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Risse, and Christiane Thomas, who assisted during many hours of testing and coding. Last, but not least, I thank the
old and young participants in the experiments.
I would further like to express my thanks to the people who provided a reliable backbone of technical and organiza-
tional support, including Robert Brenstein, who taught me many programming tricks and from whose deep knowl-
edge about the inside of the Macintosh I profited a lot, Hannelore Gensel, who provided quick technical assistance,
and Mary Gaebel and Nicole Stietzel, who knew the answers to all organizational questions.
A work of this size will inevitably contain typos and other errors. For helping to significantly reduce their number I
heartily thank Jutta Rodemann, Antje Nuthmann, and especially Else Coenen for their excellent editorial work. Else
made more than just editorial contributions. In many discussions, her precise reviews and focused comments helped
to clarify muddled conceptual issues and to shape the line of argumentation.





ORGANIZATION OF THE THESIS 1

Introduction

When we get older, our intellectual performance
tends to decline. The rate of decline seems to be ac-
celerated, so that it is getting more noticeable after the
age of 60. What is causing cognitive aging? Is there
one general underlying mechanism, or are several pro-
cesses involved? Is the nature of the mechanism(s) un-
specific or rather specific? Does slowing act at a basal
level or at a higher level? Research in cognitive aging
has been motivated by these questions at least since the
early work of Birren, Botwinick, and Welford (Birren &
Botwinick, 1955b, 1955a; Birren, 1959; Welford, 1965).
One of the dominant positions has been that slowing is
general, i.e., task-independent, and that the underlying
mechanism is a very basal one that influences all stages
of mental processing to a similar extent. The main em-
pirical pattern that inspired the formulation of ‘general
slowing’ theories is the finding that there is a strong pos-
itive correlation of age differences and task complexity:
the more complex a task, the larger the age effects. Sev-
eral mechanisms underlying general slowing have been
proposed at various levels of abstraction. For example,
a prominent psychometric construct involved by general
slowing theorists is ‘speed of processing’, which is as-
sumed to decelerate in old age. At a lower, more neu-
robiological level, mechanisms such a decrease in neu-
ronal myelinization, or age-related changes in the cat-
echolaminergic neurotransmitter system, especially re-
garding dopamine, have been suggested. Common to
all general slowing theories is the assumption of a basal
defect.

Recently, however, the basality of the mechanism has
been questioned (Mayr & Kliegl, 1993; Fisk & Fisher,
1994) on the basis of experimental work showing that
different task domains lead to different degrees of age-
related slowing. The present study tries to add evi-
dence against the dominating view of general slowing
caused by a basal defect. It is argued that slowing as
measured in the cognitive laboratory might appear ‘gen-
eral’ in the eye of the meta-analyst, but that specific pro-
cesses differ in their susceptibility to aging. According
to the present view, age-related performance decrease is
caused by specific higher-level cognitive functions, re-
lated to episodic memory, working memory, or exec-
utive control, which are not usually considered basal,
lower-level mechanisms. Slowing nevertheless appears
‘general’ since these higher-level functions are required
by most tasks typically tested in the laboratory. Fur-
thermore, as tasks become more complex, on average
the degree of involvement of higher-level functions be-
comes larger. Realizing this enables one to construct
tasks that evoke differential slowing, depending on the
degree to which episodic retrieval and executive control
of working memory are needed to effectively deal with
the task demands.

One problem with this hypothesis is that the con-
struct of ‘executive control’ is itself rather ill-defined,
although some models have been proposed, for exam-
ple, the SAS model by Norman and Shallice (1986),
or the EC-TVA by Logan and Gordon (2001). While

there appears to be consensus that prefrontal cortical
networks implement executive control functions, the
current degree of resolution of neurophysiological theo-
ries concerning the functional architecture as well as of
cognitive-behavioral theories concerning executive pro-
cessing functions is rather coarse. However, the study
of executive control has become a very active field re-
cently, and some progress has been made.

To the degree that cognitive aging is caused by a de-
cline in executive functioning, as has been suggested
for example by West (1996), its study can contribute to
theoretical developments in the latter area. In this re-
port, I mainly focus on executive processes that are re-
sponsible for keeping a set of arbitrary task rules active
in and coordinating retrieval from episodic long-term
memory. The executive aspect of this requires switching
the focus of attention as well as protecting memory from
stimulus-elicited interference. Both the executive func-
tions of focus switching and interference protection can
be thought of as controlled attention processes that are
at the heart of working memory function (e.g., Oberauer
& Kliegl, 2001). Both processes might also be required
to perform well in a task-switching paradigm, the study
of which has dominated research in the area of executive
control in the last few years. However, the current inves-
tigation limits itself to simpler reaction time paradigms,
which more closely resemble the tasks that originally
generated the database on which general slowing theo-
ries rest.

Organization of the thesis

The general argument I propose in this thesis is that
although slowing may appear to be caused by a very
basal mechanism, it is indeed likely caused a specific
deficit in a rather high-level system that is needed for the
representation and maintenance of arbitrary task rules. I
will first discuss the “complexity effect” (Cerella, Poon,
& Williams, 1980; Myerson, Hale, Wagstaff, Poon, &
Smith, 1990; Salthouse, 1985), which serves as a data
basis for general slowing theories. I will then proceed
to discuss some problems with the general slowing ap-
proach. These fall into two broad categories. First, com-
plexity and the related notions of cognitive resources
and mental speed are not well specified. Second, there
is empirical evidence that a general slowing model over-
estimates age effects in some task domains, and under-
estimates age effects in other task domains.

Thus, an alternative account of age-related slowing is
needed that can account for the complexity effect with-
out the assumption of a basal deficit. The ‘Episodic
Accumulator Model’ is introduced as such an account,
based on the observation that task complexity is usu-
ally related if not identical to the (episodic and working)
memory and controlled attention demands of a task. I
propose that age-related slowing originates from defects
in specific, high-level processes, which are required to
establish and maintain a ‘mental set’ that specifies ar-
bitrary rules for a given task, i.e., associations between
task elements that are not over-learned. Why is the ac-
count labeled ‘Episodic Accumulator Model’? The pro-
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cesses used to establish and maintain a mental set are
similar to the processes commonly discussed under the
label episodic memory, because arbitrary task rules vary
from task to task and from context to context. An exam-
ple is the set of stimulus-response (S-R) mappings in a
given task, which is in principle the same as an admit-
tedly short paired associate list. Paired associate lists
are the stimuli typically used to study episodic mem-
ory. Arbitrary task rules often relate internal represen-
tations to a required output, hence they come into play
relatively late in the cascade of information processes,
at the stage of response translation or response selec-
tion. Response selection is typically conceived of as
taking place in a set of buffers: once the difference in
activation between element buffers exceeds a threshold,
a response program is initiated (e.g., Hanes & Schall,
1996). Thus taken together, an episodic accumulator
is a flexibly instructible buffer at the stage of response
translation or selection. The critical aspect that is pro-
posed to be a major determinant of age-related slow-
ing is a loss of reliability of these episodic accumu-
lators. Next, a series of experiments designed to test
the episodic buffer account is presented. Common to
all experiments are the assumptions that (a) episodic
buffers are particularly vulnerable to age effects, and (b)
it is possible to create conditions under which episodic
buffers can be bypassed. The first experiment uses a
perceptual difficulty manipulation in combination with a
stimulus-response compatibility manipulation to estab-
lish that the locus of age effects is likely to be in a rel-
atively late stage of processing. Because a host of find-
ings from the additive factors research program indicate
that manipulations which selectively affect sensorimo-
tor and cognitive stages are largely additive in their ef-
fects, Experiment 1 is similar to a “sequential complex-
ity” manipulation (Mayr & Kliegl, 1993; Mayr, Kliegl,
& Krampe, 1996; Verhaeghen, Kliegl, & Mayr, 1997),
in which later processing steps are relatively indepen-
dent of the results of earlier processing steps. In terms
of the episodic buffer model, this means that manipu-
lations affecting perceptual classification mainly intro-
duce a time delay, after which similar information about
stimulus identity is fed into episodic buffers. A sec-
ond set of experiments using the Stroop task investigates
situations in which earlier and later processing are less
independent, and hence more “coordinatively complex”
processing is required even in superficially simple tasks.
These tasks were designed to shift the difficulty manip-
ulations closer to the hypothesized locus of the episodic
buffer stage, so that a more cascaded mode of processing
is instantiated. According to the Episodic Accumulator
Model, under these conditions early cognitive difficulty
effects are expected to be age-differentially amplified,
compared to conditions in which episodic buffers can
be bypassed. The diagnostic data pattern supporting
the Episodic Accumulator Model in cascaded mode is
therefore an over-additive three-way interaction of age,
early cognitive difficulty, and episodic difficulty. Fi-
nally, a Brinley plot meta-analysis of the experiments is
presented to show that the differential effect of mental

sets on age-related slowing observed within single ex-
periments can be confirmed in an analysis across exper-
iments. As a methodological contribution, a multiple-
intercept regression model tailored to the processes un-
der investigation is developed. The model is rather suc-
cessfully applied to the experimental data and shown to
be superior to classical Brinley analyses.

Cognitive Aging: Data and
Theories

In this section, theories aimed at explaining the com-
plexity effect, which is the central empirical finding in
the cognitive aging literature, are presented. These the-
ories have in common that they assume a deficit at a low
and unspecific level. The presentation is followed by a
discussion of findings that cast doubt on the basality of
the slowing mechanism.

General Slowing and the
complexity effect

The dominant empirical pattern in cognitive aging is
the finding that relatively independently of the type of
task, old adults perform worse than young adults. This
has led to the formulation of ‘general slowing’ mod-
els, which regard cognitive aging as an unspecific pro-
cess. They are supported by psychometric results show-
ing that the degree of age effects is highly correlated
across tasks (Lindenberger, Mayr, & Kliegl, 1993; Salt-
house, 1996), as well as by the so-called “complexity ef-
fect”. The complexity effect was first observed by Brin-
ley (1965), describing the result that absolute age effects
increase with the degree of task complexity, whereas
proportional age effects remain relatively constant. Old
and young reaction times seem to be related by a con-
stant proportion. The scatter plot of old versus young
adults’ condition means from a variety of experimental
conditions can very well be approximated by a simple
linear regression line (‘Brinley function’) with a slope
greater than one. Even more interesting is the meta-
analytical result that the slope of the Brinley function
is more or less constant, relatively independent of task
domain (Cerella, 1985, 1990; Hale & Myerson, 1996).
This is a rather stable result, which has led to the formu-
lation of general slowing theories that try to capture the
essence of aging in a small number of parameters. One
of the earliest and simplest proposals was made by Brin-
ley (1965), who suggested that an aging theory could be
regarded as a function that captures the relation between
RTyoung and RTold :

RTold = f (task,RTyoung) . (1)

Given a set of information processing tasks for which
reaction times at age 20 and age 70 are known, the the-
oretical goal is to find a function that describes the per-
formance of the elderly group given the performance of
the young group and the requirements of the task. Salt-
house (1978) and Cerella et al. (1980) published cross-
sectional data sets from a variety of tasks that were well
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described by a linear function:

RTold = λRTyoung . (2)

If we compare the empirically derived equation (2) with
the theoretical equation (1), we note that task type does
not enter the equation, although the data used in (2) de-
rive from a heterogenous set of tasks. This has been
interpreted to indicate that slowing is general in the
sense that it does not differentially affect specific pro-
cesses. Later theoretical developments tried to investi-
gate mechanisms that could lead to such a generalized
slowing function. A prominent example is the family of
models described by Cerella (1985, 1990), which was
explicitly inspired by two key ideas (Cerella, 1990, pp.
201-202)

One was the realization [. . . ] that
age deficits could be interpreted as be-
ing distributed throughout the information-
processing system rather than being local-
ized in particular stages. References to
task content could thereby be eliminated;
deficits were tied to the amount, not the
type, of the information processing. [. . . ]
The second key idea [. . . ] is the attempt
to interpret cognition as a computation on a
neural network, rather than as a succession
of information-processing stages. This idea
combines with the preceding idea in a nat-
ural way: The new aging theories view age
deficits as defects of some sort distributed
throughout a neural network of some sort.

The models were developed starting with a simple one
that could nevertheless predict some of the classic ef-
fects of aging on information processing latencies. In
this simple model, the brain is considered to be a (feed-
forward) neural network composed of links and nodes.
A cognitive process is the propagation of a signal from
the input end of the network to the output end. Each
step takes a fixed amount of time. Reaction time (RT ) is
given as the number N of links to be traversed times the
time per link, µ. The aging process breaks links in the
networks (at a constant rate k), thus requiring detours
from a straight path, so that more links have to be tra-
versed. At a fixed age, a fixed proportion p of links will
be intact, and the inverse proportion 1-p will be broken.
Diversions can lead to further diversions if a broken link
is encountered during the diversion. Thus

RTold = µN +(1− p)µN +(1− p)2µN + · · ·

=
1
p

µN =
1
p

RTyoung . (3)

This simple model predicts that latencies of a degraded
network will be a constant multiple of the latency of the
intact network, regardless of the cognitive processes in-
volved. Thus linear Brinley plots are predicted inde-
pendent of task domain. In agreement with the data,
the model also predicts a result observed in longitudinal

studies1, namely an exponential decline of functionality
with age:

RTold = exp(ka)RTyoung , (4)

because the proportion of intact links is a negatively ac-
celerated function of network age (a).2

Later it was realized that even the data used in the
early meta-analyses (Cerella et al., 1980) seemed to be
more compatible with a multilayer aging model that as-
sumed different slowing factors for peripheral and cen-
tral stages. In a re-analysis of the 1980 data, Cerella
(1985) fitted individual regression lines for each of the
14 experiments (each experiment provided data from
several conditions). The resulting lines did not inter-
sect at [RTyoung,RTold ] = [0,0], but at [RTyoung,RTold ] =
[464,568], so that the complete fan of lines was de-
scribed by

(RTold −568) = λexp(RTyoung−464) , (5)

where λexp indicated that the slope was different for each
experiment (median slope was 1.82). Cerella (1985)
noted that the non-zero intersection point could be ac-
counted for by assuming two separate slowing factors
in an additive-stage like model, so that age effects in
peripheral, sensori-motor stages are less severe than in a
central, cognitive stage. The model is given by

RTyoung = S +C
RTold = λs S +λc C . (6)

To see how the empirical fan of lines described by
(5) can be predicted by this model, we express C by
RTyoung−S and rearrange terms so that

(RTold −λs S) = λc (RTyoung−S) . (7)

The sensorimotor slowing factor is given by λs =
568/464 = 1.22, and the cognitive slowing factor for
a given experiment by the regression slope, λc. In this
model, cognitive slowing is ‘general’ as long as λc is
not allowed to vary between experiments. Data support
a general slowing model if the λexp are not significantly
different from each other.

Yet another class of theories of cognitive aging were
developed to explain data that are sometimes observed
when very heterogeneous conditions are compared in
a Brinley plot (e.g., Hale, Myerson, & Wagstaff,
1987). If these data are plotted together with low- and
intermediate-complexity conditions, conditions with a

1 In contrast, in the current publication, as well as in most
published studies, the focus will be on age effects at cross-
section, i.e., the performances of a group of young adults in
their twenties and a group of old adults at the age of about
65-75 will be compared.

2 This simply results from the assumptions of a constant
‘decay rate’ k, so that d

dt p(t) = −k p(t), from which p(a) =
exp(−ka) is obtained by integration, assuming an intact net-
work at the young reference age. If p(a) is substituted for p in
equation (3), then (4) is obtained.
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very high degree of complexity can produce points in
Brinley space that produce positive residuals from a lin-
ear regression—i.e. the age difference is larger than ex-
pected by even a proportional slowing account like (6).
Empirically, Brinley plots of this type were found to be
fitted best by a power function, RTold = β(RTyoung)λ. To
explain this fact, Myerson et al. (1990) have developed
the “information loss model”, a processing model that
assumes that at each micro-step in a series of computa-
tions, a certain proportion p of information is lost, that
this proportion is larger for old adults than for young
adults, and that step duration is inversely proportional
to the amount of information available. This model pre-
dicts a positively accelerated power function in Brin-
ley space, with an exponent of λ = pold/pyoung. The
information-loss model is a general slowing model, be-
cause slowing is captured in a single parameter.3

Theories of general slowing differ with respect to the
specificity of the predictions they make. While the mod-
els discussed by Cerella (1990) make rather specific as-
sumptions and predictions, thereby allowing for empir-
ical falsification, the processing-speed theory proposed
by Salthouse (1996) is formally less well-specified. In
particular, despite its name, the concept of “processing-
speed” seems to be an umbrella construct that encom-
passes a relatively large number of cognitive processes.
What Salthouse (1996) does claim is that “a small num-
ber of common factors contribute to the age-related dif-
ferences in many speed measures.” Processing-speed
is postulated to represent how quickly many different
types of processing operations can be carried out. It is
usually operationalized by psychometric tests of “per-
ceptual speed”, such as the Digit Symbol Substitution
scale of the Wechsler Adult Intelligence Scale-Revised
(Wechsler, 1981). Thus any cognitive process or stage
that is a component of the speed measures could be re-
sponsible for the effect, one candidate mechanism be-
ing working memory. However, the label “processing-
speed” suggests a more basal mechanism, and indeed,
Salthouse and colleagues (Salthouse, 1994, 1991) claim
that processing-speed can explain age-related variance
better than working memory. The question remains
what constitutes processing-speed. One possible answer
could be obtained by performing a task-analysis of the
tasks typically used to measure processing-speed. One
important observation by Salthouse is that “the propor-
tional attenuation of the age-related variance was greater
with speed measures from tasks involving perceptual or
cognitive operations, such as substitution, transforma-
tion, or comparison, than with tasks merely requiring
copying or line drawing responses” (Salthouse, 1996,
p.420). Thus processing-speed measures central rather
then sensorimotor processing. Salthouse also sees sim-
ilarities between the construct of processing speed and
“aspects of attention such as inhibition” or “processing
resources”. In his opinion, these are less well opera-
tionalized than the processing-speed construct.

While he acknowledges that there is little knowledge
about the function of mechanisms that relate processing-
speed to levels of cognitive performance, Salthouse

(1996, p. 425, quoting Salthouse, 1992, p. 116) specu-
lates that the neurophysiological basis could be

a slower speed of transmission along single
(e.g. loss of myelination) or multiple (e.g.
loss of functional cells dictating circuitous
linkages) pathways, or [. . . ] delayed prop-
agation at the connections between neural
units (e.g. impairment in functioning of
neurotransmitters, reduced synchronization
of activation patterns).

Thus some commitment is made to the possibility of a
single basal mechanism.

Recently, Li and colleagues (Li, Lindenberger, &
Frensch, 2000; Li, Lindenberger, & Sikström, 2001)
have suggested that a general slowing mechanism at
the neurobiological level might have the potential to
explain (apparently) process-specific slowing at the
information-processing level as well as findings such
as age differences in fluid intelligence at the psycho-
metric level. They noticed growing evidence for a de-
cline of the functioning of monoamine neurotransmitter
systems with age, in particular the dopaminergic sys-
tem. Li et al. (2001, p.483) propose that age-related
declines in dopaminergic activity cause a decrease in
the signal-to-noise ratio of neural information process-
ing. They model this effect by using a smaller gain of
the sigmoid activation function in the units of a neural
network.4 Comparing simulated ‘young’ and ‘old’ net-
works, they found that the internal stimulus representa-
tions of the old network were less distinctive, and that
reduced representational distinctiveness led to extensive
activation overlap between modules. Li et al. think that
“this effect implies that, as people age, mental represen-
tations of various events and the contexts within which
the events occurred, such as the conversation held with
different individuals within a day in different social set-
tings, become less distinct and more confusable with
each other.” Another recent model inspired by the ob-
servation of age-related changes in dopaminergic sys-
tem activity was proposed by J. Cohen’s group (Braver
et al., 2001). In this model, the dopaminergic decline
is more specifically related to prefrontal cortex func-
tioning, hence specific deficits in context processing are
predicted. However, disturbances in the processing of
context “impair cognitive control function across multi-
ple domains, including attention, inhibition, and work-
ing memory” (Braver et al., 2001, p.746). A specific,

3 The authors have since noted that the model might be too
general, because they found empirical evidence for different
slowing factors in lexical and nonlexical task domains (Lima,
Hale, & Myerson, 1991; Hale, Myerson, Faust, & Fristoe,
1995; Hale & Myerson, 1996; Jenkins, Myerson, Joerding, &
Hale, 2000). Thus now different p’s are allowed for broad task
domains, making the model a ‘broad-domain specific’ general
slowing model.

4 Typically, an S-shaped function such as the logistic func-
tion is used as the activation function. To change the gain of
the activation function is (in my intuition) similar to assuming
a lower drift rate in diffusion models of information processing
(Ratcliff, 1978).
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albeit basal, deficit could thus be a cause for the general
slowing pattern, because functions needed in many tasks
are affected by the deficit. The finding of a single slope
in the Brinley plot is thus entirely compatible with the
slowing of specific processes, as has also been shown
in simulations studying selective age effects on specific
task components (see the discussion in the Journals of
Gerontology, 49B: Perfect, 1994; Cerella, 1994; Myer-
son, Wagstaff, & Hale, 1994; Fisk & Fisher, 1994).

To further complicate the matter, while the finding
of a single slope does not rule out a specific deficit, the
converse could also apply: it might well be possible that
a basal neurobiological defect is expressed as a task-
or process-specific deficit at the cognitive level. The
empirical finding of domain-specific slopes in Brinley
plots does not entirely rule out the existence of a sin-
gle, general, basal defect. However, such a finding does
shed light on the type of processing in a task, because
domain-specific slopes are not compatible with a serial,
consecutive-stage view of processing if a basal defect
is assumed (Dunn & Kirsner, 1988). Instead, recur-
rent processing (with reentrant mechanisms) is required,
such as in the Braver et al. (2001) model of DLPFC-
ACC interactions in interference resolution, or in current
models of working memory.

Problems with General
Slowing

In the following sections I will summarize theoretical
and empirical problems with general slowing. The main
theoretical criticism relates to the fact that general slow-
ing theories originate from a cognitive resource concep-
tion, and that the concept of a resource might be too
vague to be of much use in theorizing. The empirical
criticism stems from observations that a number of ob-
servations have been reported that seem difficult to rec-
oncile with a general slowing model like Cerella’s multi-
layer slowing model (equations 5-7). More specifically,
there are domains in which the empirical data suggest a
lack of age-related slowing, and other domains in which
the model clearly underestimates age effects.

Resources, mental speed, and
task-complexity are

ill-defined
The complexity effect is often interpreted within a

cognitive resources framework, where limited-capacity
resources, which decline with age, are assumed to deter-
mine performance (Navon & Gopher, 1979; Gopher &
Navon, 1980; Salthouse, 1988; Kahneman, 1973). The
more complex a task is, the more resources are needed.
In general, resource theories assume that an age-related
decline in cognitive resources is one of the prime causal
factors of cognitive aging. One of the prominent models
in cognitive aging (Salthouse, 1996) regards the speed
of elementary cognitive operations as the major resource
related to cognitive aging. Although Salthouse consid-
ers speed to be a better-defined construct than attention
or working memory, in my opinion, the tests used to op-
erationalize processing-speed tap a variety of cognitive

functions, and the specification and consideration of the-
ories of working memory and controlled attention might
provide a clearer view on the microstructure of aging.
The concept of ‘cognitive speed’ (or mental speed) is not
very well-defined. The concept is popular in differential
psychology, where the result of interest is the consistent
correlation of measures of processing speed obtained in
relatively simple reaction time tasks with intelligence5,
which is usually thought to measure higher-level cog-
nitive abilities (Jensen, 1998; Lehrl & Fischer, 1988).
To experimental psychologists, the tasks used to mea-
sure “elementary cognitive operations” might not appear
quite as elementary as to differential psychologists—for
example the tasks might involve choice reaction time,
which in itself is the result of a number of compo-
nent processes (see for example Usher & McClelland,
2001). Another example for a rather complex measure
of elementary cognitive operations from the differential
psychology tradition is the Digit Symbol Substitution
(DSS) test, which is routinely applied in cognitive aging
labs to measure “perceptual speed”. To the experimen-
tal psychologist, the label ‘perceptual speed’ suggests a
truly low-level measure, excluding higher-level cogni-
tive operations. However, good performance in the DSS
is certainly aided by working memory capacity. The test
requires writing down the associated digit to each ele-
ment of a series of arbitrary symbols under speed pres-
sure, and the ‘code’, i.e. the mapping of symbols to dig-
its, is presented at the top of the answer sheet. Perfor-
mance in this task is aided by the encoding and short-
term storage of the digit-symbol associations, because
if a given association cannot be retrieved from memory,
saccades have to be made from the current symbol posi-
tion to the ‘code’ line and back. Even in the latter case
subjects will benefit from a well-functioning short-term
memory, because it will reduce the average search time
for the matching symbol in the code line.

Despite of the often rather complex tasks used to ob-
tain reaction time measures, some intelligence theorists
claim that the consistently observed correlation between
reaction or inspection time and intelligence is caused
by nerve conduction velocity (e.g., Miller, 1994). This
is backed by relatively little direct, experimental evi-
dence. Note, however, that sometimes even correlations
of visual evoked potentials—presumably truly indicat-
ing perceptual speed—and intelligence were reported
(Reed & Jensen, 1992).

The conception of cognitive speed—the speed of el-
ementary mental operations—as a resource appears to
differ rather radically from the ‘cognitive resource’ con-
cept discussed in the human perception and performance
literature, where cognitive resources have typically been
used as a metaphor for attention (Moray, 1967; Kahne-
man, 1973; Norman & Bobrow, 1975; Wickens, 1984;
Wickens & Liu, 1988). How do these apparently het-
erogenous concepts relate?

5 Here intelligence refers to a construct akin to fluid general
ability, Gf, in Cattell’s theory, or the general Factor g in Spear-
man’s theory. Jensen (2000) considers these to be the same,
Gf=g.
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Common to all ‘attention as resource’ theories is the
concept of a limited pool of resources that can be di-
vided between tasks or processes. Broadly, single-
resource theories (Moray, 1967; Kahneman, 1973) as-
sume an undifferentiated pool of resources that is avail-
able to all tasks. As a task is made more difficult, an in-
crease in the supply of resources is demanded by phys-
iological mechanisms. If the increase is insufficient,
performance falls off. However, single resource the-
ories cannot account for all of the results obtained in
dual-task interference studies. For example, Shah and
Miyake (1996) report that their experiment ‘provides
preliminary evidence for separate pools of cognitive re-
sources for the two working memories (one for spatial
thinking and the other for language processing)’. Wick-
ens’ (1984; 1988) multiple resource model acknowl-
edges that different codes have different potential to
interfere. Resources are defined by three dimensions:
stage (early vs. late), modality (e.g. auditory vs. vi-
sual), and processing code (e.g. spatial vs. verbal en-
coding). When two tasks demand separate resources,
efficient time-sharing and little to no interference is ex-
pected. Empirical results appear to be more compati-
ble with Wickens’ cubic multiple resource model, which
of course is not as parsimonious as the single-resource
models.

Generally, resource theories have been criticized for
their lack of content, and in fact there is no clear-
cut, agreed-upon definition for cognitive resources (e.g.,
Navon, 1984; Pashler, 1998; Oberauer & Kliegl, 2001).
One problem with multiple-resource approaches has
been to characterize the nature of the resources a par-
ticular task is expected to use. Thus, resource theories
can be portrayed as rather abstract frameworks that need
to be filled with theoretical content to generate useful
predictions. Theories such as Baddeley’s (1986, 1992a,
2000) working memory model or Pashler’s (1998) the-
oretical framework of attention can be regarded as at-
tempts to clarify the resource concept. For example,
in Baddeley’s model, the central executive or attention
controller component instantiates a mechanism for the
scheduling of resources, and slave systems are used for
the code-specific storage of phonological and spatial
traces.

Not only is there a lack of theoretical grounding for
the resource concept, but task complexity, the main the-
oretical variable determining requirements for cognitive
resources, is equally hard to define. For example, var-
ious task variations have been suggested as manipula-
tions of task complexity, such as the number of repeti-
tive processing steps, the number of differential mental
operations in general, the requirement for parallel pro-
cesses, or the degree to which complex algorithms have
to be assembled. To relate task complexity to resource
demands, it is desirable to have a model of the task spec-
ifying the involved component processes. While this
may be available for some tasks and some experimen-
tal manipulations, it is more often not, or at least not
made explicit. Integration of data from several tasks in a
Brinley plot makes this a more severe problem—in fact,

meta-analysis might just pick out the processes that are
common to all the included experiments.

Task complexity measures are of central interest
to the applied cognitive discipline of Human Factors,
where they are usually obtained only after a laborious
detailed task analysis. Similarly, within cognitive psy-
chology proper, some attempts have been made to con-
struct task complexity metrics. However, these met-
rics are usually only applicable to well-defined task do-
mains, e.g. the General Problem Solver (GPS, Newell
& Simon, 1961/1963), or the “theory of relational com-
plexity” developed by Halford and colleagues (Halford,
Wilson, & Phillips, 1998) as a metric of complexity in
reasoning tasks. Halford et al.’s metric proposes that, in
addition to the number of unique entities that can be pro-
cessed in parallel, the structure of the relations between
these entities is essential in determining processing ca-
pacity limitations. This definition shows that the quan-
tification of task complexity is rather difficult. The fact
that many studies in cognitive aging simply use an op-
erational definition lacking specificity—task complex-
ity is equal to performance of young subjects—could be
one of the reasons why Brinley analyses have been crit-
icized to obscure specific age-related effects (e.g., Fisk
& Fisher, 1994; Perfect, 1994; Myerson et al., 1994).

Coming back to our initial question, are the con-
cepts of cognitive speed as a resource and attention as
a resource related? Can controlled attention and speed
of processing be equated? If so, then speed of pro-
cessing is certainly not a basal, low-level mechanism
that can be reduced to, for example, nerve conduction
speed. If not, then the labels for the capacity-limited re-
source concepts employed by the two approaches sug-
gest differences where there are none. We draw the pre-
liminary conclusion that the resource and mental speed
metaphors should be filled with structural and process-
ing content. Either mental speed is a low-level construct
related to basal mechanisms such as nerve conduction
speed, or it is a high-level construct related to or even
congruent with working memory and controlled atten-
tion. In the former case, the finding of different slowing
functions for different task domains appears to be prob-
lematic for general slowing theories. In the latter case
it might make more sense to base theories of aging on
models of cognitive processes such as working memory
or executive control. Of course most of these processes
are theoretical constructs as well, but for these, there
exist (in my view) better-specified theories than for a
high-level speed construct.

Independent of its theoretical status, there are empir-
ical problems with the general slowing model. Gen-
eral slowing, at least in a serial information process-
ing framework, only allows for a single slowing fac-
tor, which is often estimated by the slope of a typi-
cal Brinley function to be about 1.5 to 1.8. Thus, re-
sults showing different degrees of age-related slowing
for different task-domains constitute evidence against
general slowing.6 There is empirical evidence showing

6 This evidence might not be completely decisive, because
processing models can be constructed that predict different
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that there are task domains where slowing is apparently
absent, as well as task domains where the slope is larger
than predicted by general slowing. To the degree that
the tasks cover a sufficient range of young adults’ reac-
tion times, these results are not only problematic for lin-
ear regression-type general slowing models, but also for
models that predict a power-law relation. The following
sections will summarize empirical deviations from the
general slowing pattern.

Overestimation of age effects

In a variety of tasks and measures, age-related slow-
ing is virtually absent. In particular, this seems to be the
case in tasks that rely on semantic memory (or crystal-
lized intelligence). A recent meta-analysis of aging and
vocabulary scores shows that old adults perform better
than expected by general slowing in production tests and
especially in multiple-choice tests (Verhaeghen, Steitz,
Sliwinski, & Cerella, 2003). Furthermore, semantic
priming effects are largely age-invariant (e.g. Laver &
Burke, 1993; Madden, Pierce, & Allen, 1993; although
the reliability of the measures has been questioned, Salt-
house, 1996). Similarly, age effects are small in more
complex semantic tasks like semantic production, or flu-
ency tasks (Mayr & Kliegl, 2000; Baeckman & Nils-
son, 1996; Obler & Albert, 1985; Schaie & Parham,
1977; for a review see Light, LaVoie, Valencia-Laver,
Owens, et al., 1992). The small age effects remaining in
these tasks can probably be attributed to nonsemantic,
e.g. executive or motor, processes contributing to the
production time (Mayr & Kliegl, 2000). Taken together,
this seems to indicate that semantic long-term memory
is less susceptible to age-related degradation than other
cognitive processes.

In a recent meta-analysis of negative priming tasks
(Verhaeghen, Vandenbroucke, & Dierckx, 1998), the
slope of the Brinley function was 1.04, i.e., close to one.
This can also be explained by almost non-existing age
effects in the semantic domain, because the tasks typi-
cally used to measure negative priming require the nam-
ing of objects. Hence semantic knowledge is the major
determinant of reaction time, in comparison to which
the actual negative priming effect is very small.

Mental arithmetic constitutes another domain with
small age effects, as long as the executive demands are
low. The slowing factor obtained in simple addition and
subtraction tasks is only about 1.2 (e.g., Charness &
Campbell, 1988; Geary, Frensch, & Wiley, 1993). If
peripheral aspects are eliminated by using the method
of time-accuracy functions, then slowing is completely
absent (Verhaeghen et al., 1997).

When simple reaction time measures are used, ‘cog-
nitive’ choice components are eliminated from the task.
Under these conditions, one can observe age equiva-
lence even in reaction time tasks (Nebes, 1978; Salt-
house & Somberg, 1982; Thomas, Waugh, & Fozard,
1978), at least when responding is vocal. Age equiv-
alence is also observed in tasks involving more com-
plex motor programs, as long as the task is highly over-
learned. For example, word-naming latency does not

increase with age, whereas color-naming latency does
(Cohn, Dustman, & Bradford, 1984). More generally,
it has been proposed that existing automatic processes
are relatively unaffected by the aging process, whereas
controlled processes decline with advancing age (Fisk &
Rogers, 1991).

Age effects in the verbal domain are also relatively
small (e.g., Hale & Myerson, 1996; Lawrence, Myer-
son, & Hale, 1998; Lima et al., 1991; Jenkins et al.,
2000). For example, Hale and Myerson (1996) found
that slowing factors in four speeded verbal tasks (lex-
ical decision, double lexical decision, category mem-
bership, and synonym-antonym judgment) were rather
small compared to a set of visuo-spatial tasks. Jenkins
et al. (2000) replicated this result, with an estimated
Brinley slope of 1.22 for the verbal domain (vs. 2.56 in
the spatial domain), and extended it to show that verbal
working memory tasks as well as the learning of novel
verbal information produced smaller age effects than the
corresponding tasks using spatial material.

While these verbal tasks can still be considered to
mainly tap semantic knowledge, there are also domains
where the latter plays no role, but age effects are nev-
ertheless small. One example are tasks relying mainly
on bottom-up, exogenously driven visuo-spatial atten-
tion. Exogenously driven attention is automatically
attracted by the stimulus, without an intentional act,
and does not draw cognitive ‘resources’. For exam-
ple, Greenwood and colleagues (Greenwood & Parasur-
aman, 1994; Greenwood, Parasuraman, & Haxby, 1993)
found that effects of peripheral cues that attract attention
exogenously do not differ as a function of age (see also
Folk, Remington, & Johnston, 1992; Gottlob & Mad-
den, 1998).

Similarly, age differences are small in visual search.
In a prototypical visual search task, participants have to
look for a target amongst a number of distractors. The
target is defined either by a simple feature (e.g., green
object among red objects; feature search) or by a con-
junction of features (e.g., green circle among red and
green circles and squares; conjunction search). A de-
pendent variable commonly used in visual search tasks
is the slope of the search function, which is a linear
function relating search time to the number of distrac-
tors. While the search function is flat for feature search,
which is interpreted as indicating ‘preattentive’ paral-
lel search, search time is positively correlated with the
number of distractors for conjunction search, leading to
a positive search slope. The increase in search time is
supposed to indicate the involvement of top-down, con-
trolled attention, which is thought to be either deployed

slopes in spite of a single slowing mechanism (Salthouse,
1985). A scenario can be constructed where some closed-loop,
recurrent, ‘reverbatory circuits’ type of information processing
is needed in task domain A, but not in task domain B. Thus
even if the low-level processing speed account cannot be de-
feated by such a ‘differential slowing’ finding, speed theorists
would be required to specify the type of information process-
ing needed in a task domain. In this case, at least the data are
valuable because they help to specify the type of processing
required by a task.
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serially to different areas of the display, or in paral-
lel, but with a limited capacity. In a study of age dif-
ferences in visual search, the feature search slope was
flat for both age groups, but, more interestingly, age ef-
fects were also rather small in the search slope for con-
junction search, although it involves controlled attention
(Humphrey & Kramer, 1997). Averaged across (con-
junction search) conditions, the slope was 33 ms per
item for young adults and 38 ms for old adults, corre-
sponding to a slowing factor of 1.15, which is certainly
lower than the typical slope of 1.5-2.0.

Finally, evidence from the on-line monitoring of cog-
nitive processing using event-related potentials (ERP)
indicates that the duration of early cognitive processes
(possibly corresponding to pre-attentive processing)
seems to be unaffected by the aging process. Of partic-
ular interest is the result of a meta-analysis comparing
age effects on P300 latency (Bashore, Osman, & Hef-
fley, 1989), which is an ERP component that is com-
monly thought to reflect completion of stimulus evalu-
ation (e.g., McCarthy & Donchin, 1981). The meta-
analysis found that P300 latency does not change with
age (see however Lubbe & Verleger, 2002); in fact, the
Brinley slope for P300 latency was 0.95. In the same
data, the slope for reaction times was 1.3. Thus, the phe-
nomenon of ‘general slowing’ seems to begin only after
stimulus evaluation. In later studies it was found that the
effect of age on P300 latency was enlarged if the stimuli
were degraded, but not if the S-R mapping was incom-
patible (Smulders, Kenemans, Schmidt, & Kok, 1999),
indicating (a) some age-related slowing in the stimulus
evaluation stage under perceptually difficult conditions,
and (b) an independence of P300 latency from response
translation and selection processes.

In summary, age effects appear to be relatively small
in tasks where processing either relies on overlearned
associations or is otherwise automatic, rather than re-
quiring intervention of controlled attention. This ap-
pears to be difficult to explain by variants of the general
slowing account that assume a very basal deficit as the
cause of age-related slowing.

Underestimation of age
effects

The slope of the Brinley function in other task do-
mains is much larger than 1.5. In particular, this seems
to be the case when the tasks are ‘coordinatively com-
plex’. Coordinative complexity means that earlier cog-
nitive processes provide internal working memory rep-
resentations that are operated upon by later processes.
Furthermore, coordinatively complex tasks are charac-
terized by the fact that flow of information is not strictly
serial, but simultaneous storage and processing is re-
quired, because intermediate results have to be stored
for later retrieval while processing that operates on the
same mental code takes place. An example using the
task of mental arithmetic will clarify the distinction be-
tween sequential complexity and coordinative complex-
ity introduced by Kliegl and colleagues (Mayr & Kliegl,
1993; Mayr et al., 1996; Verhaeghen et al., 1997). Se-

quential complexity in the mental arithmetic task can
be manipulated by directly changing the number of ele-
mentary addition and subtraction operations in an arith-
metic task, e.g., 6− 2 + 1 + 4− 5− 2 + 1. In the co-
ordinatively complex version of the task, brackets are
introduced, giving e.g., [6− (2+1)+4]− [5− (2+1)],
so that the temporary swapping of elements in and out
of an intermediate store and the updating of stored el-
ements is required. The task can only be solved if the
representations that are swapped into the intermediate
storage system remain intact. The Brinley slope in co-
ordinatively complex tasks can be as high as 3.5 to 4.0
(Mayr & Kliegl, 1993; see also Charness & Campbell,
1988; Kliegl, Mayr, & Krampe, 1994).

Very large age effects are also observed in mental ro-
tation using complex stimuli (e.g., Hertzog & Rypma,
1991; Just & Carpenter, 1985; Lohman, 1988). For ex-
ample, the data points in the study by Hale et al. (1987)
that deviated from a linear Brinley function with a pretty
much standard slope and that motivated Myerson et al.
(1990) to develop the information-loss model all origi-
nated from a mental rotation experiment. Mental rota-
tion can be regarded as a coordinatively complex task,
because it involves continuous transformation of an ob-
ject, i.e. earlier representations need to be updated.

Other domains and tasks where large age-effects are
commonly observed include divided attention, as in-
dicated by studies using the dual-task paradigm (e.g.,
Madden, 1986; Salthouse, 1987; Tun, Wingfield, &
Stine, 1991; Kramer & Larish, 1996; Tsang, 1998),
episodic memory (Kliegl & Lindenberger, 1993; Kliegl
et al., 1994; Wingfield, Lindfield, & Kahana, 1998),
working memory (e.g., Oberauer, 2001; Oberauer &
Kliegl, 2001; Oberauer, Wendland, & Kliegl, 2003),
task switching (Kramer et al., 1999; Meiran, Gotler,
& Perlman, 2001), especially as measured in ‘global
switch costs’ (e.g., Kray & Lindenberger, 2000; Mayr,
2001; Mayr & Liebscher, 2001), and tasks where novel
information is important (Cornelius, 1984; Kirasic,
1991; Willis, 1985). Age effects are larger in memory
search with a variable mapping than in memory search
with a consistent mapping (Fisk, Rogers, & Giambra,
1990; Fisk & Rogers, 1991). It has also been reasoned
that old adults are less efficient in actively inhibiting ir-
relevant information in working memory (Kane, Hasher,
Stoltzfus, Zacks, & Connelly, 1994; Hasher, Stoltzfus,
Zacks, & Rypma, 1991; Hasher & Zacks, 1988; Hasher,
Zacks, & May, 1999). These effects will be briefly dis-
cussed in the following paragraphs.

Age effects in dual-task costs can sometimes be ex-
plained by age effects in the component tasks (Salthouse
& Meinz, 1995). However if the attentional demands
become sufficiently high, this no longer seems to be the
case (Tsang, 1998).

Episodic retrieval seems to be more affected by ag-
ing than semantic retrieval especially under conditions
of interference (e.g., Riby, Perfect, & Stollery, 2004).
A characteristic feature of episodic memory is that
episodes are bound to a specific spatio-temporal context.
Episodic retrieval in most cases requires more cognitive
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control and is less overlearned than the retrieval of se-
mantic facts.

Working memory tasks are often measured in ac-
curacy, not latency, thus, it is difficult to compare re-
sults between working memory and reaction time tasks.
However, there is ample evidence that old adults’ perfor-
mance breaks down in tasks that require high amounts
of working memory capacity (Mayr & Kliegl, 1993;
Babcock, 1994; Oberauer, 2001). What are the mecha-
nisms responsible for this breakdown? Oberauer (2001)
investigated age differences in the effectiveness of re-
moving irrelevant information from working memory
with a modified version of the Sternberg task that re-
quired memorization of two simultaneously presented
lists, with a color cue later indicating which list was
relevant for the recognition task. It was reasoned that
items from both lists produce automatically interpreted
familiarity signals, while items from the relevant list can
only be identified by an effortful, capacity-limited rec-
ollection process that retrieves memory episodes linking
items to a spatio-temporal context (the list color). Re-
sults were interpreted within a working memory frame-
work suggested by Cowan (1995), who distinguishes
between the focus of attention and the activated part
of long-term memory. No age differences in the effect
of irrelevant setsize were found, which Oberauer inter-
preted as an age-equivalence in the effectiveness of re-
moving information from the focus of attention. How-
ever, intrusion effects of the irrelevant list were much
larger for old adults. Thus, residual activation of no-
longer relevant episodic long-term memory representa-
tions seems to produce a larger amount of interference
with working memory maintenance in old adults.7

Some aspects of task-switching seem to be relatively
unaffected by aging, while other aspects produce large
age effects. Task-switching refers to switching between
two relatively simple tasks. The switch cost can be de-
composed into a number of processes (Meiran, Chorev,
& Sapir, 2000). Of particular interest in the context
of aging research are ‘mixing costs’ or ‘global selec-
tion costs’ (Mayr & Liebscher, 2001), which are given
by the difference between average performance on pure
task blocks, in which the component tasks are performed
separately, with mixed blocks, in which the tasks are in-
terleaved, for example, with a task cue indicating which
task to perform on a particular trial. Several studies
have reported large age effects in global selection costs
(Kray & Lindenberger, 2000; Mayr, 2001; Meiran et
al., 2001). Mayr and Liebscher (2001) show that age
effects in global selection costs persist for a long time
even when one of the tasks is no longer relevant (which
could be regarded as an example of proactive interfer-
ence). In comparison, age differences in ‘local switch
costs’, i.e., the reaction time difference between a task-
repetition and a task-change in a mixed block appear
to be absent or small, especially if sufficient time is
allowed for preparation of the upcoming task, and if
each of the two tasks involves only two-choice reac-
tions. While they might occur at the beginning of the
experiment, age differences diminish during the course

of the experiment, and relatively large differences are
only observed under high memory load (Kramer et al.,
1999). The size of the age difference in global selection
costs is contingent on the degree of overlap of S-R rules
for the two tasks on the response end. The age effect
in set selection cost under conditions of full overlap is
much larger than under conceptual overlap, where the
same concepts (left/right), but different effectors (dif-
ferent hands) are used in the two tasks (Mayr, 2001).
These results seem to indicate that a process involved in
updating an internal control setting in the face of actual
or potential interference between sets might be responsi-
ble for global selection costs. Specifically, updating and
maintenance of a clear representation of the currently
relevant set might be disturbed by rules that share fea-
tures with the currently relevant rule. The series of stud-
ies I will report below investigates a similar hypothesis
in a different context. Because the context does not re-
quire task-switching, updating of the set is not required.
Instead, maintaining a mental set under conditions of
stimulus-elicited conceptual interference is at the focus
of interest.

Taken together, underestimation of age effects by a
typical Brinley slope is often observed in tasks that rely
to a relatively large degree on controlled attention or ex-
ecutive control processes. What all of these tasks seem
to have in common is the fact that arbitrary task rules
play a major role in determining task performance. At
a very general level of description, arbitrary task rules
are associations between elements that are only relevant
in the current experimental context. These episodically
associated elements do not have to use the same repre-
sentational (e.g., phonological or spatial) code, instead,
the association often leads to a short-term binding of dif-
ferent codes. Age effects in tasks with a high degree of
arbitrariness are particularly severe if interference from
concurrently activated rules is likely, for example be-
cause different rules share some features.

7 Oberauer and Kliegl (2001) further explored the nature
of the effect of aging on working memory capacity limits by
comparing several formal models of working memory capac-
ity limits. They found that two candidate mechanisms, one
based on interference between elements due to feature over-
lap and the other on decay combined with a serial reactiva-
tion process, were the most likely sources of capacity limits.
Other models, based on the distribution of an unspecific re-
source or on crosstalk at retrieval, fit the experimental data
less well. The interference-based model gave a particularly
good fit while at the same time being more parsimonious than
the decay-based model. Decay and interference are the two
mechanisms that are the main source of forgetting in general
theories of memory.
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Arbitrary task rules as a
common factor in general

slowing and deviations
thereof

Age-related decline in the
reliability of mental sets, an

episodic buffer-type of
executive storage system

The core proposal of this thesis rests on the
observation that both the underestimations and the
overestimations of age effects by the typical ‘general
slowing’ pattern may be explained by a common factor,
namely the extent to which arbitrary, episodically
instructed information is critical for performance in
the task. These task rules are only required in the
current task context, hence they cannot be retrieved
from semantic long-term memory. Instead, coding and
maintenance of the task set requires some executive
resources. A combination of working memory and
episodic memory may play a role in the maintenance
and retrieval of task rules. The fact that reaction
time tasks rely to varying degrees on short-term and
working memory is often ignored or at least not
explicitly discussed. However, the selective review
of the over- and underestimations of age effects by a
standard Brinley slope supports the idea that storage
and maintenance of arbitrary task elements plays a
larger role in tasks in which age-effects are higher
than average, and a smaller role in tasks for which
smaller-than average Brinley slopes were reported.8

In my opinion, it is quite likely that young adults’
reaction time, i.e., the operational definition of task
complexity in the Brinley plot, covaries with the extent
to which arbitrary, non-automatic task demands play a
role. While tasks can be conceived that lead to long
response times, but that do not rely on arbitrary rules
and hence are not executively demanding (e.g., sequen-
tially complex tasks, Mayr & Kliegl, 1993), those tasks
are not normally at the focus of interest of the cognitive
psychologist. It is a more common approach to try to se-
lectively affect one or a number of different component
processes instead of serially chaining a number of iden-
tical component processes. If the manipulated compo-
nent is an early, low-level, ‘automatic’ component, reac-
tion time effects are typically small. If the component is
a late, ‘capacity-demanding’ component, reaction time
effects are large, and the process likely involves some
executive, ‘top-down’ control. Data available for meta-
analysis will be a mixture of points originating from fast,
low-control, and slow, high-control conditions.

Standard slowing factor in tasks with an average de-
gree of arbitrary rules. In typical reaction time tasks,
like the ones summarized in Cerella et al. (1980) which
gave rise to an estimate of the slowing factor of about
1.5, arbitrary task components are often hidden in the
stimulus-response (S-R) associations that are demanded
by the task instructions. It is probably safe to assume
that—for convenience or other reasons—most reaction

time tasks use a manual set of responses. In these exper-
iments, all stimuli that are not inherently spatial must
be associated with a spatial response (e.g. red → left
key; green → right key), and a cognitive ‘translation’
from stimulus meaning to response has to be performed.
To the very least, the S-R translation mechanism needs
to establish a context-specific binding of features of the
concept that is activated by the input (e.g. yellow color)
to features that are part of the output (e.g. left location).
Furthermore, this mapping has to be maintained during
the course of the experiment. Maintenance is critical
not only because of omnipresent decay, but also because
there is potential for interference: presumably both the
‘input’ concepts and the ‘output’ concepts share several
features (e.g. yellow and blue are both colors, and left
and right are both directions), so that activation of one
rule might be able to cause co-activation of another rule
by spreading of activation. This is particularly obvi-
ous in task-switching studies, where different S-R rule
sets that converge on a common response set can change
from trial to trial. However, it is also relevant in easier
tasks that use only a single set of S-R rules. Here in-
terference can arise from other members of the same set
of rules, e.g. by residual activation of S-R associations
that were used on previous trials, by irrelevant attributes
of the stimulus, by sequencing demands and/or other
concurrently relevant task rules, etc. In short, in most
reaction time tasks the correct rule has to be retrieved
and applied in the presence of decay and interference
from other rules, and thus even apparently undemand-
ing choice reaction time tasks rely to some degree on
executive processes and episodic representations. In the
following paragraphs, the core argument will be devel-
oped by showing how age effects co-vary with arbitrari-
ness of tasks rules in different sets of tasks. Because the
focus in this thesis will be on relatively standard choice
reaction time tasks, the memory demands in these tasks
will be elaborated on in the following paragraphs.

Overestimation of age effects in episodically unde-
manding tasks. While even apparently undemanding
choice reaction time tasks often rely on arbitrary rules,
the response in semantic tasks—in which age effects
are small or absent—often does not involve an arbi-
trary component. For example, in semantic production
tasks, the words are merely spoken. Similarly, in simple
arithmetic tasks the answer is either given verbally, or it
is eliminated by psychophysical methods such as time-
accuracy functions. It is interesting to note in this con-
text that age differences in semantic priming effects de-

8 In the following sections, the concepts of executive con-
trol, working memory, and controlled attention will sometimes
be used almost interchangeably. This is not meant to indicate
that the concepts are congruent. Rather, the aspect of the con-
cepts that is of interest in the current research is shared among
all three processes. Thus, when talking about working mem-
ory demands of a reaction time tasks, I do not refer to working
memory storage in the ‘slave systems’, but rather to executive
control of working memory (which might have its own store,
termed ‘episodic buffer’). Executive control of working mem-
ory is considered a function of controlled attention.
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pend on the response modality, i.e. they are larger with
manual responding (word → left key; nonword → right
key) than with simple pronunciation of the word (Mad-
den et al., 1993). Manual responding adds at least some
degree of arbitrariness to the task.

A similar interpretation also applies to visual search
tasks, where an arbitrarily-instructed reaction compo-
nent only contributes to the intercept of the search func-
tion. That is, the search slope—the central dependent
measure—is independent of the duration of response se-
lection processes. Only the specification of the target
introduces an arbitrary, ‘episodic’ element, however, its
representation does likely not require much capacity be-
cause one and the same target is usually relevant for a
whole block or even session. While this is true for fea-
ture search, in the case of conjunction search values on
two dimensions have to be associated, a fact that could
explain the small, but reliable age differences in con-
junction search (see Humphrey & Kramer, 1997).

The fact that slowing is not observed for stimulus
evaluation, as indicated by P300 latency, in a task in
which slowing is observed in reaction time, is consistent
with the hypothesis that the slowing effect is contingent
on response selection among a set of arbitrarily mapped
response alternatives.

Underestimation of age effects in tasks with a high
degree of episodic demands. In coordinatively com-
plex (and other working memory) tasks, arbitrary, task-
relevant instructions change often and partly even have
to be generated during the course of a trial. This could
be the reason why age effects in coordinatively com-
plex tasks are particularly large. The same reasoning
applies to episodic memory tasks proper, for which large
age effects are typically observed. Similarly, studies in
which large age effects in global switching costs were
observed employed an arbitrary mapping of stimuli to
responses, and furthermore, the stimuli from different
task sets were mapped onto one and the same response
set. Hence due to feature overlap there was a high poten-
tial for interference by the irrelevant set of task rules dur-
ing retrieval of the relevant set. As Mayr (2001) showed,
if this potential for interference at the response end is
eliminated, then the age effect is much reduced.

Dominant aging theories regard cognitive slowing, as
indexed by performance in a large number of reaction
time tasks, as an indicator of a basal, unspecific decay
process that is at the heart of age differences of more
complex cognitive processes like episodic memory (e.g.,
Verhaeghen et al., 1997). The observations summarized
here suggest the theoretically interesting possibility that
‘general slowing’ is a by-product of a relatively specific
process, namely the progressively less reliable represen-
tation of episodic (in the sense of context dependent),
task-relevant information. A moderating factor for the
size of age differences would thus be the extent to which
episodic components are critical in a given task. Typi-
cal reaction time tasks with arbitrary S-R associations
might take an intermediate position between semantic
tasks with very low episodic demands one the one hand,
and episodic, coordinatively complex, or executive tasks

on the other hand (for a similar argument, see Jordan &
Rabbitt, 1977).

Episodic memory demands of
choice reaction time tasks

Without a natural relationship between stimulus and
response sets—i.e., when there is no environmentally
determined or pre-experimentally overlearned set of
associations—choice reaction time tasks require the
translation of stimulus codes (e.g., color) into response
codes (e.g., spatial codes corresponding to key loca-
tions). In this section it will be argued that the trans-
lation process (a) has many similarities to cued recall in
episodic memory retrieval, and (b) is controlled by ex-
ecutive working memory processes. Although it is often
not explicitly stated, most researchers would probably
agree that the translation of stimuli to responses requires
working memory capacity. Implicitly, this is reflected
in the limited number of response alternatives that are
usually implemented in a given task.

Do episodic task demands influence choice reaction
time? Results from a long tradition of research on
stimulus-response compatibility (SRC) (Fitts & Seeger,
1953; Fitts & Deininger, 1954; Proctor & Reeve, 1990;
Lien & Proctor, 2002) suggest so. Before I present
a selective review of these results, let me briefly in-
troduce the concept of stimulus-response compatibility
and its relation to ‘episodic’ task aspects. “SRC ef-
fects are differences in reaction time and accuracy, as a
function of the mapping between stimulus and response
sets or the members within the sets” (Lien & Proctor,
2002, p. 213). There is a distinction between set-level
and element-level compatibility effects. The latter occur
when the S-R sets are held constant, but the mapping
of individual stimuli to responses is varied (e.g., direct,
mirrored, arbitrary). On the other hand, a change of ei-
ther stimulus or response set implies that both set-level
and element-level compatibility is varied.

SRC effects arise primarily from a stage of informa-
tion processing that is referred to as the translation stage
or the response-selection stage. In the most prominent
model of SRC effects (Kornblum, Hasbroucq, & Os-
man, 1990) there are two routes leading from stimu-
lus representations to response-selection, namely auto-
matic activation and intentional translation. Activation
of response codes along the automatic route is fast, and
even if automatic activation does not necessarily lead
to suprathreshold activation and hence to a response,
stimuli that are highly compatible with a response set
member inevitably cause some response set priming.
The automatic activation route can only be used in the
case of stimulus and response sets which share features,
i.e. sets that are compatible at the set-level. A classic
example would be spatially arranged stimuli and spa-
tially arranged responses.9 With overlapping S-R en-

9 However, even the internal representation of natural num-
bers (undoubtedly due to learning history) seems to have a spa-
tial component, as indicated by the SNARC effect (Dehaene,
Bossini, & Giraux, 1993; Lammertyn, Fias, & Lauwereyns,
2002).
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Controlled attention and working memory, executive control, and episodic buffers

The concept of coordinative complexity was developed to test a function of working memory. Working memory (WM) is a high-level construct in cognitive
psychology that largely overlaps (and is sometimes seen as congruent) with other concepts such as controlled attention (e.g. Engle, 2002; Cowan, 1995; for
an overview see Miyake & Shah, 1999). The most basic definitions regard WM as a system for “temporary maintenance and manipulation of information”
(e.g. Baddeley & Hitch, 1974; Baddeley, 2001, p.849) or the “mechanism underlying the maintenance of task-relevant information during performance in
a cognitive task”. A similar definition is given by Cowan (1999), who conceives of WM as “cognitive processes that retain information in an unusually
active state”. Psychometric tests of WM span often focus on simultaneous processing and storage requirements. According to Daneman and Carpenter
(1980, 1983), results from reading span tasks lead to the conception of WM capacity as a limited resource that can be allocated to processing functions,
storage functions, or both. WM capacity is tied to the specific processing demands of the concurrent task.
Turner and Engle (1989) proposed an alternative view of WM capacity as more general, reflecting an abiding, domain-free capability that is independent
of any one processing task. Indeed the specific concurrent-processing task has little impact on the predictive validity of WM span measures across a
number of higher cognitive abilities. Rather, the span tasks seem to tap a general cognitive primitive. Engle, Tuholski, Laughlin, and Conway (1999)
argue that WM span tests ‘work’ because they reflect a general controlled-attention capability. In this view, WM is a hierarchically organized system, in
which short-term memory storage components subserve a domain-free, limited-capacity controlled attention—the processing aspect of WM is considered
relatively independent of the code used for storage.
A closer look at current theoretical conceptions of working memory as well as of the neurophysiological literature indicates that executive functions of
working memory and the controlled scheduling of ‘attentional resources’ might be the same, or at least intricately related. Randy Engle has wrapped
this in the short formula working memory = short term memory + controlled attention (Engle, 2002; Kane & Engle, 2003), which might however be
somewhat of an oversimplification (Süß, Oberauer, Wittmann, Wilhelm, & Schulze, 2002; Oberauer, Süß, Wilhelm, & Wittmann, 2003). Baddeley, whose
research was more concerned with spatial and especially with phonological working memory storage systems than with executive functions, nevertheless
integrated the latter in his working memory model, and was recently even motivated to add an executive storage module (Baddeley, 2000). Importantly, the
representational code in this ‘episodic buffer’ store is multidimensional, i.e., it can combine spatial and verbal codes. In several recent historical reviews of
his model, Baddeley (2001, p.94, see also Baddeley, 2000, 2003) states that the central executive was initially conceived of

in the vaguest possible terms as a limited capacity pool of general processing resources. For the first decade, it served principally as a
convenient ragbag into which could be thrust such awkward questions as what determined when the sketchpad or phonological loop was
used and how they were combined. Implicitly, the central executive functioned as a homunculus.

The main reason for this lack of clarity concerning executive control was the fact that no well-developed theory of controlled attention existed at the time
Baddeley’s WM framework was formulated. The functions of the central executive were inspired by a taxonomy of controlled attention given by Shallice
and colleagues (Norman & Shallice, 1986; Shallice & Burgess, 1993), which includes a Supervisory Attentional System (SAS). The SAS is conceived of
as a conscious control mechanism that resolves interference between activated action schemas. In particular, when a prepotent action is environmentally
triggered but conflicts with the individual’s goal state, the SAS biases the action-selection process by providing additional activation to a more appropriate
action schema and by inhibiting the activation of the inappropriate schema. Thus the need for active maintenance of task goals, which may be minimal
in many contexts, is critical under conditions of interference. Interference slows and impairs memory retrieval, enhancing the importance of keeping
task-relevant information highly active and easily accessible.
This leads to the prediction that individual differences in WM capacity will be most important to higher-order cognition in the face of interference. On
average, old adults’ WM span is smaller than young adults’ (Lustig, May, & Hasher, 2001). This has been taken to indicate that an active processing,
executive, controlled attention component of WM is impaired in old age, rather than a passive storage system. In general, an executive deficit would
manifest itself in tasks requiring flexibility in allocation of resources, especially the deactivation of an established task-set. Recall the most consistent
result from cognitive aging research: age-related slowing correlates with (coordinative) task complexity. What constitutes task complexity? As a working
definition let us assume that a more complex task either involves more cognitive processes, or a higher chance of interference between the same number of
processes. Given this definition, task complexity seems rather congruent with degree of involvement of executive control. Recent results from functional
neuroimaging (see Duncan & Owen, 2000 for a review) indicate that the more complex a task is, the more likely becomes the participation of frontal areas.
To be more precise, a fairly small prefrontal area seems to be sensitive to manipulations of working memory load, response conflict, and even perceptual
difficulty (e.g., Duncan & Owen, 2000; Miller & Cohen, 2001). The same (mostly dorsolateral prefrontal) brain systems seem to show enhanced activity
in tasks that were traditionally thought to reflect rather different functions. On the other hand, the location within the brain of working memory storage
systems as well as of the actual sites at which e.g. the selection function of attention operate are not prefrontal, but in ‘lower’ systems, like semantic storage
systems with designated codes. However, whereas the storage areas for verbal and spatial material are different, the processing function for both seems
to be located in a similar area, the prefrontal cortex, which is able to handle multidimensional codes. Coincidentally, this same system is also critically
involved in representing arbitrary rule-like associations (e.g., Miller & Cohen, 2001) and in episodic retrieval (e.g., Cabeza & Nyberg, 2000).
In conclusion, attentional control and executive processing (not: storage) aspects of working memory as well as of episodic retrieval might be similar or
identical (Kane & Engle, 2003; Conway & Engle, 1996; Engle, 2002; Nyberg, Forkstam, Petersson, Cabeza, & Ingvar, 2002), and play a major role in
determining the complexity effect. It seems quite possible that old adults’ impairment in an executive, prefrontal system—which may in turn be caused by
a deficit in a more basal system (e.g., the dopaminergic system) that the prefrontal system critically relies on (Braver et al., 2001; Li et al., 2001)—leads
to the observed pattern of complexity-proportional slowing (West, 1996). Presumably, the more coordinatively complex a task is, the more executive,
prefrontal resources are required.

sembles, activation can flow along both routes in par-
allel. If the element-level mapping rules are consistent
with the set-level relationship (i.e., each stimulus ele-
ment is mapped onto the pre-experimentally associated
response element), then responding can be based en-
tirely on the activation due to response priming along
the automatic route. The intentional route here thus only
has a verification function. In the terminology used here,
episodic task demands are minimal.10

In other situations with overlapping S-R ensembles,
the intentional route comes into play if instructions (or
task rules) require some modification of the element-
level mapping—for example, if overt responses are only
to be given to a subset of stimuli, or if an incompati-
ble mapping is used (e.g., respond with the key opposite
the stimulus location). Here the intentional route, in ad-
dition to a verification function, also has an inhibitory

function to ensure that the instructed stimulus dimen-
sion instead of automatic activation guides the response.
Arbitrary task demands are larger in these situations.
Whether or not episodic retrieval of element-level rules
is necessary depends on the type of mapping rule.11

With overlapping S-R ensembles, but very complex
mapping rules, the episodic retrieval demands are sim-
ilar to situations with nonoverlapping ensembles, in
which no compatible S-R mappings exist. Here, only

10 There might still be some episodic aspects if compatible
and incompatible mappings are used within an experiment.
Episodic demands will be truly minimal after a fair amount
of practice with compatible mappings within an experimental
setting.

