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Working memory is commonly characterized as a sys-
tem for simultaneous storage and manipulation of infor-
mation (Baddeley, 1986; Kyllonen & Christal, 1990;
Salthouse, 1991). Resource models of working memory
assume that a limited resource is shared between the stor-
age and the processing functions (Case, 1985; Just &
Carpenter, 1992), or that the resource is shared among the
representations that must be stored and/or processed at
the same time (Anderson, Reder, & Lebiere, 1996). One
corollary of this concept is that the addition of a memory
load concurrent to a processing task will take away re-
sources available for the latter, thereby reducing the speed
with which the task can be performed, its accuracy, or
both. This assumption is the basis for many dual-task stud-
ies of working memory. Detrimental effects of a concur-
rent memory load on cognitive processes are frequently
found in at least one dependent variable, and when such
effects are not found, this is taken as evidence for separate
resources underlying the two tasks (e.g., Baddeley, 1986;
Wickens, 1991).

In this paper, we want to pursue an alternative account
for the tradeoff between memory (“storage”) and infor-
mation manipulation(“processing”) in working memory.
We assume that processing tasks are impaired by a con-
current working memory load if and only if the processing
task requires access to contents of working memory. Many

processing tasks need information from working mem-
ory as input; this includes intermediate results from pre-
vious steps (Mayr & Kliegl, 1993) as well as new stimulus–
response mappings given in the instruction. The pro-
cessing task requires access to this information in work-
ing memory. The more elements that are held in working
memory, the less efficient it should be to select the correct
one as input for a process. An additionalmemory load will
therefore reduce the discriminability of information in
working memory, including the information needed for
the processing task. This may slow down processing and
lead to errors due to cross-talk from the irrelevant mem-
ory contents.

In contrast to resource theories, this cross-talk account
of working memory capacity predicts that a memory load
will not impair all concurrent processes. Instead, interfer-
ence occurs specifically when the cognitive system must
select a particularpiece of information from working mem-
ory among other pieces. Following this account, interfer-
ence between storage and processing does not arise from
a shared limited capacity, but from the difficulty of select-
ing among the working memory contents the information
that is used in a particular processing step. As a conse-
quence, cognitiveprocesses that do not require retrieval of
relevant information from working memory (i.e., access
to working memory) will not be impaired by the concurrent
retention of task-irrelevant material in working memory.

The Role of Working Memory
in Mental Arithmetic

Consider the case of mental arithmetic. The additionor
subtraction of two single-digit numbers does not require
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In two experiments, young and older adults solved arithmetic chain tasks with single-digitoperands,
with or without a concurrent memory load of three or six digits. Variables in the arithmetic tasks had
to be replaced by digits from the screen or from the memory set. A task-irrelevantconcurrent load im-
paired neither speed nor accuracy of arithmetic in younger adults. In Experiment 2, this was also true
for older adults. A large decrease in arithmetic performance was observed, however, when variables
in the arithmetic task had to be substituted by digits from the memory list. Older adults had specific
problems with this condition in Experiment 1, where the substitution involved two successive steps,
but not in Experiment 2, where the substitution from memory could be done in a single step. The re-
sults are difficult to reconcile with models assuming a common resource for storage and processing.
Rather, they are compatible with the hypothesis that a concurrent memory load interferes with a pro-
cessing task only during the points of access to working memory. Further, even though access to work-
ing memory was found to be the critical source of concurrent-load interference, it was found to be in-
sensitive to the effects of adult aging.
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access to working memory. No new stimulus–response
mapping must be applied, and there is no need to select
one element out of a set in working memory as the object
of manipulation.This is different for more complex arith-
metic tasks involving, for example, three-digit numbers,
carries, or brackets. These tasks require the retentionof in-
termediate results while other results are computed. Later,
the intermediate results must be accessed from working
memory for further manipulations or for output.

There is convergingevidence that working memory ca-
pacity is a limiting factor in complex mental arithmetic
tasks. Hitch (1978) showed that errors in three-digit ad-
dition tasks increase when more time and more compu-
tational steps intervene between the calculation of a re-
sulting digit and the overt output of this digit. In a study
by Logie, Gilhooly, and Wynn (1994), mental addition
of two-digit numbers was impaired by articulatory sup-
pression and by random number generation, tasks that
presumably occupy the phonological loop and the central
executive in Baddeley’s (1986) model, respectively.More
evidence on the role of working memory in mental arith-
metic comes from a study by Anderson et al. (1996). They
had participants solve equations while simultaneously
remembering two, four, or six digits. Speed and accuracy
of equation solving were negatively affected by increas-
ing memory load. Memory accuracy was worse when the
equation involved more symbols, relative to fewer sym-
bols. Anderson et al. argued that the pattern of mutual in-
terference supports the assumption that a single resource
is shared between the two tasks.

All the arithmetic tasks in these studies require access
to working memory at some point. In multiple-digit ad-
dition, for example, the result from the ones must be kept
in memory while the tens are added. In equation solving,
the results of intermediate equation transformations must
be held in memory and accessed for further computations.
It is possible that the effect of working memory is specific
to these access steps.

The studies concerned with the contributionof working
memory to simple arithmetic tasks yielded more ambigu-
ous results. Halford, Maybery, O’Hare, and Grant (1994)
used single-digit subtraction in a dual-task study with
children and found a very small though significant ef-
fect of interference. They argued that the storage and the
processing function of working memory draw on differ-
ent resources. Klapp, Boches, Trabert, and Logan (1991,
Experiment 3) found that reciting the months of the year in
order interfered only minimally with single-digit addition
verification. Ashcraft, Donley, Halas, and Vakali (1992)
observed a considerable increase in reaction time for ver-
ification of single-digit addition tasks when participants
were required either to generate words beginning with a
given letter or to name four given consonants in alpha-
betical order simultaneously with the addition task. The
interaction of the dual-task effect with problem size (i.e.,
the size of the addends) was not significant. Similar find-
ings were recently reported by Lemaire, Abdi, and Fayol
(1996) and by De Rammelaere, Stuyven, and Vandieren-

donck (1999). Both research groups found main effects of
a secondary task on verification latency in simple arith-
metic tasks, but the effects did not interact with problem-
difficulty variables. The absence of such interactions is
consistent with the hypothesis that the load on working
memory did not affect the arithmetic process itself, but a
reaction time component that was constant over all diffi-
culty levels. Access to the arbitrary mapping of “true” and
“false” to the response keys is one candidate for this pro-
cess (see Logan, 1979, 1980).

Memory Load and Memory Access
The mental arithmetic studies reviewed above show

that performance suffers from a concurrent secondary
task if the primary task requires access to working mem-
ory, whereas there is no compelling evidence that a sec-
ondary task affects cognitiveprocesses that do not access
working memory. It is not clear, however, whether the
secondary task effect is in fact specific to the access func-
tion. Alternatively, the complex arithmetic tasks could
simply be more difficult overall, thus requiring more of
a general resource. A secondary task might consume part
of the available resource, leaving enough for single-digit
computation to proceed nearly unaffected, but not enough
for the more complex tasks.

