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D. G. MacKay and Burke (1972)

D. G. MacKay and Burke (1972) conducted a series of experiments systemati-
cally comparing the effects of DAAF delay on production of repeated versus non-
repeated syllables. Subjects (N = 40) either read a 20-syllable sentence or
repeated a single syllable (puh, buh, guh, nuh, or suh) 20 times. In both condi-
tions, subjects spoke at maximum rate until signaled to stop, about 5.0 s after
speech onset. Sound pressure level was amplified to approximately 95 dB over
earphones the subjects were wearing, and feedback was delayed by either 0, 50,
100, 150, 180, 200, 250, or 300 ms on any given trial. Order of presentation of
the 8 delay conditions was randomized across both subjects and materials.

The results appear in Figure 10.2. As can be seen there, repetition errors and
mean syllable duration varied in the characteristic way as a function of feedback
delay during sentence production. Both measures of interference increased to a
maximum with a delay of about 200 ms and decreased thereafter.

Syllable repetition gave a strikingly different pattern of results, however. No
errors occurred for any delay during syllable repetition, and the time to repeat a
syllable remained essentially constant over the 8 delay conditions (Figure 10.2).
Figure 10.2 seems to suggest the possibility of a double peak in the syllable
repetition function, one peak at 50 ms and another peak at 200 ms. However, we
were unable to verify existence of these peaks statistically or to replicate them in
subsequent experiments.

In either of these subsequent experiments, subjects (N = 20) repeated a digit
(either two, four, or eight) while hearing their auditory feedback amplified and
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delayed, and again, syllable duration remained relatively constant as a function
of feedback delay. However, when the same subjects counted as rapidly as pos-
sible from 1 to 10, the 200-ms peak characteristic of connected sentences
reappeared. This finding indicates that repetition per se was responsible for the
flat feedback delay function in Figure 10.2 and not the nature of the syllables in
the syllable repetition condition.

Another interesting difference between producing repeated versus connected
syllables is the slower rate for syllable repetition in the O-delay condition (Figure
10.2). This difference was especially marked toward the end of the 5-s produc-
tion period. Syllable repetition became progressively slower over the 5 s and over
the course of the experiment, as if a fatigue or satiation process (Chapter 1) were
reducing the maximal rate of speech.

Factors Unrelated to the Critical Delay

Two factors do not influence the critical delay. These are the actual rate of speech
and practice, and explaining why these factors are unrelated to the critical delay
also presents a challenge for theories of DAAF.

AcTUAL RATE OF SPEECH

In contrast to potential rate, that is, a subject’s maximal speech rate with syn-
chronous feedback, actual (voluntarily determined) rate of speech under DAAF
is unrelated to the delay that produces maximal interference. The critical
delay remains unchanged when adults voluntarily speak more slowly. As can be
seen in Figure 10.3 (D. G. MacKay, 1968), the frequency of repetition errors per
syllable remains greatest at the 0.2-s delay for adults speaking at three different
rates under two conditions of delay. This finding suggests that mechanisms deter-
mining the actual rate of speech must differ from those limiting the maximal rate
(see following).

PRACTICE (LANGUAGE FAMILIARITY)

Practice or language familiarity is another factor that seems unrelated to the
peak interference delay. For example, when bilinguals produce their more and
their less familiar language under DAAF, the delay that produces maximal
interference with their speech remains constant (D. G. MacKay, 1970b; see also
Figure 10.4).

Factors Influencing Degree of Disruption

Five factors have been shown to influence the overall degree of disruption
independent of feedback delay. I have already mentioned one, level of amplifica-
tion. Another factor influencing degree of disruption is actual speech rate. The
law of speed-accuracy trade-off that characterizes other errors also characterizes
errors under ‘DAAF (Figures 10.3 and 10.4; see also Kodman, 1961; D. G.
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FIGURE 10.3. Repetition errors under
two delay conditions for three rates of
speech. (Adapted from “Metamorphosis
of a Critical Interval: Age-Linked
Changes in the Delay in Auditory Feed-
back That Produces Maximal Disruption
of Speech” by D. G. MacKay, 1968, Jour-
nal of the Acoustical Society of America,
19, pp. 816-818. Copyright 1968 by the
Acoustical Society of America.
Reprinted by permission.)

