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feedback signals that one phase of the shopping trip has been completed so that the 

 can begin. 

Cognition ’Is. action The pragmatic system determines the mode of output; 
thought or imagined action ’Is. fully articulated action. FOr fully articulated action, 
the pragmatic system engages all three timing nodes for the action plan, movement 
concept and muscle movement systems, but for imagined action, it engages only the 
higher level timing nodes for the action plan and movement concept systems, so that 
no muscle movement nodes become activated and no overt behavior takes place. In 
this way, thought can proceed without the negative consequences that sometimes 

accompany action. 

This is not say that cognition invariably precedes action or that all higher level� 
systems invariably take part in the execution of an action. Two examples ser"e to� 
illustrate how actions can be executed without the help of higher level nodes. One� 
is Roy’s (1982) observation that people sometimes forget the original goal of an� 
action while continuing to carry out its component parts. The other is a hypotheti ›�
cal example dealing with the use of Ameslan (American sign language). For produc›�
ing Ameslan, a movement concept system for gestures of the arms and hands� 
replaces the phonological system of English for gestures of the respiratory, laryn›�
geal and articulatory organs. However, the higher level sentential nodes represent›�
ing words and phrases are virtually identical for Ameslan and English. Now consider� 
the case of a person with no knowledge of Ameslan who inadvertently happens to 
produce the gesture with the arms that means ’tree’ in Ameslan. The gesture has 
been produced as a nonsense action without the help of the higher level nodes that 
routinely contribute to its production by someone who knows Ameslan. 

But although the action is clearly feasible, it is deficient in control, memorabil ›
ity and appropriateness. The person without the movement concepts for Ameslan 
will not be able to precisely reproduce or even remember the action at a later time. 
Nor will that person be able to produce the action in appropriate contexts i.e. in a 
conversation about trees with someone who knows Ameslan. The situation of the 
apraxic who can produce the components of a action but cannot produce the action 
as a unit in its appropriate context is in many ways analogous: Due to cortical 
damage,  level nodes are no longer contributing to the action, and although 
the lower level nodes are able to execute the components of the action, there is 
obvious impairment. The absense of higher level cognitive control can also lead to 
more subtle deficits: MacKay (1982) experimentally simulated the production of 
nonsense actions resembling the Ameslan example discussed above and showed that 
the flexibility and fluency of an action suffers in the absence of higher level nodes. 

Errors in Action and Their Relation to Attention and Intention 

Errors in everyday behavior provide a challenge for theories or action since 
theories which cannot account for the erros that occur are incomplete or inadequate 
as accounts of the mechanisms underlying behavior. To determine whether the 
present theoretical framework can handle errors in action, we examine three broad 
categories of error from the everyday behavior of normal individuals. We then 
explore the relation between intention and errors and develop a way of describing 
intentions within the present theoretical framework. Finally, we discuss the rela›
tion between attention and errors and describe a way of representing attention in 
the present theory that overcomes some of the problems with earlier theories. 
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Errors in action 

Data driven errors. Irrelevant but simultaneously ongoing perceptual processing 
sometimes causes errors in action. Meringer and Mayer (1895) and Norman (1981) 
compiled several naturally occurring speech errors of this type, but the Stroop 
effect represents a well know experimental demonstration of the same phenomenon 
(see Norman, 198n. Subjects in Stroop experiments are presented with color names 
printed in several different colors of ink and the task is to ignore the word and name 
the color of the ink as quickly as possible. Errors are especially frequent when the 
color name differs from the name for the ink (e.g. the word grren printed in red ink) 
and the most common error is data driven: the printed name green} substitutes the 
required name describing the color of the ink (red). 

Data driven errors are readily explained in the present theory as effects of 
bottom-up priming. The same mental nodes become involved in perception (bottom›
up) and behavior (top-down) and the most primed node in a domain becomes activat›
ed under the most-primed-wins principle, regardless of whether its source of priming 
is from above or below. As a consequence, a node receiving bottom-up priming can 
become activated in error simply because it has acquired mOre priming than the 
intended-to-be-activated node in the same domain, i.e., the node receiving priming 
from a superordinate node in the action hierarchy, 

Decay of priming errors. Errors due to decay of priming resemble absent mind›
edness: The person forgets what they are doing in the process of carrying out an 
action, and must somehow begin again. Norman (1981) provides a dramatic but oth›
erwise characteristic example where a man went to his bedroom but could not recall 
what he wanted there until he returned to his work (writing), discovered that his 
glasses were dirty and returned to the bedroom to fetch the handkerchief he had 
wanted for cleaning them. 