Relevant evidence comes from a study by Carlson, Sul-
livan, and Schneider (1989). They trained participants on
the evaluation of logical gates.1 At test, the logical gate
task was performed in combination with a memory load
of three or six digits. In one condition, the memory list
was irrelevant to the gate task; in another condition, val-
ues from the memory list had to be inserted for variables
in the gate task. Relative to the single-task condition, the
irrelevant memory load slowed gate evaluation by about
150 msec. The size of the memory load (three or six dig-
its) affected latencies only minimally (no statistical tests
were presented for these two effects). Slowing was much
larger in the access conditions, and the effect of memory
set size was about 10 times as large in the access condi-
tion, relative to the irrelevant memory condition. This
pattern of results is difficult to reconcile with a general-
resource account of dual-task effects, because the memory
set should consume about equal amounts of resource in
the irrelevant and in the access conditions. The interpre-
tation is complicated, however, by the fact that the access
condition required two additional cognitiveoperations—
the replacement of two variables in the gate task with
the respective values from the memory set—which con-
tributedan unknown amount of time to the overall latency.

Anderson et al. (1996) studied equation solving with a
concurrent memory load of two, four, or six digits. In one
conditionthe memory load was irrelevant to the equation-
solving task, whereas in another conditionvariables in the
equations had to be substitutedby the first or second digit
from the memory set. The size of the memory set affected
problem-solving latency and accuracy in both conditions,
but the effect was larger in the substitutioncondition.This
replicates qualitatively the difference between irrelevant
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memory load and memory access from the Carlson et al.
(1989) study, although quantitatively the difference was
much less dramatic in the Anderson et al. experiments.

Anderson et al. (1996) explained the effect within a for-
mal model based on ACT-R (Anderson & Lebiere, 1998).
Source activation, which functions as a limited general
resource, is divided among the elements of the equation
and the elements in the memory set. Activation becomes
relevant at each retrieval step; this includes retrieval of
arithmetic facts and retrieval of digits from the memory
list. A larger memory list imposes a reduction of source
activationfor each element, thereby slowing and reducing
the accuracy of each retrieval step. The effect is enlarged
in the access condition, because this condition requires
two extra retrieval steps—the retrieval of two digits to in-
sert for the variables—in addition to the retrieval of arith-
metic facts.

The study of Anderson et al. (1996) operated with
quite complex arithmetic tasks that required multiple ac-
cess to working memory. If their explanation for the dif-
ference between memory load and memory access holds,
it should also be valid for single-digitarithmetic.The ACT-
R model, like any other general-resource model, predicts
that an irrelevant memory load impairs single-digit arith-
metic, and that the impairment increases with memory set
size. The memory set, although irrelevant for the arith-
metic task, takes away source activation, thus reducing
speed and accuracy of arithmetic fact retrieval. Our alter-
native account, in contrast, predicts no interference of a
secondary memory load with simple mental calculationas
long as access to the memory set is not necessary.

Working Memory in Older Age
Older adults are known to have less working memory

capacity than younger adults (see, e.g., Salthouse, 1991,
1994). Some researchers have argued that the working
memory deficit is mainly a side effect of reduced mental
speed in old age. This argument is based on two patterns
of results: (1) Regression analyses have shown that a
large part of the age-related variance in working memory
capacity can be accounted for by measures of processing
speed (e.g., Salthouse, 1996). (2) Old–young plots of re-
action times in various tasks demonstrate that older adults
are slowed relative to youngeradults by a roughly constant
proportional factor (e.g., Cerella, 1990).

Nonetheless, there is evidence that older adults expe-
rience problems with working memory tasks that go be-
yond what can be expected from general slowing alone.
Mayr and Kliegl (1993) introduced the distinction be-
tween sequential and coordinativecomplexity to describe
categories of tasks with markedly different proportional
slowing factors (see also Kliegl, Mayr, & Krampe, 1994;
Mayr, Kliegl, & Krampe, 1996). Tasks with sequential
complexity can be solved by a sequence of cognitive op-
erations, each of which requires as input only the output
of the previous operation (e.g., single-digit arithmetic
chain tasks). Tasks with coordinativecomplexity, in con-

trast, require retention of and access to intermediate re-
sults (e.g., multiple-digitarithmeticor tasks with brackets).

The contrast of sequential and coordinativecomplexity
was applied to mental arithmetic by Verhaeghen, Kliegl,
and Mayr (1997). They measured time–accuracy func-
tions of younger and older adults for arithmetic chain
tasks with and without brackets. Since only single-digit
operands and single-digit intermediate results were in-
volved, the tasks without brackets could be solved by a se-
quence of simple arithmetic operations that required no
access to working memory. The tasks with brackets, in
contrast, required retention of and access to intermediate
results in working memory. No age differences were ob-
served in any of the time–accuracy function parameters
for tasks with sequential complexity (i.e., no brackets).
Older adults were slower, however, and reached lower as-
ymptotic accuracy for the coordinatively complex tasks
(i.e., tasks with brackets). Age equivalence in the sequen-
tial task supports the hypothesis that older adults are not
slowed at all in performing simplemental arithmetic.Even
the constant slowing of older adults relative to the younger
found in other studies was absent here, perhaps because
the time–accuracy methodology eliminated all motor
components from the performance measures (for similar
results see Geary & Wiley, 1991, and Geary, Frensch, &
Wiley, 1993). The strong age effects on the coordinative
tasks, on the other hand, are compatible with the idea
that older adults have a specific deficit in access to work-
ing memory. Alternatively, the problems older adults ex-
perience with brackets could arise from extra demands
on executive control. Arithmetic tasks with brackets can-
not be solved from left to right; the problem solver must
schedule his/her operations to solve the innermost brack-
ets first. There is evidence that older adults are impaired
with respect to executive functions (Mayr & Kliegl, 2000;
West, 1996). Therefore, the additional schedulingdemand
couldcost olderadultsmore time and lead to more errors rel-
ative to younger adults.

Summary of Hypotheses
The present study has two goals. First, we want to test

the cross-talk account of interference between retention
and processing in working memory against the shared
resource or shared capacity account. Second, we want to
illuminate the specific problems older adults had with the
complex arithmetic tasks used by Verhaeghenet al. (1997).
In particular, we intend to test the hypothesis that older
adults have a specific deficit in their access to working
memory. The two experiments presented here were de-
signed to test the following predictions:

1. A concurrentmemory load does not impair speed or ac-
curacy of single-digit mental arithmetic as long as access
to the memory set is not required for the task. This follows
directly from our cross-talk account of interference be-
tween concurrentstorage and processingand is in contrast
to predictions from resource theories. The cross-talk ac-
count also generates the second hypothesis.
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2. Memory load has a strong effect on speed and accuracy
of mental arithmetic if the task requires access to the
memory set. This effect is specific to those steps in the
task that involve access. Predictions1 and 2 together claim
a dissociationof retention(i.e., a concurrentworkingmem-
ory load that is not accessed) and access to working mem-
ory with respect to their effects on a processing task.

3. As long as no access to working memory is required,
older adults perform the arithmetic task as accurately and
nearly as fast as younger adults. This hypothesis is mainly
a generalization of f indings from Geary and colleagues
(Geary et al., 1993; Geary & Wiley, 1991) and Verhaeghen
et al. (1997).

4. Older adults are specifically impaired—more than
youngeradults—when access to workingmemory is needed
to solve the arithmetic task. This was our working hypoth-
esis regarding the source of older adult’s problems with co-
ordinative complexity, as evidenced in Verhaeghen et al.
(1997).

