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A § Project Objectives . : . s . y
- \ In the renewal. proposal submi;ted to' the VNatiomal Science K
- . _ . o
o S Foundation in 1976, prOJect obJectives were Summarized under three main
R headings. We quote from thé abstract of the proposal. E ’
T L Computer—generated speech.: The' previous .~ - -
. research has resulted in fhe development of the MISS . _ , :
R . ] system, which generates ' speech efflciently from «
o : dlgltally stored parameters.~ Proposed resedrch w1ll- e T
. - 1mprove ,the "quality and. efficiency” qomewhat, and’ . = h
A .+, will corcentrate -on the, development of n@thods ofe - .
} . prosodic manipulatlon. oo LT ' : n o
" » | : 4 ' - . : -
L 2. Complex ! teaching prozramg- with audio. i
. - ‘. I'd -
e : ., Previous' research - has Droduced college~kevel -
=~ -~. ., 'mathematically-based courses such as logic and- set ‘
. o PN Jtheory. New research will .improve- the language of St
= - .. ma hematlcal proofs and apply.the conputer-generated\ e
\ - el .
\ _ ’ - ‘audio, to various tasks of..describing: and explaining R ) >
' 3 . the,mater;al to the students. - e — R
R R 3. Teachlng readlng w1th audlo. Previous ) « A
D : research has -resulted in_the use of computers “in »1 “
- . elementary’ ‘reading u51ny . audio? - The pIrp posed ‘
. . ) ‘ -research will compare the ﬂISS-produced audlp w1th// - A 2//
o » _ .. that of four other, QyntheS1s technlques. : o ' -
f . AN . . . s . C e
" .w‘i B v ‘.: N ) N : '_ * b ” . F ) / ! . - ('l
LT e . . * .. . ) O L . . P
: ) L S _ . ' -
e ~ 4/ 7 glIn.this section we comment briefly on these objectives and the work ' :
. = . Y ‘qoe : S iy
' done to rea¢h them. In the following we report fully omr thé research. ! )
R - N N o L . i & .
‘ © " condugted-in these three areas. e, . e
2 ) | v Y . o . . .
: _ v . o : ‘ . .
N X N";. - . . ' . . R - - . . ) o . .ﬁ ) . -
: oo1.1, 'C"Omgut'er-generai:—e-d' Speech BT G g
. ’ e . " ¥ ‘- v . ’ N 4 M
- The=work carrled out in the past year of- the grant in the 3rea of N
| ’ . ‘7 ) N o N - 4' ‘\ é - .
e computer generated sﬁeech_@ab hadjtwo principal focuses:‘lmproving the -
P S S B s , s
facilities and procedures -for utrlLZ}ng the speech system software and |
; . - . . . :4-:._ B cts . ‘ . ) - - ' //. .
<~ 'the Micro_Intoned*Speecﬁ Synthesizér (?MISS machineV); and,” continued,

- . I a . - ’ . <
f,deve10pment and 1mprovemenv of sentential synthe51s through intonation s ° K
'A-contourlno wzth word cqncatenﬁflonu_ o .

: - ‘ ’, o B .A : oo T ) ‘t ~ - K e 0 - .
ERIC 00 e s e v e



< ‘ et
. L4 ’ r - )
For the goal of improving the speech spftware, we modularized the

. - . - v

user procedures for aCCessing speech. ' Theref is now'a bi-level stTucture

4

‘ L / \ o
where the user ¢need only ‘be concerned with, the library of programs
]

s ‘available in the ”upber' lerel.‘ The lower level is shared by a11 users ”

's:

e Aocand --¢ontains - therlexicon of.stored saunds (words and phrases)_as_ well as ..

the low level routines for accessing the’, lexicon. The main word lexicon

¢ L

(named “English”) was enlarged by the recording and analysis of 2 00 new

-

3-
. words. We,investigated techniques relating3to the compression “of %Sound

data and . possible fintenaction§‘,betw&$n compression and prosodic
T -
" manipulation. g ;; e

. o . L
) " . - . PN -

The. focus of .the. ‘work *1n intonation synthesis has been fairly

. o
. - -
N ! I [N

K "~ linguistic. We have developed practical -methods for utilizing prosodic

d .
: - -

features S0 that the utCerancés w111 have a natural feeling to the
. 4 B . .
- »

-

;  listemer. = 4 : "
. B > . .

o L Iﬁ'particulaﬁ} there are several specific .questions which we have

~ . e
> . T . . . = e

.o pursued. Withinm tbe context of the.autosegmental hypothesis1 which we

o have been u51ng for declaratives, we have conducted preliminary
7. : ’ . . . P ‘ a

£ - o -‘

.- -
- PR - - -

~ : wpodification of our pitch assignment algorithm rung’accommodates hoth .
Lo Ly - N

aov T L et . - < ‘ :
¢/ .7 ‘declaratives _and questions, although the experiments we have .done
7"~’-) suggestfthat further work to make the assignment. procedure more general
T : A . , : .
needs to be done. :
S . ': ) » . P _
~~ Ve also studied duration assignment’ and have refined and tested our
.. 0
W, . =7 - - - -
procedures for this »component of intonation. In narticular; we

conducted an experiment to compare oug duration .assignments to observed
Q A N

gtt&rance lengths which yielded'mixed results due to a washout effect.

-
'

. ~9‘/ - X . . g
| 4 > & 5 4 N
lce. Goldsmith (1975); Leber - °75), Levine (1976).

e

» . ’ .
© -~ ) . L
. . Lo

L ’ ! ’ . ,ﬂ i E- -

" -

e examination of pitch contouss in question sentences. A preliminary .



{

Another experiment Building on the first was more useful, establishing

" link between text structure and relative utterance speed.
.. ) 4 .
Finally, we have been increasing our understanding of syntactic

L * \

bracketing of surface strings which are vital to 6qp intonation

~_M~fwﬂ~w~“a53ignment—Hprocedures;"~“Wewmhavé~¥compéredm»sgyeral~nlingutstically~w

-

justified systems>;o see which hold thé greatest promise in relation %o

prosodic wanipulation. . <o Y
. . . ) - s
4 . °
;ﬂ._l.?” Complex Teaching Rrograms with Audie
A ~ = 1.2.1 “Logic Course : 'ggs

o ' -During' the past year the work on writing audic and ‘nonaudio
e o r
(display only) versions of the lessons in the PASS portion of the logic

course was completed. Also generated were synthetic prosody versions of

[}

each/&esson having an audio version. A number of experiments, including

M \

were performed during the winter and spring ‘quarters of the 1976—773

Lo F . .
) academie year. These experiments are .currently being aﬁ%l&zed, with

« ~

results forthcoming,in proposed articles and technical reports.

1.2.2 Set Theory Course:

»

'Work in the set theory course lthis year has concdentrated on
improving the interface with the student at the ferminal by: 1)

-introducing the capacity for produciy& audio- messages; 2) writinz an
. '}j ! : - -

online introduction to the’ course and the proof ;hgcker using audio
messagess 3). incorporatiﬁg'a-helgrsystem, also- -using audio, to provide

. ’,'"i}'

- several examinations of student preference for audié or nonaudfo modes,

online assistance with administative or course-content difficulties and

L3 !
o L

ERIC o

o o e -. ' E;
. ’ A

o

o R P ' ' 2 :
questionss;- 4) improving the thedrem prover, and ' adding and'impgpvinQ'
. . . Ce - )

-

LY
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] -
’ . X [y

7~

infetence rvrules to facilitate the production of proofs with a

¢

ﬁathematically more natural style.

~

1.2.3 Proof Theorv Co;rse

. 'l 3oL
The . work on the proof theory course was beguﬂ*iﬂ the autumn of

1975. .During the last year we imprerd and expahded the curriculum,

-

wrote correspénding audio lessons in VOCAL, and supplemented tﬁe logical

machinery in the proof checker (see Section 3.2.3.6).

B + ° s
P A

1.3 Teaching Initial Readine with Audio

One of the most critical components of teaching initial reading by

audio is the generation of individudl letter sounds. . Recognition of

3

such sounds is difficult because of the absence of context. However,

& - .
the recognition of individual letter sounds to Be matched to the

approprlate grapheme by the young student, is an esential coﬁpbnent of

beginning reading. We therefore designed a test in which three systems

AN

of computer-generated speech were compared to each other and a human-

-

P

. ! - ’~
voice control, on the task of ' producing individual letter sounds. The

subjects were  all first graders,> little g&der than the anticipated

target population for courses in initial ‘reading. 'Besides .a
straightfoward statistical: comparison of the results obtained, a
learning study was ‘conducted, since there _1is un&oubtedly a learning

-, . . E
component to the task of recognizing spoken sounds produced by any
unfamiliar source.

Many impérqanCISOunqs to Be produced B&Zan audio system for°CAIL in

initial reading are not contained in’ the sounds for individual letters.

v .

Clearly, a comparison of the three systems on a more complete list of

' s

4

3 (s B



sounds would be an {important and useful additional comparison. A second

ERIC

Aruitoxt provided by Eic:

-

w

Y

. 3

. 3

experimeat was therefore performed to compare the systems on the.

production of words in order to test a_faifl*/gomplete list of conmsonant

\

and consonant, cluster sounds, both as initial and final portions of
‘ l .

-monosyllabic?word31~—Thewexper&méntalwsubjectswchosan~in~thisnca§§wwerew—mu~~~m~~~uv

-

fifth graders, as the 1list of words wi-" the desired sounds as-

components required a wider reading vocabul:ry than that possesed by

. »

most first graders. T . .

~ -
’ - G
~ -
-
- ) ~/ .
1 -
- ) - aQ ’ -
- N
- ) .
- - .
e .
: 4 ~
é >
. L4
< =
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Aruitoxt provided by Eic:

»

\

‘words may be looked up by name and which contain information such as the

- .

-2 Computer-generated Speech o ,

‘\) ¢ . " »

c 2.1 The Audio- Procedures

4 '
Y

Modqlarizatibn of wuser progedures for accessing speech was

- .
.

A

4!

tomﬁléte&kﬁuriﬁgmtﬁe“granfuﬁériba;"MThémpféSehtmgtrthUféwis"BilévéI:““"“"_~__“““"

- S -

where the top level is a library of well documented Sail procedures for
. o . .

performing all the tybical gétioﬂs a speech user is 1likely to need. In
13

all, there are two hundred and thirty procedhres available 1in this

-

library.- These library procedﬁres when used become subroutines in user

pfograms. . The lower 1level is thejmlexicon fork" which contains the
A .

lexicon and those procedures which heavily access the lexicon separating

4

‘them from user programs and from the upper library .routines.

Ly
v

2.1.1 Audio Languages

The audio system allows .creation of independent languages for

for word concatenation and intonation

- .

stored. sounds. -The main language
X o

synthesis is "English", the language containing phrases recorded for the

‘Logic course is “Logic:. Other. languages are available and new ones can

-~

. - . . ’ o

be Efeated as needed. g : .

~

Each language contains a data base ("lexicon') where sounds or-

. ”,
.

LIV

word“s part of .speech, its initial fundamental frequency,’ its maximum
. r : ' . A v .

fundamental frequency and .a pointer to the storage location 'for the
o sE LT S o
sound itself. Since#hEse lexicons are-vefﬁ?}agge, they cannot fit in
:‘;“'—' v ‘\\'\-ﬁ\ N N
. . s . , . ] ) s - . ’ .
the same virtual nmemory. address.space with any reasonably complex user
] [N - o -4 :
. . P L . ) . . .
program, e.g., a sophisticated curriculum driver. Onr operat;n? system

S
\

TENEX has facilities f&%-jﬁbsrto contain more than ene virtual address.
) > - - . . R . .

N -

s

e
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.Q; space. ("fork") and for efficient communications between them.a-We have
’ - ’ P S . - . » . /‘ P - ;,.

-

LT used a separate fork for the lep.con and those prdcedures which heav1ly ;

o L access the .lexi.'co’n.' Doz.ng this has t,he additidnal. .beneficial side
.~ [ ” ; " ) - . - - . 1"..\‘ ' .
e o effect of a\llow1ng bothq lexicon -‘and’ its accessing proceduvés to be S
ey . - . * @ . . - - Py
_‘,1"‘1 ' shared between divers_s Ycur }icu],um drivers resulting 1n- a 'uost ‘efflcmnt
‘.. .‘ . ;« et H
R imp].emen’tation. ’Ihus, top' lewel %rocedure from the audid-“library, such R
e o7 . v as SPEAf(("Can you hearz me") ""Slfagly pass String areuments to the lexicon s N
e o oo EE .t
e T <. L4 e
PR fork where all the computation requitred to hay.{\, these., words spolgen is
o done.. We have not 1mplemented the 1ntonat oy - synthesis nrocedures ‘in '
N ‘- © . ° ) .ﬁ ‘ ’ " \'«.-/:.' ] “ i -4.
'+ - ¢+ _< the. lexicon fork since t-hey have been under 1ntens1ve development, as
T described below in Section 2. 2. ‘ . o
C ' An additional two: thousand English -words were recorded, analyzed. '
. i e e . - , ,‘,-' - . C /\
' and added  to our®main lexicon ("English") ‘which now containsa total of
o . \:\.‘_ .‘ .“ D . e i 'v ‘ - o i ' . . - :
. fourteen - thousand words representing over three" hours of spoken
. individual words. Some ten thouSand sentences for the Logic coutrse were
. ; : - .
also recorded. These sentences represeut seven and a half hours of
. continuous speech.‘ This data base of three hours of words and seven and -
- a half hours of.’sentences is, to our‘knowledge, the larzest digital
speech data base ever assembled from a single speaker.
" _ N ~- < o . s
‘ .. 7o . . - ~
. , 2.1.2 Compression: Fechniques
"We investigated. tlie application of new compression techniques which
- \.L - . , - B . . . I i R .4
S could reduce the amount of data required for ' representing Linear "
L ‘- . Prediction of a speech signal. The Linear -Prediction techniques produce
. X . . K - f 4' o ) . -
¢ & . twelve reflection coefficients which represent the short term spectrum

of 'the voice over the time of application. . The total representation of-
A ' L o . .z b

L e . . . ) . . . .. R .'-\" X >
a sound,in our system includes .these twelve: coeificients, 'as well as

AL TR < . - s . s
o - F .. N A v . . . R . -, o : . .
. 2 - N . - - - . .
, P . e L » ke

& ey

- . . .
e e . .

R - i

oWt
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-7.; . . . . ) .. \.’, P s C s
coefficients for‘gain, pitch dnd duration. The MISS machine, which will
I'4 . . ' : . * o4 . L ’ N - N
' syntheéize speech from this .representation,. is a finit vyprﬁ' léngth
,j . ~ . . \ .

-

-

e - : . . \ . .
machine and thus each number in the, representation must be truncated to".

. - T _ ¢« R = .
a small numger-of bits;"Also the gain coefficient must be divided into
: ' B . AN : A . . . R ) ,

: oM
three °“separate

but"%?teracting bOeffiéignts to minimize the. noise-

~ -

= v - . . .
. [y v Ve

- > W Cre- L P y . ' - ' A
introduced, in .the' calcu¥ations of .the MISS machine due to the finite
. /- . S T . S T

.worq\length.ﬁ; o I T e .
P The " literature contains "a number of techniques for further

7

- 3 :

compregsiﬁgv this type of reprgsentétioﬁ, f(Markei‘and Gray, 19745,
.(Makhoul and‘Viswaﬁéthan; 1974). ‘One tyﬁica} technique is to allocate a

J' -

-different number of bits to each individual ' parameter ‘in,;the
: - . b

. representation so as to minimize the total number of bits needed for a

particular'spéctralldistor;ion figure. , Another typgcal technique is to o

'
.

only updéteiaLparamecer when iﬁ haé'changgd éufﬁicgently_to cause a

>

certain amount of spectral distortionm. : o,

.o

-

" e have "simulated many of these promising techniqdes to study what

effects 'tﬁéy would have on the prosodic hanipulatibns- we mnormally

- N

perform on our words and we were able to determine, in an informal way,

that techmiques which compress the linear prediction coefficients or

“ which increase the length of time-one set of coefficients is used do not .

significantly interfere with = previously performed ' SE%;:nation

A) N

manipulétions.' However, compressing the fundamental frequency _fdﬂgain

‘g -~ . ~

. ' Bt 3 St
pargmeters must be .done in a wmore conservative way when prosodic

. . * ‘..‘~ * 1 . .
manipulationsﬂgw%ll‘ be.. later performed since ‘' inaccuracies in" the
-~ ¥ £ .
paramecétgtmay be compounded by some ofy the . intonation techniques. We
‘ ' R 4 ' ¥ . . L
_intend to implement these techniques in the MISS system in the near

»

future. - .

BT
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o\ - - . . ) . I X - : v, .
o~ 222 Intonation Gemeration - )
. 2.2.1 Summary”of-our!?rosodic Analvsis,Method

.. o,

IS
.-"":‘.' N ? . °

thlS agglys1s ‘a simple pattern of abstract (Dhonologlcal) tones becomes

Yo . o >
. {‘ A 4 ./

specificity corresponding to‘phonetic observation is "achieved. For_a ‘

r
! . o .
o N f

) tf_ more complete rev1eW' of the tone group analyéﬁs see fLeV1ne, 1976)

® ) § . . g

(Levine, 1977). We- assoc1ate peak fundamental frequencres ‘in herz

~ , . ‘ .

e(represented by the gnmbers corresgonding to individual words) with the

N,
~

‘“tone" for each word in a sentencé and then elaborate the intra-word

. . At -, . . . . .
\ . . > . . >

contouring from there. 1In the earlier years of this gragt we developed

this analysis specifically for declarative-sentences.l/k : )
- . R . 'r\) B P N -v‘/-‘."
2.222 Some Simple Questions - ~% = | ' "3
- It is generally accepted -that wh-questions (or "information®

- >

questions) have pitch contours similar to declaratives while yes/no

.oe <
-

»

analyses of questions in terms of our basic tone group method. We will

analyze wh-questions with the tonefgrOup (M)HLz-as fqr“deolaratives,

.. < . - . “"7{; E- .
and, - the yes/no- question with (M)LH. _ . e B

/ . .- B . . ' o \\, "'L.

