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SYSTEMS AND METHODS FOR DETERMINING THE N-BEST STRINGS

ABSTRACT OF THE DISCLOSURE

Systems and methods for identifying the N-best strings of a weighted automaton. A
potential for each state of an input automaton to a set of destination states of the input
automaton is first determined. Then, the N-best paths are found 1n the result of an on-the-fly
determinization of the input automaton. Only the portion of the input automaton needed to
identify the N-best paths is determinized. As the mmput automaton is determinized, a
potential for each new state of the partially determinized automaton is determined and is

used in identifying the N-best paths of the determinized automaton, which correspond

exactly to the N-best strings of the input automaton.
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SYSTEMS AND METHODS FOR DETERMINING THE N-BEST STRINGS

BACKGROUND OF THE INVENTION

The Field of the Invention

The present invention relates to identifying a ranked list of unique hypotheses
and more specifically to determining the N-best strings of an automaton. More particularly,
the present invention relates to systems and methods for determining the N-best distinct

strings of a weighted automaton through partial determinization of the weighted automaton.

The Relevant Technology

A speech recognition system is an example of a computing system that converts
real world non-digital type input data into computer-usable digital data and that converts
computer digital data into real-world output data. A speech recognition system receives
speech from a variety of difterent sources, such as over the telephone, through a microphone
or through another type of transducer. The transducer converts the speech into analog

signals, which are then converted to a digital form by the speech recognition system. From

the digital speech data, the speech recognition system generates a hypothesis of the words or
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sentences that were contained i1n the speech. Unfortunately, speech recognition systems are
not always successful at recognizing speech.

In order to improve the likelihood of correctly recognizing the speech, speech
recognition systems generally try to make a best guess or hypothesis using statistical
probabilities. In fact, speech recognition systems often generate more than one hypothesis
of the words that make up the speech. In one example, the various hypotheses are arranged
in a lattice structure such as a weighted automaton, where the weight of the various
transitions in the automaton correlate to probabilities.

The weighted automaton or graph of a particular utterance thus represents the
alternative hypotheses that are considered by the speech recognition system. A particular
hypothesis or string in the weighted automaton can be formed by concatenating the labels of
selected transitions that form a complete path in the weighted automaton (1.e. a path from an
initial state to one of the final states). The path in the avtomaton with the lowest weight (or
cost) typically corresponds to the best hypothesis. By identifying more than one path, some
speech recognition systems are more likely to identify the correct string that corresponds to
the received speech. Thus, it is often desirable to determine not just the string labeling a
path of the automaton with the lowest total cost, but it is desirable to identify the N-best
distinct strings ot the automaton.

The advantage of considering more than one hypothesis (or string) is that the
correct hypothesis or string has a better chance of being discovered. After the N-best
hypotheses or paths have been identified, current speech recognition systems reference an

information source, such as a language model or a precise grammar, to re-rank the N-best
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hypotheses.  Alternatively, speech recognition systemms may employ a re-scoring
methodology that uses a simple acoustic and grammar model to produce an N-best list and
then to reevaluate the alternative hypotheses using a more sophisticated model.

One of the primary problems encountered in evaluating the N-best hypotheses 1s
that the same string is often present multiple times. In other words, the automaton or word
lattice often contains several paths that are labeled with the same séquence. When the N-
best paths of a particular automaton are identified, the same label sequence may be present
multiple times. For this reason, current N-best path methods first determine the & (k >> N)
shortest paths. After the k£ shortest paths have been identified, the system is required to
perform the difficult and computationally expensive task of removing redundant paths in
order to identify the N-best distinct strings. Thus, a large number of hypotheses are
generated and compared in order to identify and discard the redundant hypotheses. Further,
if k is chosen too small, the N-best distinct strings will not be 1dentified, but rather some
number less than N.

The problem of identifying the N-best distinct strings, when compared to
identifying the N-best paths of a weighted automaton, is not limited to speech recognition.
Other systems that use statistical hypothesizing or lattice structures that contain multiple
paths, such as speech synthesis, computational biology, optical character recognition,
machine translation, and text parsing tasks, also struggle with the problem of identifying the

N-best distinct strings.
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BRIEF SUMMARY OF THE INVENTION

These and other limitations are overcome by the present invention, which relates
to systems and methods for identifying the N-best strings of a weighted automaton. One
advantage of the present invention is that redundant paths or hypotheses are removed before,
rather than after, the N-best strings are found. This avoids the problematic enumeration of
redundant paths and eliminates the need to sort through the N-best paths to 1dentify the N-
best distinct strings.

Determining the N-best strings begins, in one embodiment, by determining the
potential of each state of an input automaton. The potential represents a distance or cost
from a particular state to the set of end states. Then, the N-best paths are found in the result
of an on-the-fly weighted determinization of the input automaton. Only the portion of the
input automaton needed to 1dentify the N-best distinct strings 1s determinized.

