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ous IN CHINESE SPEECH RECOGNITION SY

VING AN INTEGRATED TON IFIE

T ATED APPLICATIO

The present invention relates to pending U.S. Patent Application Serial No.:

, filed ' 1994, invented by Hsiao-Wuen Hon and Bao-Sheng Yuan, entitled "A
System And Method For Recognizing A Tonal Language,” which is incorporated
herein by reference. The present invention also relates to pending U.S. Patent
filed___, 1994, invented by Hsiao-Wuen Hon,
entitled "A System And Method For Determining The Tone Of A Syllable Of Mandarin

Application Serial No.:
Chinese Speech,” which is incorporated herein by reference.

BACKGROUND OF THE INVENTION
1. Field of the Invention.

The present invention relates generally to speech recognition systems. In
particular, the present invention relates to a system and method for recognizing
continuous Mandarin Chinese speech. The present invention further relates to a
system and method for recognizing continuous speech of a tonal language using an
integrated tohe classifier.

Speech recognition systems for Mandarin Chinese and other tonal languages
encounter unique problems not encountered by speech recognition systems for non-
tonal languages such as Romance or Germanic languages. Mandarin Chinese is a tonal
syllabic language where each syllable is assigned a tone. In Mandarin Chinese, there
are 4 lexical tones (high'and.level, rising, falling-rising, and .falli_ng) and 1 neutral tone.
Tone is characterized by the fundamental frequency contour, or pitch contour, of the
audio signal. ‘The pitch is equivalent to the fundamental frequency, and the pitch

contour ié equivalent to the fundamental frequency contour. Exemplary wave forms

- for electrical signals representing the tones of Mandarin Chinese are shown in Figures
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1A,1B, 1C, 1D, and 1E. The tone and syllable togethe_r define the meaning of the
syllable. Syllables with the same phonetic structure, but different tones, usually have

 significantly different meanings. Thus, to recognize accurately an audio signal of

Mandarin Chinese speech, a speech recognition system must recognize both the
syllable and the tone of the syllable.. o ’

There are many prior art systems, similar to systems for non-tonal languages,
that efféé_tively analyze and identify isolated syllables of Mandarin Chinése speech.
These systems have been quite successful in accurately recognizing isolated syllables.
Such prior art systems generally first identify the syllable and second perform a tonal
analysis. The systems then combine the results of the two steps to recognize the input.

Prior art systems that recognize continuous Mandarin Chinese speech have not
been nearly as successful as systems that recognize isolated syllables. Continuous
speech recognition systems must recognize -bdth the syllable and tone of each of a
plurality of syﬂables strung together in a continuous input. |
Existing continuous speech recognition systems first divide or segment an input into a
sequence of fixed segments with hypothetical time alignment. The step of segmenting
the input is particularly critical since errors in segmentation will propagate through
and affect the recoghition of both syllable and tone. There afe, however,no . -
ségmentation techniques that correctly segment continuous Mandarin Chinese speech
such that this approach yields enough accuracy to be satisfactory. o

Once these prior art systems have segmented the input, they generally use an.

- -isolated syllable recognizer and separate tone recognizer to identify each tonal syllable
‘based on the hypothetical segments. This analysis is obﬁously dependent upon the

segmentation step. These systems have an additional problem in that they use short-
term tonal analysis which does not provide sufficient frequency resolution to identify

correctly the behavior of the pitch (the fundamental frequency) contour. Moreover, the

tone of a syllable may move through 3 octaves or more from one syllable to the next.
In order to overcome the deficiencies of short-term tonal analysis and the difﬁcult

behavior of the tone, long-term tonal analysis is needed to model accuratel_y the pitch
-2-
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contour. Long-term tonal analysis, however, is very sensitive to segmentation error.
Furthermore, long-term tonal analysis is also is very time consuming. Time
consumption is particularly important when a speech recognition system is being used
for real-time speech applications.

In an attempt to reduce the effects of segmentation error on the ultimate
recognition results, prior art continuous speech recognition systems provide multiple
possible identifications of an input. Such systems determine multiple candidates for an
input utterance and generate output signals of the N-best candidates or recognitions.
A recognition is conventionally referred to as a theory. These systems often generate
an initial confidence score with each possible recognition. Each initial confidence score
is an indication of how accurately the theory matches the input. Generally; the
recognition with the highest initial confidence score is accepted as the correct
recognition. These prior art speech recognition systems have not utilized long-term
tonal analysis because of the computational expense. Long-term tonal analysis is even
more time consuming when it must be performed for each of the N-best theories.

