The Structure of Perception and Action

I have devoted so much time to the discussion of the problem of syntax, not only
because language is one of the most important products of human cerebral action,
but also because the problems raised by the organization of language seem to me to
be characteristic of almost all other cerebral activity. There is a series of hierarchies
of organization; the order of vocal movements in pronouncing the words, the order
of words in the sentence, the order of sentences in the paragraph, the rational order

of paragraphs in a discourse.
(Lashley, 1951, pp. 121-122)

In general approach, the present book reverses the traditional strategy discussed
in Chapter 1 of treating perception and action separately, because I begin with
the evidence for shared perception~production units, which play a role in both
perception and action. By taking up action next, the book also reverses the tradi-
tional strategy of giving priority to perception. I attempt first to specify a detailed
set of theoretical processes for sequencing and timing the production of speech
and other skilled behaviors involving shared perception—production components.
I then examine how these shared perception—production components give rise to
perception, and I develop a theory with applications to classical perceptual
problems such as categorical perception, perceptual invariance, the nature of
perceptual errors, perception of the distal stimulus, perceptlon of sequential
inputs, and the problem of ambiguity in perception.

My ultimate goal is a unified and general theory, unified in the sense of dealing
with all aspects of dynamic or on-line perception—production, and general in the
sense of dealing with these dynamic aspects at all levels, including, in the case of
speech, the muscle movement, phonological, and setential levels. Along the way,
I review a wide range of empirical findings from various domains of inquiry
(mainly cognitive psychology, neuropsychology, psycholinguistics, cybernetics,
and motor control), but my main aim throughout is to develop the new theory in
as detailed a manner as possible.

To facilitate exposition, I develop the theory in stages corresponding to issues
raised in Chapter 1. What are the common components that perception and
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The Mental Node Hypothesis 19

specification of the definite versus indefinite article in English. Figure 2.3 shows
the top-down connections for producing the noun phrase “the theory,” in the
sentence “The theory proved helpful.” The node representing this noun phrase
can be coded a/the theory(noun phrase) (see D. G. MacKay, 1982, for supporting
arguments). That is, the information “definite versus indefinite determiner” isn’t
represented directly at the noun phrase level, but becomes specified at a lower
level with the help of contextually available information. In the example under
consideration, context specifies whether or not the theory in question has
already been mentioned in the ongoing conversation and thereby determines the
appropriate response alternative, the.

What is the mechanism underlying context-dependent response specification?
In this particular example, the mechanism works as follows: A/the theory(noun
phrase) is connected to theory(noun), and to both determiner nodes, a(deter-
miner), and the(determiner). Each of these determiner nodes also receives a
connection from another source. The other source for a(determiner) is a node
representing the concept “new or never previously mentioned,” whereas the
other source for the(determiner) is a node representing the concept “old or
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FIGURE 2.3. The fop-down connections for producing the noun phrases “the theory,” and
“a theory;” in the sentences “The theory proved helpful” and “A theory proved helpful ”
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previously mentioned.” Because a(determiner) does not receive priming from its
contextual source, whereas the(determiner) does, a(determiner) receives less
priming than the(determiner), and so cannot become activated under the most-
primed-wins principle when the activating mechanism is applied to the domain
of determiner nodes. The connection to a(determiner) therefore represents a
hanging branch, because it exists but is not used for generating behavior in this
particular context. In general then, the most-primed-wins principle acts as an
either-or gating mechanism so that when nodes in the same domain receive
simultaneous priming, only the node receiving most priming from whichever
(e.g., contextual) sources will become activated.

The extensiveness of context-dependent response specifications remains to
be determined. For example, a similar contextual priming process could in
principle select between the nouns solely versus fotally in a context such as
“He was solely/totally responsible for that.” The process of context-dependent
response specification could also help resolve the longstanding debate over the
coexistence of syllable and morphological units in speech production. The debate
revolves around the fact that morphemes and syllables are non-isomorphic at
the surface level. Two different morphemes can map onto the same syllable,
and two different syllables can map onto the same morpheme. For example,
in the words incapable and imprudent, two different syllables, /in/ and /im/,
represent the same negative prefix. This non-isomorphism between syllables
and morphemes has led some to argue that either morphemes are a unit, or
syllables, but not both. However, contextual specification via the most-primed-
wins principle enables the hierarchic organization of units that are non-
isomorphic at the surface level. It is perfectly possible for both syllables and
morphemes to be units within the node structure theory. Both morpheme and
syllable nodes represent abstract concepts, rather than surface elements per se
and can connect to several different phonological nodes in the same domain.
Lower level contextual sources of priming then determine which of these same-
domain alternatives becomes activated. In the example under consideration,
the contextual source of priming that determines whether /im-/ versus /in-/ gets
produced is the place of articulation of the subsequent consonant. Moreover,
many other contextually determined phonological modifications, alternative
plural forms (/s/ versus /z/ versus /ez/, as in lips, lids, and lunches) and past
tense forms (/t/ versus /d/ versus /ed/ as in chipped, proved, and cheated) (see
Heffner, 1964, for other examples) could be determined in the same way (D. G.
MacKay, 1983). For example, the lexical node for the word proved could con-
nect to a syllable node, prove(stressed syllable), and a node representing the
archiphoneme /D/, which represents the past tense abstractly by connecting with
both nodes in the (voicing) domain, +voice(voicing), and —woice(voicing),
as well as the other phonological feature nodes for producing /t/ versus /d/.
Thus, contextual priming from the preceding consonant determines whether
the —voice of /t/ or the +voice of /d/ gets activated under the most-primed-
wins principle.
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Action Hierarchies