.'2;2.2.1._-"Some Wh— Questions ‘.-
— - :

r

tone on: ‘what’ leads up to the elaboratlon of - the rest. of the tone éroupl-

v T

L-is.a "low tone. : : . Co . .
, " : . . &

Our prev1ous work has led us to adopt a "tone group“‘analysis. On .

'elaborated‘ through..the' syntacﬂic and semantlc structure until the

@

questions have a different contour. Below, Hwenﬁgfve short sample
. . . 3 . .

// three retordings'of sentence 1, but the_general impression.isvthat.a mid‘

L v . . Y

' 2 o , .
" ZDarenthes:Lzed M is an ontlonal “mid" tonme, H"is a "high" tone and

‘ : -~ N ' : - Jaf.'
- There are some small differences among'the oltchtgontours ‘of the:}_



ﬁ%one group. ., ’ _ ' D ';

. L~ " . L

‘same pitch pattern as la.

. . : o M -
i ) .
» - - ) .
s - g
. . ¢
. ’ s
-~ \ - - . -

“conclude that  (at least in this type of QueStiod) the “wh-’ word is a.

mxaor 1ex1cal item and therefore able to receive the mid tohe of the‘

- -
v
-

[what '[ls [the answer] 11

. ‘f(a) L '[ 196 - [200 {169 196 111 B -
(b) = [ 179 {192 [182 200 1.1 1 ° g
S (e) - [ 192 [204-]182 172 ] 1]

- -_ .

-, _
In recordlngs Lijand lc, there is a downstep - from "*is’ (the verb)-

(3 \u w» - -[
to the noun - phrase. the ‘answer " The hlgh to le tone c0ntour\a5rees

-

- |
- i

'wizi’yhe patteqn we saw 1n the short declaratlves above. We must say in

theSe cases that the “fs is sufficiently import nt in these clauses to

-

: . . : NIRRT .
avoid receiving a m1dvtone. In 1b ‘is- does receive a mid tones
D |

14

&

*The upstéps to the head noun in la and lb but mot in lc Whlch may

S~ -~

be related to the ;elatlve 1mportance§)of the two words in the noun

phrase. It 1s also 00551b1e that’ the‘word answer ° is slightly stressed

in 1b. If we' lowered therpltch on “answer * in ‘lb, it would show the

\«
ks

. - - .
AN q"’

| =
2. i ’ ’ . . ) - .
: [ [what [rule [of inference] I ]? [was used] ]

[ [ 167 [ 222 [200 182 111 I[ll4 -108] 1
The,next exaﬁple (sentence_Z) again shows the upstep (mid to high).

4

. - . ¢ - s .- o
from “what ”- to the rest of the phrase even though it is not adjoined to

. .
=

the sentence but only to the noun_phraseig Notice the large step between
. . . - ’ - w ~ ' ) ) .
the noun phrase ‘what rule Of .inference’ and the verb phrase ‘was used”;

it is rouéhlf an octave (222 herz to:}l&-herz)J - This indicates an

isolation of the two phrases. Eurthermore, .the word “of”, which would

DI o T - : -
normally upstep, does not in this” case, indicating that the weights of

10

. ~ - 2
“ . . . -
L3N . N : RN
4 L . Lo
T ’ .

. 40
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oy

. since the entire noun phrase 1se’less promment in . the semtence,- also it

; '_ contour.. .’ o S IR

-

. . .
‘ R \ 3 .~ . .
. .
A o S - .

different major and minor “lexical ‘items differ in isolated (stressed)’

°.

phrases. Further evidence that this is a stressed phrase is the’ fact
4 - - s - . . . . .

—~

that ' 222 herz. is abox}e ‘the norma‘l'.-pitch- ran’ge observed for this sneaker._.

[y

-

We have prov1ded -one level of syntactlc slmpllhcatlon for example
-~ .

3 because of its’ length and.complexity. This simplification._portrays

- N . ~ - .
: : 4 .- . - : r. -

‘the declarat’ivé fall pattern_ere clearly.‘. Again, in.3b and 3c (and

.arguably in 3a), "lwhat' has. 2 mid tone relative to 'the'res‘t of the

~phrase-l' The 1nterval of upstep 1sr,sma11e1: here than in sentenée 2

-is not partlcularly 1solated 1n relatlon to the rest of the pitch

&

Tk

) - . ) . - L) .. L
30 . B y e T .
[ [what [ru_.].e [of 1nference]]} [[was used] fto 1nfe? [line flﬁteen]]] ],f
(ay: . T D o -
[ [196 [ 19§ [ -169 - ]]][[118 L72J [164 152 -[145 15_2 ]]]’]
[ ['1?6 { 196~

. (b): . ) . . ) . . * ) . . ) . .‘ « :

[ 189 [ 196 [161 164 - 1101120 _16'9]'f156_ 149 [139 147 111 1

[ [ 189 [ 196 ~ 164 ERERS 169 [156 149 - 147 11.1

. T . T . ) ' T, ‘ . ) . 2 4

(c):z. " : L 3 T

[ [ 200-[ 217 [182 ' b6l 1111[[120 - 185] [164 <159 [152 152 111 1]

[ [200 [ 217 -182 ‘. 1i[[~ 185 ‘. [164 159 - - 152 - 111

’ - -/.\. » o .—: . . - ’

[ .. by

' The exact structure of the preditate (‘was used to infer line fifteen”)

. ) Sty R L > . ' N - .
- is\' not.critical  to this analysis, since ‘an glternatlve structure: .

T * . " ’,' \i‘._ ““ _ - . -
- [ was used to_infer [line fifteen :

-

2 . - - . .

' group terms. We would 'like tcS point: out that if the word. 'to" vhad

:received _a 'n‘iid tone,' as we m.ght expect w1th .the f1rst svnta.ctlc'

1

111 "1‘72' [16& 152 _ 152 IT1

: 17 - (i ‘

LN

is also adequate for a_'descriptﬁioﬁ'-af:_the .DAitch contour - in ‘our tone - -
d ,-the.pitch : one

- structure, the second structure would unot be adequate. As the facts_ -

<



:\ S ] ‘ . c L . - ot
il . ‘ . ‘ > E %5‘.,@

. . - e o L : :
- a%ie, we need to explain away. the non-mid tone on ‘to’. In sentence 3,
. as opposed to-sentence 2, we do' see} examples of an upstep from ‘of %.to’
M [} R} - o .

. - ~ . ] o , N : . .
‘inference” (33, 3c)., We can relate this upstep to the relative.peutral .

- é-

contour which the‘entire phrase takes on. ‘ T
e © 7242022 A Yes/no Qﬁestlon .
. SN i

Suppose that we were forced to choose a tone ~group £for yes/no

P . .

lquestions based om the séntence presented Below. Le ,

-

ppose further.-

- 5*:/,

. N
i f»tha; the:choice was between (M)HL,'deelarative faIi and KM)LH ' f&',
' T ' 3 | ‘ S . . L \cj L
"_2“ - - e 4 n . . > .- ‘:..’-'. C
[ doesn”t [ [thatéobservacion] [seen Texceedingly approprfatejulf]_;‘
. [ 182 [ [189 189 -1 [ 156 [ 1l . . 192 " T.11
NI 182 [ . 189 [ 156 - . S192 - . T
- ) l' : ‘
The ch01ce seéms fa1rly easy to make. the (W)HL tone 9roup doesn t

. . blp
e . LI
-

flt even appr x1mately to thls sentence. ' We could say that .- ‘doesn-c',»;

2N

“seem’, and ‘exceedingly' all upstep (mid to high) to the heads of the;r 5
: LT e : _ > & . i
/ respective phrases. While ‘doesn’t” is believable as 2 minor lexical

- M e : ]

item, and ‘seem” could be argued to be some sort of copula, it is hard
to see what argument can be made for ‘exceedingly . - If anything, we -

would expect it to have an exaggeraged high toneu o -

- S

T M On the/other hand the (M)LH tone group is easily applied to this
»isentence; ‘ The predlcate, [seem exceedlngly appropriatel, shows “a

consistent rising contour which corrédsponds to the low to high' tone
".®. ‘elaboration. There is no particular fevidence that ‘doesn’t’ receives a

-

* mid tone in this sentence since it‘mayube part of the elaboration of the

- ] ) 7 _ | | s
. % ’ : ) - . -
. 5 . e : . . .
S glsin reallty, there are a 9reat many more potentlal ch01ces'
~ ' . available, especially .if ‘some. theoretlcal devices ' that have not ‘been -

utlllzed in this research e. g., boundary tones (Liberman, Goldsmlth),
_ are -incorporated. ‘
,.” R - ) S 127, ) IO N

PR
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. A o
here) part of a structure 5% AUXl 4 CLAUSE., 4

. - ! "

s
3

¥
We are not yet ~ready" to make def1n1t1ve statements about the

7 . \

‘

: N !
ssmuctnre of qhestion Intonatlon, bk on the ba51s of this example we
VAL - .
. - ’>, e L4 ) *‘
. have begun t6 1ncorporate questlons 1nto our synthesxs system.
- L e :
: < J . . o
o R s . L /ﬂ o L e
- 2~2.3 . "Duration Studies . S
T to S , . ‘~"- o . 3 :
o 'In"what;ffollows,n'we .Have not attemnted to, account» for 'Ihé
: 1ntr1cac1es of Engllsh rhythm, but - Lﬁe do thlnk that. we”~ are falrly
‘ e | - AT
A accurate 1n the naJorlty of cases.
"" - . ‘i ’ k L4 - ‘j
’\R ' A Z . ' [ - 3 .l"
- +* 2.2.3.1' ' Experimental Efrors * . <+ . s ’

®

..,. .‘-' ".» . . . ._‘.“ N
The quantitative-duratiod information presentéd below is subject to

"

errors <stemmino from‘ the' difficulty ‘of seémenting an
acéurately.

utterance.
It is often very difficult to tell (aurally and‘by uslng

s N
a

quantlzed pltch and loudness contours) ‘where one word stops and another

-

begins, espec1a11y when there are pnonet1C\ processes obs urink ° the
. .. - a % .
oo : ' : %
boundary as in the assimiLatlon-of-nasal sounds (e.g., "one of Whlch").
Another source of segmentlng error comes in the dlfflculty of- separatlng
N \)r

pause time (the length of sifences between words) from stop dlosures

(both voicedi and unvoiced) word

1n1t1ally,}/%nd unvoiced-’final_
 frications: Thus a word c0u1d be given a duratlon twice as long in one

utterance as in anotherﬁsimply because the judgements of where the words

/ac\Eally began and ended were different in the different utterances (or
. . /\. ' . - )

even in the same utterance). An example of, the uncertainty associated
Ay - .

e - St . N
with difficulties of measurement is the  word ‘the"”, which shows a®

~variation in length of up to three times the shortest measured length.

A further difficulty .comes from the fact that a . given

PAruntext provided by enic [RS8 .

v _ . g3 word may be

.

>

low to: high contour for the structure AUXl + NP + PRED and not (as shownq

-

-

"’
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A : - e,
"l‘ - ‘:- - '.j‘ ’
,I pronounced differently in d:.fferent utterances, eVen vhen the utterances
k : . R - o
_,f . are repeti‘tions of th “same words (with the same meanmP).
) l - E .
“ - , . e, . - L
. | : . / S
A v 2. 2 -3.2 Some Elementary Facts _
[ = 3 . o . » -
vy . . . . > T )
4 SR ,’ “woRS: © LENGIH (ms) - . s
= - S '/7:.,-'/\ | e
. . cloak., - 4 -549 .- 107 : /kl/—/t{/ T4 -
i : _ . BE Ay “o <. il - 73,65 ;7
F. L. . . nose : . - . 569 o g‘/z/i'\/ EER A
Js _ mote- . - . . 486 R - L - * S
o S 'phonog:r_aph - .. 808 - "*PHONO- (length) v :
. e o - i . L . ; R ) 7 - - '. ‘
. -t ..-/' ,_" PR v . } graph . .' e 6'08 200 . ’ ) . . 4 .
’ ) A phonologlcal © 955 o *DHONO— (length) o
) - ' R lo°1cal 680 o Ce 275 .o _ ' ; i
e phonograph . 808 ol /t/-/n/ /’ : ' :
_— photograph . . 868 o "7 60 :
. . - . .
- _— whoever = __ - 510 : observed (e='45) R :
whp 7o 293 - *—ever . <= 135 Ly (I
ever .319. - *who- <= 330 - B i R
. . Figuge 1. Segmental durations for selected words. |
‘ 5 { - ] ..o, > .
v . . Y 1: Ot 1
Some’ ,of the 1linguistic factprs which are. involved “in duration
include., word-level phoneticov effects{, 'syntactic and semanti/ phrasal .
effects and discourse effects. We can view these - effects ras - v
.o g . ' ~ s o=
hierarchically arranged, that 1is, -the phonetic effects establish an _ 3
- isolation duration for a 'given word, the syntactic effects act on thi‘s". R
' isolation duration . to 'yield .a phrasal duration, and the discourse R
L e - _ N e B
. ) T’ . o . Py .
effects act on- this phrasal duration to _yielﬂ\t_)he final, actual -
duration. N
‘ As an ,exanple of ‘y,é/;ord-level phonetic effects,,'we can examine - . S
some word groups, c0moosed of mmlmally dlfferen " phoneme sequences.
4 ‘ . ) : [, ‘ B} i -’
The four words, close (/gcloz/), nose , ‘mote”’, nd -~ “cloak” ar,ef"-a good
i : - N
14 :
20 7 oy ;
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oiose’ and “cloak’ is the'substitution’of

vo&ced flnal frlcative for .an unvoiced ‘final stop. Nosg “ ' and»,’note *

K ’ a K .

differ from each other ’in»’these distinctive features. « The

A - - . - R .
- . K

cgrrespondence is* not exact, 31nce /k/ and /t/ have different p01nts of

- .
LI A . . . -

‘ﬂ.articuiation, but the 51milarrty is substantial.. We can also pair

g

'--‘CIOSe:“iwish *nose” -.and tloek; w1th note @; }Here-'the' distinctive

. 4, o ~ -
o g ‘, TAL - . e N . N BY

diff}renoe. is . between 6f51 ahd hesel stops, word. initiallya- The

. - e

qﬁretioo‘“of"close is 624‘ms, that of cloak" 1s 549, ws, ‘nose’ is 569

’ - . L G4
- : X

. * ; ) c . ) o R
the /k/-initiém'words;—aﬁd,f85'ms for the /n/-initial words. Focusidg

.. < . ) L

on the iﬁitial phoneme difference we Eee an "oral—nasal" stop differeﬁcef

of 73 ms for the f1n§1-fr1cat1ve words, and a difference ‘of 65 ms for
‘) .. .
the stOp—final words. While furth\ examlnations of such pairs would b&

Ll .

.required,to reach a firm conclu51on§, theseadifferences.agree with the

-

‘general facts thar fricetives are longer than stops “(in general) “and.

. . - » . ) ,

that oral’stops are longer than nasals. L v »

-
- . -

- We can also see the effect of morpheme concatenation on word

¢ - . . -
.

duration by ‘a similarn exami?ation. Besides/;he cloak/nase words, Figure

1 also shows.the decomposition of ‘phonograph’ as /phono/ + /grabh/; and

‘phooologicalf ae;_/phono/ + [logical/s A Therefiwe 'cenj'see that the

t& 1s 484 ms. The*“fricative—stop\vdif%;rence is 75 ms for‘

‘. » . N * :
3 T ~ . . . (,_ 3 ) . . o
: - ' ' \
. \ - .

- 4There is also - the difference between ‘a stop and liquid cluster,
/k1/, and a single stop comsonant: in. addition, the point of

" ‘articulation differs for /n/ is a dental nasal, while /k/ is a velar
oral, but the ptlnc1pa1 distinction is oral vs.,nasal..

5Durations in this section refer to recorded isolation durations,
drawn from -our lexicdn. - ,

6

contrast. These contrasts have not-bBeen a focal point 6f this research
and we, mention them only 1n pa551n?. L R :

- . . - -

[ . . . -

- . S o T .

. -

Otber researchers have studfed_an&‘continue to study thisr type.of’.

(e
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S

morpheme /phOno/ contributes dlfferently to the duratlons in each case

* ¢ although the difference between the two phono s may be due to error in

the recordlng. Notice that “phonograph * and photograp whlch differ

v

only in the oral-nasal stoo phoneme, dlffer in duratlon 3}7\ 60 ms. While
, . .
still_ not conclusive', " this - agrees- well with the .differences in
- . ? . \ -
- - N < . < ’ i :
A cloak/note and close/nose, seen above.

As. a final example of 'this type of comparison we look at the

combination of /who/-+ /ever/ to yield ‘whoever”. The rightmost column

<
e

. | . of .that part of the figure éi\res durations abstracted 'froﬁi a ;pitch and.