Continuous speech recognition systems that produce multiple possible
recognitions, still encounter the problem of incorporating long-term tonal analysis into
an N-best recognizer. Thus, there continues to be a need for performing long-term
tonal analysis, wﬁh minimal degradation due to segmentation error, for continuous

speech of a tonal language.

SUMMARY OF THE INVENTION
- The present invention overcomes the deficiencies and limitations of the prior art
with a syétem and method for recognizing continuous Mandarin Chinese speech. The
system comprises a microphone,. anA/D conve&er, a syllable recognition system, an
integratéd tone classifier, and a confidence score augmentor. The system receives
audio signals through the microphone which converts the audio signal into an analog,
electrical signal. The A/D converter digitizes the electrical signal.
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The syllable recognition system analyzes an input of continuous Mandarin
Chinese speech and generates N-best theories. Each theory is divided into one or more
syllables The syllable recognition system determines the phonetic structure of each
syllable of each segmentation pattern and might perform short-term tonal-analysis to
determine the tone of each syllable of each theofy.‘ A segfnentation patternis a
possible division of the input into discrete syllables. The syllable recognition system

combines the identified syllables and tones of each segmenfation pattern into a theory

and determines an initial confidence score for each theory. The initial confidence score

indicates the determination of the syllable recognition system of how well the phonetic
sfructure and tone of the theory match the phonetic structures and tones of the
language. The syllable recognition system ranks the theories by initial confidence score
and generates an output of the N-best theories with their initial confidence scores.
The integrﬁted tone classifier comprises a pitch estimator and a long-term tone
analyzer. The pitch estimator receives the digitized input from the A/D converter and
estimates the pitch of the input. The integrated tone classifier estimates the pitch only:
once; thus reducing the computation time required for long-term tonal analysis. The
long-term tone analyzer receives the estimated pitch from the pitch estimator and the

N-best theories from the syllable reé_ognition system. The long-term tone analyzer

- segments the estimated pitch according to the syllables of each of the theories and

determines how well the estimated pitch, as segmented, matches the tones of the
language. The long-term tone analyzer generates a long-term tonal confidence signal
for each theory. The long-term tonal confidence signal indicates how well the syllables
of the theory match the tones of the language. The integrated tone classifier outputs
the long-term tonal confidence signals to the confidence score augmentor.

The confidence score augmentor receives the N-best theories and initial

confidence scores and the long-term tonal confidence signals from integrated tone

~ classifier. The confidence score augmentor modifies the initial confidence score of each

theory according to its corresponding long-term tonal confide_ncé signal. The

confidence score augmentor re-ranks the theories according to the augmented
_ 4 _
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confidence scores and 'Eénerates an output of the re-rafiked theories with augmented
confidence scores.

'The present invention also includes a method for recognizing an input of
continuous Mandarin Chinese speech. The methbd begins by generating N-best
theories using syllable recognition, also referred to as phénetic idenﬁﬁcaﬁoﬁ, and
possibly includes short-term tonal analysis techniques. The method estimates the pitch
of the input and then segments the estimated pitch into units according to the syllable |
segmentation of a theory. Ea_ch unit is then analyzed using long-term tonal analysis
techniques and a long-term tonal confidence signal is generated for each theory. The
method finally modifies the initial confidence scores, generated by the phonetic
identification and short-term tonal analysis, according to their corresponding long-

term tonal confidence signal and re-ranks the theories.

BRIEF DESCRIPTION OF THE DRAWINGS

Figures 1A, 1B, 1C, 1D, and 1E are graphical representations of electrical signals
having the behaviors of the 4 lexical tones and one neutral tone of Mandarin Chinese
speech; | _

Figure 2 is a block diagram of a first embodiment of the system of the présent
invention for recognizing continuous Mandarin Chinese;

Figure 3 is a block diagram of a 'second émbodir_nent of the system of the present
invention for recognizing continuous Mandarin Chinese speech;

Figure 4 is a block diagram of a preferred embodiment of the speech recognition
unit of the second embodiment of the present invention; and

~ Figure 5 is a flowchart of a preferred method of the‘pre's_ent invention for

recognizing continuous Mandarin Chinese speech.