A critical condition for the first two predictions is that the
processing task does not itself require access to working
memory. A critical condition for the third hypothesis is
that the impact of sensorimotor processes on the latency
measure is reduced as much as possible. For these rea-
sons, we designed a task version that minimizes output
requirements and involved no arbitrary mappings of in-
ternal answers to overt responses, thereby eliminating
the possibility of interference between the memory load
and the response mapping instructions.

EXPERIMENT 1

The arithmetic task used in this study was a chain of
single-digit additions and subtractions without brackets,
similar to those used by Verhaeghenet al. (1997). The task
was presented in a self-paced reading mode, where par-
ticipants triggered the display of the next operation by
pressing the space bar. This procedure allows measuring
latencies for single operationswithout introducinga map-
ping of results onto different response alternatives. For
three of the six operands, variables were displayed instead
of numbers, and the variable values could be read from
the screen or retrieved from working memory, depending
on the condition. Three conditions of working memory
demand were realized. In the control condition, the arith-
metic task was solved alone; variables were substituted
from a display on the screen. In the memory load condi-
tion, participants had to remember a set of three digits
that were irrelevant to the arithmetic task. Variables were
again substitutedby numbers from a screen display. In the
access condition, variables were substituted by letters
from a screen display, and the letters in turn served as
pointers to one of the three numbers in the memory set.
Thus, all three conditions required substitution of vari-
ables by numbers. Relative to the control condition, the
load condition just adds a concurrent memory load, sim-
ilar to classical dual-task experiments. In the access con-

dition, the problem solver must retrieve information from
the memory set as input for the arithmetic task. This in-
troduces the requirement of access to working memory.
Moreover, in the access condition each substitution re-
quires two successivesteps (from variables to letters on the
screen, and from these letters to the numbers in memory),
thereby introducing an additional executive demand.
Both factors motivateour expectationthat older adults will
experience specific difficulties in the access condition.

Method
Participants

Eighteen younger adults (M = 21.5 years, range = 19–25 years)
and 18 older adults (M = 67.39 years, range = 62–72 years) partic-
ipated in this experiment. An equal number of males and females
were assigned to each age group. One older adult dropped out after
the first session and was replaced. Younger adults were students of
the University of Potsdam who were recruited by bulletins posted
on the campus. Most of the older adults responded to an article in
a local newspaper and were participating in a psychological study
for the first time. Participants were paid 36 DM (about $20 U.S.),
older adults were also reimbursed for public transportation costs.

The two age groups did not differ in total years of formal educa-
tion (younger: M = 14.39, SD = 1.49; older: M = 16.03, SD = 3.61).
On the HAWIE Digit Symbol Substitution Test, which is a mea-
surement of perceptual speed, younger adults obtained significantly
higher scores than older adults (younger: M = 61.06, SD = 9.84;
older: M = 43.44, SD = 7.29). On the HAWIE Vocabulary test
(Wechsler, 1964), the results for the two age groups did not differ
(younger: M = 35.47, SD = 2.45; older: M = 34.44, SD = 4.08).

Apparatus and Materials
Arithmetic chain tasks with six operations (additions and

subtractions) had to be solved. Problems were randomly generated
with the following restrictions: Starting values, intermediate re-
sults, and final results were digits ranging from 1 to 9. Range of op-
erations was 21 to 27 and +1 to +7. Participants were told about
those restrictions. The request was to compute arithmetic problems
as rapidly and as accurately as possible. Participants were informed
that the time needed to type the answer was not critical. There were
three experimental conditions and two modes of administration.

Condition 1 (control) was a control condition where problems
were presented operator by operator, the first one always being a
digit. Of the remaining six digits, three were replaced by variables
(X, Y, and Z). These variables could appear randomly at each of the
six operator positions; the order of variables was also randomized
(Figure 1). The assignment of digits to the three variables X, Y, and
Z was displayed in a rectangle in the upper half of the screen. This
rectangle was presented for the entire duration of the arithmetic
problem. Participants were instructed to replace the variables with
the corresponding digits. Presentation of arithmetic problems was
self-paced. Pressing the space bar displayed the next operation.
After the last operation, an equality sign and a question mark ap-
peared, and participants now had to type the result for the arithmetic
problem on the numeric key pad. Auditory feedback about correct-
ness of result was given (high tone = correct, low tone = incorrect).
If the result was incorrect, in addition to the tone the correct answer
appeared in blue for 2 sec on the screen. After finishing an item,
participants could start the next item by pressing the space bar.

Condition 2 (memory load) required the retention of three digits
during mental arithmetic. A memory set consisting of the letters A,
B, and C, paired with three digits selected at random, appeared in a
rectangle in the lower half of the screen for 6 sec before the arith-
metic problem appeared. After solving the arithmetic problem, par-
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ticipants were probed with the three letters and asked to reproduce
the corresponding digits. Apart from the added memory task, this
condition was like the control condition. Participants could take
their time typing the digits; auditory feedback was given for each
digit. Participants were instructed to try to solve both tasks (the
arithmetic problem and the memory task) correctly.

Condition 3 (access), illustrated in Figure 1, integrated the mem-
ory task with the mental arithmetic task. First, the memory set was
presented for 6 sec in a rectangle in the lower half of the screen;
then the arithmetic problem started. The rectangle displayed in the
upper part of the screen paired the variables X, Y, and Z with the let-
ters A, B, and C in random order. When a variable appeared in the
problem, participants were instructed to pick out the corresponding
letter and then retrieve the digit for that letter from their memory in
order to compute the next intermediate result. Thus, the arithmetic
problem could be solved only if the memory set was accessed cor-
rectly. Again, after typing the answer to the arithmetic problem, par-
ticipants had to reproduce the memory set. This condition includes
both a memory load and the requirement to access working mem-
ory; for brevity we refer to it as the “access condition.”

There were two modes of presenting the problem. In Mode A the
operators were presented one at a time. Pressing the space bar
caused the last operator to disappear and the next one to be given.
In problems of Mode B the already presented operators stayed on
the screen until the arithmetic problem was solved. Mode B offered
the possibility of recalculating the problem if it was miscalculated.
After completing both the arithmetic and the memory tasks, partic-
ipants indicated whether or not they had recalculated the arithmetic
problem by pressing the arrow keys (¬ = no, ® = yes). We ex-
pected that older adults would show a higher frequency of recalcu-
lation, especially in the access condition. Six experimental condi-
tions were constructed by the factorial combination of condition
and presentation mode.

Data were collected using Power Macintosh 7100 and Apple
Multiple Scan 17-in. monitors. Participants made their responses
on the extended Macintosh keyboard (German). The experiment
was programmed with the PsyScope software (Cohen, MacWhin-
ney, Flatt, & Provost, 1993) . Stimuli were presented in green on a
black background.

Procedure
The experiment was conducted in three sessions of 45–80 min each.

In the first session instructions were given and trial types explained.
Participants received a practice block of 10 items of each trial type.
Easier conditions were practiced first to familiarize participants with
the tasks. First, all conditions of Mode A were given, starting with the
control condition, followed by the memory load and access condi-

tions. Then, conditions of Mode B were practiced in the same order.
At the end of the instruction session participants completed a short
questionnaire and were assessed with psychometric tests.

Data were collected during the following two sessions. One block
of every trial type consisting of 15 items had to be solved. Presen-
tation order of blocks was counterbalanced across participants
within each session. For each participant, the order of conditions
was the same in the two test sessions. Conditions of the same mode
were given successively. The order in which the two modes were
conducted was counterbalanced across the two test sessions. At the
beginning of the two test sessions, participants had the opportunity
to review task descriptions and were briefly instructed again.

