data indicate the existence of Ricco-ar-
eas.

b. The changes in Ricco-areas and the summation areas according to the
method of Van der Brink and Bouman (1954) with luminance would be
meaningless, if the visual system could adapt its area of complete
summation at will to the size of the test object.

c. Rose's assumption implies that either the retina is equipped with
simultaneously operating summation temolates for the various sizes
and forms of test objects, or builds up complete summation bv combin-
ing sub-units. The first seems to be a rather wastful construction.
The second, however, implies a series of pre-threshold decisions with-
in the sub-units concerned. The model does not explain such pre-
threshold decisions. Apart from that, it is not clear why the final
threshold, after a series of pre-thresholds, should be based once
more upon a comparison of signal and noise in the whole test object.

d. With respect to sine wave gratings the Rose model most consistently
implies summation over the whole sine wave field, although-separate-
ly over the bright and the dark bars. Obviously, contrast sensitivi-
ty would be independent of spatial frequency in that case and the
same conclusion holds when only a fraction of the sine wave field is
used. According to the pure Rose model the signal-to-noise criterion
thus would not introduce a frequency-dependent component in the con-
trast sensitivity functions of the retina brain system. Fig. 40 shows
that the pure Rose model alone cannot account for the experimental
results. Summation according to the Rose model may have added its
frequency-independent component but is at least preceded by neural
averaging within Ricco areas. Note that as a new element the separa-
tion of two different types of summation is brought in by the sine
wave measurements. The high-frequency decay of the neural contrast
sensitivity function is not due to the size of the whole test object
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but to the smalness of its details. This immediately indicates, that
summation according to the Rose model, if true, must be built up in-
deed by combining Ricco areas. Some authors suggest that summation of
sine wave gratings extends over a fixed number of periods. It should
be emphasized that this is an infringement of the concept of complete
summation over the whole test object. Rosell's (1971) opinion that
only one period is used is at least contradicted by Fig. 41. Coltman
and Anderson (1960) came to about 7 periods, but they varied the
length of the bars simultaneously and studied one spatial frequency
only, so that their conclusion is somewhat incidental. According to
the hypothesis of summation over a fixed number of periods the con-
trast sensitivity of the retina-brain system would be proportional
to 1/Vw. This is not confirmed in Fig. 40. It is further conceivable
that the summation area is symmetric and adapts to the period of sine
wave gratings. This would lead to a contrast sensitivity proportional
to 1/w, which would not be too conflicting with the data of Fig. 40.
However, as follows from Fig. 41 spatial integration extends over
much larger areas than would correspond to the period of the grating
in general.

Kincaid, Blackwell and Kristofferson (1960) derived what they called
"element contribution functions" from contrast threshold measurements
as a function of the diameter of circular test objects. The apperent
contribution of each element of the test object was reconstructed from
its effect upon the threshold. In this manner spatial integration inside
and outside Ricco's areas is interpreted as complete and incomplete di-
rect summation respectively. Algebraic approximations of such element
contribution functions have been formulated earlier by Graham, Brown
and Mote (1939) and Nolan (1957) and later bv Fry (1965). Recently, the
concept of element contribution functions has been introduced in the e-
valuation of vision with image intensifies also by Beurle (1969) and
by Legault (1971).

A serious objection to the element contribution functions is that di-
rect summation and probability summation are intertwined in them. Thus
they represent both in an unclear way and cannot serve an analytical
purpose. Van den Brink and Bouman (1954) studied the interaction of two
point sources in threshold measurements, so that they could separate di-
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reet summation and probability summation. This method as well as the
Fourier transformation of contrast sensitivity functions leads to nar-
rower weighting functions than the element contribution functions con-
cerned.

The mere existence of probability summation complicates the predic-
tion of visual performance. Optical imaging and with some care neural
interactions also can be considered as linear processes. The final
threshold decision involving probability summation, however, escapes
from this simple procedure. It is not possible for instance to predict
contrast thresholds for circular test objects from contrast thresholds
measured with sine wave gratings (Blackwell, 1968) and the same holds
in the reverse. That notwithstanding this complication the use of sine
wave gratings as elementary test objects offers some advantages, has
been argued in §1.2.

