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the ability to trade cues off against each other in phoneme identification. At the
word level. the model captures Ihe ma.ior positive feature of Marslen-Wilson

COHORT model of speech perception. in that it shows immediate sensitivity to
information favoring one word or set of words over others. At the same time, it
overcomes a difficulty with the COHORT model: it can recover from underspec-

, ificalion or mispronunciation of a word' s beginning. TRACE II also uses lexical
information to segment a stream of speech into a sequence of words and to find
word beginnings and endings, and it simulates a number of recent findings related
to these points. The TRACE model has some limitations, but we believe it is a
step toward a psychologically and computationally adequate model of the process
of speech perception. ~ 1986 Academic Pre.., Inc,
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Consider the perception of the phoneme /g/ in the sentence "She re-

ceived a valuable gift; " There are a large number of cues in this sentence
to the identity of this phoneme, First, there are the acoustic cues to the
identity of the /g/ itself, Second. the other phonemes in the same word
provide another source of cues. for if we know the' rest of the phonemes

in this word. there are only a few phonemes that can form a word with
, them, Third. the semantic and syntactic context further constrain the

possible words which might occur. and thus lintit still further the possible
interpretaJion of the first phoneme in "gift,

There is ample evidence that all of these different sources of infor-
mation are used in recognizing words and the phonemes they contain,
In~eed. as Cole and Rudnicky (1983) have recently noted. these basic
facts were described in early .experiments by Bagley (1900) over 80 years
ago, Cole and Rudnicky point out that recent work (which we c~msider

in detail below) has added clarity and detail to these basic findings but
has not lead to a theoretical synthesis that provides a satisfactory account
of these and many other basic aspects of speech perception,

In this paper. we describe a mOdel whose primary purpose is to account
for the integration of multiple sources of information. or constraint, in
speech perception, The model is constructed within a framework which

appears to be ideal for the exploitation ofsim',ltaneous. and often mutual,
constraints. This framework is the interactive activation framework
(McClelland & Rumelhart. 1981; Rumelhart & McClelland. 1981. 1982),
This approach grew out of a number of earlier ideas. some coming first
from research on spoken language recognition (Marslen-Wilson & Welsh.
1978; Morton. 1969; Reddy. 1976) and others arising from more general
considerations of interactive parallel processing (Anderson. 1977; Gross-

berg. 1978; McClelland. 1979),
According to the interactive-activation approach. information pro-

cessing takes place through the excitatory and inhibitory interactions
among a large number of processing elements called units, Each unit is
a very simple processing device, It stands for a hypothesis about the
input being processed. The activation of a unit is monotonically related

,. q, ~

JEFFREY L. ELMAN

U"it'er. fi/y of C(/l((omi(/. Stili Dif!1!O

We describe a model called the TRACE model of speech perception. The model
is based on the principles of interactive activation. Information processing takes
place through the excitatory and inhibitory interactions of a large number of
simple processing u rtits, each working continuously to update its own activation
on the basis of the activations of other units to which it is connected. The model
is called the TRACE model because the network of units forms a dynamic pro-
cessing structure called "the Trace. " which serves at once as the perceptual
processing mechani~m and as the system s working memory. The model is in-
stantiated in two simulation programs. TRACE I, described in detail elsewhere,
deals with short seg~ents orreal speech. and suggests a mechanism for coping
with the fact that the cues to the identity, of phonemes vary as a function of
context. TRACE II_ the focus of this article, simulates a large number of empirical
findings on the perc:eption of phonemes and words and on the interactions of
phoneme ;md word perception. At the phoneme level, TRACE II simulates the
innuence of lexical jnformation on the identification of phonemes and accounts
for Ihe fact that lexic:ial effects are found under certain conditions but not others.
The model also shows how knowledge of phonological constraints can be em-
bodied in particular lexical items but can still be used to innuence processing of
novel. nonword ullerances. The model also exhibits categorical perception and
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to the strength of the hypothesis for which the unit stands, Constraints
among hypotheses are represented by connections. UnUs which are mu-
tually consistent are mutually excitatory, and units that are mutually in-
consistent are mutually inhibitory. Thus, the unit for /g/ has mutually
excitatory connections with units for words containing /g/, and has mu-
tually inhibitory connections with units for other phonemes, When the
activation of a unit exceeds some threshold activation value, it begins to
influence the activation of other units via its outgoing connections; the
strength of th~se signals depends on the degree of the senders activation,
The state of the system at a given point in time represents the current
status of the various possible hypotheses about the input; information
processing amounts to the evolution of that state, over time, Throughout
the course of processing, each unit is continually receiving input from
other units, continually updating its activation on the basis of these inputs,
and, if it is over threshold, it is continually sending excitatory and inhib-
itory signals to other units. This "interactive-activation" ,process allows
each hypothe~is both to constrain and be constrained by other mutually
consistent or inconsistent hypotheses,