Weighted determinization i1s a generalization of subset construction to create an
output automaton such that the states of the output automaton or the determinized automaton
correspond to weighted subsets of pairs, where each pair contains a state of the input
automaton and a remainder weight. Transitions that interconnect the states are created and
given a label and assigned a weight. The destination states of the created transitions also
correspond to weighted subsets. Because the computation of the transition(s) leaving a state
only depends on the remainder. weights of the subsets of that state and on the input
automaton, it 1s independent of previous subsets visited or constructed. Thus, the only

portion of the input automaton that ts determinized is the portion needed to identify the N-
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best strings. The potential or shortest distance information is propagated to the result of

determinization.

An N-shortest path method that utilizes the potential propagated to the
result of determinization can be used to find the N-best paths of the determinized
automaton, which correspond with the N-best distinct strings of the input automaton.
Advantageously, the determinized automaton does not need to be entirely expanded and/or
constructed.

Certain exemplary embodiments can provide a method for finding N-best
distinct hypotheses of an input automaton, the method comprising: computing an input
potential representing a distance or cost from a particular state to a set of final states for
each state of the input automaton, wherein at least one input potential is used to determine
a determinized potential of each state in the input automaton and wherein the determinized
potential of a particular state in the input automaton i1s determined by determinizing a
portion of the input automaton; and identifying N-best distinct paths in the input
automaton using the determinized potential of the states, wherein the N-best distinct paths
of the input automaton are labeled with the N-best hypotheses of the input automaton.

Certain exemplary embodiments can provide a method for identifying N-
best distinct strings of an input automaton, the method comprising: partially determinizing
the input automaton during a search for the N-best distinct strings, wherein partially
determinizing the input automaton while searching for the N-best distinct strings

comprises: creating an initial state of the partially determinized input automaton, wherein
the 1nitial state corresponds to a state pair; creating a transition leaving the initial state,
wherein the transition has a label and a weight; creating a destination state for that

transition, wherein the destination state corresponds to a subset of state pairs; creating
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additional states in the partially determinized input automaton, wherein each additional
state corresponds to a different subset of state pairs and wherein the states in the partially
determinized input automaton are connected by transitions that have labels and weights;
propagating a potential from at least one state of the input automaton to each state in the
partially determinized input automaton; and identifying the N-best distinct strings of the
input automaton from the partially determinized input automaton using an N-best paths
process.

Certain exemplary embodiments can provide a method for finding N-best
distinct strings of a weighted automaton, the method comprising: computing a shortest
distance from each input state of a weighted automaton to a set of final states of the
welghted automaton; partially creating a determinized automaton in an order dictated by
an N-best paths search, wherein partially creating the determinized automaton further
comprises: forming determinized states wherein each determinized state corresponds to a
welghted subset of pairs, wherein each pair includes: a state that references the weighted
automaton; and a remainder weight that 1s calculated based at least on the weights of
transitions included 1n the weighted automaton; making determinized transitions, wherein
each determinized transition includes: a label corresponding to one of the labels on a
transition of the weighted automaton; and a transition weight wherein the transition weight
1s calculated based on at least the remainder weight of the determinized state from which
the determinized transitions leave and the weights of transitions in the input automaton
that have the same label as the determinized transition; and repeating the steps of forming
and making until N complete paths are found; and identifying the N-best paths of the
partially determinized automaton, wherein the N-best paths of the partially determinized

automaton correspond exactly with N-best distinct strings of the weighted automaton.
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Certain exemplary embodiments can provide a method of partially
determinizing an input weighted automaton to identify N-best strings of the input
weighted automaton, the method comprising: creating a deterministic automaton by:
forming a number of determinized states and determinized transitions in an order dictated
by an N-shortest paths algorithm to create N complete paths using only a portion of the
input weighted automaton; and interconnecting the determinized states and determinized
transitions to form complete paths; and identifying the N-best strings of the input weighted
automaton by searching for the N-best complete paths of the deterministic automaton.

Additional features and advantages of the invention will be set forth in the
description which follows and in part will be obvious from the description, or may be
learned by the practice of the invention. The features and advantages of the invention may
be realized and obtained by means of the instruments and combinations particularly
pointed out in the appended claims. These and other features ot the present invention will
become more fully apparent from the following description and appended claims, or may

be learned by the practice of the invention as set forth hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

In order that the manner in which the advantages and features of the invention

are obtained, a more particular description of the invention briefly described above will be
rendered by reference to specific embodiments thereof which are illustrated in the
appended drawings. Understanding that these drawings depict only typical embodiments
of the invention and are not therefore to be considered limiting of its scope, the invention
will be described and explained with additional specificity and detail through the use of

the accompanying drawings in which:
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Figure 1 illustrates a weighted automaton that has not been determinized;

Figure 2 illustrates a determinized automaton;

Figure 3 illustrates a method for finding the N-best distinct strings of an input
automaton;

Figure 4 illustrates a state creation process;

Figure 5 illustrates an exemplary N-best paths method used to identify the N-

best distinct strings of an input automaton; and

Figure 6 illustrates the contents of a queue S for a specific example at various

times during an N-best path algorithm.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Weighted directed graphs such as automata are used in a variety of different
technologies, such as speech recognition, speech analysis, optical character recognition, text
parsing, machine translation, and the like. A weighted automaton may represent multiple
hypotheses of a probabilistic process such as those set forth above. The present invention
relates to identifying or determining the N-best distinct strings of the automata and is
applicable in these and other areas.

