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the domain temporal adjective, thereby organizing these nodes together into a
single domain. However, domains reflect a functional retationship among nodes.
Domains should not in general be thought of as sets of nodes aggregated into
nonoverlapping anatomical areas of the brain. Although such localization may
actually occur in lower level systems (D. G. MacKay, 1985), one and the same
content node in a higher level system can receive connections from several
sequence nodes and thereby occupy several domains. For example, consider the
sentential system representation of the many English words that can be used with
identical meaning as either nouns or verbs, for example, practice. A single con-
tent node, practice(noun, verb), represents this word and becomes activated by
either NOUN or VERB. Because dual-function content nodes, such as this one,
simultaneously occupy more than one domain, higher level domains must over-
lap, at least to some extent, at the neuroanatomical level.

From a functional point of view, a sequential domain consists of a set of nodes,
all of which have the same sequential function. Thus, the domain of content
nodes representing nouns all have the same sequential properties or privileges of
occurrence in English sentences. Similarly, the domain of nodes representing
vowels all have the same sequential properties, or privileges of occurrence, in the
syllables of English or any other language.

THE TRIGGERING FUNCTION

The second function of sequence nodes is to activate whichever content node has
greatest priming in its domain. This most-primed-wins principle for activation
follows directly from the nature of connections between sequence and content
nodes. Once a sequence node becomes activated, it automatically and simultane-
ously multiplies the priming of the entire domain of content nodes connected
with it, so that their level of priming increases rapidly over time. However, the
intended-to-be-activated node in the domain has just received priming “from
above,” because its superordinate node (see Figure 3.1) has just been activated.
Being most primed (usually), this primed-from-above node reaches threshold
sooner than other “extraneous” nodes in its domain and becomes activated.

Once a content node becomes activated, its sequence node must return quickly
to resting level, because content nodes have a return connection to their sequence
node, which could cause reverberatory reactivation. Thus, an activated content
node must quench, or inhibit, rather than further prime, its corresponding
sequence node, so that only one content node becomes activated at any one time.
Without being quenched, a sequence node could simultaneously activate several
nodes in its domain, causing a potential breakdown in behavior. Quenching
requires a threshold mechanism, which if exceeded, causes content nodes to
inhibit rather than prime their sequence nodes.

THE SEQUENCING FUNCTION

It is important to understand that priming is fundamentally nonsequential. An
activated content node primes all of its connected nodes at the same time.
Sequence nodes are needed to impose the sequence of activation, and thereby
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determine the appropriate temporal sequence for words, segments, and muscle
movements in the final output. For example, activating practice(noun, verb)
simultaneously primes prac(stressed syllable) and tice(unstressed syllable), and
as discussed above, the connections between sequence nodes represent which one
comes first, enabling the correct sequence to be generated in the final output.

A SIMPLIFIED EXAMPLE

To illustrate how timing and sequence nodes interact to determine whether,
when, and in what order content nodes become activated in everyday speech
production, consider how the words frequent and practice might become
sequenced in the noun phase “frequent practice” Figure 3.2 illustrates the
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FIGURE 3.2. The order of top-down processes (in parentheses) underlying activation of
content nodes (in rectangles), sequence nodes (in circles), and the sentential timing node
(in triangle) for producing the noun phrase frequent practice. (From “The Problems of
Flexibility, Fluency, and Speed-Accuracy Trade-Off in Skilled Behavior” by D. G.
MacKay, 1982, Psychological Review, 89, p. 492. Copyright 1982 by American Psycho-
logical Association, Inc. Reprinted by permission.)
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hypothetical content nodes (in rectangles), sequence nodes (in circles), and
timing node (triangle). Unbroken lines in Figure 3.2 are excitatory, the broken
lines represent the quenching mechanism, and the dotted lines represent the
inhibitory relationship between sequence nodes. Similar connections and
processes are postulated for all sequentially organized mental nodes.