11 In principle, rule complexity and hence the episodic de-
mands could be expressed by information-theoretic metrics
like Minimum Description Length (MDL).
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the controlled, intentional translation route can be taken.
The controlled route is much slower, and in the case of
arbitrary relations between stimulus and response sets
(e.g. colors and keys), it functions by a process corre-
sponding to episodic cued recall, termed “table lookup”
by Kornblum et al. (1990). In task-switching situations
with arbitrary task-cues, episodic retrieval is necessary
not only at the element-level, but also at the set-level.

Do episodic task demands contribute to SRC effects?
Do they require controlled attention and working mem-
ory capacity? Several findings suggesting a positive an-
swer to both questions will be summarized below. Ac-
cording to the view proposed here, episodic demands
and executive working memory processes are a major
determinant of task complexity, which is the main fac-
tor determining reaction time. The main problem with
task complexity is that it is very hard to define, as was
briefly sketched above.

Early attempts at defining task complexity arose from
an information theoretical framework and tried to ex-
plain reaction time exclusively by stimulus informa-
tion. Arguably the most prominent example is the Hick-
Hyman law, which states that

rt = a+b log2 H

Reaction time (rt) is a log-linear function of stim-
ulus information transmitted (H), measured in bits.
Hick (1952) showed this for an increase in the num-
ber of (compatibly mapped) stimulus-response alterna-
tives, and Hyman (1953) showed that stimulus informa-
tion, not number, is the determining factor. He uncon-
founded stimulus information and number of alterna-
tives by varying probability of occurrence of the stim-
ulus alternatives.

However, ‘noninformational’, cognitive factors have
subsequently been found to influence the slope of the
Hick-Hyman law. One of the strongest noninforma-
tional influences is the type of mapping between stimuli
and responses. Compatibility interacts with the gain fac-
tor b: the lower the compatibility, the greater the effect
of increasing the number of alternatives. For example,
the Hick-Hyman slope b is much larger with arbitrary
than with compatible mappings (Alluisi, Strain, & Thur-
mond, 1964; Teichner & Krebs, 1974). Because stimuli
and responses remain the same regardless of whether
the mapping is compatible, inverse, or arbitrary, type of
mapping does not change the amount of stimulus infor-
mation. Since the external informational demands re-
main the same, this can be interpreted to indicate that
mapping manipulations change the amount of ‘internal’
information. Since ‘internal information’ needs to be
internally stored, it can be argued that memory is the
critical factor leading to the increased slopes. This is
supported by evidence showing that spatial S-R com-
patibility interacts with memory load (Crowder, 1967;
Logan, 1979, 1980; see however Egeth, 1977).

Practice is another noninformational factor influenc-
ing the Hick-Hyman gain factor: the greater the amount
of practice, the less the effect of increasing the number
of alternatives (Teichner & Krebs, 1974). Furthermore,

the amount of improvement in response selection with
practice is greater for arbitrary (and for incompatible)
than for compatible mappings. Even with an arbitrary
S-R mapping, RT can become relatively short after ex-
tended practice (Teichner & Krebs, 1974). Only after
sufficient practice within the task context will the as-
sociation be firm enough so that task performance (as
far as task rules are concerned) solely relies on long-
term memory—i.e., a direct path from stimulus to re-
sponse has been established. Both the power law of
practice (e.g., Newell & Rosenbloom, 1981) and stud-
ies focusing on the development of automaticity suggest
that it is unlikely that the stage at which attentional ca-
pacity is no longer needed is reached within a single
experiment comprising one or two sessions. SRC ef-
fects are still evident after considerable practice. An im-
pressive demonstration of the capacity demands of arbi-
trary mappings was given by Logan (1979), who used
a concurrent-memory-load technique to evaluate the at-
tentional demands of arbitrary stimulus-response map-
pings (with sets of 2, 4, or 8 letters mapped onto but-
tons). He found that the effects of memory load were
the greater, the larger the number of S-R alternatives was
early in practice. This interaction diminished over time,
but only after five full days of practice with consistent
(but arbitrary) mappings, the effects of memory load and
number of alternatives were additive. Logan (1980) pro-
vided further evidence that S-R mapping rules are held
in short-term memory to enable performance on reaction
time tasks.12

Interestingly, at least one recent set of findings
suggests that robust, ‘direct’ S-R associations quickly
emerge in long-term memory (Hommel, 1998; Hommel
& Eglau, 2002). Loading working memory, either with
digits or with additional mapping rules, did not affect
backward compatibility effects of a secondary task (say
‘red’ in response to the letter H) on a primary task (press
left key in response to the color red) under dual task
conditions. Hommel and Eglau explicitly speak of “au-
tomatic, capacity-free translations of stimulus features
into arbitrarily mapped responses”. Thus under appro-
priate conditions, an arbitrarily mapped response can
be retrieved from episodic memory with relatively little
need for controlled intervention, and working memory
capacity does not seem to play a major role, at least for
young adults.

The findings can be reconciled by noting that stimu-
lus information is probably processed concurrently by
quick, parallel, and automatic pathways and by slow,

12 In the discussion of his findings, Logan (1980, p.388)
makes the conjecture that “from the view of capacity theory of
attention, attention and short-term memory may be the same
thing; both are central in the architecture of the information-
processing system, both have limited capacities that can be
allocated strategically, and both have been implicated in the
control of behavior. [. . . ] The primary function of attention in
reaction time tasks is to prepare and maintain a set to perform
the task”. From a more contemporary point of view, working
memory = short term memory + controlled attention (Engle,
2002; Kane & Engle, 2003). Thus, it is likely that the effects
of an arbitrary S-R mapping tap controlled attention.
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serial, and controlled pathways (e.g., Logan, 1988;
Lu & Proctor, 1995; Kornblum et al., 1990; DeSoto,
Fabiani, Geary, & Gratton, 2001; De Jong, Liang, &
Lauber, 1994; Gratton, Coles, & Donchin, 1992; Pavese
& Umilta, 1998; Hommel & Eglau, 2002). The latter
processes are capacity-limited and eventually lead to re-
sponse selection, which is controlled by top-down at-
tention and relies on working memory. Response selec-
tion is “an intentional act required even for highly com-
patible and practiced tasks and is restricted to process-
ing one task at a time” (Lien & Proctor, 2002, p.212).
While the fast, automatic processes are often thought
to be limited to compatible responses, Hommel and
Eglau’s results indicate that even with arbitrary map-
pings, some degree of automaticity might be achieved
relatively early in practice, at least with small sets of
S-R rules. However, compatibility is a relative term,
and automaticity will develop to some degree within the
course of an experiment, leading to the establishment of
a (weak) direct route even for stimulus-response asso-
ciations that were new at the beginning of the experi-
ment. Thus while some activation may flow along the
direct route, responding with arbitrary mappings is still
mainly determined by the intentional route, which draws
attentional resources.13

Controlled processing and episodic retrieval are even
more relevant when switching between sets of S-R
rules. Mayr and Kliegl (2000, 2003) decomposed task-
switching costs into cue-switch costs and true task-
switch costs by comparing a task switch proper with a
situation in which the task set repeated and only the task
cue changed.14 Considerable switch costs emerged even
in the latter situation, although the set of rules that were
relevant did not change. The authors interpreted the cue-
switch cost as indicating that a major component of the
traditional switch cost can be attributed to episodic long
term memory (LTM) retrieval. If this interpretation is
correct, then retrieval of a task set from LTM into work-
ing memory is necessary even when the task set does not
change.

An interesting speculation is that a similar LTM re-
trieval effect might also be at work in a simpler con-
text, where only a single task is relevant. In the case of
arbitrary mappings between stimuli and responses (e.g.
blue → left key, yellow → right key), a retrieval pro-
cess might be induced by presentation of the stimulus.
Although no switching of task sets is required, retrieval
of the mapping rule for a given stimulus may still be
obligatory. Evidence for such effects of episodic re-
trieval during attentional selection comes from observa-
tions of stimulus-specific repetition priming in the Erik-
sen flanker task (Mayr, Awh, & Laurey, 2003), as well
as from episodic retrieval-based explanations of the neg-
ative priming effect (Neill, 1997; Neill & Valdes, 1992,
but see Strayer & Grison, 1999). Furthermore, the slope
of the Hick-Hyman law is also affected by the repeti-
tion effect. Responses to stimulus repetitions are faster
than to alternations, and the size of this effect is larger
with lower degrees of S-R compatibility and with larger
numbers of stimulus alternatives (Kornblum, 1973).

Taken together, all of these deviations from a law re-
lating external information to reaction time appear to be
related to the degree to which the task requires reliance
on internally stored information that is not over-learned.
In other words, cognitive task complexity is strongly re-
lated to episodic memory processes. To conclude, it is
likely that the ‘table lookup’ processes involved in find-
ing the response with arbitrary S-R mappings are sim-
ilar to episodic cued recall and draw capacity from the
pool of attention/working memory. It is not presently
clear whether these capacity demands arise during S-R
translation or during response selection, but in any case
they arise relatively late, after perceptual categorization
of the stimulus is completed.

Episodic task demands and executive control. In
the present thesis I propose a specific aging-related
deficit, namely a decrease in the reliability of mental
sets, consisting of episodic accumulators. The hypoth-
esis of a reduced reliability of mental sets focuses on
‘episodic’ task aspects, i.e., those aspects that are not
pre-experimentally established, but only relevant in the
experimental context. In the Norman and Shallice’s
(1986) taxonomy of situations creating a demand for
“supervisory”, i.e. executive functions, ‘episodic’ task
aspects correspond to “non-routine or not well-learned
responding”. A mental set specifies the input-output re-
lations for a given task, thus binding reactions to stimu-
lus representations. The specification and maintenance
of parameters for a task at hand, where parameters de-
scribe the set of input-output-relations (including inter-
nal representations), has been suggested as one of the
principal functions of executive control (e.g., Logan &
Gordon, 2001; Braver et al., 2001; Botvinick, Braver,
Barch, Carter, & Cohen, 2001). Parameter specifica-
tion by executive control is only needed if stimulus and
response are not naturally or pre-experimentally associ-
ated. Reliable mental sets are thus of critical importance
if performance depends on the binding of arbitrary task
aspects, e.g. with an arbitrary stimulus-response map-
ping.

The importance of reliable mental sets is enhanced
in conflict situations, i.e., situations in which prepotent
or ‘habitual’ response tendencies have to be overcome,
because additional attentional capacity is required to
resolve the conflict. If a limited capacity of atten-
tional/working memory resources is assumed, then in
the case of response conflict less capacity should be

13 Further support for the assumption that performance in
tasks using an arbitrary S-R mapping relies on working mem-
ory comes from correlational studies showing that choice re-
action time with arbitrarily mapped responses is a surprisingly
good predictor of fluid intelligence, while simple reaction time
is not (Süß, personal communication, Dec. 2003). The evi-
dence linking this to working memory is rather indirect how-
ever, and further analyses have to reveal whether choice re-
action time and working memory capacity, which is a well-
known predictor of fluid intelligence scores, share variance—
as Logan’s (1979) results would indicate.

14 This was achieved by using a 4:2 mapping between cues
and task.
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available to other capacity-demanding processes, such
as maintenance of arbitrary mapping rules. Current neu-
rophysiologically motivated theoretical models of atten-
tional control explicitly recognize this fact (Braver et
al., 2001). For example, the influential model proposed
by Botvinick and colleagues (Botvinick, Nystrom, Fis-
sell, Carter, & Cohen, 1999; Botvinick et al., 2001)
assumes that the anterior cingulate cortex (ACC) has
the function to detect response conflict. Whenever a
conflict is detected, its occurrence is signaled to the
dorsolateral prefrontal cortex (DLPFC), which is re-
sponsible for scheduling attentional resources. A con-
flict signal fed into DLPFC from ACC indicates that
more resources should be diverted to the representation
of the task-relevant stimulus dimension. The passive
role of the ACC has recently been questioned by Mayr
et al. (2003), who showed that the empirical pattern
of conflict-adaptation effects15 on which the model is
based is more compatible with a memory-based prim-
ing account than with a model that assumes a passive
conflict signal, independent of the specific stimulus his-
tory. Mayr et al. (2003) found that faster responding on
the subsequent trial was limited to exact repetitions of
the target+flanker ensemble.16 Cognitive control can be
completely bypassed in trials featuring exact repetitions
of target-distractor (and response) ensembles because of
memory-based priming. Episodic priming might there-
fore provide a short-cut to response selection, so that
less conflict occurs on repetition trials. If episodic prim-
ing is unavailable because the stimulus-response ensem-
ble changed, then slow, controlled retrieval is necessary,
allowing for a new locus of conflict at the level of mem-
ory access.

What kind of code does the system implementing ar-
bitrary mappings use? An arbitrary mapping between
stimuli and responses consists of the ‘episodic’ short-
term binding of stimulus features to response buffers.
Working memory seems to be involved in the main-
tenance of this binding and/or the selective activation
of the matching rule based on its input on each trial
(e.g., Logan, 1979, 1980). The process implementing
arbitrary rules must be flexible enough to encode and
store associations between any task elements, regard-
less of their internal code—thus a multimodal represen-
tation is a requirement. Baddeley (2000) recently modi-
fied his model of working memory (Baddeley & Hitch,
1974; Baddeley, 1986, 1992a, 1992b) to include a stor-
age component of the central executive, which had pre-
viously been conceived of as a module devoted exclu-
sively to processing, not storage. The new component,
termed ‘episodic buffer’, “comprises a limited capacity
system that provides temporary storage of information
held in a multimodal code, which is capable of binding
information from the subsidiary systems [i.e. phonolog-
ical loop and visuo-spatial sketchpad], and from long-
term memory, into a unitary episodic representation”
(Baddeley, 2000, p. 417). Thus Baddeley’s episodic
buffer shares many of the properties that are required
for the instantiation and maintenance of arbitrary map-
ping rules.17 If a set of recent associations is to be kept

in a highly accessible state to achieve good task perfor-
mance, then some sort of short-term memory store with
a multimodal representational code is necessary for the
maintenance of such arbitrary associations.

I conjecture that the representation in episodic buffers
(or mental sets) is less reliable in old age. This could
account for age effects in reaction time tasks, because
task complexity may be congruent with the amount of
‘episodic’ task demands, i.e. the aspects of a task that
are arbitrary and only specified in the current exper-
imental context. In the light of Logan’s results, be-
cause most experiments take place in only one or two
sessions, it is likely that arbitrary task rules require
executive capacity, because they do not become suffi-
ciently automatized during the course of an experiment.
This is certainly true for arbitrary S-R mappings, but
it can probably be extended to other arbitrary task as-
pects that are only relevant during the experiment, and
that require temporary formation and maintenance of
associations. With very high degrees of compatibility
and highly overlearned associations such as in reading
aloud, the slope of the Hick-Hyman law becomes al-
most flat, while it is very steep on change trials where re-
sponding is based on newly acquired arbitrary stimulus-
response associations. If task complexity is largely de-
termined by episodic task aspects, then the assumption
of an age-related decrease in the reliability of episodic
accumulators is well-suited to explain Brinley plot reg-
ularities.

The Episodic Accumulator
model

Reliability of mental sets could thus be one of the
executive functions particularly affected by aging.
If the general slowing pattern is produced by a less
reliable representation of mental sets in old age, then
the ‘standard’ old-young ratio of 1.5-1.8 could be a
consequence of the ‘average’ degree of arbitrariness
in typical cognitive psychological reaction time tasks
(caused e.g. by the arbitrary mapping of colors to
response keys). To more specifically characterize
the predictions derivable from this hypothesis, the
Episodic Accumulator model was developed. The main
assumptions of the model are described below, and a
block-and-arrow flowchart version of the model is given
in Figure 1.

1. Early stages of processing (e.g. perceptual
classification and semantic categorization) are not or
at least not much affected by the aging process. As

15 Responses in a conflict trial following a conflict trial are
faster than in a conflict trial following a nonconflict trial, and
responses in a nonconflict trial following a conflict trial are
slower than in a nonconflict trial following a nonconflict trial.

16 The Botvinick et al. conflict adaptation model would as-
sume that conflict on a given trial signals enhanced control
demands, and enhanced control leads to a faster conflict reso-
lution on the subsequent trial.

17 There is also a similarity to the long term working mem-
ory concept introduced by Ericsson and Kintsch (1995).
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Figure 1. The Episodic Accumulator Model in tasks with compatible (left) and arbitrary (right) mappings. Solid lines indicate
strong pathways, and broken lines indicate weak pathways. The arrows labeled ‘leakage’ indicate that some information might
get lost due to unreliable accumulators. Older adults’ episodic buffers are assumed to be less reliable.

has been argued above, age differences are absent in
‘pure’ measures of early processing (e.g., Verhaeghen
& De Meersman, 1998; Mayr & Kliegl, 2000) and in
the P300 (Bashore et al., 1989). Thus for each stimulus
condition i (e.g. levels of perceptual difficulty) and time
step t, early stages produce an evidence count Ei, which
does not differ between age groups.

2. I distinguish between two situations with regard to
early difficulty manipulations. This distinction is moti-
vated by results from the additive factors research pro-
gram (Sternberg, 1969), which indicate that factors af-
fecting early, perceptual classification and late, response
translation and selection stages rarely interact. On the
other hand, factors affecting the early stages of cogni-
tive processing, such as probability or expectancy ma-
nipulations, often give rise to interactions with response
selection difficulty (Keele, 1969; Miller & Anbar, 1981;
Rabbitt, 1967; Sternberg, 1969; Sanders, 1995; for a
review see Wickens, 1992).
First, the system can be configured in a way that per-
ceptual classification and response translation and se-
lection are independent. In this case, early stages of
processing are thresholded, such that they are only read
out by translational and response selection systems af-
ter the threshold has been crossed. In this case, early
systems just convey identity information, but not stimu-
lus strength information, i.e. they act like a binary gate
that signals stimulus presence. Early difficulty manipu-
lations will lead to a delay in reaching the threshold, but
after the threshold has been reached, the same informa-
tion will be available for later systems in both perceptu-
ally easy and perceptually difficult conditions.
Second, another configuration is relevant for situations
in which the early difficulty manipulation affects a ‘cog-

nitive’ variable (as opposed to a perceptual variable). In
this case, information from (not quite so) early systems
can be read out immediately by the response system,
i.e. processing is cascaded (McClelland, 1979), and the
early cognitive stage provides a strength signal.
There is considerable evidence that behavior in
cognitive tasks can shift between exhibiting a staged
and a cascaded mode of processing, depending on
task characteristics such as stimulus category or speed
pressure (Miller & Hackley, 1992; Kello, Plaut, &
MacWhinney, 2000). Similarly, processing models
of an identical architecture can operate in staged or
cascaded mode, depending on the gain of the S-shaped
activation function in a neural network (e.g., Kello et
al., 2000; Schwarz, 2003). In the thresholded case the
net input may be so large that the activation function
is already near asymptote, so that small changes in
input do not make much of a difference in activation.
In the cascaded case, the net input is in the ‘sensitive
region’ of the activation function, where activation is
approximately linearly related to input.

3. Information originating from early systems is
transformed into response-relevant signals by response
accumulators. Response accumulators are units that
continuously collect evidence from early stages, until a
fixed response threshold K is reached. Each response
alternative is associated with a separate accumulator,
and each accumulator receives input in parallel from
two sources, namely the stimulus classification layer
(see 1. and 2., above), and the episodic accumulator
layer (see 4., below). For example, in a binary choice
reaction time task, there are two response accumulators,
one collecting evidence for the left response key, and
the other for the right key. The assumption of a fixed
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threshold across conditions and age groups is motivated
by physiological results (Hanes & Schall, 1996).

The physiological module implementing the response
accumulators might be the basal ganglia, which have been
proposed to be the locus of the final pathway of response
selection (Gurney, Prescott, & Redgrave, 2001b, 2001a).

4. Under conditions of arbitrary mappings, a
‘translational’ module has to mediate between stimulus
information and response accumulators. We call
this translational module ‘episodic accumulators’,
or ‘episodic buffers’. Like with response accumu-
lators, each element-level stimulus-response rule
is associated with a separate episodic accumulator.
Episodic accumulators channel information from the
associated concept at the semantic classification layer
to the associated response accumulator. Importantly,
episodic accumulators are considered to be flexibly
programmable according to task demands. If they were
not, we would not be able to perform a wide range of
tasks given only brief instructions.

I consider episodic accumulators to be located in prefrontal
cortex (PFC), most likely in dorsolateral PFC (DLPFC),
which projects to the basal ganglia. Neurons in PFC have
the desirable property that they are programmable according
to task instructions and can hence code arbitrary rules (e.g.,
Miller & Cohen, 2001). Behavioral (Asaad, Rainer, &
Miller, 1998; Quintana & Fuster, 1992; Bichot, Schall, &
Thompson, 1996; Barone & Joseph, 1989; White & Wise,
1999; Wallis, Anderson, & Miller, 2001) as well as clinical
evidence (Wise & Murray, 2000; Petrides, 1982, 1985)
suggests that the PFC, which is the cortical structure showing
the earliest signs of age-related biological decline, is critical
for learning rules. PFC neural activity represents the rules
or mappings required to perform a task, and not just single
stimuli or forthcoming actions. Miller and Cohen (2001,
p.178) assume that “activity within the PFC establishes
these mappings by biasing competition in other parts of the
brain responsible for actually performing the task. These
signals favor task-relevant sensory inputs (attention), memory
(recall), and motor output (response selection) and thus guide
activity along the pathways that connect them (conditional
association).” If the PFC represents the rules of the task in
its pattern of neural activity, it must maintain this activity as
long as the rule is required. The capacity to support sustained
activity in the face of interference is one of the distinguishing
characteristics of PFC (Miller, Erickson, & Desimone, 1996).
By contrast, sustained activity in extrastriate visual areas is
easily disrupted by distractors (Constantinidis & Steinmetz,
1996). Thus posterior cortical neurons seem to reflect the
most recent input regardless of its relevance, whereas the PFC
actively maintains task-relevant information.

While stimulus identification and response selection
proper are unaffected by aging, the only influence of
aging in the model is the deterioration of the mental
representation that is supported by episodic accumu-
lators. The task-appropriate use of the accumulators

is a problem of episodic memory. Here, we make the
central assumption that episodic information is less
reliably represented in old age. This has been confirmed
in a number of aging studies (e.g., Kliegl et al., 1994).
If the representation of information in the episodic
accumulators is less reliable, then there is a greater
chance that incoming evidence is ‘missed’. Thus for
each age group a and each response condition r we
can give a probability par that evidence from early
systems is registered by the accumulator. The loss of
reliability could be responsible for phenomena such
as goal neglect (De Jong, Berendsen, & Cools, 1999),
lapses of intention (West & Baylis, 1998; West, 1999),
or interference from concurrently activated rules (e.g.,
via lateral inhibition between episodic accumulators).

5. For the empirical test of the model, a corollary
assumption has to be made, namely that under certain
circumstances, episodic accumulators can (largely)
be by-passed. Formally, in these cases, either p will
have a value close to 1.0 independent of age, or the
weight of the ‘indirect’ route via episodic accumulators
is negligible in comparison to the weight of the direct
S-R route. For example, this could be the case if an
S-R association is pre-experimentally over-learned, or
if natural relationships between stimuli and responses
are exploited, such as in highly compatible spatial
mappings. Another such situation could occur in
the case of exact between-trial repetitions of target
ensemble and response (Mayr et al., 2003). This
assumption is similar to the automatic route assumption
in the dimensional overlap model of stimulus-response
compatibility effects by Kornblum et al. (1990). It
is important, because it allows to create experimental
conditions which differ in the degree to which episodic
accumulators are relevant for performance.

Taken together, in cascaded mode, the time T to initi-
ate a response in a stimulus condition i, a response con-
dition r, and an age group a is given by

Tair =
K

Ei par
. (8)

Per unit time, Ei par counts of evidence are registered,
thus it takes K

Ei par
units of time to reach threshold. This

simple model can reproduce the age-by-complexity ef-
fect, where the slope of the Brinley function is given
by 1/par. For example, let us assume that old adults’
episodic accumulator have a reliability of .5, i.e. on av-
erage they miss every other count of evidence, and that
early systems produce input at a rate of 1/∆t in a diffi-
cult stimulus condition, and 2/∆t in an easy condition.
Further assuming a response threshold of 600, we obtain
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the following response times:

Tyoung,easy =
600

2
= 300

Told,easy =
600

2× .5
= 600

Tyoung,di f f icult =
600

1
= 600

Tyoung,di f f icult =
600

1× .5
= 1200

It is apparent that the model can reproduce the age-by-
complexity effect (in this case, with a slowing factor
of 2.0) without having to assume a basal, unspecific
deficit. In particular, it was assumed that early stages
of processing function equally well in young and in old
adults. However, due to the specific age-related deficit
in the episodic accumulators, early stages need to pro-
duce more evidence than in the case of reliable accumu-
lators. Unreliable accumulators therefore amplify early
difficulty effects (in the case of cascaded processing).

Now consider the case of thresholded processing,
where there is no continuous flow between perceptual
and cognitive modules, but rather the early perceptual
difficulty manipulation introduces a delay δEi, after
which Emax evidence counts per unit time are received
by the response selection, independent of perceptual dif-
ficulty condition i:

Tair =
K

Emax par
+δEi . (9)

Cognitive processing is not affected by this delay. Thus
assuming an early difficulty effect of δE = 100ms, we
obtain

Tyoung,easy =
600

2
= 300

Told,easy =
600

2× .5
= 600

Tyoung,di f f icult =
600

2
+100 = 400

Tyoung,di f f icult =
600

2× .5
+100 = 700

In the null condition, where episodic accumulators are
by-passed, we can assume that output of the early stage
is directly fed into response accumulators. Thus re-
sponse times are a function of a single variable, early
difficulty,

Tai =
K
Ei

. (10)

If a complete lack of perceptuo-motor slowing were as-
sumed, then young and old adults’ performance would
be equal in highly natural or compatible conditions. Al-
though the assumption of perceptuo-motor age equiva-
lence is probably unrealistic, we use it as a first approx-
imation, because of the small effects usually obtained in
purely perceptual measures (see above).

How to test the Episodic
Accumulator model

How can the model be tested? If episodic accumu-
lators were involved to the same degree in all tasks,
then testing would not be feasible. However, assump-
tion 5 states that episodic accumulators are not needed
if task performance mainly relies on automatic or pre-
experimentally well-established rules (compatible con-
ditions). Under these conditions, episodic accumula-
tors can be bypassed, thus response accumulators can
be directly activated by incoming stimulus information.
A testable prediction generated from this assumption is
that (a) age effects will be much smaller under compat-
ible conditions, and (b) there will be no interaction of
early difficulty manipulations and age. Thus to test the
model, experimental conditions need to be created that
on the one hand vary whether episodic accumulators are
involved or not, and on the other hand vary ‘early’ dif-
ficulty, i.e. the rate of information input into episodic or
response accumulators. If these conditions can be suc-
cessfully created, then a characteristic triple interaction
between age, early difficulty, and ‘episodic difficulty’
is expected, as depicted in Figure 3. However, this in-
teraction will only appear if the episodic buffer system
operates in cascaded mode, i.e. if it receives stimulus
strength information as input. In the case of serial stage-
like operation, where the output of earlier stages just
consists of stimulus identity information, the predicted
pattern of results will look like in Figure 2. In this case,
episodic difficulty and age interact, but this interaction
does not modulate perceptual difficulty effects.

Perceptual difficulty and arbitrary task rules

The first experiment to be reported below test the
episodic buffer hypothesis by selectively varying per-
ceptual difficulty and S-R compatibility. If a triple inter-
action of age with the two factors were found, amount-
ing to an amplification of perceptual difficulty effects in
the arbitrary mapping condition in old age, this would
be difficult to reconcile with serial, stage-like processing
of stimulus identification and response selection. How-
ever, due to the fact that manipulations that selectively
influence stimulus identification and response selection
stages produce additive effects in young adults under
most circumstances, this result is not likely. We have
modeled this by assuming that perceptual classification
does not provide a strength signal, but only an identity
signal to the episodic buffer stage. Under these ‘serial’
circumstances, a reduced reliability of episodic buffers
in old age still predicts a two-way interaction of age and
mapping, however, the perceptual difficulty factor is ad-
ditive with respect to both age, mapping, and the inter-
action of the two.

Cognitive difficulty and arbitrary task rules

While it is difficult to test the ‘amplification of early
difficulty’ prediction of the episodic buffer hypothesis
with differential manipulations of perceptual difficulty
and arbitrariness of S-R mapping, I will now argue
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Figure 2. Predictions of the Episodic Accumulator Model in
the case of serial, stage-like processing.
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Figure 3. Predictions of the Episodic Accumulator Model in
the case of cascaded processing.

that the diagnostic triple interaction pattern can be
obtained by orthogonally varying early cognitive
difficulty and arbitrariness of S-R mapping. When
the episodic buffer and response selection stages start
receiving input before semantic classification is fully
completed (i.e. the model operates in cascaded mode),
the assumption of reduced reliability of episodic buffers
in old age predicts an over-additive triple interaction of
perceptual difficulty, mapping and age. What kind of
manipulations may lead to cascaded processing? In my
opinion, the greatest chance to induce this processing
mode is by making semantic classification difficult, so
that classification takes rather long, thereby increasing
the likelihood that information reaches episodic and
response units before classification is complete. One
option to prolong the time demands for successful
stimulus classification would be to use near-threshold
stimuli. A second option, and the one chosen here, is
to use a standard tool in cognitive psychology, namely
a conflict or interference paradigm (e.g., Eriksen &
Eriksen, 1974; Stroop, 1935), where different stimulus
features convey incongruent information about stimulus
identity.
In a conflict task, there is ambiguous output of the
perceptual stage due to a stimulus that has several,
conflicting attributes. Typically, the stimulus has one
relevant attribute (or target) and one or several irrelevant
attributes (or distractor/s). It is commonly assumed that
the perceptual stage performs several classifications in
parallel (e.g., Treisman & Gelade, 1980). Thus if target
and distractor are incongruent in a conflict task, then
ambiguous output of perceptual classification presents
a conflict with respect to the required response at the
input side of the cognitive stage. In other words, a
cognitive filter has to be applied to the perceptual output
to resolve a response conflict. The cognitive and even
the perceptual filter can be tuned by task instructions,
however, filtering is not perfect. The occurrence of
a conflict is particularly likely when a task-irrelevant

stimulus attribute is processed in a relatively automatic
fashion, while more effort is needed to process the
task-relevant attribute.
To facilitate comparison of results from different
experiments, the experiments reported below all
used one particular interference paradigm as an early
difficulty manipulation, namely the Stroop task (Stroop,
1935). Thus the argument will focus on the Stroop
task, which is a paradigmatic example of a conflict
paradigm. The general idea is however applicable to a
broader domain of tasks. Further research with other
paradigms (such as the Eriksen flanker task) will have
to prove the external validity of the results. In the
Stroop task, the ink color of a printed word has to be
named, while word meaning is to be ignored. If the
word itself designates a color different from the ink
color, e.g. green printed in red, then conflict arises at
the cognitive stage. This conflict has to be resolved by
the cognitive system, and a decision has to be made
because only a single response can be given according
to task instructions. The conflict can be detected if one
compares performance in this incongruent condition
with a congruent condition, in which both word and
color activate the same color concept.
Focusing on the Stroop task has several advantages.
First, the Stroop effect is one of the most robust
effects in cognitive psychology, thus there is little
doubt that the ‘early difficulty’ manipulation will be
effective. Second, because the Stroop task is one of the
best-researched phenomena, a lot of empirical data is
available. To a lesser degree, this also applies to age
effects in the Stroop task. Third, relatively advanced
processing models of the Stroop task exist (e.g., Cohen
et al., 1990; Cohen & Huston, 1994; Phaf, van der
Heijden, & Hudson, 1990; Botvinick et al., 2001;
Roelofs, 2003; Gilbert & Shallice, 2002; Stafford,
2003), thus making it easier to determine the locus of
the possible effects. Fourth, the Stroop task is nowadays
considered to tap executive processes, in fact it is often
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used as a paradigm example of an executive task. Using
the Stroop task as a tool to investigate age differences
in a different executive function, maintenance of
mental sets, might help elucidate some aspects of the
rather muddled and ill-defined concept of executive
control. Fifth, focusing on a single task in a series of
experiments allows the construction of Brinley plots
that are relatively uncontaminated by other processes.
Because the Stroop interference paradigm was chosen as
a cognitive difficulty manipulation in five experiments
to be reported below, I will present a short overview
of the Stroop task as well as relevant empirical and
theoretical results in the next section.

The Stroop task

The Stroop task looks deceptively simple and yet it
has generated (and continues to generate) an enormous
research interest. In his review of “half a century of re-
search on the Stroop effect”, MacLeod (1991) counted
over 700 relevant articles, 70% of which had been pub-
lished between 1973 and 1991. In an update, MacLeod
and MacDonald (2000) speak of “literally thousands of
studies”. Thus the current review necessarily has to be
selective. I will first describe the basic phenomenon. In
the following section, I will focus on the facts that (a)
Stroop interference arises at or is at least promoted to
the cognitive (as opposed to perceptual) stage, and thus
(b) conflicting information reaches the stage where arbi-
trary response mappings are presumably implemented.

It has been known since the end of the 19th cen-
tury that naming a color takes longer than reading a
word. Estimates indicate that word reading is on aver-
age about 100-200 ms faster than color naming (Dyer,
1973; Fraisse, 1969; Glaser & Glaser, 1982), proba-
bly due to the fact that reading is very well practiced
or ‘automatic’. To study interference between the two
processes, Stroop (1935) introduced bivalent color-word
stimuli, i.e. words printed in a color. In the color-naming
condition, the task consists of naming the word color
while ignoring word meaning, while the reverse instruc-
tions are given in the word-reading condition. The criti-
cal manipulation affects the congruency of word mean-
ing and color. For example, the word RED can be printed
in red or in green ink, giving a congruent and an incon-
gruent stimulus, respectively. Several neutral conditions
can also be added, for example the word RED printed in
black ink, or a word without color association (e.g. CAT)
or a nonword (XXX) printed in green.

While the term Stroop task is reserved for the color-
word interference task, a number of related, Stroop-
like paradigms have been developed. These include the
picture-word interference task (Rosinski, Golinkoff, &
Kukish, 1975; Glaser & Düngelhoff, 1984, e.g., CAMEL
printed inside of the picture of a dove), the numerosity
Stroop task (Flowers, Warner, & Polansky, 1979, How
many digits do you see? 5 5 5 5), or the spatial Stroop
task (Shor, 1970; Logan & Zbrodoff, 1979), which typ-
ically employs a combination of direction words (such
as LEFT, RIGHT) and arrows. In addition to the color-

word task, only the latter is used in the current series of
experiments.

Response times in the Stroop task are typically about
100 ms slower in the incongruent than in the congruent
condition. This difference has been dubbed the Stroop
effect. Inclusion of a neutral condition allows for a sep-
aration of the Stroop effect into facilitation and inter-
ference, designating the response time (or error) differ-
ences between congruent and neutral, and incongruent
and neutral conditions, respectively. Typically, inter-
ference is much larger than facilitation if a nonword
baseline is used. However, the relative size of the fa-
cilitation and interference effect depends on the type of
baseline condition. For example, facilitation is larger
when the neutral condition uses word instead of non-
word distractors. This suggests that ‘neutral’ words
themselves cause some interference with the color nam-
ing process. Obviously, it is unlikely that interference
by neutral words without a color association originates
at a semantic level–instead a lexical or phonemic locus
is likely.

A verbal mediation of the Stroop effect is thus likely,
but it cannot be due to verbal factors alone. For ex-
ample, it is well established that Stroop interference is
still obtained (though reduced) when manual, key-press
responses are given (White, 1969; Logan, Zbrodoff, &
Williamson, 1984; Keele, 1972). In Keele’s study using
manual responding, only color word distractors caused
Stroop interference, while noncolor words did not. This
suggests that stimulus-response compatibility plays a
role in Stroop effect. If the internal codes used for dis-
tractor and response are more closely related than the
codes for target and distractor, this leads to heightened
interference. However, it is not clear whether manual-
response Stroop tasks may involve implicit verbal cod-
ing at the response-selection stage.

Further support for an SRC contribution comes from
the result that the Stroop effect is asymmetric: at least
when responding vocally, colors interfere with word
reading to a much lesser degree than words interfere
with color naming, i.e., the reverse Stroop effect is
smaller than the Stroop effect (e.g., Dunbar & MacLeod,
1984). This suggests that reading words is more au-
tomatic or at least has faster access to a verbal re-
sponse than naming colors. This finding motivated the
construction of dual-route models of the Stroop effect,
which will be discussed in more detail below.

The Stroop task is nowadays often cited as a paradig-
matic example of a task requiring executive control.
This is because in the conflict condition, word reading
due to an over-learned S-R association leads to a fast
pre-activation of the word response, which has to be ac-
tively inhibited to perform in accordance with task rules.
Active inhibition is considered an executive function,
and has been suggested as one of the functions that are
particularly susceptible to the influence of age-related
decline (Hasher et al., 1991; Kane et al., 1994).
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Age effects in the Stroop task
With regard to age differences in Stroop interference,

there are two conflicting positions. On the one hand, the
Stroop effect seems to be larger in old age. For exam-
ple, MacLeod (1991, p.185) concludes that the relevant
literature can be summarized by results of the first (life-
span) study that investigated Stroop effects in a devel-
opmental context (Comalli, Wapner, & Werner, 1962):

Interference begins early in the school
years, rising to its highest level around
Grades 2 to 3 as reading skill develops.
With continued development of reading, in-
terference declines through the adult years
until approximately age 60, at which point
it begins to increase again.

The view that the increase in Stroop interference in old
age is highly consistent is also stressed in the follow-
ing quote from a recent study that more specifically fo-
cussed on cognitive aging, which also illustrates that
Stroop interference may lead to over-proportional age-
related slowing (West & Baylis, 1998, p. 206)

Over the 60-year history of the Stroop
task, only a handful of studies have ad-
dressed the relationship between increas-
ing age, in later adulthood, and task per-
formance. However, what this literature
lacks in depth it makes up for in consis-
tency, with all existing studies reporting
an increase in Stroop interference in older
adults relative to younger adults. [. . . ] This
age-related increase in interference does
not seem to merely reflect general slowing
with increasing age, as interference contin-
ues to be greater for older than younger
adults when proportional interference ef-
fects, which control for age differences in
baseline response latency, are considered
(Spieler, Balota, & Faust, 1996). In com-
parison to the age-related increase in inter-
ference, facilitation appears to remain rela-
tively stable with increasing age (Spieler et
al., 1996).

Only a few studies have looked at moderator variables.
The most interesting result for the current investigation
was reported by Hartley (1993), who compared a fairly
standard version of the color-word Stroop task (using
manual responses) with a color-block version. In the
latter, color and word were spatially separated, and a
spatial pre-cue indicated at which location the target di-
mension (color) would appear. In the color-block task,
attentional filtering based on spatial location is applica-
ble.18 In the color-word version, Hartley’s results were
consistent with the results cited above, namely he ob-
tained a significant interaction of Age and Stroop con-
dition. With the color-block task, however, there was no
age difference in the Stroop effect. This indicates that
age differences in the Stroop effect can be eliminated by
early attentional filtering, which seems to be relatively

intact in old age. The color-block condition was then
used as a baseline to control for general slowing, by cal-
culating proportions of mean reaction times in the cor-
responding conditions in the color-word and the color-
block task. In an analysis of this measure, reflecting the
relative slowing when spatial filtering is not possible,
the Stroop effect was still larger for old than for young
adults. Because the proportional measure controls for
slowing in the baseline conditions, this seems to indicate
a specific age deficit in an anterior attentional system
that cannot be accounted for by general slowing. Note
that manual responses were used so that some episodic
memory contribution was likely, although only two col-
ors and colored key caps were used.

A similar approach to control for baseline speed dif-
ferences was used by West and Baylis (1998, Experi-
ment 1), who compared age effects in the incongruent
condition of a Stroop task to age effects in the compo-
nent tasks, (a) color naming, and (b) word reading. Con-
sistent with earlier findings (Cohn et al., 1984), and dif-
ficult to reconcile with a general slowing account, there
was no age difference in word reading times, while old
adults were reliably slower in color naming. However,
the increase in color naming times did not suffice to
account for the even larger increase in the Stroop ef-
fect. When the relative change in reaction time in the
Stroop interference condition compared to color nam-
ing baseline in units of baseline reaction time was an-
alyzed ((incongruent - color only)/color only), interfer-
ence continued to be greater for older adults. Very large
and over-proportional age effects in Stroop interference
were also found by Brink and McDowd (1999), in a
condition using manual responses in a four alternative
forced-choice paradigm. Furthermore, the age differ-
ence in the Stroop effect was larger with four than with
two arbitrarily mapped responses.

On the other hand, a recent meta-analysis of the
Stroop effect in cognitive aging has found merely pro-
portional slowing (Verhaeghen & De Meersman, 1998).
This analysis expressed the Stroop interference effect
from 20 published studies in units of mean standard-
ized difference and found no significant age differences
in this measure. Several moderator variables were also
taken into account, namely , (a) baseline condition
(color patches vs. XXXX or colored words), (b) presen-
tation format (single trial, one item at a time vs. Stroop

18 Spatial attentional filtering can presumably be performed
by a posterior attentional system comprised of the parietal cor-
tex, the superior colliculus, and the pulvinar nucleus of the
thalamus. In contrast, in a standard color-word Stroop task
in which target and distractor are integrated on the same per-
ceptual object, a more frontal, anterior attentional system is
responsible for selection between streams of processing. In
this conception, the posterior system is involved regardless of
whether an exogenous cue, e.g. a flash, or an endogenous cue,
e.g. an arrow, is used (as long as the endogenous cue is auto-
matically interpreted). Mueller and Rabbitt (1989) speculate
that reflexive orienting of attention takes the superior collicu-
lus pathway, whereas voluntary orienting to endogenous cues
depends on posterior parietal cortex. Both of these mecha-
nisms are part of the posterior attentional system.
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test, more items at a time), and (c) presentation proce-
dure (computerized presentation vs. printed materials).
Although all of them had an influence on the Stroop
effect, none resulted in a reliable Age × Condition ×
Moderator Variable interaction. Furthermore, the slope
of the Brinley function, which was 1.88, was not modu-
lated by Stroop condition.

However, a closer look at the results indicates that
at least the Brinley results are not necessarily very ro-
bust. Verhaeghen and De Meersman used an interaction
analysis approach to Brinley plot regression. Briefly, the
approach tested whether the slope and intercept param-
eters of the linear regression functions predicted by the
Cerella (1990) multilayer slowing model (see equation
6) were different between baseline and interference con-
ditions. For this test, the regression model

RTold = a1 +b1 RTyoung +a2 Cond +b2 Cond×RTyoung

was used, which included the dummy variable Cond
that took a value of 0 in the baseline condition and a
value of 1 in the interference condition. Therefore, a1
and b1 are estimates for Brinley intercept and slope,
respectively, in the baseline condition, while the Brin-
ley intercept in the interference condition is given by
a1 + a2, and the slope by b1 + b2. The slope parame-
ter was almost twice as high for the interference (2.28)
than for the baseline latencies (1.19). Nevertheless, be-
cause the a2 = −608 ms was not significantly different
from zero19, Verhaeghen and De Meersman felt justi-
fied to repeat the analysis without the a2 Cond term. In
this analysis, the b2 parameter was no longer signifi-
cant, so that b2 Cond×RTyoung could also be dropped.
The resulting model corresponded to a simple linear
regression, with an estimate of b1 = 1.88 correspond-
ing to central slowing. One problem with the analysis
is that it might be problematic to remove the a2 Cond
term from the analysis, because (a) the parameter was fit
based on interference conditions from a relatively small
sample of N=20 studies, and only marginally failed to
reach significance, and (b) there is a strong correla-
tion of a and b parameters if Brinley plots obtained
in different studies are compared (Ratcliff, Spieler, &
McKoon, 2000). However, the change in R squared
(R2

Change = .019; F(2,36) = 2.10; p = .137) obtained by
dropping the a2 Cond and b2 Cond×RTyoung terms was
rather mediocre, thus overall the impression remains
that the slowing pattern obtained in the studies summa-
rized in the meta-analysis is not specific to Stroop in-
terference, but rather an artifact of general slowing. For
the current argument, it is important to note that most
of the studies used vocal responding, i.e., there were no
arbitrary S-R mappings involved.

In summary, it is undisputed that young adults pro-
duce smaller Stroop interference effects than old adults.
However, it is unclear whether age differences in Stroop
interference merely reflect general slowing, or whether
they indicate a specific deficit in some specific, possibly
executive, function that is tapped by the Stroop task. If
one is willing to give more weight to meta-analytic re-

sults than to single-study results, then currently the evi-
dence seems to be pointing towards general slowing.

Sources of interference

The episodic buffer model predicts that early diffi-
culty manipulations will be amplified by later stages that
implement arbitrary mappings. However, as has been ar-
gued above, this interaction is only predicted if the early
difficulty manipulation acts late enough in the stream of
processing, so that stimulus classification and response
selection can proceed in cascaded mode. Why do I con-
sider Stroop conflict a suitable early difficulty manipula-
tion? A minimum requirement for such a manipulation
would be that stimulus strength information reaches re-
sponse selection before stimulus identity is fully classi-
fied. Thus, if it can be shown that Stroop conflict starts
before response selection, but is still present at the re-
sponse selection stage, it qualifies as an early difficulty
manipulation that activates the episodic buffers in cas-
caded mode. In this section I will review the relevant
findings from the literature.

At which processing module does Stroop interference
arise? This is an open research question. For exam-
ple, late selection theories (e.g., Dyer, 1973) posit a
response-selection bottleneck as the locus of interfer-
ence, while other data and theorizing points to either
a lexical or a semantic locus (e.g., Dalrymple-Alford,
1972; Luo, 1999). To quote a recent article by Lo-
gan and Zbrodoff (1998, p. 979) regarding the locus
of Stroop interference:

Some researchers have argued that it occurs
early in processing, during perceptual en-
coding (Hock & Egeth, 1970). Others have
argued for a more central locus, involv-
ing translation between codes (Glaser &
Glaser, 1989; Kornblum et al., 1990; Sugg
& McDonald, 1994; Treisman, 1969; Virzi
& Egeth, 1985). Still others have argued for
a later locus, in the response selection stage
(Cohen et al., 1990; Duncan-Johnson &
Kopell, 1980, 1981; Logan, 1980; Morton,
1969; Morton & Chambers, 1973; Posner
& Snyder, 1975; Warren & Marsh, 1979).

In my view, the quote suggests that, although it is not
clear at which stage the conflict originally arises, there
is good evidence that information about both color and
word reaches the response selection stage.

Behavioral evidence for a response-selection locus of
Stroop interference comes from the response set mem-
bership effect (e.g., Klein, 1964; Proctor, 1978): Com-
pared to a color distractor that is a member of the re-
sponse set, there is less interference when the distract-
ing color word does not correspond to one of the colors
used as targets in the experiment. For example, when

19 Statistics for the test were not reported in the original
article. My replication of the analysis using the data from
Verhaeghen and De Meersman (1998, Table 1, p.121) gives
t(36) =−1.99; p = .054.
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the target colors in an experiment are red and green, the
word GREEN in red ink produces more interference than
the word BLUE in red ink. The response set membership
effect is obtained with both manual and vocal respond-
ing (Sharma & McKenna, 1998).

The idea that Stroop interference is present at re-
sponse selection is also supported by a large number of
neurophysiological findings. For example, in an exper-
iment where they obtained standard behavioral results,
Duncan-Johnson and Kopell (1980, 1981) observed no
effect of Stroop condition on the latency of the evoked
potential P300. This finding appears to indicate that (at
least sometimes) Stroop interference originates only af-
ter visual encoding, because the P300 latency is thought
to indicate completion of stimulus evaluation.

Furthermore, most neuroimaging studies of the
Stroop task showed enhanced activity in the ACC on
conflict as compared to neutral trials (for reviews see
Bush, Luu, & Posner, 2000; Jonides, Badre, Curtis,
Thompson-Schill, & Smith, 2002), and ACC is com-
monly associated with response selection (Picard &
Strick, 1996, 2001; MacDonald III, Cohen, Stenger, &
Carter, 2000; Carter et al., 1998), with different sub-
regions serving different response modalities (Turken &
Swick, 1999). A recent brain imaging study20 lent direct
support to the idea that conflicting information reaches
the response-selection stage. In a spatial Stroop task
(which requires manual responding to the meaning of
a word while ignoring a simultaneously presented ar-
row), brain areas associated with correct and incorrect
responses (left and right motor cortices) were simultane-
ously activated in conflict conditions, whereas noncon-
flict trials elicited brain activity only in the contralateral
motor cortex (DeSoto et al., 2001). Thus most theo-
ries of the Stroop effect regard the Stroop phenomenon
as a problem in the attentional control of action as op-
posed to selective attention of visual processing, and all
current models of the Stroop effect (e.g., Cohen et al.,
1990; Phaf et al., 1990; Roelofs, 2003) assume that in-
formation about both color and word is available at a
post-perceptual stage.21

While these results clearly show that conflict is pro-
moted up to response selection, this does not rule out
that the conflict originates at an earlier level of process-
ing. There is empirical evidence for the involvement
of at least the lexical and the semantic concept levels in
addition to the response selection stage (e.g., Luo, 1999;
Dalrymple-Alford, 1972; Klein, 1964)22. An empirical
phenomenon that directly supports a semantic contribu-
tion to Stroop interference is the semantic gradient ef-
fect (Klein, 1964; Dalrymple-Alford, 1972; Glaser &
Glaser, 1989). The semantic gradient effect refers to
the fact that compared to a control condition showing
non-word letter strings (XXXX), there is a gradient of
interference from lexical words. Color words which are
members of the response set produce the highest inter-
ference, followed by color words which are not mem-
bers of the response set, followed by color-related words
such as FIRE or SEA, followed by color-unrelated words
(e.g., THIN) which still produce some interference. Fur-

thermore, a “semantic relevance effect” has been ob-
served (Neumann, 1980; La Heij, van der Heijden, &
Schreuder, 1985). Irrelevant color words that are not
members of the response set (e.g. GOLD) cause more
interference than semantically related noncolor words
(e.g. FIRE). There is some evidence that the semantic
gradient and semantic relevance effects may be limited
to vocal responding (Sharma & McKenna, 1998).23

To arrive at a response when responding is manual,
semantic information likely serves as input to the re-
sponse maps, at least if keys are not labeled with color
patches. Empirical evidence for the point that conflict-
ing semantic information is the input to the response
maps comes from research triggered by translation ac-
counts of the Stroop phenomenon (e.g., Virzi & Egeth,
1985), which hold that colors and words are mapped
from one internal code to another. They predict interfer-
ence whenever the relevant stimulus type does not match
the response type (e.g., a color target has to be trans-
lated into a word response, while a word target need not
be translated). This explains why irrelevant words in-
terfere with color naming, and why irrelevant colors do
not interfere with word reading. Sugg and McDonald
(1994) examined all four combinations of task (word or
color) and response (word or color), using manual re-

20 using a new method called the event-related optical signal,
EROS, that has a temporal resolution similar to the ERP, and
a spatial resolution similar to fMRI

21 Of course, the boundaries between action control and per-
ceptual filtering may be somewhat unsharp, because it has
been shown that after a certain delay, the system implement-
ing top-down attentional control can modulate the gain of per-
ceptual channels by a feed-back mechanism (e.g., Posner &
Raichle, 1994). Although there has been recent evidence for
top-down attentional modulation in early cortical areas like
V1 (e.g., Somers, Dale, Seiffert, & Tothell, 1999; Martı́nez
et al., 1999) and MT (e.g., Treue & Maunsell, 1996; Treue
& Martı́nez Trujillo, 1999), and possibly even in subcortical
areas like LGN (O’Connor, Fukui, Pinsk, & Kastner, 2002),
attentional affects tend to be weaker in early visual areas and
more pronounced the further one looks up the visual stream. In
models of the Stroop task, this top-down influence on percep-
tual selection can be modeled by shutting off the perceptual
input of the irrelevant stimulus after a certain delay, termed
“distractor duration” in the Roelofs, 2003 model.

22 There is also evidence for interference at the phonological
level, which I will ignore here for purposes of simplicity.

23 Sharma and McKenna (1998) investigated semantic gra-
dient and response set effects in a comparison of manual and
vocal Stroop tasks. They compared responding on verbally
labeled buttons with vocal responding. Sharma and McKenna
replicated the semantic gradient effect for vocal responses, but
found that for manual responses, the only significant compo-
nent consisted the of response set membership effect, which
was even larger than in the vocal condition. Thus with man-
ual responding, interference does not seem to arise at a lexical
level, but only at a ‘later’, response selection stage. However,
this can be rephrased to indicate that Stroop interference al-
ways arises at response selection, but the location of the sys-
tem where responses are selected depends on the task at hand
(see Roelofs, 2003). In the vocal task, responses are selected
in the lexical system, while in the manual task, responses are
selected in the semantic or in the premotor system.
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sponses with response keys either labeled by a word or
a color patch. For the task-response combinations of
word-color and color-word, interference was obtained,
as predicted by the translation model. Furthermore, also
in accordance with the model, no interference was ob-
tained in the word-word task. Contrary to the model
predictions, Sugg and McDonald obtained interference
in the color-color task with a negative stimulus-onset
asynchrony (SOA), i.e., when the irrelevant word onset
preceded the color onset (the interference disappeared
at SOA = 0 ms). Thus there remains the possibility
that the mapping of colors to keys involves some ver-
bal mediation even if the keys are labeled by color caps.
However, Durgin (2000) provided strong evidence for
a translation account by changing the response format.
When the response consisted in pointing to a matching
patch of color, the Stroop effect disappeared, and instead
a strong reverse Stroop effect was obtained.

Finally, there is also evidence that even early per-
ceptual selection by visuo-spatial attention contributes
to (the resolution of) Stroop interference. The critical
results come from a color-block version of the task, in
which word and ink color are spatially separated, by
presenting a color bar above or below a word. Typi-
cally, Stroop interference is reduced in this version of
the task, although it is still reliable if the spatial loca-
tion of the target is uncertain, because its position is
randomly drawn from trial to trial (Kahneman & Cha-
jczyk, 1983; Hartley, 1993). However, under conditions
of spatial certainty, interference is eliminated at SOA=0
ms (Glaser & Glaser, 1982), thus under certain24 condi-
tions the distractor can be filtered out by an system that
implements early, visuo-spatial filtering.25

In summary, it is an open question at which stage of
processing the conflict arises. However, it is becom-
ing increasingly clear that Stroop interference is mea-
surable at several levels (Sharma & McKenna, 1998;
Roelofs, 2003; Peterson et al., 1999). As the response
set and semantic gradient effects indicate, a number of
different components contribute to interference, namely
a lexical component (word vs. nonword), a semantic
relatedness component (color-related word vs. color-
unrelated word), a semantic relevance component (color
word vs. color-related word), and a response set mem-
bership component. Thus interference occurs in at least
the semantic, lexical, translation, and the response se-
lection modules, each of which might recruit executive
resources to overcome the conflict. The module at which
the conflict is strongest may vary depending on the im-
plementation details of the task.

Since on incongruent trials the conflict already arises
on the input side of the cognitive stage, the Stroop color-
word congruency manipulation, although ‘cognitive’,
can still be regarded as a somewhat ‘early’ difficulty
manipulation, at least if one compares it to the locus of
the S-R compatibility manipulations that were discussed
above.

Models of the Stroop task

Here I will more closely examine the processes that
lead to Stroop interference. I will briefly discuss the
Cohen et al. (1990) model as one prominent model of
Stroop performance, and sketch an alternative class of
dual-route models. The Episodic Accumulator Model,
as applied to the Stroop task, inherits from both ap-
proaches. I will end this section by showing what pat-
terns of interference effects are predicted by the episodic
accumulator hypothesis in the Stroop task with and
without an arbitrary S-R mapping.

The Cohen et al. (1990) model. Both empirical and
theoretical work involves the concepts of controlled vs.
automatic processing to explain Stroop performance. Of
particular interest to the controlled/automatic distinction
are the data obtained by MacLeod and Dunbar (1988),
who trained participants to associate arbitrary shapes
with a color name. After an initial learning phase where
a color name had to be given in response to the presen-
tation of a shape, the shapes were presented in a color
that could be incongruent or congruent to the associated
color. Early in training, incongruent colors caused large
interference effects on shape naming, while incongru-
ent shape-color associations caused no interference in
a color-naming task. After a number of days of train-
ing, interference between the two tasks was symmetric,
and after yet more training, the pattern reversed, so that
incongruent shapes caused more interference on color-
naming than incongruent colors did on shape naming.
These results suggest that differential automaticity, or
differential association strength, is one major source of
Stroop interference.

Consequently, the feed-forward neural network
model proposed by Cohen et al. (1990, see Figure 4) ex-
plains Stroop interference effects by assuming different
association strengths of word and color pathways26 with
a reading response. Color and word pathways are dis-
tinct until they converge on a common response module
representing the naming decision. For example, due to
the stronger association of word input and reading out-
put, presentation of an incongruent color word leads to
a stronger activation in the word than in the color path-
way, which would result in an erroneous word reading
response. In order to give the correct response, exter-
nal, ‘controlled attention’, executive task node inputs
are needed, which differentially bias processing in the
pathways to comply with task instructions. Processing
in the word pathway is attenuated, while processing in

24 pun not intended
25 Posner and Petersen (1990) suggest that there are at least

two distinct attention systems, a posterior and an anterior sys-
tem. The posterior system involving parietal cortex, the pulv-
inar nucleus of the thalamus, and the superior colliculus can
achieve visuo-spatial filtering, while the anterior system is
concerned with attending to one of several possible streams
of internal, cognitive processing.

26 An extended version of the model also includes arbitrary
shape input nodes.
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greenred

Ink color
greenred

greenred

Word
greenred

greenred

Figure 4. Simplified diagram of the feed-forward Stroop
model developed by Cohen et al. (1990). Processing in sepa-
rate color and word pathways converging on the same response
set is modulated by top-down task demand input. Thicker lines
indicate stronger associative connections. In addition to the
between-layer facilitatory connections connecting associated
elements, the model also includes between-layer inhibitory
connections of equal strength, connecting red and green. The
latter are not shown in the figure for reasons of clarity.

the color pathway is facilitated by inputs from controlled
attention.

In the Cohen et al. (1990) model, differential asso-
ciation strengths in structurally identical pathways are
the central explanatory mechanism, and the locus of in-
terference is the response buffer, because there the two
pathways meet for the first time. In recent extensions of
the model (Botvinick et al., 2001), a conflict-monitoring
module measures response conflict and feeds back an
error signal into the cognitive control task input mod-
ule. Thus a negative feedback loop is instantiated: the
greater the conflict, the more control is called for, and
greater biasing by attentional control in turn leads to re-
duced conflict. Interestingly, in the current implemen-
tation of this model, conflict-monitoring is not as dy-
namic as the other aspects of the model—the conflict
signal is only fed back into the cognitive control module
at the end of a trial, after a response has been given,
while all other processing steps are repeated for many
cycles during a single trial. Despite of these limita-
tions, attentional control is no longer purely externally
determined. Conflict signals the need for more control,
thus more ‘resources’ are recruited for the differential
modulation of processing in the pathways. Even the
revised model, however, has no mechanism to explain
interference at the semantic level, because it fails to dis-
tinguish between semantic and response selection lev-
els. The model also has no mechanism to account for
stimulus-ensemble specific, episodic repetition priming

(see Mayr et al., 2003). Furthermore, it is difficult to
see how the model can explain effects of switching the
response modality.

Dual-route Models. The fast activation of an over-
learned or highly compatible response by presentation
of a stimulus is often explained by an alternative class of
models, so-called dual-route models (e.g., Kornblum et
al., 1990; Coltheart, Rastle, Perry, Langdon, & Ziegler,
2001; Neumann & Klotz, 1994; De Jong et al., 1994),
which assume an architectural difference between com-
patible and arbitrary S-R associations. These models
posit that presentation of a stimulus can activate the as-
sociated response via two parallel routes, a fast direct
route, and a slower route that in the case of word reading
passes through the lexical and semantic system. In the
case of extremely over-learned or highly compatible S-
R associations there exists a direct route from perceptual
(e.g. graphemical) to response output (e.g., phonologi-
cal) representations in addition to the semantically me-
diated route that has to be taken when less compatible
or more novel associations are relevant. For example,
the most successful model of reading aloud (Coltheart
et al., 2001) assumes a direct, sublexical grapheme-to-
phoneme conversion route in addition to the semanti-
cally mediated lexical route. In a Stroop task, the direct
route leads to pre-activation of a response buffer (e.g.,
/red/ phonology) in parallel with activation of the se-
mantics (e.g., red color concept). In a reverse Stroop
task (i.e., reading of the word while ignoring its color),
there is no pre-activation of the wrong response, because
color naming is not over-learned. In dual-route models,
interference arises at both the semantic and the response
level. In the case of an incongruent word in the color
naming task, there is fast priming of the wrong phono-
logical output buffer. The phonological output buffer for
the color response can only be activated after the color
has been semantically processed, by input from the se-
mantic level. Because the wrong response is primed,
more input from the semantic level is needed than in
congruent or neutral conditions. Additionally, both the
word and the color activate color concepts, so lateral in-
hibition and/or attentional control input originating from
task nodes is needed to overcome conflict at the seman-
tic level. Given a supra-threshold activation of the in-
congruent color concept by the distractor, activation cas-
cades to the wrong response output, thus leading to con-
flict at the response buffer level. Again, conflicts can
only be resolved by recruiting external resources. In the
case of the word reading task, no reverse Stroop effect is
observed, because response selection can be based en-
tirely on the fast pre-activation of the word response.
Conflict that still arises at the semantic stage arrives at
the response buffer too late to significantly affect perfor-
mance.

