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THE CHANNEL-UNCERTAINTY MODEL

at the input, which defeats the high-threshold assumption. 1In principle,
summation experiments too could distinguish the two models, but the difference

in the predictions may be too small to measure.??

20 The standard version of probability summation explicitly assumes the
psychometric function steepness to be constant (Nachmias, 1981, calls this the
"homogeneity" assumption), while as more and more of the channel-uncertainty
model's channels bear signals its psychometric function becomes more and more
shallow, reaching d'«c when all its channels bear signals. However my
calculations of this effect show that a large proportion of the channels must
be stimulated by the signal before 8 changes much. It would be difficult to
obtain a large enough range of signal extent and sufficiently precise estimates
of B8 in order to distinguish the slightly different predictions of the two
forms of probability summation. Uncertainty among 1024 channels produces a B
of 3.5 for a one-channel signal. 64 channels must be stimulated for g8 to drop
“to 2.5. 200 channels must be stimulated for 8 to drop to 2. Summation
experiments have covered ranges of signal extent much less than this, and
estimates of B are notoriously variable. For example, Watson (1979) varied
signal duration from 100 msec to 800 msec, only an 8:1 range, and reported 52
estimates of B for observer RP with a mean of 4.7 and a standard deviation of
1.4, None of the summation studies report the steepness of the psychometric
function as a function of signal extent.
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TESTING THE UNCERTAINTY HYPOTHESIS

The uncertainty hypothesis predicts that since the observer makes little
or no use of prior infbrmation about signal identity he should perform nearly
as well without it. Appendix 6 presents the fesults of an experiment which
measured the éffect of depriving the observer of the prior information about
sigég identity which is usually made available to him. There have been several
experiments which compared detection of one stimulus with detection of one of
several of disparate stimuli, and found that the experimental uncertainty
caused a small reduction in detectability. For example Cohn and Lasley (1974)
coﬁpared detection of a spot at one, or at one of four disparate locations;
Greenhouse and Cohn (1978) compared detection of a Spot of one,.or one of
several colors; Davis and Graham (1979) compared detection of a grating of one,
or one of several spatial frequencies. At first blush these experiments would
seem to be evidence against the uncertainty hypothesis béeause they indicate
that introducing only a small uncertainty reduces the observer's performance
measufeably. implying tﬁat the observer was making use of the information
available in the certainty condition. However, asking an observer to detect
one of several disparate signals may result in an enormous increase in his
uncertainty if he monitors the entire area, hue range, or spatial-frequency

bandwidth that the set of possibilities extend over.

The experiment reported in Appendix‘ﬁlcompared detection of a thin (;?).
brief (20 msec), bright line at a fixgd time and location, with detection of
the same at one of ten-thousand possible contiguous times and places. Thhs the
uncertainty condition included all possible, nonoverlapping, signals within an
area 2U4° wide and a duration 2000 msec long.J The threshold in the uncertainty

condition was only a factor of 1.5 higher than in the certainty condition. It
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is not necessary to believe that the observer can resolve all ten-thousand
signals; even if he could only resolve signals separated by 100 msec, the
uncertainty was 2000. Thus, as predicted by the uncertainty hypothesis,
drastic reduction in the prior information had little effect on observer

per formance.
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CONCLUSIONS

The channel-uncertainty model behaves as humans do in at least four
respects:
1. The psychometric function is steep (d'cck. k>1).
éf Detection and discrimination of near-threshold contrasts are unaffected by
proportional increasé of squared contrast and effective noise level.
3. d' is additive within experimental error, that is, discriminability of two
contrasts equals the difference in their detectabilities, sobthe steepness of
the psychometficvfunction for detection implies the existence of facilitation
in discrimination. |
4, Summation effects: the small index of summation can be predicted from the

high index of steepness of the psychometric function.

Various theories of visual detection embody idealizations of‘}elations
observed empirically. Over the years study of detection and discrimination has
yield;d several simple relations which are analytically convenient and which
give good account of some aspect of detection. These relation accurately
predict summation effects (by probability summation) and contrast
discriminability (by d' additivity) from the psychometric function for
detection. To these relations we may add the fact that detection and
near-threshold discrimination are unaffected by proportional increase of
squared contrast and effective noise level. Past suggestions that uncertainty
may underlie the steepness of the psychometric function and its’relation to
discrimination, have been extended here to show that the channel-uncertainty
model exhibits the observed relations (suﬁmation effects, d' additivity?!, and
independence of c2/n2) within experimental accurécy. though not with the

analytic convenience of models which each accounted for only one of the
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phenomena. Within their in£ended realms of application the more restricted
models do not seem to be experimentally discriminable from the
channel-uncertaint& predictions. Thus d°' additiviq’and standard probability
summation should continue to be useful for calculation, even if we accept the

channel uncertainty model as the explanation{

The uncertainty hypothesis offers parsimonious explanation of many
‘characteristics of visual detection. This suggests that human observers do not
use exact knowledge of the signal in contrast detection. This was confirmed by

direct experimental test.

2! Nachmias and Sansbury (1974) suggested this might be true, without proving
it. Nachmias and Kocher (1970) showed something analogous to d' additivity
held for ROC performance of the channel-uncertainty model.
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APPENDIX 1

CHARACTERIZING VISUAL NOISE

Perhaps the greatest hurdle in comparing and understanding the experiments
that have studied effects of visual noise! is the profuse variety of terms that

have been used to specify the physical characteristics of the noise.

Luminance noise is random fluctuation of luminance over time or space, or

both. By "random™ I mean unpredictable by even an ideal observer. This will
allow comparison of actual observer performance with that of an ideal observer.
In terms of this definition an image presented repetitively and predictably to

an observer is not random, and hence is not noise, no matter how it was made.

While luminous stimulation always extends in two spatial dimensions as
well as time, luminance noise will be described only in its dimensions of
random variation. Thus we will speak of "zero-", "one-", and "two-dimensional"
noise, to indicate the number of spatial dimensions over which the noise_varies
randomly. Noise that fluctuates randomly ovér time will be called "dyngmic",
otherwise it will be called "static". Note that this(definition allows for a

"static" noise pattern to be faded on and off.

’

A few examples may help. A grainy photograph (seen for the first time)

! This usage is common now, but rélatively new. Higgins and Perrin (1958)
protested its arrival,

"Strenuous objections have been raised to the extension of the term
'noise' from the field of acoustics to the fields of photography and
optics, but the use of the term in communication theory to mean an
unwanted signal of any description seems to be firmly established. Any
extension of the term 'noise' to the photographic or visual aspects of
granularity is still objectionable.™

But when one treats an image as a message where does communication theory end,
and optics begin?
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contains static, two-dimensional noise. A grainy movie, and a "snowy"
television picture, contain dynamic two-dimensional noise. Parallel bars,
fluctuating in luminance randomly and independently, are an example of dynamic,

one-dimensional noise. We will need to consider all of these.

