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A two-stage model of visual search

JAMES E. HOFFMAN
University ofDelaware, Newark, Delaware 19711

A two-stage visual search model is described. Four experiments show that in a VM paradigm
sequential presentation of the display leads to increases in accuracy and decreases in latency.
Slower presentation rates allow for faster transfer of the target from iconic to short-term
memory. When target and background items are dissimilar, transfer to short-term memory need
not take place and decisions can be made on the basis of the Stage 1 analysis. These results
are taken as confirming evidence for the proposed model.

At what rate can central brain structures process
information arriving over the visual channel? Is the
maximum rate limited by the pattern recognition
process, memory search, or the necessity to direct
attention to a single visual input at a time? It is the
thesis of this paper that answers to the above ques
tions lie in viewing the visual information processing
system as a hybrid arrangement of parallel and serial
processes. This view helps to account for several
paradoxical findings in the visual search literature as
well as provide a mechanism for the plasticity of
search behavior recently revealed by Schneider and
Shiffrin (1977).

Sequential Search
Attempts to directly measure the rate of visual

form recognition have used the sequential search
paradigm in which an observer attempts to detect
the presence of a predefined target character in a
sequentially presented visual array. Eriksen and
Spencer (1969) found detection accuracy to be inde
pendent of presentation rate. Shiffrin and Gardner
(1972) replicated this finding for a case in which
the spatiotemporal order of inputs was known in
advance by the observer. Eriksen and Spencer (1969)
and Kinchla (1974) proposed that each display
character was recognized in parallel and independently
(the independent channels, or IC, model). Further
refinements of the IC model were provided by Estes
(1972), Gardner (1973), and Shiffrin and Geisler
(1973).

Schneider and Shiffrin (1977) proposed that when
the subject searches for the same character set consis
tently (consistent mapping, or CM), the members of
that set are eventually recognized through a process
of "automatic detection" whose operating time is
independent of the number of characters in the dis-
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play or the target set. When the target set periodically
switches roles with the background set (varied map
ping, or VM), automatic detection is not possible
and the subject searches the array by comparing each
member of the target set to each item in the display,
terminating when a match is located.

The distinction between two different search
modes and the emphasis on the subjects' experience
helped resolve many of the conflicting findings of
different search experiments. Nonetheless, there are
several findings that do not appear to be compatible
with either of the two search modes.

Sternberg and Scarborough (1969) had subjects
search a sequentially presented array for anyone of
five characters. Letters were presented at a rate of
1/75 msec. It appeared that targets were located by
a serial exhaustive comparison to the memory set.
In the case of a five-letter memory set, this process
would require 200 msec. If each letter in the display
were being evaluated by such a process, then the fast
presentation rate would require that several letters
be simultaneously present in the comparison stage.
Thus, the memory comparison process does not set
a limit on the rate of search.

A related finding is that of Shaw (1977), who had
subjects search a linear string of letters in a prescribed
order. RT was an additive combination of memory
set size and the position of the target in the string.
In agreement with Sternberg and Scarborough (1969),
search rate was independent of memory set size.

Hoffman (1978) extended the Eriksen and Spencer
(1969) paradigm using a VM procedure. The display
format is shown in Figure 1 (also the format used
in the experiments to be reported here). The three
letter sets shown in Figure 1 periodically exchanged
roles as target and background sets. Detection accu
racy increased as the interval between characters
(stimulus onset asynchrony, or SOA) increased, con
trary to the predictions of the IC model.

Latency data, however, indicated that the depar
ture from the predictions of the IC model could not
be attributed to a serial comparison process such as
proposed by Schneider and Shiffrin (1977). A high-
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Figure 1. The sequential search paradigm. Each display letter appears in a different time frame and spatial location.

accuracy sequential search paradigm showed a curious
pattern of results. Decreasing presentation rate pro
duced a small decrease in positive latencies (target
present) and a much larger one on negative trials
(target absent). The decrease on positive trials was
too small to be attributed to a serial search. In addi
tion, the SOA at which latencies no longer continued
to decline was independent of memory set size. Given
that this SOA value represents the time required to
classify a character before the next one arrives, a
paradox is apparent. Although increasing memory
set size produces a linear increase in RT, it does not
set the limit on character classification time. This
finding is very similar to those of Shaw (1977) and
Sternberg and Scarborough (1969), reviewed above,
which indicate that the memory comparison process
is not the limiting factor in rate ofvisual search.

