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The Demonstration of Short-Term Consolidation

Pierre Jolicoaur
University of Waterloo, Waterloo, Ontario, Canada
and
Roberto Dell’ Acqua

University of Padova, Padova, Italy

In a dua-task paradigm, a visua display (T,) containing characters (letters or
symbols) was presented first, followed by an auditory signal (T,) at various stimulus-
onset asynchronies (SOAS). A speeded response to T, was required. When the infor-
mation in T; had to be recalled later, response times to T, (RT,) were elevated at
short SOAs and decreased as SOA was increased. The effects on RT, were larger
when there were more items to be remembered. We interpreted the results as evi-
dence that encoding information into short-term memory (STM) involves a distinct
process, which we call short-term consolidation (STC). The results suggested that
STC has limited capacity and that it requires central processing mechanisms. Addi-
tional evidence suggested that no memory for T, was formed in STM when STC
was not engaged. 0 1998 Academic Press

OVERVIEW

The principal goal of this article is to demonstrate the involvement of
central processing mechanisms in the encoding of information in short-term
memory (STM). The article has the following structure: in the Introduction
weinclude aselective review of work that has examined theissue of whether
there are *‘costs’’ associated with *“encoding.’”’” This will motivate a discus-
sion of what we might mean by encoding and we will distinguish between
three different types of encoding: sensory encoding, perceptual encoding,
and short-term consolidation (STC). Our main conclusion that STC is re-
quired for encoding information into short-term memory, and that STC re-
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SHORT-TERM CONSOLIDATION 139

quires central mechanisms. The Introduction isfollowed by a series of exper-
iments in which we demonstrate and investigate short-term consolidation
(STC). The demonstration of STC is based on a dual-task slowing effect
observed in the performance of a simple concurrent task. The results suggest
that STC requires central mechanisms that are a so required to perform other
central cognitive operations (such as response selection).

INTERFERENCE OF ENCODING ON CONCURRENT PROCESSING

The empirical work presented in this article made use of dual-task para-
digms to investigate whether visual encoding would cause interference in
concurrent tasks. The stimuli in the two tasks were presented in different
modalities to minimize the likelihood of modality-specific interference
(Pashler, 1989). In this section we briefly review previous work that investi-
gated potential costs of encoding.

The general logic of these experiments was as follows. Suppose that en-
coding information presented visually requires central processing. In addi-
tion, suppose that a second task also requires central processing. To the ex-
tent that the processing requirements of the two tasks overlap in terms of
the required central processing mechanisms, one would expect to find some
interference between them. If the encoding task does not require central pro-
cessing, then one would expect no interference between the two tasks, as
long as the processing requirements of each task were distinct in al other
ways.

Posner and Boies (1971) used this general logic to study the central cost
of letter encoding. In the primary task, two letters were presented sequen-
tially. The task was to decide whether the letters were the same or different
(letter matching). On half of the trials, an auditory stimulus, called a probe,
was also presented and subjects made a simple reaction to the probe. Posner
and Boies (1971) argued that the probe task could be used to determine
whether encoding the first letter in the matching task required a *‘ capacity-
limited attentional process.”’ They compared simple response times to probes
presented just after the onset of the first |etter, presumably when the subject
was encoding this letter, with that for probes that occurred before the first
letter. Simple response times for probes that occurred just after the presenta-
tion of the first letter were actually shorter than for probes that occurred
before the letter (during the inter-trial interval). This suggested that there
was no central involvement associated with encoding the first |etter. Several
other studies using a similar paradigm have produced similar results
(Posner & Klein, 1973; Millar, 1975; Proctor & Proctor, 1979).

However, the conclusion that encoding visual information does not require
central involvement has remained controversial. Severa other investigators
have performed experimentsthat were similar to those of the above research-
ers but in contrast to the null effects summarized above, they found signifi-
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cant dual-task costs associated with visual encoding. These experiments ex-
amined issues such as the relative probability of probe signals at various
points during atrial (Ogden, Martin, & Paap, 1980), the duration of the first
letter (Comstock, 1973), and temporal uncertainty in the onset of the second
letter (Johnson, Forester, Calderwood, & Weisgerber, 1983).

Thompson (1987) aso investigated the central demands of visual encod-
ing, but in the context of a visual search task rather than letter matching.
Subjects searched for targets defined by a single feature or a conjunction of
features (Treisman & Gelade, 1980) in different blocks of trials, and a probe
tone (requiring a simple reaction) was presented on half of the trials. Re-
sponse times were longer in both the single feature condition and in the
conjunction condition when the probe occurred immediately after the onset
of the array. Thompson concluded that feature registration and feature inte-
gration are capacity-limited processes. Pashler (1994) criticized Thompson's
(1987) experiment because the increase in simple response times could have
been due to nonspecific effects, such as those described by Davis (1959),
rather than to central involvement. Another criticism is that both encoding
and search were required in Thompson’ sexperiment, which makesit difficult
to disentangle what produced the increase in simple response time.

Thereistill no consensus concerning theinterpretation of the results from
the Posner and Boies paradigm. On the one hand, some have concluded that
encoding does have measurabl e costs implicating central involvement (Com-
stock, 1973; Johnson et al., 1983; Odgen et a., 1980). On the other hand,
others have interpreted the same body of evidence as indicating essentially
no costs of encoding and no central involvement (e.g., Pashler, 1994). One
reason for this state of affairs is that the letter-matching paradigm makes it
difficult to separate possible effects due to encoding from those associated
with other aspects of the matching task. The Di Lollo and Moscovitch (1983;
Dixon, 1986) paradigm, which also uses a matching task, raises similar dif-
ficulties. These other processes include such factors as anticipating the sec-
ond stimulus, preparing for the matching process, performing the match, and
preparing and engaging in the resulting response sel ection processes that are
required to produce a response in the matching task. In the experiments that
we describe we devel oped a paradigm in which such ambiguity is eliminated.
Our primary task issimply to encode information for later report. This proce-
dure eliminates the difficulties associated with the fact that matching opera-
tions were required in addition to encoding in the Posner and Boies (1971)
paradigm, or both encoding and search in the Thompson (1987) experiment.
Furthermore, the objection to Thompson's (1987) experiment raised by
Pashler (1994) will not apply to our work (see Experiments 4, 5, and 7).

STAGES OF ENCODING

The work reviewed in the foregoing section suggests that it is necessary
to distinguish between at least three kinds of encoding, and that it is likely
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that different types of limitations will be associated with each kind of encod-
ing. We call these kinds of encoding sensory encoding, perceptua encoding,
and short-term consolidation (STC).

Sensory Encoding

Sensory encoding has a number of important characteristics. First, it is
massively parallel (Zeki, 1993) and it providesinput to later systems through
acollection of high-capacity channels that transmit information about differ-
ent attributes of the stimuli (e.g., color, motion, stereopsis, and so on; Cava
nagh, 1988; Treisman & Gelade, 1980; Zeki, 1993). Second, representations
at this stage of encoding are susceptible to masking. Third, representations
can giveriseto sensory persistence (Coltheart, 1980). Fourth, sensory encod-
ing (to afirst approximation) is not subject to interference from concurrent
cognitive processes, or from processes in other modalities.

Perceptual Encoding

Perceptual encoding is the process by which patterns are recognized. For
objects that have representations in long-term memory, it is possible that
perceptual encoding corresponds with the activation of a representation in
long-term memory (Pashler & Carrier, 1996). In general, perceptua encod-
ing can receive input from a variety of sensory channels (see Jolicoaur &
Cavanagh, 1992; Pinker, 1984). Representations at this stage of encoding
contain information about theidentity of patterns (e.g., letter identities; Dun-
can, 1980, 1983) and thisinformation is no longer maskable. The representa-
tions remain active as long as they receive bottom-up support from sensory
input. In the absence of bottom-up support, however, these representations
decay rapidly unless subjected to further processing (Chun & Potter, 1995;
Potter, 1976, 1993).

Short-Term Consolidation

We call the process of encoding information into short-term memory
(STM) short-term consolidation (STC). The empirical work presented in sub-
sequent sectionsin this article focuses on this kind of encoding. We provide
evidence suggesting that STC takes time, that it takes more time to encode
more information, and that STC requires central mechanisms that have been
implicated in dual-task slowing, or the so-called PRP phenomenon (psycho-
logical refractory period; Bertelson, 1966; Pashler, 1994; Smith, 1967a; Tel-
ford, 1931).

Thereis good evidence for at least two different kinds of short-term mem-
ory (e.g., Baddeley, 1986; see Pashler & Carrier, 1996, for arecent review).
We suspect that some form of STC is likely to be involved for each kind
of short-term memory. However, this conjecture remains to be put to empiri-
cal test. In this article we focus on the form of short-term memory that is
required to hold information about a visually-presented character and make a
report afew seconds later that consists of typing the characters on a computer
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keyboard. Like Coltheart (1982, 1984), for expository purposes, we will call
this kind of memory *‘durable storage.”’

In the absence of ongoing bottom-up support provided either by a physical
stimulus or by sensory persistence, perceptual-encoding representations de-
cay rapidly. If the output of perceptual encoding is subjected to STC, how-
ever, a representation in durable storage can be created, and some aspects
of the information contained in the stimulus can be retained for further pro-
cessing or delayed report. Representations in durable storage are not subject
to the rapid decay that characterizes perceptual -encoding representations that
do not have ongoing bottom-up support. The hypothesis that perceptual rep-
resentations can be very short-lived and that consolidation of thisinformation
into a more durable form of memory is required for verbal report have been
proposed by Potter (1976) and Chun and Potter (1995), who aso provided
supporting empirical evidence.

Werecently developed amethod that, we believe, allows usto demonstrate
that STC—the process of encoding information into durable storage—
requires central mechanisms that have been implicated in dual-task slowing
paradigms (PRP). This result, per se, has implications for a wide range
of paradigms and theories, ranging from the perception literature (e.g.,
Duncan, 1980), the PRP literature (e.g., Pashler, 1989, 1993, 1994), the AB
literature (e.g., Chun & Potter, 1995; Raymond, Shapiro, & Arnell, 1992),
to the memory literature (e.g., Potter, 1993; Pashler & Carrier, 1996).
We will return to the implications of this discovery in the General Dis-
cussion.

GENERAL METHOD

In this section we outline aspects of the methods that were common across the experiments
and information on the subjects.

General Simuli

Visual stimuli. The visual stimuli were black characters presented on a white background,
on a SVGA color computer screen (cathode ray tube) controlled by a 486 or 586 CPU. In
Experiments 1-5 and 7 the characters were presented for 250 ms and always followed by a
pattern mask that was presented for 100 ms. In Experiment 6, a single letter was presented
for 100 ms and followed by a 50 ms mask. The characters were presented at the center of
the computer screen and subtended .85° (height) X .8° of visual angle. When more than one
character was shown they were arrayed horizontally and the space between adjacent characters
was .1°. The mask consisted of superimposed O and $ characters. The characters were upper-
case letters or keyboard symbols. The letters or symbols were selected at random on each
tria, without replacement, from the set of consonants excluding Sand Z or from the following
set of 9 characters: + " ;& * ( ) $ —.

Auditory stimuli. The auditory stimuli were pure tones, presented for 100 ms, and with a
frequency of 400 or 1200 Hz. They were presented by the speaker on the monitor and were
well above threshold.



SHORT-TERM CONSOLIDATION 143

TABLE 1
Number of Subjects, Trials, and Outliers in Each Experiment

Number of trials

Mean
Experiment Practice? Experimental Subjects’ age Outliers

1 2X22=144 15 X 44 = 660 11 (6, 5) 24 2.4%
2 2X22=144 15 X 44 = 660 11 (5, 6)° 24 2.4%
3 2X22=144 15 X 44 = 660 11 (6, 5) 23 2.7%
4 2X24=148 12 X 48 = 576 30 (15, 15) 27 3.0%
4a — 1X6=6 28 — —

5 2X24=148 12 X 48 = 576 30 (15, 15) 26 4.2%
6 2X24=148 16 X 32 = 512 8 (4, 4) 26 2.4%
7 3X24=72 9 X 48 = 432 13 (5, 8) 24 1.9%

2 Number of blocks X trials/block = trials total.
b Subjects total (females, males).
¢ One subject rejected for having 35% errors in Task, (origina N = 12).

General Procedure

The visual display contained either 1 or 3 characters. Each trial began with a fixation box,
at the center of the screen, that subtended 1.2° X 2.3° for 1-character displays, or 3.6° X 2.3°
for 3-character displays. Subjects initiated each trial by pressing the spacebar of a computer
keyboard. The fixation box then disappeared, and after a delay of 400 ms, a visual display
(250 msin Experiments 1-5 and 7; 100 msin Experiment 6) containing either 1 or 3 charac-
ters was shown, followed by a mask (100 ms in Experiments 1-5 and 7; 50 ms in Experi-
ment 6).

At varying SOAs following the visua display, a tone was presented and the subject was
asked to make an immediate speeded response to the tone. The SOAs varied from experiment
to experiment and are listed in the individual method sections. They often ranged from 350
to 1600 ms.

In some cases, the task associated with the visual display was to encode the characters so
they could be recaled at the end of the trial. In these cases, at the end of the trial (following
the response to a tone), the subject typed on a keyboard the remembered character(s). In other
cases, the character(s) could be ignored. For these trials, the subject pressed the space bar at
the end of the trial (following the response to the tone).

In al experiments except Experiment 5 (see below), subjects were instructed to respond
immediately to the tone by pressing the ‘**A’’ key if the tone had a high pitch or the **Z"
key if the tone had a low pitch, with the middle and the index fingers of their left hand,
respectively. Response times to the tone were measured from the onset of the tone to the
button press. The auditory task was defined as the primary task in all experiments, and both
speed and the accuracy were strongly emphasized. In Experiment 5, the same tones were used
as in the other experiments, but the task was to press a single button regardless of which tone
was presented. The task was thus a simple response time (simple RT) task rather than a two-
alternative discrimination reaction time task.

Each subject performed about 40 practice trids followed by 500-600 experimental trials
(exact numbers given in Table 1).

General Method of Analysis

Each trial produced a response to the tone and one or more responses to the visual display.
Only trials in which the response to the tone was correct were included in the analyses. The
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trials were then screened for outliers using a slight modification of the procedure described
by Van Selst and Jolicoaur (1994). In this procedure, the data in each cell were sorted, and
the most extreme observation was temporarily excluded from consideration. The mean and
standard deviation of the remaining numbers was then computed. Cutoff values were estab-
lished using the following equations:

Viw = X — C OSD,
Vi = X + C OSD.

The smallest and largest observation in the cell were then checked against the cutoff values,
Viow and Vign. If one or both were outside the bounds, then they were defined as outliers and
excluded from further consideration. If an outlier was found, then the algorithm was applied
anew to the remaining data. The value of C depended on the sample size such that the estimated
final mean was not influenced by sample size (see Van Selst & Jolicoaur, 1994). This procedure
resulted in an average loss of 2.1% of the correct trialsin any particular analysis (see Table 1).
When an error or an outlier was found in the auditory task, the entire trial was discarded,
including the data for the memory task.

The results for the memory task were analyzed by computing the total number of characters
recalled correctly without regard to order of report (when more than one character was in the
visua display).

The results for both tasks were analyzed using the analysis of variance (ANOVA) in which
all variables were within-subjects factors, except as noted in Experiments 4 and 5.

General Subjects

Most of the subjects were undergraduate students at the University of Waterloo who volun-
teered to participate for pay or for course credit. A few were graduate students or staff. All
reported having normal or corrected-to-normal vision. All reported having normal hearing.
Table 1 gives some statistics for each experiment.

Notation

In the experiments that follow there were two target stimuli, one visual and one auditory,
and two responses. We will refer to the first target stimulus as T, and to the second as T,.
Each target stimulus, T;, has associated with it a task, Task;, a response, R;, and sometimes
a response time RT;. The subscript always refers to the order in which the stimuli were pre-
sented. T, wasavisua stimulus, and Task; required adelayed response, R;. T, was an auditory
stimulus that required an immediate response, R,. Thus, R, actually occurred before R;.