Results
First, accuracies for arithmetic problems and for mem-

ory sets are analyzed. Then an analysis of the probabil-
ity of problems recalculated (only Mode B) is reported.
Finally, we will look at the reaction times to pressing the
space bar. For the condition factor, we specified two or-
thogonal contrasts: (1) control and memory load condi-
tions versus the access condition, referred to as the access
contrast, and (2) the control versus the memory load con-
dition, referred to as the load contrast. A 5% alpha level
was adopted for all statistical tests.

The accuracy data were analyzed in three different
ways. First, all trials were included in the analyses. Then,
in the two dual-task conditionsall trials with errors in the
other task were excluded (i.e., arithmetic accuracies were
included only for trials where the memory set was repro-
duced correctly, and vice versa). Finally, these accuracies
were arcsin-transformed to correct for deviations from
the normal distribution that are often observed for accura-
cies near ceiling. For all of these analyses the same pattern
of significant results was obtained.Therefore, we will re-
port only the analysis of variance (ANOVA) for accura-
cies of trials with correct answers to the second task.

Accuracy of Arithmetic Problems
After trials with incorrectly reproduced memory sets

were excluded, probabilityof correctly solved arithmetic
problems was subjected to a repeated measures ANOVA
with mode (A vs. B) and condition (control, load, and ac-
cess) as within-subjects factors and age (young vs. old)
as the between-subjectsfactor. Mean accuracies are shown
in the top panel of Figure 2.

There was a main effect of age, with younger adults
performing better than older adults [F(1,34) = 12.3, MSe =
0.03]. In Mode B more problems were solved correctly
than in Mode A [F(1,34) = 8.55, MSe = 0.001]. For both
age groups, performance decreased when access to the
memory set was necessary to solve the arithmeticproblem,
as indicated by a significant access contrast [F(1,34) =
78.99, MSe = 0.01]. The effect was more pronounced in
older adults, as is shown by the significant interaction of
the access contrast with age [F(1,34) = 17.10, MSe =
0.01]. There was no decrement in performance in the
memory load condition relative to the control condition
(F , 1 for the load contrast).

Figure 1. Experiment 1—Schematic representation of tasks in
Condition 3 (access).
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Figure 2. Experiment 1—Top panel: Accuracies of arithmetic problems for each presen-
tation mode and age group. Middle panel: Percent of problems recalculated for each age
group in presentation Mode B. Bottom panel: Means of median reaction times to variables
versus digits for each age group. Error bars reflect the 95% confidence interval based on
within-subjects mean squared errors. The median number of observations per participant
entering into each data point ranged from 26 to 30.
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Accuracy of Memory Sets
A repeated measures ANOVA with age as between-

subjects factor and mode (A vs. B) and condition (load
vs. access) as within-subjects factors was conducted.
Younger adults recalled more memory sets correctly than
did older adults [F(1,34) = 10.51, MSe = 0.07]. In the ac-
cess condition, more memory sets were reproduced cor-
rectly than in the memory load condition [F(1,34) =
28.67, MSe = 0.01]. There was an unexpected mode 3
condition interaction [F(1,34) = 5.50, MSe = 0.01; see
Figure 3]. Recall was better for Mode B than for Mode A
in the memory load condition, whereas the reverse was
true for the access condition. In separate analyses by age
groups, this interaction was significant only for the old
adults. None of the interactions involving age was sig-
nificant (all F values , 3.5). Thus, the previous set of re-
sults is not compromised by an age-differential tradeoff
related to the accuracy of the memory set.

Proportion of Problems Recalculated
Only trials of Mode B were considered in this analy-

sis. Percentage of problems recalculated was submitted
to an age (2) 3 condition (3) ANOVA with repeated mea-
sures on the second factor. For the condition factor, two
orthogonalcontrastswere specified, as before. Results are
depicted in the middle panel of Figure 2.

There was no reliable difference in the probability of
problems recalculated between younger and older adults
in the control and memory load conditions (F , 1). In
these conditions both age groups recalculated fewer
problems than in the more demanding access condition,
as revealed by a significant access contrast [F(1,34) =
30.16, MSe = 0.01]. The effect of the access conditionwas

larger for older adults, indicatedby a reliable interactionof
the access contrast with age [F(1,34) = 6.67, MSe = 0.01].

Reaction Times
Only reaction times of trials with memory sets repro-

duced correctly and correct answers to the arithmetic
problems were included in this analysis. For Mode B,
only items without reported recalculation were consid-
ered. Individual median reaction times to pressing the
space bar were computed separately for each cell of the
design. Median reaction times were subjected to an age
(young vs. old) 3 mode (A vs. B) 3 stimulus (digit vs.
variable operators) 3 condition (control, load, and ac-
cess) ANOVA with repeated measures on the last three
factors. For the condition factor, two orthogonal contrasts
were specified, as before (i.e., the access contrast defined
as control and load vs. access, and the load contrast de-
fined as control vs. load).

Averaged over all three conditions, reaction times in
Mode B were 45 msec faster than in Mode A [F(1,34) =
7.30, MSe = 0.03]. The overall pattern of results was the
same for both modes, and therefore we only present means
across both modes for median reaction times in the bot-
tom panel of Figure 2.

Reaction times to variables, but not to digits, increased
substantially in the access condition relative to the other
two conditions.The increment was larger for older adults,
suggesting that the access to working memory content
was selectively impaired for them. This pattern was sta-
tistically confirmed by a significant three-way interaction
of the access contrast with stimulus and age [F(1,34) =
14.50, MSe = 0.27]. Reaction times increased in the access
condition by 1.2 sec for younger and by 2.2 sec for older

Figure 3. Experiment 1—Accuracies of memory sets for each mode and age group. The
median number of observations per participant entering into each data point ranged
from 26 to 28.
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adults relative to the other two conditions.Reaction times
to digits increased by only 51 msec for younger and
35 msec for older adults, a nonsignificant difference (F =
2.7). Several lower order effects also reached significance.
Older adults were generally slower than younger adults
[F(1,34) = 43.66, MSe = 1.7], and reaction times for vari-
ables were longer than those for digits [F(1,34) = 432.02,
MSe = 0.49]. The difference between reaction times to
variables and to digits was larger in older age [F(1,34) =
20.51,MSe = 0.49]. The access contrast and its interaction
with age were reliable [F(1,34) = 301.74, MSe = 0.22, and
F(1,34) = 16.49, respectively], as was the interaction of
stimulus with the access contrast [F(1,34) = 220.33,
MSe = 0.27].

The load contrast was also significant [F(1,34) =
12.88,MSe = 0.06], as was the interactionof the load con-
trast with type of stimulus [F(1,34) = 11.46, MSe = 0.02].
Separate analyses for variables and for digits revealed
the following pattern: For both age groups, the demand
to remember three items during executionof the arithmetic
task equally slowed down reaction times for variables
[F(1,34) = 14.66, MSe = 0.07]. The effect was larger for
older adults (240 msec) than for younger adults (99 msec),
but the interaction with age did not reach significance
(F = 2.6). The load contrast was marginally significant
for the digits [F(1,34) = 4.13, MSe = 0.02, p = .05], and it
was qualified by an interaction with age [F(1,34) = 4.76,
MSe = 0.02], indicating that older adults suffered some
slowing due to the memory load (95 msec). Younger
adults, however, were completely unaffected by the
memory load (23 msec).

