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ABSTRACT 

This paper illustrates how a computational linguistic model 
of phonology, incorporating statistical

 phonological/phonetic information, implemented in a 
multi-agent architecture, can contribute to robustness in 
speech technology applications. This work represents a 
novel extension to the Time Map model [1] retaining the 
main attributes of the model but recasting the architecture 
in terms of a multi-agent system. The Time Map model 
employs finite state methodology and an event logic to 
demonstrate how  phonotactic constraints can play a role in 
speech recognition. These constraints model the 
permissible combinations of sounds for a language, and are 
used to interpret multilinear representations of speech 
utterances. Parsing takes place at both the phonological and 
phonetic feature levels, differing from mainstream 
techniques, in that the approach is non-segmental. 
Recasting the model in terms of a multi-agent system  
facilitates distributed parallel processing, constraint 
relaxation and output extrapolation in the case of 
underspecified utterances, and more elegant parsing. 

1. INTRODUCTION 

This paper presents a recasting of a computational 
linguistic model which provides fine-grained structural 
information at both the phonological and phonetic level,for 
speech technology applications. In the next section this 
model, the Time Map model, described in detail elsewhere 
in the literature [1][2],  is briefly described. Section 3 
discusses the application of phonotactic constraints in the 
phonological and phonetic domains to the speech 
recognition problem. In Section 4, the multi-agent 
paradigm is briefly introduced, followed by Section 5 
which illustrates how the Time Map model can be recast 
within a multi-agent architecture. The paper concludes by 
highlighting the benefits of such an approach. 

2.  THE TIME MAP MODEL 

The Time Map model, a computational linguistic model for 
speech recognition proposed by Carson-Berndsen [1], 
employs a finite-state network representation of the 
phonotactic constraints in a language, together with axioms 
of event logic, to interpret multilinear representations of 
speech utterances. The phonotactic constraints, represented 
as a finite-state automaton, known as a phonotactic 
automaton, represents the legal combinations of sounds, at 
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llable level, for a given language. Figure 1 illustrates 
otactic automaton of English two consonant clusters, 

 thus a subset of the automaton representing English 
le structure.  

re 1: Phonotactic Automaton of English CC-onsets. 

ample of a multilinear representation, representing 
llable [So:n] is illustrated in Figure 2 below. 

Figure 2: Multilinear representation of [So:n]. 

type of representation is essentially a multi-tiered 
entation of features, similar to those of autosegmental 
logy [3]. In order to interpret these multilinear 
entations the model employs two temporal domains, 
solute time domain and the relative time domain. In 
solute time domain speech events are related directly 
e speech signal by temporal annotations (in 
econds), e.g. <voi+, 100, 150> denotes the presence 
ngeal vibration from 100ms to 150ms absolute signal 

In the relative time domain speech events are related 
h other in terms of overlap and precedence relations. 
rchitecture of the model is presented in Figure 3. 



Figure 3:  Time Map architecture. 

The Time Map model has been realised within a generic 
development environment known as the Language 
Independent Phonotactic System [4]. LIPS allows the user, 
via a graphical user interface, to specify phonotactic 
automata for any language using any feature set. LIPS also 
parses speech input, represented multilinearly as described 
above. The features on each tier of the multilinear input are 
similar to those extracted by other researchers [5][6][7]. 
The parsing process is guided by the user-specified 
phonotactic automaton which provides top-down 
constraints on the interpretation of the multilinear 
representation, specifying which feature overlap and 
precedence relations are expected by the phonotactics.  A 
window is placed over a portion of the utterance and if the  
feature overlap constraints for a given phonemic segment 
are satisfied the parser moves on to the next state in the 
automaton and also advances the window.  Each time a 
final state of the automaton is reached a well-formed 
syllable has been found. This syllable is then passed 
through the corpus lexicon [8] which distinguishes between 
actual and potential syllables. The phonotactic constraints 
form the primary knowledge source of the model and are 
discussed below. 

