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ABSTRACT

We propose an approach to system control based on a formal
language representation of fundamental control aspects. A
formal grammar was defined to represent system control
parameters and actions. Overall system behavior is mapped
into a set of graphs and the associated language constructs.
The real-time system control is accomplished by graph
traversal and by the parsing and evaluation of the language
constructs. By using the proposed method we obtained
system control mechanism with a high degree of extensibility
and flexibility.
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System Control.

1. INTRODUCTION

Overall control of system operation is an important aspect in
development of Automatic Speech Recognition (ASR)
automation systems [1]. The complexity of conversational
transactions such systems need to handle (e.g., telephone
service order or repair transactions) is high, with a large
variety of actions and recourses possible at any time. This
operational complexity must be accommodated in real time
by the system control. The use of conventional control
mechanisms in such complex applications typically results in
high cost of the original system development and of system
migration into new application areas (often leading to system
redevelopment). Avoiding such penalties can make the
system very attractive from the commercial viewpoint.

In this paper we propose an approach to system control based
on a formal language [2] representation of fundamental
control aspects. We refer to the control technique we
developed as VICE - Voice Interactive system Control
Engine. We describe the foundation of our approach in
section 2. This includes the mapping of control events into a
formal language problem. For practical reasons we partition
the control issues into two levels. The first level, which
describes the control flow topology, is represented as a set of
finite state automata diagrams. The second level, responsible
for specifics of the control aspects, is represented by formal
language constructs. We describe specifics of VICE in
section 3. In section 4, we describe our first experience with
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the usage of VICE in the context of our new ASR system,
which automates orders of telephone service disconnection.
The system includes multiple recognizers, natural and
synthetic speech generation, and a dialog which spans an
average of 25 queries and takes approximately 4 to 6 minutes
to complete.

Our approach reduces substantially the complexity of system
operation control. Graphical techniques combined with a set
of straightforward rules enable easy alteration of system
behavior, including dialog maintenance and modification.
These capabilities significantly enhance system extensibility
and reliability.

2. APPROACH

Fundamental control : Any action taken by the system at
any level of detail can in principle be considered as a control
issue. When viewed in this manner, the control aspects
become pervasive throughout the system and its components.
The classification of information elements and events in a
given system into a systermn control category is typically
exercised in the process of system design. We assume that,
for a given system, there exists a set of information elements
which should be explicitly associated with system control
(while the remainder is considered as "data" or lower-level
control elements). We will refer to this set as the set of
fundamental control elements:

¢={¢mnC0}. )

System control can be seen as a stimulus-action process. In
general, at each point in time during its operation, the system
is sensitive 10 a set of stimuli:

o={0,....0,}. V)
Stimuli ¢, are functions of the fundamental control set:
o, =0,(c), )}

An action is defined as a set of arbitrary operations, including
operations on ¢;. A specific stimulus ¢; occurring at an
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instance i triggers a subset Aj; of the set of actions A. At
any instance i, a subset &; & O is active:

(34, A, cA]. @

Action occurrence results in the advancement to the next
instance and in a selection of a new active set of stimuli
iy

[0, ea]=

The above stimulus-action model of system control is
represented by the following generalized sequential [3] finite
state automaton (FSA):

F=(Q,sz’5v7,%), (5)

where Q is a set of states, & is the input alphabet, A is the
output alphabet, O is the transition function and is defined
as §: OxX —Q, Y is the output function defined as
y: QXX = A, and g, is the initial state. For our
purpose of the control schemc representation, we will restrict
the input alphabet to £={0,1} and express its correspondence
to stimuli by the following mapping:

Ay o(c) > L. ©

Similarly, the correspondence of the output strings to the
actions will be expressed by the mapping:

A A= A, o

In a general case, (5) is nondeterministic since there are no
restrictions on the number of transitions from any state and
on the mapping (6).

