
no motion preferences (8). Therefore, 
horizontal presentation of stimuli is a 
necessary condition for obtaining mo- 
tion preference. 

The role of eye movement as a de- 
terminant of motion preference was 
examined in the final experiment. The 
LR and RL arrangements were pre- 
sented in the stereoscope simultaneously, 
with a common point of fixation (see 
Fig. 3). Since an eye can move in only 
one direction at any moment, differential 
eye movement for the two arrangements 
could not occur. Twenty subjects were 
used. Both upper and lower triangles 
were perceived as oscillating; the motion 
preferences still occurred (9). Hence 
eye movement is excluded as a causal 
factor. 

The theoretical significance of the 
motion preference phenomenon is as 
follows. An ambiguous percept of move- 
ment can be controlled by the position- 
ing of stimuli when these stimuli are 
presented interocularly and in horizontal 
arrangements. The LR and RL arrange- 
ments appear identical when the right 
and left figures are presented simultane- 
ously, but different types of movement 
generally result when the figures are 
presented successively. Furthermore, the 
phenomenon probably cannot be ex- 
plained exclusively in terms of a retinal 
mechanism, because interocular presen- 
tation is a necessary condition for its 
production. 
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ported perceiving changes in the form of mo- 
tion, such as from oscillation in depth to 
rotation in the plane. Others reported motion 
reversals in which the initial type of oscillation 
in depth changed from ahead to behind or vice 
versa. Also, some subjects reported perceiving 
complete rotations (360?) of the triangle. 
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right and left visual fields, hold a cardboard 
partition between the right and left figures, 
perpendicular to the paper. Look down at the 
triangles (one pair at a time) and converge 
the eyes to obtain proper fusion. The triangles 
should appear joined by a common vertical 
side. Now alternately open and close each 
eye, and determine whether the vertex of the 
moving triangle swings ahead or behind the 
plane of the paper. If available, a stereoscope 
may be used to facilitate proper fusion. 

4. For the stereoscope, the mean numbers of 
"ahead" reports for nasal and temporal ar- 
rangements, respectively, were 2.00 and 5.60 
for triangles, and 1.25 and 3.80 for semicircles. 
The corresponding values for the tachistoscope 
were 2.10 and 5.85 for triangles, and 1.10 and 
3.50 for semicircles. In these and in all sub- 
sequent experiments, individual differences 
were apparent. Some subjects were perfectly 
consistent with the preference effect (10 
"aheads" for temporal stimulation and 0 
"aheads" for nasal stimulation), whereas 
others showed a preference for either move- 
ment ahead or behind regardless of the stimu- 
lus arrangement presented. But most subjects 
reported more "aheads" for temporal stimu- 
lation than for nasal stimulation. A difference 
in the opposite direction was very rare. 

5. The viewing distance was 121.92 cm; the 
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How fast can an array of letters be 
scanned to see whether it contains a 
numeral? This is a special case of a 
more general question: How quickly 
can a subject decide that an item from 
set A does not belong to set B? The 
answers to questions of this kind can 
give us basic data about the processes 
that underlie human pattern-recognition. 
In his classical experiments, Neisser (1) 
attempted to answer this kind of ques- 
tion by means of a procedure in which 
subjects searched a long list of items 
for the presence of a critical item. Be- 
cause this procedure requires subjects 
to make eye movements, it is open to 
the criticism that the limiting factor in 
search is the rate of eye movements 
rather than the rate of information proc- 
essing. Alternatively, search has been 
studied in exposures too brief to admit 
eye movements (2). Unfortunately, the 
effective visual duration of a brief stimu- 
lus is difficult to estimate unless post- 
exposure fields composed of visual 
noise (which looks like scattered bits 
and pieces of letters) are used to oblit- 
erate the visual persistence of the stim- 
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stimuli subtended horizontal retinal angles of 
1.5?. Retinal sizes for stimuli presented in 
the stereoscope were comparable, but were not 
accurately determined. 

