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ABSTRACT

This thesis examined whether American English speech recognition technology
can be used by Chinese speakers, in their native tongue, to achieve a reasonable degree

of recognition accuracy. Three experiments were completed. The first showed that

88.25%'o of 4305 trials of Chinese phoneme recognition was correctly recognized. The
second showed that 74.67% of 900 trials of simulated speaker independent mode

Chinese utterance recognition was correctly recognized. The third showed that 12.44%

of 900 trials of speaker dependent mode Chinese utterance recognition was incorrectly

recognized on the first attempt. Only 16 utterances required a retraining to eventually

obtain a correct recognition.
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I. BACKGROUND

A. INTRODUCTION

There were about forty speech recognition/input studies conducted at United

States Naval Postgraduate School (NPS) during the past six years. The conclusion

suggested by these studies is quite significant: that speech input, compared to

conventional manual input, is much more accurate and faster. And, since hands are

free from typing on the keyboard, users may be capable of performing a secondary

assignment. From an early experiment conducted by Prof. Gary Poock in 1980, he

concluded three results. (1) Manual input had 183.2% more entry errors. (2) Speech
input was 17.3% faster. (3) Speech input allowed subjects to concurrently perform

25% more on a secondary job. See [Ref. 11 for detailed information.

Another highly valued finding is that speech input needs only a small amount of
e-S, time to acquaint brand-new users with this input device, and results in a better

performance than that of a well-trained operator who uses a keyboard as an input

device. From the same experiment mentioned above, Prof. Poock found that the

average time for the subjects to practice with the voice recognition equipment and feel

ready to conduct the experiment was only 3.26 hours. This is much less than the time

needed for familiarizing an individual with a keyboard device.

The usage of English speech to input data to computer systems has proved to be

technically and practically feasible. At the same time the range of potential military

and commercial applications of this medium appears extensive. All of these

encouraged the author to initiate this study and, hopefully, to provide some useful

information for further research and future possible applications of Chinese speech

recognition/ input.

B. THE LANGUAGE AND THE RECOGNITION
The language used in most studies mentioned above was English. There was, in

fact, only one experiment that examined a second language- German. As described in

[Ref. 2], the recognition system functioned equally well when training and testing used

German as an input language. The same study also examined the capability of the

4 9
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recognition system (Threshold Technology T600 voice recognition system) to function
in a bilingual mode. However, significant degradation was observed when training and
testing was bilingual in nature.

During one of his Man-Machine Interface laboratory projects, the author, under
a programmed scenario, has successfully operated the DDN with Chinese speech. The
DDN stands for Defense Data Network, a large distributed network of computers

*which are geographically located around the United States and other countries. From
that preliminary experiment, the author has shown that Chinese speech can also be an
effective input medium for command control opertions.

C. THE PURPOSE AND THE SCOPE
Because of the imperfect phonetic system, Chinese speech has suffered a certain

degree of difficulty. Due to the same reason, some confusion about the phonetic
system has been raised during the past years. Although the difficulty itself will not
influence the recognition of Chinese speech, the reasons that caused the difficulty will.
In addition, all that confusion, if not clarified, will be the trouble area for Chinese
speech recognition in the future.

The main effort of this study is, then, to do a thorough study .on Chinese speech
and the corresponding phonetic system. A brief discussion is provided in Chapter I.
The detailed discussion, provided in Chapter II, on the English part is mainly for

.€ establishing a reference, basis for the later discussions of Chinese speech. A further
experiment on examining Chinese speech recognition was conducted. The description
of the experiment itself and the results obtained are provided in Chapter IV and V
respectively. Some suggestions on further studies are also discussed in Chapter V.

D. GENERAL INFORMATION ON THE STUDY
The studies on the two languages within this thesis focused on the sounds of the

languages. Hence, it is necessary to point out English used here means American
English while the Chinese means Mandarin Chinese. The presentation of the speech
sounds during the discussion will be some selected letters quoted by special characters.
To differentiate them, the author uses ..... ' to present English pronunciations and

< .... > to present Chinese pronunciations.

A F "10

II



The English phonetic system the author used is known as the KK Phonetic

System established by two famous American linguists- Dr. John S. Kenyon and Dr.

Thomas A. Knott. Their A Pronunciation Dictionary Of American English has been an

international reference book for studying American English. The Chinese phonetic

system the author used is the only system compiled by the Chinese Department of

Education in 1918. The system is also known as < Droo In Foo Hao> in Chinese.

Consult [Ref. 3] and [Ref. 4] for detailed description.

The KK System was so well established that it fully complied with the rule of

thumb for constructing a phonetic alphabet system: One symbol represents oni-;" ,,ne

unique sound, a-id one sound only has one unique symbol on its behalf However. this is

not the case in the Chinese phonetic system. There are symbols representing two or

even three sounds, or two symbols actually representing the same sound. This is an

important feature deserving special attention for those who want to apply the current

Chinese phonetic system in Chinese speech recognition input research. FurT, Ier

discussion will be provided in Chapter IIl.

p N
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II. AN EXAMINATION OF ENGLISH SPEECH

A. THE SOUNDS OF ENGLISH

* According to the KK System, there are forty-one sounds used in English, which

are called phonemes of English. Among them, seventeen are vowels and twenty-four

are consonants. These forty-one sounds, depending on the way they are produced.

have been sorted into ten groups. Each sound is associated with a unique phonetic

alphabet formulated by the International Phonetic Association. (Consult Appendix A

for more information on the original symbols used.) However, these phonetic

alphabets are usually used only by linguists and therefore just several of them can be

found on the NPS IBM 3800-3 printer system. For easing our discussion, the author

constructed a symbol system to represent these forty-one sounds. Please see Table I

for the general idea.

The phoneme is the smallest unit of significant distinctive sound. However, not

all phonemes can form a syllable- the smallest unit of English words. To form a

syllable, one and only one vowel sound is required as the base and may or may not be

proceeded or followed by any consonant combinations. So ;ei/, /bee,', ;it,,, ,head', and

,spleen/ are all considered single syllable words.

The most reliable way to discriminate phonemes is to first examine the manner

and then the speech organs used to produce the speech. [Ref. 5] has provided intensive

discussions on the production of each phoneme and can be a very helpful reference.

Human hearing is a good enough tool to tell the differences among sounds, but it is

not always reliable in trying to differentiate certain similar sound pairs such as leei and

/i/, /oo/ and /o/, or /n/ and Ing/. We can use [Ref. 61 as a valuable source to obtain

detailed information on those sound pairs.

Certain sounds may be recognized on one speech recognition system but not on

another system. This is due to the algorithm design adopted by the recognizer

manufacturers. Although it is beyond the scope of this study, it is proper to note that

the algorithm of the recognizer has a dominant influence on the recognition

performance.

12
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TABLE I

PHONEMES OF AMERICAN SPEECH

Front Vowels (FV): Back Vowels (BV):

1. ee ....... bee 1. oo ....... room
2. i ........ bit 2. o ........ woman
3. ei ....... eight 3. oa ....... coat
4. ea ....... head 4. aw ....... law *
5. au ....... laugh * 5. a ........ car

Central Vowels (CV): Diphthongs (DI):

1. er ....... letter * 1. ai ....... aisle
2. ur ....... hurt 2. ow ....... now'
3. e ........ the 3. oy ....... boy
4. u ........ cut

Fricatives (FR): Nasals (NA):

1. f ....... five 1. m ........ make
2. v ........ very * 2. n ........ nice
3. th ....... thihk * 3. ng ....... king
4. the ...... bathe *
5. s ........ six Glides (GL):
6. z ........ zoo *
7. sh ....... she * i. v ..... Y...year
8. ..... age 2. W. wait

Sr ........ right *

Stops (ST): Affricates (AF):

........ o 01. ch ....... chip

.2. ........ joy
3. t ........ tea
4d ........ do Lateral (LA):
5 k ........ kiss
6. g ........ give 1.1 ........ lay

• sounds not used in Chinese.

B. THE PRODUCTION OF SPEECH SOUNDS

The production of vowels is primarily done by adjusting the shape and size of the

oral cavity, the main resonance chamber. Such adjustments are made by altering the

position of the tongue, jaw and lips. The vocal tract1, during speech production.

remains relatively open and unobstructed. The production of consonants is done by

adopting certain articulatory motions to produce different types of sounds. Therefore,

'Vocal tract is the area through which the breath stream passes during the
production of the sounds.



we may discuss consonants by examining the place2 of articulation and the manner 3 of
articulation used to produce the sounds. During consonant production, some kind of
obstruction of the vocal tract is observed.

In Table I, some phonetic terminologies are being used. From these
terminologies, one can easily obtain some information about the production of each

category of English speech. Here is a brief introduction to these terminologies. More

detailed information can be found in [Ref. 5.1

Front Vowel is a vowel which is pronounced with the front part of the tongue

higher than the rest of the tongue. Front Vowel is also called Spread Vowel because it

is also pronounced with the lips spread. Back Vowel is a vowel which is pronounced

with the back part of the tongue higher than rest of the tongue. Back Vowel is also

called Rounded Vowel because, of course, it is pronounced with the lips rounded.

Central Vowel, then, is a vowel which is pronounced with the middle part of the

tongue higher than the front or back of the tongue. The shape of the lips for Central

Vowels is, as you can imagine, somewhat between spread and rounded.

All three categories of vowels mentioned above are considered single vowels.

Diphthongs are sounds that appear to be formed from the blend of two single vowels

spoken together in the same syllable. What actually happens here is that the

articulator begins the syllable in the position for one vowel and then shifts with a

smooth and continuous transition movement toward the position for some other vowel.

One can easily learn to detect the first and second vowels of the diphthongs.

Fricative is a consonant consisting acoustically of friction noises. They are made

by directing the breath stream with adequate pressure against one or more points of

articulation and lead to the hissing noises of distinctive Fricatives. Stop is a speech

sound which involves a complete blocking of the breath stream at some point and is

subsequently released with a somewhat audible explosive puff. That is why Stop is

sometimes also called Explosive. Nasal is chosen for the class because of the

distinctive nasal resonance that those sounds uniquely contain. Glide is a consonant

that consists primarily of the movement of an articulator which causes a rapid change

of resonance. Glide is also called Semivowel, because the starting position of

pronouncing each of them is a vowel. They are/ee/ for/v/, /'oo/ for,'w, and,;ur, for ,r.

2Place of articulation includes bilabial, labiodental. linguadental, lingua-alveolar,
linguapalatal, linguavelar and glottal.

3 Manner of articulation includes nasal, stop, fricative, affricate, lateral and glide.

14



Usually the tongue moves from the position of each vowel to that for the following

vowel in the same syllable. The sounds produced by the articulator movement between

the two vowels are represented by each Glide respectively. Affricate is a conson.-at

that is made up of two consonants- a Stop followed by a Fricative. Lateral is

produced in a manner that the voiced breath stream escapes laterally over the sides of

the tongue.

C. THE PITCH AND INTONATION OF ENGLISH
When you read an English word or a sentence composed of several words, your

sound flow actually contains different pitches. Although each word has its unique

pitch pattern in English, it has some variations when the same word is read with other

words in a sentence. We use intonation as a term for the latter concept.

English has been described as using four pitch levels. They are extra-high, high,

mid, and low. To simplify, numbers have been used to designate them. George L.

Trager and Henry L. Smith, Jr., in their An Outline of English Structure, chose 1 to

represent low. As the pitch level rises, the representation also increases in number. In

normal speech, however, extra-high designated by 4 does not occur often. Extra-high

usually indicates excitement.

Since pitch is determined by the frequency of the sound, the pitch level is, from

the viewpoint of linguists, really a relative matter. There is no need to tell the

difference between the pitches of the same syllable produced by two persons. Similarly,

the attempt. to tell the difference between the pitches of the same syllalble produced by

the same person at different moments is also meaningless. However, there are indeed

certain rules regarding pitch which must be observed in order to generate

understandable English words. These rules are as follow:

1. The principal stressed syllable of a word will be pronounced with

high pitch (designated by 3).

2. All the syllables produced before the principal stressed syllable

will be pronounced with mid pitch (designated by 2).

3. All the syllables produced after the principal stressed syllable

will be pronounced with low pitch (designated by 1).

4. When the principal stressed syllable is the last syllable of a

g 15



word, the vowel sound of the syllable will present a 3-to-i

falling inflection of pitch.

5. An auxilliary stressed syllable will act similar to a principal one

and the only difference is that its pitch level will be located

between high and mid.

Some examples are provided in Figure 2.1, which apply those rules mentioned

above. Again, one should keep in mind that the pitch relationship among syllables of a

word is relative. As you can see, the first three examples are presented with an order

that the principal stressed syllable appears at first, second, and then the last syllable of

each word respectively. The last one is an example of a single-syllable word that will

be pronounced like the last syllable of the third example. When a word with an

auxilliary stressed syllable is encountered, you just insert that syllable into a level

between 3 and 2, and pronounce it with a pitch higher than the mid pitch syllable but

lower than the high pitch syllable of the word.

level

3 Mi pe fe fro

2 pros pre e o

1 chigan rity er om

*Figure 2.1 Examples of English Pitch Patterns.

