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Abstract.
fﬁé  research here presented deals with the visual
detection, by human observers, of bandlimited signals in
noisy backgrounds. Its aim was to outline a model of visual

.

behaviour for these tasks, ,

In expe;iments One to Four, a two-alté}native, spatial
forced-choice paradigm was employéd to study the ]detection
qf Gabor profiles embedded in white noige, behaviour being
observed in two main conditions. In the Signal Specified

.

Exactly conditibn, th? obsefQQr was given'complete a priori

' knovledge of the signél. In the .Signal Speci!ked v
Statisticélly condition,{ the observer was uncertain about
the state of one of the signal's paramé;ers. Thefeffects of
'uncertainty weré investigated with respect to phase, spatial'
frequency, and bandwidth. |

Signdl processing was optimal .within a two-octave
spectfal region about a (variable) center fregquency, signals
Aoufside this region being moqot;nically' a;tepuated with.
Qincreaéing spectral distance from the cénter of thié région.
These findings were ;§p}ain?d/ in terms o;; selective
processes operating at the outpuf‘iev#i’of sets of localized
detectors. The ' suggestion was made that 'fhe spectral
bandwidth of such mechanisms may be adaptable. -

In experiments Five to Seven, a .four-alternative,
3patial forced-choice methéd was employed to study the
detection of bandlimited signals in non-white noise. Ofs

specific interest was the region of 'optimal’ signal
' L]
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processing ‘revealed by the previous experiments. The results

‘revealed that detection in this region was jointly

determined by (a) the differential outputs of discrete,

bandlimited spatial filters selectively responsive to
different - components of the signal, and (2) variable

detection rules, adaptively related to such outputs and to

the“type of signal informatioqkavailable to the observer.

The most general result of this research 1is that

multichannel models of visPai signal deteipion, while

inadequate in their current form, become useful for

understanding behaviour in signal detection tasks once the

selective and adaptive nature of the detection process is
. ¢ -
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I. Three~approacﬁes to human signai processing.

This dissertation addresses 1ssue$ pertaining to the
v15ual detection, by human observersﬂ of bandlimited signals
in noisy backgrounds. The theoret1§A1 framework within which
this research is carried out empiaces three distinct albeit
related approaches to the probléﬁ of human siénal detection:
the theory of ideal observets, models of spatial frequency
filtering in the vertebrate v1sual system, and notxons of
selectivity and adaptabllkty in human signal process1ng

.
A. Theory of ideal observers.\ 5

The most geheral detection situation addressed by this
’theory is one in which the (ideal) observer must decide‘
which ef two conditions (a noise-alone, and a
signal-plus-noise condition) occurred.

In the most general sense, the ideal observer is simbly
a device which computes the likelihood ratio associated with
the 1input. This value 1is then matched to points in a
criterion space. The latter includes all values that lead to
a 'signal present' decision in case off} poeitivegﬁatch (see
e.g. Tanner, 1964, for a formal. characterization of this
apprbacﬁ). . |

From this general precondition, the theory of 1ideal
observers derives the optimal or ideal detector for a
variety of specific detection situations. The specificity of
a given detection situation 1is defined in terms .of the

amount of information that is available: to the observer.



", ,
This information concerns the parameters of signal and
noise.yThe characteristics of the ideal detectof device are,
correspondingly, derived from what 1is, and what is not,
known about such parameters in a specific stimulus
sitgation.

The theory of ideal observers can bé usei.fo assess the
efficiency of human pe.‘ormance (see, e.g.,  Tanner and
Birdsall, 1964). Thiﬁ is done by comparing the latter with
the performance of the ideal device;—which operates, in'aﬁy
detection situation, with the highest possible accuracy.
This level of performance is.aéhieved by the ideal observer

.

bé5a9§e the latter uses all the information available in a
(. : : : .
detecé&gg\;f}tuat1on. ‘The comparison of ideal and human
- per f ormance infa variety of situations can thus be used to
_uncover the ’éxtent of the human observer's‘ability to make
use of information about specifia ) signal ‘ and "noise
parameters. - This, in turn, can be interpreted 4ds a
reflection of the bbsgrver's sensitivity to such parameters.
The .$F?’F§——3f ideal observers has'beer extensively‘
employed in the area of auditory psychophysiés (see “Green
.and Swets, 1974, for a review), and its wuse has been.

v . I3 . » ) J
recently revived in vision research (see, e.g., Barlow, 1978

and 1980, and Burgess and Ghandeharian, 1984a,b).



B.‘Spatial-froquency-channels models.

Notions of spatial frequency cpanneling in vertebrate
vision have played a significant role in  the
neurophysiological and psychoph%§ical research of the past
two decades (see Sekuler, 1974, Braddick et al.,1978, De
valois and De Valois,1980; Graham, 1981; Julesz and Schumer,
1981; Regan, 1982; Westheimer, . 1984; Shap}ey and Lennie,
1985, for reviews). As models of human sfﬁnal detection,
théy maintain that this\Brocess is subserved. by families of
visual detectors which can be characterized as independent,
quasi-linear spétial filters. These mechahisms are
selectively sensitive, by virtue of their spatial weighﬁing
function, to narrow bands of spatial frequencies.

In one interpretation of this approach, a coarse
Fourier analysis of the visual input is accomplished b{
these detectors . (or . 'spatial frequency ;hannels'). T:e
- output of such channels“is thus assumed to signal, to higher
centers, the amplitudes of those frequencies contained in
the stimulus to which each such mechanism is preferentially
responsivé.

A broadband stimulus will, according to;thgse models,
be first partitioned into bands of spatial frequencies by
the above mechanisms. The final detection response will then
be based upon the (scalar) output of such méchanisms’through
the use of detection rules (such as the adding-bf—outpgtg'?r

the maximum-output detection rule) which determine how such

outputs are weighted and combined.



\‘in keeping with current views of linear spatial
filtering (see e.qg. Gas;ill, 1978), such chagnels are
ch;:acterized as fixed and invariant in their response
*-ﬁrdperties. They are, in other words, assumed to. be

definable by a spatial weighting/frequency response function

which is fixed and invariant over lg:efs of s;imulation and
signal complexity. Within this approgch,  the main
‘experimental task féced by the scientist is then to uncover
THE spatial weighting fuaction of - such channels, and

establish their number. "'

Aﬁtempts in bot{ directions, during the past two
decades, have ﬁot met with conclusive success. Efforts to
determine both  number and response characteristics of such
detectors have produced a variety of .solutions to these
problems, depending upon stimulus type, expeffmengal
paradigm, and task employed. It is hard to escape tﬁé
conclusion that, if indéed the visual system possesses the
type of biological hardware theorized in the above, approach,
the latter 1is still, after about two decades of research,
largely evading us.

One of the essential pro'blems~ encountered by the
‘research on spatial frequency channels pertains to the

- determina;ion of the bandwidth of such mechanisms. It is
thus interesting to compare this situation with an analogous
one faced by researchers in psychoacoust1cs, vhen the latter

attempted, in the early Sixties, to measure the width of the

"critical band" of the auditory sense (see Green and Swets,



) . -8

. &
1974, for a review). - ° . ¥

Perhéps unsurprisingly, ‘an tna%ggous -laﬁk‘ of
homogeneity among the experimental findings became Quickly
apparent. in that domain as well. Commenting upon this state
of affairs, Swets, Gfeen and Tanner wrote:

We should perhaps expect the measures of the
critical band to vary from one kind of experiment to
another. For one thing, it_seems unlikely that all
of tl';e experiments are measuring THE critical band,

" a fixed property of the auditory system that exists
independent of the experiment.. It seems more
~-reasonable to suppose that the pahammbs . of the
auditory system are not, fixed, specifically that
they may vépy from one sensory task to another,
under intelligent control. |
That the system is adaptable is suggested by the
high de;\r‘ee of eﬁ)‘lciency exlyibited by human

s

observers lin véry differ'entA.*sengory “taske. (1962,

“ L

p.109) e e e

- L4 .
M

The above quotation introduces'ohé'vipv of the third

©

main issue to be considered in this dissertation: that of

the‘adaptahility of the sehsory systems.



\
c. Aaeptivo signal processing. \
} As the notion of adaptation is very pegyasiv. within
the domain of sensory science (see, e.g, Dodwelf\ 1970), it
is imp;ktant to define the morertestriéted seﬁSe in which

this concept is debated here. o . f

. )

By 'adaptability' I refer to the conjectural assumption
that the paramet;rs of psychophysically‘ defined detecting
mechanisms may not be fixed and invariant for a constant
l;vel of pﬁysical stimulation but, rather, adaptable. This
adai‘ability is a function of the characteristiés of a given
task situation. The latter incluaesvtype of stimuli wused,
experimentgl paradigm.employed, nature of the task, etc;

This assumption, thus, is well within the spirit of the
previous _quotation, :ithough not necessarily identical with
it. Changes in the paraﬁ;ters of the auditory system, such
as the width of the 'c;itical band', are achieved, according
to Grgén and colleagues, by ﬁay offintelligent control. 1In
their view, adaptive aqg selective processes are likely to
originate at high (cogni%I@e) levels in the brain, via
attentional and decisional processes.

<. Other vieﬁs of locus and -moéality of- the adaptive
process are also possible. One such view maintains that
adaptabiiity is a property inherent to the ‘filter
themselves. A filter can, in this view, directly change its
parameters to optimize the probability of captu%ing signals

of varying spectral composition.



One version of this approach has been outlined by
Hauske and colleagues (Hauske, 1974, Hauske et al., '197;).
In such studies, they suggest that the visual system can be.
séen as .a matched filter which extracts an input signdl'
contaminafed with noise. A matched fxiter is a device whxch
maximizes the ratio between signal and noise energy at the
output. To achieve thxs result, the matched filter changes
its transfer function for each input signal. For tﬁe case of
additive white noise, this maximization is achigvea by a
transfer function which eqdals the conjugate ‘qomplex value
of the spectrum of the ingut signal. The representation of
the visual system in these terms, implies that the latter
can 'coﬁtinuously adapt 1its transfer! function to match the
spectrum of th% input pattern. Hauske and co-ﬁofkers (1976)
were able to ~gatper some evidence in,this regard. They
showed that the sensitivity function of observers engagéd in

the detection of simple patterns was indeed similar to the -

~conjugate complex spectrum of the {nput pattern. The

sensitivity function, however, al§o included a
B P
pattern-invariant transfer functiﬁn (and a

frequency-independent factor). .

Another interpretation 6f adaptive visual filtg;ing is
being outlined by Qaelli (1986; Caelli and Oguztoreli,
1986). In his view, it i; th; decomposition of the visﬁal
input inﬁo bands St spatial frequencies that may be carried
out adaptively. The hypoﬁhesis‘here is that, within limits,

a specific set of spatial filters can be set :up for the

|



execution ' of a detection task. Number, relationships, and
response characteristics of the members of the set are
determined by cﬁl stimulus situation, and in such a way that
the decomposition'(gr encoding) of the visual scene is
carried out in a near-optimal manner. Optimality is defined
in terms of a criterion such as the - maximization of the
effective signal-to-noise ratio ',

It 1is hirdly necessary to ehphasize that adaptation\as
considered here is a Qery 'active' process, in contrast with
hbtions of 'passive'-adaptation,’impiicit in the traditional
adaptation experiments. In the latter case, this term fs
synonymous with fatigue, attributed to a mechanism initially
6ptim2;1y fesponsive to the stimulus and  subsequently
desgnsitiied. through continuous exposure to the adapting
pattern. ' _

In the present context, adaptétion is instead the
result of a perceptual effort to optimize the detectability
of an input signal. Importantly, this effort will oftén
result in highly selective forms of siénal processing. The
latter include the perceptual attenuation and augmentation
of‘differ;nt signal components as a function of specific
tasks — and sxgnal/background relationships. - Indeed,
:;;-;;:;-;;;é;;;-Is lxkely to develop over time, two4
consequences of this approach should be noted here. First,
time-series analysis, and some of thé experimental
procedures for the study of learning processes, may be
effectively employed for a descrxptlon of the course of this
process, if the latter indeed occurs in the visual system.
Second, vhen n~alternative, forced-choice procedures are
employed to study magnitude and form of this process at

as ote, special care must be exercised to ensire that
this stage has indeed been reached.
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selectivity, as a crucial component and modus operandi of

active& Signal-dependent forms of visual adaptation,

constitjutes a central interest of the present work. .
ev important.-comments are now ih order with respect

‘notions outlined above. First, all such notions of

rti;“wlsoint is discussed in detail in Chapter Four).
r:‘ ;?;model eiciudes the ofle;, ‘as adaptability is
tlikely to occur at many levels ahd in many ways‘thr0ughout
the nervous system. Thirdly, it is extremely difficult to
distinguish experimentally among the varigus models.
Fourthly, little, if any, experimental work has been carried
out along these lines. -

Clearly, if any of the above views 1is to become a
viable scientific hypothesis in the study of coding
procesies in the hu?an visual system, it will have to
undergo a considerable amount of empirical research angd
theoretical development. %his s particularly the case,
since most of these views demand a change of perspective in
the type of questions to be asked, and the ways to ~obtain
answers. The main task to be faced by sensory‘scientists is
in fact, accordihg to these views, no longer one of
developing‘experimental preparations in whiche the essential,
invarian& properties of a target 'mechaﬁism can be ‘best
isolated, and studied in their 'purity’.

The main task becomes, rather, nne of upcovering the

'laws’ by which a mechanism adaptively adjusts. its

N
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parameters ©o0 !ct the ohanging conditions of the visual

\
environment,

D. Kim of this d}lsortatlén.

"This éissertation " examined human visual signal
processing within the theoretical framework outlined in the
previ;us pages. Its main purpose was to determine which
‘thearet}cal model of signal detection may best account for
the performance of human observers engaged in the detection
of bandlimited signalé in noisy backgrounds. The models and
hypotheses under investigation represented specific
implementag®ions of the approaches outlined above: The theory
of ideal observers, spatial-frequency-channels models of
signal detection, ‘and hypoteses gf selectivity and
adaptability in visual signal processing.

In Experiments One to Four, these models and hypotheses
wvere compared for their ability to account for behaviour in
conditions of uncertaiyty about the signal to be detected,
the latter being embcqaid in whi€§ noise. A state of‘
uncertainty about the exact form of the signal to be
detected is representative of real} life Fasks; In
Experiments Five to Seven, observers were requested to
detect bandlimited signals in non-white noise. A point of
contact with real-life tasks was achieved here with the use
of néise-tields vhose parameter states are more

representative of naturally occurring backgrounds. The

possible implications of the results of these experiments
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for the understanding of visual behaviour in

non-experimental tasks are discussed in Chapter Pour.



-
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11. On the detection of signalsh-in' vhite noise.
/
A. General dolcriptioﬁ of the experimental task.

In the task employed in all the experiments to be
teported in this chapter, the observer was presented on each
trial with tv; alternative stimuli: a field of static noise,
and & field of the same noise with a signal embedded in it.
He vas requested to select the llternitivev containing the
signal. . ,

In the Signal Specifiéd Exactly condition, the signal
to be detected in a given block of trials was unvarying, and
exactly sﬁecifioq. In the Slignal Speclified Statlgtlcally
condition, the signal to be detected was selected at raﬁdom,
on each tfial, from a finite set of signals, each set
efcncnt being used with equal prdbability as the signal.

As the signals of the set in the latter condition
differed from one another only in terms of one of the
parameters defining them, ve may also conceptualize this’
detection situa‘,on as one in which the same signal was
specified up to some parameter or, correspondingly, as one
in which the observer was uncertain about one of the
signal's parameters. ; ‘

Signal uncertainty can be exploited in a number of ways
to uncover the operating characteristics of human observers
engaged in signal detection tasks,

As previously noted, the theory of ideal observers

derives the optimal detector as a function of the amount of

»

12 *
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a priori Enovlodbo about the signal's paraseters.
xmportaptly. as the intormation about the signal is reduced,
a decrement in optimal performance nocosaar%ly ensues (see
Green and Swets, 1974, for 8 formal derivation of such
relationship). Obviously, this decrement can %nly occur it
the opbserver uses al] 'the available information in ovor}
condition. An important consequence of this pr!niso is that
the- theory cau then be used to assess the oxtont(of an
observer's ability to process certain gignal parameters in a
given.exp?rimental situation, )

Experiment One used the theory of ideal observers to
determine, in particular, if humans coulé use phase
information in this task. The issue of phase was important
b;cause it helbed to determine whigh class of models were
more appropriate for the task under consideration.

Also within the context of multiple channels models of

signal detection {t is possible to specify exactly the

4

B

decrement in detectability to be expected from an oﬂ(irvor
‘bpe:ating in conditions of signal uncertainty, and whic is
‘limited solely by noisy channels and the characteristics of

the stimulus situation. “Rhese models were tested in

Experiments Two to four. -

Deviations from the ptedic;ions of these models, it
occurring, ‘can be used to infer operating characteristics
specific to the human observer, and particularly the
occurrence of selective forms of signal processing, THis

point is discussed in/detaililater in the chapter.

.
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. B, Stimuli, apparatus and ﬁé?hods common to all experiments.

Stimuli , 41\\'

The signals presented'i%r detection (see, e.g., Figure

1) were two-dimensional Gabor:profiles, defined by

f(x,y)= exb[-!1((x-io)’- ai+(y-y.)*-b?)]

. exp(-20 i(ue (x=%0)+vo(y-y,)], (1)
-, -
\ % fT e
with Fourier Transform

N\
i d \ -
" F{u,v)= exp(-1 ((u-u,)?/a?*+(v-v,)?/b?)] : . "
’ . expl-211 i (xo (u=uo)+y, (v-vo))]. (2)

.