An action hierarchy consists of all of the nodes that become activated in produc-
ing a preplanned behavior, including the full set of activated muscle movement
nodes. Figures 2.2 and 2.3 illustrate aspects of what is, and is not, included in an
action hierarchy. Figure 2.2 includes only (but not all) aspects of the action hier-
archy for producing the preplanned sentence “Theoretical predictions guide
research.” However, Figure 2.3 includes more than just (aspects of) the action
hierarchy for producing the sentence “The theory proved helpful.” Nodes that
receive first-order priming but do not become activated are not part of an action
hierarchy, and because the hanging branch, a(determiner), does not become acti-
vated, it is not part of the action hierarchy for producing this particular sentence.
Action hierarchies are therefore real or strict hierarchies, and not more-or-less
hierarchies, and in general fail to represent the full structure of top-down connec-
tions between any given pair of nodes in the network.

Can we expect to find anatomical or neurophysiological structures in the brain
that resemble action hierarchies such as the one in Figure 2.2? The likelihood of
finding such structures using current technology is extremely remote. Action
hierarchies are defined not by structure alone but by the occurrence of a process
(activation), and we currently lack physiological definitions of either activation
or priming, which would allow us to physiologically distinguish an action hierar-
chy from its hanging branches. Other structures must also be distinguished: the
sequence nodes for activating the content nodes, the timing nodes, and other
content nodes contributing connections, sometimes from other modalities. As
illustrated later in the chapter, a single lexical content node typically receives
connections not just from within the language modality but from many other
visual, sensory, and conceptual modalities as well. And even if we could dis-
tinguish these other connections from the action hierarchy itself, anatomical
action hierarchies will not be as neatly laid out as Figure 2.2. The brain lacks the
systematic spatial arrangement that has been built into Figure 2.2 for ease of
presentation, with the left-to-right dimension representing the order in which
nodes become activated, and the up-down dimension representing the direction
of priming.

Perceptual Hierarchies

Perceptual hierarchies are the input analogues of action hierarchies. They include
all and only the nodes that become activated in perceiving a unitary input
sequence. Nodes that only become primed, but not activated, are not part of a
perceptual hierarchy. Figure 2.4 shows a typical perceptual hierarchy.

You will note that Figure 2.4 contains no sensory analysis nodes. I can say very
little about how sensory analysis nodes for auditory inputs are connected to one
another. Like top-down hierarchies of muscle movement nodes, bottom-up hier-
archies of sensory analysis nodes are extremely complex and diverse, and the
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FIGURE 2.4. The perceptual hierarchy for normal comprehension of the sentence “Theo-

retical predictions guide research.” Numerals next to each node illustrate the most likely
order of activation during comprehension.

structure of their interconnections is currently unknown. For example, Lisker
(1978) was able to catalogue 16 acoustic differences that could serve to distin-
guish a single phonological feature (the voicing of /p/ versus /b/) in a single
phonological context (the words rabid versus rapid). Which sensory analysis
nodes represent these acoustic differences? And what s the structure of intercon-
nections between these nodes? All we can currently say is that acoustic analysis
nodes deliver priming to phonological nodes.

This gap in our knowledge is unfortunate, but may not be especially important
for an analysis of perceptual hierarchies. As we will see when I discuss perceptual
processes in Chapter 4, perceptual hierarchies are quite flexible and only some-
times include sensory analysis nodes. In general, sensory analysis nodes only
become primed, not activated, during everyday sentence perception. This means
that sensory analysis nodes are not part of the perceptual hierarchies for normal
sentence comprehension, because perceptual hierarchies only contain nodes that
become activated and not just primed. Indeed, I will argue that even phonological
nodes do not become activated during everyday sentence comprehension, so that
Figure 2.4 represents the complete perceptual hierarchy for normal comprehen-
sion of the sentence “Theoretical predictions guide research.” Numerals next to
each node illustrate the most likely order of activation during comprehension.