3. PHONOLOGICAL AND PHONETIC 
PHONOTACTIC CONSTRAINTS 

The phonotactic automaton in Figure 1 above specifies 
feature overlap constraints for English consonants at the 
phonological level 1. In the phonological domain an event 
such as <plosive, 100, 140> would be considered a simplex 
event as it has no internal structure. A syllable in the 
phonological domain is considered a complex event, as it 
has an internal structure based on the composition of 
simplex events.  Extending this approach to the phonetic 
domain a phonological event such as plosive would be 
considered complex as it is composed of a number of 

1 The monadic symbols written on the arcs in Figure 1 are 
purely mnemonic for the feature overlap constraints they 
represent. 
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x phonetic events, namely closure, release, and 
on. However the realisation of these phonetic events 
text dependent, e.g. in syllable-initial position before 
el all three might be realised, but in syllable final 

on the release might not. In order to parse at the 
tic level and deal with this type of variation the 
tactic automaton is extended by a transduction 
n which maps the output of a phonological feature 
aton (automaton where transitions are labeled with 
tic events) to a phonological feature in the 
tactic automaton. Further information on this process 
 found in [9]. 

4. THE MULTI-AGENT PARADIGM 

ulti-Agent paradigm is one which heralds from 
ial Intelligence. It is concerned with the creation of 

gent software agents which, through processes of 
ction, cooperation and collaboration, solve complex 
ms [10]. According to this paradigm (and indeed 
 within computer science) a complex  problem can be 
posed into smaller sub-problems. A sub-problem can 
ther decomposed or can be distributed to a software 
s) which is specifically designed to solve that 
m. 

In order to avail of the benefits of this paradigm the 
ap model has been recast as a Multi-Agent system. 

oftware agents chosen to do so are deliberative 
ing agents. These agents are the result of research 
e development of agents which use mental models. 

agents are equipped with representations of cognitive 
pts such as beliefs, goals, commitments, desires and 
tions. The particular architecture chosen to recast the 
Map model is known as the Belief-Desire-Intention  
 architecture [11]. The agents used to recast the Time 
odel are created through Agent Factory [12], a rapid 

yping environment for the creation of agent based 
s which subscribe to the BDI paradigm. Agents 

d by Agent Factory are each equipped with a Mental 
model, and a set of methods (known as actuators) 
 enable the agent to interact with and manipulate its 
nment (e.g. examine feature overlap constraints, 
ss through the phonotactic automaton, communicate 
ther agents). The mental state of an agent comprises a 
 set, essentially predicate calculus representations of 
vironment, a set of commitments or courses of action 
t a given time which the agent intends to undertake, 
set of commitment rules which regulate the adoption 
ure commitments. The agents created through Agent 
ry exhibit strong notions of agenthood and are 
ed with rich mental states and although agents have 

used in speech technology in the past, e.g. the early 
SAY work [13], they only exhibited weak notions of 
ood.  The recasting of the Time Map model as a 
agent system marks a new departure as agents are 
itly employed to carry out sub-word processing, in a 
orative and cooperative fashion, distributed over 
le processors. These agents are described below. 



    
    
    
5.  THE TIME MAP AGENTS 

In order to accurately model the Time Map model a 
number of agents had to be designed. A selection of these 
agents, namely the Windowing Agent, the Segment Agents, 
and the Chart Agents are described below. Another agent 
type, the Feature Extraction Agent, which provides the 
front-end, is detailed elsewhere in the literature [7]. The 
Multi-Agent Time Map architecture is illustrated in Figure 
4 below. 

 Figure 4: The Multi-Agent Time Map architecture. 

5.1. The Chart Agent 

One of the primary roles of the Chart Agent is to inform the 
Windowing Agent of all phonemic segments that can be 
phonotactically predicted from the phonotactic state it 
believes itself to be in.  For example, looking at Figure 1 
above, a Chart Agent believing itself to be in syllable onset 
position (the leftmost node of the automaton) would be 
expecting one of the phonemic segments labeled on 
transitions leaving that node to be recognised.  It furnishes 
the Windowing Agent with these phonemic segment 
predictions along with their constraints, ranks, thresholds 
and corpus-based distributional information.  The Chart 
Agent also aims to reach a final state in the automaton, and 
on doing so outputs a well-formed syllable. Another of its 
roles is to monitor progress through the phonotactic 
automaton. It achieves this by maintaining records of the 
contiguous transitions that have been traversed as a result 
of recognising phonemic segments in the input, information 
which is provided to it by the Segment Agents. If the 
segment recognised is one which was predicted on the basis 
of the phonotactics by the Chart Agent, then the Chart 
Agent traverses the transition associated with that segment.  
Furthermore, using the structural information represented 
in the phonotactic automaton, a Chart Agent can decide to 
extrapolate the output hypothese based on underspecified 
information, provided no conflicting information is present 
in the input. Once the Chart Agent reaches a final state in 
the phonotactic automaton then a well-formed syllable is 
output and the Chart Agent returns to the onset position in 
anticipation of another syllable.  In the case that the 
segment recognised was not one predicted by the 
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Agent returns to the onset position and awaits a new 
le.  