Such absent-mindedness reflects decay of priming in the theory. When activat›
ed, an action plan node primes its subordinate nodes which then become activated in 
proper sequence. However, priming decays over time and with sufficient delay 
between priming and activation, the subordinate nodes in the action hierarchy can 
lose so much priming that no action can take place. 

Thus, in the above example, an action plan node primed nodes for going to the 
bedroom, retrieving the handkerchief and cleaning the glasses. However, while 
actually going to the bedroom, priming of the nodes for retrieving the handkerchief 
and cleaning the glasses decayed to resting level so that no action could occur. 
These nodes became reprimed only later during the subsequent attempt to use the 
dirty glasses for reading. 

Capture errors. Capture errors (see Norman, 1981) seem to reflect a combina›
tion of decay of priming and bottom-up effects: An action commonly associated 
with a given environment replaces the intended action (because of decay or prim›
ing). The following example from William James (1890) is typical: A man went to 
his bedroom to change clothes for dinner but forgot what he was doing, put his pyja›
mas on instead of his dinner clothes, and found himself getting into bed, much to his 
surprise. Apparently, the bedroom environment had a bottom-up effect on the 
selection of the higher level plan (going to bed ’Is. going to dinner) and as Norman 
(1981) points out, theories of action must make provisions for such bot tom-up 
effects. 

Such errors have two possible explanations within the present framework. One 
involves decay of priming as in the errors discussed above. The bedroom environ›
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ment primes at least two nodes; one for changing clothes, the other for going to bed. 
The node for changing clothes is primed from above via the plan to go to dinner, and 
being th.. most primed, becomes activated under the most-primed-wins principle. 
This causes subordinate nodes for removing clothes and for putting on new ones to 
become primed. Assume, however, that this priming has decayed for reasons similar 
to those discussed above: The most-primed-wins principle must be applied again to 
reestablish the superordinate goal. Having accumulated priming from stimuli arising 
from undressing, from sight of the pyjamas and perhaps other sources as well (e.g. 
feelings of fatigue), the node for going to bed may have most priming at this point 
in time and therefore becomes activated, with the ensuing errors, putting on pyja­
mas and going to bed. 

The second explanation resembles the first but requires neither loss of priming 
nor reapplication of the most-primed-wins principle to superordinate domains. 
Under this explanation, the error reflects the general principle of subordinate 
autonomy discussed in MacKay (198l). Specifically, the particular clothes to be 
worn for a given occasion are unlikely to be specified within a higher level plan: We 
often delay choosing specific clothes until we have determined what clothes are 
available in the closet. As a consequence, the pyjamas node may acquire greatest 
priming (for reasons such as those discussed above) when the activation mechanism 
is applied to the domain of clothes nodes, so that pyjamas are donned. This primes 
from below the goal of going to bed, which results in the error of going to bed. 

Under this explanation, capture errors closely resemble the "associative errors" 
in speech recorded by Meringer and Mayer (1895) and Norman (19811. A typical 
example is the substitution of "Lick Observatory" for the intended "Palomar 
Observatory," made by a speaker who was highly familiar with Lick Observatory 
near Stanford. The explanation is as follows: In forming a sentence plan, the noun 
node for observatory becomes activated. This primes a set of noun phrase nodes 
from below, including the one for "Lick Observatory" (noun phrase). This node 
acquires more priming for whatever reason and automatically becomes activated 
under the most-primed-wins principle, causing the error. 

Intention and errors 

Errors are closely related to the issue of intention since an intention is by defi­
nition violated in producing an error. What are intentions and how are they 
expressed in action (when they are)? 

We are here concerned with intentions during the course of action rather than 
the knowledge one may have about one's own intentions prior to initiating an action. 
These 'intentions in action' represent an answer to the question "What are you trying 
to do" and any theory of action must capture three basic characteristics of such 
intentions: their indirect relation to action: their multifaceted 'lature; and their 
close connection with the units of performance (see MacKay, 1983). We argue below 
that the present theory captures all three of these characteristics. 

Indirect relation between intention and action. Intentions mayor may not 
become expressed in action. Errors represent one example where actions and inten­
tions fail to correspond and context~ependent intentions represent another. For 
example, one can have a context-dependent intention to light a candle when in need 
of light but if that need never arises, the intention never becomes expressed in 

action. 