EXPERIMENT 1

Experiment 1 provided our first demonstration of short-term consolidation
(STC). One or three letters were shown in the visua display (T;). The task
associated with the letters, Task,, was simply to remember these letters and
recall them at the end of the trial. The subject was asked to type either one
or three letters on a computer keyboard at the end of each trial. T, was either
a low-pitched or a high-pitched tone presented at one of 11 SOAS, ranging
from 350 to 1350 ms, in 100 ms increments. Task, was a two-alternative
discrimination reaction time task based on the pitch of the tone with a
speeded response.
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The parameters of the experiment were chosen so asto eliminate the possi-
bility that early encoding (sensory or perceptual) would influence the results
in Task,. Our argument concerning thisinterpretation isbased on prior results
in the literature showing that simple characters can be encoded very rapidly
(e.g., Sperling, Budiansky, Spivak, & Johnston, 1971; Sperling, 1960; Colt-
heart, 1982, 1984; Duncan, 1980, 1983; see also, Potter, 1976, 1993). Our
goal wasto provide sufficient timein theinitial exposure of the visual display
(Ty) such that the information could be safely assumed to have been com-
pletely encoded at the perceptual-encoding level. That is, that information
about letter identities had been encoded by the time the tone (T,) was pre-
sented. We argue that the initial 250 ms exposure duration and the additional
100 ms during which the mask was present provided ample time to encode
three letters. And, certainly, this was enough time to perform perceptual en-
coding for one letter.

If response times to the auditory signal (T,) are elevated at the shorter
SOAs (350 ms), thiswill provide evidence for an interaction between a stage
of processing required to perform the memory task (Task;) and a stage of
processing required to perform Task,. Because the stimuli in the two tasks
were in different modalities (visual in Task,; and auditory in Task,), the most
likely locus of interaction between Task, and Task, is at a central stage of
processing, where information from different sensory systems has con-
verged, rather than within either modality (Pashler, 1989). Furthermore, be-
cause we believe that the information in T, was already encoded at least to
the point of perceptual encoding (because of the long SOA), any interactions
would implicate a process following perceptua encoding required to perform
the memory task. We return to these points as we discuss the results in the
following section.

Results and Discussion

The most interesting results are the response times to the tone (RT,) for
each SOA, depending on the number of letters to be remembered in Task;.
These results are shown in Fig. 1a. The results were clearcut and striking:
There was a large effect of SOA, with a longer mean RT, at the 350 ms
SOA that decreased gradually as the SOA was lengthened, F(10, 100) =
27.64, MS, = 787.83, p < .0001. RT, was longer when T, contained 3 |etters
(451 ms) than when T, contained 1 letter (409 ms), F(1, 10) = 31.91, MS, =
3336.10, p < .0003. Furthermore, the effects of the number of letters were
larger for short SOAsthan for longer ones, F(10, 100) = 6.21, MS, = 607.32,
p < .0001. The effect of the number of letters was 110 ms at an SOA of
350 ms and had a mean of 21 ms averaging over the three longest SOAs.

An additional analysis carried out on the results for the 1-letter condition
showed that the effects of SOA were significant for this condition taken by
itself, F(10, 100) = 8.80, MS, = 479.67, p < .0001.

We also analyzed the accuracy of the Task, responses as a function of
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FIG.1. Resultsfrom Experiment 1. (a) Mean response time (RT) to the tone (in millisec-
onds) for each SOA and each number of letters in the visual display. (b) Mean proportion of
correct responses in the auditory task, for each SOA and each number of letters in the visual
display. (c) Mean proportion of correct recall of the lettersin the memory task, depending on
the number of letters to be recalled and on the SOA at which the tone was presented.

Task, variables. The proportion of correct trials in the auditory task for each
SOA and number of letters is shown in Fig. 1b. There was no main effect
of SOA, F(10, 100) = 1.36, MS, = .001575, p > .21. The difference between
the 3-letter and the 1-letter conditions (1.8%) was not significant, F(1, 10) =
3.14, MS, = .005988, p > .11, while the interaction between SOA and
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the number of letters approached significance, F(10, 100) = 1.67, MS, =
.001229, p < .10. The means suggest that accuracy in the auditory task de-
creased somewhat as SOA was shortened when 3 letters had to be remem-
bered, whereas accuracy was more constant across the SOA manipulation
in the 1-letter condition.

The recall proportion in the memory task for each SOA and number of
lettersis shown in Fig. 1c. Overall recall performance was very good, with
an overall mean of .96. Recall was dlightly better for the 1-letter condition
(.975) than for the 3-letter condition (.950), F(1, 10) = 4.89, MS, = .007628,
p < .052. Neither the main effect of SOA, F(10, 100) = 1.54, MS, =
.000784, p > .13, nor the interaction between SOA and number of letters
were significant, F(10, 100) = 1.15, MS, = .000902, p > .33.

Merely trying to remember 1 or 3 letters was sufficient to produce alarge
cost in the auditory task. Because of the parameters used in the experiment,
we believe that the costs observed in the auditory task were very unlikely
to be associated with either sensory encoding or perceptual encoding. A suf-
ficient amount of time (350 ms) was given to encode 3 letters up to the level
of perceptual-encoding representations, and it surely must have been enough
time to encode a single letter (e.g., Sperling et a., 1971). Nonetheless, large
and systematic costs were observed in the auditory task even for single-letter
trials.

The memory task (Task;) we used in Experiment 1 istruly minimal. Task;
was simply to remember 1 or 3 letters shown on a computer screen. Only
after the response to the tone was there a response requirement associated
with Task; (typing the letter(s) on a computer keyboard at the end of the
trial). The response requirements of Task; were very unlikely to interfere
with processing associated with the auditory task for two reasons. First, these
responses were performed after the response to T,. Second, Task; was un-
speeded, which madeit unlikely that R; occurred in close temporal proximity
to R,, which one would expect to be necessary in order to observe mutual
interference (see Pashler, 1994; De Jong, 1993).

Severa arguments allow usto rule out retention, per se, asthe major cause
of the interference on RT,. The main argument against retention is that the
response times in Task, decrease systematically as SOA wasincreased. This
pattern of resultsis not consistent with alocus at retention because the reten-
tion requirements at long SOAs were the same as at short SOAs. One might
argue that the retention regquirements could have changed over time, with a
greater load at short SOAs than at longer SOAs. This could have occurred
if there was some memory loss taking place early in the trials, which would
result in a lightening memory load as SOA increased. Two considerations
allow us to rule out this interpretation. First, the results shown in Fig. 1c
show that the probability of recall did not change significantly as SOA was
increased, suggesting that the retention load did not decrease over time. Sec-
ond, we performed separate analyses of trials in the 3-letter condition for
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which there had been perfect recall. On those trials, there was no loss of
memory, but the results were essentially the same as those shown in Fig.
la. Thisis not surprising because recall was very good and subjects recalled
all the information correctly on a large majority of trials. These results are
not consistent with an effect due to retention.

Although we argue that the effects of SOA were not likely caused by
processes required to maintain information in durabl e storage, the asymptotic
response times suggest strongly that maintaining information in durable
storage does cause some dual-task interference. The asymptotic RT in the
3-letter condition was about 21 mslonger than that for the 1-letter condition.
This result was expected based on severa previous reports that holding a
memory load causes some slowing of response times in concurrent speeded
tasks and that a larger load is associated with more slowing (Logan, 1978;
see also Shulman & Greenberg, 1971; Shulman, Greenberg, & Martin, 1971,
Stanners, Meunier, & Headley, 1969).

Evidence for short-term consolidation is provided by the large effects of
SOA and by the convergence of the functions for the 3-letter and 1-letter
conditions, as SOA was increased. The choice of temporal parametersin the
experiment alows us to argue that early encoding did not produce the dual-
task slowing in RT,. Furthermore, because the responses in Task; occurred
after R, and because Task, was unspeeded, interference from response or
output processes are aso very unlikely. Given that retention has also been
ruled out, we conclude that there is a process engaged by the memory task
that occurs after the characters are identified (perceptual encoding), and that
this process requires central limited-capacity mechanisms. We argue that this
process, which we call short-term consolidation (STC), is the process of
encoding information into durable storage. The strength of this argument
will grow as we present additional evidence in the subsequent experiments
and in the General Discussion, which will allow usto rule out other potential
accounts of effects observed on RT, (Fig. 1a).

EXPERIMENT 2

Experiment 2 generalized the results of Experiment 1 to a different class
of visual symbols. Rather than upper-case letters, the stimuli were the follow-
ing nine symbols:

+"&*( )% -

We chose these symbols for two reasons. First, we wished to demonstrate
that the effects obtained in Experiment 1 were not confined to highly over-
learned materials like letters. Second, we hoped to demonstrate effects simi-
lar to those in Experiment 1 with materials that would be more difficult to
recode phonologically. One interpretation of the results of Experiment 1 is
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that the costs observed in the auditory task were due to a capacity-demanding
process of phonological recoding. Perhaps this type of coding is what STC
actually involves for the form of durable storage (STM) required to remem-
ber aletter for later recall by typing. However, we hypothesize that STC is
required for input to memory for material that we might call *‘ purely visual.”’
As afirst attempt to demonstrate this we chose materials that could be easily
incorporated into the paradigm used in Experiment 1. The chosen symbols
are less over-learned than upper-case consonants, and they should be more
difficult to recode rapidly into phonological representations. Because the
symbols are less over-learned than letters, we also expected the memory task
to be more difficult in this experiment than in Experiment 1. The greater
difficulty of the memory task should have at least two consequences. First,
recall of the information at the end of the trial is likely to be inferior to
what was found in Experiment 1. Second, the asymptotic cost of holding
the information in durable storage on Task, should be larger than in Experi-
ment 1.

Results and Discussion

The mean response times to the tone (RT,) for each SOA, and for each
number of symbols to be remembered in Task; are shown in Fig. 2a

Asin Experiment 1, there was a large effect of SOA, with alonger mean
RT, at the 350 ms SOA that decreased gradually as the SOA was lengthened,
F(10, 100) = 11.17, MS, = 2658.75, p < .0001. RT, was longer when T,
contained 3 symbols (574 ms) than when T, contained 1 symbol (503 ms),
F(1, 10) = 17.99, MS, = 17011.13, p < .002. However, unlike in Experi-
ment 1, the effects of the number of symbols were relatively constant across
SOA, F < 1.

The mean difference between the 3-symbol and 1-symbol conditions was
computed across the longest five SOAS, to estimate the asymptotic difference
across these two conditions. The mean difference was 71 ms, which was, as
expected, larger than that found in Experiment 1 (21 ms over the longest
three SOAS).

An additional analysis carried out on the results for the 1-letter condition
showed that the effects of SOA were significant for this condition taken by
itself, F(10, 100) = 7.53, MS, = 1806.31, p < .0001.

Asin Experiment 1, we analyzed the accuracy of the Task, responses as
afunction of Task, variables. The proportion of correct trials in the auditory
task for each SOA and number of letters is shown in Fig. 2b. There was a
marginal effect of SOA, F(10, 100) = 1.85, MS, = .001145, p < .065, in
which accuracy may have tended to be lower at the two shortest SOAs rela-
tiveto therest. Accuracy was slightly higher in the 1-symbol condition (.973)
than in the 3-symbol condition (.955), and this effect was marginally signifi-
cant, F(1, 10) = 3.44, MS, = .005639, p < .10. The interaction between
SOA and the number of letters was not significant, F < 1.



150 JOLICCEUR AND DELL’ACQUA

650{ F
3 symbols
610 -
2
E 5704
o —0
q:) 5301 o1 symbol \E.
8
490
w® TN
300 500 700 900 1100 1300
g SOA (ms)
o 0.99
RO
S 0.97] _a
B
o}
‘S 0.951 \\j/u\< \D
g O \ 3 symbols 1 symbol
o 093 : r . . r
a 300 500 700 900 1100 1300
SOA (ms)
=
s 1.0
a H/'\./'\.\._./.,._.
i 0.9
5 \1symbol
g 0.8
[e] O. —L
8 o7] et TR e
s 3 symbols
5 06 : : ; ; ;
300 500 700 900 1100 1300
SOA (ms)

FIG.2. Resultsfrom Experiment 2. (a) Mean response time (RT) to the tone (in millisec-
onds) for each SOA and each number of symbols in the visual display. (b) Mean proportion
of correct responses in the auditory task, for each SOA and each number of symbols in the
visual display. (c) Mean proportion of correct recall of the symbols in the memory task, de-
pending on the number of symbols to be recalled and on the SOA at which the tone was
presented.

The recall proportion in the memory task for each SOA and number of
symbols is shown in Fig. 2c. Overall recall performance was good, with an
overall mean of .837. Recall was better for the 1-symbol condition (.945)
than for the 3-symbol condition (.730), F(1, 10) = 206.65, MS, = .453786,
p < .0001. The main effect of SOA was marginaly significant, F(10,
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100) = 1.87, MS, = .012052, p < .06, but it is not clear how to interpret
it. There may have been aslight tendency for recall to drop at the longest two
SOAs. The interaction between SOA and number of symbolswas significant,
F(10, 100) = 2.09, MS, = .011404, p < .033, perhaps indicating that the
modest drop in recall at the longest SOAs was confined to the 3-symbol
condition (Fig. 2c). These small effectswere not observed in the other experi-
ments in this article.

As in Experiment 1, response times to the tone were longer at shorter
SOAs and gradually became shorter, and they were longer when 3 items had
to be encoded than when there was only 1. We compared the results across
experiments in analysesin which experiments was a between-subjects factor.
The effects of SOA were so similar across experiments that there was no
hint of an interaction, F < 1. However, there were three aspects of the results
that were different. First, RT, was longer for symbols (538 ms) than for
letters (430 ms), F(1, 20) = 6.15, MS, = 229960, p < .025. Second, the
interaction between SOA and number of items that was found for letters
(Fig. 1a) was not found for symbols (Fig. 2a), and this produced a 3-way
interaction in the combined ANOVA, F(10, 200) = 2.04, MS, = 1005.08,
p < .035. Third, recall performance was lower for symbols than for letters,
and this difference was particularly marked for the 3-item conditions
(3-letters, .950; 3-symbols, .730; 1-letter, .975; 1-symbol, .945), F(1, 20) =
42.40, MS, = .284641, p < .0001 (Figs. 1c and 2c).

Some of the differences in results across Experiments 1 and 2 are likely
simply due to the fact that |etters are easier to process than symbols. In fact,
we chose symbols because they should be less over-learned than letters. This
appears to have had at least three effects. First, response times to the tone
were generally longer, as expected if encoding the symbolsinto durable stor-
age required a longer period of central involvement. Second, recall perfor-
mance was worse for symbols than for letters, especialy when there were
3 items to be remembered. And third, the asymptotic response time differ-
ence in Task, across the 3-symbol and 1-symbol conditions was larger than
the corresponding difference in Experiment 1. We had hoped to find bet-
ter evidence for convergence between the functions for the 3-symbol and
1-symbol conditions as SOA was lengthened. Clearly, this did not occur;
number of symbols and SOA produced statistically additive effects. We ad-
dress this issue in the General Discussion.

Although the change of material to be remembered undoubtedly affected
the pattern of results, there were also some important similarities. First, the
effects of SOA were similar and suggested again that encoding information
into memory required central mechanisms, which was revealed by the slower
response times in the auditory task. The short-term consolidation (STC) of
symbols also produced easily measured dual-task interference in a simple
concurrent cognitive task. Furthermore, as for letters, STC for symbols re-
quired more time when more information was to be remembered.
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Because recall was lower, especialy in the 3-symbol condition, there is
a greater possibility than in Experiment 1 that the falling mean RT, as SOA
was increased might reflect a change in memory load over time. As for Ex-
periment 1, however, two aspects of the results allow us to rule out this
possihility. First, as shown in Fig. 2c, there was no drop in recall as SOA
was increased, which is not consistent with the notion that memory load was
decreasing over time. Second, in a separate analysis, we compared RT, in
the 3-symbol condition across trialsin which all three were recalled vstrials
in which only 2 symbols were recalled. The rate of change of RT, across
SOA was not statistically different across the two conditions. This is not
what should have happened, on the view that the change of RT, reflected a
reduction in load from 3 to a lower load as SOA was increased. On this
view, RT, should have been flat as a function of SOA, and uniformly high
when all 3 symbolswere recalled correctly. The decrease in RT, should have
been observed only when less than 3 symbols were recalled correctly (in the
““recall equals 2"’ condition in the present analysis). We aso examined the
mean RT, for trials on which only 1 symbol was recalled correctly when 3
had been shown (but we did not perform a statistical analysisfor these results
because some subjects produced empty cells). These means were similar to
those for the other two cases (recall = 2 and recall = 3), providing evidence
against the ‘‘changing load hypothesis.’’