The following definitions are meant to be\general enough so that the terms
may be used to describe noise with various numbers of dimensions of random
variation. However, in order to keep the text readable many phrases and
equations in what follows are cast in terms of only one dimension. The
generalization to more than one dimension will sometimes be indicated when it

is not obvious.

The définitions are all based on the physical description of an image as a
luminance distribution over space and time. However, in part because of
convention, in part because of the experimental finding that average luminance
is of only secondary importance in effects of luminance noise, the following

measures are defined in terms of a contrast function, equal to the luminance

)

function divided by its space-time average, minus 1 (Linfoot 1964).

The variance of the contrast function will be called the contrast power.

The square root of power is commonly used in the vision literature

(e.g. Stromeyer and Julesz 1973) and is called rms contrast, Cppms+ SO We may

represent the power by 02

rms* Both of these quantities are dimensionless.

Conventional, Michelson, contrast, ¢, is half the peak-to-peak fluctuation

of the contrast function. The amplitude of a sinusoidal grating may be
characterized by either its Michelson contrast, or its rms contrast, which is
1//2 times its Michelson contrast. For noise, however, the Michelson contrést

is much less informative than the rms contrast. qually we will want to know
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the Michelson contrast of noise only to determine whether it exceeds the linear

range of a display device.

Jones (1955) suggested that image noise should be characterized by its

2

spatial-frequency spectrum. The spectrum describes how the power, Cms®

is
distributed over frequency. ©Consider filtering an image by a narrowband filter

with unit gain. The original image's (two-sided) spectral density, nz(f) (at

the center frequency, f, of the filter) is the noise power of the filtered
image divided by the two-sided? bandwidth of the filter (in the limit as
bandwidth approaches zero). "spectrum" is another name for the spectral
density function. The integral of the spectrum over all frequencies, positive
and negati?e, equals the noise power,

Q2 = st n2 () df

=2 15”'n2(f) df.

In general, if the spectral density is a function of k dimensions then the

power is )
2 4 4+ 2
Crms ° S oo I_°° n (f1.f2. e .fk) df1 e df‘k
kK 4+ 4+ 2
=2 fo cee IO n_(f1.f2, oo ,fk) df1 e dfk

2 That is, the sum of bandwidth in positive and negative frequency. For
one-dimensional noise this is just twice the conventional one-sided bandwidth.
' For two-dimensional noise is is four times, etc.

This definition considers the spectral density to be two s&ded. hat is,
it is defined (and equal) at positive and negative frequency: n“(f)=n“(-f).
The audition literature uses the one-sided spectral density N.(f). If the
nQise is a function of k dimensions the two-sided power spectral density,
n“(f), is related to the one-sided power spectral density, No(f), by

n2(f‘)=No(f)/2k, £>0.
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is the powér c2

To summarize, the square of the rms contrast ¢rm rms*

s
nz(f) is the power spectral density of the image at gach frequency. The
integral of the spectral density, n2(f). over all frequencies equals the power,
2

c .
rms

In practice most convenient sources of noise produce "white" noise. Noise
is white if its spectral density is constant at all frequencies
(i.e. n2(f) = n2).* White noise can never be realized in practice because it
wbuld require infinite power. This is not a problem because white noise is
used as én input to systems of limited bandwidth; it is sufficient to make the
spectral dgpsity constant from zero frequency through the highest frequency to
which the observer is sensitive. Thus low-pass white noise will often be

called simply "white™".

Now consider measurement. Beginning in 1920 photographic scientists
devised one measure after another of image noise, striQing to find the best
correlate of apparent graininess of photographic film. The diversification
ended when Marriage and Pitts (1956) showed that all the popular measures,
including the spectrum, were equivalent in the sense that any one could be

calculated from any'other.

The easiest and oldest objective measure of luminéus fluctuation is the
variance of the normalized readings by a photometer which scans the image with
a sampling aperture ("normalized", as before, means divided by the overall
average). For a grainy photograph a small disk is an appropriate Sampiiné
aperture. In general one must specify the’sampling aperture extent in each

D

dimension of variation of the noise. Thus, for a grainy movie one would

3 White Gaussian noise has the additional characteristic that the phases of all
frequencies are independent. ’
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specify the height, width and duration of the sampling aperture. The "aperture
size" is the generalized volume of the aperture. For dynamic two-dimensional
noise the size of an appropriate aperture would be height x width x duration;

for static one-dimensional noise the aperture size would be its width.

Each luminance sample will be the average lﬁminance in the sampling
aperture, so the measured luminance function will be "smoother" than the actual

luminance function. As a result the measured power may be less than the actual

2

wer, ¢
po * Cmse

As a result the power of the measured luminance function may be
less than the power of the actual luminance function. If the aperture
dimensions are small relative to one half period of every frequency contained

in the noise, then the measured power will equal the actual power, cims,

Selwyn (1935) showed that if the fluctuations are uncorrelated from point
to point then the product of the aperture area and the measured variance (of

the contrast'function“'readings) is coﬁstant. Let us call this the

aperture-power product. If there are short-range correlations, for example due
torfhe finite size of the silver grains, thgn the constancy will hold only for
apertures substantially larger than the range of the correlations. When the

aperture-power product is specified as a constant it is implied that all large

apertures used for measuring it would give the same value.

It would be historically appropriate to call the square root of the
aperture-power product "granularity". Marriage and Pitts (1956) said,

"If a piece of photographic material is uniformly exposed and processed
and then examined closely it is seen to be nonuniform in transmission.
The visual appearance of irregularity is called graininess; physical
measurements of the fluctuation in transmission factor or in optical
density are generally called measurements of granularity . . . [Selwin
(1935)]1 proposed that granularity be measured by ov/a [where o is the

* To be precise, Selwin refered to density (i.e. minus logarithm of
transmission) readings from a microdensitometer, not luminance readings from a
photometer, but the argument is the same.
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standard deviation of the normalized density readings, and a is the area
of the sampling aperturel. . . . we shall call the curve of o/a as a
function of a the Selwyn granularity curve, or simply the granularity, its
variation with a being understood."
Defining granularity as the square-root of the aperture-power product differs
from Marriage and Pitts only in being generalized to other than two dimensions,

énd in being based on luminance readings, rather than density or transmission

readings.

White noise satisfies Selwyn's requirement that fluctuations be
uncorrelated from point to point (as long as the aperture is large relative to
one half period of the highest frequency in the noise). Jones (1955) showed
that if the noise is white then the aperture-power product does not depend on
the aperture size (within the above constraint) and is equal to the power

' spectral density, n2

, of the noise®, and, conversely, if the aperture-power
product does not depend on the aperture size then the noise is white. Of
course, the same arguement applies to their square roots: a constént
granularity is equivalent and equal to a constant n; the square root of the

spectral density. The aperture-power product (or its square root, the

granularity) is the easiest way to measure the spectral density of white noise.