Assume that the node representing the sentential concept, frequent prac-
tice(noun phrase) has received top-down priming and is activated first in the same
way as any other nodes, such as the ones described below. Activation of frequent
practice(noun phrase) causes simultaneous priming of frequent(adjective) and
practice(noun), which immediately pass on second-order priming to their
hypothetical sequence nodes, ADJECTIVE and NOUN. The inhibitory link
between ADJECTIVE and NOUN temporarily reduces the priming level for
NOUN, so that ADJECTIVE is most primed and becomes activated under the
most-primed-wins principle following the first pulse from the timing node.
ADJECTIVE therefore multiplies the priming of every content node in its adjec-
tive domain, and the one with the most priming in the domain reaches threshold
soonest and becomes activated (the most-primed-wins principle). The node with
the most priming in the adjective domain will of course usually be frequent(adjec-
tive), which has just recently been primed by frequent practice(noun phrase).

Once activated, frequent(adjective) “quenches” its sequence node; that is, it
quickly reduces the activity of ADJECTIVE to resting level, thereby ensuring
that one, and only one, content node in the domain becomes activated at any
given time. Quenching of ADJECTIVE releases the inhibition on NOUN, which
therefore dominates in degree of priming within the domain of sentential
sequence nodes, and NOUN becomes activated under the most-primed-wins
principle following the next pulse from the sentence timing node. NOUN there-
fore multiplies the priming of the entire domain of noun nodes, but having just
been primed, practice(noun) has more priming than any other node in the
domain and becomes activated under the most-primed-wins principle.

This example gives a flavor of the complexity of the processes that must
underly sequencing in a skilled behavior such as speech production. As already
noted, however, I have chosen a simple example. It focuses on only two nodes
among the millions of nodes that are relevant to the way words combine to form
the grammatical sentences of English. And I have simplified this simple example
even further by representing the domain of, say, the word frequent, as adjective.
As discussed above, the domain of frequent must be temporal adjective, rather
than just adjective.

Differences Between Sequence and Content Nodes

How do sequence and content nodes differ? Although sequence and content
nodes are similar in some respects, they differ in others, and the differences sum-
marized in the following section are important for understanding the theory.
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FuNcrioNAL DIFFERENCES

Two basic functions that differentiate sequence nodes from content nodes are
activation and sequencing. Sequence nodes can cause their connected nodes to
become activated but content nodes cannot. No matter how long a content node
primes a connected node, activation cannot occur without the help of the trigger-
ing mechanism or sequence node specific to the primed node. With respect to the
sequencing function, content nodes cause simultaneous, that is, cotemporal or
nonsequential activity in their connected nodes. Priming from an activated con-
tent node is invariably transmitted to all of its connected nodes at the same time.
Only sequence nodes give rise to sequential activity by activating content nodes
in a predetermined order.

QUANTITATIVE DIFFERENCES

Both content and sequence nodes are organized into domains, receive priming
from connected nodes, and are activated by multiplication of priming under the
most-primed-wins principle. However, there are quantitative differences in the
connections and domains for sequence versus content nodes. A content node
typically connects with a single sequence node and with only two or three content
nodes, which usually occupy different domains. In contrast, a sequence node
connects with up to a thousand content nodes, which always occupy the same
domain. For example, NOUN only connects with content nodes in the domain
noun. A sequence node also connects with other sequence nodes, but only ones
in its own domain. For example, NOUN only connects with other sequence nodes
in its own (sentential sequence) domain.

Content and sequence nodes also differ greatly in number. Because different
sequence nodes by and large connect with different content nodes and because
each sequence node connects with many (up to a thousand) content nodes,
content nodes must outnumber sequence nodes by a ratio of up to a thousand
to one.