The 3-level pitch system can also be applied in discussing intonation, where the
whole sentence is put into a pitch frame having a wider frequency range for each level.

To obtain the idea, see examples in Figure 2.2.

The first example represents the most common and colorless intonation pattern

in English, which is designated with number 231. Simple statements and questions

starting with question words always use this pattern. The second intonation pattern is

used by what we called 'yes/no questions', and is designated with number 233. The last

one is an cxample to show a simple statement colored by extra meaning, and is

designated with number 223. Interested readers may consult [Ref. 71 for a complete

16
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pitch

level

3 Mi Michigan? chigan?

2 He is from chi Is he from He is from Mi

1 gan.

Figure 2.2 Examples of English sentences intonation.

discussion on this subject. The main point the author wants to address here is that the

pitch pattern of an English word may change depending on how'where it appears

within a sentence.

A
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III. AN EXAMINATION OF CHINESE SPEECH

A. THE SOUNDS OF CHINESE
The original Chinese phonetic system had 41 symbols. However, the current

system used only has 37 symbols. Four symbols were deleted. Two of them, exist in

English as well, represent the sounds 'ng,' and 'v,'. The reason for the deletions,
however, was different. The symbol representing the sound /ng, was deleted because

the system had another symbol also representing the sound. The latter was simply

because the Chinese does not have the speech sound lv,. The third one was a Nasal
sound produced with tongue-front pushed against the hard palate, which does not exist
in either English or Chinese. The fourth symbol, representing two very similar Front
Vowels of Chine~e , was deleted for, probably, the following two reasons. First. they

are not able, as other finals, to form a syllable by themselves. They must follow a

particular Fricative. Second, the articulation places of the two sounds are the same as

that of the Fricatives which proceed them. This deletion causes Chinese characters to
sound sometimes as being represented by a single consonant. As a remedy, the author
uses < ih> to represent the two sounds and which will be shown as the 38th symbol of

Table 2.
Given the historical information mentioned above, the author constructed a

38-symbol table for the Chinese phonetic system, which actually can be seen as a
romanization system. Appendix B has provided a table that simultaneously presented
several current existing romanization systems, namely, Yale(YL), Wade-Giles(WG),

Chinese Phonetic System Second Form(SF), PinYin(PY), and the system suggested by

author (SG), for purposes of cross reference. The order of the symbols in Table 2 is

exatly the same as that of the existing phonetic system. The first 21 symbols are
4W consonants, also called initials, and the succeeding 17 symbols are vowels or

combinations of a vowel and a Nasal. also called finals. The reason for the alias is due
to the features of Chinese pronunciation. Chinese characters are always single-syllable

sounds. They usually are an initial followed by a final, an initial and a Glide then
followed by a final or just a final itself. In most situations, the characters end with a
vowel sound. The only two consonants allowed to be produced at the end ol' a

IS



character are sounds /n/ and ingil. Although /n/ is also one or the 21 initials, the

Chinese phonetic system has another symbol to represent the /n/ sound that appears at

the end of a character. Hence, those 21 consonants will always be the initial part of a

character sound.

TABLE?2

CHINESE PHONETIC SYSTEM

Initials:

Bilabials Glottal

I. b..ST It. h..FR
2. p..ST
3. m..NA Lingua-palatals

Labiodental 12. j..AF
13. ch ..A

4. f..FR 14. hs .... FR*

Lingua- alveo lars 15. dr .... AF
16. tsh ... AF *

5. d..ST 17. sh .... FR*
6. t..ST 18. r..FR*
7. n..NA
8. 1..LA Lingua-alveolars

Lingua-velars 19. dz ..A +
20. ts ...F +

9-j. ~ST 21. s..FR

Finals:

Single Vowels Combinations

22. a...BV + 30. an*
23. o..BV 31. en +
24. e..CV 32. ang *
25. ea .... FV 33. eng +

Diphthongs Single Vowels

26. ai .... DI 34. er .... FV *
27. ei .... FV 35i ..FV +
28.ao .... DI* 36. oo .... BV +
29. oa .... BV 37. iu .... FV *

38. ih .... FV *

*sounds not used in English/ further disscussion provided

+ further discussion provided

19



A quick look Table 2 shows that the consonants of the Chinese phonetic system

are grouped by the articulation organs used to make each sound. The reason for this
was mentioned by Prof. Francis Dow in his work [Ref. 8: p.24], and quoted below:

1. The consonants of each category have their homorganic nature

in articulation.

2. In the constitution of syllables, certain sets of initials occur

before certain sets of finals (consult Table 5).
3. It is more convenient to compare the consonants of each category

with those in other Chinese dialects.

In Table 2, twenty symbols followed by neither '+' nor "*' are sounds also used
in English. The author selected exactly the same symbols shown in Table I to

represent them respectively. Seven symbols followed by a '+' are sounds also used in
English, but some details need to be clarified. Eleven Symbols followed by "*' are

sounds not used in English; therefore, a brief introduction is provided for each of them.

The following two sections provide detailed discussions on this.

B. CLARIFICATION OF CONFUSIONS IN THE CHINESE PHONETIC
SYSTEM

The 20th and 19th symbols represent a pair4 of affricates. Sound < ts> is
voiceless and < dz> is the voiced counterpart of < ts>. They appear, in English, at

the end of the plural form of nouns with ending sound /t/ or /d/ respectively such as

hats and hands.
The 22nd symbol, <a>, represents three different sounds. All of them are used

in English, but only two are considered phonemes. The first sound is /a/ of car and the

second sound is /u/ of cut. The third one is the first half of diphthongs /ai/ and /ow,';

however, it is, in Chinese, the most frequently used sound among the three. The
author suggests using <aa> to represent this, since the lips, when producing the
sound, are spread wider than when producing sound 'a/. And the symbols for the

remaining two sounds are, as their English counterparts, < a> and < u >.

4 Two sounds are considered a pair .when they adopt the same method and use
the same articulator and point of articulation for pronunciation. The only difference is
that one is voiceless and fhe other is voiced sound.
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The symbol <a> has already caused an unrecoverable damage in Chinese. No
one, at present time, is able to tell, when encountering a character with symbol < a>,
which one of the three sounds should be used. Words in Chinese such as mother,

<ma ma>, lama, <la ma>, or to punch a card, <da ka>, should actually be

pronounced, from the author's limited-scale investigation, as < mu mu>, < laa mu>
and <daa ka>. Since the situation is messed up already, no one ever has the
authority to say which one of the three sounds should be the right sound for certain

characters. A further wide-range investigation is needed if one is really anxious to use

the right sound for characters with symbol <a>. And, rrobably, the end product of
the investigation would only be the majority-used sounds of the general population in
this age. However, since it is beyond the scope of this thesis, the author leaves the
problem to future researchers. For the purpose of simplifying the following discussion,

the author will, from now on, use only < a > to represent the three sounds.
Both the 31st and the 33rd symbols represent two different sounds. They

represent sounds ,ni and ,ng/ respectively in some cases and e,, followed by ,n, or by
ng, in some other cases. Although many people are confused by these two symbols, a

careful study certainly helps to differentiate the usages of them. Symbol < en>, in

most situations, represents sound le+n/, except when appearing after the symbols
<i> and <iu>. In the latter case, the <en> represents sound In,'. Symbol
< eng>, the same as < en>, represents the sound le + ng/ most of the time. but when
appearing after symbol <i>, <oo> or <iu>, it represents sound Ing,' as well. See

Table 6 for some examples.

Again, the 35th symbol, <i>, represents three sounds which are also used in

English. They are 'i/ and lee,' of Front Vowels and /y/ of Glides. To tell when <i>
representing sound /y/ is easy, because once one notes an <i> appearing before a
final, he is almost sure that the symbol < i> represents sound /y/. However, the finals
<en> and <eng> are two exceptions. In this situation, the symbol <i> represents

sound /i or ,'ee/; with the two finals becoming consonants In! and /ng/.

In the case of telling whether 'i, or iee, is represented by symbol < i> for a

certain character, one faces the same problem discussed earlier. It is again an
unrecoverable damage which was caused many years ago. Secret, as an example, in

Chinese symboled by <mi mi> should in fact be pronounced as <mee mi>. The
Iauthor, for the same reason, leaves the problem to researchers for further study and.

uses the symbol <i> to represent the two sounds through the following discussions.
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Although the 36th symbol represents two sounds also used in English, we can
easily tell them apart by examing the usages of the symbol. The two sounds

represented by the symbol are /oo/ of Back Vowels and /w/ of Glides. Once an < oo >
is found before a final, for most situations, we know that it is sound /w/. However, the

final <eng> is the only exception. In this case and in the case that the < oo> itself
is the final part of a character, we know that the sound /ooi is represented.

TABLE 3

SUPPLEMENTARY TO THE CHINESE PHONETIC SYSTEM

NO Original Suggested Articulation

22 <a> <a> BV
< u> .CV
<aa> CV

31 <en> <en> CV+NA
< n> NA

33 <eng> <eng> CV+NA
ng 5NA

35 <i> <i> FV
< ee> FV
<y> GL

36 <00> <00> BV<xw> GL

37 < iu> <iu> FV
<yw> GL

Table 3 provides a summary of this section, which lists all the symbols that are

easily confused. The first column of the table is the number of each symbol, which

corresponds to the number appearing in Table 2 . The second column lists all the
symbols, except 19 and 20, discussed in this section. Symbol 19 and 20 are not

*included because they are not confused at all. Symbol 37 is listed here too, but the
discussion is provided in the next section, because it is a sound existing uniquely in

Chinese. The third column is the author's suggestions that each symbol should

actually be according to the discussions provided in this chapter. The last column

provides articulation information on each symbol. Consult Table I and the discussions
provided in Chapter 11 for a better understanding of the abbreviations used here.
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C. INTRODUCTION TO UNIQUELY EXISTING SOUNDS IN CHINESE

The 14th sound of the Chinese phonetic system, <hs>, is a Fricative. To

produce the sound, one needs to raise his or her tongue-front toward, but does not

touch the hard palate, and let the tongue-tip stretch down against the lower teeth

ridge. With the tongue held in this position, an unvoiced breath stream is directed

against the hard palate lower teeth ridge and teeth to produce the sound < hs >.

The 17th and 18th symbols, < sh> and < r>, represent a pair of Fricatives also.

These two sounds do not appear in English, but they have some similarities to the

sound pair ,sh/ and ,ge/ in English. The author directly 'borrowed' the symbols from

English for reasons mentioned below.

The only difference between / sh/ and < sh> is the articulators used by the two

sounds. The 'sh,' sound requires raising the tongue-mid toward the hard palate; while

the < sh> sound uses tongue-front to stretch toward the hard palate. Everything else

is the same.

Just as 'ge, to the 'shi. the sound < r> is the voiced counterpart of the < sh>.

The reasons we do not use < ge> is that /r/ also has some similarities to the sound

. < r> and lr/ appears more as an initial which is exactly the characteristic that < r>

has. The way to produce the sound <r> is the same as producing <sh> except

adding the vibration of the vocal cords, which is the main feature of voiced sounds.

The 16th and 15th symbols, < tsh> and < dr>, are a pair of Affricates. Their

relationship with the sound pair of < sh> and < r> is just like that of Ich! and ij to

the sound pair /shi and /ge/ in English. That is why the author selected < t + sh>

and < d + r> to represent the two sounds respectively. And, the way to produce the

sound < tsh> is just as the symbol itself suggests: do a preparation action as if you

were going to produce a < t> sound. When ready, actually produce an < sh> sound

instead. It is similar to producing the English sound /ch/ except using a different

articulator. To produce <dr> is the same as producing <tsh> except adding a

vibration of the vocal cords since < dr> is its voiced counterpart.

Although the 28th sound, < ao>, does not appear in English, there is indeed a

very similar sound in English. That is low,,. The only difference between the two

sounds is the first half starting position of the sound. The sound 'ow.l is a diphthong

formed by blending <aa> and <o> together; however, the sound <ao> is

produced by blending < a> and < o> together. A careful examination of the lips'

shape can certainly help to distinguish the two sounds, < a > and < aa >, without any

difficulty.
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The 30th symbol, <an>, is actually a combination of a Central Vowel and a

Nasal. It does not appear in English because of the vowel part of the sound. It is

< aa> which does not appear in single vowel form in English. However, one can find

the sound in the first half of the diphthongs such as Iaij and low,. In a similar

manner, the 32nd symbol, < ang >, is classified as sound not existing in English for the

same reason.

The 34th symbol, < er>, is directly 'borrowed' from the English phoneme 'er'.

Although the two sounds have some similarities, they are not the same. The sound er

is a short, lax,5 mid-central, r-colored 6 vowel which can be produced by tongue

retroflexion 7 . The sound < er> is short, r-colored too, but it is a high-front and tense 8

vowel. The tense is caused by keeping the tongue retroflexed and stretching the tongue

forward to the hard palate simultaneously.