The WEAVER++ model developed by Roelofs as a
model of spoken word production has recently been ap-
plied to the Stroop task (Roelofs, 2003). In this con-
text, it can also be considered a dual-route (or multiple-
route) model. When modeling the Sugg and McDon-
ald (1994) data with WEAVER++, Roelofs made the as-
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sumption that responses are generated using the short-
est route possible from stimulus to response while re-
specting the response type. According to this model,
Stroop interference always arises at response selection,
but the location of the system where responses are se-
lected depends on the task at hand. In the vocal task, re-
sponses are selected in the lexical system. In the manual
task, response nodes are connected to concept nodes for
color responses, to lemma nodes for color-driven word
responses, and to form nodes for word-driven word re-
sponses. Thus although manual responses are involved
in all three conditions, how lexical entries mediate the
response critically differs between conditions–the level
at which the selection is made is critical for performance
in the manual version of the Stroop task.

Arbitrary rules in the Stroop
task

One prominent specific-process theory of aging
posits that old adults have difficulty inhibiting irrele-
vant information in working memory (Hasher & Zacks,
1988; Hasher et al., 1991; Kane et al., 1994). This
theory has been criticized mainly because of the dif-
fuse concept of inhibition (see the discussion in the
Journals of Gerontology, 52B(6): Burke, 1997; Mc-
Dowd, 1997; Zacks & Hasher, 1997). In fact, depending
on how inhibition is measured, over-proportional age-
difference have been observed or not. As has been ar-
gued above, resolution of Stroop interference requires
active inhibition of the incorrect response. Thus accord-
ing to the inhibitory-deficit hypothesis, large age effects
can be expected in a Stroop task. However, as a recent
meta-analysis shows, the slowing factor in the congru-
ent and incongruent conditions seems to be equivalent,
indicating that active inhibition in Stroop-like tasks is
not specifically slowed (Verhaeghen & De Meersman,
1998).

Here I argue that the degree to which age-differences
in Stroop interference are found critically depends on
the degree of arbitrariness of the task rules in a Stroop
task. In the case of compatible stimulus-response map-
pings, I predict age effects to be relatively small, while
larger age effects are expected when nonstandard map-
pings are used. This is because interference resolution
takes place in working memory (or the episodic buffer
stage) in the latter case, while it requires less working
memory capacity in the former.

What happens to the sources of interference in the
Stroop task if an arbitrary S-R mapping is used? As
has been argued above, interference in a Stroop task
arises at several levels. In the case of arbitrary S-R map-
pings, interference by direct activation of the compat-
ible or over-learned associated response is impossible
or at least weak—only interference at earlier, e.g. lex-
ical and semantic levels, is relevant. Thus interference
arises at the input side of the arbitrary rules, which map
semantic color concepts to either phonologically or spa-
tially coded response-related concepts. Because there is
competition at the input side of the rules, I consider the

manipulation of Stroop interference an ‘early’ difficulty
manipulation relative to the manipulation of mapping.

A standard result is that the magnitude of the Stroop
effect is smaller with manual than with verbal naming
responses (White, 1969; Redding & Gerjets, 1977; Lo-
gan et al., 1984; Sharma & McKenna, 1998; Keele,
1972; for a summary see MacLeod, 1991). This is often
explained by the fact that the representation of the key
is not pre-activated by the word distractor, i.e. there is
no direct route from stimulus to response. The exec-
utive, working memory demands of an arbitrary map-
ping (e.g. color → key) have been neglected in previous
discussions of this pattern. One reason for this neglect
might be the fact that a resource or capacity concep-
tion of controlled attention would actually predict larger
interference in the manual response condition, because
the maintenance of the arbitrary mapping requires ad-
ditional resources from the same pool that inhibition of
the distractor draws from. This apparent paradox can be
resolved by recognizing that there is a direct route from
word input to naming output, and that this direct route
from distractor to response is absent when using manual
responses.

Thus there might be two partially opponent processes
contributing to Stroop interference. On the one hand,
pre-activation of the wrong response is the higher the
greater the degree of dimensional overlap between dis-
tractor and response (and the smaller the degree of di-
mensional overlap between target and response—see
Kornblum et al., 1990, for a treatment of the concept of
dimensional overlap). If distractor and response codes
overlap, then there is a sub-semantic pre-activation of
the response by the distractor along the direct route. Ex-
ecutive resources are needed for the active inhibition of
the pre-activated wrong response. The amount of re-
sources required will be related to the degree to which
distractor and response codes are more similar to each
other than are target and response codes. Evidence for
this process comes from the comparison of the Stroop
effect and the reverse Stroop effect, which is typically
small or absent. On the other hand, the direct route is
absent (or at least weak) if manual responding is used in
a Stroop task, because neither reading nor color percep-
tion are strongly associated with pressing a key. Thus
executive resources are not needed for active inhibition
of a pre-activated response. Rather, they are needed (a)
for inhibition of the semantic concept activated by the
distractor, and (b) for maintenance of the arbitrary rules.

In a standard Stroop task using vocal responding,
there are no arbitrary S-R mappings—rather, the map-
ping of color concept to naming response is compati-
ble. However, the S-R associations between target and
response are weaker than those between distractor and
response27. Thus arbitrary rules in the standard Stroop
color naming task are not very eminent (although one ar-
bitrary task rule might consist in following the instruc-
tions not to react to the word, but to its color). In a
Stroop task with manual responses, an additional set of

27 In other words, the word → naming relationship is more
compatible than the color → naming relationship.
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arbitrary rules is introduced by the mapping of color se-
mantics to keys. Therefore, the overall degree of arbi-
trariness is greater in the manual Stroop task. Hence,
relatively more executive resources than in a standard
Stroop task will be needed for the maintenance of the
arbitrary mapping and for protection from interference
in working memory, while relatively fewer resources are
required for protection from interference at the response
selection level.

To summarize, in the case of arbitrary S-R mappings,
Stroop interference can not be caused by pre-activation
of a response via a direct, automatic route. Instead, a
semantic origin of interference is likely. As long as the
same stimuli are used, Stroop tasks with compatible and
with arbitrary S-R mappings do not differ in the degree
of interference at the semantic level, simply because the
same concepts are activated. With a compatible map-
ping and a relatively large degree of overlap of distractor
and response code, additional interference arises at the
response selection level due to the direct S-R route.28

While direct interference at the response selection level
cannot occur in arbitrarily mapped tasks, a new locus
of interference is in the module that is responsible for
maintenance of the stimulus-response bindings (or for
‘translation’ of the color semantics into a spatial code),
i.e. the ‘episodic’ working memory component of the
task.

Within the dual route model of Stroop interference
sketched above, the standard result of reduced Stroop
interference in the case of manual responding is eas-
ily explained, if it is assumed that young adults might
not have much of a problem in maintaining the bindings
(i.e. they have reliable episodic accumulators), even in
the case of co-activation of two rules arising through
activation of two concurring concepts at the semantic
level. Thus, that part of interference that is caused by the
episodic buffer-type short-term memory does not matter
much for them, in comparison to the larger part of in-
terference caused by the fast priming of the wrong re-
sponse along the direct route when responding vocally.
Since the latter does not play a role when responding
manually, Stroop interference is reduced in comparison
to vocal responses. It is not completely absent, because
semantic interference is not totally negligible.

The episodic accumulator hypothesis posits that age-
related deficits in the maintenance of arbitrary task rules
are a likely specific cause of age-related slowing. If this
is true, then old adults should show relatively high levels
of interference in a Stroop task using arbitrary S-R map-
pings. Because they suffer from interference in working
memory, old adults should profit less than young adults
from the absence of overlap between distractor and re-
sponse. In principle, it is conceivable that in old age the
costs due to episodic buffer interference are larger than
the benefits due to reduced response competition as a
consequence of the omission of the direct route.

Sketch of an Episodic
Accumulator processing
model for the Stroop task

To more formally investigate the predictions by the
Episodic Accumulator Model in a Stroop task, I devel-
oped an interactive activation model that combines the
idea of dual-route models for the Stroop task with the
Episodic Accumulator Model. The model is depicted in
box and arrow form in Figure 5 and is implemented as
an interactive activation, feed-forward model.29

There are two routes from stimulus input to response
output, one semantic route that is activated by all stim-
ulus inputs, and an ‘automatic’ direct route from the
stimulus to the response layer that is only available for
word stimuli. The architecture of the semantic route of
the model is similar to the Cohen et al. (1990) model,
i.e., there are word and color input nodes as well as task
input nodes, which implement attentional control. The
major difference is that the response nodes in the Co-
hen et al. model are interpreted as semantic classifi-
cation nodes in the current model. Different from the
Cohen et al. model, automaticity of word reading is
not modeled by (widely) different activation strengths
in the word and color pathways, but by the addition of
the direct route from grapheme encoding to the response
layer, which was inspired by the DRC model of reading
aloud (Coltheart et al., 2001). Critically, all aspects of
the model that have been discussed so far assume age
equivalence.

The Episodic Accumulator Model is attached to the
output of the semantic nodes. The model is identical to
the version described above (pp. 15 ff.) and is therefore
another example of a dual-route model (embedded in the
larger dual-route model). Within the Episodic Accumu-
lator Model, there are direct connections from input to
response in addition to the indirect pathway via episodic
accumulators. In the indirect pathway, input is fed into
episodic accumulators, which in turn project to response
nodes. In both cases, input is constituted by output
activation in the semantic nodes of the Stroop model.
Within the Episodic Accumulator Model, compatibility
of input and response representations determines the rel-
ative weights of the paths connecting inputs to response
and to episodic accumulators. If input and response are
compatible (e.g. say “blue” in response to the concept
blue), then the weights in the direct path are relatively

28 For example, graphemical encoding of the distractor word
and phonological encoding of the verbal response overlap, so
that presentation of a word leads to a fast reading response.
Graphemical encoding and the spatial code used for manual
responding do not overlap.

29 Since this is only a ‘toy’ model, implemented to show that
the qualitative pattern of results can be obtained as stated in the
text, no attempt was made at fitting parameters using an auto-
mated procedure like gradient descent or a genetic algorithm–
rather, parameters were chosen by hand and intuition. Fur-
thermore, different from the Cohen et al. (1990) model, the
current model does not include a learning mechanism, such as
error backpropagation, because I did not intended to simulate
learning in the task.
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Figure 5. Combination of a model of the Stroop task and the Episodic Accumulator Model. The Stroop model (lower part of the
figure) was inspired by the well-known model by Cohen and colleagues (1990). The Episodic Accumulator Model (upper part of
the figure) has been described above. A direct route is added from graphemical encoding of the word to the response selection
layer in the case of vocal responding.

stronger than in the episodic path, while in the case of an
arbitrary mapping (e.g. press left key in response to the
concept blue), weights in the episodic path are stronger
than in the direct path. Thus input-response compatibil-
ity is a relative concept, determining the relative reliance
on the direct and the episodic pathway.30

The following paragraphs will give a brief sketch on
how processing in the model is implemented. There are
separate sets of input nodes for color and word informa-
tion. Each input set consists of two nodes, one coding
for red and the other for green. For example the word red
printed in green color has a word input pattern of [red=1,
green=0] and a color input pattern of [red=0, green=1].
Additionally, there is a set of ‘controlled attention’ input
nodes that code for the task at hand, i.e. word or color.

In the present simulations, only the color task input node
was active. Input to units in all other layers is weighted
by connection strengths and summed up to give the net
input into a node per cycle. The current activation of
a unit is determined by first calculating the current net

30 In the arbitrary case, weights in the direct path could be
set to zero, however they are kept at a small value above zero
to account for the fact that some degree of automaticity de-
velops during the course of an experiment. Development of
automaticity is not modeled, because it is not the primary fo-
cus here. The current set of parameters may thus correspond
to a trial in the middle of a single-session experiment, where
some automaticity has developed, but the association between
concept and response is still relatively weak.
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input at time t for unit j

net j(t) = ∑ai(t)wi j (11)

where ai(t) is the activation of each unit the current unit
receives input from, and wi j is the strength of the con-
nection of unit i and unit j. (The architectural connec-
tivity in the model is shown in Figure 5 and has been
discussed above.) Next, a weighted sum of the current
net input and the running average of the net input in pre-
vious cycles is calculated, as in the Cohen et al. (1990)
model (p. 337):

net j(t) = τnet j(t)+(1− τ)net j(t−1) (12)

where net j(t) is the time average of the history of net
input to unit j at time t, and τ is a rate constant. Finally,
the logistic function is applied to net j(t) to determine
the current activation of unit a j:

a j(t) =
1

1+ exp(−net j(t))
(13)

At the output end of the model, response accumulators
collect evidence for each response alternative. These
sum up the difference in activation of the associated re-
sponse node and the most active alternative. Because
currently only two response accumulators are used, this
is the difference between the associated response node
and the response node associated with the other accu-
mulator. The cycle at which a fixed response threshold
is first reached in one of the accumulators is noted as the
response time of the model (and the identity of the accu-
mulator determines the response identity). Although it
would have been easy, I decided not to add random noise
to the response accumulators (or at any other stage of the
model) because I only wanted to simulate a qualitative
pattern of mean response times.

How does information flow in the model? Con-
sider as an example an incongruent color-naming trial,
(a) with a vocal, and (b) manual response. When re-
sponding vocally, after word and color input are en-
coded word information directly reaches the response
selection stage, thereby priming the wrong response.
Along a parallel route, word and color information reach
the semantic classification stage, where both concepts
are activated. However, due to top-down task input,
activation of color input is enhanced relative to word
input. When the activated concepts are colors, and
the response is vocal, there is a relatively strong di-
rect connection from semantic classification to response
selection. However, when responding is manual, this
direct concept-response connection is weak. Parallel
to the direct semantic concept-response route, seman-
tic stage information is fed into the episodic buffers,
which implement the arbitrary mapping. This path is
particularly important if the concept-response associa-
tion is arbitrary, e.g., with manual responding to col-
ors. Old adults’ episodic buffers are assumed to be less
reliable than young adults’, thus they leak more infor-
mation. In effect, old adults take longer to overcome
the semantic conflict in the manual response condition.

To summarize, in the vocal-response task interference
arises through direct activation of the verbal response
by graphemic encoding, and is resolved mainly via the
direct semantic-response route. In the manual-response
task, interference mainly arises at the semantic level and
is resolved along the episodic buffer route.

What predictions does this model make, (a) for a
Stroop task with compatible responses, and (b) for a
Stroop task with arbitrary responses? How does re-
duced reliability of episodic accumulators in old age af-
fect the Stroop effect? To investigate this, model pre-
dictions for a total of eight conditions were generated
for the color naming task. The factors were Age (young
vs. old), Mapping (compatible vs. arbitrary), and Stroop
condition (color-word congruency: congruent vs. incon-
gruent). Results are presented in Figures 6 and 7. It
turns out that a triple interaction of Age, Mapping, and
Stroop condition is predicted. In all cases, if compared
to a group of simulated ‘young’ subjects with reliable
episodic accumulators, the ‘old’ group (with unreliable
episodic accumulators) showed relatively large Stroop
effects in arbitrary mapping conditions. The size of
this effect depends on the relative strength of the direct
route. Recall that one motivation to add a direct route
was the standard result for typical subjects, i.e. young
adults, that interference effects are smaller with manual
than with verbal responses. In the simulations, if a suf-
ficiently weak direct route weight was chosen, the size
of the Stroop effect for the old group was actually even
larger with an arbitrary than with a compatible map-
ping (Figure 7 (left panel)). On the other hand, with
a sufficiently strong direct route weight, even the old
group produced larger Stroop effects with a compatible
than with an arbitrary mapping (Figure 7 (middle,right
panel)). Thus, if the model architecture is assumed to
be correct, whether or not the Stroop effect in the arbi-
trary mapping is larger or smaller than in the compati-
ble mapping condition is not diagnostic with respect to
the question of the reliability of episodic accumulators.
Rather, the critical between-group contrast is the relative
change in Stroop effect when comparing the compatible
and arbitrary mapping conditions.

Experiments

Overview

In this section, I will give a short overview of the
experiments. Experiment 1 combined manipulations of
perceptual difficulty and stimulus-response compatibil-
ity (SRC) in a classic SRC paradigm using manual re-
sponses delivered on a touch-screen. Experiments 2-6
made use of the Stroop task as cognitive difficulty ma-
nipulation and used different variants of the task to vary
the degree of arbitrariness of task rules. In most exper-
iments, episodic demands were manipulated by vary-
ing the complexity of the set of rules mapping stimuli
to responses. In particular, all experiments had a high-
demand condition using a set of arbitrary mapping rules.

In stage theories, the SRC manipulation is consid-
ered to affect the response selection stage. In the
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Figure 6. Response times predictions of the dual-route
Episodic Accumulator Model in the case of cascaded process-
ing and input from a model of semantic activation in the Stroop
task.
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Figure 7. Stroop effect predictions of the dual-route Episodic
Accumulator Model in the case of cascaded processing and
input from a model of semantic activation in the Stroop task.
From left to right, the relative weight of the direct stimulus-
response route increases.

first experiment, stimulus discriminability was manip-
ulated as an additional factor which—in contrast to the
SRC manipulation—affects early stages of information
processing, namely stimulus encoding and recognition.
Due to the relative independence of stimulus classifi-
cation and response selection stages, it is likely that
effects of difficulty manipulations affecting the former
will be independent of effects of manipulation affect-
ing the latter. If there were no slowing of early infor-
mation processing, age and perceptual difficulty should
produce additive effects. However, a more realistic as-
sumption is that there are measurable age effects of the
early difficulty manipulation, but that these are relatively
small. For later stages of information processing, the
episodic deficit hypothesis predicts an interaction of age
and SRC, more specifically, large age effects in the case
of arbitrary mappings. The question remains whether
age effects in early stages are amplified by age effects
in a later, ‘episodic’ stage. The Episodic Accumulator
Model predicts such an over-additive triple interaction
of age, early difficulty, and SRC only when episodic
buffers start receiving information before ‘early’ classi-
fication is finished. Thus if a triple interaction were ob-
tained in Experiment 1, then the relative independence
of stages—as posited by the additive factors program—
would have to be questioned in the context of aging re-
search. On the other hand, if the interaction were not
obtained despite of age differences due to the ‘episodic’
manipulation, then it can be concluded that the hypo-
thetical episodic buffers are located at a relatively late
stage of information processing, after perceptual classi-
fication.

Experiments 2-5 added an SRC manipulation to the
Stroop task and differed in the way stimulus and re-
sponse sets as well as the arbitrary mapping rules were

implemented. The Stroop manipulation was chosen as
a manipulation of ‘cognitive difficulty’ at the input side
to the episodic buffers. Because conflict in the Stroop
task is promoted up to the response selection stage, a
critical three-way interaction of Age, Stroop condition,
and Mapping (episodic demands) was predicted by the
hypothesis of reduced reliability of episodic accumula-
tors. Experiment 2 used color-word stimuli with manual
as well as vocal responses, and additionally addressed
the question whether integration of stimulus and distrac-
tor on a single perceptual object critically mediates age
differences. Experiments 3 and 4 used color-word stim-
uli and vocal responses, comparing compatibly-mapped
with different sets of arbitrarily-mapped concepts. In
Experiment 3 a set of male first names was mapped to
colors, and in Experiment 4 the set of cardinal numbers
one to four was used. Experiment 4 also added a man-
ual response condition that replicated the manual condi-
tion of Experiment 2. To address the question whether
‘episodic’ age effects are specific to or at least more
pronounced in the manual response modality, Experi-
ment 5 used a spatial Stroop paradigm that allowed for
the orthogonal manipulation of episodic demands and
response modality. Finally, Experiment 6 investigated
whether differential slowing in the spatial and verbal do-
main could have led young and old adults to use differ-
ent strategies for the coding and maintenance of the ar-
bitrary mapping. Additionally, Experiment 6 inspected
the reverse Stroop effect in the case of manual responses
and possible age differences therein.
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General Methods
To avoid repetition, before the actual experiments are

presented I will shortly describe the methodological as-
pects common to all of the experiments reported below.

Participants. Participants were drawn from the Uni-
versity of Potsdam cognitive psychology department
subject pool. Participants were paid for their participa-
tion, except for a subgroup of young adults consisting of
undergraduate psychology students, who had the option
to receive course credit instead of financial reimburse-
ment. Young adults received DM 10.00 (about $ 5.00)
per hour, and old adults received DM 15.00 (about $
7.50) per hour.

All participants were healthy according to self-report
and had normal or corrected-to-normal vision, as as-
sessed by a Snellen acuity chart. At the beginning of
each experiment, participants filled in a demographic
questionnaire, and two tests were administered, both of
which constitute routinely applied measures in cognitive
aging research, and are derived from the Wechsler Adult
Intelligence Scale - Revised (WAIS-R, Wechsler, 1981,
cf. Lindenberger et al., 1993). The “Zahlensymboltest”
(Tewes, 1991/1994) is the German version of the digit-
symbol substitution (DSS) subscale of the WAIS-R,
which is considered a measure of “psychomotor speed”.
Ten symbol-digit (key-value) pairs are given on the top
of a sheet of paper, and the actual test requires writing
down the matching digit for a number of symbol items
under speed pressure. The “Mehrfachwahl-Wortschatz-
Intelligenztest” (MWT, Lehrl, Daun, & Schmidt, 1971;
Lehrl, 1977/1995) is a German multiple-choice version
of the WAIS vocabulary subscale. It measures vocab-
ulary knowledge as a prototypical form of crystallized
intelligence. We used the version MWT-A (Lehrl et al.,
1971), which is a parallel form of the MWT-B (Lehrl,
1977/1995). Each item of the MWT requires underlin-
ing the one proper German word from five simultane-
ously presented character strings (e.g. Amarika - Aka-
rina - Amakira - Amaki - Amerika). Items are ordered
by increasing difficulty, and there is no speed pressure.
The digit symbol substitution test is finished after 90
seconds, and the MWT-A requires about five minutes
on average.

Roughly, in differential psychology terms, the digit
symbol substitution test measures fluid intelligence
(sensu Cattell), while the MWT-A measures crystallized
intelligence. From a cognitive psychology perspective,
it could also be argued that MWT-A is mainly a seman-
tic long-term memory test, while digit symbol substi-
tution taxes attention and short-term/working memory.
The attentive reader of the introductory chapter will thus
predict that age differences should be relatively small in
the MWT-A, and substantial in the DSS. This is what
is typically observed, in fact, older adults’ performance
in the MWT-A is sometimes even better than young
adults’.

Apparatus. The experiments were controlled by a
Power Macintosh 7500 computer running Mac OS 8.6,
which was programmed in C and Pascal using in-house

developed libraries and routines from the VideoToolbox
library (Pelli, 1997).

A touch-screen was used in Experiment 1, and will be
described in greater detail in the according section. The
following is valid for all other experiments. All stimuli
were displayed on a 17” Apple monitor with a resolu-
tion of 832 x 634 pixels at a vertical refresh rate of 75
Hz. Stimulus display was synchronized to the vertical
blanking interrupt. Viewing distance was about 70 cm.
Vocal responses were collected with a Sony condensator
microphone connected to the CMU button box, which
has a built-in voice key with a temporal resolution of 1
millisecond. At the beginning of each session that in-
volved vocal responses, the sensitivity of the voice-key
was calibrated to match individual participants’ loud-
ness. Calibration was performed by asking participants
to read aloud words presented on the screen, while the
experimenter manually adjusted the sensitivity. Vocal
responses were also recorded on DAT tape using a sec-
ond microphone. During the experiment, the experi-
menter who was sitting behind the participant monitored
participants’ responses in the vocal condition and noted
errors on a prepared sheet of paper that listed the full se-
quence of stimuli and normatively correct responses for
all vocal trials. After the experiment, a second experi-
menter reviewed the DAT recording and coded errors on
a second, identical sheet of paper. Three categories were
used for error coding: correct response, wrong response,
and error due to technical problems. The latter could in-
clude voice key failures due to muttering, external noise,
insensitivity, etc. Manual responses in experiments with
only two response alternatives were collected using the
built-in keys of the CMU button box, while manual re-
sponses in experiments with four response alternatives
were collected on the Apple keyboard connected via
ADB. While the button box provides a higher tempo-
ral resolution (1 ms vs. 12-16 ms), it has only three re-
sponse keys and could thus not be used in the latter type
of experiments.31

Data analysis. For all reaction time ANOVAs, data
from error trials and trials following an error were dis-
carded. Two outlier removal criteria were then sequen-
tially applied. First, an absolute maximum threshold,
which varied from experiment to experiment, was ap-
plied to remove extreme values which might otherwise
bias the linear aggregate statistics. Second, RTs that de-
viated by more than 3 SD units from their design cell
mean per participant were discarded. Raw data were
then aggregated across trials per design cell and partic-
ipant, using the arithmetic mean as a summary statistic.
Aggregated RTs were submitted to repeated measures
ANOVA.

Further analyses were performed to take proportional
slowing into account. General slowing leads to the

31 The relatively coarse granularity of the timer in experi-
ments with four manual response alternatives does not appear
to pose a major problem. As long as a reasonable number of
measurements per mean is taken, the mean is unbiased, and
the granularity of the timer is only reflected in the variance
(Ulrich & Giray, 1989).



32 LAUBROCK: AGING, PROPORTIONAL SLOWING, AND EPISODIC TASK DEMANDS

expectation that the average response latency for old
adults, minus the time taken for peripheral processing,
is a constant proportion of the average response latency
for young adults, if peripheral factors are subtracted (see
equation (7)). Thus, if mean reaction times are ana-
lyzed, spurious over-additive interactions of age group
and treatment can be expected based on general slow-
ing alone. Thus additional analysis were performed with
different measures in an attempt to control for baseline
speed differences. These include (a) an analysis of log-
arithmic reaction times, and (b) an analysis of a propor-
tional interference score in Experiments 2-6, namely, the
difference of latencies in the incongruent and congruent
conditions, normalized by the baseline latencies. Un-
less otherwise reported, proportional analyses did not
qualitatively alter the results of the raw RT significance
tests.32

Experiment 1

Age effects in an S-R
compatibility paradigm

Are ‘perceptual’ age differences amplified by an un-
reliable representation of stimulus-response rules? Ac-
cording to the episodic accumulator hypothesis, over-
additive interactions of age early difficulty are ex-
pected when it is difficult to maintain the representa-
tion of the S-R mapping, relative to a situation in which
episodic accumulators can be by-passed. However, if
the episodic accumulators are located at a late stage,
and difficulty manipulations affect an early, perceptual
evaluation stage, then early and late difficulty manipula-
tions affect different discrete stages. Because informa-
tion flow between discrete stages is by definition non-
cascaded, additive effects of early and late difficulty ma-
nipulations are expected.

This hypothesis was tested in a reaction time
paradigm, where participants had to touch fields on a
touch-sensitive screen in reaction to spatially oriented
stimuli. In addition to age, there were two factors. First,
perceptual difficulty was varied by changing the relative
contrast of a target square and five distractor squares,
thereby varying target discriminability, making the tar-
get either easily detectible or hard to detect. The contrast
manipulation was implemented by changing the amount
of randomly distributed white pixels per square. Sec-
ond, difficulty of the S-R mapping was varied in three
steps. The mapping was either compatible, i.e. the de-
viating (target) square had to be touched, incompatible,
i.e. the square that was horizontally opponent to the tar-
get square had to be touched, or arbitrary, i.e. the map-
ping between stimulus and response locations did not
follow a simple rule. Because the rule in the incompat-
ible condition is rather easy to code, only the arbitrary
mapping condition constitutes a situation with high de-
mands on the system representing task rules. However,
inclusion of the inverse rule allows for a test an alterna-
tive account of deviations from general slowing, namely
the ’inhibitory deficit’ idea (e.g., Lustig et al., 2001)
claiming that old adults are particularly affected in sit-

uations that require the inhibition of dominant reactions
(e.g., touching the compatible square).

Presumably the direct, compatible S-R mapping puts
no load on working memory, in other words episodic
task components are very low. Working memory de-
mands are only little higher in the inverse condition,
since the mapping rule can be generated from the direct
mapping by the simple transformation rule “touch the
(horizontally) opposite square”. In the arbitrary condi-
tion, however, episodic task demands are considerably
higher, since the mapping rule cannot be generated from
the natural mapping by such a simple transformation—
instead, activation of the correct response has to proceed
by a process akin to table lookup. The arbitrary set was
designed to include element-level rules from the inverse
set for a number of elements. This constraint was intro-
duced to allow for comparisons of single elements be-
tween the inverse and the arbitrary set, which had ex-
actly the same mapping rule (e.g. upper right→upper
left). Differences in reaction times to those elements
between mapping sets thus measure pure set effects and
can be interpreted as effects of episodic task difficulty.

Method

Participants. Eighteen younger (age M = 19.6 years,
range = 17 − 24) and 18 older adults (M = 69.8,
range = 65 − 77) participated in this experiment.
Both age groups were approximately equal with re-
spect to years of formal education (young, M =
12.8, SD = 2.8; old, M = 12.2, SD = 1.8), t(34) <
1. Age groups showed the usual pattern regarding
fluid intelligence/mental speed and crystallized intel-
ligence/semantic knowledge, with young adults scor-
ing higher on the digit-symbol substitution test (young,
M = 60.7, SD = 6.5; old, M = 50.7, SD = 10.0), t(34) =
3.58, p = .001, and old adults scoring higher on the
MWT-A vocabulary test (young, M = 30.3, SD = .64;

32 In principle, the recommendations given by Faust, Balota,
Spieler, and Ferraro (1999) could have been followed. These
authors compared proportional or logarithmic transformations,
z-score transformations, and regression transformations. The
latter involve simple linear regression of the overall means for
each condition on each individual’s latencies. The resulting re-
gression predictions can then be analyzed. Faust et al. recom-
mend the use of regression predictions when applicable (i.e.,
if predictions are based on “a wide enough range of individ-
uals and conditions”, Faust et al., 1999, p. 793), and the use
of z-score transformations otherwise. The use of proportional
scores is not recommended, because it is biased in the case
of a Brinley plot that does not pass through the origin (but
the intercept of a young-old Brinley plot is typically negative).
One problem with the recommended transformed value analy-
ses is that they are rather difficult to interpret and to compare
with untransformed reaction time analyses. For example, it is
clear that the age main effect in z-score and regression trans-
formation must be absent. However, Stroop experiments al-
low the calculation of an easily interpretable proportional mea-
sure, namely the proportional interference score calculated by
(incongruent-congruent)/baseline latencies. Because of its ad-
vantage with respect to interpretability, this measure was used
in Experiments 2-6.
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old, M = 32.7, SD = .39), t(34) = 3.11, p = .004. All
subjects were healthy according to self-rating and had
normal or corrected to normal vision.

Stimuli and responses. The stimulus display con-
sisted of two columns of squares with a side length of
80 pixels (3° VA) each, which were defined by white
borders one pixel wide on a black background. Each
column consisted of three evenly spaced squares, ar-
ranged inside a centrally presented virtual rectangle of
170 by 260 pixels (6.4 by 9.8° VA when viewed from
a distance of 60 cm). A square of the same size as the
stimulus-response squares was located centrally .5 de-
grees below the two columns and used as a ‘finger fixa-
tion device’.

Perceptual difficulty was manipulated by changing
the difference in brightness between squares. All of
the squares were filled with random dot patterns. While
all but one of the squares had the same density of ran-
dom dots, with 10% of pixels inside the square lit, the
density was changed for the remaining square, which I
will call the imperative stimulus (IS). In the perceptu-
ally easy condition 70% of IS pixels were lit, while in
the perceptually difficult condition only 15% were lit.
The IS was the response-relevant part of the stimulus
display. The responses were given by touching regions
of a touch-sensitive screen with the pointing finger of
the dominant hand. Touch-sensitive regions were de-
fined by the stimulus squares. Subjects were instructed
to touch a square on the screen which corresponded to
the deviating one. The correspondence relation was de-
fined by a set of mapping rules. Each rule set provided
element-level mapping rules for locations of the devi-
ating stimulus onto locations of the desired response.
Three different sets of mapping rules were used: com-
patible, inverse and arbitrary mappings. In the compati-
ble mapping condition subjects simply had to touch the
deviating square. In the inverse mapping condition, sub-
jects had to touch the square in the opposite column,
e.g. if the deviating square was in the upper right loca-
tion, the desired response was a touch of the upper left
square. Thus for the indirect set the mapping rules were
[(vertical position) left→(vertical position) right; (verti-
cal position) right→(vertical position) left], where verti-
cal position is one of upper, middle, lower. The arbitrary
mapping condition was had a more complex set of rules
to increase working memory demands (or episodic dif-
ficulty) of the task. For half of the subjects the arbitrary
set was [upper left→upper right; middle left→lower
right; lower left→middle right; upper right→lower left;
middle right→middle left; lower right→upper left]. For
the other half of the subjects, the arbitrary mapping was
mirrored between columns.

Design and Procedure. The design was a 2×2×3
mixed factorial, with the between-subjects factor Age
(young, old) and the within-subjects factors of Percep-
tual difficulty (easy, difficult) and Mapping (compati-
ble, inverse, arbitrary).Mappings were blocked, with or-
der balanced between subjects and matched between age
groups. The relevant set of mapping rules was presented

Figure 8. Inverse (left) and arbitrary (right) mapping rules in
Experiment 1.

at the beginning of a block pictographically (see Figure
8 for examples depicting inverse and arbitrary mapping
rules). Participants were encouraged to study the pic-
ture until they felt they could remember the rule set well
Each block consisted of 64 training trials and 288 test
trials amounting to a total of 192 training trials and 864
test trials. Training trials were included to acquire the
mapping rules. They did not otherwise differ from test
trials, but they were not included in the analysis. Percep-
tual difficulty and target location were randomly drawn
(without replacement) on each trial within a block. After
every 64th trial, subjects could choose to pause.

A trial started when participants had moved their fin-
ger to the finger fixation square. First, the six stimulus
squares and the fixation square were presented as empty
outlines. After 1000 ms, to give a warning signal for
the upcoming stimulus, the finger fixation square flick-
ered for 156 ms33. A further 200 ms later, the random
dot patterns were presented inside the stimulus squares
and remained visible until a correct response was given
by touching the square that corresponded to the IS ac-
cording to the element-level mapping rule. Thus, im-
plicit feedback was given, because the next trial was
only started after the correct square had been touched,
in other words, errors had to be corrected to proceed
with the experiment.

Results and Discussion

Reaction times. After removal of outliers (1.3%),
aggregated cell means (see Figure 9) were analyzed
using a repeated measures analysis of variance with
age as between-subjects factor and the two within-
subject factors of Mapping and Perceptual difficulty. All
main effects were significant: old adults were slower
than young adults (Ms= 902 vs. 690 ms), F(1,34) =
33.31, p < .001, MSe = 72566.63, the Perceptual dif-
ficulty manipulation was successful (difficulty effect
90 ms), F(1,34) = 179.43, p < .001, MSe = 2433.35,
and a compatibility effect was obtained, F(2,68) =
424.63, p < .001, MSe = 26528.06.

Single comparisons revealed that responding with
the compatible mapping (M = 534 ms) was faster than

33 This involved three repetitions of deletion and presenta-
tion of the square, with a presentation duration of two frames
each.
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Figure 9. Experiment 1: Reaction time (upper set or curves, left value axis) and errors (lower set of curves, right value axis),
split up by age, perceptual difficulty, and stimulus-response compatibility (mapping). Error bars indicate standard errors of the
mean.

with the inverse mapping (M = 602 ms), F(1,34) =
86.36, p < .001, MSe = 3830.40, which in turn was a
lot faster than responding with the arbitrary mapping
(M = 1251 ms), F(1,34) = 407.21, p < .001, MSe =
74402.25).

Mapping and Perceptual difficulty did not interact in
raw reaction times, F(2,68) = 2.55, p = .086, MSe =
684.59. There was a small increase in the Perceptual
difficulty effect from compatible via inverse to arbitrary
mapping, however, the interaction was not significant in
either of the repeated contrasts used for pairwise com-
parisons. Note that an under-additive interaction ap-
pears in log reaction times (see below), which suggests
that this increase is under-proportional.

Age interacted with Perceptual difficulty, F(1,34) =
6.14, p = .018, MSe = 2433.35: the Perceptual difficulty
effect was larger for old adults than for young adults
(106 vs. 73 ms), however, the lack of significance in the
analysis of log reaction times (see below) indicates that
this effect can be accounted for by proportional slowing.

A substantial interaction of Mapping and Age was
obtained, F(2,68) = 19.06, p < .001, MSe = 26528.06.
Single comparisons reveal that the age effect was larger
with the arbitrary than with the inverse rule, F(1,34) =
18.88, p < .001, MSe = 74402.25, while for the com-
parison between the compatible and the inverse map-
ping, the effects of Age and Mapping were additive,
F(1,34) = 2.04, p = .163, MSe = 3830.40. Because
responding in the inverse mapping requires inhibition
of the dominant response, namely responding with the
compatible mapping, the finding of an absence of age
differences in the compatible-inverse comparison is dif-
ficult to reconcile with (extreme versions of) an in-
hibitory deficit theory.

There was no three-way interaction of Age, Mapping,
and Perceptual difficulty, F(2,68) < 1, p = .890, MSe =

684.59. Thus, Mapping and Perceptual difficulty had
additive effects in both age groups. This results, to-
gether with the absence of a Mapping× Perceptual diffi-
culty interaction, supports the idea that in the paradigm
used, the Perceptual difficulty and Mapping manipula-
tions affected different stages of processing. With re-
spect to the processing model outlined in the introduc-
tion, this indicates that the Perceptual difficulty manipu-
lation merely introduced a delay with respect to the start
of the ‘cognitive’ response selection processes.

Comparison of identical element-level rules between
different rule sets. To decompose the response time cost
of the arbitrary mapping, trials in the arbitrary condi-
tion were divided according to whether the element-
level rule was an ‘inverse’ rule or not. Two repeated
(nonorthogonal) contrasts tested whether (a) the Map-
ping effect (inverse vs. arbitrary) was significant for the
comparison of identical (inverse) element-level rules,
and (b) inverse vs. diagonal element-level rules within
the arbitrary mapping differed in response times. Re-
sults clearly show that the set effect dominates. Reac-
tion times to elements with identical rules in the inverse
and arbitrary mapping conditions were largely different,
F(1,34) = 430.90, p < .001, MSe = 71889.89, while
within the arbitrary mapping condition, response times
were equal for inverse and diagonal rules, F(1,34) < 1.

This result resembles findings by Duncan (1977),
who compared pure compatible and inverse mappings
with a set consisting of mixed element-level rules. In
the pure conditions, four serially arranged stimuli were
mapped to the same serial arrangement of response
keys, or the mapping was mirrored so that the leftmost
stimulus was mapped onto the rightmost response etc.
In mixed ensembles, a compatible mapping was used
for two stimuli and a mirrored mapping for the other
two. Duncan observed a mixing cost for both types of
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element-level mappings, meaning that response times in
the mixed conditions were higher than in the pure con-
ditions. The present result extends this finding to the
comparison of inverse with arbitrary mappings.

Repetitions of element-level rule application. In
a further analysis, trials were classified according to
whether responses repeated or changed between trials
(within a mapping block). In the former case, the same
element-level rule can be applied, while in the latter the
rule has to be switched within a given rule set. For com-
patible and inverse mappings, response repetitions and
changes mainly differ in the amount of residual activa-
tion available in response-related premotor and motor
systems. For arbitrary mappings however, a switch at
the element-level might require deactivating the former
rule as well as retrieving the current rule from long-term
memory. Conversely, repeated application of the same
rule might provide a shortcut to response selection, be-
cause the rule is already in the focus of working mem-
ory. The response Repetition factor is thus expected to
interact with Mapping, yielding a large repetition effect
only with arbitrary mappings. If episodic retrieval of a
rule is a critical factor determining age differences, then
the interaction of Age and Mapping should be much re-
duced in the case of response repetitions.

These ideas were tested with a 2×3×2×2 repeated
measures ANOVA, including the same factors as above,
plus the additional within-subjects factor of response
Repetition. In addition to a main effect of response Rep-
etition, F(1,34) = 56.43, p < .001, MSe = 45064.34,
the factor interacted with Age, F(1,34) = 5.98, p =
.20, MSe = 45064.34, and with Mapping, F(2,68) =
56.16, p < .001, MSe = 36198.68.

The Repetition effect was larger for old adults, and
much larger for arbitrary than for compatible or inverse
mappings—in fact, single comparisons show that (a) the
Repetition effect was equivalent for the latter (F < 1),
and (b) there was no age difference in the Repetition
(priming) effect for the comparison of compatible and
inverse mappings (p = 193 for the Age-by-Repetition
interaction in an ANOVA limited to these mappings).

Furthermore, a triple interaction of Age, Mapping,
and response Repetitions was observed, F(2,68) =
6.05, p = .004, MSe = 36194.68. Age effects in the ar-
bitrary mapping condition were much larger when the
rule changed at the element-level than when it repeated.
To further investigate this interaction, separate ANOVAs
were performed for rule-change and rule-repetition tri-
als. On rule-change trials, there was a strong interaction
of Age and Mapping, F(2.68) = 12.54, p < .001, MSe =
69248.11. On repetition trials, the interaction was still
observed, F(2,68) = 8.94, p < .001, MSe = 8347.15,
however, it was much weaker in magnitude: the average
Age effect between the inverse and arbitrary mapping
was 370 ms on change and 100 ms on repetition trials.

Log reaction times. Results from the analysis of
log reaction times replicated the results from the un-
transformed reaction time analysis with two exceptions:
first, in log reaction times, the interaction of Mapping
and Perceptual difficulty was significant, F(2,68) =

35.96, p < .001, MSe = 5.27e-4, due to a smaller dif-
ficulty effect with the arbitrary mapping (than in the
other two mappings, between which the perceptual dif-
ficulty effect did not differ). Thus the proportional Per-
ceptual difficulty effect decreases with increasingly dif-
ficult Mapping demands. This indicates that the Percep-
tual difficulty manipulation was relatively independent
of the Mapping manipulation, since the former does not
increase by the same proportion as the latter when one
moves from simpler rules to the arbitrary rules. Again,
this suggests relative independence of perceptual and re-
sponse selection stages.

Second, the interaction of Age and Perceptual dif-
ficulty vanished in the analysis of log reaction times,
F(1,34) = 2.63, p = .114, MSe = 2.10e-3, suggesting
that age differences in the Perceptual difficulty effect
can be accounted for by proportional slowing. The in-
teraction of Age and Mapping, however, remains signif-
icant, F(2,68) = 7.88, p = .001, MSe = 9.57e-3), due
to old adults’ over-proportionally long response times
in the arbitrary conditions. Again, no three-way interac-
tion was observed.

In an additional analysis of log reaction times taking
response repetitions into account, the response Repeti-
tion factor interacted with Mapping and with Percep-
tual difficulty. The effect of the arbitrary mapping was
much smaller on response repetition trials than on re-
sponse change trials, and the proportion that Perceptual
difficulty contributed to total reaction time was actu-
ally larger on response repetition trials (this is because
the same net difficulty effect was obtained in change
and repetition trials: in untransformed reaction times,
the interaction is not significant). More importantly,
there was a three-way interaction of Age, Mapping, and
Repetition, F(2,68) = 3.55, p = .034, MSe = 8.27e-3.
Detailed analyses of log reaction times show that Age
and Mapping interacted only on change (F(2,68) =
9.09, p < .001, MSe = 1.43e-2), and not on response
repetition trials (F(2,68) = 1.41, p = .25, MSe =
1.02e-2).

Errors. Overall error rate was very low at 1.8%.
Only two effects reached significance in the analysis of
arcsin-transformed error rates. First, the main effect of
Mapping, F(2,68) = 82.36, p < .001, MSe = 2.02e-2,
was due to a much higher error rate with the arbi-
trary mapping (4.8%) than with the compatible (0.3%)
or inverse mappings (0.4%). Single comparisons show
that error rates in the latter two conditions did not dif-
fer. Second, Age and Perceptual difficulty interacted,
F(1,34) = 6.48, p = .016, MSe = 3.29e-3. This inter-
action is due to the fact that old adults made more errors
in the perceptually easy condition, while young adults,
as expected, had a higher error rate in the perceptually
difficult condition. Closer examination reveals that the
expected order of old adults’ perceptual difficulty effects
in errors was reversed only in the arbitrary mapping.34

34 However, the interaction of Mapping, Perceptual diffi-
culty, and Age was not significant, F(2,68) = 2.46, p =
.093, MSe = 3.71e-3. Further inspection of the error pattern
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Despite these shortcomings, we can conclude from
the error analysis that the interaction of Mapping and
Age that was observed in the reaction time analysis can
not be explained by a speed-accuracy trade-off. Al-
though the interaction of Mapping and Age was not
significant in the error analysis (p = .131), old adults,
who were over-proportionally slowed, also made (nu-
merically) more errors than young adults in the arbitrary
mapping conditions (5.8% vs. 3.8%, old vs. young).

Discussion. Both the manipulations of early and of
late difficulty were successful. Additionally, both fac-
tors interacted with age, leading to larger age effects in
the more difficult conditions. First and foremost, the in-
teraction of Age and Mapping clearly indicates that the
size of the age effect obtained in the present, fairly sim-
ple reaction time task mainly depends on the degree to
which retrieval and application of arbitrary rules were
required—in other words, on the degree of (working)
memory involvement. Results of the analyses of log re-
action times and of the repetition effect further suggest a
working memory locus of age differences in the current
paradigm.35 The interaction of Perceptual difficulty and
Age was smaller, and might indicate age differences at
an early stage of processing.

Importantly, the effect of the Perceptual difficulty
manipulation was additive with regard to the interac-
tion of Mapping and Age. In other words, the critical
three-way interaction of Age, Perceptual difficulty and
Mapping was absent. Although the marginal interac-
tion of Perceptual difficulty, and Mapping—Perceptual
difficulty effects tended to be larger the more time was
spent in response selection—indicates that in the current
paradigm, stimulus classification was not always com-
pleted before response selection started, the degree of
cascaded processing was probably quite weak, so that
with respect to age differences, the interaction of the two
critical factors was almost perfectly additive.

Finally, comparison of the inverse with (a) the com-
patible and (b) the arbitrary mappings shows that an in-
hibitory deficit theory cannot account for age effects in
the S-R compatibility paradigm. While both inverse and
arbitrary mappings require inhibition of the dominant
reaction towards the target, large age effects were only
obtained with the arbitrary mapping. The compatibility
effect in the comparison of compatible and inverse map-
ping rules did not interact with age, hence, inhibition
of the dominant response alone cannot be the cause of
age differences. This does not mean that the inhibitory
deficit view of aging is flawed. The result just helps nar-
rowing down the scope of the explanatory power of the
inhibition construct with respect to age difference. Re-
sults motivate the speculation that inhibiting a response
is not sensitive to aging, as long as inhibition does not
take place in working memory.

To summarize, in these experiments no unequivocal
support for the inhibitory deficit account was found.
However, I also found no support for our hypothesis
predicting that effects of perceptual difficulty should be
amplified by age effects in the system representing ar-
bitrary task rules. In unpublished data (Felbrich, 2000;

Mayr & Laubrock, 2002), we obtained similar results
when orthogonally varying perceptual and response se-
lection difficulty in other experimental paradigms such
as semantic categorization or visual search. This leads
me to conclude that one of the key results from the ad-
ditive factors literature (Sternberg, 1969, 1998), namely
the relative independence of perceptual and response se-
lection stages, is transferable to cognitive aging: with
regard to the origin of age differences, perceptual and
(cognitive) response selection stages appear to be in-
dependent. Apparently, the locus of age differences
elicited by arbitrary task rules is at the response trans-
lation or selection stage, i.e., in a system that becomes
effective relatively late in the stream of processing, af-
ter perceptual classification. Although age-related slow-
ing affects both stages, its effects are more severe at the
stage of response selection.

Modulation of age
differences in Stroop

interference by arbitrary task
rules

Results from Experiment 1 show that age effects in an
SRC paradigm are higher with arbitrary than with com-
patible mappings, which can be interpreted as further
evidence for an age-related deficit in episodic memory.
However, this age-related arbitrariness cost did not en-
hance the effects of earlier, perceptual difficulty manipu-
lations, which runs counter to the predictions of the reli-
ability of mental sets hypothesis in cascaded processing
mode. Instead, results from Experiment 1are consistent
with model predictions in serial mode.

One reason for the result could have been the rela-
tive distinctiveness of perceptual, cognitive (recognition
and response selection), and response execution stages
according to Sternberg’s (1969) additive factors theory.
There is ample evidence from the additive factors pro-
gram that manipulations affecting early stages of the
perceptual system do not usually interact with systems
operating later in the chain of information processing,
at least in simple ‘feed-forward’ tasks (e.g., Miller &
Anbar, 1981; Sternberg, 1969; Shwartz, Pomerantz, &
Egeth, 1977; Biederman & Kaplan, 1970). Relevant for
the present case are results showing that SRC manipula-
tions affect the cognitive and response execution stages
and are thus located on a later stage than stimulus en-

suggests that the reversal of the perceptual difficulty effect for
old adults was caused by just on participant, who had a dra-
matically high error rate (16%) in the perceptually easy and an
average error rate (5%) in the perceptually difficult arbitrary
mapping condition. I thus tend to consider the interaction of
Age and Perceptual difficulty spurious. In general, error anal-
ysis seems to be dangerous with very low error rates like we
observed here.

35 This idea is also supported by results from a preliminary
study (N=11 per age group) we performed using a very simi-
lar paradigm, but a smaller set size of four element-level rules.
The pattern of results was qualitatively very similar, however,
the size of the Age × Mapping interaction was smaller, and
not significant in the analysis of log reaction times.
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coding, which is affected by perceptual manipulations,
such as stimulus quality or stimulus discriminability.

If this reasoning is correct, then the cascaded mode
predictions of the reliability of mental sets hypothesis
should be tested with difficulty manipulations acting
later in the stream of processing. Ideally they would
operate on a stage that is immediately used as input to
the ‘mental set’. In the following experiments, a ma-
nipulation of congruency of distractor and target dimen-
sion in Stroop-like stimuli was used to vary ‘early’ dif-
ficulty. If the mental set specifies arbitrary input-output
relations in a given task, and if old adults have problems
in establishing and maintaining a mental set, then age
differences in the Stroop effect are expected to covary
with the degree to which the task requires maintenance
of a mental set. Thus large age differences in the Stroop
effect are expected when an arbitrary stimulus-response
mapping is required, and small age differences are ex-
pected when a compatible mapping is required.

The following series of experiments thus uses the
Stroop task to manipulate cognitive difficulty at the in-
put side of the hypothesized episodic accumulator mod-
ule. The diagnostic pattern is a critical over-additive
three-way interaction of Age, Stroop condition, and
Mapping.

Experiment 2

Stroop task with vocal vs.
manual responses and

integrated vs. separated
stimuli

In Experiment 2, the compatibility of the mapping of
target concepts to responses was varied to manipulate
the arbitrariness of task rules, and Stroop congruency
was chosen as an early difficulty manipulation. Map-
ping compatibility was manipulated by requiring vocal
and manual responses to Stroop color stimuli. The as-
sociation of colors to vocal responses is compatible at
the conceptual level, while the association of colors to
manual responses is arbitrary: Naming a color does not
have to be learned (by adults), while selecting a key-
press in response to a color requires encoding of new
associations. Note that at this (concept-response) level
of compatibility, the association strengths of both target
(color) and distractor (word) with the response are very
similar, because the semantic concept activated by ei-
ther is a color. A side effect of the choice of mapping
manipulation is that the strength of the direct route from
word distractor to response is different in the two map-
ping conditions. With vocal responding, word distrac-
tors have direct access to the response at a sub-semantic
level, via the direct grapheme-to-phoneme conversion
route, while this route is not available with manual re-
sponses. Hence, an incongruent Stroop stimulus leads
to stronger priming of the wrong response in the vocal
response condition. Consequently, larger Stroop effects
are expected in this condition,

The main question addressed by Experiment 2 is
whether age-differences in Stroop interference are larger

with an arbitrary concept-response mapping, i.e. with
manual responses, than with a compatible mapping, i.e.
with vocal responses. A second question is related to
the attentional system that contributes to possible age
differences. As was discussed above, in the color-block
version of the Stroop task, filtering based on the spatial
location of the distractor is possible. Spatial filtering is
presumable carried out by an early, posterior attentional
system. On the other hand, filtering of the distractor at
semantic and post-semantic stages in the standard, in-
tegrated version of the task is probably performed by
a late, anterior attentional system. There is good evi-
dence that early selection based on visuospatial atten-
tion is less affected by aging than later, anterior selec-
tion responsible for filtering the stream of cognition at a
higher level. Thus, smaller age effects are expected in
the separated task. Furthermore, if implementation and
maintenance of the arbitrary mapping rules requires the
anterior attentional system, then the degree of modula-
tion of age differences by the mapping manipulation is
expected to be smaller in the color-block task than in the
integrated color-word task.

Method

Participants. Twenty-four younger (age M = 19.7
years, range = 17 − 27) and 24 older adults (M =
69.5, range = 66− 73) participated in this experiment.
Age groups did not differ in years of formal education
(young, M = 12.3, SD = 1.5; old, M = 12.9, SD = 3.5),
t(46) < 1. Age groups showed the usual pattern re-
garding mental speed and semantic knowledge: Young
adults outperformed old adults in the digit-symbol sub-
stitution test (young, M = 62.0, SD = 8.7; old, M =
48.3, SD = 7.7), t(46) = 5.79, p < .001, while old adults
had slightly better vocabulary knowledge, as measured
by the MWT-A (young, M = 30.4, SD = 2.6; old, M =
32.1, SD = 1.8), t(46) = 2.60, p = .013. All subjects
were healthy according to a self-rating and had normal
or corrected to normal vision (Snellen accuracy ≥ 2/3).

Design. The experiment used a 2× 2× 3× 2 de-
sign, involving the orthogonal factors of Age, stimulus-
response Mapping, Stroop condition, and Task, where
Task refers to whether color and word dimension were
integrated on the same perceptual object, or separated
such that a color block was presented above or below an
achromatic word. As described in the participants sec-
tion, two age groups were compared. Stimulus-response
mapping was varied by using two response modalities
differing in episodic demands: manual responding, with
an arbitrary mapping of colors to key locations, and vo-
cal responding, with a more compatible, albeit not ‘au-
tomatic’ mapping of the stimulus quality color to the
response. Stroop condition (stimulus-stimulus congru-
ency) was varied in three levels, with one third of trials
belonging to congruent, incongruent, or neutral condi-
tions each. Ink color targets were paired with color word
distractors in the congruent and incongruent conditions,
while in the neutral condition distractors were German
adjectives. The task was always to respond to the color
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dimension, and to ignore the distracting word. The word
and color dimensions could be integrated or separated,
corresponding to a standard or a ‘color-block’ Stroop
task (Hartley, 1993), respectively.

Apparatus and Stimuli. Stimuli were presented in-
side a rectangular white frame with a border-width of
1 pixel, subtending a visual angle of 3.5 (h) × 3.0 (v)
degrees visual angle (°VA) when viewed from a dis-
tance of 70 cm. The frame was visible at all times
during the experimental session and served as a fixa-
tion aid. The background of the display was dark, and
the border of the stimulus frame white. The typeface
used for stimulus words was Geneva, and the font size
36 points. Stimulus words were presented in lower-
case letters, subtending 2.4–3.2 °VA horizontally and
1.5 °VA vertically. The color-block in the separated task
was a colored rectangle with an extension of 3.5 (h) ×
1.5 (v) °VA. Red, green, blue and yellow (RGB val-
ues {255,0,0},{0,255,0},{0,0,255}, and {255,255,0})
were used as the target colors. For distractors, the
corresponding four German color words (rot, grün,
blau, gelb) and four neutral words (rauh, fern,
dick, süß, i.e., rough, far, thick, sweet) were used36.
Congruent, incongruent, and neutral conditions were
created by combining the color with the matching color-
term (e.g., rot in red ink), one of the three non-matching
color-terms (e.g., blau in red ink), or a neutral word
(e.g., fern in red ink), respectively. In both the in-
tegrated and the separated task, the word could ap-
pear randomly above or below the vertical center of the
screen. In the integrated task, the word was colored, i.e.
both the target and the distracting information appeared
on the same object at the same location. In the separated
task, the irrelevant word appeared in that half of the fix-
ation frame that was not occupied by the color block.
In the manual condition, responses were registered on
a regular Apple ADB keyboard and then coded for re-
action times and errors by the software. In the vocal
condition, a voice key (CMU Button Box) triggered by
response onset was used for the registration of reaction
times, and an experimenter coded errors on a prepared
coding sheet, using different codes for true errors and
other errors, including equipment failures due to insen-
sitivity or oversensitivity and failures due to noise (e.g.
mumbling).

Procedure. Participants were tested in two sessions,
with response conditions varying between sessions. In
the manual condition responses consisted of keypresses,
with a mapping of stimulus colors to the keys ’<’, ’Y’,
’.’, ’-’ on a German computer keyboard (corresponding
keys on an American/English keyboard are ’‘’, ’Z’, ’.’
and ’/’ ). Subjects were instructed to respond with their
left and right index and middle fingers, with mapping of
colors to keys balanced within age groups across sub-
jects. In the verbal condition subjects had to name the
colors, and responses were registered by triggering a
voice-key. Each session started with 64 training trials
to get used to the task, and, in the arbitrary condition,
to acquire the color-to-key mapping. The irrelevant di-

mension was omitted during training trials, and stimuli
were colored rectangles, randomly occupying the upper
or lower half of the centrally presented fixation frame.
Order of presentation of colors was random, and each
color was presented 16 times during the training phase.
After the block of training trials, participants were told
that the stimuli would change, and they were instructed
to respond as quickly and accurately as possible to the
color, and to ignore the word meaning.

Within each session, there were two blocks of 432
trials each, further subdivided into six sub-blocks of 72
trials, giving subjects the opportunity to pause between
sub-blocks. Performance feedback (mean RT, % error
per sub-block) was given after each sub-block, and sub-
jects were encouraged to reduce their error rate if it ex-
ceeded 5%. To make subjects familiar with the upcom-
ing task, each block of 432 trials was preceded by 12
randomly selected trials with the same combination of
response mode and spatial unity as the trials in the up-
coming block. Spatial unity of stimuli (Task) was var-
ied between blocks within each session. The position of
the word was determined randomly from trial to trial by
drawing without replacement, so that in each design cell
it appeared equally often in the upper and in the lower
part of the frame. In integrated-task blocks it was writ-
ten in colored ink, and in the separated-task blocks it
was written in white ink and accompanied by a colored
block in the opposite half of the frame. Stroop condition
and target color were varied within a block by drawing
without replacement. Thus overall, Mapping was varied
between sessions, and Task between blocks within a ses-
sion, while Stroop condition and all other aspects were
randomly chosen from trial to trial. Order of Mapping
and of Task was counterbalanced across subjects. Half
of the subjects started with manual responses, i.e. with
the arbitrary mapping session, and the other half started
with vocal responses, i.e. with the compatible mapping.
Within each session, half of the subjects started with
the integrated task, and the other half with the separated
task. The same balancing order was used for the two age
groups. A trial started with presentation of the empty
central frame, which served as preparation cue and fixa-
tion pattern. After a fixed interval of 1000 ms the stimu-
lus appeared inside the box. A trial was response termi-
nated, and the next trial followed immediately, signaled
by the removal of the previous stimulus.

Results

Reaction Times. After removal of outliers (1.3
%), data were analyzed using repeated measures
ANOVA with Age as between-subjects factor, and
Mapping/response modality (compatible/vocal vs. ar-
bitrary/manual), Task (integrated vs. separated) and
Stroop condition (congruent, neutral, incongruent) as
within-subjects factors. A summary of mean reaction
times and errors broken up by experimental condition
can be found in Table 1.

36 At the time of testing, German orthography had not been
reformed, thus “rauh”, which has subsequently been replaced
by “rau” was still valid.
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Table 1
Means and standard errors [ms] for reaction time (columns 1-8), and mean error percentages (columns 9-12) in
Experiment 2, broken up by Task, Age, Mapping/response modality, and Stroop condition.

mean reaction time (s.e.) [ms] percent errors
integrated task separated task integrated separated

young old young old young old young old

compatible/ congruent 600 (18.4) 618 (19.5) 552 (16.1) 576 (16.6) 0.2 0.3 0.3 0.1
vocal neutral 669 (19.0) 708 (23.3) 609 (17.7) 640 (19.7) 0.9 0.8 1.2 1.1

incongruent 738 (23.6) 798 (28.9) 648 (20.4) 684 (23.0) 4.9 4.6 4.3 3.6

arbitrary/ congruent 567 (10.4) 716 (17.6) 553 ( 9.7) 702 (19.8) 3.5 2.6 2.8 2.6
manual neutral 582 (12.3) 737 (17.2) 564 ( 9.7) 725 (22.8) 3.2 2.2 3.5 2.5

incongruent 625 (14.0) 846 (23.3) 578 (11.9) 764 (24.5) 3.9 3.1 3.2 2.6

Main Effects and 2-way interactions. Across all con-
ditions, old adults reacted slower than young adults
(Ms = 710 vs. 607 ms, respectively), F(1,46) = 20.58,
p < .001, MSe = 24502.96, leading to a global age
effect of 103 ms. If we use the old-young ratio of
710/607=1.17 as a proxy for the slope of the Brinley
plot, then the overall slowing factor in the task at hand
appears to be rather small.

Globally, performance in the manual/arbitrary and
the vocal/compatible response conditions (Ms = 663 vs.
653 ms) did not differ, as indicated by the insignificant
Mapping main effect, F(1,46) < 1, p = .357, MSe =
16101.04. However, Mapping interacted with Age,
F(1,46) = 40.91, p < .001, MSe = 16101.04. Age-
related slowing was much larger in the manual/arbitrary
than in the vocal/compatible response condition . Young
adults responded faster on manual than on vocal tri-
als (Ms = 578 vs. 636 ms, respectively), while old
adults responded slower on manual than on vocal trials
(Ms = 748 vs. 671 ms, respectively). This interaction
was predicted by the reliability of mental sets hypoth-
esis and replicated results from experiment 1, using a
quite different paradigm. If the concept-response map-
ping is compatible, old adults’ performance decrease is
less than normally observed. In fact, if only vocal tri-
als are analyzed, the age main effect is not significant,
F(1,46) = 1.59, p = .213, MSe = 18311.08.