To summarize the findings, it seems that reaction time
for variables was increased for both younger and older
adults by the demand to hold three elements in memory.
When access to the working memory elements was re-
quired, older adults were affected substantiallymore than
younger adults. In contrast, reaction time for digits was
only minimally affected by a memory load or by the de-
mand to memorize and access elements.

There was, however, a baseline difference in reaction
time for younger and older adults, for digits as well as for
variables. It is possible, then, to argue that the age differ-
ences observed in the most demanding access condition
could be accounted for by older adults being proportion-
ally slowed relative to younger adults (see Cerella, 1990;
Kliegl et al., 1994). Proportional differences can be trans-
formed into additive effects by logarithmic transformation
of reaction times. In an ANOVA the interactionof age with
the access contrast should then disappear. This was in fact
the case, consistentwith the proportionalslowing account.
The results of Experiment 2, however, will cast doubt on
the hypothesis that the age 3 condition interaction in the
present experiment is simply due to proportional slowing.

Discussion
The results of the f irst experiment provided partial

support for the first two hypotheses outlined above. A
concurrent memory load did not impair accuracy of men-

tal arithmetic, and it did not slow down the performance of
single-digitadditionand subtraction for youngeradults, as
evidenced by the equivalent latencies for processing digit
operations in all three conditions. There was, however, a
small but reliable effect on the reaction times to digits for
older adults. Memory load also slowed the processing of
variables for both age groups. This could indicate that
the memory list interfered with processes of visual search
during the substitution process. In addition, it seems that
for older adults, but not for younger adults, memory load
also impaired single-digit arithmetic. Consistent with
this, older but not younger adults showed somewhat
lower accuracy in the arithmetic task under memory load,
although this trend was not significant.

In contrast to the small or nonexistent effects of a task-
irrelevant memory load, there was a large effect on both
accuracy and latencywhen informationhad to be accessed
from a memorized set and integrated into the arithmetic
task. Access to working memory slowed down processing
considerably, and it yielded a dramatic increase of errors.
The increase of errors cannot be explained by failures of
memory for the digits that were to be substituted, be-
cause accuracy of the arithmetic task was evaluated only
for trials in which participants reproduced the complete
memory set accurately at the end of the trial. Errors in the
access condition could be errors of retrieval from work-
ing memory, although the memory trace itself is intact.
Alternatively, errors could have occurred during substi-
tution (e.g., forgetting of the intermediate result of the
arithmetic chain or failure to select the correct number
from memory) or during computation (e.g., retrieving the
wrong arithmetic fact because the representation of the
operand is noisy).

As predicted, the effect of the access condition was
larger for older than for younger adults, on both accuracy
and latency of the arithmetic task. Two factors can po-
tentially account for this finding. First, older adults could
in fact be impaired in the ability to access information in
working memory. Alternatively, they could be impaired
in the coordination of several successive operations. The
access condition requires one more cognitive operation
than the other two conditions.In the control and the mem-
ory load conditions, an operand with a variable requires
two steps: Substitute the number from the screen for the
variable and retrieve an arithmetic fact. The access con-
dition requires three steps: Substitute one of the letters
A, B, or C for the variable, substitute the corresponding
digit for the letter, and retrieve an arithmetic fact. The
extra operation certainly accounts for some, if not for all,
of the increase in latency in both age groups. More im-
portantly, it could also be responsible for the increase in
error rate, in particular for older adults. The access con-
dition requires that two consecutivesubstitutionsmust be
internally scheduled. Scheduling of operations without
guidance from the environmentcould place high demands
on executive functions (see Hagendorf & Sá, 1996; Mayr
& Kliegl, 1993), which might be impaired in older adults
(Craik, Morris, Morris, & Loewen, 1990; West, 1996,
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1999; but see Belleville,Rouleau, & Caza, 1998). In this
case, the specific problem of older adults in the access
condition would not be due to a deficit in working mem-
ory access, but in an executive function that coordinates
successive operations into a proper sequence (Mayr et al.,
1996). Therefore, in Experiment 2 we implemented an
access condition that required no additional substitution
stage. On the basis of the thesis of an age deficit in work-
ing memory access, the large age difference should still
be found in this condition.

Against our expectation, and contrary to previous find-
ings (Geary et al., 1993;Geary & Wiley, 1991;Verhaeghen
et al., 1997), older adults were considerably slower in
performing single-digit computationseven with digit op-
erators (i.e., without any form of substitution). The over-
all slowing factor was 1.53. This might be interpreted as
showing that retrieval of arithmetic facts from memory is
not age invariant after all. Alternatively, we could account
for the age difference in terms of the sensory and motor
processes that still remained in the present task (e.g.,
pressing the space bar between operations), but that were
not present in the Verhaeghen et al. study. At the moment,
we cannot decide conclusivelybetween these alternatives.

One unpredicted effect was the advantage of the access
conditionover the memory load conditionwith respect to
accuracy of digit recall. A straightforward interpretation
would be that participants shifted resources away from
the arithmetic task to the memory task in the access con-
dition.This is not very likely, however, because in this case
we should see slowed computationwith digit operations in
the access condition,relative to the other conditions,which
was not the case. We defer further discussion of this effect
until after the second experiment.

The results of the present experiment need to be qualified
in three respects. (1) The accuracy for the arithmetic tasks
in the control and memory load condition was near ceil-
ing, so it could be argued that the access 3 age interaction
is an artifact. (2) A related concern could be that a memory
load of three digits simply is not enough to produce reliable
interference with the arithmetic task. Although a general
resource model like ACT-R (Anderson et al., 1996) should
predict a dual-task effect even with a moderate memory
load, a multiple-systemsmodel (e.g., Baddeley, 1986)could
explain the absence of interference by postulating that three
digits can be held entirely by a peripheral phonological
slave system. (3) As noted, access to working memory was
confoundedwith the need to coordinatetwo substitutionop-
erations, making the interpretation of differential age ef-
fects ambiguous. Experiment 2 was planned to remove
these three problems. In addition, we intended to reevalu-
ate the unexpected effect of memory load on arithmetic
processing latency, which was observed for older but not
for younger adults in the previous experiment.

EXPERIMENT 2

The second experiment replicated the basic design of
Experiment 1, with two modifications.First, we increased
the size of the memory set in the load and access condi-

tions to six digits. This imposes a load close to the max-
imum span, so it is unlikely that it can be managed by a
peripheral system like the phonological loop alone (Bad-
deley, 1996). Increasing the memory set also gives us an
opportunity to compare recall accuracy for digits that were
and were not accessed during problem solving. Moreover,
a higher memory load should move performance away
from ceiling. The second change involved the substitution
procedure. In Experiment 2, the visual set of digits pre-
sented for substitution,as well as the memory set, was or-
ganized by spatial position. The digit to be selected for
substitutionwas indicated by an arrow pointingat the rel-
evant spatial position (see Figure 4 below). This allowed
us to make demands on substitution from the screen and
substitutionfrom memory completely parallel, so that the
access condition no longer required two successive sub-
stitutionsteps. Experiment 2 includeda second access con-
dition with a memory set of only three digits to allow a
more direct comparison with Experiment 1, providingalso
for a contrast of different memory set sizes within the ac-
cess condition.

