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Abstract

A computer model is presented which performs four dif-
ferent types of tasks sometimes impaired by frontal
damage: the Wisconsin Card Sorting Test, the Stroop
task, a motor sequencing task and a context memory
task. Patterns of performance typical of frontal-dam-
aged patients are shown to result in each task from the
same type of damage to the model, namely the weaken-
ing of associations among elements in working mem-
ory. The simulation shows how a single underlying
type of damage could result in impairments on a variety
of seemingly distinct tasks. Furthermore, the hypothe-
sized damage affects the processing components that
carry out the task rather than a distinct central executive
responsible for coordinating these components.

Introduction

Patients with damage to the frontal cortex have diffi-
culty with a wide range of tasks, from the execution of
simple manual sequences (Luria, 1965; Kimura, 1977)
to sorting stimuli into abstract categories (Milner,
1963). One of the challenges of explaining frontal
function is to account for the diversity of abilities that
can be impaired by frontal damage. In the present paper
we attempt to capture a commonality among the fail-
ures of frontal-damaged patients in a variety of tasks.
We present simulations of four different tasks at which
frontal-damaged patients, particularly those with dorso-
lateral frontal damage, have often been found to show
deficits (Stuss & Benson, 1983). They are the Stroop
Task, the Wisconsin Card Sorting Test, motor sequenc-
ing tasks, and memory for context.
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Stroop Task. In the Stroop task, subjects are
shown color names printed in different colored inks and
asked either to read the word or to name the color in
which the word is printed. Normal subjects show inter-
ference when asked to name the colors of stimuli in
which the color and word conflict (e.g., the word “blue”
in red ink). A similar pattern of interference exists
when naming the word, although the differences are
much smaller. In general, frontal-damaged patients
have been found to be impaired at this task, showing
disproportionate interference when naming colors
(Perret, 1974; Dunbar & Bub, in preparation).

Wisconsin Card Sorting Test. In the Wisconsin
Card Sorting Test (WCST), patients are asked to sort a
number of cards that vary according to the shape of the
objects represented, the color of those objects, and the
number of objects. The piles into which the cards
must be sorted vary according to these same attributes,
so that there is exactly one pile for each possible color,
shape, and number. Initially, one of these attributes is
selected as the sorting category, and the subject will be
given positive feedback only if they sort the card ac-
cording to that attribute. Whenever the subject sorts
ten consecutive cards correctly, the category changes.

Milner (1963) found that, as compared to patients
with lesions elsewhere in the brain, frontal-damaged pa-
tients made an unusually high number of perseverative
errors, continuing to sort according to the previous cat-
egory after the category had shifted.

Motor Sequencing. Frontal-damaged patients
have also been widely documented as having difficulty
with sequencing tasks, especially the sequencing of mo-
tor actions. Kolb and Milner (1981) found that among
patients with a variety of lesion sites, left and right
frontal-damaged patients were the most impaired at imi-
tating sequences of facial movements, and were also
impaired at imitating arm movement sequences.
Similarly, Kimura (1982) found that left frontal-dam-
aged patients, in comparison to other patient groups,
were the most impaired on all forms of oral move-
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ments, but especially sequences of oral movements, and
that these same patients were also the most impaired on
manual sequences. As well, Jason (1985) examined the
performance of a variety of patient groups on a manual
sequence task, and found left frontal-damaged patients to
be the most impaired.

Memory for Context. While not uniformly am-
nesic, frontal-damaged patients often show deficits at
particular memory tasks. Schacter (1987) has applied
the term “‘spatiotemporal context™ to the type of mem-
ory tasks at which frontal-damaged patients have been
shown to show disproportional impairment. Parkin,
Leng and Stanhope (1988) report the results of a de-
tailed case study of a frontal-damaged patient. Among
their findings, they report source amnesia, that is, im-
paired memory for the original context of learning, and
impaired memory for temporal sequence. Janowsky,
Shimamura and Squire (1989) investigated memory for
recently learned facts and memory for the source of the
facts in a group of frontal-damaged patients. Although
the patients were normal in their ability to recall the
facts, compared with age-matched control subjects, they
frequently attributed the facts to incorrect sources.

These four types of task appear, on the surface at
least, to be quite different from one another. Previous
attempts to explain these and other frontal impairments
have called into play a variety of mechanisms, includ-
ing error utilization (Konow & Pribram, 1970), execu-
tive or supervisory processes (Shallice, 1982; Norman
& Shallice, 1986), planning (Duncan, 1986), temporal
integration of behavior (Milner, 1982), and inhibitory
processes (Diamond, 1989). Here we propose a single
underlying impairment that can account for the failures
of frontal-damaged patients in all four of these tasks.