MacKay, 1968; 1971). This finding indicates again that mechanisms for voluntar-
ily speaking more slowly differ from mechanisms that limit maximal or potential
speech rate. D. G. MacKay (1968) showed that errors under DAAF correlated
positively rather than negatively with a subject’s potential rate.

Another factor influencing degree of DAAF disruption is familiarity or prac-
tice with the materials being produced. For example, bilinguals stutter more
when producing their less familiar language under DAAF (Figure 10.4), and
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practice in producing a sentence with synchronous feedback reduces the proba-
bility of stuttering when subjects subsequently produce the practiced sentence
under DAAF (D. G. MacKay, 1970b; D. G. MacKay & Bowman, 1969). Overall
disruption also diminishes with age, because practice, familiarity, or experience
in producing speech increases as children grow older (Figure 10.1; D. G.
MacKay, 1968).

Finally, altering either the normal muscle movements or the returning auditory
feedback reduces overall interference under DAAFE. D. G. MacKay (1969d) had
subjects produce an “accent” by actively contracting velar muscles so as to nasal-
ize all of their speech sounds. These unusual muscle contractions produced
unaccustomed acoustic feedback and significantly reduced DAAF interference
(with controls for speech rate and intensity level of the returning feedback). In a
second experiment, D. G. MacKay (1969d) had subjects “passively” alter the
nasal quality of their acoustic feedback by holding their nose while speaking, and
this procedure also diminished the degree of DAAF interference. Hull (1952) and
Roehrig (1965) used band pass filters to “passively” distort returning auditory
feedback and likewise reported that DAAF disruption diminished with degree of
distortion. The only experiment not reporting diminished DAAF disruption with
feedback distortion is Howell and Archer (1984). However, their speech produc-
tion task involved vowel repetition, and effects of DAAF are known to differ for
repeated versus connected syllables (see preceding discussion; and Chase, 1958).

Feedback Control Theory and Feedback Disruption

I turn now to theoretical explanations of the effects of DAAF. Feedback control
theories provided the initial framework and impetus for studies of DAAF but
proved incapable of explaining either the overall degree of interference or the
peak interference delay. This, along with some other problems discussed later,
contributed to the current unpopularity of these theories in cognitive psychology
(but see Holland et al., 1986; Rumelhart, Smolensky, McClelland, & Hinton,
1986, for a feedback control hypothesis involving internal feedback arising from
thought or internally generated actions).

The main assumption of traditional feedback control theories is that external
feedback from an ongoing action plays a direct role in controlling subsequent
action, and this feedback control assumption has proven useful in describing
innate regulatory behaviors such as the pupillary reflex. (See e.g., Oatley, 1978.
Onset of a bright light causes reflex pupillary contraction, diminishing pupil
diameter, and thereby reducing the amount of light falling on the retina, a feed-
back effect that in turn causes diminished contraction, until some goal or control
point is reached.)

Feedback control theories have proven less useful in describing learned and
highly skilled behaviors such as speech. Several different feedback control
theories have been advanced for speech production (D. G. MacKay, 1969d), and
all predict that distorting or eliminating feedback should cause interference. Of
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course, masking or distorting auditory feedback has no such effect, and feedback
control theories usually assume that speakers switch to bone-conducted feedback
for controlling speech under these unusual circumstances. However, speech
production also remains unimpaired for many months after an injury that causes
complete and total deafness (Siegel & Pick, 1974), a finding that makes it
difficult to imagine that articulation requires auditory control of any kind.
Articulatory adjustments for producing speech sounds have a time span of milli-
seconds not months.

All versions of feedback control theory also have difficulties with both the
detailed and the more general effects of DAAFE. For example, why is there a delay
that produces maximal disruption of speech? Under feedback control theory,
disruption should either remain constant or increase monotonically as a function
of delay, rather than decreasing after some critical delay (D. G. MacKay, 1969d).
Why is it necessary to amplify the returning feedback in order to bring about
articulatory errors? Why do subjects speak louder when their amplified auditory
feedback is delayed? After all, undelayed amplified feedback causes people to
speak softer (as expected under feedback control theory; see Siegel & Pick,
1974). Why does distortion of returning auditory feedback reduce DAAF inter-
ference? Under feedback control theory, distortion should increase the difficulty
of feedback control. Why does practice or familiarity with a sentence reduce
DAAF interference? Under the feedback control theory of Adams (1976), prac-
tice strengthens an internal trace of the expected feedback, and successive move-
ments are driven by the discrepancy between the ongoing feedback and the
expected feedback or feedback trace. This means that practice should increase
rather than decrease the probability of errors for sentences produced under
DAAF These and other discrepancies suggest that articulation is not under direct
feedback control and that a new explanation for disruptive effects of feedback is
needed (see also Siegel & Pick, 1974). The remainder of this chapter develops
such an explanation.

