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SXSTEM AND MB'DfOD FOR GBNEBAIJNG ANQ USING CONTEXT 
DEPENDlf«SUJl.SXLLABLB MODM§m RJCOGNIZBATONAL 

J.ANGUAGB 

CROSS-RBfERENCE TO QLATID APPI.ICATIQNS 

The present invention relates to pending U.S. Patent Application Serial 
No.: 08/316,257, filed September 30, 1994, invented by Hsiao-Wuen Hon, Yen-Lu 

10 Chow, and Kai-Fu Lee, entitled "Continumis Mandarin Chmese Speech 
Recognition System Having An Integrated Tone Classifier," which is 

incorporated herein by reference. The present invention also relates to pending 
U.S. Patent Application Serial No.: 08/315,222, filed September 29, 1994, invented 

by Hsiao-Wuen Hon, entitled "A System And Method For Determining The 

15 Tone Of A Syllable Of Mandarin Chinese Speech," which is incorporated herein 
by reference. 

BACKGROUND OP THB INVENTION 
1. Field Of The Invention. 

20 The present invention relates generally to speech recognition systems. In 
particular, the present invention relates to a system and method for generating 

context dependent sub-syllable models of a tonal language and for using context 
dependent, sub-syllable·models to recognize a tonal language. · · · 

2. Descrjption Of The Bac:Qmund Art. 
25 In recent yean, speech recognition sy$temS have· been ·used· with greater 

frequency as input devices for inputting data and commands into computer and 
electronic systems. Dictation is a convenient and efficient method for users to 
transfer data aitd commands to computer and electronic systems. This is 
particularly true for users who speak languages such as Mandarin Chinese and 

30 Japanese. Unlike Western languages, Mandarin Chinese does not use an 

alphabet. Written words of Mandarin Chinese are represented by pictographic 

characters. Th.ere are 6,000 simplified Mandarin Chinese characters and more 
than 10,000 traditional Mandarin Chinese characters. Keyboard systems for 

•'. ·. ·. . . 

inputting.Mandarin Chinese characters are extremely ilophisticated in order to. 

35 input so many characters. Furthermore, keyboards require extensive training, 
over several months, of operators. For most users, entering commands and data 

through a keybOard configured for Mandarin Chinese is slow and tedious. For 

Mandarin Chinese, the most natural and most efficient technique for entering 
data and commands into computer and other electronic systems is dictation. 
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Speech recognition systems have been developed for recognizing speech. 

These systems are used for inputting commands and data into computer systems. 

Such systems have met with a degree of success when used with western 

languages such as Romance or Ge?JDanic languages. Speech recognition systems 

5 for Mandarin Chinese and other tonal languages, however, encounter unique 

problems not encountered by speech recognition systems for Germanic or 

Romance languages. Words of Mandarin qiinese speech are made up of one or 

more syllables. Bach character of Mandarin Chinese typically represents a syllable 

of speech. Bach syllable is a combination of a phonetic structure and a tone. 

10 There are 4 lexical tones and one neutral tone in· Mandarin Chinese speech. 

Syllables having· the same phonetic structure but different tones, have distinct 

meanings. Thus, to identify correctly a syllable, a speech recognition system must 

identify both the phonetic structure and tone of the syllable. 

Bach syllable includes a final and may include an initial •. (The phonetic 

15 structure of a syllable is shown in Figure 1.) Initials are consonants and finals 

begin with a vowel or diphthong. In Mandariri Chinese, there are 21 initials and 

38 finals. There are also certain syllables that are finals without initials. 
Together, an initial and a final of a syllable comprise the phonetic structure of the 

syllable. There are potentially 3~990 syllables (possible combinations of initials 

20 and finals) of Mandarin Chinese speech. Not all possible combinations of 

· initials, ·finals, and tones, howe\rer, define v&iid syllable&. There are 

approximately 408 valid initial and final combinations, and approximately 1,229 

meaningful tonal syllables. 
Prior art speech recognition systems for Mandarin _Chinese generally 

25 include a sub-system for identifying the phonetic structure of a syllable and a 

separate sub-system for identifying the tone of the syllable. Both sub-systems 

suffer &om deficiencies such that speech recognition systems for Mandarin 
Chinese do not pertorm at an acceptable ~el. Mandarin Chinese speech 
contams many sub-sets of syllables which are confusable. Conventional systems 

30 and methods for determinirig phonetic structure often confuse similar syllables. 
Current systems for.identifying thE! phonetic structure of syllables of Mandarin 

Chinese speech mis-identify·the phonetic structure of syllables at such a rate as to 

be intolerably inaccurate. Furtherm~re, conventional techniques of determining 

the phonetic structure of an entire syllable require large amounts of training data 

35 and large amounts of memory. These techniques also do not allow for inter­

syllable identification. 
Systems for identifying the tone of syllables also do not perform 

sufficiently well. Most tone identification systems use short-~rm tonal analysis 
to determine the tone of a syllable. Short-term tonal analysis, however, does not 
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provided sUfficient resoluti0n tO iclentuy accurately the.tone of a syllable. To 
overcome this problem,· soine sr.stems use Ion~ ~ aaalysis. to identify a 

syllable's tone. Long-tmm tonal analysis is. computatic>nally expensi17e and, 
therefore, slow. Systems for reCeiving dictation must rec<>gnize speech in real 

5 time. ··It is difficult to achievC! real time recognition when using lo~g-term tonal 

analysis. As this cliscussicm. ol prior art tone identification Shows, prlor art speech 
recognition systems assume that the· tone of a sy~le is independent of its 
phonetic structure. .. . 

Thus, current speech recogrudon systems for tonal languages are 
10 inadequate for current needs. The1'e col'ltinues to be a need for increased a~racy 

and speed in systems and :inethods for rec:ognizing Mandarin Chinese speech. 

StJMMAR.Y OE 1liE JNYENTION 

The present inventiC>n overcome& the. deficiertclts qd limitations of the 

15 · prior art with a system and method for· recognizing ~darin Chinese speech. 

The system advantageously deterinines the phOnetic ~cture and tone of a 

syllable simultaneously. A speech recognition system comprises a pre-processor, 
an HMM storage, a speech identifier, and a speech detenninat<>r. . 

'' ' The speech identifier. includes an initi8l field. Qr pseudo initial field for 

20 every final field. For syUlibles that have both an uµtia1 aµtd a final, an initial field 

stores a textual representation of the initial and a final lielci sto~ a tE!xtual 

representation of the final For syllables that are. lone finals, the speech identifier 

includes a pseudo ini~ field and a final field. The pseudo initial field stores a 
textual representation of a pseudo iriitial. A pseudp initial represents a glottal 

25 stop which generally precedes syilables that are lone finals. The pseudo initials 
greatly improve the rectigmtion of lone. finals. . .· 

The HMM storage for storillg models of the initials, pseudo initials, and 
finals ·that make up the syllables .C>f. Mandarin Chinese speeCh. Models of initials 

and pseudo initials may advantageously be depen~ on the finals with which 
30 they may be joined. S~ly, models of fil'lals maY be d~dent on.initials 

with which the finals may be joiMd. The mode~ of initial$, pseudo initials, and 
finals may also depend On tones of Mandarilt Chhu!Se sp~ The HMM storage 
and speech identifier are coupled to the speech detemtinat()r .. The s~ 
deiermmator is also coupled to the pl-e-processor •. · The speech identifier receives 

35 a processed input from the pie-processor. The speech identifier also ~ves sub­

syllable models from the H?Af storage and valid synBbles from .the speech 
identifier. The speech· identifier ·arranges the sub-syllable models according to the 

valid syllables and c:Ompares the resulting syllabJe models to the ~recessed input. 

From the comparison, the speech determinator recognizes the phonetic structure 
. -3-
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and tone of the input. Using context depen~ent models, the speech determinator 

can not ·only more accurately determine the phonetic structure of a syllable, but 

can also determine the tone of the syllable. The present invention, thus, does not 

require separate tonal analysis to determine the tone of a syllable of a tonal 

5 language. 

The models require a large amount of training data. for their generation. 

The present invention provides for adjustments of the complexity of the models 

according to the available training data. The models of initials and finals may be 

dependent on the corresponding initial or final only, dependent on tone only, or 

10 context independent. The present invention irtcludes a smoother for improving 

the models. The smoother comprises an LDM generator and detailed model 

modifier. The LDM generator is coupled to the HMM storage and generates less 

detailed models from existing models. The detailed model modifier receives the 

less detailed models from the LDM generator and the models from the HMM 

15 storage. The detailed model modifier then smoothes the models according to the 

less detailed· models. An output of the de~ed model modifier is coupled to the 

HMM storage. The smoothed modelS are transferred to the HMM storage to 

replace the un-smoothed mode1s. "The resulting smoothed models allow the 

present invention to recogriize s}rllables· more accurately, especially when there is 
20· limited training data. 

The present invention includes a method for recognizing a tonal language 

using context dependent, sub-syllable models. The method comprises the steps of 

arranging models of initials, pseudo initials, and finals that are dependent on 

associated initial, pseudo initial, or final and dependent on tonei comparing· a 

25 processed input to the arranged mOdels; selecting the arranged models that best 

match the input; and generating an output signal indicative of the initial, or . 

pseudo initial, final, and tone of the best matching arranged models. 

