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ABSTRACT

We present a new fast match for very large vocabu-
lary continuous speech recognition in which phonetic
transcriptions are scored at a cost of one floating-point
operation per phone. The algorithm uses a table of
estimates of phone scores and durations derived by
searching a relatively small phonetic graph in a pre-
processing step. The pre-processor runs in faster than
real time on a mid-range work station.

1. INTRODUCTION

The role of a fast match in continuous speech
recognition is to perform a rapid but not necessarily
very accurate search of a large lexicon and return a
list of hypothetical word transcriptions to be scored
exactly. Words in the lexicon may be transcribed in
terms of phonemes or other phonetic units (we use the
word ‘phone’ to embrace both possibilities) and the
transcriptions compiled into a lexic:l tree. For large
vocabulary applications with multiple transcriptions

er word the lexical tree may be very large and, since
1t has to be searched every time a word boundary is
hypothesized, very fast algorithms are needed. In [1]
we showed how a lexical tree can be scarched efficiently
using a heuristic obtained from a prior search of a rel-
at,ivgly small phonetic graph G which imposes much
weaker phonotactic constraints on phone strings than
the lexical tree. In this paper we will show how ad-
ditional information extracted from searching such a
graph can be used as a basis for a fast match search of
a lexical tree with the following properties:

(i) The inclusion rate (that is, the percentage of
the time that the word to be recognized is in-
cluded in the list returned by the fast match)
is essentially the same as the inclusion rate for
a Viterbi search of the lexicon using context-
independent phoneme models (at least in the
clean-speech, speaker-dependent case).

(ii) A phonetic transcription can be scored at a cost
of one floating point operalion per phone.

As in [1], an A" search of the lexical tree can be
carried out using backward probabilities at the nodes
of the graph G to compute a heuristic. \What is new
in this paper is that the backward probabilities are also
used to draw up a table of estimates of durations (and
scores) for each phone, indexed by the starting time of
the phone and the identity of the immediately follow-
ing phone. These estimates are not always exact but
they are sufficiently accurate that they can be used ef-
fectively as a fast match scoring mechanism. A similar
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table has been used by Ljolje and Riley [4] as an exact
match.

2. THE FAST MATCH SCORING
MECHANISM

In [I] we experimented with several phonetic
araphs, each of which can be used to impose phono-
tactic constraints on phone strings which are weaker
than those imposed by the lexicon and can there-
fore serve as a basis for calculating an A"-admissible
heuristic for searching a large lexical tree. In that
paper we showed that by constructing the phonetic
graph appropriately it is possible to devise an accu-
rate method of segmenting partial transcriptions as
they are hypothesized in the course of an A* search
which leads to a large reduction in the effective size of
the search space.

Let us say that the phone inventory has the k-
phone lookahead property (for some positive inte-
ger k) if, in matching speech data with an arbitrary
phone string FyFa.... the endpoint of the partial
transcription Fi...F, is independent of the phones
Fasis1Fnirya... foreachn=1,2.... We have found
empirically that in speaker-dependent recognition of
clean speech with (context-independent) phoneme
models the 2-phone lookahead property obtains. Ve
now outline how this fact can be used to construct an
admissible heuristic for continuous speech recognition
(a more detailed treatment and experimental results
are given in [2, 3]).

First we specily the phonetic graph G*. Let us
say that a phoue triple FGH is a legitimate triphone
if it can be obtained by concatenating phonetic tran-
scriptions of words in the dictionary and define the no-
tion of a legitimate diphone similarly. Then the nodes,
branches and branch labels in G* are as follows:

(i) Nodes: There is one node for every legitimate
diphone FC

(i1) Branches: For every legitimate triphone FGH
there is a branch [rom the node FG to the node
GH

(iii) Branch Labels: If FGH is a legitimate tri-
phone then the branch from FG to GH carries
the label F

(It is easy to see that this graph imposes triphone
phonotactic constraints on phone strings, that is if
FyFas...is a phone string obtained by tracing any path
throngh G then F;Fiqy Figa is a legitimate triphone
foreachi=1.2,...)



Now suppose that we are given speech data in the
form of a string of feature vectors Y3, Ys.... For each
node FG in G* and each time, let 37 (FG) denote the
Viterbi score of the data Y;4+1Yi42... on the optimal

ath through G~ that leaves node F'G at time {: these
Eackward probabilities can be calculated by perform-
ing a Viterbi search of G* in the reverse time direc-
tion (see Section 3). For each phone string Fy ... Fy,
let ay(F;...F,) denote the Viterbi score of the data
Y, ...Y,; against the partial transcription Fy ... F,,. For
each n > 2 define the heuristic score of the partial tran-
scription Fy ... Fy, to be

mtaxa,(Fl i SBid ) B (P B (1)

The heuristic is admissible (irrespective of whether or
not the 2-phone lookahead property holds) since the
graph G* allows greater freedom in extending Iy ... F,
then the lexicon does.

In order to take advantage of the 2-phone looka-
head property, note that, since the first two phone la-
bels on any path in the graph G~ that starts at the
node F,_iF, must be F,,_; and F,,, the endtime of
the phone F,_s is

argmaxa;(Fy ... Fao2)3] (FaF).
t

Thus it is only necessary to associate one endtime hy-
pothesis with each partial transcription (namely the
endtime of the third-to-last phone); this minimizes the
amount of work needed in expanding paths in the 4~
search.

The point we wish to make in this paper is that,
if the stronger 1-phone lookahead property holds, then
the heuristic score of Fy...F, can be evaluated at a
cost of n — 1 floating point operations (once the 3*’s
have been calculated). This statement is based on the
following observation.