Feedback Disruption and the Recovery Cycle

In order to underscore the intimacy of the relation between self-inhibition and
the processing of feedback in the node structure theory, I will first review the
potentially disruptive effects of bottom-up internal feedback, noted briefly in
Chapter 8. My thesis is that preventing these potentially disruptive effects of
external and internal feedback is one of the main functions of self-inhibition.
However, DAAF happens to bypass this and other defense mechanisms that have
evolved to prevent these disruptive effects.

Potentially Disruptive Effects of Internal Feedback

In the case of internal feedback, the problem is this. Because mental nodes
receive both bottom-up and top-down connections, internal feedback can poten-
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tially cause reverberatory activation of mental nodes at every level in the system.
During production, a superordinate node becomes activated and primes its
subordinate nodes via top-down connections. However, the subordinate nodes
become activated soon thereafter, priming their superordinate node via the
bottom-up connections required for perception using exactly the same nodes.
Self-inhibition is therefore needed at every level to ensure that bottom-up
priming from subordinate nodes does not lead to the reactivation of just-
activated nodes.

Disruptive Effects of External Feedback

Self-inhibition is also required to prevent similar effects resulting from external
feedback. Like internal feedback, the external feedback that arises automatically
from sensory analysis of auditory or other perceptual consequences of an action
introduces bottom-up priming, which could potentially cause repeated reactiva-
tion of the lowest level mental nodes that gave rise to the feedback in the first
place. To prevent such reactivations, self-inhibition must continue for a relatively
long time, that is, at least as long as it takes for the lower level muscle movement
nodes to become activated—for the, say, airborne feedback to reach the ears—
and for the sensory analysis nodes to process the feedback and deliver priming to
the mental nodes that originated the output.

By way of illustration, consider node Z, a low-level mental node that becomes
activated and primes the muscle movement nodes that eventually give rise to
auditory output. When this auditory output arrives at the ears, sensory analysis
nodes automatically process this feedback and eventually prime Z, the node
responsible for generating the output in the first place. This feedback-induced
priming could result in the reactivation of Z, except that it arrives durirg Z’s
period of self-inhibition. As a consequence, Z cannot accumulate enough priming
to become most primed in its domain and cannot become reactivated when the
triggering mechanism is applied to its domain during ongoing production of the
remainder of the word or sentence.

Other Defenses Against Feedback-Induced Disruption

Self-inhibition is not the only defense mechanism that has evolved to prevent dis-
ruptive effects of self-produced external feedback. Stapedial attenuation provides
a similar sort of defense. The stapedius muscle in our middle ear contracts just
before we begin to speak and remains contracted throughout the period of speech,
thereby attenuating the amplitude of eardrum vibration in response to hearing
one’s own voice.

Stapedial attenuation is sometimes viewed as a feedback-induced reflex for
preventing damage to the eardrum that might otherwise arise from prolonged
screaming. However, preventing injury cannot be the sole purpose of stapedial
attenuation (see also Simmons, 1964). For example, stapedial activity also
accompanies everyday speech and whispering at levels that cannot possibly cause
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peripheral damage. Nor is stapedial attenuation an externally triggered reflex.
Borg and Zakrisson (1975) were able to actually see, as well as electromyographi-
cally record, stapedial attenuation in otherwise normal speakers with a perfo-
rated eardrum, and they found that stapedial contraction preceded vocalization
by about 75 ms (even when subjects spoke with very low acoustic intensity).
Stapedial attenuation must therefore arise from a central command that precedes
vocalization, rather than from a peripheral reflex triggered by vocal feedback. An
interesting possibility under this “central command hypothesis” is that stapedial
attenuation will precede and accompany production of internal speech in the
complete absence of auditory feedback from the voice (Chapters 8 and 9).