FSA partitioning: Representing system control flow by
means of a single machine (5) is difficult from the use
standpoint, due to a large number of states and transitions
required. Qur solution involves partitioning of the
representation into a set { F} of FSAs in the manner defined as
follows. Each member of {F} must have at least one state
with only incoming -transitions; we will refer to these states
as entry states of the member. Similarly, each member of
{F} must have at least one state with only outgoing
transitions; we will refer to these states as exit states of that
member, We impose the following constraints on our
partitioning: a) exactly one element F;, contains among its
states exactly one entry state u, denoted as is,(F,), which does
not have any corresponding exit state in any other member of
{F}; b) exactly one element F,#F, contains among its states
exactly one exit state v, denoted as f5,(F,), which does not
have any corresponding entry state in any other member of
{F}; c)every exit state of any member F, except f5,(F,)
must have exactly one corresponding entry state in another
member Fi#F,; d) every entry state of any member F,
except is,(F,) must have a corresponding exit state in another
member F,-:Fq; ie

u,b: [Vm#u, n#b: is,(F,)# fs, (F,)] ®

Jlv,e=b: [Vm;bv, n#e: fsv(Fe):ﬁism(F,,)] ©)
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stk( );&fs (F,) is,(F)=is,(F,):

is/(F,) = fsu(F,)

)= 1
Vis,-(F )#zs (F,) 3fSL( )#fs (F,): an
fsk( ) ( )

States is,(F,) and f5, (F,) constitute the beginning and
the end of the controlled operation. Dependent on the
specifics of the control engine, these states may represent
system operation onset and termination or other begin-end
events.

10

It can be shown that the above partitioning can be done such
that each member of { F} contains only one entry state:

VF, 3! is(F,) . (12)

We consider such partitioning desirable for practical reasons.
Boundaries of transaction elements, such as specific
information element acquisition acts are reasonable candidates
for partitioning boundaries.

Stimuli and actions as a formal language : Description of
the system behavior involves the definition of stimulus
governing each transition as well as the definition of the set
of actions for that transition. Performing the system control
includes the evaluation of the stimulus function for each FSA
transition and execution of the associated actions. The
stimuli and actions can be expressed as statements in some
formal language and the system control can be accomplished
through the parsing, evaluation and execution of those
statements. Thus the mappings (6) and (7) become a formal
language problem.

The extent of control capabilities is limited by the type of the
language grammar. We found that relatively simple grammar
is sufficient for the control of a real-time ASR system such
as our service disconnect automation system. The type of the
grammar G =(V,T,P,S) and its specifics are determined
from the control requirements.

VICE Language (VL) grammar: The language must handle
the following types of statements:
a) stimulus statement, which parses and evaluates
0, = 0,(c), performing the A1 mapping (6);
b) action statement of value assignment to a fundamental
control element ¢;;
¢) action statement of function invocation, which result in an
execution of an action defined externally and handled as a
"black box".
Both (b) and (c) correspond to the A2 mapping (7).

By definition, each transition requires one stimulus statement
and one or more action statements of type (b) or (c) above.
The non-terminals set V = {<trans>, <is>, <oc>, <0s>,
<iphrase>, <ophrase>, <process>, <0Op>, <expr>, <id>,
<char>}. The terminals set T consists of digits, alphabetic
characters and special characters {$_&Il<>=\: }. The starting
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symbol S=<trans>. Examples of the grammar productions P
are:

<trans> — <is> | <ic><oc>

<0Cc> — <08> | <oc>\n<os>

<is> — I:(<iphrase>)

<os> — O:<ophrase>

<iphrase> — <expr> | <expr><op>(<iphrase>)

The language belongs to the class known as deterministic
context-free languages (DCFL) and can be recognized by a
LALR(1) type parser.

In summary, the sysiem control domain has been mapped
into a set of two hierarchically structured automata problems.
Both can be seen as language problems. Although they can
be unified, practical considerations dictated our choice to use
a diagrammatic representation for the first one and the formal
gramiar representation for the second.

3. GENERAL DESCRIPTION OF VICE

VICE has been designed as a hybrid containing the non-real-
time control generation and the real-time control execution
components as shown in Fig. 1.

