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ABSTRACT

Language models for automatic speech recognition are used
for computing probabilities of theories corresponding to par-
tial interpretations of sentences. Algorithms have been devel-
oped for computing these probabilities when theories grow
in a strictly left-to-right fashion. This paper introduces a
new framework for the computation of probabilities of the-
ories that contain a gap corresponding to an uninterpreted
signal segment. Algorithms have been developed and their
complexity is here derived. The use of these algorithms in
an sland-driven parser is also discussed.

I. INTRODUCTION

Automatic Speech Understanding (ASU) is based on a search
process that generates partial interpretations of a spoken sen-
tence called theories and scores them on the basis of their
likelihood L = O(Pr(A | th) Pr(th)), where Pr(A | th) is the
probability that theory th derives the acoustic signal seg-
ment A and Pr(th) is the probability of the obtained theory.
We are interested in the computation of Pr(th) when the
sentence to be analyzed can be generated by a Stochastic
Context-Free Grammar (SCFG). Motivations for modeling
natural language by means of SCFG’s can be found in {2]
(see also [6]).

The most popular parsers used in Automatic Speech
Recognition (ASR) generate theories with a left-to-right
strategy, by adding a word at a time on the right-hand side
of th. In this case Pr(¢h) can be computed as recently pro-
posed in [5]. For ASU, especially for dialogue systems, it
may be useful to consider parsers that are “island driven”.
These parsers focus on islands, that is words which have
been hypothesized with high acoustic evidence and which
are of particular semantic relevance, and then proceed out-
ward, working on both directions. Interesting island-driven
parsers have been proposed by [8], (4] and [7]. None of these
parsers uses a stochastic grammar.

If island-driven parsers have to be used for generating
partial interpretations of a spoken sentence, it is important
to compute the probability that a SCFG generates sequences
of words intermixed with gaps corresponding to portions of
the acoustic signal that are still uninterpreted. This paper
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establishes a theoretical framework for such a computation.

II. NOTATION AND DEFINITIONS

A SCFG is a quadruple G, = (N, %, P, S), where N is a fi-
nite set of nonterminal symbols, ¥ is a finite set of terminal
symbols disjoint from N, P is a finite set of productions with
a probability associated with each of them and S € N is a
special symbol called start symbol. Productions in P have
the form H — o, where H € N and « is a (possibly null)
string of terminal and nonterminal symbols. The probability
associated to the production H — « represents the probabil-
ity that o rewrites H, given the presence of H; therefore the
normalization property is 3., Pr(H — o) = 1, H € N.
G, is in Chomsky Normal Form (CNF) if its productions
have either the form H — FG or H — w, H,F,G € N,
w € Y. We suppose the grammar to be consistent, that is to
generate a language that has probability one.!

A possible application of an island driven parser to a task
of ASU is the following. On the basis of a previously ob-
tained theory u = w;... w;y, and of some extra-syntactical
knowledge sources, predictions can be made for words not
necessarily adjacent to u. This introduces a gap within the
theory that represents a not yet recognized part of the in-
put sentence. The gap will be then filled by further syn-
tactical and acoustical analysis. Therefore we will deal with
theories of the form ¢ = uzvy, where u = w;...wy, and
V=W Wigg, 8, J >0, p, ¢ >0, > ¢+ p, indicate strings
of already recognized terminals, while z and y stand for gaps
of specified or unspecified length. For a gap & we will also
write z{™ in the case its length is a specified integer m or
2™ if its length is unspecified. The unspecified length gap
represents the case in which we ignore how many words will
fill in the gap. Note that in practical cases, the length of the
gap y in ¢ is unknown, because during the analysis the right
end of the sentence is not yet detected.

In fact, the normalization property garantees the derivation trees
probability to sum to one, but the language generated by the grammar
only corresponds to the finite trees subset and its probability can be
less than one.
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In both the cases in which z = z(™ and z = z®, inter-
esting theoretical results can be obtained. In speech recog-
nition applications it is possible to estimate the probability
distribution of the number of words within the gap from the
acoustic signal. This fact makes more significant the case
in which the gap length is known. Hence we will focus our

attention on theories of the form ¢ = uz(™wvy™*). More con-
siderations on both cases can be found in [3].