Hoffman (1978) proposed that subjects can search
a rapidly presented display using a slow memory
comparison process because display elements are first
evaluated by a parallel process. Only those forms
which bear a physical resemblance to the memory
set are admitted to the serial comparison process.
A computer simulation of this two-stage model pro
vided a good quantitative account of accuracy and
latency in the sequential presentation paradigm. A
description of this model follows.

A VISUAL SEARCH MODEL

time. The model we present is closely related to
Neisser's theory.

In outline, the model works as follows. Each item
in the display is compared in parallel to all memory
set items. The outcome is a similarity measure for
each display item. Display characters are then serially
transferred, in order of decreasing similarity, to a
serial exhaustive comparison process. The transfer
mechanism is assumed to be the same spatial selective
attention mechanism studied in detail by Colegate,
Hoffman, and Eriksen (1973) and Hoffman (1975).
A detailed description follows.

Stage 1
Anderson (1973), Kinchla (1974), and Lappin

(Note 1) have described parallel signal processing
mechanisms, based on statistical communication
theory, which accomplish signal detection by passing
the signal through a filter. When one of several sig
nals must be detected, the outputs of several filters
are integrated, which increases the noise in the detec
tion process and lowers the signal/noise ratio. This
idea forms the basis for an analogue to "preatten
tive processes" (Neisser, 1967). Assume that each
memory set item can be represented as a filter and
that the outputs of the filters are integrated. Increas
ing memory set size will lead to more noise in the
output and a lower signal/noise ratio.

In particular, let

where S; is the similarity value for the [th display
element and M is the size of the memory set. Xj is

Several years ago, Neisser (1967) outlined a two
stage theory of visual search. An initial "preatten
tive" stage was responsible for segmentation of the
scene and was parallel, although error prone. It
guided a second stage of focal attention which per
formed fine discriminations on a single object at a

M

s, = ~ Xj'
j=l

(1)
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= IJfor a target element (4)

E(Sj) = 0 for noise elements

VAR(S) = Mo2 . (5)

fer is complete, transfer of another element may begin
(assuming another candidate currently exists). Thus,
the transfer of or attention to display items can be
conducted in parallel with memory comparison.
However, if a display item completes transfer while
a preceding one is still undergoing Stage 2 processing,
the second one must queue. Due to this arrangement,
the asymptotic SOA value will depend on the slower
of two processes: the attentional mechanism or
Stage 2 comparison. In many experiments, the dura
tion of the attention mechanism is longest leading to
an asymptotic SOA value that is not dependent on
memory set size.

Notice that if the signal/noise ratio is high, the
signal will, in general, be the first item transferred
and there will be very little effect of rate on positive
trials. On negative trials, however, the entire list must
be examined, leading to large savings in RT with
sequential presentation.

Stage 2
Stage 2 is a serial exhaustive comparison process.

Only one item at a time can be present in this stage.
At the end of an exhaustive memory comparison, if
a match has been found, a positive response is
initiated, otherwise a new display item is entered until
either all comparisons have been made or limitations
of iconic memory prevent any further comparisons.
Stage 2 is assumed to be error free. Thus, the main
sources of errors (misses) are the failure of signal
items to gain admission to the candidate list and the
elimination of items from the candidate list when
their waiting time exceeds iconic memory duration.
False alarms are assumed to be guesses.

The present series of experiments was designed to
test several implications of the two-stage search
model. The model suggests that increasing detection
accuracy with decreasing presentation rate in VM
paradigms is due to a process limitation caused by
a serial transfer of the display items to short-term
memory for Stage 2 processing. A failure to find rate
effects is attributable to the subject's relying on the
Stage 1 analysis.

Since the effect of rate on detection accuracy is of
crucial importance in rejecting the IC model, it is
desirable to verify that the effects of rate are not due
to data limitations.

