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In our laboratory we are studying the basic mechanisms of
attention with particular reference to vision. The primary mecha-
nisms of visual attention are of course overt: eye movements and
body orientation. But even within a single eve fixation, attentive
processes determine what particular kind of signals are analyvzed
and from what parts of the visual field they are accepted.

First we consider some examples irom visual search. In nor-
mal visual search, the subject searches an array of objects(back- '
ground objects) for a critical object (target) by moving his cyes
over the array. While the pattern of eve movements is interesting
in itself (Yarbus) it merely adds a complication (not under experi-
mental control) to the analysis of attention. Therefore, in our
experiments, we eliminate eye movements by having the subject
keep his eyes iixated in the center of a display, and presenting
new stimuli to him every t msec. This method gives the experi-
menter precise control over the [low of information to the visual
system. When t is 240 msec, this display sequence simulates,
approximately, the sequence which the eyes produce for them-
selves in natural visual search.

A typical paradigm is illustrated in Fig. 1. The subject sees
first a fixation field, presented for one second, followed by a se-
quence of character arrays. Each character array is presented as’
a briei flash lasting a fraction of a millisecond. The arrays are
clearly visible; in other experiments we have found no difference
in performance between the brief flashes and arrays presented
continuously for 200 msec. One of the character arrays, the cri-
tical array, contains the target characters. It is preceeded by
a random number (from 7 to 12) of noncritical arrays and fol-
lowed by at least 12 noncritical arrays. The subject does not
know which array contains the target characters, nor what the
particular target(s) will be, nor where in the array they are lo-
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cated. His task is to report the identilty and location of target
characters, and his degree of coniidence in the correctness of his
report. The data are analyzed in terms of [ the average number
of characters the subject scans in each array and t, the average
time it takes to scan one character. v

In previous studies (Sperling, et al., 1971) we studied the abi-
lity of .a subject to search for a single target numeral when the
background characters were letters. Some salient results and con-
clusions were:

(1) Telling the subject in advance which particular numeral
(e.g., «5») will be presented on each one of a long series of
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Fig. 1. Sequence oi consecutive displays in the search experiment. (a) Fixa-

tion field; (b) 7 to 12 noncritical dispiavs: tc) vritical display with single

target numeral; (d) 12 noncritical displavs; (1S1) interstimulus inferval, varied
between sessions irom 3 to 480 msec.

trials does not improve his ability to detect that numeral, rela-
tive to its detectability when the subject is searching for an un-
known one-of-ten numerals. A related observation is that when
the subject detecis a targei, he detects both its location and its
identity. That is, he does not report seeing an unknown numeral
in a particular location or seeing a particular number in an un-
known location. Detection of a numeral amongst letters implies
both: identity and location information. o

(2) The maximum number of characters a subject can scan
in an array (max [/, his «span») is about 153—23 characters. In-
creasing the number of characters in the array beyond a subject’s
span does not improve his performance.

(3) Subjects approach their asymptotic performance when
arrays are presented every 120 msec; increasing t to 240 msec
improves performance only slightly; increases in t beyond 240 msec
are of no benelit whatsoever. A corollary conclusion is that when
a subject searches large arrays naturally by means of eye move-
ments, (i. e., corresponding to a new input about every 240 msec.)
his processing capacity is unused for about hali of the time (bet-
ween 120 and 240 msec.).

(4) The most ellicient search (min [t]) occurs when new
arrays occur every 40 to 50 msec (corresponding to 20 to 25 fresh
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arrays per second). In these presentations, most subjects achieve
a 1 of less than 10 msec, corresponding to scan rates in excess
of 100 characters per second. When arrays are more closely spaced
* than every 40 msec, performance deteriorates rapidly. _

(5) The conclusion from these and related studies is that
subject search in parallel for 15-—25 characters in an array. There
is some sharing of processing capacity between nearby locations
of the same array (so that enlarging an array by adding new
characters does not improve performance as much as would be
expected if the new characters were processed entirely indepen-
dently.) o

In an attempt to produce an optimum array of characters for
visual search, we constructed. an array in. which the number of
characters in each local area was matched to the density of infor-
mation processing capacity of that area. This array consisted of
very small characters in the center, surrounded by larger and
larger characters in each successively larger ring around the cen-
ter. To our surprise we found that performance was not optimal
but awful, and this led us to investigate the question of whether
subjects can search in parallel for targets of difierent sizes.

The experimental paradigm was the same as before except
that the critical array now contained two target numerals, a large
one and a small one, chosen independently, and the subject's
task was to report both numerals, both locations, and both con-
-fidences. The spatial arrangement of the small characters in the
inside and the large characters in-the outside of an array is illu-
strated in Fig. 2. The size and number ol the inside and outside
numerals were chosen so that in control experiments, in which
the task of the subject was to report only inside or only outside
numerals, the probability of a correct report was approximately
matched in the inside and the outside. B

~Two other conditions were investigated, Noise, and Reversal.
In the noise condition, the inside was composed of large charac-
ters (the same size as the outside) but detection of a critical
numeral was made comparably difficult by superimposing a ran-
domly-chosen, squiggly line segment («noise» segment) to each
inside character. (In the reversal condition, background characters
in the inside were taken to be numbers and the target was
a letter.) :

In all conditions, the outside was the same. The background
characiers were all the letters of English except that B, S, Z, Q,
O, I were omitted because of their similarity to the numerals 8,
5, 2 0,0, 1. In the reversal condition, which was studied sepa-
rately after the others, the numerals 0 and | also were omitled.