Again, the results are consistent with the view that the reduction in RT,
as SOA increased reflects a process of memory encoding, which we call
STC. Although there were some differences across the results of Experiments
1 and 2, we believe that the similarities are more important than the differ-
ences from the point of view of evaluating whether the effects observed on
RT,, as afunction of SOA, are due to a phonological recoding process that
would require central involvement. The symbols that we chose are clearly
quite difficult to recode into implicit phonology, yet the increase in mean
RT, from Experiment 1 to Experiment 2 was only 108 ms. This difference
issmall relative to the change in the hypothesized difference in the difficulty
of phonological recoding for letters vs symbols. Furthermore, the magnitude
of this difference seemed to be the largest in the comparison between Experi-
ments 1 and 2. In Experiment 3, the mean RT, was not as elevated as in
Experiment 2, and in Experiment 4 the difference between the mean RT,
for letters vs symbols was only 45 ms when the information had to be en-
coded. Wereturn to theissue of phonological recoding in the General Discus-
sion.

EXPERIMENT 3

The purpose of Experiment 3 was to extend the range of sampled SOAs
used in Experiment 2 because it appeared to us as though the response times
in the auditory task were still coming down even at the longest SOA used
in that experiment. Experiments 3 was the same as Experiment 2 except that
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the increment along the SOA dimension was 150 ms for each additional
SOA rather than 100 ms. This increased the range of SOAs from 350—
1350 ms in Experiment 2 to 350—1850 ms in Experiment 3.

Results and Discussion

The mean response times to the tone (RT,) for each SOA, and for each
number of symbols to be remembered in Task; are shown in Fig. 3a. The
results had the same general form as those of Experiment 2.

There was a large effect of SOA, with a longer mean RT, at the 350 ms
SOA that decreased gradually as the SOA was lengthened, F(10, 100) =
25.61, MS, = 1311.79, p < .0001. RT, was longer when T, contained 3
symbols (513 ms) than when T, contained 1 symbol (459 ms), F(1, 10) =
19.04, MS, = 9121.01, p < .0015. As in Experiment 2, the effects of the
number of symbols were relatively constant across SOA, F < 1.

An additional analysis carried out on the results for the 1-symbol condition
showed that the effects of SOA were significant for this condition taken by
itself, F(10, 100) = 19.06, MS, = 939.386, p < .0001.

The asymptotic difference between the 3-symbol and 1-symbol conditions
was 54 ms (estimated using the longest five SOAS). This difference was
smaller than in Experiment 2 (71 ms) but still larger than in Experiment 1
(21 ms). These results converge with those of Experiment 2 in suggesting
that holding 3 symbols in durable storage causes a larger increase in Task,
response times than holding 3 letters.

Asin Experiments 1-2, we anayzed the accuracy of the Task, responses
as a function of Task; variables. The proportion of correct trials in the
auditory task for each SOA and number of letters is shown in Fig. 3b. The
effect of SOA was not significant, F < 1. Accuracy was slightly higher in
the 1-symbol condition (.984) than in the 3-symbol condition (.978), and
this effect was marginaly significant, F(1, 10) = 3.80, MS, = .000483,
p < .08. The interaction between SOA and the number of letters was sig-
nificant, F(10, 100) = 1.94, MS, = .000493, p < .05. Given the similarity
of the means (Fig. 3b), we do not ascribe much theoretical significance to
these small effects.

The proportion of correct recall in the memory task for each SOA and
number of symbolsisshownin Fig. 3c. Overall recall performance was good,
with an overall mean of .850. Recall was better for the 1-symbol condition
(.971) than for the 3-symbol condition (.729), F(1, 10) = 43.64, MS, =
.081463, p < .0001. The main effect of SOA was significant, F(10, 100) =
1.98, MS, = .001702, p < .045, but it is not clear how to interpret it (Fig.
3c). There may have been a dlight tendency for recall to drop at the shortest
and longest SOAs relative to the middie ones. The interaction between SOA
and number of symbols was not significant, F < 1.

The results of Experiment 3 were very similar to those of Experiment 2.
Most importantly, response times to the tone (RT,) decreased as SOA was
increased, and they were longer for the 3-symbol condition than for the
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FIG. 3. Resultsfrom Experiment 3. (@) Mean response time (RT,) to the tone (in millisec-
onds) for each SOA and each number of symbols in the visual display. (b) Mean proportion
of correct responses in the auditory task, for each SOA and each number of symbols in the
visual display. (c) Mean proportion of correct recall of the symbols in the memory task, de-
pending on the number of symbols to be recalled and on the SOA at which the tone was
presented.
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1-symbol condition. The main motivation for Experiment 3 was to extend
the range of SOASs used in Experiment 2. We were hoping to see the RT,
functions reach a clear asymptote as the SOA was increased. Instead, as in
Experiment 2, the functions continued to come down with a gentle slope as
the SOA became longer and longer. We now suspect that this gentle decrease
in RT, at the longer SOAs might be due to changing preparation as the SOA
increases, with subjects becoming increasingly more prepared to process the
tone (T,) as time went by during the trial (De Jong & Sweet, 1994; Pashler,
1994). In this view, with very long SOASs, such as those in Experiment 3,
the decrease in RT, with increasing SOA has two components. The first
component reflects a decreasing probability that STC for T, is occupying
central mechanisms at the time that T, is presented. The second reflects in-
creasing preparation for Task,. We will return to this issue in subsequent
experiments and in the General Discussion.

As in Experiment 2, the effects of SOA and number of symbols were
additive. This additivity contrasted with the interaction found in Experiment
1. We examined this effect further in Experiment 4.

EXPERIMENT 4

In Experiments 1-3 a probe tone (T,) was presented after a visual display
that contained information to be encoded into memory. Response times to
the tone were systematically elevated at shorter SOAs and shortened as the
SOA was increased. Furthermore, RT,s were longer when three characters
had to be remembered than when there was only one. We argued that these
results reflected the operation of short-term consolidation (STC), a process
required to encode the information into a durable form of memory, which
we call durable storage.

The purpose of Experiment 4 was two-fold. First we wanted to determine
whether the encoding costs observed as dual-task slowing in Task, were
obligatory (and automatic in this sense) or optional. We expected, based on
severa considerations, that encoding information into durable storage would
be an optional operation. Second Experiment 4 was designed to provide a
control condition for possible general disruptive effects of the visual display
on performance in the auditory task. For example, the elevated response
times to the tone might reflect nothing more than a startle response or a
disruption in the preparation for the auditory task. This type of argument
might provide a basis for an account of the general pattern of RT,s across
the SOA manipulation. We do not believe that it can provide a convincing
account of the effects of the number of symbols in the display, however.
Nonetheless, Experiment 4 was designed to rule out the kind of general dis-
ruption account envisaged here.

In Experiment 4, the two types of visual material (letters vs symbols) that
were used in Experiments 1-3 were intermixed at random from trial to trial.
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Half of the subjects were instructed to remember letters (the ** encode’” con-
dition) and to ignore symbols (the **ignore’’ condition); the other half were
to remember symbols and to ignore letters. The experiment was otherwise
the same as Experiments 1-3, except that we used a different set of SOAs
(350, 500, 650, 800, 1200, and 1600 ms). At the end of trials for which the
information was to be remembered, the subject was asked to type in the
characters that had been presented at the beginning of the trial. On trials
with material that could be ignored, the subject was instructed to press the
space bar, which caused the program to proceed to the next trial.

If the response times (RT,) in Experiments 1-3 were elevated because of
a genera disruptive effect of the visual display, or if STC is an obligatory
process, then the same pattern of results should be found for all trials, regard-
less of whether the information was to be remembered or not. In contrast,
if STC is an optional operation, and if that process caused the elevated re-
sponse times in the earlier experiments, then RT, slowing should be only
evident for trials in which the visual information had to be remembered.
Furthermore, the slower response times for the 3-character condition than
for the 1-character condition should only be found in the encode condition,
where, according to our interpretation, a longer period of STC is required
when more information is to be consolidated.

Although the effects of SOA should be smaller for the ignore condition
than for the encode condition, we did not expect a completely null effect of
SOA in the ignore condition. Instead, we expected a smaller effect, confined
to the shortest SOASs that we sampled. The reason to expect some elevation
in RT, even in the ignore condition is that some processing of the visual
display wasrequired to determine whether the information wasto be encoded
into durable storage or not. Thisinternal choice was required because encode
and ignore trials were intermixed at random throughout the test session.
Thus, shortly after the onset of the visual display, the subject had to deter-
mine whether the characters had to be remembered, or whether they could
be safely ignored. That is, they had to classify the symbols as either letters
or symbols, and then submit the characters to STC if they belonged to the
category of charactersthat had to be remembered. We expected the cognitive
operations required to make this decision to require central mechanisms,
which should result in some slowing of RT,. This effect would be similar
to the dual-task slowing observed on RT, for a Task; no-go tria, in a PRP
experiment with ago/no-go Task; (e.g., Smith, 1967b; Bertelson & Tisseyre,
1969; De Jong, 1993).

In summary, if encoding information into durable storage does not require
central involvement, then effects that we observed in Experiments 1-3 were
caused by some other factor, such as a disruption of preparation for the audi-
tory task. If so, we should observe the same pattern of results regardless of
whether the information was to be encoded or not. In contrast, we hypothe-
sized that encoding information into durable storage requires the involve-
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ment of a demanding central process, and that subjects would only engage
this process when it was required by the task.

Results and Discussion

The mean response timesto the tone (RT,) for each SOA, for each number
of symbols, and for the encode and ignore conditions in Task; are shown in
Fig. 4a. The results from the encode condition, averaged across letters and
symbols (top two functions) had the same general form as those in Experi-
ments 1-3. The new results from this experiment are from the ignore condi-
tion, and they appear in the bottom two functions in Fig. 4a

The results were analyzed using an ANOVA in which the materia to be
encoded (letters vs symbols) was a between-subjects factor, while SOA,
encode/ignore, and the number of characters (1 vs 3) were within-subjects
factors.

The most interesting effect in the ANOV A was the three-way interaction
between encode/ignore, SOA, and the number of characters in the visual
display, F(5, 140) = 3.59, MS, = 1321.05, p < .0045, which is illustrated
in Fig. 4a. When the characters had to be encoded, there was a larger effect
of SOA for the 3-character condition than for the 1-character condition (as
in Experiment 1). In contrast, when the information could be ignored (ignore
condition), there were identical effects of SOA across the 1-character and
3-character conditions. The differential effects of SOA across different num-
bers of characters for the encode condition in contrast with the equivalent
effects of SOA across different numbers of characters for the ignore condi-
tion is what created the three-way interaction.

As expected from the results in Fig. 4a, there was a larger effect of SOA
for the encode condition than for the ignore condition, F(5, 140) = 10.28,
MS;, = 1358.15, p < .0001. The difference between the 3-character condition
relative to the 1-character condition was larger when the information had to
be encoded than when it could beignored, F(1, 28) = 43.95, MS, = 9674.59,
p < .0001.

The effects involving the material to be processed (letters vs symbals), in
all cases but one, were clearly not significant, F < 1. The one exception—
and the effect was statistically marginal—was the interaction between mate-
rial (letters vs symbols) and whether the information had to be encoded or
not, F(1, 28) = 2.44, MS, = 18869.61, p < .13. The difference across |etters
vs symbols was small when the information could be ignored (ignore condi-
tion) (442 ms for letters; 455 ms for symbols). This difference was larger
when the characters had to be encoded (486 ms for letters, 530 ms for sym-
bals).

We also performed a separate ANOVA on the results from the encode
condition, with type of material (letters vs symbols) as a between-subjects
factor, and number of characters (1 vs 3) and SOA as within-subject factors.
None of the effects involving material were statistically significant, p > .27
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FIG. 4. Resultsfrom Experiment 4. (a) Mean response time (RT) to the tone (in millisec-
onds) for each SOA, each number of characters in the visual display, and for whether the
visual information could be ignored or had to be encoded. (b) Mean proportion of correct
responses in the auditory task, for each SOA, each number of charactersin the visual display,
and for ignore vs encode trias. (c) Mean proportion of correct recall of the characters in the
memory task (encode condition), depending on the number of characters to be recalled,
whether the characters were symbols or letters, and on the SOA at which the tone was pre-
sented.
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in al cases. As expected from Fig. 4a, however, the interaction between
number of characters and SOA was significant, F(5, 140) = 3.31, MS, =
2131.2415, p < .008; reflecting the convergence in the two functions
(3-character vs 1-character) as SOA was lengthened. The mean difference
between the 3-character and 1-character conditions was 101 ms at the short-
est SOA and only 51 ms at the longest SOA. Despite the non-significant
3-way interaction, we performed separate analyses of the results from the
encode-symbols and encode-letters groups to see if the interaction between
SOA and the number of characters was significant in both cases. The means
are shown in Fig. 5. The interaction was significant for letters, F(5, 70) =
6.22, MS, = 873.043, p < .0001, but not for symbols, F(5, 70) = 1.10,
MS, = 3389.44, p > .37.

The main effect of encode/ignore, F(1, 28) = 33.72, MS, = 18869.6,
p < .0001, of SOA, F(5, 140) = 45.21, MS, = 2411.82, p < .0001, and of
number of characters F(1, 28) = 42.50, MS, = 5845.6311, p < .0001, were
all highly significant. RT, decreased as SOA increased; RT, was longer for
the encode condition than the ignore condition, and longer for the 3-character
condition than for the 1-character condition.

An additional analysis carried out on the results for the 1-character condi-
tion to determine if the differential effects of SOA across the encode vs
ignore conditions would be found when only 1 character had to be processed.
The interaction between SOA and encode/ignore was significant, F(5,
140) = 3.42, MS, = 694.271, p < .006, corroborating our interpretation that
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even when there was only 1 character, RT, was more elevated in the encode
than the ignore condition at the shorter SOAs than at longer SOAS.

As in Experiments 1-3 we analyzed the accuracy of the Task, responses
as afunction of Task; variables. The proportion of correct trials in the audi-
tory task for each SOA, number of characters, and for the encode/ignore
conditions is shown in Fig. 4b. The effect of SOA was not significant, F(5,
140) = 1.12, MS, = .001286, p > .35. However, the interaction between
encode/ignore and number of characters was significant, F(1, 28) = 5.76,
MS; = .000847, p < .025. For the encode condition, accuracy was slightly
lower when three characters were processed than when there was only one.
This difference was not evident in the ignore condition. This effect is very
small, however, given that the largest difference between the four means
entering into the interaction was 1%. When this interaction was collapsed, a
significant main effect of number of characters resulted, with slightly higher
accuracy in the 1-character condition (.971) than in the 3-character condition
(.965), F(1, 28) = 4.68, MS, = .001238, p < .04. There were no other
significant effects, p > .056 in all cases. As can be seenin Fig. 4b, accuracy
was generaly very high and any effects of Task; variables were small. We
could not discern patterns of results that would lead us to doubt our interpre-
tation of the response time results shown in Fig. 4a.

Therecall proportion in the memory task for each SOA, number of charac-
ters, and letters vs symbols is shown in Fig. 4c. Overall recall performance
was good, with an overall mean of .914. Recall was better for the 1-character
condition (.967) than for the 3-character condition (.866), F(1, 28) = 66.38,
MS. = .012910, p < .0001. Recall was better for letters (.967) than for
symbols (.862), F(1, 28) = 27.68, MS, = .036284, p < .0001. There was
also an interaction between material (letters vs symbols) and number of char-
acters (1 vs 3), F(1, 28) = 33.06, MS, = .012910, p < .0001. For letters,
there was a smaller difference in recall level for the 1-character condition
(.982) relative to the 3-character condition (.953). For symboals, there was a
larger difference in recall level for the 1-character condition (.945) relative
to the 3-character condition (.778). There were no other significant effects
in the ANOVA, p > .18 in al cases. In particular, the effect of SOA was
not significant, F < 1.