Significant effects of Stroop condition were observed
in the expected direction, F(2,92) = 250.13, p < .001,
MSe = 1923.42. Responses on congruent trials (M =
610 ms) were faster than on neutral trials (M = 654 ms),
F(1,46) = 204.87, p < .001, MSe = 1809.18, which
in turn were faster than responses on incongruent tri-
als (M = 710 ms), F(1,46) = 182.43, p < .001, MSe =
3293.10, yielding a facilitation effect of 44 ms, and
an interference effect of 56 ms37. The sizes of these
effects are fairly standard. Stroop condition net ef-
fects were higher for old adults (Facilitation: 5 ms;
Interference: 70 ms) than for young adults (Facilita-
tion: 38 ms; Interference: 41 ms), as indicated by
the significant interaction of Age and Stroop condition,
F(2,92) = 11.01, p < .001, MSe = 1923.42. An in-
spection of the Stroop contrasts reveals that the interac-

tion is only marginal for facilitation, F(1,46) = 3.54,
p = .066, MSe = 1809.18, while it is highly significant
for interference, F(1,46) = 12.43, p = .001, MSe =
3293.10. The two mapping conditions gave rise to dif-
ferent congruency effects, as indexed by the significant
Mapping × Stroop condition interaction, F(2,92) =
72.21, p < .001, MSe = 736.05, which was due to
higher facilitation in the verbal/compatible than in the
manual/arbitrary condition (70 ms vs. 18 ms facilita-
tion for voice vs. key38, F(1,46) = 115.95, p < .001,
MSe = 1114.63 for the facilitation contrast by Map-
ping interaction). Aggregated over Age groups, interfer-
ence effects were slightly, but significantly modulated
by Mapping (70 ms vs. 61 ms interference for compat-
ible vs. arbitrary Mapping, F(1,46) = 4.72, p = .035,
MSe = 985.09 for the interference contrast by Mapping
interaction). The small size of this effect is surprising,
because a sizeable interaction had been expected based
on consistent results of lower interference effects with
keyboard responding reported in the literature. How-
ever, the reason for the small size of the interaction is
that it is qualified by a significant triple interaction of
Age, Mapping and Stroop condition reported below.

The separated color-block task (633 ms) was easier
than the integrated color-word task (684 ms), as indi-
cated by the significant main effect of Task, F(1,46) =
87.02, p < .001, MSe = 4281.91. The size of the Task
effect was similar for both age groups (Task by Age
n.s., F(1,46) < 1, p = .401, MSe = 4281.91). The size
of the Stroop effect differed between the two tasks, as
indicated by the Task × Stroop condition interaction,
F(2,92) = 73.24, p < .001, MSe = 534.23. Specifi-

37 In analyses of factors involving more than two steps, re-
ported results for the overall effect of a factor (here: Stroop
condition) involve orthogonal contrasts, while reported results
for further comparisons may involve nonorthogonal contrasts.
In particular, evaluation of Stroop interference and facilitation
effects makes use of repeated contrasts, which are nonorthog-
onal.

38 The ‘manual’ 18 ms facilitation effect was still highly sig-
nificant, F(1,46) = 53.91, p < .001, MSe = 570.41. It did not
differ between Age groups, F(1,46) = 3.54, p = 0.66, MSe =
570.41 or Tasks, F(1,46) < 1, p = .789, MSe = 707.08.
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cally, both facilitation (49 vs. 38 ms, F(1,46) = 8.69,
p = .005, MSe = 609.92) and especially interference (78
vs. 35 ms, F(1,46) = 65.59, p < .001, MSe = 1375.35)
effects were larger in the integrated than in the sepa-
rated task. Interestingly, Task and Mapping interacted,
F(1,46) = 20.73, p < .001, MSe = 2690.46. Vocal re-
sponses were faster than manual responses in the color-
block version, while no such difference occurred in the
integrated version of the task. However, this is probably
due to a complex pattern of other interactions, in partic-
ular several interactions involving Age and one or more
of the factors of Mapping, Task, and Stroop condition
(see below).

Results reported thus far were fairly standard. In both
response modalities the standard Stroop pattern of inter-
ference and facilitation was obtained. Modulation of in-
terference patterns were consistent with previous reports
summarized in MacLeod (1991): old adults produced
more interference than young adults, interference was
larger in the integrated task than in the color-block task,
and interference was larger with vocal than with manual
responses.

Higher-order interactions. The interaction of main
theoretical importance is the triple interaction of
Age, Mapping, and Stroop condition (see Table 1),
F(2,92) = 5.15, p = .008, MSe = 736.05. An inspec-
tion of the Stroop contrasts show that this interaction
is significant for the interference contrast, F(1,46) =
13.17, p = .001, MSe = 985.09, whereas it is not signif-
icant for the facilitation contrast, F(1,46) < 1, p = .604,
MSe = 998.45. As shown in Figure 10, old adults
show a numerically larger interference effect with the
manual-arbitrary than with the vocal-compatible map-
ping (74 ms vs. 67 ms, respectively), whereas the pattern
is reversed for young adults (28 ms vs. 54 ms, respec-
tively). Separate analyses for each age group show that
for old adults, interference was equivalent between re-
sponse modes, as indicated by the insignificant interac-
tion of Mapping × interference, F(1,23) < 1, p = .360,
MSe = 1463.23), while young adults show the pattern
often reported in the literature, of significantly less in-
terference with keyboard responding, F(1,23) = 21.47,
p < .001, MSe = 772.48. Furthermore, if only vo-
cal/compatible trials are analyzed, now again includ-
ing both age groups, then there is no age difference in
the Stroop effect, F(2,92) = 2.43, p = .094, MSe =
1760.59, and in particular, the interaction of Age with
the interference contrast is not significant, F(1,46) =
1.86, p = .179, MSe = 2095.53. On the other hand, for
manual/arbitrary trials both the interactions of Age with
Stroop condition, F(2,92) = 23.02, p < .001, MSe =
989.88, and with the interference contrast, F(1,46) =
22.91, p < .001, MSe = 2182.65, are highly significant.
Taken together, the pattern of results corresponds well
to the predictions of the episodic buffer model. Addi-
tionally, it explains the above-reported near absence of a
mapping-by-interference interaction if age is not consid-
ered. As soon as age is taken into account, the standard
pattern emerges for young adults, while a qualitatively
different pattern is obtained for old adults.

A second triple interaction involving Age, Stroop
condition and Task also reached significance,
F(2,92) = 7.09, p = .001, MSe = 534.23. Age
effects in interference were larger in the integrated
than in the separated task, F(1,46) = 6.97, p = .011,
MSe = 1375.35, while there was no such effect in the
facilitation contrast, F < 1. This possibly indicates that
old adults have less of a problem ignoring irrelevant
information if it can be filtered based on location. There
is some evidence that location-based filtering can be
achieved by early (posterior) attentional systems. In the
present experiment, due to the locational uncertainty
of the target above or below the vertical meridian
at a stimulus-onset asynchrony of 0 ms, location-
based filtering might not have been fully effective.
Nevertheless, the interaction seems to indicate that as
long as early attentional systems can effectively be
engaged, relatively small age effects in interference can
be expected. Several additional observations further
support this reasoning. First, although the four-way
interaction of Age, Task, Mapping, and Stroop condition
failed to reach significance, F(2,92) = 1.50, p = .229,
MSe = 503.22, the age difference in Stroop interference
was particularly large if the mapping was arbitrary,
and stimulus and distractor were presented on the
same object. This is indicated by results from separate
analyses restricted to single Tasks. The interaction of
Age × Mapping × Stroop in the interference contrast
is highly significant if only trials from integrated
color-word trials are analyzed, F(1,46) = 11.00,
p = .002, MSe = 884.75, while it is only marginal if
the analyses is restricted to the color-block version of
the task, F(1,46) = 4.04, p = .050, MSe = 648.16.
Although numerically, an increase of age effects in
Stroop interference by arbitrary task rules was observed
with both integrated and separated stimuli, this increase
was much larger with integrated stimulus ensembles.

Finally, the triple interaction of Mapping, Stroop con-
dition, and Task was marginally significant, F(2,92) =
3.03, p = .053, MSe = 335.92 (facilitation: F(1,46) =
7.80, p = .008, MSe = 503.92; interference: F(1,46) =
2.24, p = .14, MSe = 760.72). While facilitation was
not moderated by Task when responding manually, in
the vocal response condition there was more facilitation
with integrated than with separated stimuli.

Proportional reaction time measures. To take gen-
eral slowing into account, two approaches were fol-
lowed. First, the logarithm of reaction times was taken
before aggregation to evaluate results in proportional
measurement space. Second, proportional congruence
scores were calculated from aggregate mean reaction
times to compensate for differences in baseline reaction
time.

In the analysis of log reaction times following the
same scheme as above, the pattern of significant effects
did not change much. However, one change affects the
critical interaction of Age, Mapping, and Stroop con-
dition, which was only marginal in log reaction times,
F(2,92) = 2.92, p = .059, MSe = 1.36e-3. In my
opinion, this does not invalidate the above-reported re-
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Figure 10. Experiment 2: Interference and Facilitation effects for young and old adults, as a function of Mapping and Task.
Young adults are far less affected by irrelevant word distractors with manual than with vocal responding, which replicates a well-
known effect. In contrast, for old adults, irrelevant word distractors influence manual responses as strongly as vocal responses.
Presumably, this age-differential effect predicted by the episodic buffer hypothesis is caused by the arbitrary mapping of color
concepts to keys in the manual response condition. The age difference is particularly pronounced when target and distractor are
presented at the same spatial location (or integrated on the same object).

sults. While overall, the interaction effect may have
failed to appear over-proportional, two additional anal-
yses indicate that at least for a subset of contrasts, over-
proportional effects were observed. First, the interfer-
ence contrast of the Age×Mapping×Stroop condition
interaction remains significant in the log reaction time
analysis, F(1,46) = 8.03, p = .007, MSe = 1.71e-3.
Second, if the analysis was restricted to integrated stim-
uli, the critical triple interaction was significant even in
log reaction times, F(2,92) = 3.32, p = .041, MSe =
1.12e-3. Two further changes compared to the raw re-
action time analysis were observed. First, the interac-
tion of Age and Stroop condition, although again signif-
icant, was no longer significant for the facilitation con-
trast, F(1,46) = 1.79, p = .188, MSe = 3.33e-3. Sec-
ond, the four-way interaction of Age, Mapping, Task,
and Stroop condition was not even remotely signifi-
cant in the log reaction time analysis, F(2,92) = 1.40,
p = .252, MSe = 5.75e-4.

The second approach to compensate for general
slowing used proportional congruence effects, which
were calculated from individual subjects’ aggregated
cell mean reaction times by relating interference
and facilitation to the reaction time in the neutral
condition, (incongruent-neutral)/neutral and (neutral-
congruent)/neutral. Since proportional difference scores
are analyzed, an Age main effect means that Age inter-
acts with Stroop condition in raw scores. Similarly, an
Age×Mapping interaction corresponds to a triple inter-
action of Age, Mapping, and Stroop condition in raw
reaction times. Again, the overall pattern of signifi-
cance did not change much. Significant effects in the
analysis of proportional facilitation scores were Map-
ping, F(1,46) = 160.27, p < .001, MSe = 1.84e-3, and
Task, F(1,46) = 4.77, p = .034, MSe = 1.27e-3. The

difference in the facilitation effect due to Mapping was
larger than could be expected by the Mapping difference
in the neutral response times39. Similarly, the facilita-
tion effect in the integrated task was over-proportionally
larger than in the separated task. No age effects in pro-
portional facilitation were observed. The most impor-
tant results from proportional interference scores is the
fact that Age and Mapping interacted, F(1,46) = 7.09,
p = .011, MSe = 2.28e-3, i.e. the theoretically important
interaction survives corrections for baseline response
times. Further significant effects in the analysis of pro-
portional interference scores include the main effects of
Age, F(1,46) = 8.76, p = .005, MSe = 5.93e-3, Task,
F(1,46) = 58.90, p < .001, MSe = 2.94e-3, and Map-
ping, F(1,46) = 4.62, p = .037, MSe = 2.28e-3, sug-
gesting over-proportional increase of the corresponding
effects in the incongruent as compared to the neutral
condition. However, like in the analysis of mean reac-
tion times, the interaction of Age, Task, and Mapping
was not significant.

Overall, results from the proportional analyses sug-
gest that the age differences in facilitation observed in
mean reaction times were an artifact of general slowing,
which however cannot account for the other interactions
observed. In particular, the interaction of Age and Map-
ping in the interference measure seems to be larger than
expected by general slowing.

Errors. Since the overall error rate was low (2.4%),
arcsin-transformed errors were analyzed using a 2(Age)

39 Since ‘neutral’ distractors were words, it is not clear
whether the term facilitation is really appropriate. For exam-
ple, it might as well be that ‘neutral’ words cause some in-
terference in preparation of vocal responses, a fact that would
explain the difference in ‘facilitation’ between mappings.
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× 2(Mapping) × 2(Task) × 3(Stroop condition) re-
peated measures analysis of variance with Age as be-
tween subjects factor. The error rate was not signif-
icantly different between age groups (young vs. old
Ms: 2.6 vs. 2.1%), F(1,46) = 1.43, p = .238, MSe =
2.27e-2. Only four effects reached significance in the
error analysis. Keyboard responding led to a higher er-
ror rate than vocal responding (3.0 vs. 1.8%, respec-
tively), F(1,46) = 21.49, p < .001, MSe = 1.51e-2,
presumably due to the arbitrary mapping of colors to
keys. Stroop condition had a large effect on error rates,
F(2,92) = 80.79, p < .001, MSe = 1.07e-2, which were
higher in the incongruent (3.7%) than in the neutral
(1.9%) or congruent (1.6%) condition. Thus errors were
mainly due to incongruent distractors (F(1,46) = 13.06,
p = .001, MSe = 1.084e-2 for the facilitation contrast;
F(1,46) = 67.25, p < .001,MSe = 2.87e-2 for the in-
terference contrast).

Congruence effects on error rate were restricted to
vocal responding, as indicated by the interaction of
Mapping and Stroop condition, F(2,92) = 58.66, p <
.001, MSe = 1.24e-2. This effect was visible in both fa-
cilitation and interference. In fact, with manual respond-
ing, Stroop condition had no effect at all, F(2,92) < 1,
p = .583, MSe = 8.93e-3, while with vocal responding
both facilitation, F(1,46) = 37.95, p < .001, MSe =
9.20e-3, and interference, F(1,46) = 106.57, p < .001,
MSe = 3.13e-2, were observed. It is hardly surpris-
ing that error rates in congruent vocal trials are very
close to zero, because erroneous responding based on
the word distractor cannot be detected by the experi-
menter. More interesting is the observation that error
rates are higher with vocal (4.20%) than with manual
responding (3.18%) if target and distractor are incongru-
ent. Seemingly the relatively high degree of code over-
lap between distractor and response increases the like-
lihood of errors. While overall error rates were lower
with vocal responding, in combination with incongru-
ent stimuli the highest error rate of any condition were
produced.

The last significant effect in the error analysis was
the interaction of Task and Stroop condition, F(2,92) =
6.23, p = .003, MSe = 5.81e-3. The Stroop effect was
somewhat larger when stimulus and distractor were spa-
tially integrated.40

Age did not interact with any of the factors. Age
differences in error rate were not differentially af-
fected by Mapping, F(1,46) < 1, p = .376, MSe =
1.51e-2, Stroop condition, F(2,92) < 1, p = .495,
MSe = 1.07e-2, or Task, F(1,46) < 1, p = .479, MSe =
7.48e-3, nor did age modulate any of the interac-
tions. In particular, the critical triple interaction of Age,
Stroop condition, and Mapping was far from significant,
F(2,92) < 1, p = .807, MSe = 5.19e-3. Thus the crit-
ical results from the reaction time analysis can not be
explained away by a speed-accuracy tradeoff.

Discussion

Most aspects of the pattern of results were consistent
with predictions of the reliability of mental sets hypoth-

esis. First, slowing was larger when the target-response
mapping was arbitrary. This fits the assumption that
with compatible target-response mappings, reliability of
mental sets plays no role because sets are not needed.
Second, the critical Age × Task × Stroop condition in-
teraction was observed: age-differences in interference
were amplified by an arbitrary target-response mapping.
The costs introduced by an arbitrary concept-response
mapping seem to outweigh the benefits from the con-
comitantly less-strong influence of the distractor via the
direct route (i.e. the less compatible distractor-response
mapping), which for young adults leads to a reduction
in interference. Thus, results support the idea that men-
tal sets specifying arbitrary associations between inter-
nal stimulus representations and responses become less
reliable in old age.

The fact that the triple interaction is weaker in the
color-block version than in the standard, integrated ver-
sion of the task hints at a likely locus of the age deficit
at a system implementing late attentional control. Age
deficits get smaller when early filtering based on spatial
location is possible. Taken together, results are fairly
consistent with the model sketched in the introduction.
This encouraged us to further explore the limits of the
observed effects in the following experiments.

Two results deserve special discussion. First, there
is the fact that facilitation was as high as interference
with vocal responding, but much smaller than interfer-
ence with manual responding. The fact that facilita-
tion was much larger with vocal responding is consis-
tent with a dual-route conception: under conditions of
high distractor-response compatibility (i.e. with vocal
responses), the congruent word primes the response via
the direct grapheme-to-phoneme route, so that relatively
little additional input via the controlled, semantic route
is sufficient to evoke a response.

In the extreme case, responses on a proportion of
trials might have been based entirely on the wrong
dimension. On congruent trials there is no way for
the experimenter to detect this error. Because word-
based responses are identified as errors in both the neu-
tral and the incongruent conditions, such goal-neglect
may actually lead to an increase in the facilitation ef-
fect. On vocal trials, because of the high degree of
distractor-response compatibility, these erroneous re-
sponses should be particularly fast. Inclusion of un-
detectable word-response errors would thus lead to an
apparently large facilitation effect. On the other hand,
with keyboard responding, there is no priming of the
response along the direct route, instead, a translation
of concept to response is required for both target and
distractor. Even if word reading should lead to faster
conceptual activation than color perception, this could
only lead to a priming of the stimulus-response rule,
not to responding based directly on the distractor. Indi-
rect evidence supporting this interpretation would thus
come from incongruent color naming error trials, where
reaction times should be much faster than on correct

40 In the current experiment, ‘spatial’ integration is con-
founded with ‘object-based’ integration (see Duncan, 1984)).
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trials if responses are based on word reading, i.e., if
goal-neglect is a contributing factor. This is exactly
what was observed: On incongruent trials in the vo-
cal response condition, where inadvertent reading leads
to an erroneous response, error trial RTs (mean±s.e.
young: 649±15 ms, N=310; old: 638±14 ms, N=271)
were much faster than correct RTs (young: 717±3.8 ms,
N=6652; old: 745±3.3 ms, N=6641), whereas on neu-
tral trials there was not much of a difference between
error and correct response times (error vs. correct young
696±31 ms, N=74 vs. 661±3; old 674±25, N=63 vs.
678±3 ms). With keyboard responding, this pattern was
not observed. To the contrary, errors were somewhat
slower (young: 642±15 ms, N=243; old: 1108±67 ms,
N=189) than correct responses (young: 621 ms, old:
834 ms) on incongruent trials—however, standard errors
were large indicating a less consistent pattern. Since
RTs on incongruent error trials in the vocal condition
were in the range of congruent RTs, one could by ex-
trapolation assume that a proportion of very fast trials
in the congruent condition were also based on reading
rather than color naming.

The second factor responsible for the differential size
of facilitation effects between response modalities is
probably the choice of the neutral condition. Recall that
the distractor in the neutral condition was a proper word
with an associated lexical entry. It is likely that the neu-
tral condition is not truly neutral, but caused some inter-
ference at the lexical level, which might have a larger in-
fluence on verbal than on manual responding due to the
greater association of verbal responses to lexical activa-
tion. Possibly, the choice of neutral condition made fa-
cilitation effects in the vocal response condition appear
larger and interference effects smaller than if a nonword
or an unpronounceable letter string had been chosen.

The second point that needs to be discussed is the ex-
tent to which slowing was larger in the manual/arbitrary
than in the vocal/compatible response condition. In fact,
there was hardly any slowing with vocal responding in
the congruent condition. One aspect that could possi-
bly shed light on the reason for the large Age×Mapping
effect is the counterintuitive result that young adults re-
sponded faster with an arbitrary mapping (on manual
trials) than with a compatible mapping (on vocal trials).
This effect was particularly pronounced in the neutral
and incongruent conditions (vocal-manual difference of
16, 66, and 92 ms for congruent, neutral, and incongru-
ent conditions, young adults), and was somewhat unex-
pected, since the S-R mapping was arbitrary in the man-
ual condition. Except for the difference in the congru-
ent condition41, this can probably largely be explained
by the fact that as a by-product of the change in target-
response compatibility, distractor-response compatibil-
ity also changed. The direct grapheme-to-phoneme
route is only available with vocal responses, because
a word distractor has much larger overlap with the in-
ternal code used for preparing a naming response than
with the manual response code. Thus manual responses
could be faster than vocal responses simply because the
influence of a word distractor on the internal (spatial?)

code used to prepare a manual response is weaker. The
fact that for young adults, the manual advantage cor-
relates with Stroop interference renders this explana-
tion likely. If the explanation is correct, then the corol-
lary decrease in distractor-response compatibility out-
weighs any negative effects of increased working mem-
ory demands due to an arbitrary S-R mapping. Old
adults responded slower on manual than on vocal trials.
This effect was enhanced because of higher facilitation
on compatible-vocal trials (vocal-manual difference of
-112, -57, and -64 ms for congruent, neutral, and incon-
gruent conditions, old adults), which might partly be ex-
plained by the fact that congruent vocal responses are a
mixture of correct and error trials, see above. Seemingly
for old adults, the decrease in target concept-response
compatibility, presumably necessitating the involvement
of mental sets, was sufficient to outweigh the potential
benefits of reduced interference due to weaker distractor
stimulus-response compatibility.42 The different contri-
butions of stimulus-response compatibility at a concep-
tual and a sub-semantic level of Stroop interference are
further investigated in a later chapter in Experiment 5.

Let me again summarize the main results of the
present experiment: While facilitation effects were sim-
ilar for old and young adults, and while young adults
produced the well-known pattern of smaller interfer-
ence effects with manual than with vocal responding,
old adults could not profit from the potentially beneficial
effects of reduced priming of the wrong response when
responding manually. The age effect in interference was
much higher with manual than with vocal responding.
Apparently, the arbitrary mapping from color concept to
manual response amplified age differences in the Stroop
effect. This was particularly obvious in the condition

41 I do not want to delve into the reasons for the Mapping
effect in the comparison of young adults’ response times for
the congruent conditions. In principle, there could be a man-
ual response modality advantage for young adults, which then
should also show up in simple reaction times. In fact, re-
sults from a comparison of simple reaction times in the vo-
cal and manual modalities suggest that manual responses are
somewhat faster. For example, in a comparison of response
modalities, Nebes (1978) reported a mean reaction time of
242 ms for manual simple RT, and of 321 ms for vocal simple
RT. However, in the current context this simple explanation is
rendered unlikely by the observed reaction time equivalence
for manual and vocal responses in the congruent conditions,
F(1,23) = 1.19, p = .286, MSe = 5089.72. Instead, there is
some evidence for a strategic effect. Relatively strong inhibi-
tion of the word distractor in the vocal version of the integrated
task appears to be carried over from neutral and incongruent to
the congruent trials. While for young adults on congruent tri-
als, vocal and manual reaction times are identical in the sepa-
rated task, vocal RTs are significantly slower than manual RTs
in the integrated task. The interaction of Mapping and Task
in the analysis restricted to young adults on congruent trials is
highly significant, F(1,23) = 14.41, p < .001, MSe = 502.29.

42 Again, an explanation based only on the differential speed
of motor systems seems unlikely, in particular because Nebes
(1978) observed an advantage of manual as compared to vocal
simple reaction times not only for young adults, but also for
older adults (manual RT old: 278 ms, vocal RT old: 339 ms).
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with integrated stimuli, where filtering by an early at-
tentional system was less likely.

Age effects were considerably larger with manual
than with vocal responding even in the neutral condi-
tion. The present experiment did not include a sim-
ple reaction time control condition, hence it cannot be
firmly concluded that this effect was caused by the ar-
bitrary mapping, and not by the fact that different mo-
tor systems were differentially affected by age. A more
cautious interpretation of the results of Experiment 2 is
that age effects in Stroop interference depend on output
characteristics of the task.

Experiment 3

Stroop task with two vocal
response conditions

Results from Experiment 2 were compatible with
prediction derived from the hypothesis that the represen-
tation of mental sets becomes less reliable in old age.
However, we cannot yet firmly conclude that the arbi-
trary S-R rules introduced by manual responding are re-
sponsible for this effect. It might well be that the ma-
nipulation of response modality itself was the critical
factor. In fact, some independent evidence suggests the
possibility that age-related slowing may depend on the
response modality. For example, in a study that inves-
tigated age differences between vocal and manual re-
sponse systems using simple reaction time tasks (Nebes,
1978), no age differences were found in vocal responses
(average age difference: 18 ms), while at the same time
a significant age difference was obtained in the manual
modality (average age difference: 36 ms). Thus even
in a simple reaction time task, i.e., in a situation where
cognitive demands are nearly absent, an interaction of
age group and response modality was obtained. Thus
two follow-up experiments were designed to address the
confounding between response modality and arbitrari-
ness of concept-to-response mapping that was present
in Experiment 2. In both Experiments 3 and 4 a vocal
response condition with an arbitrary mapping of verbal
labels to color concepts was compared with a standard
Stroop color-naming task. Experiment 4 used a differ-
ent set of verbal labels than Experiment 3, and also in-
cluded a manual response condition, thus providing one
contrast for effects of mapping arbitrariness, and one
contrast for effects of response modality within arbitrary
mappings.

In Experiment 3, all responses were given vocally in a
Stroop-like task. Two stimulus-response mappings were
used. One response condition replicated the compatible
vocal condition from Experiment 2, while the second
response condition introduced an arbitrary S-R mapping
that required participants to ‘name’ colors by pronounc-
ing male first names, which had been associated with
the four target colors in an initial learning phase. Only
integrated stimuli were used, since these had caused the
largest age effects in the previous experiment.

There are similarities and differences in the way ar-
bitrary mappings were used in the current experiment

and in the studies performed by MacLeod and Dunbar
(1988) to illustrate the development of automaticity in
the Stroop task. Common to both approaches is the fact
that arbitrary relations between stimuli and responses
were learned. Whereas in the current experiment, the
arbitrary mapping was defined by an association of color
stimuli to male name responses, MacLeod and Dunbar’s
subjects learned to associate four arbitrary shape stim-
uli with color responses. Thus in MacLeod and Dun-
bar’s study the association of stimuli to color concepts
was arbitrary, while the (color) concept-response associ-
ation was pre-learned. In contrast, in the present experi-
ment, associations of stimuli to color concepts were pre-
learned, while (color) concept-response set associations
were arbitrary. With an arbitrary response set instead of
an arbitrary stimulus set, the semantic activation of the
color concepts should be as fast as with the compatible
set. Thus, it is likely that any effect of the retrieval of
a mapping rule can only begin after there is sufficient
activation of a color concept. The arbitrary-vocal condi-
tion therefore conceptually resembles a condition with
keyboard responding.

Method

Participants. Sixteen young (age M = 20.6, range =
19− 22 years) and 16 old adults (M = 74.8, range =
68− 81) participated in the experiment. All subjects
were recruited from the University of Potsdam psychol-
ogy department subject pool and were paid for their par-
ticipation. Age groups did not differ in the total years
of formal education including higher education (young,
M = 13.0, SD = 0.7; old, M = 13.1, SD = 3.9), t(30) <
1. Young adults outperformed old adults in the Digit
Symbol Substitution test (young, M = 62.3, SD = 7.1;
old, M = 47.4, SD = 8.9), t(30) = 5.24, p < .001. Old
adults performed marginally better than young adults in
the MWT-A vocabulary test (young, M = 31.4, SD =
1.6; old, M = 32.4, SD = 1.5), t(30) = 1.80, p = .082.
All participants were healthy according to a self-rating
and had normal or corrected to normal vision.

Design, Stimuli and Procedure. The design was a 2×
2×3 mixed factorial with age as between-subjects fac-
tor and the within-subjects factors of concept-response
Mapping (compatible vs. arbitrary) and Stroop condi-
tion (congruent, neutral, and incongruent). Stimuli were
standard Stroop color-word stimuli identical to the ones
used in the integrated color-word task in Experiment 2.
The compatible mapping condition replicated the vocal
response condition of Experiment 2, i.e., color names
had to be pronounced. The response in the arbitrary
mapping condition consisted in pronouncing the Ger-
man male first names ‘Horst’, ‘Bert’, ‘Jan’, and ‘Kurt’,
which had been associated with colors within the ex-
perimental context. At the level of individual elements,
the mapping of colors to names was counterbalanced
between subjects and matched between groups defined
by age and response-order. The experiment was run
in two blocks, with Mapping varying between blocks.
Order of blocks was counterbalanced between subjects



EXPERIMENT 3 45

and matched between age groups. In a learning phase
immediately before the start of the arbitrary block, col-
ors were associated with male first names. The learning
phase was further subdivided. First, there was a block
of 32 trials (8 per color) during which the color-to-name
mapping was visible near the bottom of the screen (by
presenting a row of four colored bars below a row of
the corresponding to-be-associated names). This block
could be repeated if subjects felt they needed more prac-
tice. Second, there was a further block of 32 trials during
which the mapping was not visible. During the whole
learning phase, the stimulus was a colored bar (subtend-
ing 3.7 °VA vertical and 1.8 °VA horizontal) without a
distracting word, and the task consisted of pronouncing
the associated name. To make the two blocks as similar
as possible, the training phase was also included in the
compatible mapping condition, where the color of the
bar had to be named, and color names were presented
above the color patches near the bottom of the screen.43

After the learning phase, the experiment proper
started, which consisted of 432 Stroop color-word trials
per mapping. Within a mapping block, Stroop condi-
tion was randomly chosen with replacement, such that
words, which were congruent, neutral, and incongruent
with respect to the word color, were presented on one
third of the trials each.

The task consisted of reacting to word color, either
by naming it or by pronouncing the associated male first
name. In the incongruent condition, each of the four tar-
get colors red, green, blue, and yellow was equally often
paired with words signifying the other three response-
set colors. In the neutral condition, the words süß,
kalt, dick, and fern (sweet, cold, thick, far) were
equally often paired with each target color.

A trial started with the presentation of a screen-
centered empty ‘fixation frame’ that surrounded the po-
sition of the to-be-presented word. During the learn-
ing phase, this frame was filled with a color after 1000
ms. During the experimental phase, a colored word was
presented inside the frame after 1000 ms. The fixation
frame subtended 3.7 °VA horizontally and 4.3 °VA ver-
tically. The stimulus words subtended 2.6 to 3.4 °VA
horizontally and 1.8 °VA vertically. An inter-trial in-
terval of 1000 ms followed detection of a response by
the voice-key. Because a small error rate was expected
based on the results of the previous experiment, instruc-
tions emphasized speed. However, it was mentioned that
correct responding was also important.

Results

Reaction times. Reaction times from correct trials
(that were not immediately preceded by an error trial)
were filtered to remove outliers according to the cri-
teria described in the general methods section, with a
minimum RT threshold of 200 ms and a maximum RT
threshold of 2500 ms. Applying these criteria led to a re-
moval of 2.1 % of trials (2.3% young, 1.9% old adults).

Mean reaction times (see Table 2) were subjected to
a 2×2×3 repeated measures ANOVA with Age as be-
tween subjects factor, and Mapping and Stroop con-

dition as within subjects factors. All three main ef-
fects were significant, Age, F(1,30) = 19.17, p <
.001, MSe = 9189.85, Mapping, F(1,30) = 95.72, p <
.001, MSe = 3919.28, and Stroop condition, F(2,60) =
105.24, p < .001, MSe = 1790.14. Old adults were
slower than young adults, responding with first names
(i.e. in the arbitrary mapping condition) was slower than
responding with color names, and both Stroop facilita-
tion, F(1,30) = 95.67, p < .001, MSe = 1511.95, and
Stroop interference, F(1,30) = 75.63, p < .001, MSe =
3118.12, were observed. Age interacted with Stroop
condition, F(2,60) = 10.27, p < .001, MSe = 1790.14:
compared to young adults, old adults produced larger
interference effects, F(1,30) = 13.26, p = .001, MSe =
3118.12, but similar facilitation effects, F(1,30) =
1.91, p = .18, MSe = 1511.95. In contrast to the results
of Experiment 2 (and of Experiment 1), Age and Map-
ping did not interact significantly, F(1,30) < 1. One
reason for the lack of an interaction might be that the
manual response modality was responsible for this par-
ticular interaction in Experiment 2. However, alterna-
tive explanations are conceivable, as will briefly be dis-
cussed at the end of this section.

There was a significant interaction of Mapping and
Stroop condition, F(2,60) = 35.57, p < .001, MSe =
634.98. Single comparisons reveal that this effect
was particularly pronounced in facilitation, F(1,30) =
38.15, p < .001, MSe = 1024.14, which was much
smaller in the arbitrary than in the compatible condition,
but also significant in interference, F(1,30) = 6.08, p =
.020, MSe = 1438.11. Both components of the Stroop
effect were larger with compatible color responses than
with arbitrary name responses. One is tempted to specu-
late that the difference in facilitation might be caused by
the fact that in the case of compatible mappings, confir-
mation along the semantic route is fast enough to arrive
at the response buffer before distractor-caused priming
along the direct route has started to decay. The fact that
the size of interference was only slightly reduced with
name responses could indicate that Stroop interference
has quite a large lexical component.

Results are indecisive regarding the critical interac-
tion of Age, Mapping, and Stroop condition, possibly
due to the small number of participants combined with
a relatively large variance in responding with arbitrary
names. On the one hand, the interaction is far from sig-
nificant, F(2,60) = 1.82, p = .17, MSe = 634.98. On
the other hand the numerical trend was in the expected
direction, and the effect was even larger if the Stroop
effect, i.e. the difference in reaction time between the
incongruent and congruent Stroop conditions, was ana-
lyzed. In the analysis of the difference measure, the in-
teraction of age and mapping was marginal, F(1,30) =
3.46, p = .073, MSe = 1316.96. Furthermore, while
there was a large Stroop effect in both age groups with
the compatible mapping (Ms = 112 vs. 169 ms, young
vs. old), the Stroop effect was relatively small for young

43 Unsurprisingly, none of the participants requested an ad-
ditional training block in the compatible condition, whereas
several did so in the arbitrary condition.
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Table 2
Means (and standard errors) for reaction time [ms] (columns 1-4), and mean error percentages (columns 5-6) in
Experiment 3, broken up by Age, Mapping, and Stroop condition.

mean RT (s.e.) [ms] percent errors
young old young old

compatible/ congruent 533 ( 9.39) 607 (18.66) 0.3 0.2
(colors) neutral 601 ( 9.42) 681 (15.77) 0.8 0.7

incongruent 653 (14.96) 773 (24.24) 4.4 2.8

arbitrary/ congruent 718 (27.70) 801 (19.20) 1.3 2.0
(names) neutral 731 (25.33) 833 (21.92) 1.4 1.3

incongruent 747 (23.39) 915 (35.02) 1.6 2.0

adults with the arbitrary mapping, while it remained
large (albeit reduced) for old adults (Ms = 31 vs. 121 ms,
young vs. old). But since none of the critical effects
reached significance, it seems as if the arbitrary map-
ping did not lead to an enhancement of the age effect
in Stroop interference in this experiment. However, an
analysis of repetition effects suggests that this is not the
full story.

Response repetition effects. Although the effect is
labeled ‘response repetition’, it should be clear that in
the current paradigm, a response repetition is also a tar-
get stimulus repetition, and furthermore, in the arbitrary
mapping condition, involves a repetition of the rule ap-
plied on the last trial. If the arbitrarily mapped name is
still active because it was used on the previous trial, it
might be able to provide a short-cut to response selec-
tion. On response repetition trials in the arbitrary map-
ping, a rule does not have to be retrieved from long term
memory, while on change trials, the former rule has to
be deactivated and a new rule has to be retrieved. Thus
strong ‘cognitive’ response repetition effects can be ex-
pected in the arbitrary mapping condition. These should
be larger than response repetition effects with the com-
patible mapping, which are mainly due to priming of the
response at the output end.

This interaction of Mapping and Response repeti-
tions was observed, F(1,30) = 104.17, p < .001, MSe =
8741.86, as shown in Figure 11, in addition to a
strong main effect of Response repetitions, F(1,30) =
211.78, p < .001, MSe = 15893.79. Repetition effects
were particularly pronounced under arbitrary mapping
conditions, where response repetition trials were 285
ms faster than response change trials, compared to a
response repetition effect of 90 ms with the compati-
ble mapping. If the arbitrarily mapped name was still
active, then responses were on average as fast as on
response repetition trials with the compatible mapping
(Ms = 583 vs. 576 ms, respectively). Response repe-
tition also modulated the effects of Stroop condition,
F(2,60) = 12.33, p < .001, MSe = 961.22. The Stroop
effect was larger on change than on repetition trials. Im-
portantly, there was also a four-way interaction involv-
ing Response repetition, Age, Mapping, and Stroop con-
dition, F(2,60) = 4.91, p = .011, MSe = 731.86. Al-

though this interaction is rather complex, it indicates
that the response repetition factor modulates the inter-
action that is critical for the present argumentation. The
interaction pattern basically means that the modulation
of the Stroop effect by response repetitions is larger
for old than for young adults with the arbitrary map-
ping, while it is larger for young than for old adults
with the compatible mapping. Indeed, if only trials in
which the response changed with respect to the pre-
vious trial are analyzed, the interaction of Age, Map-
ping, and Stroop condition almost reaches significance,
F(2,60) = 2.75, p = .072, MSe = 1075.48. Analy-
ses using the Stroop effect difference measure show
a significant interaction of Age, Mapping, and Re-
sponse repetition, F(1,30) = 13.59, p = .001,MSe =
1024.97, which is depicted in the right panel of Fig-
ure 11. Using this measure, Age and Mapping inter-
act when the response changed, F(1,30) = 5.32, p =
.028, MSe = 2059.06, but not when the response was
repeated, F(1,30) = 2.43, p = .130, MSe = 1547.02.

Proportional measures. An ANOVA of the mean of
the logarithm of raw reaction times produced results
that resembled the untransformed ones and are there-
fore not reported in detail here. However, it seems that
in the analysis of log reaction times the interaction of
Mapping and Stroop condition, F(2,60) = 73.05, p <
.001, MSe = 1.03e-3, is relatively larger than in the
raw reaction time analysis, while the critical interaction
of Mapping, Stroop condition, and Age, which already
failed to reach significance in the raw reaction time anal-
ysis, was even weaker in the analysis of log reaction
time (F(2,60) < 1).

Similarly, if the Stroop effect difference measure is
computed from log reaction times, the interaction of
Age and Mapping that was marginal in the raw re-
action time analysis becomes insignificant, F(1,30) =
1.74, p = .197, MSe = 2.08e-3. Taking response rep-
etitions into account, the four-way interaction of Re-
sponse repetition, Age, Mapping, and Stroop condi-
tion is only marginal in the log reaction time analysis,
F(2,60) = 2.92, p = .062, MSe = 1.25e-3.

A second attempt to correct for baseline reac-
tion time differences was made by using proportional
scores calculated by dividing the Stroop effect, i.e.
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Figure 11. Experiment 3: Left panel: Reaction times broken up by the experimental factors and target (response) repetitions vs.
changes. Repetition effects were particularly prominent in the arbitrary mapping condition. On response change trials, there was
a tendency for an increased age difference in Stroop interference with the arbitrary as compared to the compatible mapping. Right
panel: Interference and Facilitation effects as a function of Age, response Repetition, and Mapping. Large repetition effects led to
a reduction of the age difference in the Stroop effect that was otherwise (i.e., on response change trials) observed in the arbitrary
mapping conditions.

the incongruent-congruent reaction time difference, by
the neutral condition reaction time. In this propor-
tional measure of the Stroop effect, there was a sig-
nificant three-way interaction of Age, Mapping, and
the Response repetition factor, F(1,30) = 10.205, p =
.003, MSe = 1.87e-3. This suggests that the larger age
effect in Stroop interference on arbitrary mapping, re-
sponse change trials is more than expected by propor-
tional slowing. Further significant effects in this analy-
sis include the Age main effect, F(1,30) = 9.92, p =
.004, MSe = 1.58e-2, and the Mapping main effect,
F(1,30) = 113.85, p < .001, MSe = 4.75e-3.

Errors. About 1% of all trials were lost due to er-
rors not obviously related to wrong responses, such as
equipment error or early triggering of the voice-key.
The overall error rate in the remaining trials (with re-
action time outliers removed) was low (about 1.5%).
A 2×2×3 ANOVA with Age, Mapping, and Stroop
condition revealed a significant main effect of Stroop
condition, F(2,60) = 27.37, p < .001, MSe = 2.37e-4,
with no facilitation (F < 1), but interference in the ex-
pected direction, F(1,30) = 34.05, p < .001, MSe =
5.13e-4. No other main effect was significant. There
were two significant two-way interactions. Mapping
and Stroop condition interacted, F(2,60) = 28.06, p <
.001, MSe = 2.37e-4, indicating larger interference,
F(1,30) = 28.06, p < .001, MSe = 3.59e-4, and fa-
cilitation, F(1,30) = 5.17, p = .030, MSe = 2.02e-4,
with colors than with arbitrary names. In fact, the ef-
fect of Stroop condition on the error rate in the arbi-
trary mapping condition was insignificant, F < 1. Map-
ping and Age also interacted, F(1,30) = 12.64, p <
.001, MSe = 2.71e-5: old adults committed less errors
with the compatible than with the arbitrary mapping,
while the reverse was true for young adults. This lat-
ter result is however mainly due to the fact that young
adults produced a relatively large error rate on incongru-
ent trials in the compatible (color) response condition—

in both congruent and neutral trials they actually made
less errors than in the respective arbitrary mapping con-
ditions, and the age difference was negligible (see Ta-
ble 2, page 46). All other interactions failed to reach
significance, although the three-way interaction of Age,
Mapping, and Stroop condition only marginally did so,
F(2,60) = 2.65, p = .079, MSe = 1.78e-4. In this
interaction, the interference contrast was significant,
F(1,30) = 4.89, p = .035, MSe = 3.59e-4. Young adults
made more errors than old adults on incongruent trials
with the compatible mapping (color responses), but less
errors than old adults on incongruent trials with the ar-
bitrary mapping (male first name responses).

Discussion

Although there was a tendency in the expected direc-
tion, the interaction of Age and Mapping in the Stroop
effect failed to reach significance. However, the interac-
tion was modulated by response repetition. If the re-
action and the concept-response rule on a given trial
was not primed by the name pronounced on the previ-
ous trial, the critical interaction of Age and Mapping
in the Stroop effect measure was significant, but if it
was primed, the modulating influence of arbitrariness
vanished. Thus it appears that in the case of rule rep-
etitions, the primed response (or the primed rule) pro-
vides a shortcut to response selection. When the rule is
still activated in working memory, episodic accumula-
tors can largely be bypassed, whereas they are needed
for episodic retrieval of the rule on change trials.

Taken together, the results seem to confirm that ar-
bitrary S-R rules lead to more interference-prone selec-
tion processes in old age. However, in comparison to
Experiment 2, effects were rather weak and therefore
they are not very convincing. Because the major design
change between experiments was in response modality,
one reason could be that old adults not only have a spe-
cific deficit in the episodic buffers, but that this is also
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limited to manual responding. However, it is easy to
think of a number of alternative explanations for the dif-
ference in effect size. For example, memory demands
by the arbitrary mapping were rather high in this experi-
ment, because the potential set of all male first names is
rather large. Other than in keyboard responding, there is
no visible reminder of the response set members. Thus
in addition to the arbitrary mapping rules, the response
set representation itself is less well defined. Respond-
ing with male first names induces additional demands,
which might have functioned like an ‘age simulation’
by preventing young subjects from developing an effi-
cient memory representation of the rules that provides a
direct connection between stimulus and response. An-
other possible explanation is that power was weak, be-
cause only 16 participants were tested per age group.
The tendency for an interaction of Age, Mapping, and
Stroop condition might have become significant with a
larger sample. Finally, there is of course also the pos-
sibility that results of Experiment 2 were only due to
sampling error.

Experiment 4

Stroop task with
vocal/compatible,

vocal/arbitrary, and
manual/arbitrary S-R

mappings

To rule out these alternative explanations, sample
size in Experiment 4 was increased to 24 participants
per age group, and a condition that replicated the man-
ual/arbitrary condition of Experiment 2 was included.
Furthermore, like Experiment 3, Experiment 4 also in-
cluded a vocal/arbitary condition. However, in contrast
to the previous experiment, a well-defined set of re-
sponses was used, namely the set of the natural numbers
one to four. Representation of the vocal/arbitrary re-
sponse set itself thus does not impose high memory de-
mands, thereby more closely resembling the manual re-
sponse set. Participants learned to associate the numbers
to colors in the training phase of the experiment. This
vocal/arbitrary condition was compared with a man-
ual/arbitrary condition and a vocal/compatible condi-
tion.

The rationale behind this choice of response sets
was to compare (a) two conditions that are similar in
memory demands on a set-level, but differ in response
modality (manual vs. vocal/arbitrary), and (b) a condi-
tion with low memory demands, vocal/compatible, with
conditions high in memory demands, manual and vo-
cal/arbitrary. Single comparisons also allow to compare
two conditions that differ in memory demands, but use
the same response modality (vocal/compatible vs. vo-
cal/arbitrary). If the large age effect in Stroop interfer-
ence observed in the manual response condition in Ex-
periment 2 was due to the memory demands imposed by
the arbitrary S-R mapping, then the age difference in the
interference measure should be large in the arbitrariness
contrast. If on the other hand the earlier result was due to

interference proneness of manual responding in old age,
then the age difference in interference should be larger
with keyboard responding than with vocal responding,
even if the S-R mapping is equally arbitrary in the man-
ual and in the vocal/arbitrary response condition.

To summarize, in comparison to the Experiment 3,
there were two major changes. First, a manual response
condition was added. Second, the response set in the
manual arbitrary condition was changed from male first
names to numbers, which more closely resemble man-
ual responses, because the extension of the response set
is well-known. Due to the fact that the factor Mapping
now had three levels, the number of trials per Mapping
was smaller than in Experiment 3.

Method

Participants. Twenty-four young (age M = 19.9,
range = 17− 28 years) and 24 old adults (M = 71.9,
range = 65− 91) participated in the experiment. Age
groups were comparable with respect to total years of
formal education (young, M = 11.9, SD = 1.9; old,
M = 13.1, SD = 3.5), t(46) = 1.51, p = .137. Young
adults performed better than old adults on the Digit
Symbol Substitution test (young, M = 59.8, SD = 7.0;
old, M = 48.3, SD = 7.7 points), t(46) = 11.54, p <
.001, while there was a tendency for old adults to per-
form better on the MWT-A vocabulary test (young,
M = 31.8, SD = 2.4; old, M = 32.9, SD = 1.7 points),
t(46) = 1.77, p = .085. All subjects were healthy ac-
cording to a self-rating and had normal or corrected to
normal vision.

Apparatus. The apparatus was the same as in the pre-
vious experiment, with one addition. While voice re-
sponses were registered using the CMU button box, as
described above, manual responses were registered on
the Apple keyboard connected via ADB.

Design, Stimuli and Procedure. The design was
a 2 × 3 × 3 mixed factorial, involving the between-
subjects factors of Age group (young, old), and the
within-subjects factors of Mapping (vocal/compatible,
vocal/arbitray, manual/arbitary) and Stroop condition
(congruent, neutral, incongruent). Stimuli and timings
were identical to the ones used in Experiment 3, and so
was the task in the vocal mapping conditions, with the
exception that a different set of responses, namely the
words EINS, ZWEI, DREI, and VIER (German for one,
two, three, and four), were used in the vocal/arbitrary
mapping condition. In the manual condition, the index
and middle fingers of both hands rested on the ’<’, ’y’,
’.’, and ’-’ keys (corresponding to ’‘’, ’z’, ’.’, and ’/’ on
a US keyboard), to which colors were mapped. Both the
mapping of colors to keys and of colors to numbers were
counterbalanced between subjects and matched between
age groups. During training trials in the manual map-
ping condition, the mapping rules were displayed near
the bottom of the screen in graphical format, using col-
ored boxes arranged in the same left-to-right order as the
corresponding keys. During training, the key cap label
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was also presented on screen, above the corresponding
color boxes.

Mapping was blocked, and Stroop condition was ran-
domized within blocks. Due to the inclusion of a man-
ual response block while keeping the overall number of
trials constant at 864, the number of trials per Mapping
was reduced as compared to Experiment 3. In the cur-
rent experiment, there were 288 trials per Mapping, and
participants were given the opportunity to rest after ev-
ery 72th trial.

Results

Reaction times. Outlier removal according to the
criteria detailed in the general methods section led to
a removal of .68 % of trials (.75% young, .61% old
adults). Individual participants’ cell means of the re-
maining trials were subjected to a 2×3×3 repeated mea-
sures ANOVA with Age as between subjects factor.

For the Mapping factor, two orthogonal (Helmert)
contrasts were used, the first comparing the effect of
arbitrariness, i.e. vocal/compatible vs. the mean of vo-
cal/arbitrary and manual, and the second comparing the
effect of response modality within the arbitrary map-
pings. If a significant effect involving the former con-
trast was found, additional tests were performed using
single comparisons of vocal/arbitrary and manual with
the vocal/compatible condition. For the Stroop factor,
nonorthogonal repeated contrasts were used to estimate
the effects of interference and facilitation. The pattern
of mean reaction times and errors broken up by the ex-
perimental factors is shown in Table 3.

Main Effects and two-way interactions. As ex-
pected, all three main effects were significant, Age,
F(1,46) = 14.22, p < .001, MSe = 34473.49, Map-
ping, F(2,92) = 25.56, p < .001, MSe = 18689.71, and
Stroop condition, F(2,92) = 225.78, p < .001, MSe =
1559.20. Old adults were slower than young adults
(mean age effect 117 ms), both interference, F(1,46) =
174.81, p < .001, MSe = 2823.09, and facilitation,
F(1,46) = 128.92, p < .001, MSe = 1807.04, were reli-
able, and both Mapping contrasts were significant: Re-
sponses in the arbitrary mapping conditions were slower
than in the compatible mapping, F(1,46) = 16.99, p <
.001, MSe = 7251.39, and vocally responding with num-
bers was slower than responding manually, F(1,46) =
30.99, p < .001, MSe = 15251.10. Single compar-
isons show that response times in the vocal/arbitrary
condition (M = 776 ms) were also slower than in
the vocal/compatible condition F(1,46) = 37.14, p <
.001, MSe = 19496.02, whereas vocal/compatible and
manual response times (Ms = 675vs.676ms) did not dif-
fer from each other at this level of analysis, F(1,46) < 1.
Results for the Mapping main effect are thus comparable
with results obtained in Experiments 2 and 3 .

Age (marginally) failed to modulate the Mapping
effect on an overall level, F(2,92) = 2.94, p =
.058, MSe = 18689.71, mainly due to the complete
absence of an interaction of Age with the response
modality contrast comparing manual and vocal/arbitrary
(number) responses, F(1,46) < 1, p = .44, MSe =

15251.10. However, the Age × Mapping interaction
was significant for the arbitrariness contrast, F(1,46) =
6.62, p = .013, MSe = 7251.39. In the supplemen-
tal analysis using single comparisons, the interaction
was significant for the comparison of manual and vo-
cal/compatible (color) responses, F(1,46) = 7.81, p =
.008, MSe = 13696.49, replicating the result of Exper-
iment 2. Age effects also tended to be larger with the
vocal/arbitrary than with the vocal/compatible mapping,
F(1,46) = 2.25, p = .14, MSe = 19496.02. Thus re-
sults of Experiments 2 and 3 were replicated, in partic-
ular, a substantial Age × Mapping interaction for the
vocal/compatible vs. manual comparison, and a negligi-
ble Age × Mapping interaction for the comparison of
compatible and arbitrary mappings within the vocal re-
sponse modality. Despite the lack of a significant in-
teraction for the latter comparison, age effects were nu-
merically larger in the arbitrary condition. Thus overall,
age effects appear to be larger with arbitrary than with
compatible concept-to-response mappings.

Stroop condition and Mapping interacted,
F(4,184) = 24.64, p < .001, MSe = 1039.75. The
pattern of interactions shows that the two arbitrary
conditions did not differ in facilitation, F < 1, but in
interference, which was larger with manual responses,
F(1,46) = 9.21, p = .004, MSe = 2413.81, while both
facilitation and interference effects were higher in the
vocal/compatible (color) than in the arbitrary condi-
tions, F(1,46) = 31.06, p < .001, MSe = 6458.65 for
facilitation, F(1,46) = 23.09, p < .001, MSe = 2413.81
for interference. Single comparisons for Map-
ping show that for both pairwise comparisons
with the vocal/compatible condition, the interac-
tion was significant (manual vs. vocal/compatible:
F(2,92) = 35.27, p < .001, MSe = 1237.82;
vocal/arbitrary vs. vocal/compatible: F(2,92) =
35.17, p < .001, MSe = 12.37), due to both higher
interference and facilitation in the vocal/compatible
color naming condition44. Taken together, results
regarding the interaction of the arbitrariness contrast
with Stroop condition suggest that interference and
facilitation are larger with compatible than with arbi-
trary mappings. Surprisingly, results for the response
modality contrast indicate that the Stroop effect caused
by word distractors is no larger with vocal/arbitrary than
with manual responses. Speculations about possible
reasons will be brought forward in the discussion.

Finally, Stroop condition and Age interacted,
F(2,92) = 16.34, p < .001, MSe = 1559.20, with
old adults experiencing more interference, F(1,46) =
29.44, p < .001, MSe = 941.03, but not facilitation,
F(1,46) < 1, p = .553, MSe = 602.347, than young
adults.

44 Interference, manual vs. vocal/compatible: F(1,46) =
6.78, p = .012, MSe = 1131.73; vocal/arbitrary vs. vo-
cal/compatible: F(1,46) = 31.66, p < .001, MSe = 1750.07;
Facilitation: manual vs. vocal/compatible: F(1,46) =
33.37, p < .001, MSe = 1829.26; vocal/arbitrary vs. vo-
cal/compatible: F(1,46) = 19.27, p < .001, MSe = 2251.29.
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Table 3
Means (and standard errors) for reaction time [ms] (columns 1-4), and mean error percentages (columns 5-6) in
Experiment 4, broken up by Age, Mapping, and Stroop condition.

mean RT (s.e.) [ms] percent errors
young old young old

compatible/ congruent 563 (15.86) 640 (24.29) 0.4 0.0
(vocal) neutral 647 (21.85) 700 (19.77) 1.6 1.0

incongruent 705 (25.80) 797 (26.28) 7.6 4.9

arbitrary/ congruent 698 (23.25) 793 (34.20) 4.6 2.8
(vocal) neutral 711 (22.21) 832 (39.14) 3.8 3.0

incongruent 732 (23.24) 887 (45.50) 3.3 3.9

arbitrary/ congruent 573 (18.41) 711 (24.63) 4.9 2.4
(manual) neutral 602 (19.40) 725 (20.40) 5.9 1.5

incongruent 626 (20.61) 821 (27.66) 5.8 2.7

Three-way interaction. The critical three-way inter-
action of Age, Mapping, and Stroop condition was sig-
nificant, F(4,184) = 3.37, p = .011, MSe = 1039.75.

Leaving the neutral Stroop condition aside for a
moment, the interaction of Age × Stroop condition
(congruent vs. incongruent) × Mapping was signifi-
cant for the arbitrariness contrast, F(1,46) = 4.85, p =
.033, MSe = 2971.84, while the interaction was not sig-
nificant for the response modality contrast within the ar-
bitrary mappings, F(1,46) < 1, p = .91. This seems to
strongly support an explanation for specific age effects
that is based on memory demands rather than on output
modules.

A closer look at the triple interaction pattern, now
again including the neutral condition, reveals that the
interaction was significant for all three pairwise com-
parisons between mappings (manual vs. vocal/arbitrary:
F(2,92) = 3.20, p = .045, MSe = 984.68, vocal-
arbitrary vs. vocal/compatible: F(2,92) = 3.23, p =
.044, MSe = 896.74; manual vs. vocal/compatible:
F(2,92) = 3.60, p = .031, MSe = 1237.82). The fact
that with, but not without inclusion of the neutral con-
dition, the interaction was significant for the compar-
ison of the two arbitrary mappings suggests that age
effects in the processing of ‘neutral’ distractors may
differ between response modalities. Further dissect-
ing the interaction, in the comparison of manual and
vocal/compatible mappings, the three-way interaction
was significant for interference, F(1,46) = 5.75, p =
.012, MSe = 1131.73, but not facilitation F(1,46) <
1, p = .62, MSe = 1829.26. This replicated results
of Experiment 2. Young adults experienced far less
interference in the manual response condition, while
for old adults, interference in the manual and the vo-
cal/compatible condition were about equal. Facilitation
was higher in the vocal/compatible condition, and the
increase in facilitation as compared to the manual con-
dition was the same for both age groups.

In the comparison of vocal/arbitrary and vo-
cal/compatible mappings, the interaction, which had not
been significant in Experiment 3, was significant in the
current experiment, F(2,92) = 3.60, p = .031, MSe =

1237.82, possibly due to the larger sample size. The
three-way interaction was due to age differences in facil-
itation, F(1,46) = 5.66, p = .022, MSe = 2614.57, but
not interference, F(1,46) < 1, p = .7, MSe = 1177.12.
As reported above, both age groups experienced higher
interference in the vocal/compatible than in the vo-
cal/arbitrary condition. However the increase did not
differ between age groups, unlike the facilitation con-
trast: Young adults showed almost no facilitation (13
ms) in the vocal/arbitrary condition, while old adults
did (39 ms). This pattern was reversed in the vo-
cal/compatible condition, where young adults produced
a larger facilitation effect (84 ms) than old adults (60
ms).

Finally, in the comparison of manual and vo-
cal/arbitrary mappings, the three-way interaction was
significant for both the interference, F(1,46) =
7.31, p = .01, MSe = 1206.90, and the facilitation con-
trasts, F(1,46) = 5.81, p = .02, MSe = 1729.32. The
facilitation pattern crossed over between Mappings and
Age groups, with young adults showing a higher facil-
itation effect when responding manually (29 vs. 14 ms,
manual vs. vocal/arbitrary), and old adults showing a
higher facilitation effect when responding vocally with
numbers (13 ms vs. 39 ms, manual vs. vocal/arbitrary).
Old adults produced generally larger interference effects
than young adults, and especially so in the manual re-
sponse condition.

In summary, on the one hand, and most importantly,
the age difference in the Stroop effect increases when
arbitrary mapping rules are involved. While the age
difference is relatively small in the vocal/compatible
condition (142 vs. 157 ms, old vs. young), it is sizeable
in both the vocal/arbitrary (34 vs. 94 ms) and the manual
(53 vs. 110 ms) conditions. On the other hand, the
vocal/arbitrary and the manual/arbitrary mapping seem
to affect different components of the Stroop effect in the
two age groups. It is not entirely clear how to interpret
this pattern, thus the state of the neutral condition
has to be discussed, which I will do after presenting
results from response repetition, proportional, and
error analyses. Regardless of the debatable state of the
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neutral condition, the reaction time results show that the
age difference in the Stroop effect is much larger with
arbitrary than with compatible concept-to-response
mappings. In contrast, there is no age difference in
the Stroop effect if different response modalities are
compared that both use arbitrary mapping rules.

Response repetition effects. Since Experiment 3 has
shown that access to the elements of arbitrary mappings
is much more efficient if an element is repeated on sub-
sequent trials, another set of analyses were performed
that included the response Repetition factor. Response
Repetition modulated the theoretically most important
interaction, as indicated by the significant four-way in-
teraction of Age × Mapping × Stroop condition × re-
sponse Repetition, F(4,184) = 5.87, p < .001, MSe =
1063.22, depicted in Figure 12. Separate analyses
for each level of response Repetition show that Age,
Mapping, and Stroop condition interacted on response
change trials, F(4,184) = 5.961, p < .001,MSe =
1306.68, and failed to interact on response repetition
trials, F(4,184) < 1, p = .48, MSe = 1409.77. On
response change trials, this three-way interaction was
significant for all three pairwise comparisons between
mappings (manual vs. vocal/compatible F(2,92) =
4.69, p = .012, MSe = 1366.10; vocal/arbitrary vs.
vocal/compatible: F(2,92) = 7.33, p = .001, MSe =
1524.65; manual vs. vocal/arbitrary: F(2,92) = 5.62,
p = .005, MSe = 1029.30). Like in the analyses of
all trials, in the manual vs. vocal/compatible compar-
ison, the interaction was due to the interference con-
trast, F(1,46) = 7.25, p = .01, MSe = 2446.66 (fa-
cilitation: F < 1), whereas for the vocal/arbitrary
vs. vocal/compatible comparison the interaction was
due to the facilitation contrast, F(1,46) = 9.09, p =
.004, MSe = 3529.66 (interference: F < 1). Compar-
ing manual and vocal/arbitrary responses, both interfer-
ence, F(1,46) = 7.39, p = .009, MSe = 1668.13, and
facilitation, F(1,46) = 9.80, p = .003, MSe = 2165.32,
contributed to the three-way interaction. Here, the age
difference in interference was larger in the manual than
in the vocal/arbitrary condition (82 vs. 37 ms mean age
difference old-young, manual vs. vocal/arbitary), and
the reverse was true for the age difference in facilitation
(-22 vs. 37 ms). While young adults showed larger fa-
cilitation effects than old adults when responding manu-
ally, in contrast to old adults they showed absolutely no
facilitation effect when responding with numbers.

The neutral condition involved words with no obvi-
ous color association. However, these words still have
lexical entries, thus, it is possible that they interfere
more with a verbal coding or maintenance of mapping
rules. If old adults are more affected by verbal distrac-
tors, it might be more reasonable to investigate the ef-
fect of the Stroop manipulation by leaving out the ‘neu-
tral’ condition and comparing only congruent with in-
congruent trials, i.e. the ‘Stroop effect’ difference mea-
sure. For response change trials, the pattern of results
suggests that there is absolutely no age difference in the
Stroop effect with vocal/compatible responses, whereas

old adults produce a higher Stroop effect than young
adults with both manual and vocal/arbitrary responses
(see Table 4). Thus it appears that in the conditions
under investigation, the arbitrary mappings led to age
differences in the Stroop effect.