The 37th symbol, < iu>, actually represents two sounds. One is a vowel and the

other is a Glide whose start position of production is the vowel. The author suggests

using < yw> to represent the said Glide. The sound < iu> is a Front Vowel but not

a Spread Vowel. When pronouncing the sound, one must hold the tongue in the

position of producing sound <i> and, at the same time, round the lips as if producing

sound <oo>. The sound, hence, can be described as a lower high-front, rounded,

tense vowel. The relationship between < iu> and < yw> is just as < ee> to < y> or

<00> tO <W>.

Although the 38th symbol, <ih> represents two different vowels, the author

does not intend to differentiate them with two symbols. 3ecafise, first. they are very

similar; second, the speech organs used by !ach of them are identical to those of a

Fricative respectively; third, each of them can only follow a particular group of sounds
that are formed by that same Fricative; fourth, they don't independently exist as other

finals.

5Lax vowel is a vowel which is pronounced with the muscles of the throat,
tongue and corresponding mouth lax.

6The r-color is an acoustic effect of a simultaneously articulated r' imparted to a
vowel by retroflexion or bunching of the tongue.

'Retroflexion is the articulation with or involving the participation of the tongue
tip raised and retracted toward the hard palate.

8Tense vowel is a vowel which is pronounced with the muscles of the throat,
tongue and corresponding mouth tense.
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To produce the first sound, one needs to stretch the tongue-front toward the

hard palate, same articulation position of producing the sound <sh>, and then

vibrate the vocal cords and let the sound resonate in the oral cavity. This sound can

only follow the sound < sh>, <r>, <tsh> and <dr>. Sirmlarly, to produce the

second sound, one needs to stretch the tongue-front toward the alveolar ridge with the

same articulation position of producing the sound < s>, and then vibrate vocal cords

and let the sound resonate in the oral cavity. This sound can only follow the sound

<s>, <ts> and <dz>.

Since the ending position of sounds <sh>, <r>, <tsh> and <dr> is the

position for producing < sh> and the articulation position of the <ih> that follow

these sounds is also < sh>. when we produce the syllable < sh + ih>, for example,

we actually produce the consonant first and then maintain the same articulation

position and produce the vowel. Because the ending position of sounds < s>, < ts>

and < dz > is. similarly, the position for producing < s > and the articulation position

of the < ih> that follow these sounds is also < s>. when we produce the syllable < s

*. - ih>. for example, we actually produce the consonant first and then maintain the

same articulation position and produce the vowel. That is why the author intends to

use the same symbol to represent the two similar sounds. It is probably, as mentioned

earlier, also the main reason why they deleted this symbol in the first place.

Table .4 concludes the discussions provided in last two sections. The table

provides the complete information about the Chinese speech phonemes. There are 25

consonants in the table and 21 of them are the initials of the original phonetic system.

The three of the remaining ones are the Glides which use the same symbol with three

finals, namely <i>, <iu> and <oo>. And the last one is the <ng> separated

from final sound <eng>. There are 16 vowels in the table too. Only 12 of them are

from the original system. The four symbols, < an>, < en >, < ang > and < eng >, are

dismissed because they are simply combinations of two phonemes. The four new

vowels in this table are < ee> separated from < i>, < u> and < aa> separated from

< a> and sound < ih>. As their English counterpart, these phonemes are grouped

into ten categories. The three groups of single vowels are put in an order that the

sound produced with the highest tongue posture of each group is the first one and the

lower the latter. The four groups of consonant, namely Nasal, Stop, Fricative and

Affricate, are put in an order that the sound produced at the most outside of the vocal

tract is the first one and the inner the latter. The remaining groups, however, have no

special order at all.
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TABLE 4

PHONEMES OF CHINESE SPEECH

Front Vowels (FV): Back Vowels (BV):

1. ih ...... 38) * 1. oo ...... (36)
2. ee ...... 35 2. o ..... (23)
3. er ...... .34 oa .
4. i ....... ( 5) 4. a....... (22)
5. iu ..... (37) *
6. ei ...... (27) Central Vowels (CV):
7. ea ...... (25)

Diphthongs (DI): 2: u ....... 2•

1. ai ...... (26) 3.aa.(2)
2. ao ....... (28)*

Stops (ST): Nasals (NA):

m. I .t6 ...... ( 3 )4. ::: d.......
6. g[;; S ..... g......33

Fricatives (FR): Affricates (AF):

3. hs ...... 1 3 s ...1
4. sh ...... (17)* 4. dr ...... 15 *
5. r ....... (18)* 5. ch ...... 13
6. h ...... (11 ) 6. j ....... (12)

Glides (GL) Lateral (LA):
1. y ....... (35) 1.1 ....... ( 8)
2. w ...... (36)
3. yw ...... (37) *

sounds not used in English.

D. THE SOUND COMBINATIONS OF CHINESE
We have devoted a lot of effort to studying the phonemes of Chinese speech and

we are now ready to make a further step to examine the sounds of Chinese characters.

As we know already, Chinese characters are always single syllable and formed by an
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initial followed by a final, an initial plus a Glide and then followed by a final or just a

final itself. This statement now needs a minor amendment. Since Glides can also
function as intials, we know that a Glide followed by a final can also form a Chinese

character sound.

Table 5 provides a matrix of Chinese character sounds formed by initials followed

by finals. The total possible sound combinations are 374. This number is obtained by
multiplying 21(initials) by 17(finals, including < ih> ) and then adding 17. The extra

17 represents the character sounds formed by only finals themselves. However.

according to information provided in [Ref 3: p. 301, only 2220 are actually existing in

Chinese speech. In Table 5. letter x represents those sounds that are actually existing.
Letter c(hange) and d(elete) represent the sounds that the author has modified. In the

author's opinion, the sounds <bo>, <po>. <mo>, <fo> and <lo> should

actually be <bwo>, <pwo>, <mwo>, <fwo> and <Iwo> respectively. The

letter n(ew) represents the sounds not appearing in the source table. See also

Appendix A for the original table used. which, however, has been reformatted by the

author for easy observation.

Table 6 provides a matrix of character sounds formed by an initial plus a Glide
and then followed by a final. The total possible sound combinations are 484. There

are, among them. 22 that are actually sounds formed by a Glide followed by a fina!l.

From the same information source, however, there are only 190 actually existing.

There are, hence, 858 total possible sound combinations and only 410 of them actually

exist in Chinese speech.

E. THE TONES AND INTONATIONS OF CHINESE

Mandarin Chinese is a tone language, because it uses pitches to distinguish

lexical meaning 9. There are four lexical tones in Chinese. Usually they are refered to
as tone-I through tone-4. They are also called, in Chinese. <in I ping2> for tone-I,

<yang2 ping> for tone-2, <shang4 shengI> for tone-3 and <chiu4 shen f > For

tone-4. These tones may be associated with any sound combination to form at least

" four different Chinese Characters if all of them exist. Chinese character < ma>, for

example, associated with tone-I means 'mother'. with tone-2 means 'numb'. with

tone-3 means 'horse'; with tone-4 means 'to scold'.

9Lexical meaning is the meaning of the base (as the word play) in a paradigm (as
plays, playing and played).
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TABLE 5
INITIAL+ FINAL SOUND COMBINATIONS

initials

finals b p mf d t n I g k h j chhsdrtsh shr dzts s
a x x x x X x x x X x x x x x x x x n
o x c c c c d
e x x x x x x x x x x x x x x x x
ea x
ai x x x x x x x x x x x x x x xxx
e x x x x x x x x x x x X X
ao x x x x x x x X x x x x x x x x x x
oa x x x x x x x x x x x X X X X X X
an x x x x x x x x x x x x x x x x x x x
en x x x x x x x x x x x x x x x x
ang x x x x x x x x x x x x x x x x x x x
eng x x x x x x x x x x x x x x x x x x x
er x

Sx x xx x x xx xx x
.00 X X X X x X X X X X X X X
iu X X x x x x
ih x x x x x x x

c for change, d for delete and n for newly add.

There are two features deserving special attention. First, not all sound
combinations are associated with all four tones. According to an early investigation

described in [Ref. 9], there are only 1272 out of a total of 1640 sound-tone
combinations actually existing in the Chinese language. Secondly, there are more than
forty-eight thousand Chinese characters. Among these characters, 4808 are frequently

used. In either case, a severe homonymic problem occurs. Take the sound <i> as an
example. There are 173 Chinese homonyms1 ° existing in the Chinese language. It will
be impossible for a recognizer to distinguish these characters. Therefore, a vocabulary
formed by at least more than one character is recommended.

According to a 5-point tone system established by Dr. Drao Ywan Ren many
years ago, the Chinese tone can be expressed with a 5-level pitch matrix. Imagine that

the matrix is in the first quadrant of a rectangular coordinate system. On the vertical
axis, five points, from one to five, represent the pitch of a Chinese character from low

10Homonyms are words/characters that are spelled and pronounced alike but are
different in meaning.
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TABLE 6

INITIAL+ GLIDE+ FINAL SOUND COMBINATIONS

initials

G + F b p m f d t n I g k h j chhsdrtsh shr dzts s

ya x x xxx
vo x

iea x x xx x x x x xx x, ,ai x
iao x x x x x x x x x xx
yoa x x x x xxx
yan x x x x x x x x x x x
in x x x x x x x x x
yan x X x x xx
ing x xx x xxx x x x
wa x x x x x x X
wo x nnnnx x x xxxx x x x x x x x
wai x x X X x x X
wei x Xx xx XX X X X X X
wan x xx x x x x x x x X X x x
wen x X x X X X X X x X X X XX
wang x x xx x x x
oong* x x x x x x x xx x x x
vwea x n x x x x
,wan x x x xx
iun* x x x x x
iung* x x x x

* are sounds actually formed by (Vowel + Nasal).
n for newly add.

to high. On the horizontal axis, five points, again from one to five, represent the

elapsed time unit for pronouncing the particular character. Tone-I, then, can be

graphed as the line connecting the points (1,5), (2,5), (3,5) and (4,4). Tone-2 is the line

connecting the points (1,3) and (4,5). Tone-3, a little strange, is the line connecting the

points (1,2), (2,1), (3,1), (4,1) and (5,4). Tone-4 is the line connecting the points (1,4),

(2,3), (3,2) and (4,1). Consult [Ref. 3: p. 34] for detailed information. The appendix of

[Ref. 7] has provided an intensive discussion on the Chinese tones from the viewpoint

of spectrographic evidence.

The 5-point Chinese tone system is, in this author's opinion, achieved by adding
M, an extra level between level 3 and level 2 and between level 2 and level I of the English

pitch system. A simplified version can be used to sufficiently express these tones. In

this new version, similar to English, tone-I is given a symbol of 55; tone-2, 35; tone-3,
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214; tone-4, 51. Two utterances, numbered 01 and 50, selected from Appendix C are

displayed as examples in Figure 3.1 and Figure 3.2. Again, the pitch changes occur

only at the vowel sound of each character.

5 i ang droong ih

4 i a ih

3 i tsha ih

2 i drih ih

I i ih

Figure 3.1 Examples of Chinese Tone Patterns.

eit'ch

5 gao shoo 00 a ji

4 00 00 a

3 00 doo a
2 00 ka a
1 oo a

Figure 3.2 Examples of Chinese Tone Patterns.

The rule for the intonation of Chinese, in a sense, is relatively simple. Basically,

each character in a sentence remains the same tone pattern as they independently

appear. Therefore, when combining the two examples shown in Figure 3.1 and Figure

3.2, a complete imperative sentence is obtained, which means in English, 'Abort the

high speed reader.' However, the spectrographic evidence showed that although the
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tone pattern was generally maintained, both the elapsed time units and pitch levels of

the character sound passing through were both slightly shortened when appearing

within a sentence.
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IV. A DESCRIPTION OF THE EXPERIMENTS

A. OBJECTIVES

The experiment was actually a package of three related subexperiments. The first

one was to examine the recognition of Chinese phonemes. A similar experiment

examining the recognition of English phonemes was also conducted to obtain a

comparison reference. The second part was to examine the recognition of a set of

ninety Chinese utterances"1 in a simulated speaker independent 12 mode. More

information can be found in [Ref. 101. The third part of the experiment was to

examine the recognition of the same set of Chinese utterances in speaker dependent' 3

mode.

The objective of the experiment was to determine if Chinese speech could be an

effective communication medium between human beings and computer systems. Since

* . no similar study had been conducted, especially using Chinese phonemes. the

information obtained would, hopefully, serve as a basis for the further Chinese speech

recognition, input studies.

B. SUBJECTS
The first part of the experiment was conducted by the author himself, because it

required a thorough understanding of the articulatory phonetics. Ten subjects

participated in the remaining parts of the experiment on a volunteer basis. All of the

subjects were male students from the Republic of China and studying at the Naval

Postgraduate School. Two civilian students were working on their doctor's degree.

The remaining eight subjects were naval officers and were working on their master's

",An utterance can be spoken words, phrases or any form of voice that is
*- meaningful to the speaker.