- . . -

\ 4 ' - ’ . : ’ -+
some duration reduction is going on in combining tHe morphemes. A
. " : :

» o

—_

-

-* . . We have not pursued this enticing“possibility. R
Several experiments (Leh¥ste, et. al., 1976., among others) have
—~L i B M . P

shown that duration informatjon can be used to disambiguate different

possible syntactic structures for am. utteranée. The key fact is that
the fir'xal syllable in a phrase'*" is usually lengthened from its.phrase

medial length. ~In ‘the hierarchical view of durational effects, the

hd w

phrase boundaries —are seen as modlfylng the phonetlcally predlcted

' duratio_n jfor' the sy_llable adjacent to the. beundary_. Thus Klatt (1976)

gives'a formula for vowel length' that involves a minimal ,length' for each . .
4 . v . . , -

vowel (in the lanouage ‘s inventery) and a proportionality 'cohstant that

'

JV e
@

-

ek s - J - e :
R 7We label the ‘constructed morphetﬁé duration with an asterisk.
8’lfhe ‘error of 45 ms is the uncerta:mty as to the end of /who/ and
‘the beginning of /ever/ which is continuously voiced, but has a 45 ms
region between volume peaks -corresponding to /u/ and /E/. :

R _
16

22

7~

volume analysis of ‘whoever“. From these numberse, it)"is clear that’

possible hypothesis would be that durational shorten::mg .simila'r' to the |

syntactically induced shortening is involved in morpheme concaten’atio’n_. ’

varies with the syntactlc env1ronnent, nurnber of syllables inm the word

ﬂ’_\ é’
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Aruitoxt provided by Eic:

b , - . :
. i ’

. . - -

. and the streSs/unstress 'quality of the vowels gives a similar

férmula for cohﬁonant lenggh. Semantic ié;prténce, novelty‘or fgcus éan
result in lé%gtheniug fro;ithe “neu;raif duréﬁiong(of'smalle; shdrteningrj
ﬁfom a lexical duration). - - ,_-' , . . -
| Géi;edby (l965)_foﬁnd‘§haf épeech étylé results in_a'difference in
"tgmgp"-but notrin thé;iglative durations . of %egﬁénts. "In general,
> ) .

-
-~

" slow speakers tend to\bef_510w°all _aloﬁg ‘the line in their acoustic’

segments cesl (Gaitenby‘1965, p. 3.6).

2.2.3.3 Simolé Experiments

ys of testing a hypothesis about duration

There are several

- modifications. The oSt straightforward involves segmenting a large

number of different utterances ,and statistically comparing tpe”observed

Y

durations on a word-by-word basis. Another test would involve

< .generating sample sentences embodying the duration contrasts desired and
. 3 ‘ ) » | L
having subjects judge - the contrasts. A third test is to generate
. R ) A .
. § -~< s
durations  for -an . utterance ~ (phrase or sentence) and compare that

statistically with an observed (spéken) duration.

The first two tests face. error from the fact that duration
contrasts .do not -exist in isolation. Pitch (and volume) contours

"interact with the duration contrasts, creating seeming length

.

differences where none exist in the acoustic sigmal, and negating the -

perceptual effect of others. The durations from the first test suffers
. ¥ : R . . .

from the possibility of errors in segmenting the utterances. The third

test is liable to “washout’; whatever contrasts may éEtuélly-exist in

the signal can be washed out -as a result of the accumulation of these

- R
differences canceling each other in the average.

)



-
> . o

We have used the firSt sort of'tesf to arrive’at an estimate of the
. - . .,\ .
’ 9

'necessary duratlon modlflcatlons and we have d1scussed it elsewhere

Other researchers (Hugglns, 1972) have conducted serzous tests on the

\-.

second model. We have used informal 11sten1n9 testv on this model as
. %

‘{ well to ascertain the re11ab111ty of our predictions.- Our testing .of

e

.\}

ERIC -

Aruitoxt provided by Eic:

duratlons for about 250 utterances, ranging from one to fourteen words
in Iength (maximum” of 4.5 secondS'long). The recordings to which we

compared our generated durations were made- by the same speaker who

Pand S

Stanford Un1vers1ty (1976).  The experiment measured the‘correlation of
the recorded utterance’s - duratlon to (a) our duration pred1ctlons and

(b). to the sum of the lexical duratlons of the words from that

utterance. - The disappointment in the experiment was that a ‘standard -
r . . . 1

statistical regression for a linear'relationship in both cases yielded
correlations that were statistically significant (p<.00l).‘ ‘' The

v

‘correlation “for the _generated durations indicated that - correct

predictions were made 1n most cases (the regreSS1on line had a, slope of

LN
v

'almost 1), whlle the summed 1ex1cal durations Dredlcted a too hzgh value

of about l.7 times the observed duratlons. The strong correiatlons of

the third type was the most d1sappolnt1ng. of all. We generated

"recorded our vocabulary. The recordinos were made 1ndependent1y of this

. ﬂexperiment, for use in the computer—instruction course in logic at

both predictions_shows‘the "washout" effect — negating.(in_both cases)
‘any useful information that might be present in the results.. )

~

2 2.3. 4 Utterance Length and Text Structure -

~

4"
< ’ 3
.-

9See-Levine (}976,-1977). o '.”_ )

it is falrly 1ntu1t1ve that key sentences (for example, topic'
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“ERIC

Aruitoxt provided by Eic:

.

Since determining which_sentences are "key" in a paragraph is a tricky

- task, we will discuss a different regnlaritv &hat we haye'seen which .

links duration of utterance with position in the structural hierarchy.

" . L4

- Figure 2. gives the  bracketing -for lessons selected from the logic

4

curriculum. The «numbers displayed’ inside- the 'bracketingS' are’.the’

difference between the length of . the sentence (or sentence group) as

< . >

“predicted by our current durationitheory and the observed length of the‘f

.

"recorded- utterance used in the logic course, expressed as a percentage

of the theoretical prediction. A positive 'value %ndicates ‘that the =

theoret1ca1 predictlon was larger than the observed while a neéative

b4 -.
.

' means that the theory'predicted too short a duration for .the utterance{

If ‘we were trying to model the observed lengths accurately, we would"

need to6 shorten sentences which had a positive value and. lengthen
, ' ’ ! .

.. -

sentences with a'negative one. The method used for these comparisons is

y similar to that described above in Section 2.2.3.3, in describing the

A . . r, - . N

-

" experiment where we tested the overall goodness of our utterance’ length

4

predictions.

>

Lists: Clear instances of the’ regularity we will discuss are in

paragraphs 7 and 9. Looking at the corresponding Values of these-

-

_'paragraphs we see .the similarities easily.', The teits of .the two

’ o ,

paragraphs age also quite s1m11ar, both give a. two element introduction

to a list of four posSibilities. We can summar&;e the observations.

>

-contrast. between the two elements in which the second
: - “must be shortened while the first -is either lengthened
- . slightly or- shortened less. We hypothesize that the SEN
' first shouldcbe - Oredicted close to normal speed while . -
the second is predicted to be slower “hdn normal.

LA ) 1) The introduction to the list shows a length’

2) Im the list itself, the second element stands

19 o S

-t

sentenéés)_and phrases are said more slowly than the rest of a text.

NN

Y
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TR T T UIE 6 Teléments are said at close ‘norimal “speedexcept for

- -
- . .
. L ~ ,,
- v P . - ‘
.

out as being the most promlnently d1vergent from its®
prediction. It is:predicted to be much longer than
observed. ,We'hypotheslze that in géneral (sententlal)

the secOnd element which should be faster than normal.:

.
* -,

3). The introduction. seems to be . on the- whole

‘ slightly faster than the Iist, and the list speed is
St ] predicted approx1mately correctly.;‘ : oo
. . - . \

fsimply\to being paragraph final-g __"- - , | S

Y.
Paragraph 5 does not partlcularly conflrm the obbervatlons of 7

and 9, thou°h the introductlon is pred1cted to be 10nger than the
’ - . 'J .- -

' ,'.‘ . ? . .o
-observed:by more than‘the llst. Thls may indlcate that the whole lesson

- was read at a_ sllghtly faster pace than predlcted.

‘

The last maJor constituent of paragraph<1 shows the contrast within.~

-

the introductlon whlch we are looklng for, and the second element on thev'

lLst is spoken faster than the rest. of the list excegt: the »first'

-

element. - This d1fference from. our hypothe51s .about list sentence- '

- A
K .

lengths mlght be due to causes unrelated to the text-v1ew structure or‘

- .
o~
.

counter evidence.'

Paragraph 10° has only a s1ngle element 1ntroductlon and the thlrd

predlctlon relatlng the introductlon and the llSt seems to hold. The o

list structureﬂalso seems to follow our hypothesls by show1ng the second

element'needfnghto-be shortened while‘thelother elements need.to»bey

L.
\

lengtheneddfrom the neutral predlctlon.‘ LT ‘.:‘;{jv:'-§§§n

Footnotes: The last value for paragraph 10 is a.footnote and 1s the . ;>

sentence needing most to_be shortened. There- are other examples of

foptnotes which also share this characteristic of requiring shortening:

the last two.sentences‘of paragraph'll;Aparagraph,4; perhaps'paragraph‘
& not in paragraph 3. Notice that other final sentences do not show

. the same:meed for ‘shortening, so we would not attribute this phenomenon

ce - . .
. -

2L

to. aspects of that structure whlch we’ have not 1solated as yet or may hef.
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e "2v22.4 - DiSCuSSion of Par’se&s : . I T

- ' ~ -

e -

"< . We wiLl dlscuss here some fa1r1y compllcated parsing systems whlch

"

T

éomputer -~ instruction system. ~ We start with some- brief remarks -

"destribing our parser. o
2.2.{;,1._ 'Our Parser - Overview B ' . ’

v . . .
. ‘

e e e e e e e s o e g e =

seem promising as -components. of a speech -synthesisr-'program for -a -

f Figure 3 gives an outl_:i.ne"of\ our oarse_r which uses - linguistic °

F]

. ) ) . ] . .:" . . .' .
- .This "algorithm uses certain basic.gonstructs - (here: noun, verb aand

° - patterns to decide how constituents are to be constructed "and combined. s

- o ] i . ; ) R o-,-‘A. . ) LT
prepositional phrase; above: conjunctions, or, articles, auxiliaries and:

prepositions) to achieve‘ a preliminary,‘ structure for the sentence. It

N

then fills in the Structure so establlshed by creatlno more complex

constituen‘t‘s.- The final step in. thls)/parse procedure is to. assign a11
— .

g as-yet . unanalyzed words to some “phrase. The basic motivatlon in thls

- -

e s-t,ep is that English is a'right—branching language, i.e., mo:'st of the
-3, 7

' ‘
f complex constructlon‘_ in Engllsh occur “On ‘Some - right branch of the
7 syntactic tre'e'. An example of thlS complex rlght-branchlng structure 1s
>+ a.noun with'a relative clause suspended from it as in “John, ‘who came
- < " . N . . _ . : ‘.. . . - B )
. _home'late last night." The structure for this phrase is
SR L . [John [who came ‘home last night] 1y . -
e T - . . s . >, T

L

".one word adJo:Lned to a clause od the r:Lght. While not every-'structure

t

gr_x Englls"x is right branchlng, th:.s is. a uSeful guess for the parser to

pake. when 1t flnds no other analys:Ls. ' ' ' S

- .
L . ».., 4

St111 more compllcated pars:Lng orocedures are concelvable. What is

partlcularly missing from surface parsers is- the capablllty' o deal w:Lth

) . _ ‘ %
22

. 28

.



S - ) ]
_m_wm_“_"egm_“"__;“l Find the simplex moun phrases, verb phrases and o
, L. : prepositional phrases in the sentence. ' .
N ’ 2 Use these phrases, along with unphrased words, to form more
I complex phrases by looking for specified elements and
. , then associating other constituents into the phrases.
o . - a. Some specified elements are searched for from the front _
N\ S . .of the sentence; some are searched .for from the end. o
b. Associated constituents may be before or after the :
R B \.specified element. - - - - . - ' oo
. 3 Complete the structure by including any. unphrased words as’ l o
' ‘.‘ " either (a) or (b). - . . o 5
S . Y “a. their own phrase, if there are enmough words together. ' y e
A . ~ b. a leff sister to some constituent,’ the created sisters : '_;“\3':-i
' TN {,‘ _ to be dominated by some single node. . S
\ ) _ <
~.  Figure 3. Overview of our surface parser. ' e
N - .- R ‘ . . 10 ‘ “‘ . . . . A.“..-..‘ . -~
missing and ‘moved constituents . Let us consider a simple-phrase
. N .l ) ~ . . ) .‘ : ' i ) ) ’ J'
structure - parser, which" is- non-recursive; there are no embedded '
g o - . e - o L R
constituents in its parsed structures. Such a parser. is not subject_to ,
.. 7 . this difficulty to the same degree as our full surface parser.since the
limited. structures available -as simple $hrases are unlikely to contain -
. ¢ . : ) : . . ' . .
‘ ' ( - ' N . . B C e - ) ) K -
“eithér nmvedf - missing - words that make important . structural . ‘
R . e ] . . : - ‘ : . ‘ Co
';}" differences. We can compare . the reSults of the surface and
o ' , » -
A transformational parsers using the example from our previous discussion :
| : of stress‘reduction- which we repeat below, together With different'
R poss1ble D~ ses. Parse (a) would come from the 51mple—phrase parser,
(b) would come from a- full surface parser, and (c) could result- from i
. . transformational derivation. -
Y ;<
M . . . T
- _ r: - -
L 1oMisss.ng constituents ~and discontinuous constituents were a major
- ~motivation - (historically) “for incoroorating "transformations and/or .
- semantics into accounts of syntactic’ structure. - : ’ R o :
e . . S - B o - .
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Eager,'though I am to win, I would never cheat.

)

4 @ {a) [Eager though] [I][am] ..fto win] [I][would never cheat].
E%/'.(bz (Eager [though (x [am [to w1n]]]]] [I“[would never cheat]].
(c) [Eager [though [I- [am __; [to win]]]1] [I‘[would never cheat]].
R - . 1 . ’ ' ,

s

. . . ] . .
e
A2 .

rﬁé focus of -attention in this figure is on the different parsings for

"ap to win." The simple-phrase parse for those words shows two'separaté\~

Ld

:.phrases. _In terms of the prediction of contractions;;, this parse could

(‘0 ' - 3 ) U

ZIaéree with-'either .0f the other two, 'either_ incorrectly allowing’

1

contraction as in (b) because of a. tonal assignment upstering the word

"ap' to the ghrase ‘to win , Or not as 1n (c), instead correctly

assigning separate prominences to the’word and the!phrase. ‘?arses.(b)

~ -~

and (c) make confllcting predictions, w1th,the empirical consequences

B il

,'supporting»parseV(c). . ‘ S

v

" From a pureli practicallpoint ofnview, we'note'that the bu1k7of3*

'7Eng;ish sentence ‘structures".do- not exhibit’ these deletions. and

B

moGements. The additional complexity due tojincorporating derivational

schemes or semantics into a parser must be balanced against the need for

“correctness in these 1im1ted cases. While the" surface parser does not

“always yield the best parse, it comes very close in a large . number of

'U.
- A

‘cases. - o e T "%:

‘our surface parser are those by kaplan (1976) and Marcus (1974 f976).'%

o

2.2.4.2  More Complicated Parsers

-:Tﬁo'parsers which perform more'complicated syntactic analysis than

/

=,LBoth of these attempt to produce structures which would make he correct.'

e

1 ef. selkirk (1972) and Levine (1977).

-
<o
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‘9 : : ' 12 - g
predictions in the contraction cases cited above ’ th;} ‘is, exoress\

>

generalizations about goyed and deleted constituents. Neither ‘parser -

e =T SN e e e e

tries to reproduce the; derivational history of ‘a .sentence as part of a
parse. : o : - - ~
) - - )i . - Kaplan’s AIN parser

o

.o "Kaplan's parser is an "augmented transition network. A simple
. 4 ¢ .

’ - transition network is a graph of connections - (arcs) between possible

-
.

states. In a parser each state represents some constituent which is

recognized when -the parser arrives at . that state. The syntactic

patterns which were. ‘the- ba31s of- our parser are represented in sequences«,

R 4 ¢

Z;_f--ﬁr””of arcs.and states of the ATN»' Some sequences of states which would"

1

2 otherwise appear many times .in. the parser can be ,factored into

subroutines which are separate transition networks. . This transition

- ) -

vnetwork can be referenced by an arc between two states, as if it were a

. . o . o N

simple word recognition. In this_case, the sub-network must give a
P - successful recognition' in order for.°the parse to proceed. These sub-

[ “ ‘. =

networks normally ‘represent 'phrase constructs ‘like noun phrase, " verb
phrase, etc. .
" -~ The augmentation of the network;comes.from allowing the_arcs to

N N -
Fal . . " -, ‘- /;: 3 . " -

- - ) R . - e . -‘. .
-bracket _or: re-bracket constituents, to"assrgn-'labels to . various

.élements,"]and- to perform tests besides the simple,'constituent'

v

recognition which the states represent.- An 1mpor nt augmentation in

1! -

Kaplan s system_ is the hold “cell’. - §ome of the -arcs. have the

& . .-

p0531b111ty of olacing a recognized constituent (eitherf simole ‘or

o . v, .

complex and usually a noun phraSe) into. a de31gnated tell while other'

_ lzNeediess’to“say, this expression of their”aimsfis totally our
own. - ) - ’ : to - A o ,
ey s

EMC - R l‘ . . . : . 31 ) B .

s T s oo . - . . s

represent Gunlimited) computations.§ These computatrons can be_used'to;’..