Previous experiments showing increased accuracy
with slower presentation rates (Schneider & Shiffrin,
1977; Sperling, Budiansky, Spivak, & Johnson, 1971)
have presented the sequential characters to the same
retinal locations and have left the display on during
the interstimulus interval (lSI). Detection accuracy
under these conditions would improve with increases
in the lSI because of decreased forward and back
ward masking as well as increases in the energy of
the display due to temporal integration. Both studies

(3)

(2)

(6)SINo = IJ/v'Mo2
•

= IJfor a target element

E(xj) = 0 for a noise element

a normally distributed random variable with expected
value and variance as follows:

Then, if the subject has M letters in his memory
set, the expected value and variance of the similarity
value, Sj, are as follows:

Thus, the signal/noise ratio, analogous to the d I

measure of signal detection theory is

In other words, the signal-to-noise ratio of the
similarity value goes down with increasing memory
set size.

The subject could, at this point, make a decision.
The optimal procedure is to sum the similarity values
corresponding to each display element and compare
the sum to a criterion. Kinchla (1974) described this
model and showed that it fit the Eriksen and Spencer
(1969) data as well as his own data on redundant
targets. Thus, a subject responding on the basis of
Stage 1 analysis will behave as CM subjects do.

When the signal/noise ratio is low, as might hap
pen in VM circumstances or when signal and noise
items are similar, responding on the basis of Stage 1
would produce a high error rate. This error rate
could be reduced by submitting items to a second,
slower, more accurate discrimination process. We as
sumed that a candidate list was formed by comparing
each similarity value to a criterion. All those items
passing the criterion were placed on the candidate
list. Items not placed on the candidate list received
no further processing.

Transfer
Candidates are transferred to Stage 2 processing

by a process of selective attention. That item current
ly having the highest similarity value is transferred
first. Transfer time is a random variable having a
rectangular distribution on the interval 0-200 msec.
This assumption fits reasonably well with the data
on spatial selective attention cited earlier. Once trans-
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Figure 2. Three display formats utilized in Experiment 1. The
four-grouped and eight-letter displays share the same inter
character spacing.

The composition of the memory set changed within blocks as
follows. The letters comprised three sets (AXPL, HMBT, and
DUEl). Let N be the size of the memory set. The first N members
of Set I served as the memory set for N x 24 trials. Noise elements
were chosen from Sets 2 and 3. Following this, the next N mem
bers of Set I became the memory set until Set I was exhausted
at which time, Set 2 became the memory set with noise elements
chosen from Sets I and 3. Set 3 was not used for memory set
elements. The advantages of this procedure are that the subject
sees essentially identical displays independent of memory set size,
and the members of the sets are well learned.

On each trial, the subject fixated a light point and initiated a
trial with a microswitch, Four or eight letters appeared sequen
tially around the circumference of an imaginary circle. The spatial
ordering of letters was random, as was the spatial position of the
target on positive trials. Positive latencies were measured from
onset of the target element, while negative latencies were measured
from onset of the last item in the sequence. Displays were not
refreshed.

The subject pressed one of two microswitches to indicate wheth
er or not he detected a match between any display element and
memory set item, and received immediate feedback on correct
ness of response and latency.

Figure 3. Hit rate and false alarm rate as a function of memory
set size, presentation rate, and display format. Experiment 1.

Results and Discussion
Figure 3 shows hit rate and false alarm rate as a

function of memory set size, SOA (0 or 75 msec)
and display type. Each point is based on approxi
mately 384 observations. The data for the eight-letter
display condition replicate those reported by Hoffman
(1978) in showing decreased detection accuracy with
increased memory set size and presentation rate. The
data for the four-letter displays indicate that the gain
in accuracy with decreased rate is indeed a process
limitation. The two four-letter conditions (spaced
and grouped) are virtually identical and show little
sensitivity to variation in rate. We thus conclude
that the gain in accuracy with decreased rate reported
in Hoffman (1978) and replicated here is due to a
limitation in the ability to process several simul
taneous inputs when the subject is in a VM paradigm.