BRQW DESCRIPTION OF 1HE PRAWJNGS 

30 Figure 1 is a graphical representation of a syllable of Mandarin Chinese 

speech; 
Figure 2 is a block diagram of a system for recognizing Mandarin Chinese 

speech constructed according to the present invention; 
Figure 3 is a block diagram of ·a speech identifier constructed according to 

35 the present invention; 
Figure 4 is a block diagram of art HMM storage constructed according to the 

present inventioi;t; 
Figure 5 is a block diagram showing the flow of signals and data in the 

system for recognizing Mandarin Chinese speech; 
' -4-
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Figure 6A. is a block diagram showing the flow of .data and signals in the 

system ·of the present invention whet\ training ~ei. stored in the HMM 
storage; 

Figure 6B is a block diagram of the data storage device .accorcling to the 

5 present invention; 

Figure 7 is a block diagram showing the flow of signals and data in a 
system for smoothing models of the present invention; 

Figure 8 is a block cliagram of a seamd embodiplent of an HMM storage 

constructed according to ~ present invention; 

10 F~ 9 is a flow clwt showing a method for recognizing syllables of lone 

finals according to the ~t invention; .. 

Figures 10A and 10B are flow charts showing a method for recognizing 
syllables of Mandarin Chinese speech; 

Figures llA,llB, ~~ llC are flow charts showing a method for 
15 recognizing syllables and lane finals according to the present invention; 

· Figure 12 is a flow chart showing a method for smoothing models 

accor~ to the present invention; and . . 
-~_·Figures 13A and 13B are flow charts showing a :methQd for .recognizing 

syllables of Mandarin Chinese speech where models of initials are dependent on 

20 the beginning vowels of finals. 

. . : . . . . . 

DH'[AU,BQ DESCRIP'f10N OP THE PRHfERBBD BM8012JMHNIS 
Referring now to Figure 1, a graphical representation of a syllable 10 of 

Mandarin ChineSe speech is shown. The syllable 10 comprises. an initial 12 and a 

25 final 14. The initial 12 is a consonant, and the final 14 coinmences with a vowel. 

The initial 12 corresponds to an initial portiml: of a sylll•ble and the final 14 
corresponds to a final portion of a syllable. 

The present invention ad~antageously includt!s context dependencies 

when determining the initial and final of a syllable to identify the phonetic 

30 structure of the syllable. In identifying the initial and final, the present 

invention more accurately determines the phonetic .structure of the syllable and 
advantageously identifies the tone of the syllable. .. 

Referring now to Figure 2, a block diagram of.a system 16 for recogniZing 

Mandarin Chinese speech, constructed in accordance with the present invention, 

35 is shown. The system 16 preferably comprises a pzoc:easor \8, an input device 20, 

a display device 22, a data stonge device 24,.and a memory 26. The p~ocessor 18, 

input device 20, display device 22, data storage device 2~ and memory 26, are 

coupled in a von Neuman architecture via a bus 28 such as in a personal 
computer. The processor 18 is preferably a microprocessor such as a Motorola 

-5-
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68040; the display device 20 is preferably a video monitor; the data storage device 

24 comprises random access· memory ("RAM") and read only. memory ("ROM") · 

for storing data and is preferably a disk drive; the memory 26 comprises RAM 
and ROM for storing data and program instruction steps. The input device 20 

· 5 comprises a keyboard, mouse type controller, microphone, and analog-to-digital 

("A/D") converter. The bus 28 is a conventional bus for transferring data and 

commands. In the preferred embodiment, the system 16 is a Macintosh Quadra 

840AV computer system fro!ll Apple Computer, Inc. of Cupertino, California. 

Those skilled in the art will realize that the system 16 could also be implement 

10 on an IBM personal compliter or other computer systems. 

The memory 26 comprises a speech recognition system 30, a trainer 40, and 

a smoother 42. While the speech recognition system 30, trainer 40, smoother 42, 

and there constituent parts of the memory 26 will now be discussed below as 

separate devices, those skilled in the art will realize that the component parts 

15 may occupy contiguous sections of a single memory space and, in the preferred 

embodiment, are routines stored in the memory 26 that when executed by the 

processor 18 operate as a speech·recognition system, a: trainer, and a smoother. 

The speech recognition system 30 cOm.prises a pre-processor 32, an HMM 

storage 34, a speech identifier 36, and a speech determinator 38. The pre-processor 

20 32 receives·an·input signal of a digitized syllable frmn the input device 20 and 

processes the digitized syllable for recogriition. The pre-processor 32 uses 

conventional methods of processing the input. The pre-processor 32 preferably 

performs a fast foUrier transform ("FFT') ·on the digitized signal, which 

represents a syllable, received from the input device 20. The pre-processor 32 

25 may alternately determine a linear predictive coding ("LPC") of the digitized 

signal. In yet another alternative, the pre-processor 32 may generate a vector 

quantization of either the FFt or LPC. there are many other methods of pre­

processing a digitized syllable; those skilled in the art will recognize these 

methods and that these ntethods may be use in the pre-processor 32. The pre-

30 processor 32 has art input co\tpled to the input device 20, so as to receive the 

digitized signal, by the bus 28.· The pM-processor 32 also has an output coupled to 

the speech determirtator 38 by the btts 28, and the pre-processor 32 transfers the 

processed, digitized ~ignals to the s~ determinator 38 over the bus 28. 

The HMM storage 34 holds hidden Markov models of initials and finals 

35 that make up the possible sylla~les of Mandarb:i Chinese speech. Hidd~ Markov 

models are used to model speech, handwriting, and other signals. Those skilled 

1n the art will recognize hidden Mark~v models .. ·. the. HMM storage 34 will be 

discussed below in greater detail with reference to Figure 4. The HMM storage 34 

.;.6 ... 
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has an output' that is coul'led to the Speech deternlinator 38 .by the bus 28 in order 
to provide the models ·to the speech det:en;ninatto~ 38 .. 

The speech identifi,er 36 .holds representatioz1s of ~ valid combinations of 
initials and finals of a tonal language sucll as ~ Qdnese. The speech 

5 identifier 36 desCribes ~ en~ Mandarin ~ language .. The speech 
identifier 36 will be·~ in.greater detail below ~th reference to Figure 3. 
The speech identifier 36 is coupled to the speech determinator 38 by the bus 28. 

The speech determmator 38 is a device that uses the initials and finals 
stored in the speech identifier 36 and the modeJ& stored in the HMM storage 34 to 

10 determine the phonetic structm1! and tone of a .syllable that has been processed by 
the pre-processor 32. The. speech determinator 38 arranges the models it receives 
from the HMM storage 34 according to the &rr8Jlge,ments of initials and· finals 
held in the speech identifier 36~ 'i'he present invention preferably uses hidden 
Markov inodels of the initials and finals. A model. pf an initial may be appended 

15 to a model of a final to fonn a model of a mmplete syllal>le .. 
The speech. determiiaator 38 compares. the processed input, received from 

· the pre-processor 32 to the arranged model$ and determines .the arrangement of 
models that best matches ~e processed inp1Jt. The speech determinator 38 uses 
con.Y:entional teclmiques, such -.. a viterbi search,. o,· dynamic programming, to 

20 compare the arrangements of models to the proc:ess~d input. The ·speech 
determinator 38 includes memory for holding data so that .it .may .hold models of 
syllables, created by appending sub-syllable models .of inf.tlaJs and finals, 
intemally when ~ the ·identity of a syllable •. The.speech determinator 
38 is coupled to the pre-p~r 32, HMM storage 34,.speech.identifier 36, and 

25 processor 18 by the ·bus 28. . 
The trainer 40 generates the models of the initials and finals of Mandarin 

Chinese speech. The tramer 40 uses utterances stored in the data storage device 
24 as inputs to generate the models. ~ trainer 40 and utterances, stored in the 
data storage clevic:e 24, will be clescribed in detail below with refe~ to Figures 

30 6A and 68. After generating the models, the trainer 40 ~ them to the 
HMM storage 34. The trainer 40 is coupled to the data storage device 24, and the 
HMM storage 34 by the bus 28. 

The smoother 42 modifies the hidden Markov models in the HMM 
storage 34 so the speech detenninator ss· can better ~ them to identify. syllables . 

. 35 The smoother 42 receives the models stored in the HMM storage 34 and modifies 
the models to describe.~ the initials and finals of Mandarin Chinese speech. 
Alternately, the smoother 42. may receive the models directlyfrom the trainer 40 
and, after smoothing, may transfer the models to the HMM storage 34. The 
smoother 42 comprises a group storage 44, an LDM generator 46, and a detailed 
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model modifier 48. The group storage 44, LDM generator 46, and detailed model 
modifier 43· each have an inpUt. and an· output coupled to the bus 28. The group 

storage 441 LDM generator 46, and detailed model modifier 48 will be discussed in 
detail with reference to Figure 7. The smoother 42 is coupled to the processor 18, 

5 HMM storage 34, and trainer 40 by the.bus 28. 

Referring now to Figure 3, a block diagram of an exemplary embodiment 
of the speech identifier 36 is shown. This embodiment of the speech identifier 36 
is for an exemplary tonal language. In this eXemplary tonal language, there are 3 
initials, 4 finals, and 2 ton.-. This tonal language is used to demonstrate more 

10 easily and clearly the structure and function of the HMM storage 34 and speech 
identifier 36. Those skilled in the art will realize how the HMM storage 34 and 

· speech identifier 36 are scaled up for Mandarin Chinese or any other actual 
language that has many more initials, finals; and tones as well as particular valid 
combinations thereof. 