Any given perceptual hierarchy represents only a small part of the network of
bottom-up connections that become primed during perception of a unitary input
sequence such as a sentence. Unlike action hierarchies, which sometimes
represent more-or-less hierarchies, perceptual hierarchies always represent
more-or-less rather than strict hierarchies. Hanging branches are not part of the
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perceptual hierarchy currently undergoing activation and constitute a universal
characteristic of perception. Every activated node in a perceptual hierarchy
primes many connected nodes that do not become activated. Bottom-up connec-
tions within the phonological system can be used to illustrate these hanging
branches. Consider, for example, the syllable pre in the word predictions, illus-
trated in Figure 2.4. The syllable node, pre(unstressed syllable), has bottom-up
connections not just with predictions, but with lexical nodes representing every
word containing the syllable pre: for example, predominant, preformed, prepare,
prehistoric . . . hanging branches all.

The Network in Overview

What can we say about the overall network of mental nodes for language per-
ception-production? The existence of hanging branches means that the flow of
information in the theory is neither strictly hierarchical, nor strictly heterarchi-
cal in nature. The overall network is structurally heterarchic, but functionally
hierarchic. Structurally, everything can be said to connect with everything else
via some relatively small number of connections in the node structure theory.
The flow of priming automatically follows these existing connections and is
therefore multidirectional or heterarchic in nature during both perception and
action.

Functionally, however, the network is hierarchic. The activation process trans-
forms the heterarchical connections of the overall network into local hierarchies
that represent the functionally essential structures for perception and action. The
next chapter discusses in detail how this activation process works: The present
chapter on structure only shows that these hierarchies are there for potential use.

In the remaining chapters of the book, I argue that the heterarchic character-
istics of the theory overcome the disadvantages of strictly hierarchic theories,
which postulate a unidirectional flow of information but fail to explain the func-
tional plasticity of behavior. I also argue that the hierarchic characteristics of the
theory overcome the disadvantages of strictly heterarchic theories, which postu-
late a multidirectional flow of information but are too flexible to enable sequen-
tially ordered action (see also Kelso & Tuller, 1981).

SYSTEMS OF NODES FOR PERCEPTION AND ACTION

Functionally, nodes are organized into systems, but again only with respect to the
process of activation. By definition, nodes organized into one system can be
activated independently of the nodes organized into another system, and the next
two chapters discuss the activation mechanisms that determine this functional
organization of nodes into systems.

Figure 2.2 illustrates nodes within three different systems for perceiving and
producing speech: the (speech) muscle movement system, the phonological sys-
tem, and the sentential system. Activating sentential system nodes without
activating nodes in the other two systems results in sequentially organized
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thought. Activating nodes in both the sentential and the phonological system,
without activating nodes in the muscle movement system, results in internal
speech (D. G. MacKay, 1981). Activating nodes in all three systems at once
results in fully articulated speech. Readers interested in analogous systems of
nodes for producing everyday actions such as shifting gears in a car and carrying
out a preplanned shopping trip are referred to D. G. MacKay (1985).

MODALITIES FOR PERCEPTION AND ACTION

Functionally, systems of nodes are organized into modalities, once again, via the
process of activation. Nodes organized into one modality can be activated
independently of nodes organized into another modality. For example, the lan-
guage modality includes the language comprehension systems (including connec-
tions from the basilar membrane), and the language production systems
(including connections to the lungs, larynx, velum, and articulatory organs for
speaking). Modalities can also contain modalities. In the case of someone who
knows two languages, for example English and Ameslan (American sign lan-
guage), the language modality can be said to contain an English modality and an
Ameslan modality.

Systems can participate in more than one modality, and the traditional sensory
organs and pathways for vision, touch, hearing, smell, and taste all participate in
several modalities. For example, the basilar membrane participates in one modal-
ity when listening to speech and in another modality when comprehending
complex auditory concepts such as a police siren or a familiar musical stanza.
Similarly, the retina participates in one visual modality when we comprehend a
printed page and in another visual modality when we comprehend complex
visual concepts such as houses and trees.

Motor end organs also participate in many different modalities, as when the
tongue is used for speaking versus chewing, for example. Systems of mental
nodes can likewise participate in several modalities. When producing Ameslan,
for example, virtually the same sentential nodes as for English become engaged,
but systems for producing hand and body movements become engaged instead of
the phonological and speech muscle movement systems (D. G. MacKay, 1982).