Table 4
Experiment 4: Stroop effect on response change trials
[ms].

Mapping young old

manual/arbitrary (keys) 58 118
vocal/arbitrary (numbers) 29 103
colors/compatible (colors) 157 155

Proportional measures. Results of the analysis of
log-transformed reaction times largely paralleled the un-
transformed reaction time results, albeit with some dif-
ferences. First, Age and Mapping interacted signifi-
cantly, F(2,92) = 5.46, p = .006, MSe = 2.36e-2, while
the interaction was only marginal in the raw reaction
time analysis. In proportional space, old adults were
much slower than young adults in the manual response
condition, and less so in the vocal response conditions.
The age effect did not differ significantly between the
two vocal response conditions. The critical interac-
tion between Age, Mapping, and Stroop condition re-
mained significant in the analysis of log-transformed
reaction times, F(4,184) = 3.05, p = .018, MSe =
1.35e-3. The interaction was significant for the com-
parison between manual and vocal/arbitrary responses,
F(2,92) = 4.16, p = .019, MSe = 1.13e-3, it was only
marginally significant for the comparison between the
two vocal response conditions, F(2,92) = 3.03, p =
.053, MSe = 1.56e-3, and there was only a tendency to-
wards significance for the comparison between manual
and vocal/compatible responding, F(2,92) = 2.15, p =
.12, MSe = 1.36e-3. However, if the neutral condi-
tion is left out of the analysis, the arbitrariness con-
trast that had been significant in the untransformed
analysis was only marginally significant in the log-RT
analysis, F(1,46) = 2.89, p = .096, MSe = 3.00e-3.
The response modality contrast comparing the arbi-
trary mappings was far from significant, as in the un-
transformed analysis. Thus the neutral condition must
have had some differential influence on proportional
scores. To check this, the interference and facilita-
tion contrasts from the single comparisons between
mappings were inspected. Significant age modulations
of Stroop interference were found for the comparison
between the manual and vocal/compatible mappings,
F(1,46) = 10.79, p = .002, MSe = 7.77e-4. Significant
age modulations of facilitation were found for the other
two comparisons, manual vs. vocal/arbitrary, F(1,46) =
5.36, p = .025, MSe = 1.01e-3, and vocal/arbitrary vs.
vocal/compatible, F(1,46) = 4.90, p = .032, MSe =
1.91e-3. The simplest explanation for this pattern of re-
sults seems to be that the amount of interference caused
by the ‘neutral’ word in the vocal/arbitrary condition
differs between age groups.



52 LAUBROCK: AGING, PROPORTIONAL SLOWING, AND EPISODIC TASK DEMANDS

c n i c n i c n i
400

500

600

700

800

900

1000

1100

young

old

c n i c n i c n i
400

500

600

700

800

900

1000

1100

young

old

response changes response repetitions

vocal/
arbitrary

manual/
arbitrary

vocal/
compatible

vocal/
arbitrary

manual/
arbitrary

vocal/
compatible

(a) Reaction times

-150

-100

-50

0

50

100

150

in
/c

on
gr

ue
nt

-n
eu

tr
al

 R
T

 [m
s]

young old

response changes response repetitions

Interference

Facilitation

vocal/
arbitrary

manual/
arbitrary

vocal/
compatible

vocal/
arbitrary

manual/
arbitrary

vocal/
compatible

(b) Interference and facilitation effects
Figure 12. Experiment 4: Response repetition modulates age effects in the interaction of Stroop condition and mapping. (a)
Mean reaction times on change trials (left panel) or repetition trials (right panel), split up by Age, Mapping, and Stroop condition
(c: congruent, n: neutral, i: incongruent). Filled symbols represent young adults, and open symbols old adults. (b) Interference
and facilitation effects as difference from the neutral condition (represented by the line at y = 0 ms). The left set of columns shows
effects on response change trials, and the right set of columns on response repetition trials. Positive values indicate interference,
and negative values facilitation.

Taking response repetitions into account, the four-
way interaction of the Repetition factor with Age, Map-
ping, and Stroop condition remained significant in the
analysis of log reaction times, F(4,184) = 4.36, p =
.002, MSe = 1.78e-3. If the analysis was limited to
response change trials, the critical interaction of Age,
Mapping, and Stroop condition was significant in pro-
portional space, F(4,184) = 5.24, p = .001, MSe =
1.65e-3. Like in the analysis of untransformed scores,
the effect was due to a larger age difference in the Stroop
effect with the arbitrary mappings than with the com-
patible mapping (i.e., there was a significant interac-
tion with the mapping contrast, F(1,46) = 5.65, p =
.022, MSe = 4.42e-3), whereas the age difference in
the Stroop effect remained at a similar magnitude for
the comparison of the two arbitrary mapping conditions
(i.e., there was no interaction with the modality contrast,
F(1,46) < 1, p = .895).

In analyses of the proportional Stroop effect measure,
(incongruent-congruent)/neutral, both the main effects
of Age, F(1,46) = 9.48, p = .003, MSe = 2.44e-3, and
of Mapping, F(2,92) = 62.69, p < .001, MSe = 4.04e-3
were significant. Both the contrasts for arbitrariness,
F(1,46) = 106.70, p < .001, MSe = 6.54e-3 and for
response modality, F(1,46) = 11.06, p = .002, MSe =
7.44e-3, contributed to the Mapping effect. Although
the interaction of Age × Mapping failed to reach signif-
icance, F(2,92) = 2.34, p = .102, MSe = 4.04e-3, the
arbitrariness contrast of the interaction was significant,
F(1,46) = 4.29, p = .044, MSe = 6.54e-3, while there
was no age difference in the comparison of manual and
vocal/compatible mappings, F < 1. In the single com-
parisons with the compatible mapping, the interaction of
Mapping with Age approached significance for the man-
ual, F(1,46) = 3.88, p = .055, MSe = 4.06e-3 as well
as for the vocal/abitrary mapping, F(1,46) = 2.86, p =
.098, MSe = 4.34e-3.

Taken together, the pattern of results from the propor-
tional analyses resembles the pattern obtained in the raw

RT analysis. It cannot be firmly concluded that the triple
interaction is over-proportional. Nevertheless, the pat-
tern is quite consistent, and even in the cases where ef-
fects did not reach significance in the proportional anal-
yses, they only marginally failed to do so. Furthermore,
using log-RT scores may not be the best way to correct
for general slowing, and the proportional Stroop effect
scores are less reliable than untransformed means.45

Errors. The average error rate was at a low 3.3%,
thus results from the error analysis must be treated
with some care. Young adults produced more errors
(M = 4.2%) than old adults (M = 2.5%), F(1,46) =
6.21, p = .016, MSe = .13. Stroop condition influenced
error rates in the expected order, F(2,92) = 29.87, p <
.001, MSe = 1.35e-2, with least errors on congruent
(M = 2.5%), little more on neutral (M = 2.8%), and
most on incongruent trials (M = 4.7%). Facilitation
was not significant in errors, but interference was. In
the error analysis, there was no interaction of Age and
Stroop condition, F < 1. Thus in the current experi-
ment larger Stroop effects for old adults were confined
to reaction times, however see below for the interac-
tion of Age, Mapping, and Stroop condition. Map-
ping also influenced error rates, F(2,92) = 17.82, p <
.001, MSe = 1.44e-2. More errors occurred with the
arbitrary mappings than in the vocal/compatible con-

45 In additional analyses using the regression prediction
and z-transformation approaches suggested by Faust et al.
(1999), the three-way interaction of Age, Mapping, and Stroop
condition was highly significant for the arbitrariness con-
trast (F(1,46) = 8.36, p = .006 for z-transformed scores,
F(1,46) = 10.30, p = .002 for regression predictions), but not
significant for the response modality contrast (F < 1 for both
measures). The pattern of results strongly supports the conclu-
sions from the untransformed analysis, and additionally sug-
gests that the age difference in the modulation of Stroop inter-
ference by memory demands cannot be accounted for by dif-
ferences in baseline reaction time, i.e., it is over-proportional.
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dition (Ms = 3.9 vs. 3.6 vs. 2.6% for manual vs. vo-
cal/arbitrary vs. vocal/compatible), while the error rate
did not differ between the two arbitrary mappings.
Age interacted with Mapping, F(2,92) = 10.30, p <
.001, MSe = 1.44e-2. Detailed analyses show that there
was no age difference with the vocal/arbitrary mapping,
F(1,46) = 1.03, p = .31, MSe = 2.32e-2, a marginal
age effect with the vocal/arbitrary mapping, F(1,46) =
3.18, p = .081, MSe = 1.14e-2, and a significant age
effect with the manual/arbitrary mapping, F(1,46) =
16.57, p < .001, MSe = 1.87e-2. The age difference
in the manual response condition was quite sizeable
(Ms = 5.5 vs. 2.2%, young vs. old), indicating that with
keyboard responding, young adults might have traded
off accuracy for speed. Stroop condition and Mapping
interacted, F(4,184) = 27.09, p < .001, MSe = 1.32e-2.
Stroop effects were much larger in the vocal/compatible
than in the arbitrary conditions, while the interaction
was not significant for the response modality compar-
ison within the two arbitrary response conditions. In
fact, the Stroop effect in error rate as well as the in-
teraction with Mapping was entirely due to the vo-
cal/compatible condition, because neither of the two ef-
fects was significant in an analysis limited to the ar-
bitrary mappings, both Fs< 1. The above-mentioned
speed-accuracy trade-off does not affect the critical
three-way interaction of Age, Mapping, and Stroop con-
dition, F(4,184) = 3.41, p = .010, MSe = 1.32e-2. In
both arbitrary Mapping conditions, old adults showed
a numerical increase in errors from congruent to in-
congruent Stroop trials, while young adults showed ei-
ther a small increase (in the manual condition) or even
showed a decrease in errors (in the vocal/arbitrary con-
dition). In contrast, young adults’ error rate was more
affected by Stroop condition than old adults’ with the
vocal/compatible mapping. Although these results do
not directly parallel the reaction time results, at least
they show that age differences in criterion settings for
the speed-accuracy trade-off cannot be the sole reason
for the reaction time pattern with respect to the critical
interaction. Young adults in general produce more er-
rors, and especially do so (a) when responding manu-
ally, or (b) on incongruent trials in the vocal/compatible
condition. However, in the arbitrary mapping conditions
the age difference in errors is not sensitive to Stroop
condition; in fact it is (numerically) reduced in the in-
congruent conditions.

Discussion

The most important results from the current experi-
ment are that (a) the predicted amplification of an age
difference in the Stroop effect by arbitrary mappings
was obtained, and that (b) arbitrariness of the mapping
rules, and not a change in response modality, was crit-
ical in modulating the interaction of Age and Stroop
condition. The pattern of results replicates the pat-
tern obtained in Experiment 2, where vocal/compatible
and manual responding was compared, and gives addi-
tional credibility to the preliminary conclusions drawn
from Experiment 3, where compatible and arbitrary vo-

cal mappings were compared. Effects regarding the in-
teraction of Age, Mapping, and Stroop condition that
were marginal in Experiment 3 were significant in the
present experiment, which involved a larger sample size.

Two aspects of the results will be discussed in more
detail below, first, the fact that the Stroop effect was
not higher with the vocal/arbitrary than with the manual
mapping, and second, the problematic interpretation of
interference and facilitation measures.

Mapping, response modality, and Stroop condition.
One interesting aspect of the current results is the pat-
tern obtained for the interaction of Stroop condition
and Mapping. For the arbitrariness contrast, interfer-
ence and facilitation were larger with the compatible
than with the arbitrary mappings. While this appears
to support a dual-route model of Stroop interference,
interestingly, arbitrariness seems to play a larger role
than response modality: For the comparison between
the two arbitrary mappings, the Stroop effect was nu-
merically larger for manual than for vocal/arbitrary re-
sponses, whereas a naive dual-route model would pre-
dict a larger Stroop effect in the vocal than in the manual
condition. This is because a verbal output correspond-
ing to the distractor is activated along the grapheme-to-
phoneme route, and a verbal output has a greater chance
to interfere with vocal than with manual responses. The
dual-route models can be saved if it is assumed that out-
put priming by a distractor decays with time. A similar
assumption is made in recent Stroop models to explain
negative SOA effects (Roelofs, 2003; Stafford, 2003).
Because responses in the vocal/arbitrary condition take
on average 100 ms longer than in the manual condi-
tion, more decay will have taken place in the former at
the point in time the activation along the episodic route
reaches response selection.

Stroop facilitation and interference. The interpreta-
tion of the results regarding the critical interaction of
Age, Mapping, and Stroop condition is somewhat com-
plicated by the fact that the ‘neutral’ Stroop condition
had different effects in different mapping conditions for
the two age groups. Thus a less clear pattern of results
was obtained with regard to facilitation and interference
effects. In most conditions (if response repetitions are
not taken into account), facilitation and interference ef-
fects were more or less symmetric. The exception are
old adults in the manual response condition, for whom
the incongruent distractor caused a large cost if com-
pared to the neutral word distractor, while the congruent
word caused only a very small benefit.46

46 Separate analyses of the Stroop effect were performed for
each Age group and Mapping, using a polynomial contrast for
the Stroop effect. While the linear contrast was significant in
all analyses, the quadratic term was not significant in either age
group for vocal/arbitrary responses, it was small, but signifi-
cant in either age group for vocal/compatible responses (with
a different sign of the curvature between age groups because
of young adults’ untypical results of larger facilitation than
interference effects), it was not significant for young adults in
the manual response condition, and it was highly significant
for old adults in the manual response condition.
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If we compare these results with results of the pre-
vious experiments, there are commonalities and differ-
ences. First, for the comparison of manual and vo-
cal/compatible responses, like in Experiment 2, old
adults were much more susceptible to Stroop interfer-
ence than young adults when responding was manual
than when the standard, compatible/vocal response for-
mat was used. Also like in Experiment 2, there was no
age difference in the interaction of Stroop facilitation.
However, unlike in Experiment 2 young adults’ facil-
itation effects in the manual response condition of the
current experiment were similar in magnitude to their
interference effects (in Experiment 2, interference ef-
fects were substantially larger than facilitation effects).
Second, for the comparison of the two vocal mappings,
unlike in Experiment 3, the interaction of Age, Mapping
and Stroop condition was mainly due to differences in
facilitation. Like in Experiment 3, facilitation effects in
the vocal/arbitrary condition were larger for old adults
than for young adults. Unlike in both Experiments 2
and 3 facilitation effects were larger for young adults
than for old adults in the vocal/compatible condition.
Thus for the comparison of facilitation between the vo-
cal mappings, there was a crossover interaction of Map-
ping with Age.

In summary, at the level of the Stroop effect re-
sults nicely replicate between experiments, whereas
they partly fail to replicate at the level of its compo-
nents, namely facilitation and interference. This could
be related to the fact that these component measures
are less reliable than the Stroop effect. Although a
number of studies in the literature have addressed the
contribution of a variety of cognitive processes to the
component measures, there does not appear to be con-
sensus on how to interpret these relative effects. Fur-
thermore, even results that appear to be fairly consis-
tent are not necessarily generalizable across experimen-
tal settings. For example, while facilitation effects are
typically smaller than interference effects in a standard
Stroop task (MacLeod, 1991), this was not the case in
the paradigm used here. Instead, in the current exper-
iment as well as in Experiments 2 and 3, interference
and facilitation were pretty much symmetric (especially
for young adults) in the vocal/compatible condition. I
can only speculate about the reasons for this, which
might include the relatively larger number of trials in the
current experiments, or the particular choice of neutral
word distractors.

What could be responsible for the lack of reliabil-
ity of the interference and facilitation measures? Two
points likely contribute: First, responding on congruent
trials is a mixture of goal neglect and true facilitation.
Second, the neutral distractor itself might cause some
interference.

The fact that facilitation is likely a mixture of an-
swers based on the distractor (word) and answers based
on the target dimension (color) has recently been em-
phasized (e.g., MacLeod, 1998; MacLeod & MacDon-
ald, 2000; De Jong et al., 1999; Dunbar & MacLeod,
1984). This inadvertent reading or goal neglect explana-

tion is particularly, but not exclusively, applicable in the
vocal/compatible condition, where reading of a congru-
ent distractor leads to a very fast response. Responding
based on word reading is an error, because task instruc-
tions are not followed. The error is undetectable for the
experimenter, because the same word is pronounced, re-
gardless of whether the response is based on target or
distractor. Even with arbitrary mappings, source confu-
sion on some trials might lead to a response based on
the distractor. With arbitrary, unlike with compatible
mappings, distractor-based responding does not lead to
a large reaction time benefit, because responding cannot
be based on automatic activation alone, but the matching
response has to be retrieved.47 However, if the speed of
activation of the mapping rule differs between word and
color stimuli, goal neglect could cause a loss of reliabil-
ity of facilitation scores.

One further reason for the lack of reliability of the in-
terference and facilitation scores could be the fact that
the ‘neutral’ word itself elicits some interference. In
fact, several component processes contribute to interfer-
ence caused by neutral words, and the degree to which
they contribute might differ between participants and
mapping conditions. There is evidence that ‘Stroop in-
terference’ as the difference in reaction time between in-
congruent and neutral conditions is sensible for the type
of neutral condition. For example, when responding is
vocal, interference is largest if a letter string is used as
the neutral distractor, and progressively gets larger with
neutral conditions consisting of neutral words, color-
related words, and color-words that are not in the re-
sponse set. This has been interpreted as suggesting
that Stroop interference consists of a lexical (neutral
word-letter string), a semantic relatedness (color-related
vs. neutral word), a semantic relevance (color-related
vs. color nonresponse), and a response set membership
component (response set member vs. not). However, it
is not clear whether these effects of the neutral condi-
tion are also relevant when responding is manual. To
my knowledge, only one study compared manual and
vocal responses in the Stroop task and at the same time
included a number of different neutral conditions to ex-
plicitly investigate the different contributions of lexical,
semantic, and response set membership effects (Sharma
& McKenna, 1998). These authors found that all of
the mentioned component processes contribute to inter-
ference with vocal responding, while only response set
membership is relevant with manual responding.48 Un-
fortunately, Sharma and McKenna did not include a con-
gruent condition, so that it is impossible to tell whether
facilitation would still be observed with respect to a
neutral condition consisting of unpronounceable letter

47 There will still be some benefit, because responding on
congruent trials will profit from a lack of interference at the
level of retrieval of the mapping rule.

48 However, this argument is based entirely on significance
of pairwise comparisons. Interestingly, even with manual re-
sponding, interference effects were numerically affected by
the type of neutral condition in the same order as mentioned
above.
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strings (e.g., XXXX), in comparison to which interfer-
ence effects were largest.

To conclude, the interaction of Age, Mapping, and
Stroop condition followed the pattern predicted by the
hypothesis of a reduced reliability of mental sets in old
age. Whether the interaction was mainly observed in
facilitation or in interference differed between experi-
ments and mapping conditions. One possible reason
for this is that the component measures might not be
very reliable. However, further work with several neu-
tral conditions is needed to more rigorously determine
which components of the Stroop effect are influenced
to what degree by which psychological processes. In
retrospect, it is unfortunate that I used only a single
neutral condition, because additional neutral conditions,
e.g. using pronounceable and unpronounceable non-
words, could have shed some light on the underlying
mechanisms.

Experiment 5

Spatial Stroop task with
response modality and

mapping completely crossed

Although the results of Experiment 4 suggest that the
memory demands of a reaction time task are critical in
modulating age differences, this was really only shown
for the comparison with a vocal/compatible condition.
To firmly conclude that response modality does not af-
fect the critical interaction, it seems desirable to include
a manual/compatible condition, especially because in-
dependent evidence suggests that response modality it-
self might be a critical modulator of age differences
(Nebes, 1978; Doose & Feyereisen, 2001). Further-
more, there is evidence that the anterior cingulate cor-
tex (ACC), which is a system that has consistently been
found to be involved in Stroop interference resolution,
is organized in a somatotopical fashion. For example,
Turken and Swick (1999) found that performance in a
spatial Stroop task of a patient with a focal right hemi-
sphere ACC lesion depended on the response modality
used. Under the same task requirements, she was im-
paired when giving manual responses, but not vocal re-
sponses. Importantly, the patient did not show a deficit
in executive control. Thus our current results could pos-
sibly be reinterpreted to indicate that a modality-specific
impairment in a system associated with response selec-
tion is a critical mediator of age differences in perfor-
mance. This would constitute a different mechanism
than the episodic buffer model proposed in the introduc-
tion, which was assumed to have a more central, exec-
utive locus and should therefore not be as sensitive to
changes in response modality. To exclude this alterna-
tive, it seems advisable to include a manual/compatible
mapping condition.

Since manual responses have an inherent spatial com-
ponent due to the response key layout, stimuli with a
spatial semantic are needed to obtain conceptually com-
patible relations. I therefore chose a spatial Stroop
paradigm, which allows for the orthogonal manipula-

tion of conceptual compatibility and response modal-
ity. Target stimuli in the compatible mapping conditions
were arrows and words. It was assumed that for both
left-pointing arrows and the word LEFT there were rel-
atively reliable pre-experimental associations with the
spatial concept of ‘leftness’. Responses in the man-
ual response condition consisted of left and right key-
presses. For vocal responses, the response set consisted
of the words ‘left’ and ‘right’, thus tapping the same di-
rectional semantics as manual responses. These compat-
ible mappings were compared with arbitrary mapping
conditions, which mapped stimulus shape or stimulus
color as target dimensions onto the same left/right re-
sponse sets used in the compatible conditions.

A second problem regarding the conclusions to be
drawn from the previous experiments is related to a con-
founding of concept-response mapping and distractor-
response compatibility. Recall that according to dual-
route models, a word distractor primes a phonological
output module even before the stimulus is semantically
processed. Because vocal responses use a phonologi-
cal output representation, interference caused by word
distractors is thus expected to be particularly high with
vocal responses. Therefore, using response modality to
manipulate arbitrariness of the concept-response map-
ping always implied a confounding of mapping com-
patibility with distractor-response compatibility. I tried
to meet these objections by using vocal/arbitrary map-
pings in Experiments 3 and 4, however the results of
the last experiment suggest that this was only partly
successful. The problem with the vocal/arbitrary map-
pings was that overall response times were consider-
ably larger, and Stroop effects were weaker than with
the manual/arbitrary mapping. In the discussion of the
last experiment I speculated that phonological priming
might have decayed by the time the mapping rule had
been selected. However, it seems desirable to separate
the effects of automatic priming and controlled transla-
tion.

To more directly dissociate the differential interfer-
ence effects along the direct route on the one hand and
along the semantic and episodic buffer route on the
other hand, the current experiment included a manip-
ulation of distractor-response compatibility. To achieve
this, arrow and word distractors were used in both re-
sponse modalities. As has been discussed above, dis-
tractor words have fast access to phonological response
codes in the vocal response conditions and can lead to a
fast, automatic pre-activation of a response set element,
which might cause both Stroop interference and facili-
tation. On the other hand, there is little feature overlap
between word distractors and manual-spatial response
codes.49 There is evidence that arrows lead to a similar,
‘automatic’ preactivation of manual responses as words
do for vocal responses (Eimer, 1995, 1997; Wascher,
Reinhard, Wauschkuhn, & Verleger, 1999). For exam-
ple, Eimer (1995) found an early Lateralized Readiness
Potential (LRP) activation corresponding to the arrow’s

49 This is probably the main reason why the Stroop effect is
typically reduced for manual as compared to vocal responses.
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direction, which was largely independent of objective
cue-response contingencies, and therefore presumably
indicates an involuntary, automatic process. Thus, ar-
row distractors and manual responses seem to share a
spatial code, while words are phonologically coded. For
distractors that have featural overlap with the response
code, priming of the corresponding response set mem-
ber along the direct, unconditional route is expected to
cause relatively large Stroop effects. On the other hand,
Stroop effects caused by distractors whose code does
not overlap with the response code are limited to the
semantic, conditional route, because the distractor code
has to be translated before it reaches the response. For
example, even a direction word needs to be translated
from a graphemical code to activate its spatial semantic
before it can affect manual responding. Similarly, the
spatial code of an arrow needs to be translated into a
phonological code before it can affect vocal responding.
Consequently, an expected effect of the manipulation of
distractor type is an interaction of distractor type, re-
sponse modality, and Stroop condition. An incongru-
ent word presumably causes larger interference effects
in the vocal than in the manual modality, while the re-
verse pattern is expected for incongruent arrows.

Using both spatially and phonologically coded dis-
tractors has the additional advantage that it allows for
a comparison of age effects between the two types of
distractors. This is important, because it has been sug-
gested that age effects are far less severe in the lexical
than in the nonlexical domain (e.g., Jenkins et al., 2000;
Hale & Myerson, 1996). If this is true, then old adults
might possibly be more susceptible to interference from
verbal than from spatial distractors, because the former
are more effectively processed. On the other hand, age
differences are expected to be relatively small when the
(vocal) response uses a lexical code, and relatively large
when the (manual) response uses a spatial code.

The complete design of the current experiment im-
plements the orthogonal manipulation of the within-
subjects factors of Mapping (compatible vs. arbitrary),
Response modality (vocal vs. manual), Distractor type
(word vs. arrow), and Stroop condition (congruent, neu-
tral, incongruent).

Two experiments were run which had an identical de-
sign at the level just described. In both experiments,
arrows and words were used distractors in both map-
ping conditions, and also as targets in the compatible
mapping condition. However, the experiments differed
with regard to the configuration of the stimulus ensem-
bles, and with regard to the target category used in the
arbitrary mapping conditions. In Experiment 5(a), tar-
get and distractor were spatially separated, as the target
was presented above or below the distractor. In Exper-
iment 5(b), target and distractor were integrated on the
same object. Experiment 5(a) used symmetric shapes
as targets in the arbitrary mapping conditions, while in
Experiment 5(b) participants learned to associate colors
with directions.

Experiment 5(b) was run because of some difficulties
with the stimulus material in Experiment 5(a). However,

it turned out that the material used in Experiment 5(b)
had its own difficulties. Therefore, the results of the in-
dividual experiments will be presented in relatively brief
format, and more weight will be given to the subsequent
presentation of the results from a combined analysis, in-
cluding data from both Experiments 5(a) and (b). The
combined analysis was performed with the rationale that
consistent effects which were due to the experimental
design would be highlighted by the increase in power,
while unintended side effects due to stimulus peculiari-
ties would vanish in the noise.50 Figure 13 shows exam-
ples of incongruent stimuli in Experiments 5(a) and (b)
classified by target-response conceptual compatibility
(Mapping) and distractor type.

arbitrary
word distractor arrow distractor

compatible
word distractor arrow distractor

LEFT RIGHT LEFTExp 5 (b)

LEFT
RIGHT

Exp 5 (a) LEFT

Figure 13. Examples of incongruent stimulus ensembles
used in Experiment 5. The upper row shows stimuli from
Experiment 5(a), and the lower row stimuli from Experi-
ment 5(b). Columns from left to right depict combinations of
(1) arrow target and word distractor, (2) word target and arrow
distractor, (3) shape or color target and word distractor, and
(4) shape or color target and arrow distractor. Depending on
response modality, distractor-response compatibility (DRC) of
one and the same ensemble is either high or low. For vocal re-
sponding, DRC is high with ensembles (1) and (3). For manual
responding, DRC is high with ensembles (2) and (4).

Experiment 5(a): target and
distractor spatially separated

Methods

Participants. Twenty-four young and 24 old subjects
(mean age: 20.2 vs. 69.7, range: 18-25 vs. 63-75 years)
from the University of Potsdam subject pool partici-
pated in Experiment 5(a). Young subjects received DM
10,- and old subjects received DM 15,- per session in
an experiment lasting for two sessions of approximately
one hour. Unfortunately, due to data collection errors,
descriptive data were missing for seven young partici-
pants. However, the results for the remaining partici-
pants do not at all deviate from the typical pattern. Age
groups were comparable with respect to total years of
formal education (young, M = 12.9, SD = 2.0; old,
M = 12.9, SD = 4.1), t(39) < 1. Young adults scored
much better than old adults in the digit-symbol substi-
tution test (young, M = 63.5, SD = 9.6; old, M = 47.2,
SD = 6.8), t(39) = 6.40, p < .001. There was a ten-
dency for old adults to perform better in the MWT-
A vocabulary test (young, M = 31.4, SD = 2.4; old,

50 I would like to thank Dirk Vorberg for pointing me to
the justifiability and usefulness of data pooling in an analogue
case.
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M = 32.7, SD = 2.1), t(39) = 1.93, p = .061. All par-
ticipants were healthy according to self-rating and had
normal or corrected-to normal vision.

Design. Unconfounding of response modality and
arbitrariness of conceptual S-R mapping was achieved
by completely crossing the two. The Response modality
factor compared manual and vocal response. The Map-
ping factor compared compatible and arbitrary map-
pings of concepts to responses. For the compatible map-
pings, to obtain conceptually compatible relations with
both response modes, stimuli with a pre-experimentally
established spatial semantic were used, namely arrows
and direction words. For the arbitrary mappings, the as-
sociation of the target stimulus value and the response
was acquired during the course of the experiment.

Furthermore, the previous confounding between
concept-response compatibility and distractor-response
compatibility was resolved by using direction word as
well as arrow distractors in both response modalities.
Distractors thus always had a spatial semantic, i.e. they
were compatible with the response at the conceptual
level. However, depending on response modality they
either required translation from a verbal into a spatial
code or vice versa, or they could directly activate a re-
sponse set member due to overlap of the internal code.
The manipulation of Distractor type was orthogonal to
the Mapping manipulation, which varied the conceptual
compatibility of target and response.

Finally, Stroop condition, i.e., congruency of target
and distractor semantics, was varied in three steps, like
in the experiments reported above. In the congruent con-
dition, target and distractor indicated the same direction,
and in the incongruent condition they indicated the op-
posite direction. In the neutral condition, the distractor
was ambivalent with respect to a direction.

To summarize, two Age groups were compared, and
for each age group the factorial 2× 2× 2× 3 within-
subjects design orthogonally varied Response modal-
ity (manual, vocal), Mapping or conceptual compat-
ibility (compatible, arbitrary), Distractor type (arrow,
word), and Stroop condition (congruent, neutral, incon-
gruent).51

Stimuli and Procedure. All factors (except Age)
were varied within subjects in an experiment lasting for
two sessions, each involving 288 warm-up and 864 ex-
perimental trials. Response modality was varied be-
tween sessions in counterbalanced order, which was
matched between age groups. Sensitivity of the voice
key was individually calibrated at the beginning of a vo-
cal response session. A session started with four warm-
up blocks of 72 target-only trials each to familiarize sub-
jects with the experimental apparatus and to establish
the arbitrary mapping. Two of these blocks used arbi-
trary stimuli, while one of the remaining two warm-up
blocks used words and the other used arrows. Thus 144
of 288 warm-up trials were used to build up an associa-
tion of symmetric geometric shapes (oval and diamond)
with left and right responses. Warm-up blocks were pre-
sented in the same target order as experimental blocks.

After the warm-up blocks, four blocks of 216 trials
each were run, corresponding to each of the four com-
binations of Mapping and Distractor type. For each
level of Mapping, there were two blocks of trials dif-
fering in Distractor type, arrow or word. In the com-
patible conditions, word and arrow targets were paired
with distractors from the other category, i.e., arrow tar-
gets were paired with word distractors and vice versa.
In the arbitrary mapping conditions, shape targets were
paired with direction word distractors in one block and
with arrow distractors in another block. Possible target-
distractor combinations thus included arrow-direction
word, direction word-arrow, shape-direction word, and
shape-arrow.52 Each of these combinations was tested
with both response modalities.

At the beginning of a block, the current target dimen-
sion was specified and a reminder of the mapping rules
was presented until the participant indicated that she was
ready. Each block was preceded by twelve warmup tri-
als that were discarded from the analysis. Four differ-
ent orders of combinations of Mapping and Distractor
type were used, which were balanced according to a
latin square with the constraint that Mapping was alter-
nated between blocks. Half of the subjects started with
a compatible Mapping, while the other half started with
an arbitrary Mapping. In each block a target was spec-
ified by its category membership (e.g., arrow target in
block 1, shape target in block 2, word target in block 3,
and shape target in block 4). Within each block, Stroop
condition was randomized such that compatible, neutral,
and incompatible target-distractor pairs were presented
on one third of the trials per block. Within each block,
all combinations of target direction and Stroop condition
appeared equally often (N=36).

A trial started with the presentation of an empty fixa-
tion frame consisting of the four corners (extension of 5
pixels, e.g. right and down for the upper left corner) of a
virtual rectangle (3.7 by 2.6 °VA), which was presented
in white on a black background. Target and distractor
simultaneously appeared 900 ms later inside the frame
and remained visible until the response was given. After
the response, the next trial was immediately initiated by
blanking the interior of the fixation frame. An opportu-
nity to pause was given after every 72th trial.

Depending on the type of distractor in the current
block, either the words LEFT and RIGHT or leftwards

51 Note that the Distractor type factor can also be rephrased
as a distractor-response code compatibility factor by rela-
belling its levels depending on response modality. For word
distractors, code compatibility is high with vocal and low with
manual responses, and the reverse applies for arrow distrac-
tors.

Note also that arrows and words were used as both targets
and distractors in the compatible conditions, while they were
only distractors in the arbitrary conditions. Thus in the com-
patible conditions, whenever distractor-response compatibility
was low, target-response compatibility was particularly high,
because the target could activate the response along the direct
route.

52 Note that target and distractor switched their role only be-
tween blocks using a compatible concept-response mapping.
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and rightwards pointing arrows were used as distrac-
tors in the congruent and incongruent Stroop conditions.
The neutral Stroop conditions were generated by using
either double-sided arrow distractors or the word MITTE
(German for ‘center’), depending on whether the type of
distractor in the current block was an arrow or a word,
respectively.

Target-distractor ensembles subtended a visual an-
gle of 3.3 by 2.2 °VA (horizontally by vertically) when
viewed from a distance of 70 cm. The bounding box of
arrows and shapes had an extension of 3.1 by 1.0 °VA.
Words were printed in capital letters using the Geneva
font at a font size of 36 points, which was chosen such
that the horizontal extension of the longer target word
(RECHTS) approximately matched the horizontal exten-
sion of the arrows.

To discourage selection based on spatial location, the
target randomly appeared above or below the distractor.
The whole target-distractor ensemble was centered on
fixation.

Manual responses were registered using the response
keys on the CMU button box, whose colors had been
hidden by sticking grey tape on them. Vocal responses
were registered by the voice key in the CMU button box.

Results

Because the design was rather complex, to facilitate
presentation and perception of the results, I will focus on
the theoretically relevant interactions. Specifically, the
focus of interest is whether age differences in the Stroop
effect are modulated by Mapping, Response modality,
or a combination of both. Data were analyzed using a
2× 2× 2× 2× 3 ANOVA with Age as between sub-
jects factor, and Response modality, Mapping, Distrac-
tor type, and Stroop condition as within subjects factors.

Reaction times. Mean reaction times by Age group,
Mapping, Response modality, Distractor type, and
Stroop condition after removal of outliers (2.1%) and
errors (3.06%) are presented in Table 5. Neither of
the critical interactions reached significance, Age by
Response modality by Stroop condition, F(2,92) =
1.28, p = .282, MSe = 173.64, Age by Mapping by
Stroop condition, F(2,92) = 2.49, p = .088, MSe =
174.57, Age by Response modality by Mapping by
Stroop condition, F(2,92) = 1.70, p = .189, MSe =
179.73. However, detailed analysis of the Stroop con-
trasts reveals one significant effect, namely, there was a
triple interaction of Mapping, Age, and the Stroop in-
terference contrast, F(1,46) = 4.62, p = .037, MSe =
363.23. This effect is in the previously observed direc-
tion: the age difference in interference is larger with ar-
bitrary than with compatible mappings. The interaction
was not qualified by any higher order interactions.

In particular, the modulation of the age difference
in Stroop interference by Mapping was not affected by
the degree of overlap of distractor and response, F <
1, although strong age-equivalent effects of stimulus-
response compatibility due to code overlap were ob-
served. The fact that overlap of stimulus and response

codes leads to fast responses is indicated by the strong
interaction of Response modality and Distractor type,
F(1,46) = 66.16, p < .001, MSe = 1692.02, which is
entirely limited to the compatible mapping (for prob-
lems with the interpretation of Distractor type effects
with the arbitrary mapping, see below). Recall that in
the compatible mapping conditions, a change in distrac-
tor type also meant a change in target type. Thus with
a vocal response and arrow distractors, the ‘reverse spa-
tial Stroop task’ consisted in reading a word while ig-
noring a simultaneously presented arrow. Similarly, re-
sponding with a keypress to an arrow target accompa-
nied by word distractors can also be considered a re-
verse spatial Stroop task. For the compatible mappings,
the interaction indicates that translation between inter-
nal codes comes with a cost: responding is fast when a
phonological code can be used for vocal responses, or
a spatial code for manual responses, and it is slower in
the opposite pairings. The size of this interaction was
equivalent between age groups, F < 1, which might in-
dicate that the speed of the automatic activation of a
response code is not affected by an age-related decre-
ment. Stimulus-response compatibility also affects the
Stroop effect: there was a strong interaction of Re-
sponse modality, Distractor type, and Stroop condition,
F(2,92) = 43.41, p < .001, MSe = 235.20, which in-
dicates that arrow distractors cause more interference
than word distractors when responding manually, while
word distractors cause more interference (and facilita-
tion) than arrow distractors when responding vocally.
Thus, the degree of overlap between distractor and re-
sponse codes does affect the size of the Stroop effect,
which supports a dual-route conception. This interac-
tion was not modulated by age, F < 1, again supporting
the view that the locus of age effects is at a more cen-
tral, cognitive stage. Averaged across response modal-
ities, the interaction of Distractor type and Stroop con-
dition was also significant, F(2,92) = 12.33, p < .001,
MSe = 190.44. This was caused by higher facilitation
with word as compared to arrow distractors, F(1,46) =
13.85, p = .001, MSe = 490.22, while interference was
the same for both distractor types, F < 1, and might
indicate that reading is more automatic than manually
responding to an arrow.

However, interpretation of all interactions involv-
ing Distractor type is complicated by results showing
that there was a problem with the stimulus material, as
was mentioned in the introduction to the current ex-
periment. The very strong interaction effect of Map-
ping and Distractor type, F(1,46) = 199.72, p < .001,
MSe = 2134.91, indicates that the particular choice of
stimulus material was problematic. Responding on tri-
als with shape targets and arrow distractors was 49 ms
slower than on trials with shape targets and word dis-
tractors, and 72 ms slower than on trials with word tar-
gets and arrow distractors. In fact, the main effect of
Mapping, F(1,46) = 113.64, p < .001, MSe = 2803.58,
meaning that responses with compatible mappings were
33 ms faster than with arbitrary mappings, might be en-
tirely due to the interaction, because for trials with word
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Table 5
Means and standard errors [ms] for reaction time (columns 1-8), and mean error percentages (columns 9-12) in
Experiment 5(a), broken up by Mapping, Age, Response modality, Distractor type, and Stroop condition.

mean reaction time (s.e.) [ms] percent errors
compatible arbitrary compatible arbitrary

Response Distractor Stroop young old young old young old young old

vocal word congr. 459 ( 9.3) 511 (11.6) 435 (11.2) 499 (12.6) 1.4 1.3 1.5 1.7
neutr. 473 ( 9.3) 532 (15.7) 450 (14.5) 520 (14.7) 2.4 2.0 1.7 2.4
incongr. 487 (13.0) 542 (15.8) 459 (14.1) 528 (15.6) 5.6 4.2 4.5 5.3

arrow congr. 413 ( 8.0) 455 (10.5) 492 (13.6) 563 (14.4) 1.8 0.5 2.3 2.7
neutr. 415 ( 7.8) 454 (10.6) 492 (12.7) 562 (15.0) 2.3 0.8 2.5 2.9
incongr. 416 ( 7.9) 456 (10.7) 499 (12.9) 573 (16.0) 2.3 0.9 3.2 3.3

manual word congr. 380 ( 7.2) 460 ( 8.9) 378 ( 8.2) 466 ( 9.9) 4.0 2.0 3.2 1.0
neutr. 382 ( 7.6) 464 (10.4) 385 ( 9.1) 475 (10.4) 4.2 2.1 4.5 1.8
incongr. 381 ( 6.9) 471 (10.6) 392 ( 9.5) 491 (12.4) 3.9 2.4 5.3 3.1

arrow congr. 389 ( 7.7) 463 ( 6.6) 422 ( 7.8) 523 ( 9.6) 4.3 2.0 4.0 2.7
neutr. 395 ( 8.2) 472 ( 7.2) 429 ( 9.3) 524 ( 9.8) 5.4 2.6 6.4 2.5
incongr. 408 ( 9.3) 476 ( 9.1) 435 ( 9.8) 549 (11.0) 6.0 3.7 5.7 3.8

distractors, responses in the arbitrary mapping condi-
tion were actually faster than with the compatible map-
ping.53 Although the interaction was further modulated
by the significant triple interaction of Mapping, Distrac-
tor type, and Response modality F(1,46) = 65.96, p <
.001, MSe = 1524.30, this merely means that the un-
intended slowing of vocal responses on trials with
shape/arrow stimuli was even larger than the still very
sizeable effect in the manual modality. Note that the sig-
nificant interaction of Age, Mapping, and Stroop inter-
ference that was discussed above is not directly affected
by the strange behavior of the shape/arrow stimuli, be-
cause it was not modulated by higher order interactions,
in particular not by and interaction involving Distractor
type. The prominent position of the shape/arrow ensem-
bles is very likely due to the fact that this was the only
stimulus ensemble without a large difference in spatial
frequency between target and distractor. The other three
combinations all included a pairing of a word, which
is a stimulus with a relatively high spatial frequency,
and an arrow or shape, both of which are relatively low
spatial frequency stimuli. Thus in all but the problem-
atic shape/arrow condition, the attentional filter could
be tuned to select the target location based on spatial
frequency information alone. This bears resemblance to
a visual search task with feature pop-out, where selec-
tion is accomplished without a capacity limit (which is
sometimes called preattentional). In contrast, selecting
the target in the shape/arrow ensemble probably requires
a more controlled search, which takes some time even in
the very limited case of only one distractor.

Having discussed the problematic aspects of the cur-
rent task, for the sake of completeness, I will re-
port the additional significant effects in the following
paragraph. All main effects were significant, Age,
F(1,46) = 33.87, p < .001, MSe = 15503.96, Response
modality, F(1,46) = 59.37, p < .001, MSe = 9709.44,
Distractor type, F(1,46) = 15.64, p < .001, MSe =

2015.30, and Stroop condition, F(2,92) = 78.58, p <
.001, MSe = 301.30 with both facilitation, F(1,46) =
46.70, p < .001, MSe = 474.90 and interference,
F(1,46) = 65.99, p < .001, MSe = 3820.01 (for Map-
ping, see above). Old adults were 74 ms slower than
young adults, manual responses were 45 ms faster than
vocal responses, and fairly small, but reliable Stroop fa-
cilitation and interference effects of 8 ms each were ob-
tained. The main effect of distractor type means that
responding was about 11 ms slower on trials with arrow
distractors than on trials with word distractors.

Many of the findings from the previous experiments
were replicated, with one notable exception: there was
no interaction of Age and Stroop condition, F(2,92) =
1.90, p = .155, MSe = 301.30, i.e. averaged across con-
ditions young and old adults did not show any difference
in the Stroop effect.

Like in the previous experiments, Age interacted with
Response modality, F(1,46) = 6.80, p = .012, MSe =
9709.44. Both age groups were faster when respond-
ing manually, but young adults improved more. How-
ever, compared to the previous experiments, the size of
the interaction effect was rather small (32 ms). Age
also interacted with Mapping, F(1,46) = 11.24, p =
.002, MSe = 2803.58: the Mapping effect was 23 ms
for young adults, and 46 ms for old adults.

Mapping and Stroop condition also interacted,
F(2,92) = 4.39, p = .015, MSe = 174.57, facilitation
n.s. (F < 1), interference, F(1,46) = 7.40, p = .009,
MSe = 363.23: Stroop effects were somewhat larger
with the arbitrary mapping.

Finally, Response modality interacted with Mapping,
F(1,46) = 6.09, p = .017, MSe = 1347.84, which con-
stitutes a difficult to interpret interaction. The Mapping
effect was somewhat larger with vocal than with manual

53 This might be explained by the fact that target and dis-
tractor switched their roles in perceptually identical stimulus
ensembles only between compatible mapping conditions.
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responses. However, this occurred only with arrow dis-
tractors, while the mapping effect was actually reversed
for vocal, but not manual, responses for ensembles with
word distractors. Thus this interaction appears to be
fully qualified by the problematic triple interaction with
distractor type mentioned above.

Errors. Because of the low overall error rate (3.1
%), results will only briefly be described. None of the
theoretically most interesting triple interactions involv-
ing Age, Stroop condition, and Mapping or Response
modality was significant in the analysis of error rates,
and neither was the interaction involving all four men-
tioned factors. In fact, in addition to the Age main ef-
fect, F(1,46) = 12.86, p = .001, MSe = 1.23e-3, which
indicates that old adults made less errors than young
adults (Ms = 2.6 vs. 3.7%, respectively), there were
only two significant interactions involving Age. Age in-
teracted with Response modality, F(1,46) = 9.67, p =
.003, MSe = 2.8e-3, because young adults made sig-
nificantly more errors in the manual than in the vocal
modality (Ms = 4.7 vs. 2.6%, respectively), while for
old adults error rates were equivalent in both response
modalities. The error and reaction time effects for re-
sponse modality and age are in the opposite direction. A
speed-accuracy tradeoff explanation is thus possible: It
could be that young adults chose a more liberal response
criterion when responding manually.

The second interaction involving Age was a triple
interaction of Age, Response modality, and Mapping,
F(1,46) = 5.69, p = .021, MSe = 8.75e-4. For young
adults, the error rate was modulated by Response modal-
ity, but not by Mapping. For old adults, the error rate
was not modulated by Response modality on an over-
all level, but Mapping had an influence only in the vo-
cal modality, where twice as many errors were produced
with the arbitrary than with the compatible mapping.

There was a cluster of interactions involving the
factor Distractor type. Distractor type interacted with
Stroop condition, F(2,92) = 9.84, p < .001, MSe =
4.73e-4, and with Response modality, F(1,46) =
15.96, p < .001, MSe = 1.27e-3, and there was a
triple interaction involving Distractor type, Response
modality, and Stroop condition, F(2,92) = 14.83, p <
.001, MSe = 4.47e-4. Overall, Stroop interference ef-
fects were larger with word than with arrow distractors.
Arrow distractors caused more errors than word distrac-
tors with manual responding, and less errors than word
distractors with vocal responding. The latter fact was
largely due to the rather high error rate elicited by in-
congruent word distractors in the vocal response condi-
tion. For neutral and congruent distractors in the vocal
response modality, there was no difference in error rates.
The triple interaction also indicates that the large inter-
ference effects caused by word distractors are limited to
vocal responding: in the manual modality, interference
and facilitation effects were equivalent between distrac-
tor types. However, arrow distractors caused a larger
Stroop effect in the manual than in the vocal modality,
while the reverse pattern was obtained for word distrac-
tors. Taken together, the degree of overlap of distractor

and response code apparently modulated the speed of
responding and the size of the Stroop effect.

Finally, the four-way interaction of Mapping, Re-
sponse modality, Distractor type, and Stroop condi-
tion was significant, F(2,92) = 3.32, p = .041, MSe =
3.55e-4. Because this might have partly been caused by
the problematic shape/arrow ensemble, I will only de-
scribe the pattern of the interaction for ensembles with
word distractors.54 The size of the Stroop effect caused
by word distractors was large and equivalent between
Mappings in the vocal modality, and it was also large in
the manual modality with the arbitrary Mapping, but it
was negligible in the manual modality with the compat-
ible mapping. This again appears to support the hypoth-
esis that arrow targets have a direct access to a manual
response code.

Discussion. I will postpone discussion of the results
until the results of Experiment 5(b) and the combined
analyses (including analyses of proportional scores)
have been presented. The reader should keep in mind
that most of the ‘interesting’ effects in Experiment 5(a)
were not significant, with the exception of the interac-
tion of Age, Mapping, and Stroop interference. How-
ever, the size of the interaction was fairly small. Be-
cause of the problems with the stimulus material, a sec-
ond experiment was planned using an identical design,
but different target-distractor ensembles.

Experiment 5(b): target and
distractor spatially integrated

Participants. Sixteen young (age M = 20.1 years,
range = 15−25) and 16 old adults (M = 70.2, range =
67− 73) participated in Experiment 5(b). Age groups
did not differ in total years of formal education (young,
M = 11.7, SD = 3.9; old, M = 12.5, SD = 3.0), t(30) <
1. Unfortunately, due to data collection errors, MWT-
A data were missing for one old and three young par-
ticipants, and DSS performance data were missing for
two young participants. However, the results for the
remaining participants do not at all deviate from the
typical pattern. Young adults achieved a much higher
score than old adults in the digit-symbol substitution test
(young, M = 64.6, SD = 12.7; old M = 47.6, SD = 9.3
points), t(28) = 4.2, p < .001. Old adults performed
slightly, but significantly better on the MWT-A vocab-
ulary test (young, M = 30.1, SD = 2.4; old M = 32.1,
SD = 1.2 points), t(17) = 2.76, p = .013.55 All par-
ticipants were healthy according to self-rating and had
normal or corrected-to normal vision.

Stimuli and Procedure. In Experiment 5(b) the same
logic as in Experiment 5(a) was applied, but targets in
the arbitrary mapping conditions were changed to col-
ors, so that arrow or word distractors were presented in

54 This seems justifiable in particular because if only trials
with word distractors are analyzed, a significant three-way in-
teraction of Mapping, Response modality, and Stroop condi-
tion is obtained, F(2,92) = 3.39, p = .038, MSe = 4.07e-4.

55 The t-value and the degrees of freedom were adjusted be-
cause of unequal variance.
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the target color. Because target and distractor in the ar-
bitrary condition were thus presented on the same ob-
ject, the stimuli in the compatible mapping conditions
were also changed. In an attempt to integrate words and
arrows on the same object, words were presented inside
a surrounding arrow. Targets were presented centrally
at fixation. In the compatible mapping conditions, the
word was presented in the black background color inside
a white arrow. Identical stimulus ensembles were used
in blocks with word targets and arrow distractors, and
with arrow targets and word distractors. In the arbitrary
mapping conditions, depending on distractor type, either
the word or the arrow was presented in cyan or magenta
color. Again, the responses consisted in pronouncing
‘left’ or ‘right’, or in pressing a left or right key. Arrows
subtended a visual angle of 4.5 x 1.3 °VA (horizontally
by vertically), and words subtended a visual angle of
2.6 x 0.8 °VA when viewed from a distance of 70 cm.
The empty fixation frame at the beginning of a trial had
an extension of 5.8 by 1.9 °VA. All other aspects were
unchanged from Experiment 5(a).

Results

Reaction times. After removal of outliers (2.1%) and
errors (5.8%), aggregated mean reaction times (see table
6) were subjected to a 2 (Age) × 2 (Response modality)
× 2 (Mapping) × 2 (Distractor type) × 2 (Stroop con-
dition) repeated measures analysis of variance with Age
as between subjects factor.

With the current stimuli and design, there were size-
able Stroop effects F(2,60) = 70.46, p < .001, MSe =
394.96, both in interference and facilitation. Although
on an overall level, there was a tendency for an in-
creased Stroop effect for old adults, as indicated by the
marginal Age×Stroop condition interaction, F(2,60) =
3.15, p = .050, MSe = 394.96, the critical interaction of
Age, Mapping, and Stroop condition did not reach sig-
nificance, F(2,60) = 1.50, p = .231, MSe = 261.41. It
should be noted, though, that numerically the age differ-
ence in the Stroop effect was 3 ms with the compatible
(Stroop effect 16 vs. 19 ms, young vs. old) and 12 ms
with the arbitrary mapping (18 vs. 30 ms), hence, in the
previously observed direction.

With regard to the question whether age differences
in the Stroop effect are different between response
modalities, there was a significant main effect of Re-
sponse Modality, F(1,30) = 122.91, p < .001, MSe =
6019.97, and like in the previous experiments, Age
and Response modality interacted, F(1,30) = 4.72, p =
.038, MSe = 6019.97. Furthermore, Response modality
interacted with Stroop condition, F(2,60) = 5.50, p =
.006, MSe = 250.41. However, the critical interaction
of Age, Response modality, and Stroop condition was
far from significant, F < 1. Both age groups were faster
with manual than with vocal responses, and for young
adults the manual advantage was particularly large (re-
sponse modality effect of 74 vs. 50 ms, young vs. old).
Aggregated across levels of Distractor type and Map-
ping, Stroop effects were larger in the vocal than in the
manual modality (Ms = 25 vs. 16 ms, respectively). The

age difference in the Stroop effect was 8 ms with vocal
responses, and 7 ms with manual responses. Thus there
was absolutely no sign of enhanced Age×Stroop effects
in the manual modality.

In fact, in the current experiment only a single fac-
tor modulated the age difference in the Stroop effect,
namely the type of distractor, as indicated by the sig-
nificant three-way interaction of Age, Distractor type,
and Stroop condition, F(2,60) = 7.74, p = .001, MSe =
191.44 in the absence of interactions of Age and Dis-
tractor type, or of Distractor type and Stroop condition.
Old adults were more affected by word distractors than
young adults (mean Stroop effect 11 vs. 27 ms, young
vs. old), while there was no age difference in the Stroop
effect caused by arrow distractors (24 vs. 22 ms).

Like in Experiment 5(a), strong crossover inter-
actions of Response modality and Distractor type,
F(1,30) = 83.37, p < .001, MSe = 1281.34, and of
Response modality, Distractor type, and Stroop condi-
tion, F(2,60) = 53.21, p < .001, MSe = 160.22, were
obtained, which indicate that direct-route stimulus-
response compatibility is a major determinant of Stroop
interference and facilitation. Manual responding was
faster with word distractors, and vocal responding was
faster with arrow distractors. The Stroop effect was
large with word distractors and vocal responding and
with arrow distractors and manual responding (35 and
30 ms, respectively), while the ‘reverse spatial Stroop
effect’ was small with arrow distractors and vocal re-
sponding, and absent with word distractors and manual
responding (16 and 3 ms).

However, as with Experiment 5(a), there was a prob-
lem with the choice of stimulus material, albeit a dif-
ferent one. This problem becomes obvious through the
interactions of Mapping × Distractor type, F(1,30) =
69.79, p < .001, MSe = 1670.13, and of Response
modality × Mapping × Distractor type, F(1,30) =
49.77, p < .001, MSe = 907.99. This latter interaction
qualified both the main effect of Mapping, F(1,30) =
19.63, p < .001, MSe = 2554.00 and the interaction of
Response modality × Mapping, F(1,30) = 75.07, p <
.001, MSe = 828.54.

The interaction of Mapping and Distractor type
means that a (small, 7.5 ms) Mapping effect in the ex-
pected direction was observed with word distractors, but
a (large, 41 ms) reverse Mapping effect was observed
with arrow distractors, for which responding with the
arbitrary mappings was faster than with the compatible
mappings. The direction of this interaction effect was
consistent between Response modalities, however, the
size was much larger in the manual (6 vs. -74 ms, Map-
ping effect word vs. arrow distractors) than in the vocal
modality (11 vs. -7 ms), as indicated by the triple inter-
action of Mapping, Response modality, and Distractor
type. Although it is not entirely clear what is responsi-
ble for this pattern, I think that it is likely caused by a
combination of two effects related to the stimulus mate-
rial.

First, responding to the word/arrow ensemble used in
the compatible conditions was relatively slow when the
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Table 6
Means and standard errors [ms] for reaction time (columns 1-8), and mean error percentages (columns 9-12) in
Experiment 5(b), broken up by Age, Mapping, Response modality, Distractor type, and Stroop condition.

mean reaction time (s.e.) [ms] percent errors
compatible arbitrary compatible arbitrary

Response Distractor Stroop young old young old young old young old

vocal word congr. 438 ( 8.4) 500 (12.6) 448 ( 7.5) 495 (17.2) 1.0 1.2 5.1 3.1
neutr. 446 (12.0) 513 (14.2) 465 (12.4) 516 (18.7) 1.1 1.4 5.2 3.0
incongr. 456 (12.3) 533 (13.5) 479 (10.2) 553 (24.8) 4.4 3.5 6.5 6.4

arrow congr. 432 ( 7.9) 488 (12.6) 425 (10.8) 476 (16.8) 1.7 1.1 3.0 3.6
neutr. 443 ( 9.2) 494 (12.6) 435 (10.1) 481 (15.9) 2.4 1.0 2.3 4.0
incongr. 446 ( 9.9) 497 (12.7) 449 (12.6) 494 (17.6) 2.2 0.9 3.8 5.3

manual word congr. 354 ( 6.8) 439 ( 8.9) 364 ( 7.5) 433 (10.4) 4.2 1.4 3.1 1.7
neutr. 354 ( 7.1) 442 ( 8.2) 367 ( 9.7) 447 (15.2) 4.5 1.6 3.7 1.2
incongr. 354 ( 7.2) 442 ( 8.4) 361 ( 9.1) 451 (17.4) 4.3 2.2 4.3 3.6

arrow congr. 406 (10.3) 488 (10.0) 336 ( 7.1) 412 ( 9.7) 2.4 1.7 2.3 0.8
neutr. 431 (12.7) 499 (10.9) 351 ( 7.3) 425 ( 8.9) 5.8 2.4 3.5 1.9
incongr. 442 (12.5) 513 (13.3) 362 ( 8.7) 445 (13.3) 9.7 4.0 7.1 2.8

word was the target. This problem might be related to
figure/ground perception: Because the word was printed
in the background color, it might have appeared as part
of the background, hence reactions to word targets in
the compatible condition might have required some ex-
tra time to interpret the word as the figure, and the ar-
row as background. This conjecture is supported both
by the size of the distractor type effect for the compati-
ble mappings in the manual response modality (462 vs.
397 ms, word/arrow vs. arrow/word). If only manual re-
sponses are compared, compatible word/arrow ensem-
bles constituted an extreme outlier, leading to a reaction
time that was 65 ms above the mean of the other three
(arrow/word, color/word, and color/arrow) ensembles,
whereas the maximum reaction time difference in pair-
wise comparisons between the latter was 10 ms.56

Second, the arbitrary color/arrow ensemble had a
somewhat special status in the current experiment, be-
cause it was the only ensemble that did not have high
spatial frequency components at the center of the screen.
The target feature color was carried by a rather large
arrow, thus relatively high color ‘energy’ was available
with colored arrows. This might have led to particu-
larly fast responses to that ensemble, thereby contribut-
ing to the reverse Mapping effect, which was limited to
the comparison of word/arrow and color/arrow ensem-
bles. Indeed, for arbitrary mappings, responding with
the color/arrow ensemble was generally faster than with
the color/word ensemble.

Errors. Errors were analyzed using the same 2 (Age)
× 2 (Response modality) × 2 (Mapping) × 2 (Distrac-
tor type) × 3 (Stroop condition) ANOVA as reaction
times. There were two significant main effects, Age,
F(1,30) = 5.76, p = .023, MSe = 2.26e-3, and Stroop
condition, F(2,60) = 44.19, p < .001, MSe = 6.98e-4.
Young adults made more errors than old adults, and
Stroop interference and facilitation were obtained.

The critical interaction of Age, Mapping, and Stroop
condition that failed to reach significance in the reac-
tion time analysis was significant in the error analy-
sis, F(2,60) = 3.20, p = .048, MSe = 3.68e-4. For
young adults, the Stroop effect in errors was larger with
compatible than with arbitrary Mappings, while for old
adults, it was numerically larger with arbitrary Map-
pings. Furthermore, with the compatible Mappings,
young adults’ Stroop effect was larger than old adults’,
while the reverse was true with arbitrary Mappings. This
pattern hints at some specific age-related deficit with ar-
bitrary rules, that leads to an age-relative amplification
of Stroop effects. Although the size of the Stroop effect
for old adults was not larger with the arbitrary than with
the compatible Mappings, the age difference increased,
because young adults produced a significantly smaller
Stroop effect with arbitrary than with compatible Map-
pings.

Like in reaction times, there was a strong inter-
action of Age, Distractor type, and Stroop condition,
F(2,60) = 7.03, p = .002, MSe = 4.10e-4. Old adults
experienced more interference from word distractors
than young adults, who experienced more interference
from arrow distractors than old adults. The interaction
was crossover, as young adults produced a larger Stroop
effect than old adults with arrow distractors, and old

56 Further observations supporting the conjecture that the
compatible word/arrow ensemble had a somewhat special sta-
tus comes from two observations: First, there was no read-
ing benefit for word/arrow ensembles in comparison to ar-
row/word ensembles in the vocal response modality: vocal re-
sponding with word/arrow ensembles (467 ms) was not much
faster than vocal responding with arrow/word ensembles (481
ms), although the former simply required reading of the word.
Second, the results from the previous experiments lead to the
expectation of a manual response benefit at least for young
adults. In the present experiment, the size of this benefit was
only very weak in the compatible word/arrow conditions, and
much stronger in the compatible word arrow/word conditions.
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adults produced a larger Stroop effect than young adults
with word distractors. Again, the reasons could be re-
lated to age-differential pre-experimental training with
arrow-to-key associations, however, this interpretation
remains speculative because results might equally well
suggest that young adults prefer a spatially mediated re-
hearsal strategy, while old adults prefer a verbal strat-
egy.57

A further result that mirrored results from the
reaction time analysis was the interaction of Re-
sponse modality, Distractor type, and Stroop condition,
F(2,60) = 18.72, p < .001, MSe = 5.61e-4. Stroop ef-
fects were larger with distractors that overlapped with
the response codes than with distractors that needed to
be translated. This was a crossover interaction with
respect to the Stroop effect. The ratio of incongruent
to congruent condition error rates for vocal responding
was 2.0 with word distractors and 1.3 for with arrow
distractors, while for manual responding the ratio was
1.4 with word and 3.2 with arrow distractors. An addi-
tional contribution to the interaction stems from the fact
that large facilitation effects were only observed with
manual responses and arrow distractors. This interac-
tion was further modulated by Mapping, as indicated by
the significant interaction of Response modality, Map-
ping, Distractor type, and Stroop condition, F(2,60) =
4.82, p = .012, MSe = 4.42e-4. In the compatible map-
ping conditions, Stroop effects in error rate were negli-
gible when the target was response-compatible (i.e. with
low-overlap distractors, vocal: word/arrow and manual:
arrow/word), while they were substantial when the tar-
get had to be translated (and the distractor was response-
compatible: vocal: arrow/word, manual: word/arrow).
Stroop effects in the latter conditions were larger than
the sizeable Stroop effects in the arbitrary Mapping con-
ditions, where the triple interaction of Response modal-
ity, Distractor type, and Stroop condition was neverthe-
less observed.