Referring now to Figures 1A, 1B, 1C, 1D, and 1E, graphical representations of

the fundamental frequency behavior of electrical signals that represent the 4 lexical
-5-
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tones and 1 neutral tone of Mandarin Chinese speech are shown. The signals shown in
Figures 14, 1B, 1C, 1D, and 1E originate as audio signals generated by a human
speaker.' A speech recognition system 76 receives the audio signals through a
microphone 40. The microphone 40 converts the audio signal to an electrical signal.
Each syﬂabie of Mandarin Chinese speech has a tone. The tone is the behavior of the
fundamental frequency contour, or pitch, of the audio signal of the syllable. The tone
is preserved when the audio signal is converted into an electrical signal. Thué, the tone
of a syllable may refer to the behavior of the fundamental frequency contour of the
audio signal or the behavior of the fundamental fréquency of the electrical signal into’

which the audio signal is converted.

Figures 1A, 1B, 1C, 1D, and 1E show the tones of Mandarin Chinese speech as
the behavior of the fundamental frequency plotted as a function of time. Figure 1A
shows a first tone signal 90 having a high and level tone. Figure 1B shows a second
tone signal 92 having a rising tone. A third tone signal 94, shown in Figure 1C, has a
falling-rising behavior. Figure 1D shows a fourth tone signal 96 having a behavior of
the last lexical tone of Mandann Chinese speech, the falling tone. Finally, Figure 1E
shows a fifth tone signal 98 having the neutral tone. |

Referring now to Figure 2, a block diagram of a first embodiment of a system 76
for recognizing continuous Mandarin Chinese speech is shown. The system 76
comprises a microphone 40, an analog-to-digital converter 42, a éyllable recognition
system 50;-an integrated tone classifier 58, and a confidence score augmentor 56. The
system 76 receives an input of an audio signal of continuous Mandarin Chinese speech
through the microphone 40. The microphone 40 is a conventional microphone for
converting audio signals into electrical signals. The microphone 40 has an input for:
receiving audio signals and an output for transmitting analog, electrical signals. The
microphone 40 transforms the audio signal into an analog electrical signal and
transmits the analog electrical signal on a line 60 that is coupled to the output of the
microphone 40. The line 60 is also coupléd to an input of the analog-to-digital

converter 42. The analog-to-digital converter ("A/D converter") 42 is a conventional
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A/D converter for dlgmzmg analog, electrical s1gnals The A/D converter 42 has a

‘single input, coupled to the line 60, and a single output, coupled to a line 62. The A/D

converter 42 converts the input analog, electrical signal into a digital, electrical signal
and outputs the digital; electrical signal on the line 62. '

The line 62 is coupled to an input of the syllable refcognition system 50 and to a
first input of the integrated tone classifier 58. The syllable recognition system 50
receives the digitized output signal from the A/D converter 42 and generates N-best

theories with initial confidence scores. The syllable recognition systeni 50 asserts the

‘theories and confidence scores on a line 68, which is coupled to an output of the

syllable recognition system 50.. Each output comprises at least one theory, which is a
possible recognition (a sequence of syllables with time segmentation) of the input
signal, and an initial confidence score, which indicates the confidence of the syllable
recognition system 50 in correctly recognizing the input signal.' There are many ways
that the initial confidence score may indicate the confidence of the syllable recognition
system 50 that it accurately recognized the input signal. For example, the confidence
scores may take on Valués in a range such as from 0 to 100. In this case, a value of 100
represents the maximum confidence of the syllable recognition system 50, and initial
confidence scores with greater value represent greater confidence. Alternatively, the
initial confidence scores may take on values between 0 and 1 with 0 representing the
maximum confidence of the syllable recognition system 50." In this case, the .lower the
initial confidence score the greater the confidence level. There are many different
techmques for generating initial confidence scores; those skilled in the art will
recognize these techniques. The syllable recognition system 50 preferably generates a
plurality of theories with accompanying initial confidence scores but outputs only the

‘N-best theories. Nisa pre-definéd value and is preferably set by the system developer

according to his/her application's requirements. The syllable recognition system 50 is
preferably an Apple Plaintalk Chinese Syllable Recognition System from Apple
Computer, Inc. of Cupertino, California. The syllable recognition system 50 may