Stapedial attenuation has other consequences under the node structure theory
in addition to providing defense against disruptive effects of external feedback.
For example, stapedial attenuation adds to the list of differences between percep-
tion of self-produced versus other-produced speech and represents another factor
in the conspiracy of factors (together with self-inhibition and bone-conducted
feedback) that contribute to the fact that one’s own voice sounds differently
during ongoing speech production than during a subsequent replay of the same
sounds via tape recorder.

The Recovery Cycle Explanation of DAAF Interference

Under the recovery cycle hypothesis, feedback plays no direct role in controlling
the form of a highly skilled behavior, and DA AF has its effects by overcoming the
defenses against feedback-induced disruption of action. Under this view, the
exact duration of the feedback delay is critical. DAAF must arrive at the point in
time when mental nodes originally responsible for the output and feedback are
especially susceptible to reactivation. Feedback arriving at the time when these
just-activated mental nodes are self-inhibited can have no effect. To cause signifi-
cant interference, DAAF must arrive slightly later, during the hyperexcitable
phase of these just-activated nodes, when their level of priming is already greater
than normal.

As noted in Chapter 8, the pattern of segment repetition in the structure of
words suggests that hyperexcitability peaks at about 200 ms after a phonological
segment node has been activated and returns to normal or spontaneous level by
about 300 ms following activation.

The maximal influence of DAAF with a delay of about 0.2 s therefore reflects
an effect of feedback-induced priming arriving with sufficient strength at the
critical 0.2-s period in the recovery cycle of just-activated nodes. Amplification
of the returning feedback adds further to the priming of the just-activated nodes,
and when these combined sources of priming exceed the top-down priming for
the appropriate nodes in the same domain, these just-activated nodes are auto-
matically reactivated under the most-primed-wins principle, so that the output
resembles stuttering (D. G. MacKay & MacDonald, 1984). In order to simplify
exposition, I have, of course, ignored the time it takes for muscles to move
following activation of a phonological node, the time it takes airborne auditory
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feedback to arrive at the ears, and the time it takes sensory analysis nodes to
process the feedback and deliver bottom-up priming to the just-activated phono-
logical node.

Under this account, bottom-up priming arising from DAAF causes repetition
errors directly and causes substitution errors indirectly via summation with top-
down priming being transmitted to the intended or appropriate phonological
nodes. If this summated top-down and bottom-up priming happens to make a new
combination of distinctive feature nodes most primed in their. domains when
their activating mechanisms are applied, speakers could produce a phoneme that
is not part of any language familiar to them, just as B. S. Lee (1950) observed.

The fact that subjects speak louder at the most disruptive delays (Black, 1951)
may reflect an attempt to augment top-down priming and thereby enable the
appropriate nodes to dominate in the most-primed-wins competition with
bottom-up priming from DA AF. Transfer effects of practice or language familiar-
ity (D. G. MacKay, 1982) are explained in a similar way and follow directly from
the linkage strength assumption of the node structure theory. That is, practice
without DAAF reduces interference when a sentence is later produced under
DA AF because linkage strength of top-down connections will increase, thereby
enabling top-down priming to compete more effectively against bottom-up prim-
ing from DAAF.

Consider now the factors influencing the delay that produces maximal interfer-
ence. Under the recovery cycle hypothesis, two underlying processes determine
the peak interference delay. The main one concerns the temporal characteristics
of rebound hyperexcitability in sequence and content nodes. This rebound from
self-inhibition is automatic but individual specific, varying with individual-
specific factors such as age and experience (see following discussion). Rebound
from self-inhibition is unrelated to processes governing the actual (voluntarily
specified) rate of speech, determined by the oscillation rate of timing nodes.

However, temporal characteristics of recovery from self-inhibition do
influence a subject’s potential rate (maximal speech rate with synchronous feed-
back). Potential rate is determined in part by the rate at which low-level nodes
can be reactivated (for a given error criterion, see D. G. MacKay, 1982), and
this reactivation rate is influenced in turn by the time characteristics of recovery
from self-inhibition. This means that potential speech rate and time of peak
hyperexcitability will be positively correlated, explaining D. G. MacKay’s (1968)
observation that the faster a subject’s potential rate, the shorter the critical delay
that produces maximal interference under DAAF. However, because factors
influencing the time course of recovery from self-inhibition are central, auto-
matic, and beyond voluntary control (see following), one would not expect
the delay that produces maximal interference to shift when subjects voluntarily
speak slower or prolong speech sounds, and no such shift is found (D. G. MacKay,
1968; 1970b).