Hit rate and false alarm rate were used to compute
a d I measure assuming equal variance, normally dis
tributed noise, and signal-plus-noise events. Re
peated-measures analysis of variance on these scores
revealed significant effects of rate [F(1,5) = 8.5,
p < .05], display type [F(2,1O) = 32.3, p < .001],

mentioned above found an effect of rate even in a
eM paradigm where the subject should not be sen
sitive to processing load. The paradigm illustrated in
Figure 1 avoids this limitation. However, one pos
sible data limitation in Hoffman's (1978) experi
ments is lateral masking between adjacent display
characters. Sequential presentation would reduce this
maski?g and lead to increase in detection accuracy.
ExpenJ?ent 1 evaluated this possibility using the
three display formats shown in Figure 2. If the effect
of rate on detection accuracy is to reduce lateral
masking, then we would expect the four-grouped and
eight-letter displays to show similar effects of the rate
variable since they have the same intercharacter spac
ing.' The four-spaced condition, in which the ele
ments are separated by a distance greater than that
over which contour interference takes place, should
show no effect of presentation rate.

EXPERIMENT 1

Method
Subjects. The author and five paid volunteers served as subjects.
Apparatus and Stimuli. The letters were .230 high and con

structed by illuminating the appropriate points in a 6 by 5 matrix
on a Tektronix 604 display monitor equipped with P-15 phosphor
under control of a PDP-12 computer. Each point had a luminous
directional intensity of 2.8 x IO" cd on a dark background. Letters
appeared on the circumference of an imaginary circle, 2.1 0 in
diameter and centered on a fixation point.

Procedu~e. Each subject served in one practice and two experi
mental sessions. Each session consisted of six blocks of trials one
block for each combination of three memory set sizes (one, 'two,
or four letters), and two rates (0 and 75 msec). Each block con
sisted of 192 trials, half of which were positive. The order of
display types (four grouped, spaced, and eight letters) within the
block was random within the constraint that each member of
each memory set occurred within each display type and each tem
poral position equally often. Targets occurred in each of the eight
possible temporal positions equally often.

~
r

!z Ii!
UJ
u

'"UJ
a.

MEMORY SET SIZE

i

, ..........,
"', .'"""'".. >:

0-- '" &lr.s---- <t
...J
<t
UJ

"'...J I'l<t...
....
z
UJ
u

~'"UJe,

,,
, • !POOED..
0--7':1--__

~.
~

. _ - - - ---
---;:;: ...---

i;:--::'::" -- --

MEMORY SET SIZE



memory set size [F(2,1O) = 56.2, p < .001], and the
Rate by Display Type interaction [F(2,1O) = 14.2,
p < .001]. All other interactions were nonsignificant.

Figure 4 shows average correct reaction time as a
function of memory set size, display type, and SOA
for positive and negative responses. RT is approxi
mately a linear function of memory set size as
Hoffman (1978) and Sternberg and Scarborough
(1969) reported. Our subjects produced an error rate
of about 18% with a four-letter memory set, eight
letter display, and an SOA of 75 msec, compared to
the 10070 Sternberg and Scarborough (1969) report
for a five-letter memory set. The error rate here
would be much larger if the subjects skipped those
items arriving while the comparison process was
occupied.

The effect of rate on RT is virtually identical to
that reported by Hoffman (1978) for an eight-letter
display. On positive trials, there is a very small
savings in RT with sequential presentation, while on
negative trials there is a sizable reduction. The
reason for such a small savings in RT on positive
trials is that search through the display is not ran
dom; it is guided by an initial analysis which ensures
that the target item will usually be the first one trans
ferred. The effect of rate, and the cause of errors,
is attributable to those trials on which the target must
queue. A very similar pattern of RT results has been
obtained in an experiment in which accuracy is vir
tually perfect (Hoffman, 1978).

The results of Figure 4 also confirm our conclu
sions regarding the effect of display type. The results
for the two four-letter displays are identical. Together
with the accuracy results, this indicates that the pri
mary variable determining our results is the number
of inputs and not their spacing.

One anomalous finding is the faster RT for an
eight-letter display, 75-msec SOA on negative trials
relative to four-letter displays. It is not obvious what
information subjects used to guide their negative
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Figure 4. Average correct latency as a function of memory set
size, presentation rate, and display format for positive and nega
tive trials. Experiment 1.
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responses-whether it was an implicit counting of
inputs, estimated time, or elapsed time since last
input. Since the three display types occurred random
ly in a block, there was more uncertainty at the end
of four inputs as opposed to eight that the entire
display had been presented. This is undoubtedly the
cause of this puzzling finding.