Suppose that a phone F is hypothesized to start
at time ¢ in a context where it is followed by a phone G.
Consider the optimal path in the graph G* that leaves
node FG at time t. Suppose that the next node that
the path visits is GH and that the time of the visit is
t’. Then we can estimate the end-time of the F seg-
ment as t’ and if the 1-phone lookahead property holds
this estimate will be exact. (Note also that the score of
the F segment can be evaluated as 37 (FG)/3;(GH).)
Thus in the course of the 3= calculation, we can draw
up a table from which we can read off the duration and
score of a phone whenever the starting time and im-
mediate right context of the phone are given. Thus if
we are given a partial phonetic transcription Fy ... F,,
then each of the phones Fy, ..., F}, -2 can be scored and
endpointed using this table and the last two phones
F,_, and F, can be scored using the backward prob-
ability 87 (Fa-1Fn) (where t is the endtime of F},_s
for a total of n — 1 floating point operations. -

In fact we have found that the 1-phone lookahead
property does not hold on our applications so the scor-
ing mechanism that we have just outlined is not always
exact. However we conducted an experiment which
shows that for fast match purposes it is just as effec-
tive as our original scoring mechanism (1).

We took a 350-word extract from a recording of
the novel White Fang and used the Viterbi algorithm

to identify the word boundaries. Using a 60,000-
word dictionary containing an average of 2.2 phonemic
transcriptions per word and no language model, we
attempted to recognize each of the words (given the
starting time of the word but not the endtime) with
a set of (context-independent) phoneme models, using
both the fast match and the original mechanism ( l%_to
score all of the transcriptions in the dictionary. The
backward probabilities at the nodes of the graph G*
were calculated for all times up to 100 frames beyond
the end of the word (1 frame = 10 ms).

The results of the experiment are shown in Figure
1 (at the end of the paper). To interpret the figure,
a point (,y) on the continuous curve indicates that,
when the exact scoring mechanism is used, a transcri
tion of the word to be recognized is found among the
top « transcriptions y% of the time (and similarly for
the fast match scoring mechanism). It is evident that
the inclusion rates for the two scoring mechanisms are
almost identical.

3. THE PRE-PROCESSORR

The practical value of the fast match method that
we have proposed depends on how rapidly the table
of phone scores and durations can be drawn up. Ex-
haustively searching the triphone graph using the al-
gorithm clescribed in [7] takes 5 times real time on a
g])a.rc 10. The reason why this takes so long is that
the triphone graph, while much smaller than the lex-
ical tree: is still a big graph. (Recall that it contains
one branch for every possible triphone, including tri-
phones that can only appear in cross-word contexts.
Our 60,000 word dictionary, which contains more than
130,000 transcriptions, gives rise to 40,000 triphones.)

In fact, although we did not realize this when we
performed the experiment described in the previous
section, searching the triphone graph is not the most
efficient way to draw up the table of phone scores and
durations. The primary reason for using the triphone
graph is that this is what is needed to take advantage
of the 2-phone lookahead property which was the basis
for our earlier work on searching (1,2,3,6]. However,
the new fast match is based on the 1-phone lookahead
property and for this it turns out to be sufficient to
search a graph which imposes diphone constraints on
phone strings rather than triphone constraints.

This graph is constructed as follows.

(i) Nodes: There is one node for every phone F

(ii) Branches: For every legitimate diphone FG
there is a branch from the node F to the node
G

(i1i) Branch Labels: If FG is a legitimate diphone
then the branch from F to G carries the label
F

The table of phone scores and durations can be
derived from a reverse-time scarch of this graph usin
a slight modification of the Viterbi algorithm. Recal
that the table is indexed by triples (1, F, G) where F is
a phone hypothesized to start at time{+1 in a context
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where it is followed by G. Suppose that on the best
path in the graph which leaves the node [ at time ¢
and which begins with the branch joining F lo (i, the
time at which the node G is visited is 1. Then we can
conclude that, if the 1-phone lookahead property holds,
the F segment ends at time ¢’ and the score of the /'
segment is just the score of the data in the interval
[t+ 1,] on this branch. Thus the information needed
to draw up the table of phone scores and durations
can obtained by maintaining a collection of traceback
pointers for each node (one pointer for each branch
originating in the given node).

The diphone graph is sufficiently small that it can
easily be searched in real time. Note also that right
context models can be used for this purpose. Suppose
we are scoring a given branch, say joining the node
F to the node G. According to the labelling scheme
(iii), this branch has to be scored with an F* model.
However, for the same reason, we know that if this
branch is taken then the next phone encountered is
going to be G. Thus we can use a model for F in the
context of G (instead of a context-indepdendent model

for F).

Our dictionary uses an inventory of 40 phonemes.
giving rise to about 1300 diphone pairs. Thus the di-
phone graph contains 1300 branches. The time takeu
to search the diphone graph with right context VQ dis-
crete HMMs and draw up an exhaustive table of phone
scores and durations is about 0.7 times real time on a

HP 720.

4. CONCLUSION

We have presented a new fast match scoring pro-
cedure for very large vocabulary continuous speech
recognition. A pre-processing step constructs a table
of phone durations and scores which can be used to
score phonetic transcriptions at a cost of one floating-
point operation per phone. The pre-processor, whose
computational cost is essentially independent of the
size of the vocabulary, runs in faster than real time on
a HP 720.

An interesting consequevnce of the new fast match
is that, since all of the time alignment is done in the
pre-processor, it completely changes the character of
the search problem, that is, the problem of finding the
N best word histories for a given stream of acoustic
data. We are now dealing with this problem using the
graph search techniques described in [5]. These have
the advantage that the search space is not opened up
into a tree as in stack decoding. We will be reporting
the results of this work in the near future.
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Corzect Inclusion Rate (%) vs. Fast Match Hypothesis
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Fig. 1. Comparison of fast-match and exact scoring procedures
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