-

arcs' are enabled to  use. this cell instead of performing a Sequential

B

. senteIce constituent recognition. Use of the' hold cell allows this'

parse to analyze~§entences Wlth unbOunded movement Or deletion, which

-sni?;ouq~ purely surface parser could not, while avoiding reference"tqf‘
Y ) -, S o . e o o - . ‘ -
'derivational}histories. Unbounded leftward movement, which ‘is the main -

S example in-: English is fecognized by placing the .(Supposed2 moved

. " . - g ." R .
'-constituent into the hold cell13 and then whenever -a pattern may require

- i‘;ua cﬁhstituent of that type the hold cell is emptiedrof its"contents.f

4»‘\‘ .
Aﬁ important difference between the organrzation of the ATN and

f",,that of our parser is that the AIN completes its parse of one (the..-

¢ -

current) constituent and then processes the next word or-constituent ian

L S,

/ - sequence, It is always building up a unified structural description.

| Our'parser'will‘create many independent constituents and then ‘try to
’ ' . . . _"--', v . ) :

combine .them into more complex constituents. ‘The-'difference between -
these two approaches shows up w1th garden path" sentences, such as "The

.horse raced past the barn fell.“ The ATN w111 1n1t1ally follow a garden

<

path" in mis—analyzing a sentence until it can proceed no further. At

BN =
. B 5
FERN

that point it has to back up and recreate at least some'of the'parse,-
making some different choices from the structures- ass1gned ‘the first

time. In the sample sentence it will parse the horse raced past the ,

K

barn" as a fdll sentencetand then have no’ analysis for fell’ 7Then«itwi£hﬂf

, c o . 3 ,:_,, . : » . X :
‘o Wiil-have'to go:back and:analyze “raced past the barn" as;a-reducedbi'
- S S o : e S
relative . clau e’ 1n,Jorder to’ fit ‘fe 1-' into the .structure of a
o o : B W7 . P 5 . : B . CE
declaratiVe. Our parser Wlll always maintain tKeA

)

'“ntegrity of the:

usimplex structures created in the ear11est part ~of the parSe, -even” 1f

2 h . 4 LT L o ’ - R . . L et o
'3 . . . - v - - . . . . /

" -

13The suppos1tion: can . be based on the absence of a syntactic c

”Dattern utilizing the constituent at- that p01nt.v“

..w;. . , o : | 26"

. b "’ i . . a




A

-higher 1evel structures are difficult to form from these.constituents.]g
ot . . ' .
In the above sentence; assuming ‘past’ is marked (or recognized) a;\a

T

prepositlon,A the“"slnplewuconstitueﬁts“""thé“"horse“;”'“past”“the“barn";“”“‘““"“”W“’"5

!
i .
raced" and “fell" will be&parsed in the f§rst run—through. The parser

. : 1is then free to create any groupinv of complex constituents it can. In

* - .

factfour parser can only create a single structure for.any sentence and

thus cannot‘back;up/in case of parsing difficulties.

. . .,

.Another difference between the parsers is that an ungrammatical

C . o ?sente§E§< Will.requirejsignificantly more:  parsing than a grammatical
. ‘one-does-from.an ATN but not much‘more fron our parser. 'This.is because

the ATN wlll attempt to'recover from poss1ble ”garden Raths“ until all

pos51blllt1es for pars1ng ‘the sentence have been exhausted. Our parser .

-

‘ w1ll slmply leave whatever constituents 1t can find s1tt1ng around and
o 2
then give‘up. The abillty to glve up qulckly is valuable in a settlng

= ' where ungrammatical utterances may be encountered. ‘The concomittant
'drawbac& is that’ our parser will tend to compound its errors and- then

‘leave them sitting whereas the AIN will try harder to eet the right

L answer. . : : . o
, . - Marcus” ‘Wait—and-See' parser

..

_.The_ *wait - and" see parser (WASP) has s1m11ar1t1es both to our.

- surface, parserlé and to Kaplan s.ATN.. lee our parser,‘WASP depends on §~

< .

“the more complex ones, and, like the ATN, it proceeds from the beglnnlng.

' of the sentence to the end w1thoug going backwards and forwards in

e looking for:conplex constituents. WASP WOrks roughly -as follows.

IS The parser proceeds from the first word of ‘thée

_\%g.” sentence and - looks for matchlne patterns (sometimes .
i _ predlctxng what -should be the next element in the :
sentence). ' {_l _ s T L F
. - . r) - . . * - [ . - ~_ A . I} N
— ‘ ) S A S _ S AR
14 A

,Our_parser~has borrowed somewhat from Marcus .

e _'g7

c ,'”“'d’creatlng small, simplé structures and eventually combinlng them ‘to formiiﬁsﬁ??i
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»2) I1f the current word does not seem to form part
of -some constituent (does not match a pattern) it is
stacked on a list of constituents. .

e R N N

1.0pposite view that attentlon scans . back and forth through the words'and

done.-

3) If it finds a matchlng syntactic pattern,
‘words/constituents comprising that .pattern are phra
together and treated as .a single constituent. :
constituent’ is parsed, it is put -on the"
constituents along with unparsed words:

4)- Forming a new constituent can,’ ”-y matching ,
another syntactic- pattern, cause already parsed S
constituents to be popped off the 'list (last-on first- -
off) in order to be incorporated into some new pattern.

5) A qonstituent can have various kinds' of v
information associated with it and its sub-constitueni .
In a2 noun phrase, “the entire phrase might be labeled . .
and - the head noun in that same -phrase might be so S
labeled., In a sentence, the subject and object(s) might - -
be labeled for their function as well as - for their -
syntactlc structure. S

. In a sense the WASP empldys a different organizationfof.practicallyg
. . . 3 ‘ . N . . . s -
the same basic notions of patterns and parsing style as are used in our

surface parser. We can imagine redasting” our s%péraldpasses across

constructed constituents,into interlocking patterns,fﬁhere'the formatiOn'

’

of one constituent allows another pattern to actlvate itself and try toi'

~

-f1nd all the necessary components. Also -there is .an appeallng sort of

;psychological plausability to th1s parser (as well .as - Ron Kaplan s ATN)

""-dpass through the sentence.; There 1s 'no good evidence to support the

U

- e

;constltuents of the sentence in. the way that our parser would have it”

E . . ) _;: . ) :_;

. : r

_in the left—rlght d1rection of attentlon focus movement, and the singles o“

o

’ : ’ . T o . . ‘ ’ - ' . . L Ry . o . . )
gt - ‘.;.-. ' ’ . L : ll L . T RS 4 IR e .:. ~ e . - R R

g s- gbaia“féégivé]aaaiﬁibnAi”iabels as nartﬁof;further phrasing..}‘i;f'*""'



>2.2.4.3 Semanticallnyuided Parsers

The arser »have discussed here -are all syntactically based.
P 9\\ N

T e

[— - RO — -

~:recognition depend are independent of

* The patterns upon

.

considerations,bf _the

.
3 -

";of the words or sentences involved, or of

‘stoursgﬁap to th "pnintlgaé.Lnteresting work on RRTETE

7 - the structure of\the
: Y A

’ \ N

parsing using world knbwledge or reference to meanine has been done,.v

R : i .
i -'especially b,y-'Winogr:.{d.and‘_S_chank]:7 who, despite the differences between .>

T A LN R
1 - v AR ~

their approaches;'share the underlying assumption- that’ non-structdral‘
e )8 v ) K ) . ’
information‘ is. important in. structural anaIysis, that syntax is not - - -

self-contained but requires semantics (and possibly-additional sources o -

.
. ES
- ‘e

T “of information) in order to be analyzable. : 7 o '/
N : I - - . v .. N « .
We»have not.closely.Lpoke into the use of semanticallv oriented \s/“\

T .v
."

parsingﬂfor two‘reasons. One reason is simply‘the practical one that

 this wore complicated parsing requires more resources and has not been

implemented in a general epough way that it could be a candidate for:

incorporation into . this’ proJect. The other reason for- ‘not pursuing
R - ./ .z
t semantic parsing is our belief - that the -phonology (intonation) -can

h" . i . - o .
utilize only syntactic_ structure along with séme very specific-

%
N

-

‘stress/destress 1nformation, but without access to. semantic information‘

. .'f‘to=guide the elaboration of tone“oroups. If the parse~itse1£ depended

. a B
. . . . R . . )"'

BRI ;on semantic information any claim in this area would be a vacuous one. R i

R > - e - . “ -

- . . .. } s - e e T - S - .

.- oy B Lt~ . . Lo . B e e m S" Ve e e
. . . . Sy . . -

e et -- . ... - [

N

They -are: also independent of ‘the weather_at the time of the
parse, but we take it as evident that the. reasonableness . of us1ng
¢ " meaning.in parsing does not. require the Justrfication that" reference to"

,~'the weather does. B R S e R L

L ﬁggf_” S l7Samples of different aoproaches along these 11nes are conta1ned v o
v« ¥ in Schank and Colby (1973). ' : : .

o (o T ST L P

T S : ce : :
. 3 . . - R ) - . - -
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. the boundary* between silence and word in our recordings.

2.3 OQutside Contacts

' During the past year, we have had numerous contacts with Professor

Jon Allen of MIT. Hé hés provided us with upda;ea versions of his text¥

~ to-phoneme programs. His programs are written in the language "BCPL'".

The TENEX system in use at our site also has a'BCPL.compiler_but the two

N .

compilers have vast differences both syntactic and semantic. We were

b

able to convert most of tﬁé-textéto-phoneme programs to TENEX BCPL and
now have them operational. We currently use his text—to-phoneme program

as one part of our word analysis rodtiﬁe_for dictionary storage of a

-

) sound. ‘When a word 'is recorde@, there is always soﬁg silence before and

after it in the recording. For. good concatenation this silence must be
remo&ed. By'uéing the MIT proé@am to provide a phonetic transcription

of the word, our analysis program is able to more accurately detecrmine
. ¢ r

" We have also exchangéd information, thfough personal contacts and

regular correspondence, about how our different intonation algorithms -

" work, including -plots. of pafametef\‘wavefarms both! before - and after., .

l

R - 'y . . o

application of our algorithms and. representative “samples of .-the

sentences our.curriculumsjusé._ We have- also provided him -with some . el

programs ‘of. -a _general. nature ‘and our lent our expertise on the

_-suitability of éertain'peripherals forfthé recentiy acquired computer

4 )

. s , L e ‘ - :
system, which is fairly similar to and' largely compatibde with our

system. ° o .



3 - Complex Teaching,Pfograms with Audio'

o  The Institute has developed three large ;scale, college 1level,

—mathematically ~oriented ~CAL ~courses: ~Elementary  Loglc, ~Axiomatic—Set— =
- - Theory, and Proof Theory. All three courses are used by Stanford
N .' University as regular parts of the'updergraﬁuate curriculum. .Studenté

" receive three to five'qnité of collége credit }or tﬁése'QOurses, and use
them',a§ préreéuisitegllfdr other, non-CAI courses at Stanford. The
céurses gléo lsefﬁe as an environmeqt fgp the .study of learﬁing and

" -teaching methods. This section describes the work done in_thejpgst year
to further develop and extend thesercourses,'and thevrésﬁlts of tﬁe

experiments performed dqfingi;he past year .on various aspects of the

courses. =~ l ~ _
3.1 “Introductory Logic Course ,
_3.1.1 ~ Audio/Display Interaction in the Ldgic Cdurse

. . . . i .
The first portion of the logkc course to be rewritten in VOCAL was -

‘that which'deglt_Vith-tfanslatipn'from préﬂicate'iogic to English and

w

:'vigé;véfsg;.§iﬁégzitl?as‘igitiélff’thogghtffhét the additioq.qf}aqaiﬁvﬁo i}
tﬁe‘ iégiéhlgoufée: wbuial haven the Zmﬁ;t impacﬁ' onlps#ch’iﬁarépﬁrasing,

'e#erciseé.-”While-the ﬁrosodié gﬁphasis.éhd‘tbe informalgexpianatiqns
a&ailablé in’audio‘modé,did'aidvin ﬁhe ﬁhderStana{ﬁé ofﬁthgsé impprtant~

semantic concepts, it turned’ out that-audio made a greater impact on a

. - . ~ Rk
R N

_differeﬁ; area of the course. I ' : -

- When the remainder of the logic course was rewritten, we found that
the priméfy advantage of an audio/display presentation. over ' simple »

'display was in the demonstration of processes, such.as an -example of the -

- . . . . .-




use of a new infereance rule. With an audio-supp}bmented presentation, '

only the material which would actually be typed durine a derivation need

e ‘,.a_.___‘._,____ R M e (R S \A, e M -

k)

appear on the d1splay, thus preventing a confusion of explanation with

object. For example, rather than using artificial devices such as

bracketing to indicate textoswhich is presumed to be typed by a student,

o
the author may simply have\the program speak "you type the. lipe. number

as a number is being typed, and speak “the computer will then print the °

v,

resulting formula" as. the formula is being printed. Thus, the display

invariably looks clearer and less clittered when comments ate reserved.

for the. audio. - S ' , , : o,

<~ . ‘ . ' . : ‘ 3
The spoken text also allows one to add.a dimension of timing to the

process being demonstrated,,so that its steps can-be’done one at a time

- as they ‘are explalned orally. The author -can coordlnate a display

° »

action thh the tlme when a student hears a: spoken comment (even- thouzh
{

the student controls the speech rate), but there is no way to know when

-

a student flnishes reading a written comment, except'by use of the HOLD

L

Opcode, and overly .frequent HOLD s become annoying. ‘ Thus, in . the-

%

display—onlyaversions, we had to type out a large section of the example

all at once, parallel w1th a large section of epranation, and leave the

-student to Jump back and forth from one area of the screen” to another. a

demonstrate this adequately in a report vhich itself must be committed

ent1rely to the written paoe.'

-

We w1ll attempt to - convey the effect somewhat by 1llustrat1ng the-

-fsuccessive display contents, with -Spoxen' comments below.'*‘In the

“" ‘e

- 'following example, adapted from an’ actual lesson, ‘double d1v1der llnes

o

'.(====) mark places where the student can have the spoken text repeated

" he reads. The loss of clar1ty 1s very dramatic, but it 1s impossible to

T



4

’

r

or “hold" the presentation until he is done'examining the disnlay, and

single divider lines (--—)vlndicate places where something;changes on

-the display. Boldface type in the display content represents

brightening (d1splay in double intensity), and underllned type

-

in the

'spoken text marks words which have been tagged for ‘extra. prosodic

JR S

emphasis. The actual VOCAL code which produces this lesson follows the_‘

that instead of replacing equivalent sentences, they replace .

equal terms. For all four of these rules,"

replacement. For RE and.RER, this llne must be an equatlon.

P (1) 2+Y¥=8+X-& X=3+12x RS

P (2)y X =2 . N

*] : : )

SPOKEN: “the first number xndlcates the line in which the replacement
1s to take place,” ' - - o

e | N

P- . (1) 2+%Y= 8+x & X = 3‘+1-x

P .- @ x=2 . )

*1,2 a ; > .

SPOKEN: . “and the second number indlcates the line which Justlfles the

illustration.' The VOCAL author manual wh1ch was written this summer ,.
contains further ‘discussion of audio/display‘ interaction and several v
‘more samples of lesson code. S
AN ' T C,;%a ,
.‘._SIMULATION OF THE AUDIO VERSION: .
o . . - . N h
I, Y
: A \
. / _ . - } . - I
\c- . . . . D
e N , |
P ST () 2+Y=8+X & X=3+1-X, - L
P . (2) X=2 ' . . e
% i . , _ )
. SBOKEN:.'."Our two new rules work a lot like Rules R-O and R Q R, except



P T,(1) 2+Y=8+X & x-3+1-x
PccL (2 %=2 1 ‘
*1,2 e e

\
‘e .

SPOKEN? - "Io replace occurrences of the 1eft term with the one: on the\.

. right,"" .
.. ‘ o PR
P- . . (1) 2+Y'= s+x&x=3+1-x _ ,
P _(2)‘.‘x=.2 7 O | s
*1, 2RE . T \ ; 3 SR
v A / ‘ : "‘ . . - * - ’
T SPOKEN: - “you use.Rule RE. 1f you don "t put any occurrence numbers
AN 7. after the rule, ‘ ' - o
Coeen T ) 24 Y a8 4X 8 X=3 4 1-% ,
TRt T (2) X =2 S ;
- *I*ZRE (3)2+Y*—-8+2&2=3+1-2* , A
. E”SPOKEN "all -of the occurrences w1ll be repl?céd." .
3 (1) 2+4Y=8+X & X=3+1-X
P (2) XxX=2 . - . | P R ’
* - : . L ' .
"SPOkEN; ""If. yéu don “t Want to replace all the occurrences, then list
L ‘the numbers of the ones you do want to replace after the .
T name of the rule. Disila example, if we only wanted to replace'
. . s X
EHRES A (1) 2+Y-= 8+ X '&. X'=3+1-X _
P (2) X=2, ' .
* ‘
- SPOKEN: ' '“the third occurrence of X here” ‘
Ty ) 2 +Y=8+X & X=3+ 1= %
LR TS @ x=2 T
. « %1 ,2RE R . R .- ,
} ' SPQKEN: " “then we would type 1, comma, 2, R E," : I ‘ S
: P oo T (1) 2+Y=8+X & x 3+.‘1'_-x~, Y
¢ - P o2y X=2 v SR R
*],2RE3 .. - -, . . Lo T
' o0 7 o 4 o -'.' - T ° '_ ~ A : L.
" . SPOKEN:  "and fjinally.a-three," . o - o - \
.‘1 . R ) 4 ) \ ]



; P -0 (1) 2+Y=8+X & X=3+1-X
' *]1,2RE3 (3) 2+Y=8+X'& X=3+1-2 - .
' SEOKEIQQ "ang'.hit es‘cape,.' of ‘course."

o

BN TN ¢ D) ”2'+ Y=84+X & X=3+1-X o
SRR o (2)% =2 el L B
", *1,2RE3 <3’T/'2 +YS84X & X2341-2 T

c R

' SPOKEN: “If we wanted td-vreplacg. the occurrence of 2-in linme 'l with '
B an X, . LEe IR a : ° '
P () 2_+Y-—~8+X & x 3+1-X%
P () XE2 o i
*]1,2RE3 * (3) 2FY -“=_'84-i‘~\x & X=3+'1-2
SR *],2RER A o B -

SPOKEN: : “we w0uld use the Replace Eaquals (R:Lght) Rule, whicb: is -
o viated R E R, instead of Rule R E. ‘Since there is- only one
.occurrence of 2 in-this line,” - . ' . Aé

L= - : ) - . . ‘\5§\\ SRR

P _ ()
P . (2)
x], 2RE3 (3)

' *I;ZRER o (4)

8+X & X=

|
w
.+
[on

|

8+X & X
8+X & X

PN N
+ 4+ 0+
o N
i n
o

'_NN, b4

SPOKEN: = "“no occurrence.pumber is necessary."
o .

o\ s

= —-END=0F—E}CERCISE

F

ciooo s | THE VOCAL 'CODE FOR THE ABOVE EXERCISE’

" [EXERCISE 3 "RE & RER: “Replace Eqpals_ and Renlace Equals (RIght)'" |
[AUDIO . , .
- (TEM2 : o T : o
I 2R ‘(1) 2 = 3 +'1 - X N 2
oo xx A Dy
TP . (2 X=2 , P S 1
ST e L . ,. . ,
, ~ *1,2RE : (3). 2+Y~8+2 & 2
2r. . aXcYRR. _ pppPPPPPPPPPPPPP E q .F grrrrrrrr G . .o 3
R %1, 2RER (4) X+Y=8+X & X=3+1-X ' ' .. . Z
' - bUUDVVV ottt I .uuuuuL;uuuu_uuuuuuuuuuuuuuuuuuu A '
' ) s - e

+
]
It
o]
+
W
.
n‘
]

Beil-2 .23

Il"ﬁ n~ -

.