A repeated-measures analysis of variance revealed
all main effects and their interactions to be signif
icant (p < .05) except for the following: Display by
Response Type (positive or negative), Display Type
by Memory Set Size, Rate by Display Type by
Memory Set Size, and Rate by Display Type by
Memory Set Size by Response Type.

Sternberg and Scarborough (1969) suggested that
one way a slow comparison stage could accurately
process a fast sequence of inputs would be to queue
any letters arriving while a comparison was taking
place. They reported that RT was independent of
the temporal position of the target in the input se
quence, contrary to the queuing hypothesis. We
examined the effect of temporal position, grouped
into four pairs-(1,2) (3,4) (5,6) (7,8)-on search
accuracy. Temporal position was found to have a
highly significant effect on percent hits [F(3,15) =
13.4, p < .001]. The subjects were less accurate on
later temporal positions. This effect did not depend
on the duration of the memory comparison process,
since the Temporal Position by Memory Set Size
interaction was not significant [F(6,30) = 1.0,
p < .4].

RT was also significantly affected by temporal
position [F(3,15) = 11.1, p < .001]. Here, temporal
position interacted with memory set size [F(6,30) =
5.8, p < .OOll but not in the way to be expected on
the basis of the queuing theory. Although RT was
slower for later temporal positions, the effect was
larger for smaller memory set sizes.

The reason for the discrepancy with the results
of Sternberg and Scarborough (1969) is the require
ment in this experiment that the subjects make an
explicit negative response. As successive letters are
examined without finding a target, the probability
of a target's occurring is decreasing. Thus, as the end
of the sequence approaches, the subjects have a high
criterion for a positive decision with an attendant
increase in positive RT and misses. This trend can be
reversed by simply concentrating the occurrence of
targets in the last two temporal positions (Hoffman,
1978).

In summary, the results of Experiment 1 indicate
that subjects benefit from sequential presentation
of a display in a VM paradigm. This benefit reflects
a process limitation and cannot be attributed to con
founding effects of backward, forward, or lateral
masking. In agreement with Sternberg and
Scarborough (1969), RT was dependent on memory
set size, suggesting a serial comparison process.
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According to the two-stage search model, the
process limitation affected by presentation rate is the
ability to transfer items from a rapidly fading trace
(iconic memory) to a more permanent store (STM).
Sequential presentation allows the target to be trans
ferred sooner, reflected in the small RT savings on
positive trials. The second experiment was designed
to test this conjecture, using visual masking. If the
target is being transferred from a visual representa
tion to STM faster with sequential presentation, then
the target should be able to evade an aftercoming
visual noise mask sooner under sequential presenta
tion conditions. We presented the subjects with simul
taneous (SOA = 0 msec) or sequentially (SOA =
75 msec) presented arrays in which each display
character was followed by a pattern mask at various
delays. We predicted that the masking function
would reach a no-mask control level of accuracy at
shorter delays for a sequentially presented array as
opposed to a simultaneous array.

EXPERIMENT 2

Method
Subjects. The subjects were the author and three volunteers

who were paid for their services.
Apparatus and Stimuli. All details of apparatus and stimuli

were identical to those of Experiment I, with the following excep
tions: characters appeared on the face of a Digital Equipment
Corp. VR-14 oscilloscope equipped with P-31 phosphor. The stim
uli were MDTJ, LHFV, and AXRP. Characters were followed
by a pattern mask, "$."

Procedure. Each subject served in one practice and four experi
mental sessions. Each session consisted of six blocks of 192 trials,
each block devoted to one of six mask interstimulus intervals
(MISI) of 50, 100, 200, 250, and 300 msec and a no-mask control
condition (NM). The same nested memory set procedure was em
ployed as in Experiment I. Memory set size was fixed at four.
The order of conditions within a session was random.

Each session was devoted to one of two presentation rates:
0- or 75-msec SOA. These values alternated over sessions with
the starting value counterbalanced over subjects .

.On initiating a trial, a subject was presented with a letter
display presented at 0- or 75-msec SOA. Each character in the
array was followed by a pattern mask at one of the six MISI
values. All other procedural details are identical to those of
Experiment I.

