





THE EFFECTS OF PHOTOGRAPHIC NOISE

.018

016

04 ¢

02t

01

0081

Correlation (D?)

006

004

002

1565

__RMS
/\ AN

20

Wiener Spectrum pm?D?

10 30 50
Distance (ym)

Fic. 1.

70 10

30 50
Frequency lines/mm

The measurement of RMS granularity by recording density variations across a sample using a

circular aperture. Typical correlogram for aerial film derived by Equation 1, and the Wiener Spectrum of
the noise derived for different aperture diameters are shown.

geometric objects to the quality of the image. He
presented a hypothesis that the eye performs
as a “‘perfect matched filter” whereby the SNR is
maximized when detecting orthogonal signals in
noise. Barnard defines an orthogonal signal as one
for which the signals required for detection have
no common area. Hufnagel (1965) presented sev-
eral formulas to relate the subjective ranking of
photographic prints to parameters of image qual-
ity, each formula being composed of elements of
the signal and noise power. The effect of the visual
system was described by its MTF adjusted for the
preferred optical magnification of the observation.
Halmshaw (1971), studying x-ray films, used a
similar mathematical formulation for a film quality
index while James (1977), summarizing the work
of a number of researchers, proposed a complex
formula for SNR also based on similar components.
Such multi-component formulas for SNR have not
been completely tested, but appear to agree with
experimental data on visual tasks. A highly ana-
lytical approach such as this is not justified for ap-

plications to photogrammetric measurements, but
reference is made to the frequency domain in this
paper in an attempt to understand the visual pro-
cesses in more detail.

The RMS granularity and the Wiener spectrum
for the two-dimensional case are mathematically
related through the Fourier transform of the cor-
relogram (¢(t,r), Equation 1) as follows:

e Wiener Spectrum ®(u,v) = Fourier transform of
¢(t,r), in units of (linear dimension)? - (density)?;

® Since ®(u,w) and ¢(t,r) are transform pairs, the
maximum ordinate of ¢(¢,r) equals the volume
under ®(u,v); .

e That is, ¢(0,0) = (RMS)? =-[,,L ®(u,0)du dv.  (3)

By definition, ¢(0,0) is equal to the (RMS)* in
units of (Density)?, which also equals the total
noise power. The ratio in Equation 2 therefore in-
cludes the component of (total noise power)"2.

Targets observed in this study are circular sharp
targets of low and medium contrast, defined by the
approximately linear Equations 4.
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frlx,y) = 0.4343 - % for (x* + y?)'?* < a
(4)
=0 for (x2 + y»)'2 > a
where x,y are rectangular coordinates of the
target,
Al is the object contrast in intensity
units,
a is the radius of the circular target,
and
fr(x,y) is the intensity of the target with

respect to its background expressed
in units of density.

The power spectrum of the circular target is de-
fined by

Power spectrum of f,(x,y) =

Fy(u,0)*  (5)

where F,(u,v) is the Fourier transform of fy(x,y).

Based on known relationships between Fourier
transform pairs fy(x,y) and F,(u,0), units of the
power spectrum given by Equation 5 will be
(linear dimension)*-(density)? and, therfore, can-
not be related directly with the noise power. In
order to obtain power spectrum units which are
consistent with the units of noise power, i.e.,
(linear dimension)?-(density)?, the power spec-
trum of the target has been derived by taking the
Fourier transform of the autocorrelation function
¢;(t,r) of the circular target scaled to a maximum
value of AD? as shown in Figure 2. Graphs of
power spectra of circular targets observed in this
paper are shown in Figure 3. The total signal
power, as shown above for the Wiener spectrum,
equals ¢,(0,0) and hence is equivalent to AD?,

Therefore, the expression for the SNR in Equa-
tion 2 can be rewritten as follows:

PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING, 1982

AD

RMS4g um

i 12
SNR = _ ( total signal power) )

total noise power

The additional parameters of maximum power
and the frequency range of the targets and noise
will be discussed later.