A production system model of the ef-
fects of frontal lobe damage

In our view, the effect of frontal lobe damage on behav-
ior is to weaken the associations among working
memory representations that include representations of
goals, stimuli in the environment, and stored declara-
tive knowledge. Thus, we hypothesize that the repre-
sentation of the goals themselves is unaffected, consis-
tent with the oft-cited observation that frontal-damaged
patients can report the correct goal even while perform-
ing an inappropriate action (e.g. Konow & Pribram,
1970). We also hypothesize that the stimulus envi-
ronment is perceived normally, and the full range of
possible actions is available, also consistent with clini-
cal observation. Finally, declarative knowledge is
available, consistent with the results of memory re-
search on frontal-damaged patients. We hypothesize a
functional attenuation of association strengths among
these different working memory representations. In ef-
fect, the differing degrees of mutual relevance among
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goals, stimuli and stored knowledge become less dis-
criminable after frontal lobe damage.

We have chosen to implement our model using a
simplified subset of the ACT-R framework (Anderson,
1983; 1989; in preparation). It should be noted that the
architecture of this system was designed to account for
normal cognition in a variety of tasks, drawing upon
empirical findings on normal human learning and mem-
ory (Anderson, 1983) and upon a “rational analysis” of
human cognition (Anderson, 1989). Thus, to the ex-
tent that the present model can account for the behavior
of frontal-damaged patients, it does so without any ad
hoc features designed specifcally for that purpose.

ACT-R is a production system, incorporating as
its procedural knowledge a set of IF-THEN rules.
These rules specify actions and the conditions under
which they should be performed. In addition, it in-
cludes a working memory representation in which
declarative knowledge is represented. The behavior of
this system depends on which productions are selected
for execution, according to two mechanisms: matching
and conflict resolution. Matching refers to the process
by which it is determined whether or not each produc-
tion's conditions hold. This is accomplished by com-
paring the conditions of the rule to the contents of
working memory. If more than one production
matches the contents of working memory, as is often
the case, then the process of conflict resolution is used
to select a single production, as only one can be exe-
cuted at one time. In the model described below, con-
flict resolution is accomplished by comparing activa-
tion levels, with the most active production being exe-
cuted. There are four different sources that contribute to
each production’s activation:

Baseline activation is the invariant activaton as-
sociated with a particular production. The higher the
prior probability that the particular production will be
applicable, the higher its baseline activation level.
Productions with higher probabilities of being applica-
ble, and therefore higher baseline activation, are more
likely overall to fire.

Priming activation is additional activation that a
particular production receives when it is executed.
Priming activation falls off over the next several cycles
of the simulation, and reflects the likelihood that a pro-
duction that has just been executed will be applicable
again in the very near future.

Noise activation 1is also present in the system.

Data activation is the activation added to a produc-
tion from the working memory elements (WMEs) with
which the production matches. The contribution of
data activation is the sum of the activations of those
WMEs. A WME's activation is calculated from its
previous activation, from the previous activations of
those WMEs with which it is connected, and from the
strengths of those connections. However, in the pre-
sent model, the previous activation of each WME is
held constant. Thus, the activation of a particular



WME depends only on the strengths of its connections
with other WMEs. Furthermore, since each production
refers only to a subset of the entire working memory
representation, only connections between pairs of
WMEs both matched by that production will contribute
to its activation.

Consider a production that matches both a goal
WME (e.g.., name the ink color of a stimulus) and
some stimulus attribute WME (e.g., the ink color is
red). If the goal is strongly associated with that stimu-
lus attribute (as in this case, most likely) then the pro-
duction will receive a large amount of activation from
its data and will be more likely to fire. If the goal is
only weakly associated with the stimulus (if the at-
tribute WME in the above example were the lexical
identity instead of the ink color) then the production
will receive less activation from its data and will be
less likely to fire. In this way, the model is more
likely to execute a production for which mutually rele-
vant goal and stimulus attributes are present.

Simulations of the four tasks.

In this section we present a simulation of the four
tasks, and examine the effect of weakening association
strengths among WMESs on the performance of the
simulations. We first describe the undamaged models
and then the results of damaging the normal system.
Note that the same parameters (noise, priming activa-
tion, and decay rate) were used in all four simulations.