15 The speech identifier 36 stores atl, valid combinations of initials and finals, 
with tones, for the language· of the speech to be recognized. The speech identifier 
36 comprises a plurality of syllable fields. EaCh syllable field comprises an initial 
field, a final field, and a tone field. The initial field and final field of a syllable 
field together define a valid syllable of the tonal language. The tone field stores a 

20 representation of the tones which the syllable may hav~. Not all valid syllables 
may have all tones of the tOnallanguage. Thus, a syllable field 51 has an initial 
field 50 that identifies initial ii, and has a final field 52 that identifies final f1. 
Syllable field 51 also has a tone field 114 that identifies the tones that the syllable 
/it fi/ may have. For the 2 tone example language, a tone field comprises 2 bits 

25 with 01 representing Ti only, 10 representing T2 only, and 11 representing T1 and 
T2. Initial field 50 and final field 52 are paired together to describe syllable /i1 f1 I. 
For example, it may be /b/ and ft may be I at/. Thus, the initial of field 50 with . 
final field 52 describes the syllable /bat/. Tone field 114 indicates that the syllable 
/bat/ may have T1 or T2 as a·tone. The syllable fields are coupled to the bus 28. 

30 As has been stated, the speech identifier 36 describes all valid syllables of 
the exemplary language. Another syllable is described by a syllable field 53 
syllable field 53 has an initial field 54 and a final field 56. Initial field 54 ~ontains 
a reference to i1, and final field 56 oontains a reference to final f4. Continuing the 
example above, i1 is /b/, and 4 'may be /it/. The pairing of initial field 54 and 

35 final field 56 describes the syllilble /bit/. Syllable field 53 also has tone field 55. 
Tone field 55 contains.an indicator that the syllable /it 141 may have either tone 

. . 
T1 or tone T2. 

Figure 3 shows the preferred embodiment of syllable fields for syllables 
that do not have an initiat ·.·Th~ present invention advantageously utilizes a 
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pseudo initial.for syllables that ~o not have an ~tial, and are lone finals. 
Conventional, prior art speech recognition systems model lone finals as the 
appropriate final alone. The human voice, however, is not capable .. of generating 
an acoustical Signal of a 6nal alone. The human voice .always generates a glottal 

5 stop that precedes the lone final. Conventional speech ~gnition systems have 
difficulty recopizjng lone firials. The pres~t inVention advantageously uses 
pseudo initials in the s~ identifier 36 to. id~tify glottal stops. Pseudo initials 
are treated as initi&Js. For exaunple, a syllable field 57 comprises a pseudo initial 

field 58 for holding a ~do initial P'4 and a ~ field 6Q. Syllable·field 57 
10 includes a tone field 59 which hold& an indicator .that the syllable /q/ may only 

have tone T2. The exemplary language used with Figure 3 has2 pseudo initials, 

PI1 and P14. For Mandarin :Chinese, the present invention uses .6 pseudo initials. 
The preferred form of the pseudo initials, with their paired finals, are listed in 
A}l;pendix A. The pseudo itUtials are matched with the. ec>rresponding·finals 

15 according to the beginning vowel of the final. For ex~ple· the pseudo initial 
AH~ is matched .with all ione finals that begin.wUh.~ vowel A.. The speech 
identifier 36 advanta~y provides a pairing of an initial· field with a final field 
to d~be all valid syllables. 

,, . Referring now to F~ 4, a block diagram of the HMM storage 34, 
20· con&tru~d ac:c:ording to tb,.e _present invention,.is shown .. The HMM storage 34 

·holds hidden ~kov m~els .. for each_initial, final,.and pseudo initial that is 

listed in the speech identifier 36 •.. The HMM storage 34 con.iprises 3 groups of 
models: a fitst group 62 stQ:res models of initials, a second. group 64 stores models 
of finals, and a third group 66 ~ models of pseudo initials and lone finalS. 

25 The present invention is a4vantageously flexible in· the detail of the models. 
FigUre 4 shows the most d~d models of the present invention. The HMM 
storage 36, may be configm:ed, however, to.hold. less detaihd models. The level 
of detail of the models depends on the amount .of training. data .available. 

Prior art speech recognition systems provided single models for each 
30 initial and final. In contrast, the present invention provides context dependent, 

sub-syllable inodels for identifying Mandarin am:.,ese speech. The models are 
dependent on their associated iJlitial or final and on the tone of the syllable. 
Thus, when identifying .an initial, the speech determinatol' 38 includes the final, 
with which the initial is paited, and the tone ·of the syllable as. factors in •the 

35 making the id~tifying-deterlnination. Where the prior art.had 1 model of i1 of 
the exemplary language, the present invention has 6 models of ii. The present 
invention preferably ma1ces manY more compariions in orcler tp include context 
dependencies in the determination. Each model held in tht: HMM storage 34 is 

preferably a hidden Markov model of an initial, final, or pseudo initial. Those 
-9-
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skilled m the art will realize that the HMM storage 34 may hold other forms of 
models·· of initials, finals, and pseudo initials. 

· The speech detenninator 38 receives the possible syllables from the speech 

identifier·36 and the models from the HMM storage 34. The speech determinator 
5 38 then arranges the models according to the syllables received from the speech 

identifier 36. For example, to construct the s}rllable described by syllable field 51, 
the speech determinator 38 will join a model of ii, which is dependent on f1 and 

T1, with a model of ft, which is dependent on ii and Ti. A model 68 of ii, 
dependent on f1 and Ti, is held in the HMM storage 34, and a model 80 of f1, 

10 dependent on i1 and T1, is held in the HMM storage 34. The speech 

determinator 38 also uses models of the syllable, having different tones. Towards 

this end, the speech determinator 38 joins a model 70 of i1, dependent on f1 and 
T:z, With a model 52 of f1, dependent _on it and Tz. Note that in the most detailed 
case, each pairing of fields in the speech identifier 36 results in multiple models, 

15 one for each tone of the language. Note further that when the· speech 

detelminator ·38 joins tone dependent models, it always joins models having the 

same tone dependency. The model stored in field 70, ii dependent on f1 and T2, 

is never paired with the model stared in field 80; f1 depeitdent on ii and T 1. 
Finally, note that the combination· of an initial, dependent on a final, when 

20 paired with a final, dependent On the initial, is a syllable dependency. In other 
words; equivalent to the initial~ dependent on the syllable, and the final, 

dependent on the syllable. 

The· speech determiriator 38 generates models of the valid syllables of the 

tonal language by joining to~ther models of initials and finals or pseudo initials 
25 and finals.·. The present invention advantageously uses hidden Markov models 

of initials, pseudo initials, and finals since hidden Markov models may be 
appended·together to form models of larger structures such as syllables. Those 
skilled in the art will realize how to append hidden Markov models of finals to 
hidden Markov models of initials or pseudo iriitials to form hidden Markov 

30 models of syllables .. 
As has been stated, the· models stored in this embodiment of the HMM 

storage 34 shown in Figure 4 are the most detailed sub-syllable models. The 
present invention, however, may be used with less detailed sub-syllable models. 
For example, the modelS need. not be dependent on the associated initial or final. 

. 35 In this case, each model would be dependent only on the tone of the syllable. 
Alternately, the models may be tone independent and dependent on the 
associated initial Qr final. Finally, some of the models may be context 
independent, that is dependent on neither associated initial, associated final, or 
tone.· The various possible. combinations lead to a hierarchy of models. The 
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parent model is a conteXt independent modeL In this case, an initial or final has 

a single model that descn.bel all occurrences .e>f the.hlit;lal.or final .. Jn the context 
independent DlOdel, dependenc)' on associated initial :O~ final .md .tone of the 

syllable is not mocteled~ T}le context independent mod.el may refined into two 
S sets of context dependent mOdels. ··A first.set of.context ~epenclent models is 

dependent on the tone of~ syllable only. A ~nd set of amtext dependent 
models is dependent' on the associated initial or final only. These two sets of 
context dependent Dlod~ converge to form a yet more detailed context 
dependent model In this l.nott context dependent:.mQde1, the models. are 

10 dependent on the ass~~d iilitial or firud and dePencleftt on the tone of the 
·syllable. Figure 4 ahow8 this molt detailed context ~ependent set of models. 

Bach mote detatW Set of models ~ a greater .amount of training data 
than the pre(:eding less detailed set of mode~ to generate. the naodels. Where 

training data iS limited, it ~y ht! advantageous '° Use a less detailed set of 
15 models. The context dep~denC:y of the models need onJy be consistent within 

the groups 62, 64, and 66. Thus, the initials in thefirst group 62 may be 

dependent only on tone, m.d thE! finals in the sef:OJ.\d gr0up 64 may be dependent 

Onlf ort associated initial. In general th.e most detailed 111(>de!J are preferred. 
Wheh there is limited trainiDg data, however, the ini~ of the fhst group 62, 

20 .. dependent on final orily, ~the finals of group 64,.dependent on tone.only, is 
preferred. 