The present theory readily explains this indirect relationship between intention 
and action. Under the theory, intentions correspond to the priming of sequence and 
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content nodes in preparation for action. These intentions then become expressed in 
action when the timing nodes for the lowest level muscle movement system become 
activated. Activating these timing nodes often depends on a specific cue such as 
darkness in the candle example discussed above. And even when the timing nodes 
are activated, the intended action does not always occur. Incongruities between 
intention and action are to be expected in a theory where a node must not only be 
strongly primed, it must be more primed than any other node in its domain in order 
to become activated under the most-primed-wins principle. 

The multifaceted nature of intentions. One not onlv intends to execute the 
components of an action but to execute them in the proper sequence and at an 
appropriate rate. To illustrate this multifaceted nature of intentions, consider the 
intention of lighting a candle. Components such as striking a match, applying it to 
the wick of the candle until it ignites, and blowing out the match are an integral 
part of the intention. But so is the proper sequence: the sequence "Strike match, 
blowout match and hold match to candle" clearly violates one's intention to light a 
candle. 

The present theory readily captures this multifacted nature of intentions. The 
components of an intended action correspond to the top-down priming of content 
nodes in an action hierarchy and the intended sequence corresponds to the priming 
of sequence nodes. All that is required for action is the 'go signal' or activation 
pulse from the appropriate timing node. 

The relation between intentions and the units of performance. Intentions are 
closely related to the units for carrying out a task. Consider for example the units 
underlying the operation of a lathe (from Welford, 1968, p.193): "At any given 
instant we should find a detailed muscular action in progress--say, a twisting of the 
wrist to turn a handwheel on the tool carriage. The action would, however, be only 
one of a series required to move the tool over the surface of the work. This again 
would be only one part of the cycle of operations required to machine the article 
concerned, and the article might be only one of several needed for the job of con­
struction on which the man was engaged". As Welford (1968) points out, the per­
formance units underlying these actions must be hierarchically organized, such that 
the larger units at each level encompass the smaller, "organizing, coordinating, 
steering and motivating those that lie below". 

Consider now the intentions underlying these actions as reflected in answers to 
the question "What are you trying to do?" The man is simultaneously intending the 
action (e.g. gauging), the series of actions (moving the gauge systematically over the 
wood), the cycle of operations (making a table leg) and the job of construction 
(making a table). Like the performance units, then, the intentions are hierarchically 
organized, and vary with the level under consideration. 

The present theory readily explains this close relationship between intentions 
and the units of performance. Since intentions correspond to the priming required 
to activate the sequence and content nodes, intentions constitute an essential ingre­
dient in the control of action. and the components of intention and action are core­
ferential in the theory. 
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Attention and Errors 

Current theories sometimes attribute errors to lack of attention, but attention 
often soes undefined and acquires animistic properties in these theories. In what 
follows we attempt to develop an alternate view of attention that overcomes some 
of these flaws. 

Under the present theory, attention is the perceptual analogue of intention: it 
corresponds to the priming of nodes representing an anticipated perception. By way 
of illustration, consider an example from visual perception (Kaufman, 1974): A sub­
ject is instructed to expect a duck when presented with Jastrow's ambiguous rabbit­
duck. The subject will see the duck rather than the rabbit because the instructions 
activate a proposition node representing the concept"A duck will be presented". 
This proposition node primes the nodes in a visual concept system which represent 
ducks and their characteristic attributes. These nodes therefore become activated 
under the most-primed-wins principle and determine perception of the ambiguous 
figure. 

Consider now an example involving attention in action (from Norman, 1981 l. A 
man has decided to stop at the fish store on the way home from work but is paying 
attention to something else at the intersection where he must detour to the fish 
store. As a result he fails to go to the fish store as intended but goes straight home, 
his usual pattern of behavior. 

Such failures of attention can be explained in the same was as the decay of 
priming errors discussed above. When we plan an action such as detouring to a fish 
store on the way home, connections are formed between action plan nodes and nodes 
within the visual concept system, here the nodes representing the perceptual cues 
for the turn-off. These visual concept nodes, therefore, become primed during the 
course of the action, so that when the cues themselves appear, the visual concept 
nodes become activated under the most-primed-wins principle and strongly prime 
the plan nodes for making the detour. The outcome is error-free behavior as 
planned. 

