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MULTI-LINGUAL SPEECH RECOGNITION
WITH CROSS-LANGUAGE CONTEXT MODELING

Background
[01] This invention relates to multi-lingual speech recognition with context
modeling.
[02] Speech recognition systems have been developed to recognize words and

longer utterances in a number of languages. Many current speech recognizers make
use of phonetic sub-word units to represent of words, and statistical parameters that
are associated with those sub-word units are estimated from training speech. Speech
recognizers that are tailored for particular languages typically make use of an
underlying set of sub-word units that are most appropriate to that language. These
sets of sub-word units often differ significantly from one language to another. For
example, a set of phonetic units that would typically be used for English can be very
different than a set of syllable-based units that may be used for Chinese. Not only are
the units different, the distinctions between different units may be based on features
unique to the language. For example, Chinese units may differ according to their
“tone” (a function of the pitch contour) while English units would not typically
address differences in tone. '

[03] One problem that has been addressed is the transfer of statistical
information obtained from data in one language to enable or improve speech
recognition in another language. For example, it may be desirable to use to training
data from one language to configure a speech recognizer in another language.
However, in general, speech recognizers that are developed for different languages
typically use different sets of sub-word units, which are appropriate for that language.
One solution to this problem that has been proposed is to train speech recognizers
using a universal set of subword units. For example, multi-lingual speech recognizers
have been developed in which words of all the supported languéges are represented in
the International Phonetic Alphabet (IPA), or one of a number of similar multi-
language sets of subword units (e.g., WorldBet, SAMPA).

[04] In both single-language and multi-language speech recognition, an
important technique for improving accuracy of speech recognizers is to use context-
dependent subword units. Statistical parameters for a context-dependent subword unit
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are based on the context of adjacent units in a word, and at word boundaries adjacent
units in adjacent words (cross-word context). One approach to selection of context-
dependent units is to use a decision tree to identify variants of a unit that depend on
the adjacent context. In general, the decision tree uses the identities or characteristics
of the adjacent units to select the appropriate context-dependent variant.

Summary

[05] In a general aspect, the invention features an approach to multi-lingual
speech recognition that permits different words in an utterance to be from different
languages. Words from different languages are represented using different sets of
sub-word units that are each associate with the corresponding language. Despite the
use of different sets of sub-word units, the approach enables use of cross-word context
at boundaries between words from different languages (cross-language context) to
select appropriate variants of the sub-word units to match the context.

[06] In one aspect, in general, the invention features a method for selecting
context-dependent units for speech recognition. A first word from a first language is
represented in terms of subword units from a first set of subword units that is
associated with the first language. A first subword unit of the first word is adjacent to
the second word from a second language according to a speech recognition grammar.
A common set of features characterize subword units in both the first set of subword
units and in a second set of subword units that is associated with the second language.
One or more first context-dependent units corresponding to the first subword unit are
selected according to features in the common set of features of a second subword unit
of the second word which is adjacent to the first word according to the grammar.

[07] Aspects of the invention can include one or more of the following features.

[08] The first set of subword units, the second set of subword units, or both,
each includes phonetic subword units.

[09] The first language includes English.

[010] The first word precedes the second word in the speech recognition
grammar or the first word follows the second word in the speech recognition
grammar.

[011] Selecting one or more first context-dependent units corresponding to the
first subword unit includes selecting only a single context dependent unit.
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[012] The second word is a specific word in the second language, and selecting
the one or more context-dependent units includes selecting said units according to a
specific subword unit of the specific word which is adjacent to the first word
according to the speech recognition grammar.

[013] The method includes selecting one or more second cbntext—dependent
units associated with the second subword unit according to features in the common set
of features of a first subword unit of the first word which is adjacent to the first word
according to the speech recognition grammar.

[014] The method includes linking the selected one or more first context-
dependent units to the selected one or more second context dependent units to form a

context-dependent grammar.

[015] The second word is an unspecified word in the second language, and
selecting the one or more context-dependent units includes selecting said units
according to multiple possible second words of the second language.

[016] The method includes forming a grammar enabling runtime linking of the
selected one or more first context-dependent units with a later-determined second
subword unit.

[017] The method includes determining an identity of the second subword unit
after forming the grammar enabling runtime linking.

[018] The method includes selecting a subset of the one or more of the first
context-dependent units at runtime based on the determined identity of the second
subword unit.

[019] The method includes accepting first statistical data for selecting context-
dependent units associated with the first set of subword units according to context of
said units, and selecting the one or more context-dependent units includes using the

accepted statistical data.

[020] The first statistical data is computed using only training data from the first
language.

[021] The first statistical data enables selection of a unique context-dependent
subword unit associated with a subword unit and a context of subword units all from
the first set of subword units associated with the first language.
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[022] Selecting the one or more first context-dependent units associated with the
first subword unit includes selecting said units that are not inconsistent with a context
of subword units that includes subword units from both the first and the second set of
subword units.