In summary. sampling apertures much smaller than half a period of the

highest noise frequency will give a constant power equal to the noise power

2 L
rms?*

c if the noise is white then apertures much larger than half a period of

the cut-off frequency will give a constant aperture-power product equal to the

spectral density, n2.

One more description of noise should be mentioned. Several important
studies used ideal image intensifiers which displayed a small brief dot (or

"speck") of light for each detected photon (e.g. Rose 1948, van Meeteren and
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Boogaard 1973). Since the dots are statistically independent the noise is
white and may be characterized by an aperture-power product, as discussed
above. The aperture-power product, and thus the spéctral density, of dot noise

are equal to the inverse of the dot flux.

Power or spectral density?

Power and spectral density are complementary measures. In the ideal,
white noise has a constant spectral density and infinite power. It is fully
characterized by its spectral density. On the other hand, the limit of the

narrow-band case, a sinusoidal grating, has infinite power spectral density but

5 Here follows a simple proof that the aperture-power product of white noise

equals its Bower spectral density. Suppose the spectral density, n“(f), is a
constant, n”, up to a cut-off frequency f, and zero beyond it. The integral

for total noise power is

2 +o 2
Crms = f_“ n (f) df
f
- c 2
= f_f n© df
. (]
- 2
= 2 f‘c n<.

The noise, having cut-off frequency f_, may be fully represented by samples
spaced at intervals of 1/(2fc). Furtﬁermore those samples will bs
uncorrelated. The sample variance is equal to the noise Eower, Crms® The
agerage of J uncorrelated variables, each with variance Crms?® has variance
crms/J‘ Thus thezvariance measured with a large aperture wﬁich‘includes J
samples will be ¢ /J. The aperture-power product is the product of aperture

2 m
size and measured variance:

2
{J 1/(2fc)] (eims/d]

2
e/ (26)

s l'l2.

This completes the proof. Note that this also shows that the aperture-power
product is the same for all aperture sizes that are large relative to 1/(2fc),
a half period of the cut-off frequency, fc.
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finite power (cims equals half the square of the Michelson contrast of a
sinusoid). In practice we will often need to describe bandlimited white noise.
If the bandwidth exceeds the bandwidth of-the optics of the eye it is clear
that further increases in bandwidth can have no effect on the retinal image.
The noise power, cims' is of little consequence in this situation. Spectral
density is all we would need to know. In the review of critical-band
experiments it will emerge that the relevant visual bandwidth that divides
broad from narrow is the one-to-two-octave bandwidth of a spatial-frequency
channel, rather than the much broader bandwidth of the optics of the eye used

in the argument above.

The effect of viewing distance

Since we are primarily interested in the pattern produced on the
observer's retina, the lengths which appear implicitly in the above definitions
(e.g. aperture size, spatial frequency, dot flux) should be measured as angles
subtended at the observer's eye. Stepping away from a periodic wallpaper
; pattern increases its spatial frequency from the point of view of the observer,
but its rms contrast and its Michelson contrast are dimensionless and
independent of viewing distance. So much is obvious. Not so familiar is the
dependence of contrast spectral density upon viewing distance. Consider
two-dimensional static noise with spectrum n2(fx,fy) or or two-dimensional
dynamic noise with spectrum nz(fx.fy.ft). Doubling the viewing distance
doubles the spatial frequencies in both horizontal and vertical dimensions.
Recall that the spectral density is the power per unit (two-sided) bandwidth.
the power, cims' is unchanged, but the spatial bandwidths are doubled. It
‘follows that doubling the viewing distance quarters the spectral density. The

new spectrum is
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2 1.2
n'e(f,,£) = g n°(f,/2,8 72)
or

2 1.2
n' (fx,fy,ft) =qgn (fx/2.fy/2,ft).

The same power has been distributed over a larger bandwidth.

This may be most easily seen by considering dot noise. We saw earlier
that the spectral density of dot noise is equal to the inverse of the dot flux,

and doubling the viewing distance obviously quadruples the dot flux.

For one-dimensional noise there is only one spatial bandwidth to be
doubled, and so the spectral density is only halved: if the initial spectrum
were nz(fx), then doubling the viewing distance would make it

n'2(e,) = Jnl(r,/2).

The effect of viewing distance may have been the first psychophysical
measure of visual noise. Jones and Higgins (1945) séy,

"Some of the earliest work done on the study of the graininess of
photographic deposits was reported in publications from these [Kodak
Research]l Laboratories (Jones and Deisch 1920, Hardy and Jones 1922). A
method was used in which an enlarged image of the uniformly exposed and
developed photographic material was moved away from the observer until it
appeared homogeneous. . . . the relative merging distances for different
samples were used to evaluate graininess. It was found possible to make
measurements with a precision which gave an average deviation of +3
percent. A similar method was used by Crabtree to compare the graininess
of motion-picture films." : N

" If the film noises were white over the bandwidth of the observer's visual
optics, then the effect of increasing the viewing distance was simply to reduce

the power spectral density to threshold.
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NOMENCLATURE

Contrast, Power, and Spectra

Normalized luminance - the actual luminance (a function of space and time)
divided by its space-time average. Dimensionless.

c - Michelson contrast or contrast may be defined as half the peak-to-peak
fluctuation of the normalized luminance. Dimensionless.

Cpps — Fms contrast, defined as the standard deviation of the normalized

luminance. Dimensionless.
2

¢ ms — contrast power (usually of noise), defined as the variance of the
normalized luminance. Dimensionless.

n2(f) - (two-sided) contrast power spectral density or spectrum, usually of
noise. The power per unit two—sided bandwidth. The power, crm , equals
the integral of the spectrum, n“(f), over all frequencies (p051€§ve and

negative). "Spectral density" refers to a particular value of n“(f), while

spectrum refers to the entire function. Has units of one over bandwidth.

n2 - a constant spectral density. When the spectral density nz(f) is constant

over a band, and zero outside it, then the value within the band will often
be represented by n<.

n(f) and n - the positive square root of the spectral density. It is
proportional.to the rms contrast of the noise. Has units of one over
square root of bandwidth.

White noise - noise "whose spectral density is sensibly constant from zero
- frequency through the frequencies of interest," (Blackman and Tukey 1958).
52 - the signal energy, the contrast energy of the signal. It is defined as
the integrated, squared deviation (of the expected signal) from the
normalized mean luminance. The integral is to be taken over the entire
signal extent along dimensions of noise fluctuation. In audition the
preferred symbol is E, where E=s“ (eg. Tanner and Birdsall 1958). It has
units of size.

.8 — the positive square root of the signal energy. It is proportional to the
contrast of the signal. Has units of square root of size.

Aperture - a sampling window for measuring noise or signal characteristics. As
such it must have extent only in the dimensions of noise variation (eg. it
"must have a duration if the noise is dynamic, it must not if the noise is
static).