§7.6. RECAPITULATION

Two different echelons of spatial integration should be distinguished:
direct summation within Ricco areas, followed by some form of probabili-
ty summation over larger areas. It can be argued, that probability summa-
tion does not add a frequency-dependent component to contrast sensitivi-
ty functions for sine wave gratings. Fourier transformation of the neu-
ral contrast sensitivity functions results in spatial weighting func-
tions for the first echelon. The halfwidths of these agree with the
sizes of Ricco areas in corresponding conditions. The probability sum-
mation complicates the prediction of contrast sensitivity for other
test objects from contrast sensitivity functions for sine wave gratings.
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SUMMARY

The quality of optical instruments is characterized at present by the
modulation transfer of sine wave gratings (Fig. 1) as a function of spa-
tial frequency. Modulation transfer is defined as the ratio of contrast
in image and object space. Considering that the human eye is the final
link in most chains of optical instruments it is preferable to have its
characteristics expressed in a similar way. In this thesis vision with
and without image intensification is studied in terms of contrast sensi-
tivity functions for sine wave gratings. The minimum contrast required
for the discrimination of horizontal and vertical sine wave gratings is
measured as a function of spatial frequency, and contrast sensitivity is
defined as the reciprocal of this threshold. Such contrast sensitivity
functions are directly comparable to modulation transfer functions. A-
part from the transfer of contrast, however, they also reflect the sen-
sitivity of the visual system. Typical contrast sensitivity functions
for: unaided vision, foveal vision in particular, vision through night-
glasses, and vision through some image intensifier telescopes, are il-
lustrated in Figs 3, 12, 21 and 26.

Contrast sensitivity gradually decreases with luminance as the reader
may know from own experience. The most likely explanation, known as the
De Vries-Rose hypothesis, is that vision is photon-noise limited at low
light levels. This is plausible when the pattern of photons detected bv
the retina is like the speck-pattern of Fig. 2. It is significant in
this respect that the visual system summates the retinal photon-flux o-
ver larger areas at lower luminances and thus smoothes the photon-noise
in favour of contrast sensitivity. At higher luminances on the other
hand, the summation area is smaller in favour of resolution.The integral
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/S(w)dw of contrast sensitivity S(w) over spatial frequency w is pro-
posed in chapter 2 as a new index of visual performance, doinq justice
to both strategies. This integral proves to be proportional to the
square root of luminance over a range of five decades in agreement with
the De Vries-Rose hypothesis.

Photoelectronic image intensifiers display a bright speck of light
for each photon detected. Thus the photon-image detected by the photo-
cathode of such a device is displayed as a speck-image and observed as
such by the user. Fig. 2 is a snapshot of such a speck-image. It will
be evident, that vision with image intensification is ultimately speck-
noise limited. A series of experiments, described in chapter 3, supports
the assumption that there is no difference between speck-noise limited
vision and photon-noise limited vision. Contrast sensitivity proves to
be proportional to the square root of speck-density (number of specks
per sec per min2 of arc upon the retina). By varying the intensity of
the specks (number of photons per speck entering the pupil of the ob-
server's eye) the gradual transition from "normal vision" to speck-
noise limited vision was followed. No indication was found of a possi-
bly different detection-criterion in these two cases. Also, the form
of the contrast sensitivity functions demonstrates that the spatial
processing is the same in both cases. The contrast sensitivity obtains
the speck-noise limited value as soon as the intensification is suffi-
ciently high. About 150-200 photons per speck must enter the observer's
eye to that end in peripheral observation. In foveal observation 500
cornea! photons per speck are required when the speck-density is low
(low luminance in object space), whereas only 50 cornea! photons per
speck suffice when the speck-density is high. This remarkable differ-
ence is discussed in §3.8. The consequences of these results for the
design of image intensifier telescopes are discussed in §5.7.

If vision with image intensifiers and unaided vision obev the same
signal-to-noise criterion, then they are directly comparable on the ba-
sis of their photon-catch. How favourable this comparison is for the
photocathodes of image intensifiers depends upon the quantum efficiency
of the unaided human eve. A new method to determine the quantum effi-
ciency of the eye is introduced in chapter 4. This method is based upon
the quantitative comparison of contrast sensitivity in the same condi-
tions. It follows then, that about 155 of the photon-flux that enters the
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eye is effectively absorbed. There are indications that the auantum ef-
ficiency is higher in special conditions, but for the comparison of vi-
sion through image intensifying devices with unaided vision the present
operational value applies.

