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Processing resources in timing
and sequencing tasks

ScorTt W. BROWN AND STEPHANIE M. MERCHANT
University of Southern Maine, Portland, Maine

Subjects performed timing and sequencing tasks under separate (single-task) and concurrent (dual-task) con-
ditions in two experiments. The timing task required the subjects to generate a series of 5-sec temporal produc-
tions. The sequencing task in Experiment 1 involved verifying reasoning statements that described the ordering
of a pair of letters. The task in Experiment 2 involved monitoring a familiar event sequence and detecting omis-
sions in that sequence. Comparisons of single-task and dual-task conditions showed a pattern of bidirectional
interference. In each experiment, the concurrent sequencing task caused temporal productions to become more
variable and longer. The concurrent timing task interfered with sequencing by lengthening response times to the
reasoning statements (Experiment 1) and by lengthening response times to sequence omissions and reducing
sensitivity at detecting the omissions (Experiment 2). The results suggest that time perception and sequence
perception are related cognitive processes that rely on a common set of attentional resources.

The focus of this article is on attentional resources
that support timing functions. It is well established that
attention is a critically important factor underlying our
temporal experience. Attention to time alters the rate at
which the subjective flow of time occurs; it influences our
ability to gauge the length of intervals, and it affects our
memory for the duration of events. The relation between
time perception and attention has been the subject of an
ever-increasing amount of research over the past 25 years,
as investigators have adopted various methodologies to
explore the effects of divided attention, resource allo-
cation, expectancy, and automaticity on temporal judg-
ments (e.g., Brown, 1998; Brown & Bennett, 2002; Fortin
& Masse, 2000; Grondin & Macar, 1992; Macar, 2002;
Macar, Grondin, & Casini, 1994; Zakay, 1998). This re-
search has led to the development of various theoretical
models in which attention plays a prominent role in timing
processes (e.g., Block & Zakay, 1996; Thomas & Brown,
1974; Zakay & Block, 1996).

Much of the research on time and attention makes use
of the dual-task paradigm. With this method, subjects
perform a time judgment task concurrently with a non-
temporal distractor task. The distractor task is typically
a demanding perceptual or cognitive task, such as pur-
suit tracking, mental arithmetic, or item recall. The basic
finding from this research is a phenomenon called the
interference effect (see Brown, 1997, for a review). The
interference effect refers to a disruption in timing perfor-
mance. In comparison with single-task control conditions
in which the only task is to judge time, time judgments
under dual-task conditions typically show more error and
variability. The error in time judgments is typically in the

form of a shortening of perceived time, in which less time
appears to have passed by, relative to a control condition.
It is important to realize that this effect is manifested in
different ways, depending on the time judgment method.
For verbal estimations or reproductions, time judgments
become shorter. However, an opposite pattern occurs with
temporal productions, in which subjects attempt to gener-
ate a specified interval. Because perceived time is short-
ened, subjects allow more time to pass before judging that
the requisite interval has elapsed. Hence, either (1) shorter
verbal estimations or reproductions or (2) longer temporal
productions correspond to a shortening of perceived time
(see Bindra & Waksberg, 1956; Brown, 1997; Doob, 1971,
pp. 39-44; Fraisse, 1978, pp. 215-217; Zakay, 1993).
Subjects’ time judgments under distractor conditions may
also show increased variability and absolute error. This
unreliability may be due, in part, to such factors as shifts
in attentiveness between the temporal and the nontempo-
ral tasks, attempts to compensate and adjust for missing
temporal information, increased reliance on guessing, and
so forth (Brown, 1997, 1998, 2006).

Many theorists explain the interference effect in terms of
attentional allocation, in which the concurrent tasks com-
pete for limited processing resources (e.g., Brown, 1997;
Casini & Macar, 1997; Thomas & Brown, 1974; Zakay,
1989; Zakay & Block, 1996, 1997). The basic idea is that a
person who tries to keep track of time and, simultaneously,
perform a distractor task must share resources between the
two tasks, with the result that fewer resources than normal
are devoted to timekeeping. This reduction in resources
interferes with the accumulation of temporal cues, with
the consequence that fewer cues than normal are processed
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and stored in a temporal record of the interval. Time judg-
ments, based on the incomplete record, thus reflect an
overall shortening of perceived time. In general, the more
resource demanding the distractor task, the greater the de-
gree of interference in timing (e.g., Brown, 1998; Brown
& Boltz, 2002; Fortin, 1999; Fortin, Duchet, & Rousseau,
1996; Sawyer, Meyers, & Huser, 1994; Zakay, Nitzan, &
Glicksohn, 1983). However, even relatively light process-
ing demands can substantially disrupt time judgments,
which suggests that time perception is very sensitive to the
influence of cognitive workload (Brown, 1997).

Researchers have used the concurrent temporal/
nontemporal dual-task paradigm for different purposes.
For many researchers, the nature of the timing system has
been the primary concern. In this case, all the interest has
been centered on how timing performance is influenced
by the distractor task. For other investigators, however,
the main focus is on performance of the nontemporal task.
Much of this work has involved human factors studies of
piloting performance in flight simulators (e.g., Bortolussi,
Kantowitz, & Hart, 1986; Casali & Wierwille, 1983,
1984; Wierwille & Connor, 1983; Wierwille, Rahimi, &
Casali, 1985; Zakay & Shub, 1998). These studies have
employed the secondary task technique, in which the pri-
mary task (flight performance) is maintained at a high
level, while any spare capacity is directed to a concurrent
secondary timing task (typically, temporal production).
Timing performance is taken as an index of the workload
demands of the piloting task. Timing is considered to be
an ideal secondary task for this purpose, since it is sensi-
tive to primary task demands but usually does not intrude
on primary task performance (see Eggemeier & Wilson,
1991, and O’Donnell & Eggemeier, 1986, for reviews).
In a similar vein, other researchers have advocated using
concurrent timing performance as an indicator of the pro-
cessing demands of various cognitive tasks, including
lexical decision (Chastain & Ferraro, 1997), target moni-
toring (Shinohara, Miura, & Usui, 2002), psychometric
intelligence (Fink & Neubauer, 2001), and memory search
(Fortin & Rousseau, 1987).