Aperture size - the generalized volume of the aperture (eg. height x width x
duration, for an aperture extending in two dimensions and time)

Aperture-power product - product of the aperture size and the power (ie.
variance of the normalized luminance) measured through it. If the noise is
white the aperture-power product is constant for all apertures which are
large relative to half a period of the highest frequency present. Has
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units of size.

Granularity - the positive square root of the aperture-power product.
Originally defined by Selwyn (1935) in a slightly different way.

Dot rate - the average number of statistically-independent, identical spots of
light per unit aperture. 1Its inverse is the spectral density of the dot
noise. Has units of one over size.

Critical Spectral Density - The spectral density of a noise mask which raises
the squared threshold to twice its zero-noise value. All relevant studies
have reported that the square of the contrast threshold is proportional to
the sum of the actual and critical spectral densities of noise masks. Has
the same units as spectral density.

Transduction Efficiency - the ratio of the photon noise, n2 to the
' X . : photons
observer's equivalent noise, measured in practice as n* ;. . :
. critical
2 2
= (n photons/ critical>‘

Signal detection theory

s/n - signal-to-noise ratio. The terms s and and n were defined above. When a
signal is added to white Gausian noise whose bandwidth includes the entire
signal bandwidth then the detectability of the signal by an ideal observer
which knows the.signal exactly is-+determined only by this ratio. Most of
the communication theory and audition literature represents this as
v(2E/N.), where E is the signal energg (ie. s2), and Ny is the one-sided
spectral density of the noise (ie. =N /2, assuming the noise is a
function of time only, as is usually the case in audition). If the noise
were a function of k dimensions the two-sided spectral density would be
N /2 ., and the signal-to-noise ratio would be /(2kE/N ) ‘Barlow (1978)
represented the signal-to-noise ratio by di (ie. dI:s/n)

Dimensionless.

d' - the signal-to-noise ratio (defined above) that an ideal observer would
require to match a given performance by an observer under study (Tanner and
Birdsall 1958). For 2-alternative forced-choice responses, if the signal
is known exactly, d' equals /2 times the normal deviate corresponding to
the proportion correct, P(C) (Green and Swets 1966). Dimensionless.

Efficiency - the ratio (d')2/(s/n)2 (Tanner and Birdsall 1958). Also called
"detective efficiency". Dimensionless.

Quantum Efficiency - the special case of efficiency when there is no luminance
noise. Often defined as the fraction of the corneal quanta which an ideal
would have required to perform as well as the observer under study (Barlow
1958b, Jones 1959, Barlow 1962a,b). Dimensionless.
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C APPENDIX 2

CROSS-CORRELATION AND ENERGY DETECTORS

Evidence for independent detection of spatial frequencies differing by
more than an octave makes it reasonable to suppose that the eye, like the ear,
may be considered a bank of parallel detectors, each sensitive to only a band

of frequencies. But what sort of detector?.

Two models will be considered. Firstly, coherent detection: a

cross-correlation detector integrates the product of the input and the expected

signal. This is ideal when the signal is known exactly. Secondly, incoherent

detection: an energy detector integrates the square of the filtered input over

the known signal extent and duration. Without the input filter the energy
detector provides ideal detection of a noise increment, thus it represents an

extreme in its high signal uncertainty (Green and Swets 1966).

The operation of cross-correlation is equivalent to convolution by the
time-reversed expected-signal, and evaluating the result at the origin. Thus
both detectors ﬁay be characterized as having an input filter with a modulation
transfer function |H(f)|. Only the relative gain matters so arbitrarily take

|H(f)| to be unity at its peak.

The signal-to-noise ratio at the outputs of the cross-correlation and

energy detectors will now be derived.
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Cross—-correlation detection

The cross-correlation detector is linear so the mean dutput will depend
only on the signal, and the variance of the output will depend only on the
noise. We will assume that the noise is Fourier-series band limited so that we
ﬁay decompose the noise into a Fourier series whose components have
stochastically independent amplitudes. The number of these components is twice
the product of the noise bandwidth and its duration (i.e. spatial extent).

Note that the relevant extent is the lesser of the physical extent and the
extent of the channel's receptive field. The observed bandwidth of the
channels requires a receptive field whose extent is at least two periods of the
center frequency. Thus 1 c/deg bandwidth noise masking a 4 c/deg channel may

be decomposed into .a Fourier series of at least
2 x 1 c/deg x 2/(4 c/deg) = 1 component.

The contribution of each noise frequency to the variance at the detector output
is proportional to the product of the noise power spectral density no(f)z. and
the square of the filter gain at that frequency, ]H(f)|2. The total variance

will be the sum of the variances ovér all the frequencies.
o? = s ny(n? |H(D|2 af

The mean difference due to the signal's presence is proportionl to the signal

amplitude, ¢. The ratio of the mean difference to the standard deviation is

d' = (uSN - uN)/o

«o/C £ 02 [H(D)|Z ar )72,

The constant of proportionality may be obtained by considering noise which (in

the 1imit) has the same spectrum as the signal, but random phase. If the noise
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and signal spectra are equal, the phase specificity of the cross-correlation

detector will give a d' of v2. Thus

d' = 2 o/C 5 nd [H(D |2 ar )12,

Energy detection

In audition there is some evidence that detection is effectively mediated
by energy detectors at the output of each filter.  Until recently it was
erroneously assumed that the performance of an energy detector would depend
only on the ratios of signal to noise energies which it received. However
- Green and Swets (1966) and Patterson and Henning (1977) have pointed out that
the performance of an energy detector is determined by the ratio of signal

energy to the standard deviation of the noise energy.

The energy detector is nonlinear and therefore more difficult to analyze
than the cross-correlation detector. The mean difference in energy output is
approximately¢ the energy of the signal (1/2)c2T (where T is the known signal
duration). The variance of the output energy is a sum of contributions from
all the Fourier components of the noise; the variance of eachbcomponent is

proportional to the product of ng(f) and |H(f‘)|u. So

d' « 2T/C ¢ ng HeeyH ar )172

¢ Patterson and Henning (1977) found that the nonlinear interaction of the
signal and noise results in a noncentral Chi-square distribution at the
detector output. However if the ratio of the signal power times duration to
the noise power spectral density is greater than 3 (and the auditory thresholds
they report all have ratios in excess of 10) then ignoring the signal-dependent
component of the variance leads to underestlmatlng the filter gain |H(f)| by
less than 5%. :
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Solving the derived equations for the contrast at threshold shows that

they have a very similar form.