A1, 2RE3 ~ (3) 2+Y=8+X & X=3+1-2 -1 -~ 213
. eSSSSST | SSSSSSSSSSSSSSSSSSSSS55555558Sssss H ‘
Rl : L R . ] R .
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(H0LD (ST 12 2) e e
"Our. two new rules work a lot like Rules R Q and R D’R ok

“except that instead of replaclng $3 equlvalent $2. sentences, -

“they replace $2 equal. $l terms,_";‘~ C L
“For all four of these rules,» N e
(B X x) o . oY

Lo

“the first number 1nd1cates the llne/in which bhe"

“replacement is to take place,” Lo E IR

(U Xx) (Te) (BYy) .
"and the second number 1nd1cates the line whlch" -

o “justifies the replacement.” - et -
- ~ < MFor RE and R E R, this 11ne rmust be an equation.u)- e
) .
(HOLD (S ((U ¥ y) ®zBC D)) . | o |
=3+ "o replace. occurrences of the left term with" G
§ L& " “the one on the right, you use Rule R E.~‘
R -7 (W 250), - -
‘*fr, i “If you don‘t put any occurrence numbers after the rule,"
‘ ((GRz) (Tp) (BE) (T q) (BF) (T r) (B G)) '
. ¥$2 all of the occurrences will be replaced.")
(HOLD . (S ((W B C B) (OE 3 13) (T e)) :
' " “If you don’t want to replace all the occurrences, . °
“then list the numbers of the ones\you $2 do want to. replace
“"after the name of the rule." U R o -
;,(W 250) } Y 'k"." C T o
" 'wFor example, if we only wanted}to Te f'éevf ’
" (B.D) : U
' Mthe- third occurrence of X here, 3 e
SN L(T.8) , ' I J
* - “then we would type 1, comma, 2, Ri') '
(B T) - _ | . -
. "and f1nally a three, . A o, .
(W 250} S S P T
. "and hit escape, of course.") T ST :
- (W 1000) (U T) (T s) (B a) (T b) ;- R .
) (COMT “end Of holdu) “: ) s ‘a “. . :-_ ‘.;. : ) :v'-.., ..
. (HOLD . (S ((U'D H) -(B A)) ', | ! RN SN A S AR
»;7ﬁj\'f“ ,"If wé wanted to: replace the occurrence of 2“'1-;:f°T_;f~j;¢5‘;ﬁf.ht
y o (Bw) : G0 s Tl LT
-7 inlime 1 mh an X, Tl e g
Lo “we would use : the Replace Equals (nght) Rule, L i
B “which is abbreviated “R'E R, ‘instead of Rule R. E."

“Since there is only $2 one’ octurrence of $3 2 -in thls 11ne,
(Y. V) S -
no Occurrence number is necessary..)
S (W 1000) (U w) (T t)’ (B I) (T u)
) (COMMENT "end 0f hold") R
(s (U-A. I) " :
} "The . next exercise W1ll o1ve you some\pract1ce
J .. - "with these two powerful rules of - 1nference.")
)]I (CO%MENT "end of Exerclse") :

N4

w3y
z .
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ERIC:

B A .1 7o Provided by ERIC

Q

"nonaudlo followed by audlo. Beg1nn1n5 w1th lesson 7 and cont1nuing-

\ Y O . 1 1
4 ) e ° . : ’ - . .
. R4 a.
3 1 2 Student Preference in"udio-nonaudlo Ch01ce S1tuatlon

Durlng the w1nter and sprlng quarters of the 1976—77 academ1c year,
¥ ) .-

166 students were enrolled 1n the 1oglc course._ Data was collected on

connect tlme in exercises, audxo cholce at lo gin, and*calls;to Browse—

..' ' ' g .

{ mode.‘JStudents were divided 1nto two grOups, each of whlch was exposed f'i

N

- to audlo and nonaudlo ver31ons of an inltial segment of the course. In-

. the w1nter quarter half of the students were exposed to audlo in- thef'

- « x

-

first'three lessons andﬁnonaudio in the-nextuthree; the othet half had:7:"

,'l - -

through‘leSSon-IS, the students were free to~choose, at each 1or1n,

e1ther audlo or nonaudlo ver31ons of the course. During"',_the spring

G R

quarter,_'the ,foroed _switching 'in t al segment was " reduced )go two~“5i

~ : . )

LA

-,;1essons, and data was collected through 1esson,20. In additlon to thls”:

each or1g1nal group. Half of each of the orlglnal groups were flagged HJI

for . precomplled synthet1c prosody as ‘opposed to _vlong sounds ‘ (see~T?f

'-fi(Hinckley,'et. al.,-1977)), 89 that 1f they chose audlo at: logln durlng?J{T

.

_.of belng analy*ed malnly Wlth view toward generatlng a stochast1c model

-Qof'theﬂstudents preference‘ln_terms of the choice paths. Forthcomlng

Hadit

-articles afid technical reports will provide detailed'accounts-of‘these'f

Soet e R ey . ~.
Lo . . . :
Sow A

" In 'addition to the above experiments,: a study was conducted on ’

E} . - . , .
. .
37
LN, - . . 3 v .
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experiments and their amalyses. ' - .. .- B B

exPenlmenta the Sprld\\groups were further d1v1ded lnto tWo groups for i

'f?éfi after lessonz‘-zl . they . would hear ghg,ff" ﬁ‘:ﬁt prosodyfi?;.fﬁ.fa.>;;j,
“'ijuestipnaires were. used"during lthe. sorlne quarter 'to prov1de some'fd .h;."t;>d
- background.oe,the students view of the course,‘the audlo component;.and?' ¥~I N
ithe reasons for thelr cholces. li -; L ~_'h; ;;_ : . ' L;L?; ‘ k

The data collected frOm,theseIexperiments is'stlll'in,the_processv
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l}

o .
1
|

students ” behavior :in interptetation exercises.',Ihese_e

Y

T fexerc1ses of thls-type requlre the student to first decide whether a
- Y : :

-

e glven argument is valid or 1nvalid, then prove - the argument or generate

J - "'.

T the con51stency of a set of statements. ' : S j“
: - : ' #

s : - AR

Data from the. 1nterpretatlon exerclses, including use of the h1nt

" . . -

'academlc year. The data were coIlected fdr two purposes. flrst,,to

predlct the diff:.culty a student would have on a particular exercise -

b . . ;\

where the student has to decide whether ‘an argument-ls valid .or invalid.p

. i "/" o L .. . .. . -
-f&f . Data«analy31si’isg{now: being .performed ahdffthe ;esults ;of -the

investigatlon are expected to be published summer 1978 1n the form of ‘a

S e e
. ,

d ssertatlon by Inge B. Larsen. e e f?'“~"".::' p “‘7:} f

g s :
. » ’

Ny

3.2 Set Theory Gourse_' fi;-f'

.3,2.1 - Audio Introductlon to EXCHECK(Based Courses ;" T

Sl

. N

N . e e
14

’;'T consequent this program is Stlll in the development stage. Rather than'f

e wait for 1ts completlon before wr1t1ng an audio 1ntroduction to EXCHECK

EI{I(j_'“é-ﬁ“f:.ij?':JL fv. k;.f, ‘{” . ‘{22,;1T R ';i.

. - . . - . N
o R PR P R S ' L 'ﬂljgéf

':5}:n feature, were collected 1n the W1nter and spring quarters of the 1976—77

-’- o I . [ .- r

been expanded to. 1nclude a hlstorlcal model of each student s style of

l-the',student"to?'generate ‘a -counterexample”finf'the domain of -integer -

B o ,arlthmetic- forf~an 'nvalld» argument, and .then prowe that'-thelr_;

3-'a,a-counterexample. Another use of this type of exerclse is in.showxng-V

from the structure of tne exerclse, second, Ao f1nd a stocﬁastic model"

that would descrlbe the - student behav1or on the interpretatlon exercises‘:-'

R Ihe goals of the OVERVIEW program mentioned in the proposal have .

proof bullding,.as well as the model of the Current object d1alog.: As:a a

e

el > (anterpretatlon of the argument is 1ndeed a counterexample. More complex,_w,'



N

N

meant to contaln a help moduIe for each top1c whlch students may need[

-

< ,
e L -
. .

'_b;_«,the‘loglc course,‘to perfor thls.functlon. o o

" though, we have utilized a HELP-.system, which.was-originallvarittenhfor:<

~‘/ < . . ’ X S
Ihe HELP-system is completely 1mplemented." A’vset ‘of}iihe{p

‘modules '.s1m11ar to the explanatory exerc1ses of the logic course, are_l

wrltten in VOCAL They can include derlvatlons and other types~ ofi;"

.

queStions, bpt such\exerclses are for ass1sq§nce only.,‘They’are'noc

- AN . -
. ’ e

scored“ and _the student may sk1p them if he desires.. The systen is?

tutor1al—style ass1stance on. It ‘can be expanded by the teaching

P - . -,

aSSistants as they encounter student problems. The courselauthors~also“

. e

; 'relate to~each'other.

N ) . .

_Unlike the: iatenagd.ovsgmw "pfégfam', 'HELP does not-‘ itself keep -

track of how the student is: performlng in the course, nor- does iti

)

.,'. \ . .

maintaln a' graph“lof how the varldus modules in tﬁe ‘course HELP system.

interrupt"'and‘ .voluuteer informatlong to - a student who .1s having -

’u"‘

;trouhle.,‘ Rather,' the system 1s called by the course driver when a-'f.__ A

student types HELP and then the student is glven a sEk;es of toplef”

*

)

. ch01ces 1ntended to narrow dOWn h}\\partlcular éiea of dlfflculty Orr

1nterest. He may then ask for one ‘of these toplcs,(or any other topic

.

-presented. A further llSt of .related chofces (speclfled by the_

P f' -

' whlch he knows theqname of, and the requested audio helpmodule w111 be:‘

forementloned graph) is then presented, and the procedure repeats untll_g;

N ‘.

the student asks to return to the outer course.

- .

lesson number whach the student is currently at, and a list of éopiesJ .

whlchymayjneed,speclal empha51s.; Eachulesson~has assoclated'wlthfitfa'.:'

_ subsetfﬁof‘:the"helpmodules'fwh;ch::are‘ particularly releyant‘;to‘7the-

- The HELP program is passed two arguments by the maln drlver' ‘the

—



. Sa

e

‘material‘_ presented in “the lesson.” '.The,"spec'ial‘ ez‘nphasis"”l_:_'g,st is ;n-sua'lly“ SN

null, but if  the studert. has recently been given ‘an error- message, it

" will-'be’ set to “include -any relevant topics, (e.g. to. the modull.es‘ on
* syntax when a student has entered a formula which will not parse,- or to

. the modules-on-quantifier restrictions when a student has attempted.an

G invalid.use ©of -a quantifier rule). The lesson emphasis‘.and. error mode

’e_mphasis ‘modules are then added; to the initiai-u’list of topic choices.
' Thus,' for the 'HI.ZLP‘-_sy'ste_m -to_ be'come.-m_ore_; 'Avr'espon_s’_viV'e_*'tq. the_y'Student ‘s -
particular needs, no modifficati"on of’- the HE".LP ‘vp'fog'ram i»ts_elf; 1is. needed;.

: rather, the ma

dri\ier, w:Lth the helo of OVE.RVIEW needn' only be.c_ome

'Imote sophisti ‘ed 1n 1ts cho:Lce of arguxnents to pass to "HELP.

Since EXCHECK":Ls used for seye\t:: courses (curtently_\set theory,”

proof theory, and .the A-grade sequedice in’ probabi](fty theory of. .the

“‘logic . course), -some -students who, begin one. of “t‘he_se'\\ou‘rses:}wil}_ have - -

‘a'lready en’c0unte'1:ed _EXCHECK in 'another‘ course.. Others may bevfamiliar

. with the general operation. of our computer assisted'ri-nstruction system

L "‘t'hr'ough' 'co‘urs’es, such‘ ‘a’s ' "Introductlon to Logic - which. do notquse., -

1nstructlon system. : Students can- ask “to v1ew Just as much of the

: materlal as, 1s new or useful to. them. : S, y T

EAu

"EXCHECK._ The HELP system 1s thus an - espec:.ally appropr:.ate vehlcle for;

- the’ 1ntroductory fSequence in the use-of EXCHECK and tbe rest of the‘--"’-"‘."

Therefore, all the’ :Lntroductory materlal not speciflc to- Set Theory‘_'}"."_f

L

-

'recordlng of the top1c 11sts output in a test. of the HELP system, 1s"

representatlve of the more than 150 help top:Lcs current'ly 1ncluded 1n_“'

%,

'jthe EXCHECK sequence. Most have assoc:Lated tutor:.al output, ‘but vsome»._‘__

: .;'gpics (like ADMIN, SYSIEM,‘ a’nd 'QUANIIEIERS)‘ are used _only to g,ui_de"the_,, '

,l‘ .

. - was pu‘cflnto audlo help modules. ‘ The follow:.ng l:Lst, ‘ taken .from a <.



o interfogation which leads to selection of an.appropriate module. = (The

. bracketed letters indicate the minimum string which a student must type

N

for theAsystem to recognize which topic-pame'is intended.) , .

' ADMIN - - {AD] = 7 7 Administrative matters R
SYSTEM - . {SY} . Communicating with the computer system

~vAUDIO . - {AU] -~ .  Problems with the audio -system
'REPEAT. - .. [REPE] ' ' Repeating the most recent material (TA)

.BROWSE“”' C[BRY} .Using Browse Mode (¥B) o
HINT--: . [HL]" . . Getting hints in derivations or questlons (TH)
SPEED - [SP] . ~Controlling the speech rate (TS) * .
BACKSPACING [BA] ' " Erasing mistypes with 'IW, TX, & the DEL key
ZAP - [zl _ Logging out or leaving a subsystem (TZ)
EXERCISES .~ [EXE] 1'~a~ ~ The various types of exercises”inm. the course
GRIPE [GRI] - ¥~ ‘How to send a’ ‘complaint or suggestion :

- NEWS = INEW] - How to_ ask for news on the course. o

 EXCHECK [EXC]. = .. = The-use of the proof checker ' - - = = -,
WORKING. [WO] : - The use of working premises.. Do

'SORTS [SORTS]” The sorts-.of variables and terms
META~PROOFS [META-P] " How to provegtheorem schemata
REPLACE . [REPL]. | The Replace tule

 REP-SUMMARY [REP-S] '+  Summary of the operation of REPLACE
REP-EG1 - [REP-EG1] A basic example ‘of the use of REPLACE -
REP-EG2 [REP-EG2]. An example using more. features of REPLACE .
RER . [RER]% - The Replace’ Equals (nght) rule ST Y
‘VEREFY  -[VERI] . The Verify rule i :

* VER=LIMITS -[VER-L] L1m1tat10ns on the operatlon of VERIFY
UNAVAILABLE [UNA]} . Rules from Logic 57- which don‘t work here. ,
REMOVE " [REM} Removing proof lines from the display reglon

. ABBREVIATE '[ABB]- . Defining and using your own abbreviations

- OWN-FORMULAT[OW]. - - ' ~Proving your own formulas with SETDERIVE

QeD - [QE] . . .~ What the QED command does. for. you '

_SCOPE. - - [SCO] - ' The scope-of.a guantifier -

TBOUND .. [BOT. . ;. The. definition: of bound.varlables

. AMB-NAME- . [AM] - v,Using'_'v’a‘riable

ttset theory accepted by EXCHECK was. wrltten,'to be presented as the f1rsti-">'

" QUANTI~RULES [QUANI—RU] "The Rules which manlpulate quantif1ers

QUANT-RESTR [QUANT-RE] '~ Restrictions 02 the quantlflen rules
as. amblguous names L

~

In addltlon, a short sequence of audlo exercises on the lanpua?e of

C

-lesson ofethe ‘Set Iheoty course.f_S1nce the languages\d1ffer in someuf'

ways from course to. course, this material will not cause repetition’

‘tproblehS'_ﬁheh "presented-}to\&ali_ set'.theoty'astudehts, as would” the:‘"

-

o ‘ L e oot L Do e
-~ v material on inference rules and general system use. One of these first': .:

. -
e !
LA



O

CERIC

Aruntext provided oy eric [N

T

'/2éxercises explalns how ‘to- egaer the HELD system, and suggests us1nz it

to v1ew all the 1ntroductory mater1al w1th whlch the student is not

already famlllar.'