These two approaches are combined in the present re-
search. We believe that an evaluation of both temporal and
nontemporal performance can lead to a better understand-
ing of timing processes. This approach stems directly from
resource theory. An attentional resource model implies
that if common resources are shared between two tasks,
each task receives a reduced amount of attention. Assum-
ing that the two tasks have equal priority and that their re-
source demands are roughly comparable, one might expect
to find a bidirectional pattern of dual-task interference.
That is, if a distractor task interferes with timing because
of a suboptimal supply of resources, timing should also
interfere with the distractor task, for the same reason.
The question of bidirectional interference has important
implications for understanding the cognitive psychology
of time. Resource theorists argue that different tasks may
require different types of attentional resources in different
compositions and that the degree of interference between
concurrent tasks may indicate the extent to which they

depend on the same sets of specialized resources (Navon
& Gopher, 1979, 1980; Wickens, 1984). For example,
suppose that a distractor task is found that produces bidi-
rectional interference with timing. This outcome suggests
that at least some of the resources that are important for
the distractor task are also critical for the timing task as
well. Mutual interference implies that the two tasks rely
heavily on common resources or mechanisms (Navon &
Gopher, 1979). In contrast, suppose that the distractor task
produces interference in just one direction. That is, the
distractor task interferes with timing, but timing does not
interfere with the distractor task. This pattern implies that
the two tasks are less related. Resource theory usually at-
tributes asymmetrical interference to a situation involv-
ing shared resources that are differentially important for
the two tasks (Navon & Gopher, 1980; Tsang, Shaner, &
Vidulich, 1995; Wickens, 1980). One review revealed that
whereas most tracking manipulations affect concurrent
shadowing or mental arithmetic tasks, most manipulations
of shadowing or arithmetic difficulty fail to affect tracking
performance (Wickens, 1980). This asymmetry in inter-
ference occurs because the common resources involved
may make a larger contribution to one task than to the
other, thus making that task more vulnerable to resource
competition. All these considerations indicate that inter-
ference patterns between concurrent timing and distractor
tasks may provide insight as to the nature of the attentional
resources involved in time perception.

What do the data show on this issue? Unfortunately,
data concerning bidirectional interference in timing are
limited. Most experimenters are concerned with timing
performance and regard the distractor task only as a means
of diverting attention away from time. Consequently, most
dual-task timing studies do not even report distractor task
performance, nor do they include a single-task control
condition involving the distractor task alone. These limi-
tations preclude an evaluation of interference patterns in
most studies. However, in a recent review (Brown, 2006),
33 dual-task timing experiments were identified that are
not subject to these problems. These experiments mea-
sured distractor task performance under both single-task
and dual-task conditions and, so, offer some insight into
the issue of bidirectional interference. About half of
the studies show evidence of bidirectional interference,
whereas the other half show interference with the timing
task only. The main feature that the bidirectional interfer-
ence studies have in common is that they tend to involve
distractor tasks related to executive cognitive functions.
Executive functions (also called frontal lobe functions)
are those cognitive processes that regulate behavior. These
processes include judgment, planning, coordinating ac-
tions, monitoring outcomes, and inhibiting distractions
(Fournier, Larigauderie, & Gaonac’h, 2004; Logan, 1985;
Miyake et al., 2000; Royall & Mahurin, 1996). Thus,
dual-task timing experiments that involve attentional
tasks emphasizing comprehension (Hiscock, Cheesman,
Inch, Chipuer, & Graff, 1989), arithmetical calculation
(Kantowitz & Knight, 1974), monitoring response output
(Brown, 2006), and maintaining information in working
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memory (Franssen & Vandierendonck, 2002) show ev-
idence of bidirectional interference. This pattern suggests
that timing is closely related to executive functioning. As
such, it should rely on processing resources that are the
same as or similar to those used by other executive tasks.

In the present research, we examined interference pat-
terns between concurrent timing and sequencing tasks. We
selected sequencing tasks for two reasons. First, sequenc-
ing may be regarded as a basic executive process (Royall &
Mabhurin, 1996). Sequencing is an essential feature of the
executive tasks of integrating information, coordinating
actions, and executing a multistep plan. Given the associa-
tion between timing and other executive tasks noted above,
it seems reasonable to expect that sequencing performance
will also be affected by a concurrent timing task. The sec-
ond reason is that timing and sequencing are conceptually
related. Sequencing, by its very nature, is a temporal task.
Sequencing involves ordering a succession of objects or
events in a series, a process that is fundamentally tem-
poral. Likewise, timing is, in essence, a sequencing task.
Various writers have characterized timing as perceiving
a series of changing events (Block, 1982, 1990; Brown,
1995; Fraisse, 1963; Gibson, 1975) or segmenting experi-
ence into a string of smaller units (Poynter, 1989; Poynter
& Homa, 1983). Basic strategies for marking time include
chronometric counting (Mississippi-one, Mississippi-two,
etc.), visualizing the movement of a clock’s second hand,
and tapping a rhythmical pattern (e.g., Brown, Newcomb,
& Kabhrl, 1995; Doob, 1971, pp. 164—165; Goldstone,
Boardman, & Lhamon, 1958; Guay & Wilberg, 1983), all
of which involve the generation of event sequences. Thus,
both timing and sequencing involve temporal informa-
tion processing and, so, probably invoke similar cognitive
processes or mechanisms. Therefore, we predict a pattern
of bidirectional interference—that sequencing interferes
with timing (the standard interference effect) and, more
critically, that timing also interferes with sequencing. The
prediction was tested in two dual-task timing experiments,
each involving a different sequencing task. Experiment 1
involved a verbal-reasoning task in which the subjects
verified the sequencing of letter pairs. In Experiment 2,
the subjects performed a monitoring task to detect errors
in a familiar event sequence.

EXPERIMENT 1
Timing and Sequence Reasoning

The sequencing task selected for the first experiment
was based on a reasoning task devised by Baddeley (1968;
Baddeley & Hitch, 1974). The task required the subjects
to verify statements that described the ordering of pairs
of letters. For example, typical statements would assert 4
follows B, B precedes A, A does not follow B, and so forth.
The letters AB (or BA) then followed the statement, and
the subjects judged, as rapidly as possible, whether the
statement was true or false. The essential feature of the
task was that the subjects had to process the temporal verb
in the statement ( follows, precedes, does not follow, etc.)
and then apply that relation to the letter pair. Thus, the task

may be construed as being primarily a sequence-reasoning
or judgment task.