7-
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~ alternately be a syllable based voice _typéwriter from Star Incorporated of the People's
- Republic of China. '

Line 62, which provides the output of the A/D coﬁv_erter 42, is coupled to the
first input of the integrated tone classifier 58. Line 68 is coupled to a second -inPut of
the integrated tone classifier 58. Systems for Mandarin Chinese speech recognition,
which include the integrated tone classifier 58 of the present invention, overcome the
deficiencies and limitations of the prior art speech recognition systems. In particular,
the integrated tone classifier 58 quickly and efficiently applies long-term tonal analysis
to the output of the syllable recognition system 50. Long-term tonal analysis allows the
system 76 to determine accurately the tone of the input and thus, greatly improves the
accuracy of the recognition of an input audio signal. - B __

The integrated tone classifier 58 preferably comprises a pitch estimator 52 and a
long-term tone analyzer 54. The pitch estimator 52 eéﬁmates the pitch, or fundamental
frequency, of the entire digitized input signal. The pitch estimator 52 has a single input
that forms the first input of the infegrated tone classifier 58 and that is coupled to line
62 to receive the digitized input signal. The pitch estimator 52 determines the pitch of
the entire input signal and providés a pitch signal to the long-term tone énalyzer-54.
The pitch estimator 52 uses fourier analysis to determine the behavior of the
fundamental frequency of the input signal. The pitch estimator 52 may alternately use
a low pass filter to determine the pitch of the input signal. There are many other . |
techniques that ﬁay be used to determine the pitch of the input signal. Those skilled in
the art w1llrecogmze these techniques. The pitch estimator 52 preferably determines

‘the pitch of the input signal only once. In this way, the present invention elir_riinates

the repeated determination of the pitch for the N-best theories of the syllable
recogrﬁtion system 50 which is computationally expenSive. The present invention
advantageously pérforms pitch estimation first for the entire input utterance and then
divides the pitch-sigﬁal in different ways according to the segmentation of each of the |
N-best theories. Thus, the present invehﬁon overcomes the deficiency and limitation of

undue delay of the prior art systems that attempted to apply long-term tonal analysié.
-8- :
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The output bf-ﬁié pitch estimator 52 is 'coupleci to a first input of the long-term
tone analyzer 54 by a line 70 so that the long-term tone analyzer 54 receifres the
estimated pitch signal. A second input of the long-term tone analyzer 54 forms the
second input of the integrated tone classifier 58 and is coupled to the line 68 to receive
the N-best theories, with their initial confidence scores, from the syllable recognition
system 50. The long-term tone analyzer 54 includes a memory device for storing the
estimated pitch signal from the pitch estimator 52. The long-term tone analyzer 54 is
preferably the system described in co-pending U.S. patent at_ppliéation entitled "A
System And Method For Determining The Tone Of A Syllable Of Mandarin Chinese

Speech" which is incorporated herein by reference. The long-term tone analyzer 54

_ may alternately be a system as described by Chih-Heng Lin, Lin-Shan Lee, and Pei-Yih

Ting in "A New Framework For Recognition Of Mandarin Syllables With Tones Using
Sub-Syllabic Units. Published in the Proceedings of the Institute of Electrical and
Electronic Engineers, 1993. The long-term tone analyzer 54 segments the estimated
pitch signal into units according to each of the N-best theories from the syllable

- recognition system 50. Each unit is equal in duration to a corresponding syllable of a

theory. For example, for the highest ranked theory, the long-term tone analyzer 54
divides the pitch signal into the same number of units as the number of syllables
contained in the theory. Each unit has a duration equal to its corresponding syllable.
Thus, the present invention reduces the effect of segmentation error by using the
syllable recognition system 50 as a sophisticated segmenter and allows for different
segmentations for each of the N-best theories. The output of the syllable recognition
system 50 is the N-best theories that the syllable recognition system 50 was able to
determine. By segmenting the pitch signals according to the syllables of the N-best
output, the long-term tone analyzer 54 uses segmentation patterns that the syllable
recognition system 50 has aiready determined to be the N-best matches. The |
integrated tone classifier 58 performs long-term tonal analysis on the input audio
signal that is optimally segmented. This greatly improves the accuracy of the

 recognition.