The number of domains that content versus sequence nodes are organized into
also differs by at least an order of magnitude. Content nodes are organized into
as many domains as there are sequence nodes. In the case of speech production,
there are hundreds of sequence nodes and, therefore, hundreds of content node
domains. In contrast, sequence nodes for speech seem to be organized into only
about three domains: sentential sequence nodes, phonological sequence nodes,
and (speech) muscle movement sequence nodes.

In summary, sequence nodes can be considered semispecific rather than non-
specific activating mechanisms. Because sequence nodes connect with, and
activate, a specific and limited set of content nodes in domains such as color
adjective, they exhibit some degree of specificity. However, sequence nodes also
exhibit considerable nonspecificity, and certainly more nonspecificity than
content nodes, because they always connect with, and activate, a category of
content nodes rather than just one.
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DiFFERENCES IN CONNECTIONS

Connections between one content node and another differ from connections
between one sequence node and another. Connections from one content node to
another are simple (nonmultiplicative) and excitatory in nature and usually
involve nodes in different domains. For example, a noun phrase node usually
connects with nodes in domains such as adjective and noun. In contrast, con-
nections between sequence nodes are inhibitory in nature and always involve
nodes within the same domain. For example, the sequence node ADJECTIVE
inhibits NOUN within its own domain of sentential sequence nodes for produc-
ing English.

Connections from content to sequence nodes also contrast with connections
from sequence nodes to content nodes. Sequence nodes only send a multiplica-
tive connection to their connected content nodes, while content nodes send a
simple excitatory connection and a quenching connection to their connected
sequence node(s).

CENTRALITY TO A SYSTEM

Sequence nodes can be considered more central to a system than timing and
content nodes. For example, sequence nodes receive connections from all three
types of nodes: timing nodes, content nodes, and other sequence nodes. Content
nodes, although essential for all instances of behavior, are structurally more
peripheral than sequence nodes and only receive connections from sequence
nodes and other content nodes. Timing nodes are likewise essential, at least
for skilled behavior, but are the least central type of node in a system. A timing
node receives connections from neither sequence nor content nodes within its
own system.

Implications of the Theory

The node structure theory was designed to incorporate the general requirements
for theories of sequencing outlined in the introductory section of this chapter, and
it should come as no surprise that the theory explains the phenomena discussed
there. I therefore focus on only two of these phenomena, in order to illustrate
some implications of specific applications of the theory.

Production Onset Time

Recall that production onset time (the time to begin to produce a preplanned
behavior) is shorter when the behavior consists of a single component than when
it consists of a sequence of components. The node structure theory explains this
finding as due to the time required to prime and activate the nodes preceding the
first muscle movement node in the sequence. Some of these activated nodes are
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sequence nodes, and onset time also depends on the interactions between
sequence nodes, that is, the number of serial-order rules that must become acti-
vated (or, equivalently, sequential decisions that must be made; see Figure 2.5)
prior to activating the first muscle movement nodes.

Temporal duration at the surface level is irrelevant to production onset time
under the theory, so that, despite the large differences in surface duration, only
small increases in onset time can be expected for a one- versus two-syllable word,
for a one- versus two-sentence paragraph and for a one- versus two-topic pre-
planned lecture (all other factors except output duration being equal). Even the
number of preplanned components per se is irrelevant to onset time. As already
noted, production onset time for, say, pain and paint should be equivalent under
the theory (all other factors except length being equal), because the same number
of nodes and serial-order rules must become activated before activating the first
muscle movement node for /p/. The nz node and the serial-order rule for n + tin
paint only become activated after the first muscle movement node has been
primed and activated. Here the extra nodes and sequential operations leave onset
time unchanged and add only to the overall time to produce the word. This pre-
diction contrasts sharply with predictions from other theories (e.g., Klapp,
1979), which view the temporal duration of a preplanned sequence as the critical
determinant of production onset time.