172 (cross-correlation detector)

0
H]

/2 (502 |H( |2 df )

1/u(awmydewcwr)

o]
"

k /(a'T) s nd [H(D Y ar )

G: what is meant by threshold criterion? Isn't T just he signal duration, and
thus known to be constant? It seems reasonable to suppose that d' and T are

4

constant for a fixed threshold criterion (i.e. 8% correct), so that relative

threshold elevation will not depend on these unknown parameters. Let call-pass

represent the threshold contrast in all-pass white noise whose noise spectral

2

all-pass' Normalizing by the all-pass threshold gives

denéity is n

e {7 n%B 'H(f)lzB df}1/(2B)
: 2B 2B oy 1/(2B)
call—pass ts nall-pass [H(E) | df}

’

where 1/(2B) is the index of summation: 1/2 for the cross-correlation detector,

rd

and 1/4 for the energy detector.

We may try to understand this last equation. If the output of a detector
increases as the B-th power of its input then its output variance will
increase, approximately, as the 2B-th power of the amplitude of any input
noise. Neglecting distortion products, the frequency components of the noise
are independent so the total output variance will be a sum of the variances due
to each of the components of the noise. The output amplitude of the signal is
the B-th pwer of the input amplitude, so the signal amplitude required for a
given d' will be proportional to .the 1/B power of the output standard

deviation, or the 1/(2B) power of the output variance.
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The two detectors differ in several respects. We have seen that threshold
is proportional to an integral over noise frequencies with exponent 2B. 1In the
cross-correlation detector d' is proportional to the signal amplitude c¢. 1In

the energy detector d' is proportional to the signal ‘power c®. In both cases

d' is proportional to cB. What is the experimental finding? For 2IFC d' is
equal to /2 times the normal deviate corresponding to the proportion correct.
For detection of gratings, Nachmias and Sansbury (1974) found that d' increased

2.2
c

as for one observer, and c2'9 for another, and Foley and Legge (1981)

report exponents between 2.11 and 3.04 for two observers at three different
spatial frequencies (.5, 2, and 8 c/deg). Neither the cross-correlation nor
the energy detector has a psychometric function as steep as these. The above
derivations are general enough to allow for B to be say, 3. Alternatively,
channel uncertainty among a large number of cross—-correlation detectors (or

energy detectors for that matter) would generate psychometric functions of the

required steepness, but that is the topic of Chapter 5.
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APPENDIX 3

THE EFFECTS OF HETERODYNE NOISE

Heterodyne means that the two sidebands are symmetric about the carrier
frequency, i.e. the components at frequencies w, = and w +w have even-symmetric
émplitude and odd-symmetric phases?. The most obvious manifestation of this
symmetry is that the heterodyne noise has zero crossingé at all the zero

crossings of the original carrier (Spiegel 1979).

Correlation between the sidebands complicates the analysis of the total
variance produced in a channel because it is normally assumed that each
frequency component of the noise makes an independent contribution to the
variance in the channel. Nevertheless this has been the technique most often

used in audition to produce narrowband noise (e.g. Greenwood 1961).

In audition the channels are thought to be non-phase-specific energy
detectors, so the phase symmetry is not a concern. However the amplitude
symmetry would cause a channel symmetric about the carrier frequency to receive
equal contributions from each sideband, so the standard deviations would add,

instead of the variances, as would happen if the components were independent.

In vision the spatial-frequency channels may be phase specific. I will
now calculate the response of a cross-correlation detector to a symmetric pair

of components of heterodyne noise. The input is

a/2 {cos(wc_mt-¢) + cos(w +wt+d)}

The output will depend only on the amplitude and phase of the expected signal

7 Phases are taken relative to an arbitrary origin at which the cosine carrier
is one,
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at those frequencies. Let us represent the relevant components of the expected

signal as
8 cos(mc-mt+e) + a'cos(uc+mt+e')

wvhere g and g' are taken as positive. We want to know how the amplitudes g and

8' and the phases 8 and 8' affect the output. The cross-correlation will be

a/2{8 cos(e+¢) + B'cos(8'~¢)}

=a/2{[B cos(8)+B'cos(8')]lcos(9) - [B sin(e)-g'sin(e')]sin(¢)}

Remembering that « and ¢ are random variables, we can see that the output will

be identically zero only if
[8 cos(e)+B'cos(e')]=0
and
(8 sin(e)-g 'sin(e')]1=0.
Alternatively the total will be twice that due to either sideband when
g cos(s)=p'cos(e')
and
B sin(g)=-g'sin(e').
Both alternatives require that
B=8"'. .

Thus these extremes can occur only when the spectrum of the expected signal is

symmetric about the center of the heterodyne noise. The output will be zero if
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8+9 '=7,

and the double-sideband (i.e. total) output will be double the single-sideband

output if
0=-9"'.

That is, the response of a cross-correlation detector to heterodyne noise will
differ most from its response to truely-white narrow-band noise of the same
spectrum if

1. the spectrum of the expected signal is symmetric about the carrier
frequency of the heterodyne noise, and either

2a. .the phases of the expected signal are odd-symmetric about the carrier
frequency, in which case the output will be twice that due to just one
sidéband. or

2b. the phases at frequencies symmetric about the carrier are complementary

angles, ih'which case the output will be identically zero.

On the positivé side it should be noted that if the spectrum of the
expected signalvis very asymmetric with respect to the carrier frequency, so
that the two sidebands of the noise receive very different aftenuations. then
the contribution from one sideband or the other will dominate and the symmetry
of the heterodyne noisé will not matter. In practice this will mean that the
symmetry of heterodyne noise may safely be ignored, except when the noise is
centered on the channel peak, where channel sensitivity may be overestimate& by
as much as v2, or, for phase-specific detection, may be grossly underestimated,
depending on the phase relations of the expected signal and the carrier of the

heterodyne noise.
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Conclusion

The symmetry of heterodyne noise may lead to overestimating the peak
sensitivity of an energy detector by as much as 22. but will not cause an
underestimate. For a cross-correlation detector the peak sensitivity may be

overestimated by as much as /2, or may be grossly underestimated.
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_APPENDIX 4

GENERATING NARROW-BAND NOISE

The obvious way to produce narrow-band noise would be to pass white noise
through a bandpass filter. However, for ease of analysis it is désiréable to
have very steep fall off at the edges of the band. It is difficult to build an
adjustable bandpass filter with skirts as steep as desired. For conventional
filter designs the steepness of the fall off is inversely proportional to the
cut-off frequency. Three techﬁiques will described which achieve a steep fall
off, independent of cut-off frequency, by doing the filtering at a low
frequency, and then shifting the noise band up to the desired center frequency.
The first technique is simpler but produces heterodyne noise whose frequency
components are not completely independent. The third technique is just an
unconventional "‘bandpass filter., All these techniques are known, but never seem

’

to have been collected in one place before.

Analysis of the techniques is facilitated by considering their action on
an arbitrary frequency component of the noise. Over any interval of finite
duration T we may represent white noise by a Fourier series whose components
have stochastically independent amplitudes. Let w be a multiple of 1/T; At

this frequency we have

u cos(wt) + u'sin(ut)
where u and u' are stochastically independent, zero-mean, and Gaussian, and
have equal variance. We may change coordinates to

a:/(u2+u'2).