PoinTING OBSERVATIONS
METHOD

The aim of this research was to analyze the ef-
fects of image noise on monocular pointing obser-
vations in the x- and y-directions (independently
of the effects of other image quality parameters).
Previous extensive pointing observations (Trin-
der, 1971) have been made on targets subject to
image blur without noise; the two factors of noise
and blur will be combined in a later study. For this
study, different levels of image noise could be
created either by observing standard photographic
images under a range of optical magnifications, or
by printing different levels of noise onto target im-
ages, and viewing the targets under fixed magnifi-
cation. The second alternative was adopted be-
cause it allowed flexibility in the choice of both
target size and noise levels and in addition was
less affected by the optical quality of the observa-
tion equipment.

Noisy images were produced by double expo-
sure of grain and targets. The grain was derived by
magnification of a constant density sample of a
high granularity photographic film, while the
targets were obtained by printing onto the same
photographic material, circular black dots reduced
4x. Background of the resulting images was made
as nearly as possible equal to either 0.3D or 0.7D.
A set of noiseless images was also printed for use
as a standard set. Granularity of the noisy targets
was measured on the Joyce Loebl microden-
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Procedure for computing power spectrum of circular target. The autocorrelation function

has been scaled to a value of AD? prior to the computation of the power spectrum by Fourier

transform.
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Fic. 3. Computed power spectra (unbroken lines) for targets observed in this study.
Sizes are expressed in mrad, but a conversion to linear dimensions for a viewing mag-
nification of 6x can be obtained in Figure 6. Noise power derived for one example of

granularity is shown by a broken line.

sitometer using aperture diameters varying from
192 pum to 48 pm to determine the relationship
between aperture and RMS.

Six targets each of seven different sizes ranging
in diameter from 118 um to 576 um, sizes which
would commonly occur in aerial surveys, were
printed on the samples shown typically in Figure
4. Monocular pointing observations were per-
formed on a Wild A8 stereoplotter at 6x optical
magnification with a measuring mark of 60 pm.

The left photo carrier was set to zero tilts based on
measurements on a grid plate, while the scale of
the model space coordinates, being 3.5X image
scale, was calibrated against grid dimensions.
Standard errors of observation for noiseless targets
approached the least count of the machine coordi-
nates. All linear measurements were converted to
angular subtense in urad or mrad (1 sec = 5 urad; 1
min arc = 0.3 mrad or 12.5 um at 6 x optical mag-
nification) by the formula
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deviation of pointing increases by approximately
60 percent. This may occur, for example, if the RMS
granularity of the photography were doubled by
using different film or chemistry (Trinder, 1980).
Threshold SNR, below which pointing precisions
are affected by the noise in the image, decreases
from about 9.5 for the small target annulus of 0.7
mrad to 4.0 for the large target annulus of 6.2 mrad,
equal to 29 um to 258 um, respectively, at 6X
magnification. It was found that the results of ob-
servations for targets with a AD of 0.7, but the
same SNR were not significantly different from re-
sults obtained for targets with a AD of 0.3. A
change in the background density of the targets
also had no significant effect on results in Figure 6.
By interpolation from Figure 6, precisions of
pointing for SNR’s from 6 to 1.5 have been plotted
in Figure 7 (with dotted lines) against annulus
size. Noise increased the standard deviations of
pointing from approximately 2 percent for noise-
Jess targets to more than 3 percent for targets with
a SNR of 1.5. The pattern of results shown in Fig-
ures 5 and 6 are similar to those derived in Trinder
(1971) for blurred targets, where the parameter
was slope of the density profile of the target. Noise
and blur together, therefore, will result in an even
greater loss in precision than that shown in Figure 7.
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The expression of SNR in Equation 6 provides a
simple yet easily determined quantity using pa-
rameters of density that are readily available. It
also demonstrates a relationship in terms of total
signal and noise power and hence may be consid-
ered to encompass the frequency spectrum, as dis-
cussed in the following section.

SPATIAL FREQUENCY DOMAIN

In Figure 3, the maximum values of the power
spectra increase while the frequency ranges de-
crease as the targets become larger. The ratio of
total power/noise power, equal to (SNR)?, is dem-
onstrated by the ratio of areas under the corre-
sponding curves. As noise is introduced into Fig-
ure 3 through the Wiener spectrum, there is a
greater effect on the power spectrum curves of
small targets, with a smaller enclosed area, than on
the spectrum of large targets. By consequence,
pointing precisions of small targets in Figure 6 are
affected by noise at higher SNR’s.