In a SCFG, the productions rewriting two nonterminals
are probabilistically independent. Therefore the probability
of a derivation tree 7 is the product of the probabilities of
all the productions used in its derivation. Given a string
o € %*, the notation H < ¢ >, H € N represents the set of
all trees generated by the grammar with root H and spanning
oy Pr(H < ¢ >) is the sum of the probabilities of these
subtrees.

III. PARTIAL THEORIES PROBABILITIES

Let G, be a SCFG in CNF and let ¢ = uzvy™ where either
z = 20 or £ = 2™, We present a method for the compu-
tation of the left-corner-with-gap probability Pr(H < £ >).
When H = S and u is a prefix of the input string, such a
probability can be used during the search process both to
select the most plausible partial interpretation for growing
and to limit the class of the possible adjacent words in order
to reduce perplexity.

The computation of the above mentioned probability re-
quires two other quantities: the gap-in-string probability
Pr(H < uzv >) and the island probability Pr(H < zvy®>).

A Gap-in-string and island probabilities

Let £ = uzv. Since G, is in CNF, H must directly derive
two nonterminals G4G,, where Gy spans a prefix of ¢ and
G, spans the remaining part. According to the position of
the boundary between these two parts, three cases can be
distiguished: the first word of the substring spanned by G,
can belong to the initial substring v = w;... wi,, to
the gap x, or to the final substring v = wj... wjy,. As
the three cases are independent and mutually esclusive, one
obtains Equation (1) for the case of specified gap length, and
a similar expression when the gap length is not specified.

Pr(H < wi ... wippet™wy . wjpg >) = Z Pr(H — GiGa)l

G1Gy
p—1
E Pr(Gi < wi...wigx >)Pr(G2 < wigrq1 ,,.w,'+,,a:(m)u >)+
k=0

m
+ Z Pr(Gy < 'uzgk) >)Pr(Ga < xgm—k)u >y +
k=0

a1
+ ZPr(G; < uz("‘)wj...wHk SYPr(G2 < wigrg1 - wivg >) (1)
k=0
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Pr(H < wig(™w; >) = Z Pr(H — G1Gy)
G1,G2

ST PG < wigt?) >)Pr(Ga < 25" w; >) @)
k=0

Note that gap = has been split into two gaps z; and z,.

The computation of the probabilities in Equation (1)
can be obtained in a recursive way with the initial condi-
tion given in Equation (2). In fact the inside probabilities
Pr(H < u >) can be computed by the Inside algorithm ([1]
and [6]). Also, in the case of unspecified gap length, the
left-corner probability Pr(H < ux >) and the right-corner
probability Pr(H < zu >) can be computed either by the
Left-to-Right Inside algorithm [5] or by a simmetrical version
of it. When the gap length is known, the following equation
can be applied in a recursive way for the computation of the
left-corner probability:

Pr(H < ua(™ >) = Z Pr(H — G1G3)[
G1G2

p~1
ZPT(GI < wiowipk S)Pr(G2 < Wigkt - wigpe™ ) 4
k=0

+ Y Pr(Gr <ual?) 5)Pr(Gs < 2™ 5)] (3)
k=0

with the initial condition

Pr(H < wizl® >) = Pr(H — w;) (4)

Equation (3) introduces the gap probability, P(H <
2™ >) whose computation can be carried out in a recur-
sive way as follows;

Pr(H < z1) >) = Z Pr(H — w)
weE
Pr(H < z? >) =
= > PH{H = GiGy)Pr(Gr < ) >) Pr(Ga < 2§ )
G1,GaeN
Pr(H < a(™ >) =
m—1
= > PH{H = GiGy) Y Pr(Gr < 27 >) Pr(Gy < {77 5)
G1,G2EN =1

(5)

A simmetrical expression with respect to Equations (3) and
(4) can be obtained for right-corner probabilities in the case
of known gap length.