5.2. The Windowing Agent 

entioned above, the Windowing Agent receives 
nt predictions from the Chart Agent. It also receives 
e-extracted data from the Feature Extraction Agents 
onstructs a multilinear representation of it. The 
wing Agent then gradually windows through this 

entation of the utterance. For each window it 
nes, it identifies evidence for the presence of 
mic segments.  The evidence is derived from a partial 
nation of the feature content of the window. The 
wing Agent is equipped with a resource which maps 

es to phonemes, and this resource is used to identify 
ial phonemic segments.  Given that certain phonemic 
nts are expected as a result of phonotactic prediction, 
indowing Agent creates a Segment Agent for 

ial phonemic segments which are predicted, before 
g Segment Agents for those which are not. In this 
he search for phonemic segments is weighted in 
r of the phontactics. Once the Windowing Agent is 
d of successful recognition by a Segment Agent it 

eds to the next window. 

5.3. The Segment Agent 

oal of a Segment Agent is to determine to what degree 
onemic segment it is searching for is present in the 
w under scrutiny. Segment Agents are spawned by 
indowing Agent and each one searches for a unique 
mic segment, i.e. one Segment Agent could be 
g for a [p] while another could be looking, in parallel, 

[b].  Segment Agents searching for segments which 
not predicted by a Chart Agent obtain default 
ation from a resource which maps phonemes to their 
tive features. Thus, a Segment Agent searching for a 
uld possess the following constraint information: 

< voi- º stop, rank 1 >                                              
< voi- º labial, rank 1 >                                            
< stop º labial, rank 1 >                                             

threshold 3 

h overlap constraint is satisfied, i.e. discovered in the 
w, the rank value of that constraint is added to a 
g total known as the agent’s “degree-of-presence”. If 
otal reaches the threshold then the segment is 
ised. Some Segment Agents however are searching 
onemic segments that have been predicted, in this 
he rank values of the feature overlap constraints are 
dent on phonotactic context. This allows constraint 
tion to take place as in certain phonotactic contexts 
n feature overlap constraints are more important than 
. Taking the example above, if for <voi- º stop> the 
alue is 2 instead of 1, then that constraint, combined 
nly one of the other constraints, would be sufficient 



to reach the threshold. In other words the importance of the 
other two overlap constraints is relaxed. Constraint 
relaxation is necessary in order to deal with underspecified 
input.  

Once a Segment Agent satisfies an overlap constraint 
it can share this result with other Segment Agents seeking 
to satisfy the same constraint. In this way redundant parsing 
is avoided. Furthermore, once a Segment Agent establishes 
the degree of presence of its associated phoneme, it informs 
other Segment Agents of the result. The Segment Agent 
with the greatest degree of presence adopts the 
responsibility to inform the Windowing Agent to proceed 
to the next window.  

If a Segment Agent successfully recognises a 
phonemic segment it then informs the Chart Agent  (which 
traverses a transition) and the Windowing Agent (which 
proceeds to the next window). 

6. CONCLUSIONS 

A multi-agent computational linguistic approach to speech 
recognition such as described above is significantly 
different from more traditional approaches. This new 
multi-agent architecture provides a principled and 
pragmatic means of distributing the computationally heavy 
work load involved with sub-word processing, among 
several task-specific agents operating as an information 
sharing community. Segment Agents searching for overlap 
constraints they have in common, share results. Chart 
Agents supply the Windowing Agent with phoneme 
predictions, thus weighting the search in favour of 
well-formedness and pruning the search space. Chart 
Agents also use corpus-based distributional information to 
implement constraint relaxation in certain contexts within 
the syllable domain.  
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