¢=—-arctan(u'/u),
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so
u cos(wt) + u'sin(wt) = a cos(wt+sd).

The new random variables o and ¢ are stochastically independent, ¢ has a

uniform distribution, and o« has a Rayleigh distribution.

AM

Greenwood (1961) described the simplest technique: (suppressed-carrier)
amplitude modulation (AM), which produces heterodyne noise. A low-pass filter
is used to select a narrow band of noise centered at zero frequency, then this
is multiplied by a carrier, e.g. cos(mct)..of the desired center frequency, W, «
Consider the effect of this operation on an arbitrary frequency component of

the noise with frequency w, amplitude a, and phase ¢:
a cos{ut + 4).
The output will be®

cos(wct) a cos(wt+p)=a/2 {(cos(w,t-wt-¢) + cos(mct¥mt+¢)}

if |m]<m0, and zero otherwise.

The single input frequency produced two output frequencies with equal
amplitudes and inverted phases (i.e. -¢ and ¢). Because each frequency
component of the input produces two symmetric frequency components in the
output the resulting heterodyne noise has twice the bandwidth of the low-pass

® Most of the algebra in this appendix is just repeated application of three
trigonometric identities:

cos(a)cos(b)=1/2 { cos(a+b) + cos(a=-b)}
sin(a)cos(b)=1/2 { sin(a+b) + sin(a-b)}
sin(a)sin(b)=1/2 {-cos(a+b) + cos(a-b)}
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filter.

Unfortunately the effects of heterodyne noise can be considerably more
difficult to analyze than truely white noise (see "The effects of heterodyne
noise"), more than compensating for the relative ease with which it may be

éenerated. The following techniques produce truely-white narrow-band noise.

Quadrature AM

Spiegeiq(1979) described a technique which may be called quadrature AM
produces a narrow band of noise with no symmetry. Take two independent noise
sources. Pass both through identical low-pass filters. Multiply one by a sine
carrier, multiply the other by a coqine carrier, and then add them?. We start

with

a cos(ut+d)
and

a'cos(ut+é ')

where a, a', ¢, and ¢' are all stochastically independent. The phases have a
uniform distribution, and the amplitudes have a Rayleigh distribution.

Multiplying by the carriers and adding gives us

a cos(mt+¢)cos(mct) + a'cos(wt+¢')sin(mct)

=a/2{cos(wct-wt-¢)+cos(¢ct+mt+¢)} + a'/2{sin(mct-wt-¢')+sin(mct+mt+¢')}.

*On a raster-type display this may be achieved by using one noise source and
using the sine and cosine carriers on alternate frames of the display, relying
on the observer's eye to.sum them.
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Substituting ¢"=¢'+n/2 gives

=1/2{a cos(wct-mt-¢)+u'cos(mct-wt-¢")} + 1/2{a cos(mct+mt+¢)-a'cos(wct+mt+¢")}.

Define four new random variables,

xza cos(¢)
y=a sin(g)
x'=a'cos(¢e")

y'=a'sin(e").

These are all stochastically independent, zero mean, and Gaussian. In terms of

these new variables we have

:1/2{(x+x')cos(mct—wt)+(y+y')sin(mct-mt)+(x—x')cos(mct+mt)+(-y+y'5sin(mct—mt)}.
9

The amplitudes, (x+x'), (x-x"), (y+y'), and (-y+y'), are stochastically

independent, zero mean, and'Gaussian. That completes the analysis.

This method requires two independent noise sources, two filters, two
carriers in quadrature phase, and two multipliers. Fortunately some situations
allow multiplexing one noise source, filter, and multiplier between the two
carriers. When that is not possible the following technique may be preferable

" as it requires only one noise source, at the expense of using more multipliers.

General purpose band-pass filter

It is possible to use heterodyne techniques to make a steep fall-off
bandpass filter. I do not know who first devised the following technique; for
a discussion of methods of single-sideband modulation see Panter (1965). In

order to avoid introducing symmetries the circuit has two pathways, one uses a
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sine carrier, the other uses a cosine carrier. In each pathway the input
spectrum is shifted down, low-pass filtered, and shifted back up. The output
is the sum of the outputs of the two pathways. All shifts are performed by
multiplying by the carrier frequency which also is the center frequency of the
besulting passband. Again the resulting passband has twice the bandwidth of
the low-pass filter. The gircuit is linear so it is sufficient to determine

its output for an input of arbitrary frequency and phase:

(1 o cos(wt+p) , where w>0.

First we multiply Sy the cosine andvs;ne carriers:

= (2) cos(wt+é) cos(mct)=1/2 {cos(mct+mt+¢)+cos(mct—mt-¢)]

2y cos(wt+d) sin(mct)=1/2 {sin(wct+wt+¢)+sin(mct-wt-¢)}

Let the cut-off frequency of the low pass filter be wg, where 0<wo<wc. Then

after filtering we have

(3 1/2 cos(w t-wt-¢)
and
3" . 1/2 sin(mct-mt-¢) for |uw,~-w| <wg, and zero otherwise.

Multiplying by the cosine and sine carriers again gives

(4) 1/4 {éos(Emct—mt-o)+cos(mt+¢)}
and
4) 1/4 {-cos(2wct-wt-¢)+cos(mt+¢)} for Imc-w|<w0. and zero

otherwise.
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Finally, the sum of (4) and (4') is

(5) 1/2 cos(ut+s) for |w,—w| <wy, and zero otherwise.

Comparing the output, (5), with the input, (1), shows that the circuit just
halves the amplitude of frequencies inside the passband and stops frequencies
outside the passband. No symmetries are introduced, and ﬁhe steepness of

cut-off is independent of the center frequency of the pass band.

Summary

_Heterodyne noise is easy to produce, but at least in theory, the.symmetry
of its sidebands can affect its effectiveness as a mask. Two techniques have
. been described which produce truely-white narrow-band noise. Both techniques
require two carriers in quadrature phase. The best choice of method will
.. depend on the purpose of'the“experiment and the nature of the dimension along

which the noise varies.
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FITTING THE CURVES

The fits used a "flat-top power function", but the following argument will
be easier to understand if we first consider a "flat-top exponential®.

Consider a channel with a flat top of width fh_fl, and negative exponential

skirts, e~2lT=f1] and e=PIf=fnl, Let us call this a flat-top exponential.
Note that the skirts would be straight on a graph of log gain versus linear
frequency. There are four free parameters; a and b determine the steepness of
the skirts and f1 and fh determine the edges of the flat top. This shape may
only crudely approximate the actual channel sensitivity, but most of the
measureable properties of a bandpass filter depend only on the width of its
passband and the steepness of its skirts. Since tﬁé width of the flat top,

fh-fl, is free to vary, this model includes a peaked exponential as a special

case.