9-
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The long-term tone analyzer 54 then compares each unit to the 4 lexical tones -

and one neutral_ tone of Mandarin Chinese speech and generates a long-term

- confidence signal that indicates how well the units match the tones. The long-term

tone analyzer 54 preferably uses the system described in co-pending U.S. patent
application entitled "A System And Method For Determining The Tone ..Of A Syllable
Of Mandarin Chinese Speech," which is incorporated herein by reference. The long-
term confidence signal is nor_malized.so that the signals of theories having different

“numbers of syllables can be cbmpared. Other tonal languages have different numbers

of tones; for these languages, the long-term tone analyzer 54 would compare the units
to all tones of the tonal language. The long-term tone analyzer 54 then outputs the
long-term tonal confidence signals for each of the N-best theories on a line 72 that is
coupled to its output. The output of the long-term tone analyzer 54 forms the oﬁtput
of the integrated tone classifier 58.

The line 72 is coupled to a first input of a confidence score augmentor 56. The -
line 68, which is coupled to the output of the syllable recognition system 50 is also
cdupled to a second input of the confidence score augmentor 56. - The confidence score
augmentbr 56 modifies the initial confidence scores received from the syllable
recognition system 50 according to the long-term tonal confidence signals generated by
the integrated tone classifier 58 'For example, the confidence score augmentor 56 may
adjust the initial confidence scores by adding the corresponding 16hg-term tonal
confidence signal to each of the initial confidence scores. More specifically, the
augmented confidence score output of the confidence score augmentor 56 may bea
signal that is the sum of 50% of the initial confidence score and 50% of the long-term
confidence signal. The percentage weighting for the initial confidence score and the
long-term confidence signal may be adjusted by the system developer as desired to
account for the weighting that the integrated tone classifier 58 will provide in the
overall recognition. There are many different techniques for combining the initial
confidence scores and the long-term tonal confidence signals; those skilled in the art

will recognize these techniques. The confidence score augmentor 56 then re-ranks the
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N-best theories accofﬂi‘ng to their augmented confidence scores and outputs the results
on a line 74. Line 74 may be coupled to a look up table and from there to a memory, as
in a dictation machine, or to a display device, or to both.

'Refernng now to Flgure 3, a block diagram of a second and preferred
embodiment of a system 10 for recognizing continuous Mandarin Chinese speech,
constructed in accordance with the present invention, is shown. The system 10
preferably comprises an input device 12, an output device 14, a central processing unit
(CPU) 16, a memory means 18, and a speech recognition unit 20. The input device 12,
output device 14, central processing unit (CPU) 16, and memory means 18, are coupled
in a von Neuman architecture via a bus 22 such as in a personal computer. The central
processing unit (CPU) 16 is preferably a microprocessor such as a Motorola 68040; the

output device 14 is preferably a video monitor; the memory means 18 comprises

- random access memory ("RAM") and read-only memory ("ROM") for storing data and

program instruction steps. The input device 12 comprises a keyboard, mouse type
controller, microphone, and A/D converter. In the preferred embodiment, the system
10 is a Macintosh Quadra 840AV computer system from Apple Computer; Inc. of
Cupertino, California. Those skilled in the art will realize that the system 10 could also
be implement on an IBM personal computer or other computer systems. |
In the preferred embodiment, the speech recognition unit 20 is a memory,
coupled to the bus 22, that stores a set of program instruction steps that when executed
by the CPU 16 récognizes continuous Mandarin Chines‘e.spe'ech. The system 10 of the
present invention receives audio signal inputs of continuous Mandarin Chinese speech
through the microphone of the input device 12. The speech recognition unit 20 |
analyzes the input and produces N-best recognitions of the input. The speech
recognition unit 20 preferably receives an iﬁput, analyzes the input, and generates a
plurality of output signals of possible recognitions of the input signal. Each output
signal includes a signal of the recognized input, referred to as a theory, and an initial
confidence score. The initial confidence score indicates the confidence of the speech.

recognition unit 20 that the associated theory is a correct recognition of the input and is
-11-
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adjuste'd. by a confidence score augmentor 24, shown in Figure 4, accerding to a signal
from an integrated tone classifier 32. Preferably, the speech recognition unit 20
generates one or more theories and ranks the theories by initial confidence score.