The third group 66 comprises data fields that store models of the pseudo 
initials and finals as&ociated with the pseudo ini~. The present. invention 
treats the pseudo initiaJs ~ it treats the initiaJs. For example, to .form the syllable 

25 ' described by syllable field 57 of the speech identifier 36, the speech determinator 

38 joins the model pseudo ~tial model 88, Pi. (f4, Tl) and final J.Dodel 90, f4 (P4, 
Ti) from the HMM storage34 and joins pseucio initial model 92, 1'4. (,4, T2), and 
final model 94, 4 WI4, Ti), from the HMM stOrage 34. The same hierarchy of 
.Context independent and ~text dependent models apply to pseudo initials and 

30 associated finals as apply to initials and finals. That is,. moclels of pseudo initials 
may be context indepe'ncient, dependent on the assodated .final 'only, dependent 
On the tone Of the syllable ·~y I Or. dependent on ·the assoclAted final and tone Of 

the syllable. 
· Figure 4 also illustrates how the present invention ~etermines the tone of 

35 a syllable without usil'lg tonal analysis. So long as a tone depend_ent model ·is 
Ustd for either the initial or ~ the speech determinator 38 determines the 
tone of the syllable from the comparison of the processed input to the models. 

Thus, the present inventio~ ad'Vantageously determiiies b~ the phonetic 
structure of a syllable· and the torie of the syllable simultaneously. 

' -11-
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Referring now to Figure 5, a block diagram of the flow of data and the 

processing of signals in the system 16 is shoWn. An audio signal is received by 
the system 16 through the input device 20. The inpUt device 20 includes a 
microphone and an A/D converter. The mierophone receives the analog, audio 

5 signal and converts it into an analog, electrical signal. The AID converter 
receives the analog, electrical signal and converts it into a digital, electrical signal. 
The A/D converter then transmits the digital, electrical signal to the speech 
recognition system· 30. . 

Within the speech recognition system 30, the pre-processor 32 receives the 
10 digital, electrical signal ·The pre-processor 32 generates an FFr signal of the 

digital, ·electrical signal and then generates a signal of the coefficients of the FFT 
signal. The pre-processor 32 may alternately generate a signal of a linear 
predictive coding of the digital, electrical signai. The pre-processor 32 then 
transmits the processed signal ·to the speech determinator 38. The speech 

15 determinator 38 receives the signals and generateE; a signal to the speech 
identifier 36 to transfer the possible syllables. The speech determinator 38 

receives the signals indicative of the possible syllables from the speech ·identifier 
36 and generates·a signal to the HMM storage 34 to transfer the .. models of initials 
and finals. When the speech determinatOr 38 receives the signals of the models 

20 from the HMM storage 34, the speed\ determinator 38 joins the models together 
according to the syllable signals received from the speech identifier 36. The 
speech determinator 38 joins an initial and final together by appending the final 

to the end of the initial. The speech determinator 38 similarly joins pseudo 
initials with finabl by appending the final to the end of the pseudo initial. The 

25 speech determinator 38 then compares the processed Signal frOm the pre­
processor 32 to the joined models of initials and finals. The speech determinator 
38 uses a viterbi search, or dynamic programming, to determine the appended 
model that best matches the speech signal. In this way, the speech determinator 
38 compares the input signal to all valid syllable models of Mandarin Chinese. 

30 The speech determinator 38 then generates and outputs a signal indicating the 
initial, final, and tone of the joined model that it determined best matched the 
signal received from the pre-processor 32. The speech deteiminator 38 may 
transmit the output signal to a look•up table or memory device. The memory 
device may store the signal as in a conventional word processor. The look-up 

35 table· :may determine the appropriate character tl:tat represents the syllable and 
may transmit a signal to the display device 22 .to display the selected character. 

The present inventicm,. as described above, ·is configured to recognize 
syllables of Mandarin Chinese speech. Syllables are the fundamental unit of 
Manda~ Chinese speech and recogrutiort of syllables is the most general form of 
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speech recognition~ The present ·inv~~ ~y alternately be configured to 
· • · i..~,.ha.. u ... _,,.a .. tical · "ts such .. · .. ds hrases . recogmze ·~~ u.~KAD· . um: .. .. , as wo.r , p . . ·" sentences, or any 

higher unit. For example, to recognize 3 p0ll.9ible input ~tences, th.e speech 
identifier 36 would be configure4 with !ie14s tp indicate f:he syllables that make 

5 up each sentence. After··~ speech. d~tor 38 rec.ei,ves the.processed input 
signal froni the pre-p~or 32, the speech determinator. 38 receives the 
sentence signals from the speecb identifier 36 and·the.inodel signals of the 
initials, ~, and pseudo ~~ ~ the~ s .. 34 •. The speech 
determmator 38 then joins. the niodeJ& tqget:Jier accorcli!:lg to the l!lelltences. ·· The 

10 speech determinator 38 compares the. input ieceived ~ the pre-processor 32 to 

the joined mod~ and selects the set of joined models that most closely matches 
the input. The speech ·-d~tor :i8 ~tes and outputs a signal indicating 
the sentenee that it determined most ~~iy matched ~e input sentence. 

Referring now to Fipres 6A and 6B. ~igure 6A is a block diagram showing 
15 the flow of data and signals in the systezn 16 when the tra~er 40 is ,generating the 

models held in the HMM st,orage 34. The ~er 40 ~ves a plurality of 
utteranees, each utterance havirlg the ini~, pseudo initial, or final for which the 
~ 40 is generating. a model, from th,e data storage de\tjce 24. The trainer 40 
may --~temately receive signals of the U.tterances from another sectiQn of the 

20 memory 26. All the U.~·t:he ~.40 receivft8 l1a~ the desired · 
linguiStiC:al structure for wlW:b the V.kaer 40 i~ is generating a model. ·For . . ..... · . 

example, if the trainer 40 is ~rating a model of ii, dependent on 11 and TJ, 
then the trainer 40 receive" signals o.f "tterances of syllab~s having i1, f1, and Ti. 
The trainer 40 uses ~ven~oru~ltechniques, such as Ba11Jll·Welch training, to 

25 generate a hidden Markov model 1be ~ 40 ~~ ~t,Jeast 20 µtterances to 
generate an adequate model Preferably, the trainer 40 r~es several hundred 
utterances to genera1;e a mod,.el. Once the trainer 40 has ~rated a model, it 
generates a signal to transfer the model to ~ HMM storag~ 34. 

Figure 6B is a block d~gram showing the chlta stoI"age device 24 in greater 
30 detail. The data storage deviC:e 24 comprise$ a plurality of cells that store 

utterances having· a amun,on. initial, flrull, or p~do initW and common 
dependencies. Cell 96 storeS_utterances havmg ii, fi, and Ti7 The cells store the 
utterances that the trainer 40 will use to genera1;e models. , For exam.pie, the 
trainer 40 uses the u~ stored in ceil 96 to. generate the model of ii, 

35 dependent on f1·arut, Ti. The trainer 40, after generating the model,.tr~sfers the 
model to the HMM storage 34. The HMM storage 34 holds the model, generated 
in the immediately above ~pie, in field ~· The speech determinator 38 uses 
the model 68 held in the HMM storage 34 to model the syllable identified by 
syllable field 51 of the speech identifie~ 36. Each cell holds at least 20 utterances 
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and preferabl~~f.lds hundreds of utterances. i~e exemplary language requires 36 
cells ht the dati 'storage device 24. This mean8 that the_ data storage device 24 
holds at least 720 utteranceS and preferably holds thousands of utterances. To 
generate the models necessary to.recognize Mandarin Chinese, the data storage 

5 device 24 requires hundreds of cells to hold utterances having the various 
initials, finals, tones, and glottal stops. Bach ciill holding at least 20 utterances and 
preferably holding hundreds of utterances. Those skilled ht the art will realiz~ 
how to modify the data storage device 24 for Mandarin Chinese. 

Referring now to Figure 7. Figure 1 is a block diagram showing the flow of 
10 · data and signals when the system 16 is using the smoother 42 to modify the 

models held in the HMM storage 34. As can be seen from Figure 68 and 
accompanying text., the most detailed set of models, dependent on initial or final 
and on tone, requires an enormous amount of training data. Preferably there is 
sufficient training data for the trainer 40 to generate accurate., robust models that 

15 are the most detailed. If there i.S. not sufficient training data for the trainer 40 to 
generate accurate, robust models, the models may not adequately describe the 
initials, finals~ and pseudo initials of the language. In· this case, the smoother 42 
may improve the models by smoothing them with less detailed models. 

A Ie&s detailed model has fewer eontext dependencies. · Fo~ example, 
20 models dependent on tone only or modelS dependent on initial or final only are 

less detailed than models that are dependent on tone and initici.l or final. Context 
independent models are· the least dependent models. 