Some data from a typical subject viewing the display with
Small characters are illustrated in Fig. 2a. The ordinate indicates
the probability of correctly identifying the small target numeral
(from the inside); the abscissa indicates the probability of cor-
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rectly identifying the large target numeral (from the outside).
In these experiments both numerals always occurred in the same
array.

Eyach point in Figure 2 represents data from a different ses-
sion. In some sessions the subject was instructed to give most
of his attention to the large outside characters, in other sessions
to the small inside characters, and in still others he was told
to pay equal attention to both. Figure 2 indicates that indeed he
was able to follow these inslructions, and that he was able to
«trade-off» performance on one class of -targets against the
others. The range of performances ol which he is capable, as he
varies his attenfion from being devoted entirely to the small tar-
gets {o entirely to the large targets, defines his «attention —-
operating — characteristic» that is, his AOC for this task. In this
task, the AOC is approximately a straight line with slope of -l
indicating that the subject can exchange a certain amountﬁ)roba-
bility on one task (Ap;) for an equal amount on the other (Apy).

In control conditions, the subject was told to report just one
kind of target (e.g., the outside target) for the entire session.
These. data are graphed directly on the axes of Fig. 2. A verti-
cal line is drawn through the mean of the outside control data,
and a horizontal line through the inside mean. The intersection of
these two points defines the «independence point», the point at
which the subject would operate if he could perform both search
tasks simultaneously without any interference, i. e., independently
"~ of each other. Insolar as the AOC lies inside the independence
point, it represents some degree of interference between the two
tasks.

Interierence between two search tasks does not occur because
of any memory deficit. To prove this the display was altered so
that the targets remained the same but each background charac-
ter was replaced with just a single dot. In this case, subjects gave
errorless reports of both targets. Thus, the subject’s inability to
report both targets in the experimental condition is due to the
mutual interference of the two search tasks. ‘

Figure 2b illustrates performance in the Noise condition. The
outside search task was the same as in the Small condition; the
inside search task was matched to be of equal difficulty. None-
theless, we see here that the AOC curve is closer to the indepen-
dence point. This subject can carry out these two search tasks
(with targets of equal size) with very litile mutual interference.

Figure 2 c illustrates performance in the Reversal condition,
where the subject searches for a letter target among numerals on
the inside, and for a numeral target among letters on the outside.
The data show the mutual incompatability of these two search
tasks ig nearly total. .

In order to examine the mechanism by which the subject
moves along the AOC curve, that is, the mechanism by which
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attention is shifted from one secarch task to the other we must
examine the 2X2 contingency table (Fig. 3) which gives the joint
occurrences of correct reports on the two tasks. This table has
three degrees of freedom: two of these, the marginals, P, and P,
are used to make the AOC. The third degree ol freedom (corre-
lation) provides information about the mechanism of attention.
We consider here two (of many) possible mechanisms: sharing
and switching. The mechanisms are outlined below without for-
mal derivations.

In pure sharing, attention is agsumed to be divided between
the two tasks in some fixed proportion, which does not vary from

Taskl
Wrong Right
Wrong (1-p1-p2)-c | pyl-prc | (1-P2)
Task 2
Right | (-plpre | PR | P
(1'P1? | }Pl

Fig. 3. Contingency table for the joint probability of correct responses in

a divided attention experiment. The algebraic. expressions represent the predic:

tions oi pure «shared» altention (statistical independence of the two tasks)
when ¢ is zero, and represent” some degree ol «switchings for ¢>0.

trial to trial. Insofar as there is less attention devoted to each
task than in a control condition, performance suffers relative to
the control. However, the 2X2 contingency table is assumeqd to
show statistical independence. - ‘

In attention switching, two different attention states -(S;, Sg)
are assumed to occur randomly, from trial to trial, in the search
task. (Ideally, S; and S, are states of pure shared attention, but
this is not a necessary assumption.) To move along the AOC
curve, the subject varies the proportion of times he is in S,. Two
interesting properties of attention switching are (1) mixtures of
S, and S, produce a straight line AOC curve connccting S, and
S;, and (2) the contingency table for a mixed state is the mixture
of the two separate contingency tables (S, and S;). From (2)
it can be shown that, under the conditions of the experiment, any
contingency table produced by switching between states with pu-
rely independent tables has a negative correlation and shows
nonindependence by the Chi-square test. With the aid of some
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additional assumptions, one can estimate the particular two states
between which attention is being switched.

When this analysis is applied to the data described above, we
discover that the major mechanism of altering attention is switch-
ing i.e., altering the proportion of times the subjects is in S, or
Se. On the other hand, we can also reject the hypothesis, for at
least some of the data, that there are only two attentional states
(i. e., the states determined by the intersections of the AOC curve
with the control condition lines). Thus attention sharing is not
merely a mechanism for generating the end points of the AOC
but is also a mechanism for moving along an AOC. -

In conclusion, we see that subjects cannot simultaneously
search for a large and a small target as well as they can search
for equal-sizeq targets. The instruction to give equal attention
to the search for two different-sized targets causes the subject
to switch his attention from trial-fo-trial between scarching pri-
marily for large and searching primarily for small targets.

In a more general vein, we remark that the AOC is a general
way ol studying altention and particularly of describing the com-
patibility of two tasks. A pair of tasks to be periormed simulta-
neously determines an AOC. To compare two pairs oi tasks, one
cannot just use one condition of attention for each pair, as this
would be comparing one point irom each of two curves and not
comparing two curves. (An analogous problem occurs in signal
detection thcory with ROC curves.) The mechanism by which
a subject varies his performance along an AOC curve in the tasks
we studied was primarily by switching attention between extreme
states, but some sharing of attention also occurred.
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