Stroop task. The Stroop task simulation consists of
two productions, name-color and name-word, corre-
sponding to the two potential responses to each stimu-
lus. The attribute to be named for a given set of trials
is set by strengthening the connection between the ap-
propriate attribute WME (e.g. colorname when the
goal is to name the color) and a WME which maintains
information about the task (such as the current stimu-
lus). Each production only matches against the appro-
priate attribute WME, so that the name-color produc-
tion will only receive activation from the attribute
WME colorname. The productions also receive activa-
tion from the connection between their attributes and
the data they match. So the word naming production
receives activation from the strong connections between
the word attribute WME and word data, while the color
naming task receives activation from the weaker but
still strong connections between that attribute and the
color data. Also, the baseline activation of the name-
word production is stronger than that of name-color,
consistent with the more frequent use of word naming
in everyday life (see MacLeod, 1991).

At the presentation of a stimulus, both productions
are placed in the conflict set, since all stimuli in this
simulation have both color name and word name at-
tributes. However, the correct task WME will receive

899

more activation from the strengthened connection to the
relevant attribute. And the discriminability will be
greater when the task is word naming, since its produc-
tion has a greater baseline activation.

Wisconsin Card Sorting Test. The WCST sim-
ulation consists of six productions: three for sorting
and three for utilizing feedback. Each of the three sort-
ing productions sorts by a particular attribute — color,
shape, or number. Thus, whenever the production sort-
by-number fires, the current card is sorted according to
its number attribute.

The three feedback productions model how a sub-
ject should ideally utilize feedback, by constraining
which categories will be sources of activation. After
positive feedback, the current category is made the only
category eligible to be a source of activation. After
negative feedback, the incorrect category is made no
longer a source of activation. And if this results in an
empty set, the other two possible categories are then
made eligible again. The model always implicitly
knows which sorting categories are potentially correct,
because only those categories are potential sources of
activation. This is analogous to how, in the Stroop
task, only the correct attribute (color or word name) is a
strong source of activation for its corresponding produc-
tion. However, the WCST uses the eligibility set to
change these biases between trials.

Since the feedback mechanism just affects the eli-
gible sources of activation, not whether or not particu-
lar WMEs are in working memory, this information
does not directly constrain which productions can
match. Instead, it biases which categories will be con-
sidered, by providing a source of activation for only
those sorting productions whose categories are still eli-
gible. For example, the production sort-by-color
would receive activation from the connection between
the colorsort WME and the list of possible categories.
Since colorsort is most strongly associated with the
color category, this production would be strongest
when color was still an eligible category.

Initially, the set contains all three categories, so as
to be unbiased. At present, the WCST productions do
not wait for a number of correct trials before proceed-
ing, but simply shift after a fixed interval.

When a card is presented, all three sorting produc-
tions are in the conflict set. The productions whose
categories are still eligible receive activation from the
connection between their categories and the correspond-
ing task nodes. After a sort, one of the three feedback
productions will match. There is one production to
handle positive feedback, and two for negative feedback
(when the eligibility set is larger than 1 or equal to 1).
After feedback, the model attempts to sort the next card.

Motor sequencing task. The simulation of the
motor sequencing task is the simplest. The model is
presented with a repeating sequence of stimuli, each of



which requires a distinct response. The stimuli can be
thought of as devices, and the responses as different
motor actions, similar to the task used by Kimura
(1977). A different production for each potential re-
sponse matches against both the action to be performed
and the device to be acted upon in working memory.
Since matches with congruent actions and devices will
benefit from strong connections, they will receive more
activation from data. There are five possible devices
and five corresponding actions. The sequence of action
in the simulation is also straightforward: the first stim-
ulus is presented, and all five motor productions are in
the conflict set. The correct one receives more data ac-
tivation and is most likely to fire. Then the second
stimulus is presented.

Memory. Memory for context can be modeled using
a single production, name-context, to name the context
of a presented item. Since the same production is used
to name either the correct or incorrect context, in this
simulation name-context competes only with itself.
Different instantiations of the production, correspond-
ing to the different contexts, are all in the conflict set
simultaneously. However, since these instantiations
refer to different subsets of working memory, they re-
ceive potentially different levels of activation, and can
therefore be discriminated.

Context memory is simulated using a different
WME for each context in which information is pre-
sented. Each context WME is in tum associated with a
set of WMESs which represent the features of the envi-
ronment. The unique subset of features with which a
context WME is associated defines that context.
Context memory can then be seen as the ability to
name the appropriate subset of features through a label
for those features. While this is a oversimplification of
the notion of context, it preserves the critical require-
ment that the model must produce some element unique
to the original situation in which a test item was pre-
sented, namely a label for that particular conjunction of
features. Since the acquisition process is not simulated
here, only the testing phase, this requires just a single
production — one to name the context of the presented
item. Each item is strongly associated with the fea-
tures of the context in which it originally appeared, and
weakly with the other features. The production name-
context matches all possible available contexts, but
each instantiation receives data activation from the con-
nections between a particular context's features and the
probe item. Thus, the production will be more likely
to fire with the correct context, since that instantiation
maximizes the amount of data activation it will receive.