[023] The statistical data includes one or more decision trees.

[024] The decision tree is used to identify one or more leaves of said tree
associated with said context-dependent units.

[025] Branches of the tree are selected according to features of the second
subword unit in the common set of features.

[026] Branches of the tree are selected without consideration of features of the
second subword unit not in the common set of features.

[027] Aspects of the invention can include one or more of the following
advantages:
[028] Allowing a speech recognizer to accept utterances with mixed languages

supports situations such as use of a name from a first language in an utterance in a
second language without requiring phonetic representation of the name in the units of
the second language.

[029] Sub-word units for each language can be selected independent to provide
the best speech recognition accuracy in that language. For example, use of an
universal set of units such as the International Phonetic Alphabet (IPA) may provide
inferior performance to separately selecting units tailored to each target language.

[030] Because the units for each language can be selected independently, new
languages, each of which may have its own set of subword units, can be added after
parameter estimation (training) for the existing languages is completed.

[031] Trained speech recognizers can packaged and sold separately for each of a
number of languages, and combined without restriction to which subsets of langnages
can coexist.

[032] Other features and advantages of the invention are apparent from the
following description, and from the claims.
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Description of Drawings

[033] FIG. 1 is a block diagram of a speech recognition system;

[034] FIGS. 2A-2C illustrate selection of context-dependent units using a
decision tree; FIG. 2A is a portion of a graph with arcs labeled with sub-word units;
FIG. 2B is a decision tree used to select context-dependent units; FIG. 2C is a portion
of a graph with arcs labeled with context-dependent subword units;

[035] FIG. 3A-3C illustrate selection of context-dependent units using a decision
tree at language transitions; FIG. 3A is a portion of a graph with arcs labeled with
sub-word units; FIG. 3B is a decision tree used to select context-dependent units; FIG.
3C is a portion of a graph with arcs labeled with context-dependent subword units;

[036] FIG. 4 is a context decision tree for an English “t”;

[037] FIGS. 5A-5D illustrate dynamic combination of multi-language grammars
in which a language transition can occur at the points of combination; FIG. 5A
illustrates a portion of a main grammar and a portion of a dynamic grammar; FIG. 5B
illustrates expansion into subword units; FIG. 5C illustrates edges with possible
context-dependent units; FIG. 5D illustrates that context-dependent graph after
dynamic combination;

[038] FIGS. 6A-6C illustrate a phonetic expansion of multi-language grammar
into a mixed unit phonetic graph using finite-state transducers (FSTs); FIG. 6A is a
portion of a grammar; FIG. 6B is a combine lexicon FST; FIG. 6C is a portion of 2
context-independent phonetic FST; and

[039] FIG. 7 is a portion of an context-dependent expansion prior to applying

cross-language context.

Description

1 System overview

[040] Referring to FIG. 1, a speech recognition system 100 uses a multi-
language grammar 110 to specify word sequences that a runtime speech recognizer
160 can interpret in input speech utterances. A multi-language grammar 110 allows
different words or phrases to be specified as belonging to different languages. An
example of a multi-lingual grammar allows utterances to contain a Chinese translation
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of “What is the price of shares” where the blank is an (un-translated) English

name of a company.

[041] A phonetic compiler 120 accepts multi-language grammar 110, and uses a
separate language dependent lexicon 122 and separate language dependent
phonological rules 124 for each language to translate the multi-language grammar
into a mixed unit phonetic graph 130. Lexicon 122 for each language specifies a
mapping from words in that language into one or more sequences of subword units for

each word representing the one or more pronunciations of the word.

[042] The set of subword units used for one language does not have to be the
same as those units used for another language, and the sets may be total disjoint. As
an example, an English lexicon 122 may map words into sequences on English
phones, while a Chinese lexicon may map words into sequences of syllables or
sequences of half-syllables (initial and final portions of syllables). Grammar 110 is
represented as a graph in which arcs are labeled with words. Phonetic compiler 120
uses lexicons 122 to expand arcs of the grammar to represent the corresponding
sequences of subword units, generally resulting in word arcs being expanded into
subgraphs that accept the corresponding sequences of subword units. A discussion of
an efficient implementation of these and other graph transformations using Finite
State Transducers (FSTs) is deferred to later in this description.

[043] Each language optionally has language-dependent phonological rules that
are used to modify the portion of an expanded graph that corresponds to words in that
language. For English, these rules are used to transform a graph with arcs labeled
with phones to a graph labeled with phonemes. For example, such rules may take into
account cross-word co-articulation in mapping phones to phone sequence.

[044] The result of application of the lexicons and phonological rules for the
languages is mixed unit phonetic graph 130, which has arc that are labeled with
subword units (e.g., phonemes) from one or more of the languages used in the
grammar.