12, speaker independent system contains algorithms which supposelv can handle
many different voices and dialecfs. The system should be able to recognize" the voice of'
anyone who tries to use it. Since it req'uires no previous samples -of' a given users
voice, then, theoretically, we would not expect the speaker independent syst'cm to work
as perfectly as a speaker dependent system.
in 3A speaker dependent system requires samples of the potential user's voice to be
in memory in order to work'properlv. Because it is tuned to the user s voice, thespeaker dependent system should work better than an independent system.

32

SI



degree. The ranks for those officers ranged from Lieutenant Junior Grade to

Lieutenant inclusive. All subjects were between the ages of 24 and 32 inclusive. Only
two of the subjects had ever heard about voice recognition before. However, none of

the subjects had any previous experience on the voice recognition system used in the

experiment.

C. EQUIPMENT
A T600 voice recognition system of Threshold Technology Inc. (TTI) was used

as the recognizer for the experiment. The model T600 is a speaker-dependent, isolated

utterance recognizer. The recognition unit contained memory which allowed a

maximum of 256 spoken utterances to be stored. The length of each utterance,

required by the T600, is between one tenth second and two seconds. A pause of at

least one tenth second between utterances is also required to signal that the first
utterance has ended and the second utterance may be coming. Each utterance can be

associated with a maximum 16-character ASCII string as a recognizer output to a host

computer system. In this experiment, however, the output string was only displayed

on the screen of a local terminal for purposes of verifying a correct recognition.

The system comprises a TTI 8036-3 model main processor unit, a TTI 7020A
tape cartridge unit, a TTI 8013 speech level control unit, an Ann Arbor 400 model

large-character keyboard display terminal and a Shure SM-10 noise-cancelling

microphone with headset. Please consult [Refs. 11,12].for more information.

D. VOCABULARY
The vocabulary used in this experiment was a group of ninety computer related

terms selected from [Ref. 13]. The first priority for the selection was to cover as many
sounds as possible. Tables 7 and 8 allow readers to have an idea about which sounds

were used in the experiment. The numbers in both tables represent the times that

particular sound was used. The second priority was to equally distribute a certain
number of utterances into different length categories. However, this attempt was not
successfully achieved, because Chinese have an intention to form their terms ith two

or four characters to obtain a sense of symmetry. Hence, the vocabulary came up with

28 two-character utterances, 16 three-character utterances, 26 four-character
utterances. 15 five-character utterances and 5 six-character utterances. Appendix C
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lists all the Chinese utterances in their romanization forms. The numbers following

each character represent the tone of the character and the last number, enclosed in

parentheses, is the number of syllables in the utterance. Of course, the last number

also represents the number of characters in the utterance. Appendix D provides the

English meaning of those Chinese utterances used and lists them in an alphabetical

order.

TABLE 7
I + F SOUND COMBINATIONS USED IN THE EXPERIMENT

initials

finals b p mf d t n l g k h j chhsdrtsh shr dzts s
a xxx 3 1 1 xxxxx2x x 3 x I x n
o x c c c c d
e x x x x x x 1 2 x x 2 x I I x
ea x
al x 2 2 xxxx x xx x x x
ei x I I x x x x I I x x x x x
ao x 2 1 x I I I x 2.2 1 l x 1 X x I x
oa x x x x xx x x I x X x x x x
an I I x x 2 1 1 xx I I x I I I x x I x
en x l xx 2 x xxx 2 x x I xxx
ang x x x x 1 2 x x x x x x x I x x x X x
eng x x x x I I x7 2 x x x x 3 3 1 x I x x
er 1
i 31 lx 1 2 x 5 954
00 3 1 x x4 2 2 x 2 1 1 1 3 6 6 1 1 x x
iu 4 x 1 1 2 1
ih 9 1 lOx 5 2 1

E. PROCEDURE
The entire experiment was conducted in the evening or on weekends to avoid any

possible noise interruption. All subjects were gathered and provided a brief orientation
on the experiment itself and the procedure of the experiment in advance. Discussions

were also provided to ensure the subjects sensed the flavor of the experiment. Subjects

were asked to come, one at a time, to the Man-Machine Interface Lab to conduct the
experiment. First, the recognition system was input with voice samples of the author,
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TABLE 8

I+G+F SOUND COMBINATIONS USED IN THE EXPERIMENT

initials

G + F b p m f d t n I g k h j ch hs dr tsh sh r dz ts s

va X X X X X
iro x
'ea x Xx x X I I x I

vai x
iiao x 4 x 2 x I x 3 2 1 1
voa 1 x x x I I X x
ran 3 3 1 1 4 x x 1 4x2
in 3 x xx x 1 x 3
yang 1 x 2 x x I
ing I I I x I I x 2 I x 3
wa x x x I x x x
wo x nnn I x x x xx x xx x x II
wai x x I I x x I
wei 6 1 x I I I x l x x I X x
wan 1 I X x I I l 11 Ix x X x
wen I xx x x x x 13 x X X x x
wang x 1 I x I x I
oong- x 2 4 x x 2 2 x 3 2 x I x x
vwea x n x x I I

. wan 3 x .x I 1
un* I x x 2iung* 2 x x x

which was prerecorded in a training session. The subjects, then, read in each utterance

three times through a microphone using the author's reference templates 14 . The

author recorded the outputs shown on the terminal screen. Two out of three or more

wrong outputs (including no output displayed, in this case the system provided a beep

sound) for each utterance was considered an incorrect recognition; otherwise, a correct

recognition. After this simulated speaker independent mode was completed, the

subjects were instructed to retrain all ninety utterances by introducing individual voice

samples into the recognition system. When the training was done, the subjects started

to read in, again, each utterance five times. Since, at this time, a speaker dependent

mode recognition was conducted, the criterion was escalated. Unless five correct

outputs in series were recorded at the first trial, the recognition was considered

incorrect. When some utterances couldn't be correctly recognized at all, a retraining

14A template is the digital representation or matrix of the utterance which is
stored by the recognizer and used later as a reference to perform recognition.
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was allowed until a correct recognition was. finally obtained. After all results were
recorded, the experiment was concluded.
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V. THE RESULTS, DISCUSSIONS AND THE SUGGESTIONS

A. THE RESULTS OF PHONEME RECOGNITION

ATables 9 and 10 have respectively provided a copy of record of the recognition of

English and Chinese phoneme performed by T600 VRS. It is a 21-session experiment

conducted at most once a day within a period of two months. The author read every

phoneme five times during each session and recorded the number of times, out of every

five trials, that the phoneme was correctly recognized. The author also retrained the

recognizer for those phonemes that cannot be properly recognized at the end of the

1st. 5th, 9th, 13th and 17th session. A further discussion is provided in the following

paragraphs.

The info,-mation provided in Table 11 is directly derived from Tables 9 and 10.

The second and tifth columns of the table are the total number out of 105 trials that

each phoneme was correctly recognized during the entire experiment. The third and

sixth columns are the averages of each total number over 21 sessions. The percentage

of each total number is also listed in columns four and eight. From the information

provided in this table, we may obtain some idea about the recognition of phonemes.

* First, the recognition of vowels is better than the recognition of consonants. The

table is designed in a format that presents single vowels first, diphthongs second and

consonants the last. A comparison between the upper half and the lower half of the

table helps to illustrate this findings. Second, among vowels, the recognition of

diphthongs is better than the recognition of single vowels. The diphthongs include

<,iai/> , 'ow!, ioy/ and <ao>. Third, among single vowels, the recognition of Tense

Vowels is better than the recognition of Lax Vowels. The Tense Vowels include

<,eei>, <er>, <iu>, <'ei,>, 'au,', <,'oo/>, </oai> and iur,. Fourth, among

the consonants, the recognition of voiced sounds is better than the recognition of

voiceless sounds. The voiceless sounds include < p,'>, <, V i k>, < f'>. th

<,s,>, <hs>, <sh>, :sh,', <ts>, <tsh> and </ch!>. A comparison between

those sound pairs can help one to appreciate this finding.

An overall comparison between the phoneme recognition of the two languages is

shown at the end of the Table 11. There were 89.59% of the total trials correctly
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TABLE 9

RECOGNITION OF ENGLISH PHONEMES

session
1 2 3 4 5 6 7 8 9 101112131415161718192021

ee 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5t 5545 53555555 4545555 5
ei 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
ea 553454534555 5 45555555
au 5 55555 555 5 5555 5 5555

oo 555454345544445555545
0 55455 5555545554555555
oa 555555555555555555555
aw 5 4 5 4 5 3 5 5 5 5 5 4 5 4 3 3 5 5 5 5
a 55555555555555555555

u 555555555545555555555e 55455455553554.4455455
er 5 55544524445335455435
ur 555555555555555555555at 55 55 55 55 5 5 55 55 55 55 555

ow 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
oy 53)555555555455555555
m 533353533434354543445n 553554355545555555555
ng 453454543204345443345

t 535443354453 143443424
d 555555545545553555555
k 535534343353153453455
g 522333543255055545455

f 5323323443032453 55454
v 554444543453555555 434
th 5 5 5 5 3 1 3 5 4 5 3 3 3 5 3 3 5 5 5 5 5
the 4 3 4 5 5 5 4 5 4 5 5 5 5 5 5 5 5 5 5 5 4
s 4332353444332435535434
z 5445445554455455 555 55
sh 554 5 5 5 5 5 55255554445

5 3 3 3 2 3 3 3 3 3 4 5 2 4 3 4 2 3 4 4 4
5 5353454433445555554

ch 4 5 5 5 5 5 5 5 5 5 4 4 4 5 5 5 5 5 3 5 4

1 54 5 553 5 454 55 35 55 5 434 4
v 5 55453555555555555555
r. 5555555555545 55455
w 5 4 5 5 4 4 4 4 3 5 5 5 5 5 5 5 5 45 5 5

Figures here represent the number of times
correctly recognized out of five trials.
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TABLE 10

RECOGNITION OF CHINESE PHONEMES

session

1 2 3 4 5 6 7 8 9 101112131415161718192021

ih 4 4 5 5 4 4 4 4 4 5 4 5 5 5 4 5 5 5 5 5 4
ee 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
er 5 5 4 5 4 5 5 5 5 5 5 5 5 5 5 5 4 5 5 5
r 5555555553455555555

i 5 5 5 5 5 5 5 5 5 5 5 4 5 5 5 5 5 5 5 5 4
ei 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
ea 555555555555555555555

00 5 5 5 5 5 5 5 4 5 5 5 5 5 4 5 5 5 5 5 5 5
o 53333535323335353555
oa 455555 555555 555555555.'.a 4 5 5 5 5 5 4 5 5 4 5 3 5 5 5 5 5 5 4 4 5

,',,'aa 4554354554534555555
aa 5 4 5 5 4 3 4 5 5-4 5 3 4 4 5 5 5 5 5 5

IVu ) 5545455555555554555e 4 0 2 4 5 5 5 5 4 5 3 5 5 5 5 3 5 5 5 4 .4
ai 5555554555555555555

aiao 5555555~55555555555555

m 425343433344444444345
n 45545355555555455455 5
ng 453353434444353525455

535543343534435445335
~552545554555555555455

t 4 4 3 3 35 5 5 5 4 4 5 5 4 5 4 3 5 4 4 5
d 5 3 5 5 5 54 3 5 5 5 4 5 5 3 5 5
k 545454343454455535345
g 5 4 2 3 1 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5

f 5 4 4 5 4 4 4 3 5 5 3 5 5 5 4 3 4 3 3 4 5
s 444423343333455434434
hs 4 5 3 4 3 5 3 3 4 3 4 5 3 5 3 5 4 4 3 4 5
sh 444544324353443445454
r 4 3 4 4 3 5 4 3 4 4 4 5 4 4 4 5 4 4 3 5 4
h 555433554455555353344

ts 424333343234354454534
dz 5 5 5 5 5 5 5 5 4 5 5 5 5 5 5 5 5 5 5 5 5
tsh 5 3 3 2 0 3 3 4 4 4 3 4 3 5 4 4 3 4 4 5 4
dr 544343343453454455544
ch 554435444555454434353S 5 34435434223 4 4 5 5 5 5 5 5 5
1 433455555545555553553

553543444343545355555

v 555 5 55555545555445555
-v 4 5 5 5 5 4 3 4 4 5 5 5 4 5 4 5 4 5 5 4 5

Figures here represent the number of times
correctly recognized out of five trials.
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TABLE 11
RECOGNITION PERFORMANCE OF PHONEMES

English TOT AVE % Chinese TOT AVE %

ih 95 4.52 90.48ee 105 5.00 100 ee 105 5.00 100
7- er 102 4.86 97.141 100 4.76 95.24 1 99 4.71 94.29

u 104 4.95 99.05ei 105 5.00 100 et 105 5.00 100ea 97 4.62 92.38 ea 105 5.00 100au 105 5.00 100 --