A

Parameters< a Lénd b define the spatial éxtent of the
signal, x,, y. its center locatfon in the fwo-dimensional
visual space, ané’ u,, v, its center Jlocation in the
two-dimensional Fourier plane. The . éignal's peﬁk spatial
(radial) frequency is Vu,:+v,?’, and its orientation is
’ 1

arqgtan(v,/u, ).

These functions possess a number of interesting formal
) ~

prOpertiji , and have been recently employed 1in vision

research /to characterize families of spatial filters assumed
to operate in pa3::>§ vision (see, e.g., Marcelja, 1980,

Mackay, 1981, Kulikowski and Bishops, 1981; Daugman, 1980,

t

1983, 1984, 1985).
- - TP
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‘< Figure 1. A Gabor profile is shown here, by itself and

embedded in noise as described by eguation 3 in the text.

The pes’ -patial frequency of the signal is 4

cycles/g . in a vertical orientation and with a phase

angle of deg. In the conditions of experime%ts One to
3

Four, spatial frequency in cycles per degree of visual angle
was 'equal to spatial freguency in picture cycles. The
bivari;te Baussians windowing the grating measure tle-bixels
to 1/e decay, corresponding to .5 deg of visual a&gle in' the
conditions of the experiments. Signal rms, here as in the
photographs which illustrate the various studies, is not
representative of the wvalues actually employed_. in the

experiments.
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The use 6f, such stimuli here, however, does not
"necessarily imply, or demand, a theoretical commitment to
~any of the  assumption ‘underlying th; 'Gabor' view of
- spatial filters. The;e stimuli were employed ' primarily
because they allowed a simple and précise %anipulation of
the parémetﬁrs under %nve;tdgation in this set of
ex;eriments. |

This class of signals was presented for detection

~

embedded in white, gaussian noise-fields.

Apparatuys, ] ‘ | - -

Theyétimuli were generated as 8-bi£ pixel images on a
PDP ]1/23 minicomputer interfaced with an ITI image
processing system. They were displayed at a space average
. luminance ofm17 cd/m? through a reétangular aperture on a 9"
Electrofome monitor (P31 phosphor).

Tge obserQ;r sat in a»semilluminéted cubicle , faciﬁé
the monitor at a distance’of 126 cm}wseﬁ by a head resf.

All the display, timing, and scoring functions were

-

performed by the computer. .
Observers

Two obserbers, thg authdf (GM) and another male (Jy),
served in all thezéxperimenfs. GM was in his thirties, and
~with corrécted-to-normal* visual acuity. JY was in his
twenties, and.with normal acuity. Naive as to the purpose of

the experiments, JY was, as the author, an‘ experienced
| N
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psychophysical observer,

Method

In- the experiments répo}ted~ in this chapter, thé
observer was aiway; tested under two conditions by means of
a two-alternative, spatial forced-choice paradigm. 'In all
conditions, ‘the obaerver's task was to detect on each trial
a signal that was ﬁresgnted. embedded in- a ‘rectangular,
white-noise 1image. Such image, which subteﬁded 2°x1° of
visual angle,vwag partitioned iﬁ the middie by a thin,.black
vertical line, which delimited fwo equal-size hemifields, to
the left and right of it. Each such hemifield thus subtend®d
1°x1° of visual angle, and fitted exéctly the signals, that
were embéddgd in the noise on the basis of the following

7 2

procedure -

Igen (X-%X,,¥-y.) = Iy (x,y)+ S(x-%,,y-yY.)- S (3)

&

where S= signal, N= noise, x,, y.,= signal centre, S= space
average luminance of the signal.

Such a proéegEESdﬁggg chosen to approximate real
detection situations, where a signal, rather than being
superimposed on the background, is an integral part of it;
this method also prevénts detection in terms of pedestal

h

edges about the sjignal. Figure 1 illustrates a sample.of the
, . .
white-noige image used in these experiments, and the effects

of the embedding method described by equation 3.
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Prior toéthe beginning of the experiment proper, pilot

runs were carried out in which the energy of ea

defined by equation 12, pi122) _was systematxéally

. \
until a value was found which resulted in high and similar

detectability for all” the signals in the SSE condition gsge
below) of the experiments. The duration of this’ period
variable, but- rarely 1less than one hour. Sp?cial.éare was
taken to ensure that the observer had, by the end of this
period, achieved én asymptotic level of performance, A.brief
period of rest preceded the start of the experiment. . )

. Ah experimént included two conditions, each of which
consisted of a set of block of triasls (120 in most cases).
Each block of trials was preceded by a 'free inspection'
period, in which the signal(s) to be detect:d in the
forthcoming block ofltrials were continuously displayed at
high 2fntrast on.the TV monitor. . The obserVgr was requested
to 'refresh’ his knowledge of the signals. ?,

Within a block, a trial consisted cf the following
sequénce of events. The observer first fixated the‘Llank
display area, of the same average luminance as ‘he noise
image, and divided in the:hiddle by a thin, contihuously
present, black vertical line. The ob§érver proceeded when
ready by depressing a button on a hand-held response-box.

The noise image was then displayed for 200 msec, with a

signal embedded 1in one of its two hemifields. The observer

! Prior to this stage, it will be remembered, the observer
had been exposed to several hundreds presentations of the
.stgnal, during the preparatory period.
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indicated, by depréssing the appropriatf numbered button, in
‘which of ébe two hemifields the signal had been preéented.
The proportion of correct responses within a block was
recorded. i |

In the Signal Specif ied Exactly condition (SSE), always
the same signal was presented within a block of trials. 1In
the Signal Spécffied Statistically condition (SSS), any
member of the set of previouSly dgsplayed signals could be
presented on any given trial. '

In both conditions, a signal waé presented‘ an eqgfal
number of times on each side, in random order. In the 'SSS
condition, the signalé to be détected were each presented an
© equal number of -times[ also in random order. 4The
detectability of any giveﬁ signal in noise, for each
' observer, was thus determined twice: when the §ignal?w$s
presented alone, and when the signal was a member of a set
of signqls presented with equal probability within a block
of trials. o
- All the block of trials defining such experiment were

administered to each observer in a randomized order, and

w{;hiq the same day whenever possible.

~
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C. Experiment One.

Rationale for the experiment.

The att;mpt was made here to determine whether.humans
can use phase ‘information within the spatio-temporal
boundaries of this task. .

It"is well known, that, for thé SSE condition, in which
a perfectly known signal is to be detecteq,)n white noise,
the optimai detector device is the phase-sensitive
cross-correlazor (see .Peterson et al., 1954, or Green and
Swets, 1974, for a formal derivation of this result The
cross-correlation function is given by equation 10, p...)

The  ideal observer, in this condition, would
cross-correlate a replica of the expected signal with the
ﬁoise at all image locations,’ng select, as the one most

.

like{y to contain the signal, the lbcation which produced
the highest cross-correlation value. |
When, as was the case in the S§S condition, the~é§9nal
phase spectrum is not known, the optimal detectioh ;trateéy
is provided by +-e ‘'envelope detector’' (Green and Swets,
- 1974, p.168). Tr “tor formalizes the intuitive notion

that, if the r :e signal is not known, but its (peak)

rocedure is to measure, and base

frequency is, ’ <.

o,
the response {amplxtude of the frequency of the
j ma

signal, as such

de is independent of phase.
Other phase-insensitive detection strategies, such as

energy detection, probability summation, autocorrelation,
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are also possible. However, while most of such strategies
are as gqood as the cross-cd:relatdr at collecting the
signal's energy, none is as good as this device at rejecting
nojse. This basic fact explains why the cross-correlator, in
‘the SSE condition, is the optimal detector (a simple proof
of this. result can be found in Burgéss and Ghandeharian,
1984a, p.901). )
'The obvious consequence of this state of affairs is
that the ideal obsqrvef will suffer a reduction in
performance (which can be precisely calculated) when exact
phase information is not avallable. This 1is the case, of
course, because such an observer will be forced by the
stimulus situation‘to shift from cross-correlation to a
pﬁase-insensitivg detection strategy in moving from the SSE
to the SSS condition. An analogous result is to be expected
from the human observer, to the extent that the latter
follows, however suboptimally, the behaviour of the ideél
observer or, ?quivalently, to the extent that the human
observer can make use«ofiphase information, when the latter
is available‘in a simple, explicit form.
Adopting this logic, the experiment reported below was
carried out to establish whether phase-sensitive or, rather,
phase-insensitive detection models provided the appropriate

framework for understanding human behaviour in this task.

(N
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Method.

SSE condition: 8 Gabor  signals, with identical
bivariate géussian' width, orientation-(verticals, and peak
spatial frequency, but different phase angle ( 0 to 315 deg,
in -.steps of 45 deg) were individually presented for
detection, each signal being presented 96 times, for‘a,total
of 768 trials per observer.

SSS condition: the eight signals were pregg;ted
tcgether within the same block of trials, in random order.
Each signal, over the various blocks, was also presented 96
times. EacQh observer, thus, served for a total of 2x(Bx96)=
1536 trials.

In the case of observer GM, the signal's peak frequency
was set at 2 c/deg, and the gaussians (see eguation 1)
decayed to 1/e in .5 deg of visual angle (correéponding to a
spectral bandgidth of #2 c/deg). In the case of observer JY,
the corresponding values were 8 c/deg and ! deg (:! c/deg’
bandwidth) respectively. These signals are shown in Figure

2.

Results and discussion,

The results from both observers are presented iﬁ Figure
3, where the proportion of correéi.}esponses (P) is plotted
as a function of signal phase for both the SSE (closed
circles) and SSS (open circles) conditions,

As can be seen, detectability was no better in the SSE

than in the SSS condition, this being true for both

\I\



Figure 2. The signals employedﬁin Experiment One. The
numbers inside the squares framing each signai in the upper
half of the figure represent phase angle. The same ordering
of phase values is adopted in the lower half of the figure.
Signal bandwidth was, in the conditions of the experiment,
"t2 c/deg to 1/e decay for the 2 c/deg signal, and * c)deg
for the 8 c/deqg signal. The orientation of the peak spatial

frequency was vertical in all cases.
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Figure 3. Proportion of correct responses (P) for two
observers as a function of signal phase for both the SSE
(filled circles) and SSS (open circles) conditions. In the
case of observqr‘GM (a), the signal's peak spatial frequency
was 2 c/deg, in vertical orieﬁtatio;: and the width of the
bivariate windows decayéd to /e in .5 deg of visudl angle
(see Figure 2). In the case of observer JY (b), the

corresponding values were B8 c/deg and ! deg respectively

(see also Figure 2). .
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observers and thus for different peak spatial freguencies

K

and bivariate window widths of the signals.under study (GM,

,

'SSE: P=.94, sd=.ﬁo‘29; §SS: P=.923, sd=.03. JY, SSE: P=.927,

sd=.016; SSS: P=.927, sd=.033). R
f}e.decrement in perform#nce to be expected on the

basis ~#of the theory of ideal observers folldﬁing withdfawél
'

of exact phase information 1is, although not very great,

significant. Theoretical functions (Green & Swets, 1974) for
: pa ;

the various detection models for <conditions analogous to

those investigated'here le;d“;o expect a performgnce loss of
.at least 10 percentage poinﬁs (approx. 80% correct) in the
. shift . from' the cross?COrrelatof to the D?St phase
insensitive detector: Green & SQets (1974) can be consulted
for the formal derivation of the optimal detector for the
Signal specified exactly, "and Signal specified exactly
excepf for phase cases). - |

We are first confronted here..with a - non exactly
vdesirableq-‘ characteristic common to all the experiments in
which perfogmance is studied as a function of  uncertainty
about the bpafametric states of an input signal. Such
characteristic is that uncertainty is expected, ét least in
the case of ideal observers, to change little the absolute
level of defbction. We need, therefqre, to ‘attribute full
sign}ficancé to changes of modest E?gnitude, and,
convefsely, Eo the lack of them.

Both observers, in this éxperiment,‘Aperformed on

average very nearly 1identically in the two experimental

- f‘f‘?.ﬁ;:ﬁ ‘28
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conditions. We can @onclude therefore that exact phase

information did not contribute to performance in the task in
1

the SSE condition. The obvious consequence of this result is
that phase-sensitive detection models ¥crods-correlation)
can be regarded as being inappropriate for the

.characterization of the human observer's behaviour here.

1mply that human

‘This conclusion, gf course, needs not - and does not -
servers cannot, in general, ‘wuse

signal-phase information °, Indeed, Burgess and Ghandeharian

(1984,a) showed that human observers engaged 1in a signal
- N .

Y

detéction  task similar to the one employed here
outperformed, in. some cases, the best possible

-

phase-insensitive detector".

Importantly, however, in their study the observer§ ;yere
given unlimited viewing time, in constrast with the time
constraints of the present experiment.

It 1is thus possible‘%hat temporal factors play a méjbr
role in determining the observer's ability to use spatial
phase information. Limitations in the humans' ability to
Process such parameters were also uncovered by Kerlen (1983,
discussed by Burgess and Ghandeharian, 1984a), who showed

"that priqr knowledge of phase benefited the detectability of
low-spatial frequency sine-wave'signals~embedded in noise,
but not whenghe latter were temporally pulsed. |

It would be indeed surprising if they could not. As
repeatedly shown (Oppenheim and Lin (1981), Caelli and Bevan
(1982), Caelli and Moraglia (1986b)) in the case of complex
images, image structure, to which humans are obviously
sensitive, is largely contained in the Fourier phase
spectrum of an image.

A
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It is thus clear that, while humans can use 3 priori

L4

phdse information, there are limits to this condition, time
co raints being one of the likely candidates in

determining these limitations.

while the problem of the factors which determine _the
humans' ability to use phase information is important, such
problem was rot at the center of the present experiment.-

Here, the issue of phase was raised to decide in general

'S

whether phase sensitive or rather phase insensitive
detection models  ought to be regarded as more appropriate
for the understanding of behavior in this task. The answer

to this question, as sseen, favors the latter class of*
\ : -
models. Analogous ¢onclusions will be drawn from the results

¥

reported in Chapter Three, which studied performance in a

more complex detection situation, .
In the next experiment, the effects of uncertainty were
investigated with respect to another signal parameter:

spatial frequency.
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D. Experiment Two.

Rationale for the experiment. ~ '

The results of Experiment One, ~as we have_ seen,

-

suggested that detection models based upon theﬁé&irect

.cross-cérrelation’between the signal and the noise imége méy\
not be appropriate for an undefstandihg of per%ormance in
this task. These same results, however, are not incompatible
with multichannel models of spatial signal detqgﬁion, and
some 65 the predictapns from these models were directly
investigated here.

The spectrél bandwidth of the signals émployed in this
experiment (see method section below) was very narrow,

ing to 1/e in * 1 cytle;deg. We were thus, effectively,
‘ng here with a close approximation to the much used
'spatial frequency gratings', the ‘'canonical stimulus' for
the investigap{on of the résponse characteristics of
putative spatié} freﬁuency channels. Furthermore, the
minimal separation between the closest peak frequenéies of
such signals was -at least a factor of two. This is
sufficient to ﬁnsure, according to well established models
of spatial frequenéy processing, that each signal would
stimulate completely separate spatial frequency channels

o

(see, e.g., Watson, 1982, and Wilson et al., 1983).

The experihental conditions Aarranged . here were,

therefore, appropria}t for a strict test of the ability of

multichannel models of spatial frequency processing to
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A

account for signal détection in conditions 6f“unce;tainty.
In such models (seg, e.g., Davis, 1981, Davis and
‘Graham, 1982, Davis et al., 1983, Yager et al., 1984), the
observer is assumeé to be perfectly.able to monitor the set
of detecting méchanisms which are optimally respdnsive to
the - signals’ frequencies.‘ We can here conceive of these
mechanisms as localized and spatially distributed detectors
acting - as linear spatial filters. Each oft these f}lters is
thus charaq;erized by a weighting function whose response is
essential%y 'restricted td a limited rahge of spatial
frequencies. As the possible signal locations are known, the
observer will resfrict his attention to the corresponding
regions of visual space. _ -
# ' In the SSE condition, as the signal to be detected on
each trial is exactly specified, the observer will only
monitor the detectors which are most responsive'to the
signal's peak freguency. In the SSS condition, due to
uncertainty about the signal's frequency, the observer will
monitor all the mechanisms Pptimally reépo&sive to each \of'
the various signals' main frequencies. This has the effect
of increasing the total amount of noise, both external and
internal, that the observer is attending to in comparison

with Fhe‘SSE condition.

On the basis of this common set of assumptions, several
detection models can be generated, wHich .differ from one
another ih terms of their ‘'detection rules'. The latter

specify how the output from such detectors is weighted in

{
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[} * -

”//'order to arrive at the figgl detection response.
In the adding-of-outputs detection rule, the outputs
from the various detectors ,are added within each spatial
"interval, and thg obse?vef chooses the interval which
produced the largest combined output. In terms.of this fule,

the p;obability of correctly reporting the stimulus interval

for stimulus 'i' in the SSS condition is given by

'd

d';(s)='a";(e)/vM | mﬁ

where d'j(e) * is the sensiﬁivity measure obfained”for
signal 'i'. in the SSE condition, and M is the number of
monitdred. detectors"(see eng. Green (1958) and éreeégyﬁ
(1960), for a formal éerivatioh of this result). M 1is, in

, \ "
this experiment, assumed to be equal to the number of

signals. This assumption is justified on the basis of the

available evidence on spatial frequency channels °.