[045] A context compiler 140 accepts phonetic graph 130 and produces a mixed-
unit context-dependent graph 150, in which one or more arcs labeled with context-
dependent units correspond to each arcs in phonetic graph 130 that is labeled with a
context-dependent subword unit. A speech recognizer 160 uses this context-

dependent graph, as well as acoustic models 162 for each of the languages, to convert
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input speech utterances to word sequence, where different words in the output word

sequences may come from different languages.

2  Context-Dependent Models

[046] Context compiler 140 accepts phonetic graph 130 and produces a
corresponding context-dependent graph 150. As introduced above, phonetic graph
130 is labeled with subword units, such as phonemes, while context-dependent graph
150 is labeled with context-dependent subword units, such as context-dependent
phonemes.

[047] The procedure carried out by context compiler 140, when applied to
subword units of a single language is illustrated in FIGS. 2A-2C. Referring to FIGS.
2A, an example of a portion of a phonetic graph 130 includes a series of arcs 232,
each labeled with a subword unit, for illustration labeled here as “a”, “b”, and “c”.

[048] Each subword unit in a language is associate with a number, typically
greater than one, of context-dependent subword units. Each of these context-
dependent units is associated with somewhat different statistical parameters in
acoustic model 162 for that language that characterize the variations in the acoustic
realization of the unit depending on the context. For example, the subword unit “b”
may be associated with five context-dependent variants, labeled “b.1” through “b.5”,
each corresponding to different statistical parameters. In FIG. 2A, the unit “b” is
found in the context of an “a” preceding it and either a “c” or'a “d” following it. The
notation “bla_c” is used to denote the unit “b” in the preceding (left) context “a” and
in the following (right) context “c”.

[049] Context compiler 140 transforms phonetic graph 130 into context-
dependent graph 150 by modifying labels on arc of the phonetic graph and also
modifying the structure of the phonetic graph to accommodate different contexts. For
example, if the unit “bla_c” is associated with a different context-dependent unit than
“bla_d”, then the single arc of the phonetic graph labeled with “b” corresponds to
multiple arcs in the context-dependent graph. In this example, “bla_c” is associated
with “b.2” and “bla_d” is associated with “b.4”. FIG. 2C shows a portion of the
expanded context-dependent graph 150, in which arcs are labeled with context-
dependent units.

[050] Context compiler 140 makes use of data that specifies a mapping from
each combination of a subword unit and its context to a context-dependent variant of
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that subword unit that depends on the context. In this embodiment, a binary decision
trees are used to implement the mapping, with one tree being associated with each
subword unit (i.e., with each possible subword unit label on an arc in phoneme graph
130). Each questions at each node in a decision tree can be answered based on the
context for that subword unit. As illustrated in FIG. 2B, the decision tree for “b”
includes a number of nodes 212, each associated with a question, and a number of
leaves 214, each associated with a different context-dependent variant. At each node
212, application of the associated question to the context determines whether the left
or the right branch is taken. For a particular context, the decision tree
deterministically yields a single leaf 214 based on the context. For example for the
context decision tree for the unit “b” shown in FIG. 2B, the context “a_c” may result
in a “yes” answer to question Q1 and a “no” to question Q4 yielding variant “b.2”,
while the context “a_d” may result in a “no” to question Q1 and a “yes” to question
Q3 yielding variant “b.4”.

[051] Each subword unit is associated with a number of features, for example,
acoustic-phonetic features. Examples of such features include “vowel”, “front”,
“back”, “consonant”, “fricative”, “nasal”, “tone”, etc. Features are typically binary-
valued, for example true/false or present/absent, although some features may be
multiply-valued, for example, for the different types of “tone” in a Chinese syllable.
For some or all language, various of the features can imply others. For example, in
English, “fricative” implies “consonant” although the same is not necessarily true in
all languages. Questions at nodes 212 in the decision trees are Boolean expressions
based on the features of the subword units in the preceding or following context (or
both). For example, question Q1 may be “Is the subword unit in the right context
voiced?”. Questions at the nodes of the decision tree can be simple and depend on the
value of a single feature of a single contextual subword unit, or can be more complex
depending on the values of multiple features form multiple contextual units.

[052] The features of the subword units for each language can be partitioned into

~ a set of language-independent features, which is common to all languages, and a set of

language-dependent features. For example, for Chinese, the feature “tone” would
generally be treated as a language-dependent feature while “voiced” would be a
language-independent feature. An example of an English language-dependent
features is “version of ‘r’”.

[053] During a training phase of the speech recognition system for a particular
language, context decision trees are constructed for each of the subword units of that
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language using training data that includes spoken utterances and transcriptions of
those utterances in the language being trained. A number of different well-known
training techniques for construction of the decision trees can be used, for example,
that use statistical characteristics of speech data in different context to best determine
which questions should be associated with each node in the tree and to determine the
number of leaves of the overall tree.

[054] In this embodiment of the system, questions at nodes test the value of a
single feature of either the left or the right contextual subword unit. Questions at
nodes can also test the value of a feature of the context-independent subword unit
itself in situations in which rriultiple such units share a common decision tree.