We expected to replicate the basic results from Experi-
ment 1. There should be little or no effect of an additional
memory load on speed and accuracy of mental arithmetic,
even with a memory load of six digits. In contrast, speed
and accuracy of arithmetic operations should be impaired
substantially in the two access conditions.A critical ques-
tion was whether the specific age-related effect of access
would replicate in Experiment 2. If older adults have
problems with access to working memory, we would pre-
dict that the access conditions show the largest age differ-
ences. If, on the other hand, older adults have problems
with coordinating successive steps of substitution (i.e.,
an executive deficit), then we would expect that the spe-
cific age deficit in the access condition should not be ob-
served in Experiment 2, where the access conditions in-
volved only one step of substitution.

Method
Participants

In Experiment 2, participants were 16 older (M = 70.44 years,
range = 67–76 years) and 16 younger (M = 21.75, range = 19–25
years) adults, with equal numbers of males and females in each age
group. Older adults were drawn from the Potsdam University par-
ticipant pool; younger adults were students from the campus of the
university. The participant fee was 36 DM (about $20 U.S.); older
adults were also reimbursed for costs of public transportation.

There were no age differences in total years of formal education
(younger: M = 14.12, SD = .88; old: M = 13.28, SD = 2.88). On a
test of mental speed, the HAWIE Digit Symbol Substitution Test,
younger adults outperformed older adults (younger: M = 62.5, SD =
9.13; older: M = 48.75, SD = 7.78). Participants also were assessed
with the MWT Vocabulary Test, for which no age differences were
observed (younger: M = 31.19, SD = 2.69; older: M = 32.69, SD =
1.89).

Apparatus and Materials
The same apparatus and type of materials were used as in Ex-

periment 1, except that there was only one mode of presentation;
each operand disappeared when a new operand was displayed.

Condition A (control) consisted of the arithmetic task alone, the
problems being equivalent to those used in Experiment 1. In the
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upper half of the screen a row of six boxes containing six digits was
presented for the entire duration of the arithmetic problem. The
arithmetic task was implemented as a moving windows paradigm
that was self-paced by pressing the space bar (presentation Mode A
from Experiment 1). Half the operators were replaced by a “+X” or
“2X.” Each position in the arithmetic chain was equally likely to
be replaced by a variable. During the appearance of the X, a red
arrow was presented on the screen that pointed to the box of the
digit that was to be substituted for it.

In Condition B (memory load), a memory set of six digits was
presented for 12 sec (i.e., 2 sec per item) in a row of boxes in the
lower half of the screen prior to the appearance of the arithmetic
problem (Figure 4). Then the upper row of boxes with digits ap-
peared, and subjects performed the arithmetic task as in the control
condition, again substituting three variables from the six digits on
the screen. The three digits to be used for substitution were a ran-
dom subset of these six digits. The digits on the screen were unre-
lated to the digits in the memory set. After typing the answer to the
problem, participants were requested to reproduce the memory set
in correct order (one digit after the other, without the opportunity
to correct mistakes). For each item of the memory set, auditory
feedback was given.

Condition C (access = 6) started with the presentation of a mem-
ory set of six digits in the box row in the upper half of the screen for
12 sec. Then, the digits disappeared, but the boxes remained on the
screen. Participants now were required to retrieve three of the dig-
its during the execution of the task and to substitute them for X.
When an X appeared in the equation, a red arrow pointed to one of
the empty boxes where the memory set had appeared. The corre-
sponding value had to be retrieved from memory and substituted
for the variable in the equation. Again, after finishing the arithmetic
task, participants were asked to reproduce the memory items in cor-
rect order.

Condition D (access = 3) was identical to Condition C except that
the memory set consisted of only three digits (presented at the first
three spatial positions of the six-box array used in the other condi-
tions). It was presented for only 6 sec to equate the presentation
time per items over all conditions. All of the digits in the memory
set were used in the arithmetic problem.

Procedure
The experiment was conducted in three sessions. In the first ses-

sion participants were instructed and then practiced 10 items of each
condition to become familiar with the tasks. Then, the questionnaire
was filled out, and the psychometric tests were administered.

Data were collected during the following two sessions. In each of
the two test sessions, one block of 15 items per condition had to be

solved. Order of presentation of conditions was counterbalanced
across participants. Participants received the same order of presen-
tation in the two test sessions. They always had the opportunity to
review task descriptions.

Results
As in Experiment 1, accuracies of arithmetic problems

and of the memory task are reported first. Then we turn to
the results for reaction times.

Accuracy of Arithmetic Problems
Only trials with memory sets reproduced completely

correct were included in this analysis. Percentage of cor-
rectly solved arithmetic problems was subjected to a re-
peated measures ANOVA with condition (control, load,
access-6, and access-3) as within-subjects factor and age
as the between-subjects factor. Three orthogonalcontrasts
were specified: (1) The first contrast (the access contrast)
tests the two access conditions (three and six elements)
against the combination of control and load conditions.
(2) The second contrast (the load contrast) compares the
load condition and the control condition. (3) The access
(six elements) condition was tested against the access
(three elements) condition by the third contrast (the set-
size contrast). In the top panel of Figure 5 mean accuracies
for the two age groups are depicted.

As in Experiment 1, the control conditionand the mem-
ory load condition did not differ in accuracy (F = .48).
There was a significantdrop in accuracy in the two access
conditions relative to the other two conditions [F(1,30) =
47.91, MSe = 0.01]. Within the access conditions, perfor-
mance was better with a memory set of three digits than
with six digits [F(1,30) = 16.27, MSe = 0.01]. Nonethe-
less, performance was worse even when the access condi-
tion with three digits was tested alone against the control
and the load conditions [F(1,30) = 17.28, MSe = 0.004].
There were no reliable age differences (F = 1.71) and no
interactions involving age.

A second analysis was performed with all trials in-
cluded, regardless of performance in the memory task.
The results were the same as reported above, except that

Figure 4. Experiment 2—Schematic representation of tasks in Condition B (memory load).
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in addition there was a main effect of age [F(1,30) = 5.86,
MSe = 0.01].

Accuracy of Memory Sets
First, only trials with the correct answer to the arith-

metic task were included in the analysis. Percentage of
memory sets reproduced completely correct was submit-
ted to a repeated measures ANOVA with age as between-
subjects factor and condition (load, access-6, and access-
3) as within-subjects factor. A different set of orthogonal

contrasts was specified for the condition factor in this
analysis: The first compares the memory load (six digits)
and access (six digits) conditions with the access (three
digits) condition, and the second contrast compares the
memory load (six elements)with the access (six elements)
condition. Figure 6 shows mean accuracies.

Younger adults reproduced more memory sets cor-
rectly than did older adults [F(1,30) = 4.25, MSe = 0.06].
As expected, accuracy in the access condition with three
memory items was higher than in the memory load and

Figure 5. Experiment 2—Top panel: Accuracies of arithmetic problems for each age group.
Bottom panel: Means of median reaction times to digits versus variables for each age group.
Error bars reflect the 95% confidence interval based on within-subjects mean squared errors.
The median number of observations per participant entering into each data point ranged from
19 to 30.