The noise and power spectra in Figure 3 can be
studied to investigate the effects of magnification
on observations to noisy targets. For a target size 3,
5.9 mrad in diameter, viewed at 6xX magnification
the power spectrum is shown in Curve 4, while
the noise spectrum is also shown schematically as
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Fic. 9. Detection (D) and Recognition (R) for two sizes of targets for all shapes, expressed as
the percentage of correct responses, in terms of SNR.

the target. Detection and recognition are unaf-
fected by noise if the SNR is greater than about 2 to
3 and 6 to 7, respectively. Below these values, the
probabilities of detection and recognition are ap-
proximately halved when the SNR is halved. The
decline in the probabilities of success of these
tasks for increasing noise (lower SNR) is similar to
that shown by (Charman, 1977) for increasing blur
in the image. The relationship between these two
factors, however, is not known. In Figure 11, the
relationship between target size and SNR for a 75
percent probability is non-linear, becoming
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asymptotic at SNR’s of 3 and 1.5 for detection and
recognition, respectively, as target sizes approach
20 mrad (0.8 mm at 6x optical magnification). Ap-
parently, for target sizes greater than 20 mrad, de-
tection and recognition will remain independent
of target size for a given SNR.

While the geometric dimensions of the four ob-
jects were almost equal, the ratio of (target area/
target area of triangle)”?, shown in Table 2, indi-
cates that the differences in the minimum SNR for
75 percent probability of detection and recogni-
tion of squares, diamonds, and triangles is a func-
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Fic. 10. Detection (broken lines) and recognition (full lines) of four target sizes for all
shapes, expressed as the percentage of correct responses, in terms of SNR.
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75 percent probability of correct response.

tion of the areas of the objects and not of their
actual shapes. Circular objects, however, result in
a substantially worse performance than angular
shaped targets.

The visual factors affecting detection and recog-
nition in the presence of noise appear to be similar
to those affecting these tasks when blurred targets
are observed (Charman, 1977). As was concluded
for pointing observations, if objects viewed are
subject to both blur and noise produced by photo-
graphic grain, these aspects will combine in de-
termining the effectiveness of these tasks. Effects
of noise on the detection and recognition of more
complex objects on displayed images used for
either topographic mapping or remote sensing
purposes have yet to be studied. Such features as
man-made structures requiring identification or
low contrast natural features requiring detection
are typical examples.

CONCLUSIONS

e The signal-to-noise ratio was defined by the for-
mula AD/RMS, where AD represents the density
difference of the target above background, and
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RMS granularity is determined with a circular
scanning aperture diameter equivalent to 48 um
at 12x optical magnification. Scanning aperture
diameters should follow an inverse linear re-
lationship with respect to magnification if other
magnifications are used.

® The maximum SNR at which pointing precisions
are affected by noise varies from 9.5 for small
target annuli of 0.7 mrad (29 wm at 6x magnifica-
tion) to 4.0 for large target annulus sizes of 6.2
mrad (258 wm at 6x magnification). For SNR’s
lower than these figures, pointing precision will
increase by approximately 60 percent when the
SNR is halved.

® It has been shown that in practice as optical mag-
nification is increased the sNR will decrease and,
therefore, noise will have a greater effect on the
pointing precisions of observations. There is,
therefore, no advantage in increasing the optical
magnification beyond a particular value which is
dependent on the SNR of the image being viewed.

® The probability of detection of geometric objects
is reduced by noise when the sNR drops below 4
for small objects of 4.3 mrad (180 um at 6 X mag-
nification) or to 2 for large targets of 14.7 mrad
(613 wm at 6x magnification). Below these levels
the probability of detection is approximately
halved as the SNR is also halved. Recognition of
objects is achieved at SNR's 2 to 3 times those for
detection. Angular objects are more easily de-
tected and recognized than circular objects.
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