Fundamental Control
Elements Actions

Fig. 1: VICE major components and flow

VICE F5A creation: The FSAs {F} are created graphically.
We utilized a commercial CASE environment as the tool for
FSA creation. This approach resulted in considerable
development cost savings. However, it did impose some
limitations on the transition descriptions, thus restricting our
choice of the VICE language grammar details. Each F;
diagram represents a subset of the system control description
and fulfills conditions (8) - (12). An example FSA member
used in our current ASR system is shown in Fig. 2. The full
set {F} for that system contains 31 member FSAs of varying
complexity (in terms of e.g., the transition VL constructs,
the number of states, the number of transitions).

VL generation: The set of control FSAs is translated into
the VL module by the VL generator. The generator verifies
that conditions (8) through (12) are satisfied by the set. The
generator searches through the FSA states collapsing them as
appropriate. The FSA component data are thus linked into a
single FSA and the transition language statements are
organized into a single module. The organization enables the
real-time language processor to restrict its operation at any
given time to the subset of the transition language statements
associated with the current state.
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Real-time Language Processor: This module is
responsible for parsing and evaluating the VL statements. It
executes in real time during the normal operation of the ASR
system. The module builds and processes symbol tables
containing the control elements (VL variables) and names of
VICE action functions. Each time the processor enters a new
state §;, it parses the VL statements associated only with
transitions originating at §;. This corresponds to the notion
of active stimuli set ¢; in (4). The language processor
symbol tables are global (to make the state of VICE variables
meaningful at each point). The evaluation of VL expressions
is, however, local to the vicinity of the current state, similar
to the parsing policy. The above approach reduces the size
and the number of the resulting parse trees, the amount of
symbol tables processing, and expression evaluation. The
VL grammar type described in previous section allowed us to
utilize yacc and lex (e.g., [4]) in the VICE Real time
language processor development, significantly simplifying its
implementation.

VICE variables and action functions: VICE contains a set
of basic variables which can be used in VL (e.g., a variable
representing the current VICE state). In addition, an arbitrary
amount (subject to performance constraints) of variables can
be introduced at the VL level, thus allowing to express more
complex control situations.

VICE action functions are responsible for executing specific
system actions as the result of control events. These
components address the specifics of the application. They are
implemented in a programming language (C), and are handled
by the VICE as action "objects”. If needed, the VICE VL
variables can be accessed from within the action functions and
serve as parameters of action functions.

4. DISCUSSION AND RESULTS

When VICE is used in an actual application system, such as
our current ASR system, the set {F} of FSA diagrams
including their associated VL transition statements is drawn.
The information from the overall system specification
including the application dialog specification is used in the
process of FSA diagram creation, The set {F} is
subsequently processed automatically by the VICE, as
described in sec. 3, resulting in system control execution. In
typical application cases, several FSA/VL representations,
equivalent from the system operation viewpoint, are possible.
For instance, the complexity of the VL transition statements
can often be reduced by representing a given FSA portion
using more states. The choice of VL variables is also left to
the designer's discretion. A set of straightforward rules
(including a few FSA skeletons) were found sufficient to
guide people not familiar with VICE internals in the system
contro] definition (FSA and VL) process. Programming
expertise was not necessary, thus suggesting that VICE can
be used by non-programming personnel. Operation errors
related to system control were corrected in most cases at the
VICE diagrammatic Ievel, without the necessity of
programming. System operation and behavior can be
modified at VICE diagram level, thus making it easier to
adapt the existent ASR system to new applications.
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Fig. 2: VICE FSA member example

The language processing algorithms utilized in VICE to
accomplish system control perform similarly for simple
control cases and for very complex ones. Although the use of
a commercial CASE tool for VICE diagram generation
restricted our decisions regarding certain details of the VICE
grammar, it did not impose unbearable limitations so far.
VICE design allows replacement of the CASE tool usage
with a dedicated VICE graphics tool, should that be desirable
in the future.

Experience with our current ASR system indicates that the
current VICE grammar is appropriate for the representation of
typical ASR system control aspects. The use of yacc and lex
tools makes it easy to extend this grammar if required, as
long as the grammar remains within the LALR(1) type.

4. CONCLUSIONS

We utilized formal language techniques to develop a general
and extensible system control method for ASR systems. The
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non-programmatic way in which the system control
characteristics is defined offers the benefits of enhanced
system maintainability, reliability, and adaptability, and
lowers the cost and development resource requirements.
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