One advantage of the present invention 1s that the redundant paths are removed
prior to determining the N-best paths. Because the redundant paths are removed prior to the
N-best searéh, the N-best paths correspond to the N-best d.isti.ﬂct strings. The redundant
paths are removed in one embodiment by determinizing the weighted automaton on-the-fly

until the N-best strings are identified. Because the redundant paths have already been
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removed by the partial determinization of the weighted automaton, the N-best path process
identifies the N-best strings and the potentially exponential enumeration of redundant paths
is avoided. Another advantage of the present invention is that determining the N-best strings
does not require complete determinization of the weighted automaton. Only the portion of

5  the automaton visited during the N-best search is determinized. Alternatively, only the
portion of the determinized automaton visited during the N-best search is expanded.

Weighted automata are weighted directed graphs in which each edge or
transition has a label and a weight. Weighted automata are useful in many contexts as
previously described. While the present invention 1s described in terms of speech

10  recognition, one of skill in the art recognizes the applicability of the present invention to
other systems using weighted automata.

Figure 1 illustrates an exemplary weighted automata that has been generated, in
this example, by a speech recognition system. The automaton 100 includes a beginning
state 0, a final state 3 and intermediary states 1 and 2. The states are connected by

15  transitions and each transition has a label and a weight. The label, in the case of a phoneme
or word lattice, is usually a phoneme or a word respectively, although the label can represent
any type or bit of information. The weight of a transition is often interpreted as the negative
log of probabilities, but may correspond to some other measured quantity. The weight of a
particular path in the automaton 100 i1s determined by summing the weights of the

20  transitions 1in the partiéular path. In the case of a word automaton, a seﬁtence can be

determined by concatenating the labels for each path in the automaton 100.
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More specifically in this example, the transitions 101 and 102 connect state O
with state 1. The transitions 103, 104, 105, and 106 connect state O with state 2. The
transitions 107 and 108 connect state 1 with state 3, and the transitions 109 and 110 connect
state 2 with state 3. Each transition has a label and a weight. For example, the label 111 of
the transition 101 is “a” and the weight 112 of the transition 101 is 0.1. The other

transitions are similarly labeled.

An automaton is deterministic if it has a unique initial state and if no two
transitions leaving the same state share the same input label. The automaton 100 is therefore
not deterministic because some of the transitions leaving a particular state have the same
label. In Figure 1, for example, the transitions 101, 103, and 104 all leave state O and each

transition has the same label “a””. The automaton 100, however, can be determinized.

More generally, an automaton A can be weighted over the semiring (R U {-o0,
+c0 }, min, +, oo, 0). Usually, the automaton is generally weighted over the semiring (R, W
{oo}, min, +, co, 0) also known as the tropical semiring. This example uses the weights
along the tropical semiring A = (Z, Q, E, i F, A, = p) that are given by an alphabet or label
set X, a finite set of states Q, a finite set of transitions £ < O x 2, (R, {oo}) x, an initial

state i € Q, a set of final states £ < ), an imtial weight A and a final weight function p.

A transition e = (plel, lie], wle], nlel) € E can be represented by an arc from the
source Or previous state ple] to the destination or next state n[e], with the label [[e] and
weight wle]. A path in A is a sequence of consecutive transitions e¢; ~ e, with nle;] =
plei]l, i=1,...,n—1. Transitions labeled with the empty symbol € consume no input.

Denoted are P(R, R’), the set of paths from a subset of states R < Q to another subset R’
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(). A successful path 7 e, " "¢, 1s a path from the initial state i to a final state f € F. The
previous state and next state for path 7 is the previous state of its initial transition and the
next state of its final transition, respectively:
plm} = plei], niz] = nle,] (1)
5  The label of the path 7 is the string obtained by concatenating the labels of its constituent
transitions:
U] =Ller] ~ Llen] (2)
The weight associated to z1s the sum of the initial weight (if p[z] = i), the weights of its
constituent transitions:
10 w7zl = wlei] +  +wle,] (3)
and the final weight p{n[7z]] if the state reached by 7 is final. A symbol sequence x is

accepted by A 1f there exists a successful path 7 labeled with x: /[n] = x. The weight

assoclated by A to the sequence x is then the minimum of the weights of all the successful
paths 7 labeled with x.

15 Weighted determinization is a generalization of subset construction. In
weighted determinization, a deterministic output automaton is generated from an input
automaton.  The states of the output automaton correspond to weighted subsets
H(GosWo),-...(gn, Wn)} Where each ¢; € O is a state of the input automaton, and w; a remainder
weight. Weighted determinization begins with the subset reduced to {(i,0)} and proceeds by

20 creating a transition labeled with a € X and weight w leaving {(g,,w,)....,(q, wy)} if there

exists at least one state ¢; admitting an outgoing transition labeled with a, w being defined

by
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w =min {w; + wle] : e € E|gl, l[e] =a}. (4)
The destination state of that transition corresponds to the subset containing the
pairs (¢° , w’) with ¢” € {nle] : ple] = qi, l[e] = a} and the remainder weight
w’ = min[w; + wle] —w : n[e] —w : nle]l=q"}. (5)
A state is final if it corresponds to a weighted subset § containing a pair (g, w)

where ¢ is a final state (g € F) and in that case its final weight is:
w=min {w+pl[ql: (g, w)e S, ge F}. (6)

Figure 2 illustrates a determinized automaton 200, which is the automaton 100
after it has been determinized. The determinized automaton 200 includes a start state O', a
final state 3', and intermediate states 1' and 2'. The weighted automaton 200 is deterministic
because no two transitions leaving a particular state share the same label.