Results
The hit rate and false alarm rate data were used to

compute d I values assuming equal variance, normally
distributed noise, and signal-plus-noise events. These
values are shown in Figure 5. Each point is based on
approximately 1,636 observations. It is clear that we
replicate the improvement in accuracy with slower
presentation rate obtained in Experiment 1 [F(I,3)
= 35.0, p < .001]. There is also the common mono
tonic improvement in accuracy with increasing delays
of the mask [F(5,15) = 55.6, p < .001]. The inter
action of MISI with rate is not significant [F(5,15)
= 1.1, p < .3].

L-_L..---:':--~:----"-_-'-_--'--<~
50 100 150 zoo 250 300 NM

lSI ImMel

Figure 5. d' as a function of the interval between each display
character and a subsequent pattern mask for displays presented at
two different rates. Experiment 2.

A Dunnett test (Winer, 1962, pp. 90-91) for com
paring treatment conditions with a control was con
ducted separately on the two presentation rate con
ditions using a criterion of p < .05. For the O-msec
presentation rate data, accuracy was significantly dif
ferent from no-mask control performance at all MISI
values less than 250 msec. The corresponding value
for the 75-msec SOA data was 200 msec.

Thus, it appears that our conjecture that a target
letter in a sequentially presented display will evade
an aftercoming mask sooner than if it is embedded
in a simultaneous array is confirmed. This conclusion
should be viewed with caution, however, since the
effect is small (as is the reduction in RT on positive
trials with sequential presentation) and it is based on
examining the shapes of functions at two different
absolute levels of performance. Spencer (1971) did
not find any difference in masking ranges for equal
energy conditions, such as those used here, and equal
performance conditions. Nonetheless, we only view
this finding as suggestive that the effect of presenta
tion rate is operative at a stage when the display
representation is still visual in nature.

Another aspect of the data in Figure 5 is interest
ing. There is little evidence here that the subject
switches to each new letter as it arrives in the sequen
tial condition, as Schneider and Shiffrin (1977) pro
posed for their paradigm. If the subject adopted such
a switching strategy, an aftercoming mask would not
affect performance once it was delayed beyond
75 msec. However, it is clear that a mask is still
effective beyond this delay, suggesting that processing
of a letter is proceeding as other letters are arriving
in iconic store.

The first two experiments together reveal that a
subject in a VM paradigm is limited in his ability
to process several simultaneous inputs. This limita
tion is not due to lateral interference from adjacent
letters or from backward or forward masking pro
duced by sequential presentation. It appears that the



limitation occurs because the subject must serially
transfer display elements from a visual store to a
more permanent memory where a serial comparison
may occur.

According to the two-stage model proposed by
Hoffman (1978), the transfer of items from iconic
to short-term memory is not random but is guided by
an initial parallel evaluation. If the signal/noise ratio
is high, the target item will be the first element trans
ferred, leading to small effects of presentation rate
on positive trials. If the signal/noise ratio is high
enough, the subject may rely completely on the
Stage 1 analysis and show no effect of rate or mem
ory set size.

Experiments 3 and 4 were designed to test these
ideas. In these experiments, the subject searched for
a target embedded in two types of context: the letter
context utilized in the first two experiments and a
symbol context in which nontarget locations were
occupied by the character "$." According to the
two-stage model, decreasing presentation rate will
produce a savings in RT because occasionally noise
items will generate a higher Stage 1 similarity value
than the target. On these trials, the target will have
to queue to gain access to the serial exhaustive com
parison stage and a savings in RT will result with
sequential presentation. If the signal/noise ratio is
high, in this case because the symbol context bears
little similarity to the letters, the single letter in the
display should always be transferred first and no
advantage of sequential presentation should result.
Thus, in Experiment 3, RT in the symbol context
should not be sensitive to variation in rate, but
should reveal an effect of memory set size since
Stage 2 analysis would be required to discriminate
whether the letter was from the positive or negative
set.

Experiment 4 differed only in using the symbol
context to fill up the array on negative trials. If the
subject can discriminate at Stage I between letters
and symbols, as we implied above, then he should
be able to skip Stage 2, thereby appearing to be a
parallel processor. RT should show no effect of rate
and, in addition, no effect of memory set size.