Unlike in reaction times, the main effect of Mapping,
F(1,30) = 4.36, p = .045, MSe = 3.37e-3 does not in-
dicate a reversal of the Mapping effect, but more errors
were observed with arbitrary than with compatible map-
pings. However, recall that in the reaction time analysis,
the reversal was caused by stimulus ensembles featur-
ing arrow distractors, and mainly limited to the man-
ual modality. While in the error analysis, the interac-
tions of Mapping and Distractor type, or of Response
modality Mapping and Distractor type failed to reach
significance, two effects reflect problems with the par-
ticular choice of stimuli. First, part of the four-way in-
teraction referred to in the last paragraph was caused by
a reversal of the mapping effect with manual respond-
ing and arrow distractors. Second, there was a signif-
icant interaction of Response modality and Mapping,
F(1,30) = 11.28, p = .002, MSe = 4.16e-3. The Map-
ping effect was in the standard direction only for vocal
responses, while it was slightly reversed for manual re-
sponses (mainly due to the reversal in the case of arrow
distractors).

Both experiments combined

Because the conceptual design of the experiments
was identical, in an additional analysis data from both
experiments were pooled, i.e. the analysis was repeated
with combined data from Experiment 5(a) and (b), in-
cluding experiment as an additional between subjects
factor. The analysis of variance thus included the be-
tween subjects factors of Experiment and Age, and the
within subjects factors of Mapping, Response modality,
Distractor type, and Stroop condition.58 The motivation
for a combined analysis was twofold. First, increasing
the number of subjects should lead to an increase in
power, which was welcome since all of the Stroop con-
gruency effects were rather small numerically. Second,
because the results from the single experiments were
somewhat muddled, it was expected that this combined
analysis would reveal the consistent effects, while ef-
fects due to stimulus peculiarities would vanish in the
noise.

The strategy in interpretation of the results was as fol-
lows: an effect is considered to be consistent if its di-
rection and strength was the same between experiments,
which is indicated by a lack of interaction with the Ex-
periment factor. For effects that did interact with Exper-
iment, a distinction was made between effects that only
differed in strength between experiments, but whose di-
rection was the same, and effects that switched direction
between experiments, leading to a crossover interaction
with Experiment. The former are relevant, although not
consistent. The latter can be considered artifacts of stim-
ulus or other differences between experiments, because
the conceptual design of the two experiments was iden-
tical. Hence, these effects are of questionable relevance
with respect to the research question.

Reaction times. Apart from the Age main effect,
F(1,76) = 54.42, p < .001, MSe = 14106.62, only
three effects involving Age did not interact with Ex-
periment, namely the interactions of Age and Response
modality, F(1,76) = 9.63, p = .003, MSe = 8298.28,
of Age and Stroop condition, F(2,152) = 4.65, p =
.011, MSe = 332.55, and the critical interaction of Age,
Mapping, and Stroop condition, F(2,152) = 3.94, p =
.021, MSe = 215.21. Old adults were slower than young
adults, and the age difference was larger with manual
than with vocal responding (mean age effect of 84 vs.
58 ms, respectively), which was slower than manual
responding in both age groups. Old adults produced
larger Stroop effects than young adults. However, the
Age × Stroop condition interaction is qualified by the

57 Strictly, this latter interpretation would be supported by
an interaction of Age, Mapping, Distractor type, and Stroop
condition. Although the interaction was not significant,
F(2,60) = 2.05, p = .137, MSe = 4.85e-3, the age-differential
effect of word distractors on Stroop interference is limited to
the arbitrary mappings.

58 The SPSS® GLM procedure that was used to evaluate
the effects uses a weighted least squares algorithm to estimate
model parameters, so that the difference in sample size be-
tween the experiments is taken into account.
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interaction of the two factors and Mapping, which—
as analyses using repeated contrasts for Stroop condi-
tion show—is due to old adults’ larger interference ef-
fects, F(1,76) = 4.23, p = .043, MSe = 488.81, while
there was no Age difference in facilitation, F < 1: The
age difference in the Stroop effect was relatively large
with arbitrary mappings (mean Stroop effect 17 vs. 27
ms, young vs. old), while there was no age difference
in the Stroop effect with compatible mappings (15 vs.
16 ms). Separate ANOVAs for each type of Map-
ping show that the interaction of Age and Stroop con-
dition is highly significant for the arbitrary mappings,
F(2,152) = 6.70, p = .002, MSe = 349.23, while it is
far from significant for the compatible mappings, F <
1, p = .757. Separate analyses for each Age group reveal
that the Stroop effect is enhanced under arbitrary map-
ping conditions in the old group, F(2,76) = 8.66, p <
.001, MSe = 294.14, while Mapping does not modulate
the Stroop effect in the young group, F < 1, p = .526.
Therefore the interaction of Mapping and Stroop con-
dition, F(2,152) = 8.30, p < .001, MSe = 215.21, that
was observed independent of Experiment seems to be
largely due to the effect in the older group. Interest-
ingly, in the current analyses the triple interaction of
Age, Mapping, and Stroop condition was obtained in the
absence of an Age × Mapping interaction, F(1,76) =
2.47, p = .120, MSe = 2723.50.59 Thus with regard to
the first question of interest, we can conclude that in the
present paradigm(s), an Age effect in Stroop interfer-
ence only occurs with arbitrary mapping conditions. In
both experiments, the age effect in Stroop interference
was (numerically) higher with the arbitrary than with the
compatible mapping. The upper left panel of Figure 14
shows the pattern of reaction times for the critical inter-
action, which was not further modulated by Experiment,
Response modality, or a combination of both. The set
of interactions involving Mapping and Experiment that
were independent of Stroop condition and only slightly
mediated by Age do not in my opinion disqualify the
results concerning the critical interaction of Age, Map-
ping, and Stroop condition. In fact, one could argue that
despite the inconsistent effects of Mapping between ex-
periments, the aspect of the Mapping manipulation that
led to the interaction with Age and Stroop condition was
consistent between experiments. In summary, old adults
are subject to enhanced interference even under the rel-
atively small memory load imposed by holding on-line
only two stimulus-response pairings.

The second research question addressed a possible
modulation of Age effects in Stroop interference by Re-
sponse modality. As shown in the lower left panel of
Figure 14, the critical three-way interaction of Age, Re-
sponse modality, and Stroop condition was far from sig-
nificant, F(2,152) = .25, p = .778, MSe = 191.40, and
was not modulated by Experiment. Although the size
of the Stroop effect differed between Response modali-
ties, F(2,152) = 4.89, p = .009, MSe = 191.40, and the
interaction of Response modality and Stroop condition
also interacted with Experiment, F(2,152) = 4.33, p =
.015, MSe = 191.40, indicating that the Stroop effect

was larger with vocal than with manual responding, at
least in Experiment 5(b)60, this pattern of interactions
was equivalent in both Age groups. Thus it appears that
response modality per se is not a mediator of Age dif-
ferences in the Stroop effect.

A third age-related question was raised by the results
of the individual experiments, namely whether arrow
and word distractors differ in their influence between
Age groups, either on the Stroop effect or on main-
tenance of the arbitrary Mapping. The effect of Dis-
tractor type on the maintenance of the arbitrary map-
ping is difficult to evaluate, because it was inconsistent
between experiments, as indicated by the crossover in-
teraction of Mapping, Distractor type, and Experiment,
F(1,76) = 10.23, p = .002, MSe = 1954.75, which
modulated the interaction of Mapping and Distractor
type, F(1,76) = 233.45, p < .001, MSe = 1954.75.
Mapping effects in Experiment 5(a) were nearly absent
with word distractors and large and in the expected di-
rection with arrow distractors. In contrast, in Experi-
ment 5(b), Mapping effects were small, but in the ex-
pected direction with word distractors, and large, but in
the reverse direction with arrow distractors. Specula-
tions about the possible causes were brought forward in
the results section of the individual experiments. Al-
though Age did not interact with either of the two in-
teractions, the interpretation of a possible age equiva-
lence of the influence of Distractor type on the mainte-
nance of arbitrary Mappings is problematic because of
the inconsistent pattern of effects between experiments,
and will therefore be no further discussed. With re-
gard to a possible age-differential pattern of Stroop ef-
fects mediated by distractor type, a substantial interac-
tion of Age, Distractor type, and Stroop condition was
observed, F(2,152) = 9.01, p < .001, MSe = 182.03,
which was only marginally modulated by Experiment,

59 The failure to obtain the latter is probably caused by the
fact that the interaction was different between experiments,
as indicated by the significant triple interaction of Experi-
ment, Age, and Mapping, F(1,76) = 6.98, p = .010, MSe =
2723.50. In Experiment 5(a), where a significant Mapping
effect in the expected direction was obtained, the interaction
of Mapping with Age was also significant, whereas in Ex-
periment 5(b), where the main effect of Mapping actually in-
dicated a reversal of the typical pattern, no interaction with
Age was observed. On an overall level, the Mapping main
effect points in the expected direction, F(1,76) = 11.96, p =
.001, MSe = 2723.50, with arbitrary Mappings causing slower
responding. The reversal of the direction of the Mapping main
effect between experiments is indicated by the crossover in-
teraction of Mapping and Experiment, F(1.76) = 100.55, p <
.001, MSe = 2723.50. The fact that unlike in the previous ex-
periments, Mapping and Age did not interact, probably has
to do with effects of the stimulus material. A complex set of
interactions involving Mapping and Experiment indicates that
some aspects of the material unintentionally covaried with the
Mapping manipulation. Speculations about the explanation of
the unexpected effects of Mapping between experiments can
be found in the results section of the individual experiments.

60 In Experiment 5(a), the Stroop effect was only 1.5 ms
larger with vocal compared to manual responding.
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F(2,152) = 3.05, p = .050, MSe = 182.03.61 This inter-
action is depicted in the upper right panel of Figure 14.
The effect of arrow distractors on the Stroop effect was
similar in both age groups, whereas old adults were
more affected by word distractors than young adults.62

As can be seen in the Figure, the pattern of facilita-
tion effects caused by the different types of Distractor
crossed over between Age groups, with word distrac-
tors causing larger facilitation for old adults, and arrow
distractors causing larger facilitation for young adults.
Thus the interaction becomes significant in the facilita-
tion contrast, F(1,76) = 7.82, p = .007, MSe = 374.60.
In contrast, the slight modulation of the age difference in
interference by Distractor type fails to reach significance
(p=.175).

Because the interaction effect was not further modu-
lated by Mapping or Response modality, it seems safe
to conclude that word distractors cause a larger Stroop
effect for old adults than for young adults. The rea-
sons for this remain unclear, but one possibility could
be that reading might be somewhat more automatic in
old adults. Although the power law of learning sug-
gests that increases in speed are only minimal once a
skill is sufficiently practiced, the use of extreme groups
in a cross-sectional design might have caused an age dif-
ference large enough to reveal such minimal effects. An
alternative reason could be that many of the old adults
came from an academic background, whereas many of
the young adults were still high school students. Finally,
there might also be cohort differences in the way relative
weight assigned to the importance of reading by peers or
the society at large.

Having discussed all effects that involved Age, I will
now turn to additional consistent or relevant effects that
are interesting with regard to the dual-route model.63 In
a later paragraph, the remaining inconsistent effects will
be discussed. Vocal responses were faster with arrow
than with word distractors, and manual responses were
faster with word than with arrow distractors, as indi-
cated by the strong disordinal interaction of Response
modality × Distractor type, F(1,76) = 142.88, p <
.001, MSe = 1540.81. However, this is not an effect
of stimulus-response compatibility between distractor
and response alone, but mainly of stimulus-response
compatibility between target and response, as is shown
by the consistent interaction of Mapping × Response
Modality × Distractor type, F(1,76) = 104.84, p <
.001, MSe = 1309.79. With compatible Mappings, vo-
cal responses were faster with word targets (arrow dis-
tractors) than with arrow targets (word distractors), and
manual responses were faster with arrow targets (word
distractors) than with word targets (arrow distractors).
With arbitrary Mappings, both vocal and manual re-
sponses were slower with arrow than with word dis-
tractors but the effect is somewhat larger for manual re-
sponses (17 vs. 8 ms difference between word and arrow
distractors, manual vs. vocal). The interpretation of this
interaction is made difficult by the fact that the inter-
action of Response modality and Mapping was highly
inconsistent between experiments, see below.

The dual-route model predicts that incongruent high-
overlap distractors cause more interference than low-
overlap distractors, because they directly prime the in-
correct response. Thus large Stroop effects are ex-
pected with arrow distractors and manual responses,
and with word distractors and vocal responses. The
expected crossover interaction of Response modality
and Distractor type in the Stroop effect was obtained,
F(2,152) = 65.66, p < .001, MSe = 191.91, and no fur-
ther modulated by Age (see the lower right panel of Fig-
ure 14). The Stroop effect was small (and of similar
magnitude) on vocal response trials with arrow distrac-
tors and on manual response trials with word distrac-
tors (11 and 9 ms, respectively). It was larger on vo-
cal response trials with word distractors and on man-
ual response trials with arrow distractors (32 and 24
ms, respectively). The direction of the crossover in-
teraction was identical between experiments, although
the size of the interaction differed between experiments,
F(2,152) = 4.59, p = .012, MSe = 191.91, because
the Stroop effect in the manual response condition was
smaller in Experiment 5(a). Taken together, the size of
the Stroop effect was affected by the degree to which
distractor codes had direct access to the response codes.
When codes overlapped, the Stroop effect was large,
whereas it was small when the distractor had to be trans-
lated, e.g. via the semantic route.

61 Disregarding Age, the effect of Distractor type on the
Stroop effect was very different between experiments, as in-
dicated by the triple interaction of the two factors with Exper-
iment , F(2,152) = 9.03, p < .001, MSe = 182.03, whereas
globally, Distractor type failed to modulate the Stroop effect,
F(2,152) = 2.62, p = .076, MSe = 182.03, for the interaction
of Distractor type and Stroop condition. Word and arrow dis-
tractor caused very similar Stroop effects in Experiment 5(b),
although the effect was somewhat stronger with arrows. In
contrast, the Stroop effect in Experiment 5(a) was larger with
word distractors, owing to their larger facilitatory effects.

62 Additionally, old adults were generally more affected by
word than by arrow distractors, whereas young adults tended
to be more affected by arrow than by word distractors. How-
ever, this latter effect was inconsistent between experiments.
Arrow distractors were much weaker in Experiment 5(a),
where Stroop effects were generally larger with word than with
arrow distractors. In Experiment 5(b), word and arrow distrac-
tors were of similar strength globally, but the influence of word
distractors on the Stroop effect was very different between age
groups.

63 For the sake of completeness, the two remaining sig-
nificant, but more or less uninteresting effects are presented
here: There was a significant main effect of Stroop condi-
tion, F(2,152) = 161.66, p < .001, MSe = 332.55, which
was expected because of the robust nature of the Stroop phe-
nomenon. Mean facilitation was 9 ms, and mean interference
was 10 ms. The Stroop effect was somewhat larger in Ex-
periment 5(b), as indicated by the significant interaction with
Experiment, F(2,152) = 3.50, p = .033, MSe = 332.55. The
main effect of Distractor type, F(1,76) =, p = .006, MSe =
1911.84, was significant, but might not be particularly rele-
vant, as its size was only 6 ms overall, and only 1 ms in Exper-
iment 5(b). While it did not change sign between experiments,
it was larger at 11 ms in Experiment 5(a), F(1,76) =, p =
.023, MSe = 1911.84.
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Figure 14. Experiment 5: Interactions of Stroop condition and Age group with other factors in the combined analysis. Bar height
corresponds to the Stroop effect. Bars are centered to depict reaction time differences to the neutral condition in incongruent or
congruent conditions as deviations from the line at zero ms. Positive values represent interference, and negative values facilitation
effects. Panel titles indicate which interaction with Stroop condition is depicted. Upper left: An age difference in the Stroop
effect is obtained under arbitrary, but not under compatible mapping conditions. This interaction was independent of Response
modality (not shown). Upper right: Word distractors affect old adults more than young adults, while arrow distractors do not.
The size of the facilitation effects caused by different distractors crossed over between age groups. Lower left: The age difference
in the Stroop effect is equivalent between response modalities. Lower right: The very strong interaction of Response modality,
Distractor Type, and Stroop condition is independent of Age.

Although the interaction of Age, Mapping, Distractor
type, and Stroop condition was far from significant (F <
1, p = .803) and its direction was the same between ex-
periments, it is nevertheless interesting to compare pos-
sible effects of distractor-response compatibility on age
differences in Stroop interference within the compatible
mappings. Consider what the comparison between high-
and low-overlap distractors means: with high-overlap
distractors, the distractor directly activates a response
code, while the target code needs to be translated. With
low-overlap distractors, the target directly activates the
response, and the distractor needs to be translated. How-
ever, in any case, with the compatible mappings the
translation of distractor or target into a response is au-
tomatic because of highly overlearned associations be-
tween arrows or words and directional concepts on the

one hand, and between directional concepts and direc-
tional responses on the other hand.64 Thus although a
translation is required, in contrast to the arbitrary map-
pings this translation does not require controlled pro-
cessing along the episodic route. Hence, a comparison
of the effects of high- and low-overlap distractors in the
compatible mapping conditions allows to evaluate the
extent to which a translational process is effected by ag-
ing, when this process does not take the episodic route.
If translation per se is affected by aging, then larger age

64 The strength of association of a verbal direction word and
a spatial concept, and between a spatial concept and a verbal
response code might be learned relatively late in life (Clark,
1973; Levinson, 2003), however, it is at least relatively much
more established than the arbitrary associations that were built
up during the experiment.
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differences in the Stroop effect are expected with high-
overlap distractors. Possible age differences in code
translation were evaluated with an analysis of variance
limited to the compatible conditions. The factors in-
cluded Response modality, Distractor-response compat-
ibility, and Stroop condition. To obtain the DRC factor,
levels of Distractor type were rearranged depending on
response modality. In this analysis, the interaction of
Age, DRC and Stroop condition was far from signifi-
cant, F(2,152) < 1, p = .799, and consistent between
experiments. From this result one can indirectly infer
that the critical Age×Mapping×Stroop condition inter-
action is due to working memory demands, not transla-
tion per se.

Finally, let us turn towards additional results that
were highly inconsistent between experiments. These
include the interaction of Mapping and Response
modality, F(1,76) = 55.14, p < .001, MSe = 1175.61,
and the interaction of the two factors with Stroop
condition, which failed to reach significance on an
overall level, F < 1, but interacted with Experiment,
F(2,152) = 5.62, p = .004, MSe = 159.34. Overall,
the Mapping effect was somewhat larger with vocal than
with manual responses. However, there was a disordinal
Mapping × Response modality × Experiment interac-
tion, F(1,76) = 16.34, p < .001, MSe = 1175.61. In
Experiment 5(a), the Mapping effect was in the standard
direction for both response types (38 and 27 ms, vocal
and manual). In Experiment 5(b), a very small Map-
ping effect in the standard direction was observed with
vocal responses (2 ms), but a reversed Mapping effect
with manual responses (-34 ms). As has been discussed
in the results section of Experiment 5(b), this pattern is
probably an artifact of the choice of stimuli. In both
experiments, Stroop interference was larger with arbi-
trary than with compatible mappings in both response
modalities. However, the direction of the mediating in-
fluence of Response modality on the Mapping effect in
Stroop interference differed between Experiments. In
Experiment 5(a), the Mapping effect (in Stroop interfer-
ence) was larger for manual responses (and nearly ab-
sent for vocal responses). In Experiment 5(b), the Map-
ping effect (in Stroop interference) was larger for vo-
cal responses (and nearly absent for manual responses).
These inconsistent effects are due to problems with the
stimulus material. It should be clear that no firm con-
clusions can be drawn about higher-order effects that in-
clude combinations of Mapping and Response modality.

Proportional measures. To not unnecessarily
lengthen the results section, only age-related effects
of the analyses using proportional measures are
reported. In the analysis of log reaction times
following the same factorial pattern as the analysis of
untransformed reaction times, three effects involving
Age were significant, namely the main effect of
Age, F(1,76) = 61.12, p < .001, MSe = 6.41e-2
and the interactions of Age and Response modality,
F(1,76) = 24.39, p < .001, MSe = 3.38e-2, and
of Age, Distractor type, and Stroop condition,
F(2,152) = 7.83, p = .001, MSe = 6.95e-4. The

direction and interpretation of these effects is the same
as in the untransformed RT analysis.

The critical interaction of Age, Mapping, and Stroop
condition was only marginally significant, F(2,152) =
2.47, p = .088, MSe = 7.44e-4, which compared with
the untransformed analyses might indicate that part of
the effect can be explained by general slowing. How-
ever, a lack of significance for the interaction might also
be caused by the fact that the Stroop effect is numeri-
cally larger for old adults with both Mappings, (although
the age difference is not large enough to cause an inter-
action of Age and Stroop condition), albeit larger with
the arbitrary mapping (although the modulating influ-
ence of Mapping is not large enough to cause the triple
interaction to become significant). In separate analyses
performed for each level of Mapping, Age and Stroop
condition interacted significantly for the arbitrary Map-
pings, F(2,152) = 3.98, p = .021, MSe = 1.11e-3,
while the interaction was far from significant for the
compatible Mappings, F(2,152) < 1, p = .913. Thus
at least for arbitrary mappings, the age difference in the
Stroop effect appears to be over-proportionally large.

In the analysis using the proportional
Stroop effect measure (incongruent RT −
congruent RT )/neutral RT , the interaction of Age
and Mapping was marginal, F(1,76) = 3.23, p =
.076, MSe = 1.88e-3. However, if a different measure
was used, namely the proportional interference measure
(incongruent RT − neutral RT )/neutral RT , the
interaction of Age and Mapping was significant,
F(1,76) = 4.02, p = .048, MSe = 2.09e-3. Again,
if the analysis was limited to the arbitrary mapping
conditions, the Age main effect was significant,
F(1,76) = 6.79, p = .011, MSe = 3.03e-3, while it was
far from significant when only compatible mapping
conditions were analyzed, F(1,76) < 1, p = .722.
Because a relative interference measure was analyzed,
which already accounts for age differences in baseline
responding, this means that age difference in Stroop
interference were over-proportional in the arbitrary
mapping conditions, while there were no age differences
in (proportional) Stroop interference in the compatible
mapping conditions.

The interaction of Age and Distractor type was only
significant in the proportional Stroop effect measure,
F(1,76) = 17.93, p < .001, MSe = 1.61e-3, but not
in the proportional interference measure, F(1,76) =
1.95, p = .166, MSe = 1.74e-3. The crossover pattern
thus appears to be caused by age differences in facilita-
tion: congruent word distractors caused relatively large
facilitation effects for old adults, and congruent arrow
distractors caused relatively large facilitation effects for
young adults.65

65 Facilitation has sometimes been interpreted to reflect an
automatic component of the Stroop effect (Posner & Snyder,
1975). According to this interpretation, one cause for the pat-
tern could be cohort differences in the learning history with the
two stimulus classes. Old adults have a longer reading history,
while for young adults reacting towards spatial stimuli might
feel more natural, because they have had more exposure to
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None of the effects reported in this section was fur-
ther modulated by an interaction with the Experiment
factor, thus the effects can be considered consistent be-
tween experiments.

Errors. Analogous to the procedure in the reaction
time analysis, data from both experiments were pooled
and Experiment was included as an additional between
subjects factor in the combined analysis of variance.

In the error analysis, four main effects were signifi-
cant, namely Age, F(1,76) = 17.24, p < .001, MSe =
1.64e-3, Mapping, F(1,76) = 9.80, p = .002, MSe =
1.93e-3, Stroop condition, F(2,152) = 95.78, p <
.001, MSe = 6.0e-4, and Response modality, F(1,76) =
5.54, p = .021, MSe = 4.20e-3. Young adults made
more errors than old adults (Ms =3.79 vs. 2.44 %),
there were more errors with the arbitrary than with the
compatible Mapping (Ms =2.80 vs. 3.44 %), and er-
rors due to Stroop condition were in the expected order,
with least errors with congruent, intermediate with neu-
tral, and most with incongruent distractors (Ms =2.31,
2.85, and 4.19 %). Interference was larger than facil-
itation. More errors were committed with manual than
with vocal responses (Ms =3.47 vs. 2.76 %), but the Re-
sponse modality main effect was qualified by the Age ×
Response modality interaction, F(1,76) = 11.37, p =
.001, MSe = 4.20e-3. Only young adults made more
errors with manual than with vocal responding, while
there was no effect of response modality for old adults—
numerically, they even made fewer errors in the manual
modality. Like in most other experiments, with man-
ual responses there appear to be age-differential speed-
accuracy criterion settings, with young adults accepting
a higher error rate to achieve fast responding.

Even though the critical interaction of Age, Map-
ping, and Stroop condition failed to reach significance,
F(2,152) = 2.52, p = .084, MSe = 3.69e-4, the direc-
tion of the effect was the same as in reaction times.
Young adults’ Stroop effects in errors tended to be
smaller, while old adults’ Stroop effects were larger with
arbitrary than with compatible Mappings. Thus the pat-
tern in errors, although not significant, supports the con-
clusion drawn from the reaction time results, that work-
ing memory requirements induced by arbitrary mapping
rules amplify the Stroop effect in the group of old adults.

The critical interaction of Age, Response modality,
and Stroop condition that evaluates whether old adults
might be particularly affected by distractors when re-
sponding manually also failed to reach significance,
F(2,152) = 1.90, p = .153, MSe = 5.09e-4. Further-
more, there was a marginal interaction with Experiment,
F(2,152) = 2.65, p = .074, MSe = 5.09e-4. Overall, if
anything, there was a tendency for a larger Stroop ef-
fect for young than for old adults in the manual response
condition, while there was absolutely no Age difference
in the Stroop effect for vocal responses. However, the
Age difference in the manual modality was only ob-
tained in Experiment 5(b) and is thus inconsistent be-
tween experiments. With regard to the research ques-
tion, both the reaction time and the error results indicate

that there is no particular interference-proneness in the
manual modality for old adults.

A pattern of interactions that was consistent between
experiments involved Response modality and Distractor
type. The two factors interacted, F(1,76) = 13.79, p <
.001, MSe = 2.31e-3, and were involved in a triple in-
teraction with Stroop condition, F(2,152) = 34.79, p <
.001, MSe = 4.92e-4, and in the four-way interaction
of Age, Response modality, Distractor type, and Stroop
condition, F(2,152) = 3.13, p = .047, MSe = 4.92e-4.
There were no differences between response modali-
ties with word distractors, while there were fewer er-
rors with vocal responding and more errors with man-
ual responding when the distractor was an arrow. As
expected, a crossover interaction between Response
modality and Distractor type was obtained with regard
to the Stroop effect. Word distractors caused more errors
than arrow distractors with vocal responses, and the re-
verse was true for manual responses. The triple interac-
tion reduces to a double interaction if Distractor type is
recoded into overlap of distractor and response codes (or
distractor-response compatibility), contingent on Re-
sponse modality. While there was a larger Stroop effect
with high-overlap distractors than with low-overlap dis-
tractors, the error Stroop effect did not differ between
response modalities for either high-overlap distractors
(3.0 vs. 2.8 percent points difference, vocal vs. manual),
or low-overlap distractors (0.6 vs. 1.0 percent points dif-
ference, vocal vs. manual). These results fully paral-
lel the reaction time results and indicate a contribution
of the direct route to the Stroop effect. The result is
compatible with a dual-route model, because in addition
to distractor-response compatibility, the manipulation of
which is similar at both levels of Mapping, the manipu-
lation of Distractor type at the compatible Mapping also
meant a change in target-response compatibility. Be-
cause response-compatible targets lead to a fast activa-
tion of the response, and distractors in these conditions
have to be processed via the indirect route, the chance
for a distractor to influence the response is relatively
low in conditions with compatible mappings and low-
overlap distractors. Thus the incongruent-congruent dif-
ference in error rate was close to zero in the low-overlap
conditions. The Stroop effect was higher whenever
translation of the target code into the response code was
required. This was the case with arbitrary mappings as

computers, video games and the like. Furthermore, translation
of the words left and right into spatial codes is acquired rather
late in life, which might make them relatively weak distractors
for high school students. For example, there is evidence from
developmental psychology that the concepts left and right are
acquired later than under and top (Clark, 1973), possibly due
to a lack of supportive body asymmetries for left and right.
Furthermore, even 4-year-old children have trouble perform-
ing left-right discriminations: “Western children learn topo-
logical spatial terms first, starting at about age 2, proceed to
intrinsic uses, and about the age of 4 have relative usages of
front and back; but left and right terms lag far behind, with
relative left and right often not being fully mastered before
11.”(Levinson, 2003).
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well as with compatible mappings when there was high
overlap between distractor and response codes.

The four-way interaction was only obtained in errors,
not in reaction times. In the vocal response modality,
the difference in the Stroop effect when comparing word
and arrow distractors was identical between age groups.
In the manual modality, the difference between the rela-
tively large Stroop effects caused by arrows and the rel-
atively small Stroop effects caused by words was larger
for young than for old adults. Like in reaction time, ar-
row distractors appear to have a stronger influence on
young adults’ Stroop effects. Unlike in reaction times,
the strength of the interaction was modulated by Re-
sponse modality, with larger age differences occurring
with manual responses. However, the direction of the
effect indicates that young adults, not old adults might
have a problem ignoring irrelevant arrows.

The last effect involving age group was the inter-
action of Age, Distractor type, and Stroop condition,
F(2,152) = 3.94, p = .021, MSe = 4.48e-4. Although
the interaction was further modulated by Experiment,
F(2,152) = 4.39, p = .014, MSe = 4.48e-4, there were
consistently larger Stroop effects with arrow distractors
for young than for old adults. With word distractors,
either no Age difference in the Stroop effect (Exper-
iment 5(a)), or larger Stroop effects for old than for
young adults (Experiment 5(b)) were obtained. Re-
sults thus parallel the reaction time pattern indicating
that either arrow distractors are particular disturbing
for young adults, or word distractors are particular dis-
turbing for old adults, or both. Distractor type and
Stroop condition also interacted on an overall level,
F(2,152) = 3.86, p = .023, MSe = 4.48e-4, with word
distractors causing somewhat larger Stroop effects. The
interpretation of the present interaction is complicated
by a strong and inconsistent interaction of Distractor
type, Stroop condition, and Experiment, F(2,152) =
7.03, p = .001, MSe = 4.48e-4, which indicates that
the influence of Distractor type on the Stroop effect
was inconsistent between experiments. While in Ex-
periment 5(a), the Stroop effect was larger with word
than with arrow distractors, the pattern was reversed in
Experiment 5(b).

Finally, one consistent effect that was equivalent be-
tween age groups was the interaction of Mapping, Re-
sponse modality, Distractor type, and Stroop condition,
F(2,152) = 8.41, p < .001, MSe = 3.88e-4. A crossover
interaction between Response modality and Distractor
type in the Stroop effect was observed with both Map-
pings, but the size of the interaction was larger with
the compatible than with the arbitrary mapping. With
compatible mappings, the incongruent-congruent dif-
ference in error rate was .0028 with vocal responses
and word/arrow ensembles, and .0032 with manual re-
sponses and arrow/word ensembles, and it was .032 with
both ensembles featuring high overlap between distrac-
tor and response codes. With arbitrary mappings, the
difference in the effect of low- and high-overlap dis-
tractors was less pronounced. This latter fact had not
been observed in the reaction time analysis, where the

interaction of Response modality, Distractor type, and
Stroop condition was not modulated by Mapping. The
fact that Stroop effects due to high-overlap distractors
were even larger in the compatible than in the arbitrary
mapping might indicate that response priming decays
relatively rapidly, so that the activation of the response
code following the slow table-lookup process needed in
the arbitrary mappings arrives at a point in time where
little distractor-based priming is left. Alternatively, in-
hibition of the wrong response at the level of episodic
accumulators could have spread to the response module.
Part of the four-way interaction is also caused by the fact
that there was no difference in the size of the Distractor
type × Stroop condition interaction with the compatible
mappings, but with the arbitrary mappings, the Stroop
effect was somewhat more affected by distractor type
with vocal than with manual responding. The reason for
this is unclear.

Lastly, let me mention one effect that was fairly
inconsistent between experiments, namely the interac-
tion of Mapping and Response modality, F(1,76) =
18.41, p < .001, MSe = 2.17e-3, which was fur-
ther modulated by Experiment, F(1,76) = 8.47, p =
.005, MSe = 2.17e-3. The Mapping effect was gener-
ally stronger for vocal than for manual responding. A
standard Mapping effect, i.e., less errors with a compat-
ible than with an arbitrary Mapping, was only obtained
in the vocal modality. However, the fact that no Map-
ping effect at all was obtained in the manual modality
was due to inconsistencies between experiments that are
likely caused by problems with the choice of stimuli.
In Experiment 5(a), the tendency was in the standard
direction, while in Experiment 5(b), a reverse mapping
effect was observed for errors like for reaction times in
the manual response condition.

In summary, error and reaction time results were
fairly consistent, the primary exception being the age-
differential speed-accuracy tradeoff with manual re-
sponding.

Discussion

There were problems with the stimulus material in
both individual experiments. In Experiment 5(a), where
spatially separated stimulus ensembles were used, the
target could be detected by using information about dif-
ferences in spatial frequency between target and distrac-
tor in all but one stimulus condition, which used shape-
arrow ensembles. This caused reaction times to be par-
ticularly slow with that ensemble. In Experiment 5(b),
where target and distractor were displayed at the same
spatial location, a different problem was encountered,
which might be related to figure-ground perception. Re-
sponding to a word that was printed in background color
inside of an arrow printed in foreground color was rela-
tively slow. In contrast, responding to the stimulus qual-
ity color in the arbitrary condition was particularly fast,
possibly because the color was part of the foreground,
and additionally, the arrow was rather large. Taken to-
gether, this led to a reverse Mapping effect for stimuli
featuring arrow distractors.
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Despite the fact that unintentional side effects of the
material led to a more complex pattern of results than
intended, results of the combined analysis show that
whether or not old adults are affected by larger Stroop
interference than young adults depends on the type of
relation between stimulus set and response set. When
the target dimension can activate the response concept
without mediation of memory processes, as in the com-
patible mapping conditions, there is no age difference
in interference. This lack of an age difference is ob-
served independently of whether the target code requires
to be translated into a response code, or whether it can
directly activate a response. In contrast, with arbitrary
mapping conditions, where translation of a target into
a response code needs controlled processing along the
episodic route, because it relies on relatively recently
acquired associations, an age difference appears.

The fact that the critical interaction effect only
reached significance in the combined analysis, while
there was only a tendency in both single Experiments
5(a) and 5(b) does not invalidate the argument, because
the direction of the effect was the same in both exper-
iments. In a way, the current experiments provided an
extreme test of the reliability of mental sets hypothe-
sis, because (a) the arbitrary mapping only required to
hold on-line two arbitrary rules concerning stimulus-
response pairings66, (b) within the experiment, twice
as many trials were available for a given target stim-
ulus with the arbitrary than with the compatible map-
ping, and (c) target and distractor switched their roles in
the same stimulus configuration (arrows/words) only for
the compatible mappings, which might have introduced
higher executive demands in the compatible conditions.
Hence the memory demands in the arbitrary conditions
were close to the smallest size imaginable. Thus results
provide converging evidence that the age effect in inter-
ference is larger when demands on the episodic route (or
working memory, or the active part of long-term mem-
ory) are increased, even if the increase is conceivably
small.

This effect is relatively independent of response
modality. Although like in the previous experiments, the
age difference in response times was larger with manual
than with vocal responses, there was no sign of an age-
differential modulation by response modality of early
difficulty effects, as measured by the Stroop effect. With
the appropriate caution regarding the interpretation of
null effects, it can be concluded that response modal-
ity per se does not modulate the age difference in the
Stroop effect. If anything, young adults tended to pro-
duce larger Stroop effects than old adults when respond-
ing manually. This stands in stark contrast to results
from experiments that confounded Response modality
and Mapping, where old adults produced larger Stroop
effects, and the age difference in the Stroop effect was
particularly large with manual responses. Therefore, the
interpretation of the age-related manual-response results
from the earlier experiments as Mapping effects receive
support from the present results. The conjecture that the
previous results obtained were merely due to the fact

that the arbitrary mapping was implemented by using
manual responses can be rejected.

The logic of the current experiment assumed that
manual responses rely on spatial codes and vocal re-
sponses on phonological codes, and current models
of word production assume that phonological codes
have privileged access to lexical representations. Al-
though the consistently observed interaction of Re-
sponse modality and Age (independent of Stroop con-
dition), with larger age effects in the manual than in the
vocal modality, might partly be explained by a different
criterion setting of the speed-accuracy tradeoff, it could
also indicate that the type of response code is a mediator
of age effects. It could therefore be related to the lexi-
cal/nonlexical distinction that has been brought forward
by Myerson et al. (1994) and is supported by previ-
ously published meta-analytic results. The latter view is
also supported by another result from the current exper-
iments: age differences in the Stroop effect were larger
with word distractors than with arrow distractors. Al-
though this effect was somewhat unexpected, it happens
to be compatible with Myerson et al.’s distinction, if it
is assumed that an arrow is primarily processed along
a nonlexical route, while a word automatically activates
the corresponding lexical entry. In this case, stimulus
codes, not response codes are relevant. In cases where
the direct route is available, i.e., in high-DRC condi-
tions, distractors might directly activate the correspond-
ing response code. In low-DRC conditions, process-
ing of the distractor might still be automatic (because
the distractors’ meaning was always overlearned), but a
lexical or conceptual code is activated instead of a re-
sponse code. Apparently, the degree to which arrows
and words caused automatic activation was different be-
tween age groups, as the interaction of Age, Distractors
type, and Stroop condition was partly due to age group
differences in the facilitatory influence of the distractors.
Regardless of response modality (and hence of DRC),
old adults’ responses were less facilitated by congruent
arrow distractors than young adults’. Also independent
of response modality, old adults experienced more fa-
cilitation from word distractors than young adults. Ad-
ditionally, while the size of the Stroop effect caused by
arrow distractors did not differ between age groups, old
adults were always more disturbed by word distractors
than young adults, which might indicate a stronger re-
liance on lexical codes in the old group.

One interpretation of the distractor type influence is
that old adults are particularly susceptible to interfer-
ence from phonological codes. An alternative expla-
nation is that young adults are relatively more suscep-
tible to interference from spatial codes. Speculations
about a possible age-differential learning history were
already brought forward in the discussion of Experi-
ment 5(b). Because the representation of the mapping
rules must also be coded in some way, whether lex-

66 In fact, researchers investigating the effects of arbitrary
mappings often recommend to use at least three-element sets,
because with two-element sets the response on a response
change trial can be found by simple alternation.
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ically or nonlexically, a good way to test this would
be to examine whether there are interactions involv-
ing Distractor type, Mapping, and Age. If old adults
tend to rely on phonological coding to represent arbi-
trary mappings, while young adults choose a more flex-
ible strategy—e.g. choose a phonological code for vo-
cal responding, and a visuo-spatial code for manual re-
sponding, then the influence of Distractor type on the
Mapping effect should differ between Age groups (in
the example, the interaction should also be modulated
by response modality). Unfortunately, the interaction
of Mapping and Distractor type was highly inconsistent
between experiments, which circumvents a reasonable
interpretation of the relevant higher-order interactions.

This inconsistent interaction also prevents the conclu-
sion that the distinction between the lexical and the non-
lexical domain cannot explain the observed age-related
modulation of Stroop interference by Mapping. Al-
though that interaction was neither modulated by Re-
sponse modality nor by Distractor type, more research
is needed to reveal whether phonologically coded dis-
tractors affect old adults’ maintenance of arbitrary rules
more than other, e.g., spatial distractors.

A null results that was consistent between Experi-
ments 5(a) and (b) is also relevant for the discussion of
age differences in the Stroop effect. While there was a
strong and consistent interaction of Response modality,
Distractor type, and Stroop condition, the size of this
interaction was (consistently) similar in the two age
groups. The former interaction supports a dual-route
model of the Stroop effect, and is easier to describe if
distractor type is recoded into distractor-response com-
patibility: with high overlap of distractor and response
codes, distractors can prime the associated response,
which leads to large Stroop effects. In parallel, the
associated distractor semantics are activated along the
indirect route. With low distractor-response overlap,
the direct route is unavailable, so that interference can
exclusively arise along the indirect route, which leads
to much reduced, albeit still significant Stroop effects.
The lack of an interaction with Age indicates that the
strength of the automatic activation of either a response
code or a conceptual code by the distractor does not
differ between age groups.

In summary, age differences in the Stroop effect are
more pronounced (a) when the mappings of target con-
cept to response is arbitrary, and possibly (b) when ver-
bal as opposed to spatial distractors are used. In con-
trast, they are not affected by response modality or by
the degree of automatic activation of a response set
member (i.e., direct stimulus-response compatibility).
This strongly suggests a specific age deficit in working
memory. Even reaction time tasks that—if compared to
working memory tasks proper—appear to be relatively
undemanding often rely on working memory processes
to some degree. These rather specific demands of reac-
tion time tasks selectively amplify difficulty effects re-
sulting from earlier processing. Because these demands
on controlled processing often scale with task complex-

ity, they might be a specific factor responsible for the
Brinley plot pattern.

Experiment 6

Stroop task with word-list
versus color-matching

instructions

Considering the research program conducted by
Hale, Myerson, and collaborators, one alternative ex-
planation might account for at least part of the pattern
of results observed so far. This group has consistently
found that old adults are much more impaired in vi-
suospatial than in verbal tasks, with the spatial-verbal
partition roughly corresponding to the similar partition
implemented in the Baddeley/Hitch model of working
memory. For example, in two studies comparing visu-
ospatial/nonlexical and verbal/lexical tasks (Jenkins et
al., 2000; Hale & Myerson, 1996), Brinley slopes for the
former were rather large (2.56 and 3.11, respectively),
while Brinley slopes for the latter were close to one
(1.22 and 1.35).

If old adults introspectively know about their difficul-
ties with spatial tasks, they might prefer to use a verbal
strategy whenever there is an option. For example, if
they are told to respond to a blue color patch with the
left key, they might use verbal working memory to code
the rule BLUE→LEFT. Young adults, on the other hand,
might prefer to rely mainly on spatial working memory,
using a representation resembling a spatial layout of col-
ors. A manual-response in a Stroop-like task with an ar-
bitrary concept-to-response mapping could pose partic-
ular problems for old adults, because (a) a spatial code is
used for responding, and (b) a word distractor interferes
with the phonological code that is used for storage and
maintenance processes in verbal working memory.

The result from the last experiment that old adults
are more affected by word distractors, while there is
not much of an age difference in interference due to ar-
row distractors could also be related to the spatial/verbal
distinction. For the arbitrary mapping conditions, it
could indicate that young adults tend to rely on spa-
tial working memory, whereas old adults due to their
documented difficulties with spatial material might pre-
fer to use verbal mechanisms. A second process, age-
differential strength of automatic translation processes
along a spatial and a verbal route, might also have con-
tributed to the distractor type effect with the arbitrary
mappings, and might have been the sole reason for the
effect with the compatible mappings. The relative speed
of activation of spatial response codes by an arrow and
by a word might differ between age groups: for young
adults, arrows are translated into spatial response codes
very fast, which protects arrow targets from word in-
terference, but causes arrow distractors to interfere with
the translation of a word into a spatial response code.
For old adults, the activation of a spatial response code
might generally take more time, thereby making arrows
weaker distractors. Old adults, however, may be partic-
ularly efficient readers, i.e., the translation of a written
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word into a phonological response code is as fast as for
young adults. This makes words relatively strong dis-
tractors, especially if the activation of spatial response
codes takes relatively long (an indicator of which the
consistently observed pattern of larger age effects with
manual responses might be).

Whereas there might be differences in the speed of
activation of automatic translation processes, the present
experiment focusses on possible age differences in ver-
bal and visuo-spatial working memory. The experimen-
tal strategy was to use (a) tasks that differ in the degree
to which they are amenable to a spatial or to a verbal rep-
resentation, namely a Stroop task and a reverse Stroop
task, and (b) to instruct different groups of participants
to use either a verbally or a spatially coded task set. Be-
cause controlled memory processes were at the focus
of investigation, the tasks always involved an arbitrary
mapping of target concepts to manual responses.

By definition, stimuli in a manual-response task with
an arbitrary mapping never have a pre-established spa-
tial association. Because there is no natural or over-
learnt relationship between colors and locations, the task
has a strong episodic component. If a manual response
is to be given to a stimulus with color semantics, e.g.
a color patch or a color word, then the perceptual code
has to be translated into a spatial response code. Not
only do the codes have to be translated, but translation
is a rather controlled process, i.e. the matching response
set element has to be found by “table lookup”. How
does this table lookup work? Consider this (a) for a rule
set maintained in a spatial medium (using an analogue,
visuo-spatial code), and (b) for a rule set maintained in
a verbal medium (using a phonological code).

In the former case, the representation of the color-to-
key rules in the visuo-spatial sketchpad could be akin to
a spatially arranged layout of colors. Thus spatial work-
ing memory would connect perceptual color codes with
spatial response codes. On the other hand, maintenance
in the verbal subsystem will rely exclusively on phono-
logical codes. The representation will therefore resem-
ble a word list, where the phonological representation
of the color concept is associated with a phonological
representation of a spatial response concept.

On the input side, different types of stimuli differ in
the degree to which they afford access to verbal or spa-
tial working memory. For example, a color patch might
be well-suited as input into spatial working memory,
and similarly, a color word might be better-suited as in-
put into verbal working memory. In both cases, one part
of the association is directly activated by the stimulus,
without a detour via the conceptual level—the stimulus
code is compatible (overlaps) with the working mem-
ory code. On the other hand, a word must be translated
into a color via the conceptual route to be used as input
into spatial working memory. Likewise, a color percept
can only reach verbal working memory by activation of
the corresponding phonological code via the conceptual
route.

On the output side, manual responses seem to be gen-
erally better suited to mappings stored in spatial work-

ing memory. In this case, the spatial code of the entry
that is retrieved by episodic “table lookup” can be di-
rectly read out by the response system. With reliance
on verbal working memory, the result of the controlled
lookup process is a phonological code (e.g. /top/),
which needs to be translated into the spatial code used
by the response system. Although this latter translation
process is overlearnt, it will still take some time. Hence,
manual responding should generally profit from a spatial
coding of arbitrary S-R rules. The layout of the response
keys is spatial, and thus the output of spatial working
memory can directly activate a topologically organized
response code, while verbal working memory output has
to be translated.

Thus if manual responding to the meaning of a color
word is required, some higher-level translation needs to
be performed, regardless of the working memory com-
partment used. If the task set is mainly stored in ver-
bal working memory, then the phonological rule output
must be translated into a spatial response code. Con-
versely, if the task set is stored in spatial working mem-
ory, then at the input side the graphemical code must be
translated into a perceptual color code amenable to an
analogue, spatial representation. In contrast, with man-
ual responding to a color patch, translation with respect
to working memory is not required if the spatial store is
used: responding should be relatively fast, because the
perceptual code directly matches the stored representa-
tion, and the output code directly matches a response
code. On the other hand, double translation is required
if the verbal store is used, in which case the code needs
to be translated at input and output.

While the involved translation processes are rather
automatic, they nevertheless take time, presumably due
to spreading of activation between relatively distributed
systems. This is the reason why spatial coding of arbi-
trary color-to-key rules should be the preferential strat-
egy in a task that requires manual responding to col-
ors.67 In comparison to individuals who prefer to use
a verbal code, spatial ‘coders’ should show a response
time benefit in a task that uses color stimuli (e.g., the
neutral condition of a Stroop task). They should also be
faster in that task than in a task that uses verbal stimuli
(e.g., the neutral condition of a reverse Stroop task), for
which the differences between spatial and verbal coding
strategies should be less pronounced, because recoding
is required in either case.

Let us now turn towards multivalent color-word stim-
uli. Consider the influence of distractors on working
memory: Word distractors (in the standard Stroop task)
will have premium access to the verbal compartment
of working memory, and will interfere with a mapping
rule maintenance strategy that uses a phonological code.
Color distractors (in a reverse Stroop task) will have eas-
ier access to spatial working memory, and will hence

67 However, note that the benefit of spatial coding might not
be very large: the main difference is that the additional, but au-
tomatic translation process that is inserted with verbal coding
is not required.
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cause stronger interference for individuals who rely on
a spatial coding strategy for the arbitrary mapping rules.

Thus in the manual-response Stroop task, a spatial
coding strategy would pay double, (a) because it is most
appropriate for the association of stimulus and response
code, and because interference by phonologically coded
distractors occurs only indirectly, via the semantic route.
In the manual-response reverse Stroop task, a phonolog-
ical coding strategy appears to be more appropriate, de-
spite the translation required at the output end between
the phonological code of the spatial concept and the ac-
tual spatial response code. Here, the target can activate
verbal working memory relatively directly, and colors
have less chance to interfere with verbal than with spa-
tial working memory.

It could be that old adults, who are ‘spatially im-
paired’, do not rely on spatial coding to the same ex-
tent as young adults, even when a spatial coding strategy
would be most appropriate, e.g., in a color-word Stroop
task with manual responding. Old adults might prefer
to use an alternative code, possibly mediated by verbal
labels. The fact that the age difference in Stroop interfer-
ence is larger with manual than with verbal responding
would then be a consequence of the differential coding
strategies, since ‘irrelevant’ words have a higher chance
to interfere with a verbally maintained map than with a
spatially maintained one. Results from the previous ex-
periment, indicating that word distractors lead to a larger
age difference in the Stroop effects than arrow distrac-
tors are consistent with this conjecture.

In the present experiment, it was tried to induce either
spatial or verbal coding strategies for the color-to-key
mappings by varying the instruction. In the instruction
and the mapping acquisition phases, mapping rules were
presented in either spatial or verbal layout. The ‘spatial’
group saw a spatial layout of color patches correspond-
ing to the layout of response keys, while the ‘verbal’
group saw a list of color-name→direction-word pairs
(see Figure 15). Subjects were told that “imagining the
spatial layout of colors” or “silently repeating the list
of associations” before each trial would aid task per-
formance. It was hoped that the instruction manipula-
tion made participants prefer one representation over the
other, thereby inducing either an analogue, spatial repre-
sentation or a phonological, verbal representation of the
rules. The external representation of the mapping rules
was visible during all of the mapping acquisition trials,
and was also presented during the experiment whenever
an error had been made.

A reverse Stroop condition was added to the experi-
ment, using a color word target which was printed in a
to-be-ignored color. In addition to the evaluation of the
instruction manipulation, the reverse Stroop condition
is interesting on its own, because little is known about
whether the reverse Stroop effect is affected by aging
when arbitrary task rules have to be held on-line. Fur-
thermore, the comparison of Stroop and reverse Stroop
effects in a situation in which the response system al-
ways uses a spatial code, and hence there is no pre-
established association between either words or colors

red top

yellow right

green bottom

blue left

Figure 15. Stimuli used by the instruction manipulation to
induce ‘spatial’ (left) and ‘verbal’ (right) representations of
arbitrary color-concept to key mapping rules.

and responses, can provide additional insight in the sys-
tem used to store the mapping rules.

Reverse Stroop effects are typically small to nonex-
istent when the standard, vocal response format is used.
Reading is well-practiced, and there is large overlap be-
tween the graphemical representation of the word on the
input side and the phonological code used for respond-
ing, and only little overlap between the color distrac-
tor and the verbal response. This leads to a fast activa-
tion of the appropriate reading response, and the slower
spreading of activation from the color concept to its ver-
bal/lexical representation caused by the ink color has lit-
tle chance to interfere.

However, if manual responding is used, the reverse
Stroop effect should become larger, because the degree
of overlap between graphemical target representation
and manual response is much smaller. The graphem-
ical input code has to be translated into a spatial re-
sponse code along the conceptual route, thus giving the
color more time to interfere. If this translation makes
use of spatial working memory, then interference effects
could actually become rather large, because of the de-
gree of match between distractor and memory code. In
fact, recent results show that a slight modification of the
task leads to a large reverse Stroop effect. This is the
case when manual pointing responses (with a computer
mouse) towards spatially arranged patches of color are.
Using this ‘color-matching’ Stroop task, Durgin (2000)
was able to completely reverse the typical pattern—he
observed a very small Stroop effect, but a large reverse
Stroop effect. Incongruent word distractors interfered
little with reactions towards ink color, whereas incon-
gruent color patches strongly interfered with reactions
towards word meaning. This constitutes strong evi-
dence for a contribution of response compatibility to the
Stroop effect.

Predictions regarding the instruction manipulation in
the current experiment are rather straightforward for the
color (Stroop) task. First, interference effects should be
larger with the ‘verbal’ than with the ‘spatial’ instruc-
tion, since the former matches the distractors, while the
latter matches the target, which ideally should lead to
results similar to the ones obtained by Durgin (2000).
I also expected an interaction of Instruction, Age, and
Stroop interference. If old adults tend to rely on a ver-
bal coding of mapping rules, then explicitly instructing
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them to use a more appropriate spatial coding should aid
performance. It should aid old adults more than young
adults because the latter presumably choose a spatial
representation of arbitrary rules whenever the task con-
text affords it. Because a spatial representation is less
susceptible to interference from word distractors, the
age difference in interference should be smaller with the
‘spatial’ than with the ‘verbal’ instruction. Predictions
for the word (reverse Stroop) task are less clear because
it is not entirely clear how strong the ‘lexical’ compo-
nent of internal color representations is. However, in the
word task the input side of the mapping rule matches the
rules given by the ‘verbal’ instruction, while the ‘spa-
tial’ instruction which gives a layout of colors does not
match the target dimension at all, but only the distractor
dimension. Thus in the word task, a ‘spatial’ instruction
should lead to larger interference effects than a verbal
instruction. There are no specific predictions whether
this effect should be modulated by age.

Method

Participants. Participants were 40 younger (age M =
20.7 years, range = 18− 31) and 40 older adults (M =
71.6, range = 66− 79), drawn from the University of
Potsdam participant pool. The current experiment was
performed during a control session of a larger training
study (Junker & Kliegl, unpublished), which required
participants to come to the lab for four sessions last-
ing about one hour each. Participants were paid 15
DM (about $ 7) per session for their participation in
the study. Age groups did not differ with respect to
years of formal education (young, M = 12.3, SD = 2.0;
old, M = 12.6, SD = 3.5), t(78) < 1. With regard to
the measures of fluid and crystallized intelligence, the
sample was fairly standard: On the Digit Symbol Sub-
stitution Test, younger adults outperformed older adults
(young, M = 61.0, SD = 8.8; old, M = 47.5, SD = 7.8
points), t(78) = 7.30, p < .001, whereas older adults’
performance in the MWT-A vocabulary test was better
than younger adults’ (young, M = 31.1, SD = 2.4; old,
M = 32.6, SD = 1.9 points), t(78) = −3.02, p = .003.
All participants were healthy according to self-rating
and had normal or corrected-to-normal vision.

Design, Stimuli and Procedure. The design was a 2
× 2 × 2 × 3 mixed factorial, with Age group (young
vs. old) and Instruction (spatial vs. verbal) as between
subjects variables, and Task (color vs. word) and Stroop
condition (congruent, neutral, incongruent) as within
subjects variables. The tasks used were Stroop-like
tasks with manual responding to color-word stimuli.
The within-subjects factor Task required subjects to re-
spond either to word color (Stroop task) or to word
meaning (reverse Stroop task), subsequently referred
to as Color and Word, respectively. The order of the
two tasks was counterbalanced across participants, with
matched orders used between instruction conditions and
age groups. Stroop condition was randomized within
task blocks. The proportion of congruent, neutral, and
incongruent trials was .40, .40, and .20 respectively. 68

Because the instruction manipulation was crucial for
the establishment of either a ‘spatial’ or a ‘verbal’ set,
care was taken to create a vivid representation of the
mapping rules. The instruction manipulation involved
two steps. First, subjects were told that their perfor-
mance would benefit if they used a certain strategy of
memorizing the color-concept-to-key mapping rules. In
the spatial ‘color-matching’ condition, participants were
shown a spatial arrangement of colored patches corre-
sponding to the locations of the associated response keys
(see Figure 15, left). They were told that trying to mem-
orize a visual representation of that pattern would be the
best way to solve the task. In the ‘verbal list’ condi-
tion the ‘best’ strategy was described as memorization
by vocal rehearsal of a verbally presented list of color
terms and spatial locations, see Figure 15, right. Second,
a mapping acquisition phase using only unidimensional
preceded blocks of conflict trials. During these mapping
acquisition blocks, the verbal or spatial representation
of the mapping rules was visible on the screen. Further-
more, throughout the rest of the experiment, whenever
an erroneous response was given, the rule set was again
shown on the screen in both instruction conditions.

Stimuli consisted of centrally presented colored
words, taking up a visual angle of 1.66 to 2.22 de-
grees horizontally and 1.15 degrees vertically. Words
were printed in a 24pt Helvetica font using uncapital-
ized letters. All stimuli were presented on a black back-
ground inside a fixation frame 3.01 degrees wide and
1.94 degrees high, whose four corners were visible all
of the time. Depending on the task block, stimuli in the
mapping acquisition trials consisted of the string XXXX
printed in one of the relevant colors (in the Color task),
or a color word displayed in white (in the Word task).
In conflict trials, word color (red, blue, green, or yel-
low) could be congruent, neutral or incongruent to word
meaning. The neutral condition in conflict trials used
the same stimuli as the mapping acquisition trials.

Viewing distance was 70 cm. Responses were col-
lected on the extended Macintosh keyboard using the
keys 2, 4, 6, and 8 on the numeric keypad, which have a
south/bottom, west/left, north/top, east/right layout.

The experiment was conducted in one session of ap-
proximately 45-60 min duration. There were two super-
blocks of trials corresponding to the two tasks, Color
and Word. Within each super-block, an initial mapping
acquisition block was followed by a Stroop task-block
of 360 trials, with an opportunity to rest after every 60
trials. New mapping acquisition trials were generated

68 The low percentage of incongruent trials was due to a pro-
gramming error that was detected too late. It has been shown
that the size of the Stroop effect is larger when fewer incon-
gruent trials are used, which is probably due to the fact that
strategic reliance on the information provided by the distractor
is advantageous when there is a relatively large proportion of
congruent trials (see Logan, 1979). This strategic effect might
be limited to cases of non-overlapping target-response ensem-
bles. Because in the present experiment, targets had a color se-
mantic, and responses were spatial, it seems reasonable to as-
sume that the strategic influence is similar for responses based
on word meaning and on word color.
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until 24 consecutive correct responses had been given.
During the first 24 mapping acquisition trials in each
super-block, an equal proportion of the four color con-
cepts was shown in random order. Additional trials were
generated every four trials by randomly picking one of
the four colors without replacement. During the map-
ping acquisition trials, mapping instructions were visi-
ble on the screen. Depending on instruction conditions
either the verbal color-direction list was shown above
fixation, or four colored squares were shown in loca-
tions around the stimulus that corresponded to the re-
sponse keys, i.e. north, south, east, and west of fixation.
Instructions were not visible during actual trials in test
blocks, however, they were again shown after each erro-
neous response.

A trial started with the presentation of an empty fix-
ation frame marked by its four corners, which served as
a preparation cue. After a fixed cue-stimulus interval of
500 ms, the stimulus was displayed until a response was
given. After a correct response, the screen was erased
and the next trial started. After a wrong response, a
reminder of the mapping rules which was identical to
the one used during the learning phase was displayed
together with the stimulus that elicited the wrong re-
sponse. The mapping reminder display remained on the
screen until the next trial started, but at least for 2.5 sec-
onds. To request the next trial after an erroneous re-
sponse and presentation of the mapping rule reminder,
the correct answer had to be given.

Results

Reaction Times. After removal of errors and lag-1 er-
rors, mean reaction times for each participant and design
cell were calculated and outliers were removed by ap-
plying two criteria: reaction times shorter than 200 ms
or longer than 4000 ms were discarded first, followed by
reaction times that deviated for more than 3 SD from the
cell mean per participant. Applying these criteria led to
the removal of 2.1 % of the raw data (young: 1.9%, old:
2.3%). Means of the remaining reaction times per par-
ticipant and design cell were entered into the analyses.
The pattern of reaction times by condition is presented
in Table 7.

Data were first analyzed globally, using a 2 (Age
group) × 2 (Instruction) × 2 (Task) × 3 (Stroop con-
dition) mixed mode analysis of variance with Task and
Stroop condition as factors with repeated measures. In
this analysis, it seems like the instruction manipulation
was unsuccessful. Neither the main effect nor any inter-
action involving the instruction factor was significant.
However, a closer inspection by taking task order into
account revealed some very interesting interactions in-
volving Age, Task and Instruction. Description of this
second analysis will be postponed until the global re-
sults have been reported.

Significant main effects were obtained as expected
for Age, F(1,76) = 94.10, p < .001, MSe = 70397.65,
Task, F(1,76) = 38.06, p < .001, MSe = 26935.92,
and for Stroop condition, F(2,152) = 178.65, p <
.001, MSe = 15685.11, with significant facilitation,

F(1,76) = 15.254, p < .001, MSe = 1821.382 and
interference, F(1,76) = 168.397, p < .001, MSe =
46971.22. Old adults were slower than young adults,
reactions in the Word task were faster than in the Color
task (mainly due to less interference, see below), and
reactions on congruent trials were faster than on neutral
trials, which were in turn much faster than reactions on
incongruent trials.

There were several interactions involving Stroop
condition. First, the interaction of Stroop condi-
tion with Age, F(2,152) = 36.59, p < .001, MSe =
15685.11, which was limited to the interference con-
trast, F(1,76) = 38.14, p < .001, MSe = 46971.22 (fa-
cilitation: n.s.), indicates that old adults were much
more affected by incongruent stimuli than were young
adults—a result entirely consistent with our earlier re-
sults suggesting larger age differences in the Stroop
effect with an arbitrary mapping. Second, the in-
teraction of Stroop condition and Task, F(2,152) =
81.98, p < .001, MSe = 5320.64 in interference,
F(1,76) = 88.74, p < .001, MSe = 15595.35, but not
facilitation (n.s.), indicates stronger interference by in-
congruent words in the Color task than by incongru-
ent colors in the Word task—i.e. the Stroop effect was
stronger than the reverse Stroop effect. However, the
reverse Stroop effect was still substantial, at 93 ms for
young adults, and 202 ms for old adults. In an analysis
limited to the Word task, Stroop condition was therefore
highly significant, F(2,152) = 62.62, p < .001, MSe =
8292.81.