To model the task, a stimulus is presented along
with a set of five possible contexts. Thus five instanti-
ations of name-context are placed in the conflict set,
one for each context. Each instantiation matches
against the stimulus and against the features of its con-
text. The instantiation in which the stimulus is most

closely associated with the features of the context is the
one most likely to fire.

Recognition memory is modeled here as a special
case of context memory, in which the subject must de-
cide whether or not the stimulus was originally encoded
in the experimental context. In the present simulation,
this requires an additional production, fail-to-recognize,
which produces the default behavior of failing to recog-
nize an item. Because fail-to-recognize is a default, it
will always match on the basis of its own baseline ac-
tivation. That baseline activation therefore represents a
threshold for recognizing an item. When an instantia-
tion of name-context exceeds this threshold, the item
is in effect recognized. Otherwise, fail-to-recognize
will fire as a default. Note that fail-to-recognize would
probably never fire in the case of context judgements,
since it is extremely unlikely that multiple contexts,
would all fail to reach threshold on the same trial. In
this way, one might say that context memory judge-
ments are between two or more real contexts, while
recognition memory judgements are in effect between
the correct context and a default context.

The simulation was run on all four tasks, using
fixed sequences of stimuli. Each simulation was first
run normally, then damaged. The simulation was dam-
aged by weakening all of the connections between
working memory elements by either 50% or 80%.

Results

Errors under each condition were tabulated as either
non-perseverative or perseverative, except in the mem-
ory task, for which there was only one production, and
thus no possibility for perseveration in the present
model. If the incorrectly fired production had been fired
on the immediately preceding trial (whether or not cor-
rectly then) it was counted a perseveration. Although it
is possible that there would be perseveration due to data
priming, this source of activation was not included in
this simulation. Also note that the gradual decay of
priming activation may cause perseverations over inter-
vening steps, although these are here counted as non-
perseverative errors.

The results of the tasks are presented in Table 1.

Normal 50% 80%

NP |P NP |P NP |P
StroopColor |9 1 21 )96 ]380 JadS
StroopWord |0 0 2 0 13 |67
WCST 0 4 24 |58 |81 |282
Motor 0 0 23 |54 164 367
Context 2 81 379
Recognition |0 1 22

Table 1: Total non-perseverative (NP) and perseverative
(P) errors on each task (1000 trials for each task for
each damage level).



Without damage, the model performs all of the tasks at
a high level. Although the noise makes errors possible,
the high discriminability of the productions in the con-
flict set makes errors extremely unlikely. With 50%
damage, more errors are made on all tasks, and there is
a clear bias towards perseverative errors. Finally, with
80% damage, there is a greater proportion of errors, and
a greater proportion of those errors are perseverative.

In the Stroop task, the damaged model shows inter-
ference from the unattended attribute. Moreover, as in
frontal-damaged patients, there is more interference in
the color naming condition than in the word reading
condition. What is responsible for this pattern of re-
sults? In the undamaged model, the discriminability of
the word-naming and color-naming productions is high,
due to the strong connections between the appropriate
attribute WME and the WME which maintains infor-
mation about the task. When the connections are weak-
ened, however, the activations of the two productions
become more similar, and noise activation is therefore
more likely to cause the wrong production to be se-
lected. The fact that color naming is more vulnerable to
intrusions by word naming than vice versa is explained
by the higher baseline activation of word naming,
which results from its more frequent use.

In the WCST, the damaged model simulates pa-
tient behavior in perseverating sorting categories even
after negative feedback. As before, the reason for this
can be understood by first considering the functioning
of the normal system. Normally, feedback affects the
selection of a sorting category by determining which
categories remain in the eligible set. This set biases
the model towards eligible categories through connec-
tions with the possible sorting WMEs. While the
damaged model still uses feedback to constrain the eli-
gible categories, the weakened connections reduce the
magnitude of this bias. This reduces the discriminabil-
ity of the different sorting productions to the level
where noise activation can sometimes cause an inap-
propriate production to be the most active. The perse-
verative character of many of the errors results from
priming activation causing recently selected productions
to be especially active.