The following discussion illustrates the determinization of the automaton 100 in
Figure 1 into the automaton 200 of Figure 2 using the determinization process briefly
described previously. The transitions 101, 103, and 104 all leave state 0 and all have the

label a. A transition 201 i1s thus created in the determinized automaton 200 with the label 4.
The weight assigned to the transition 201 18 determined as: w = min {w; + wle] : e € Elg;],

[[e] = a}. Applying this definition to the transittons 101, 103, and 104 and taking the
minimum results in a weight w of 0.1, which is assigned to the transition 201. Because the
transitions 101, 103, and 104 have two destination states (state 1 and state 2) in the

automaton 100, the destination state 1' of the determinized automaton 200 for the transition

201 labeled a corresponds to the subsets containing the pairs (g" , w') with ¢" € {n[e] : ple] =
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gi» 1[e] = a} and the remainder weight w’ = min[w; + wle] — w : nle] — w : nle]= g’}. More
specifically, the subset pairs of state 1' are the pairs {(1,0), (2,0.1)}.

Using a similar procedure for the transitions 102, 105, and 106 results in the
transition 202, which is labeled & and has a weight of 0.1. The subset of pairs that
correspond to state 2' are {(1,0.2),(2,0)}. The transitions 203, 204, 205, and 206 are
similarly determined. Weighted determinization is more fully described in U.S. Pat. No.
6,243,679 to Mohri et al., which is hereby incorporated by reference.

The computation of the transitions leaving a subset S only depends on the states
and remainder weights of that subset and on the input automaton. The computation is
independent of the previous subsets visited or constructed and subsequent states that may
need to be formed. This 1s useful because the determinization of the input automaton can be
himited to the part of the input automaton that i1s needed. In other words, the input
automaton can be partially determinized or determinized on-the-fly.

Figure 3 1llustrates an exemplary method for finding the N-best distinct strings
of an input automaton. As previously indicated, redundant paths are removed by the present
invention such that the N-best paths of the result of determinization correspond to the N-best
strings of the input automaton. More specifically with reference to Figures 1 and 2, the N-
best paths of the automaton 200 correspond to the N-best distinct strings of the automaton
100.

Identifying the N-best strings begins with determining the Shortest distance or
potential of each state in an input automaton to a set of final states (302) of the input

automaton. Then, the N-best paths in the result of an on-the-fly determinization of the input
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automaton (304) are found. As previously stated, the N-best paths found in the result of the
on-the-fly determinization correspond to the N-best distinct strings.

In the input automaton, the shortest distance or potential of each state to a set of
final states is given by:
dlgl = min{w[7] + plfl : weP(q.f),f€ F}. (7)
The potentials or distances ¢@[g] can be directly computed by running a shortest-paths
process from the final states F using the reverse of the digraph. In the case where the
automaton contains no negative weights, this can be computed for example using Dijkstra’s
algorithm 1n time O( ] El log |Q| using classical heaps, or in time O( H + |Q| log |Q| if

Fibonacci heaps are used.

As previously stated, the present invention does not require the complete
determinization of the input automaton. However, the shortest-distance information of the
input automaton 1s typically propagated to the result of the on-the-fly determinization.

Further, the on-the-fly determinized result may be stored for future reference. The potential
of each state in the partially determinized automaton is represented by ®(¢") and is defined
as follows:

D¢l = min {w; = @g;] : 0 < i < n}, (8)
where ¢’ corresponds to the subset {(g,.w,),....(qn, wy)}. The potential ®[g’] can be directly

computed from each constructed subset. The potential ®{g"] or determinized potential can

be used to determine the shortest distance from each state to a set of determinized final

states within the partially determinized automaton. Thus, the determinized potential can be
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used in shortest path algorithms. The determinized potential i1s valid even though the
determinized automaton 1s only partially determinized in one embodiment.

When an automaton 1s determinized on-the-fly during the N-best search, it is
necessary to create new states in the result of on-the-fly determinization as illustrated in
Figure 4. After a new state 18 created (402), the transition between the previous state and the
new state is created (404) as described previously. [Next, the pairs of the subset that
correspond to the newly created state are determined (406). Finally, the potential for the
new state 1s computed (408). The pairs included in the subset of a determinized state are
used 1n the N-best path method described beiow.