Referring now to Figure 4, a block diagram of the speech recogriition unit 20 is |
shown. The speech recognition unit 20 comprises a confidence score augmentor 24, a
syllable recognition system 30, and the integrated tone classifier 32. The syllaBle
recognition system 30 receives the digitized i'npﬁt signél and generates N-best theories
with accompanying initial confidence scores. The syllable recognition system 30 is -
preferably the Apple Plaintalk Chinese Syllable Recognition System from Apple
Computer, Inc. of Cupertino, California. As was discussed with reference to Figure 2,
the syllable recognition system 30 determines the phonetic Structure of each portion of
each segmentation pattem and might perform short-term tonal analysis. The syllable
recognition system 30 @nexat_és an initial confidence score for each theory and ranks
the theories by initial confidence score. The syllable recognition system 30 then
generates a signal to transmit the N-best theories, with accompenying'irﬁﬁal
confidence scores, on the bus 22 to the integrated tone classifier 32 and to the
confidence score augmentor 24.

The integrated tone classifier 32 is coupled to the bus 22 to receive the digitized
input signal from the A/D converter and the N-best theories from the syllable .
recognition system 30. The integrated tone analyzer 32 comprises a pitch estimator 38
and a long-term tone analyzer 39. The pitch estimator 38 estimates the pitch of the-
entire input signal and transmits the result to the long-term tone analyzer 39. The
pitch estimator 38 preferably estimates the pitch only once. By estimating the pitch
only once, the integrated tone classifier 32 greatly speeds the long-term analysis 6f the
N-best theories. The long-term tone analyzer 39 segments the estimated pitch
according to the syllables of the N-best theories generated by the syllable recognition
system 30, determines the tone of each syllable of each of the N-best theories, and |
generates a long-term tonal confidence signal for each theory. The integrated tone

-12-
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classifier 32 has an output coupled to the bus 22 through which it asserts the long-term
tonal confidence signal in the bus 22 to the confidence score augmentor 24.

The confidence score augmentor 24 has a first input and a second input, both
coupled to the bus 22 to receive the long-term tonal confidence signals from fhe
integrated tone classifier 32 and the N-best theories, with associated initial confidence
scores, from the syllable recognizer 30, respectively. The confidence score augmentor
24 modifies each initial confidence score according to the corresponding long-term
tonal confidence signal, re-ranks the theories according to their augmented confidence
scores, and generates a signal to output the N-best theories with augmented confidence
scores. The confidence score augmentor 24 is coupled to the bus 22 to output the N-
best theories with augmented confidence scores.

Referring now to Figure 5, a flow chart of a preferred method for analyzing an
input of continuous Mandarin Chinese speech using the present invention is shown.
The method begins in step 100 where the system 10 recéives an input of continuous
Mandarin Chinese speech. In step 102, the microphone of the input device 12 .converts
the audio signal into an analog, electrical signal, and the A /D converter of the input
device 12 digitizes the input signal. In step 104, the syllable recognition system 30
processes the input and generates multiple theories with corresponding initial

confidence scores. The syllable recognition system 30 outputs the N-best theories

according to the initial confidence scores. N is a number selected by the system -

developer according to his/her application’s requirements. If the syllable recognition
system 30 can not generate more than N theories for an input, it outpuits all the
theories, ranked by initial confidence score, that it can generate.

In step 106, the pitch estimator 38 receives the digitized input signal from the
input device 12 and estimates the pitch of the input signal. The method preferably

estimates the pitch only once because estimating pitch is very computationally

expensive. The present invention overcomes the deficiencies of the prior art by using
long-term tonal analysis but avoids succumbing to computational overhead of

estimating the pitch multiple times. Those skilled in the art will realize that step 106
-13- '
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- may be performed concurrently with step 104. The pitch estimator 38 uses fourier

analysis or a low pass filter to estimate the fundamental frequency of the input signal.
Those skilled in the art will realize that many other methods may be used to estimate
the pitch. In step 108, the long-term tone analyzer 39 receives the estimated pitch from
the pitch estimator 38 and stores the estimated pitch. l