As for the gap-in-string case, the computation of the is-
land probability P(H < zvy®™ >) involves three cases, de-
pending on the position of the boundary between the strings
spanned by the two children of H with respect to the island
v = w;... W44 The three sets of strings generated in these
cases are probabilistically independent, but in the case of un-
specified length gap they are not disjoint. Due to this fact,
in the case ¢ = z{* one must also consider the probability
products, then obtaining a quadratic system of equations.
On the other hand, the following relation holds for the case
of an m-length gap:
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Pr(H < x('")wJ4..wj+qy(') >) = E Pr(H — G1G2)|
G1,G2

EPr(G; < :cgk) >)Pr(Gse < x(;"—k)w] .. .wj+qy(‘) >)+
k=1

q—1

+ ZPr(G; < x('")wj cowigk 2)Pr{Ge < wipktr .u‘ll/j+qﬂ(~) >)+
k=0

+  Pr(Gy < 2™ ,..wj+qy§‘) >)Pr(Ga < yg') >)] (6)

where Pr(G; < y™ >) = 1 if the grammar is consistent.

Using the definition of the quantity Qr(H = G1G)
given in [5], the recursion in Equation (6) can be solved
in the same way the recursive equation for the left-corner
probability is solved there:

Pr(H < r('")wJ- .4.w_,'+qy(') >)= Z QL(H = GlG2)C¢vu(GlaG2) Y]
G1,G2

where:

Caroy(G1,G2) =

m
= ZPr(G; < o) SYPr(Gy < 2§ wj . wig gy >) +
k=1
q—1
+ ZPr(G; < ™ w; . wipk >) Pr(Ga < wipks1 o wingy™ >)
k=0

(8)

B Left-corner-with-gap probability

An expression for the left-corner-with-gap probability
Pr(H < uzvy™ >) can be obtained as follows. Four inde-
pendent and mutually exclusive cases can be distinguished,
in which the boundary between the two children of H be-
longs to u, to the gap z, to the island v or to the final gap y.
The sum of the probabilities of these cases gives the desired
quantity:

Pr(H < wi... wigpa™wj. wipey™ >) = Z Pr{H — G1G2)[
G1.Ga

p—1
Z Pr(G) < wi.. . witk >) Pr(Ga < wigrp1 - wigpat™vy(*) >)
k=0

m

+ ) PrGr < ust?) 3)P(Gr < ey 5)
k=0
q—1

+ Z Pr(G; < u:c("’)wj cowspk >)Pr(Ga < witkgr ...w,’+qy(*) >)
k=0

+ Pr(G1 < usl™ " S)Pr(@s < 4§ >)). (@)

Proceeding as in Equation (6):

Pr(H < w;.. .w;+pz(m)wj' .. .wj,,.qy(') >) =

= 3 QuH = G1G2)Dusy(G1,G) (10)
G1,G2

where
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Dyzoy(G1,G2) =
1
= ZPr(G] < wi . witk >) Pr(G2 < Witk --~wi+pr(m)w('> >y +
k=0

m
+ ZPr(G; < u:l:gk) >) Pr(G2 < zgm_k)uy(') >)+
k=0
q—1
+ Pr(G; < um‘(m)w] cowspk >) Pr(Ga < wipksr --~w1+qy(‘) >)
k=0
(1)
Du;zuy(G1,G2) =
m
= > Pr(Gr < wis® >)P(Ga < 2lmFuyl >) 4
k=0
q—1
+ ZPr(Gl < w.-a:('")wj Cowigk >) Pr(Gs < wytk+1 ~-~1Uj+q1/(‘) >)
k=0
(12)

Then the left-corner-with-gap probability can be solved re-
cursively, employing the already computed probabilities.