In general, any shortest-path algorithm taking advantage of the determinized
potential can be used to find the N-best paths of the partially determinized automaton, which
are exactly labeled with the N-best strings of the input automaton. The following
pseudocode is an example of an N-shortest paths algorithm that takes advantage of the
determinized potential. This example assumes that the determinized automaton only
contains a single final state. This does not affect the generality of the ability to identify the

N-best strings because an automaton can always be created by introducing a single final
state f to which all previously final states are connected by € -transitions. Note that the
states of the determinized automaton are created only as required. The pseudocode is as

follows:
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1 forpe 1to[Q'1dor[p] « 0

2 7{(i, 0)] <« NIL

3 S {(@ 0)}

4 while S = &

5 do (p, ¢) ¢« head($); DEQUEUE(S)

6 rip} «-rlp] + 1

7 if (r[p]l=n and p € F) then exit
3 if rlpl < n

9 then for ecach e € E[p]

10 do ¢ ¢ + wiel
11 7t [nlel, ¢ )] «(p, ¢)
12 ENQUEUE (S, (n [e], ¢'))

Consider pairs (p, c) of a state p € Q”and a cost ¢, where Q’ is the automaton

representing the result of determinization. The process uses a priority queue § containing

the set of pairs (p, ¢) to examine next. The queue’s ordering is based on the determinized

potential @ and defined by

(p,c) <(prc) ©c+DP[p]l<c’+D[p']) (9)
An attribute r[p], for each state p, gives at any time during the execution of the process the
number of times a pair (p, ¢) with state p has been extracted from S. The attribute 7{p] is
initiated to O (line 1) and incremented after each extraction from S (line 6).

Paths are defined by maintaining a predecessor for each pair (p, ¢) which will
constitute a node of the path. The predecessor of the first pair considered (i’, 0) is set to NIL
at the beginning of each path (line 2). The priority queue § 1s initiated to the pair containing
the initial state {" of O “and the cost O.

Each time through the loop of lines 4-12, a pair (p, ¢) is extracted from S (line

5). For each outgoing transition e of p, a new pair (n[e], ¢’) made of the destination state of
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e and the cost obtained by taking the sum of ¢ and the weight of e is created (lines 9-10).
The predecessor of (nfe], ¢’) is defined to be (p, ¢) and the new pair is inserted in S (lines 11-
12).

The process terminates when the N-shortest paths have been found. For
example, the process terminates when the final state of B has been extracted from S N times

(lines 7). Since at most N-shortest paths may go through any state p, the search can be
limited to at most N extractions of any state p (line 8). By construction, in each pair (p, ¢), ¢
corresponds to the cost of a path from the initial state i “to p and ¢ + ®(p) to the cost of that
path when completed with a shortest path from p to /. The determinized potential is thus
used in the result of determinization. The partially determinized automaton is created on-
the-fly as the search for the N-best paths is performed on the partially determinized
automaton.

Because the pairs are prioritized within the queue, the order in which new states
of the determinized automaton are created is effectively determined by the N-best search. In
other words, weighted determinization as described herein depends on the subset of pairs
that correspond to a particular state of the determinized automaton and on the potential that
18 propagated to the determinized automaton. Thus, the N-best search utilizes the
propagated potential and the subset of state pairs to determine how the input or original
automaton is determinized on-the-fly.

The following example illustrates on-the-fly determinization with reference to
Figures 1, 2, 5, and 6. In the present example, the determinized automaton 200 is

constructed as the N-best strings are realized as shown in Fig 5. Identifying the N-best
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strings of a weighted automaton 100 begins by creation of an initial state that is added to a
determinized automaton (502), which is the result of determinizing a particular input
automaton such as the automaton 100 shown in Fig. 1. The initial state is givén a label of 0",
This initial state 1s shown on Fig. 2 as state 0°. Next, a state queue pair 1s initialized (504).
Initializing a state pair includes the creation of a first queue pair (0°,0) that comprises a state
variable that corresponds to the state 0’ and an initial cost element of 0. Initialization also

sets all of the counters r{p] to O, where r{p] represents the number of times a particular state

has been extracted from the queue.

Next the initial state queue pair created above is placed in a queue S (506). The
results of placing the initial state queue pair into the queue are shown in Fig. 6 at a time
shown in row 601. At time 1, the contents of the queue are the queue pair (0°,0). The pairs
or subsets that correspond to a particular state are identified as previously described.

Then the process 500 checks the status of the queue (508). If the queue is
empty, the process 500 ends (510). Because the inttial queue pair (0,0) has been placed in
the queue, the queue is not empty and the process 500 pridritizes the queue (512).

The process 500 then selects the element from the queue with the highest
priority (514). At this point in the process the selected pair 1s (0%,0). A pair counter function
r(pl associated with state O’ (the first number in the state pair extracted from the queue) is'

incremented (516). This function r[p] had a value of O prior to being incremented, and has a

value of 1 after being incremented. However, because state O 1s not a final state, this counter
will not indicate how many times a path has reached a final state and is therefore

uninteresting tor this example. The value of #[p] for the final state is compared to the value
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N to determine if the N-best paths for the determinized automaton have been realized (518).
Because state O 1s not a final state, the process takes the “no” path at 518.

The process 500 then calculates the cost elements of new queue pairs that will
be created and added to the queue (520). New cost elements must be calculated for each
transition leaving state 0' of the determinized automaton 200. Referring to the input
automaton 100, there are two transition labels associated with all of the transitions leaving
the initial state O, namely a and b.