.
<

Formerly, the only place th1s 1ntroductory material existed was 1nx;

o
X

ﬂ,a'course'manual.. ‘The. on—llne course contalned frequent 1n3unctions toh

S

*_read a glven sectlon of the manual before proceedlng to the next proof.

NOW' that all this' material is included' in .a much more 1nstruct1ve, -

1nteract1ve form in the HELP system,_the manual can be purged of itsl' :

0y

-tutorlal—style sectlons,’and made 1nto a smaller,and cleaner reference‘

rmanual to be kept at ones side durlng a session at the termlnal, rather

than.read_in preparation for such a“session;"

- ¢

3.2, 2 - Introductlon of Audlo Canablllty in EXCHECK

When computer—synthes1zed speech f1rst became avallable for use in‘

- CAI, a pr1mary concern of the IMSSS research staff was 1ts effectxve
- - . ’, . .

utlllzatlon by course des1gners, curr1culum authors and students. The

'~Stanford loglq course prov1ded the ‘approprlate env1ronment ,for

1nvest1gat1no these problens since 1t had the_ most well—developed

‘-

currlculuux (wrltten and extended over a perlod of many . years by a’

j}dlverse grOup of authors) and a con31stent1y large student enrollment -

“a

(120 students enrolled .in the loglc course durlng -the 1977 Spr1n°'-j

p;

~quarter.) Therefore the initial implementation, of the programs tonﬂ :

fsupport audio and,coordinated visual diSplays were_speclficallyﬂdesignedﬁi:;:;ﬂgx,f

t

forzthe logic course.

Durlng the past year the capablllty for computer—synthes1zed speech

has been added to programs assoc1ated w1th the more mathematlcally--'c’

N o .
‘sophlstlcated EXCHECK system.- Ihls addltlon represents a KBTOr step

3‘“

S

L




" . .away from the expeTimental usage of ‘dudio in CAI courses, and toward the -
use-of-audio'as a'standard-system component'in CAI._ e =~

The firsg step 1n extending audio capability was to. to allow '
. / : h Y
lessons for all the Stanford CAI courses . 'to . be written with an audio

'

- component.,/ The. VOCAL lesson compller/interpreter,” developed- for the-'

/

Stanford CAI logic course, was extended to-- allow audlo lessons to be.

/

S ,b compiled and tested for any EXCHECK—based c0urse.-- Essentially this

-

N exten51on involved merely allowing the use of arbitrary parsers.

Hfﬁowever{ to use thlS program efficiently under the TENEX operating

system, the program had to be restructured at two levels. the source

- ’ . . : _ , ~
-files/had'a ney compilation-structure'imposed-on‘them,.and the runtimel

'j.program had alneW»“fork“‘structure added,-'lhenresulting runtime program .

Fnowihas.a main fork (process)_which contains”entirely—shared}code,'and'

b*an.audid;forg which.isfalso sharedjamong all_useer The only non—shared
code,consists'in-the parser.fork,'which,may.differ per course. The fork
structure was’ not critical ‘when. computer-synthesized speech ‘was usedé_

"only by writers of logic lessons,n-since they all used the Same

(sharable) program, however, w1th essentlally the same code in use for

'Jdifferent‘ courses, proper‘ utillzation of the TENEX operating system

requires complete sharability of programs.
'b Additional problems in mov1ng from a purely experimental de51?n to
2 de51gn adm1tt1ng w1despread applicatlon were attacked. Most 1mportant

after proper system utilization was the problem of producing code which .

1

ran more eff1c1ently than its exper1menta1 forebearers.'_Efficiency’in_
SR string-handling and llst proce551n madefstrong demands on5the”extendeds'

TENEX—SAIL compiler,‘ espec:l.ally on the SAILISP .:extoné,ién.‘-"- ‘Des-ipn

problems in SAIL and SAILISP were f0und which necessitated a rewrite of-

. 4
Y . X .. - . .
. . - M [N .

RS

}.

[~
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AT . .. )v
!

"ﬂ‘pthe 1atter. : In restructuring the compilatiou of source files, many

'F_increased i both string and s—expression handling). }:.

" With many individuals now - working on prooram, modules for differentﬂfv; -

_.courses it is essential to allow “local" program modifications to be

steps were taken to make the code more efficient <efficiency wasn-'

'»’A

In addition, the neW' compilation .structure provides a greater ;f

K ’ - -

"""degree of modularity, which makes it relatively simple "to implement'. -

“»7local program changes. The initial logic program with audio capability

AN

}Arequired about 90 minutes of runtime to compile and load. {In addition:

\

el ’Fit required extensive and 1nefficient use of disk space ) Minor program,i'
_1? . ) .changes often required the full 90-minute recompilation sequence. Such_"
&, ' an expensive c0mpilation sequence. would not allow us to extend audio.‘

capability to prov1de stuéents with analyses of‘their individual proofs. yff

-

incorporated w1th0ut lengthy recompilations of the entire system. -The‘

._restructuring of the course drivers (which handles the audio and display

' small expendlturé of computer resources.

‘audio messages with synthetic prosody. . I

components) will allow such local mod1f1cations to be made with onlv

/""

Te

An analogous but even more exten51ve restructuring of the EXBHECK'

‘;system to incorporate audio capability in its driver prozram is now in--

.

_process and 1s expected to be completed in September. The development
of a 'dynamic' system for -proof explication using audio has beeni
) temporarily -discontinued, pending cOmnletion -of the 1ntroduction of

faudio;;capabilities ‘in, EXQHECK,-and improved real time Vgeneration of

.

o

,_‘ . . - "‘—\

Joo

"’_ 3:2.3. ’Ihe EXCHECK Proof Checker i

I_‘

; b

The proof checker used in the EXCHECK system is a peneral-puroose

3,

'sﬁ' o l.:,-44'1



proof checker for many-sorted axiomatic theories. A dessripti,on 'of.'the'
proof checker ‘and - previous refinements-—, to _it may be— found in. '

(Smith Graves, Blaine aud Marinov, 1975), _(Smith and Suppes, 1976), and

v(‘

(Smith and Blaine, 1976) The baS1c deS1gn philosophy of the checker is

S to‘ accept proofs presented in the style-of [standard mathematical"_- :

practice. That - is, just as the goal of a natural languaoe system is to

u’nde.rstand. 1anguage as it 1is actually used, the goal - of the EXCHECK .

[

system is to understand and check proofs as- they are actual].y presented.,

- -'-. We are as yet a considerable distance from that goal but i-n the last,.'
! be .; ‘ s -“. o
year progress has been made in making more natural the basic commands of
‘the proof language used .by the students to,'express their proofs.

o

3 2. 3 1 "‘Decisi'on'Procedures\

It is common in standard mathematical practice simply' to state as.. .,

obvious elementary ' mathematical results ra:her :'*an t'o ‘construct

g ~explicit derivations of those results from axioms and tneorems. 'The Same
. . + : A s

freedom can be provided in proof checkers or those parts .of elementary

C -

- mathematics ‘or logic for which there is a feasible 'dec131on method. Onef

such- area' is_ quantifier-free_ ‘boolean- algebra’_ or, equ1valently,.
quantifier—free set algebra. The EXCHECK system“ contains an .inference -
B » _- rule BOOLE based on. the decis:Lon-‘ :rocedure for quantifier—free set_:.'
algebra, an 1nference rule ;IAUTdLOCY based on-a truth table decision~
' {procedure, inference rules VERIFY \and IMPLIES based on a resolution:
theorem prover. The TAUTOLOGY and BOOLE rules were descr:.bed ‘and - A -
1llustrated in- prior reports. In_ th1s last year a:new 1nfere{(1ce rule |

'IEQ was added for use. m 1nferences 1nvolv1n,q oul«g tautology and. - .

‘y




f The TEQ rule will accep,t ‘most 1nfe}'ences that can be obtained bv .

o

corre_sp_ond more closely to what.,users_'find obvioufs. _

' of 'detail that m‘ust .o‘fte'_'

.program;s- wh:Lle they are

1mp11c1 tly handle suéh

;nlght be .unusual,.-however ]

a -~

.H'repeated use - of the entent:.al rule and ident:.ty rulesa I:/particular, ‘
: 1t handles the congruence properties of ident1ty as- can be seqen from the .

'-_.example‘ below. Also, _see the example for the PLACE rhle 'for; another

,use of TEQ. _ =
*WP* (l) B ‘ . .
o 2y ‘*PW(A) = pow(C) - I e

*1,2teq$ . (3) *Card(pow(C)) = card(pow(B))$ \./

‘Will you wish to specJ_fy" (No) *$ R

Us ing *280

»

- P L. : ) - . ’ . _. - » ’ ’ ° r-‘; '

f.. ) . B
rules, if they are to be ‘used in programs for 1nformal mathematlcs, have
P.

" to be easiblé ard should decide a oerspicuous class of statements. 'I'he

-4\

: 7_.procedures used \1n-’(BOOLE TAUI'OLOGY and TEQ satisfy these requirements

' K 1‘

- but the resolution procedure used Jm VERIFY and IMPLIES does not satisfy

“a -

t-he requlrement of persplculty. In the last year the VERIFY and IMPYTES‘

. rules have been augmented_with 'natural --deduction .heuristlcs -to- make them ’

t

—
-
y .

_and loglcal facts are another related klnH

“% Elemeritafy mathemati
. . . | L « (s .

L

J

proofs._- Sorts of compl X terms are a good example of this léind of

deta:.l. _ If a propram is "to accept natural proofs 1t will haye to. |

etails as the sorts of comnlex terms.i- Sorts
; .

- >

1n that they can rather neatly be :unpllcltlv

M —— <'r

a part of the 1mp11c1t context as in standard

A

Y 2
handled—taken to

- Decision procedures, such as those used in the BOOLE and TAUTOLOGY )

be handled explicitly in proof checklnz

lmost never handled explicitly in informal ~



\ ) . . . - . . .

.'were rewritten this past year, with a cons1derable gain in. efficiency.

In the set theory course there are currently five basic sorts:

general, set, .funct:;pn, ordin'al, and cardinal. Associated with each‘_

Toa :. Rt} . M K

T sort is a group of variables that range over that sorte. In the current‘

I ~"s'et théory course, A and “B° range over sets, while *a“ and ‘b' range .-

. over ordinals. Hence, =~ tbe statement that for every set thef_\s\an

: ‘ord:Lnal equipollent to it could be expressed. for every A there is a b

~ .

such that b is cequipollent to A. "'l‘h_e sorts are»cl_o'sed ‘under'-un{on','
‘ intersection, and relative difference and form‘a-.i set ‘algebra: "'He’nce_,', :

K
<

_ 'the relat:Lon of inclusion. between sorts 1s -decidable.,

LY

Complex terms also have sorts in that they denote objects that aré "

o fset's, or ordinals, or functions, or the like. In our version of set

»

theory, <-,0rd‘inals ‘are..sets'. 'In?fact, ax‘P ord:Lnal is the set of all
. - [

A .r.smaller 'ordinals.' It fo’llows that the }ntersection of two ord1na1s is'

an ord1nal—-the smaller ord1nal. However, not {3%1 sets are ordmals and

the intersectlon of two sets m:l.ght be a set that is not an ordinal.

Hence, the obJect denoted by a compound tern formed using nu.ght, for,

~ - . -

=

e:eample, -be ordinal or . it mlght be a set that is not an ord:mal. 'l'he
= V EXCHECK program must determ:.ne a sort for compJ.ex terms before it can_-_-

T}_. N :

substitute ,them f'or 'SOr ed variables. ) Rather ‘han‘ have the : _usef -

) P

explicitly establish ’_t&sort of a complex term, the program tries to
/\' - B . N

. compute the sort on tﬁf:basis of information it has available to 1t. The.

) []

©w . , .

-_curriculum authors supply EXCHECK with basic _information about the sorts

of variables and, for each function symbol, 'informatinr' about how the
sort ‘of a co'mpou_nd- term formed u_s‘ing. that_4 op_erator is related ’to the

.sorts of its subterms. For example, ‘part of:th_e _inf’o'r_mation for s
G L e A T

' "'practice".' ‘Most of the procedures for”_‘the' imb‘licit handling +of " gorts .- -
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ERIC.

PAruntext provided oy eric [

;,otherw1se, if both are’ sets then, the compound is. a set.:' S o \gjh'f

',the user.is required_toisupply information justi#ying.assigning a more - <

restrictive sort . to the compound term. Once this is done, the- "~ ¢

'repeat'thefprocess.each time the term,is_used. Information.about the new " X

. implicit Sort machinery- If extracheoretical assumptions are. required o .

-1nvolved when used explicitly by the student and to automatically do all

' the instance and. let the program géenerate it. Further, the -same basic

— B Y. L. . . .
¢ - A > - -~
- . ~ R . - . »

that 1f/poth subtérms are ordinal,‘then the’ compound tern is an ordinal'.

) Using.the information available to it, the EXCHECK program will‘;

. C \\\ -

' - - ~. . ‘ -
c0mpute,a sort for any compound term. However, occa31onally ‘the sort‘,-:&-_[: T

computed is” 1nSuff1c1ent to permit the. des1red 1njerence. In such cases .

. .
.

. - . . .. -

LN

information about the new sort 1s saved so that the student need not L

A S

- . -

sort 'is stored onFone of two 1lists }depending upon whether or not .

;é;tratheoretical aSSumptions”are'required-to establish'the .new sort. If -

‘no’ extratheoretical assumptions are required, the'result about. the new RO

, sort‘is a theorem ang 1t is made dvailable as a standard/part of the‘ » .

o

Z S
‘the result is onlyjmade available in the context of those'assumptions. L

3233 -'-"sCﬁema'c'a O S

The 1nstant1ation of ax1om and theorem schemata 1s an area wherej] s

some effort must be made to prov1de routines that do not involve the

. - B . 3
user 1n loglcal details. The procedures ‘involved 1n'fhe instantiation of
.= ¢l * .
schemata were completely redesigned and rewritten in the last year. They

were extended to automatically handle almost%%il of the lagical detail -

o,
[k e

“a

of the work when used 1n conJunction W1th IMPLIES.

‘In standard'practice one simply says,qr‘writes down the approoriate -

instance. Using proof checking programs it'invblves,Iess_work.to specify T

S . S . . . BN . ~ -

P



LI

pram tg compute|\what instance to use in an

involving P hema.

stardce of a s hema,b&;

plates: by thegparameter hat occurs in the’
2) above,  this means that ‘z° ‘is Tfepladed
ryyheke in the formu}a 'z in AUB orz =y~
' dase where we have ‘FM(x,¥)°, “x° would replace the
\ fich marks.the first\ parameter place and i

¢ the wvariable which marks the ’;e ond !

, Z

‘tituti-; the’ formula which, results from i)

n the schema. '

fjvln both steps variables will be rebound to avoid capture or clashes of

o
3

bound variables as needed. _
: Y

So far the handlingrof_schemata is quite straight forward; homeverm

vthe case where the sort of the parameter"in theVSchema differs.fromdthe

- »

sort ‘of the parameter in the de51red 1nstance requires more care.
\
The approach we have taken is to modify the aloorithm to note the

sort of the variable be1ng used to 1nd1cate the parameter places. 1f
. L - :
this differszrom the sort of the corresponding parameter 1n the schema

"then it is regarded as ‘an 1nstruction to. generate the instance where the

par;%eter is'of,the'new sort. Io do this the program Substitutes 2

- ’

formula that 1s made up by f1rst replacing the variable by the parameter f

in thegschema and then forming the tbnjunction with the assertion that_

the parameter 1s of the new sort. Ihe program then rewrites the result

J

in the new sort where p0351b1e. (In fact the code is more sonhlsticated,
accomplishing everything in one pass.) The folloW1ng two examples shonld o

1r make this clea;. In the second example the bound parameter cannot be

3 I

rewrltten 1n the new sort., o oo

- . . oo | N
M . . o e . . 4 R

L
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_ A~ aEPAR!TION Instance. A sub D for FM

;. o . - . R . .
N . L O - . .
- . . .o
-

t ch§EOREM (Number or Name) *0 15 }f."b_' e

" Schema: oo " e
I (B! x)FM(x) ‘then - (E x)FM(x) e
‘ Replace for FM * A =pow()§ o o .. | .

IWhich variable indicates the parameter prace&5 *A$

Th. 0.1 Instance: A = pow(B) for FM. . - .
(i) If (E! A)A = pow(B) then (E A)A pow(B) -

¢

>What'rhas'rhappened here .is“ that the‘.program ‘has implicitly

substituted ‘set(x)“&'x = pow(B) ’ and rewritten the result replacing~.