EXPERIMENTS 3 AND 4

Method
Subjects. The author and three paid volunteers served as sub

jects.
Apparatus and Stimuli. Apparatus and stimuli were identical

to the previous experiment, with the exception of the use of
"$" as a display character.

Procedure. Each subject served in one practice and two experi
mental sessions, one session devoted to the letter or symbol con
text. The order of sessions was counterbalanced across subjects.
In the symbol context, a single letter appeared in the display,
other positions being occupied by the "$" character. On negative
trials, the letter was randomly chosen from the set of eight pos-
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Table 1
Percent Correct as a Function of Memory Set Size,

Presentation Rate, and Context

Memory Set Size

Context 1 2 4

Symbols 0 97 97 96
75 98 97 96

Letters 0 95 90 86
75 96 92 93

sible nonmemory set characters. The target letter could occur
in Temporal Positions 2, 4, or 6. Other details of procedure
were identical to the previous experiment. Experiment 4 used the
same procedure, except that in the symbol context on negative
trials, the display was a homogeneous set of "$" characters.

Results and Discussion
Accuracy was indexed by percent correct, since

performance was perfect for some conditions for
each subject, leaving d ' undefined. Table 1 shows
percent correct averaged over subjects. Results for
the letter context replicate the previous two experi
ments in showing increased accuracy with smaller
memory sets and slower presentation rates. The
effect is smaller here, probably due to the degree of
practice these subjects received through the sequence
of experiments. Accuracy in the symbol context is
uniformly high and shows little effect of the various
independent variables.

A repeated-measures analysis of variance on these
scores shows a significant effect of context [F(1,3) =
11.9, p < .05], rate [F(1,3) = 30.9, p < .001], mem
ory set size [F(2,6) = 8.9, p < .02], and the Context
by Rate interaction [F(1,3) = 17.0, p < .05].

Correct RT averaged over subjects and trials is
shown in Figure 6. The results for the letter context
replicate those found in Experiment 1. We predicted
that rate would have differential effects on the two
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Figure 6. Average correct latency as a function of memory
set size, presentation rate, and context (letters or symbols) for
positive and negative trials. Expriment 3.



326 HOFFMAN

context conditions. This prediction is supported, but
in a way that was not anticipated. These results
show that RT is actually faster in the symbol context
for the O-msec SOA condition than the 75-msec rate.
This finding is not predicted by the two-stage model,
and suggests that a revision is in order. In addition
to the Stage 1 analysis, which involves memory com
parison, there must be a prior, parallel stage which is
sensitive to "global" features of the pattern, those
features not depending on memory comparison. This
stage is more efficient with more simultaneous iden
tical patterns. Uttal (1975) proposed an autocorrela
tion detector that would display many of these
characteristics. Lappin and Bell (1975) implicated a
similar mechanism (cross correlation) responsible for
detecting movement between sequentially presented
random dot patterns. These various proposals all
emphasize a pattern-detection mechanism that may
be sensitive to periodicity in space and time. The
sequential presentation technique offers a useful
method of isolating configurational factors in visual
search, for they are disrupted by temporal discon
tinuity.

A repeated-measures analysis of variance revealed
significant effects of all variables and their inter
actions, except for the following: rate, Context by
Response Type, and Rate by Response Type. All
three- and four-way interactions were not significant.
Of primary interest were the effects of context
[F(1,3) = 663.4, p < .001], Context by Rate [F(1,3)
= 34.9, p < .001], and Context by Memory Set Size
[F(2,6) = 24.4, p < .001].

The accuracy data for Experiment 4 was similar in
all respects to that of Experiment 3 and will not be
further considered. Correct RT for Experiment 4
is shown in Figure 7. We again obtained the now
familiar effects of rate, memory set size, and re-
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Figure 7. Average correct latency as a function of memory,
set size, presentation rate, and context (letters or symbols) for
positive and negative trials. Experiment 4.

sponse type for the letter context. However, the sym
bol context shows a dramatic departure from pre
vious results. In agreement with the previous experi
ment, RT is slower with sequential presentation than
with simultaneous presentation. In contrast with
previous experiments, however, the effect of memory
set size has been eliminated. Memory comparison is
not required when a prior parallel analysis can
efficiently provide information on the presence or
absence of a target.