[055] Note that in alternative versions of the system, the relevant context for
selection of context-dependent variants of a subword unit is not limited to directly
adjacent units. Also, certain questions in the decision tree may be based on other
characteristics of the than the features of the contextual subword units. Furthermore,
although decision trees are used in this embodiment to map a context to a specific
context-dependent variant of the subword unit associated with the context, other
mapping approaches can be used with little or no modification of the overall multi-
language approach.

3  Cross-Language Context Modeling

[056] In situations in which multi-language grammar 110 contains words from
multiple languages, phonetic graph 130 will in general include arcs labeled with
subword units from different languages. Referring to FIG. 3A, a sample portion of
mixed unit phonetic graph 130 includes arcs 332 labeled with subword units “a” and
“b” from a first language, which are adjacent to arcs 333 labeled with subword units

[P

q” and

(1924
T

from a second language. The node linking “b” and “q” corresponds to a
language transition from the first language to the second language.

[057] Referring to FIG. 3B, a context decision tree for unit “b™ is as in FIG. 2.
This tree is constructed using training data from the first language, with which the
unit “b” is associated. In the illustrated case, the unit “b” has a left context “a” from

[11]

the same language it is “b”, while its right context “q” is from a different language.
As noted above, the unit “q” is characterized by values of a number of features, some
of which come from a language in-dependent set while others come from a set of

features that are not common to all languages, for example, being unique to the
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second language. The context decision tree for “b” therefore can include questions
are based on values of both language-independent features in the context as well as
features in the set for the first language. The consequence is that certain of the
questions in the “b” tree may depend on a first language features of the right context.
However, such a question cannot be answered is the right context from the second
language does not have values of those features. For example, if the first language is
Chinese and the second language is English, then if question Q2 depends on the

“tone” of the right context, this question cannot be answered if the subword unit “q
does not have a value for the feature “tone.”

[058] The approach taken to deal with questions that cannot be answered is to
consider only the questions for which the required features of the context are known.
In this example, assume that for the context “a_q” the answer to question Q1 is “yes”
and the answer to question Q4 is “no” but the answer to question Q2 is unknown
because the unit “q” does not have a value for a required feature. In this situation,
“bla_g” is mapped to any of the set of context-dependent units “{b.1,b.3}”. Referring
to FIG. 3C, the expansion of the phoneme arc labeled “b” is a parallel combination of
a context-dependent arc labeled “b.1”” and an arc labeled “b.3”. In some alternative
embodiments, such a parallel combination of arcs is represented by a single arc which

is labeled according to the allowed variants, for example, as “b.1.3”.

[059] A similar situation occurs in determining the context-dependent variant of

(194

the unit “q” with a language boundary to the left of “q”. For illustration, assume that
“qjb_r” maps to multiple variants of “q”, which are also represented as parallel arcs
labeled with the different variants of the subword unit that are consistent with the

context.

[060] The two words from the different languages are linked at a single node,
such that the first word can be represented by a sequence of subword units ending in
any of the allowable context-dependent subword units, here “b.1” or “b.3” and the
second word can be represented by a sequence of subword units beginning with any
of the allowable context-dependent variants of the “q” subword unit. That is, all
cross-word contexts that are not inconsistent with the common features of the two

languages are allowed in an “or” combination.

[061] In alternative embodiments, different types of combinations can be used.
For example, rather than combining the context-dependent subword units in an “or”

combination, statistical parameters of the combination can be used. For example,

10
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statistical parameters for a “b.1.3” context-dependent unit can be precomputed and

used for the context-dependent unit at the language transition.

[062] The approach to selecting the allowable context-dependent subword units
can be expressed as follows. A context decision tree forms a mapping from the
features of a subword unit and its contextual subword units to a leaf and its associated
context-dependent subword unit. Because each node is associated with a logical
question based on the features of the units, each leaf is associated with a Boolean
expression (predicate) that, in general, depends on both language independent and
language features. Note that in the case here of a decision tree in which the questions
in are tests of equality of one feature of one contextual subword unit, each leaf is
associated with particular values for a subset of the (language-independent and
language dependent) features, and arbitrary values of the remaining features. For
example, a leaf might be associated with the combination “voicing=true; tone=4".
More generally, for example if complex questions can be asked at the nodes, or
alternatively if a different form of mapping is used, each leaf and context-dependent
subword unit is associated with a logical OR of such combinations of particular
values for various subsets of features.

[063] When unit “q” comes from a different language than “b”, the approach
assumes that values of the language independent features of “q” are known but that
the values of the language-dependent (for the language of “b”) features of “q” are
unknown. The context-dependent subword units that are combined for “b” are those
associated with the leaves of the tree for which the corresponding predicate is true for
at least some value of the unknown language-dependent features of “q”. For example,
if unit “q” have has a feature “voicing=true”, then this would match a leaf of the “b”
decision tree that required “voicing=true; tone=4".