6. The mean numbers of "aheads" for the five 
conditions were as follows: binocular, 5.5; 
right eye, 5.1; left eye, 4.5; nasal, 3.1; tem- 
poral, 5.7. 

7. The mean numbers of "aheads" for left fixa- 
tion were 2.27 for LR and 7.07 for RL. The 
corresponding values for right fixation were 
2.33 and 7.13. 

8. A mean of 4.67 was found for the R above L 
arrangement and a value of 4.72 for the L 
above R arrangement. 

9. Means for LR and RL, respectively, were 1.80 
and 8.55. The very strong preferences found 
in this particular experiment have generally 
been found to occur whenever LR and RL 
arrangements are presented simultaneously, but 
with separate fixation points. 

10. Based in part on a Ph.D. dissertation by 
Steven H. Ferris (City University of New 
York, 1970). Supported by grants to both 
authors from the City University of New York. 
We thank J. Orbach for the use of his tachis- 
toscope, and E. Heinemann for his suggestions. 
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ulus (3), and noise fields may introduce 
complications of their own. Some of 
these problems are overcome by using 
reaction-time rather than detection 
methods to study visual search (4). 
However, the interpretation of reaction- 
time experiments is exceptionally diffi- 
cult unless the probability of a correct 
response is very high, and this is a seri- 
ous limitation. With the evolution of 
computer systems for generating se- 
quential visual displays [and their em- 
ployment in closely related contexts 
(5)], the study of detection in compli- 
cated stimulus sequences has become 
technically feasible. The sequential 
search procedure (6) is the logical 
outcome. 

In the sequential search procedure, 
subjects view sequences of arrays. In 
our experiments, each array-except one 
critical array-is composed strictly of 
letters. A critical array, which contains 
a numeral in a randomly chosen loca- 
tion, is embedded somewhere in the 
middle of the sequence. The task of the 
subject is to state the location of the 
numeral. When the subject is not told 
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Extremely Rapid Visual Search: The Maximum Rate of 

Scanning Letters for the Presence of a Numeral 

Abstract. Subjects searched a rapid sequence of computer-produced letter arrays 
for the presence of a numeral in one of the arrays. The subjects' scanning rates 
were computed from their precentage of correct detections of the location of the 
numeral. Scanning rates were very high and approximately the same for a wide 
variety of conditions; the highest scanning rates (125 and 75 letters per second for 
two subjects) occurred when there were 9 or 16 letters in each of the arrays and 
when new arrays were presented every 40 to 50 milliseconds. Giving the subject 
advance knowledge of the numeral to be presented made little difference in the 
scores. 
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Fig. 1. Diagram of the stimulus sequence in the sequential search procedure. (a) Fixation 
field (1 second); (b) a randomly determined number (from 6 to 12) of letter arrays, each 
array having nine letters; (c) the critical array, in this instance it contains a numeral "5" 
in the bottom-right location; and (d) 12 more letter arrays. The interstimulus interval 
(ISI) is measured from onset-to-onset and is the same between all stimuli. 

in advance which numeral will be pre- 
sented, he must also identify the 
numeral. 

Figure 1 illustrates a display sequence 
of nine-letter arrays. The correct re- 
sponse would be "5, bottom row, right." 
The arrays are generated by a DDP/24 
computer (7), produced on a cathode- 
ray oscilloscope, and viewed with nor- 
mal binocular vision (8). Subjects sit 
at the console, and, at the end of each 
display sequence, they type a number 
corresponding to the numeral and its 
location, making a response even when 
they are uncertain. 