More detailed models may be smoothed by any less detailed model. Thus, 
the most detailed models, dependent on initial or final and tone, may be 

25 smoothed with models, dependent on initial or futal only, dependent on tone 
only, or context il'ldependent. Similarly, the less detailed models may be 
smoothed with even less detailed models. For example, the model dependent on 
initial or final only may be smoothed with the conteXt independent model, and 
the model dependent on tone o~y may be smoothed with. the context 

30 independent model. As is shoWn in Figure· 7, the smoother 42 receives the 
models from.the HMM storage 34. The LDM generator 46 sends a signal to the 
HMM storage 34 to generate a signal of the model to be smoothed and to transmit 
the signal to the smoother 42. The smoother 42 preferably receives the models in 
each group together. That is, the smoother 42 receives the initials of the first 

35 group 62, then receives the finals of the second group 64~ and then receives the 
pseudo initials with associated finals of the third group 66. The smoother 42 
determines the less detailed models, and smoothes the models with the less . . ~ . . 

detailed models. The smoother 42 then returns the smoothed models to the 
HMM storage 34. 
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As can be seen in Figure 7, the smoother 42 t;mn~ a group storage 44, 
an LDM generator 46, and a .detailed modet·modifter 48. When a _p-oup of 
models is reeeived by the~ 42, the group is recel~ .by the group storage 

44 and by the LDM ~ 46. The group stOrage 44 is• data storage device for 
5 holding the models ~~ t1le LOM generator 46 -is gener4ting a less detailed 

model and while the detailed model modifier 48. is modifying individual models 

of the group. 
The LDM generator-~ generAtee the less detailed JllOdel that the detailed 

model modifier 48 will use to modify the more' detaileq ~odels. The LDM 
10 generator 46 uses the more detailed models to $8Nftte the less. detailed model. If 

the smoother 42 is smoothing the models of the inHials of the first group 62 with 

models dependent on final' e>nly, the LDM generator. 46 gener~• the less detailed 

models, models of initials dependent on final only, h'o111 ate initials of the first 

group 62. The LDM generatC>r 46 generates a. less detailed model by determining 

15 the arithmetic mean of the models having similar dependencies. To continue 

~ example, the model 68 would be smoothed by a Jllodel of. i1 that is dependent 

on f1, only. To gmerate a model of it dependent on f1 only, the LDM generator 46 

dete?Dunes the arithmetic mean of the model 68 .and. the model 70. The models 

68an(f70 are both of ii,. are bothdep~t on f1, and differ only in their 

20 clependency on tone. The Jru>del that is the arithmetic. me'1' of th~ models 68 

and 70 is a model of i1 __ that is depend~ on ft alone and is independent of tone. 

Similarly, to generate a mod!!1 of i1 that is dependent ()Of, alon,, .the LDM 
generator 46 determines the. ~thmetic mean.Qf the modt!l 76.and the model 78 . 

. · . . . 

The result is a model of i1 that is dependent on 4but is iAcfependent of T 1 or T2. 

25 In the same way the LDM generator 46 determbtes ~els.dependent on tone 

only and independent of initial or final. To, determine a model of it that is 

dependent on Tt only, the L))M generator 46 d~ the .arithmetic mean of 
the models 68, 72, and 76. The resulting mode• of i1 is dependent on T1 only. 

The LDM generator 46 U&es ·this same metho~ .to ,d~~ the parent, context 

30 independent, model To generate a context independ~t model of it,, the LDM 
generator 46 determines the mthmetic mean of the models. 68, 70, 72, 74, 76, and 

78. 

The LDM generator 46 determines an arlthD1etic --- of m.odels on a 
point by point basis. ·The LDM gerlerator 46 determines the arithmetic Jllean of 

35 corresponding points in each model, the resulting _series of mean points. is the 
arithmetic mean model and is a less detailed mOdel. 

Once the LDM generator 46 has. generat8ct the less detailed model, the LDM 

generator 46 generates a signal indicative of the less detailed model and transmits 

the signal to the detailed model modifier 48. The detailed model modifier 48 also 
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receives signals indicative of the models to )?e smoothed from the group storage 
. . , . 

·44. The detailed model ·modifier 48 then smoothes these models, :received from 

the group storage 44, with the less detailed models using conventional 

smoothing techniques such as linear interpolation or deleted interpolation. 

5 Those skilled in the art will recognize these techniques. The detailed model 

modifier 48 then generates a signal· to tran8fer the smoothed models to the HMM 
storage 34 .. The HMM storage 34 receives the signals from· the smoother 42 and 

replaces the original· model with the smoothed model received from the 

smoother 42. ·The resulting smoothed models are less detailed than before 

10 smoothlng, yet they•are better·and more robustly model the initials, finals, and 

pseudo initials. 

In an alternate embodiment, the smoother 42 does not include a group 

storage 44. The group of models is ~ved by the LDM generator 46 and 

transferred to the detailed model modifier 48. The detailed model modifier 48 

15 receives the models ditectly from the HMM storage 34. 

The models stored :in the HMM storage 34 may be smoothed by any less 

detailed model, by combinations of less detailed models, and by different 

combinations of less detailed models. Preferably, however, the.models of a group 
62, 64, or 66 are smoothed similarly Within each group~ For example, the initials 

20 of the first group 62 may be sm~othed. with models dependent on tone only, the 

finals of the second group 64 may be smoothed with models dependent on initial 

only, and the pseudo initials and "associated finals of the third group 66 may be 
smoothed with models dependent on tone only ancf with the context 

independent models. Any other combination of Jess detailed models is possible. 
25 The group storage 44 has an input couple,d to the bus 28 to receive signals 

from the HMM storage 34 and has an ouq)ut coupled to the detailed model 
· modifier 48 through the bus 28. The LDM generator 46 has an input coupled to 

the HMM storage 34 and an output coupled to the detailed model modifier 48 by 
the bus 28. The detailed model modifier 48 has a first input coupled to the group 

30 storage 44, a second input coupled to the LDM generator 46, and an output 

coupled to the HMM stor~ 34 by the bus 28. 
Referring now to Figure 8, a block diagram of a second embodiment of the 

HMM storage 34 is shown. The. most detailed set of models, shown in Figure 4, 

include a large number of models. Figure 8 shows an embodiment of the HMM 

35 storage 34 ·where the num1>er of models, in the most detailed case, are feduced as 
compared to the number of mQdels shoWn in Figure 4. 

In the most detailed set of models, initials are dependent on final and tone. 

The final dependency, however, am be substantially captured by a dependency on 
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the beginning vowel of the final~·· Thus, ~ d~ replaces final 
dependency for initials. This reduces the number of m<>dels.. .. . ' . . . ·. ·. . 

The HMM storage~ shown in Figure 8 com~. a first group 98 for 
initiaJs, a second group 64 for .finals, and a third, group 100. for pseudo initials. 

5 The second group 64 is id?~cal to that shown in Figure 4. The first group 98 for 
initials comprises fewer ~than the first group 62. ~ing upon the 
exemplary language~ above with reference to Pigure 3, ~will be /is/, and 
f3 will be I am.I. By basing the mitial dependeru=y cm the vowel of the final rather 
than the full final, the sm.>nd embodilnent of.the ~·storage•34.reduces the 

10 number of models necessary to descn'be initials. The model 68 and the model 70, 
i1 dependent on fl,· may b~ combined with the models 72 an~ 74, i1 dependent on 
fs. Finals fl and f3 both ·begin. with the vowel /a/. ThQ&, for initial dependency 
these finals may be com~ •. The resulting models of fi, dependent on 
beginning vowel /a/ and tone, are models 102 and 104. Similady, initial 

15 dependency on '2 andfc ~aybecombined since both finals begin with /i/ . 
. Models 106 and 108 are mOclels of it dependent on /i/ and tone. The third group 
100 .aJso uses beginning vo\vel dependency insie.d of full final dependency. 
ModelllO is a model ol P11, dependent on /i/ and Ti, instead of a model of PI1, 
d~dent on f, and Ti, as was model 88. 

20. By using vowel dependency, the present invention reduces the number of 
models and the number of com~ ma~~ .by the speech de~tor 38. 
Since these are more finals ~ irlitial~ in Mand~ 6.mese, this reduces the ·. ,. . . . . .· .. ' .. 

size of the HMM storage 34 significantly and increases th~ robustness of the 
resulting models .. 

25 Refeuhlg now tc> Pigµre 9, a method for recopizing a syllable, of Mandarin 
Chinese speech that comprises a lone final, using. the present invention, will be 
described. The method begins in.step 200where.the.systen:a16 receives an input 
audio sigDal of a syllable of Mandarin Chinese .speech. The mi~phone of the 
input device 20 conVerts ~ audio signal. uttQ an arutlog, electrical signal. The 

30 AID converter of the iDput device 20 then converts the analog, electrical signal 
into a digital, electrical sipL In step 202, the pre-~~ 32 of the speech 
recognition system.30 receives the digital, electrical signal·for pfe-Processing. The 
pre-processor 32 determines a PFI' of the digital, electrical signal and then 
determines a vector quantizatiml of the FF!. The pre-p~sor 32 may 

35 alternately. determine an LPC instead of the FFT. Next, in step 204, the speech 
determinator 38 receives models of pseudo initials. and finals from the HMM 
. storage 34; the speech deterDµnat0r 38 arranges .IQ:ld joins the models t~gether 
according to syllables received 'frc:mt the speech identifier 36. The speech 
determinator 38 compares the processed input signal to the arranged models in 
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step 206 and selects the arrangement of models that best matches the processed 
input Signal in step 208. In thiS way, in step 206, the speech determinator 38 
compares the input signal not only to a model of the lone final but also to a 
model of the glottal stop represented by the pseudo Initial that precedes the lone 

5 final. In step 210, the speech detenz$ator 38 generates and outputs a signal 
indicating the final and tone. of the arrangement of models selected in step 208, 
and the method ends. 