In the motor sequencing task, damage causes the
model to associate incorrect actions with devices.
Unlike the previous two tasks, in this task frontal-dam-
aged patients show nonperseverative as well as perse-
verative errors. Both types of errors are also made by
the damaged model. Why does the damaged model be-
have in this way? While normally the correct action
can be discriminated on the basis of its greater associa-
tion with the current device, this connection is weak-
ened by damage. Noise activation will cause incorrect
productions to be selected, out of sequence, and priming
activation will bias these errors towards perseveration.

In the memory tasks, damage leads to impaired per-
formance at context memory, but not at recognition
memory. As modeled here, discrimination of the correct

901

context depends on the connections between the item to
be recognized and the features of that context, When
these connections are weakened, the presence of noise
makes it more likely that a similar but less appropriate
context will receive greater activation. Recognition
memory is the only case, among the four tasks simu-
lated, which does not require the discrimination of a
particular response among close competitors, and thus
is not especially harmed by the damage manipulation.
Interestingly, the model predicts that frontal-damaged
patients will be much better at recognition than at con-
text memory, but not necessarily normal. Again, there
is not sufficient published data to address this defini-
tively. In one study (Parkin, Leng, & Stanhope, 1988)
both normal and patient groups appeared to be near ceil-
ing, while in another study (Janowsky et al., 1989),
there was a non-significant trend in this direction.

Discussion

We believe that there are two general aspects of the ef-
fects of frontal damage that have made the underlying
nature of frontal lobe function so elusive. First, frontal
damage can affect performance on a wide variety of
tasks that do not seem, on the surface, to have anything
in common. Second, when frontal damage impairs task
performance, it does so without impairing patients’
knowledge of the task goals, their perception of the rel-
evant stimuli, their ability to execute the individual ac-
tions, or their memory for previously learned facts.
These two factors have given rise to the idea of the
frontal cortex as a single “central executive,” which is
called into play regardless of the cognitive domain.
This central executive is required when the activities of
multiple components of the cognitive architecture must
be coordinated, but would not necessarily be required for
performing simpler tasks. The model described here,
however, provides a unified account of four deficits
sometimes arising from frontal lobe damage, and does
so without postulating damage to a central executive,
but rather to the processing components that are used to
perform the task.

This explanation also highlights what is common
among the tasks failed by frontal-damaged patients. In
all of the tasks modeled here, several sources of infor-
mation compete to guide behavior. One of these
sources in particular, connections among internal repre-
sentations, is critical for differentiating among several
close competitors. When these connections are weak-
ened, other sources of activation (e.g., priming and
noise) become more important in determining behavior.
While the damaged model might be described accurately
as unable to make use of errors (as in the WCST), im-
pulsive (failing to inhibit inappropriate responses, as in
the Stroop Task), perseverative (as in the motor task),
or impaired in the use of spatiotemporal context (as in
the memory tasks), a single functional deficit can ac-



count for all of these deficits.

The present model might seem to imply that, in
conflict with common clinical observation, all frontal-
damaged patients should fail all of the tasks described
here. However, there could be distinct areas in frontal
cortex sharing the same abstract function, namely the
maintenance of working memory associations, but dif-
fering as to the types of working memory elements rep-
resented. One would therefore not expect the same pa-
tient to show impairment on exactly these four or any
particular set of tasks. This type of organization, of a
large cortical area operating according to common infor-
mation processing mechanisms but subdivided into dis-
tinct and dissociable modules according to the content
of the information represented, can also be seen in the
visual cortex. Numerous areas in the extrastriate visual
cortex share common functional mechanisms (e.g.,
retinotopy, the integration of information from earlier
visual areas, and center-surround organization), but dif-
fer in the type of visual information represented in
these maps (Cowey, 1982).

Are there any tasks at which the model predicts
frontal-damaged patients would be unimpaired? In fact,
while the underlying deficit that we have hypothesized
is quite general, it is restricted to tasks that tax the con-
flict resolution process, that is, the ability to select
among a group of potentially relevant actions. Thus,
we would predict normal performance on tasks in
which: the potentially relevant actions or responses are
narrowed down by a “structured” or highly constrained
task or stimulus environment (in the model, few pro-
ductions matching the active working memory ele-
ments); the appropriate responses are highly routinized
(in the model, high baseline activation in the appropri-
ate production); or there are pronounced differences in
the relevance of the available responses (in the model,
pronounced differences in the association strengths
among working memory elements matched by appro-
priate and inappropriate productions). This accords well
with the common clinical observation that frontal-dam-
aged patients may do well on relatively structured tasks
or very familiar tasks, somewhat independent of diffi-
culty, despite failing dramatically on the types of tasks
modeled here.
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