Asin Experiment 1-3, the mean RT,s in the encode condition of Experi-
ment 4 were strongly affected by the number of charactersto be remembered
and they decreased as SOA increased. The results from the ignore condition
provide additional support for our interpretation that the effects observed in
the encode condition reflect a process of short-term consolidation (STC). For
these trials, regardless of the number of characters, the mean RT, appeared
to reach an asymptote at an SOA of about 500 ms. There was no evidence for
alonger RT, in the 3-character condition than in the 1-character condition. In
fact, aseparate analysis of only theignoretrials showed that RT, was slightly



SHORT-TERM CONSOLIDATION 161

longer in the 1-character condition (454 ms) than in the 3-character condition
(443 ms), F(1, 28) = 8.20, MS, = 1440.40, p < .008. This difference is
easy to see in Fig. 4a (bottom two functions). Clearly, the additional time
required to perform the auditory task in the encode-3-character condition
relative to the encode-1-character condition could not be due to a general
startle or disruptive effect of the visual display. If this had been so, the same
pattern of results would have been observed in the ignore condition. Instead,
a small reversed effect was found. We suspect that a dightly faster internal
decision to ignore the visual information was possible when there were three
characters as aresult of a redundancy gain relative to the 1-character condi-
tion.

The results show that encoding information into durable storage is an op-
tional operation under the cognitive control of the subject. In our view, early
in each trial, the information in the visual display was encoded through the
perceptual encoding stage. At that point, the activated representations were
evaluated and an internal decision was made concerning the fate of theinfor-
mation. If the characters belonged to the class that had to be remembered,
then the information was subjected to STC; otherwise it was not processed
further. As we expected, there was a significant dual-task cost associated
with the processing required to decide whether to subject the information to
STC or to simply ignore it. This produced a significant effect of SOA on
RT, even in the ignore condition, F(5, 140) = 19.21, MS, = 1393.77, p <
.0001, in a separate ANOVA of ignoretrials. As can be seen in Fig. 4a, this
effect was confined to the shortest SOA. In an additional analysis of the
ignore condition in which we excluded the shortest SOA, the effects of SOA
were no longer significant, F(4, 112) = 2.06, MS, = 1273.35, p > .09. In
our view, the SOA effect in the ignore condition reflects the decision to
ignore the visual information. This decision must be based on a categorical
analysis of the characters in the visual display. Furthermore, the control pro-
cesses that decide whether to encode or to ignore the information require
central mechanisms that have limited capacity. These processes may be the
same as those required in no-go trials dual-task experiments in which the
first task uses a go/no-go paradigm (e.g., Smith, 1967b). Another possibility
is that, on a fraction of the trials, the subjects encode the information they
were instructed to ignore, perhaps because of time pressure.

Unlike in the analysis of the combined results of Experiments 1 and 2,
the effects of material (letters vs symbols) on RT, were not significant in
this experiment. In particular, the interaction between SOA and number of
characters for the encode condition did not interact with material in Experi-
ment 4, whereas this effect was found in the comparison of Experiments 1
and 2. Nonetheless, the interaction was only significant for letters, in separate
analyses performed on results from the encode-letters and the encode-
symbols groups (see Fig. 5). This pattern of results suggests the possibility
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that the processing given to symbols in the encode condition was different
from that given to letters. This issue is examined further in Experiment 5
and in the General Discussion.

One result was clearcut: RT, was longer at short SOAs in the encode
condition relative to the ignore condition, and this was true even when only
one character had to be remembered (Fig. 4a). We argue that this difference
between the encode and ignore conditions reflects the process of short-term
consolidation (STC), which is required in the encode condition but not in
the ignore condition.

EXPERIMENT 4A

Experiment 4awas performed to provide ameasure of how much informa-
tion could be recalled in a tria in which the subject had, presumably, not
subjected the visual information to STC. After the end of Experiment 4, the
subjects were asked to perform six additional trials of the same sort as they
had just performed. We told them that we wanted to measure their perfor-
mance after they had become quite good at the task. Three characters were
presented in each of these six trials. The 6th (and last) trial always involved
the type of character that the subject had ignored throughout Experiment 4.
However, at the end of thistrial, the computer program displayed a message
requesting that the information be recalled.

If information is encoded into durable storage **automatically,”’ then en-
coding would have taken place even on ignore trials. If so, recall in the last
trial of Experiment 4a should be as good as in the encode-3 condition of
Experiment 4. On the other hand, we believe that the response time results
(RT,) in Experiment 4 reflect the process of STC, or encoding into durable
storage. On average, in the ignore condition, RT, was relatively unaffected
by SOA and by the number of characters shown. Both of these results suggest
that the information was not subjected to STC. If STC is necessary in order
to establish a representation in durable storage, there should be no memory
for the information shown in the visual display.

Results and Discussion

We only present the recall results from the last trial of Experiment 4a.
The results are easy to summarize: recall performance was very poor. For
subjects unexpectedly recalling letters, recall was at chance, while for those
recalling symbols, performance was at chance for 10 of 16 subjects, but
the overall performance of this group was significantly better than chance,
although it was very much worse than for the encode condition in Experi-
ment 4.

We examined the results separately for the subjects who were asked to
recall letters on the 6th trial (who previously had to ignore letters) and those
who were asked to recall symbols (who previously ignored symbols). The
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mean correct recall of letters was .58. The 95% confidence interval for this
value was .14 to 1.02, which spans the performance level expected based
on chance performance (.48). Thus, performance in this group was not sig-
nificantly better than chance. Performance was also obviously much lower
than in the encode condition of Experiment 4 (2.86 + .22%). For the subjects
who unexpectedly recalled symbols, the mean correct recall was 1.375, with
the 95% confidence interval ranging from 1.11 to 1.64. The expected vaue
of chance performance for this group was 1.0. Thus, the overall performance
for the group was slightly better than expected by chance. We note, however,
for 10 of the 16 subjects in this group, recall was exactly as expected by
chance (recall of 1 symbol). Furthermore, recall was much lower than in the
corresponding encode condition of Experiment 4 (2.34 = .22%).

One might postulate that the first character in the display was the one
recalled, because at least one character had to be encoded in order to decide
whether the information had to be processed further or not. To examine this
idea we computed mean recall for each character position in the display. In
this case, recall was no better than chance for both groups and for each of
the three character positions. For the group recalling letters, the expected
value of chance recall was .16, and the 95% confidence interval was .11 to
.39, for the first and second character positions, and —.11 to .27 for the third
position. For the group recalling symbols, the expected value of chance recall
was .33, and the 95% confidence interval was .16 to .71, for the first and
second character positions, and .22 to .77 for the third position. Consistent
with the above analyses, the notion that subjects encoded at least 1 character
into memory (in order to determine whether to encode or not to encode)
is not very likely because in that case the mean recall would have been
equal to 1 plus an additional amount due to guessing. For the letter group,
recall was less than 1, while for the symbols group it was only dlightly
higher than 1.

The results suggest that recall of information that was not subjected to
STCisessentially null. Thissuggeststhat STC is necessary in order to create
a durable representation in short-term memory. We consider the present re-
sults as suggestive rather than definitive because of the following caveat:
one could argue that the poor recall performance was due to forgetting rather
than encoding failure. Perhaps the unexpected request to recall the informa-
tion that could, up to then, be ignored, caused some surprise or startle, which
resulted in aloss of memory from durable storage. Although we cannot reject
this argument, we do not find it convincing. Rather, we believe that the RT,
results show that STC was not engaged when subjects knew that they did
not have to encode the information in the visua display, and as expected
their recall was at or only slightly above chance. Additional experimentation
will be required to determine what can be remembered from objects that

1 The 95% within-subjects confidence interval (Loftus & Masson, 1994).
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have been identified, but not subjected to STC. We hypothesize that explicit
memory for such information will be very poor (Potter, 1976). In contrast,
we expect that measures of implicit memory (Schacter, 1987) are likely to
reveal the activation of perceptual-encoding representations for thisinforma-
tion.

EXPERIMENT 5

As we reviewed in the Introduction, a number of researchers have used
simple response time tasks as a way to estimate the effects of carrying out
aconcurrent task (e.g., Posner & Boies, 1971). Experiment 5wasin al ways
identical to Experiment 4 except that smple RT was used in Task, instead
of a two-alternative discrimination task. This experiment will allow us to
relate our results to the large body of earlier work that employed simple RT
in the probe task.

Results and Discussion

The mean simple response times (simple RT) to the tone (RT,) for each
SOA, for each number of characters, and for the encode and ignore condi-
tions in Task; are shown in Fig. 6a. The results from the encode condition
(open and filled squares) had the same general form as those in Experiments
1-4. The results from the ignore condition (open and filled circles) appear
at the bottom of Fig. 6a

The data were analyzed using an ANOVA as in Experiment 4 and a sim-
ilar pattern of results was found. As in Experiment 4 there was a three-way
interaction between encode/ignore, SOA, and the number of characters in
the visua display, F(5, 140) = 5.47, MS, = 293.314, p < .0001. When the
characters had to be encoded, there was a larger effect of SOA for the
3-character condition than for the 1-character condition (as in Experiment
1). In contrast, when the information could be ignored (ignore condition),
there were identical effects of SOA across the 1-character and 3-character
conditions. The differential effects of SOA across different numbers of char-
actersfor the encode condition in contrast with the equivalent effects of SOA
across different numbers of characters for the ignore condition resulted in
the three-way interaction.

As expected from the results in Fig. 6a, there was a larger effect of SOA
for the encode condition than for the ignore condition, F(5, 140) = 5.36,
MS; = 697.110, p < .0002. The difference between the 3-character condition
relative to the 1-character condition was larger when the information had to
be encoded than when it could beignored, F(5, 140) = 7.90, MS, = 327.604,
p < .0001.

The effects involving the material to be processed (letters vs symbols)
were not significant, p > .13 in all cases except one: As in Experiment 4,
the one exception was the interaction between materia (letters vs symbols)
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and whether the information had to be encoded or not, F(1, 28) = 5.31,
MS;, = 4490.34, p < .03. The difference across letters vs symbols was small
when the information could beignored (ignore condition) (265 msfor letters;
264 ms for symbols). This difference was larger when the characters had to
be encoded (265 ms for letters;, 287 ms for symbols).

The main effects of SOA, F(5, 140) = 43.94, MS, = 1207.52, p < .0001,
number characters, F(1, 28) = 8.68, MS, = 3403.25, p < .0065, and of
encode/ignore, F(1, 28) = 5.68, MS, = 4490.34, p < .025, were al signifi-
cant. RT, decreased as SOA increased; RT, was longer for the encode condi-
tion than for the ignore condition, and longer for the 3-character condition
than for the 1-character condition.

A separate analysis of the results from the encode condition produced
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FIG. 7. Resultsfrom encodetrialsin Experiment 5 for letters vs symbols. Mean response
time (RT,) to the tone (in milliseconds) at each SOA and for each number of characters in
the visual display.

a significant interaction between the number of characters and SOA, F(5,
140) = 8.34, MS, = 442.026, p < .0001, reflecting the convergence of the
RT, functions as SOA was lengthened. The interaction between materials
(letters vs symbols), SOA, and number of characters was not significant,
F(5, 140) = 1.83, MS, = 442.026, p > .11. The difference between the
3-character condition and the 1-character condition was 51 ms at the shortest
SOA but only 11 ms at the longest SOA. Separate analyses were also per-
formed for each type of character. The interaction between SOA and number
of characters was significant in both cases: F(5, 70) = 3.65, MS, = 166.652,
p < .006, for letters, and F(5, 70) = 5.42, MS, = 717.399, p < .0003, for
symbols. The means can be seen in Fig. 7.

An additional analysis carried out on the results for the 1-character condi-
tion to determine if the differential effects of SOA across the encode vs
ignore conditions would be found when only 1 character had to be processed.
The interaction between SOA and encode/ignore was not significant, F <
1. Thus, unlike the results of Experiment 4, in which there was a clearcut
cost of encoding 1-character, over and above the cost associated with the
decision to encode vs not to encode, there was no evidence for this additional
cost in Experiment 5. Perhaps this effect would have been observed if we
had presented tones at shorter SOAs than 350 ms. Here is one line of argu-
ment that would suggest this possibility. There was some suggestion that the
memory task, itself, may have been easier to perform when paired with a
simple RT (see next paragraph) task than when paired with a choice task
(compare recall for 3 symbols in Experiments 4 and 5; Figs. 4c and 6b). If
S0, it is possible that the time to perform STC for 1 letter may have been
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shorter in Experiment 5 than in Experiment 4. Thus, STC may have aready
been completed in Experiment 5, 350 ms after the onset of 1 character to
be encoded. If so, testing at shorter SOAs might have reveaed the process
of STC for 1 character even when using simple RT in Task,. The fact that
RT, was still obviously elevated in the ignore conditions at 350 ms SOA,
however, poses some difficulties for the above argument. What we can say
unambiguoudly is that using equivalent SOAS, the two-alternative discrimi-
nation procedure (e.g., Experiment 4) revealed the encoding costs for 1 char-
acter over and above those associated with the decision to encode or ignore,
while the simple RT procedure did not. This difference could explain why
there has been some controversy concerning the issue of whether there are
costs of encoding 1 character when the probe task used a ssimple RT proce-
dure.

The recall proportion in the memory task for each SOA and number of
symbolsis shown in Fig. 6b. Overall recall performance was good, with an
overall mean of .958. Recall was better for the 1-character condition (.984)
than for the 3-character condition (.931), F(1, 28) = 28.89, MS, = .008842,
p < .0001. Recall was better for letters (.988) than for symbols (.927), F(1,
28) = 10.89, MS, = .030004, p < .003. There was aso an interaction be-
tween material (letters vs symbols) and number of characters (1 vs 3), F(1,
28) = 16.64, MS, = .008842, p < .0003. For letters, there was a smaller
difference in recall level for the 1-character condition (.994) relative to the
3-character condition (.981). For symbols, there was a larger difference in
recall level for the 1-character condition (.974) relative to the 3-character
condition (.881).

In addition, the 3-way interaction between SOA, number of characters,
and letters vs symbols, which can be seen in Fig. 6b, was significant, F(5,
140) = 2.60, MS, = .000452, p < .03. This interaction might reflect the
dlight divergence in recall across the 1 vs 3 variable for symbols, at the
shortest SOA, in contrast with the relatively constant difference between 1
and 3 for letters. There were no other significant effects in the ANOVA,
p > .08 in al cases.

Because recall appeared to be superior in Experiment 5 compared with
that in Experiment 4, we also performed an ANOV A in which we compared
the recall results across experiments. Recall was indeed significantly better
in Experiment 5 than in Experiment 4, F(1, 56) = 11.27, MS, = 0.193522,
p < .0015. It seems likely that subjects found the simple RT task (Experi-
ment 5) easier to perform than the two-alternative discrimination task
(Experiment 4), and this difference may have allowed the subjects in Ex-
periment 5 to prepare better for the memory task (even though responses
were obviously quite fast, as can be seen in Fig. 6a). This type of trade-off
between tasks is consistent with our claim that some aspect of the memory
task requires central involvement. If encoding information into durable stor-
age was somehow capacity-free and did not require central processing, then
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it isnot clear why we should have observed this trade-off across Experiments
4 and 5.