Method

Subjects

Fifty-nine students (5 male, 54 female) enrolled in general psy-
chology classes at the University of Southern Maine participated as
subjects in exchange for extra course credit. The mean age of the
students was 24.1 years (SD = 8.5 years).

Apparatus and Stimuli

An Apple II-GS computer equipped with a Timemaster II H. O.
clock card (Applied Engineering) set at an interrupt rate of 1024 Hz
was programmed in Applesoft Basic to present stimuli and record
responses. The stimuli for the sequence-reasoning task consisted of
a series of items presented one at a time at the center of the com-
puter screen. Each item consisted of a statement concerning the or-
dering of the letters A and B, followed by the pair of letters (e.g.,
the items would appear in the form 4 follows B—AB). Half of the
statements were true, and half were false. The statements were con-
structed in such a way as to produce a positive item condition and
a negative item condition. In the positive condition, the statements
were worded in the affirmative; in the negative condition, they were
worded in the negative with the word not (see Table 1). Previous
research (Baddeley & Hitch, 1974) has indicated that this factor
produces substantial differences in reasoning speed and, thus, may
represent different degrees of task difficulty.

Within the positive and negative conditions, the statements varied
in terms of verb type (precedes vs. follows) and active or passive
voice (e.g., follows vs. is followed by). These manipulations served to
create a wider variation in the structure of the statements and, thus,
minimized the possibility that the subjects would become accustomed
to judging the same limited set of items over and over. The items also
varied in terms of the order in which letters appeared in the state-
ments (in half of the statements, A was mentioned first, and in half
of the statements, B was mentioned first). Finally, we also varied the
ordering of the letter pair that followed each statement, so that half
the statements were followed by an AB pair and half were followed
by a BA pair. All these variations yielded 32 unique combinations
that constituted an item pool. The program selected these items ran-
domly until all the items in the pool had been used, at which point the
program began the selection process anew. This same randomization
procedure was repeated continuously throughout the experiment.

Design and Procedure

The experimental design was patterned after that used in previ-
ous investigations of bidirectional interference in timing (Brown,
1997, 2006). The subjects were tested individually in two sessions
separated by 1-2 weeks. Watches were removed at the beginning of
each session. Session 1 consisted of single-task conditions, in which
the subjects performed a timing task, the positive version of the se-
quencing task, and the negative version of the sequencing task. Each
task was performed separately. Session 2 was devoted to dual-task
conditions, in which the subjects performed the timing task concur-
rently with each of the two sequencing tasks. In all cases, the tasks
were performed for three 2-min trials. The order of the tasks within
each session was counterbalanced across subjects.

Table 1
Types of Reasoning Statements Used in Experiment 1
Positive Negative
A follows B A does not follow B
A precedes B A does not precede B
A is followed by B A is not followed by B
A is preceded by B A is not preceded by B
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Note that the single tasks were always performed in the first ses-
sion and the dual tasks in the second session. This procedure was
adopted because of the following considerations: (1) The ordering
ensured that the subjects had some basic familiarity with the in-
dividual tasks before attempting to perform them under dual-task
conditions; (2) the 1- to 2-week interval separating the sessions was
probably sufficient to minimize any potential carryover effects; and
(3) the subjects did not know what would be required of them in Ses-
sion 2, and so practice on the tasks during the intersession interval
was unlikely. In any event, any benefit derived by exposure to the
single tasks in Session 1 would serve only to make it more difficult
to obtain evidence of dual-task interference in Session 2. This proce-
dure may, therefore, underestimate the strength of any bidirectional
interference effects that we report.

Each trial was initiated by having the subjects press the Delete
key on the keyboard; the end of the trial was signaled by a beep-
ing sound emitted by the computer. The timing task involved se-
rial temporal production. The subjects were instructed to press the
space bar on the computer keyboard with their left hand every 5 sec
throughout the trial. This procedure has been used in numerous ex-
periments and provides a continuous online measure of timing. The
subjects were encouraged to be as accurate as possible in making
their timing responses. The sequencing tasks required the subjects
to respond to each item with their right hand by pressing the “/” and
“*” keys located in the extreme upper right part of the keyboard.
The subjects lightly rested their fingers on the two keys, which were
labeled 7 (true) and F (false). They were asked to make their re-
sponses as quickly and accurately as possible. The next reasoning
item appeared on the screen immediately after each response had
been made. Thus, the sequencing task was continuously ongoing.
The dual-task conditions required the subjects to perform the timing
and sequencing tasks simultaneously. The instructions stressed that
both of the tasks were equally important and that the subjects were
to divide their attention evenly between the two.

Results and Discussion

Interference would be indicated by a performance dec-
rement from the single-task to the dual-task conditions.
For the timing task, the decrement would be in the form of
greater variability, lengthening, or error in temporal pro-
ductions. These properties are represented by coefficient
of variation (CV), interresponse interval (IRI), and abso-
lute error scores, respectively. For the sequencing task, a
performance decrement would be reflected in longer re-
sponse times (RTs) and/or less accurate responses. A dec-
rement for both timing and sequencing would constitute
evidence of bidirectional interference.

Timing Performance

The timing data were transformed into three different
scores for analysis. The scores were the CV, the mean IRI,
and the mean absolute error. These scores provide a com-
prehensive picture of timing performance under the vari-

ous experimental conditions. Responses from the three
trials were combined to form the basic unit of analysis. We
also conducted analyses including trials as a factor, and
the results did not differ substantially from those reported
below. The mean scores for the dependent measures are
shown in Table 2.