Referring now to Figures lOA and 10~, flow (harts of a method of 
recogniZing a syllable of Mandarin Chinese speech is shown. The method begins 

10 in step 300· where the system 16 receives an mput audio signal of a syllable of 
~darin Chinese speech. The micro-ph,one of the input device 20 converts the 
audio signal into an analog,· electrical signal. The A/D converter of the input 
device 20 then converts the analog, electrical signal into a digital, electrical signal. 
In step 302, the pre-processor 32 of the speech recognition system 30 receives the 

15 digital, electrical signal for pre-processing. The pre-processor 32 detel'II\ines a FFT 
of the digital, electrical signal, determines a vector quantization of the FFT. The 
pre-processor 32 may altemately determine an LPC in place of the FFI'. In step 
304, the speech determinator 38 sel~ a final of Mandarin Chinese that it has not 
yet selected; Step 304 is executed mUttiple mne8 by the ~od; the first time step 

20 304 is executed, the speech determinator 38 may select any final of Mandarin 
Chinese. On future executions, the speech determinator 38 selects a final that it 
has not yet selected~ In the same way, the speech determinator 38 selects a tone of 
Mandarin Chinese in step 306 and selects an initial in step 308. In step 310 the 
speech· determinator 38 determines if the selected initial, final, and tone are a 

25 valid syllable of Mandarin Chinese speech. The speech determinator 38 
determines the validity of the combination by comparing the combination to the 
syllables of Mandarin Chinese speech that it received from the speech identifier 
36. ·If the combination is a valid ·syllable, the speech determinator 38, in step 312, 
selects the model of the initial, dependent on the final and tone, and selects the 

30 model of the final, dependent On the. initial and tone, and joins the two models 
together. The speech determmator 38 ~ves the models from the HMM 
storage 34. The speech determinatOr 38 then stores the joined models within 

· itseli. From step 312 the method,. proceeds to step 314. The method also proceeds 
to step 314 from step ·310 if the cOinbination is not a valid syllable. In alternate 

35 methods, the speech determinator 38 may jom models that are dependent on 
tone only, dependent on associated final or initial only, or context independent. 

In step 314, the speech determinator 38 determines if there is another 
initial that has not been matched with the currently selected final and tone. If 
there is such an initial, the method returns to step 308 to select another initial 
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that has not yet been matched With the currently selecb!i final .and tone. If there 
is not another such initial, the method procee~ to step Sl6 where the speech 

determinator 38 ~ if there is another tone that has not been matched 

with the currently 8e1ected final. If there is Such. a ~e, the method retums to 

5 step 306 where the speech detennlnator 38 selects a.. tone that has not yet been 
matched with the currently selected final. When th~ sp~ determinator 38 
selects a tone, it re-sets the initials so that .U initials are matched with the current 

final 8nd the just selected tone. Jf in step ~16 there -.re no such tones, the method 
proceeds to step 318 where :the Speech detennm.tm- 3s de~ if there are 

10 finals that have not been ~pared to the syllables received from the speech 
identifier 36. If there ·.re such finals, the method retQms ~ step 3()4 where the 

speech determinator 38 selects a final that has not yet been compared to the 
syllables received from the speech identifier 36. When the speech determinator 
selects ·a final, it re-sets the initials and tones 80 that all initials and tones are· 

15 ~mbined with the mwly selected final and compared to di~ syllables received 

fr.om the speech identifier 36. 
If in step 318 there •ft! no such finaJs, the ~ determinator 38 has 

pairelfthe modeJS tOgether ~ form all valid syllables of Mandarin Chinese 
spftd\.· :The method continues in step 3Zo where. the speem determinator 38 

20 · compares the processecfinputsignal to the joilted models. The speech 
determinator 38 viterbi searCh, or·. dynainic pro8rmuntng, tQ compare the 

processed input sigrial to the jOined models. There are Jllany other techniques 
for making thls comparison; those skilled in the art. will recognize these 
techniques. Con~ dependency yjelds a comparison that compares the whole 

25 input signal to the whole joined nlociet, that uses detailed context .dependent 
models for initials and finals. that are c01U'ticulated by different .contexts (initial, 
·final, and tones). By usirig D\Odels that are dependent on tone, the method 
includes an additional dimension ·iii the comparison, the comparison. of the 

whole to a model co-artic:Ulated by different.tones~ Thus, ~th the most detailed 
30 models, the present invention adds three .c:linlensions to the comparison of step 

320, making the determination of step 322 more acairate. The use of less detailed . 
models, such as models dependent on tone on1y, correspondingly reduces the 
dimensionality of the comparison of step 320 •. ·This ~lees the. determination of 
step 322 less accurate but still·more accurate than when using.context 

35 independent models. In step 322, the. speech determinator 38 selects the. 
arrangement of models that best matches the processe4 input, and in step 324, the 
speech determinator 38 generates and outputs a signai that ~di~tes the initial, 

final, and tone of the joined modei selected in step 322. The. method then ends. 
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Referring now to Figures llA, llB, and llC, flow charts of a method for 

recognizing syllables of Mandarin Chinese speech1 using the present invention 

forrecognizing syllables.that are lone finals,·is shown. The method begins with 

the same steps as shown in Figure lOA. FoJ" convenience, identical method steps 

5 have identical numerals. The first unique method step is step 420 which follows 

step 318. Jn step 420, the speech detemrlnator 38 selects a lone final and. 
corresponding pseudo initial that·it has not yet selected. In step 4221 the speech 

determinator 38 selects a tone that it has not.yet selected for this lone final. Next, 

in step 424, the speech determinator 38 deterinines if the selected lone final and 

10 selected tone are a valid syllable. The speech determinator 38 compares the 
selected lone final· and selected tone to the syllables received from the speech 

identifier 36 to make this determination. H the selected lorie final and selected 

tone are a valid syllable, the method proceeds to step 426 where the speech 

determinator ·38 appends the model of the pseudo initial, dependent on the 

15 selected final and selected tone, to the model of the final, dependent on the 

. pseudo initial and selected tone. The models are received from the HMM storage 

34. From step 426 the method proceeds to step 428; alSo, if in step 424 the selected 
lone final and selected tone were not a valid srUable, the method. proceeds to step 
428. In step 428 the speech detemiilaatOr ss· determines if there iS another tone 

20 that has not yet been combined With the current lone final. If there is such a 

tone, the method returns to step 422 to select ·a tone that has not yet been 

combined with the lone final. If in step 428 ·there is no such tone, the method 

continues in step 430 where the sp~h determinator 38 determines if there is 
another lone final to be an&lyzed. If there is such a lone final, the method 

25 returns to step 420 where the speech determinator 38 selects a lone final that has 

not yet been analyzed. If, in Step 430~ there is no such lone final, the speech 

determinator 38 compares the processed input signal to the arranged models of 
initials and· finals and of pseudo initials and lone finals in step 432. The speech 

determinator 38 uses the same techniques, such as a viterbi search, as were used 
30 in step 320 to make the comparison. In step 434, the speech detenninator 38 

selects the arranged models that best match the processed input. Finally, the 
speech determinator 38 generates and outputs, in step 434, a signal indicating the 

initial,. or pseudo initial, final,. and tone of the selected arranged models. The 

method then ends. 
35 Referring now to ·Figure 121 a flow Chart of a method for smoothing 

models of initials, finals, and pseudo initials, according to the present invention, 
is shown. The method begins in step 500 where the smoother 42 receives the 

models from the HM:M storage 34. The smoother 42 smooihes the models 

according to groups, that is the first group 62, the second group 64, and the third 
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group 66. The smoother~ may either receiye the models one group at a time or 
may receive all models at once but smooth thein by groups. In step 502, the LDM 
generator 46 generates i.e. d~ n\odels. The L[)M.generator 46 generates a 
less· detailed model from the more detailed modeJs. The LDM generator 46 

5 determines an arithmetic mean. of similar models. ha$g .common dependencies 
to generate .a less detailed modeL For example, the LDM: ~tor 46 determines 
an arithmetic mean of the ~ociel of ii, dependent on ft amd Ti, and of the model 
of iJ, dependent on f2 and r21 to generate a mod,el of i1, d~endent on. f2 and 
independent of tone •. The LDM generator 46 deterJl1ines an arithmetic mean of 

10 the models on a point by poil\t basis. The LDM generator 46 averages model 
values of corresponding points of. the .more deailed i,nodels to find the model 
value of the corresponding poirlt of the .less detailed .lll<>del. 