00 95 4.52 90.48 00 103 4.90 98.100 102 4.86 97.14 0 80 3.81 76.19oa 105 5.00 100 oa 104 4.95 99.05aw 95 4.52 90.48 --a 105 5.00 100 a 98 4.67 93.33
u 104 4.95. 99.05 u 102 4.86 97.14e 97 4.62 92.38 e 88 4.19 83.81
er 89 4.24 84.76 --
ur 105 5.00 100 --

aa 95 4.52 90.48
ai 105 5.00 100 ai 105 5.00 100
ow 105 5.00 100 --
oy 104 4.95 99.05 10S...ao 105 5.00 100

m 81 3.86 77.14 m 78 3.71 74.29n 99 4.71 94.29 n 99 4.71 94.29ng 78 3.71 74.29 ng 83 3.95 79.05
89 4.24 84.76 83 3.95 79.0579 3.76 75.24 g 99 4.71 94.29t 77 3.67 73.33 t 89 4.24 84.76d 101 4.81 96.19 d 97 4.62 92.38k 81 3.86 77.14 k 89 4.24 84.76g 80 3.81 76.19 g 95 4.52 90.48

f 72 3.43 68.57 f 87 4.14 82.86
v 91 4.33 86.67 --th 86 4.10 81.90 --
the 98 4.67 93.33 --s 76 3.62 72.38 s 76 3.62 72.38
z 98 4.67 93.33 - 76 3.62 72.8

hs 82 3.90 78.10
sh 82 3.90 78.10
r 84 4.00 80.00sh 97 4.62 92.38 r0

70 3.33 66.67 --

91 4.33 86.67 h 90 4.29 85.71

ts 75 3.57 71.43
dz 104 4.95 99.05
tsh 74 3.52 70.48dr 85 4.05 80.95ch 98 4.67 93.33 ch 88 4.19 83.8199 4.71 94.29 S5 4.05 SO.95
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TABLE 11 (CONT'D)

RECOGNITION PERFORMANCE OF PHONEMES

English TOT AVE o0 Chinese TOT AVE %

1 93 4.43 88.57 1 94 4.48 89.52
y 102 4.86 97.14 y 89 4.24 84.76

vw 95 4.52 90.4S
r 101 4.81 96.19 --w 97 4.62 92.38 w 102 4.86 97.14

TOTAL 3857 4.48 89.59 3799 4.41 88.25

recognized in English phoneme recognition and 88.25%,'0 of the total trials in Chinese

phoneme recognition. There is only a 1.340,1 of difference between the two languages.
This finding highly suggests that Chinese speech should also capable of being a bridge

between human beings and computer systems.
Table 12 is derived from Table 11 by deleting those phonemes that are uniquely

existing in one language only. Therefore, the 28 phonemes, which is 68.29 0 of the

total number, shown in Table 12 are mutually used by'the two languages. Since the
author used the same recognizer to examine the phonemes of the two languages, the

results of the recognition for each pair of phonemes should be very similar or even the

same. However, shown in the table, this is not true. Some significant degradations

between the pair are observed. The reason for this is. probably, the existance of

certain sounds having similar characteristics. That is, the more similar the phonemes

are in the group, the worse the recognition of the phonemes will be.

During the experiment, the author noticed and recorded some consistent

substitution errors that occured with certain sounds. A substitution error is when an

input utterance was calculated as a closer match to a different template in storage and
caused an incorrect recognition. The information about these substitution errors has

%been put in columns titled 'SUB' of the table. Although not all observed degradations

have recorded a consistent error, the existing information provides a possible

explaination for the degradations.

,,"S
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TABLE 12

RECOGNITION PERFORMANCE OF SHARED PHONEMES

English Chinese

TOT AVE SUB TOT AVE SUB

ee 105 5.00 105 5.00
i 100 4.76 99 4.71
ei 105 5.00 105 5.00
ea 97 4.62 au 105 5.00

00 95 4.52 103 4.90
0 102 4.86 80 3.81 eng
oa 105 5.00 104 4.95
a 105 5.00 98 4.67
u 104 4.95 102 4.86
e 97 4.62 88 4.19

ai . 105 5.00 105 5.00

m 81 3.86 78 3.71
n 99 4.71 99 4.71
ng 78 3.71 aw 83 3.95

p 89 4.24 83 3.95
b 79 3.76 99 4.71
t 77 3.67 89 4.24
d 101 4.81 97 4.62
k 81 J.86 89 4.24
g 80 .81 95 4.52

f 72 3.43 th 87 4.14
s 76 3.62 th 76 3.62 ts
h 91 4.33 90 4.29
ch 98 4.67 88 4.19 tsh

99 4.71 85 4.05 dr

93 4.43 94 4.48

y 102 4.86 89 4.24
w 97 4.62 102 4.86

"' B. THE RESULTS OF CHINESE UTTERANCE RECOGNITION

Table 13 provides general information about the pL.onrmance of the subjects

during the Chinese utterance recognition experiment. The first column lists the

number of the subject. The second column provides the number of correct

recognitions by the recognizer for each subject in the speaker independent mode of the

experiment. The third column is the percentage of that number against thc total
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vocabulary, which is ninety, stored in the recognizer. The fourth column provides the

number of incorrect recognitions by the recognizer for each subject in the speaker

dependent mode. The fifth column is the percentage again. The last column lists the

number of vocabulary items that each subject had to retrain to finally obtain a correct

recognition in the speaker dependent mode experiment. An overall information is

provided at the end of Table 13 , which showed that 74.67% of 900 trials of simulated

speaker independent mode recognition were correctly recognized by the recognizer and

12.44% of 900 trials of speaker dependent mode recognition, on the first attempt, were

incorrectly recognized by the recognizer. Only 16 utterances required a retraining to

eventually obtain a correct recognition.

The speaker independent mode, as mentioned earlier, is supposed to have a worse

performance because the contemporary technique cannot fully support the function. A

correct recognition in this mode is more meaningful, hence, deserves more attention.

On the other hand, speaker dependent mode is supposed to have a better performance

because it has been fully supported by the subject's own voice. Therefore, an incorrect

recognition in this mode certainly conveys more information and deserves more

attention. Table 14 lists all ninety utterances used in the experiment. The first and

fifth columns are the number of each utterance. The second and sixth columns are the

number of syllables that each utterance has. The third and seventh columns are the

times of the correct recognition for each utterance. A percentage of the correct

recognition times against total trials, which is 10, of each utterance is provided in
columns four and eight. Table 15 is similar to Table 14. The only difference is that

the third and seventh columns provide the times of the incorrect recognition for each

utterance.

Table 16 provides information on the relationship between the syllable numbers

of each utterance and the recognition performance. The first column lists the numbers

of the syllables for each Chinese utterance. The second column lists the numbers of

utterances formed by that certain number of syllables. The third colunm,

I(ndependent) and C(orrect), was derived from Table 14 by selecting those with more

1"' than nine correct recognitions inclusive. The fourth column is the percentage of the

correct number against the total number of utterances for certain syllable lengths. The

fifth column, D(ependent) and I(ncorrect), was derived from Table 15 by selecting

those with more than two incorrect recognitions inclusive. The sixth column, again, is

the percentage.
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The author has no intention to make any further statistical analysis because of
the limited scale of the experiment itself and the data collected. However, the author

has reached the goal that he set for the experiment. That is, by the support of existing

information collected, the Chinese speech, accompanied with speaker dependent

recognition, could be a good communication medium with computer systems.

Applications of Chinese speech recognition/input are expected in the future. Some
possible applications in the near future are production line routing, quality control,

inventory control, package sorting and some military applications such as weapon
systems control and Combat Information Center operations, etc.

TABLE 13

GENERAL PERFORMANCE OF THE SUBJECTS

Subject Indep / Depen 0 Retraining
Correct Incorre Needed

1 56 62.22 19 21.11 0
2 64 71.11 6 6.67 2
3 82 91.11 6 6.67 1
4 68 76.56 7 7'76 2
5 47 52.22 3 3.33 0
6 80 88.89 4 4.44 3
7 67 74.44 31 34.44 2
8 67 74.44 21 23.33 2
9 64 71.11 4 4.44 1
10 77 85.56 11 12.22 3

TOTAL 672 74.67 112 12.44 16

C. SUGGESTIONS FOR THE FUTURE
This thesis has contributed to clarifying some existing confusion in the Chinese

phonetic system. The main purpose was to establish a solid, error-free basis for
researchers in their future studies of Chinese voice recognition and voice input. By
doing so, those researchers will no longer base their studies on a questionable phonetic

system.

This study on the phonetic system is also quite future oriented. In speaker

dependent recognition, the voice samples the system stores are directly obtained from
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TABLE 14

CORRECT RECOGNITIONS IN INDEPENDENT MODE

NO SYL NUM % NO SYL NUM %

01 4 9 90 46 5 10 100
02 4 7 70 47 5 8 80
03 3 7 70 48 5 10 100
04 2 7 70 49 4 9 90
05 2 5 50 50 5 8 80
06 4 7 70 51 5 6 60
07 6 10 100 52 4 7 70
08 5 6 60 53 5 8 80
09 3 6 60 54 5 8 80
10 2 9 90 55 2 8 80
11 4 7 70 56 3 6 60
12 3 10 100 57 3 5 50
13 .3 2 20 58 2 10 100
14 3 6 60 59 2 7 70
15 4 6 60 60 2 4 40
16 5 7 70 61 2 5 50
17 2 3 30 62 2 10 100
18 5 5 50 63 3 9 90
19 2 10 10 64 4 6 60
20 3 5 50 65 2 6 60
21 6 10 100 66 3 10 100
22 4 8 80 67 2 4 40
23 2 6 60 68 7 70
24 5 9 90 69 2 8 80
25 2 4 40 70 4 10 100
26 2 5 50 71 4 10 100
27 2 9 90 72 2 8 80
28 4 9 90 73 4 10 100
29 6 10 100 74 4 10 100
30 3 4 40 75 5 8 80
31 4 10 100 76 4 6 60
32 4 2 20 77 5 10 100
33 4 4 40 78 4 7 70
34 2 6 60 79 2 8 80
35 4 4 40 80 2 9 90
36 2 4 40 81 4 10 100
37 6 9 90 82 4 10 100
38 2 10 100 83 5 9 90
39 6 10 100 84 3 10 100
40 4 8 80 85 4 6 60
41 5 8 80 86 4 7 70
42 2 7 70 87 2 10 100
43 4 4 40 88 3 10 100
44 2 6 60 89 3 8 8045 3 7 70 90 2 10 100

the user himself. Therefore, no matter how the user pronounces his input, so long as it

matches the way he pronounced it during the training session, the system will correctly
recognize it. So. a phonetically wrong pronunciation will cause no trouble in a speaker
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TABLE 15

INCORRECT RECOGNITIONS IN DEPENDENT MODE

NO SYL NUM % NO SYL NUM %

01 4 1 10 46 5 1 10
02 4 3 30 47 5 0 00
03 3 3 30 48 5 1 10
04 2 2 20 49 4 0 00
05 2 1 10 50 5 0 00
06 4 3 30 51 5 3 30
07 6 3 30 52 4 0 00
08 5 3 30 53 5 1 10
09 3 2 20 54 5 1 10
10 2 0 00 55 2 0 00
11 4 3 30 56 3 0 00
12 3 2 20 57 3 2 20
13 3 1 10 58 2 0 0
14 3 1 10 59 2 1 10
15 4 2 20 60 2 2 20
16 5 0 00 61 2 1 10
17 2 0 00 62 2 2 20
18 5 2 20 63 3 1 10
19 2 4 40 64 4 0 00
20 3 1 10 65 2 3 30
21 6 1 10 66 3 0 00
22 4 1 10 67 -2 1 10
23 2 2 20 68 3 0 00
24 5 1 10 69 2 2 20
25 2 2 20 70 4 1 10
26 2 4 40 71 4 1 10
27 2 2 20 72 2 4 40
28 4 0 00 73 4 0 00
29 6 0 00 74 4 0 00
30 3 2 20 75 5 1 10
31 4 1 10 76 4 0 00
32 4 0 00 77 5 5 50
33 4 0 00 78 4 0 00
34 2 1 10 79 2 0 00
35 4 0 00 80 2 0 00
36 2 2 20 81 4 0 00
37 6 1 10 82 4 0 00
38 2 1 10 83 5 0 00
39 6 1 10 84 3 0 00
40 4 4 40 85 4 1 10
41 5 0 00 86 4 0 00
42 2 3 30 87 2 1 10
43 4 1 10 88 3 1 10
44 2 7 70 89 3 1 10
45 3 0 00 90 2 0 00

dependent recognition system. On the other hand, once the voice recognition

technique enters the phase of speaker independent mode, this articulation problem will

be a factor requiring thorough considerations. The further studies relating to this
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TABLE 16

RELATIONSHIP BETWEEN NUMBER OF SYLLABLES AND
PERFORMANCE IN CHINESE UTTERANCE RECOGNITION

SYL NUM laC % DaI I

2 28 9 32.14 14 50.00
3 16 5 31.25 5 31.25
4 26 10 38.46 5 19.23
5 15 5 33.30 4 26.66
6 5 5 100 1 20.00

future-oriented problem on both English and Chinese voice recognition are highly

encouraged to conduct as soon as possible.

Due to the same reason, two Chinese phonemes, < i> and < a>, will also be a

potential trouble area when speaker independent recognition is applied in the future.

Let us take <i> as an example. The word 'secret' in Chinese is <mi mi>.