To analyze the data, we consider the 
subject's report of the location because 
only this report will later enable us to 
compare the case of a known numeral 
and an unknown one-of-ten numerals. 
We suppose that a subject scans some 
average fraction p of the L locations in 
each array; thus he scans pL locations. 
The subject does not know when in the 
sequence the critical array will arrive 
nor in which location the numeral will 
occur. We assume that, when the nu- 
meral occurs in one of the pL scanned 
locations, it is reported correctly; if it 
occurs in one of the (1 - p)L other lo- 
cations, its location must be guessed. 
To be conservative we assume that the 
subject uses the optimal guessing strat- 
egy; he scans a particular set of locations 
in all the arrays of a sequence. There- 
fore, he knows at least one of the loca- 
tions he fails to scan so that when he 
must guess, he guesses only unscanned 
locations. Thus he needs to scan only 
L - 1 of the L locations to achieve a 
perfect score. The observed probability 
po of being correct then is given by 
Po = P + I/L, and the estimate p of p 
from the data is p = p0 - 1/L. Insofar 
as subjects cannot be quite so effi- 
cient, p will underestimate performance 
slightly (9). 

The estimated number of locations per 
array scanned by the subject is pL. From 
pL and ISI (the interstimulus interval 
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between successive arrays) we obtain 
the estimated scanning time per letter r, 
r = ISI/(pL). The reciprocal of r is 
the estimated scanning rate. 

Data of two practiced subjects search- 
ing for a known numeral are illustrated 
in Fig. 2. Each data point is based on 
the average of about 60 trials, 30 trials 
in which the task was to detect a "2" 
and 30 in which the task was to detect 
a "5" (10). Figure 2, a and b, illustrates 
the letter scanning time versus the time- 
interval between arrays; Fig. 2, c and d, 
illustrates the estimated number of loca- 
tions scanned (pL). In these data we 
note the following. 

1) Low and fairly constant scanning 
times (high rates) occur for a wide 
range of array sizes (from 9 to 25 let- 
ters) and for a wide range of ISI's (from 
about 40 to about 160 msec). The con- 
stant r means that subjects scan either 
a few letters from each of many arrays 
(presented rapidly) or many letters 
from each of a few arrays (presented 
slowly) at an exactly equivalent scan- 
ning rate. For the faster subject (J.G.S.), 
the low scanning time of less than 10 
msec per letter corresponds to a scan- 
ning rate of over 100 letters per second. 

2) At long ISI's, search is most effi- 
cient-in the sense of number of loca- 
tions scanned-for large arrays (16 and 
25 letters). The number of locations 
scanned reaches its maximum value of 
about 14 locations in 160 msec (J.G.S.) 
and 10 locations in 200 msec (M.C.J.) 
(Fig. 2, c and d). In his best runs, sub- 
ject J.G.S. was able to scan 16 locations. 
Here, as in all his runs, no further 
improvement resulted upon increasing 
the ISI from 160 to 320 msec. 

3) At short ISI's, small arrays (2, 3, 
and 4 letters) are searched most effi- 
ciently. The r versus ISI curves for dif- 
ferent sizes of arrays systematically cross 
at short ISI's (Fig. 2, a and b). That 
the curves cross (that is, are nonlaminar) 
indicates that the subject's search strat- 
egy changes (see below). 

4) The consistently fastest scanning 
(minimum of minima of the T versus 
ISI curves) occurs for arrays of 9 and 
16 letters presented at ISI's of 40 msec 
(subject J.G.S.) and 60 msec (subject 
M.C.J.). The minima of the T versus 
ISI curves are sensitive to the effects of 
practice, tending to decrease with prac- 
tice. Thus, on her final runs, subject 
M.C.J.'s "minimum of minima" also 
occurred at 40 msec. Using data only 
from the final run to estimate the fastest 
scanning rates gives rates of about 1 
letter per 8 msec (125 letters per sec- 
ond) and 1 letter per 13 msec (75 let- 
ters per second) for the two subjects, 
respectively. These rates occur with 9- 
or 16-letter arrays, or both, at ISI's of 
40 to 50 msec and correspond to scan- 
ning of 5 to 6 and 3 to 4 locations, 
respectively, of the array (11). 

We can exclude interpretations of the 
high scanning rates in terms of scanning 
of alternate arrays; a value of p greater 
than .5 suffices for this and = .6 
(subject J.G.S.). In general, correct 
detections of the critical digit are clus- 
tered in a subset of scanned locations. 
This nonuniform error distribution is 
equivalent to an increase in p for a sub- 
set of the array, and establishes that ap- 
proximately the same locations of every 
consecutive array are scanned. 