Coefficient of variation. The CV was formed by di-
viding the standard deviation of the timing responses by
the mean length of the responses. These scores represent
a relative measure of timing variability and have been
shown to be very sensitive at detecting the influence of
distractor task demands (e.g., Brown, 1997, 1998, 2006;
Hiscock et al., 1989; Kee, Morris, Bathurst, & Hellige,
1986). CV scores were calculated for each subject in each
condition and submitted to a one-way repeated measures
ANOVA comparing the three task conditions (timing only,
timing + positive items, and timing + negative items).
The task effect was significant [F(2,116) = 22.79, p <
.001, n; = .28]. Orthogonal contrasts were used to test
for differences between means. Contrast 1 confirmed
that variability in timing responses increased from the
single-task condition (M = 0.15 sec) to the combined
dual-task conditions (M = 0.30 sec) [F(1,58) = 59.50,
p <.001, n; = .51]. This result demonstrates the classic
interference effect in timing and fits in with the idea that
a distractor task diverts attentional resources away from
timing. Contrast 2, comparing the two dual-task condi-
tions, was not significant (/" < 1). As is shown in Table 2,
the positive and negative conditions produced essentially
the same degree of timing variability.

Interresponse interval. The mean temporal produc-
tion (i.e., the average interval between space bar presses)
is represented by the mean IRI. The IRI is a directional
measure of error, indicating whether there is any consis-
tent trend toward overestimation or underestimation. Many
studies have shown that concurrent distractor tasks interfere
with timing by shortening perceived duration (see Brown,
1997). As was discussed previously, a shortening of per-
ceived duration is manifested as a lengthening of temporal
productions. Thus, one would expect that the concurrent
sequence-reasoning tasks would lengthen IRI scores.

Mean IRI scores were computed for each subject and
submitted to a one-way repeated measures ANOVA.
The task effect was significant [F(2,116) = 9.47, p <
.001, n; = .14]. Contrast 1, comparing the timing-only
condition (M = 4.4 sec) with the combined dual-task con-
ditions (M = 5.1 sec), was significant [F(1,58) = 14.67,
p < .001, 77123 = .20]. This finding that longer temporal
productions were associated with the dual tasks supports

Table 2
Mean Scores (and Standard Errors) for Three Timing Performance
Measures in Different Task Conditions in Experiment 1

Coefficient of Interresponse Percentage of

Variation (sec) Interval (sec) Absolute Error

Task Condition M SE M SE M SE
Timing only 0.15 0.01 4.4 0.2 28.0 22
Timing + positive reasoning 0.31 0.02 5.1 0.2 36.8 2.4
Timing + negative reasoning 0.29 0.02 5.1 0.2 36.2 2.8
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other studies on the interference effect that have shown an
underestimation of time. Contrast 2, comparing the two
dual-task conditions, was not significant (F' < 1), indicat-
ing that the two sequencing tasks were equally disruptive.

Absolute error. Timing responses were also trans-
formed into mean percentage absolute error scores. Several
studies suggest that this measure is sensitive in detecting
timing error in dual-task situations (e.g., Brown & Boltz,
2002; Brown & West, 1990). The scores were formed by
computing the absolute difference between each temporal
production and the actual target interval (5 sec) and divid-
ing the result by the target interval; these values were then
multiplied by 100 to represent the percentage by which
temporal judgments deviated from accuracy. The average
score was then computed for each subject in each task
condition. A one-way repeated measures ANOVA per-
formed on these scores uncovered a significant task effect
[F(2,116) = 6.45, p < .002, ; = .10]. The single-task
(M = 28.0%) versus combined dual-task (M = 36.5%)
comparison was significant [F(1,58) = 10.47, p < .002,
775 = .15]; the two dual tasks, however, did not differ sig-
nificantly (F < 1).

Reasoning Performance

Performance on the sequence-reasoning task was as-
sessed in terms of speed and accuracy. Speed was given by
the average RT associated with the various experimental
conditions. Longer RTs would signify greater difficulty
in processing the items. Accuracy on the task was deter-
mined by the percentage of items that were answered cor-
rectly. The mean RT and accuracy scores for the various
experimental conditions are depicted in Table 3.

Response time. The mean RT in seconds for respond-
ing to the reasoning items was tabulated for each subject
in each condition. These scores were submitted toa 2 X 2
repeated measures ANOVA. The factors were task (single
task vs. dual task) and reasoning (positive vs. negative
items). Both main effects were significant. The reasoning
effect [F(1,58) = 113.83, p < .001, 53 = .66] indicated
that the negative items (M = 5.4 sec) were associated with
longer RTs than were the positive items (M = 4.0 sec).
This result is consistent with Baddeley’s (1968) original
findings and supports the idea that the negatively worded
items are more difficult to process than the positively
worded items. However, the main results concern the task
effect [F(1,58) = 11.48, p < .001, 3 = .16]. The tim-
ing + reasoning dual task had longer RTs (M = 4.9 sec)
than did the reasoning-only single task (M = 4.5 sec). This
result shows that the concurrent timing task interfered
with sequence-reasoning performance. The extra cogni-
tive workload imposed by timing slowed down sequence
processing, causing the subjects to spend more time with
each item. The interaction was not significant (¥ < 1).

Percentage correct. Accuracy on the reasoning tasks
was evaluated by analyzing percent correct scores. These
scores correspond to the percentage of reasoning items
that were answered correctly. Percent correct scores were
calculated for each subject in each condition and were
submitted to a 2 X 2 (task X reasoning) repeated mea-
sures ANOVA. In this case, the effect for task was not

Table 3
Mean Scores (and Standard Errors) for Two Sequence-
Reasoning Performance Measures in Different Task and
Reasoning Conditions in Experiment 1

Reasoning Condition

Task Positive Negative
Condition M SE M SE
Response Time (sec)

Single task 3.7 0.1 5.2 0.2
Dual task 43 0.2 5.6 0.2
Percentage Correct
Single task 77.7 2.1 74.6 2.1
Dual task 80.6 22 75.1 2.3

significant (p > .10). The subjects were equally accurate
under dual-task conditions as under single-task condi-
tions. Overall, they averaged 77.3% correct. The analysis
did, however, produce a significant effect for reasoning
[F(1,58) = 19.35, p < .001, 77]2, = .25], showing that the
subjects were more accurate in responding to the posi-
tive items (M = 79.2%) than in responding to the negative
items (M = 74.9%). This outcome is consistent with the
result obtained with the RT scores. The task X reasoning
interaction was not significant (p > .20).