[064] Referring to FIG. 4, a context decision tree 400 for an English “t” includes
a number of nodes 410, each associated with a question related to a single feature of
the right contextual unit or the left contextual unit, and a number of leaves 420, each
associated with a different context-dependent subword unit which is a variant of “t”.
In the illustration, each node is labeled with an integer which identifies the question
asked at that node. At the root node, Q37 is asked: “does the right context have the
feature vowel=T? (i.e., is the right phoneme a vowel)”. If the answer is yes, the next
question asked is Q8: “does the left context have feature consonant=T", and if the
answer is no, the next question is Q24: “does the right context have feature version-
of-r=T? (i.e., is the right context a version of an English r)”. Note that “version-of-r”

11
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is a language-specific feature of English in this example. The overall tree is
structured as shown in the figure, with seven leaves 420, labeled “t.1” through “t.7”.

[065] In an example, below, we consider the situation in which the left context is
known to be “f” and the right context is unknown and comes from an unknown
language. In this example, only the variant “t.3” is inconsistent with this context
because the left context “f” does have the feature “consonant=T”. For each of the
remaining variants, the allowable combinations of language-independent features are
shown. For example, “t.1” is associated with the combination of feature values of the
right context {vowel=T,back=T}, “t.2” with {vowel=T,back=F}, “t.4” with
{vowel=F}, “t.5” with {vowel=F,consonant=T}, “t.6” with {vowel=F,consonant=F,
silence=T}, and “t.7” with {vowel=F,consonant=F, silence=F}. As will be seen
below, a right context that has features {vowel=F, consonant=T,fricative=T} is

consistent with “t.4” and “t.5” and is inconsistent with the other variants.

4  Dvynamic Grammars

[066] In U.S. Application No. 09/906,390, an approach to processing a grammar
to maintain cross-word context-dependent models at word transitions between a
grammar and a dynamically-generated subgrammar is described. An issue that is
addressed in that approach is that if one considers the last subword unit that makes a
transition to a dynamically generated grammar, at the time that the main grammar is
constructed, the possible first units of the dynamically generated grammar are as yet
unknown, and therefore the right context is unknown. In general, the approach taken
is that the context decision tree for the last unit is used to narrow down the
possibilities that are consistent with the left context, leaving the selection among the
remaining units until the right context from the dynamic grammar is known. A
similar issue is addressed at the last unit of the dynamic grammar, and at the first unit
of the dynamic grammar and the first unit in the main grammar following the dynamic
grammar with respect to their left contexts.

[067] In the multi-language situation, not only is the specific dynamic grammar
not necessarily known at the time that the main grammar is constructed, the language
of that dynamic grammar is also not known. Furthermore, at the time that the
dynamic grammar is constructed, the language of the host main grammar is not
necessarily known.
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[068] The general approach that is taken here is to process each of the grammars
(main and dynamic) such that the point at which they can later be joined matches
cross-word context based on the values of the language-independent features of the
units at the boundary. Because the set of language-independent features are known at
the time that both the grammars are constructed, the arcs at the edges can be labeled
with the combinations of values of language-independent features that are appropriate
for that arc.

[069] Referring to FIGS. 5A-5D, the approach for preprocessing grammars that
can be dynamically joined is illustrated for the example where the English word
“soft” is the last word before a dynamic portion, indicated by “$DYN”, and the first
word of the dynamic grammar is a Chinese word “si4”, which is the translation of the
English word “four”. FIG. 5A illustrates a portion of the main grammar, as well as a
portion of the “§DYN” grammar. FIG. 5B illustrates the expansion of the English
word “soft” into arcs labeled with the (phonetic) subword units “s-ah-f-t” and the
Chinese word “si4” into the sequence “s-ii4”. Note that as will be discussed below,

i
S

the same symbol, here “s” refers to different language specific subword units.

[070] Referring to FIG. 5C, the expansion of the main grammar makes use of
English context decision trees. For illustration the decision tree from “f” is used to
determine that in the context “ah_t” that “f.2” is the appropriate context-dependent

“t”

unit. Based on the decision tree for “t” shown in FIG. 4, context-dependent units that
are consistent with the left context “f” and an unknown right context are “t.17, “t.2”,
“t.4”, ... “t.7”. Similarly, the expansion of the Chinese “s” in the right context “ii4”
and an unknown left context is assumed for illustration to be consistent with “s.1”,

“s.2”, and “s.3”.

[071] In addition to identifying each of the possible context-dependent units at
the edges, each of the possibilities, for example, “t.17, is labeled in the graph with the
language-independent features of the English “t” and the language-independent
features with which the right context must be consistent.