MENTAL ARITHMETIC 29

access-6 conditions [F(1,30) = 131.39, MSe = 0.02]. Ac-
curacy was significantly better in the access-6 condition
than in the memory load-6 condition [F(1,30) = 27.85,
MSe = 0.01], replicating the memory advantage of the
access condition.In contrast to the conditionswith six dig-
its, there were no reliable age differences in the access-3
condition, but the interaction between age and the first
contrast (conditions with six digits vs. access = 3) just
failed to reach significance [F(1,30) = 3.57, MSe = 0.02,
p = .07]. This interaction became significant, however,
when the percentage of individual digits recalled cor-
rectly was taken as the dependentvariable [F(1,30) = 4.99,
MSe = 0.01]. Otherwise, the results were qualitativelythe
same for both dependent variables and also when the
analysis was repeated with all trials included.

For the next analysis, we focused on the access-6 con-
dition and computed the percentage of digits recalled
correctly that had to be accessed versus not accessed
during the arithmetic task (again, only for trials with the
correct answer to the arithmetic problem). These data
were subjected to an age (2) 3 access (2) ANOVA. Dig-
its that had to be accessed were more likely to be recalled
than digits that were not [F(1,30) = 10.59, MSe = 0.001].
Accessed digits were recalled with 91% accuracy by
younger adults and 86% by older adults, and those not ac-
cessed were recalled with 89% (younger) and 81% (older)
accuracy. When we compared those digits in the access-
6 conditionthat were not accessed with the six digits in the
memory load condition, the three digits in the access-6
condition were still reproduced better [F(1,30) = 23.35,
MSe = 0.001]. The difference, however, was reduced to 3

percentage points and was no longer significant when tri-
als with erroneous responses to the arithmetic task were
included in the analysis. This suggests that the memory ad-
vantageof the access condition relative to the memory load
conditionarose from two sources: (1) a memory boost spe-
cific to those digits that were actually accessed and (2) a
selective sampling of easy tasks in the access condition
when we restricted the analysis to the trials with correct
results in the arithmetic problem.

Reaction Times
In this analysis only trials with the correct answer to

the arithmetic problem as well as with memory sets re-
produced completely correct were included. Medians
were computed for reaction times to digits and to vari-
ables for each participant and condition. These reaction
times were submitted to an age (young vs. old) 3 stimulus
(digits vs. variables) 3 condition (control, load, access-3,
and access-6) ANOVA. The same contrasts as for accu-
racies of arithmetic problems were specified. In the bot-
tom panel of Figure 5, reaction times for digits and for
variables are displayed separately for younger and older
adults.

Younger adults were faster in pressing the space bar
than older adults [F(1,30) = 9.86, MSe = 1.43]. There was
a significant main effect of stimulus [F(1,30) = 524.06,
MSe = 0.10], indicating that reaction times for variables
were longer than for digits. This effect interacted with age
[F(1,30) = 5.63, MSe = 0.10]. The difference between the
control and memory load conditions, on the one hand,
and the two access conditions, on the other, was also re-

Figure 6. Experiment 2—Accuracies of memory sets for each age group. The median number
of observations per participant contributing to each data point ranged from 15 to 28.
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liable [F(1,30) = 219.52, MSe = 0.14], as was the inter-
action of this contrast with stimulus [F(1,30) = 272.59,
MSe = 0.07]. Relative to the control and storage condi-
tions there was a significant increase in reaction times for
variables in the two access conditions.A separate analysis
of the reaction times to digits alone revealed that reactions
were also slowed in the two access conditions relative to
the control and the memory load conditions [F(1,30) =
15.32, MSe = 0.04], although this effect was much smaller
relative to the effect on variables. The contrast differences
for variables were 1.21 sec for younger and 1.29 sec for
older adults, and those for digits were 0.1 sec for younger
and 0.25 sec for older adults. Contrary to the results from
Experiment 1, none of the effects of access on reaction
times interacted with age (all Fs , 1.5).

The contrast between control condition and memory
load condition interacted with stimulus [F(1,30) = 4.35,
MSe = 0.01], and the three-way interactionof this contrast
with stimulus and age was also significant [F(1,30) =
5.53, MSe = 0.01]. Relative to the control condition, la-
tencies in the memory load condition increased only for
variables, and this increase (244 msec) was observed only
for older adults; it was only 26 msec for younger adults
and not significant in a separate ANOVA (F , 1).

There was a significant difference in reaction times be-
tween the two access conditions [F(1,30) = 41.95, MSe =
0.18]. This effect interacted with stimulus [F(1,30) =
120.98, MSe = 0.04]. In the access conditions, reaction
times for variables were longer when six elements had to
be maintained in working memory than when only three
elements had to be maintained.There was no reliable dif-
ference between the two access conditions in reaction
times to the digits.

A final analysis of reaction times in the two access
conditions revealed serial position effects in the access-6
conditions. Items early in the list were accessed faster, as
indicated by a linear trend [F(1,30) = 4.89, MSe = 1.76],
and items at both ends of the list were accessed faster than
those in the middle, as shown by a strong quadratic trend
[F(1,30) = 22.75, MSe = 0.48]. While the linear trend
speaks in favor of a serial search of the memory set, the ad-
vantageof the last items in the list can be better explained
by direct access from the spatial cue to the correspond-
ing memory item. The advantage of items at both ends of
the list can be explainedby the higher discriminability of
the end items in spatial arrays (Healy, 1977).

Discussion

Several important findings from Experiment 1 could
be replicated and extended in the present experiment.
First, there was no effect of an additional memory load
on either accuracy of mental arithmetic or on latency for
executing single steps when the operators were digits.
The slight increase in latency for the variables that was
already observed in Experiment 1 was now restricted to
the older adults. The small effect of memory load on la-
tency for digits observed for older adults in Experiment 1

was not replicated here. This is remarkable because a
memory load of six digits is close to the participants’
digit span, in particular that of the older adults. From the
perspective of a general resource theory, this implies that
the memory task should have consumed most of the avail-
able resources. Note that the reaction time analysis in-
cluded only trials where the memory set was in fact re-
produced perfectly; this rules out the hypothesis that
participants could have sacrificed the memory task for
maintaining a high level of performance in the arithmetic
task.

Second, accuracy of mental arithmetic dropped sub-
stantiallywhen access to the memory set was required. At
the same time, latencies for the steps that actually involved
access increased. As a new finding, these two parallel ef-
fects both interacted with memory set size. This inter-
action was not present in the latencies for processing digit
operators. The pattern of results strongly indicates that
processing is specifically impaired at the moment where
an element must be retrieved from working memory, and
that this impairment is related to the number of elements
in working memory. Since the set size did not affect pro-
cessing of the digits, it is difficult to argue that the access
condition as a whole is different from the other two con-
ditions in some respect (e.g., requiring more or different
resources overall).

Third, there was again an advantage for the access con-
dition (with six digits) over the memory load condition
with respect to recall. This advantage seems to be specific
to the digits that were actually retrieved during problem
solving. In our view, the most plausible interpretation of
the advantageis that each successful retrieval adds strength
to the retrieved digit (see, e.g.,Anderson & Lebiere, 1998).
Since the access advantage did not affect the digits that
were not accessed in the unselected sample of trials, there
is no compelling evidence for a resource tradeoff in favor
of the memory task in the access condition.

In contrast to the f irst experiment, however, older
adults did not appear to be specifically impaired in the
access condition.Their accuracy level was comparable to
that of the younger participants, and the degree of slow-
ing they experienced on the variables in the access con-
dition was in fact less than can be expected from a gen-
eral proportional slowing factor.2 This result is clearly
incompatible with the third hypothesis formulated in the
introduction. Older adults do not seem to have a specific
deficit in access to working memory.