The node structure theory also provides a coherent account of Klapp and
Wryatt’s (1976) onset time data for sequences of finger movement. Recall that
production onset times are longer for Morse code sequences beginning with a dah
than a dit. A dit requires three hierarchically organized content nodes above the
muscle movement level (see Figure 3.3): the highest level “dit node,” and two
subordinate nodes, one representing the press, and the other the lift for releasing
the key. In support of this representation, Wing (1978) showed that the mechan-
isms for pressing and lifting the finger from a key are independent. A careful
analysis of the timing characteristics of the lift and press components in an
experiment involving repetitive finger tapping indicated that lifting the finger
from the key is not triggered by the preceding press or vice versa. As Wing (1978)
points out, the independence of these components is also required to explain the
blocks or temporary pauses that sometimes occur in rapid finger tapping and
other repetitive activities (see also Glencross, 1974). These blockages suggest
that the independent press and lift components fall progressively out of phase
until they become activated simultaneously rather than sequentially at the muscle
movement level, so that no movement can occur.

Note, however, that a dah is more complex than a dit by any analysis: a dah
requires an additional node for representing the fact that the key must be held in
contact with the terminal, plus a timing mechanism for specifying the duration
of this contact phase. (Figure 3.3 leaves out the timing mechanism but represents
one possible relation between the content nodes for a da#, although not the only
possible relation given our current state of knowledge about Morse code.) The
longer onset time for dakh (in either first or second position) may therefore
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DIT (send)
key down key up
{press) {retease ]
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FIGURE 3.3. The structure of content nodes for a beginner producing dir versus dah in
Morse code (D. G. MacKay, 1985).

reflect the greater number of content nodes, serial-order rules, and timing pulses
that must be activated to begin producing a dah.

The theoretically more challenging finding concerns the longer initiation
times for sequences containing different components (i.e., dah-dit and dir-dah)
than for sequences containing identical components (i.e., dah-dah and dit-dit).
Under the node structure theory, this finding reflects a difference in the mechan-
isms for repeating an element versus sequencing different elements. A repeated
component requires a simple repeat mechanism, without any sequential decision
(interaction between sequential nodes representing a sequential rule), whereas
sequencing different components requires a (time-consuming) sequential deci-
sion involving interactions between two or more sequence nodes. Moreover, in
this particular case, the two sequential rules conflict with one another (dit + dah
for one sequence and dah + dit for the other) and cannot be called up in advance,
adding further to the time required to resolve which element comes first under

the most-primed-wins principle.

The Sequential Class Regularity

The sequential class regularity occurs in speech errors when one linguistic
component inadvertently substitutes another. The substituted and substituting
components almost invariably belong to the same sequential class. For example,
over 99% of the word substitution errors in Stemberger’s (1985) corpus obeyed
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the sequential class regularity. Nouns substituted with other nouns, verbs with
verbs, and not with, say, nouns or adjectives. As noted earlier, this regularity also
holds for other levels of speech production: for substituted morphological com-
ponents (prefixes substitute with other prefixes, suffixes with other suffixes, and
never prefixes with suffixes); for substituted syllabic components (initial con-
sonant clusters substitute with other initial clusters, final with final, but never
initial with final); and for substituted segmental components (vowels substitute
with vowels, consonants with consonants, and never vowels with consonants).

The sequential class regularity also holds for other types of errors: anticipa-
tions, perservations, and transpositions (although somewhat less strongly; see
the exceptions discussed in the following section). As Meringer and Mayer
(1895) pointed out, a common mechanism almost certainly underlies all three
classes of errors, and the most-primed-wins principle is exactly the sort of com-
mon underlying mechanism that is needed. Errors occur under the node structure
theory whenever an “intended” node has less priming than some other “extrane-
ous” node in its domain when the activating mechanism is applied. Because an
activating mechanism also applies to a particular domain or sequential class, this
means that substituted components at every level in the system will belong to the
same sequential category. For example, if crotch(noun) acquires greater priming
than watch(noun), for whatever (e.g., Freudian) reason, crotch will substitute for
watch when the activating mechanism is applied to the noun domain. However,
the noun crotch will never substitute with a verb, even a phonologically similar
verb such as botch, because the corresponding activating mechanisms cannot be
applied simultaneously to both the noun and the verb domains. Because of the
most-primed-wins principle, only one sequence node can be applied at a time;
either NOUN or VERB can become activated, but not both simultaneously. Of
course, this is not to say that one initial consonant, /b/, cannot substitute for
another, /w/, to cause the substitution of borch for watch. When this occurs,
however, the error involves not a word substitution, but a phonological substitu-
tion which obeys a sequential class regularity of its own: initial consonants
substitute with initial consonants.