What happens when one fails to pay attention and is thinking about some other 
plan when the cues for making the detour appear? Thinking about some other plan 
implies tha t the fish store plan is no longer activated, so that both the plan for 
makinl:: the detour and the visual concept nodes representing the intersection are 
suffering from decay of priming. As a consequence, bottom-up priming from the 
visually experienced intersection may fail to reach the action plan node for making 
the detour in sufficient strength. As a result, the more frequently activated plan of 
driving straight home may predominate at this critical choice point and become 
activated under the most-primed-wins principle. 

The concepts of critical choice points and competing mental activities are of 
course not neW (see Reason, 1979; Freud, 1914). However, viewing attention as the 
priming of high level perceptual nodes ~ new and obviates an appeal to animism 
seen in earlier theories. For example, Reason (979) maintained that attention must 
be devoted at critical choice points in an action sequence to prevent the intrusion of 
a parallel mental activity as in Freudian and data driven errors. However, attention 
played the role of a homunculus which must be on the lookout for these choice 
points when two competing action patterns share common elements or are both 
associated with same environmental situation. If the homunculus is' asleep i.e., 
insufficient attention is being paid, then the most frequent or most recently acti­
vated of the two competing actions will occur, whether correct or not. If the 
homunculus is awake, it inhibits the stronger habit, allowing the appropriate behav­

ior to occur. As in Freud's theory, civilized behavior requires a homunculus to 
inhibit stronger or more primitive impulses. In contrast, however, the present theo­
ry vie .....s appropriate behavior as the result of maintaining the priming of nodes con­
trolling the intended sequence of action. 

Movement Disorders 

One way of "testing" any theory of skilled action is to determine whether it can 
account for the errors that OCCUr in the performance of brain-damaged patients. (n 
what follows we test the node structure theory against current clinical data on the 
movement disorder known as apraxia. As Heilman (1979) points out, complex 
learned beha viors become disorganized in apraxia but not because of paralysis, 
weakness, deafferentation, abnormality of tone or posture, abnormal movements 
such as tremors and chorea, intellectual deterioration, poor comprehension or 
uncooperativeness. We begin by examing two general phenomena (environmental 
susceptibility and hemispheric asymmetry) which are characteristic of virtually all 
apraxias. We then apply the theory to three main forms of apraxia (callosal, idea­
tional and ideomotor) which playa prominent role in the recent literature. 

Environmental susceptibility 

Environmen'tal susceptibility is a general phonomenon associated with cortical 
damage: The patient requires the appropriate context or situational props in order 
to commence and direct an action and becomes easily distracted by irrelevant con­
textual cues. For example, an apraxic may begin the task of collecting and sorting 
out the dirty laundry but ends up cleaning the bathroom instead since the environ­
ment (a dirty bathroom) primed another course of action (Roy, 198Z). Such an error 
is, of course, less likely to occur when the apraxic maintains a situational prop (the 
clothesbacket) in hand. Similarly, apractics are often unable to demonstrate the use 
of a tool except in its appropriate environmental context. (f asked to mimic the 
action of hammering a nail in the absence of both hammer and nail, they have diffi­
culty carrying out the action. 

Why does perceptual input play such a dominant role in the behavior of apractics 
and other patients with cortical damage? Environmental susceptibility introduces 
serious problems for current theories of motor control (see Roy, 198Z), but follows 
straight forwardly from the present framework. Under the theory, cortical damage 
impairs the effectiveness of higher level nodes, thereby reducing the degree of top­
down priming in an action hierarchy. However, bottom-up priming is by definition 
unimpaired in apraxia and, therefore, acquires an exaggerated influence on which 
node receives most priming and becomes activated. No problem arises when these 
environmental cues are congruent with the required action: The bottom-up priming 
from the tool or the environmental context will facilitate the appropriate action. 
However, inappropriate actions become likely in the presence of irrelevant cues, 
such as the dirty bathroom. These irrelevant cues provide strong bottom-up priming 
which predominantes over the weaker top-;:lown priming for the intended action, so 
that inappropriate nodes become activated under the most-primed-wins principle and 
data driven errors become the norm. 