Vision through telescopes equipped with image intensifier tubes is e-
valuated in chapter 5. The gain in photon-catch provided by image inten-
sifier telescopes with respect to unaided vision is in the order of
thousands thanks to the higher sensitivity of the photocathode and the
larger entrance pupil. Larger entrance pupils are also obtained by com-
mon night-glasses, but in that case the gain in photon-catch is necessa-
rily attended bv high angular magnification. The designer of image inten-
sifier telescopes, however, is free to distribute the gain in photon-
catch over speck-density in image space and angular magnification. Meas-
ured contrast sensitivity for vision through two actual image intensi-
fier telescopes comes satisfactorily close to its prediction from pho-
ton-catch and MTF. Thus visual performance can be evaluated in the de-
sign-stage of a device.

The contrast sensitivity functions derived from threshold measure-
ments, as defined above, reflect the visual system as a whole. They are
the joint product of optical imaging and neural processing. The separa-
tion and interpretation of the corresponding components is attempted in
chapters 6 and 7. In chapter 6 MTF's are calculated for the optics of
the eye with pupil size as parameter starting from experimental data on
the geometrical aberrations, as far as available in the literature.
Such calculations make sense especially in whitish light, where the chro-
matic aberration is predominant and practically not different in indivi-
dual eyes. The calculated MTF1s agree with the fundus reflection measure-
ments of Campbell and Gubisch (1966) when the latter are corrected for
the MTF of the retina as measured by Ohzu and Enoch (1972). This consis-
tency of the present calculations with two independent experimental de-
terminations removes the uncertainty on the image quality of the human
eye. The calculations have been extended to the special conditions of
vision at low luminances: more astigmatism in peripheral observation,
larger chromatic aberration and no Stil es-Crawford apodization.

Finally in chapter 7 the contrast sensitivity functions of the retina-
brain system and with that the neural spatial interactions come up for
discussion. These contrast sensitivity functions are derived from the
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overall contrast sensitivity functions after correction for the MTF of
the eye-optics. Some existing models of spatial interactions are brief-
ly discussed. The present contrast sensitivity functions of the retina-
brain system support the models that involve two different kinds of spa-
tial integration. Next to direst summation within so-called Ricco-areas
a second kind of integration occurs. Though this integration extends o-
ver considerably larger areas, benifiting contrast sensitivity, it does
not affect resolution. One speaks of probability aurrmation in this re-
spect, considering that the probability of detection might accumulate
in one way or another. Sine wave gratings may be most appropriate to
study both kinds of spatial integration since their detail is not neces-
sarily interwoven with their extent. The prediction of contrast sensiti-
vity for other test objects from contrast sensitivity functions for sine
wave gratings is complicated by the probability summation process.
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VISUELE ASPEKTEN VAN HELDERHEIDSVERSTERKING

SAMENVATTING

In dit proefschrift wordt onderzocht in hoeverre de grenzen van het
zien door toepassing van elektron-optische helderheidsversterking kunnen
worden verlegd. Voor de beschrijving van de visuele prestatie wordt daar-
bij aangesloten bij de thans algemeen gangbare modulatieoverdraahtefunk-
ties (MTF's). Deze geven voor spatiele Sinuspatronen (Fig. 1) de verhou-
ding van de modulatie in de afbeelding tot de modulatie in het voorwerps-
vlak als funktie van de spatiele frekwentie. Overwegende, dat het mense-
lijk oog als laatste schakel optreedt in vrijwel ieder afbeeldingsproces,
ligt het voor de hand zijn eigenschappen op soortgelijke manier te be-
schrijven. Daartoe kan men kontrastdrempels voor het zien van spatiele
sinuspatronen meten. De resultaten van deze metingen kunnen worden weer-
gegeven in de vorm van kontrastgevoeligheidsfunkties, die direkt verge-
lijkbaar zijn met de genoemde MTF's. Naast de overdracht van kontrast
vertegenwoordigen zij echter ook de gevoeligheid van kontrast. Typerende
kontrastgevoeligheidsfunkties voor het blote oog en het met enkele hel-
derheidsversterkende instrumenten gewapende oog worden geïllustreerd in
de Figuren 3, 12 en 26.