Third, and most interestingly, Age, Task, and
Stroop condition interacted, F(2,152) = 23.25, p <
.001, MSe = 5320.64. The age difference in Stroop in-
terference was larger in the Color task than in the Word
task , F(1,76) = 24.87, p < .001, MSe = 387916.66
(facilitation n.s.) The reported three-way interaction
also qualifies the apparent interaction of Age and Task,
F(1,76) = 17.65, p < .001, MSe = 26935.92: age-
related slowing was generally larger in the Color task
than in the Word task, but particularly so in the incon-
gruent condition of the Color task. These effects are
interesting, because they support the view that slow-
ing in the verbal domain is less severe than in the
spatial domain. Therefore, a more detailed analysis
looked at the Age×Task interaction in the neutral and
congruent Stroop conditions, which was still signifi-
cant, F(1,76) = 6.64, p = .012, MSe = 11471.31. In
these conditions, there was absolutely no Task effect for
young adults (Ms =690 vs. 691 ms, Word vs. Color),
F < 1, while old adults were significantly slower in
the Color task (Ms =997 vs. 1060 ms), F(1,38) =
8.75, p = .005, MSe = 18183.45. For old adults, re-
trieval of the matching spatial concepts thus appears to
be faster if the stimulus uses a verbal code than if it uses
a perceptual color code. Together with the large size of
old adults’ interference effects due to incongruent words
in the Color task this suggests that they tend to use a
phonological coding of the arbitrary mapping rules.

All other effects in this global analysis failed to reach
significance.
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Table 7
Means and standard errors [ms] for reaction time (columns 1-4), and mean error percentages (columns 5-6) in
Experiment 6, broken up by Age, Instruction, Task, and Stroop condition.

mean RT (s.e.) [ms] percent errors
Task Instruction Stroop condition young old young old

Color (Stroop) spatial congruent 670 (25.21) 1040 (47.68) 2.1 0.6
neutral 690 (27.30) 1041 (44.06) 4.1 1.2
incongruent 845 (40.90) 1489 (81.27) 6.1 9.0

verbal congruent 699 (23.99) 1079 (51.90) 2.4 0.7
neutral 707 (25.41) 1081 (54.34) 3.7 1.3
incongruent 873 (32.85) 1573 (91.26) 5.7 9.7

Word (reverse Stroop) spatial congruent 669 (26.95) 987 (54.49) 1.7 1.2
neutral 703 (26.40) 995 (54.26) 2.1 0.8
incongruent 774 (37.20) 1160 (66.27) 5.4 4.5

verbal congruent 690 (25.63) 991 (41.95) 2.1 1.0
neutral 698 (23.76) 1016 (43.64) 2.9 1.0
incongruent 772 (34.47) 1223 (81.83) 4.5 4.0

Several results of this analysis deserve discussion:
First, the Instruction manipulation completely failed to
influence responding. Thus it appears as if it was unsuc-
cessful in establishing the intended differential verbal or
spatial representations. Although a subsequent analy-
sis including Task order (reported below) indicates that
this might not be the full story, the weak effects of the
instruction manipulation could indicate that participants
tend to flexibly choose the code that they learn is most
appropriate for a given task. In retrospect, it might not
have been a clever aspect of the design to manipulate
Task within subjects in a single session, because in the-
ory, one and the same instruction was beneficial for the
one task and detrimental for the other.

Second, substantial reverse Stroop effects were ob-
tained in the Word task, although these were still much
smaller than the Stroop effects in the Color task. While
published results indicate that with a vocal response
format, reverse Stroop effects are often absent, it ap-
pears that with the manual response format used here,
irrelevant color distractors interfere with ‘naming’ of a
word. Additionally, reverse Stroop effects were larger
for old than for young adults, which indicates that the
interference-proneness of old adults’ episodic retrieval
processes is relatively independent of the type of distrac-
tor code. Responding in the Word task requires transla-
tion of a graphemical into a spatial code using an ar-
bitrary mapping. The locus of interference depends on
the working memory system used. With a verbal cod-
ing of rules, which appears to be more appropriate than
spatial coding, an incongruent color can interfere dur-
ing retrieval of the matching spatial concept, however,
the phonological retrieval process will have a head-start,
because its activation by the target word is fast, while
interference by the color distractor in verbal working
memory can only start after activation of the associ-
ated lexical entry. With a spatial coding of the rules,
an incongruent color distractor would already interfere

with the translation of the graphemical code into a con-
ceptual color code. After translation, there will still be
interference at retrieval. Generally, the relatively large
reverse Stroop effects obtained in the current paradigm
indicate that conceptual Stroop interference occurs dur-
ing ‘episodic’ retrieval in a manual response task with
arbitrary mappings.

The fact that Stroop interference is much larger than
reverse Stroop interference could be interpreted to sug-
gest that arbitrary rules tend to be coded in verbal work-
ing memory. However, the lack of an Instruction effect
suggests that participants just use the code that is most
appropriate for a given task, i.e., a spatial code in the
Color task and a verbal code in the Word task. A more
likely explanation for the interaction of Task and Stroop
condition is therefore based on differences in the speed
of conceptual activation by words and by colors, with
words being faster.

Third, the Stroop effects and the Age difference
therein were of a very large magnitude. The large Stroop
effects might have been caused by the low percentage
of incongruent trials. The large Age differences in the
Stroop effect might also have been affected by this, how-
ever, a large effect had also been expected based on the
fact that arbitrary mapping rules were used in all condi-
tions of the present task.

Task Order Effects. The fact that the instruction ma-
nipulation apparently completely failed to influence re-
sponding was somewhat disappointing. However, an
analysis taking task order into account hints at a pos-
sible problem old adults might have with proactive in-
terference from earlier task sets. In fact, one possible
interpretation of the results from the analysis to be re-
ported below is that proactive interference completely
reversed instruction effects in the second block task. Re-
sults are presented because they appear interesting, and
suggest that instruction might have had an effect after
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all. Furthermore, a similar argument has recently been
made in a comparison of high and low working memory
span subjects (Kane & Engle, 2000). However, an ad-
vance note of caution appears appropriate: results from
the task order analysis have to be interpreted very care-
fully, (a) because they were post-hoc motivated, and (b)
because they are based on a between groups compari-
son. Task order is an additional between subjects factor,
so that means are based on only 20 participants for each
combination of Age group, Instruction condition, and
Task Order.

Because of the between groups comparison, a first
check was performed to make sure that the groups were
comparable with respect to subject characteristics. In
an analysis of variance using the digit symbol score as
the dependent measure, and Age group, Instruction, and
Task Order as between subjects factors, only Age was
significant. Furthermore, if the analysis was limited to
the old group, there were no significant effects of the
factors Instruction and Task Order. Thus at least with
respect to the digit symbol score, which has consistently
been found to explain a large amount of age-related vari-
ance, the groups in the Order analysis were compara-
ble. A further analysis was performed with the MWT-
A score as the dependent measure, and again, except
for the Age main effect, there were no further signifi-
cant differences between groups. Nevertheless, to ad-
dress the concern that the groups might be different, it
was decided to include both the digit symbol and the
MWT-A scores as covariates in the analysis. Of course,
statistically controlling for digit symbol performance is
expected to reduce the Age main effect.

Presentation of the results will proceed in two steps.
First, results from a complete analysis incorporating all
of the factors from the previous analysis plus Task Or-
der are presented. Second, individual analyses of per-
formance of first block and second block tasks are pre-
sented to evaluate effects of the instruction manipulation
and of proactive interference due to first-block task sets,
respectively.

The complete design was analyzed using a 2 (Task
Order) × 2 (Age group) × 2 (Instruction) × 2 (Task) ×
3 (Stroop condition) mixed mode analysis of covariance,
with Task Order, Age group, and Instruction as between
subjects factors, and Digit Symbol and MWT-A scores
as covariates69. In the order analysis, there were several
interactions involving Instruction and Task Order, which
will be discussed in detail below. With respect to the ef-
fects not involving Task Order, most of the significant
effects from the global analysis reported above were
replicated. In particular, statistically controlling for
digit-symbol score did not eliminate the Age main ef-
fect, F(1,70) = 34.27, p < .001, MSe = 52641.08. Fur-
ther effects that were similar in the detailed and in the
global analysis include the main effect of Stroop condi-
tion, F(2,140) = 5.36, p = .006, MSe = 13821.08 and
the interaction of Age and Stroop condition, F(2,140)=
21.87, p < .001, MSe = 13821.08.

Two effects that were significant in the global anal-
ysis failed to reach significance in the task order anal-

ysis, namely the main effect of Task, and the interac-
tion of Task and Stroop condition. Thus in the task or-
der analysis, the Stroop effect was not generally larger
than the reverse Stroop effect. However, there were
two higher-order interactions involving Task and Stroop
condition. First, old adults did produce larger Stroop
than reverse Stroop effects, as indicated by the signif-
icant interaction of Age, Task, and Stroop condition,
F(2,140) = 8.57, p < .001, MSe = 4801.40.

Second, there was an interaction of Task Order,
Task, and Stroop condition, F(2,140) = 8.23, p <
.001, MSe = 4801.40, in the interference contrast,
F(1,70) = 7.64, p = .007, MSe = 14320.34 (facilita-
tion n.s), which was independent of Age group. The
reverse Stroop effect was larger if the Word task fol-
lowed the Color task than if it came first. To a lesser
extent, there was also a larger Stroop effect if the Color
task followed the Word task than if it came first. Thus a
history of reacting to one stimulus dimension seems to
enhance its distracting quality once it becomes a distrac-
tor. This effect, which can best be interpreted as proac-
tive interference, was observed in both age groups. The
fact that the Order effect was stronger for the reverse
Stroop task is consistent with results obtained by All-
port et al. (1994; 2000), indicating that performance
in an easy task is impaired after switching away from
a difficult task. The alternative explanation, that a his-
tory of actively ignoring one dimension might reduce
its quality as a target, appears less likely. Although
an Order × Task interaction was obtained in an anal-
ysis limited to response times in the neutral conditions,
F(1,70) = 7.90, p = .006, MSe = 6403.61, this interac-
tion is mainly caused by the fact that responding in the
neutral condition Word task is actually faster if the task
is performed second than if it is performed first. This
seems difficult to reconcile with a hypothesis assuming
that a history of actively ignoring the word causes it to
be processed more slowly.

Let us now turn to the somewhat complex pattern of
interactions involving Task Order and Instruction. Since
Instruction had no effect in the global analysis, the effect
of the manipulation was subtle—indeed it seems that its
effects in the first block were completely counteracted
by the second-block effects. The effect of Instruction is
visible in a triple interaction of Task Order, Task, and
Stroop condition, F(2,140) = 4.53, p = .012, MSe =
13821.08, and in a four-way interaction of Task Order,
Age, and Instruction with Stroop condition, F(2,140) =
6.03, p = .003, MSe = 13821.08, in particular with the
Stroop interference contrast, F(1,70) = 6.33, p = .014,
MSe = 41986.03; facilitation n.s.

Inspection of Table 8 shows that the four-way inter-
action is due to a disordinal interaction of Task Order
and Instruction for old adults in the interference measure
(incongruent-neutral), which is absent in young adults.
This is graphically shown in Figure 16.

Let us call the degree to which instructions that are
‘appropriate’ for a given task according to the argument

69 All of the reported effects were also significant if the co-
variates were not included.
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Table 8
Experiment 6: Mean reaction times [ms] and error percentage by Age, Task Order, Task, Instruction, and Stroop
condition. For Task Order, the label “Word, Color” indicates that the word (reverse Stroop) task was performed
before the color (Stroop) task.

mean RT [ms] percent errors
young old young old

Word, Color, Word, Color, Word, Color, Word, Color,
Task Instruction Stroop condition Color Word Color Word Color Word Color Word

Color spatial congruent 631 709 1109 971 1.9 2.3 0.6 0.6
(Stroop) neutral 669 710 1096 985 4.2 3.9 1.0 1.5

incongruent 810 880 1643 1336 6.8 5.4 12.4 5.7

verbal congruent 669 728 1054 1105 2.2 2.7 0.7 0.6
neutral 692 723 1045 1116 3.7 3.6 0.7 1.9
incongruent 895 850 1471 1676 6.9 4.4 6.7 12.6

Word spatial congruent 659 679 1102 872 2.0 1.5 1.5 0.8
(reverse neutral 700 705 1100 890 2.6 1.7 1.2 0.4
Stroop) incongruent 751 798 1282 1037 5.3 5.6 7.1 1.8

verbal congruent 698 682 1008 974 2.6 1.7 0.9 1.2
neutral 707 689 1023 1008 3.3 2.4 0.6 1.4
incongruent 751 793 1094 1352 2.8 6.3 0.8 7.1

spatial verbal spatial verbal spatial verbal spatial verbal
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Figure 16. Experiment 6: Influence of Age, Instruction, Task, and Task Order on Stroop interference. One possible interpretation
of this pattern is that old adults profit from instructions that suggest a task-appropriate coding for the arbitrary rules, but that this
is limited to the task performed in the first block. In the first block, old adults’ interference effects are smaller for the Color task
if instructions suggest a maintenance in spatial working memory, and they are smaller in the Word task is instructions suggest a
verbal coding of rules. In the task performed second, this pattern is reversed. One possible explanation is that the inappropriate
instruction in the first task leads to a particularly strong task set for the task performed first, which is difficult to deactivate once
the former target becomes a distractor. However, note that different groups of subjects were in the groups defined by task order
and instruction. Thus an alternative interpretation is that the pattern is caused by sampling error. The old adults in the verbal-
instruction group that started with the color task, and the old adults in the spatial-instruction group that started with the word task
might have been particularly interference-prone.
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brought forward in the introduction to this experiment
task-instruction compatibility. Task-instruction compat-
ibility is relatively high for a spatial instruction in the
Color task, and for a verbal instruction in the Word task,
compared to the other two combinations. It appears as
if old adults performed better and in particular suffered
less from interference with task-compatible instructions,
but only if the task was performed first. If the task
was performed after the other (instruction-incompatible)
task, then old adults actually performed worse than the
group that started with the incompatible instructions.

First block, second block. To facilitate description
of the four-way interaction, results from the first task
block and from the second task block were subjected
to separate Age×Instruction×Task×Stroop condition
ANOVAs, taking Task as a between-subjects factor, and
again controlling for digit symbol and MWT-A scores.
With regard to the effect of task-instruction compatibil-
ity, an interaction of Task and instruction was expected.
For the task performed in the first block, the instruc-
tion manipulation had the expected effect, albeit it was
limited to old adults: the spatial instruction helped re-
sponding in the Color task, and the verbal instruction
helped responding in the Word task (see Figure 17). Al-
though the pattern of means suggests that both the match
of target dimension code and working memory code,
and the match of distractor code and working mem-
ory code might have contributed to this effect, the first
point cannot firmly be made. Numerically, in the Color
task, the spatially instructed group of old adults was
faster than the verbally instructed group (Ms=1097 vs.
1299, respectively). In the word task, the reverse was
true (Ms=1161 vs. 1042, respectively). However, the
interaction of Task and Instruction was only marginal,
F(1,70) = 3.27, p = .075, MSe = 29695.50, and the
triple interaction with Age failed to reach significance,
F(1,70) = 1.30, p = .258, MSe = 29695.50. Further-
more, if only old adults’ reaction times in the neutral
Stroop condition are analyzed, the interaction is far from
significant, F < 1,

Thus it appears that the main cause for the instruc-
tion effect are differences in distractor strength that are
elicited by the instruction manipulation, chiefly for old
adults. Interference is stronger if the distractor matches
the code that is used for maintenance of the mapping
rules. In the tasks performed in the first block, Stroop ef-
fects were smaller with task-compatible than with task-
incompatible instructions, as indicated by the signifi-
cant interaction of Instruction, Task, and Stroop con-
dition, F(2,140) = 3.37, p = .038, MSe = 9827.19.
This interaction is further modulated by Age: old adults
experienced significantly less interference with task-
compatible than with incompatible instructions. This is
indicated by the significant Age × Instruction × Task
× Stroop condition interaction, F(2,140) = 3.42, p =
.035, MSe = 9827.19. In the Color task, spatially in-
structed old adults were less disturbed by incongru-
ent word distractors than the verbally instructed group,
while in the Word task, spatially instructed old adults
were more disturbed by incongruent color distractors

than the verbally instructed group. Instruction had
no significant effect in an analysis limited to young
adults. In contrast, if the analysis of tasks performed
first was limited to old adults, the interaction of In-
struction, Task, and Stroop condition was significant,
F(2,68) = 3.55, p = .034, MSe = 16983.88.

The spatially instructed group of old adults in the
Word task was more influenced by incongruent color
distractors than the verbally instructed group, while
the verbally instructed group in the Color task suffered
more from word distractors than the spatially instructed
group. Thus for old adults, Stroop effects were smaller
when instructions suggested using spatial codes for the
target-response mapping in the Color task, and using
verbal codes in the Word task, than with the reverse
combinations. This supports the idea that the differ-
ential use of working memory codes suggested by the
instructions mainly enhanced the strength of a distrac-
tor. If the instruction suggested a code that matched the
distractor better than the target, old adults were partic-
ularly susceptible to Stroop interference. It appears as
if interference in working memory is a major locus of
Stroop interference for old adults in tasks that require
an arbitrary mapping of stimuli to responses.

Now consider the tasks performed in the second half
of the experiment. Again, the interactions of Instruc-
tion, Task, and Stroop condition, F(2,140) = 3.36, p =
.038, MSe = 8905.24, and of the three factors and Age,
F(2,140) = 5.77, p = .004, MSe = 8905.24, were sig-
nificant. Again, effects of the instruction manipula-
tion were mainly restricted to old adults. For them,
the pattern completely reversed in comparison to the
first-block task: interference in the tasks performed sec-
ond was larger with task-compatible than with task-
incompatible instructions. For example, the spatial-
instruction group experienced (slightly) more interfer-
ence in the Color task than the verbal-instruction group
if the Color task was performed after the Word task.
The verbal-instruction group experienced pronouncedly
more interference in the Word task than the spatial-
instruction group if the Word task was performed after
the Color task.

At least two explanations for the fact that the pat-
tern is entirely reversed for performance in the second-
block task are conceivable. One possibility is that the
effect is simply due to differences between the groups
of participants. In particular, two groups of old adults
might have consisted of individuals that were partic-
ularly susceptible to interference, namely the verbal-
instruction group that started with the Color task, and
the spatial-instruction group that started with the Word
task. Although Instruction and Task Order do not inter-
act in an analysis of old adults’ digit symbol scores, this
sampling-based explanation cannot be ruled out.

However, an alternative explanation is based on the
hypothesis that under certain circumstances, proactive
interference is particularly strong. This could be the
case if old adults are confronted first with a task that
is incompatible to the instruction. If for example ver-
bally instructed subjects start with the Color task, this
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Figure 17. Experiment 6: Reaction times for the tasks performed first, broken up by Age, Instruction, Task, and Stroop condition.
In the Color task, older adults appear to be faster and less susceptible to interference with a spatial than with a verbal instruction.
In the Word task, instruction has the reverse effect. Assuming that the effect is due to the instruction manipulation and not due to
group differences, old adults perform better if they use a memory code that matches the target code, and if they avoid a memory
code that matches the distractor code.

may lead to the build-up of a particularly strong task
set, because good performance in the task requires inhi-
bition of the distracting task that the instruction is more
compatible with. If more executive resources have to be
spent in the first task to maintain the task-set, then this
might lead to a task set that is more difficult to overcome
once target and distractor have switched their role. The
fact that proactive interference does play a role in the
current paradigm is clearly visible in the interaction of
Task, Task Order, and Stroop condition, that was ob-
tained independent of Age. Stroop effects caused by an
incongruent distractor are larger when the distractor di-
mension had formerly been the target. Now imagine old
adults starting with an instruction that makes coding of
the target-response rules difficult, because the distractor
is more compatible with the memory code used to per-
form the first task. To overcome the potentially strong
interference in the first task, these subjects might recruit
a large amount of ‘executive resources’ or ‘mental en-
ergy’, which might in turn lead to a rather strong task
set. In other words, the association of target-response
rules might be particularly strongly associated with a
given task, i.e. a value of the target dimension. This
strong task set might then be difficult to de-activate in
the task performed second. Hence in the second task,
the relatively strong associations of task and mapping
rule set acquired in the first task might continue to in-
fluence responding. This will impair performance in the
second task, because the former target now acts as the
distractor.

Proportional Measures. All effects involving Age
that were significant in the global analysis remained

significant in the analysis of log reaction times.
These effects include the Age main effect, F(1,76) =
126.54, p < .001, MSe = 5.56e-2, and the interactions
of Age and Task, F(1,76) = 14.16, p < .001, MSe =
1.95e-2, of Age and Stroop condition, F(2,152) =
23.04, p < .001, MSe = 6.54e-3, and the triple inter-
action of Age, Task, and Stroop condition, F(2,152) =
13.09, p < .001, MSe = 3.03e-3.

Similarly, if Task Order is taken into account, the
same pattern of interaction as in the analysis of un-
transformed reaction times is obtained in the analysis
of log reaction times (again including digit symbol and
MWT-A scores as covariates). Significant effects in-
volving Age include the Age main effect, F(1,70) =
49.22, p < .001, MSe = 4.12e-2, interactions of Task
and Age, F(1,70) = 4.04, p = .048, MSe = 1.95e-2,
Age and Stroop condition, F(2,140) = 14.96, p <
.001, MSe = 6.08e-3, and of Age, Task, and Stroop
condition, F(2,140) = 5.80, p = .004, MSe = 2.61e-3.
Most importantly, the four-way interaction of Age, In-
struction, Task Order, and Stroop condition remained
significant in the log RT analysis, F(2,140) = 4.41, p =
.014, MSe = 6.08e-3.

The second proportional analysis used relative inter-
ference scored, calculated for each subject as the dif-
ference between incongruent and neutral condition re-
action time in a given task, divided by the neutral con-
dition reaction time.70 Again, results from the analy-

70 Note that an interference difference measure is analyzed,
therefore a significant main effect indicates an interaction with
Stroop interference in the untransformed measure (for exam-
ple, the Age main effect corresponds to an interaction of Age
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sis of proportional interference scores support the un-
transformed reaction time analysis. Significant age-
related effects include the Age main effect, F(1,76) =
20.97, p < .001, MSe = 4.28e-2, and the interaction
of Age and Task, F(1,76) = 10.76, p = .002, MSe =
1.71e-2. Thus over-proportional age effects in Stroop
interference were obtained (a) in general71, and (b) in
the Color task in particular.

In the analysis of Task Order effects including the
DSS and MWT-A covariates, the discussed effects in-
volving Stroop condition all remained significant with
the proportional interference measure. This is indi-
cated by the main effect of Age, F(1,70) = 14.12, p <
.001, MSe = 4.12e-2, and the interactions of Task
and Age, F(1,70) = 5.93, p = .017, MSe = 1.53e-2,
and of Age, Instruction, and Task Order, F(1,70) =
4.64, p = .035, MSe = 4.12e-2. As an aside, the ‘proac-
tive interference’ interaction of Task, Task Order, and
Stroop condition was also significant in the analysis of
proportional interference scores, as the interaction of
Task and Task Order indicates, F(1,70) = 11.35, p =
.001, MSe = 1.53e-2.

Thus all the conclusions from the untransformed re-
action times analysis can be transferred into propor-
tional measurement space.

Errors. The overall error rate was low, with an aver-
age of 3.2%. For a classification of error rates by exper-
imental condition see Table 7, and for a classification
broken up by Task Order consult Table 8. The pattern
of results in error analyses largely followed the reaction
time pattern, although some effects were not significant
in errors, namely the Age main effect and the interaction
of Age and Task.

The main effects of Task, F(1,76) = 19.18, p <
.001, MSe = 1.02e-3, and of Stroop condition,
F(2,152) = 59.30, p < .001, MSe = 1.69e-3 were sig-
nificant. More errors were committed in the Color
task than in the Word task, and Stroop interference,
F(1,76) = 51.91, p < .001, MSe = 4.89e-3, and facili-
tation, F(1,76) = 22.44, p < .001, MSe = 2.95e-4, were
observed.

Age and Stroop condition interacted, F(2,152) =
7.51, p = .001, MSe = 1.69e-3. Facilitation was larger
for young adults, F(1,72) = 10.25, p = .002, MSe =
2.95e-4, while interference (and the overall Stroop ef-
fect) was larger for old adults, F(1,72) = 9.63, p =
.003, MSe = 4.89e-3. In fact, without the high error
rate on incongruent conditions, a significant age main
effect would have been obtained, F(1,76) = 37.48, p <
.001, MSe = 5.87e-4, indicating that old adults produce
less errors than young adults in the congruent and neu-
tral conditions (like in previous experiments using man-
ual responding).

Finally, there were interactions of Task and Stroop
condition, F(2,152) = 9.94, p < .001, MSe = 1.03e-3,
and of Age, Task, and Stroop condition, F(2,152) =
8.51, p < .001, MSe = S1.03e-3. Like in reaction times,
the Stroop effect in errors was larger than the reverse
Stroop effect. Furthermore, old adults produced a par-
ticularly large number of errors (9.3%) in incongruent

conditions of the Color task, while their reverse Stroop
effect was much smaller, with an error rate of 4.2% in
the incongruent Word task. For young adults, there was
a difference of less than one percentage point between
the error rates in the incongruent Color and Word tasks
(Ms =5.9% vs. 5.0%, respectively).

Task Order Effects. In the analysis including Task or-
der effects, the pattern of results in error analyses also
largely followed the reaction time pattern. In partic-
ular, the direction of the four-way interaction of Task
Order, Age, and Instruction with Stroop condition in
the interference contrast was the same, F(1,72) = 5.21,
p = .025, MSe = 4.61e-3. Other effects that were sim-
ilar to the reaction time effects included the main ef-
fect of Stroop condition, F(2,144) = 62.39, p < .001,
MSe = 1.59e-3 in both facilitation, F(1,72) = 20.67,
p < .001, MSe = 3.18e-4, and interference, F(1,72) =
54.24, p < .001, MSe = 4.61e-3, the main effect of Task,
F(1,72) = 18.15, p < .001, MSe = 3.40e-4, and the
interactions of Age and Stroop condition, F(2,144) =
7.90, p = .001, MSe = 1.59e-3, of Task and Stroop con-
dition, F(2,144) = 9.77, p < .001, MSe = 9.71e-4, of
Age group, Task, and Stroop interference, F(1,72) =
8.86, p = .004, MSe = 2.84e-3 (facilitation: n.s.), and
of Task Order, Instruction, and Stroop interference,
F(1,72) = 6.61, p = .012, MSe = 4.605e-3 (facilitation:
n.s.).

However, there were also certain differences in the
pattern of significance. In the error analysis, old and
young adults did not differ globally (Age main effect:
n.s.). Neither was there an interaction of Age and Task.
On the other hand, a new interaction of Instruction and
Task Order, F(1,72) = 7.31, p = .009, MSe = 7.66e-4,
emerged in the analysis of errors that was not visible
in the analysis of reaction times. This disordinal in-
teraction indicates that overall, less errors were com-
mitted with a spatial instruction if the Task Order was
Color first, Word second than with the reverse Task Or-
der, while the opposite pattern was obtained with ver-
bal instructions, which elicited less errors in the Word-
Color than in the Color-Word task order. Furthermore,
the interaction of Age and Stroop condition was no
longer limited to interference, F(1,72) = 10.14, p =
.002, MSe = 4.61e-3, but now also included facilita-
tion, F(1,72) = 10.32, p = .002, MSe = 3.18e-4. For
old adults, the difference in error rate between neutral
and incongruent trials was larger than for young adults,
while the difference between congruent and neutral tri-
als was larger for young than for old adults, which were
already close to the floor on neutral trials. It should also
be noted that during congruent and neutral trials, old
adults committed hardly any errors (about 0.6%), while
young adults committed some (about 2.6%). On incon-

and Stroop interference). Division of the difference by the
neutral condition reaction time accounts for interindividual
differences in baseline speed.

71 If the analysis was limited to the Word task, the Age main
effect was still significant, F(1,76) = 6.78, p = .011, MSe =
1.98e-2
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gruent trials, however, old adults committed more errors
than young adults (6.7% vs. 5.4% , respectively).

Discussion

An important result obtained in the present experi-
ment was the large size of the reverse Stroop effect with
manual responses. Compared to the typically negligi-
ble reverse Stroop effect obtained with vocal respond-
ing, this indicates that interference at episodic retrieval
substantially contributes to Stroop-like interference, at
least when a direct route from the relevant stimulus di-
mension to the response is not available.

A second important result was the observation that
age effects in Stroop and reverse Stroop interference
were large and could not be explained by differences in
baseline response speed. In the light of results from the
compatible conditions of Experiments 2–5, where inter-
actions of age and Stroop condition were small or ab-
sent, this is likely attributable to the arbitrary S–R map-
ping employed in the present experiment and therefore
adds to the evidence for a specific age-related deficit in
episodic memory.

Unfortunately, results were less clear with respect to
the main experimental question, whether old adults tend
to rely on verbal short-term memory. The instruction
manipulation completely failed to influence responding
in the global analysis. One reason for this could be
that subjects tend to flexibly choose a strategy to use
the internal code that best suits a given task. In the
current experiment, except for the instruction manipu-
lation, no means were taken to ensure that subjects did
not switch from the instructed code to a different code
once the Stroop task had started. Furthermore, they
even had the chance to redundantly code the mapping
rules, using both verbal and spatial working memory.
In working memory experiments, the spatial or verbal
compartments are often selectively disabled, for exam-
ple by using a concurrent memory load technique, or by
having subjects continuously articulate nonsense sylla-
bles, thereby eliminating subvocal rehearsal. In the cur-
rent experiment, no such techniques were used, because
it was felt that they could increase the executive, coor-
dinative demands of the task.

On the other hand, the task order analysis suggests
a possible influence of instruction on old adults’ pat-
tern of responding. Briefly, in the task performed first,
the groups of old adults that started with instruction-
compatible tasks (Word task with verbal instruction,
Color task with spatial instruction) were less suscepti-
ble to Stroop interference than groups of old adults that
started with instruction-incompatible tasks. However,
the pattern was reversed for the tasks performed sec-
ond: if an instruction-compatible task was performed
after an instruction-incompatible task, then interfer-
ence effects for old adults were actually higher than
for the instruction-incompatible task performed after
the instruction-compatible task. Two alternative expla-
nations are suggested for the pattern of order effects
caused by the instruction manipulation. First, it might
be that it was simply caused by individual differences

in the groups of old adults that started with instruction-
compatible and with instruction-incompatible tasks.
Specifically, the verbally instructed group of old adults
who started with the Color task, and the spatially in-
structed group that started with the Word task might
have consisted of individuals with a particularly high
susceptibility to interference. Although there were no
group differences with respect to age, digit-symbol, or
vocabulary score between old adults starting with task-
compatible and task-incompatible instructions, the re-
sults are nevertheless based on a between subjects com-
parison, hence an explanation based on individual dif-
ferences cannot be ruled out.

In retrospect, the design choice to manipulate Task
within subjects in a single session was unfortunate. Why
this is so becomes obvious if the second explanation
for the interaction of instruction effects and task order
is considered, which is based on a combination of two
different, but related mechanisms. The first mechanism
is relevant for the effects obtained in the task performed
first. It is based on the relative match of target and dis-
tractor codes to internal, working memory codes and is
therefore related to task-instruction compatibility. Re-
call that Durgin (2000) found a complete reversal of
the Stroop and reverse Stroop effect in a color-matching
task. Based on these results, I expected to find a sim-
ilar effect with regard to the instruction manipulation.
With a spatial instruction, the typically large difference
in magnitude between Stroop and reverse Stroop effects
was expected to be reduced. This pattern was in fact
obtained, but limited to the tasks performed first and to
the old group. In the task performed first, old adults
experienced less interference from incongruent distrac-
tors if the instruction suggested the use of an internal
code that matched the target dimension than if the code
matched the distractor dimension. That is, color distrac-
tors caused more Stroop interference with a spatial than
with a verbal instruction, and word distractors caused
more reverse Stroop interference with a verbal than with
a spatial instruction.

The second mechanism that might be responsible for
the interaction of instruction and task order had not been
anticipated when the experiment was designed. It is
related to proactive interference and will be discussed
in somewhat greater detail below, because it might be
able to explain the paradox task-instruction compatibil-
ity effects produced by old adults in the tasks performed
second. The fact that proactive interference does play
a role in the current paradigm, independent of possible
group differences, can be illustrated by the result that
incongruent distractors cause larger interference effects
if they have been targets before. Stroop interference ef-
fects were larger if the Color task was performed after
the Word task than if it was performed first, and simi-
larly reverse Stroop effects were larger if the Word task
was performed after the Color task. However, this kind
of strengthening of the distractor by its history as a target
was independent of age group and instruction condition.
Having established that proactive interference is poten-
tially important in the current paradigm, let us now turn
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towards another effect that can be interpreted as proac-
tive interference, and that might be sensible to the in-
struction manipulation. This effect, which is limited
to the old group, is indexed by the fact that in the
group of old adults, for tasks performed second, inter-
ference in instruction-compatible tasks was larger than
in instruction-incompatible tasks. How can this pattern
of paradox task-instruction compatibility effects be ex-
plained by proactive interference? The explanation is
based on an argument developed by Kane, Bleckley,
Conway, and Engle (2001) (see also Kane & Engle,
2000), which realizes that the amount of proactive inter-
ference might be positively correlated with the strength
of a task set. Kane et al. (2001) tested individuals dif-
fering in working memory (WM) span on both pro- and
antisaccade tasks. Location of a target was cued by a
flashing symbol either at (prosaccade task) or opposite
(antisaccade task) the target position. Kane et al. found
no group differences in prosaccade performance when it
was the first task tested, which they interpret as equiv-
alence in automatic orienting. However, the low-span
group was significantly slower and less accurate in the
antisaccade task, especially if it was the first task tested.
Kane et al. assume that this is due to differences in
attentional control correlating with differences in WM
span. The most interesting result for the current inves-
tigation is that performing the antisaccade task first im-
paired performance in the subsequent prosaccade task,
and especially so for low-span individuals. This can
best be explained by the concept of proactive task-set
interference. The ‘automatic’ prosaccade task, which
is not normally affected by a concurrent memory load
and may be performed with little involvement of con-
trolled attention, may be disrupted by the prior perfor-
mance of a similar, but attention-demanding task. For
low-span individuals, switching intentional set from the
controlled antisaccade task to the prosaccade task ap-
pears to be quite difficult.

The results resemble those of Allport and colleagues
(1994; 2000), who have argued that proactive task-sets
interference is a major source of switch costs observed
in the task-switching paradigm, which is regarded as one
of the prime paradigms for tapping executive processes.
Allport et al. (1994) examined task switching in a series
of experiments using various Stroop-like tasks. In their
Experiment 5, switch costs turned out to be asymmet-
rically higher when switching away from a hard, ‘con-
trolled’ task (Stroop color naming) towards an easy, ‘au-
tomatic’ task (Stroop word reading), than in the reverse
case. Whether the task set inertia variant of proactive
interference is visible in both automatic and controlled
tasks is a topic of current debate (Rogers & Monsell,
1995; Allport et al., 1994; Allport & Wylie, 2000; Kane
et al., 2001). Some authors argue that a prerequisite for
task set inertia is a switch away from a task requiring
controlled attention. For example, Wylie and Allport
(2000) showed that proactive task-set interference de-
pends on the amount of control required by the task that
is switched away from.

In summary, there are several observations reported

in the literature suggesting that switching from a more
automatic to a more controlled task causes minimal dif-
ficulty compared with switching from a controlled to an
automatic task. This effect is apparently exacerbated in
individuals with working memory deficits. In general,
a task that is more difficult in the sense that it requires
a higher degree of executive control seems to lead to a
stronger task set. Once a strong task-set has been estab-
lished, it can interfere with a weaker task-set in a differ-
ent task that is subsequently performed (or alternated)
within the same stimulus-response context. 72

If the strength of a task set tends to persistently in-
fluence responding even after a task has become irrele-
vant, then this might be able to explain the paradox task-
instruction compatibility effects produced by old adults
in the task performed second. The asymmetry of proac-
tive interference should be measurable in ‘global switch
costs’ (Kray & Lindenberger, 2000; Mayr, 2001; Mayr
& Liebscher, 2001; Meiran et al., 2001), leading to the
relative impairment of a ‘weaker-set’ task if it follows a
‘stronger-set’ task.

Note that only two orders of task-instruction compat-
ibility were realized: either an instruction-compatible

72 Allport et al. (1994) discuss this effect under the label
of task set inertia, a kind of proactive interference, in which a
nondominant response mapping imposes a stronger set that is
more difficult to overcome or deactivate than is the set for the
dominant response. In the current experiment, dominance of
the S-R mapping was held constant: only one response mode
was used, with no pre-experimental associations to any of the
stimuli. In other words, pre-experimentally established dif-
ferential automaticity does not play a role in the current set-
ting, unlike in the pro-/antisaccade task. Since the stimulus-
response mapping was arbitrary for both tasks, we presume
that none of the tasks is highly automatic, and thus task set
inertia is expected to be observed in switching away from ei-
ther. If differential automaticity did not contribute, what else
could have induced task-sets of different strengths? It is con-
ceivable that in the current experiment, task-sets of different
strengths were induced by instructions differing in degree of
compatibility with the task to be performed first.

Based on the result that a reverse Stroop effect can be ob-
tained in a color-matching Stroop task (Durgin, 2000), it was
assumed that a task-set compatible to the color task could be
induced by presenting a spatial layout of color patches, while
a task-set more compatible to the word task could be induced
by the verbal list instruction. An instruction that was less well
suited to the task at hand might then have led to the estab-
lishment of a stronger task-set. A strong task-set is likely to
be built up and maintained during an instruction-incompatible
first block not only because of the translation required to map
stimuli onto the input side of the mapping rule, but also be-
cause distractors are more compatible with the code used to
maintain the mapping rules than targets. Protection from inter-
ference from instruction-compatible distractors might be criti-
cal for establishment of a strong task-set.

Establishment and maintenance of task-set might require a
smaller amount of executive control with a task-compatible
instruction, while having to establish and maintain a relatively
task-incompatible set of mapping rules in the first task should
require more executive resources. Thus depending on the
match between instructions and task, either a weak or a strong
task-set might have been built up during the first task block.
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task followed an instruction-incompatible task, or an
instruction-incompatible task followed an instruction-
compatible task. In the present study, proactive task-
set interference would therefore be indicated by higher
reaction times and higher interference effects in the
instruction-compatible second-block task (that is per-
formed after the instruction-incompatible task), (a) if
compared to the situation where it is performed as
the first task, and (b) compared to the instruction-
incompatible second-block task (that is performed af-
ter the instruction-compatible task). With spatial, color-
matching instructions, the Color task should be impaired
if it follows the Word task, because the instruction did
not match the task performed first and hence caused a
relatively strong task-set to be built up in the first block.
Similarly, with word-reading instructions, the word task
should be impaired if it follows the color task. The ef-
fect should be particularly pronounced under conditions
of Stroop interference, because interference resolution is
typically considered to be tapping executive resources.

Encountering an instruction-compatible task in the
second block means that it was performed after a
strong task-set has been built up for the instruction-
incompatible first block task. This task-set might in-
terfere with the second block task, particularly because
the stimuli did not change between blocks (except in the
neutral Stroop condition). There is no principle reason
why this kind of proactive task-set interference should
be limited to old adults. To the degree that the task
is taxing enough to limit availability of prefrontal, ex-
ecutive resources even for young adults, they are ex-
pected to show a qualitatively similar pattern. However,
it has previously been shown that young adults are far
more flexible that old adults when it comes to adapt-
ing to new tasks (e.g., Mayr & Liebscher, 2001). The
fact that young adults did not show an instruction ef-
fect in the task performed first might be indicative of
this flexibility.73 Furthermore, larger proactive interfer-
ence effects for old adults were to be expected based
on results showing that old adults are more susceptible
to intrusion errors (e.g., Oberauer, 2001) and produce
larger global switch costs (Kray & Lindenberger, 2000;
Mayr, 2001; Mayr & Liebscher, 2001; Meiran et al.,
2001) than young adults. Finally, according to Kane et
al. (2001) proactive task-set interference effects might
be limited to or at least more persistent in individuals
with a low working-memory span, in our case old adults.

It seems likely that proactive interference due to
strong task sets involves similar systems as the estab-
lishment and maintenance of an arbitrary S-R mapping.
After all, a task set is by definition a set of rules re-
quired to perform a task at hand. Thus mapping rules
are part of a task set, which in addition to mapping rules
encompasses further task-relevant aspects, such as goals
and intentions of the actor. Here, we focus on the latter
components. A strong task set, established for example
by a task requirement to overcome a habitual response
tendency as in the antisaccade task, or by a history of re-
solving relatively strong interference caused by a men-
tal coding of mapping rules in a format that matches

the distractor better than the target, impairs performance
in a subsequent task using the same stimuli, but better-
suited task rules. Conversely, task instructions that are
more compatible to the task at hand lead to the establish-
ment of a weaker task set, with a negligible influence on
subsequent performance of a ‘strong-set’ task.

To conclude, an admittedly post-hoc explanation was
proposed to account for the interaction of Instruction,
Task Order, and Stroop condition observed in the group
of old adults. The explanation based on the match of
task codes and internal codes can account for the fact
that old adults show task-instruction compatibility ef-
fects in the task performed first. If only the task per-
formed first was analyzed, old adults were sensitive to
the instruction manipulation. They performed better in
tasks for which the target code matched the instructed
working memory code than in tasks in which the distrac-
tor code matched the working memory code. If a strong
task set was induced in the task performed first, by in-
structing a working memory representation that matches
the distractor code, then this led to a decrease in per-
formance in the task performed in the second half for
old adults, who have repeatedly reported to be highly
susceptible to proactive interference (or intrusion errors,
e.g. Oberauer, 2001), and who are much more likely
to suffer from task set inertia (e.g., Mayr & Liebscher,
2001; Meiran et al., 2001). With the additional assump-
tions that (a) the strength of the task-set built up during
the first block is negatively correlated with the degree of
compatibility of (first-block) task and instruction, (b) a
strong task-set proactively interferes with a subsequent
task that is performed with the same set of stimuli and
responses, and (c) old adults are more susceptible to
proactive interference than young adults, possibly due
to their reduced working memory capacity, the expla-
nation can also account for the paradox task-instruction
compatibility effect obtained in the older groups in the
task performed second.

However, let me again clearly state that the explana-
tion was only brought up post-hoc. Furthermore, be-
cause it is based on results of a between-groups com-
parison, a more parsimonious alternative explanation
based on individual differences is available. Clearly,
additional research is needed to support both the code
compatibility and especially the proactive task-set inter-
ference hypotheses. For a start, it seems desirable to
replicate the experiment, but manipulate task between
sessions, so that the first task-set can decay between ses-
sions.

General Discussion
Synopsis

In this research, it was proposed that a model assum-
ing specific effects at rather high-level processes related
to episodic and working memory can better explain age
differences in cognition than a general, unspecific slow-
ing model. Specifically, the hypothesis was brought for-

73 Alternatively, it might just indicate that they failed to fol-
low instructions.
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ward that the age-by-complexity effect, which is indi-
cated by a regression slope larger than one in the Brin-
ley plot, might be explained by a covariation of memory
demands and task complexity. It was argued that the
contribution of executive, working memory or episodic
memory processes to reaction time is often neglected,
but that it might be relevant in all but the most trivial
tasks and might furthermore be one of the major sources
of between task-variance in young adults reaction time.

The Episodic Accumulator Model was proposed as
an alternative to models of age-related slowing that as-
sume a single, low-level deficit. The Episodic Accumu-
lator Model assumes a specific age deficit in memory
processes that are involved in the retrieval and mainte-
nance of freshly acquired associations tied to a particu-
lar context. More generally, it assumes that age differ-
ences vary with the degree of arbitrariness in the set of
task rules.

To test the model in a series of experiments, it was
necessary to independently vary ‘late’ memory demands
and a separate, ‘early’ factor affecting cognitive diffi-
culty. The reasoning was that according to the model,
manipulation of the memory factor would produce large
age-by-condition interactions and steep Brinley slopes,
while manipulation of the early difficulty factor at the
level of low memory demands would produce small age-
by-condition effects and Brinley slopes close to one.
The influence of the early factor at the level of high
memory demands was predicted to depend on the degree
to which ‘early’ and ‘late’ processing overlap in time. In
the case of serial, stage-like processing, early and late
difficulty effects were predicted to be independent with
regard to age effects. In the case of parallel, cascaded
processing, when the effects of the early difficulty ma-
nipulation cannot fully be resolved before memory re-
trieval starts, effects caused by the early difficulty ma-
nipulation were predicted to be age-differentially am-
plified by high memory demands.

Experiment 1 varied perceptual difficulty on the one
hand and arbitrariness of the S-R mapping, i.e., episodic
memory demands, on the other hand. The memory fac-
tor caused larger age effect than the perceptual factor.
Both age groups were slower with an arbitrary than with
a compatible mapping, and the increase in the age effect
with the arbitrary mapping was over-proportional. The
manipulations of perceptual difficulty and of memory
demands were perfectly additive with respect to age ef-
fects, which indicates that there is not much temporal
overlap between perceptual classification and episodic
retrieval. Furthermore, results can be interpreted to in-
dicate that the majority of age effects arise only after
perceptual classification, which is consistent with inde-
pendent results from ERP research. Experiment 1 also
included an inverse mapping condition, using an incom-
patible S-R mapping that posed relatively low episodic
demands. The inverse mapping led to identical age ef-
fects as the compatible mapping, a result that points to
episodic demands, not response inhibition, as a source
of age-related slowing.

In Experiments 2-6, Stroop condition was manip-
ulated as an early difficulty factor that was assumed
to produce more temporal overlap with memory re-
trieval. In Experiment 2 vocal or manual responses
were given to the color of Stroop color-word stimuli.
Here, episodic demands were manipulated by varying
the response modality: they were larger with manual re-
sponses, which in contrast to vocal color responses are
not pre-experimentally associated with color concepts.
Results generally supported the Episodic Accumulator
Model predictions. Slowing was over-proportional with,
and Stroop effects were age-differentially amplified by
the arbitrary mapping: Young adults experienced far
less Stroop interference with manual than with vocal re-
sponses, while for old adults, the amount of interference
did not differ between response modalities. Addition-
ally, results from a comparison of tasks featuring inte-
grated or separated color-word ensembles indicate that
the age-differential amplification of early difficulty ef-
fects by memory demands is larger when early atten-
tional filtering is not possible.

Experiment 2 set the stage for a number of follow-up
experiments. Experiments 3 and 4 addressed the con-
founding of memory demands and response modality
inherent in the mapping manipulation chosen in Exper-
iment 2. Experiment 3 compared compatible and arbi-
trary mappings using vocal responding, with the arbi-
trary response set consisting of male first names. Re-
sults were not entirely decisive. At the global level, age
differences were not affected by memory demands, i.e.
Age and Mapping did not interact. Even in the absence
of this interaction, a numerically larger age difference
in the Stroop effect was obtained with the arbitrary than
with the compatible mapping, however, this tendency
was not significant. A more detailed look showed that
strong repetition effects modulated the pattern. In par-
ticular, repetition effects also modulated the age differ-
ence in the Stroop effect. A target repetition in the ar-
bitrary mapping condition means that the rule that was
applied on the previous trial is still active, hence does
not have to be retrieved on the current trial. In fact,
responses on repetition trials were as fast with the ar-
bitrary as with the compatible mapping. If retrieval
of arbitrary rules is a critical moderator of age differ-
ences, then predictions of the Episodic Accumulator
Model might be limited to the change trials. Indeed,
the age difference in the Stroop effect was indepen-
dent of mapping condition on repetition trials, whereas
it was significantly more pronounced in the arbitrary
than in the compatible mapping condition on change tri-
als. Experiment 4 replicated the comparison of compat-
ible and arbitrary mappings in the vocal modality, using
a more restricted arbitrary response set of the natural
numbers one to four. Experiment 4 also reintroduced a
manual response condition, thereby replicating Experi-
ment 2. Together, this allowed to compare (a) the ef-
fect of episodic memory demands (compatible vs. arbi-
trary mappings), and (b) the effect of response modality,
given high episodic demands (vocal/arbitrary vs. man-
ual/arbitrary). Results clearly support a memory-based
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over a modality-specific explanation for the enhanced
age effects in Stroop interference that were observed in
the earlier experiments. Age and Stroop condition in-
teracted with the memory contrast, while they failed to
interact with the contrast that compared response modal-
ities within arbitrary mappings. Under high memory
load (i.e., with arbitrary mappings), there were relatively
large age differences in the Stroop effect, regardless of
the response modality. Again, this effect was particu-
larly pronounced on trials on which the rule changed.

With Experiment 5 it was investigated whether (a)
the result also holds with a minimal memory load, i.e.,
an arbitrary mapping consisting of only two stimulus-
response rules, and whether (b) the result of small or
absent Age×Stroop effects in the compatible condition
is limited to vocal responses. A further topic of investi-
gation was the degree to which verbal or spatial distrac-
tors differentially affect young and old adults. A spa-
tial Stroop task was employed that allowed to compare
compatible and arbitrary mappings using both vocal and
manual responses. A minimal arbitrary mapping was
implemented by pairing two target values with two re-
sponse alternatives. Distractors were either arrows or
words, which presumably use a spatial or phonologi-
cal internal code, respectively. Both types of distrac-
tor were tested in the vocal and in the manual response
modality, thereby providing conditions with high and
low overlap of internal distractor and response codes.
After it was found that there were problems with the
particular choice of target-distractor ensembles in Ex-
periment 5(a), the experiment was repeated with differ-
ent ensembles as Experiment 5(b). Unfortunately, the
new stimuli introduced their own problems. Because the
conceptual design of the experiments was identical, data
were pooled to increase power for the detection of con-
sistent effects and at the same time discredit inconsis-
tent (and consequently irrelevant) stimulus-related side
effects. Due to the use of only two response alterna-
tives, the magnitude of all effects was relatively small.74

Even the minimal memory demands evoked by the two-
element mapping rules caused an age difference in the
Stroop effect to appear, whereas the size of the Stroop
effect with compatible mappings was identical between
age groups—a pattern that was also observed within
each response modality. In contrast, response modal-
ity did not modulate age differences in the Stroop effect
(although it did affect the size of the Stroop effect in-
dependent of age group, with a larger effect observed
with vocal than with manual responses). Finally, the de-
gree of overlap of distractor and response codes strongly
influenced the size of the Stroop effect. Word distrac-
tors caused large Stroop effects with vocal responding,
and weak Stroop effects with manual responding, while
the converse pattern was obtained for arrow distractors.
However, this effect of code compatibility was also in-
dependent of age. What did change with age was the
relative influence that word and arrow distractors had
on the size of the Stroop effect, independent of response
modality. Words were much more effective distractors
for old than for young adults, whereas arrow distractors

caused similar Stroop effects in both age groups. Unfor-
tunately, possible interactions of this effect with Map-
ping and Response modality could not be reasonably
tested due to inconsistencies between Experiments 5(a)
and (b).

Experiment 6 addressed the question whether there
are age-differential strategies in the choice of internal
codes used to represent the arbitrary mapping rules. For
example, it is conceivable that old adults tend to rely
on verbal codes, whereas young adults are able to flex-
ibly choose the type of internal representation that is
most appropriate in a given task context. A verbal cod-
ing strategy would be particularly susceptible to inter-
ference from word distractors, which were used exclu-
sively in Experiments 2-4 and which, unlike arrow dis-
tractors, caused large age differences in the Stroop effect
in Experiment 5. The consistently large Age×Stroop
effects in the arbitrary mapping conditions might have
at least partly been a consequence of the choice of in-
ternal code rather than of memory demands per se. In
Experiment 6, different groups of participants were in-
structed to use either a spatial or a verbal representation
of the mapping rules. Each group was tested with both
a Stroop (color target, word distractor) and a reverse
Stroop (word target, color distractor) task, with task or-
der counterbalanced. Memory demands were kept at a
relatively high level by using four manual response al-
ternatives. An important result was that a large age dif-
ference in the Stroop effect was not only observed in
the standard Stroop task, but also in the reverse Stroop
task. Because the latter uses color distractors, it can be
concluded that an age difference in the Stroop effect is
not limited to verbal distractors. The instruction ma-
nipulation completely failed to influence responding on
an overall level. This is difficult to interpret. It could
mean that participants failed to follow instructions, that
the kind of internal code does not matter in the tasks un-
der investigation, that the manipulation was not strong
enough, that verbal and spatial codes are used redun-
dantly, etc. Yet a more detailed analysis revealed inter-
esting effects of task order that might have hidden the
instruction effects in the overall analysis. Even if task
order was considered, effects of the instruction manip-
ulation were limited to old adults. The instruction ef-
fect is most easily described if only the task performed
first is considered. In the Stroop task, the spatially in-
structed group of old adults responded faster and pro-
duced a much smaller Stroop effect than the verbally
instructed group. In the reverse Stroop task, the ver-
bally instructed group of old adults was faster and pro-
duced a much smaller (reverse) Stroop effect than the
spatially instructed group. If it is assumed that the ef-
fect is not due to individual differences, then the pattern
might indicate that old adults profited from a guidance to
use a task-appropriate code, whereas young adults were
able to find the most appropriate on their own. Interest-
ingly, the pattern was completely reversed in the tasks
performed second. Although an explanation based on
proactive task-set interference is available, results could

74 This was expected based on the Hick-Hyman law.
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also indicate that all of the instruction effects observed
in the order analysis were merely caused by individual
differences between groups of old adults. Thus the ev-
idence that the choice of internal code used to repre-
sent mapping rules does affect old adults’ performance
is rather weak.

In summary, two outcomes were fairly consistent.
First, there were small age effects with compatible, and
more pronounced age effects with arbitrary S-R map-
pings. Second, age differences in the Stroop effect were
relatively large with arbitrary target-response mappings,
and absent with compatible mappings. Taken together,
results show that age-related interference effects are am-
plified by episodic demands, supporting the interpreta-
tion that the reliability of episodic accumulators is re-
duced in old age. At an individual experiment level,
results indicate that, in partial contrast to Verhaeghen
and De Meersman’s (1998) results, there are conditions
under which an age-related inhibitory deficit can be re-
vealed in Stroop-like tasks, namely if episodic task de-
mands are sufficiently high. On the other hand, the
results obtained in the compatible mapping conditions
support Verhaeghen and De Meersman’s conclusion that
there is no age-related inhibitory deficit in Stroop tasks
per se.

Graphical meta-analysis
using Brinley Plots

Introduction

In the results reported thus far, in line with the major-
ity of experimental cognitive aging researchers, an ex-
perimental approach was adopted. Basically, the strat-
egy was to manipulate an independent variable that is as-
sumed to reflect a cognitive construct, and to determine
whether the manipulated variable interacts with age in
the dependent measure.

If the age by condition interaction is significant, it is
often concluded that there exists an age-related deficit in
the cognitive mechanism underlying task performance.
For example, if in a response-compatibility task one ob-
tained higher age effects with arbitrary than with com-
patible stimulus-response mappings, one would con-
clude that memory is impaired in old age, assuming that
memory demands lead to the cost introduced by arbi-
trary S-R mappings. Apart from difficulties related to
ceiling and floor effects (Chapman & Chapman, 1973),
the major problem with this interpretation is that is fails
to take general slowing into account (for a more ex-
tensive critique of this research strategy see Salthouse,
1991). Because slowing is assumed to be proportional,
general slowing predicts that any two conditions that
differ in task difficulty (manifesting itself as an RT dif-
ference for young adults) lead to an age-by-condition
interaction, given a sufficient sample size. Therefore,
general slowing alone predicts over-additive age by con-
dition interactions in an ANOVA of untransformed re-
action time means. Is there anything to aid the re-
searcher in determining whether the age-by-condition
interaction she measured is overproportional, i.e. the de-

gree of slowing is greater for one task condition than for
the other? In the current report, several measures were
taken to account for proportional slowing. First, all anal-
yses were repeated with log-transformed reaction times,
thereby switching into proportional measurement space.
Second, the Stroop effect was normalized by an individ-
ual baseline latency, such as the reaction time in the neu-
tral Stroop condition. In Experiment 6, it was attempted
to statistically control for general slowing by taking into
account a measure known to produce the general slow-
ing pattern (digit-symbol scores). None of these control
approaches seems completely satisfactory. For example,
it has been shown that the analysis of log reaction times
produces unbiased results only if the Brinley regression
line goes through the origin (Faust et al., 1999), which
is an unrealistic assumption. The normalization through
division by baseline latencies appears to be justified only
if these are uncontaminated by the effects under investi-
gation. The statistical control approach assumes linear-
ity, which might lead to a higher chance of finding sig-
nificant residual interactions in tasks generating higher
reaction times.

A different approach, and one that is more closely
tied to the individual-differences research strategy, is to
perform a Brinley plot meta-analysis. One problem here
is that to obtain reliable regression estimates, one needs
to measure a large number of conditions and a wide
range of reaction times. Accordingly, Brinley analysis
is most often not applicable to the interpretation of sin-
gle experiments, but can only be applied if the domain
under investigation has produced enough results.

Distinguishing between general and specific influ-
ences on cognitive age differences is an important issue
in cognitive aging research. Brinley plots have become
a standard tool for evaluating age differences, and the
results from most graphical Brinley plot meta-analyses
have been taken to support a general slowing model. Re-
call that in a Brinley plot, mean reaction time for old
adults obtained in a number of studies and conditions
are plotted as a function of the corresponding mean re-
action times for young adults. Young adults’ mean reac-
tion times can be considered a measure of task difficulty
or complexity. The analysis then proceeds by fitting a
curve that best describes the relation between young and
old adults’ means. Typically, a linear regression is used
for curve fitting, but other models such as a power func-
tion have also been used. The finding that the old-young
relation is better described by two separate curves, one
for process A and the second for process B, than by a
single curve appears to be a clear signature of process-
specific slowing.75 However, separate curves are not of-
ten observed: a prototypical finding is the emergence of
a single line with a slope greater than one and a negative
intercept.

The fact that a difference in slopes has rarely been
found has been taken as strong evidence for the gen-
erality of the slowing mechanism, although it has been

75 Because only observable condition means are plotted, this
reasoning implicitly assumes that tasks can be identified that
selectively manipulate processes.
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shown theoretically as well as in simulation studies that
this conclusions is unjustified—a single slope does not
imply that slowing is general in the sense that only a
single mechanism is involved (e.g. Cerella, 1994; Dunn
& Kirsner, 1988; Perfect, 1994). Conversely, if different
regression slopes for different sets of experimental con-
dition are found, then it is often theoretically interpreted
to indicate a specific age deficit in processes underlying
performance in the higher-slope conditions (e.g., Mayr
et al., 1996; Verhaeghen et al., 2002; Hale & Myerson,
1996; Fisk et al., 1990). Again, objections to this con-
clusions have been voiced. However, whereas separate
slopes might not strictly imply different slowing fac-
tors (Salthouse, 1987) separation of slopes at least are
only reconcilable with general slowing if rather strong
processing assumptions are made. Although the find-
ing of a difference in slopes might not completely rule
out general slowing, at least it does make it less likely
an explanation. In fact, if nonmonoticity is found in a
Brinley plot, then it can be concluded under relatively
weak additional assumptions that separate mechanisms
are involved (Cerella, 1994; Dunn & Kirsner, 1988). In
summary, the finding of a single slope is less diagnostic
than a finding of separate slopes. Although Brinley plots
have less power than ANOVA to detect age differences,
the analysis in itself can produce interesting results. Its
main advantage is that it can provide additional evidence
for the fact that not all of the between-condition variance
can be explained by general slowing. If different Brin-
ley slopes are found for different conditions, a general
slowing explanation is hard to defend.

In the current work, Experiments 2-6 (described
above) investigated age differences in the Stroop ef-
fect. Because these data were all collected in the same
lab, i.e., there is relatively little between-experiment
variance in environmental conditions, we have a data
set that is well suited for a graphical meta analysis
using Brinley plots. In most experiments, aspects of
stimulus-response compatibility were varied in addition
to Stroop condition. How do the experimental results
transfer to the Brinley plot? Does the consistency of
the Age×Mapping×Stroop condition interaction mean
that regression lines with separate slopes connect points
from compatible and arbitrary mapping conditions in
Brinley space? The argument made in the following
paragraphs shows that this is not the case. Rather, differ-
ent slopes are only predicted if the intercepts are allowed
to vary between experiments.

Only experiments that manipulated Stroop condition
were included in the Brinley analysis76. Except for Ex-
periment 6, all of the included experiment additionally
manipulated stimulus-response compatibility. Experi-
ment 6 has a special status also because the proportion
of incongruent trials was lower than in the other exper-
iments. For all experiments, the condition means of old
adults were regressed on the condition means of young
adults, and it was tested whether slopes, intercepts, or
both were influenced by Stroop condition and mapping.
The test for parameter differences followed the proce-
dure suggested by Verhaeghen et al. (2002).

Figure 18 shows two thirds of the data points in-
cluded in the meta-analysis, namely the condition means
for young and old adults in the congruent and incongru-
ent Stroop condition (i.e., the neutral conditions are not
plotted, but included in the meta-analysis). Congruent
and incongruent points from otherwise corresponding
conditions in single experiments are joined by a line,
and line color indicates whether the condition involved
compatible or arbitrary mappings. The lines thus repre-
sent the Stroop effect in Brinley space.

Before the Brinley analysis is presented, let us briefly
consider the predictions made by (a) a prototypical gen-
eral slowing model, and (b) by a model that assumes a
specific age deficit in episodic accumulators.

General Slowing Predictions
The finding that a single linear function can describe

the relation between young and old adults’ performance
over a range of task complexity has been taken as ev-
idence for general slowing. Cerella (1990) has formu-
lated a processing model of general slowing that pre-
dicts linear Brinley plot. He conceived of information
processing in a task as finding the shortest route through
a network of connected neurons, and of age effects as
breaking links in the networks, thus requiring diver-
sions. General slowing leads to the deceptively simple
model

RTyoung = S +C1 +C2 + · · ·+Cn

= S +
n

∑
i=0

Ci .

RTold = S +λC1 +λC2 + · · ·+λCn

= S +λ

n

∑
i=0

Ci ,

where S designates processing time for the sensorimotor
stage, and C designates processing times in consecutive
serial cognitive stages. The Brinley function

RTold = β0 +β1RTyoung

can be obtained from this model by expressing old RT
as a linear function of young RT, i.e.

RTold = (1−λ)S +λRTyoung .

Because stages are reached in succession, and all
cognitive stages have the same slowing factor, separate
slopes cannot be obtained for separate tasks.