By weakening top-down priming, cortical damage will also increase the likeli­
hood of decay of priming errors: Under the theory, apraetics are likely to omit as 
well as substitute components within a sequence of actions. 
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Hemispheric asymmetry 

A steady stream of findings over the past 20 years indicates that the left hemi­
sphere plays a special role in the sequencing and timing of behavior (whether verbal 
or nonverbal). For example, left hemisphere lesions in right-handed people selec­
tively impair the sequencing of movements such as pushing a button, pulling a handle 
and pressing a bar in the Kimura-bar test (Kimura, 1977). However, right hemi­
sphere lesions selectively disrupt spatial abilities: These patients experience diffi­
culty perceiving the spatial relations between objects (as in copying an abstract 
design or drawing a diagram or map) and positioning objects spatially (as in assem­
bling the pieces of a jigsaw puzzle or building a structure out of blocks). 

Current theories are in agreement that deficits arising from right hemisphere 
lesions reflect an inability to code spatial patterns or relations between objects. 
The reasons for the left hemisphere effects are more controversial. Almost all cas­
es of apraxia in right-handed people originate from left hemisphere lesions. Since 
the left hemisphere is usually dominant for language in these patients, it has been 
suggested that a verbal control system located within the left hemisphere is respon­
sible for directing and sequencing skilled behavior. Thus, left hemisphere lesions 
cause apraxia by disrupting the control of action via internal speech or other lin­
guistic means. 

This view of left hemisphere apraxias has been discredited by both clinical and 
experimental data. On the one hand, clinical tests of aphasia and apraxia are poorly 
correlated and surgicaly induced left hemisphere lesions outside the speech area 
often result in apraxias with no demonstrable aphasic symptoms whatsoever (Kolb 
and Whishaw, 1980). On the other hand, whole classes of aphasia without apraxia 
and of apraxia without aphasia are everywhere apparent. For example, animals are 
capable of generating complexly sequenced actions but are, of course. incapable of 
speech. Likewise, animals with frontal lesions exhibit apraxic symptoms without 
even the possibility of a causal language deficit. 

The present view of left-hemisphere apraxias is immune to these criticisms. 
Under the node structure theory, content nodes for speech and action are partly 
overlaping and partly independent: they become integrated within the pragmatic 
system but are separate and independent within lower level systems (see Figure 11). 
Damage to the pragmatic system can, therefore, disrupt both speech and action 
whereas damage limited to a lower level system can disrupt speech without disrupt­
ing action or vice versa. For example, damaging only the phonological system will 
disrupt speech but not action. 

Localized and selective damage to content nodes only cause limited incapacities 
in specific behaviors and these behaviors are easily relearned. However, apraxia 
(and aphasia) can arise in another and much more serious way, namely through dis­
connection or disruption of the sequence and timing nodes for a class of behaviors. 
Such lesions would not only disrupt the sequencing and timing of many actions but in 
all likelihood would cause inability to activa te many of these behaviors as well. 
Moreover, because of the role of sequencing and timing nodes in activating, 
strengthening and forming new connections. relearning these behaviors would be 
difficult. 

Consider now the issue of hemispheric asymmetry. An accumulating body of 
evidence (Tzeng, Hung lie Wang, Note 2) suggests that the sequence and timing nodes 
are located in the left hemisphere for both speech and action. This being the case, 
it makes sense that left hemisphere lesions are likely to disrupt the activation, 
sequencing and timing of speech or action or both, as noted above. 

One of the predictions of this view is tha t left hemisphere lesions should also 
disrupt the perception of sequence and timing since the same nodes govern both 
perception and production within higher level systems. Congruent with this pre­
diction lesions within the left but not the right hemisphere interfere with the per­
ception of temporal order (Efron, 196]) and of rhythm (Robinson and Solomon, 1974) 
for both visual and auditory stimuli. Such findings suggest that sequencing and tim­
ins may represent a general function of the left hemisphere, so that the present 
theory can be viewed as specifying the principles underlying functioning of the left 
hemisphere. Whether similar principles govern functioning of the right hemisphere 
remains an open question. 

Forms of apraxia 

Callosal apraxias. Collosal apraxias result when the corpus callosum becomes 
levered, thereby disconnecting the left and right cerebral hemispheres. In right­
haaded patients, the symptoms are as follows: The patient retains virtually normal 
UN of the right hand but has difficulty imitating or performing these same actions 
OD command using the left hand. The ability to use the left hand to demonstrate the 
characteristic use of a well-known object, e.g. a comb, is also impaired but not as 
severely (see the above discussion of environmental susceptibility). 