To test whether the high scanning rate 
can be maintained when the subject must 
scan for an unknown one-of-ten num- 
erals, subject M.C.J. was given extensive 
additional tests with the 9-letter stim- 
ulus and a 60-msec ISI (the condition 
that previously gave the maximum 
scanning rate). There were two blocks 
of 50 trials with each of the numerals 
0 to 9, in which she was informed of the 
numeral in advance of the block of trials. 
There were six blocks of 50 trials in 
which the critical numeral was unknown 
to her (it could be any of the ten num- 
erals). The 1300 trials were conducted 
in a counterbalanced series of 26 blocks 
with about 50 practice observations at 
the start of each block. Because the 

Fig. 2. Estimated letter-scanning time (r) 
and estimated number of locations scanned 
(pL) as a functon of the time interval (ISI) 
between successive arrays. Data are shown 
for two subjects-a typical subject (M.C.J.) 
and a "rapid" scanner (J.G.S.). Data points 
obtained with arrays of the same size are 
connected; solid triangle, 2; half circle, 3; 
open triangle, 4; circle, 9; diamond, 16; 
and square, 25 letters, respectively. The 
theoretical limits set by perfect perform- 
ance are indicated by the light straight 
lines (a and b) and by the scale marks on 
the right-hand ordinate (c and d). 
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subject's performance was still improv- 
ing slightly at the conclusion of this 
series, another series of 1000 trials was 
conducted with unknown one-of-ten 
numerals. In all these tasks, the analy- 
sis considers only reports of the loca- 
tion of the numeral (location scores) 
and not reports of the numeral itself 
(item scores). In fact, the location 
scores and the item scores are highly 
correlated. 

In the counterbalanced series, which 
enables a direct comparison between 
numeral-known and numeral-unknown 
conditions, the subject scored slightly 
(but significantly) better when the num- 
eral was known in advance (p = .46 
versus p - .38). Performance improved 
slightly between series, and in the second 
series (in which only "unknown" num- 
erals were tested) the final value of p is 
.47, equivalent to a scanning time of 
r= 14 msec. The numeral-by-numeral 
correlation between scores with known 
and unknown numerals is 0.97 (Table 
1). We conclude that overall perform- 
ance with a known numeral is slightly 
better than with an unknown one 
(although this advantage possibly may 
disappear with practice) and that the 
relative difficulty of each numeral in- 
dividually is independent of whether the 
subject knows in advance which numeral 
will be presented. 

An important result in Table 1 is the 
wide range of difficulties of individual 
numerals; 

A varies from .019 to .719. 
By selecting just one numeral to com- 
pare with an unknown one-of-ten num- 
erals, one might conclude that advance 
knowledge of the numeral was helpful, 
of no importance, or harmful to per- 
formance, depending on which particu- 
lar numeral happened to be chosen. To 
come to the correct conclusion (slightly 
helpful), it was necessary to compare all 
ten numerals in the numeral-known con- 
dition with those in the unknown one-of- 
ten condition. Earlier, Fig. 2 showed 
data obtained with a particular known 
numeral, but we see from Table 1 that 
they were typical of the results with an 
unknown one-of-ten numerals; there- 
fore, the results of Fig. 2 tentatively may 
be extrapolated to an unknown one-of- 
ten numerals. 

The scanning times of 8 to 14 msec 
per letter estimated from these search 
experiments are remarkably close to the 
scanning times of 10 to 15 msec per 
letter estimated from recall experiments 
in which a letter array is followed by an 
array of visual noise (3). We propose 
that the similarity of the letter scanning 
time in searching letters for a known 
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Table 1. Comparison of the estimated proba- 
bility 

' of correctly detecting the location of 
(i) a known numeral and of (ii) an unknown 
one-of-ten numerals. Nine-letter arrays were 
presented at ISI's of 60 msec; approximately 
100 trials were used to estimate each p. 