According to author's argument, there are, in fact, four possible ways to pronounce;

namely, <mee mee>, <mi mi>, <mee mi> and <mi mee>. In dependent mode,

so long as the user remembers which one is the voice sample he input into the system.

he will have no trouble at all. However, when facing a speaker independent

recognition system, the situation requires us to answer the questions such as: Can the
three others than the one in memory be properly recognized? Is vocabulary design a
possible alternative to solve the problem? Studies to answer these questions are

certainly needed for the development of a speaker independent voice recognition system

in the near future.
Vocabulary design is also an important factor in the performance of voice

recognition systems. As described in [Ref. 10: p. 4], Prof. Gary Poock suggested using

longer vocabulary phases for better recognition performance. The results shown in
Table 16, however, only partially support his statement. This is probably because the

author, when selecting the utterances, concentrated his efforts on covering more sound

combinations. Hence, a further study, with more careful vocabulary design strategy, to

research the relationship between the number of syllables of an utterance and the

performance of the recognition system will be helpful.

47



A study, also stimulated by Table 16, on the relationship between phonemes and

the recognition performance will also be appropriate. The experiment results suggested

that the syllable numbers might not be the only determinant to recognition

performance. Therefore, this new direction of study might provide an alternative way

to obtain important information to seek better recognition performance.

Last but not least, this study was heavily based on knowledge absorbed from

articulatory phonetics. The author, in fact, has used the knowledge to help people to

produce more acceptable American English pronunciation in the past several years. By

using exact speech organs and articulations, his students did establish a much better

articulation custom, and, eventually, produce more acceptable pronunciation. Human

beings can improve their pronouncing skill by the help of articulatory phonetics. Can

we, then, apply this knowledge to help a voice recognition system obtain a better

performance? The study to answer the question, to the author himself, will certainly be

a very interesting one and deserve his constant devotion in the future.

'1
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APPENDIX A
ORIGINAL TABLES USED IN TEXT

PHONEMES OF AMERICAN SPEECH (ORIGINAL)

Vowels

Front vowels Back vowels

5TMTOL KY SYM0L KEY

ni heed [hid] [u] who'd [hud]
I] hid [hid] [u] hood. [hud]
[el hayed (hedi [ol hoed [hod!
lei head [hedl [o1 hawed [hodl
[] had [ad! [al hod [hadi

Central vowels Diphthongst

[313* hurt [hR3t [all file [faill

[A] hut [hAtl [aut fowl [faul!

(-ol* under (And 'l [oil foil [faill
[a1 about [ebautl jul fuel [fjull

Consonants

Stops Fricatives

tpi pen [pent ifn few [fjui
[b] Ben [ben] Iv] view [vju]
[t] ten [teni [01 thigh [8ail
[di . den [dent [Ai thy [tail
[k] Kay [kel [hi hay [he]
191 gay [gel (s] say [se]
It] chew [tSu] [I shay [c]
[d3J Jew [doul IZ! bays [bezi

[31 beige [be31

Nasals and lateral Glides

(m] some (sAmt (wI way [wel
[n] sun 1i'Ani [hwl whey [hwei
fill sung [sAl [] yea [jel
I1 lay [i [r] ray [rel

[3'] and [w] are the "r-colored" vowels. [31 and [ot are the pronunciations
typical of r vowels in Eastern, Southern, and English speech.

t Doei not include the "nondistinctive" and centering diphthongs.
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THE SOUND COMBINATIONS USED IN CHINESE (ORIGINAL-A)

I 
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THE SOUND COMBINATIONS USED IN CHINESE (ORIGINAL-B)

-vx -, 1ji -_oi

ILL 0 z I 4 AIt

t es

*R." I4 14___
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APPENDIX B
TABLE OF CURRENTLY E~k$T4G HINESE ROMANIZATION

NO YL WG SF PY SG
01 b p b b b
02 p p, p p p
03 m m m m m
04 f f f f f
05 d t d d d
06 t tt t t

07 n n n n n

08 1 1 1 1 1
09 g k g g g
10 k k, k k K
I1I.h h h h h
12 ch ji

13 ch ch' ch(i) q ch
14 sy hs sth(i) xhs
15 jch jzh dr
16 ch ch' ch ch tsh
17 sh sh sh sh sh
18 r jr r r
19 dz ts,tz tz z dz
20 ts ts',tz' ts c ts
21 s s,ss,su s s s
22 a a a a a
23 0 0 0 0 0

e4 e~o e e
25 e eh e e ea
26 ai ai ai al al
27 ei ei ei ei ei

23 au ao0 au ao ao
29 ou U.ou ou ou oa
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30 an an,en an an an

31 en en en en en

n n n n n

32 ang ang ang ang ang
33 eng eng eng eng eng

ng ng ng ng ng

34 er erh er er er

35 i~yi i,yi i,yi i,yi

y y,i i y,1 y
36 u,wu u u,wu U,wu 00

ww,.u U w,U w
37 VU yu,u iu,yu yu,u,io iu

VW vu,U iu yU,U, IVIv

38 r.z u.ih r,z ih
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APPENDIX C
THE CHINESE UTTERANCES USED IN THE EXPERIMENT

NO Chinese Romanization
01 W4 tshang2 droongi drih3 (4)
02 chiu3 tshwen2 shihc2 jyanl (4)
03 hsyan4 iung4 dang3 (3)
04 wei4 drih3 (2)

05 pei4 drih.4 (2)

06 ing4 iung4 tsheng2 shih4 (4)
07 dzih4 doong4 dzihl ly~ao4 tshoo3 103 (6)
08 foo3 droo4 tshoo2 tshwen2 6i3 (5)
09 ping'- dai4 kwanl (3)
10 ty~ao2 ma3 (2)
11 dreng3 pil tshoo3 101 (4)

12 jil drweng3 dyan3 (3)
13 er4 jin4 ma3 (3)
14 dzihl Iyao4 dwan4 (3)
15 boo4 Iin2 dai4 shoo4 (4)
16 chi4 pao4 shih4 pai2 hsiu4 (5)
17 neng2 lyang4 (2)
18 droongi yangi tshoo3 103 jil (5)
19 dzih4 ywan2 (2)

20 ma3 drwan3 hwan4 (3)
21 dyan4 nao3 foo3 droo4 jyaot hsywea2 (6)
22 koong4 drih4 dani ywan2 (4)
23 tsih2 droo4 (2)

24 dzihl lyao4 koo4 gwan3 103 ywan2 (5)
25 drih4 yan2 (2)

26 shani tshoo2 (2)
27 she4 ji4 (2)

28 shoo4 w6i4 hsvan 3 shih4 (4)
29 tsih2 dvea2 dzwo-4 yea4 hsi4 toong3 (6)
30 ding4 W4 iu4 (3)
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31 ting2 jil shih2 jyanI (4)

32 doong4 tai4 feni gel (4)

33 byani ji2 tsheng2 shih4 (4)

34 fang3 drenl (2)

35 dang3 an4 droongi dyan3 (4)

36 dengi loo4 (2)

37 oo4 tshal dreni tshe4 hsi4 toong3 (6)
38 drih2 hsing2 (2)

39 wen2 jyan4 tshwan2 dreni hsi4 toong3'(6)

40 shihI oo4 Wu4 gool (4)

41 ke3 hsing2 hsing4 yan2 jyoa4 (5)
42 ren4 0i (2)

43 foo2 dyan3 iung4 shwan4 (4)

44 lyoa2 tsheng2 too2 (2)

45 goongl neng2 byao3 (3)
46 chvwan2 myan4 hsing4 byan4 shoo4 (5)
47 too2 hsing2 shob4 wei4 chi4 (5)
48 ban4 shwangl goongi toongi dao4 (5)
49 gaolI jyea I iu3 yan2 (4)

50 gaol shoo4 doo2 ka3 jil (5)

51 ing3 hsyang4 tshoo3 103 jil (5)
52 mai4 tshoongl dza2 inl (4)

53 dzengl lyang4 byao3 shih4 fa3 (5)
54 swo3 ing3 dran4 tswen2 chi4 (5)

55. drih3 ling4 (2)
56 jyaol tan2 shih4 (3)

57 tsaol dzoong4 gan3 (3)

58 gwangl bi3 (2)

59 lvan4 chiun2 (2)

60 dzai3 roo4 (2)
61 ben3 di4 (2)

62 hwei2 Ioo4 (2)

63 bai3 wan4 droal1 (3)

64 he2 bing4I feni lei4 (4)

65 mwo2 dzoo3 (2)
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66 hao2 weil myao3 (3)
67 kan3 tao4 (2)

68 dreng4 gweil hwa4 (3)
69 hsNywan3 dze2 (2)
70 hsiun4 hsi2 baol fengi (4)
71 tsa2 hsiun2 ji4 chyao3 (4)

7 2 bao3 hoo4 (2)
73 mai-4 tshoongl shwail jyan3 (4)
74 da3 koong3 ka3 pyan4 (4)
75 lwan4 shoo4 tshan3 shengi chi4 (5)
76 fan4 wei2 he2 dwei4 (4)
77 bvan4 shih4 jingi chywea4 doo4 (5)
78 tsanl kao3 Iyea4 byao3 (4)
79 fan) she,4 shao3' myao2 (2)
so jiu4 tshih,4 (2)

SI sih4 f-oo2 jil goa4 (4)

82 kwai4 drao4 kao3 bei4 (4)
83 Ioa4 tsha2 tswo4 oo4 liu4 (5)
84 voa3 hsvao4 hsing4 (3)
85 tshwei2 drih2 kwei4 gei3 (4)
86 dzwei4 hwai4 drwang4 kwang4 (4)
87 wei.2 hsyea3 (2)
88 Iing2 chi2 byaol (3)
89 Iing2 W4 drih4 (3)

M90 chiul iu-4 (2)
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APPENDIX D
THE ENGLISH EQUIVALENT USED IN THE EXPERIMENT

NO English Vocabulary

01 abort (2)

02 access time (3)

03 active file (3)

04 address (2)

05 allocation (4)

06 application program (6)

07 automatic data processing (9)

08 auxiliary storage (7)

09 bandwidth (2)

10 bar code (2)

11 batch processing (4)
12 benchmark (2)

13 binary code (4)

14 block (1)

15 boolean algebra (5)
16 bubble sort (3)

17 capacity (4)

18 central process unit (6)
19 character (3)

20 code conversion (4)

21 computer aided instruction (8)

22 control unit (4)
23 cylinder (3)

24 database administrator (8)
25 delay (2)

26 delete (2)

27 design (2)

28 digital display (5)

29 disk operating system (7)

30 domain (2)
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31 downtime (2)

32 dynamic partitioning (7)
33 editor (3)
34 emulation (4)
35 end of file (3)

36 entry (2)
37 error detection system (7)

38 execution (4)
39 facsimile document system (9)
40 failure prediction (5)

41 feasibility study (7)
42 firmware (2)
43 floating-point operation (8)

44 flowchart (2)
45 function table (4)

46 global variable (6)
47 graphic digitizer (6)
48 half-duplex channel (5)
49 high level language (5)
50 high speed reader (4)
51 image processor (5)
52 impulse noise (3)
53 incremental representation (9)
54 index register (5)
55 instruction (3)

56 interactive (4)
57 joystick (2)

58 light pen (2)

59 link group (2)

60 load (1)
61 local (2)

62 loop (1)
63 megacycle (4)
64 merge-sort (2)

65 module (2)
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66 nanosecond (4)

67 nest (1)

68 normalize (3)

69 option (2)
70 packet (2)

71 polling technique (4)

72 protection (3)

73 pulse decay (3)

74 punch card (2)

75 random number generator (8)

76 range check (2)

77 recognition accuracy (8)

78 reference listing (5)

79 reflective scan (4)

so rejection (3)
81 servomechanism (6)

82 snapshot copy (4)

83 undetected error rate (7)

84 validity (4)

85 vertical feed (4)

86 worst-case (2)

87 write only (3)

88 zero flag (3)

89 zero suppression (5)

90 zone (1)
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MREIMt4 .11 RMRBRA J/AA JsCSRW
DREMI a DAM E 11)

ELSE
NIEIMtIno I QQA-4qB )/AI )-CSRt4
DREI4 u MREIMN

END IF
101 WHu(3.0396408001-l 10RE194,2.7574000)/O.286337D01))

N=S513294000O-SQRTIMI)
DQZ2. 000*1 N-1.0OO )/("*WE6#1. 000 1
ARs0SQRTl2.0OO*IG-1.OOO)*(1.DOO*I (G-1.DOO)$*4/2.DOOVIW6

C (G3IG290410-.0))/((G+1.000l'*43
PR=t2.00*G/IG+1.00033)*N*-((G-1.000)/lG+1.OO31)
0Rz((G-1.000)*lINZ.00Ol/E(G,1.000)*N*N)
EREItt4=0Q+lAR-i .000 1*432-IAR*Gi/G I*OLOG( PR*I OR**G))
IF (DASEREIM*-DASIREIMNI).LT.0.1D-5) GO TO 102