‘* The d' values were obtained from a revised table of da' for
M alternative forced- choice (Hacker and Ratcliff 1%79) .
This table is based on the numerical evaluation of the °
expression ) -

+ o .
p-/ ¢ (x-d') » d(x)M lax ' : (5)

were P is the proportion of correct choices, M the number of
alternatives, and ¢ and & represent the ordinate and
area under the lower tail of the unit normal distribution.
This integral is interprgted as the likelihood of a sample
value from the signal distribution exceeding all of the
sample values from M-1 identical and independent noise
distributions. The Values given by this “able are more
accurate than those provided by the commonly used Elliot's
(1964) table. - ‘ . -
*Only by making this assumption it is possible to conceive
of ,this experiment as a test ofdépe ability of such models
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At the other extrbme of the family of detection rules
is the maximum-output rule. This rule too postulates that

J
the observer monitors the output of all relevant detectors

’

in each spatial interval. In this case, however, the

-

response is exclusively dependent upon the identification of
a single detector: the one whichh produced the greatest
output. The spatial interval in which this output was

registeied 1s chosen as the one most likely to contain the
¢ ‘/ N * B

signal, On the basis of this model, the probability of

correctly reporting the stimulus interval for signal 'i' in

’
-

a SSS condition is ~

Pi(s)= Pip+(1-Pip) - [(n=1)/(m-1)] ' (6)

}

where P;y is the probability that the channel :specifically
reponsive to stimulus i produced the largest output in the
stimulus interval, m=2n is the total number of outputs, aﬁd
n is the number of monitored channels. (1-Pijpl(n-1)/(m-1)]
represents-the probability that the l;rgest response be
produced in the stimulus interval by any of the channels non
specifically responsive to the stimulus. Inkthis event, of

course, the observer still chooséds the correct interval (see
*(cont'd) to predict uncertainty effects. It is also
possible, of course, to make no a priori assumption in that
regard, and use experiments such as this one to 'estimate'
yet again bandwidth and number of spatial frequenchy
channels. '

~ We prefer the first alternatiwe, as it allows to make
use of extensive available knowledge, and provides an
important empirical test ¢/f the ability of current models to
predict performanc® in tasks other than those (most simple)
from which such models originated.
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Creelman, 1960, and Davis, 1?8!)!; This model is a good
approximation to the behaviour of an ideal observer which
uses information from multiple 'mechanisms in an optimal
manner (see Nolte and Jaarsma, 1966, and Green and Weber,
1980): As such, this model predicts the least decrement, as

r
‘a’c function of uncertainty, of all the models here

considered. ’
” It will be moted thét S5uch models do not directly
incorporate the possibility of adaptive processes in
detection, in the sense previoﬂsly defined. The effects of
uncertaint§ are assumed to bé equidistributed among the set
of detectors involved in a given detection fask, and the
latter are taken to be fixgd and invariant in their response
chafacteristics. Furthermofe, the effect§ of uncertainty
a:e; in this view,-signal-depéndent only to a very iimit;d
and restricted extent. That is, the spectral characteristics
of the signals to be‘detected, and their number, will only
determine which subset -of filters - by definition those most
sensitive to the spatial frequgﬂkies of the signals - will
be monitored by the observer engaged in a detection task.:
The question of how the output fiom the .individual
filters’may be combined to result in the final detection
response - whether, e.g., by an ;dding—of-outputs or a
maximum-output detection rule - is a}so investigated ih a
way that implies  independence \from any given detection

situation. The Qquestion asked is, again, what 1is THE

detection rule used in detection tasks rather than, for

y
-

’
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example, under which conditions the observer may be induced
to adopt one or other detection rule. Experiment . SeQen, in
Chapter Three of this dissertatiog, directly addresses the
issue in thé latter form, obviéusly more in tune with an
adaptive view 6f the global detection process. ‘

In the present experiment, the occurrence hof adapﬁive
processes, if they indeed do take place, shall be revealed

by form and direction of the deviations of the experimental

results from such non-adaptive models.

Method.

'Experiment Two' consisted of a set of five separate
experimental sessions in which different sets of signals
were employed. Each such session is individually discussed.
An overall description of Experiment‘Two can be given as
follows: \

SSE condition: Overall, 5 Gabor signals were
individually presented for detection. For all such signals,
the width of the bivariate gaussiaﬁs decayed to e in ! éeg
of visual angle, corresponding to a spectral bagidth of *1
c/deg. The peak spatial frequencies of such signals werg
1,2,4,8, and 16 c/deg respectively, in vertical orientatign
and with zero phase. These signals, .in clear and
norse-dedraded form, are shown in Figure 4.

An individual block of trials 1in this condition

consisted of 120 presentations of the signal in noise.
{



Figure 4. The signals employed in the various sessions
of Experimené Two, 1n sclear and degraded form as in the
experiment. Signal bandwidth was fixed at *1 c/deg decay (to

7,7 -

1/e) about a spatial frequency, the latter being always

vertically orienteé and with a, 0 deg.phase angle.
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SSS condition : Several sets of three or four signals
each were employed here. The elements of such sets were
chosen from among the signals employed in the SSE condition,
Within each set, the signal's peak freqguencies were
separated by at least one octave, and by at most £our
octaves. Each block of the SSS condition also consisted of a
total of 120 trials. Three or four bloc;s were thus needed
to equal, in this condition, the number of trials that each
individual signal was tested within the corresponding SSE

condition,.

In total, each observer received 2640 trials.

Session One.

3 Gabor signals were USeSP Their main spatial
frequencies peaked at 1,4, and 16 c¢/deg, being thus
separated by at least two, at most four octaves. | i

To comple;e 120 trials per signal in the SSS condition,

three blocks of 120 trials each were needed, each signal

being presented 40 times in each such Block.

Results and discussion,

The overall results of this experiment are presented 1n
Figures 5 (a) and (c), which plot the proportion of correct
responses for two observers as a function of signal
frequency for both tge SSE (filled circles) and §SSS (open

circles) conditions.



Figure 5. (a) and (c) show the proportion‘ of correct
responses (P): for two observers, as a function of signal
peak frequency, for both the SSE (filled circles) and SSS
(open circles) conditions. ,The peak spatial frequency of the
signals is plotted on a\iogarithmic scale. Each data point
was computed over 120 trials, obtained, in the SSS
condition, in three blocks of 40 trials per signal. The
results from each such block are separately plotted in (b)
and (d) (triangles: trials 0-40, open squares: trials 41-80,
filled squares: trials 81-120). The broken (filled
triangles) lin: in (a) and (b) represents overall detection
probabilities for the SSS condition as predicted by‘the

maximum-qutput dot'..gon rule (see equation 5).
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Averaged over spa{ial' frequency, the performance of
both™ observers was‘ver; nearly the same in both conditions
(GM, SSE: P=.864, sd=.005; SSS: P=!875, sd=.047. JY, SSE:

=,878, sd=.027; SSS: E=.872, sd=.054). The broken (filléd
triangles) 1line represents the proportion of correct
responses to be expected in the Ssé condition in terms of
tﬂe“maximum output detectioﬁ rule (see equation 6). This
rﬁlé, it will be reTembered, is optimalgin the conditions of
this experiment, and would thus lead to the Jowest . possible
perfotmarce loss as a function of signal uncertainty. The
decrement .7 performance <o be expected on the basis of this
rule 1is, in fact, quite small (GM, SSS: P(Expected)= .755;
JY, SSS: P(Expected)= .766). Such decrement, howéver, did
not take place, or so the overall results sgggest.

It is intrinsic to the logic degfi;ibgg,dhcertafnty
experiments that the lack of detettability lbsSéS'fq}lqgﬁﬁg
reduction of information about a gignal Qaramétef’may not be.
taken to imply that tge obsegve;-fs‘peqforming better,;ﬁSn
the optimal detectién-,écheme. This is, by the very
definition of the latf;r an impossibility. Such lack of an
efbéct of uncer@glnty 1s,»rather to.bei attrﬁbute&#[tg' the
fact that theﬂummn observer, even infﬁhé SSE céﬁaition, is
subjectively 'uncertain' abput in this instance, the .exact
spatial frequency of the s1gnal& |

;gfo ;§count for the f1nd1ngs under discussion here in

. terms of the models'descr1bed above, in particular, we would

have to assume that the observers weré unable, in the SSE
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condition, to narrowly 'match' the expected signal's peak
frquency or, equivalently, to exclusively monitor the
channel most responsive to such frequency. We should
postulate, specifically, that even in the SSE condffion the
observer attended to a large frequency region about the
signal's peak frequency. To a region, in fact, extending at
least fqQur octaves. Only under such an assumption we can
'explain' the/‘iack of uncertainty effects in ﬁhe previous
experiments. U |

Of Eoﬁrse, these resuits reveal the- inadequacy of some
of the assumptions underlying su¢h models. We may have to
admit that the models' tenets about the observer's ability
to selectively attend to a narrow range of spatial
{requendies may be wroné. If wegpanted to maintain this
crucial assumption about the attentive capabilities of the
observer, we ;ould have theﬁ to assume that the bandwidth of
such channels is much larger than expected so that, in
effect, the signals, in the SSS as in the SSE condition, all
"fell’ within the same channel. In the latter case, however,
the whole idea of a substratum of spa;ial frequency channels
engaged in a Fourier analysis ‘of the input loses any
plausibility. The ‘'analysis' performed by such'wide;band

¢

channels, in fact, would be uselessly 'coarse' (we assume in
‘ ‘.
this discussion that the number of .spatial frequency

channels may be invérsely zéiated to gheir bandwidth).

- . : i d W . .
The overall ?indingsfciﬁthis exper?men;, thus, point to
}Elosér, examination of , the (in)ability of

5 ®
P *

T

the need for a

15

\
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current multichadngl models of signal detection to account
for uncertaingy effeéts. Figures .5 (b) and (d), however,
reveal an aspect of the data that was hidden by the
presentation of the results from the SSS condition as in
Figures 5 (a) and (c). |

In Figures 5 (b) and (d), the proﬁortions of correct
responses obtained in the SSS «condition are plotted
sEparately for eack of the three bjocks of trials needed for
this'condition. As cén be seen, for. both observers, and in
all such blocks of trials, one of the three signals was
always less detectable than the other members of the set.

This only occurred with the 1 or the 16 c/deg sggﬁal, never
e g .

with the center signal. While it 1is entige
attribute these findings to the

-

least plausible to speculate that the 148 ate in fact of
grgpter interest, If so, the lack of uncertainty effects
foynd in this experiment and»'revealed' by Figures 5 (a) and
(c) is then just the result of significant deviations of
oéposi;e sign canceling each other in the averaged curve for
the SSS condition.

The form of the results presented in Figures 5 (b) and
(c), in addition, suggests the following hypothesis. These
results could orfginate from an observer whoncan optimally
and'gglectively attend, within the spatio-temporal bounds of

‘this :task, to a spectral region approximately two octaves

wide. In the SSS condition, such observer would d%tect
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without loss, on each ‘trial, two of the three possible
.signals, when they are no more than two Octaves away.
Signals outside this region would be attenuated to various
degrees. While many questions are raised, by this conjectg&e,

the latter appears at least worth Investigating, as in the

mext Session.

Session Two.
// 4 Gabor signals were employed here. Their main spatial

frequencies were 2,4,8, and 16 c/deg‘ respectively. Each

observer served in 2zx(120x4)=960 trials.

- v

g Y
N

Results and discussion.

An observer with the characteristics outlined above,

namely a 'préferred' spectral tegion in the stimulus space
about two octaves wide, plus: the ability to behave
adaptively by minimizing signal loss in an uncertéinty
situation, wouid select the region in such a way that the
center of the latter is in the 4 or 8 c/deg regions. In this
case, .signal loss will ‘be mostly confined to onebsignagf
only, the one with peak frequency of 2 or 16 c/deg
respectiveiy. N
w The results for both observers are presented in Figures

w

6 (a) and (c), which follow all the notational conventions
previously defined. For both ob§ervers, the greatest loss in
signal detectability taking place in the $SS conditions

occurred with the 16 c/deg signalé GM, P(SSE-SSS)= 134, JY

hY



-y

L

Figure 6. Proportion of correct response's (P) for two
observers as a function of signal peak frequency for both
the SSE (filled circles) and SSS (open circles) condition.
(a) and (c) show values for four spatial frequencies
separated by at least one octave in the 2-16 c/deg.ran‘ge,

(b) and (4) fo%spatial frequencies in the range 1-8 c/deg.
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P(SSE-§SS)=.07. «The loss for the other three signals,
aQeraged over ‘the latter, was minimal'or non-existent|(GM,
5{5&3—555)-.02, JY, P(SSE-S$SS)=-.005). ' Averaged over
observers, a negligible los® (P=.0075) was associated with
the 2,4, and 8 c/deg signals in the SSS condition, while the
highest* frequency signal suffered iﬁ this condition a
detectability. 1loss indexed by a 10" déC{ease in © the
proportion of cogrect ;esbonses It is hardlﬁ necessary to
point out here too that no great detectabil@ty losseé are to

be expected frém uncertainty experiments and that,
LY -

theré"'e, variations of relatively modest magnitude as.
those found 1in this experiment. are to be \regarded as
important. '

The results of this experiment, thus, are consistent
with the behaviour of an, observer whose char;cteristics
include a tendency to -selecﬁ a 'preferred region' in the
stimulus space within which the effects of stimulus
uncertainty are fAullified. In the conditiens of the
experiment just discu;sed, both observers 'chose' to attend
preferen;ﬁglly to a middle-spatial frequency region (2 to 8
c/deg), with consequent reiative éttenuation of the,
high-spatial freguency signal (16 c/deg). It is of intergst
to see whether this 'preference' will ’be maintained when

some change is introduced in the stimulus space of- the

experiment.
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s

Session Three.
4 Gabor signals were employed here. Their main sbﬁ&ial

frequencies were 1,2,4, and 8 c/deg respectively. Each

observer served in 2x(120x4)= 960 trials.
»

b

Results and discussion. .

The signals were, in thﬁs Session as in Sessién'fwb,
separated by at least one octave. They jointly delimited a
three~ocfave spectral space thch we may regard, in term of-
our hypothesis, as the smallest possible‘ stimulus région
within which the eLfect; of interest may become visible.

The results of this experiment are plotted as befofe,
in -Figures 6 (b) and (d). As tge data are»samilar écross
observers, they need not be discussed separately. The trend
of the results from this experiment is very similar to that
of the results from the . previous Session. Here too, the
losses in detectakility 'associated with the uncertainty
condition, in comparison with the Signal specified exactly
condition, were mostly concentrated on one signal (the 8
c/deg signal in this Session).

The relative d;tectability loss agsociated with one of
the signals in comparison with that of the remaining ones
was also of similar magnitude in both S;ssions, being
i&xed by a 1gss of 11.3 points in the percentaée of
correct responses, a loss\of 9.3 points being registered in.

Session Two. The two sets of results differ in the absolute

magnitude of the signal losses across the experimental
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conditions. In Session Two, three of the four signals
suffered on average a negligible decrease in detectability (
5-.6075), the fourth signal undergoing a loss of .10 in the
proportion of correct responses. The corresponding values
for this Session were P=.05, and P=.163.

It is not easy éo ac&ount for this difference. 1t
should be noted, however, that' the signals 1in the SSE
condition wef;,,in Session Two, slightly more detectable, on
average, than those 1in Session Three (Session Two: P=,95,
Session Three: P=.90). Slight differences in signal energy
produced these variations in  detectability across
experimental sessions in the SSE cendition. It is possible
that such differences in signal detectability, however
small, may Be at the origin of the effect under discussion.

Despite these differences, however, the results from
Sessions Two and Three can be attributed to a common 'lgggc'

>
underlying the deteftion process under conditions of signal
uncertainty. This 'logic', as we suggested, 1is co¢ne of
selective 'grouping’' of a set of signals 'contiquous' in the
stimulus space for 'optimal' processing, accompanied by the
perceptual attenuation of signals outside the set.

It is therefore to be expected that ‘'unselective'
models of signél' detection under uncertainty be unable to
provide a satisfactory account of behaviour. In Figure 7,
the results (solid lines, squares) for the SSS condition for
both observers from Sessions Two—(a,c))and Three (b,d) are

plotted together with the predicted proportion of correct



Figure 7. The results for the SSS conditions of
ses;ions Two (a,c), and Three (b,d) of Experiment Two are
replotted from gFigure 6 - all the conventions being a¢ in
the latter -, to%ether with the expected values according to
the maximum-output (triangles) and adding-of—outpﬁts (open

circles) detection rules (see equations 6 and 4

13

respectively).
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responses according to maximum output (broken lines,
triangles) and“ndding-of-outputs (broken lines, open

circles) detection mo
B "2,

It is evideWt thi;:cﬁé results are not well represented
by either model. Thé decrement in detectability was less
than expected in terms of both models, in both Sessiong ’and
for both observers, for three (contiguous) signals of each
s:t. The maximum output detection mddel (triangles) fares

better with regard to such signals, and thus in general, és

it predicts a lesser decrement in detectability than the

other model. 'The former model, however, underestimates the

3

detectability loss as jated with the fourth signal (the

adding-of-outputs predicts the correct decrement for

this signal, but at the e nse of greater imprecision with
respect to all the others, and is thus even less appropriate

than the alternative model). ‘

To appreciate the reldvance of these deviations from
the expected values, the following statist}cs are of
interest. Averaged over sessions and observ;:s (as thé
individual sets of data all follow the same trend) the
maximum-output detection rule predicted a decrement #n
pefformance of just P(SSE-SSS(Expected))=.079. For the three
‘contiguous' signals the model overestimated the effects of
uncertainty by P(SSS(Obtained)-SS5S(Expected))=.049. For the
fourth signal, on the other hand, the model underest Imated

the effects of . uncertainty:

P(SSS(Obtained)-SSS(Expected))s-.054. These two. figures,
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whdg' compared with the expected average size of the effect,
acquire a «clear significance. The averaged obé!ined
decrement for three of the four ;ignals, computed as above,
vas P(SSE-SS5)=.03, while B(SSE-SSS)=.131 for the fourth
signal. Here too, against an average dearement of just
P(SSE-SSS)=.055, the former figures clearly reveal the
selectivity of the uncertainty effect. ’
The above results allow us to conclude that such models
do not provide an accurate enough account of the effects of
huncertainty, since they fail to take into consideration the
possibility of selective processes. At the same time, it is
important to ngke that the observed magnituqF of the
Jhcertainty effect 1s such that these models, being among
those tha:"gredxét the least(-dgy:ement as a function of
™
uncertaxntgﬁ ﬁ?bvide i;heu:éstﬁgauly eful starting point
tot‘;heVQnaIysxé’qgafggh ef!tutgﬂﬂgd thd&r O.ﬁ&ln
o 31t§1néﬁxhe flogic gf 3".i?%hpde;s,' the ~lack of an
7@ eXgected .Qec:omeng, id xE%cﬁngd th ” " fact that the
ob rver,frxn the SSE comdxﬁ}og; dgd not exactly 'match’ the

-~ h ) o .
s £reqﬁency but, rather, attended to a set of

B

+

si

fr c1és wt&hln .a range. As a result, no effect of
udwe;tgxnty is to be " expec;ed in the SSS cond1txon for the

ggndls "éallxng thhln this same spectral region. We may

q-;&uh!ther the maximum output detection model could be made
'." .