GENERAL DISCUSSION

Implications for Models of Working Memory
The results of both experiments were in general agree-

ment with the hypothesis that interference between a pro-
cessing task and a concurrent memory load arises specif-
ically when working memory is accessed. There is very
little interference between a processing task and working
memory contents that are concurrently retained but need
not be accessed.
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This pattern of dual-task effects is difficult to reconcile
with single-resource models of working memory. Re-
source models generally assume that short-term memo-
rization of information concurrently with manipulationof
information poses a load on resources, reducing the speed
and efficiency in arithmetic processing. This prediction
is made explicit in one particularly elaborated general-
resource model, the ACT-R model presented by Anderson
et al. (1996). Our data provide evidence against this pre-
diction. One could argue that, for some reason, the mem-
orization of three or six digits requires only very few re-
sources. However, the resource account would then be
unable to explain the strong effect of concurrent memory
load in the access conditions. The overall amount of both
“storage” and “processing” were identical in the memory
load and the access conditions (at least in Experiment 2,
where no double substitution was necessary), so that the
specific problems observed in the access conditions can
be explainedneither by the additionof “storage” and “pro-
cessing” demands on a common resource nor by their mu-
tual competitionfor the same resource. This argument also
holds for models with separate resource pools for large
content domains (e.g., Shah & Miyake, 1996), because
the memory sets and the arithmetic tasks came from the
same domain.

A model of working memory proposing multiple com-
ponents (Baddeley, 1986; Schneider & Detweiler, 1987)
can cope with the present data somewhat better than a
single-resource account, simply because it allows for more
free parameters. With the model of Baddeley (1986), for
example, one could argue that the three or six digits in
the memory load condition are held exclusively by the
phonological loop, while the central executive deals with
the arithmetic task. In our reading of the theory, this
would stretch the capacity of the phonological loop con-
siderably. According to Baddeley and Hitch (1974), the
phonological loop can hold a moderate number of digits
without interfering with the work of the central executive.
With a load close to the person’s span, they argued, the cen-
tral executive must support the slave system, which leads
to interference with the primary task. In our Experi-
ment 2, however, a load of six digits still did not impair
mental arithmetic in any measurable way. Perhaps more
important is the contrast with the access condition. Bad-
deley and Hitch proposed that the central executive is
needed for retrieval from the rehearsal loop, for example,
to interpret degraded phonological traces. This idea, if
elaborated, would bring the Baddeley model very close to
the approach we favor, because it attributes capacity lim-
itations to the mechanism of access to working memory
contents.

We interpret the present findings as support for a con-
ception that attributes capacity limitations of working
memory to cross-talk between activated representations.
Cross-talk occurs when one of a set of available elements
in working memory must be selected to serve as input
for a cognitive operation (e.g., the role of the second ad-
dend in an addition). At this point, the retrieval cues can

match not only the target element but also other elements
in working memory, resulting in slowed and error-prone
retrieval. On the other hand, as long as no selection from
memory is needed, there will be no interference from a
concurrent memory load. In arithmetic chain tasks with-
out carries or brackets, this is the case: Each step in the
computation needs as input only the operator, which is
given perceptually, and the result of the previous opera-
tion, which is still in the focus of attention (Garavan, 1998;
McElree, 1998). Selection of information from memory
is required only in the access conditions. This is where
we observed pronouncedeffects of memory load. To con-
clude, the impact of a concurrent short-term memory task
on cognitive processing seems to be due not to an over-
load of shared resources, but to cross-talk between com-
peting memory elements when the processing task re-
quires access to the contents of working memory.

Implications for Cognitive Aging
With respect to the effect of aging on working mem-

ory, the age 3 condition interactions on both reaction
time and accuracy data in Experiment 1 are compatible
with the hypothesis that older adults are specifically im-
paired in their ability to access information in working
memory. This interpretation, however, is questioned by
the results of Experiment 2, where there was no evidence
that older adults had a particular performance deficit in
the access conditions relative to the memory load and the
control conditions.The comparisonof the age 3 condition
interactions on reaction times over both experiments also
calls into question an account based on proportional slow-
ing. Although the data in Experiment 1 were consistent
with a single proportional factor relating reaction times
of older and younger participants, this was not the case in
Experiment 2. The age effect on reaction times was better
characterized as an additive than a proportional constant
in the second experiment. If we take the data pattern in
Experiment 2 as a baseline, the age 3 condition inter-
action observed in Experiment 1 must be interpreted as
reflecting a specific difficulty for older adults in that ex-
periment’s access condition.

One feature that distinguished the two experiments
was the double substitution step in Experiment 1, which
was not required in Experiment 2. The coordination of
two substitution steps could have demanded executive
control to perform the two steps smoothly in the correct
order. Similar demands on executive control could be re-
sponsible for the specific problems older adults experi-
enced when arithmetic tasks included embedded brack-
ets (Verhaeghen et al., 1997). A task with two embedded
pairs of brackets—for example, 2 + ((5-3) + 1) . . .—
requires scheduling of three successive steps: Solve the
inner pair of brackets (5 2 3), solve the outer pair of
brackets (2 + 1), and resume the computation in sequence
(2 + 3). This is an executive demand analogous to that in-
volved in the double substitution of Experiment 1. Inter-
estingly, a number of other results also strongly suggest
disproportional age differences when coordination of
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interrelated processing steps becomes necessary (Kliegl
et al., 1994;Mayr & Kliegl, 1993;Mayr et al., 1996). Thus,
rather than a deficit in access to working memory, the spe-
cific problem of older adults in Experiment 1 probably re-
flects an executive-control deficit.

A second aspect of performance that yielded substan-
tial age differences in both experiments was the accuracy
of recalling the digit lists. This points to a deficit in the
retention function of working memory in older age, con-
sistent with recent findingsby Belleville et al. (1998). We
cannot rule out, however, that the memory impairment of
older adults was due to the interfering arithmetic task.
Several studies (summarized in Craik, Anderson, Kerr, &
Li, 1995) found scant age-related decrements in immedi-
ate forward serial order recall of digits in the absence of
distraction.

We conclude that there are two likely sources of age
differences in working memory. One is the ability to keep
information in memory, in particular during a distracting
task. The other is an executive control function, in partic-
ular the ability to coordinate successive cognitive opera-
tions. This proposal is speculative, but in line with pre-
vious research (Mayr & Kliegl, 1993; Mayr et al., 1996;
Verhaeghen et al., 1997). Finally, and maybe most impor-
tant from an aging perspective, is the conclusion that ac-
cess to the contents of working memory, although highly
demanding even for young adults, is not the locus of older
adults’ impairment in working memory.
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NOTES

1. Logical gates combine two binary inputs into one binary output by
a logical operation like “and,” “or,” and others. In the task, several logi-
cal gates were combined into small networks that were presented graph-
ically with given inputs, and participants had to compute the outputs.

2. One reviewer noted that Experiment 2 had a smaller sample size
than Experiment 1 and therefore had less power to detect an age 3 con-
dition interaction. Post hoc power analyses yielded an estimated power
for the critical interaction of age with the access contrast of .985 for ac-
curacy and .982 for reaction times in Experiment 1. The power of Ex-
periment 2 to detect interactions with equivalent effect sizes was .973
and .968 for accuracy and reaction times, respectively. The absence of
such an interaction in Experiment 2 therefore did not result from a lack
of power alone.

(Manuscript received October 27, 1999;
revision accepted for publication July 5, 2000.)
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