At this point, because it 18 known that the destination states that transitions a and
b will reach 1in the determinized automaton 200 are needed, they can be created on the
determinized automaton 200. A new state labeled 17 is created. As noted above, the states
in the determinized automaton comprise weighted subsets {(qg., wo).. . . ..(gn, W)} Where
each g; € Q i1s a state of the input machine, and w; a remainder weight.

A new transition from state O' to state 1' 1s created according to the rules set
forth above. In the present example, referring to Fig. 1, the transition a leaving state O has a
weight of 0.1 to destination state 1, and weights of 0.2 and 0.4 to destination state 2.
Therefore, the weight of the new transition a formed on the determinized automaton 200 is
0.1. Thas is true because the remainder weight w; for the state O was defined to be 0 and the
smallest weight of the transition wle] (the weight of the transition to state 1) is 0.1. Note
that there are two destination states that transition a could reach in the input automaton,
namely 1 and 2. The transition to the newly created transition is labeled a and given a

weight of 0.1 as shown by the transition 201 in Fig. 2. Once the weight of the transition a is

known, the weight (w7 of the weighted subsets that comprise the label of the new state 1’
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can be calculated. Because there were two paths for the transition a to reach a subsequent
state in the input automaton, the new state 1” will have two weighted subsets or pairs. The
first weighted subset or pair 18 (1,0). The first number 1 corresponds to state 1 in the input

automaton which was a destination state for the transition a. The second number is

calculated by using equation (5) above.

Note however, that there 1s a second path that transition a could take, namely to

state 2 of the input automaton 100. Therefore, a weighted subset of state 1” corresponding to

this possible path needs to be created. This weighted subset 1s (2,0.1). The first number 2

corresponds to the state 2 of the input automaton 100. The second number 0.1 is the weight
calculated from equation (5) above.

A similar process 1s performed for creating transition b to destination state 2” on

the determinized automaton 200. Note that using the above process, state 2” has weighted
subsets of (2,0) and (1,0.2).

For each of the newly created states, namely 1" and 2°, on the determinized
automaton, the cost elements for the queue pairs need to be calculated (520). The cost
element 1s dependent on the potential of each of the new states in the determinized
automaton. The determinized potential of each state ¢g” is calculated using equation (8)
above. This potential represents the shortest path from the current state to the final state in
the determinized automaton 200. The determinized potential can be calculated before any
final state has actually been created.

The determinized potential for state 1" is 0.2. This is calculated by using the

weighted subsets (g7, wy) (1,0) and (g2,wz) (2,0.1). From above, it is known that the
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potential of state 1 in the input automaton 100 1s 0.2, and the potential of state 2 is 0.2. By
equation (8) the potential of state 1" is 0.2. Similarly, the potential for the state 2" is 0.2.

After the potentials have been calculated, the cost elements for new queue pairs
can be calculated (520). Calculating cost elements (520) is necessary for creating new pairs
that will be inserted into queue 5. A new pair must be calculated for every outgoing
transition of the determinized automaton 200. In this example, because the first pair from
the queue (0°,0) is used corresponding to state (O’ of the determinized automaton, there are
ftwo outgoing transitions, namely a and b. The cost element is the sum of the current cost
element plus the weight of the transition leaving the current state. In the current example,
this results in two new cost elements, O + 0.1 = 0.1 for the transition a to state 1’and 0 + 0.1
= (.1 for the transition b to state 2’.

The N-best string process 500 assigns the newly created states, namely 1’ and
2’, to new queue pairs (522). New queue pairs are created where the first number is a state
element that represents a destination state from the state represented by the preceding queue
pair previously popped from the queue, and the second number represents the cost
calculated above (520). For this example, the new pairs that are created are (1',0.1) and

(2,0.1) where 1’ represents the destination state of transition a from state (', 0.1 represents
the cost of that transition, 2" represents the destination state of transition b from state 0', and

0.1 represents the cost of that transition.
The newly created queue pairs are made to conform to the queue format and

placed in the queue (524). At this point the modified N-best strings process 500 returns to
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check the status of the queue (508) and because the queue is not empty, the queue is
prioritized (512).

Prioritization (512) orders all of the elements in the queue so that based on the
queue’s ordering, a particular pair will be popped from the queue when the process gets a
queue pair from the queue (514). Priority is assigned to each element in the queue according
to equation (9).

This equation implies that any pair in the queue whose cost element plus the
potential of the state the pair represents 1s less than any other pair’s cost element plus the
potential of the state that pair represents is given a higher priority. Using this ordering, the
contents of the queue are arranged at this point in our example as shown at a time 2 shown
in row 602 of Figure 6. Note that in this example, the pairs in the queue both have an
ordering variable that is equal. In this case, the queue can randomly select either pair. In
our example, the pair (1°,0.1) has arbitrarily been given higher priority.

The top queue pair 1s then selected from the queue (514) which is (1',0.1).
Again because this pair is not a final state, the N-best strings process 500 flows

uninterestingly to a point where the cost elements for subsequent states need to be calculated

(520). Because at this point states subsequent to state 1 are needed on the determinized
automaton 200, any states to which transitions from state 1” will flow are constructed.