By assumption, for each noise mask, threshold is determined by the channel
with the best s/n. To find this channel Patterson and Nimmo-Smith used an
iterative technique. For each set of channel shape parameters they found the
pbsition of maxﬁmmisln, and compared the predicted threshold with their data.
By iteration they found the most likely channel shape. My model allows a

shorteut .

Suppose a flat-top exponential filter is placed so that both a sinusoidal
signal and a band of noise are passed by one skirt, e'alf'fll. Suppose the
signal frequency‘fs is greater than fl, and consider shifting.the filter
towards the ;ignal a small amount Af. Before the shift the signal gain was

e'a(fs'fl). After the shift the signal gain would be e'a(fs'fl'Af). The net
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amplification caused by the shift would be e? Af. Similarly the filter gain
over the whole noise band would be amplified by e? Af. The signal-to-noise
ratio would be unchanged. Pushing the filter towards the signal increases the

gain for the signal and noise in direct proportion, until the flat top reachs

the signal or noise.

Suppose the top reaches the signal first. Pushing further would amplify
the noise, but not the signal. The s/n at this position is equal or better

than the s/n at all other positions.

Suppose the top reaches the noise first. Pushing further amplifies the
signal and noise but the noise. is amplified in less than direct porportion,
until the top reaches the signal. What ﬁosition maximizes the signal-to-noise
ratio? If thé signal is o.utside the noise band, the top of the filter should be
placed on the opposite side of the signal as the noise. If the noise is low
pass, or high pass, so that only one edge of the noise band need be considered,
the top of the filter should be placed on the opposite side of the signal as
the center of the noise band. Finally, if the signal is inside a finite band
of noise then the optimal placement depends on the relative steepnesses of the

two filter skirts.

Most of my data were collected with low-pass or high-pass noise, or narrow
bands of noise which did not include the signal frequency. Assuming the
flat-top exponential shape, the thresholds were determined by only two
channels: one with its top just below the signal frequency when the center of
the noise was above, and one with its top just above the signal frequency when
the center of the noise was below. By this interpretation the low pass masking
thresholds are all from the high channel, and the high-pass masking results are

all from the low channel. On the other hand the narrowband masking results




APPENDIX 5: . Page 187
OFF-FREQUENCY LOOKING

directly outline the upper skirt of the lower channel, and the lower skirt of
the upper channel. The narrowband masking results contain no clue as to the

width of the top of the channel.

The analysis so far has used a linear freqdency axis, because the noise
had équal power in equal width bands of linear frequency, however existing
evidence that channel width is about an octave or two independent of frequency
suggests that our model shape should be described on a log frequency axis.
Therefore I fit the daté with a flat top and power-law skirts, which are
straight when plotted as log gain versus log frequency. A power law is
steepest near the top so the above conclusions still apply: the low-pass
results should all be from one channel, and the high pass results should all be

from another.
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THE EFFECT OF UNCERTAINTY:

DETECTING A SIGNAL AT ONE OF TEN-THOUSAND POSSIBLE TIMES AND PLACES'®

Cons_ider detection of a known siénal at a specified time and place. That
is how most of us measure a thrgshold: the same signal is presented in trial
after trial. Every opportunity is usually taken to teach the observer exactly
what he is being asked to detect, including where it will appear, and when,
both as a fixed delay after requesting a trial, and by a simultaneous audible
tone. At the end of each trial the observer thinks about what he saw and
responds. This effort to provide exact knowledge of the signal raises a
‘question. Does the observer use knowledge of the signal to ignore irrelevant
sensations which could not have been due to the signal, in order to give more
accurate responses and thus lower his threshold? If the observer knows the
signal can only occur at a certain time and place can he ignore other times and(
places? How helpful is it to know the signal exactly? Existing theories of

visual detection give three incompatible answers.

First, probability su&mation models usually assume individuval units called
"detectors" that are never active in the absence of a signal., This assumption
is usually called a "high threshold". The high-threshold assumption implies
that éhe observer does not need the exact knowledge that is usually provided
because the detector units never give‘false alarms. In other words there are

no irrelevant sensations to ignore.

19 This paper was presented at the 1981 meeting of the Association for Research
in Vision and Ophthalmology, in Orlando, Florida (Pelli, 1981).
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At the other extreme the Theory of Signal Detectability has shown that the
ideal way to detect a known signal is to cross-correlate by the signal itself
(Peterson, Birdsall, and Fox 1954). Various discrepancies between such a
cross—-correlation model and actual human performance have led to variants such
as incorporating a nonlinear transformation, and supposing that we only have a
fixed set of weighting functions available and that we use the one most simil?r'
to the signal. All these models require prior knowledge of the signal in order
to choose the best weighting function. Without prior knowledge of the signal,
simple cross-correlation would be inefficient and performance would suffer

greatly.

Hal fway in between these extremes lies the hypothethis of high intrinsic
uncertainty. This too was inspired by developments in the Theory of Signal
Detectability. In many ways human detection of a known signal’is similar to
ideal detection of one of many possible signals. According to the uncertainty
hypothesis, the observer has a very limited ability to use prior knowledge,

that is, he is intrinsically uncertain.

Let me recap. According to the high-threshold hypothesis, exact knowledge
of the signal is superfluous. For the cross-correlation hypothesis exact
knowledge of the signal is crucial. According to the uncertainty hypothesis
attempts to provide knowledge of the signal provide only a small benefit to the
observer. To test these predictions I measured the effect of depriving the

observer of exact knowledge of the‘signal.

The signal was a brief, thin, bright, vertical bar on a large uniform
background with a luminance of 340 cd/mz. It was %0 wide and lasted for 20
msecs. (The display was 27° wide and about half as high.) In the center of the

display was a large fixation cross, which the observer was always instructed to
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fixate. In all cases the data are the responses from two-interval forced
choice trials with feedback. The thresholds I will report are maximum

likelihood estimates of the contrast required for 82% correct.

The first phase of the experiment measured contrast thresholds at 2°
intervals across the visual field. In order to provide the observer with exact
knowledge of the signal, moveable large arrows above and below the display
indicated exactly where the signal would appear, and eaéh interval of the 2IFC
trial was marked by a 20 msec beep which was simultaneous with the 20 msec

signal.
Figure 1: threshold profiles for DP and DK

This slide shows the contrast threshold at each eccentricity for two observers.
Vigwing was binocular. The blind spots would be off the graph. Each point is
- an independent threshold estimate based on 50 trials. The kinky lines through
the data connect up the means at each eccentricit& for each observer. Those
lines were taken as the observer's threshold profile over this part of the

visual field. In the rest of the experiments all contrasts will be relative to

these nominal threshold profiles for each observer.