The node structure theory predicts, further, that the sequential class phenome-
non will hold statistically for all types of errors, including also nonsequential
errors such as blends and malapropisms. The reason is of course that an activat-
ing mechanism can only activate and misactivate nodes within the same sequen-
tial domain as the appropriate or intended-to-be-activated node. A similar
regularity should also hold for errors in other highly skilled behaviors, even those
involving very different sequential classes, such as typing, where the two hands
seem to make up one domain; the different types of strokes (horizontal, vertical,
lateral) make up a second; and the homologous fingers of the two hands make up
a third class of domains (Grudin, 1981).

EXCEPTIONS TO THE SEQUENTIAL CLASS RULE

About 20% to 30% of Stemberger’s 1985 corpus of sequential errors (anticipa-
tions, perseverations, and transpositions) failed to preserve sequential class,
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but these relatively infrequent exceptions to the sequential class rule often
display regularities of their own that must be explained in theories of sequencing.

Consider the following examples from Fromkin (1973), “She was waiting her
husband for” (instead of, “waiting for her husband”) and “I don’t want to part this
book with” (instead of, “to part with this book™). Errors such as these pose three
questions: Why do they violate the sequential class rule? (Both errors involve a
noun phrase changing places with a verb particle.) Why are they so rare? And
why do they result in a sequence (verb + noun phrase + verb particle) that is
appropriate for other expressions such as “She called the man up”? The node
structure answer to these questions is that these errors reflect misapplication of
a serial-order rule. Connections with the wrong sequence nodes (and therefore
the wrong serial-order rules) have been formed, which results in the wrong order
in the output. For example, a connection to for(particle) rather than, or even in
addition to, a connection to for(preposition) could result in an error such as “wait-
ing her husband for.”

In short, the theory distinguishes two general classes of speech errors: priming
errors and rule errors (see also Stemberger, 1985). Priming errors obey the
sequential class phenomenon, and occur whenever an intended node has less
priming than some other node in its domain at the time when the most-primed-
wins activating mechanism is applied. Rule errors violate the sequential class
phenomenon and occur whenever an inappropriate serial-order rule is called up
or primed. Rule errors are relatively rare, because forming incorrect connections
between nodes is relatively rare.

Of course the node structure theory doesn’t yet provide a full or conclusive
account of all aspects of speech errors. One of the many outstanding questions is
why higher level nodes in a system are less prone to error than lower level nodes
in the same system (Dell, 1985a). In the sentential system, for example, phrase
nodes participate in fewer errors than do lexical nodes, and in the phonological
system, syllable nodes participate in fewer errors than do segment or feature
nodes. The answer is certainly nor that higher level content nodes for phrases and
syllables do not exist. After all, these units sometimes participate in errors. The
answer suggested by the node structure theory is related to speed-accuracy trade-
off. Nodes at higher levels in a system are less prone to error because they are
activated at slower rates than lower level nodes in a system. For example, sylla-
bles may be less prone to error than segments or features because segments and

features are produced much faster than syllables in the phonological system. A
new syllable node is activated every, say, 500 ms, whereas a new segment node
or set of feature nodes is activated every, say, 150 ms, allowing less time for prim-
ing to summate, and thereby increasing the probability of activating the wrong
segment node under the most-primed-wins principle.