4%” ‘Igovide a better fit to the data by taking this
P ility into account.

!
v
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On the basis of the results, we coJ&d assume that the

observer did monitor, in the SSE condition, frequencies in a
band extending about two octaves, or that in such condition
he monitored on all trials not one but three spatial
frequency channels (see, e.gq, Watson, 1982)l With this
assumption, the amount of additional uncertainty introduced
in the SSS condition would be reduced in comparison to the
previously tested model. We may assume, therefore, that n,
in (6), was effectively not greater than 2, or that . in the
SS§ cgndition the observer performed his task by mdnitoring
just one additional band of freéxincies. Under the above

=
v

° t
assumption, three contigug als will. fall within a
single band, a fourth signalﬁv@‘ attended to in a separate

pand. .
’ »

The effects of uncertainty predicted by this

implementation of the model are cd‘gared to the observed

results in Fiqure 8., The filled " “Bguares represent z

contiguous signals separately for each observer and Session
(One 4and Two); the open squares represent the corresponding
values for the fourth signal. A reasonable fit is obtained
¥
in this way for the 'contiguous'’ signals.grhe proportion of
correct responses ex ed for the fourth signal is howéver
now overestimat/fng the actual values, in contrast with the
previous implementation_of the model. The effects of

selectivity, thus, cannot be removed with simple

manipulations of the models' parameters. L

s

. ) N \‘f
proportions of correct responses averaged over threeg
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Figure 8. Obtained versus predicted proportion 'of

‘correct responses - for the SSS condition, based on

predictiohéﬁfrom the maximum-output detection rule. These
predictions were obtained by assuming that n=2 iﬁ equation 6
(see text), Closed sgquares represent. values obtained by
éyeraging the 'proportiqn of correct responSes‘ in both
conditions over three neighbbring spatial frequencies as
explained 1in the text.‘The open square's denote values for
the reméining signal frequency or each of the . corresponding

' . L . :
sets of signal presented for detection to the observers.,

’ - A

9
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All the results obtaineq SO far.reveal that the effects
of uncertainty were highly selective. Such results suggest
the possible existence of a ‘critical band' of frequencies,
of approximate extent of two octaves, (* 1 octave around a
cenger frequency) within which the ;ffects of uﬁcertainty
are minimalx while signals falling owtside ghis region aré
bartﬂ%]ly lost to the ogsérver. Thié band can Be'assumed to
be 'movable', in the sense that it’cgn,’be centered around
any peak frequency 1in the SSS (as in;tw|‘gSE) conditjon.

"While the positioning of this band may or not be under
cégnitive control, in most cases the band apbear to be
adae;ively centered around oneb of the .frequencies that
maximize the probability of thecting the great:st number of
signals in the SSS condition.

Such | interpretation of the results ‘is‘4prima facie
reminiscent of early models of frequency detection in
psychoacous;ics (see 'Gre;n #nd swets, 1974), According to
such modeis, the observgr acts as a unitary band-pass
réce?ver, iﬁ’ which the éenter frequency, but not the
bandwidth, of the receiver can be adjusted. Whgn the signal
to be detected 1is exactly specified, 'the‘observeQ will

’
position the filter's center frequency at the value of the

signal's main frequency.®* When, however, the signal's

frequency is uncertain, the observer will be attending on a

certain number of trials to the wrong frequency region. The

probability of correctly reporting the stimulus interval for

signal i in the SSS condition is thus:

‘ ¢
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X .
Pi(s)= a P;(e) + (1-a)- 0.5 . (1)

t

‘where Pj(e) is the probability of correctly tepﬁfting é‘

. given stimulus i under conditions of certajnty, and a.is the

proportion of trials in which the -observer monito%s the

mechanism most responsive to the stimulus. When the observer
does not monitor the relevant mechanism, he/she is correct

only by chance.

Under the hypothesis that this band extenHs about two

4

octaves, the observer would be able, in the SSS conditidh,
to aktend without loss to three 'signals. It -is immediatel}

by
clear, however, that such a model .is unfit for the data,

]

because it predicts too great a decrease in detectability
for the signals falling outside the band (see equation 7).
This model 1is not, however, entirely devoid of

interest, as _it shares some traits with the available
)

results, and suggests in add1t1on further tests of 1nterest1
LN

The former we already noted. As to‘the latter, the moderl

suggests that if Ehe effects of uncertainty are centered

—_—

about a range "of frequencles, then they -might also be tuned
Frequ°nc1es furthest away from this center, in other words,
could be perceptually attenuated to a greater extent thQD
frequencies nearer to the center of the band. This result
could originate, in particular, from the shape of the bana.
A tuning efféct cQuld'be expected, in fact, 4if the band's
.ghape, réthe? "thap bg@pg}re;tangula% (as in ideal bandpass

mechanisms, implicit in equation 7) apprbaches biologically
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plausible forﬁs (as described for example' by Gaussian or
exponential decay functions). Models of .detection under
conditions of uncertainty asbdescribed by equations 5 and 5,
on \the Sther hand, . lead us to expect no tuning of the
uncertainty effect - being equidistributed over the channels

of the set involved in the detection task. The above issue

is addressed in the next Session of this experiment..

)
Session Four.

Four Gabor signals were used here, Their spatial
frequencies peaked at 1, 2, 4, and 16 c/deg respectidely.

While three signals of the set were thus separated by one

__octaye from their immediate neighbour, the fourth signal was

at least two octaves apart from the nearest signal.
As this Session took place on the same day- than Session

Three for one obqp?ver (GM), values for the SSE condition

for the 1, 2, and 4 c/deqg signals were the same as in the

latter Session. As before, ingﬁvidual data points were
obtained from at least 120 trials for observer, for a total
of 2x(120x4)= 960 trials. S
Results and discussion.

The most 1interesting predictidn here is that the
perceptual attenuation of the 16 c/deg sigﬁgl should be more
severe than the,attenﬁation of the 8 c/deg signal in Session
Two, 1if a number of previously made assumptions about the'<

observer's behaviour are correct. .This® result is to  be
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‘ -

expected, specifically, from an obsef@eg who attended to the

5

signals, in both sessions, throug?ﬁa'ﬁ!pdlimited ‘window'

with ﬁhe following properties. The w

. o
10n which is

-

’,pw”éan be ymoved, and
centered about a spatial frequencY;:vhba bosiii

optimal with respect to a criterion sucﬁ‘as the'maximization
of the number of signals falling within *1 octave of the
window's center. The window's shape, in fact, is such that
signals failing . outside this region are perceptpallyA
attenuated, the magnitude of this attenuation increasing
with increasing distance from the spectral center of'the
aperture. In this Session, the window should have been

centered' about the 2 é/deg signal, as in Session Two; from

A

here the above predictions. . .’

The results of this experiment are presented in Figure
9 (b) and (d), and the corresponding results from Session
Three are replotted in (a) and (c) respectively. In.the case
 of one observer (GM) the predictions made above are fully
respected. Alfhough averaée Signal detectability was the
same in the two Sessions for the SSE conditionv (Ses;ﬁon
Three: P=.89, sd=.04; Session Four: P=;8Q8, sd-.04%), the
detectability loss associated with the 16 c¢/deg signal ink
Séssion Four was greater than for the 8 c/deg signal in
Session Three “Q c/degq, P(SSS-SSE) =~ 15; 16 c/degq,

P(SSS-SSE)=-.275).

The results for the other observer (JY), however, were

rent.  The losses in detectability due to uncertainty

Jtthe signal’'s peak frequencyswere distributed over the®
% ; | |



Figure 9. Graphs (a) and (c) are replotted from Figures
6 (b) and (d), for ease of comparison with- the corresponding
results from Sessfon Four of the experiment. In this iatter
case, the signal péak freﬁuencies were 1, 2, 4, and 16 c/deg

" respectively.
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9
signals at the 'extremities' of the set. While signal loss
for the 16 c/dgé signal was less severe here than for the
other observer, the combined 1loss from the two extreme
;ignals approached for this observer the magnitude of the
logs associated with the 16 c/deqg signal for observer GM (B
(SSE-SSS)= ,243 vs .275 respectively).

An explanation of this discrepancy among observers éanv
Be given in the following terms. Observer JY adopted a
different detection strategy than the other subject. Rather
than positioning the center of his 'band’' around a 2 c/deg
spatial frequency, this obgerver set this band around the 4
c/deg frequency, thus effectively electing the 2-8 c/deg
frequency region as the one in which signal loss was to be
minimized. By %o doing, however, he accepted a loss of
sizable magnitude for two signals, although neither of these
signals would, as a result of this strategy, be as severely
attenuated as in the other observer's case. According to
this explanation ggberefore, the 'tuning' effect was present
in the case of ob;;rver JY as well, although this effect,
due to the positioningbof the band around a different center
frequency, manifested itself differently.

agfs explanation is justified on the basis of these and
prev;@hﬁ results, and makes explicit another attribute of
the &5server s behaviour in conditions of uncertainty. Given
%pat the observer must accept some loss due to uncertainty

about a signal parameter, and assuming that this loss may

n ~
amount to some £iwpd quantity in a given detection
®
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‘situation, the observer may'stfll be '"free' to 'choose' from
a few alternatives how to distribute this loss over the
various signals, possibly as a function of task
requirements, perceptua’ “iases, nature of stimuli etc.
Indeed, inter-observer variability was a mbst of ten reported
finding from analogous experiments in auditory psychophysics
(see Green and Swets, 197?, for a rev{éw). ‘,
The ‘'issue of inter-observer variability and its
determinants cannot be addressed here. A point in connection
with the above discussion shouid however be made explicit.
To assume that an Observer may be in a condition to 'choose'
from a class of detection strategies, possibly as a function
of task requirements, may be seen as suggestive of cognitive
determinants of the detection process. Indeed, the theory of
sig?al detection made it clear that such determinants are a
component of the detection process even in the simplest
possible conditions. It 1s important to realize, however,
that selective processes of the type investigated here need
not be necessarily cognitively determined. It is entirely
possible that processgs of this nature take place
independently from conscious strategies by the observer.
Indeed, as discussed in Chapter Four, distinguishing
betweén sensory, attentive and cognitive interpretations of
such processes is extremely difficult, as all share in most
cases a common 'logic'., This issue Qell deserves a whole

dissertation by itself, but cannot be addressed here wvhere,

Wore simply, we are attempting to establish the very
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existence of basic forms of selectiyity in visual signal
detection, ¢

It may however be worth reporting here a simple
exploratory study conducted >within the context of lthese
experiments, and which 1is suggestive of a non-cognitive
origin of some of the forms of seleétivity investigated

here,

Session Five.

Only one observer (JY), as the other (GM) was not naive
as to the purpose of this study, served here. This observer
was requested, as before, to report signals in both the SSE
and SSS conditions, the spéfial frequencies of such signals
peaking at 1, 2, 4, and 8 c/deg as in Session Three. As the
data from that Session had revealed a significant 1lossg in
detectability for the 8 c/deg sidnal in the ss§ condizion.
(see Figure 6(c)), the.observer was here, prior to the start
of the §SSS conditien, and while being shown the signals,
instructed as follows: "You did not, in a érevious
experiment, correctly report the location of the 8 c/deg
signal as well as the others'. You can see this signal on.
the screen now. Your primary objective, in the nex: blocks
of trials, should be to improve your success in correctly
reporting the presence of such sign;T?‘Compatibly with this
objective, you should alsé try and correctly report the

location of the other signals at the best of your ability."
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The observer served in 2x(4x120)=960 trials.

Results and discussion.

The results are presented in Figure 10(b), while the
corresponding values from Session Three ar; represented in
Figure 10 (a), to ease comparison.

As can be seen, the lgss in detectability associated
with the 8 c/deg signal in the SS§ condition was reduced in
comparison with the . results from Session Three (Session
Three, P(SSE-SSS)=.175; Session Five, P(SSE-SSS)=.125). The
detectability cf the remaining signals in the SSS condi;ion,
however, was on average higher than for correspond{ng values
from the SSE condition (B(SSE-S5S)=-.407). It is thus
reasonable to assume that the instructions indeed affected
behavior, possibly by raising the general level of attention
with which the observer performed the pask ‘. On this basis,
we might use the average increase in detectability for three
of the signals in the $SS condition in comparison with the
corresponding values for thi.§S€icondition as an index of
the effect of this factor (gene;ga level of attention) on
performance. It is easy to see that this factor, if treated
as a constant, is of the right magnitude to account for the

‘This general level of alertness may also depend upon task
difficulty. In Session Four, observer JY performed better in
.the SSS than in the SSE condition for two signals 'inside’
the band (see Figure 9 (d)). In this particular SSS
condition, the observer had to attend to a spectral region
wider than in all other corresponding cases. 1f this factor
resulted in an increased level of task difficulty, the
dObserver may have been prompted to increase his general
level of alterness, thus improving his general efficiency at
reporting the presence of all the signals.



Figure 10. Graph (a) is replotted from Fidhre 6 (d);'w
L .
(b) is the corresponding graph from Session Five, . in fyhicﬁ'
g v

N . i !
the observer (JY) was, in the SSS condition, explicitly .

D N

instructed to maximize the probability of a"'cgrréct

detection of the signal with peak frequency of 8 c/deg. A
’ ‘ — ._ b I o
LI
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‘reduced relative lOﬁP in detectability suffered by the 8

el /
c/deg signal in Session Five in comparison with Session

Three's.
PO

However, wh}le the instructions didﬁgave.an effect on
performance, such efféct‘was not oﬁe'of altering the 'logic'
of the grouping operations occurring in such task. Here as
im Sessifn« Thfée, in fact, the distribﬁtiqn of the effects

'of‘uncertainty over'the four signals in the §SS, condition,
fol;ow%d the same trend.These inséructions should have
produced the desired alterations' if the latter épu{d be ?

, & “ T
«carried out under diEect, cogniti>& control in the spirit of

4

Green'§<quotation. Clearly, the preliminary nature of this

study does not allow to draw any inference that may.pe

N

regarded as conclusives in this respect. Tentatively, '

gfwever, it is at least possible to regard the above formsj
. . qQ o

of selectivity as attributes of the pefceptual system per se
or, perhaps, of very early 'attentive', although not
-necessarily conscious, ,processes closely associated with

this system. The localization of the selectiVe process
. s . ) - ' . .
'early' in'the flow of visual information processing“s, of

4 .

h J
course, consistent with, indeed demanded by, the rooting oP

sucﬁrpmocesées on the activities of spatidl analyzers as ..
; . =S \ . |
described by the literature on ‘early pattetn-vision (this

issue gis discussed at length in C!Lpter Four). o e

s All  the studies which entered into the ccm§§sitioQ of
‘Bxperi@eht Two' can be seen, gtAthis point, as -empiriéal;
articuiatidhs lpf‘ one E%mble bopjectuxei and can be’briéfly

. " - ot

- [ ’ # , "‘ , -
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s

summarized as,foliows. Such studje; suggested the percepﬁual
Sreation, in the task, of a 'preferred’ regxon in th;
stlmulus space within which the effects of uncértalnty ‘about
the peak spatial f:equenc; of Gabor profiles were mxnlmal.
We termed this region the 'critical band', in analogy from
"the literature on psxphoacoustics. Thf&'band we speculated,
ie, suc'h’ thar ' he effects of uncertaxnty are minimal
~w1th1n +1 ocﬂit% JEOut aA cente frequency, and increase
monotoniéally as a function oE\theiEisiante of a®signal's
frequency form'ghe center of the band; (2) the band 1is

movable, and (3) the positioning of the ‘band may not be

under instructional.and, thus, possiblyz cognitive control.

Finally, (4) the positgbning of the band may be optimal with’

’ ‘ . 0 . . .
' respect to some criterior, suclt as the maximization of the. .

N
. number of signggs fatlinggithin the region of minimkl loss
v ' , X 3
of ,the band. ~ .
‘e Needless to say, many unanswered questions remain as to

origin, nature, and function of this 'band’. Some of these

issues are addressed in the following chapters. The next two
- . : v ! oW

experiments of Chapter Two, however, “concentrate on a
L ) : ’

[ 4
-

question of specific” and immediate inteigst hete,‘by,gsking'

whethe&*suéh bangd, wbatever'its origin, is*of a ﬁtyed and
: ‘

1

unvariant extent or whether rﬂ tan be adapt1ve1y adjusted,

thhxn l1m1ts,‘t% match s1gn@l bandw1dth
o AT ?\' 'gg;" %‘ k o
. . ‘& K o L R ) éﬂ,

ha
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_E. Experiment Three.