First, a new state 3" is created. Transitions from state 1” to the newly created
state 3" are created. In the input automaton 100, the transitions 102 that could be taken after

transition a are transitions ¢ and d. Thus, a transition ¢ is created from state 17 to 3. The

weight of this transitions 1s given by equation (4) above.
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For the weighted subset of 1’ (1,0), the remainder weight 1s 0 and the transition

weight for path ¢ is 0.5, therefore, w; + wle] = 0.6. For the weighted subset of 1” (2,0.1), the
remainder weight is 0.1 and the weight of the transition for path ¢ is 0.3, therefore w; + wle]

— 0.4. The minimum of the two above is of course 0.4. Therefore, the transition ¢ from 17 to

3’ is 0.4. Using a similar analysis, the weight of the transition d from state 1” to state 3" is

0.4.

Next, weighted subsets for the new state 3’ are created. The weighted subset
associated with state 3’ for path ¢ is (3,0), where 3 is the destination state in the input
automaton 100, and O is calculated using equation 5 above. Note that because the first
element is 3, and 3 was a final state in the input automaton 100, the state 3 1s a final state in
the determinized automaton 200. The process for path d 1s similar to the one for ¢ and yields
a weighted subset state pair of (3,0). The potential of the new state 3° is then calculated.
The potential for state 3”1s O using the equations tor potential above.

The cost elements for all transitions leaving the current state, namely 1°, are

calculated (520). Using the method described above, the cost for the queue pair representing

transition ¢ from state 17 is 0.5. Similarly, the cost element for transition d leaving state 17 is
0.3. New state 3' is then assigned to new queue pairs (522); namely, the queue pairs (3°,0.5)

and (37,0.3) are created for the transitions ¢ and d respectively from state 1’ to 3'. The new

queue pairs are then validated and added to the queue S§.
The process 500 then returns to check the status of the queue (508) and
continues as described above until the N-best paths on the new automaton (or the result of

determinization) have been extracted. Note that by looking at the queue at a time 3 shown
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in row 603 in Fig. 6, the next queue pair to be popped from the queue is a final state pair
because 3' is a final state. Theretore, the r[p] variable associated with this state is important
because it tells us that a final state has been reached one time. If only the 1 (N=1) best path
is needed, it has been found at this point and the modified N-best strings process 500 could
end (510). If more than the one best path 1s desired, then the process would continue until
more queue pairs representing the final state had been extracted. Examining the queue in
Figure 6, it can be observed that at the times shown in rows 605, 606, and 607 final states
will be popped oft of the queue. If the two best paths are needed, the process 500 can be
ended after time 5 in row 605. If the three (N=3) best paths are needed, the process 500 can
end after a time 6 1n row 606, and so forth. Note also that after a time 8 shown in row 608,
the process will end when the queue status 1s checked (508) because the queue is empty.

It should be noted that the above example is just one example of one N-best
paths process that may be used. Other N-best paths processes that depend on the value of
the potential of a given state may also be used to implement the on-the-fly determinization
described above.

The present invention may be embodied in other specific forms without
departing from 1ts spirit or essential characteristics. The described embodiments are to be
considered 1n all respects only as illustrative and not restrictive. The scope of the invention
18, theretore, indicated by the appended claims rather than by the foregoing description. All
changes which come within the meaning and range of equivalency of 'the claims are to be

embraced within their scope.
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CLAIMS
1. A method for finding N-best distinct hypotheses of an input automaton, the method
comprising:
5 computing an input potential representing a distance or cost from a

particular state to a set of final states for each state of the input automaton, wherein
at least one input potential is used to determine a determinized potential of each
state 1n the input automaton and wherein the determinized potential of a particular
state 1n the input automaton 1s determined by determinizing a portion of the input
10 automaton; and
identifying N-best distinct paths in the input automaton using the
determinized potential of the states, wherein the N-best distinct paths of the input

automaton are labeled with the N-best hypotheses of the input automaton.

15 2. The method as defined in claim 1, wherein computing an input potential for each
state of the input automaton to a set of final states further comprises running a shortest-

paths algorithm from the set of final states using a reverse of a digraph.

3. The method as defined in claim 1, wherein 1dentifying N-best distinct paths in the

20  1nput automaton further comprises determinizing the input automaton on-the-fly.

4, The method as defined in claim 1, wherein i1dentifying N-best distinct paths in of
the input automaton further comprises:
creating a new state in the input automaton;

25 creating a new transition from a previous state to the new state in the
determinization of the input automaton, wherein the new transition has a label that
1s the same as a label from a transition of the input automaton;

creating a subset of state pairs that correspond to the new state; and
determining a determinized potential for the new state using an input

30 potential from at least one state of the input automaton.
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. The method as defined 1n claim 4, wherein each pair includes a state from the input
automaton and a remainder weight, wherein creating a subset of state pairs further
comprises constructing a pair for each destination state of the transition in the input
automaton, wherein each pair includes a state of the input automaton and a remainder

weight.