"2 %) (set(x) & % = pow(®) " by “(EX 4)(A = pow(8))” ete. L
"#%axST0M (Number' or Name) *seoSARAIION S
~ Schema: _ - ' : - R

(E c)(A x)(x in C <-> x in,B & FM(x)) e

Replace for)FM * A is a subset of<D$

- Which’ variable 1ndicates the parameter places? #AS

(E c)(A x)(x_in C <> x in B & set(x) & X sub D)

LN

Do you want to speclfy for B *n$

lw <

(1) ‘A B)(E C)(A x)(x in- C <> x in B & set(x) & x sub D)

In thié example the' ; Aprogram' implicitly substitixte_d‘-ff;_-v '

*set(x) & x sub L~ but could not rewrite the bound oarameter *x° .as a

N RS A .
) : o “a

set variable because the rewritten formula isanot a consequence of th% L
LI = : T A

resalt of the implicit substitution and the sor xloms.

ln summary then: the modifled algorlthm accompllshes what is:

,“; desired' it allows the user to sPeclfy the 1nstance he w1shes w1thout

4requir1ng h1m to confront distractlng“;oelcal detall. The procedure is

R

+...  best poss1b1e 1n the sense that 1t is. complete w1th respect to the sort -

1%

i‘axioms: "1ttww111 ‘alloWu.every <1nstance <that..can be- obtained bylr

‘1nstant1atlon and rewritlng sorts——every 1nstance that 1s, so to speak g M

-

T a sort consequence of the schema.<‘< ,;yfe T
i ) “.,._ RS ) . “—:’ N o ) ‘ ) e v\" o
\__ - - 4- s o \ - ,..'_v
~ - - _\; 50 v' - . .. - | . :
- ) s - )‘ .
2 Toe ’ -
96



_An example of the use of LET £ollows.

-l«ip’"v -'(2),:' pow(A) <= A

3;2.3.4 Let. Rule.

During the 1@'year a new inference rule LET was added to permit

has been or can’ eas:l.ly be established that such an object exists. Before

- the 1ntroduction of a oblect with certain oroperties provided that it .

students had to first prove (E x)FM(x) and then use ES- to’ get (say),_:.'-.
: FM(y). LET combines these two steps: into a single step. To use LE‘I‘ the-_"'{-
" student in_,effect types a _sentencej of the form: Let v be such that\'-

FM(v)."  The progr'am will try _to' VERIFY (E v)FM(v) from the axioms,

definitions, theorer‘ns,' and 1ines cited. If it is successful- it will"

a
s = d

' *2Let§' (variable) *f$ be such’ t"nat S R T e

- (formula) *1n;j (f) and dom (f )=pow(A) and rng(f) sub AS

 Using *defSINITION (Number or Name) *legSuipollent -
_ .Using *def$INITION (Number or Name) *map$ . o
. :Bsing *def SINITION (Number or Name) *1n]ect10n$ TS

Using' *_g_§0 ST : S

3. 2"3."5~ Ihe REPLACE rule

" [
> - ../:'.

-

x I‘he rules. for replacing formulas by equivalent formulas and terms S

"'by':‘v equivalent . terms fbere combined into a slngle rule REPLACE that

I'ﬂreplaces expres‘s'ion rb'y equivalent e‘xpressions. Such generallzation and

.generate a line of the form FM(v) (where v is now. an ambiguous name).

coalescence while' far from dramatic makes' ‘the. system .easier to-

understand and use. ALso the system becomes more natural in that lopical

'oécuz: in).standard ‘mathematical practice; there one ’simp'lﬁ\ replaces

e’

equivalent expressions.
See the examples,.below for the details of how 4REPLACE is ‘used. The

- - »

.niceties such as ‘separat'e rules for replacing_terms_ and formulas do not



S

.

*Intro”

. for the cé#e in which the équivaience is"a défiﬁition. In such a case*

and ‘Elim’ in the listing of options_aré_iptended‘és mnemonics

~
-

replacing the left hand -side .is eliminating the defined symbol and

Lréplaéingvthé right hand side is introducing -the defined symbol. '

- _Derive: .
o If A sub B & B sub C then A sub Cc

 HYP 11) A sub B and B sub C
*1repSLACE ’
Finish,.Left (Elim),
Will you wish to specify? (No) *$
Using *defSINITION . (Number or Name)

. Occufrences (ALT MODE for all) *$

Flnish LeféQEllm), nght(Intro), or
¢ I"REPLACE Using: Df. SUBSET ~
(2). (A x)(x in A -> x in B)

*2vERIFY (3)
" Will you wish to specify’ (No) *$§
Using %g§p

. %_ssaﬁ
... . Finish, Left(Elim), nght(Intro), or

* Will you wish to specify? (No) *$
Using *def SINITION
Occurrences (ALT MODE for all)‘{g‘

E} ish Left(Elim), nght(Intro), or
3 REPLACE Using: Df, SUBSET

(4) A sub C :
S %

v

Right (Intro), or

*(A x)(x in A -> X, ;n»

(Number or Name) -

.

Print (F,L,R,P)? (F)*1$EFT
%subSSET ’
Print;(F;L;R,p)? (F)*$ -~

and (A x)(X“in.B f? x :['nr_.C)V"’“I'k

c)

‘Print’ (F,L,R,P)? (F)*rSIGHT .

*#sub$SET . ¢

Print (F,L,R,P)?'(F)fﬁ

D

-, -



-‘ﬁse of_REPLACE to prove.the identity_condition for.ordered pairs
Derive. Co
<x,y> = <u,v> iff x = u & y -\v

op (D) <x,y> = <u,v> . ' ' o
. 1 REPLACE Using: DE. ORDERED, Th. PAIR-IDENTITY, Df. SINGLETON SRR
o : . ) The. PAIR—IDENTITY, LT ' ‘

"(2)- [((x =u &x =u) or X, u.&fx.=.u)'”

& .
(x=u&y=v)Vx=v&y =u] . :
. . . v '.- N - - .
. T (x=uv&x=v)Vx=vE&x="u)
- - ‘ (x-; uy= ) Vx=ué&y=u
- 2TEQ -(3) x=uandy = . N ‘
e - TEQ . 7 (4) If x=u&y. =V then <x,y> = <u,v>
ST (1,3 CP),4 LB S S L
o : (5) <X,y> = <u,v>_iff-x =u &y =v - S IR ERPES ~
3. 2. 3. 6 | ZFSTART and ZFFINISH _"f . =

When working 1n a metatheory one ofte% has to establish that, under'
L given conditlons, certain results are provable 1n the obJect theory.‘_
One .way to do this 1s to ax1omat;ze the provability relation of the¢.f'

ﬂ‘object theory in the metatheory and to establish the result from these~"

.

axioms. However, it 1s often far easier to. simplv derive the resultﬂ'i

<. \" ’ .
B directly in the ObJPCt theory and,then ‘use, this fact in the metatheory.

- Such procedures were recentlv added to the EXCHECK system for thev--v

proof theory course. Two inference Drocedures aré involved* ZFSTART—-for
L . Q .

starting a derivati0n 1n B2 frOm the metatheory, and ZFFINISH :for

o . -

-~ : 'starting a ZF . derivation frOm the. nmtatHQSfY you'may reference nrior,

'results from the metatheory or. the netatheoretic part of the derivation.;_'

jIn the second example below, two lines 1n the metatheoretlc part of“@he?

derivation are referenced from the ZF part of the derivation. There is a
IS . . - . - . - N R

. . _ A

\_Sﬁ;‘;g

finishing.the derivation inTZF-and returﬁin? to"the-netatheory. After e;_fi'”



restriction on the form of metatheoretic results that may be referenced

from inside ZF: they must'be‘atomicrférmulas of the formviF - F'Qf ZF* -

|- F. Conjunctions of such formulas .aré also allowed. Two simple -

'examples_of uses of these rules fdllow.

Example l: - ' N
" Derive: S _ o 7 —
IF Y IS Z THEN ZF* |- |Y| = IZI_

- *hyp$ o
HYP - (1) YIS Z
*zfs START - ‘ . .
" . kkdkkkkkkkkiekkkkk ZF  dkkkidkikkdkskkkikikk
fteq$ (2) *|Y] = Y] o
" Will you wish to specify? (No) *$
Using *g$0 .
#2zfESINISH
2 ZFFINISH o _
- ' (3)  zFx |- Y] = |Y|
. *1,3teqS (4) *ZF* [- |Y]| = |Z]$
Will you wish to specify? (No) *§
_ U31ng *2$80

******* Kk kdkdkhkdkhkkhkkkkkthkkhkihkhkhkkhhkkhkidiik

Examle 2: - |
‘ ) . ) N 1

 Derive: o ' '
IF ZF |- x=y AND ZF |- y=2 THEN ZF l— x=2
- J, .

WP . (1) *ZF |=x=y : o .
fwp .(2) zF |-y T&’ff‘: | . '
K *zfs§TART -l : ~ L

C kkkkkdkkdk sk kst hokk zp Jedkdede ke ko ook Fook ook ke

. #1 z2t:eq§ (3) *Hx=z$ s ' " ®
Will you wish to speC1fy7 (No) *$ _ . . L s
~Using *g$0 .-~ . .. v T L C L

#3sz$INISH - ' ‘ . .
s ***************************************

3,1,2 ZFFINISE - T A
) zZF |- =z T

ca®
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3.2.3.7 VERIFY )

The VERIFY comm.and is designed to give the student a reasonably
powerful method of verifying the correctness of a formula gi;ren prior
results. For example, given A in B and B in pow(C) it is convenient for
the student to be able to verify A in C simply using the definitions of

'_s‘ubset and powerset. The guiding principle is that the student should

be doing set theory (or probability or proof theory) and not first order

S

"\ .

logic. - Alternatively, VERIFY should be able to prove anything that is '

)

obvious to the student (and correct) within a few seconds to a. few

. oA . -

- m_inutes of real time.
A simple-us’e.of- -.the prover by the VERIFY command would be: ©

1) x in A

R 2) A in pow(B)

-1,2v$. 3) x in B . .

USING. *DSEFINITION (number or name) *SUBSSET

"USING *DSEFINITIO\I (number or. name) *POWSERSET

‘USING *G __$_0 : :

* ' [Fa'ilure to f1nd a proof would .cause'a message to be printed ]

¢ : ~ . . . i - L

“The student is’ able to c:Lte prlor lines by number, and pri‘or—axioms,,

definitions, and theorems by number or name._. VERIFY attempts to use.

kY

everything c1ted 'and incorporates rather few theorems implicitly, sQ i

G IR

the student ’s. jud1c1ous choice of these prior results is essential to

o '._'successful application of this command.- Sinq_e VERIFY is :[ntended ‘to be

N
A
¢ . n

1

use,d as par.t of an 1‘-;_g'ated system, see th& section on samnle proofs.'

for actual examples of I 1n use.

VERI.FY .uses what is basically a resolution theorem nrover. The"

S -

predecessor .to thls prover 'was written by ‘Vesco Mar:mov‘ ' see

,v.(Marinov, .'19'73).' It is a level saturation _prover that uses, a merge'

;' . -k

.strategy to 11m1t the growth in length of clauses. -,Af_ter'the ‘First:

<
-

v
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round, as a resolvant is generated-at least:two of its literals must
_zmérge"for it to be-accepted." Furthermore, the-depth of terms in that

clause must be ‘at ‘most -one greater than ‘the deepest term input;

Equality is dealt with via demodulation. Whenever an. equality becomes:

- A DS R

B v
K o . )- - . .
' complicated term everywhere in the clauses being used, simplicity being

mT. . [y

these seem at first glance a bit severe,[:hey are empirically based and .

D-. *
B

have been chosen to maximize the range of obviOus proofs obtainable in -

less than about 20 cpu seconds.' Thus’far, relaxing any of them has

.

dramatically reduced the number of proofs obtainable in. our domain._

"'»'a

- Paramodulation, for example, is hopelessly slow for us. Surprisingly,

. the prover has been able to get more. proofs 1n our domain without its

- ; '

’set of support strategy than. w1th it., qhe proofs-we do are small enough

=that 1t is apparently quite efficient to simply let forward and backward

.
B . : ' L.

N chai ng meet_in the middle. ..ilar‘ S ﬂfl_f;";lr

f‘ While'some work has been done,to explore the standard logical:?

e . . .
e R LS

lextending it to be flex1ble enough to - deal with features such as: sortsnl_fi h

T .and types formula-blnding terms, and answer extraction. :ffi;f"; T

~ ~

-prover.. For a resolution.'prover, the maJor effect of sorts is to

—_ Rl

F—

quantifiedvset_variable can'be.unified to an ordinal constant,'but not

to" a general:constant.f To help effect th1s checking of sorts, each”

- - ' d

:atomlc term explicitly‘carries a list of its sort ‘and all h10her sorts.

- e

f'asserted,' the simpler term is uniformly substituted' for the morej_f

_ primarily a measure of the depth of a teim While restrictions such as'

-characteristics of this prover, the empha51s to date has been upon

restrict the unifications permitted. In our set.theory, for example,

-ordinals -are sets and sets are general obJects, so a universally':

Sorts and types' present Special difficulties for a mechanical: o



Constants are _given a sort during initialiaation,' variables' are

implicitly sorted, and "the global mechanism may note that some term ie

not in its usual sort. . (We may say that A, normally a set, is’ actually '

_— c-

h an ordinal, or: specifically not -an ordinal ) Thus, given a universally

‘quantified variable and an atomic tern, the unification algorithm need

only see 1f the sort: of the var1able appears in the .list of sorts

o

applicable to that term.

-~
-

‘This simple scheme is complicated in three wayS. First, the -

>

,_theories we use also have sort-predicates.: Thus, duyring the course~of:

-
.

an attempted proof’ we°may-generate new.sort information -that permits

'7.

- R

arises’ in that the sort of a comolex term depends dynamically upon the

‘{sorts of its substituent atomic terms.— Thus, if an atomic term changes

involv1ng it may change. To—_dynamically sort complex terms, each

‘dioperator is given. a type dur1no init1a1ization, and the- sort of a

- -

complex term 1s computed each time 1t ‘must be referenced. Note'that to

unify two complex terms the. sorts usually need not be computed, since if

»the operators are the same and the atomic terms unify, then the sorts of

the complex terms must-be thetsame;' A third complication due to sorts

.arises when a formula 1s generated similar to:

(A x)(X'is-a set f> x.is;an ordinal)

R
N

This is Avery pow_erful information ,_'a_n'd" could.ldramatically ~s_peed- -up a-

proof.if.recogniaed; yet may yield;no‘resolvants,ysince‘the;literal

-setCA)'may'be suppressed-as.redundant: Currently such.information is

~

. not_very well used. ( R L S

9, 4

.-

..357

:._ unifications that were prev1ously blocked. l'The. second' complication ,

1

;—sort, ‘even. during un1f1cation 1tself the sort -of any ”compleX'-term )
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.. . - - T Al

R

i Another source of difficulty lies with formula binding operators’

;\
-

E such as. abstraction (for example, {x. x in A and x in }). The decision

"whether two abstraction terms can\unify may require the'full power of.-

e 4

. set theory. - For example, is {i’ i cubed equals J cubed plus k cubed,

i,j,k integers} empty? When unifyin? {x. FMl(x)} with {y. FMZ(y)} a'

.reasonable approach is to attempt a proof of (A x)(FMl(x) <=> FMZ(x)).-

T,

'Should it succeed the two:terms will unify. This strategy hasvthe nice

’ property of unifying abstractlon terms * which denote the emptyset.‘by

" virtue of having 1ncon51stent formulas, even if those formulas are quite
- , ~

fdifferent. - > . o

ot

A refinement upon formula binding operators which we’ emoloy is a
, term .and formula binding operator,' fdf' 'example 'thei' sequence-

[i A(i) (i <.n)], read .the set of all A sub i such that 1 is less ‘than

‘n.' 'Z'V'i‘o_ unlfy [x: TML(x) FMl(x)] ~with “ly: TMZ(x‘) FM2(x)] - the‘ same -

»

strategy as above will work, except that the subproof must be of ..

R

‘(A x)951gma(EMl(x)) <-> sigma(FMZ(x))),:where 51gma is‘the most general

unifier of IMl(x) with I%Z(x).. i ~_Fl ' e I L L

o ;;Biconditionals .expand ‘into -donjunctive normal formf'insﬁﬁ most

<

unfortunate way, yielding 'fronr“E;k:?ﬁerthe clauses (NOT P V Q) and
(P V'-NOT Q). Thus if P is generated, Q will follow, and then P again,

so that many'duplicate clauses may be generated. Since the‘formulas ray
be biconditionals of biconditionals of ..., schemes"tob avoid this
-ifiproblem’by'looking at'the clauses tend not to work.:-The effécts are too-
diffuse by, then. By splitting proofs of biconditlonals into two proofs,
one for each conditional we' obtained an order of magnitude increase in
:speed (from 80 to 8 seconds for one typical proof),,bringingamany Droofs

-

below the 20 second time limit we impose.
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3.3 Proof Theory Course - -~ - - . =

3.3.1° Curriculum

. Goedel--"s" InCdmpleteness'f Th'eorems -"a,re 'preser;t/ed in*- the course ae .
formulated for the system ZF of set” theory. The axioms of ZF and their .

intended models (segments of the cumulative hierarchy> -are’ careful;y;’_'."‘?".'

\7 .
described in the; first part of Chapter 1, In th!e second ' part we. -recall
how informal mathematical (in particuI‘ar, number&:heoretic) notions can

be represented in a subsystem ZF* of set theory. (zF* is ZF without ‘the

L]

- form of these definitions‘ is analyzed. In the thirdnpart, attention is_‘- '

Ll
. L.

gived to - t:he problem of representing number theoretic functions and
- .O

predicates given by (informal) recurs:Lon or. 1nduction.' We show that:'~

‘.“_

e

'.:-.-"' SI.GMA-recurs:Lve functions can be introduced in a definitional extension.“‘

of ZF*. - .