Rationale for the experiment ' ) ' P
Notions of adaptive signal processing all postulate
that  the behaviour n'of such )detector systems is
signal-dependent in a nonftriviel sense. An example ‘of thie;
view was reported with respect to the 'critical band' of the
vauditory system, wnere the adaptability of such’wputative/
mechanism was identified with its eapability to.vary itd
parameters as a function of signal or task type. In a - -

similar vein, we ask here whether the 'region' of minimal,

signal loss assocxated with uncertainty, ‘and discovered .

Experiment Two, 1is of a flxed extent, or whethen/;:~?;\~ ;:*
) e (\ . -~ . .

signal-dependent, and thus adaptable.

One’ way of addressing this issue is to observe whethdr

L3 s

the size of this regijon is dependent, in particular, upon
- ) '
signal bandwidth. If we assume that this region is, at least

within the spatio-temporal bounds of this task, o‘fixed
extent, the effetts of uncertaw,ty may*well remain invariant ,
over signal bandwidth. The reason for tnis expectation< is \
that, in this case,.the effective bandwidth of a signal may -

at least Wlét/ respect to the ‘uncertainty effect, be
determined in all casee‘ by this fixed, 1nternal “band’.
Expectations. for the ad)ustable band' hypothesis requ1re ;QP
numbdrt of additionéi con51derations about‘the nature of this vy *
band. Pndeed, wezshall,QEe how the 1ssue.9f‘adaptab111ty and

7 X
the question ©f the nature of the critical band are closely
: 3 @ '
' s
- - iﬁp )
4 Wiy
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. s
related. This point is, however, best discussed after the
analysis of tgz results of the next experiment’

Besides th¥s issue, -this experiment shdhld.be regarded
as crucial for confirming over a wider range of signals the
selectivity of the effects ofb uncertainty disdovered in

Experiment Twa. specifications of the modality of such

effects are contingent. ﬂ/

Method. ~ :M ‘ ’
Three "sets of four Gabor signals each were used in 1

» - .
experiment. All signals had identical orientation (vertical)

_ .
and pﬁgse (0 deg). The peak spatial frequencies of the

signals, in .all sets, were 3,/\3: 8, énd 16 bp¢dsg

respectively. The three sets of signals differed from one

another (and Ggom Session Two's of Experiment Two) only in ‘

i

terms of the width of the bivariate gaussian window of the

signals. The latter was always the same fot all mempérs of a
, . - k.
set. /The three sets of signals had window widths measuring
. ' <
(1° in Sessdon Two) .5, .25, and . 125 deg of viipal angle to
p ,

1/e decay, corresponding to a spectral bandwidth of (+1
. . \ ‘
c/deg in Session Two) *2,, *4, and B (to 1/e c/deg
réspectively. These patterns are shown in Figure 11,'which
also reports the signals used in Session Two of\\Experiment
. A}

Two. * -

- ) ~ &

One experimental session ‘included the SSE and SSS

conditions for one set of signals onl{

L Each obseryer served

L}

in 3x(2x(120x4))= 2880 trials.



Figure 1? The‘signals employed in the variou‘s Sessions
uof Experiment Th:ee arg.displayed in rows 6r1'e to tpr‘e_e,
.. together with the se.t of ‘,siénfls u’sed in Se.s',two lo“f
' v,Ej,xperlbervnt 'I‘w.o‘ in fql four. Sgén‘%i‘bandwi"dth, fr;;n top to
. botton;,' measures 8, 4, 22, and .'.t1'c/c'3eg respectively. The

peak spatilal freq‘\.'x_gnqy of ghe signals vas always vertically
oriented, with 0 ph;s’e gmy'le.,‘

‘@ .
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Resul!:s;,;nﬂsc_uuion. ¢
The results of t’his‘experiment are presented in Fiéures
“12 *,(c)‘ to (h)( whlch plot _the 'pr%ortion of correct
responses’ for two qbservezs as .a Qunction of signal
frequency for both t:;"@SE (clased c1rc}es) and SWpen
circles) conditions. quu'?es 12 m;;é“(.b) ;epresent the <
values from Session Two of E:xpenment Two, the thﬂ! gr%é’% %,
below them (for each observer) plot :‘tt r‘esults obt-alned.
with. - signal bandwidths of +2, #4, and +8 c/deg, in
desce'ndingn order. | | - .
/' The fifst three graphs for observer GM tell ‘muéh the
same thing, the Yariations in the difﬁei'en_ce between. the
pro on  of, correct responses in lthe SSE and SSS .
é‘:ondi'tions, at each spatial frequengy and as a function of |
_signal bapdwidth being negligible. The other obser'v‘er alsc
behaved \'ry congistently in this regard. & comparisoh of
the obse”ers performance ower e“‘t‘};oﬁdltxons makes.‘
_ however mamfest a partial “difference - in their behav1our
which was also previously noted. ,For. or?e Observer (GM) altk

*y

of the loss deriving from uncertallﬂy is associated w1t§ one
2

~

s1gna1, the 16 c/deg Gabor th“xs set of prof1les. The
o5 ' ‘\

other d&bserver (JY) also. associated most of the lo

‘o . . . Sp .

deriving from uncertainty with this signal., The signal a

the other spectira‘l extreme of the set, however,“also
'Qaf%ici_pated . to a.  lesser extent to' rthe

dncertainf:y-_associated loss inr ‘ detectabilit)}. ) This

difference across observers, it will be remembered, hecame



Figure 12. Pfobbrtion of corréct responses (P) for two

-

okservers as a funct1on of signal peak frequency Eo;;bb;h \,

(
the SSE (filled circles) and SSS (open c1rc1es) gondlgronsh

The four graphs of each observer plot this r a£1onsh1p fo;

%

~each.of the sjgnal widths employed jn Experiment§ qu\_é;aP,
.4,

(b)) and 3§ree ({c) to (h)) with signal frequenc?%g'Of

8, and 16 é/deg. To 1/e decay ot the gaussians, signal“width

‘meashred, from top and in descending order: 1, .50, .25, and
. I ot »

.125 deqg : of visual_;angle, corresponding to ,a ‘;peqtral

L ]

«  ‘bandwidth of t1, +24e 4, and 8 c/deq respecfa&ely.; o

a
. I . . .
K
» a -

' s

.
‘4

_ 'A\Q.;ﬁ.ﬁi

e

.{4, -
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very evident in the 'tuning' experiment of Session Four of
Experiment Two. If we }ake the performance of the other
observer as a standard of comparison, we can explain the
differenge in the behaviour of observer JY Sy assuming that
Vthe f?tter did not exactly position the center of his 'band’

~around the 4‘c/de§\signal but, spther, somewhere between the

4 and 8 c/deg signals, Assuming the samQWVidth of this band

.
for both observers, such factor gould‘account’ for a reduckd .

loss for ;he' 16 c/deq signal, at a cos¥ of -a compensating
loss for the signal at the other-extreme ofﬂthe‘sé?. fndg;d,

the magnitude of the loss fq{,both observers is, under this

-

. N . :
assumption, very nearly the samén .and is indexed by a

C . ,
decrease of 13-points in the percentage of correct responses °
- L]

across.conditions for such signalsa
» ' ~ .

These:'poésible differences notwithstanding, we may
conclude thi! the behaviour of the observers was compétible,

remar tably onstant over those values of signal ‘bandwidth,
and interpretable in terms of the hypothgses put forward in
Experiment Two. ' \ P

t

A Thé only cbange .came from the- Jargest-bandwjdth

signals. Both observers, in this condition, 'chose’; to
*” .

allocate most of the loss assgciated with uncertainty to t

(Y

. / -
lowest-spatial frequency signal fGM, 2 c/deg, P(SSE-SSS)=

.15; JY, P(SSE-SSS)=.18); the selective "logic’' underlying
the uncertainty effect, was, however; identical with that

apparent in the other experimental ‘sessions. .

*

F 4

. “

) §
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An inspection of ;he signals (see Figure 11) suggests a
possible reason for this behaviour. The modulations in the 2
c/deg signal being not very prominent ', the obervers might
have treated this pattern, in the experiment, as one whose

. peak spatial frequency was effectively lower than its
nominal value, Qhus increasing the relative spectral
gistance of this signal from the others, and favoring the
B groupiné bf the remaining signals, The pafticularly,‘ strong
loss in  detectability associated with this signal,
especially in the case of observer g4y, can’ be seen as

specific support to this conjecture.
tl‘lectively considered, the above findings reveal that
the e%fec‘ts of ur?certaz‘l,nty wvere higly selective and of
nearl'y constant ~%magnibede, 'kat"\l'ﬁependently ; of signal

bandwidth. This independence, we noted, lends itself to g

£€w possible interpretations. The most direct interpretation
of the lack of an effett of bandwidth _is that differences

X

along this dimension were ignored by the \receiver, as the
latter operated with a fixed ' 1nternal\' bandwld:h which
~determined t(he effective‘bagdwi’dth of the signals. One model
for this hypothesxs is ;s féllows.

In the SSE, as 1n. the SS§ conditiaen, tde. observer was
- \op’txmally attending to thre&.cont gwous channels® whose
spatial frequency transfer function peaked one octave _away.

from the nearest neighbour"s. In the SSS condition, three

RANU | QS e

~

"Such modulatxons are eccessxvely attenueted in the .

photog:aph. | i (ﬁ,e,e,*,
NS

. <.
conthus sxgnals vwere thus attended to(thhout loss with



respect to the SSE condition, as in both cases the total
amount of noise that . QQF observer vas attend1ng to on each
trial was the same. ‘Signals outside this region weré
attenuated to . various ydggrees. The bandwidth of such
channeis was invariant ov;rﬂ,s%gaal bandwidth. Frequencies
contained in the' gsignal which were outside the channel's
bandwidth went thus unprocessgd by the c?annel. The. channel
would also be wunable, for the same reason, to cut-ot}

»

unwanted noise when the signal's bandwidth was narrower than
a4t $

the channel's). In the SSE as in the SS§S condxtxon , whatever.

o,

the nature of the mismatch between signa; and channel

bandwidth, the behaviour of anlindlv;dual channel remained

the same. If the observer maxnta1ned a c0nqtant detectygn

d . ..,
strategy. The selectivity of the upcertainty effect-and its

ude would then have remajned constant over signal
ban% idth, - ,

What is to be expected from a model identical to the
aboge, except for/?hé“;ssumption that the bandwidth‘of the
indjvidual channels is_adaptable, so that it 4an be made to
match the si}wa‘ls' ? The answer to this'quw 1S that the

i
above results-are compétlble with the {limited) adaptabxlxty

,,-”\
of. 1nd1vrdua1, c el,, — he- O 5 Al ntaln a
s Shannels, T tre, SR R gyimiainga

constant monx,.
the bandwadth‘bf

monltor three ‘Fdht %
ﬁi;ch thf sxgnal 8.

such channels Yariéd, to an extentr 9

It is wvery 1mportant to realxze tha: the’ hypothesxs of

adaptablllty temains compatible with the results If and only
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+

)f ve interpret th"ﬁ Of thé “orx:}cal band' as wve did &l

in the above -m%ﬁ thxs model; the ahd is not, as in
the literature fr ch the term orfginateé.’ a uhltary
mechanism char"xzable..he::e as a broadband spatial
filter. Such a r', instead, results from 2 selective
process dl‘ratx 9 ot the output level of a set of nurrowbaﬂg/////v
spatial filters (with, or without, adaptability of the
L individual channels' baﬁdvidth)
The hypothesis bf adaptability is 1ncompat1ble with the
t\‘sults\ if e treat the crxslcal band' revealed by the
, above experiments asian unitary, broadband spatial filter.
The reason for th{s'is easy to seé. If this bénd'we;e indeed
an individual, adﬁPtablé ,méthanism, increases in ' the
bandwidth of the.lﬂbnals would bring about a déCrease in the
size of;phe»uncertainty effect. The reason f@r this is that
. the observer, in th; SSE condition, would incpease the size -
of the'critical band for broader-band signals hwith rQSpeEt
fEd narrower-band signais. By so doing, the detecxabiiity.éf
the broader:-.bgné signal would already be relative, in the
SSE' conqition, to a8 greater amount: of noise than the

corrésponding case for the narrower-band signal. _The

xncrease 1a n01se ensu1ng from the SSS cond1 on as a result

< “ e ,"-" ¢ *
of a w1dennng of the band in order to captute more tha o one ‘\
"signal would thus have a greater effect‘\\§3£§Zse such an
increase would be grpeater - on the detection of the

; individual narrow-band signals than on the corfeSponding -
)(ider~band signals.

[

. . -
-« .
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14
The results of this experiment, in sum, ' are twofold.

H

(¥ First, importantly, the selegtive distribution of the
.

effects of uncertainty abo;t the peak spatial frequency of a
signal was found t? exist over a'}ifge set of signals,
Secondly, the hypothesis of the adaptabilf;y of a* 'critical
b;na' subseryiﬁg such an effect could be denfidently
rejected under‘the assumption tﬁat this 'bahd’ is subserved
by an unitary broédband spatial.filter. The hypothesis of
adap;ability, we noted, could be upheld vis a vis w&th these
results onlf if we assumed that this band res%lted Mom a
selfctive process operating at the output level of;rsets of

narrowband spatial filters, and the latter were adaptable,

It is very difficult to prove, - or diip{gve
‘+

adaptability with respect to an individual ch;nnel. Most

likely, no single experiment could, by itself, provide
anything near to a 'definitive' answer to this issue..Such fﬁ

answer, rather, will be based upon converging evidence ' from

/

a series of independent experimental techniques all ‘brough
to bear upon- this problem. In the negk\experiment,L however, .

an attempt - was made to togexplore the issue-of individual
. - - ‘ l' l ’

channels' adaptability still by means of the experimental

- .. ‘ . ’

manipulation of uncertainty. i ' > -



F. Experiment Four.

Ratioﬁale for theé experiment
In contrast to experiments' Three and'Feur, the observer .
was confronted with sign;ls fixed with respect -to spatial
freqhencf, orientation, and phase. The independent var;able
here was uncertainty about sigﬁal size/bandwidth. In {he SSE
condition, thus, the obsefver at;ended to a’signal ofbfixed
frequeney, bhase and orientation, and wunvarying bandwidth.
In the SSS condition,; the observer was confronted with

signals varying in the extent of the frequeﬁéy range about

thé peak, unvarying signal frequency.

. .
3

If, following a conventidnal assumption, ve ;maintain
that a narrowband signal is regponded ﬁb most strqngly by
the channel mosf sensitive to the signal's peak frequenéy,
as the iatter here never changed, we shqll’assuﬁe that the
effects of uncertainty investigated were mostly related to
this ‘mést sensitive' individual mechanism. Under -this
assumptiod, fhe bandwfdth of this rchannel, if fixed,
determined the signals' effective bandwidth independently of
condition and signal baﬁdwidth. Sech bandwidth being thus a
constant, no effects of gncertainty should be‘expected as
detection was made to rely mostly on the output of ‘éuqh
channel. | ’
dncertainty about signal ‘bandwidth could, on’the other

. . o .
,hand, affect performance if channel bandwidth could be

adaptively adjusted to match the signal's, Most likely, this
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’

process of-l;daptation would be accompanied by 1limiting
factors. lUnder this assumption, little or no effect of
uncertajnty.is expected for sets of signals whose size range
does not exceed an 'iﬁdifference'i;terval' associated with

the processing of signal size or "bandwidth. Beyond this

range, hoiéﬁef, the effects of wuncertainty - asssuming
adaptability - should reveal themselves ‘with a loss of

detectability for certain signal sizes. Both hypotheses were

°

tested as described below.

Method.

1 .
h

Ip~all the sessions of this experiment, four Gabor

: \ :
profi1¥s were employed whd§e main spatial frequency was

always fixed at 8 c/deg, .in vertical orientation, and with a

0 deg phase angle. The signals used in all the sessions of

- s

theAq5perimeht are shown in Figure 13. In each session, the
signals were presented individually, as before, in the SSE
condition, and together in the §SS condition, each signal
being prgsented 120 trials in each condition.

The two observers served in Three sessions, for a total

of 3x(2x(120x4))= 2880 trials each.

Ses?ion One.

In a first attempt to establish an initial set of
reference values, four Gabor profiles weré‘,employed, their
bivariate gaussian widths measuring .25, .50., .75, and 1

deg of visual angle to 1/e decay corresponding to a spectral

f s}



" Figure 13, The signals employed in Experiment Four, in
clear (S) and noise-degraded (S+N) form. The peak spatial
frequ;ﬁcy/ of ghe signals was fixed at 8 c/deg, in vertical
orientatibﬁ and with 0 deg phase angle. The numbers inside
‘the squares 'framing the ﬁignalé denote gpe width'of the
b}variate gaussian windows to 1/e decay. Sig%al béndkidth,
sta}ting from the ubper left corner, was *8, *4, +2.7, %2,

+1.3, and t1 c/deg about the peak spatial frequency.

4
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bandwidth of t4, 2, $1.3, and h c/deg. Each observer
served in 2x(120x4)= 960. trxals.