OREttI a IDASMREII*) - EREIMN) + DRE194

102 SAl x (431/43I*DLOG((I2.DOONG*(N*2)-G+l.DOO I/I G.1.DOOI)
SA2 a Gl*DLOGHE(G-1.DOO)*H**3,Z3/(G1.001*('4*2))I
IF(SHKDIR.EQ.Z1 THEN

SAP 8SB - SAl - SAZ
ELSE

SOP ASA - SAl - SA2
END IF
IF (DABS(SAP-SBP).LT.O.l0-5) GO TO 105
IFISHKOIR.EQ.2) THEN

SEP a (SAP-SaP) + SEP
ELSE

SAP x (SEP-SAP) + SAP
END IF
GO TO 103

C
C ------ CALCULATE SHOCK VELOCITY --

105 IF(SHKDIR.EQ.3) THEN
DQ a (-1.DOO)*OQ
VS z lRRA.QQA)3'O.5001 - EN4*AA)

ELSE
VS= QW+8RRB 1*0.5000I1*AB

END IF
IF(SHKDIR.EQ.23 THEN

C
C--EXTRAPOLATE TO RIGHT FACE OF SHOCK --
C

CALL EXTRAPIRR(I2(1) )PRR(I2(1).1),Q43I(11 ),QQ(12(1)*1),
C 5112(1) ),S(I(I)+l),HHRRBIQ8,vSBABQ81

C

CALL SKJL*P(ASQB,SBAR,OQ,VSGG1,N,AA,QA,SA)
C
C--CALCULATE CHANGE IN VARIABLES ACROSS CONTACT SURFACE --
C

QB x QA
AB a AA
S8 a SA
SA a S(2J2)Z
CALL CS.JUMP( AB,QBSB,SA,GZ,QAPAA)
QQA xQA.AA*SA
NRA a QA -AA*SA

XAsO.DO
C
C--INTERPOLATE TO NOOE(1212)-1) AND ASSIGN CORRECTED VALUES---
C

CALL INTERP(RRA,RRIIZIZ,-21,QQA,QQ(IZ(21-2),SA,
C S(12(Z1-2),XA,IXAeHI,RR( I2(Z)-1),

C QIIZI(2)-)pSI )lp(I( -

ELSE
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C
C ----EXTRAPOLATE TO LEFT FACE Of SHOCK --
C

CALL EXTRAPE RR( 12(1131) ,RR( 12(1 )-2 ) ,G( 12( 1)-iI ,QQ( 12(1)-2 3,
C S(I2(1)-1),SII2(1)-2I,14,H,RRAQQA,SAAAGA)

C
C ----- CALCULATE CHANGE IN VARIABLES ACROSS SHOCK --
C

CALL SKJIJIPAAQASAARDQ,VS,G,G1,N,ABGSSB)
C
C ----- CALCULATE CHANGE IN VARIABLES ACROSS CONTACT SURFACE --
C

QA a QB
AA x AS
SA a SB
SB 2 S(I2(23.1)
CALL CSJUMP(AA,QAtSAoS8,G2,GIB,AB)
GQB a GB AB*SB
RRB a GB -AB*SS

XB=O.0O
C
C--INTERPOLATE TO NODE(12(2)) AND ASSIGN CORRECTED VALUES--
C

CALL INTERP(RRBRR'12(2),13,GQBGG(12(2).1),SB,
C S(12(21+1),XB,(XB.HI,RR(I2(233,
C GG(I2( 2))9S4I212)),A(12( 2) ),Q(12(2)))

END IF
RETURN
END

C
SUBROUTINE BONDRY(Q1,G2,GBA1,A2,GQ1,G432,RR1,RR2,SISZHEE,

C DELT,BNDRYBDPRSBDPR,BDRBDTR,J.
C NEHGG1,NEHRR1,NEHS1,GG1,G2,HALTBDRYSK)

C
C

C UBOUNDARY COUNOITION SUBROUTINE
C
C
C
C
C----------------VARIABLE DEFINITIONS ------------
C
C *80 -VARIABLE AT PHANTOM NODE
C *1 -VARIABLE AT BOUNDARY NODE
C *2 -VARIABLE AT FIRST NODE INSIDE BOUNDARY
C 02 -DENSITY RATIO AT FIRST NODE INSIDE BOUNDARY
C P2 -PRESSURE RATIO AT FIRST NODE INSIDE BOUNDARY
C QB INITIAL VELOCITY AT AN OPEN BOUNDARY
C T2 TEMPERATURE RATIO AT FIRST NODE INSIDE BOUNDARY
C

DIMENSION AINT 3 ),Z( 3) ,GPRIM 3 ),APRIMI 3) ,INTEG( 3 )AAVG( 3),
C GQBD(6),RRBD(6),SBD(6),GBD(6),ABD(6)
INTEGER BNDRY,BDPRS,J,HALTSKBORY,KL,M,T
DOUBLE PRECISION RRBD,GGBOSBDGBD,ABD ,BOPR,BDDR,BDTR,DELGGH,

C DELGGL.DELRRHDELSH,DELSL,DELQH,DELAH,DELGL,
*C DELALH,EE,DELT,QQINT,RRINT,SINT,QPRIM,APRIM,

C AINT,Z,SAVG,AAVG,Q1,QZ,A2,A1,RR1,QQ1,S1,QQZ,RR2,
C S2,DLTAQQ,DLTARR,DLTAS,INTEGQGSTEP,RRSTEPDZ,
C SSTEP,NENQ,NEHRRI,NEHNS1,G,G1,G2,DELRRLTZPP2
C AR,DQ,VS,M,GB,NENTR,NEHDR,NENPR,EE1,EE2,GRRQQQ
COMMION AR,OGVSN4

C
C ------ DETERMINE CURRENT PRESSURE AT NODE JUST PRIOR TO BOUNDARY --

* C
TZ x I (QQZ-RRZ )**2 WI 4 000*1523*Z),
02 u ((1.000/T)*EXP(G*(1.DOO-G3M5S2-G2) I 3*(-Gl)
P2 a T2 D02

C
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C --- DETERMINE If LEFT OR RIGHT BOUN4DARY---

IF(BORY.EQ.3) THEN
K I
L 2
Mu 3

ELSE

L S

END IF
IF((J.EQ.1).ANO.IBNDRY.EQ.0).AND.gBDPRS.EQ.Ofl THEN
QBO(K) 0.000
END IF
QQSDIL) *QQ1
QQ~BDIM) *QQ2
ARBOCL) RR1
RRBO(M) =RR2
SBO(L) v Si
580tH) z S2
QBO(L) z Qi
QODIN) 2 QZ
ABOI) s Al
ABO(M) z A2

C ------ DETERMINE IF BOUNIDARY IS OPEN OR CLOSED, AND SET PROPER---
C ------ VALUES AT PHANTOM NODE "LBO". SNORY IIlCLOSEO),O(OPEN) --
C

S IF (SNDRY.EQ.1) THEN
RRBOIK) c -QQBDIN)
QQBOEK) z DABS(RRBDEM))
SB0(K) * 580(N
Q80(fK) u-080(M)

* ABOCK) =ABO(M)
GO TO 10

ELSE IF 1BOPRS.EQ.1) THEN
IF IJ.EQ.l) THEN

RRBDEK) a RR80(L)
uPQOBDIK) x QQBD(L)

SBDIK) a SBO(L)
ABO(K) x ABD(L)
QBO(K) x2Q

END IF
GO TO 10

ELSE IF ((BOPR-P2).LE.O.1000) THEN
C IF(SK.EQ.3) GO TO 35

580(K) a S80(L)
BOOR a (1l.DOO/IDPR)*(DEXPH(SBD(K)-G)(-(G/Gl)))))

~ *BOTR a ((BO0R).wN1.000/G1)*OEXPG*U1.00-G*(SBDK)-G2)I
RRBD(KI x QBO(K)-(OSQRT(ROTRIl*SBO(K)
QQBO(K) a QBD(K)*IDSQRT(BDTRW.*SBDtK)
ABDIK) a (QQBDIK) - RRBD(K)) / (2.DO0*SBD(K))

RRB(L) a RRBO(K)
*QQ8O(L) s QQBO(K)

5801 LI a SB0(K)
QB(L) a QBD(K.3
ABD(L) a ABDIK)

GO TO 10
ELSE

PRINT * *'THE OPEN BOUI')ARY HAS A PRESSURE HELD CONSTANT
PRINT * ,'THAT IS HIGHER THAN THE PRESSURE INSIDE THE TUJE
PRINT * 9,AODITIONAL CODE IS NEEDED TO PRECEDE'
HALT a 1
GO TO 20

END IF
C
C ------ CALCULATE THE JUMIP TO THE NEXT TIME STEP USING CHARACTERISTICS-
C
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C -- CHECK FOR SHOCK LEAVING TUBE OR WITHIN H OF BOUN4DARY IND PICK -

C -- CHOSE APPROPRIATE ALGORITHM TO ADVA14CE BOUN(JAPY TO NEXT TIME--

C 10 IF(SK.EQ.2) THEN

IFEBDRY.EQ.2) THEN
CALL SKJUlP(ASO(L.1),QS0(L.1),S8O(L.1),AR,OQVSGG1,N,

C ABO(L),QBD(LhPSBOELI)
QQBDIL) a QBO(L) + ABD(LW*S8DlL)
RR8DIL) a QBOIL) - ABO(LIWSSD(L)
GO TO 35

ELSE IF(BORY.EQ.3) THEN
CALL SKJJMPABOIL-1),QBOIL-1),SBOIL-1.bAR,OQVSGG1,N,

C ABO(LiQBO(L).5BOILJ)
QQBO(L) x B0GL) .ABO(L)WSBD(L)
RRBD(L) a QBOIL) -ABD(L)*SBOIL)

EN FGO TO 3S
END IF

DELQQL a QBOEL) - QQBIL-l)
OELQQH a QQBOIL.1) - QQBOIL)
OELRRH a RRBDEL.1I - RRSO(L)
OELRRL a RRS0(L) - RRBO(L-1)
DEISH s SBD(L+1J - S80(L)
DELSI s S8D(L) - SBD(L-11
OELGH sQBO(L+13 - QBD(LI

-'DELQL a 080(L) - 0601 L-11
DELAN v ABDIL.1) - ABOIL)
DELAL s ABOIL) - ABDIL-1)

IFI IBNDRY.EQ.0 I.ANO.ISK.EQ.1)) THEN
IF (BORY.EQ.Z) THEN
CALL CON03IQBOELbsQBD(L.1),ABOILJ,ABD(L.1),RRSOEL),QQBO(L),

*C S80(L),OELQQHOELRRH.OELSH,DELQH,OELAH,DELT,H,EE,
C ELE QQINTRRINTSINTQPRIM,APqIM,AINT)

CALL CONO2IQBOIL),QBO(L-I),A8DELI,ABOIL-1),RRBO(L),QQBO(L),
C S80(Lh.DELQQL,DELRRLOELSLDELQLDELAL,OELTHEE,
C QQINT,RRINTSINT,QPRIKAPRIMAINT I

END IF
4.4 ELSE IFI IBNDRY.EQ.1).ANO.(SK.EQ.1)) THEN

GOSTEP a 0.000
RRSTEP a 0.DOO
SSTEP x 0.000
GO TO 30

C
C ------ USE CONDITION 1 ALGORITHM TO CALCULATE RRINT,QQINT,SINT --
C

ELSE
Jl CALL CONO1(OBO(L),QBD(L+1),ABD(L).ABOEL+1),RRbuo(L),QQ8O(L),

C SB0ILI,OELQQL,OELRRH,OELSH,OELSL,
C OELQH,OELAHOELQLOELAL,14,EE,OELT,QQINTRRINTSINT,
C QPRIM,APRIMAINTQSD(L-1),ABO(L-1))
END IF

C

C------------CALCULATE OLTA QQ, OLTA RR A OLTA S
C

OLTAQQzQQINT -00601L
d. OLTARRxRRINT-RRBO LJ
00, DLTASSINT-S80(L)

C
C --- CALCULATE ZIK)IS------------
C
C

AAVGl1 1.1AINTI 1).ABD( L 1/2.000i~~jI AAVGI 3 I=rAINTI 3 ).ABOI LI1/2.0000

SAVG s (SltNT.S8OIL)1/2.DOO
V 1 )a-( 1. 0000/G2 IWAAVG( 110atSAVG-G2)*IQ PRIHI 1)-G2*APRIM( 1))
ZI131 (1. 0000/GZ IUAAVGI 3 )*ISAVG-GZ)*IQ PRIM 3 )4G2*APRIME 3))
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ZI 2)80.0000

C --- INTEGRATE THE ZIK)S ------

INTESI 2120.0000
INTEGf I IZI 1 IMOLT
INTEG 3 )*Z( 3 RHELT

C ---- SOLVE THE EQUATION------
1. C

QQSTEPzDLTAQQ*INTEGt 1)
RRSTEP=OLTARR.INTEGI 3)
SSTEP=OLTAS*ZNTEG( 23

C
C-------------STORE THE SOLUTION -----------
C

30 NEHQ12QQBD(LI.QQSTEP
NEHRR1=RRSDI I)+RRSTEP
NEMS1mSBD( L )SSTEP

C
C ------ UPDATE PHANTOMI NODES FOR OPEN BOUN4DARY CONDITION---
C

35 IF tIBNDRY.EQ.0).AND.EBDPRS.EQ.1PpTHEN
RRBD(K) a RRBO(L)
QQBDIK) a WMOIL)
S8OIK) a SSOEL)
ABOEK) a A50113
QBD(K) a QSOIL)

END IF
IF I(BNDRY.EQ.0l.ANO.(SDPRS.EQ.OPP THEN

N IF ISK.EQ.2) THEN
0601K) a EQQBDELP.RRSOEL)) / 2.000
ELSE
NEI4TRv flINENOQi - NENRR1 P32 P/I 4.DO0m NIEPHl P302
NEWDR= (i1.0OO/NENTRPWOEXPIGm l.OOO-Gi~mNENI1-GZ P P

C -(E-GI)
NEWPRw NENTRONEMDA
EEl w DAS(BDPR-NEI4PRI
EE2 a DASSI 5801 PIG1SI
IF I IEEI.GT.O.10-SP.OR.,EIEZ.G;T.0.lD-5PP THEN

QRRN NEWRRlI O (SORT(SOTE P PSSOP P.
WONE NENQ0l - I OSQRTI SOTR P PR$8D1
Q04K) P (QRR#QQQI/2.OOO
0O TO S

END IF
END IF

END IF
20 QQI * 000(L)I

RRI a RRSDILP

Qi z OSOEL)
Al a ABO(L)
RETURN
END

C
A ~~SUBROUTINE SRFLCTI QOA RRA 5A* SIGNA.VS .OELT,*LIRES* . 3 .S .08.