Episodic Slowing Predictions
The episodic slowing model makes fairly coarse pre-

dictions insofar as only three cognitive stages, C1, C2,
and C3 are distinguished, in addition to a sensorimotor
stage for which slowing is assumed to be absent (based
on Cerella’s (1985) data, more realistic would be a slow-
ing factor of about 1.2 for the sensorimotor stage). It is

76 This amounts to an exclusion of Experiment 1.
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Figure 18. Young and old adults’ mean reaction times in incongruent and congruent response change conditions of Experi-
ments 2-6. Lines connect incongruent and congruent Stroop conditions at corresponding mapping conditions per experiment.

not a processing model (although it could be extended
to become one, for an attempt see the model sketched
on pp. 27 ff.), but it is structural in the sense that it de-
scribes the relation between the outcomes of processes.
Let us call the three cognitive stages ‘stimulus classifi-
cation’ (C1), ‘episodic processing’ (C2), and ‘response
preparation’ (C3). The core assumptions are that diffi-
culty effects arising in stage C1 are amplified by stage
C2, and that there exist conditions under which stage C2
can be bypassed. The amplification assumption can be
formulated by regarding C2 duration a function of C1
duration. The functional form of this relation has to be
specified—for simplicity, I chose a multiplicative func-
tion:

C2 = f (C1) = b1 C1 .

The slowing factors for C1, C2, and C3 can be different.
The model thus consists of a set of equations:

First, for conditions where C2 can be bypassed

RTyoung = S +C1 +C3 . (14)
RTold = S +λ1 C1 +λ3 C3 .

Second, for conditions where C2 cannot be bypassed

RTyoung = S +C1 +C2 +C3 (15)
= S +C1 +b1 C1 +C3

= S +(1+b1)C1 +C3 .

RTold = S +λ1 C1 +λ2 C2 +λ3 C3

= S +λ1 C1 +λ2b1C1 +λ3 C3

= S +(λ1 +λ2 b1)C1 +λ3C3 .

Here, the λi are slowing factors of the associated stages
Ci, with i ∈ {1 . . .3}, and b1 describes the dependency
of C2 duration on C1 duration.

For a manipulation of C1, at a given level of C3, the
predicted Brinley slope for the first set of equations,
(14), will be influenced only by λ1, and the Brinley func-
tion given by

RTold = (1−λ1)S +λ1 RTyoung ,

with a slope of
β1 = λ1 , (16)

and an intercept of

β0 = (1−λ1) . (17)

The same also holds between compatible experimental
conditions, if it is assumed that the slowing factors of
early cognitive processing and of response preparation
are the same, λ1 = λ3.

However, the Brinley slope for the second set of
equations, (15), will be a function of λ1, λ2, and b1. For
a given task (response condition), the Brinley function
for the arbitrary mapping condition has a slope of

β1 =
λ1 +λ2b1

1+b1
, (18)

and an intercept of

β0 = S +λ1C1 +λ3C3− (S +C1 +C3)
λ1 +λ2 b1

1+b1
.

(19)
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Between tasks or response conditions, the situation
is even worse. The slope of the global Brinley func-
tion will depend not only on the ‘episodic’ and ‘early
cognitive’ slowing factors, but also on the sizes of the
between-experiment effects elicited by changes in re-
sponse conditions (see Appendix, equation (29)), mean-
ing that the parameters of a single regression line carry
no useful interpretation. An attempt at a mathemati-
cal derivation of the predictions is given in Appendix
I (pp. 109 ff.). There, the predictions are also extended
to compare conditions differing in demands on response
preparation, e.g., vocal and manual responding.

To the degree that λ1 and λ2 are different, different
slopes are predicted for the two sets of equations. Be-
cause we assume that stage C2 can be bypassed in the
compatible mapping conditions (b1 = 0), we predict that
the slope of the lines connecting groups means for con-
gruent and incongruent Stroop conditions in tasks (a)
without and (b) with arbitrary mappings will be different
(assuming that λ1 6= λ2).

One problem is that while within a given task and for
a given level of C2, one can assume that C3 and b1 are
constant, this might not be the case between tasks. In
particular, it is likely that task complexity as measured
by young adults’ reaction times is, among other factors,
a function of memory demands. Thus between tasks dif-
fering e.g. in memory demands, b1 may change. How-
ever, for simplicity, we assume that b1 is constant across
tasks, and only the ‘setup cost’, C3, may change between
experiments. For example, finding a response alterna-
tive among four keys is easier than finding a response
alternative in the potentially very large set of male first
names. We assume that in the latter case, C3 might be
larger than in the former, thus the C3 in a manual re-
sponse task might be different from C3 in a task with
male first name responses. However, this does not fur-
ther amplify C1 effects.

The episodic buffer model makes specific predictions
with respect to the Brinley plot. First, a single line is
predicted for compatible mapping conditions. Second,
slopes for arbitrary mapping conditions in each com-
parable task should be the same. Third, the intercept
for the regression lines can vary between experiments—
thus for arbitrary mappings, a number of parallel lines
is predicted, one for each experiment. To understand
why the model makes these predictions, we have to re-
consider the model described above.

For compatible mappings only one stage is needed
because by assumption the episodic accumulator stage
can be bypassed. The regression slope is determined
by a single slowing factor, which reflects slowing in
the process tapped by the task. Since across tasks the
same ‘early difficulty’ manipulation was used, namely
Stroop condition, the processes tapped by the task can
be assumed to be approximately constant across exper-
iments. The intercept of the compatible-condition re-
gression line is a function of the slowing factor and the
duration of peripheral processes. The latter is assumed
to be constant across experiments—hence for compat-
ible mapping conditions, neither the intercept nor the

slope of the Brinley regression should depend on the ex-
periment, i.e. points from all experiments should fall on
a single line, which is the first prediction.

The within-experiment Brinley slope for the arbitrary
mapping conditions depends on both the slowing of the
first stage and the slowing of the second, ‘episodic’
stage, as well as on the degree of the dependency of the
second on the first stage. The first stage slowing fac-
tor is simply the slowing factor of the processes tapped
by the Stroop task, i.e. the slope of the regression for
compatible conditions. The second stage slowing fac-
tor is slowing of the ‘episodic’ stage, implementing
arbitrary mappings. Because this stage is supposedly
the same across experiments, the second slowing factor
should not change between experiments. First and sec-
ond stage slowing factors are averaged, with the second
stage slowing factor weighted by an ‘amplification fac-
tor’ b1 describing the degree of dependency of second
on first stage duration, to obtain the within-experiment
arbitrary-condition Brinley slope. It is not clear whether
this factor is constant across experiments, but let us as-
sume that it is approximately so, because the Stroop
manipulations were comparable–thus we arrive at the
second prediction from the model, approximately equal
slopes for the arbitrary mapping conditions across ex-
periments.

The third prediction is the most unusual in the context
of Brinley plots. Usually, only one intercept parameter
per meta-analytic factor is allowed to vary freely. How-
ever, the interactive experimental designs used, com-
bined with the two-stage slowing model, strongly sug-
gest that a separate intercept should be fitted per ex-
periment. This is because the intercept parameter is a
complex function of the duration of the peripheral and
both central stages, the corresponding slowing factors,
and the ‘amplification factor’. In particular, it is also
a function of the ‘response preparation’ stage duration,
C3, which is assumed to be constant for a given arbitrary
mapping condition, but can vary between experiments
(and response conditions).

Data selection

Because of the strong response repetition effects ob-
served with vocal-arbitrary mappings, only data from
response change conditions were fitted to reduce error
variance. In an initial attempt at fitting the data, two
data points were identified as clear outliers in a pre-
liminary analysis, by both Cook’s Distance and Maha-
lanobis distance. These outliers were located far above
the diagonal, thus indicating an exceptionally large age
difference. Because both of these came from the incon-
gruent color naming condition of Experiment 6, which
was not well comparable to the other incongruent con-
ditions due to the low proportion of incongruent trials
(see above), it was decided to leave these out of all anal-
yses (alternatively, a separate manual-arbitrary slope
parameter could have been fitted for Experiment 6).
Lastly, compatible-manual conditions were only real-
ized in Experiment 5, where overall reaction time was
low. Compatible-vocal conditions originated from sev-
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eral experiments, covering a wider range of young RT.
I decided to keep compatible-manual data in the anal-
ysis, but not to treat them separately from compatible-
vocal.77 The reader should keep in mind that general-
izing from the present data to manual-compatible con-
ditions with a higher degree of difficulty might be prob-
lematic. After data selection, the data available for Brin-
ley analysis consisted of a total of 85 points describing
pairs of young-old condition means obtained in 5 exper-
iments.

Data Analysis

Because the experiments were designed to test the
episodic slowing model against a general slowing
model, several alternative regression models were for-
mulated and tested. We started with a simple ‘general
slowing’ regression model, assuming that a single line
is sufficient to fit the data. The model was then extended
(a) to include a separate line for arbitrary mapping con-
ditions, and (b) to include separate intercepts for arbi-
trary mapping conditions in each experiment. The ex-
tended model (a) is a standard approach in Brinley anal-
ysis to test whether different conditions differ in their
influence on aging (e.g., Verhaeghen et al., 2002). Here
it was tested whether type of mapping had a significant
influence on the parameters of the regression. To my
knowledge, this approach is merely descriptive and not
guided by predictions from a theoretical slowing model.
Extended model (b) was guided by the structure of the
‘episodic slowing’ model, which makes specific predic-
tions with respect to the Brinley plot. As discussed
above, it predicts a single line for the compatible con-
ditions, and a set of lines with equal slopes, but possibly
separate intercepts for the arbitrary conditions. Hence
in the regression analysis, the intercepts for the arbitrary
mapping Brinley functions were allowed to vary. Ad-
ditionally, separate intercept parameters were allowed
within Experiments 4 and 5 to distinguish between man-
ual and vocal arbitrary mappings, because there might
be possible differences in setup costs. Taken together,
the multiple-intercept model (b) predicts old condition
means by incorporating some, but not all available infor-
mation about young condition means, type of mapping,
and experiment, The linear model has two free parame-
ters for the compatible conditions, one for the intercept
and one for the slope, one slope parameter for the ar-
bitrary mapping conditions, and 1 + 1 + 2 + 2 + 1 = 7
intercept parameters for arbitrary conditions in Exper-
iments 2 through 6, respectively. Only the two slope
parameters make direct use of young RT.

Tests were performed within the General Linear
Model approach, which offers an elegant way of fram-
ing separate regression models within a superordinate
model. To test model predictions, we used a General
Linear Model with the dummy-coded categorical pre-
dictor Mapping, and the continuous predictor young RT.

In the General Linear Model, all regression models
have the common form of y = Xβ + e, where y stands
for old RT, X is the design matrix that specifies the pre-
dictors including young RT, β is a vector of regression

weights to be estimated, and e is an error term. The es-
timates are obtained by solving for β, which is given by
the well-known solution β = (X ′X)−1X ′y if the design
matrix is of full rank. We did not fit nonlinear models
mainly because we lack a theoretical motivation for do-
ing so.78

The different models were expressed by using differ-
ent design matrices X . For the simplest general slowing
model, X had only two columns, one column of ones
to estimate the intercept, and one column of young RT
condition means to estimate the slope. For the two-line
model, the design matrix included an indicator variable
that coded for arbitrary mapping (i.e. it was set at 1 for
arbitrary mapping conditions and at 0 otherwise), and
a fourth column that was the product of the third col-
umn and young RT. In this model, the parameter β1 for
the first column estimates the intercept for compatible
mapping conditions, and β2 gives the slope of the line
for compatible conditions. Parameters β3 and β4 esti-
mate the difference in intercept and slope relative to β1
and β2, respectively, so that the intercept and slope of
the regression line for arbitrary mappings is given by
β1 +β3 and β2 +β4, respectively. Finally, the multiple-
intercept model was like the two-line model with the
third column dropped, and replaced by additional indi-
cator variables. For each arbitrary mapping condition

77 It could be argued that not allowing for an extra intercept
for the manual-compatible condition leads to biased estimates
of the regression parameters for the compatible conditions.
This is because only Experiment 5 had a manual-compatible
condition, and overall ‘complexity’ (reaction time) in Exper-
iment 5 was rather low. If any complexity-related between-
experiment variable interacted with the slope for the manual-
compatible function, we would have missed it in our realiza-
tions of the ‘random variable’ experiments. Empirical results
(e.g., the positively accelerated power function described by
Hale et al., 1987) might lead to the speculation that across
meta-analyses, Brinley slopes tend to be smaller at low com-
plexity levels, so that inclusion of a condition at an overall
low level of complexity might bias the regression slope to-
wards one and the intercept towards zero. To evaluate whether
manual-compatible data points have to be treated separately,
two alternative approaches were also used, namely (a) to drop
manual-compatible points, and (b) to estimate separate inter-
cept and slope parameters for manual-compatible points. Esti-
mates for the (vocal-)compatible condition in (a) did not differ
much from estimates in the models described in more detail
below. Parameter estimates for the manual-compatible con-
dition in (b) did not differ significantly from vocal-compatible
parameters. Thus it appears to be justified to leave the manual-
compatible conditions in the analysis, and not to treat them
separately from the vocal-compatible conditions.

78 There exists one prominent model of age-related slowing
that predicts a power-law relationship of young and old RT
in the Brinley plot (Myerson et al., 1990). In an initial ex-
plorative analysis using nonlinear regression of old RT on the
predictors of age, mapping, and response modality, we found
that exponential functions fit our data best, while the fits of
linear and power functions were not distinguishable from each
other. However, the multiple-intercept linear regression model
described below fits the data better than the exponential model,
and it is theoretically motivated. I therefore do not present de-
tails of the explorative exponential fit here.
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in each experiment, a new indicator variable was added
that was set at one for the corresponding condition (e.g.
Experiment 2, manual-arbitrary), and at zero otherwise.
The dummy variable coding for the change in slope in
the arbitrary conditions (i.e. column 4 in dual-intercepts
model, column 10 in the design matrix below) was left
unchanged. Here is an example of different rows of the
design matrix in the multiple-intercepts model:

X =



1 y 0 0 0 0 0 0 0 0
1 y 1 0 0 0 0 0 0 y
1 y 0 1 0 0 0 0 0 y
1 y 0 0 1 0 0 0 0 y
1 y 0 0 0 1 0 0 0 y
1 y 0 0 0 0 1 0 0 y
1 y 0 0 0 0 0 1 0 y
1 y 0 0 0 0 0 0 1 y


Results

In a first step, a general slowing model was fitted,
that estimated old RT purely on the basis of young RT.
Compared to published “general slowing” Brinley plots,
which often have R squared in the region of .95, the fit
of this null model was mediocre, R2 = .865, RMSe =
82.33. The ANOVA table for general slowing model
gives F(2,83) = 534.04, p < .001, MSe = 6778.336.
Thus as expected, in comparisons to a null model that
predicts a constant (mean) old RT, young RT is a valu-
able predictor—old RT covaries with young RT. The es-
timated regression equation is

RTold =−124.90+1.45RTyoung .

Both the slope (1.451, s.e. = .063, t = 23.11, p < .001)
and the intercept (−124.899, s.e. = 35.49, t = −3.52,
p = .001) were in the range typically observed and sig-
nificantly different from zero.

In a second step, a standard “Brinley analysis” was
performed that simply added an indicator variable to es-
timate the intercept for arbitrary mappings, and a prod-
uct of the indicator variable and young RT to estimate
the associated slope. This model estimates two regres-
sion lines, one for compatible mappings, (RTold)c =
β1c + β2c(RTyoung)c, and one for arbitrary mappings,
(RTold)a = β1c +β1a +(β1c +β1a)(RTyoung)a. Inclusion
of the contrasts for arbitrary mapping conditions signif-
icantly improved model fit, FChange(2,81) = 24.04, p <

.001. The new model had an R2 of .916, but the standard
error of the estimate was still rather high, RMSe = 66.02.
For compatible mappings, the estimated slope parame-
ter, .958 (s.e. = 095), did not significantly differ from 1,
and the estimated intercept, 87.534 (s.e. = 49.167), was
not significantly different from zero, t = 1.78, p = .079.
The estimated increase in slope for the arbitrary map-
pings was .616 (s.e. = .114), which differed from zero,
t = 5.40, p < .001. Hence the slopes for compatible and
arbitrary mappings (.958 vs. 1.574, respectively) were
significantly different. The estimated decrease in in-
tercept associated with arbitrary mappings was 258.074
(s.e. = 61.835) and differed significantly from zero (t =
−4.17, p < .001). The estimated parameters lead to the

following equations describing the best-fitting straight
lines, for compatible mappings:

(RTold)c = 87.53+ .96(RTyoung)c ,

and for the arbitrary mappings:

(RTold)a =−170.54+1.57(RTyoung)a .

Thus if results are interpreted in the standard way,
slowing in tasks with arbitrary mappings is a fact,
while there is no slowing in tasks with compatible map-
pings. However, this interpretation appears flawed, be-
cause between-experiment effects that were not directly
related to the constructs under investigation are con-
founded with the effects of interest, as has been pointed
out by Sliwinski and Hall (1998) and will be elaborated
on below. This can be easily demonstrated if Experi-
ment 6 is dropped from the analysis. If the separate-lines
model is fitted to the data from Experiment 2-5, the pa-
rameters for the arbitrary mapping change dramatically
(because there was no compatible mapping condition in
Experiment 6, parameters for the compatible mapping
did not change). The slopes for arbitrary and compat-
ible mappings in the new model are still significantly
different, however the new estimated regression for ar-
bitrary mappings is (RTold)a =−3.06+1.21(RTyoung)a,
which is drastically different from the function reported
just above. Does this mean that slowing due to arbitrary
mappings is almost negligible in Experiments 2 to 5, and
pronounced in Experiment 6? I think that the explana-
tion is different, and is related to Sliwinski and Hall’s
argument.

To control for the effects of experiment that were
not directly related to the variables under investigation,
I allowed for separate intercepts in the arbitrary map-
ping conditions, while still constraining the regression
model to a single slope parameter for the arbitrary map-
pings. This gives us the regression model predicted by
the theoretical formulation of the “episodic two-stage
slowing model”, which allows for a part of the second
stage to vary independently of the duration of the first
stage. The duration of this independent part is allowed
to change between experiments, because it seems plau-
sible that the differences between experiments somehow
affect later cognitive stages. Thus, to test predictions
from the theoretical model, as well as to control for the-
oretically uninteresting between-experiment effects, in
a next step, a set of indicator variables for intercepts in
the arbitrary mapping conditions were added, consist-
ing of separate variables for each combination of experi-
ment and response modality. Figure 19 shows the results
of the dual-slope, multiple-intercept regression analysis,
overlaid on the Brinley plot data. Note how the pattern
of fitted regression lines resembles the empirical pattern
shown in Figure 18 (p. 89).

Adding the indicator variables and the mapping effect
to the equation significantly improved model fit, in com-
parison to the general slowing model, FChange(8,75) =
124.24, p < .001, as well as in comparison to the stan-
dard two-line Brinley model, FChange(6,75) = 99.30,
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Figure 19. Brinley plot data, with regression lines fitted by the dual-slope, multiple-intercept model overlaid.

p < .001, so that the extended model gave a reason-
ably good fit to the data, R2 = .991, RMSe = 22.94;
F(9,75) = 874.63, p < .001, MSe = 526.33. Admit-
tedly, this comes at a cost of 6 additional parameters
in comparison to the two-line model, however, none of
these parameters is of central theoretical interest. What
does matter is the estimate of the arbitrary slope pa-
rameter, which is indicative of age-related amplification
of early (Stroop) difficulty effects by episodic task de-
mands. Table 9 lists the estimated parameters for the ex-
tended model. For easier interpretation, the last column
presents estimates that are rescaled to reflect absolute
terms instead of deviations from a reference category.

We note two interesting points. First. the slope of the
regression for the compatible mapping condition (0.96)
is not significantly different from one, and the intercept
(87.53) is positive79. Thus although the individual data
points on this line stemmed from congruent and incon-
gruent conditions of Stroop experiments, slowing was
absent. Apparently, with compatible mappings, the pro-
cesses that lead to Stroop interference are not affected
by aging. Second, the slope for the arbitrary map-
ping conditions (1.67) was significantly different from
the compatible slope (t = 6.07, p < .001), and signifi-
cantly different from one (t = 5.71, p < .001), although
again points along the slope originated from congru-
ent and incongruent Stroop conditions. Taken together,
this is indicative of amplification of age differences in
the Stroop effect when arbitrary stimulus-response map-
pings are used. This result supports the interpretation
that even in apparently trivial reaction time tasks, age
differences are primarily caused by memory demands.80

A third point to note is that the intercept parameters for
arbitrary-vocal mappings are larger than for arbitrary-
manual mappings. This points to the fact that arbitrary-

vocal mappings impose an extra cost for both young and
old adults. This might have been caused by the fact that
in contrast to manual responding, no external represen-
tation of the response set was available in the arbitrary-
vocal conditions. The fact that an extra setup cost might
lead to a smaller degree of cascaded processing was al-
ready discussed in the individual experiment sections.

To see whether the arbitrary mapping slope estimate
from the multiple-intercepts analysis is a better indica-
tor of the true slowing factor in arbitrary mapping con-
ditions than the slope estimated by the standard two-
line regression model, the analysis was again repeated
without the data points from Experiment 6. The slope
estimate for the arbitrary mapping condition in Exper-
iments 2-6 was now 1.596. Thus now the estimates
were comparable: whether or not Experiment 6 was in-
cluded, the old-young slope estimate for Stroop effects
under arbitrary mapping conditions is about 1.6. Com-
pare this result with that from the standard Brinley anal-
ysis, where eliminating Experiment 6 data drastically

79 If an extra intercept parameter for compatible-manual
conditions is added, leading to a regression RMSe of 21.95,
then the compatible-vocal intercept (44.21) no longer differs
from zero—however, the compatible-manual intercept (71.65)
does.

80 In fact, if we assume that our model (15) is valid, we can
estimate that the slowing factor caused by the arbitrary map-
ping is at least 1.67. The results of our Brinley analysis give
us β1 = 1.67 for the arbitrary mappings, and an estimate of
λ1 ≈ 1.0 that was obtained from the compatible mappings. Al-
though we do not know either b1 or λ2 in equation (18), we do
know that λ2 > β1 (since b1 > 0), and can rearrange terms to
obtain λ2 = β1 +(β1−λ1)b1, here, λ2 = 1.67+ .67/b1. If the
degree of dependency of C2 duration on C1 duration is very
high, then λ2 → 1.67. If the dependency is smaller, then λ2
might be much larger.
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Table 9
Parameters for the multiple-intercept, dual-slope model. The column labeled “B” lists the parameter estimates,
relative to a reference category. The last column presents the linear combinations of parameters used to determine
intercept and slope for the regression lines. For example, RTold =−267.81+1.67RTyoung is the equation describing
the line for arbitrary-manual mappings in experiment 4. Rows 4-10 contain statistics for the arbitrary mapping
intercepts, which were allowed to vary between experiments and response conditions.

95% CI for B absolute
Parameter B s.e. t sig. (p) lower upper Int./Slope

Slopes
compatible 0.96 0.03 28.870 0.000 0.89 1.02 0.96
arbitrary 0.71 0.12 6.070 0.000 0.48 0.94 1.67

Intercepts
compatible 87.53 17.09 5.123 0.000 53.50 121.57 87.53
arbitrary manual, Exp. 2 -316.65 71.61 -4.422 0.000 -459.29 -174.00 -229.12
arbitrary manual, Exp. 4 -355.34 74.15 -4.792 0.000 -503.06 -207.62 -267.81
arbitrary manual, Exp. 5 -264.66 48.82 -5.421 0.000 -361.92 -167.41 -177.13
arbitrary manual, Exp. 6 -211.94 86.69 -2.445 0.017 -384.65 -39.24 -124.41
arbitrary vocal, Exp. 3 -498.90 92.65 -5.385 0.000 -683.46 -314.33 -411.36
arbitrary vocal, Exp. 4 -468.92 87.75 -5.344 0.000 -643.73 -294.11 -381.38
arbitrary vocal, Exp. 5 -343.31 56.53 -6.073 0.000 -455.92 -230.70 -255.78

changed the estimate for the arbitrary mapping slope.
Controlling for between-experiment variance by allow-
ing per-experiment intercept parameters led to much
cleaner and more robust estimates of slowing due to ar-
bitrary mappings.

To check whether a single slope parameter was suf-
ficient to capture the essence of the slowing functions,
subsequent analyses were performed that loosened the
restrictions on the slope parameter. First, the arbitrary
slope parameter was dropped, and replaced by sepa-
rate slope parameters for manual-arbitrary and vocal-
arbitrary mappings. Second, separate slopes were al-
lowed for each condition for which an intercept was es-
timated, i.e., for each combination of experiment, arbi-
trary mapping, and response modality. Allowing sep-
arate slopes for the manual- and vocal-arbitrary condi-
tions did not change R squared (R2 = .991), and led to an
increase in RMSe (23.08). Furthermore, the estimated
slopes for the arbitrary-manual and arbitrary-vocal con-
ditions were very similar, and the 95%-confidence in-
tervals overlapped.81 Thus, we can conclude that intro-
duction of separate slowing estimates for manual- and
vocal-arbitrary conditions was unnecessary. There re-
mains the possibility that the effect of response modal-
ities was obscured by aggregation across experiments.
To test this, in addition to separate intercepts, we also
allowed for separate slope estimates for each response
modality in the arbitrary condition of each experiment.
The fit of the model (R2 = .992, RMSe = 22.55) was
slightly better than with a single slope for arbitrary map-
pings, but at the cost of seven additional parameters. All
the estimated slope parameters for arbitrary mappings
were different from one, with a range between 1.41 and
3.12 (rescaled), and most were significantly so. How-
ever, the confidence intervals overlapped in all pairwise
comparisons of parameters. Taking into account the
large variability in parameters, this indicates that the es-
timates were not very reliable, which comes to no sur-

prise, because often only three points contributed to an
estimate. An alternative way of comparing this model
with the original model presented in Table 9 is to com-
pare the FChange relative to their parent model, which
consists of a constant, a slope for young RT, and inter-
cept parameters for all arbitrary conditions. The rele-
vant values were FChange(7,68) = 6.68, p < .001, for the
present, exhaustive model, and FChange(1,75) = 36.84
for the model with a single arbitrary slope parameter.
Thus, we conclude that the more parsimonious model
with a single slope parameter for the arbitrary mapping
ought to be preferred.

Another approach to control for between-experiment
differences in factors that are not of primary theoretical
interest is to perform a Brinley analysis of Stroop ef-
fects. Because the Stroop effect is a difference measure,
the setup costs common to congruent and incongruent
conditions cancel out. All experiments that were in-
cluded in the previous analysis manipulated Stroop con-
dition, so we can calculate the Stroop effect as the re-
action time difference between incongruent and congru-
ent condition means per age group. This was done for
each combination of experiment, mapping, and response
modality, and the resulting Stroop effects were submit-
ted to Brinley analysis. Graphically, the results are pre-
sented in Figure 20. Clearly, inspection of the plot sug-
gests that the estimated slopes for compatible and ar-
bitrary mappings are different. The regression analysis
confirms this impression, as can be seen in Table 10.
The overall fit for the combined regression estimating
two intercepts and two slopes at the same time is not
too bad, considering the fact that notoriously unreliable
difference values were analyzed, R2 = .899, RMSe =

81 Here, the parameter estimates the increase in slope com-
pared to compatible-vocal, values are in the format estimate-
1.96 s.e. ≤ estimate≤ estimate+1.96 s.e.: The change in slope
is .44 ≤ .70 ≤ .96 for the arbitrary-manual conditions, and
.24≤ .76≤ 1.28 for the arbitrary-vocal conditions.
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Figure 20. Brinley plot of the Stroop effect difference measure. Separate regression lines were fitted for compatible and arbitrary
mappings.

23.59; F(3,23) = 67.60, p < .001, MSe = 556.46. Nei-
ther of the intercepts is significantly different from zero,
which was to be expected because peripheral processing
times fell out of the analysis of RT differences. The
slope for the arbitrary mapping conditions is signifi-
cantly higher than for the compatible conditions, while
the latter is not significantly different from one. The
arbitrary slope in the analysis of mean reaction times re-
ported above was somewhat lower than in the analysis of
Stroop effects, which might be due to the fact that data
from the neutral condition were included in the former,
but not in the latter analysis.

Discussion

In summary, results are straightforward. Stroop ma-
nipulations do not appear to cause age differences in
reaction time when the stimulus-response mapping is
compatible. They do cause age differences, with a
slowing factor of about 1.6− 1.9, when the mapping
is arbitrary. The first finding is in accord with meta-
analytic results obtained by Verhaeghen and De Meers-
man (1998), who found no specific age-related slowing
in processes contributing to Stroop interference. These
authors inspected several possible moderator variables,
all of which were found to be irrelevant. In contrast,
episodic task demands were found to be a strong mod-
erator of Brinley slopes for Age × Stroop effects in the
present analysis. This was not only true for the some-
what unorthodox (but theoretically justified) multiple-
intercepts model, but also in a more traditional analysis
restricted to single lines for each level of the moderator
variable (the “standard two-line model”).

A common results of both Verhaeghen and De Meers-
man (1998) and the present analysis is that Stroop con-
dition itself is not a moderator of the age × complexity
effect. In the present analysis, Brinley regression slopes
at each level of episodic difficulty connected points from
congruent and incongruent Stroop conditions. For at
least some of the arbitrary mapping conditions, points
originating from congruent Stroop conditions were lo-
cated above the regression line for the compatible map-
pings. An approach that would have tried to fit regres-
sion lines based exclusively on knowledge about Stroop
condition would not have led to a satisfactory fit. How-
ever, the slope connecting points from congruent, neu-
tral, and incongruent Stroop conditions in the arbitrary
mapping conditions was similar in all experiments, and
different from the compatible condition slope. If Stroop-
like interference acts at the stage of memory retrieval,
then age effects become relatively large.

Interestingly, the Brinley slope for the compatible
mapping conditions was much shallower than the 1.88
slope reported by Verhaeghen and De Meersman. This
is surprising, because all of the studies included in
their meta-analysis used a vocal response format with
a compatible concept-response mapping. While it is
not clear what accounts for this difference in slope be-
tween the published and the current meta-analyses, one
reasons appears plausible. The critical factor might be
fact that the number of trials in the present experiments
was several times as large as in the studies included
in Verhaeghen and De Meersman (1998), where scores
were based on less than 50 incongruent items on av-
erage. Most of the studies in that meta-analysis used
a blocked presentation format (most often the Stroop
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Table 10
Parameters for the regression of old adults’ on young adults’ Stroop effects, with mapping as a factor.

95% CI for B absolute
Parameter B s.e. t sig. (p) lower upper B rescaled

compatible slope 1.14 0.11 10.240 0.000 0.91 1.37 1.14
arbitrary slope 0.77 0.23 3.407 0.002 0.30 1.23 1.91
compatible intercept 1.98 9.21 0.215 0.832 -17.08 21.04 1.98
arbitrary intercept 4.71 13.40 0.352 0.728 -23.00 32.43 6.69

Color-Word test from neuropsychological test batteries),
where about 30 stimulus ensembles are presented simul-
taneously on a sheet of paper.82 It has been shown that
performance in the Stroop task improves with practice
(Dulaney & Rogers, 1994), and that the absolute im-
provement is larger for old than for young adults, while
the proportional improvement (compared to a pre-test
color-naming baseline latency) is identical in both age
groups.83 Dulaney and Rogers have argued that most
of the improvement can be attributed to general, task-
related factors such as general response and scanning
strategies, rather than to the development of a specific
automatic reading-suppression response. For example,
if a blocked presentation format is used, the scanning
strategy is subject to improvement. On the other hand,
if a task with the blocked presentation format uses only
a single or a few cards, then the scanning strategy might
contribute more to the age differences than the actual
interference process. A Brinley plot of mean latencies
from Stroop experiments involving a large number of
trials will likely show a shallower slope, because of
a greater amount of practice with general task factors.
The Brinley slope in the Verhaeghen and De Meersman
(1998) meta-analysis of Stroop tasks with compatible
mappings was rather steep and in fact closely resem-
bles the slope I obtained in the arbitrary mapping con-
ditions. This might indicate that a large amount of the
age-related variance between the studies included in the
meta-analysis was due to executive, strategic, or general
task-related factors.

Methodological aspects

A point that needs discussion is the approach to es-
timate separate intercepts in the arbitrary mapping con-
ditions for each experiment and response modality. In
my opinion, separate intercepts per experiment indicate
complexity effects introduced by the experimental con-
dition that were independent of the constructs under in-
vestigation. This covariation of relevant and irrelevant
task complexity effects is why a “traditional” Brinley
analysis often fails to find task-specific effects. Noting
that “application of OLS regression to nested and un-
balanced RT data produces regression coefficient esti-
mates that are an uninterpretable mixture of between-
experiment and within-experiment effects”, Sliwinski
and Hall (1998, p.165) proposed hierarchical linear
models as an alternative approach to the meta-analysis
of Brinley plot data. The use of hierarchical linear mod-
els was not applicable to the current data set, because

it requires estimating slope as well as intercept param-
eters within each experiment, stable estimates of which
in turn require that each factor in the experiment has
at least three to four levels. The approach developed
here to tackle the same problem—elimination of irrele-
vant between-experiment effects—is better suited to the
type of data under investigation, which was generated by
experimental designs consisting of orthogonal manipu-
lation (guided by an explicit interaction hypothesis) of
two or more factors, each of which had only a few lev-
els. Admittedly, it might not always be easy to identify
the appropriate regression model. Here, the regression
was modeled after an explicit model of slowing in the
tasks at hand, which might not always be available. On
the other hand, the theoretical model I used was rather
simplistic, and some sort of model is often, if not al-
ways, at least implicity guiding investigations. Making
the model explicit helps to predict the expected pattern
in the Brinley plot, which might take a form quite dif-
ferent from the one expected without an explicit model.

Process-specific Slowing

Inhibitory deficit? We have identified conditions un-
der which the slope of the Brinley function is near one,
and other conditions under which it is about 1.7–1.9.
The latter slope was observed when the task posed work-
ing and/or episodic memory demands, while a slowing
factor near one was observed for conditions with rela-
tively small memory demands. The fact that the slope
is near one is astonishing, because the line connected
points from congruent and incongruent Stroop condi-
tions, i.e., conditions that had previously been thought
to be differentially age-sensitive. With the usual reserve,
these results might be used to further specify the in-
hibitory deficit account of aging. There appears to be
a specific age deficit related to ignoring irrelevant in-
formation, however, the level at which the information
influences processing is critical. There are no age differ-
ences in overcoming pre-activation of a response if the
association between a target concept and a response is
well-established. Importantly, this is not limited to cases
where the response is automatically activated: color

82 In fact, compared to the 4 out of 19 studies that did use
a single item format, the Stroop effects were larger with the
blocked format.

83 Similar learning effects were observed in the present ex-
periments. These were not reported, because they did not af-
fect the main results, which were still valid even if only trials
from the last block were analyzed.
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naming is not usually thought to be a highly automatic
task. Instead, reading is much more automatic, and
therefore, the wrong response is initially primed. The
fact that there are no age differences in the compatibly
mapped versions of the Stroop task is difficult to rec-
oncile with the inhibitory deficit predictions that “very
well-learned responses are particularly difficult to con-
trol, at least if they are wrong” and that “it is difficult to
prevent strong responses from being produced, and this
is particularly true for older adults.” (Zacks & Hasher,
1997, p. P276).

Rather, what is important is whether or not the as-
sociation of an action-relevant concept and a response
is newly acquired. In conditions where responding
was based on such “episodic” associations, old adults
were much more susceptible to interference than young
adults. Thus episodic retrieval and/or the maintenance
of temporary associations appears to be particularly
interference-prone in old age. This is at least partly com-
patible with the assumption that old adults have an in-
hibitory deficit that manifests itself in the “failure to sup-
press irrelevant retrieval pathways at the time of testing.”
(Zacks & Hasher, 1997, p. P275). However, the current
results limit the scope of the inhibitory deficit frame-
work to inhibition in short-term and episodic memory:
episodic retrieval appears to be interference-prone in old
age.

Spatial and verbal task domains. A question that
cannot be answered decisively with the present data
is whether the observed amplification is really caused
by the proposed mechanism of a reduced reliability
of episodic accumulators, or due to an age-differential
strategic choice about the internal code used to repre-
sent the arbitrary mappings. The proposed explanation
is that episodic task components lead to an amplification
of early difficulty effects. The alternative explanation
would hold that old adults prefer to code arbitrary rules
verbally, while young adults can more flexibly choose
between spatial and verbal coding strategies.

A spatial coding strategy might be particularly bene-
ficial in tasks using manual responses, where verbal cod-
ing would lead to potentially large interference effects
for old adults, because the verbal distractor—although
it does not directly interfere with the response codes—
interferes with the module used to represent and main-
tain the S-R mapping. Spatial coding would lead to
smaller interference effects, because the verbal distrac-
tor does not interfere either with the response code or
the code used for mapping maintenance. Thus, while the
Stroop task with an arbitrary mapping might not strictly
be a spatial task, a strategic choice to internally represent
the mappings using spatial codes could be beneficial.

In tasks using a compatible mapping, there is no need
to represent arbitrary rules. However, in most of the
present experiments, compatible target-response map-
pings used a combination of vocal responses and phono-
logical distractors. Because responses in vocal color-
naming tasks rely on a the activation of a phonological
code by an associated lexical entry, these might be con-
sidered verbal tasks.

The broad-domain specific general slowing theory
proposed by Myerson and colleagues that assumes
different slowing factors for verbal/lexical and spa-
tial/nonlexical task domains might therefore be able to at
least partly account for the present results. I still prefer
the episodic reliability model, because the predictions
were directly derived from this account and were largely
fulfilled, whereas the spatial/verbal distinction needs to
be stretched quite a bit to rather allusively explain the
current results. Furthermore, Mayr and Kliegl (1993)
and Verhaeghen et al. (2002) provide evidence that vary-
ing the degree of working memory demands can lead to
two very different linear Brinley slopes even within the
spatial task domain.

Nevertheless, more research is needed before the al-
ternative explanation can be discounted. Experiments
that could shed light on the true mechanism include
the use of an articulatory suppression technique to pre-
vent a verbal coding of arbitrary rules (e.g., Emerson
& Miyake, 2003; Miyake, Emerson, Padilla, & Ahn,
2004), the variation of distractor type (e.g. color word
vs. arrow vs. direction word) in a manual response
Stroop task, or an investigation of spatial Stroop tasks
with more response alternatives than in Experiment 5.

Manual vs. vocal responding. A spatial Stroop task
with more response alternatives could also help to inves-
tigate another open question, namely, whether the lack
of an age × complexity effect with compatible map-
pings is independent of response modality. In most
of the current experiments, there was a sizeable inter-
action of Age and Response modality. Although this
might have partly been caused (a) by the confounding
of response modality with memory demands, and (b) by
an age-differential speed accuracy trade-off in the man-
ual modality, a similar interaction has been reported in
the literature even in simple reaction time tasks (Nebes,
1978). It is at least a possibility that response modal-
ity might contribute to the age × complexity effect. If
modality-specific Brinley slopes were found, this would
clearly suggest a cognitive modality effect, because the
peripheral demands of pressing a button do not change
with, for example, the number of response alternatives.
This would point at a locus of specific age effects in
cognitive modules implementing response-related pro-
cesses (such as premotor areas, (pre-)supplementary
motor areas, and possibly ACC).

One result from the current meta-analysis that sug-
gests some modality-specific slowing is the fact that the
intercepts for the arbitrary-manual regression lines were
consistently smaller than the intercepts for the arbitrary-
vocal lines. In a standard analysis, using only two inter-
cept and slope parameters, this could lead to somewhat
smaller slope estimates for the vocal responses. How-
ever the current interpretation is that response modality
does not change the slope, but only the intercept and
does therefore not contribute to the complexity effect in
the processes under investigation.

While the results seem to indicate that response
modality does not change Brinley slope, the conclu-
sion is not a very firm one, because we lack data points
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from one critical condition. In the current series of
experiments, compatible mappings in the Stroop task
were primarily realized using vocal responding. A
manual/compatible condition was only tested in Exper-
iment 5, where responding was generally fast because
of the small number of response alternatives. Data from
manual-compatible conditions with a higher overall dif-
ficulty are needed to evaluate whether the proposed age-
equivalence in complexity effects with compatible map-
pings also holds for the manual response modality.

Episodic demands and related conceptions. The con-
ception of episodic memory employed in the current
thesis has a large degree of overlap with “controlled
processing”, as discussed in the literature on controlled
and automatic processing (Schneider & Shiffrin, 1977;
Shiffrin & Schneider, 1977). To vary task rule arbitrari-
ness I mainly used stimulus-response compatibility ma-
nipulations. The continuum of stimulus-response com-
patibility that is discussed in the SRC literature is al-
most congruent with the continuum of automatic and
controlled processes. Compatibility is a relative term,
and highly compatible mappings are usually defined by
a long learning history in ontogeny and sometimes even
phylogeny. Responding with compatible S-R mappings
is viewed as being governed by automatic processing,
which is described as the stimulus-triggered retrieval
from long-term memory that does not require executive
or attentional capacity. On the other hand, the charac-
teristic feature of an “episodic” task in the current view
is that it relies on arbitrary task rules, and responding
with arbitrary mappings is compared to a serial “table
lookup” process. Arbitrary rules are by definition not
overlearned, but freshly acquired within the experimen-
tal context. Hence, they require controlled processing,
which is “a temporary activation of a sequence of ele-
ments that can be set up quickly and easily but requires
attention, is capacity-limited (usually serial in nature),
and is controlled” by the subject’s homunculus (Schnei-
der & Shiffrin, 1977, p.1).

Thus, the current results may also be regarded as fur-
ther evidence for an age-related deficit in controlled pro-
cesses, which has been documented by Rogers and col-
leagues (Fisk & Rogers, 1991; Rogers & Fisk, 1991).
An increase in automaticity leads to a decreased me-
diation of episodic accumulators, which can be more
and more bypassed, for example because a direct route
(long-term “semantic” association) is established . Re-
cent results (Scialfa, Jenkins, Hamaluk, & Skaloud,
2000) indicate that some aspects of the development of
automaticity are age invariant, as long as arbitrary task
aspects are kept at a minimum. Viewed from a differ-
ent angle, a distinction between semantic memory pro-
cesses and episodic or executive processes could be a
critical mediator of age effects in the development of
automaticity.

The current distinction between arbitrary and com-
patible mappings in reaction time tasks maps relatively
well onto the episodic/semantic distinction in memory
tasks (although the concept employed there is usually
more elaborate). A significant decline in episodic re-

call is one of the most robust findings in cognitive ag-
ing (Allen, 1991; Craik & Jennings, 1992; Cerella,
1985). Similarly well-documented is the fact that se-
mantic knowledge and crystallized intelligence is rel-
atively unaffected by aging (e.g., Krampe & Ericsson,
1996; Allen, Sliwinski, Bowie, & Madden, 2002; Ver-
haeghen et al., 1997; Laver & Burke, 1993). A distin-
guished contribution of the current study is that episodic
memory demands play a large role in determining the
age × complexity effect even in reaction time tasks that
pose apparently trivial demands on short-term memory
(at least if compared to memory tasks proper).

Conclusions

What does a Brinley plot tell us about aging? Cer-
tainly, the result of a positive Brinley slope in most task
domains must be accounted for. As Salthouse (1996)
states, slowing does not need to be equivalent in magni-
tude for different cognitive tasks, but it is general in the
sense that most of the variability in age-related slowing
across many different tasks is common or shared. Al-
though the present results are incompatible with general
slowing in the sense of a basal, single-factor explanation
in a serial information processing framework, I do not
have a problem with this interpretation.

However, in my opinion, the typical Brinley plot
pattern tells us more about task complexity than about
“general” age-related slowing. It might possibly suggest
something about the way that task complexity (young
RT) covaries with the episodic working memory de-
mands of the task. The present series of experiments can
be regarded as an attempt at decomposing reaction time
effects into working memory-related and -unrelated ef-
fects. It was shown that Brinley slopes were rather close
to one for the latter. Importantly, the (Stroop) effect
under investigation is typically considered “cognitive”,
and sometimes even considered a prime indicator for ex-
ecutive processing. Hence, the current result of a Brin-
ley slope near one cannot be interpreted to merely indi-
cate age equivalence in peripheral processes.

What kind of processing could lead to the observed
covariations of working memory demands, task com-
plexity, and age effects? The Episodic Accumulator
Model assumes that episodic information is unreliably
represented, particularly so in old age, and that leakage
has to be compensated for by incoming information be-
fore the response threshold is reached. The idea that in-
formation loss is compensated for by a larger number of
processing steps is also found in the model proposed by
Mayr and Kliegl (1993) to explain age effects in work-
ing memory. These authors note that the greater num-
ber of processing steps required means that (under co-
ordinative complexity conditions) young and old adults
differ in the algorithms used, thereby violating a central
assumption of extant slowing models.

Here is a classic description of this “correspondence
axiom” (or homogeneity assumption) linking young and
old adults’ algorithms (Cerella, 1990, p.215): “Young
and old adults are assumed to be performing the same
computation, which is to say that age operates solely
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on the integrity and not the logic of a network.” Yet it
appears that what consitutes “the logic” depends on the
level of description. At a macroscopic level of descrip-
tion, the algorithm may read “perform a lookup of value
A, given key B”, and may be equivalent between age
groups. At a more microscopic level however, the same
algorithm might involve a loop until a test value reaches
a criterion. The criterion might be reached later for old
adults, because the rate of information accumulation for
the test value within the loop is smaller for old adults—
for example, because the accumulator is leaky.84

Is circular, loop-like processing with information loss
a reasonable assumption? The Episodic Accumula-
tor Model does not make specific assumptions about
short-term memory or episodic retrieval itself. How-
ever, many contemporary neuro-computational models
of short-term memory are available to fill the gap (e.g.,
Wang, 2001; O’Reilly, Braver, & Cohen, 1999; Amit,
1995; Durstewitz, Kelc, & Güntürkün, 1999; Deco &
Rolls, 2003; Lisman, Fellous, & Wang, 1998). Most of
these models are variants of the Hopfield network which
assume that there is Hebbian-type recurrent activation,
and a leaky integrator is often chosen as the single neu-
ron processing unit. A larger leakage term in old age
appears to be well-suited to incorporate the current ideas
of a reduced reliability of episodic accumulators. A core
feature of the strong processing assumptions made by
these models is the circulation of activation. With recur-
rent processing, performing the same computation does
not necessarily involve the same number of processing
steps. Instead, the number of steps depends on the value
of the leakage term. In other words, if more information
is lost during reverberation, then information will have
to circulate for longer until a stable attractor is reached.

With respect to aging, although the same
macroscopic-level algorithm is applied, more mi-
croscopic processing steps will have to be performed by
old adults. Thus at this level of analysis, the conception
of the correspondence axiom has to be refined. If one is
willing to give up the strong form of the correspondence
axiom, then circulation of activation might therefore be
one possibility to rejoin a basal deficit cognitive aging
theory with the current findings as well as with the over-
and underestimations reported in the Introduction.

More generally, contemporary views of cognition re-
gard information processing in the “perception-action
cycle” as determined by hierarchically organized feed-
back loops at multiple levels (Fuster, 2004; Koechlin,
Ody, & Kouneiher, 2003). The translation of environ-
mental stimuli into goal-directed actions is regulated by
external and several levels of internal feedback. Only
relatively low levels of internal control are involved with
automatic and well-rehearsed responses to simple stim-
uli. As stimuli or responses become more complex,
higher-level control modules become active addition-
ally. Yet higher levels of control are needed in addition
when the stimulus-response associations are not well-
practiced, when the task relies on short-term (in partic-
ular, multi-modal) associations and when the task rules
themselves have to be retrieved, depending on the con-

text. According to this conception, more executive and
episodic tasks require feedback loops at increasingly
high levels of prefrontal cortex, thereby increasing the
average number of activation circulations until the cri-
terion is reached. From this point of view, the current
results can be taken to indicate that age effects are the
more severe, the higher the level of control is called for.

In conclusion, the present research adds to the evi-
dence suggesting that executive and episodic processes
of working memory maintenance and retrieval are a
source of a specific age-related deficit in cognition.
While old adults appear to have a specific deficit at this
level of analysis, this does not completely rule out that
a more general deficit is responsible at a more micro-
scopic level of description. A possible scenario that can
save basal-deficit general slowing theories requires the
assumption that old adults need more elementary pro-
cessing steps to achieve the same computation. The
present results therefore aid in specifying the type of
computation underlying age-related slowing as well as
task complexity: A tentative hypothesis is that episodic
task demands positively covary with the amount of cir-
culatory processing required to perform a task.
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Appendix

I. Brinley regression parameters in ‘multiplicative’ tasks

Parameters of the Brinley plot regression are not only influenced by the true slowing factor(s), but also by the type
of processing. This can be illustrated by generating points in Brinley space using models, where the true slowing
factors as well as the true processing functions are set by the modeler. The following simulations assume identical
slowing factors, however they turn out give dramatically different results, depending on the assumptions about the
interdependency of different processing stages. Because the results are so different, they would suggest very different
conclusions when interpreted using the ‘standard’ rationale that the Brinley slope approximates the slowing factor.
A more coherent picture is obtained if separate regressions are estimated for each experiment, thereby eliminating
between-experiment variance that is not of primary theoretical interest.

The modeling attempts were inspired by an attempt to meta-analytically integrate data from studies using Stroop-
like tasks, in which ‘early’, e.g., stimulus-classification, and ‘late’, memory-related or episodic cognitive difficulty
were orthogonally manipulated. The research question was whether old adults can be shown to have a specific deficit
in ‘episodic accumulators’, which are thought to lead to an amplification of earlier difficulty effects. Here, it is
argued that standard interpretations of graphical Brinley meta-analyses can be too much influenced by factors that
vary between-experiment, but that are not the focus of the research.

Age-related slowing in peripheral sensuo-motor components is typically very small (but exists). Slowing in central
information processing is larger. An estimation of the slowing proportion in a typical task is around 1.5, i.e. for every
100 ms difficulty effect in young adults’ reaction times there is a corresponding 150 ms difficulty effect in old adults’
reaction time. However, although the consistently linear relation in the Brinley plot indicates that general slowing
of information-processing speed plays a major role in age-related slowing, the slowing factor seems to depend on
aspects of the task at hand. For example, the slowing factor in ‘coordinatively complex’ tasks (that typically rely on
working memory more than the average reaction time task) was found to be larger than 1.5, and similar results have
been obtained for some facets of executive control. This constitutes evidence for the existence of different slowing
factors for at least some cognitive processes.

Making a task more complex (difficult) will lead to some sort of latency increase. Typically this increase is
caused by an increase in the duration of central, cognitive processes. Verhaeghen et al. (2002) describe additive
and multiplicative complexity effects. If an extra processing stage is added to a task, then this is labeled additive
complexity, because the manipulation will induce additive effects between the baseline and experimental conditions.
If a complexity manipulation prolongs an existing stage in a task, then this is labeled multiplicative complexity,
because it will induce multiplicative effects: time spent in the cognitive stage of the complex conditions will be
a fixed ratio of time spent in the cognitive stage in the baseline condition. Verhaeghen et al. show that additive
complexity leads to a pair of lines in state space, one for old and one for young, that are parallel to the diagonal, and
either a single line or a pair of parallel lines in Brinley plots. Multiplicative complexity leads to slopes greater than
unity in both of the scatter plots. Here I try to generalize their model for multiplicative complexity effects to a task
where the duration of a ‘late’ cognitive stage is a function of the duration of an earlier cognitive stage.

In the following paragraphs, I try to determine some general properties of Brinley functions that follow from very
simple models of processing. In particular, the models are linear, and only open-loop models are investigated, i.e.
there is no feedback from later to earlier stages. Although both the open-loop and the linearity assumptions are not
necessarily realistic, they are used as a first approximation. The goal is to answer questions about Brinley functions
such as the following: What is the dependency of the slope of a Brinley function on the slowing factors of component
processes? How does the slope of a Brinley plot depend on the connection between cognitive stages? For example,
the stages could be serial and independent in task A, or they could be serial, but multiplicatively connected in task B,
such that the duration of a later stage C2 is positively correlated with the time spent in an earlier stage C1.

General slowing

To introduce the general line of argumentation, I will start with a very simple model, where reaction time is a
sum of a peripheral sensorimotor processing stage and central cognitive processing stage. The model will then be
expanded by the insertion of a second and a third cognitive stage.

Take a very simple model of task performance, RT = S +C , where reaction time (RT) is determined by the
durations of two additive stages, one sensorimotor (S), and one cognitive (C). Experimental difficulty manipulations
are assumed to affect only the cognitive stage. Furthermore, based on empirical data, we assume that sensorimotor
slowing is negligible, and that proportional age-related slowing affects cognitive processes. That is, we assume a
slowing factor λ≥ 1 for C, and a lack of slowing for S. Formally, the model assumptions can be written as

RTyoung = S +C (20)
RTold = S +λC .
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By assumption, only C is variable because C, not S, is affected by difficulty manipulations. To observe how young
and old adults’ reaction times change with C, we determine the derivatives

dRTyoung

dC
= 1 ,

dRTold

dC
= λ .

We are interested in the relation of the parameters of our simple model and parameters of the Brinley function

RTold = β1 RTyoung +β0 (21)

with a derivative of
dRTold

dRTyoung
= β1 . (22)

If we equate dRTold
dRTyoung

= dRTold
dc

dc
dRTyoung

, we obtain

β1 = λ . (23)

Inserting this result and the model equations (20) into (21) yields

S +λC = λ(S +C)+β0

β0 = S (1−λ) . (24)

Thus in our simple model, a cognitive difficulty manipulation that affects only C will lead to a Brinley plot of the
form

RTold = λRTyoung +(1−λ)S . (25)

We note that in (25), the intercept b0 of the Brinley function depends on the slowing factor, which can explain
the empirical fact of a negative correlation of b0 and b1 between Brinley plots of different tasks (see also Ratcliff
et al., 2000). Since λ > 1, this dependency can also explain why negative intercepts are typically found in Brinley
plots. An example using a ‘typical’ duration of 200 ms for sensorimotor processing and a ‘typical’ slowing factor of
λ = 1.5 for the central component produces a Brinley function with a slope of 1.5 and an intercept of -100 ms, which
is in good agreement with empirical observations.

Hence this very simple model can already explain some of the Brinley plot regularities. It cannot, of course,
explain the empirical fact of Brinley functions with different slopes. In an attempt to account for these, let us expand
the model to include additional cognitive stages.

Process-specific slowing

In the following, I will consider Brinley plot predictions of a slightly extended, yet still simple and general pro-
cessing model. Again it is assumed that reaction time is the sum of the time spent in different stages: Response
time for young adults, RTy, is the sum of the duration of a sensory stage, S, and three cognitive stages, Ci, i = 1 . . .3.
For convenience, I will label the three cognitive stages ‘early processes’, ‘memory’, and ‘response preparation’. To
generate response time for old adults, RTo, each of the stages is associated with its own age-related slowing factor λi.

Here is the general model:

RTy = S +C1 +C2 +C3

RTo = S +λ1C1 +λ2C2 +λ3C3 (26)

In many situations, early and late cognitive stages are not independent. In particular, this will be the case in
conflict tasks, e.g., the Stroop task. For conditions with high episodic demands, it is assumed that effects of ‘early’
manipulations, e.g., color-word (in-)congruency, are amplified by episodic accumulators, located at the cognitive
stage. Episodic accumulators are needed when the task requires arbitrary rules, e.g., in the case of arbitrary stimulus-
response mappings. To model this, let the duration of episodic processes be a multiple of the duration of earlier
processes:

C2 = b1C1 (27)

This can also be used to model conditions with low episodic demands, e.g., when a compatible stimulus-response
mapping is used. Here, episodic accumulators can be bypassed, i.e., b1 = 0.
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Arbitrary conditions

If we insert (27) into the general model (26), we obtain

RTy = S +(1+b1)C1 +C3

RTo = S +(λ1 +b1λ2)C1 +λ3C3 (28)

This leads to a Brinley-Plot with the slope

β1 =
∂RTo

∂RTy

=
dRTo

dC1,dC3

dC1,dC3

dRTy

=
(λ1 +b1λ2)dC1 +λ3dC3

(1+b1)dC1 +dC3
(29)

The intercept of the Brinley regression is given by

β0 = RTo−β1RTy

= S +(λ1 +b1λ2)C1 +λ3C3−β1(S +(1+b1)C1 +C3)
= (1−β1)S +(λ1 +b1λ2−β1(1+b1))C1 +(λ3−β1)C3 (30)

From equation (29), we see that if dC3 6= 0 between experiments, then the Brinley slope will not exclusively
depend on the parameters under investigation, λ1 and λ2, but also be influenced by the theoretically less interesting
between-experiment changes of C3.

On the other hand, if dC3 = 0, i.e., no additional process enters with a change in conditions (likely within an
experiment, but also possible between experiments), then

β1 = (λ1 +b1λ2)/(1+b1) (31)

That is, if there is no change in the duration of response preparation processes, then the slope is a weighted mean
(weighted by b1) of early and late/episodic slowing factors.

Compatible conditions

Let us now consider the situation in which episodic accumulators can be bypassed. This can be formally expressed
by letting b1 = 0. In this case, model (28) reduces to the following simple model:

RTy = S +C1 +C3

RTo = S +λ1C1 +λ3C3 (32)

with the Brinley plot slope

β1 =
∂RTo

∂RTy

=
λ1dC1 +λ3dC3

dC1 +dC3
(33)

Here, the Brinley regression slope is the mean of the slowing factors, weighted by the effect sizes.
The intercept is given by equation (30), which in the case of b1 = 0 can be simplified, obtaining

β0 = S(1−β1)+C1(λ1−β1)+C3(λ3−β1) (34)

When episodic demands are absent, both slope and intercept depend on early and response-related slowing factors,
however, the cognitive slowing factor is (of course) eliminated.
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Equivalence of ‘peripheral’ cognitive slowing

If additionally λ3 = λ1 (as is often assumed), i.e., early cognitive processes (e.g., stimulus classification) and
response preparation are associated with the same slowing factor. In this case, the Brinley plot predictions for
conditions in which episodic accumulators are bypassed can be further simplified. First, for the slope, by replacing
λ3 with λ1 in equation (33) we obtain

β1 =
λ1dC1 +λ1dC3

dC1 +dC3
= λ1 (35)

Second, by replacing λ3 with λ1 and β1 with λ1 in equation (34), for the intercept we obtain

β0 = S(1−λ1) (36)

Thus, if episodic accumulators can be bypassed and the slowing factors associated with peripheral cognitive process-
ing are the same, then the simple Brinley model (25) can be reproduced.

If however, episodic accumulators cannot be bypassed, then even if λ3 = λ1, the equations are fairly complex. In
particular, they are still affected by between-experiment changes in the sizes of ‘peripheral’ effects, dC1 and dC3.
For example, equation (29) becomes

β1 =
(λ1 +λ2b1)dC1 +λ1dC3

(1+b1)dC1 +dC3
(37)

=
λ1(dC1 +dC3)+λ2b1dC1

(dC1 +dC3)+b1dC1
(38)

As an example, I will now consider the application of the general model for experiments that follow the rationale
of the experiments reported in this dissertation. Two instances of the model will be compared, in which the degree of
involvement of a third stage varies between experiments (or tasks). Both are used to investigate a situation in which a
Brinley analysis combines data from experiments that use an orthogonal manipulation of early difficulty (e.g., Stroop
condition) and ‘episodic difficulty’ (or short-term memory demands). The examples only differ in the assumptions
about the third-stage slowing factor.

Both examples assume that within a given task (or experiment), episodic accumulators (on the late, cognitive stage
C2) will lead to a proportional amplification of earlier difficulty effects (originating at stage C1). The two examples
differ in the assumptions about the slowing of processes that vary between experiments. In the first example, E1, it
is assumed that the age-related slowing factor for these processes, λ3, is equal to the ‘episodic’ slowing factor, λ2. In
the second example, E2, it is assumed that age-related slowing of processes varying between experiments is small,
with the same slowing factor as early cognitive processes λ3 = λ1. (Both examples assume that processes varying
between tasks do not interact with the ‘early’ difficulty manipulation.) Within each example, experiments differ with
respect to the duration of stage C3. Three different experiments were simulated, with C3 durations of 0, 100, and 250
ms. For all experiments, ‘compatible’ (b1 = 0) and ‘arbitrary’ (b1 = 0.75) conditions were simulated, using the same
levels of early difficulty effects (C1).

The result, Brinley plots according to examples E1 and E2, is shown in figures 21 and 22. The ‘true’ slowing
factors and other parameters used to generate these plots are

λ1 = 1.05 slowing of early cognitive processing

λ2 = 3.0 slowing of late cognitive processing (episodic)

λ3 slowing of response preparation processes

λ3 =
{

3.00 E1: λ3 = λ2, same as episodic slowing
1.05 E2: λ3 = λ1, same as early cognitive slowing

b1 factor characterizing the dependency of late on early processing duration

b1 =
{

0.75 arbitrary: ‘episodic accumulators’ are needed
0.00 compatible, ‘episodic accumulators’ can be bypassed

S = 200 duration of peripheral processes, assumed to be unaffected by age-related slowing

C1 = {0,50,120} duration of early cognitive processes

C3 = {0,100,250} duration of response preparation processes
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Figure 21. Example E1: λ3 = λ2. Age-related slowing for processes varying between experiments is equal to slowing of episodic
memory processes, λ2 = 3.0 .

0 100 200 300 400 500 600 700 800
0

500

1000

1500
compatible, C

3
=0

arbitrary, C
3
=0

compatible, C
3
=100

arbitrary, C
3
=100

compatible, C
3
=250

arbitrary, C
3
=250

age equivalence (no slowing), b
0
=0, b

1
=1

Regr. arbitrary, b
0
=−70.55, b

1
=1.39

Regr. compatible, b
0
=−10.00, b

1
=1.05

Figure 22. Example E2: λ3 = λ1. Age-related slowing for processes varying between experiments is equal to slowing of early
cognitive processes, λ3 = λ1.
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Apparently, the (global) Brinley slopes are rather different, depending on the differences between experiments.
However, let us assume that the experiments were selected for the meta-analysis because the analyst was interested in
the commonalities, not in the differences between experiments. Commonalities, in the current examples, stem from
the fact that the same processes C1 and C2 were investigated in all experiments. The overall Brinley slopes largely
depend on C3 and the associated the slowing factor λ3. Therefore, conclusions drawn from the overall slope appear
to be flawed.

On the other hand, if separate regressions are fit for each experiment, we see that the slope is consistent across
experiments, regardless of the value of λ3. Within each experiment, the slopes are β1 = 1.89 for arbitrary mappings
(thick, dashed lines), and β1 = 1.05 for compatible mappings (thick, solid lines). These same factors are obtained
in both examples E1 and E2. Thus, if meta-analytical integration of age-related slowing data is done to investigate
the slowing of some ‘multiplicative’ central process like episodic memory, then the standard Brinley plot approach
should be replaced by an approach that fits separate regression lines for each experiment.
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