: ) E \
Results and discussion. . ; '

The results from Sessio 'One for both observers are
presented in Fxgures 14 (c) and (d), where the proportion of
correct responses, for both the SSE (closed cxrcles) and SSS
(open circles) cond1txons are plotted_ as a functlon of
srgnal 51ze; The effects of uncertainty ébonx signal
size/bandwidth were minimal for botq observerg within the .5
to 18 'range (and gorreséonding .bandwidth: GM,
P(SSE-555)=.008, -sd=.02; JY, B(SSE-S§S)=0, sd=.03. The
smallest (.25°), largest-bandwidth (38 c/degq) signai,
héwever, was lost to a significant extent: = GM,
§(SSE-SSS)=.133,’ j? P(SSE-SSS)=.1§3. ‘The‘ .effects of
size/bandwidth uncertainty wefe thus analogous 1in their
'selgctivity ahd, he;i, magnitude, to those encguntered in

Experiment Two.

Reasons for these data are easy to find under the
- hypothesis that channel bandwidth can be adaptively set wup
around values that will minimize det ctién losses for the
majority of the signals expected in a. given situa;ian. A
relatively narrow bqndwidth, in part{cular, will be set up -
whenh most of the signals are also narrowg%nd. A broader-band
‘signal would .be partially lost to the observer, as part of
this signal's frequencies, and the energy associated with
them, falls outside the channel's band, and goes unprocqésed

. \ . [ d
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" Figure 1T, Proportion of correct responses (P). for two
observers as a function of the signals' bivayiate window
widths (to 1/e decay of the gaussians, measured in 'deg of’
v{éual angle) for the SSE (filled circles) and SSS .(open
circleg}\conditions of Exﬁgriment Pour. The three graphs per
observer plot this relationship as obtained from three
separate runs of the experiment., Fr;; (a) to (fs, the width
of hree of the foQ; siénals'employed in eaéh izfsion were
the 8ame: .50, .75, and 1 ébg (cozjtsponding to a~ bandwidth
of %2, :1.331 and t1 c/deg). The idﬁb of thé fourth signal
increases from top to bottom, being of .125 (%8 c/deg{,> .25
(¢4 c/deg), and . .375 (2.6 c/deq) of visual angle

respectively.
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by that channel. This energy, under the hypothesis of
adaptability, was instead ¢ollected by the chandel in the
SSE condition. The' effective energy of tf; signal,

therefore, will be less in the SSS condition than ih the SSE

) 4
ion.. This will result in & feduced effective

d-to-nois in the former condition. To be sure,

-by reauting, i# ndition, the size of\{he channel's
bandwidth, not only-signal energy (or pewer), but also noise’
power is lost in comparison to the SSE condition for the
broadband signal. At high levels of detectability (d' was
approx. 2.32 in these experiments), however, the ratio of
signal power to noise power in any one-cycle band is such
that the loss éf any such band will result in a lower globgl
signal-to-noise ratio. 2

— It may be objected here that part of the sigﬁal's
energy whicb fallsvoutside one channel will be processed by
the spectrally contiguous mechanism. While this may well be
the casé, it must be remembered that while there is complete
energy summation within a channel, sﬁgnal energy, when
proéessed by independent channezs, is summed over the
channels only in a stati;tical sense (e.g probability
sSummation), the overall detectability of a signal being
lower in the latter Cése.

"The above explahation demands a 'tuning' of the effects
of bandwidth uncertainty, which should become observable if
conditions were set up which were exactly analogous to those

- —

of Session One, except for the bandwidth of the
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_ comparatively bfoader-band signal. If the bandwidth of the \\
three contiguous narrowband signals were not Qaiied, in
taci, the magnitude of the loss associated with the fourth
-8ignal in the SSS condition should increase or detrease with
respect to' this Session's, by respettiveiy increasing and
decreasing the bandwidth of this 'four;h' signal, This

prediction is tested in Sessions Two and Three of this

experiment.

Session Two. ’
)

Four Gabor signals were.employed here, their bivariate
gaussian widths measuring .125, .50, .75, and 1 deg of
visual angle to 1/e decay, corresponding to a spectral
bandwidth of #8, $2, %1.3, and 1 c/deg respectively. Such
signals can be inspected in Figure 13. All the other

conditions, and number of trials, were as in Session One.

Session Three.

Fopr Gabor profiles were'ﬁested here, their bivariate
gaussian widths measuring .375, .50, .75, and | deg of
visual angle to 1/e decay, corresponding to a spectral
bandwidth of 3+ 2.6, $2, #1.3, and *1 c/deg. Experimental
conditions and pumber of trials were as in the other.

Sessions,
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Results and discussion for §ossions Two and Three.

The results from Session Two are presented in Figure 14
(a) and{(b);'thosc for Session Three are shown in'Figu;e 14
(e¢) and (f):,,thcso' graphs follow all the notational
conventions defined in Session One of the exper}ment. Th?
overall trend of the results from Sessions One to Three is
mapde 4dpparent by Figure 14, The dekectability of the three
contiguous narrowest-band signals did not change
conéiderably across conditions‘or sessions. A change in the
éetectability of the fourth signal is instead apparent, the
relative -loss associated with this member of the set as a
fuﬁction of uncertainty being greatest the greatest its
bandwidth, and progressivély diminishing as its bandwidth
was decreased. In Session Three, where the size of: its
aperture, being set at .375 deg of visual angle,produced a
bandwidth of $2.66 c/deg, the signal was no longer reliably
distinguishable, with respect to the effects of'uncerta;nty,
from the remaining members of the set,

The: effects ’of size/bandwidth uncertainty appear thus
to be, as was the case with peak spatial frequency, (1)
highly selective, and (2) tuned. All these results are at
the very least consistent with the hypothesis of an
adaptable individual-channel bandwidth. These same results,
furthermore, considered togefﬂer with thbse of the fprevious
experimeqt, are incompatible with the interpretation of the
'critfcal band' as an unitary, broadband spatial filter. The

X ] ,
latter, *f' fact, is consistent with the results of
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Experimont Three only if we dctine the unitary band as tixed,
in its extent. This latter assumption, however, s
incompatible with the adaptive ivonts»withjn the 'é;;t al
band’ revealed by - Experiment Pour. Pinally,  ghe
'indifference interval’ associated with the prpcislinq of
signal bandwidth Jas quite narrow, if the results from

Session Three in particular are taken as evidence to %hat
effect. ' ‘ f

What should we expect froh an adaptable receiver, when
most of the signals are comparétively broadband? In this
case, such a receiver will increase - within iimits - the
‘vidth of its band. The energy of a narrower-band signal also
presented for detection will be completely collected,
although the signal will be here effectively attended to }n
more noise than in the corresponding SSE condition.lA loss
in detectability might therefore result for this
narroweé-band signal. Such loss, however, would be less
severe than in the case of the broader-band signal in }he
condxt}ons of Experiment Four, and f9r reasons again related
to the high detectab111ty of the signals. The detectability
of broader-band signals falling within the indifte;ence |

interval should in any case be the same in the S$S as in the

SSE conditions °*,

* Such pred1ctxons are bexng reasonably vell met in an
ongozng series of experimerits. The results of these
experiments, although not discussed here because still
incomplete, are available to the interested reader.

/ : v

o
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G. Conclusions ' . ‘ ( ¢

In this chapter, ve oxplorid the cf!oCts of uncertainty
tor phalo, spatial froqucncy, or bandvidth on the detection
of Gabor signals in vhite noiu. ‘ /

Uncertainty about phase had no effect on the dqtcc$idd
of such signals. To the extent that the.lack ;t aﬁ effect of
~unégrtainty aboﬁt a signal's parameter tan be fntqrpreted as
evidence that éhe parameter is not importadt} or not
ptocosscd in a given task, Expecriment One. allows us to
conclude that the obsefvers did not use phase 3nfotmation in
the task. This conclusion, in turn, suggests Eha;  detection
models based wupon the cross-correlation between the signal
~and noise image are not appropriate for tpb task under
consideration, since such models predict a marked decrement
in performance when exact phase information is not available
in comp.riéon with the SSE case. A whole set of alternative
detection models (e.g. envelope detection, autocorrelation,
energy integration) is compatible with such findings. None
of these models, in fact, ptedicts' a dec¢rement in
performance as a function of ‘a loss cf phase information.

Uncertainty about a signal's peak( spatial frequency
proddced( detectability losses in comparison with the SSE
condition. These results allow to‘rule out, as unsuitable,
the most "incoherent' detection models, such as the
vide-band energy-integration model. The 'hum;n detector' is
thus to be located so;evhere in ‘the detection Bpace
upper-bounded by the cross-correlator, and lower-bounded by

L}
-

~
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the energy integrator (both are formally derived by Green &
Swets, 1974).. | _ | | '
Curkedt . multichanhel models of sp.tiaf frequency
detection, which belond i} this region, did not predict the
. results lnla satistactory nner, and thus should at ldcpt
be considered incomplete with respect to the handlihq of
uncertainty gffects. The data, in -fact, revealed a
konsistent‘ teﬁdenéy; on the part ofn the observers, to

optimally attend to signals within a 2 octave band, signals

- outside . this band being attenuated. at various degrees. The .

r?sults of Experiment Théoe and ' Four, jointly considered,

‘made clear that .such b:od could not be geen, despite

»

superficial resemblances, as similar in nature to the

'‘critical band! théorizeq in early models —of auditor}
;fr;quency aeteciiqn. They made clear, -~ that is, that the
" latter éoqld Jnot be " seen as an unitary, broadband ffltgr
| meqhéni#m fixed.oF adaétqble (see e.qg. Fletchér, 1940, 1943,
and Grees and Swets,’ 1974).

We sugggsteﬁ that such a 'band' be seen as an
oqfiy-attentive baﬁdpass fglter fuction, revealed by éﬁe
selectipity of tﬁe‘ uncégtainty effects. Seen Qithid the
cont;xt.. of multichannel models of fépgtfaL frequency
transﬁissidd, this"band' cén be linked to the observer's
propensity to optimally monitor, within the spatibtqmpg;af
-pounds of thi§  task, a subset '(n-3). of - spiétrnlly
contiguous, and localizgd, spatial defeckors. The " identity.

of the members of the set is defined by the stimulus”

-
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sjituation, and the tuning of the uncertainty effect is

efined on the basis of the members of the set.
e

' ] ' _
The effects of uncertainty about peak spatial frequency

were explained 1in terms of adaptive processes operating at

" the output level of sets of spatial channels. The hypothesis

143

of adaptability’ of the individual channels was found to be
' ‘ L 4

appm"riafe fof1intgrpreting the results of signal detecgion'

in conditions of signal-bandwidth uncergainty. Importantly,
the locu; of the selective process is"}fferent in the two
above interprebétions, being at the dutput level of spatial
filters in one case, within the filter themseivei~ in the
other. Magnitude, form, aﬁd logic of such processes appeared
== » -—-

however to be very similar in both cases. Tpis issue is
discussed 1in greater detail in Chapter Four of this work.
The above femarhs are sufficient to emphasize how 'difficult
it may be, due to such commonalities, to distinguish between
thesevgwo’ori;ins of the selective pfbcess.

¥ .,

3

band' revealed by the experiments just reported is correct,
: ¢

signal processing is at its sharpest within a two-octave

wide spectral region about a center frequency. It js thus of

interest to proceed to a closer /examination of the 'internal

. structure' of such region. By o doing, further modalities

fqﬁ the selective process in human signal detection may
become apparent. This is the purpose of the experiments

reported in the next chapter.

If our conjecture about the nature of the 'critical
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ITT. On the detection of sjgnqis in non-white noise.

A
/

A. Introduction /

N \ I
This chaptef pursues twp/related objectives. First, an
attempt is made to study}pﬁman signal detection in stimulus
situations more complex F%an in the experiments reporfed in
the previous chapter,ﬁ Second, an effort ;s made to gain
further insights abogg the nature of the 'critical band'
s .

discovered in bhefexperiménts of Chapter Two, and its role

in complex signal detection tasks. e
| Most researchers are likely to agree that one of .the
main objectivés underlying the experimental study of wvisual
signal deteé{ioﬁ is .the understanding of behaviour in

complex, real life tasks, such as the detection of anomalies

: : . . v, .

in biomedical 1images, the location of target signals on a

radar screen, etc. N
'Despite this consensus, - however, most of the

appiications of signal detection t??ory to the analysis of
human visual behaviour have considered the classical case of
the detection of signals in white noise. This choice has an
obvious origin: the theory of ideal observers in particular
was developed within this simple stimulus situation because
the latter considerably simplifies the formal d;}ivation of
the various detector types.

The cost of this choice, however, iE non-negligible, as this
stimulus situation in not }epresentative of real life tasks.

e
-

In such tasks, in fact, the background in which a signal is

. ¢
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to be detected seldom, if ever, apprdaches the parametric
states which char;ctérize the white-noise case. Rather, for
most detection situations, the background images can be
freated as samples of non-white noise.

Similarly, evidence for the involw‘?*nt, in human
pattern vision, of qQquasi.inear spatial fiiters (or chahn;Is)
engaged in a crude spatial frequency analysis of the input
has\‘Eegqr obtained in strictlf constrained experimental
conditions, Adaptation, masking, and subthreshold summat ion
‘ba:aaigm§ have  been primarily employed to study the

detection, at threshold, of one-dimensional gqratings and

¢simple aperiodic stimulﬁ (see Sekuler, 1974; Braddick,

“Campbell & Atkinson, 1578; De Valois & De 'Valois, 1980;
Grakém, 1981; Julesz & Schume%, 1981; Regan, 1982;

Westheimer, 1984, Shapley and Lennie, 1985, for reviews). In
recent yeéfs, attempts . have been made to extend this
approach to.m?re complex visual' patte;nS and tasks. This
includes ‘g‘g. the use of two-dimensional stimuli (e.q.,
Burton, 1976; Mostafavi & Sak;ison, 1956; Carlson et al.,

1977; Burton & Ruddqck, 1978; Wright, 1982; Caelli et al.,

1983; Daugman, 1984; Caelli & Moraglia, 1985, 1986) , and
recognition studies (e.g. Higgch et. al., 1982; Watson,

1983) .

i

-~

‘It is likely that further developments, and tests, of

this line of research will demand the investigation of

visually complex tasks, such as the detection of signals in
-~

non- white noise situations. For the above reasons, the

t
v
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choice was madé heré to articulate this study of human
visual signal detection by probing behaviour in tasks more
complex than those J;ed in the previous chapter, .

It is hoped that, by so doing, a better appreciation of
the abilities of the human observer can be achieved. Equally
important, a Tore stringent test, refinement and development
- of the main theoretical notions (and findings) of Chapter
Two can be also arrived at. | B

To pursue these QEjectives, this chaptef \invéstigates
the detection of two-dimensional, “bandlimited signals -
embedded at various locations in non-white, gaussian

filtered noise.



~ gtimuli and apparatus.

N a | .. #1101
| Exporihent Five.

‘ -
The apparatus described in Chapter Two was also
s . 4
employed ,in all the studies reported in this chapter.
2 signals and 9 noise-images were gsed in ‘thys

e

experiment. The signals were Gaussian enveloped circu}fr

harmonics, defined by: )

fix,y)= f(r)= exp—[ar‘bos(ﬁrlwr+ ¢)], - . (8)
r * ‘V . - .

K]

wh@re r = J{x-x,) "+{y-ye,)*, and (x., 9o) = center of §igna1,'
a = épace constant of the ’éaussian jwipdow, w o= Fadial
frequency (picture cycles), ¢ = phase angiil\;

" The signals were generated in a 64x54 é;sitﬁ pixel
format, and their gaussian windows decayed to 1/e in 32
pixelsi éorresponding to a spectral bandwidth gt? 1/e) of #
1 ﬁicture cycles. Thef were centered at 5.6 and 11.2 picture
cycles respectivelytgyith zero phase, and were eéuated for
energy (as defined by equation 12?. These signals can be
inspected in Figure 15

The background noise images were assembled (see below)
ffom 64x64 pixels ba;apass, ‘gaussian-filtefed versions of
initially whi%e noise, with center frequéncies of 2.8, 4:;,
5.6, 7.0, 8.4, 9.8,.11.2, 12.6, and 14 picture cycles. The

spectral (to 1/e decay) bandwidth of such images ;as fixed

at,t. 6 picture cycles about the peak frequency of all but



v | !

Figure 15. The three signais used in Expefiments Five
A1,2), six (2), and Seven (1,2,3) are shown here, by
themselves and embedded in noise according to equation'3.
The peak radial frequendy of signal 1 was & c/deg, ~in  the
viewing conditions of the experiments; that of signal 3 was
8 c/deg. Sggédi 3‘was generated by combining Signal 1 and
Signal 2,‘ as described in the text. The three signals are
also presented embedded in quadrants of two of the noise
plates used in Experxments F1ve to Seven. The numbers above
or to the s1de of the quadrants denote tk: ;ddntxty of the
signal ' embedded in it. The Iefthosq' poise plate was
assembled from noi-se quadrants thh centet frequency of 4
c/deg in &he condltldns ~of the expgrxment;.the rightmost
plate from,quadrantsvwitﬁk center spatial frequency of 8
C/deg. The r.m.s. of these signals, by thpmselves or in the

noise, is not representative of the values employed in the

experiment.
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the lowest center frequency images, where the low end of the
Gaussian was clipped at zero pxcture cycles., Here a lxnear
bandwidth was used to be consistent with the sxgnalvaperture
(see equatlon 8). The pixel histograms of all sth ~images
were gau§sian, with a mean of 90 and a standard deviation of
10 gray levels; Figure 16 reproduces the noise-fields used
in all the experiments reported in this chapter.

9 noise "plates" were generafed by -assembling 4 copies
of each filtered image'in a 128xf28 pPixels square matrix
Two thin black vertical and horizontal lines, passing
through the center of the image, were drawn to partition the

image in four identical gquadrants, each the size. of the

(X
. o

signal (see Fjqure 15).
N At a viewing distance of 90 cm, each of the quadrants
subtend$d 1.4°x].4° oﬂ visual angle. The signals' center
f}equencies were then 4 and 8 c/deg respectively, while the
noise ~peak freqﬁencies were 2, 3, 4, 5, 6, 7, 8, 9, and 10
c/deg..