In the main phase of the experiment, the signal could appear, randomly, at
any of the 97 contiguous locations from -12 to +12 degrees eccentricity, and
each interval of the 2IFC procedure was accompanied by a 2000 msec beep and the
20 msec signal could occur at any time during the beep. Since the signal could
appear at any of 97 places and 100 times, there were 9,700 possible times and
places. The staircase procedure controlled the contrast of the signal relative

to the nominal threshold profile.
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Figure 2: DP, M=9,700

M is the degree of uncertainty introduced experimentally, 9,700 in this>
case. The ordinate on the right is proportion correct. The abscissa is
cqntrast relative to the nominal threshold profile. The 1eft ordinate is d'
and is labeled /2z.!! First consider the X's, on the right. They show the

proportion correct obtained for detection at each contrast.

There are different numbers of trials at each contrast. The vertical bars
are 95% confidence intervals. The solid curve is the maximum likelihood,
two-parameter, fit by a Quick (1974) function. Detection threshold, that is,

the contrast for 82% correct is 1.4,

When I did this experiment it occurred to me that in addition to detection
it would be interesting to also measure contrast discrimination. Lasely and
Cohn (1981) have pointed out that uncertainty might be expected to have much
less effect on discrimination than on detection. 1In a contrast discrimination
experiment the stimulus appears in both intervals, but at different contrasts.

The lower contrast is the pedestal contrast and is the same in each trial. The

11 This is d' as defined by Green and Swets (1966). As defined by Tanner and
Birdsall (1958), d' is the signal-to-noise ratio that would be required by an
ideal to perform as well as the observer under study did. Since the signal was
experimentally uncertain the ideal would be a 9,700-channel-uncertainty model,
whose performance, as measured by v2z, rises as the 3.5 power of contrast:

V22 « c3°5.
as shown in Figure 5. Figure 6 shows that in the uncertainty condition both
human and ideal performance rise as the same 3.5 power of contrast, implying
that, as defined by Tanner and Birdsall (1958), the obsever's d' is
proportional to contrast: ’

d' « ¢.




Figure 2

Observer DP, M= 9700
10 |

.999

) 99

Al Jg/f/ .90

' PaC A 80
| o 76

/ .70

.60 |

N

N
\\} ’
Proportion Correct

i 55

A - | §.53
s /

(relative to nominal threshold) /

A l 10

Contrast



APPENDIX 6: Page 192
THE EFFECT OF UNCERTAINTY

higher contrast is higher by an amount called the difference contrast.

The O's show discrimination of difference as a function of difference
contrast, relative to the nominal threshold profile. In order to make the
conditions of contrast detection (the X's) and discrimination (the O's) as
éomparable as possible the two conditions were randomly interleaved. The
observers did not know whethef a given trial was contrast discrimination or

detection; he was instructed to always choose the interval with higher

contrast.

In contrast discrimination trials the stimulus was presented at the same

‘randomly determined time and place in both intervals.

These thresholds in uncertainty are based on contrasts relatiye to the
nominal threshold profile at many eccentricities. Samll inaccuracies in the
nominal threshold profile might be syétematically biasing these thresholds. To
control for this possibility I measured a similar threshold for the

no-uncertainty condition.

Figure 3: DP, M=1

The same procedure was used except that the beep for each interval was
reduced from 2000 msec to 20 msec and coincided with the signal, and the
signal, instead of appearing randomly at any place on the display, appeared,
consecutively, at each position on the display. In the first 5 or 6 trials it
appeared at -12° (near the left edge of the display), in the next 5 or 6 trials
it appeared at -11.75° and so on until in the last 5 or 6 trials it appeared at
+12° (near the right edge of the display). Pointers above and below the

display indicated where the signal would occur, and were adjusted every few
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trials to keep up with the signal. As before the observer fixated the fixation
cross continuously, and all contrasts were relative to the nominal threshold

profile.

These results have the familiar form described by Nachmias and Kocher
(1970): discrimination is better than detection. Detection has a threshold of
.9 and a steep psychometric funcion. Discrimination has a lower threshold, .4,
and its psychometric function has approximately unity slope in these

coordinates.

Before comparing the results with and without uncertainty I would like to
ask for your indulgence to briefly consider what the Theory of Signal
Detectability has to say about effects of uncertéinty on ideal performance.

Ideal performance for detection of a known signal is shown on the next slide.
Figure U4: ideal, M=1

As before the ordinate is d'.!2? The abscissa is the signal-to-noise ratio,
which we may assume is proportional to contrast. In these coordinates the
psychometric function has unity slope. The psychometric function is the same

for detection and discrimination.
Figure 5: ideal, M=10,000

The graph on the right shows the ideal performance for detection of one of
10,000 orthogonal signals.!® Relative to the no-uncertainty case we just saw,

threshold is higher and the function is steeper. On the left is the ideal

12 pAgain, the ordinate is v2 times the normal deviate corresponding to the
proportion correct, which Green and Swets (1966) would call "d'", but not
Tanner and Birdsall (1958).
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per formance for contrast discrimination, assuming the pedestal is highly
detectable on its own.!* The discrimination function has unity slope, just as
without uncertainty. Uncertainty has very little effect on ideal
discrimination performance if the pedestal is highly detectable on its own (see

e.g. Lasely and Cohn 1981).

Figure 6: DP and Ideal

This last slide compares the observer's perf&rmance with and without
uncertainty. The solid curves show the observer's psychometric function for
the no-uncertainty condition. The dashed curves show his psychometric
functions for 9,700-fold uncertainty. The uncertainty raised threshold by a

“factor of 1.5 for detection and by about 1.2 for discrimination. The small
effect of uncertaint& on threshold for detection and the even smaller effect of
uncertainty on discrimination is consistent with the hypothesis of high

intrinsic uncertainty.

The dotted lines are the ideal psychometric functions for 10,000-fold
uncertainty. The constant of proportionality between signal-to-noise ratio and
contrast was arbitrarily adjusted to slide the two ideal psychometric functions
horizontally to the observer's psychometric functions for the no-uncertainty

condition. The observer's psychometric fUnctionsvwithout uncertainty are

13 pPeterson, Birdsall, and Fox (1954), Nolte and Jaarsma (1967), and Pelli
(1980)

1+ The calculation assumed that the pedestal contrast had a detectability of
d'=1, i.e. y2z=1.
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strikingly similar to the ideal psychometric functions for ten-thousand-fold
uncertainty. Similar detection results have been obtained from a second

observer.

~T£us, when the signal could appear at any one of nearly ten-thousand times
énd piaées. the observer's threshold was a factor of 1.5 times higher than when
hé:ﬁésjipformed when and where the signal would appear. This rejects the
hiéh—threshold hypothesis which predicted no effect of uncertainty, and

.discredits'fhe cross-correlation hypothesis which predicted a large effect.

W

<5 w1th or without experimentally introduced uncertainty the human observer

» behaves very much like the ideal observer of one of many possible signals. It

“Hould seem that the observer has a high intrinsic uncertainty for detection of

thin brief bars.
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