In step 110, the long-term tone analyzer 39 segmehts thé estimated pitch into
units according to the syllable segmentation of each of the N-best theories. In this way,
the integrated tone classifier 32 uses the syllable recognition 30 as a sophis’cicaited
segmenter to divide the input syllé_bles into reliable syllable segments for long-term
tonal analysis. The sylléble recognition system 30 provided the N-best theories that
already closely approximate the correct segmentatio'n.. By using the syllable
recognition system 30 for segmenting the estimated pitch into multiple syllable
segments, the present invention reduces the effects of segmentation error. The units
are then compared, in step 112, to the tones of the language by the long-term tone
analyzer 39. The long-term tone analyzer 54 preferably uses the method described in-
co-pending U.S. patent application entitled "A System And Method For Determining
The Tone Of A Syllable Of Mandarin Chinese Speech," which is incorporated herein by
reference. The long-term tone analyzer 39 generates a long-term tonal confidence
signal for each theory in step 114. The long-term tonal confidence signal indicates how
well the units match the tones of the language. As with the other scores, the long-term
tonal éoﬁﬁd_ence signal is normalized so that the long-term tonal confidence signals of
theories having different numbers of syllables may be compared.

The confidence score augmentor 24 then, in step 116, ,recéives the theories, with
their initial confidence scores, from the syllable recognition system 30 and receives the
long-term tonal confidence signals from the integrated tone classifier 32. The
confidence score augmentor 24 modifies the initial confidence scores of each theory
according to the long-term tonal confidence signal that corresponds to the_thedry. The
confidence score augmentor 24 then re-ranks, in step 118, the theories according to the

augmented confidence scores. Finally, in step 120, the confidence score augmentor 24
| -14- - |
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generates an output signal for the speech recognition system 10 of tﬁe N-best theories
and their augmented ;égnﬁdence scores. The method then ends.

While the preseﬁt invention has been described with reference to certain
preferred embodiments, those skilled in the art will recognize that various
modifications may be provided. It is not required that the initial confidence score and
tonal score indicate greater confidence or match by a more positive value. The initial
confidence score may be augmented in any manner, not only by addition of the long-
term tonal confidence signal to the initial confidence score. Furthermore, the present

invention may be used to recognize any tonal language, such as Cantonese, and is not

~ limited to Mandarin Chinese. The present invention may also be used with

handwriting recognition systems and other data recognition systems. These and other
variations upon and modifications to the preferred embodiments are provided for by

the present invention, which is limited only by the following claims.

-15-
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WHAT IS CLAIMEDIS:

1. An integrated tone classifier for performing long-term tonal analySis’ of
an input signal of continuous speech of a tonal language, the integrated tone classifier
comprising: | |

a pitch estimator, having an input coupled to receive the input signal and an

output, for estimating the pitch contour of the input signal; and |

a long-term tone analyzer, having an input coupled to the oﬁtput of the pitch

| estimator and an output forming an output of the'integrated tone
classifier, for segmenting an estimated pitch contour generated by the
pitch estirhator into units and for performing long-term tonal analysis on

the units of the segmented, estimated pitch.

2. The system of claim 1, wherein- the pitch estimator co:ﬁprises:

a processor, having inputs and outputs coupled to the inputs and outputs of the
iong-term tone analyzer, for executing program instruction steps; and

a first memory device, having inputs and outputs coupled to the inputs and
outputs of the processor, for storing program instruction steps for

execution by the processor to estimate the pitch contour of the input

signal.

3.  The system of claim 2, wherein the long-term tone analyzer cbmpriSes a
second memory device, having inputs and outputs coupled to the inputs and outputs
of the processor and the inputs and outputs of the first mémofy device, for storing
program instruction stepé for execution by the processor to segment an estimated pitch
contour generated by the pitch estimator into units and for performing long-term tonal

analysis on the units of the segmented, estimated pitch.

4, A system for recognizing an input signal of continuous speech of a tonal

language, the system comprising:
. -16-
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a syllable recoghiﬁon system, having an input and an output, for determining
the phonetic structure of syllables, for performing short-term tonal
analysis of the input, and for generating N-best theories with initial
confidence scores, the input of the syllable recognition system coupled to

- receive the input signal; and ' |

an integrated tone classifier, having a first and second input and an output, the
first input coupled to receive the input signal and the second input
coupled to the output of the syllable recognition system to receive the N-

- best theories with initial confidence scores, for performing long-term
tonal analysis to determine the tone of syllables of the theories and for

generating a long-term tonal confidence signal for each theory.

5. The system of claim 1, wherein the pitch estimator uses fourier analysis to

- determine the pitch contour of the input signal.

6. The system of claim 1, wherein the pitch estimator uses a low pass filter

to determine the pitch contour of the input signal.