Once the LDM gener~tor 46 has genera~.the ~ detailed models, it 
transfers the ~ detailed ~ to the detailed model inqdifieJ: 48. In step 504, 

15 the detailed .~odel modifier 48 receives the more -detailec:J models from the group 
storage 44 and smooth8s th~ more detailed mod,ela with the less detailed models. 
The detailed model modifier 48 .uses conventional smoothing techniques to 
smooth· the more detailed models. ,The smoother 42-then, in step 506, transfers 
the smoothed models to the HMM storage·34 where they replace the un-

20 smoothed models, and. the method ends. 
Referring now to Figures 13A and l3B,. flow c:harts ()f a method for 

recognizing a syllable of Mal\darin ChU:aese speech, ~ to the present 
invention, is shown. The. m~d is substantially sJmi1ar to that shown in 
Figures 10A and lOB, and for convenience identi~ numerals are used to identify _ 

· 25 identical steps. The first step, not identical to the corresponding .step in Figures 
lOA and 10B, is step 600 which follows s_tep 310 and prec:edes step 314. Jn step 600, 
the speech identifier-38 joins a model of an initial, which depends on the tone of 
the syllable and on the beginning vowel of the assoclated fiita}, with a model of a 
fiDaI that depends on the tone of.the &yllable and.on.the initial. The other 

30 method step, which differs &om the corresponding step in Figures lOA and lOB, 
is step 602 where the speech determinator 38 compares the processed input to the 

. arranged models. In step 602, the speec:h determinator 38 compares the processed 
iliput to models where the initials that depend only on the tone of the syllable 
and on the beginning vowel of the final with which the model of the initial is . 

35 joined. 
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APPENDIX.A 

Pes11d11-lnilial Enal 5Jlllbll 
5 

AH_A A_l Al 
AH_A A_2 A2 
AH_A A_.3 A3 
AH_A A_4 A4 

10 AH_A A_S AS 
AH_A AI_l All 
AH_A AI_2 AI2 
AH_A AI_3 AI3 
AH_A AI_4 Al4 

15 AH_A AN_l ANl 
AH_A AN_3 AN3 
AH_A AN_4 AN4 
AH_A ANG_l ANGl 
AH_A ANG_2 ANG2 

20 · AH_A ANG_4 ANG4 
AH_A AO_l AOl 
AH_A A0-2 A02 
AH_A A0_3 A03 
AH_A A0_4 A04 

25 EH_E E_l El 
EH_E E_2 E2 
EH_E E_3 F.3 
EH_E E_4 E4 
EH_E EN_l BNl 

30 EH_E EN_4 BN4 
EH_E ER_2 ER2 

EH_E ER_3 BR3 

EH_E ER_4 BR4 

OH_O OU_l out 
35 OH_O OU_3 OU3 

OH_O OU_4 OU4 
WH_U UA_l WAl 
WH_U UA_2 WA2 

WH_U UA_3 WA3 
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WH_U UA_4 .WA4 
WH_U UALl WAil 
WH_U UAL3 WAIS 
WH_U UAL4 WAI4 

5 WH_U UAN_l WANl 
WH_U UAN_2 WAN2 
WH_U UAN_S WAN3 
WH_U UAN_4 WAN4 
WH_U UANG_l WANGl 

10 WH_U UANG_2 WANG2 
WH_U UANG_3 WANG3 
WH_U UANG_4 WANG4 
WH_U UI_l WEil 
WH_U UI-2 WEI2 

15 WH_U Ul_3 WEl3 
WH_U U1_4 WEl4 
WH_U UN_l WENl 
WH_U UN_2 WEN2 
WH_U UN_3 WEN3 

20 WH_U UN_4 WBN4 

WH_U UBNG_l WBNGl 
WH_U UBNG_3 WBNG3 

WH_U UBNG_4 WBNG4 
WH_U UO_l WOl 

25 WH_U U0_3 W03 
WH_U U0_4 W04 
WH_U U_l WUl 
WH_U U_2 WU2 
WH_U U_3 WU3 

30 WH_U U_4 WU4 
YH_I IA~l YAl 

YH_I IA_2 YA2 
YH_I IA_3 YA3 
YH_I IA_4 YA4 

35 YH_I IAN_l YANl 

YH_I IAN_2 YAN2 

YH_I IAN_3 YAN3 

YH_I IAN_4 YAN4 
YH_I IANG_l YANGl 
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YH_I IANG_2 YANG2 
p;1': . 

YH_I IANG_3 YANG3 
YH_I IANG_4 YANG4 
YH_I IAO_l YAOl 

5 YHJ lA0_2 YA02 
YH_I IA0_3 YA03 
YH_I IA0_4 YA04 
YH_I IE_l YEl 
YH_I IE_2 YE2 

10 YH_I IE_3 YE3 
YH_I IE_4 YE4 
YH_I l_l Yll . 

YH_I 1_2 Yl2 
YH_I 1_3 YI3 

15 YH_I 1_4 Yl4 
YH_I IN_l YINl 
YH_I IN_2 YIN2 
YH_I IN_3 YIN3 
YH_I IN_4 YIN4 

20 YH_I ING_l YINGl 
YH_I ING_2 YING2 
YH_I ING_3 YING3 
YH_I ING_4 YING4 
YH_I IONG_l YONGl 

25 YH_I IONG_2 YONG2 
YH_I IONG_3 YONG3 
YH_I IONG_4 YONG4 
YH_I IU_l YOUl 
YH_I ru_2 YOU2 

30 YH_I IU_3 YOU3 
YH_I IU_4 YOU4 
VH_V VV_l YUl 
VH_V vv_2 YU2 
VH_V VV_3 YU3 

35 VH_V VV_4 YU4 

VH_V VVAN_l YUANl 
VH_V VVAN_2 YUAN2 
VH_V VVAN_3 YUAN3 
VH_V VVAN_4 YUAN4 
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~~-··· 
VH_V VVB_l YUBl 
VH_V VB_4 YUB4 
VH_V VVN_l YUNl 
VH_V VVN_2 YUN2 

5 VH_V VVN_3 YUN3 
VH_V VVN_4 YUN4 
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1. A speech recognition system for recognizing syllables of a language, 

the syllables of the language each being formed from an initial sub-syllable and a 

5 final sub-syllable, the speech recognition system comprising: 

a speech identifier, having an output, for generating a valid syllable signal 

that indicates a valid combination of an initial sub-syllable and a 

final sub-syllable; 

a storage device, having an input and an output, for storing a plurality of 

10 initial sub-syllable models and a plurality of final sub-syllable 

models and for generating model signals that represent the initial 

sub-syllables and the final sµb-syllables; and 

a speech deteiminator, having a first input coupled to receive an input 

signal to be recognized, a second input coupled to receive the model 

15 signals from the storage device, and a third input coupled to receive 

the valid syllable signal from the speech identifier, the speech 

determinator processing the valid syllable signal to identify the 

valid combination of initial sub-syllable and final sub-syllable, 

retrieving the model signals corresponding to the identified initial 

20 sub-syllable and identified final sub-syllable, comparing the model 

signals to the input signal, and generating a signal identifying a 

syllable of the language. 

2. The system of claim 1, wherein: 
25 the speech identifier generates a valid syllable signal that indicates a valid 

combinaticin of a pseudo initial sub-syllable and a final sub-syllable; 

the storage device stores a plurality of pseudo initial sub-syllable models; 

and 
The speech determinator proeesses the valid syliable signal to identify the 

30 valid combination of pseudo initial sub-syllable and final sub­

syllable, retrieves the model signals corresponding to the identified 

pseudo initial sub-syllable and identified final sub-syllable, compares 

the model signals to the input signal, and generates a signal 

identifying a syllable of the language. 

35 
3. The system of claim 1, whereiD: 

the speech identifier generates a valid syllable signal for each valid 

combination of an initial sub-syllable and a final sub-syllable; 
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the speed\· ~tOr ~ e~.·v~~ syllable signal, retrieves 
model signals corresponding to each identified initial sub-syllable 
and identified final sub-syllable for~-~ syllable signal, 
compares each retneved model signal to the input signal, and 

5 generates a signal identifying a synAble of the language. 

10 

15 

20 

4. The system of claim 3, wherein the speech determinator generates a 
signal identifying the model signal that best matches the input. signal by selecting 
the model signal that best matches the input signal 

5. The speech recognition system of claim 1, wherein: 
the storage device stores a model of an initial sub-syllable that is dependent 

on a final su~llable and stores a model of the final sub-syllable 
that is dependent on the initial sub-syllable; and 

the speech determinatOr re~ the model signals corresponding to the 
identified initial sub-syllable and identified final sub-syllable by 
selecting and retrieving from the storage device a model signal for 

· an initial sub-syllable that matches the identified initial sub-syllable 
and that is dependent on the identified finat sub-syllable, and by 
selecting and retrieving a model signal for a final sub-syllable that 
matches the identified final sub-syllable and that is dependent on 
the identified initial sub-syllable. 