Bij lagere lichtniveaus neemt de kontrastgevoeligheid geleidelijk af,
zoals men uit eigen ervaring zal weten. De meest waarschijnlijke verkla-
ring daarvoor biedt de De Vries-Rose hypothese, volgens welke het zien
bepaald wordt door de fotonenruis. Dat is aannemelijk wanneer men be-
denkt, dat het door het netvlies gedetekteerde fotonenpatroon er uit
ziet als Fig. 2. Het is van betekenis in dit verband, dat het visuele sy-
steem bij lagere lichtniveaus de fotonenruis uitmiddelt over grotere som-
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matiegebiedjes, ten gunste van de kontrastgevoeligheid. Bij hogere licht-
niveaus daarentegen, wordt het sommatiegebiedje kleiner gekozen ten gun-
ste van het oplossend vermogen. Wil men de visuele prestaties in één
grootheid samenvatten, dan leent zich daartoe in het bijzonder de inte-
graal /S(w)dw van de kontrastgevoeligheid S(w) over de spatiele fre-
kwentie w. Deze geïntegreerde 'kontrastgevoelig'heid blijkt voor het blote
oog evenredig te zijn aan de wortel uit de helderheid over bijna vijf de-
kaden, in overeenstemming met de De Vries-Rose hypothese.

Elektron-optische helderheidsversterkerbuizen zetten de door hun ka-
thode gedetekteerde fotonen om in heldere lichtspikkeltjes op een fosfor-
scherm. Zo wordt het door de kathode gedetekteerde fotonenbeeld als
"spikkeltjesbeeld" zichtbaar gemaakt en als zodanig door de gebruiker van
het instrument waargenomen. Fig. 2 is een moment-opname van zo'n spikkel-
tjesbeeld. Het zal duidelijk zijn, dat het zien door middel van helder-
heidsversterkers uiteindelijk weer begrensd wordt door de fluktuaties in
de door de kathode gedetekteerde fotonenstroom, die zich nu als spikkel-
tjesruis manifesteren. In hoofdstuk 3 worden enkele experimenten beschre-
ven, betreffende de kontrastgevoeligheid als funktie van de spikkeltjes-
dichtheid en de spikkeltjesintensiteit. Door de spikkeltjesintensiteit te
variëren kon de geleidelijke overgang van het "gewone" zien naar het
spikkeltjeszien worden onderzocht. Er werden daarbij geen aanwijzingen
gevonden, dat het detektiekriterium voor deze twee gevallen verschillend
zou zijn. Ook is de spatiele signaalbewerking in beide gevallen kennelijk
hetzelfde. Blijkbaar is het zien met helderheidsversterkers eenvoudig
vergelijkbaar met het ongewapende zien op basis van gelijke signaal-ruis
verhoudingen. De kontrastgevoeligheid bereikt het door de spikkel tjes-
ruis begrensde niveau pas bij voldoende lichtversterking. Circa 150-200
fotonen per spikkeltje dienen daartoe bij perifere waarneming in het oog
van de waarnemer binnen te komen. Bij foveale waarneming moeten er dat
500 zijn als de spikkeltjesdichtheid laag is, en slechts 50 als de spik-
kel tjesdichtheid hoog is. Dit merkwaardige verschil wordt in §3.8 ter
diskussie gesteld. Gevolgen voor het ontwerpen van helderheidsversterken-
de kijkers komen in S5.7 aan de orde.

Door vergelijking van de kontrastgevoeligheid van het ongewapende oog
met de door spikkeltjesruis begrensde kontrastgevoeligheid wordt in hoofd-
stuk 4 de kwanten-efficiëntie van het oog bepaald. De door het ongewapen-
de oog nuttig geabsorbeerde fotonendichtheid wordt daarbij gelijk gesteld
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aan de bij dezelfde kontrastgevoeligheid behorende spikkeltjesdichtheid.
Op deze wijze volgt, dat circa 1% van de in het oog binnenkomende foto-
nenflux nuttig wordt gebruikt. Er zijn aanwijzingen, dat de kwanten-effi-
ciëntie onder speciale voorwaarden hoger kan zijn, maar voor de vergelij-
king van beeldversterkerbuis en oog geldt de hier operationeel bepaalde
waarde.