The'se stimuli ~"were displayed at a space average
luminance of 17 cd/m? througp a square aperture (2.8°x2.8°

’

of visual angle) on the TV monitor.

Observers,

o
The observers (GM, JY) employed in the exper1men€s of

-~

Chapter Two also served in all the studies to be reported

here, . )



L4 . R .
Figure 16. Samples of the bandpass, gaussian-filtered
__noise images used in Experiments Five to Seven, and obtained

as desc2ibed ih the text.
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Method.

Each trigii pfoceeded as follows: The observer fixated
thé blank screen (of th2 same mean luminance as the noise)
until reaéy to initiate a trial by depressing a button. A
perfectly detectable signal was then presented, in the.
midéie of the displa} area, for 500 msec. After a ' sec
iﬁlergtimulus interval, the noise plate was displayed for
200 msec with the previously presented signal embedded in
one of the four quadrants. The observers indicated in which
of the quadrants the signal had: been presented by depressing
one of feur numbered buttons on a response box, each number'

designating a quadrant. ,

~

The signal was embedded in the background according to
equation (3), as in Chapter Two. Each signal was presented
24 Eimes in each quadrant, for a total of 96 trials for each
combination - of signal and background, a total of
(9x2x96)=1728 trials per observer.

On each block oaf trials, the same signal was always
presented on a random selection of the noise .plates, and
within a block the succession of? noise plates and the

5

positions of the signals, were randdmized.

Results and discussion,

The results for the two observers are presented in
Figure 17, where the proportions of correct responses (P)
for the 4 c/deg (solid circles) and 8 c/deg (open circles) —

signals are plotted against the peak spatial frequencies %f



)

Figure 17. Proportion of correct responses (P) to the 4
Y
c/deg (filled circles) and the 8 c/deg (open circles)

signals as a function of the noise center frequency, for

both observers. .
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:he noise images in which thex wer; presoﬁ}ed. N

Averaged over the 9 .Bnckground 'inagel, detectfgility
vas lower for the ¢ t/deg ;han for.the l c/deg liqael (GM:
4 c/deg Pp 68, 8d=.27; 8 c/deg. P- 80, sd=,08. JY: 4 c/deg,
‘P=.60, sde.26; 8 c/deg, P=.75, sd=. ). . ,

The detectabxlxty of the 4 c/dog signe}. rapged from
near threshold to perfect as a function of the noise's peak ]
frequency for both*obséiveten Detection vas }ovllt‘%ﬂin the 7
peak trequency the hoise vas vithin t {ic/deq-of ;he.
sxgnal's fundamental frequency, and progressxvely improved
as the noise's center }requency rqteded from the signal's .

 similar results were obtained with the 8 c/deg ‘'signal
‘for observer JY. In the case of observer GM, detection vas
lovest ;: a ﬁoise center freguencf s{ightly lower than the
signal's, a finding also reported in masking .studies
(Wilson, McParlane & Phillips, 1983 ; see also LeggeA‘l
Foley, 1980). | N ] °
, These results clearly show the effects of?the :Brctral .
characterxst;cs of the noise on the detectabxllty of signals
embedded in ﬂt‘ In some ce\es (see Figure 17), a shift otﬂ N
c/deg i% the noise center frequency was suyfficient to
produce sizable changes‘jn detectability. A siﬁple account
| of these dag; can be giveh on the basis of a set of
assumptions compatible with those used to explain .fhe .
threshold detection of gratxngs in a variety of p.radigls,
and particularly 1n~?ask1ng studies (see, for - exanple, Legge

& Foley, 1980; Wilson et aX., 1983).
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| V:;3§l\;;éput is attended to by a set of localized, and

spatially distributed ind?pendent mechanisms acting as
linear spatial filtea;. Each of these filters 1is thus
vcharacterized by a spatial weighting function, whose
résponge i's egsentially restricted to a limited range of
épatigl frequencies. Noise is added to the filter's output,
“following ,a nonlinearity. These .three processes define a
localized "detector”. . o

As the signal to be detecqéd on each trial.is specified
exactly, the observer has the opportunity to selectively
monitor the detectors which are most responsive to the
.signal's peak frequency. As the possible s%énal loéations
are also specified, the observer will restriot his attention
to the corréspogding regions of visual space. The observer's
detection rule will be to select the spatial location which.

’

produces the largest degéctor(s) output. *

As the fgigonse of these detecto‘é (to the same amount
of stimulation) is independently variable, this variability
will cause incogreét choices, occurring whenever the largest
detector output-occurs at an§ of the noise-only ;ocaEions.
The probability of such occurrences will be proportional to
the extent to which these detectors are similgrlyAstimulated
at™” each of*~§Q: possible signal locations. This, in turn,
depends on the® similarity between the —wsignal and
background's fr;quency components. .

G}ven. these.'»assumptions, the number of correct
detectish responses -is "expected to be lowest, in this

LI
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experiment, when' the background contains frequencies
overlapping wi;h the signal's. Conversely, when the
background frequencies are removed from the frequency
response range of the detectors most responsive to the
signal, the response of the detectors positionpd at the
signal's location will be in most cases larger th;n that of
that of "the detecte;s attending to noise-alone locations.
The p-obability of false alarms will be in these conditions
proportionall} reduced, with a corresponding increase in the
nurw~t . correct detection responses.

Tr- model dutlined above provides a reasonable, if
qualitative, account of the results of Experiment Five.

The results of this experiment reveal a considerable
sensitivity to small changes in the spatial freéuency
content of the background.within an'equaluspergy situation.
This * sensitivity is clearly compatible with our

interpretation of the nature of the ‘'critical band’

~unraveled by the experiments reported in the pr®vious

chapter. We described this band not as an actual detecting
mechanism but as an attentional aperture centered about a
restricted spectral region in the stimulus space, and
subserved by narrow-band detectors. We suggested, in
particular, that the central part of this region, estimated
to‘extend approximately #1 octave aSout a center frequency,
be regarded as one- in which discrihinatioA, and perhaps in

general the apprehension of short-lived visual events, is

sharpest. The fine sensitivity to small changes that became

| °

ar
”
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manifest .in th7/ above experiment lends further support to
this view. A

If we are to accept the view that .this band may just
denote a_ set of spectralf’ty contiguous but indepen‘
spatial filters whose output can be. selectively and
independently retrieved and monitored by the observer, a
éimple but crucial consequence of this view should be put to
a test, The above hypothesis, in fact, leads to predict that
@ multicomponent signal will be detected in terms of its
‘components whepn- the peak frequencies of the;e components are
sufficiently ~-apart to. be attended to by diffé;ent,

-

independent detectors,withih the "critical band'.

| The ‘'early' nature of the‘deteqtion procesgkenvisaged
by multichannel models of signal detection becomes evident
in the —case'of composite signals. The qccepted view in the
study of pattern vision, in fact, 1is that ghe latter
consists of a two-stage processﬁ In a first, early stage, a
pattern i1s first analyzed into discrete subunits - be they
defined 1in the Fourier (narrow §pectral regions) or in the
image ('features') domain - (see, e.g., De Valois & bé
Valois, 1980, p. 316-3175. This stage is then followed by an
.'integration’ stage, 1in ;hich the subunits are combined, and
assembled into a coherent perceptual unit or'imqge (see,
e.g., Dodwell, 1982, p.£01). In terms of this view, the

multichannel models of signal' detection here considered

imply that the observer can gain access to, and base his

response upon; the individual mechanisms which subserve the ..~

l"‘

0;
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first stage of image analysis. Such,models, in other vords,
define q'detection process fboted onto tHe first, e;}ly
‘level of signal deqomposltion;v We can also, by contrast,
define detection strategiés subsequent to Q%e second stage
of scene analysis as taking place at the level.offsignal
nécomposition.

We shall later discuss a detection model of this second
type. In the following experiment, hoﬁever, evidence for a
detec;ion process u occurring at the Klevel of ' signal
decomposition was sought by studying the detection of a
composite signal'whose main‘Eomponents were separated by one
octave. Recent estimates obtained by means of thresﬁold
summation (e.g. Watson, 1982) and masking (e.g. Wilson et
gi;, 1983)utechniques,‘in fact, suggest that this spectral
distance is sufficieh: to ensuré ‘that the processiné of
these éomponeﬁts would be carried "out - by different
detectors. Evidence for the detection of the composite
signal on the basis of its .(subjegtively) separated
components, would be suggestive not only of (1) the
invplvement of such mechanisms in thé task, but ;lso‘(2{ of-
a detection prscess diPectfy based upon the output of such
mechanisms and occurring, thefefore, at the level of ‘;ignal

decomposition.
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C. Experiment Six.

Stimuli and Method. . T

A  compound stimulus was generatéd by digitally
combining the two! signals used in Experiment Five (see
Fiéure 15 (2))@‘3This new signal, in which the 4 c/deg and
th; 8 c/deg signalszwere represented in équal propertions,
had total energy idepntical to that of the gignals in the
previous experiment.. The standardized correlations
(?earsqn's) between the luminénce profil;s of each of the
basic signals ;nd the compound one, a meaéurg_gyich we found
useful to capture the 'structural similarity' of visual
stimuli (Caelli & Moraglia, 1985,1986), gave identical
reﬁults of r=0,68 (the two basic signals had zero
correiation). ’

The detecﬁability of this compound signal was studied
by embedding it in a subset of the backgrounds used in
Experiment Five. The selected noise: center frequencies were
2, 4, 6, 7, 8, and 10 c/deg ﬂsee Figure 16).

The , procedure was exactly as in Experiment Five, with

the same observers being administered 576 trials each.

Results and discussion.

The results are plotted in Figure 18. For both
- observers, exfipt at asymptote, the composite signal was
always far less detectable than one or the other of its

components,vwhSn the latter were presented in isolation in
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Figure 18, Propd}tion of correct responsesl to the

t
composite  signal as a " function of the noise center

frequency, for both observers.



117

(Pdd) AON3NO3¥4 Y¥ILNID  ISION

Ol



'

the conditions of Experiment Five.

The average detectability of the comﬁésite signal was

-

significantly lower than that of the 4 c/deg and 8 c/deg
. ) . ’

signals ' in Experiment Five ( GM: 4 c/deg, P» .72; 8 c/deg,

P= .80; composite, P= ,60 , JY: 4 c/deg, P= .63; 8 c/deg, P

.76; composite, P= .54 )

!

The energy of the signal's components was, as noted,

<

one half of that assigned to such signals in the previous

experiment. Since I did not attempt here to estimate the
’
possible influence of ‘'early' non linearities in signal

NG

transmission (see Maudarbocus & Ruddock, 1973; see also’

Henhing et al., 1973), nor those associated to the type of
- detectors under consideration here, we cannot exactly
predict thé detectability of the compound signal in terms of
‘the independert detection of its components on the basis of
the data from Experiﬁent Five alone. The reduced
detectability, on each noise plate, og the composite signal
compared to that of one or the other of the equaivgpergy
signals of Experiment Five, however, is consistent with thls
assumption of indenmendente.

Under thic ‘on, in fact, the observer will base

<

his response - ‘t,» output of at least two sets of

-

detectors, eaJ‘ - £ f responsive to one of the signal's

components. The Pletection rule, in the conditions of

this experiment, is the maximum-output rule, whereby the
observer responds on the basis of the detector which

produced the greatest output (see e.g. Yagerjet al., 1984),

C 118
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or on the basis of the set of detectors which produced the
greatest diff?rence of outputs ( see e.g. Legge and Foley,
1980) . The obsengns wfll thys likely be responding, in most
cases, on the basis ’of, the signal's component which‘the
results of Experiment Five indicated as the most detectabfe
on each. no{se plate. As the component's energy was lower
than in Experiment Fiwe, the composite signal will result in
mosé conditions 1legs detectable than the most detectable
'signal in Experiment Five. The data agree with this
prediction, which sets the upper limit, assuming
‘/decomposiﬁioﬁ, for\ the detectability of the, composite
signal.

The average detectability of the composite signal,
however, was low,' and the' data suggested no direct
relationship between the detectability of the compound and
that of the most detectdble of its components.’

A detection rule which, in the conditions of Experiment
Six, assuming decomposition, would lead to a greater number
of incorrect detection responses, is the adding-of-outputs
detection rule (see e.g. Yager et. al., 1984). The obserQer,
according to this rule, sums the 6utputs of all the
monitored detectors at each of the possible signal
locations, and chooses the location which produced the
greatest totalﬂgptput.

This rule leads to detection peﬁzgtmance more directly

dependent on the detectability of both components'of the

signal., One estimate of such relationship 1is provided
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(assuming independence), by the following equation:

Pic) = P,. P, ‘ (9)

-

where P(c) represents the probability of a correct response
to the composite stimulus,and P,,P, are the probabilities,
estimated from Experiment Five, of the correct detection of

~
the signpl's components,

> ’

The Yesults of Experiment Six were found to be related
to ‘the values expected from equation 9, as the Pearson's
correlation between expected and observed values ‘proved to
be sjgnificant (JY: r = .97, p.<.002, GM: r = .88, p.<.03).

The results of both experiments are thus suggestive of
a detection process jointly determined by the response
characteristics of sets of localized detectors, and by
detection rules which determine how the output of the
monitored detectors is 'centrally' weighted to result in the
observer'ls detection response. 7 S

While in the néxt experiment we explored some of the
consequences of this assuhption,‘we should note here that
this detection model 1leads to expect  that - 'coherent'
detectior strategies, whereby tﬁ? detection process 1is
accomplished at the level of signal recomposition, be unable
to account for performance in these experiments.

I tested this hypothesis by means of cross-correlation.

In a cross-correlation based detection model, the observer

cross-correlates a replica of the expected signal with the
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image at each of the possible signal's locatigﬁ), and
selects, as the most likely to contain the signal, the
location which produced the highest cross-correlation value
(Burgess (3 Ghandeharidn, 1984 a,b). As this model
characterizes the ?etection strategy most directly related
to the signal 1in its entirety, we can assume that, if the
observers performed this task at the level of signal
recomposifion, thLir behavior should at least be partially
indexed by cross-correlation. |

The full cross-correlation‘function between the signal

(S) and signal+noise images (IS+N5 is defined by

Cslsﬂl("b) -//S(x,y) + lgen(x-a,y-b) dx, dy . (10)
. y 'x

By the Cauchy-Schwarz inequality ,

CSIS*N(a,b)S\/ [/S‘(x,y) dx dyffl’(x-a,y-b) dx dy (11)
, “x y “x

equation 10 peaks when Ig,y = \S, A being a scalar.

Table I reports the values of equation 10 for the
signal and noise images employed in all the experiments for
the case in which the expected signal is exactly positioned
with respect to its possible (S,N)" nd actual (S,S+N)
locations in noise. We know, by equation 11, that the values
reported in Table I for the &atter case represent the peak

value of the cross-correlation function for these images.



Table I. N

Cross-correlatfon valugs (signal and noise, signal
and signal+noise c;ses)for ;positions, target stimuli
and noise images used in Experiments Five to Seven. CC
= Cross correlation {whose values are divided by 100n®

*
(n=64)), S = Signal, N = Noise.

-

Noise center frequency (c/deg)

Signal cC 2 4 6 7 8 10 Mean SD.
4 c/ée S, N 63.1 63.1 63.1 63.2 63.2 63.1 63.1 .06
9 S,S+N 63.5 "63.5 63.6 63.6 63.6 63.6 63.6 .05

S.S*N 63.7 63.7 63.7 63.8 53:8_\53 63.7 .04
c S, N 62.3 sg.o 63.0 63.1 63.1 63.0 63.0 .04
omp S,S+N 63.2 63.2 63.2 63.3 63.3 63.2 63.2 .05

122
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As can be seen, the cross-correlations between gignal. and
noise alone were substantially similar- to those between
signal and signal*noiSe; Also, the cross-correlation between
signal and signal+noise (or.signal 'and nois;\’alone), for

each signals and all backgréunds, were essentially constant.

1f, from equation 11, we de¥Phe

Es-\/IfS’(x,y‘) dx dy ' (12)
X .

where Eg= signal epergy (S(x,y) represents, in our case, the
- Pl \ ) .

signal's wvariations around the mean average luminance), we

have, from equation 10

Csig,n(a,b)

< ’Es Y (13)
[/I‘sﬂ,,&x-a, y-b) dx dy :
Y Ix ‘ .-

The left side of equation 13, wherg cross-correlation
1s normalized t6' take into account Ehe effects of local
variations in noise é;ergy, can be regarded as a more
appropriate measure for the conditions of these experiments,
where non-white noise was used.

Normalized créss-correlations were . thus cqyputed as
previously déscribed, and also for'a large set of offset
values in a circular region (10 pixels radius) around the

poifit of perfect match. No appreciable differences among
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signals or’ bagkgroands~ emerged ttoﬁ this rcgion,;ind no.
significant'gaiq in sensitivity was achigvcd by noriaii:in;.'
the cross-cotrelgtor. ‘ T ’ '

Cross-correlation is thus cleirly unable to account for '
the results of this experiment -;nd, it my use of ihch‘a
measure is correct, we can gonclude that such results :arc
consistent with detectidn strategies\ based upon. signal
dgcompositiomm and not so with detection processes that may
take place at the level of signal recomposition,

It is now clear that if, on the basis of the results
from Cﬁapter Two, we assume thét the detection events
observed’gp the experiment’ just reported oécufred wiih}n the
center of the ‘critical band’, ve are to agree;to tpe‘
conclusion that the lattgf is not a unitary, wideband energy
integrator, _ but 'rather denotes a set of discr}te spatial
filters temporarily 'put together' by the spatiotemporal
bounds and the demands of the task. This evidence, coupled
yith that gathered in the experiments of Chapter Two, can be
regarded as definitive at least in the context of this work.