6. The speech recognition system of~ 5, wherein: . 
· 25 the storage device stores a model of an initial sub-syllable that is dependent 

on a final sub-syllable; and 
the speech determinator retrieves the model signals corresponding to the 

identified initial sub-syllable and ft!trieves the. model signals 
corresponding to the identified final 15ub-syllable by selecting and 

30 retrieving from the storage device. a model signal for an initial sub­
syllable that matches the identified initial sub-syllable and that is 
dependent on· the identified final sub-syllable, and by selecting and 
retrieVing a model signal for a final sub-syllable that matches the 
identified final sub-syllable. 

35 
7. The speech recognition system of claim 5, wJ\erejn: 
the storage device stores a model of a final sub-syllable that is dependent 

on an initial sub-syllilble; and 
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the speech determinator retrieves the model signals corresponding to the 
identified initial sub-.yllable and retrieves the model signals 

corresponding to the identified firull sub-syllable by selecting and 

retrieving from the storage device a model signal for an initial sub-

5 syllable that D\Atches the identified initial sub-sy~ble, and by 

selecting and retrieving a model signal for a final sub-syllable that is 
dependent on the identified initial sub-syllable. 

8. The speech recognition system of claim 5, wherein the input signal 

10 has a tone and wherein: 

the storage device stores a model of an initial sub-syllable that is dependent 
on a tone that a syllable may have; and 

the speech determ:inator retrieves the model signals corresponding to the 

identified initial sub-syllable and retrieves the model signals 

15 corresponding to the identified final sub-syllable by selecting and 

retrieving from the storage device a model signal tor an initial sub­

syllable that matches the identified initial sub-syllable that is 
dependent on a tone that a syllable may have, and by selecting and 
retrieving a model signal for a final sub-syllable. 

20 

25 

30 

35 

9. The speech recognition system of claim 5, wherein the input signal 

has a tone and wherein: 
the storage.device stares a model of a· final sub-syllable that is dependent 

on a tone that a syllable may have; and 
the· speech determinator retrieves the model signals corresponding to the 

identified initial sub-syllable and retrieves the model signals 
corresponding to the identified final sub-syllable by selecting and 

retrieving from the storage device a model signal for an initial sub­

syllable that matches the identified initial sub-syllable, and by 
selecting and retrieving a model signal for a final sub-syllable that is 
dependent on a tone that a syllable may have. 

10. The speech recognition system of claim 5, wherein: 

the storage deVice stores a model of ari initial sW,..:syllable that is dependent 

on the beginning vowel of a final sub-syllable; and 

the speech determinator retrieves the model signals corresponding to the 
identified initii~l ·sub-syllable and retrieves the model signals 

corresponding to the identified final sub-syllable by selecting and 

retrieving from the storage device a model signal for an initial sub-
• 28 -
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syllable that·matdtes. the identified initial ~b-syllable that is 

dependent on the first vowel of the identified final sub-syllable, and 

by selecting and retrieving a model signal fQr a final sub-syllable . 

5 11. The system of claim 5, wherein the storage device stores hidden 

Markov models. 

12. The system of claim 5, wherein the speech identifier is a memory 

device that stores pairs of initial sub-syllables and final •uh-syllables that form 

10 valid syllables of the language. 

13. The system of claim 5, further comprising a smoother, having an 

input coupled to receive model signals from .the ·storage·.4evice and having an 

output coupled to the input of the storage device, for modifying a model signal to 

15 generate a more accurate model of an initial sub-syllable and for modifying a 

modelsignal to gen~ate a more. aC(Ul'ate model of a final sub-syllable and for 

geru,ttating a modified model signal. 
~:-~. '·.' ·. ~ 

14. The system of claim 5, wherein the storage device stores a plurality 

20 of models of pseudo ini~ sub-syllables ... 

15. A systeJn for generating models that better identify an input signal, 

the system comprising: 
an LDM generator, having an input coupled to receive model signats and 

25 an output, for comparlng the received model signals and generating 

a h$s detailed model signal; and 
a detailed model modifier, having a first input coupled to receive model 

signals, a second input coupled to ~ve a less detailed model 

signal from the LDM generator, and an.output, for modifying the 
30 model signals according to the less detailed model signal. 

35 

16. The system of claim :LS, wherein the detailed inodel modifier 

modifies a model signal by smoothing the model signal according to a less 

. detailed model signal. 

17. The system of claim 15, wherein the LDM gel)erator determines a 

less detailed model by determining a mean of model signals. 

ii1iii~iinr -2.9-



'W0"'23m 
11111111111111 11111 1111111 1111 ,· . 
*CL MS*' 

~1 PCl'llJS9&'01002 

18. The system of claim 151 further comprising a storage device, having 

an input coupled to receive a modified model signal from the detailed model 

modifier and an output coupled to the input of the LDM generator, the storage 

device storing a plurality of models of initial sub-syllables and a plurality of 

5 models of final sub-syllables and fur receiving and storing a modified model 

signals. 

19. The system of claim 18, wherein the storage device is coupled to the 
detailed model modifier to receive signals instructing the storage device to 

10 replace models· of initial sub-syllables and final sub-syllables with modified 

models of initial sub-syllables and final sub-syllables according to the modified 

model signal. 

20. The system of claim 15, wherein the system modifies models of 

15 pseudo initials. 

2.1. A method for recognizing an input signal of a syllable, having at 

least a final sub-syllable, of a language, the method ·compiising the steps of: 

receiving the input signal; 

2.0 ·joining models of initial sub-sf llables and final sub-syllables according to 
valid syllables of the language; 

comparing the joined models to the input signal; 

determining the joined model that most closely matches the input signal; 

and 
25 generating a signal indicating the valid syllable whose model most closely 

30 

matches the input signal 

22. The :method of claim 21, further comprising the step of joining 

models of pseudo initial sub-syllable to models of final sub-syllables. 

23. The method of claim 21, wherein the models of the final sub-

syllables are joined to models of initial sub-syllables that are dependent on final 

sub-syllables. 

35 2.4. The method of claim 21, wherein the models of the initial sub-

syllables are joined to models of final sub-syllables that are dependent .on initial 

sub-syllables. 
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25. The method of cladm 21, wherein the ~odels of initial sub-syllables 
are dependent on a tone of the language. 

26. The methOcl ~ c:laDn 21, whertm. the mOcle~ of final sub-syllables 
5 are dependent on a tone of the language. 

10 

15 

20 

25 

30 

35 

27. The method o.f claim 24, further compminS, the steps of: 

comparing an ini~ sub-syllable of the input~ to models of initial 

sub-syllables ~t ~ d~t on a tone Qf the language; 
comparing the &nal ·~\lb-syllable of the input sipi to models of final sub­

syllables ·that are dependent on a tone of the language; 

comparing the final sub-syllable of the input signal to models of final sub­

syDables •tare dependent '>.It an _ini~ su~llable; and 
generating a signal indicating the tone of the joinecl models.that most 

closely matches the input signal. 

28. A method. for modifying a. model of a sub-syllable so that the 
modified model better models the sub-syllable,. the methqd comprising the steps 
of: ~,, 

. . .. 

receiving a signal of a first moclel. to be D\Odified; 

receiving a plurality of signals of having a common dependency with the 
first model models; 

determining a mean of the plurality of model signai.; 
smoothing the first model signal according to the m$11\ of the plurality of 

model signals; and 
generating a signal indicative of the smoothed, first model signal. 

29. A system for recognizing an input signal of a syllable, having at least 
a. final sub-syllable, of a language, the system comprising: 

means for receiving the input signal; 
means for joining models of initial sub-syllables and final sub-syllables 

accotding to valid syllables of the language; 
means for comparing the joined models t~. the input signal; 
means for determining _the joined model tlult most ~sely_ matches the 

input signal; and 
means for generating a signal indicating the valid syllable whose model 

most closely matches the input signal. 
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30. 'Ill~ system of claim 29, furtheJI comprising the means for joining 
models of ps~ddo initial sub-syllable to models of final sub-syllables. 

31. The system of claim 29, wherein the models of the final sub-syllables 
5 are joined to models of initial sub-syllables that are dependent on final sub­

syllables. 

32. The system of claim 29, wherein the models of the initial sub-
syllables are joined to models of final sub-syllables that are dependent on initial 

10 sub-syllables. 

33. The system of claim 29, wherein the models of initial sub-syllables 
are dependent on a tone of the language. 

15 34. The system of claim 29, wherein the models of final sub-syllables are 
dependent on a tone of the language. 

SS. The system of claim 32, further comprising:. .. 
means for comparing an initial sub-syllable of the biput ·signal to models 

20 · of initial sub-syllables that are dependent on a tone of the language; 
means for comparing the final sub-syllable of the input signal to models of 

final sub-syllables that are dependent on a tone of the language; 
means for comparing the final sub-syllable of the input signal to models of 

final $Ub-syllables that are dependent on an initial sub-syllable; and 
25 means for generating a signal indicating the tone of the joined models that 

most closely matches the input signal. 

36. A system for modifying a model of a sub-syllable so that the 
modified model better models the sub-syllable, the system comprising: 

30 means for receiving a signal of a first model to be modified; 
means for receiVing a plurality of signals of having a common dependency 

with the first model models; 
means for determining a mean of the plurality of model signals; 
means for smoothing the first model signal according to the mean of the 

35 plurality of model signals; and 
means for generating a signal indicative of the smoothed, first model 

signal. 
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