Criterill lInd Collstmillts Oil Model Development

There are generally two kinds of models of the speech perception pro-
cess, One kind of model, which grows out of speech engineering and
artifical intelligence, attempts to provide a machine solution to the
problem of s~eech recognition, Examples of this kind of model are
HEARSAY (Erman & Lesser, 1980; Reddy, Erman, Fennell. & Neely,
1973) HWIM(Wolf & Woods, 1978), HARPY (Lowerre, 1976), and
LAFS/SCRIBER (Klatt, 1980), A second kind of model, growing out of
experimental ~sychology, attempts to account for aspects of psycholog-
ical data on the perception of speech. Examples of this class of models
include Marsl~n-Wilson s COHORT Model (Marslen-Wilson & Tyler,
1980; Marslen~Wilson & Welsh, 1978; Nusbaum & Siowiaczek, 1982);
Massaros feature integration model (Massaro, 1981; Massaro & Oden,
I 980a, 1980b; Oden & Massaro, 1978); Cole and Jakimik's (1978, 1980)
model of auditory word processing, and the model of auditory and pho-
netic memory espoused by Fujisaki and Kawashima (1968) and Pisoni
(1973, 1975).

Each approach honors a different criterion for success. Machine
models are ju4ged in terms of actual performance in recognizing real
speech. Psychological models are judged in terms of their ability toac-
count for details of human performance in speech recognition, We call
these two criteria ompilllltimwi and pjiycholog;cal adequacy.

In extending the interactive activation approach to speech perception,
we had essentially two questions: First, could the interactive-activation

approach contribute toward the development of a computationally suffi-
cient framework for speech perception? Second, could it account for what
is known about the psychology of speech perception? In short, we wanted
to know, was the approach fruitful, both on computational and psycho-
logical grounds.

Two facts immediately became apparent. First, spoken language intro-
duces many challenges that make it far from clear how well the interac-
tive-activation approach will serve when extended from print to speech.
Second, the approach itself is too broad to provide a concrete model,
without further assumptions, Here we review several facts about speech
that played a role in shaping the specific assumptions embodied in
TRACE.

Some Important Facts about Speech
Our intention here is not to provide an extensive survey of the nature

of speech and its perception, but rather to point to several fundamental
aspects of speech that have played important roles in the development
of the model we describe 'here, A very useful discussion of several of
these points is available in Klatt (1980).

Temporal nature of the speec'h stimulus, It does not, of course, take a
scientist to observe one fundamental difference between speech and
print: speech is a signal which is extended in time, whereas print is. a
stimulus which is extended in space, The sequential nature of speech
poses problems for a modeler, in that to account for context effects, one
needs to keep a record of the context , It would be a simple matter to
process speech if each successive portion of the speech input were pro-
cessed independently of all of the others, but in fact, this is clearly riot
the case. The presence of context effects in speech perception requires
a mechanism that keeps some record of that context, in a form that allows
it to influence th~ interpretation of subsequent input.

A further point, and one that has been much neglected in certain
. models, is that it is not only prior context but also subsequent context
that influences perception, (This and related points have recently been
made by Grosjean & Gee, 1984; Salasoo & Pisoni, 1985; and Thompson,
1984). For example, Ganong (1980) reported that the identification of a
syllable-initial speech sound that was constructed to be between /gI and
/k/ was ;ptluenced by whether the rest of the syllable was Iisl (as in

kiss ) or /lftl (as in "gift" ), Such' "right context eftects" (Thompson,
1984) indicate that the perception of what comes in now both influences
and is influenced by the perception of what comes in later. This faci
suggests that the record of what has already been presented cannot not
be a static representation, but should remain in a malleable form. subject
to alteration as a result of influences arising from subsequent con/ex!.