To summarize the results of Experiment 1, the data re-
veal a strong interference effect in timing. In comparison
with timing-only conditions, the addition of a concurrent
reasoning task caused temporal productions to become
more variable, longer, and less accurate. As for reason-
ing performance, the subjects were significantly slower in
processing the reasoning items under dual-task than under
single-task conditions. This result indicates that concur-
rent timing interfered with sequence-reasoning perfor-
mance. Although concurrent timing lengthened RTs, it
did not produce a corresponding drop in accuracy. This
pattern may be an example of the speed/accuracy trade-
off, an effect found in many motor, perceptual, and cogni-
tive tasks (see, e.g., Meyer, Irwin, Osman, & Kounois,
1988; Osman, et al., 2000). In this instance, the subjects
sacrificed speed for accuracy. That is, the subjects spent
more time processing each item in order to maintain the
same level of accuracy under dual-task as under single-
task conditions. It is important to note that a reduction in
either speed or accuracy represents interference. Overall,
the findings provide evidence of bidirectional interfer-
ence, suggesting that timing and sequencing tasks rely on
common resources.

EXPERIMENT 2
Timing and Sequence Monitoring

The sequencing task in Experiment 2 required the sub-
jects to follow an ordered series of items displayed on the
computer screen. The subjects were instructed to be on
the lookout for any departures from the normal, expected
sequence. This task was derived from two earlier versions
of sequencing tasks. The first was the Trails Test, a subtest
of the Halstead—Reitan Neuropsychological Battery (see
Broshek & Barth, 2000). There are two forms of the Trails
Test. In Trails A, subjects use a pencil to join together (in
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order) a series of numbered squares that are scattered about
on a sheet of paper. In Trails B, subjects join together an
alternating sequence of numbers and letters (1-A, 2-B,
3—C, etc.). This test is sensitive at detecting frontal lobe
damage, which typically involves problems with planning
and sequencing behaviors. From this test, an alterna-
tion task was developed by Baddeley and his colleagues
(Baddeley, 1996; Baddeley, Emslie, Kolodny, & Duncan,
1998). Baddeley created a version of the task that would
be more applicable for use in dual-task experiments. In
this case, the subjects themselves produced an alternating
series of letters and numbers by verbalizing the sequence.
This task interfered with concurrent tasks that required
keeping track of event order, such as a randomization task
(Baddeley et al., 1998). Baddeley (1996) argued that the
alternation task taps into the executive cognitive functions
of scheduling and coordinating actions.

The present experiment involved our modification of
the task. In this version, the item sequence was presented
to the subjects, who then monitored that sequence to detect
omissions in the series. There were at least two advantages
of configuring the task as a monitoring task. The first was
a matter of experimental control. We did not want the
subjects to actually generate the item sequence, as in Bad-
deley’s version, because we believed it would be too tempt-
ing to use it as a pacing strategy to help count out 5-sec
intervals. That is, the subjects could adjust their verbal
output to mark time. Instead, the experimenters controlled
the item rate, not the subjects. The second advantage was
that our task is essentially a signal detection task, with
the omissions being the signals to detect. This situation
allowed us to evaluate performance in terms of percep-
tual sensitivity and response bias, measures that otherwise
would not be available.

Method

Subjects

Thirty-two students (9 male, 23 female) enrolled in general psy-
chology classes volunteered for the experiment in exchange for
extra credit. The average age of the students was 21.5 years (SD =
4.2 years).

Apparatus and Stimuli

The computer hardware was the same as that used in Experi-
ment 1. The stimuli for the sequence-monitoring task consisted of
a series of items displayed in the center of the computer screen at a
rate of 1.2 sec/item, which corresponded to 100 items for each 2-min
trial. Each succeeding item replaced the previous one, so that only 1
item was actually present on the screen at any given moment. These
items were composed of letters or letter—number pairs (see below).

Design and Procedure

The experimental design was identical to that in the first experi-
ment. The subjects were tested individually in two sessions sepa-
rated by 1-2 weeks. Watches were removed prior to each session.
Session 1 comprised the single-task conditions, in which the sub-
jects performed a timing task, an alphabetic version of the sequence-
monitoring task, and an alphanumeric version of the sequence-
monitoring task. Session 2 involved the dual-task conditions, in
which the subjects performed the timing and sequence-monitoring
tasks concurrently. The subjects were told to assign equal priority to
the two tasks. As in Experiment 1, each task condition was executed
for three 2-min trials, and the order of the tasks within each session
was counterbalanced across subjects.

The timing task was serial temporal production of 5-sec inter-
vals. As before, the subjects were asked to generate these intervals
via space bar presses continuously throughout each trial. There
were two versions of the sequence-monitoring task. In the alpha-
betic (AB) condition, the items presented on the screen were a
series of letters in alphabetical order. The starting letter on any
trial was selected randomly from the subset A through O, inclusive.
The subjects were instructed to press the Enter key on the keyboard
whenever they detected a skip (an omission) in the alphabetic se-
quence. The subjects were encouraged to make these responses as
quickly as possible. In the alphanumeric (AN) condition, the item
sequence consisted of letter—number pairs in the form D-12, E-13,
F—14, and so forth. The starting number was selected randomly
from 1 through 35, inclusive. In this case, the subjects were re-
quired to simultaneously monitor both the alphabetic series and the
numeric series, because an omission could occur with either one.
We reasoned that the AN task would probably be more demanding,
because the subjects had to keep track of two separate sequence
streams. The probability of an omission target was set at p = .15
(15 letters in each AB trial and 8 letters and 7 numbers in each
AN trial). In both sequences, there was at least a two-item buffer
separating omission targets.

Results and Discussion

Timing Performance

As in the first experiment, the timing data were converted
into CV, mean IRI, and mean absolute error scores for anal-
ysis (see Table 4). As before, responses from the three trials
were collapsed prior to deriving the performance measures.
Analyses including trials as a factor did not produce differ-
ences appreciably different from those we report.