7. The system of claim 4, wherein the integrated tone classifier comprises:
| a pitch estimator, having an input coupled to receive the input signal and an

output, for estimating the pitch contour of the input signal;_and

a long-term tone analyzer, having a first input coupled to an output of the pitch

~ estimator and a second input coupled to an output of the éyllable

recogniﬁon system and an output forming the output of the integrated
tone classifier, for segmenting an estimated pitch contour generated by
the pitch estimator into units according to an output of the syllable
recognition system and for performing long-term tonal analysis on the

units of the segmented, estimated pitch.

-17-
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8. The system of claim 7, wherein the long-term tone analyzer generates a
long-term tonal confidence signal indicating how well the units of a segmented,

estimated pitch contour match the tones of the tonal language.

9. The system of claim 8, further comprising a confidence scdre augmentor,
having a first input coupled to the output of the integrated tone classifier and a second
input coupled to the oﬁtput of the sylléble recognition system, for modifying an initial
confidence score generated by the syllable recognition system according to a long-tenﬁ
tonal confidence signal generated by the integréted tone classifier to generate an

augmented confidence score.

10.  The system of claim 9, wherein the confidence score augmentor

comprises: - | |

a processor, having inputs and outputs coupled to the inputs and outputs of the
long-térm tone anaiyzer, the inputs and outputs of -thé pitch estimator,
and the inputs and outputs of the syllable recognition éystem, for
executing.program ihstrucﬁon steps; and -

a first memory device, having inputs and outputs coupléd to the inputs and
outputs of the processor, the inputs and ou_tputs of the long-term tone.
analyzer, the inputs and outputs of the pitch estimator, and the inputs |
and outputs of the syllable recognition system, for storing program
instruction steps for execution by the processor to modify an initial
confidence score generated by the syllable recognition system according -
to a long-term tonal confidence signal generated by the integrated tone

classifier to generate an augmented confidence score.

11.  The system of claim 10, wherein the syllable recognition system
compfises a second memory device, having inputs and outputs coupled to the inputs

and outputs of the processor, the first memory device, and the inputs and outputs of
-18-
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the integrated tone classifier, for storing program instruction steps for execution by the
processor to perform short-term tonal analysis of the input signal and for generating -

N-best theories with initial confidence scores.

12.  The system of claim 11, wherein the integratéd tone classifier comprises a
third memory device, having inputs and outputs coupled to the inputs and outputs of
the processor, the inputs and outputs of the first memory device, and the inputs and

outputs of the second memory device, for storing program instruction steps for

- execution by the processor to receive the N-best theories with initial confidence scores,

to perform long—term tonal analysis to determine the tone of syllables of the theories

and to generate a long-term tonal confidence signal for each theory.

13.  The system of claim 9, wherein the confidence score augmentor
determines an augmented confidence score by adding a long-term confidence score

signal and an initial confidence score.

14.  The system of claim 9, wherein the confidence score augmentor re-ranks - |

the N-best theories according to the augrhentgd confidence scores.

. 15. A method for recognizing an input signal of continuous speech, having a
pitch, of a tonal language, the method comprising the steps of:
determining N-best theories with initial confidence scores;
estimating the pitch contour of the input signal;
segmenting the pitch contour into units according to each of the N-best theories;
comparing the units to the tones of the tonal language;
generating a long-term confidence signal for each theor.y, the long-term
confidence signal indicating how well the units of a theory match the

tones of the tonal language; and
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modifying an initial confidence score according to a long-ferm.tonal confidence

signal to generate an augmented confidence score.

16.  The method of claim 15 further comprising the steps of:
ranking the N-best theories according to the augménted confidence scores; and
generating an output signal of the N-best theories with augmented initial

confidence scores.

17. A System for recognizing an input signal of continuous speech of a tonal
language comprising: |

means for determining N;best theories with initial confidence scores;

means for estimating the pitch contour of the input signal;

means for segmenting the pitch contour into units according to each of the N-

~ best theories;
means for comparing the units to the tones of the tonal language; and
means for modifying an initial confidence score according to a long-term tonal -

- confidence signal to geﬁerate an augmented confidence score.

18.  The system of claim 17 further comprising means for generating a long- -

term tonal confidence signal for each theory.

19.  The system of claim 18 further comprising:

means for ranking the N-best theories according to augménted confidence
scores; and

means for generating an output signal of the N-best theories with augmented

confidence scores.