[072] Referring to FIG. 5D, at runtime when the dynamic grammar is joined to
the main grammar, the language-independent features of the Chinese “s” are matched
to the labeled allowable language independent features of each of the context-
dependent variants of “t”. Based on the context decision tree shown in FIG. 4, the

language independent features {consonant=T;fricative=T} of a Chinese “s” are
inconsistent with the features of “t.1”, “t.2”, “t.6” and “t.7” and consistent with “t.4”
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and “t.5”. For illustration, the language-independent features of the English “t” are
assumed to be consistent with “s.1”” and “s.2” but not “s.3”. The dynamic assembly of
the two grammars then connects the consistent arcs as shown in FIG. 5D, which has a
similar structure to the graph shown in FIG. 3C for the statically determined cross-

language context.

[073] In general, each of the possible arcs at the edge of the main or dynamic
grammar are associated with one of the leaves of the context decision tree for the edge
subword unit. As discussed above, each leaf is associated with a predicate that must
be satisfied by the language-independent features of the contextual subword units,
which can be represented one combination, or more generally a logical OR of
multiple combinations, of particular values of subsets of the features. In the case of
the known left context “f” and unknown right context for “t”, a leaf such as the one
associated with the unit “t.1” is associated with a predicate that is a function of the
language-independent features of the right context, which for the example illustrated
in FIG. 4 is (vowel=T AND back=T). Because the values of the language-
independent features are guaranteed to be known, these predicates can be evaluated at
runtime when the main and dynamic grammars are combined to select the consistent

context-dependent variants.

5  Finite-State Transducers (FSTs)

[074] For a single-language system, an efficient implementation of the steps that
transform grammar 110 to a context-dependent graph 150 suitable for use by a speech
recognizer make use of Finite State Transducers (FSTs) and the composition operator
that is used to combine FSTs. Details regarding the single-language approach are
found in U.S. Application No. 09/906,390 and U.S. Application No. 09/906,575.

[075] Using the FST approach, grammar 100 is represented as an FST G.
Expansion according to a lexicon 122 is implemented as a composition of a lexicon
FST L with G, represented as L°G. Application of the phonological rules is
implemented as a composition of a phonological rule FST P, represented as PoL-G.

[076] Application of the context-dependent decision trees to the result of the
previous stages is also implemented as a composition. In particular, the rules that are
encoded in the decision trees are encoded in an FST C, which when composed with
the product PeL°G yields CeP°LeG which is the context-dependent graph 150 which is
used by the speech recognizer.

14



10

15

20

25

30

WO 2004/042697 PCT/US2003/035010

[077] In the multi-language case, the FSTs C, P, and L are constructed as in the
single language case. To distinguish between the different languages, each of these
FSTs is subscripted, for example, as Lgn.us, to indicate English as spoken in the
United States, or Lzy.zu to indicate Mandarin as spoken in China. In the approach
described below, the identifiers of the subword units do not have to be unique across
different languages.

[078] Referring to FIG. 6A, in order to mark the languages in grammar 110,
labels on arc in the grammars that represent words include a suffix that indicates the
language of that word and optionally the region in which that word is spoken. For
example, from the word “soft” in US English is marked with a label “soft!EN-US”.
Similarly, the Chinese Mandarin word “si4” is marked with a suffix as “si4!ZH-ZH”.

[079] Referring to FIG. 6B, in order to perform the translation of the grammar
into a phonemic graph, the lexicon FSTs Lgy.ys and Lzy.za are combined to form L.
The arcs of Len.us have inputs that are English phones and output that are null
(epsilon) or English words. The combination forms a union of Lex.us and Lzy zy with
the modification of the output labels to includes the language suffix (e.g., “!EN-US)
and the modification that each English word is preceded by a language entry arc with
a input label “EN-US” and an null output label and followed by a language exit arc
with an input label “/EN-US” and a null output label. Similarly, each Chinese word is
preceded by an arc with a “ZH-ZH” input label and followed by an arc with a “/ZH-
ZH” input label.

[080] Note that the labels for subword units do not have to be unique across
different languages because of the separation by the language exit and entry labels.
Referring to FIG. 6C, the phonemic expansion of the word “soft” into arcs 532
labeled “s-ah-f-t” is separated from the expansion of the Chinese word “si4” into arcs
533 labeled “s-1i4” by exit arc 510 and entry arc 512. For example, as shown in FIG.
6C, the English phoneme “s” and the Chinese initial unit “s” share the same identifier,
but are treated as distinct subword units.

[081] As with the lexicon FSTs, the phonological rule FSTs Pen.ys and Pzy.zu
are combined to form P. The combination forms a union, with the added requirement
that application of the English phonological rule FST cannot cross the exit label for
English, and therefore is not used applied to Chinese units. It is not necessary that
every language have a phonological rules. Essentially, the phonological rule FST for

such a language is treated as an identity under the composition operator.