Coefficient of variation. CV scores were submitted
to a one-way repeated measures ANOVA comparing the
timing-only single-task, the timing + AB dual-task, and
the timing + AN dual-task conditions. These conditions
exerted a significant effect in the analysis [F(2,62) =
15.46, p < .001, ny = .33]. Contrast 1 [F(1,31) = 28.54,
p < .001, n; = .48] confirmed that variability increased
from the timing-only single-task condition (M = 0.15 sec)

Table 4
Mean Scores (and Standard Errors) for Three Timing Performance
Measures in Different Task Conditions in Experiment 2

Coefficient of Interresponse Percentage of

Variation (sec) Interval (sec) Absolute Error

Task Condition M SE M SE M SE
Timing only 0.15 0.01 4.6 0.3 26.4 2.6
Timing + alphabetic task 0.20 0.02 53 0.2 26.4 2.4
Timing + alphanumeric task 0.27 0.02 53 0.2 28.0 1.5
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to the combined dual-task conditions (M = 0.24 sec). Fur-
thermore, Contrast 2 [F(1,31) = 7.78, p < .01, ;7[2, = 21]
showed that the AN task (M = 0.27 sec) created more dis-
ruption than did the AB task (M = 0.20 sec). This pattern
fits in with the idea that the more demanding the distractor
task, the greater the diversion of attentional resources
away from timing.

Interresponse interval. Mean IRI scores, signify-
ing the average length of temporal productions, were
computed for each subject and submitted to a one-way
repeated measures ANOVA. The significant task effect
[F(2,62) = 7.08, p < .002, 3 = .19] was probed with
orthogonal contrasts to test for differences between con-
ditions. Contrast 1 [F(1,31) = 12.35, p < .001, 7712) = .28]
revealed that the temporal productions lengthened from
the timing-only condition (M = 4.6 sec) to the combined
dual-task conditions (M = 5.3 sec). This pattern corre-
sponds to the results of Experiment 1 and to the results of
other studies on the interference effect that have shown an
underestimation of time. Contrast 2, comparing the two
dual-task conditions, was not significant (£ < 1).

Absolute error. Mean percentage absolute error scores
were calculated for each subject and submitted to a one-
way repeated measures ANOVA of the three task condi-
tions. The task effect was not significant (F < 1). As can
be seen in Table 4, the three task conditions produced very
similar levels of error in time judgments on this measure
(combined M = 26.9%).

Detection Performance

Error detection on the sequence-monitoring task was
evaluated with three performance measures. The first mea-
sure was RT, the speed with which the subjects responded
to omissions in the sequence. Two other measures, derived
from signal detection theory, were used to assess percep-
tual sensitivity and response bias on the detection task. The
mean scores for these measures are presented in Table 5.

Response time. The mean RT (in milliseconds) was
calculated for each subject and cast in the form ofa2 X 2
repeated measures ANOVA. The factors were task (single
task vs. dual task) and sequence (AB vs. AN). The primary
finding concerns the effect for task [F(1,31) = 67.88,p <
.001, 175 = .69], which indicated that the dual (timing +
sequencing) tasks had longer RTs (M = 804 msec), rela-
tive to the single (sequencing-only) tasks (M = 739 msec).
This result shows that the addition of a concurrent timing
task interfered with sequencing performance, a result in
line with the idea of resource sharing between the tim-
ing and the sequencing tasks. The sequence main effect
[F(1,31) = 319.59, p < .001, 3 = .91] showed that the
AN sequence was associated with slower responding (M =
857 msec), as compared with the AB sequence (M =
686 msec). The significant task X sequence interaction
[F(1,31) = 25.75, p < .001, 77;2, = .45] was probed with
tests of simple main effects. First, a comparison of the
task conditions within each sequence showed that within
the AB sequence, the dual task was associated with longer
RTs, as compared with the single task [F(1,31) = 90.59,
p <.001, n; = .75]. Within the AN sequence, the single
versus dual comparison failed to reach significance (p <

Table 5
Mean Scores (and Standard Errors) for Three Sequence-
Monitoring Performance Measures in Different Task and
Sequence Conditions in Experiment 2

Sequence Condition

Task Alphabetic Alphanumeric
Condition M SE M SE
Response Time (msec)

Single task 633 14 846 12
Dual task 738 14 869 13
Perceptual Sensitivity (4”)

Single task .983 .005 .863 .008
Dual task .895 .010 .808 .012
Response Bias (Bfy)

Single task 207 .148 .943 .007
Dual task .868 .019 .948 .030

.06). Second, comparisons of the sequence conditions
within each task confirmed that AN sequence produced
longer RTs for both the single [F(1,31) = 367.24, p <
.001, nf, = .92)] and the dual [F(1,31) = 88.10, p < .001,
np = .74] tasks.

Perceptual sensitivity. As was noted previously,
the sequence-monitoring task represents a signal detec-
tion situation, in which subjects are on the lookout for
omission errors that occur against a noise background.
In this context, a hit is defined as a response occurring
when an out-of-sequence item is displayed on the screen;
a false alarm is a response to an in-sequence item. These
responses were used to create independent measures of
sensitivity and bias. One common measure of perceptual
sensitivity is 4" (Grier, 1971), a nonparametric statistic
that ranges in value from 1.000 (maximum sensitivity)
to 0.500 (maximum insensitivity). 4" scores were calcu-
lated for each subject and submittedto a2 X 2 (task X se-
quence) repeated measures ANOVA. The main effect for
task [F(1,31) = 118.28, p < .001, 73 = .80] showed that
the dual-task condition (M = .852) had lower sensitiv-
ity scores than did the single-task condition (M = .923).
This result provides strong evidence that the timing task
interfered with the sequencing task. The sequence main
effect [F(1,31) = 183.66,p < .001, 55 = .85] showed that
sensitivity declined from the AB sequence (M = .939) to
the AN sequence (M = .836). This result makes sense,
assuming that the AN sequence is more difficult to track.
The task X sequence interaction [F(1,31) =4.23,p < .05,
77123 = .13] served to reinforce these findings. Simple main
effects tests confirmed that, as compared with the single-
task condition, sensitivity was lower under the dual-task
conditions for both the AB [F(1,31) = 124.34, p < .001,
n3 = .80] and the AN [F(1,31) = 19.00, p < .001, 3 =
.39] sequences. Likewise, sensitivity dropped from the AB
to the AN sequence under both the single-task [F(1,31) =
276.25, p < .001, 75 = .89] and the dual-task [F(1,31) =
38.20, p < .001, 5 = .55] conditions.