Because different modalities interconnect extensively, nodes in one modality
regularly prime connected nodes in other modalities. What makes a modality
modular is that its nodes can be activated independently from nodes in other
modalities (D. G. MacKay et al., 1987).

The McGurk effect can be used to illustrate how the modalities for speech and
vision carnr interact via priming but are independently activated. McGurk and
MacDonald (1976) had subjects listen to and observe a video recording of a
person saying simple syllables, their task being to identify the syllables. The
auditory syllables were dubbed in synchrony with the speaker’s lip movements,
but the auditory syllables sometimes differed from the lip movements. The sub-
jects’ task was to say what syllable they heard, and the results showed that visual
features such as lip closure exerted a strong effect on what phoneme the subjects
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reported hearing. With a conflict between visual /pa/ and auditory /ta/, for exam-
ple, subjects usually reported hearing /pa/ rather than /ta/. Apparently the visual
modality nodes representing facial gestures such as lip closure are connected to
and prime their corresponding phonological nodes in the language modality, and
thereby influence which segment node receives most priming and becomes acti-
vated under the most-primed-wins principle. However, the visual modality nodes
do not themselves become activated and give rise to perception; the subjects were
unaware that visual events contributed anything whatsoever to their perception
(McGurk & MacDonaid, 1976).

Evidence for Mental Nodes

Many findings can be seen to support the mental node hypothesis previously
discussed. Here I briefly mention four very general classes of phenomena, leav-
ing more detailed evidence and predictions for later in the book.

Parallel Empirical Effects

As expected under the mental node hypothesis, many variables have parallel
effects on perception and production. Practice is one of these variables. Repeti-
tion facilitates both production (D. G. MacKay, 1982) and perception; even
recognition and discrimination thresholds for sensory qualities improve as a
function of practice (Woodworth, 1938).

Complexity is another variable with parallel effects on both perception and
production. By way of illustration, consider the time to perceive and produce
simple (one-syllable) versus complex (two-syllable) words. On the perception
side, two-syllable words are harder to identify than one-syllable words with the
same frequency of occurrence, the same length in letters, and the same initial
segment(s). Spoer and Smith (1973) tachistoscopically presented one- versus
two-syllable words and found that subjects took longer to identify the two-
syllable words (e.g., paper) than the one-syllable words (e.g., paint).

On the output side, Klapp, Anderson, and Berrian (1973) likewise presented
subjects with one- versus two-syllable words controlled for initial segment(s) and
length in letters, but this time the subjects’ task was simply to read the words
aloud as quickly as possible. The dependent variable was production onset time,
the time from visual presentation of the words until acoustic onset of the subject’s
output. The two-syllable words required slightly (15 ms) but significantly longer
onset times. To rule out a perceptual interpretation of this complexity effect,
Klapp et al. had subjects produce the same words in a picture-naming task, and
again, production onset time was longer for two-syllable than one-syllable words.
This control finding implicates a production effect, rather than a purely percep-
tual effect, because number of syllables is only relevant to saying the words in this
condition; the input involved pictures, which do not have syllables.
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subsystem independently from all other subsystems, producing lip, tongue, and
jaw movements without any sound, the so-called mouthing of speech sounds.

Nature and Degree of Sensory—Perceptual Connectivity

If, as the preceding discussion suggests, the number and nature of inputs from the
sensory-perceptual-cognitive systems provide the primary basis for distinguish-
ing between mental versus muscle movement nodes, different systems of mental
nodes can be distinguished in the same way. By way of illustration, compare
the connections to phonological versus sentential system nodes. In particular,
compare the connectivity of p(initial consonant) versus pear(noun). P(initial
consonant) receives two possible sources of relatively direct input: from acoustic
analysis nodes representing the phoneme and from visual nodes representing the
lip movements. The sentential node pear(noun) on the other hand receives five
possible sources of relatively direct input: from phonological nodes representing
the word, including p(initial consonant); from visual concept nodes representing
the visual form of a pear; from orthographic nodes representing the word pear;
and finally, from olfactory and gustatory representations, because pears can be
recognized and named from their smell and from their taste. This example fur-
ther illustrates the nested nature of modalities. The visual modality contains at
least three other modalities for representing visual lip movements, orthography,
and visual form. Note, however, that different lexical concept nodes will receive
different types of sensory-perceptual-cognitive input. For example, dog(noun)
must receive an additional source of input from the auditory concept system,
because dogs can be recognized from the sound of their bark. In general, then, .
nodes in higher level systems receive many connections from a variety of high-
and low-level systems, whereas nodes in lower level systems receive fewer con-
nections and mostly from low-level rather than high-level systems.