15



10

15

20

25

30

35

WO 2004/042697 PCT/US2003/035010

[082] Expansion to context-dependent units is at least conceptually performed in
two phases. In the case of dynamic grammars, the first phase is precomputed while
the second phase is performed dynamically on-demand when needed. In the case of
static compilation, the two stages can both be precomputed. The first phase involves
context-dependent expansion within each language. Then, in the second phase, cross-
language context-dependent expansion is performed. Note that in the static
compilation case, these two phases can be combined to form a single FST C that is
composed with the phonetic graph to form the context-dependent graph.

[083] In the first phase, context at a language boundary is treated as follows.
Referring to FIG. 7, “t” in the left context “f” and in the right context of a language
boundary “/EN-US” is expanded into a number of variants of “t” that are consistent
with the context. As introduce above, these variants are “t.17, “t.2”, “t.4”, ... “t.7".
For each of the consistent variants, a sequence of two arcs are generated. The first is
labeled with the context-dependent unit. The second arc is labeled with a language
exit arc “/EN-US”. This language exit arc is further labeled with the language
independent features of the unit. In the case of the English “t”, each of these language
exit arcs are labeled with “self: consonant=T;stop=T"" with the values of the other
features taking on default values (e.g., false). Each of the language exit arcs is also
labeled with the required features of the right context. For example, for the language
exit arc associated with the “t.1” arc, the exit arc is also labeled with “right:
vowel=T;back=T" with the other feature values being arbitrary. Similarly, for each
variant of the Mandarin “s”, the language entry arc “ZH-ZH” is labeled with “self:
consonant=T;fricative=T" and with the appropriate features for the left context. For
example, the entry arc associated with “s.1” is labeled with “left:
consonant=T;stop=T" while the arc associated with “s.3” is labeled with “left:
consonant=T;stop=F".

[084] In the second phase, only particular sequences of language exit arcs and
language entry arcs are allowed based on their “self”, “right” and “left” labelings. In
this example, because the Chinese “s” has language-independent feature “self:
consonant=T;fricative=T" and implicitly “vowel=F" the content-dependent unit “t.4”
is retained because it only requires that “vowel=F" is satisfied. Similarly, “t.5” is
retained because “vowel=F;consonant=T" is satisfied. The other variants of “t” are
not retained because there is no allowable path linking their associated language exit
arc with any of the language entry arcs. For illustration, assume that variants “s.1”

and “s.2” of the Chinese “s” are retained based on a similar procedure. The result is
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then as shown in FIG. 5D. Note that the exit and entry labels are optionally retained,
thereby allowing speech recognizer 160 to determine which acoustic models to apply
to each of the identified context-dependent units because these labels are not
necessarily unique across languages.

[085] Construction of the combined FST C from the individual language-
dependent FSTs Cen.us and Czg-zy is as follows. First, each of the language FSTs is
modified to perform the expansion in the first phase. Note that these expansions do
not require knowledge of the neighboring language because the labeling of the
language exit and entry arc is in terms of language independent features. A union of
these FSTs is then formed. An FST that implements the second phase is constructed
by allowing language transitions in which any language exit arc of the form
“/LANGI(self: ...; right: ...)” is allowed to be followed by a language entry arc of the
form “LANG2(self: ...; left: ...)” only if the “self” feature values of each arc are
consistent with the “right” or “left” features.

6  Alternatives

[086] The approach described above is in the context of combination of
separately trained speech recognition models for different languages that are
combined for recognition. The approach is applicable to other situations in which
different sets of subword units are used to train different acoustic models. For
example, different subword units can be used to train different vocabularies for a
single language. An example of such a situation is training of phonetic models for
English, and later training a recognizer that is tuned to digit strings using word-
dependent subword units. Cross-word context modeling between phonetically-
represented words and digits represented by word-dependent features can then use the
“language”-independent features to determine appropriate cross-word context models.
This is the case even if the phonetic training did not anticipate the use of the digit
models.

[087] Another situation in which the approach can be used is in which different
languages may share the same basic units, but these units may be marked with
language-dependent diacritics. The cross-word modeling can then be based on the

units, ignoring the diacritics.

[088] Another alternative is to consider the specific features that are in common
to two languages at a cross-language boundary. For example, rather than using only
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the language-independent features that are guaranteed to be known for all languages,
the specific intersection of features for the two languages involved can be used.

[089] For each language, it is not necessary that decision trees are used to map
from a subword unit and its context to a particular context-dependent unit. Other
deterministics (or even probabilistic) functions can be used. When language
dependent features of a contextual unit are not available, the set of possibilities can be
generated to include all consistent subword units.

[090] The description above focuses on selection of context-dependent units.
Other approaches that us context to select other statistical parameters for subword
units, such as the select probability distributions for particular parts (e.g., states) of a
subword unit can use this approach. Rather than using the approach to select an entire
context-dependent subword unit, the approach is used to select the parameters for a
particular part of the unit.