Numeral Known Unknown 

0 .019 .011 
1 .344 .296 
2 .572 .636 
3 .642 .691 
4 .206 .293 
5 .479 .449 
6 .662 .646 
7 .429 .406 
8 .719 .648 
9 .572 .633 

Mean (series 1) .464 (.383)* 
Mean (series 2) .469 
* Data for these 300 unknown trials of series 1 
are not included in the analysis. 

numeral, in searching letters for an un- 
known one-of-ten numerals, and in the 
recall of letters is due to subjects' in- 
efficient use of partial information in the 
search experiments. (Partial information 
consists of fewer features-for example, 
lines of a letter-than are required for 
identification, such as, only the vertical 
lines of H, N, and U.) Because sub- 
jects know neither the particular array 
nor the spatial location in which the 
numeral will appear, partial information 
gained from an incompletely analyzed 
numeral is immersed in the partial in- 
formation from incompletely analyzed 
letters-not only letters from the same 
array but also from many other arrays. 
The information deluge would lead to 
multiple false detections (which are dif- 
ficult to process) unless the subject sets 
a high criterion for his recognition re- 
sponse. Because the subject demands 
virtually complete information for a 
response, processing times for known 
and unknown numerals are similar, that 
is, the subject is doing the same com- 
plete analysis in both conditions. Com- 
plete analysis, of course, suffices even 
for recall-hence the similar scanning 
rate in recall tasks. 

To further analyze the data, it is use- 
ful to distinguish three levels of mental 
processing: P1, processing of a single 
character; P2, processing of characters 
in the same array; and P3, processing of 
characters from consecutive arrays. We 
can ask to what extent each of these 
processes, individually, is composed of 
successive operations (serial processing) 
or simultaneous operations (parallel 
processing). For example, in an en- 
tirely serial model, the processing of a 
single character (P1) might consist of 
the serial comparison of the representa- 
tion of the unknown character with the 

memory representation of each of the 
ten numerals (12). This process ends 
when the unknown character is identified 
as a particular numeral or as a non- 
numeral, and processing of another 
character from the same array begins 
(P2). Once the next array appears, 
processing of characters from the orig- 
inal array is terminated, and processing 
of the first new character begins (P3). 

The data of the present experiments, 
while they do not suffice to exclude or 
to prove any particular model, can most 
plausibly be accounted for by assuming 
that both P1 and P2 are parallel proc- 
esses (13). With respect to P1, the 
great similarity of results in the numeral- 
known and numeral-unknown conditions 
(Table 1) implies that the same proc- 
essing occurs in both conditions. This 
similarity is predicted naturally by a 
parallel processing model of P1 (all 
memory representations are compared 
simultaneously with the unknown char- 
acter) but only with considerable com- 
plications by serial processing models. 

With respect to P2, simple serial 
models predict that when either array 
size or ISI is increased, the number of 
locations scanned increases. (Giving the 
subject more opportunities for success- 
ful scanning-more letters to scan or 
more time to scan them-should im- 
prove his performance.) In fact, when 
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r versus ISI curves (Fig. 2) imply that 
the subject does not simply do more 
scanning, rather, increasing array size is 
detrimental to performance when ISI is 
small and helpful when ISI is large. 
When ISI is increased, the steep negative 
slopes of the r versus ISI curves imply 
that the subject does not simply do more 
scanning, instead he derives a special 
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(G> 40 msec) to enable him to scan 3 to 
4 letters. A plausible interpretation of 
these data is that P2 is a parallel process, 
and that the two subjects, respectively, 
scan at least 3 to 4 and 5 to 6 locations 
in parallel from the same display. Scan- 
ning efficiency is impaired when either 
(i) fewer letters are presented than the 
smallest number the subject normally 
scans in parallel or (ii) the array is 
presented for less than the 40 msec 
needed to scan this number of letters. 
The data suggest that the remaining 
locations (up to a total of 10 to 14) 
also are scanned in parallel but less 
efficiently. However, scanning does not 
proceed independently at each location. 
If it did, pL would increase in propor- 
tion to array size-which it obviously 
does not do. 
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Sternberg and Scarborough (6) 
showed that, in arrays of size one, con- 
secutively occurring numerals are proc- 
essed at overlapping times, that is, that 
P3 is partly parallel and not purely 
serial. Taken together with our results, 
this means that all component operations 
of scanning overlap each other in time. 
Scanning may be concentrated on either 
a few locations or spread out over many; 
for a considerable range of conditions 
the overall scanning rate is approxi- 
mately constant (13). For the two 
subjects, the maximum overall rate 
varies from about 75 to 125 letters per 
second (equivalent to the discrimination 
of 1 letter from a numeral every 8 to 
14 msec). 