Response bias. Response bias refers to a general ten-
dency to report “yes, I detect a target” (liberal bias) or
“no, I do not detect a target” (conservative bias) when
one is uncertain. Response bias was measured with a
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nonparametric statistic called BJ; (Donaldson, 1992). Bf;
ranges in value from —1.000 (maximum liberal bias) to 0
(no bias) to +1.000 (maximum conservative bias). These
scores were computed for each subject and submitted to a
task X sequence repeated measures ANOVA. The results
conformed to some basic findings in the signal detection
literature. First, all of the mean scores were positive val-
ues, indicating that the subjects tended to be conservative
in their judgments (i.e., responding only when they were
certain that an omission had occurred). This outcome is
typical of detection experiments in which the probability
of a signal is low (in the present case, p = .15). Another
standard finding is that subjects tend to become more
conservative (i.e., to adopt a strict criterion) when task
demands increase (Brown, 1997; Brown & Boltz, 2002;
Schneider & Fisk, 1982). That process was reflected in
the task main effect [F(1,31) = 19.68, p < .001, n; =
.39], which showed that the dual task (M = .908) was
associated with a more conservative bias (i.e., higher Bf;
scores), as compared with the single task (M = .575). The
sequence main effect [F(1,31) = 25.57, p < .001, n; =
.45] was compounded by the task X sequence interaction
[F(1,31) = 20.44, p < .001, 3 = .40]. Simple main ef-
fects tests indicated that the AB and the AN sequences dif-
fered only in the single-task condition [F(1,26) = 13.78,
p < .001]. As is shown in Table 5, Bf; scores in the dual-
task condition remained uniformly near the ceiling of con-
servative bias for both sequences (/' < 1). Comparisons of
the two sequences within each task condition showed that
scores were higher for the AN than for the AB sequence
in both the single-task condition [F(1,31) = 24.36, p <
.001, n% = .44] and the dual-task condition [F(1,31) =
4.91, p < .04, 57, = .13]. This pattern is consistent with
the idea that the AN sequence is more demanding.

In sum, Experiment 2 showed interference in timing in the
form of greater variability and a lengthening in time judg-
ments under dual-task conditions. There was also compel-
ling evidence that the concurrent timing task interfered with
sequence detection. In comparison with single-task condi-
tions, under dual-task conditions, the subjects tended to be
slower, less sensitive, and more conservative at detection.

GENERAL DISCUSSION

This research provides information on the issue of the
attentional resources involved in temporal information
processing. The two experiments yielded similar patterns
of results, despite the fact that seemingly, the distractor
tasks involved were different. These differences (e.g., ver-
bal reasoning versus target detection) were only superfi-
cial, however, since both tasks were fundamentally cen-
tered on the perception and judgment of event sequences.
The results point to the role of sequence processing as an
important element in timing and suggest the operation of
common underlying mechanisms.

One basic finding concerns dual-task interference in
timing. In both experiments, the concurrent sequencing
tasks disrupted timing performance. In each case, tem-
poral productions were more variable (as reflected in CV
scores) under dual-task (timing + sequencing) conditions

than under single-task (timing-only) conditions. Tempo-
ral productions also became longer under dual-task con-
ditions in both experiments, indicating a shift toward a
shortening of perceived time. These results demonstrate
the classic interference effect in timing. The absolute error
measure produced a mixed result, detecting a dual-task
decrement in one experiment (Experiment 1), but not in
the other (Experiment 2).

The role of timekeeping strategies, such as chrono-
metric counting in the interference effect, deserves com-
ment. It is likely that under the timing-only conditions,
the subjects spontaneously used counting and/or some
other method, since “these strategies seem very much a
part of the natural mechanism” (Poynter, 1989, p. 310)
for tracking time. Counting is an effective strategy for
judging time, since it improves accuracy and reduces
variability (e.g., Grondin, Meilleur-Wells, & Lachance,
1999; Grondin, Ouellet, & Roussel, 2004). Counting
involves explicitly dividing the interval into a series of
1-sec temporal productions, and as with any other tim-
ing task, it uses attentional resources. A distractor task
draws attention away from these strategies. However, the
interference effect is not simply due to the prevention of
counting. Subjects still show interference when judging
intervals that are too short to be timed with a counting
strategy (e.g., Casini & Ivry, 1999; Chastain & Ferraro,
1997; Thomas & Cantor, 1978). Timing, whether accom-
panied by chronometric counting or not, is a resource-
demanding task, and anything that diverts attention away
will probably produce interference.

The timing data showed two additional features that
warrant some discussion. The first feature concerns the
accuracy of the temporal productions. The subjects in the
dual-task conditions in Experiment 1 generated temporal
productions that were actually very close to the 5-sec target
interval (M = 5.1 sec), whereas productions in the single-
task control condition were less accurate (M = 4.4 sec).
This result is not unusual. The single-task situation allows
subjects to focus on time without distraction, a condition
referred to as “the experience of time-in-passing” (Hicks,
Miller, Gaes, & Bierman, 1977, p. 431); it is well estab-
lished that such conditions evoke a substantial lengthen-
ing of perceived time. The short temporal productions we
obtained correspond to this expected lengthening effect.
The dual-task conditions shorten perceived time, leading
to the longer temporal productions we report. As with
many timing studies, the critical issue here is a relative
comparison of time judgments under different experimen-
tal conditions, rather than an evaluation of accuracy per se
(Ornstein, 1969). In Experiment 2, the average production
(IRI) scores (M single task = 4.6 sec and M dual task =
5.3 sec) showed the same relative difference, although
both scores in this case deviated from accuracy. In each
experiment, however, the dual tasks showed the same rela-
tive 15%—16% increase in the lengthening of perceived
time, as compared with the single tasks.