The main purpose of Experiment 5 was to investigate whether using sim-
ple RT in Task, would produce a qualitative pattern of results that would
mirror what was found with a two-alternative discrimination task. As ex-
pected, overall response times were faster with the simple RT than with the
two-alternative discrimination task (compare Figs. 4a and 6a). However,
the patterns of results were similar in many ways. The effects of SOA for
the encode condition were similar in general form across procedures. Also,
in the simple RT task, there was a clear-cut difference between the encode-1
and encode-3 conditions, revealing a sensitivity to the amount of information
to be remembered. The results of Experiment 5 thus provide converging
evidence for the operation of STC in the encode condition even when simple
RT isused as the probe task. There were two differences across Experiments
4-5. Thefirst was that the two-alternative discrimination task was more sen-
sitive than the simple RT task to the operation of STC when only 1 character
had to be remembered. The other difference was that we found convergence
between the encode-3 and encode-1 conditions as SOA was lengthened, for
both letters and symbols in Experiment 5, but only for letters in Experi-
ment 4.

EXPERIMENT 6

Experiment 6 was carried out for two principal reasons. First, as we men-
tioned in Experiment 3, we became concerned that when very long SOAs
were used in the experiment, the decrease in RT, with increasing SOA might
include a component of task preparation, rather than uniquely reflecting the
operations of STC. We attempted to lower the likelihood that there would
be large changes in task preparation by sampling a smaller range of SOAs.
The elimination of very long SOAs should give us a measure of STC that
is less likely to be contaminated by effects of changing preparation.

In Experiments 1-5, the shortest SOA was 350 ms. This choice for the
shortest SOA was deliberate. We wanted to ensure that all phases of early
encoding would be completed before we began probing the system for evi-
dence of concurrent cognitive activity. Given that we now have good evi-
dencefor STC under the conditions of Experiments 1-5, we wished to exam-
ine the shape of the RT, function of SOA for shorter SOAs than 350 ms.
This was the second purpose of Experiment 6. Given that severa studies
suggest that that time required to perform sensory and perceptual encoding
is very brief (e.g., Sperling et a., 1971; Sperling, 1960; Coltheart, 1982,
1984; Duncan, 1980, 1983) we expected that STC would begin very soon
after the onset of the visual display, especially when only one character is
presented. Thus, we expected to discover that RT, would continueto increase
as SOA was shortened to values less than 350 ms.
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In Experiment 6, Task; was the delayed recall of a single letter, chosen
from the same set as that used in Experiment 1. Asin Experiments 1-3, the
subject was to encode the character on every trial. Because a single letter
was to be encoded, we shortened the exposure duration of T; to 100 ms
(from 250 ms in Experiments 1-5). The mask duration was 50 ms (reduced
from the 100 ms duration used in Experiments 1-5).

Task, was identical to that used in Experiments 1-4 (a two-alternative
discrimination task). The SOA between the visual display and the tone was
either O, 50, 150, 250, 350, 450, 550, or 650 ms, chosen at random from
tria to trial, with equal probability. We expected that this choice of SOAs
would make it unlikely that subjects would change their relative preparation
for the two tasks, even at the longest SOA.

Results and Discussion

Figure 8a shows the mean choice response times to the tone (RT,) for
each SOA. The results were clearcut and striking: the mean RT, was highest
at 0 ms SOA, RT, decreased linearly as SOA increased until it reached an
obvious asymptotic value at an SOA of 350 ms. This pattern of results was
reflected by a significant effect of SOA in an ANOVA in which SOA was
the only (within-subjects) factor, F(7, 49) = 11.58, MS, = 633.025, p <
.0001. There was no hint of any difference in mean RT, across the last 4
SOAs (F < 1, in a separate ANOVA that considered just these 4 SOAS).

We also analyzed the accuracy of the Task, responses as a function of the
SOA between T, and T,. The means are shown in Fig. 8b. Accuracy was
very good, with a mean proportion of .977 correct trials, and accuracy did
not vary with SOA, F(7, 49) = 1.18, MS, = .000374, p > .32.

The mean recall for the letter was .988, and recall did not vary across
SOA, F(7, 49) = 1.40, MS, = .000169, p > .22, as can be seen in Fig. 8c.

The pattern of results was consistent with the view that central involve-
ment, in the present paradigm, begins very shortly after the presentation of
the visual display and isamost always finished by 350 ms. The shorter SOA
at which the function reached asymptote than in Experiments 1-3 (and 7)
was not expected. Several explanations are possible. Perhaps presenting a
single letter on every trial reduced the total processing requirements of the
encoding task compared to when different numbers of letters could be pre-
sented on different trials, and the reduced load may have allowed tone pro-
cessing to begin earlier. Perhaps intermixing trials with different numbers
of charactersadded variability to the encoding processes, which was reflected
in the results as alonger inflection SOA (Experiments 1-3, and 7). It isalso
possible that the inclusion of trials in which three characters had to be en-
coded may have caused a greater buildup of proactive interference during
the course of the experiment, which would be observed as alonger and more
variable duration of STC.

We were particularly impressed with the sharpness of the transition be-
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the SOA at which the tone was presented.

tween the sloped portion of the RT, function and the asymptotic portion. We
believe that we found this result because we used a more limited range of
SOAs, which probably prevented a change in the preparation state for the
auditory task during the trials (De Jong & Sweet, 1994). The results were
as expected if encoding even asingleletter in durable storage requires central
mechanisms.
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Because we used very short SOAs in this experiment, we cannot rule out
the possibility that some of the dual-task slowing observed in Task, could
be associated with processes of encoding taking place prior to STC. In fact,
it is likely that such processing was reflected in the response time in Task,
because processing time taking place before STC would delay the onset of
STC, and therefore the time at which STC would terminate, thereby altering
the period of time during which processing in Task; can interfere with pro-
cessing in Task,. These considerations are clarified by the general model of
task interactions and the computer simulations of the results that we present
in the General Discussion.

EXPERIMENT 7

In Experiments 4 and 5, a larger effect of SOA was observed, especially
at shorter SOAs, when information had to be encoded than when it could
beignored. We attributed the increase in RT, between the encode and ignore
conditions to the process of STC, which was required only in the encode
condition. The increase in RT, in the ignore condition at the shortest SOA
relative to the longer SOAs was attributed to the decision processes required
to determine whether to encode or ignore the visual information. If thisinter-
pretation of the SOA effect in the ignore condition is correct, we should be
ableto eliminateit (or at least significantly reduceit) by removing the on-line
decision requirement of the task. Thiswas the main purpose of Experiment 7.
One or three letters were shown at the beginning of each trial. In some blocks
of trials, the information had to be recaled at the end of the trial (as in
Experiments 1-3). In other blocks, however, the letters could be ignored.
The ignore blocks provide a similar type of control condition as the ignore
trials in Experiments 4-5, but removes the on-line decision component of
the task.

If the elevated RT, at short SOAs in the ignore trials of Experiments 4—
5 were caused by the need to decide whether to encode or ignore, then this
effect should not be found in Experiment 7.

The temporal parameters (duration of the visual display, of the mask, and
the SOAS) in Experiment 7 were the same as in Experiment 4. The visual
stimuli were always letters (1 or 3). Ignore vs encode trials were blocked
rather than intermixed (as in Experiments 4-5). There were two encode
blocks for every ignore block.

Results and Discussion

Figure 9a shows the mean response times to the tone (RT,) for each SOA,
each number of letters, and for the encode and ignore conditions. The results
from the encode condition (top two functions) had the same genera form
as those in Experiments 1 and 4. The results from the ignore condition, at
the bottom of the Fig. 9a were now only minimally affected by SOA.
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The results were analyzed using an ANOVA in which SOA, encode/
ignore, and the number of characters (1 vs 3) were within-subjects factors.
The interaction between encode/ignore, SOA, and the number of characters
inthevisual display was highly-significant, F(5, 60) = 6.47, MS, = 574.803,
p < .0001. When the characters had to be encoded, there was alarger effect
of SOA for the 3-character condition than for the 1-character condition (as
in Experiments 1, 4, and 5). In contrast, when the information could be
ignored (ignore condition), there were identical effects of SOA across the
1-character and 3-character conditions. The differential effects of SOA
across different numbers of characters for the encode condition in contrast
with the equivalent effects of SOA across different numbers of characters
for the ignore condition is what created the three-way interaction.

A separate ANOV A performed on the results from encode blocks reveal ed
a significant interaction between SOA and number of letters, reflecting the
significant convergence between the two functions as SOA was lengthened,
F(5, 60) = 14.84, MS, = 562.751, p < .0001. The difference between the
3-letter and 1-letter condition was 113 ms at the shortest SOA but only 32 ms
at the longest SOA.

As expected from the results in Fig. 9a, there was a larger effect of SOA
for the encode condition than for the ignore condition, F(5, 60) = 16.95,
MS; = 1150.61, p < .0001. The difference between the 3-character condition
relative to the 1-character condition was larger when the information had to
be encoded than when it could beignored, F(1, 12) = 36.80, MS, = 3398.98,
p < 0.0001.

The main effects of SOA, F(5, 60) = 23.91, MS, = 1239.25, p < .0001,
encode/ignore, F(1, 12) = 32.76, MS, = 9644.68, p < .0001, and number
of characters, F(1, 12) = 49.41, MS, = 1840.75, p < .0000, were all highly
significant. RT, decreased as SOA increased; RT, was longer for the encode
condition than the ignore condition, and longer for the 3-character condition
than for the 1-character condition.

An additional analysis carried out on the results for the 1-character condi-
tion to determine if the differential effects of SOA across the encode vs
ignore conditions would be found when only 1 character had to be processed.
The interaction between SOA and encode/ignore was significant, F(5,
60) = 6.46, MS, = 648.565, p < .0001, corroborating our interpretation that
even when there was only 1 character, RT, was more elevated in the encode
than the ignore condition at the shorter SOAs than at longer SOAs.

We also performed a separate ANOV A on the results from the ignore trial
blocks. SOA and number of letters were both within-subjects factors. Only
the effects of SOA were statistically significant F(5, 60) = 2.45, MS, =
581.077, p < .045; p > .14 for number of letters and for the interaction
between SOA and number of |etters. The effects of SOA seemed truly mini-
mal across the first four SOAs, however, which was corroborated in a sepa-
rate ANOVA on just these SOASs, F(3, 36) = .20, MS, = 1207.63, p > .89.
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The significant effects in the ANOVA including all six SOAs appears to be
due to the shorter RT, at the longer SOAs, which were now expected if some
differential task preparation resulted in a gradual decline in RT, as SOA
became very long.

As in previous experiments, we analyzed the accuracy of the Task, re-
sponses as a function of Task; variables. The proportion of correct trialsin
the auditory task for each SOA, number of characters, and for the encode/
ignore conditions is shown in Fig. 9b. The three-way interaction between
SOA, number of letters, and encode vs ignore was significant, F(5, 60) =
3.29, MS, = .001276, p < .011. It appears that slightly lower accuracy in
Task, occurred in the encode blocks than in the ignore blocks, at shorter
SOAs only, and that this difference was larger when 3 letters were encoded
than when only 1 letter was encoded. These results are generally consistent
with the response time results and suggest that encoding the information in
the visua display made it more difficult to perform the speeded tone task.
Various other effectsin the ANOVA were also significant, as expected from
collapsing the three-way interaction displayed in Fig. 9b. There were more
errors when there were more letters, F(1, 12) = 13.48, MS, = .001536,
p < .0035. The effects of SOA were larger when there were 3 letters than
when there was only 1, F(5, 60) = 3.25, MS, = .001576, p < .015. There
was also a marginal interaction between SOA and block (ignore vs encode),
F(5, 60) = 2.30, MS, = .001668, p < .06. There were no other significant
effects, p > .28 in al cases.

The recall proportion in the memory task for each SOA and number of
letters is shown in Fig. 9c. Overall recall performance was good, with an
overall mean of .978. Recall was better for the 1-character condition (.987)
than for the 3-character condition (.968), F(1, 12) = 22.88, MS, = .000645,
p < .0004. Recall declined slightly as SOA was lengthened, F(5, 60) =
3.34, MS, = .000889, p < .01, but this effect was confined to 1-letter trias,
which produced an interaction between number of letters and SOA, F(5,
60) = 7.48, MS, = .000470, p < .0001.

The results of Experiment 7 provide strong converging evidence support-
ing our interpretation of the results of Experiments 1-6. Asin the previous
experiments, there were large effects of SOA in the encode condition, which
were modulated by the amount of information to be encoded. In contrast,
the effects of SOA were minimal in the ignore condition. These findings
are as expected if the obvious effects of SOA in the ignore conditions of
Experiments 4-5 were caused by decision processes associated with the on-
line decision to encode or ignore the visual information. Removing this deci-
sion component of the task by blocking the trials eliminated the effects of
SOA at short SOAS, as we expected.

The results provide additional support for the notion that encoding infor-
mation into durable storage is an optional operation under the subject’s con-
trol. The results also provide strong evidence against nonspecific (e.g., star-
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tle) effects associated with the presentation of a visual stimulus just before
the tone in the speeded auditory discrimination task.

GENERAL DISCUSSION

Short-Term Consolidation (STC)

We interpret the results of these experiments as a demonstration of the
process of short-term consolidation (STC). In our view, STC is a process
that mediates the transfer of information generated from sensory input to
storage in durable storage (probably STM). We believe that when this pro-
cess is engaged, the performance of a concurrent task is slowed: STC causes
dual-task slowing. This dual-task slowing isitself one of the most important
properties of STC. It was observed in dual-task paradigms in which two
stimuli were presented in different sensory modalities, reducing the likeli-
hood that the interference we observed resulted from within-modality capac-
ity limitations (Pashler, 1989).

In Experiments 1-4 and 6—7, the concurrent task was a speeded discrimi-
nation based on the pitch of a tone. Evidently, STC caused one or more
stages of processing required to perform the auditory task either to wait, to
slow down, or perhaps both. Which of these alternatives is correct cannot
be determined on the basis of the present results, and investigating this issue
is an important problem for future work. The possibility that a stage of pro-
cessing mediating performance in the tone task may have had to wait would
make the present phenomenon similar to the one observed when both tasks
reguire aspeeded response (Pashler, 1994; Johnston, McCann, & Remington,
1995; De Jong, 1993). Based on recent work on dual-task slowing, a likely
stage of processing required for the auditory task that would be subject to
postponement is response selection (McCann & Johnston, 1992; Pashler,
1994; Van Selst & Jolicoaur, 1997). If the interference we observed was due
to postponement, then it would be likely that STC processes required for the
memory task postponed response selection in the auditory task. It is also
possible, however, that capacity sharing between the encoding task (STC)
and one or more stages of processing in the tone task may have produced
the results.

In Experiment 5 we used a simple reaction time task as the speeded audi-
tory Task,. For asimple RT task it seems awkward to call the stage of pro-
cessing that was subject to dual-task interference ‘‘response selection,”” be-
cause there was only one response. Although the task bears the name of
‘*simple reaction time,’”’ the psychology associated with it is anything but
simple (see Welford, 1980). In any case, severa studiesin the PRP (psycho-
logical refractory period) literature have shown that some aspect of the sim-
ple RT task is subject to dual-task slowing when the simple RT task is the
second of two speeded tasks (e.g., Karlin & Kestenbaum, 1968; Schubert,
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1996; Van Selst & Jolicoaur, 1997). We hypothesize that central processing
is required to determine whether sufficient evidence has accumulated to re-
lease the (already selected) response and that this processing is what is sub-
ject to dual-task interference.

We aso discovered that a longer period of STC is required to encode
more information (3 characters vs 1 character). This is also an important
property of STC because it implies a clear form of capacity limitation. What
causes this capacity limitation is not clear at the moment. We consider two
aternatives. the STC process could be serial, taking longer as more items
are processed because each item is consolidated one at a time, or it could
operate in parallel, but with limited capacity such that the total time to com-
plete the consolidation process would be longer as more items were consoli-
dated simultaneously (e.g., Townsend, 1990). In generdl, it is difficult to
determine whether abasic processis seria or parallel. However, it ispossible
that the new techniques that we have developed to demonstrate STC will
allow us to answer thisissue in the future. At the moment we note that the
increasein RT, in the 3-character conditions, at the shortest SOA, was never
three times as large as that found for the 1-character condition. However,
our efforts to focus on STC, by testing at 350 ms (in Experiments 1-5 and
7), to ensure that sensory and perceptual encoding would be complete, makes
it difficult to evaluate the differential average time required to encode 1 vs
3 characters. It seemsto usthat thisis an interesting issue for future research.