What is the role of eye movements in 
visual search? In visual search, as in 
nearly all visual tasks, the eyes make 
quick saccadic movements at rates not 
exceeding about 4 or 5 movements per 
second, and thereby the eyes effectively 
transform the visual input into a se- 
quence of stimuli with ISI's of 200 to 
250 msec (14). Even these minimum 
times between eye movements (for ex- 
ample, 200 to 250 msec) are five times 
longer than the ISI's that produce the 
fastest scanning rates in the present 
experiment (40 to 50 msec). When 
arrays are presented at ISI's comparable 
to those between eye movements, scan- 
ning rates generally are much lower than 
the maximal rates-in fact, the data 
imply that most scanning occurs during 
the first half of the ISI (Fig. 2, c and d). 
Therefore, in the simple search for a 
numeral among letters, the rate of eye 
movements is a factor that significantly 
limits the rate of search, and a method 
like the sequential search paradigm is 
needed to estimate a scanning rate that 
is unconfounded by eye movements. Can 
replacing the sequence of stimuli gener- 
ated by eye movements with a sequence 
of stimuli generated by a computer re- 
sult in a comparable improvement in 
performance in complex visual tasks 
such as reading? That is, can eye move- 
ments gainfully be replaced by stimulus 
movements, even when the rate of proc- 
essing rather than the rate of eye move- 
ments is the limiting factor? These are 
important practical questions, and the 
sequential presentation procedures offer 
the means to answer them. 
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be directly involved in thermoregulation. 

Only a few investigators have suc- 
ceeded in interfering with the biologi- 
cal clock by surgical manipulation (1). 
The work of Gaston and Menaker 
showing that removal of the pineal 
organ results in the loss of the endoge- 
nous circadian rhythm of locomotor 
activity in ithe house sparrow is the 
only such study in vertebrates. The 
appearance of apparently aperiodic 
activity after pinealectomy of birds 
kept under constant conditions of 
darkness or dim light has been repeat- 
edly confirmed in this laboratory and 
elsewhere (2). In order to determine 
the extent of the pineal's role in the 
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circadian system of birds, we have 
investigated the influence of pinealec- 
tomy on temperature. We have found 
that pinealectomy abolishes the endog- 
enous temperature rhythm, and that it 
affects body temperature regulation 
in ways that may not result directly 
from its effects on rhythmicity. 

As reported by Hudson and Kimzey 
(3), Passer domesticus has a circadian 
rhythm of body temperature change 
which we found to have an amplitude 
of 3.0? to 4.5?C (4). In our experi- 
ments this rhythm persisted with a 
circadian period in all unoperated 
birds for as long as they were main- 
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Pineal Function in Sparrows: 
Circadian Rhythms and Body Temperature 

Abstract. Deep body temperature of the house sparrow, Passer domesiticus, 
was monitored continuously by radio telemetry. Pinealectomy abolished the nor- 
mal circadian rhythm of body temperature in constant darkness, and significantly 
altered the amplitude of body temperature rhythms entrained to light cycles. 
The body temperature minima of pinealectomized birds never fell as low as 
those of unoperated birds regardless of the light conditions; the temperature 
maxima of both normal and pinealectomized birds were higher in light than in 
darkness. In sparrows the pineal organ is essential to the normal function of the 
biological clock controlling both activity and body temperature rhythms and may 
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