In hoofdstuk 5 wordt het zien met helderheidsversterkende kijkers ge-
ëvalueerd. De winst in fotonenvangst ten opzichte van het ongewapende
zien kan meer dan een faktor 1000 bedragen, dankzij de grotere gevoelig-
heid van de fotokathode (vergeleken met het netvlies), en de veel grote-
re intree-pupil. Grotere intree-pupillen kan men ook realiseren met ge-
wone nachtkijkers, maar dan gekoppeld aan grote hoekvergroting. De ont-
werper van helderheidsversterkende kijkers heeft daarentegen de vrijheid
om de winst in fotonenvangst te verdelen over de spikkeltjesdichtheid in
de beeldruimte en de hoekvergroting. Gemeten kontrastgevoeligheden voor
het zien met enkele bestaande helderheidsversterkende kijkers komen re-
delijk overeen met de voorspelling op grond van de fotonenvangst en de
MTF van deze instrumenten. De visuele prestatie kan op deze wijze in het
ontwerp-stadium worden beoordeeld.

In de hoofdstukken 6 en 7 tenslotte wordt nader ingegaan op de inter-
pretatie van de kontrastgevoeligheidsfunkties van het menselijk oog. Zij
vertegenwoordigen zowel de afbeelding door de oogoptiek als de spatiele
integratie-processen in het netvlies-hersen systeem. In hoofdstuk 6
worden MTF's voor de oogoptiek berekend met als parameter de pupil groot-
te, uitgaande van aan de literatuur ontleende experimentele gegevens
over de geometrische aberraties. Deze berekeningen zijn vooral zinvol
voor wit licht, waarbij de chromatische aberratie, die weinig spreiding
vertoont van oog tot oog, het belangrijkst is. De berekende MTF's stem-
men overeen met de door Campbell en Gubisch (1966) gemeten MTF's, indien
wordt aangenomen, dat bij de laatsten een komponent voor retinal e ver-
strooiing is inbegrepen gelijk aan de door Ohzu en Enoch (1972) gemeten
MTF van het netvlies. Deze overeenkomst tussen de onderhavige bereke-
ningen en de aangehaalde experimenten neemt de onzekerheid over de
beeldkwaliteit van het oog weg. De berekeningen werden uitgebreid tot
de speciale kondities die gelden bij lage helderheid: meer astigmatisme
door perifere waarneming, grotere chromatische aberratie binnen het spek-
trale bereik van de staafjes en geen Stiles-Crawford effekt (dat bij ge-
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brink van kegeltjes de pupil diafragmeert). Hoewel het zien bij lage hel-
derheid beperkt blijft tot de lagere spatiele frekwenties, zou het toch
onjuist zijn de afbeeldingsonscherpte van de oogoptiek te verwaarlozen.

In hoofdstuk 7 komen de kontrastgevoeligheidsfunkties van het net-
vlies-hersen systeem en daarmee de vraag naar de neurale spatiele inter-
akties aan de orde. Deze kontrastgevoeligheidsfunkties worden hier uit
die van het visuele systeem als geheel afgeleid' na korrektie voor de
MTF van de oogoptiek. Enkele bestaande modellen van spatiele interakties
worden in het kort ter diskussie gesteld. De gevonden kontrastgevoelig-
heidsfunkties van het netvlies-hersen systeem ondersteunen die modellen,
die onderscheid maken tussen twee verschillende soorten van spatiele in-
teraktie. Naast direkte sommatie binnen zogenaamde Ricco-gebiedjes be-
staat er een tweede soort integratie over aanzienlijk grotere gebieden,
zeer ten gunste van de kontrastgevoeligheid, waarbij het oplossend vermo-
gen echter niet wordt aangetast. Men spreekt in deze wel van waarsahijn-
Mjkheidssommatie, overwegende, dat de kans op detektie op één of andere
wijze zou kumuleren. Spatiele sinuspatronen lijken erg geschikt om deze
beide typen van spatiele interakties te onderzoeken, omdat hun detail
niet noodzakelijk aan hun uitgestrektheid is gekoppeld. De voorspelling
van de kontrastgevoeligheid voor andere testobjekten op grond van kon-
trastgevoeligheidsfunkties voor sinuspatronen wordt gekompliceerd door
de waarschijnlijkheidssommatie.
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