We suspect that the time required to perform STC for aword, for example,
would be similar to that required for a single letter. The concept of a
““chunk’ (e.g., Simon, 1974) is likely to provide the appropriate unit for
predicting STC time. This prediction is under study in our laboratory at the
moment. The experiments in this article were designed such that words or
meaningful units would be difficult to create, and so we expected that each
character would be treated as a separate chunk. This made it possible to
measure a longer period of STC when 3 characters were encoded relative
to that needed for 1 character.

Choice of Probe Task

In the Introduction we briefly reviewed severa articles in which simple
response time measures were used as away to probe for evidence of central
involvement of concurrent encoding activities (e.g., Posner & Boies, 1971).
In Experiment 5, we used simple RT in Task,, in contrast with the two-
alternative discrimination response time task used in all the other experi-
ments. The results obtained with simple RT in Task, were, in many ways,
similar to those obtained with atwo-alternative discrimination task. In partic-
ular, the mean RT, was clearly elevated when 3 items had to be encoded
relative to when only 1 item had to be encoded. Furthermore, RT, decreased
sharply as SOA was increased, as for the two-alternative discrimination ver-
sion of Task,. There was one result, however, which suggests to us that
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the two-alternative discrimination procedure was superior to the ssmple RT
procedure: evidence for the STC of asingleitem, which was clearly evident
in the results obtai ned with the two-alternative discrimination procedure (Ex-
periment 4), was not significant when simple RT was used instead. On the
other hand, the simple RT procedure seemed less influenced by possible
changes in response preparation as the SOA was increased (see, in particular,
Experiment 3), and it seemed to produce curves with relatively sharp tempo-
ral profiles, indicating with more precision the SOA at which the results for
the 3-character condition reached an asymptote (about 800 ms, as can be
seen in Fig. 6a).

It is possible that probes at SOAs of less than 350 ms in Experiment 5
could have alowed us to detect the additional time required for the STC of
1 character. Additional work will be required to determine whether simple
RT is as good, better, or worse, than a two-alternative discrimination task
as a probe task for the study of concurrent task demands of encoding. Given
that the discrimination tasks work well and are less prone to other problems
associated with the simple RT task, such as anticipation errors (Schubert,
1996; Van Selst & Jolicoaur, 1997), and given that it appeared to be more
sensitive to the STC process associated with 1 character (at least with the
present choice of parameters), we favor it over the simple RT procedure for
the moment (see Pashler, 1994, for additional reasonsto prefer choice tasks
over simple RT). However, the results of Experiment 5 suggest to us that
the ssimple RT procedure may well provide a useful tool, perhaps with as
little further adjustment as a different choice of SOAs.

Choice of Encoding Task

Our goal was to discover whether memory encoding required central
mechanisms. To do this we deliberately designed Task; such that it would
primarily reflect the operation of memory encoding (Experiments 1-3, 6,
and the encode conditions of Experiment 7). We simply asked our subjects
to report what they saw in avisual display, at the end of the trial. We believe
that this task provides an opportunity to study a relatively pure process of
encoding. In contrast, several other tasks used in the past have made it more
difficult to isolate encoding from other processes (letter matching, e.g.,
Posner & Boies, 1971; Posner & Klein, 1973; Ogden et al., 1980; Comstock,
1973; Johnson et al., 1983; or other multi-component tasks, e.g., Dixon,
1986; Raymond et al., 1992).

Rehearsal, Phonological Recoding, and STC

Is STC simply another name for ‘‘rehearsa’’ (e.g., Craik & Watkins,
1973; Atkinson & Shiffrin, 1968; 1974; Waugh & Norman, 1965)? Rehearsal
is a process by which information held in memory is refreshed by recycling
the information, such as by repeating the information in one’s head (Badde-
ley, Lewis, & Vallar, 1984). We do not believe that STC is rehearsal, for a
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number of reasons. One reason is that the process appears to be completed
too quickly to be characterized as a recycling of the information over time.
For example, in Experiment 6 in which the subject was to remember 1 letter,
the elevationin RT, at the shortest SOA was 73 ms, relative to the asymptotic
RT,, and the RT, function reached an asymptote at 350 ms, suggesting that
central involvement was almost always over by this time. A second reason
is that it seems useful to us to distinguish between processes required to
achieve the original encoding into memory from those taking place after-
wards, such as those required to maintain the information. The costs of *‘re-
tention,”” which may indeed be due to rehearsal, are discussed in a subse-
guent section.

Another reason to doubt that STC is another label for rehearsal is that we
had no subjective experience of internally saying to ourselves the name of
the letter or symbol, over and over, as we performed the tasks in the various
experiments presented in this article. For example, in Experiment 6, we sim-
ply did not have any experience of having to repeat to ourselves the name
of the one letter that we had to remember until the end of the trial. Yet, the
results provide very clear evidence of dual-task interference. We aso did
not experience inner speech when the task involved reporting whether aletter
wasan H or an S (Jolicoaur & Dell’ Acqua, 1996), in an experiment similar
to Experiment 6, but in which there were only two possible letters. Yet, in
each of these cases, there was clear evidence for dual-task interference of
the sort shown in Fig. 8. We also performed several experiments in which
the visua stimuli to be remembered were random polygons (new ones on
each trial), rather than letters or symbols (Joliccaur & Dell’ Acqua, 1997). A
pattern of results similar to that found in Experiment 7 was found with ran-
dom polygons. Although it may be possible to explain the results by appeal
to verbal encoding of the visual shapes, and then to the subsequent rehearsal
of that information, such accounts seem strained to us. For the moment, we
conclude that the best interpretation of the results is that they do not reflect
rehearsal. However, it is possible that future research could overturn our
conclusion.

A fourth reason to distinguish STC from rehearsal is that the concept of
rehearsal was proposed as a mechanism by which information is transferred
from short-term memory to a more permanent memory, long-term memory
(Atkinson & Shiffrin, 1968). We believe that we are studying the process
of encoding information into a form of short-term memory, rather than into
long-term memory. We hypothesize that there are at least four basic kinds
of memory states. For visual input, the first state corresponds to what we
might call iconic memory (Neisser, 1967), and which we called sensory en-
coding in the Introduction. The second state corresponds with the result of
perceptual encoding. Here, representations of object identities are formed
and/or activated. Potter (1993) calls this state *‘ very-short-term conceptual
memory’’ (CSTM). These representations can remain active only for a short
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time in the absence of bottom-up support from ongoing sensory activity.
Without such support, the output of perceptual encoding decays rapidly and
the information is lost. The third state is a form of encoding that is more
durable than perceptual encoding representations, which we call durable stor-
age (Coltheart, 1982, 1984). Representations in durable storage can with-
stand sensory masking and maintain the information over a long time, rela
tive to the duration of unsupported representations produced by perceptual
encoding. Finally, the fourth type of representation or state is long-term
memory.

Given the short duration of the retention interval, the small amounts of
information to be remembered, and the repetition of the material acrosstrials,
we think that the most likely form of memory that we referred to as durable
storage is a form of short-term memory. Furthermore, the fact that we ob-
served systematic asymptotic costs of retention suggests to us that short-term
memory was involved rather than long-term memory. We do not see why
maintaining information in long-term memory should require central capac-
ity, whereas holding a memory load in short-term memory is likely to do
so (e.g., Logan, 1978). Nonetheless, it is possible that long-term memory
mediated some of our results. In this case, our procedure might reflect a
consolidation process of information into long-term memory. The degree of
long-term memory involvement in our experimentsis an issue that we cannot
resolve based on the present results alone. We interpreted the evidence as
indicative of a process of STC required to encode information into a form
of short-term memory, but future work could overturn this conclusion.

In our view, the initial portion of the RT, functions of SOA (e.g., Fig. 9a)
reflects the process of STC. During this time, representations produced by
perceptual encoding are transferred, or consolidated, into a more durable
form of memory, durable storage. We observe dual-task slowing of RT, even
when very little information is to be consolidated (e.g., 1 of 19 letters or 1
of 9 symbols, or the information required to distinguish an H from an Sin
other experiments not reported in this article). Thus, the STC of even asmall
amount of information is sufficient to produce dual-task slowing in a concur-
rent task. These results show that the transfer process itself (what we call
STC) is causing interference in concurrent processing, on the assumption
that durable storage can hold more than one item (Sperling, 1960). That is,
the limitations that we demonstrated in Experiments 1—-7 were not caused
by limitations in the capacity of durable storage.

Stanners, Meunier, and Headley (1969) performed an experiment that
bears some surface similarity to ours. They required subjectsto encodeinfor-
mation presented visually. The visual information was followed by a noise
burst, which was the target signal for a simple RT task. They presented 3
sets of 3 letters (trigrams) to their subjects, who were instructed to remember
as many letters as possible. Two different kinds of trigrams were used: easy-
to-pronounce and difficult-to-pronounce (Underwood & Schulz, 1960).
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Easy-to-pronounce trigrams were exposed for 500 ms while difficult-to-
pronounce trigrams were exposed for 5000 ms, in order to equate, roughly,
the level of recall of the letters across the two kinds of material. After the
presentation of the trigrams, an interval (1S1) of 1, 2, 4, or 6 s separated the
offset of the visual display and the onset of the noise signal. In a control
condition, the visual material was also presented, but the instructions were
to ignore these stimuli and only to perform the simple RT task. Simple RT
in the control condition was not influenced by the delay between the visual
display and the auditory signal, and the mean was about 230 ms. When the
trigrams were to be encoded into memory, simple RT was elevated relative
to the control condition and decreased from the shortest (mean simple RT
of about 475 ms) to the longest ISl (mean of about 375 ms). Simple RT was
also about 75 ms longer for difficult-to-pronounce trigrams than for easy-
to-pronounce trigrams.

Stanners et al. (1969) interpreted their smple RT results as a measure of
the demands of rehearsal. In their view, simple RT reduced over the retention
interval because of a decrease in the *‘rehearsal load”’ as information was
transferred from primary to secondary memory (Waugh & Norman, 1965).
Although we find the results of Stanners et a. (1969) intriguing, severa
aspects of their procedure make them difficult to interpret. For example, for
difficult-to-pronounce trigrams, the three trigrams were exposed for 5 s, and
the shortest SOA between the trigrams and the auditory signal was 6 s (while
the longest SOA was 12 s). Despite these very long intervals, the simple
RTs for this condition had a similar form (as a function of 1SI) as those for
the easy-to-encode condition (no interaction between pronunciability and 1Sl
in the encode condition). It is possible that at least some of the changes in
mean simple RT as ISl was lengthened reflected changes in preparation for
thesmple RT task. In any case, because the shortest SOA in their experiment
was 1 s, we believe that their results did not reflect, primarily, processes
involved in encoding into short-term memory (or durable storage).

Another possible interpretation of our results (and perhaps of Stanners
et a.’'s) isthat the dual-task slowing observed in RT, is caused by a process
of phonological recoding of the information to be remembered. We tried to
address this issue by including material that would be difficult to recode
phonologically (keyboard symbols). A similar pattern of results was found
with these materials relative to what was found with letters, although there
were some notabl e differences. The symbolswere more difficult to remember
(Figs. 2c, 3c, 4c, and 6b). Response times to the tones were generally longer
when symbols were encoded than when letters were encoded. One could
interpret the added difficulty of processing the symbols as a reflection of a
greater difficulty of phonological recoding for symbols relative to letters.
Another difference between the results for symbols vs|etters was the interac-
tion between number of charactersand SOA. For |etters, we found an interac-
tion in Experiments 1, 4, 5, and 7 in which the effects of SOA were larger
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when 3 |etters were encoded than when only 1 | etter was encoded. In contrast,
for symbols, we found clearcut evidence for asimilar pattern of results only
in Experiment 5, while additive effects of SOA and number of symbolswere
found in Experiments 2, 3, and 4.

The results suggest that some aspect of the processing of |etters was differ-
ent from the processing of symbols. If the increase in RT in the tone task
was due to a process of phonologica recoding, and if this process required
more time for symbols than for letters, then one might have expected that
a steeper dope in the effects of SOA should have been found for symbols
than for letters, because the initial cost of the recoding would have been
greater for symbols than for letters. This interaction was not found. Further-
more, the interaction between the number of characters and SOA that was
observed for letters should have been even larger for symbols. This predic-
tion is based on the notion that the increase in time to recode the symbols
would have been multiplied by some factor in the 3-symbol condition com-
pared with the 1-symbol condition, and that this difference should have atten-
uated as the recoding process ran to completion at longer SOAs. The fact
that alarger interaction was not found for symbols relative to the one found
for letters supports our contention that the encoding process we are tracking
with RT, may not be due to phonological recoding, per se. It is likely that
work with other kinds of visual information, such as random polygons (Joli-
coaur & Dell’ Acqua, 1997), may help to resolve this issue in the future. At
the moment, we leave open the possibility that the evidence we provided in
support of STC could reflect a process of encoding such as phonological
recoding.

Is STC Necessary for Explicit Memory?

Two aspects of the results suggest that there is no explicit (Nelson,
Schreiber, & McEvoy, 1992; Schacter, 1987) memory representation of per-
ceptually encoded information without STC. First, the pattern of RT, results
in Experiments 4, 5, and 7 is consistent with the view that STC was not
engaged when the information that was presented did not need to be remem-
bered. Second, to corroborate the view that STC is necessary for the creation
of a representation in durable storage, we asked for recall of information
that, by hypothesis, was not subjected to STC (Experiment 4a). Recall level
was at or near chance. One thing that is interesting about this result is that
the stimuli had to be processed deeply (Craik & Lockhart, 1972) enough to
classify the character as either a letter or a symbol. In other experiments
with essentially the same results as those obtained in Experiment 4, subjects
were instructed to recall letters and ignore digits (Jolicoaur & Dell’ Acqua,
1998). In that case, the characters had to be processed enough to discriminate
letters from digits. Yet, memory for the information that the subject did not
try to remember was at chance. The suggestion isthat the processing required
to categorize characters as either letters, digits, or keyboard symbols does
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not automatically lead to the creation of a representation in durable storage.
The evidence leads us to suggest that STC is necessary in order to create a
representation in durable storage. The deployment of STC is under strategic
control by the subject such that information is either remembered or not
depending on the goals of the subject (Experiments 4, 5, and 7, encode vs
ignore conditions). Thus, the creation of representations in durable storage
(explicit memory) is not automatic. Furthermore, the results suggest that the
STC process that is necessary for the creation of a representation in durable
storage requires capacity-limited central mechanisms that are also required
for such cognitive operations required to perform a simple concurrent task,
such as response selection in the tone task. The arguments concerning the
necessity of STC for storage in durable storage are subject to the caveat that
we formulated earlier concerning our test of recall for ignored information
(see Experiment 4a).

Central Demands of Retention

We observed anumber of results suggesting that the maintenance of infor-
mation in durable storage produced some dual-task slowing (see al'so Logan,
1978). It seems likely that retention, per se, requires some central involve-
ment. When only 1 character had to be remembered, however, these*‘ costs'’
of retention appeared to be rather sight (see Figs. 4a, 6a, and 9a). Costs of
retention appeared to be more significant when more information had to be
remembered (i.e., encode-3 condition vs encode-1), and perhaps when the
information was less over-learned (i.e., symbolsrather than letters). The best
evidence for this notion was that the mean RT, for 3-character conditions
remained longer than that for the 1-character condition, even at the longest
SOAs in every experiment where this comparison is possible. At these very
long SOAs we expect that al the information was already encoded into dura-
ble storage; if so, differences in RT, were probably due to retention.