IV. COMPUTATIONAL PERSPECTIVE

In order to use the probability of partial analyses with gap in
an island-driven bidirectional parser, algorithms have been
developed from the presented theory (for this part of the
work we refer the reader to [3]). Table 1 reports some com-
putational complexity worst-case results regarding sets of
probabilities defined in Section III: the assumed model of
computation is the random access machine (in Table 1 the
notation | P| indicates the number of productions in the given
SCFG, while symbol a € ¥ indicates a one- word extension
of a theory whose probability had already been computed).
Both island and left-corner-with-gap probabilities require cu-
bic time computation (rows 1 and 2). Rows 3 to 6 account
for cases in which one has to compute the probability of a
theory that has been obtained from a previously analyzed
theory by means of a single word extension. Using a tabular
method in these cases, one can dispense with the computa-
tion of elements already involved in the calculation of the
previous theory. Nevertheless in some cases (rows 4 and 6)
cubic time computations are still needed (see Corazza for a
discussion).

sel to be computed time complexity

{Pr(H < z(™uy(*) >) | H e N}
{Pr(H < uz{™uy™) >) | H € N}
{Pr(H < (™ uay(*) >) | H € N}
{Pr(H < {m=Dauy(*) >) | H e N}
{Pr(H < ua(™uay(™ >} | H €N}
{Pr(H < uz{™ Dauy(*) >) | H € N}

O(|Pl max{p®, m?p})

O({P| max{p®,¢*, m®})

O(|Ap?)

O(|P|max{mp?, m?p})
O(|P{max{p?, 92, m?, p(m + ¢)})
O(|Plmax{p%q, pg?, p’m, pm?})

@ o e

Table 1: Worst-case time complezity for the computation of
the probabilities of some sets of theories.

In Section ITI we have made the assumption that a gap «
consists of a (known) number m of words. In practical cases
it is only possible to estimate a probability distribution for
m, given the fact that we know the speech segment covered
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by z. Based on a string A(z) describing suprasegmental
acoustic cues (as for example energy peaks descriptors or
pitch features) it is possible to consider the probability:

Pr(A(z) | m) = Pr(A(z) | ns) P(ns | m). (13)

P(A(z) | ns) is essentially a performance model obtainable
by experiments of a system that segments a speech signal
into syllables, n, being the number of actual syllables in the
sentence corresponding to the signal. Pr(n, | m) is the prob-
ability that a string of m words is made up of n, syllables;
it can be estimated from a written text. Once the above
probabilities have been computed, it is possible to estimate
Pr(S < uzvy >) as follows:

Pr(S < wi...wippzw;. A.wH.qy(') >} =

o
= E Pr(S < w; .,.w.-+p.z'('")wj . ‘wj+qy(') >)
m=0

Mmasx
~ Z Pr(s < u.r,-...w.'+P:v<'")wJ'...wj+qy(') >)
m=Momin

(14)

where Pr(A(z) | m) < & for m < mpin and m > mpge. It
is also possible to introduce other heuristics, such as weight-
ing the latter probability Pr(S < uz(™uvy™ >) with some
quantities obtained from Pr(A(z) | m).

V. DISCUSSION

We think that the presented theory will be effective when
the task at hand has certain characteristics. In particular,
a good task should be sentence interpretation in restrict do-
mains, because in this case island predictions can be guided
by extrasyntactical sources of knowledge (for example se-
mantic and pragmatic heuristics). In addition, a word spot-
ter should be required to find the words predicted by the sys-
tem within the speech signal; the performance of the word
spotter is improved by the fact that we only look at a limited
number of “higly informative keywords”.

Our theory accounts for bidirectional expansion of partial
analyses; this results in an improvement of the predictive ca-
pabilities of the system. In fact, bidirectional strategies can
be used in restricting the (stochastic) syntactic search space
for gaps surrounded by two partial analyses. This point has
been discussed in [7] for the cases of one word length gaps.
Notice that our theory generalizes such cases to m-length
gaps as well as to case when partial analyses are not partially
instantiated context-free productions, but partial derivation
trees in all their generality.

So far we have discussed how to score a given theory. It
is also possible to use the presented framework in predicting
words adjacent to an already recognized string, in order to
extend the corresponding theory. This can be done by select-
ing the word(s) which maximize the probability of the theory
augmented with it. Instead of computing these probabilities

ICSLP 90, Kobe, Japan, November 1990

for all symbols in the dictionary, it is possible to restrict such
an expensive process to the preterminal symbols (see [2]).
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