In the'qdalitatfve model adopted to explain . the above
_resylts, it 1is postulated that thg,phﬁiygsj‘has access to
the outputs of discrete spatial anélyzers, this output being
weighted by some detectioﬁ rule.

We noted, in this connection, that researchers who make
use of such models only try to ascertain which of the

various detection rules may provide a better fit to the

data. No model 1is consistently superior across tasks and
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stzimulul types. : : Lt

!

A question of potential import, ho;ever,“and one whiah
is typically® never asked; is what factors may influence the
adgption of a given detectiqn rule, If the adoption of a
specific detection rule 1is taken to reflect tﬁe,action of
factors_of a cognitive nature, it 1is possible that such
process be inflwenced by, among other components, the amount
of available a priori image information °’.

In the gbove eupériments, the observer was always
uncertain about the identity of the noise. Thus, assuming
signal decomposition, the observer in Experiment Six was
uncertain as to :-which of the signal's components could
provide the best chance of being detected on each trial. It
is not to be excluded that observers may, Th  these

" conditions, be induced to assign egqgual weight, in their
response, to information from all the available sources,
along the lines of an adding—o}-outputs detection rule.

. }f‘this hypothesis is correct, a change in performance
could be brought about by providing the observer with such
Ainformation. In the next experiment, I attempted ykto
establish whether a performance chahge would take place in
dsuch conditions, and whether such chanée‘ could be related

to, or at least indexed by, the adoption of a different
________ - e e - - L/
3 Yy e

'0f ‘course, as it was made clear by the theory of ideal )
observers, the importance of information in a detection task
does not necessarily imply that the 'user' of such
information must be endowed with 'cognitive' capabilities.
It is, on the other hand, equally clear that an

" 'intelligent' receiver can make 'cognitive' use of
information. '

r
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detection rule,
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D. Experiment Seven

éﬁf?ﬁuli and Method.

In ‘this experiment, the signal, noise, oBservers and

procedures wWere the same as in Experiment Six, except for

the introduction of a second signal between the test signal

—

vy

and the noise. This signal was presented 1 sec after the
first for a duration of 500 msec. A blank screen interval of

500 msec then ensued, and at its termination the tardet

signal was embedded 1in the background, as in the previous

>experiments, for 200 msec.

: . : )
The non target signal (prime) was always one of the two

forming the composite signal, and its choice was determined

~by its being, on the basis of the results of Experiment

Five, the component of the target signdl more highly
detectable in the noise to be presented on any given trial.
The observers were informed about the contingency

between the signal, the prime, and the background.

Results and qiscussion. | .

The results are plotted in Figure 19 (solid line,
crésses), together with the results from Experiment Six
(solid lipe, closed circles). A X? test for goodness of fit
was performed on these results for both observers, assuming
that, if the .prime had had no effect, the observed
distribution of detection scores should not be different

from that obtained from Experiment Six.

\
»

»
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Figure 19, Proportion of correct responses to the

composite signal (crosses), when the most detectable of the

3]

nal's cOmp_onednts was presented prior to the presentation

‘the»background. The broken line represents the proportion

of <correct responses to the prime, when presented alone for

detection in Experiment Five. The results from Experiment

“

Six are replotted for comparison (solid circ}es")"."\:
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The test yielded significant results for both observers (GM,
X1(5) = 23.2, p<.001; JY,.X*(5) = 19.79, p<.005).

The resulté éf this experiment differ from E§Periment
Six's in two respects. First, for both obsefvers, the
minimum in detectability occurred at  background peak
frequencies higher than in the previous experimept. The
broken line in Figdre 19 represents the detectability of the
signals which were used as primes in Experiment Seven, when,
the fs}mef wer7 presente@ alone for detection in Experiment
© Five. As can e seen, the solid (crdésesy—ifge adppears to be.

m?fé\stﬁglar to the dotted lipne than the third line. The

'?énima of those two curves, in particular, occur witp the

.

dame hoisez Y
' Secondly, the éolid lines are t%early différentiated at

the lowest backg:ouhd peak frequenpies."Obyiously, if any
increment could occur, it would be expected to take place in
this region, the most removed from asymptote.

A reason why the observed imprdvemen; may-be related to
a change in the detection rule induced by tﬁe presentation
of the prime is the'fdfisaing. I propose that it§ role.was
one of biasing the detection proéess of the oSseryers toward
one of the signal's c&mponeﬁts. The observer was induced by
the~primeﬁto d{fferentially weigh the output' of the sets of
independent detectors imvolved.

When both set of detectors respondihg'to the signal's

components are similarly stimulated, the effect of this

process is not expected to radically alter the detection

@ .
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response. This effect increases wﬁen the  difference in
re;ponse from the two sets of detectors increases. In these
conditions, ghe observer will rely, to '; stifl, greater
ektent, on the mbst detectable component of the signal.

This explanation leads us to expe;t that the difference
between the results of Experiments Six and Seven be related
to the detectability of the primed component of the signai.
‘Specifically, this difference should be greater the more the
primed component is detectable relative to the other. The
solid circles line'in Figure 20 was obtained by subtracting
the probability of correct responses to the composite signal
when presentéd' alone to. the corresponding values for the
primed condition. The open <circles 1line was obtained by
determining the probability of a correct résponse to‘the

composite signal on the basis of the primed component alone

by
Pc = Pp~d1-Py) (14)

where c= composite signal, p= primed component, u= unprimed
component. The values from equation 14 can be regarded as
estimates of the relative weight of one of the signal's
gomponents in the detection process. The two sets of values,
for both observers, entertain a significant relationship,
consistent with our hypothesis (GM: r = .92, p.<.01; JY:

r = .85, p<f0?). _
[



e

Figure 20. The continuous, solid circles line
represents the difference in detection probabilities (d)
between Experiments Seven and Six. The open «circles line

, . P
represents the probabilities, estimated from equation 13, of

detecting the most detectable component of the composite

signal used in Experiments Six and Seven.

* -
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This interpretation of the results, thus, suggests that
changes in performance may have been brought about by a
change in detection straftgy. By a shift, that is, from an
adding-of-ouputs toward a maximim-output detection rule.
Such rules are in fact, as noted by Yager et. al. (1984),
extreme members of a whole set of combination rules which
just differ in the degree to which gqreater valued outputs
are emphasiied relative to lesser valued outputs. .These
findings suggest that the adoption of a detection rule may

be determined, at least in part, by the amount of a priori

information available to the observer.
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E. Conclusions

These findings can be summarized as follows. The
detectability of narrowband signals in filtered noise was
lowest vhen the noise center freguency peaked at, or around,
the signal's peak frequency. The 1low detectability of a
compound signal pointed at an independent detection of its
components, whose center frequencies were one octave apart.
Information about the relative detectability of such
components, when given to the observer’  prior to the
presentation of <the composite signal in noise, prgauced a
significant improvement in performance. Finally,
cross-correlation was unable to predict performance in any
of these experiments. !

These findings were attributed to the observer's use of
detection rules based upon the outputs of independent
spatial - analyzers, the latter characterizable in terms of
their bandlimited sensitivity for spatial fregquency. The
suggestion was made ::at the wuse, in a task, of a given
detection rule may be d;termgqed by the amounQ‘of a priort
information available to t{?ﬁﬁﬁ%erver.

To the extent that théif;{indings can be related to
those presented in the previous chapter, we can conclude
that the 'critical band' revealed by those experiments
consists of a variable set of discrete narrowband spatial

filters, temporarily and functionally assembled by the

spatiotemporal bounds and the demands of the task.
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The theoretical implications of the experiments

reported in the previous pages are discussed in the next

chapter. G



Iv. Selective prococsol'{n visual signal detection.

A. Review of the resulfs.
This work explored simple aspects of the operating

characteristics of human observers engaged in the

-suprathreshold detection of two-dimenqioni& visual forms in

noisy visual environmments. The spatio-temporal boundsAof
the‘tasks employed to this end limit the validity. of the
inferences here made about such characteristics to,
egsentially, what can ‘be perceived_ in a single,
intersatcadic, foveal glance at such .images.

These explorations have not been without conceptual
casualties: Models based on the cross-correlation between
the signal and the noise image were repeatedly proved
{nadeguate in acéounfing for performance. Clearly, the
observer is limited in his ability to use all the available
image information, at least in a single glance. The human
observer is, oR the other hand, more discriminative than a
wide-band eneg;y detectorr being sensitive to sqall
d;tterences withiq‘l'xrow, equal-energf spectral regions,

Of the class of detection models that ocqupy_the space

betwveen these two extreme forms of signal detection '°*, we

concentrated on the ones according to which the observer

_uses information from multiple mechanisms (here narrowband

spatial filters) with various degrees of efficiency.

Cross correlator uses all the available signal information,
thevencrgy detector, essentially, none. )

137
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This type of detection model, more than other in its kl‘u,(

?H

14

relates directl the issue of signal dotcction t6 ihac o! fﬁy;
the coding mechanisms operating in human pattern %gp‘¢ X ?w o
LAY

The results obtained here do not directly ,tm :qm.r ok

3
-
*

to this model. They lend in fact some support_gﬂﬁ‘\such an
approach.‘ They do not, however/ support eféhigthtorward
applications of such models to the explanation of the
effects of signal gpcertainty. These effects, in fact, were
not equidistributed over the totality of the Vsignals,u :s

. [
such models require. They appearga, rather, to be selective,

~

in a way that suggestedybthe perceptual creé;ioh of a
'critical region’ in\ the stimulus space - here éetan‘ in
the spectta‘domm = within w-hn;t signal prohxng 1 ol
optimal, signals outside this req):m being atten.uated to .,,:,'
"_various degrtes. This region, we suggested, orxgxna;es from

the ‘observer's 'choice’ to preferentiaily' collect
1nformatxon, 9nd base his response upon, a subset of the
multiple discrete mechanisms through which. perceptual
information about the task is channeled.

While the e»perimeﬁts of Chapter Two revealed the
existence of such a region, and the exﬁeriments of Chapter
three helped making inferences about its characteristics, no
attempt was made to speculate about its functional
significance. \

An obvious interpretation of such a region is that the

latter simply indexes the amount of information that can be

comfortably attended to by an observer ,‘ith limited

o
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precessing capaci£y. Such an observer, confronted wit a
siéuation wh}ch exceeds this capaciiy, will allocate its
resources in a near optiﬁal manner by ;Electing a region ih
the stimulus space which minimizes»signal loss;“This regibn
was definea in the spectral domain, and estimated to extend
about t1 octave about a center frequency. We may note, in
this cqnnection, that the human visual system can be
considered to span, effectively, over abouggs octaves (1\;0
32 c¢/deg). A movable band of + 1. octave ~about a center
frequency; thus, would segrecate major spectral portions of
anl .image. Indeed, Ginsburg (°979) proved that such bandwith
is nearly optimal for 'taxonomic' purposes with.natural
.images. Different levels of‘image structure can in fact be
efficiently. isolat;d into perceptdally  meaQ§ngu1 units—
within the extent of this band. ft?i‘} ”,,s-‘ﬂf

Such findings can be ipvokea here to outline:é,folé‘ﬁdrjr{ﬁ
what at first only appears as a prod%ssing limitati&n}i-wé'

e

may speculate, that 1is, that the band is of use tp ans

<

observer by allowing him/he:'to segregate qifferent levels

of \ima%e information for purposes &f further analysis and
5 . K ER ' ' o

classification. = % e

In a similar ;eih, commenting upbn thé suggestion that
the visual system may be ablé&kte.fseyectively‘ attend to
§timuli of 1gifferent spatiai fzggh;pcy spectra that are
simultaﬁibusl& present in a visual sééne, provided their

N :

spectra are about 1.5 octaves apart, Julesz formulated the

following hypothesis: . | .
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In the weak form /the hypothesis/ states that the
visual system can favor /a set of/ Spatial f requency
channel/s/ by perceiving stimuli whose spectra match
such  channel/s/, whlle suppressing adegu;tel;
separated spéctra that are simultaneously present in .
the stimulus. If, in addition, the selection of the
favored channel gould be achieved as a result of
voluntary shifts of attention, then the strong form
of thg{hypothesis would hold. In the latter case,
one cé&ld state that spatial frequenéy channels
permit perceptual zooming on fine or coarse picture
detail without having to change regard. (Julesz and
Papathomas, 1584,'p. 398) f -

The above quotation introduces ighe of the major
theoreticél problems to be faced in the ’interpretation -of
selective processes of the type found here. This problem is

discussed in the next section.

B. On the nature of the selective processes.

Julesz's hypothesis links spatial frequency channels to
attention via processes which essentially reduce to the
observer's.ability to selectively monitor subsets of spatial
frequency channels. The obse§er can, by so doingy
selectively 'suppresé'\ spéctrql compongntsf 6f a viséal

scene, and 'favor’ others. o
. :

An observer )yho _must ﬂﬂefect compréx_»vsignals in
non-stationary noise, thys, can™make use of this ability to
» a P .
30
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'favor' spectfalaregions i%'Which the signal-to-noise ratio
is high, and to ';uppress' 6£hers or, as we suggested in the
last experiment, to assign greater weight, in the.final
detection response, to the output of channels in which this
ratio is higher. ‘

The major theoretical problem alldded to above, is that
the effects, and indeed tQF ‘logic’ behind the above
attentional and decisional strategies are exactly analogous
to those posited by ’sensory’ models of adaptive
prefiltering. ‘

Commenting upon the properties of adaptive matched

filters, Hauske and co-workers (1976), for noted
that if the background noise, as in a ig?e c;§e,
possesses a spectral energy densit} whicm: ;: ' ';::constant
over the whole range of the spectrum, \f >” »
It is reasonable for the éétchgd FilterT to pnefer‘

rdgions where the spectral ensity of the noise is

low, and to suppress othegps<(p.182)

'In this situation, thus, the adabtive matched filter,
qua filter, can be séen as paralleling the course of
attentional and decisional processes, and viceversa.

It is important, in this connection, to pding out that,
- at their inception, modern’ models of selective aﬁtention

have often liizned the latter to a 'filter' (see, e.g.,

Broadbeﬁgg 1958, and Treismén, 1964a,b; see also Swets and

Kgfgtofferson, 1970, and Posner et. al (1980) for reviews

and theoretical considerations). This interpretation ¢f
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attention is not dissimilar from some of the notions used
here to explain the experimental results.

We can thus suggest that the difficulty of
distinguishing between the theoretical alternatives outlined
above 1is, at least 1in part, due "to the fact that such
alternatives share a common notion of filtering as the key
to the essential ﬁature of visual selective processes:

If, to reiterate, thes§ views of selectivity ghare the‘
central notion of filtering, and a common logic Qﬁderlying
the selective process, we can conclude that these views
essentially differ on}y in terms ~of the locus of the
adaptive prdcess. ‘*

A\

-The distinction on this plane too, however, may become
quite subtle. In bot; views considered above, 1in fact,
selectivity ana adaptability are related to sets of spatial
filters. In one.view, such processes take place within the
filter themselves (and may thus be regarded as sensory inv
‘nature). Iﬁ the other view, these processes operate at the
output level of "the filters (and may thus be regarded as
early-attehtive), In Chapter Three, finally, we saw how
selectivity could also be attributed to decisional processesl

: .
of a presumably cognitiVe oxigin., This point deserves

further consideration in the next section.
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C. Perspectives of future research. ,

Our inventory of the w;ys in which adaptive forms of
signal processing may be achieved by the human observer, we
saw, admit§ that the former may occurr:

(1) wvia the directly adaptive capabilities of spatial
detectors;

(2) via the intervention of early attentive processes
occurring at the output level of such detectors, and

(3) via d;cisio:;l processes occurriﬁg within the
attentional "filter', and still related, to the output of
5?screte, narrowband channels.

It is worth noting, in pas§ing, the heuristic value of
the multichannel models of signal detection considered here,
as seqsory, attenfive, and decisional processes could bg

|

d%rectly and simply defined in terms of these models. \
o

This invento’y makes once more explicit how adaptiv&

effects occurring at each of these levels could in fact be

'simulated' by processes occurring at another level.

4
Further, interactions should be expected to occur among such

levels in complex detection situations. It is thus obvious

that the distinction between the relative contributions of
such levels in detection tasks may become very difficult. It
is- quite 1likely, 1in addition, that the relative weight of
such levels be 1in itself variable, depending upon the
specific characteristics of a task. |

The above discussion reveals a need for the creation of

psychophysical ‘procedures specifically sensitive to the

\

L]
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differences among the various modalities (sepsorx,
attentional, decisional) of the selection process. Greater
sensitivity can also (and’ must ) bé achieved by means of
increased quantification in the modelling of the selective
process. The difficu{tiés to be faced in this direction may
be considerable, due to the non—liﬁéarity of this proéess.

Efforts to 1increase the\EEh(itivity of our analytical
and experimental tools should be 3Ecompanied by efforts to
increase the likeness of the experimental tasks to reai-life
tasks. Only close experimental analogs of real tasks can
provide a ‘much desi;able point of contact betweén the
experimental analysis of visﬁal behaviour and tﬁe concerns
of professionals engaged ’in visual tasks of _pratical
significance;

?hese three perspectives ‘of.résearch will dgrect the
research effort of the writer in the nea!ﬁ feature. f%ey
follow naturally from the present work, which helped
establish as a necessary, preliminary step, that selectivity
and adaptability may be a crucial component of visual

behaviour in human signal detection.
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