These symptoms are readily explained under the node structure theory. In a 
ritht-handed person, the control mechanisms for activating, sequencing and timing 
the higher level aspects of action are localized in the left hemisphere. As a result, 
callosal lesions disconnect these left hemisphere control mechanisms from content 
nodes located in the right hemisphere. Since right hemisphere content nodes control 
tbe organizaton of action in the left hand, these patients become unable to use their 
left hand for generating complex actions. 

We emphasize again that the above discussion applies only to right-handed per­
sons. For persons who are ambidextrous or left-handed, there is evidence to suggest 
that the sequencing and timing mechanisms for both speech and action may be rep­
resented bilaterally or in the right hemisphere. 

Ideational apraXia. Ideational apraxia frequently occurs with lesions to the 
dominant (usually left) parietal lobe in the region of the angular gyrus and associa t­
ed subcortical structures (Heilman, 1979). Ideational apractics can imitate actions 
and demonstrate how to use an object without making errors but have difficulty ini­
tiating the same movements on the basis of verbal instructions. The problem is not 
comprehension of the instructions since these patients can indicate understanding by 
correctly pointing to a picture of the action. 

Performing a series of acts leading to a goal is also difficult for idea tional 
apractics: Even when they can perform the individual acts making up the sequence, 
they often get the order wrong. For example, when called upon to light a· candle, 
the patient may light the match and then blow it out before applying it to the wick. 

Ideational apraxias have several possible bases within the present theory. One is 
a disconnection syndrome: The lesion has disconnected the systems for action (e.g. 
the action plan system) from systems for speech (e.g. the sentential system). Since 
the problem here is not so much with movement ~ as with integration of verbal 
instructions and motor responses, these patients can imitate actions and manipulate 
objects appropriately, but cannot initiate actions on command (d., Geschwind, 
1975). 
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The theory suggests a diHerent basis for ideational apractics experiencing diffi­
culties sequencing an action. The sequence nodes are the problem here. If a lesion 
weakens or distorts the inhibitory interactions between sequence nodes, whole class­
es of actions will tend to become misordered. Such a lesion may also impair the 
quenching and self-inhibitory mechanism that enables sequence nodes to return to 
resting level following activation. This would increase the likelihood of persevera­
tion errors; i.e. repetition of a given behavior or behavior component. 

Ideomotor apraxia. Ideomotor apraxia frequently occurs with lesions to the 
dominant (usually lert) parietal lobe and subcortical white matter in the region of 
the supramarginal gyrus (Heilman, 1979). The plan of action seems intact for these 
patients but the individual components of a gesture are jerky, clumsy and uncoordi­
nated, whether in performance to command, imitation or use of actual objects. The 
subgroup with solely cortical damage seems generally incapable of recogni7:ing their 
own actions as being clumsy. When shown films of smooth vs. clumsy movements, 
these patients often pick the clu~sy act as the correct one (Valenstein and Heilman, 
cited in Heilman, 1979). When miming an action such as using a hammer, these 
apractics are also known to use a body part instead of the imagined object (e.:;. the 
fist is used to represent the head of the hammer rather than to hold the handle). 

The clumsiness or arhythmia of ideomotor apractics is readily explained under 
the node structure theory. The rythmicity or smoothness of an action is a function 
of the timing nodes, which also determine the tempo or rate of action. However, 
the problem here is not that the overall rate is too fast or too slow but that it is 
inconsistent: Fast pulses are intermixed with slow ones, so that the sequence of 
movements appears jerky, clumsy and unpredictable. The fact that some of these 
apractics cannot distinguish between clumsy and graceful movements is to be 
expected under the theory, since the higher level nodes for perceiving and producing 
actions are identical. It is also possible that the higher level systems for analy7:ing 
visual concepts have undergone damage in these patients, contributing further to 
their inability to distinguish clumsy from fluent actions. 

The use of a body part as substitute for an imagined object (e.g. a finger for a 
spoon or a fist for a hammer head) is somewhat more complex under the theory. 
Here the patients seem to be substituting a similar but inappropriate action (hitting 
an object with the fist or getting food into the mouth with the finger(s) in these 
examples). Moreover, the substituted action involving the body part may be gener­
ally more frequent, a major contributor to errors of this sort under the theory. The 
fact that body parts are present in experience whereas an imagined object is not 
could also contribute to these substitutions (see the above discussion of environmen­
tal susceptibility): As expected under the theory, the performance of these patients 
typically improves dramatically when using an actual rather than imagined object 
(Heilman, 1979). 