[091] It is to be understood that the foregoing description is intended to illustrate
and not to limit the scope of the invention, which is defined by the scope of the
appended claims. Other embodiments are within the scope of the following claims.
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‘What is claimed is:

1. A method for selecting context-dependent units for speech recognition
comprising:

accepting a representation of the first word from a first language in terms of
subword units from a first set of subword units that is associated with
the first language, including accepting a first subword unit of the first
word which is adjacent to the second word from a second language
according to a speech recognition grammar;

determining a common set of features that characterize subword units in both
the first set of subword units and in a second set of subword units that
is associated with the second language; and

selecting one or more first context-dependent units corresponding to the first
subword unit according to features in the common set of features of a
second subword unit of the second word which is adjacent to the first
word according to the grammar.

2. The method of claim 1 wherein the first set of subword units includes phonetic
subword units.

3. The method of claim 2 wherein the first language includes English.

4. The method of claim 1 wherein the first word precedes the second word in the
speech recognition grammar.

5. The method of claim 1 wherein the first word follows the second word in the
speech recognition grammar.

6. The method of claim 1 wherein selecting one or more first context-dependent
units corresponding to the first subword unit includes selecting only a single context
dependent unit.
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7. The method of claim 1 wherein the second word is a specific word in the
second language, and selecting the one or more context-dependent units includes
selecting said units according to a specific subword unit of the specific word which is

adjacent to the first word according to the speech recognition grammar.

8. The method of claim 1 further comprising:

selecting one or more second context-dependent units associated with the
second subword unit according to features in the common set of
features of a first subword unit of the first word which is adjacent to
the first word according to the speech recognition grammar.

9. The method of claim 8 further comprising linking the selected one or more
first context-dependent units to the selected one or more second context dependent
units to form a context-dependent grammar.

10.  The method of claim 1 wherein the second word is an unspecified word in the
second language, and selecting the one or more context-dependent units includes
selecting said units according to multiple possible second words of the second
language.

11.  The method of claim 10 further comprising forming a grammar enabling
runtime linking of the selected one or more first context-dependent units with a later-
determined second subword unit.

12.  The method of claim 11 further comprising determining an identity of the
second subword unit after forming the grammar enabling runtime linking.

13.  The method of claim 12 further comprising selecting a subset of the one or
more of the first context-dependent units at runtime based on the determined identity
of the second subword unit.
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14.  The method of claim 12 further comprising:

selecting one or more second context-dependent units associated with the
second subword unit according to features in the common set of
features of a first subword unit of the first word which is adjacent to
the first word according to the grammar.

15.  The method of claim 14 further comprising linking the selected one or more
first context-dependent units to the selected one or more second context dependent
units to form a context-dependent grammar.

16.  The method of claim 1 further comprising accepting first statistical data for
selecting context-dependent units associated with the first set of subword units
according to context of said units, and selecting the one or more context-dependent
units includes using the accepted statistical data.

17.  The method of claim 16 further comprising computing said first statistical data
using only training data from the first language.

18.  The method of claim 16 wherein said first statistical data is based only on
training data from the first language.

19.  The method of claim 16 wherein the first statistical data enables selection of a
unique context-dependent subword unit associated with a subword unit and a context
of subword units all from the first set of subword units associated with the first
language.

20. The method of claim 16 wherein selecting the one or more first context-
dependent units associated with the first subword unit includes selecting said units
that are not inconsistent with a context of subword units that includes subword units
from both the first and the second set of subword units.

21.  The method claim 16 wherein accepting the statistical data includes accepting
one or more decision trees.
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22.  The method of claim 21 wherein selecting the one or more first context-
dependent units associated with the first subword unit includes using a decision tree to

identify one or more leaves of said tree associated with said context-dependent units.

23.  The method of claim 22 wherein using the decision tree includes selecting
branches of the tree according to features of the second subword unit in the common
set of features.

24.  The method of claim 23 wherein using the decision tree includes selecting
branches of the tree without consideration of features of the second subword unit not
in the common set of features. '

25.  Software stored on computer readable media comprising instructions for
causing a computer to perform functions comprising:

accepting a representation of the first word from a first language in terms of
subword units from a first set of subword units that is associated with
the first language, including accepting a first subword unit of the first
word which is adjacent to the second word from a second language

according to a speech recognition grammar;

determining a common set of features that characterize subword units in both
the first set of subword units and in a second set of subword units that
is associated with the second language; and

selecting one or more first context-dependent units corresponding to the first
subword unit according to features in the common set of features of a
second subword unit of the second word which is adjacent to the first
word according to the grammar.

26. A method for selecting context-dependent units for speech recognition
comprising:

accepting a specification of sequences of subword units associated with a
speech recognition grammar, including accepting a specification of at
least one sequence of a first subword unit from a first language and a
second subword unit from a second language;
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determining values for the first and the second subword unit for each of a
common set of features of subword units that are common to both the

first and the second language;:and

selecting a contexi-dependent variant of the first subword unit according to the
values of features of the second subword unit that are in the common

set of features.
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