C ASGtGl9GZ P

C

C
C u SHOCK REFLECTION AT SOLID SOIJ4DARY SLMOWTINE 0

C
C
C
C
C--------------- -IARIASLE DEFINITIONS ------

I~p C

C DELTEX - THE EXCESS TIME IN A TIME STEP WOEN THE SNOCX IS
C EXACTLY AT THE SOLID 04ALL
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C DILTIR. - THE TIME FOR THE SMOCK TO REACH THE HALL
C

DIMEION SIDMAI 4.t)
INTEGER UEMS
DOUBLE PRECISION W , .AA .15,&S 5,4A . * RA , SIGA,

C DRH.AR,PQ PON.EREIB4,SA ,SAZ sVS.DELT tDILTHL,
C DELTIXPG*G1,BZ

C
C --- CALCULATE THE TIME FOR SHOC TO REACH HALL, AND0 E[MISS TIME --
C --- IN THIS TIESTEP --

C
IF ILMWRES.EQ.2) THEN
DELTHL a I1.0'1O-SIGMAllIiVS
DELTEX a DELT - DELTHL

C
C----CALCULATE VELOCITY GRADIENT OVER SHOCK AS IT REFLECTS---
C

4a IRRA.RRAI/Z.0GO
a a 0.000
AA a IOGA-RtRA/IZ.DGwSAI
0R a I 5-4A I/AA

C
C ------ CALCULATE N --
C

H4 a OWQTIIIOR*.ZIUO.360OGI1.0GOI - I0G*0.6OO
C
C ------ FOR SHOCK AT LE FT 1100 -. Y 00 THE SAME --
C

ELSE

DELYM. 0 IDASS(SIGHA(I .)1-0.3001/*551 VS I
DELTEX 8 OILT - OELTHL

C
C ------ CALCULATE VELOCITY GRADIENT OVER SH4OCK AS IT REFLECTS---
C

40 a 100U1110/2.000
P $A a 0.000

AS a 1OGS-*RRS/IZ.OGG.SSI
*~D aR (GIA-GB I/Ab

C
C----CALCULATE EXACT REIMAN VARIABLE JUM!P FROM Dq---
C

M aDSGRITiIIOO..ZI..3b000I.L.0I tOQ*O.b000I
END IF

C
C----CALCULATE AR.PR,OR OVER SHOCK --
C

AMaOSGRTI 2.0O0e.6-L.O I. LOO.'IS-LOGO Iu0u4Kl.000 I 1

C 'Q0ZUwISW.L.OOGII/1IG*L.O0I.MI

Oeal 46-1. 000 I9~402Z.0001/l 1941.000 184MW)
511 8 Il/G10LO01, 00.w.ZIG100111L001
USZ a GlGLOrsGI 19-1 10~ .o*m 11 / G.L.00 I@IMUZj I

* C
C ------ CALCULATE ENTROPY AN SPEE0 OF 30"4 ""INDM SHOCK

IF IURES.EQ 2I THEN
U a SA - SAL - SAS

C
C ------ CORRECT RELN vAIADLES AT BOUNARY --

C
C ------ CALCULATE NEW SIMCS MPID
C



VS a 14 MA*SA )0. 5000I - I No"
C
C -- CALCULATE POSITION OF EFLECTED HC AT END OF TWIS TIM STEP-
C

SIUNAIII a YSISOlLTfX # 1.000
LMNS a 3

C
C RE--UOC FLECTING AT LEFT BOUDARY --
C

ELSE
SA a 3 - SAI - SA2
AA a AS.Afl

c
C ------ CORRECT REIMAN VARIABLES AT BOUN4DARY---
C

NRA a GA - ASA
GSA a QA AAOSA

C
C ------CALCULATE NEW SHOCK SPEED --
c

VS a ffEt.G+SINO.50001 # WAB)
C
C ------ CALCULATE POSITION Of REFLECTED SHOCK AT END Of THIS TIME STEP--
C

SIOHA(l1 VSaOELTEX
LHPRS a 2
RISRRtA
G6SaQSA

33 u
533*
AUjAA

END I F
RETUiR4
END

C
SWUOUTINE ISORYI Ii .001.51 ,RZ ,GSZ 2,AZ ,QZI

C
C aie.*4 H:::------------------UE
C
C N ODES NEAR BOUNDARY SL5ROUTINE
C
C---------------------:::.
C

DOUBLE PRECISION RR1.QG1oS1.RNZ.QQ2,SZ.A2,QZ
RRZ a Rll
002 a 001
52.5 a RRiE.DOZ
AZ a I002 A)I.**Z
QZ a l002 * RR21/2.00O

RETURN4
END

C
C

SUBROUTINE SORDERI ATOP I
C
C ia4w.*.:::a
C
C a PLOrtINre AREA SETUP ROUTINE
C
C UU*U4UUHH*------------
C

INTEGER 1
REAL XORG(4)/1.7S,4.A5,1.75,4.6S/
REAL Y3RG(4)/Z.7SpZ.75,s.8O,5.SO/
REAL YMAX141/S.S,S.S,1.Sv6.ZO/
REAL YMINE'.i/O.5,O.5,-0.S,4.90/
00 70 1.1,4

CALL PHYSORE XOftE I ) YOSG~I I
CALL NOSROR
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CALL AREAZIDIZ.4,2.41
CALL FRAME
CAL.L RAFID. ,'SCALE,1.-O,YHINII),SCALE,YIAXIII
CALL ENDGUioi

CALL PWYSORI1.zS,Z.2SI
CALL NOSROR
CALL ARtEAZDEA.OO,6.SO1
CALL NEADINI'SHOCK TUN! RISULTSS'.200.1. 7,4)
CALL NEADINE FIRST ORDER N *ioi*.iloo,i.2p43
CALL I4EADINEDENSITY RATIO a 3.0 TEMP RATIO a SI,100,1.0,4)
CALL 34EAD1141 PRESSUR RATIO a S.0I.,100,1.0,4)
CALL GRAFIO..SCALE',.3.SCALE',JSTOPI
CALL ENOGRIO)
RETURN
END

C

* SUBROUTINE PLOTE J,JSTOP .N,6QRRS,H ,XARRAY,
C SPARRAY POARRtAY QARRAY PSARRAY G,G1 ,gZ

C

c 0 0
C * GRAPHICAL PLOTTING ROUTINE
C
C
C

INTEGER I ,N,J.JSTOP,KNTE4 3/1 .4,A9/
DIMENSION QQIN),RRIN3.SIN)XARRAYINIQARRAYINI,PARRAYIN)I

C DARRAYN),SARRAYNi
DOUBLE PRECISION QQ,RR.S,H,G,G1,GZ
REAL XARRAYQARRAY.PARRAYDARRAY
REAL SARRAYTEMP,1HR#G,GGA.G2U
REAL XORGI'. /1.7S,4.b5,1. 75,4.65/
REAL YORGI'. /2.75,2.75,5.80,.5O3/
REAL YMAX4/.5,S.,I.O),,.2O/
REAL YMIN14 l/O.5,0.S,-1.O,4.90/
CHARAC TER*4 lYMN
DIMENSION IYNAMI 1313
DATA IYNA/PRES,SURE,- 'oDENS.p

C *ITY*',VELO','CITY',* ,pI"OI.,FIED*. ENT',ROPYv,

C -- CONVERT 3OOILE PRECISION TO SINGLE PRECISION--
C

G48%NGL IG
GIRBSNGLI GI I

* GZR*SNGLIGZI
HRsSNGLI H)
D0 S0 I'l,N
QARRAYI I UiSNG.LIQGI I lt.RRi~h/2.OI
TEMPxSNGL OQI I 3-R I I*SNGLIQQI II-RAE II l/t4.OUSNGLUSI I)wS~tiI
DARAYII)xiI1.O/TEMP)*EXPIGRUI1.0-GRI*SNGL3SII3G2R33U*hE..G1R)
SARRAYI I )xSNGLE S4 1 3
PARRAY I I 3TEMPWOARRAY(II3

* 680 CONTINUJE
DO 63 181,4

CALL PHYSORjxOPGjI.VORGII)3
CALL AREA20lZ.4,,-.41
CALL )OAMEEx,,1I
CALL YNAME(IYNAMEKNTEli),100I
CALL GRAF(O.,.SCALE',1.O,YMINtI),*SCALEpYMAXIII,
IF (Z.EQ.l3 CALL CURVEIXARRAY,PARRAY,N,01
IF EI.EQ.21 CALL CURVEIXARRAY,DARRAY,N,O3
IF EI.EQ.3i CALL CURVEfXARRAY,QARRAY,N,OI
IF lI.EQ.4) CALL CURVEIXARRAYSARRAY,NO)
CALL E140GRl03

* 63 CONTINUE
RETURN
END
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C
SUBROUTINE EXACTf NXINIT ,T ,VWAD ,VTAIL ,YCOE PYSE POLCO ,DLSN I PAR.1 PS.

USE XARtRAY .DARRAY ,6 .61.62 Dll)
C
C
C U
C u EXACT SOLUTION COMPARISON ROUTINE
C
C
C

INTEGER N
DIMENSION OQIN 3,RRIN3,S(N)XEXACT(4 ),YEXACT(A 3,XARRAYE N).

C DARRAYIN3
OUBLE PRECISION QQRR9SH,GGl,G2oT9DRI
REAL XEXACT IVEXACT .XINIT ,V)EA0 ,VTAIL .VCOE
REAL V51 POLCO ,0LSH4 TE3IP XARRAY ,OARMAY

C
XEXACT I I1I 0. 0
X(EXACTI 2 3XINIT*TUVNEAO
XEXACT1 31nIENIT+T*VTAIL
XEXACT14* 3XINIT*TUVCOE
XEXACT( S 3XINIT*TUVSE
XEXACTE 4331.0
YEXACTI )USNGLE DRI
VEXACTI 2 wYEXACT(Il
YEXACT 3 jzOLC0
VEXACTI 4 3YEXACT133
YEXACTE £ 3.0LSI4
YEXACT (6 a..O

C
00 "0 Iul,N
QQ(I I SNr.LIQ604133
RR(I I SNGLI RAE I
Sil I 3SNGLI (S I I3
TEMPuE QOE I -RUE I leE004rI -RUEI 31/14.0.541 *lOSE 3
DARRAYE 11.44 .0/TEMP I*EXPEQUE .0-4 '1St! 3-02333*04-613

90 CONTINUE
CALL PNYSOR2.659Z.253
CALL NOSROR
CALL AREAZ016.75,4.01
CALL XNAME( X*.13
CALL YNAPIEE ODENSITY',71
CALL NEAOINE OENSITY DISTRISUTIONS'.100,1.3o~l
CALL HFADINI'FIRST ORDER N *)01S1O10.1.0,.3
CALL HEADINI*OENSITY RATIO a 5 TEMIP RATIO *IS1.100.1.0,III
CALL HEAOIN('PRESSURE RATIO a*0,0,.04
CALL LINESI EULER-i SOLUTIONS' .IPKRAY,Z 3
CALL LINESEEXACT SOLUTIONO ,!PKRAY,1 3
CALL FRAMIE
CALL 6*RAFtO.O,'SCALE,1.0,0.0,'SCALE.,6.ol

'ICALL MARKER1O3
CALL CURtVE IXEXACTPYEXACT ,6.-1
CALL LEGLIN
CALL CURVE IXARAY*DARRAYNoO
CALL LEGENOEIPKRAY,2,4.2S.2.751
CALL ENOG*R(OI
RETURN
END
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