It is possible that differential central demands of retention for letters vs
symbols could explain why the manipulation of number of characters and
SOA tended to interact more strongly for letters than for symbols. The sug-
gestion is that for letters, the greater cost of encoding 3 characters relative
to that for 1 character was clearly visible in the interaction between SOA
and number of characters. Furthermore, the increase in RT, associated with
the retention of 3 letters was probably quite modest. This allowed the RT,
function of SOA for the 3-letter condition to come down to an asymptote
that was nearly the same as that for the 1-letter condition (e.g., only 21 ms
difference in Experiment 1). For symbols, in contrast, this effect may have
been masked by agrowing cost of retention as SOA wasincreased, especially
when there were 3 symbols to remember. This increase in retention load
would have prevented the RT, function of SOA in the 3-symbol condition
from coming down to the same asymptote as for the 1-symbol condition.
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It is clear that a complete characterization of the results produced by the
paradigm used in the present article will require aconsideration of the effects
associated with the retention of information, especially when three or more
objects (or chunks) are to be remembered. We return to thisissue in a subse-
guent section of the General Discussion.

A Model of Task Interactions

In Fig. 10 we present a model of task interactions that can account for
several aspects of the response time results in the auditory task used in this
article. This model assumes that the interference between tasks results from
the postponement of a stage of processing in the tone task. Another possibil-
ity is that one or more stages of processing in the tone task were slower
when concurrent processing occurred (as SOA was reduced). For ease of
exposition we will describe the interference in terms of postponement, but
the reader should keep in mind that the present results do not allow us to
distinguish this form of interference from capacity sharing. The model illus-
trated in Fig. 10 could easily be modified to model a capacity sharing form
of interference by replacing postponement by agraded slowing of processing
in one or more stages of processing in the tone task (e.g., slowing in the
response selection stage).

We focus on effects of STC in the type of design that we used in Experi-
ment 4. For the moment we neglect effects on Task, due to retention, but
wewill return to thisissue in the next two sections of the General Discussion.
In Experiment 4, the subject first had to determine whether the visual infor-
mation was to be remembered or not, the quantity of information was varied,
and a tone was presented at various SOAs following the visual display. We
hypothesize that STC requires central mechanisms that are also required to
select a response. Figure 10a represents the task interactions for the encode
condition when 1 character was encoded. First, the visual characters are sub-
jected to sensory encoding (SE in themodel in Fig. 10) and perceptual encod-
ing (PE in Fig. 10) operations. Experiments 1-5 and 7 were designed to
maximize the likelihood that the dual-task slowing phenomenathat we dem-
onstrated in this article would be due to STC rather than to earlier encoding
operations. We selected SOAs that made it very likely that sensory and
perceptual encoding processing had finished by the time the tone was pre-
sented. Furthermore, for sensory encoding, at least, we expect that central
mechanisms are not required. Whether central mechanisms are required
for perceptua encoding, in the general case, is more controversial, as can
be gleaned from work in the PRP literature (contrast De Jong, 1993 and
De Jong & Sweet, 1994, with Pashler, 1989). We expect that perceptua
encoding can sometimes be achieved without central processing, whereasin
other cases, central processing may be required (McCann & Johnston, 1992).
It isfor this reason that, in most of the experiments, we alowed arelatively
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FIG. 10. Model of task interactions. In panels a—c, visual information is presented first
(top stage diagram in each panel) followed by a tone (bottom stage diagram in each panel).
(@ Model for the encode-1 conditions of Experiment 4. In the visual task, following early
encoding operations—sensory encoding (SE) and perceptua encoding (PE)—sel ective control
(SC) operations evaluate the visual information, determine that it should be selected for mem-
ory encoding, and pass this information to short-term consolidation (STC) processes. STC
creates a copy of theinformation produced by PE in durable storage (DS). SC and STC require
central mechanisms. While SC and STC processes are engaged, response selection (RS) in
the auditory task must wait. (b) Model for the encode-3 conditions of Experiment 4. STC for
3 objects takes longer than for 1 object (panel &). (c) Model for the ignore conditions of
Experiment 4. SC operations determine that the visual information can be ignored. Therefore,
STC is not engaged. RS for the auditory task waits only a short time. (d) Here, a tone is
presented first (top stage diagram), and is followed by avisua display (bottom stage diagram).
The auditory task gains access to central mechanisms first, and RS for the tone task occupies
these mechanisms for a period of time. While central mechanisms are busy with RS in the
auditory task, STC in the memory task is delayed. During the period of delay, PE representa-
tions of the visual information decay if the visua display is followed by a pattern mask.
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long time to elapse before presenting the stimulus for Task,. We believe that
this allowed us to focus on the potential central involvement of STC without
the involvement of perceptual encoding.

Following sensory and perceptual encoding (Fig. 10a), the information
must be evaluated to determine whether it should be remembered or not.
Information that should be remembered is selected for further processing.
We refer to the processes that perform these operations as ‘* selective con-
trol’’ (SCin Fig. 10). For information that should be remembered, lettersin
the example shown in Fig. 10a, selective control processes send the visual
information to an additional process of short-term consolidation (STC). We
hypothesize that STC is necessary in order to create a representation in dura-
ble storage (DS in Fig. 10). While selective control and STC operations are
performed on visual information, response selection (RS in Fig. 10) for the
auditory task must wait (or slows down). Asthe SOA is reduced, the proba-
bility that response selection for the auditory task has to wait increases, and
the period of waiting becomes longer, on average. This period of waiting is
observed as an increase in RT, as SOA is decreased. These effects are not
seen at longer SOAS because selective control and STC will have finished
on most trials. These postulated interactions explain the effects of SOA ob-
served in the encode conditions of Experiments 1-7. In Experiments 1-3,
6, and 7, the duration of selective control is either very short or nil because
every perceptualy encoded representation arising from the visual display
could be sent directly to STC (or ignored without an on-line decision in
ignore blocks of Experiment 7). It is probable that there is either no or very
little separate cost of selective control in this case. The very small effects
of SOA in the ignore condition of Experiment 7 are consistent with this
suggestion. However, there could be a general cost associated with main-
taining the cognitive operations required to perform STC in a state of readi-
ness (Rogers & Monsell, 1995).

Figure 10b illustrates the condition in which 3 characters had to be en-
coded. The principal effect of the manipulation of the number of characters
(in the encode condition) is to lengthen the duration of STC. The longer
period of STC produces a longer period of postponement of response selec-
tion (RS), which explains the effect of the amount of information on RT,.
Theresults also suggest that the duration of selective control islikely slightly
shorter in the 3-character than in the 1-character condition (see Fig. 4a, ig-
nore conditions); but this is not represented in Fig. 10.

Figure 10c illustrates the task interactions for the ignore condition in Ex-
periment 4. In this case, processing in the visual task essentially ends when
selective control processes determine that the information does not need to
be remembered. We hypothesize that selective control requires central mech-
anisms, such that while selective control (SC) processing is engaged, re-
sponse selection (RS) in the auditory task must wait. This waiting period
will be shorter, however, than in the encode conditions because an additional
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period of STC is required in the encode conditions. This hypothesis thus
predicted that a significant effect of SOA would be found even on ignore
trials of Experiment 4 (and 5). If the need to decide whether information
should be encoded or ignored is eliminated from the task, then information
that can be ignored should not elevate RT, even at short SOAs. The results
of the blocked ignore condition in Experiment 7 confirmed this prediction
of the model.

The most important assumption of the model illustrated in Figs. 10a—10c
is that STC requires central mechanisms that are also required to perform
operations like selecting responses (RS). While STC is taking place, opera-
tions like response selection (RS) must wait (or slow down). This model
leadsto an interesting prediction, which isillustrated in Fig. 8d. Inthe experi-
ments presented in this article, the information to be encoded was presented
first, followed by an auditory stimulus. Suppose that the order of the stimuli
was reversed, but that the subject was still asked to respond as quickly as
possible to the tone. As shown in Fig. 10d, we now expect that the processes
required for the tone task would engage central mechanismsfirst (most likely
to perform response selection, as shown in the figure). This has a conse-
guence for the processes mediating performance in the memory task. Follow-
ing early encoding operations, STC would normally begin. However, at short
SOAs, central mechanisms are likely to be busy with the operations required
to select aresponse in the auditory task. Thus, at short SOAs, STC will likely
not be engaged immediately; STC has to wait for response selection for the
tone task to finish. The likelihood that some waiting occurs increases and
the mean duration of waiting increases as SOA is decreased.

Suppose that the visual display was masked. Under these conditions, we
hypothesize that the representations produced by perceptual encoding decay
rapidly (seeIntroduction, and Potter, 1993). A longer period of postponement
of STC should result in more decay of perceptual-encoding representations.
This, in turn, should produce alowering of recall performance in the memory
task. While this approach has received some attention in the literature, it
typically has been examined in the context of complex task, such as visual
search (Pashler, 1989; De Jong & Sweet, 1994). Previous resultsin thelitera-
ture have not resulted in a consensus. Recently, Joliccaur and Dell’ Acqua
(1996, 1998) tested the predictions derived from the model shown in Fig.
10d using a simpler memory task. The memory task was to encode and recall
later (without speed pressure) as many characters as possible from a masked
visual display containing 5 letters (see Fig. 10d). The auditory task was the
same speeded two-alternative pitch discrimination used in Experiments 1—
4 and 6-7 in this article. However, the auditory signal was presented first.
As the SOA between the tone and the visua display was reduced, recall of
the visua information decreased, as predicted by the model illustrated in
Fig. 10d. Several aspects of the results were consistent with the model. Lower
recall was associated with a more difficult auditory task that was postulated
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to engage central mechanismsfor alonger time (four-alternative discrimina-
tion vs two-alternative discrimination). Furthermore, within any given task,
longer response times to the auditory signal were associated with lower re-
call. This result is predicted if we assume that longer response times tend
to be associated with a longer period of response selection (Pashler, 1994),
which would create a longer period of central postponement of STC. Both
of these effects were exacerbated by reducing the SOA between the tone
and the visual display, as predicted by the model. These results provide very
strong converging evidence with those presented herein in supporting our
claimthat STCisrequired for encoding information into durable storage and
that STC requires central processing.

Detailed Aspects of the Results Reconsidered

The model presented in the foregoing section and Fig. 10 was intended
to provide a ‘‘first approximation’’ explanation of the results presented in
thisarticle. Clearly, however, there are numerous unresolved issues and sev-
eral details of the results that require further consideration. We address some
of these issues in this section.

We begin this section with an idealized representation of the results of
Experiment 7. The observed results are shown in Fig. 9 and a schematic
representation of idealized results is shown in Fig. 11. The figure includes
three idealized functions; one for the ignore condition, one for the encode-1
condition, and one for the encode-3 condition. There are eight aspects of the
results that are indicated by labels in boxes in Fig. 11. Each of the encode
conditions has four key aspects. Thefirst is the cost of encoding at the short-
est SOA. Thesearelabeled ** Short SOA Cost 1, for the encode-1 condition,
and ‘*Short SOA Cost 3,”" for the encode-3 condition. The second is the
slope of the steep portion of the functions of SOA; they are labeled ** Slope
1" and “*Slope 3" in Fig. 11. To simplify the figure and discussion we
represented the idealized steep portions of the results as linear functions. In
general, however, the results are likely to be nonlinear monotonic decreasing
functions (as found in the encode-3 conditions of Experiments 1-5 and Ex-
periment 7). The results of Experiment 6, however, suggest that linear func-
tions may be observed under some conditions.

The third feature of the results is the point at which the steep portion of
each function reaches an asymptotic RT. This point is labeled ‘*Inflection
1"’ for the encode-1 condition and *‘ Inflection 3'’ for the encode-3 condition.
The fourth aspect of the results is the asymptotic difference between each
of the encode conditions and the ignore control condition. This difference
islabeled ** Asymptotic Difference 1"’ for the encode-1 condition and *‘As-
ymptotic Difference 3" for the encode-3 condition. In addition to these eight
aspects of the results, a ninth aspect concerns the potential effects of SOA
in the ignore condition. This ninth aspect is not included in Fig. 11 to reduce
clutter.
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Idealized Results
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FIG. 11. Idealized results showing effects of SOA, information load, and encoding.

The model we presented in the foregoing section attempts to explain each
of the eight key aspects of the results, as well as effects of SOA in different
types of ignore control conditions. We aready discussed the effects of SOA
in the ignore condition in some detail in the foregoing section, and we do
not go into further details here. In this section we assume that the ignore
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condition used the blocked procedure used in Experiment 7, which produced
very flat effects of SOA.

Let us now consider each of the eight features of the resultsillustrated in
Fig. 11. Consider first the dual-task costs observed at short SOA. According
to the model, encoding information into durable storage requires short-term
consolidation (STC) and any period of STC should produce some interfer-
ence on processing in Task,. Thus, even when there is only one item to be
encoded, some dual-task interference should be observed in the response
times in Task,. This cost is observed in the results as the increase in RT;
labeled ‘* Short SOA Cost 1.”" The larger cost for the encode-3 condition,
labeled ** Short SOA Cost 3" isexpected if alonger period of STCisrequired
when thereis more information to be encoded. According to a postponement
account of the observed dual-task slowing, the magnitude of the short SOA
costs should be functionally related to the mean duration of postponement.

Now consider the slope of the functions. We note that the slopes were
considerably shallower than —1 in al seven experiments. A slope of —1is
expected in a postponement account if the magnitude of the postponement
is large relative to the variance of the distribution of Task; stage durations
at and before the stage of processing that is causing the postponement. This
property of postponement modelsis discussed in Pashler’s (1994) review of
the PRP literature and has been observed at short SOAsin several dual task
experiments in which both responses are speeded (Pashler, 1994). Slopes of
less than —1, however, are not inconsistent with postponement accounts, as
will be demonstrated in the section devoted to computer simulations of our
results. A slope of less than —1 is produced when the distribution of stage
durations of one or more stages at, or before the bottleneck, has a high vari-
ance relative to the mean termination time.

Another way in which a slope of less than —1 can be produced is if the
dual-task interference causes a slowing of Task, processing rather than pure
postponement. In this case slopes of less than —1 can be produced by differ-
ent degrees of slowing associated with the dual-task interference. More slow-
ing would result in a steeper slope whereas less slowing would produce a
shallower slope, but all slopes would be less than —1.

There are, therefore, at least two interpretations of the relatively shallow
slopes of the steep portions of the dual-task interference curves. One is that
there was postponement of Task, processing by one or more stages of pro-
cessing required to perform Task,, and that one of these stages had relatively
high variance. The other is that the dual-task slowing was not caused by a
pure postponement of Task, processing, but rather by a slowing of one or
more stages of processing required to perform Task,. The present results do
not allow us to distinguish between these two possibilities.

The third aspect of the results is the SOA at which the steep portion of
the curve reaches asymptote. These points of inflection are labeled *‘ Inflec-
tion 1’ and ‘‘Inflection 3"’ in Fig. 11. We assume that anywhere prior to
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the point of inflection (i.e., at shorter SOAS), there must have been some
interference (either postponement or slowing) of Task, processing by Task;
processing on at least some trials. The point of inflection indicates the SOA
at which the probability of such interference approaches zero. Theinflection
point thus indicates the longest duration of Task; stages at or prior to the
last stage of processing that can interfere with processing in Task,. Thisis
true regardless of the form of the interference (postponement or graded slow-
ing), or of the specific assumptions about which processes caused the dual-
task interference. Our results are quite interesting in this respect because
they show that some interference can be measured even at rather long SOAS,
especially when three items had to be encoded. These effects are either not
found (Experiments 7) or found only at very short SOAs (Experiments 4—
5) when the information does not need to be encoded. The results suggest
strongly, therefore, that encoding processes have a rather high variability.
Results in the attention blink (AB) literature are also consistent with the
suggestion that the encoding information in durable storage is a process
whose duration has a high variance because evidence for dual-task interfer-
ence can often be found 500 ms or more following the presentation of a
single item that must be encoded for later report (e.g., Chun & Potter, 1995;
Raymond et al., 1992; Duncan, Ward, & Shapiro, 1994; Jolicoaur, 1998).
According to the model presented in Fig. 10, the inflection points place
an upper bound on the duration of processing up to and including STC, but
they tell us little about the mean duration of STC. Thus, like the slope of
the functions, the inflection points inform us about aspects of the distribution
of the stage durations other than the mean (i.e., the variance). The point of
inflection should be at alonger SOA for the encode-3 condition than for the
encode-1 condition on the assumption that the longest duration of STC in
the encode-3 condition should be associated with higher variance than in the
encode-1 condition. This result was observed in Experiments 1, 4, 5, and 7.
The model also makes the prediction that the points of inflection should
also have been pushed to longer SOAs in Experiment 4 relative to those
observed in Experiments 1 and 7. In Experiment 4, according to the model
shown in Fig. 10, a decision to encode or not to encode was made before
the information was subjected to STC (in the encode condition). This deci-
sion process was not required in Experiments 1 or 7, which used blocked
encode trials. The duration of the additional decision processes in Experi-
ment 4, called * selective control’ (SC in Fig. 10), would add both to the mean
and the variance of Task; stage durations, which should move the points of
inflection to longer SOAs. This prediction of the model was confirmed by the
results (compare Figs. 1 and 7 vs Fig. 4), especialy those for the encode-1
condition for which the inflection point is more easily identified. Note that
the comparison across these experimentsis complicated by the fact that sym-
bols were used for half of the subjectsin Experiment 4, whereas letters were
used in Experiment 1 and 7. However we also plotted the results of Experi-
ment 4 separately for letters and symbols, and found that the points of inflec-
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tion were shifted towards longer SOAsfor the letters group, relative to those
observed in Experiments 1 and 7 (Fig. 5). Thus, it is likely that the longer
inflection SOAs in Experiment 4 were caused, at least in part, by the added
decision processes rather than only because of the difference in materials.