The rate at which a node can be reactivated is also related to the level of
priming that the node achieves, relative to all other nodes in its domain, and
degree of satiation of the node directly influences this level of priming. Satiation
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therefore explains the slower maximal speech rate for producing repeated versus
connected syllables, as well as the decrease in repetition rate with increas-
ing numbers of repetitions (see preceding discussion of D. G. MacKay &
Burke, 1972).

By reducing the overall level of priming of a node, satiation also increases the
overall probability of errors, without influencing either the hyperexcitability
peak, or the delay that produces maximal interference. Some other factor there-
fore is needed to explain the fact (discussed earlier) that repeating a syllable
under DA AF proceeds without errors and at a rate that does not vary as a function
of delay.

PRrACTICE AND THE PEAK INTERFERENCE DELAY

The recovery cycle hypothesis predicts a positive correlation between prior prac-
tice and the delay that produces maximal interference under DAAF. Recall from
Chapter 8 that practice speeds up the activation and recovery cycle of individual
nodes by strengthening the connection between the parent node and its inhibitory
satellite. Onset of hyperexcitability will therefore vary with a node’s history of
prior activation, and hyperexcitability peaks much longer than 200 ms can be
expected for unpracticed phonological nodes.

Practice-induced speed-ups in the activation and recovery cycle readily
account for the longer delays required to produce peak interference in 2- to
6-year-old children (Figure 10.1) but seem to fly in the face of my own data for
bilinguals (Figure 10.4). D. G. MacKay (1970b) reported that peak interference
delay remained constant when German-English bilinguals produced their more
and their less familiar language under DAAFE However, all of the native German
speakers in this experiment had at least 5 years of intensive prior practice with
English, and some had more than 20 years of prior practice. And because phono-
logical nodes receive so much practice so quickly (D. G. MacKay, 1982), phono-
logical nodes for these subjects must have already reached asymptotic levels of
practice for both languages (especially in view of the extensive overlap between
phonological components for German and English). And because phonological
nodes provide the “first line of defense” against disruptive effects of feedback, no
differences in peak interference delay for the more versus less familiar language
could be expected in D. G. MacKay (1970b). However, the relationship between
prior practice and peak interference delay warrants further test. The node struc-
ture theory predicts peak interference delays imuch longer than 200 ms for
English speakers learning, say, Swahili, a language with phonological units very
different from English.

Feedback-Induced Stuttering and the
Recovery Cycle Hypothesis

What follows is another in a long history of attempts to provide an account of
feedback-induced stuttering that integrates stutterers and nonstutterers. Under
the recovery cycle hypothesis, the muscle movement nodes of stutterers display
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different conditions of feedback delay (0.0 s, 0.01's, 0.0255, 0.075 s, 0.150 s,
0.200 s, 0.250 s, 0.400 s, 0.550 s, and 0.800 s). Effects of these delays were as
follows. Peak interference delay (measured via either errors or syllable duration)
always exceeded 0.01 s and differed among the three groups. The delay that
produced maximal disruption was 0.2 s for the nonstutterers (as usual) and was
consistently longer than for the feedback-induced stutterers (median 0.150 s)
with no overlap in the distributions. This finding strongly supports the prediction
of the recovery cycle hypothesis that peak interference delay is shorter for
feedback-induced stutterers than for nonstutterers.

Results for the intrinsic stutterers were strikingly different. For this group, the
delay that produced maximal interference was longer than for nonstutterers, that
is 0.400 s for intrinsic stutterers versus 0.200 s for nonstutterers. This difference
further corroborates the distinction between intrinsic versus feedback-induced
stuttering and is reminiscent of the effects of DAAF in children. The peak inter-
ference delay is 0.4 s in 7- to 9-year-old children, and longer than in adults (0.2 s)
(D. G. MacKay, 1968). One therefore wonders whether a development deficit
may play a role in intrinsic stuttering, such that the age-linked shift in peak inter-
ference delay (and by hypothesis the faster activation and recovery cycle of
underlying nodes) has failed to occur.