The Physiological Plausibility of Node Structure Theory 

All theories are intended to go beyond existing data and to stimulate either 
direct or indirect tests. For theories in human neuropsychology, however, direct 
tests are orten impossible and indirect tests are diHicult and time-consuming. 
Before testing the neural implications of a theory based originally on behavioral 
data, a preliminary evaluation of its physiological plausibility is desireable: What 
neural mechanisms are required or suggested by the theory and how plausible are 
these mechanisms given the current state of our physiological knowledge? 
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Each node in the theory consists of one or more interconnected neurons and 
increases in linkage strength for the connections between nodes mav reflect the 
increased efficiency of neural transmission across synapses that results from 
repeated post-synaptic activation (Eccles, 1972). At least in higher level systems. 
however, priming cannot be equated with short-term potentiation across a synapse, 
and activation cannot be equated with the firing of a neuron, since neural potentia­
tion and firing obey very different time characteristics from those required for the 
priming and activation of higher level nodes. Rather, activation of a node may cor­
respond to rates of firing of a neuron that can be sustained without decrement by 
means of an excitatory collateral. Priming would then correspond to the range of 
firing rates which are below the threshold of the excitatory collateral and which 
cannot therefore sustain activity of the parent neuron. An inhibitory collateral with 
an even higher threshold may then introduce the self-inhibition that follows activa­
tion of the parent neuron. 

Given a physiological instantiation such as this, the node structure theory 
requires a nervous system with five general characteristics, the plausibility of which 
we examine below. One general characteristic is a large number of components 
with a multiplicity of connections between them. Since each node consists of one or 
more neurons, the theory requires billions of neurons with hundreds of connections 
to and from each one. In line with this requirement, the human nervous system con­
tains over 140 billion neurons (Kolb and Whishaw, 1980) and each of these can 
synapse with and receive synapses from over 1000 other neurons (Eccles, 1972). 

Functionally specific morphological subdivisions within the nervous system are a 
second requirement of the theory: neurons must be organi7:ed into systems and 
domains or functionally distinct pools. In line with this requirement, the nervous 
system seems to be organized into many subcomponents with specific although not 
always completely understood functions. As Brodal 0973, p.687) points out, "It is 
the rule, rather than the exception that even a small nucleus (or pool of neural cell 
bodies) can be divided into parts or territories which diHer with regard to cytoar­
chitecture, glial architecture, vasoarchitecture, fiber connections, synaptic 
arrangements and by its chemistry.· Neural compartmentalbation characterhes 
even the lowest level spinal systems controlling muscle movement. Consider the 
alpha mononeurons for example, the lowest level nodes within muscle movement 
systems. The cell bodies of alpha-motoneurons are clustered into pools at every 
level in the spinal cord and like a domain, each pool is functionally distinct, inner­
vating motor units within a single muscle or group of anatomically related muscles 
(see Schmidt, 198Z). 

The third general requirement is that the nervous system be organized into 
motor, sensory and association systems each with a hierarchy of levels of function. 
Evidence supporting this general organizational structure has been accumulating 
since the time of Hughlings-Jackson and is well documented in recent literature (see 
for example Kolb &< Whishaw, 1980). 

A fourth general requirement is a set of semi-specific activating systems which 
function like sequence nodes. Recent evidence indicating that the reticular forma­
tion contains many individual nuclear groups with semi-specific rather than com­
pletely nonspecific activating functions (see Kolb & Whishaw, 1980) renders this 
requirement physiologically plausible even though the actual function of these 
nuclear groups remains to be determined. 

The fifth general requirement is that voluntary actions be accompanied by a 
rhythmic activity corresponding to the periodic pulses from the time nodes. This 
requirement seems physiologically plausible in view of recently observed correla­
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tions between the onset of some voluntary activities and rhythmic bursts from mid­
brain and forebrain structures in the rat (Bland l!< Vanderwolf, 1972). The 4 - 7 cps 
'theta' pulses from the hippocampus to the forebrain specifically suggested to Kolb 
l!< Whishaw 0980, p.24l) that the forebrain "is controlling voluntary movements to 
ensure that they are appropriate in sequence, time and place." Whether pulses from 
hippocampal timing nodes to sequence nodes in the forebrain are the basis for the 
theta rhythm is currently unknown but this and other hypotheses concerning the 
neural substratum for the present theory seem sufficiently plausible to warrant fur­
ther test. 
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