In Experiment 6 we observed a shorter inflection SOA (350 ms) than for
the encode-1 conditions of Experiment 1 and 7 (500 ms). We do not know
why this happened. One possibility is that presenting a single letter on every
trial (Experiment 6) reduced the total processing requirements of the task
compared to when different numbers of letters could be presented on differ-
ent trials (as in Experiments 1 and 7). Perhaps the intermixed trials added
variability to the encoding processes, which was reflected in the results as
alonger inflection SOA. Another possibility is that the inclusion of trialsin
which three characters had to be encoded may have caused greater proactive
interference to build up during the course of the experiment, which would
be observed as a longer and more variable duration of STC.

Finaly, the fourth aspect of the results is the asymptotic difference be-
tween the encode conditions and the ignore control condition. According to
the model illustrated in Fig. 10, the two encode functions should converge
to acommon asymptote, which should be equal to the mean RT in the ignore
control condition. Clearly, however, this pattern of results was not observed
in our results. Instead, the asymptotic differences depended on the size of
the memory load. The model shown in Fig. 10 must thus be augmented with
the assumption that some dual-task slowing is associated with maintaining
information in durable storage, and not only with the encoding process. As
can be seen in Figs. 17, however, the amount of asymptotic slowing tended
to be modest, especially when the visual stimuli were letters. The asymptotic
costs were larger when the visua stimuli were symbols (e.g., Experiments
2-3). The assumption that some asymptotic dual-task slowing should be as-
sociated with holding a memory load is entirely consistent with numerous
previous articles that have measured response times in speeded tasks while
a memory load was maintained in short-term memory (e.g., Logan, 1978;
Shulman & Greenberg, 1971; Shulman et a., 1971; Stanners et a., 1969;
see also Pashler & Carrier, 1996).

The results of Experiments 1 and 4—7 are al very well captured by the
above considerations. The results approximated the idealized functions
shown in Fig. 11 to areasonable degreein each case. In particular, the curves
for the encode conditions tended to converge at longer SOAS, except for the
asymptotic differences attributable to memory-load effects, as required by
the augmented model. In Experiments 1, 4, 5, and 7, this convergence pro-
duced highly significant interactions between SOA and the number of items
to be encoded.

In Experiments 2—3, however, we did not observe the same convergence
between the encode-3 and encode-1 conditions, nor did wefind it for symbols
in Experiment 4. We do not know why this occurred, especialy given that
some evidence for convergence was observed for symbols in Experiment 5.
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There are some suggestions in the results, however, that may provide useful
leads for future research on this issue. One finding was that the asymptotic
difference between the encode-1 and encode-3 conditions was larger in Ex-
periments 2—3 (71 ms in Experiment 2 and 54 ms in Experiment 3) than in
Experiment 1 (20 ms). It is possible that the larger asymptotic difference
reflects alarger cost of maintenance for information that is not as well prac-
ticed (i.e., symbols, in contrast with letters). A larger cost of holding informa-
tion in durable storage would tend to obscure the convergence between the
functions because as the costs of STC would decrease over time (because
the encoding process was completed), the costs of holding the information
in durable storage would increase correspondingly over the same period of
time. The cost of holding the information increases as time passes because
the amount of information to be held in durable storage increases over time.
Initially, we assume that there is no information from the display in durable
storage. Astime passes and STC processestransfer theinformation into dura-
ble storage, the amount of information in durable storage increases. Thus,
the cost of holding the information in durable storage should also increase
over time and reach a maximum when all of the information available for
transfer has been encoded into durable storage. From this point on, however,
the cost of holding the information would remain constant (on the time scales
of the experiments in this article). It seems likely, therefore, that the best
evidence for convergence would occur for material that is easier to hold in
durable storage, and perhaps it is for this reason that we found consistent
convergence when we used letters as the visual stimuli, but not when we
used symbols (except in Experiment 5). Clearly, this is an issue that will
require further empirical investigation.

Computer Smulations

In this section we describe some computer simul ations designed to demon-
strate that reasonable approximations to the observed response time results
in Task, can be obtained from specific instantiations of the general model
illustrated in Fig. 12. In particular, we wanted to show that slopes of less
than —1 in the response times can be obtained in a model in which short-
term consolidation causes pure postponement of a stage of processing in
Task,. We do not wish to make a strong claim concerning the nature of the
interference on tone RT by STC based on the results of the simulations. The
purpose of the simulations is to demonstrate that a postponement model can,
in principle, provide a reasonable account of the results. Clearly, these dem-
onstrations do not rule out other possible accounts and additional empirical
work will be required to determine the nature of the underlying interference.
For the moment, however, we wish to demonstrate that slopes of less than
—1 do not rule out a postponement account.

We began with a simulation of the results of Experiment 7. Figure 12
illustrates the key features of the model used in this simulation. There were
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A: Encode-1 Condition
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FIG. 12. Model of task interactions used in the computer smulations. (A) Model for the
encode-1 condition of Experiment 7. The total duration of SE;, PE;, and STC, is represented
by Time/, arandom variable with an exponential distribution with parameter ;. Time, repre-
sents the combined durations of SE, and PE,. Time,' represents the combined durations of
RS, and RE,. STC, postpones RS;, causing a period of waiting labeled ‘‘Slowing.”” RS, is
longer than RS, (panel C) because it is performed while a memory load of 1 item is held in
durable storage (DS). (B) Model for the encode-3 condition of Experiment 7. STC," islonger
than STC,' (panel A) because 3 items must be consolidated. Time,", a random variable with
an exponential distribution with parameter 1,". RS, islonger than RS, becauseit is performed
while alarger memory load (3 items) is held in durable storage (DS,"); thus, Time;" is longer
than Time, (panel A). (C) Model for the ignore condition of Experiment 7. STC is not required
in Task;, and thereis no memory load in durable storage. There is no interference across tasks,
and RT, is just the sum of Time, and Time;.
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three conditions that needed to be simulated: encode-1 (Panel A), encode-3
(Panel B), and ignore (Panel C).

Consider first Fig. 12A, which shows the stages of processing in the simu-
lation for the encode-1 condition. There were four key variables required to
predict RT, in any given simulated trial, and they are labeled ‘‘Time,,”
“Time,' ““Timey,”” and ‘*‘SOA,”” in Fig. 12A. Time,' represented the dura-
tion of the stages of processing before and including the hypothesized bottle-
neck in short-term consolidation (STC,). Time, represented the combined
duration of sensory encoding (SE;) and perceptual encoding (PE,) in Task,.
Time; represented the combined duration of response selection (RS,) and
response execution (RE,) in Task,. SOA was the time interval between the
presentation of the letter and of the tone. On many simulated trials, especialy
when the SOA was short, aperiod of waiting was created by the hypothetical
bottleneck, and this duration islabeled ** Slowing’’ in Fig. 12. The simulated
responsetimein Task,, in agiven trial, was given by the following equation:

RT, = Time, + Slowing + Time;. (1)

The duration of Task, processing at and before the bottleneck (Time,) was
simulated using a single exponential distribution, with parameter t,. A mini-
mum of 20 ms was imposed on duration of Time;. The superscript “‘i’’ in
all of the above expressions and in Fig. 12 is used to designate the fact that
one item had to be encoded in this condition; the superscript *‘iii’’ is used
when three items had to be encoded. The amount of slowing was estimated,
on each simulated trial, as follows:

Slowing = Time,' — SOA — Time,
if Time/ — SOA — Time, > 0, 2

otherwise Slowing = 0.

In each run of the simulation 10,000 random samples were used to simu-
late the distribution of the Time, variable, and this estimate was used to
make a prediction about the duration of RT, for each of the SOAsin agiven
simulation.

The encode-3 condition of Experiment 7 was simulated using the model
shown in Fig. 12B. There were two differences between this part of the
simulation and that for the encode-1 condition (Fig. 12A). First, a different
distribution of Task; stage durations was used, given that we assumed that
the duration of STC; would be longer when three items had to be encoded
than when only one item had to be encoded. The duration of Time," was
represented by an exponential distribution with parameter 1,". Second, the
duration of response selection in Task, was assumed to be different than in
the encode-1 condition because of the higher memory load in this condition.



SHORT-TERM CONSOLIDATION 195

Thisis represented in the model by the longer duration of Time," compared
with Time,. The following equations were used to represent response times
in Task, for this condition:

RT, = Time, + Slowing + Time,", 3)

Slowing = Time" — SOA — Time,,
if Time™ — SOA — Time, > 0, (4)

otherwise Slowing = 0.

The ignore condition was simulated as shown in Fig. 12C. Here we as-
sumed that there was no postponement of Task, processing because no infor-
mation had to be encoded, and no on-line decision to encode or ignore was
required because ignore trials were blocked. Furthermore, as can be seen in
Fig. 12C, response selection in Task, could now be performed in the absence
of amemory load, and we supposed that thiswould result in aslightly shorter
duration of Times, as illustrated in Fig. 12C. The following equation was
used to represent response times in Task, for this condition:

RT, = Time, + Time;. 5)

The results from the ignore condition were averaged across the 1-item and
3-item conditions given that these produced very similar results.

There were six parametersin the overall simulation: T/, 1., Time,, Time;,
Load’, and Load™. Load' and Load" represent the increase in the durations
of Time; in the encode-1 and encode-3 conditions relative to the ignore
control condition, such that

Time, = Time; + Load,
Time' = Time; + Load™.

We fit 18 group mean response times, 6 for each condition, simultaneously
using Equations 1-5. Table 2 shows the set of parameters that produced the
fit shown in Fig. 13. The observed means are plotted with filled circlesjoined
by solid lines and the results of the simulation are plotted with unfilled
squares joined by dotted lines. The simulation captured the most salient as-
pects of the results and provided a reasonable first approximation.

The most important aspect of thissimulation, for our purposes, isthe dem-
onstration that slopes of less than —1 can be produced by a postponement
model. Therefore, the fact that the observed slopes in our experiments never
approached —1 cannot be taken as evidence against a postponement account
of these results.
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TABLE 2
Estimated Parameters from Simulations of Experiments
4,6,and 7
Experiment

Parameter 4 6 7
Time, 57.75 ms 85.75 ms 53.75 ms
Time; 373.75 ms 331.25 ms 331.25 ms
Load’ 4.00 ms 3.75ms 475 ms
Load' 57.35 ms — 21.35 ms
T,° 239.00 — —
ol 304.00 150.00 275.00
" 393.75 — 443.75
RMSq o 6.9 ms 6.5 ms 5.6 ms

Note. RM S, is the square root of the average squared
deviation between the observed and simulated means.

We also created a simulation of the results of Experiment 4. Recall that
this experiment involved ignoretrials that were intermixed with encodetrials
in each test session. Therefore, a decision process was required to determine
whether the visual information had to be encoded, or whether it could be
safely ignored. In Fig. 10 we called these decision processes sel ective control
(SC). The simulation for Experiment 4 was similar to that for Experiment
7, except that the ignore condition now included the possibility of postpone-
ment (Fig. 10c). We simulated this postponement process as we did for the

Ezxperiment 7: simulation
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FIG. 13. Results of Experiment 7 (filled circles) and results of the simulation (unfilled
squares).



SHORT-TERM CONSOLIDATION 197

Ezxperiment 4: simulation
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FIG. 14. Results of Experiment 4 (filled circles) and results of the simulation (unfilled
squares).

encode conditions, and this required the addition of a new parameter, 1,°,
which was the mean and standard deviation of an exponential distribution
of duration times for the sum of sensory encoding (SE;), perceptual encoding
(PE,), and selective control (SC,) processing times (Time,®). The following
equations were used for the ignore condition:

RT, = Time, + Slowing + Time;°, (6)

Slowing = Time,® — SOA — Time,,
if Time,°* — SOA — Time, > 0, (7
otherwise Slowing = O.

Equations 1-4 were used for the encode-1 and encode-3 conditions, with
Time, and Time" now representing the sum of the durations of sensory
encoding (SE;), perceptual encoding (PE,), selective control (SC,), and
short-term consolidation (STC,).

The set of parameters used to produce the fit shown in Fig. 14 is also
shownin Table 2. Asfor Experiment 7, the simulation provided a reasonable
approximation to the results, once again showing that slopes of less than —1
can be produced by a postponement process.

The slope of PRP functions often approaches —1 only at very short SOAs
(Pashler, 1994). One might argue, therefore, that only the results of Experi-
ment 6 were truly problematic for a postponement account, because a slope
shallower than —1 was observed even at very short SOAs. A simulation of
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Ezperiment 6: simulation
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FIG. 15. Results of Experiment 6 (filled circles) and results of the simulation (unfilled
squares).

the results of Experiment 6 showed, however, that a shallow slope can be
generated in a postponement model even at short SOAs. The simulation used
the postponement model and simulation parameters illustrated in Fig. 12A
and Equations 1-2. Once again, a reasonable fit of the results could be pro-
duced, as shown in Fig. 15, using the parameters shown in Table 2. There-
fore, even for very short SOAS, aslope of lessthan —1 can be produced by
a postponement process.

We do not wish to argue that our results and simulations prove that the
results we observed were generated by a postponement process or that Task;
stage duration times were exponentialy distributed. Our only claim is that
a postponement account is not inconsistent with the results. Whether the
dual-task interference we observed reflects postponement or a more graded
type of slowing of processing in Task, will need to be addressed in future
work. The simulations do show, however, that the models we are proposing
can, in principle, produce results that are quite similar to those we observed.

Final Comments

In this article we presented a new paradigm that can be used to study some
properties of memory-encoding operations. The paradigm hinges on the dis-
covery that significant dual-task slowing can be observed in speeded concur-
rent tasks shortly after the presentation of visual information that is to be
encoded and remembered for a period of a few seconds (and then recalled,
without speed pressure). The dual-task interference effect is sharply attenu-
ated as the SOA between the stimulus in the concurrent task is increased,
suggesting to us that the effects observed at short SOA reflect encoding pro-
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cesses. Dual-task costs increased markedly as the amount of information to
be encoded was increased, providing further support for our suggestion that
the encoding mechanisms are capacity limited. Based on several previous
results and theoretical models in the literature (e.g., Coltheart, 1980, 1984;
Duncan, 1980; Pashler, 1994; Potter, 1993; Sperling, 1960), we developed
a more specific model designed to account for the salient properties of the
results (Fig. 12). Computer simulations suggested that the major assumptions
of this model are sufficient to provide reasonable approximations to the ob-
served results (Figs. 13—15). In this account, encoding information into dura-
ble storage (a form of STM) requires a capacity demanding central process
that we called short-term consolidation. While STC is engaged, other opera-
tions requiring central processes either must wait or they slow down,
allowing us to study the timecourse and capacity demands of STC. The evi-
dence suggested that no explicit memory trace was formed when STC was
not engaged (Experiment 4a) and thusthat STC may be a necessary operation
for the formation of conscious memory representations.
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