The second feature to note is that manipulations of the
difficulty of the sequencing tasks did not exert much influ-
ence on timing performance. In most instances, the easier
and more difficult versions of the tasks disrupted concur-
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rent timing to a similar degree. This lack of an effect for
task difficulty corresponds to what resource theorists term
difficulty insensitivity (see Wickens, 1980, 1984). One ex-
planation for difficulty insensitivity is that the resources
affected by increases in the difficulty level of Task A play
only a minimal (or nonexistent) role in the performance
of concurrent Task B. In the present research, attentional
resources related to temporal information processing rep-
resent the critical resources relevant for both the sequenc-
ing and the timing tasks. In Experiment 1, although the
negatively worded items were more difficult to process
than the positively worded items (as indicated by RT and
accuracy measures), this increase in difficulty may have
been due to a greater involvement of semantic-processing
resources, whereas the resource demand for temporal in-
formation processing remained essentially constant. A
similar account may be applied to the alphabetic versus al-
phanumeric conditions in Experiment 2, although, in this
case, the alphanumeric task requirements (monitoring two
simultaneous sequences) may have led to some increased
demand for temporal-processing resources, as reflected in
increased variability in the temporal productions.

The fundamental issue of bidirectional interference
hinges on performance on the sequencing tasks under
single- and dual-task conditions. Most measures showed
that the timing task interfered with sequencing. That is,
as compared with sequencing-only conditions, the addi-
tion of a concurrent timing task disrupted performance.
In Experiment 1, the concurrent timing task substantially
slowed sequence-reasoning responses. In this case, the
dual-task condition produced a speed/accuracy trade-
off. The subjects were able to maintain accuracy on the
sequence-reasoning task from single-task to dual-task
conditions, but the preservation of accuracy came at a cost
of reduced reasoning speed. Thus, fewer problems were
completed under the dual-task conditions. The sequence
detection task in Experiment 2 provided a clear pattern.
The concurrent timing task lengthened RTs to omission
targets, reduced perceptual sensitivity at detecting the tar-
gets, and prompted the subjects to become more conser-
vative in their judgments. Overall, the results offer good
evidence for bidirectional interference. The findings sug-
gest that the timing and sequencing tasks invoke related
information-processing mechanisms and, so, draw from
the same pool of attentional resources.

Can the interference results be explained in terms of
response conflict, rather than resource allocation? Given
that the timing and sequencing tasks in both experiments
involved motor responses, bidirectional interference may
have arisen from conflicts within the motor system. For
example, longer RTs in the dual-task conditions may have
simply been an artifact, if one response was delayed until
the other was completed. Several points argue against this
interpretation. First, the motor responses involved were
minimal. The responses were limited to simple button-
presses executed with different hands and were unlikely
to have overloaded manual resources. As was described
previously, aviation researchers have used temporal pro-
duction as a secondary task because it tends not to inter-
fere with piloting performance. In the dual-task literature,

most instances of motor response conflict involve more
complex movement tasks, such as manual tracking, pre-
cision aiming, perceptual-motor incompatibility, and so
forth (e.g., Damos, Bittner, Kennedy, & Harbeson, 1981;
Fischer, 1997; Tsang, Velazquez, & Vidulich, 1996; Wick-
ens, 1980). Second, even if the subjects were unable to
execute simultaneous responses, the timing task was un-
likely to have been affected significantly by a concurrent
sequencing task, because of the magnitude of the dura-
tions involved. The subjects attempted to produce 5-sec
target intervals, and any response delays caused by close-
in-time sequencing responses would have been very small,
relative to the length of the temporal production. Further-
more, the interference effect has been demonstrated with
a wide variety of timing and distractor tasks in different
experimental paradigms, which precludes an explanation
based on motor interference (Brown, 1997). Third, the
magnitude of the sequencing responses in Experiment 1
makes it unlikely that they were influenced substantially
by the timing responses. As with the timing responses, the
sequencing response times were on the order of 4-5 sec
(M single task = 4.5 sec, M dual task = 4.9 sec); thus,
any delays due to simultaneous timing responses would
have been minimal. The RTs for the sequencing task in
Experiment 2 were much shorter (M single = 739 msec,
M dual = 804 msec). Given that the mean temporal pro-
duction in the dual-task condition was 5.3 sec, the sub-
jects made an average of over 6.6 sequencing responses
for every timing response, which severely limited the
number of instances of simultaneous motor responses.
Despite the large difference in the magnitude of the RTs
for the sequencing tasks in the two experiments, there was
a remarkably similar proportional increase in RTs from
single- to dual-task conditions, amounting to an 8.2% in-
crease in Experiment 1 and 8.1% in Experiment 2. Finally,
amotor conflict explanation cannot account for the effects
on sensitivity and bias obtained in Experiment 2. All these
factors suggest that the interference effects we report were
essentially cognitive in nature, rather than motor.

The main findings suggest that timing and sequenc-
ing involve the same (or similar) cognitive processes. Not
only are timing and sequencing conceptually related, but
they are theoretically associated as well. Cognitive theo-
rists have developed various models of executive process-
ing in which temporal functions, such as the sequencing
of responses and coordination of actions, play a major
role. One influential model is the supervisory attentional
system (SAS), which describes an attentional controller
mechanism that integrates multiple inputs, coordinates
dual-task performance, and schedules responses (Nor-
man & Shallice, 1986; Shallice & Burgess, 1996). Many
of the features of the SAS have been incorporated into the
working memory (WM) model (Baddeley, 1992a, 1992b,
1994; Baddeley & Hitch, 1974), a multicomponent, mul-
tiple resource model of short-term memory. Baddeley be-
lieves that scheduling is handled by the central executive
part of WM. The central executive serves as an attentional
supervisor mechanism. It is the component that monitors
and directs ongoing behavior, integrates and coordinates
information, and is responsible for planning and organiz-
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ing actions (Baddeley, 1992a, 1992b). Baddeley (1990,
pp- 132-135; Baddeley et al., 1998) argued that track-
ing an ordered response sequence places heavy demands
on executive resources. These theoretical models offer a
framework for investigating sequencing and timing pro-
cesses. In line with this view are dual-task experiments that
show bidirectional interference between time judgments
and a variety of other executive-level tasks, particularly
those related to sequence processing, such as memory up-
dating (Brown & Frieh, 2000), digit order memory (Shi-
nohara, 1999), and random number generation (Brown,
2006). These findings point to an underlying commonality
between judgments of duration, order, and sequence.
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