6. The method as defined in claim 4, wherein creating a new transition from a
previous state in the input automaton to the new state only depends on states and
remainder weights of a particular subset corresponding to the previous state of the input

automaton.

7. The method as defined in claim 1, wherein 1dentifying N-best distinct paths 1n the
input automaton using the determinized potential of the states in the input automaton
further comprises propagating the input potential of a particular state to states of the input

automaton.

8. A method for identifying N-best distinct strings of an input automaton, the method
comprising:
partially determinizing the input automaton during a search for the N-best
distinct strings, wherein partially determinizing the input automaton while
searching for the N-best distinct strings comprises:
creating an 1nitial state of the partially determinized 1nput
automaton, wherein the 1nitial state corresponds to a state pair;
creating a transition leaving the initial state, wherein the transition
has a label and a weight;
creating a destination state for that transition, wherein the
destination state corresponds to a subset of state pairs;
creating additional states in the partially determinized input
automaton, wherein each additional state corresponds to a different subset

of state pairs and wherein the states in the partially determinized input

automaton are connected by transitions that have labels and weights;
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propagating a potential from at least one state of the input
automaton to each state in the partially determinized input automaton; and
identifying the N-best distinct strings of the input automaton from the

partially determinized input automaton using an N-best paths process.

9. The method as defined in claim 8, further comprising computing an input potential
for each state of the input automaton, wherein each input potential represents a shortest

distance from a corresponding state to a set of final states.

10.  The method as defined in claim 9, wherein computing an input potential for each
state of the input automaton further comprises running a shortest-paths algorithm from the

set of final states using a reverse of a digraph.

11.  The method as defined in claim 8, wherein identifying the N-best distinct strings of
the input automaton from the partially determinized automaton occurs by determinizing a

portion of the input automaton.

12.  The method as defined in claim 8, wherein creating additional states in the partially
determinized automaton further comprises creating new transitions that connect previous
states of the partially determinized automaton with the additional state, wherein creating
new transitions depends on a subset of state pairs and the input automaton, wherein each

state pair includes a state of the input automaton and a remainder weight.

13.  The method as defined in claim 8, wherein partially determinizing the input
automaton during the search for the N-best distinct strings comprises determinizing only a

portion of the input automaton visited during the search for the N-best strings.

14.  The method as defined in claim 8, wherein partially determinizing the input
automaton during the search for the N-best distinct strings further comprises:

creating subsets of pairs for each state of the partially determinized automaton,
wherein each pair includes a state of the input automaton and a remainder weight; and

assigning a weight to a final state of the partially determinized automaton.
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15.  The method as defined in claim 8, further comprising terminating the search for the
N-best distinct strings when a final state of the input automaton has been extracted N

times.

16.  The method as defined in claim 8, further comprising prioritizing pairs in each

subset according to a determinized potential.

17. A method for finding N-best distinct strings of a weighted automaton, the method
10  comprising:
computing a shortest distance from each input state of a weighted automaton to a
set of final states of the weighted automaton;
partially creating a determinized automaton in an order dictated by an N-best paths
search, wherein partially creating the determinized automaton further comprises:
15 forming determinized states wherein each determinized state corresponds to
a weighted subset of pairs, wherein each pair includes:
a state that references the weighted automaton; and
a remainder weight that is calculated based at least on the
weights of transitions included in the weighted automaton;
20 making determinized transitions, wherein each determinized transition
includes:
a label corresponding to one of the labels on a transition of the
weighted automaton; and
a transition weight wherein the transition weight is calculated based

25 on at least the remainder weight of the determinized state from which the

determinized transitions leave and the weights of transitions in the input
automaton that have the same label as the determinized transition; and
repeating the steps of forming and making until N complete paths are
found; and
30 identifying the N-best paths of the partially determinized automaton, wherein the
N-best paths of the partially determinized automaton correspond exactly with N-best
distinct strings of the weighted automaton.
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18.  The method as defined in claim 17, wherein computing a shortest distance from
each input state of the weighted automaton to a set of final states of the weighted
automaton further comprises running a shortest paths algorithm from the set of final states

5  using areverse of a digraph.

19.  The method as defined in claim 17, wherein the transition weight is a negative log

of a probability corresponding to the determinized transition.

10 20. A method of partially determinizing an input weighted automaton to 1dentify N-
best strings of the input weighted automaton, the method comprising:
creating a deterministic automaton by:
forming a number of determinized states and determinized transitions 1n an
order dictated by an N-shortest paths algorithm to create N complete paths using
15 only a portion of the input weighted automaton; and
interconnecting the determinized states and determinized transitions to
form complete paths; and
identifying the N-best strings of the input weighted automaton by searching
for the N-best complete paths of the deterministic automaton.
20
21. The method as set forth in claim 20, wherein the deterministic automaton

represents at least one of a word lattice and a phone lattice.

22. The method as set forth in claim 20, wherein the determinized transitions have a

25  weight that corresponds to a probability.

23.  The method as set forth in claim 20, further comprising the step of computing
potentials for each of the input states of the input weighted automaton prior to the step of
creating.

30
24.  The method as set forth in claim 23, wherein the N-shortest paths algorithm is

dependent on the potentials obtained in the step of computing.
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