A repeated-measures analysis of variance on cor
rect RT revealed significant effects of all factors and
interactions (p < .05) except for the following:
response type, Context by Response Type, Context
by Rate by Response Type, and Rate by Response
Type by Memory Set Size. Of primary interest were
the effects of context [F(1,3) = 89.9, p < .001],
Context by Memory Set Size [F(2,6) = 59.9, p < .001],
and Context by Rate [F(1,3) = 22.3, p < .(01).

Experiments 3 and 4 together provide strong evi
dence for different stages operating in visual search
and constitute qualitative support for the two-stage
visual search model outlined earlier.

GENERAL DISCUSSION

The visual search literature presents several para
doxical findings. Rate of search is very rapid relative
to the time required for memory comparison and
spatial selection of individual display elements.
Search behavior is also plastic, varying from a serial
search of display and memory to parallel search
independent of processing load (Schneider & Shiffrin,
1977). This plasticity appears to depend on signal/
noise confusability and the consistency of mapping
of forms to the target set.

Hoffman (1978) proposed a two-stage search
model which suggested that the high speed of visual
search is possible because the slow stages responsible
for selective attention and memory comparison are
guided by an initial parallel analysis of all display
items.

The plasticity of search behavior is due to the
subject's gradually relying on the parallel Stage 1
analysis when signal/noise ratio is high or when the
same forms are consistently mapped to the target
set. These are the conditions under which Schneider
and Shiffrin (1977) propose that automatic detection
develops .

The preceding experiments confirm several predic
tions of the two-stage search model. When the sub
ject is in a varied mapping situation, detection
accuracy benefits from decreasing the rate at which
information is presented. Experiment 1 showed that
this benefit is not attributable to variation in meta
contrast between adjacent display characters. Experi
ment 2 suggested that slowing the presentation rate



results in a faster transfer of the target from iconic
to short-term memory, since the target evades an
aftercoming visual mask sooner with sequential pre
sentation.

Experiments 3 and 4 showed that the reason that
transfer is faster with sequential presentation is that
when several simultaneous inputs are present, a noise
element will sometimes generate a higher Stage 1
similarity value than the target, resulting in a delay
before the target is transferred. When noise elements
are physically dissimilar from the target, no delay
will occur and there should be no gain in accuracy
or reduction in RT with sequential presentation. In
addition, if circumstances permit, a decision may be
made on the basis of Stage 1 analysis and both the
effects of rate and memory set size will be eliminated.
These predictions were confirmed, and, in addition,
it was found that when the target was embedded
in a homogeneous array of dissimilar characters,
sequential presentation actually increased RT. This
finding was attributed to a periodicity detection stage
similar to the autocorrelation operation proposed by
Vttal (1975). Thus, the transfer of display items to a
serial comparison process can be controlled by an
external means such as an indicator (Eriksen &
Collins, 1969), a noisy parallel comparison to the
memory set items, or the periodic nature of the set
of display characters that is not dependent on mem
ory information.

These findings, together with the simulation model
proposed by Hoffman (1978), provide support for
the existence of a multistage, hierarchically organized
visual information processing system. Thus, it is not
possible to provide a simple answer to the questions
raised in the introduction. Limitations in processing
visual information may be due to memory compari
son or selective attention. In some cases, no limita
tion will be apparent. The latter finding suggests that
processing of visual forms to a high level can occur
in parallel with no limitation in processing capacity.
Attention may only be required when fine discrim
inations are necessary.

REFERENCE NOTE

1. Lappin, J. S. The relativity of choice behavior and the effect
ofprior knowledge on the speed and accuracy ofrecognition. Paper
presented at the 1976 Conference on Mathematical and Theoretical
Psychology, Bloomington, Indiana, April 1976.
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NOTE

I. The four-grouped condition might be expected to be inter
mediate between the four-spaced and eight-letter displays, since
the target would receive interference on only one side when it
appeared in the outer positions of the four-grouped display.
Separate analysis of inner vs. outer positions was not required,
since the two four-letter displays produced identical performance.

(Received for publication November I, 1977;
accepted February 10, 1978.)