T

a

The ‘informal metamathematical arguments involved in - the above

considerations serve as the motivation for a more rigorous description

a -

of the syntax ‘of: ZF. That description is actually given in the first

* part of Chapter 2. In the second-part of t'h'e-'_chapter, -we : analyze the’

syntactic obJects as binary trees and formulate a. theory for them -

r(analogous to Peano-arithmetic) The - theory 1s called TEM ‘and prov:Ldes

a framework fpr describing and - comparing formal systems. Finally we

- . . -
o N

’ 1ndicate how syntactic notions can be presented 4in TEM. L

_<_In_' -_Cha_pter_' 3_ .Goedel s_ Flrst * and Second-u_'l‘heo_rems-., are proved--

- assuming. basic representabi'lit"y'..-,and . derivability . conditions.- Some
- e S - B - . S, . . . . ) -

show that the derivability conditions a.re “crucial. to the Second Theorem. '

ST
l‘::, . ) .

o axiom of" infinity and of the sale strength as arithmetic.) The- lopical B

examples of nomstandard .repreSentations of th'e theorem.are-'given;‘ they

i



an

Nt
7.

103.3.2 - Audio Lessons‘in Proof Theorg.

. The material described above formed the- basis of the CAI course in

_OCAL language was’ used to -

proof theory.' During the past year*~

: prepare leSSOns in a lecture- style format.,with audio.i The diSplay

~

features of VOCAL wete particularly helpful in describing the tree-like

' structure o% (well-founded) sets .and syntactic objects. The text of the
1\9 K -

1essons»was presentedj rosody Mode. That is; . the text to speech step

. RN
. . . 4 N

_ _ R . L TR
',was-achieved'by_concatena,ion of recorded words. The s¥yntax of the each |

' spoken hexpression was also automatically‘ analyzed" and - the audio -

- . '

paraﬁeters _of the ind1v1dua1 words adjusted to fit the syntactic

analysis., See (Hinckley, et. al.; 197?).

5o e T _ e

3.3.3 Augmentation of the Proof Checker

[y

In the second year report (Smith and Suppes, 1976) we mentioned
that TEM was fitted straightforwardly into the ex1sting proof-machinery,f

and that the central results were proved on the computer.' Yet for those

ce

proofs we used (in addition to the proof theoreJ%cé;onditions mentioned

®

- -above) some metamathematical rules. To dispense with the latter, ZF -and

ZF* were also im lemented and 2 ‘“switching mechanism’ was devised for
. P _ $

'thg latter of these (see Sezica 3.2.3.6). This allows'conceptualiy

cléarer derivations.of the main theorems.

“« . . .
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4 ‘Teaching Initial Reading: Evalﬁatibn‘gg_AudiOuﬁ

o. ..

S
v

K

4.1 Letter'ExﬁéﬁﬁméﬂE“

-This seétion'descfibeé one of the efpériments oﬁ j'recogriit-,ipn“of

B R T . . . v L
computer generated speech. In this experiment the ability of . first

el v o ' ' R o - ‘ ' ’
graders to recognize individval letter sounds was:tested. '~

‘e

. A N
o o~

- EY

" 4.1:1  Experimental SetZup

- >

L §8 first gfaders'were selecﬁed by the teachers of threi classes at

‘the Willow School in Menlo Park, California. 12 studentd from each

: made up the control group of 12 students.

class made up 3 treatment groups, 4 ad&itignal students from‘gach‘ciéss
Each treatment group received

?

7_§essions of taped, Eomppte?rgenerated speech and ém 8th session with.

‘tapéd human speecﬁ. The control group received 8 sessions of tapedf

o . \
Ce v,

-, ‘ EN

. human speech. - - .| T T -

Tfé-sessions,consisted of listening to 26 items,Nééch'consistiﬂk-bf'"'

»

- e e

the carrier phrase, *Circle -the letter: ", féIlbwed'by a letter of the

alphabet, and after each item heﬁrdﬁﬁpircling‘the-letter name from 3
Py . .' ) - B . ".". i . . ]
¢hoices on an answer sheet. The two confusion choices came from two
sets of letters which were used on alternate sessions.. .Each session

covered the alphabet without  repetition; in one of eight :ahdém

orderings. Approximately 6 seconds after each item was presented, the

"subjects heard a beep and fhe‘corrgct answer was di-played on a flash

card. The total time between items was approximately: 9 seconds. The

. - . J - ) . R L o o -

duration of the items was approximately 3 seconds, so an entire session
¢ - . o ) .

took 5 to 6 minutes to present.
The sessions were presented in groups of two, over a two day
3 .. : : | ) ' . o

* o«
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-

‘ sheet and pencili ‘ ’ o L A

v :
- [

period; two sessions’ each morning and " two each'afternoon. The first

LY

session in each group was followed by a short (5 minutﬁ) pause, before

Y

beginning the next session,» At each session, the sub*ects sat arqund a -

)

table at the head_of which was an experimenter with fldsh cards_and.tape

(S . - . - -
. .

recorder. Each subject was supplied with an amplifier,'headset,.answer'

. -
IR TR ' .

”
~

4 ' ’ S e
A. » ,”"

Before the first and fifth sessions the experimenters introduced

themselves and the equipment to the subjects, and .told them that they'

were going-td-

-
IS

the experim nters were interested in how well the computer talked $0

'a

that it was - the computer which was being_tested not the subjects. Ihey'bt

» . o

. were then told that the task consisted of listening to. 'each "item,-

¢ Py -

circling the letter /they heard on the appropriate row of the answer-

Ve o"' X -

sheet, and Iook up at the flash card when ° they heard the beep. 'They

N .

were told that the purposeﬂ-of- the flash cards was to help them '

understand the way the computer talked. L _;f' . s iﬁeufﬁf

L3
a2

'-4il.23' The Computer Systems for Speech Generation

.- 7 Four different systems for computeriaed speech synthesis were used

‘.for this experiment,,and the one using- words. Onevsystem (referred-to

‘below as MIT) 1s a sophisticated phonemic synthesizer developed by

©sta

ProfeSSOrs Jon Allen and Dennis Klatt at the Massachusetts Inst1tute “of

Iechnology mnder NSF support. The MIT system converts‘textfby rule into

the control parameters for the synthes1zer and thus. into-speech. The.

MIT.tapes for this.experiment)were prepared in two stages. F1rst, the

-

text Qas.converted.into phonetic commands onzProfessor Allen s.PQ?—9.

-

Then, these commands‘were used by Dennis Klatt’s. program on a PD{-ZO

- S

war.a-computer~§talk'. The subjects were informed that‘

e

N

pe

d ) LS

AR,

&,

o

[



which generated a di»gital represent& tion of ,th‘e sp’}ecﬁ 'I.’his was

iy L -i~,.,'

4
E

Sos : e :
covertedr to an analog speech 31gnal by a digital to analog converter on ..

-
T
. . . ..\
. . - .

.A__

NP

e

systems produced by Votrax, a’ divis:.on o

*. . A .
. e - LS N B B s
..

3 Tﬁe VSﬁ system was used for the letter experiment, ,and' the’ mor'e-“:‘:

expensive MLl was used for the word experiment._ T-‘hese systems ‘are’ also
. .
phonemic synthesizers, s:.milar m this respect to MIT, but the. phonetic-

~

cont‘rdl parameters are. generated by hand rather than by rule,‘ and

e .. 1l

these systems al]:ow l\ss control over the allophones then the MIT

. ‘

~-system._ The Votrax tapes for both exneriments were prepared by Dr..

-~

Carol Slmpson, of the Psycho-LinguistJ.cs Research Company.- The »fourth

- synthes:Ls system 1nvolved in the experiment was the Micro-Intoned Speech

- 1.'4~

Synthesis (MISS) syst/efn deve10ped here at. the Instltute under NSF

. support (referr%gl to below as LPC) It- uses recorded words, which are

. -

digi tized and then compressed for s toracre on disk us 1n2 a linear
- : ,
mé

prediétive coding (LPC) algorithm. Sentences- -for the e:'{pe'riment,

P
up of either a letf‘er or word toggher w1th a carrier phrase were formed

-
. ‘v

by concatenation from a,,vocabular}r of stored words, w1th parameters

i _ W
aﬁusted accbrding_.'to ‘a’ syn otic prosody :algorithm (developed at the
LR . . . ) o . A v

“Institute), then expanded.;using’ the'_LPC .'.algorithm,' and converted to’aa

. DO . . Y 3

' analog s“ign'al'.: : _ " " o V' | ‘. ' T R -
o It should be emphasize’d that we. are comparing systems which are-
an . o .

quite d1fferent& both 1n kind and to a certain extent in purpose..

...“ N t - ..'...
-

Neither ‘the MIT system or the LPC system 1s commercially available in’
. _\-' ¢ . . N ) . < . - . 7»-

any form while the Votrax systems are c.u'rrently be:mg marketted. Also,.'

-a vastly dlfferent amount of human 1ntervent10n is required in the three

gy - . . : ,.». . ..-.-;‘

"de_vices. The MIT system requires no human. 1ntervention once the text 1se S

..f - . . .. . .o ." . ‘o R ‘-l. T a
o . . . a. . T .

‘ ) . - 3 .
o R * L . - . . IR i ST
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the PDP- / ’Iwo other systems were the§ VS6 and the MI..I : commercial T

the Federal Screw Works Inc. . -

~ et . N .
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S ;,\'ﬂ ?'preseated to che system, however, it does not operate in real time..-Ihe/%’"T. SR

A LT ; 2 T R o ) .,_,. e e LR
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g ;?{--Yotrax systems requ1re a tralned phonetlcian to“manually transform text :

- AR RS S

tvesizers akthough some text-to-.s.'

. 5 : -

L ‘intO‘phonEticA;ommands tojdrivefthe".

betrakV cbmmand;s§Stemsfare;under‘ evelopment= Flnally, the LPC system g

Ee ) P N -v" . -

v - o~ A

~requ1res 1nit1al human 1nteract10n ‘to record the 1nd1viduar words, but

»\ N . . 3 N - - N - - . e
once all the words needed are in the vocabulary, 1t converts text to ..
: - q . . . [

"speech both automatlcally and ;n real time. Desplte the fact that these L

— . T

\..' "'A

“.’e‘*'ﬂ'systems require dlfferlng amounts of human 1nterVention and\sperate at'f

varlous speeds,,they all purport to allow computers to talk o, people

-~ and it is on.that bas1s that we are comparlng them.;g \ L ”d"

L : ..A.: ' “'j '5“\ / v RS 1 v ’ ) “A:' 'I'\ - . .;.: F:l’h '*; "_ v:.:“ % .};y' . .'-' ' .A.‘ L Lo "'.- ‘
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S "’4«1f3 Comn*“lson of . Mean Scores for Letters e S .

DU T DA e

- o Although the test for ind;\xdual 1et§rs in isolatﬁon is.not’ an easy

Mot S . B k‘ .
1 e - . NN - - e w ~4,$ ,_.:_. I

'one,-the students d1d rﬁ%her We11° the nman correct ‘scores for each B
session were-between 83'and‘98‘percent; see-Figurehé.l? Ihe variances_

* were relatlvely large, so there was- 1nsuff1c1ent separation of the mean

scores_for session by session‘comparison._ Ihe dlfference between mean

. -

‘; __'scores exéeeds the sum of the standard dev1at10ns in on].y

cases:’f

- . . L.
N

V«;"”controf‘over MIT in sess1ons 3 and 4‘ contral over Votra‘

\ :{i r | _ e D “'Hﬁ/ukif

LT ‘4 6 and 7 LPC over‘Votrax 1n ses51on 6. T ﬁ;_ . ;?Qif?'ef_u}f,_;(;j;
PR . \..Ar. S ’.. R \ RERELRS "‘. E . s S \ : “: 7.35 »
- 8We orlglnally proposed ‘to’ test also, the debta modulatlon system : PR

(developed ‘and . formerly usedgat ‘the: Instltute)., However,tthe delta® . .-
' system is not comparable in. quallty to the other systems,.and by not °=
testlng it, we were able ‘to 1ncrease the number of’ subgects hearlne the o

DR RN <% Do -to’ the absence of some student who began the experlmént}ﬁand f??'%ﬂ};a'
S : exclusion of twé students whd did. not\adequately respona to " tﬁefgisk "
"+ and one.outlying scorej; some ‘of the mean Scoresare based on less than
.4.. " the.original .12!subjects.  ‘For '.the .control, ‘Il scores. were used to

: _ compute the means for sessicdns 7-and 8. For Votraxggll scores wWere used o . .

}et"fjf' "to ‘compute . the mean .for session 3, and 9 scores” for, sessions .5 throueh"4;1~_“3 s
SR 8.; The means for MIT and LPC were computed using ILI* scgfes for all "= ...~ 7 .
L e53551°n5'A 7 R {e >u:;3é;},\;.-,‘ ';fft'*'i“f ;
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.95
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- seven sessions of the- rank of the, Systems. -A.".sign. test 'was ‘used to._'
-examine this feature~of~the data. We beean w1th a null hypothesis tﬁatjw

,*the probabllity on any given sess1on of systeq a havlng a higher mean._.

g,‘to compute the probabil;ty under the null hypothesis of system a scorinO;;;

' so we assume. any differences detected are the resulf of differemces in_ 3—3 D

© the- systems used. The control;group scored hlghest-in
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Figurerﬁ.» Mean Scoreé, Letter Experlment, by SeSsion. .

+

A more salient aspect of the data is the regularity over the:first
o L o o o

)

N
e S N, ST et e

”lfiscore than system hﬁis one»half. We then usea“a‘blnomlal.distributlonvi-;f L

.\“‘ "

'"hlgher than system b in x se551ons out of seven.¥ The scores on the;“

. -~ I R
eighth se531on in whlch each class heard :he recording of - the huma*‘; o F LT

- a - LT

N

::voice did not 1ndlcate a SLgnlflcant dlfference between the four groups,f,f ’ L_':*h
a’ R - " - U L .

L - . o
even out of -"-{3 L

N n

Seven sessions.néBqth MIT ‘and LPC scored hfgher than Vofrax in_seVenn .
sessions,i LPC Scorethigher:than.MIT'in four sessions, lower in two | ;:hfglﬁ'm

? 2 L “e . LT
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'sess:Lons, ' and thé'?ﬂ two gr9ups scored the same in one- sessz.on._ . Ihe- 4
-results of these 31gn tests are&that ev1dence for the Superiorlty of the
' - e ' o . - 'f
. L human v01ce over any of the computer systems 1s signlflcant at the : 008x

- S ew . .~ _/

'9”r;yf137 outoomeﬂlnjthe'compar1son'to.LPC under the null h7pothesis of equalg

° . .
P Y 4 o -
N

.-.. ..,. _ A.,‘. . ... it

'"“4.1'."4._’" " 'Le'arnin'z’-'Study"fdr‘;Lett-erfs.~‘?'_' e \ -

R ':?i' The model selected for study of the ‘mean learnlng curye is: llnear,f_xQ:

Tow L

: L , R~
.« . + [in the change 1nrtheuprobabil}ty“p£ error: _h, L S
R .}/n-i_-l T e

1

where q is the S?BBablllty of error on tr1a1 n,_ nd a 1s the factor by

-~ -

A case,-qh ‘is the mean error orobab111ty durlng ses51on n, averazed QVer-i;l'

.
B I . AV k .
. v,»

T~ - .. ,-,‘-'u P . . Le el - .
. - ; . . . -

e

ST jzestlmate for this;modeI"are ql and a, s1nce for anv n > 0, q a q1

c el e .o .
- . ., :

Averages of the error probabilltles for Uhe fzrst two se351ons'%ere
- .n.ve. S

3~ij?? used as the estlmates for the 1n1t1a1 probablllty of error fo each

sl -~ .
. . ’
-

/. s§stem, because the results gf the 1n1t1al se551on\were affec d by the-“

ST students unfamlllarlty w1th«the speclflc task.z%, gven ql, we then found

e1ther system to be one half., Thus, an averaze was: taPen

: ,scquno hlgher 5 times. C R 3--—~ o

) 21Do to- a schedullng confuslon on the flrst day' of. the letter
experiment, the groups hearlng the "MIT and LPC tapes were' sw1tched, so
that from session. 3 throusgh session 8, ‘the group that started with" WIT
heard instead the LPC tapes, and the original LPC" @roup heard the . MIT
* ' tapes. Since the average error probabilities over ‘the- first two léssons
. were .soO close (LPC'-.llS MIT: .114), and the scores on the se;ond

L : ) S R NS .0 S

.n:_lewel, as ,1S ev1dence~ of the superlorlty; of both LPC and WIT over '

PSR ,—Votrax.‘ The probabll;ty of MIT dolno as well or better than the 4-2-1 y

whlch the probab111ty of error decreases 1nﬁa 51nele session.u In thls

SRR students 'and 1etters of cthe alphabet. . The parameters we need tofﬂ\"”

- - > G’.

: 0In accordance Wlth the - assumotlon underlylng thebnull hypothe51s,.:
we' assumed the probab111ty of an equal score - indicating superi rity for ..

P

't
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-l the maximum likelihood e \_mate a for a, and 6’ for 0‘, assum:mg that the

observed values were normally ch.stnbuted Wlth variance. 02 ",“ about the

‘

‘mean value. a GJ-. "Tiael maximum likelihood est1mates -were computed using
- B

~ the 4renfalning six points for the control. SR _' ,_)

L Table 1 .~ B S A

* "Estimated Parameters for Linedr Model. ~ w: - . 7
e . - . S - - -

system L eta L ay o _addi:ional,'sessions (n). .

e owMITO - 0T L8917 LG ..006 0 9

" ) N . K -
.o . -
4 . - N
N . - .o ,v-, -

- . . A r.oo,

An average ‘over the relat:.vely stable error values in the final s:.x N

BN . - . (s. A . .

‘:r. 4 N .,
- - - A . [
I‘\ B N

: \ for the computer systems. I'he criterion thus computed was a- probability, :

-of._ error &_: -.024.' The estimates obtained for the initial prObabilltY.

<\of error and the decremental factor wife then used ,to compute estimates

of‘the number of . add1t10na1 sess1ons-{gsess1ons- beyond the.ser\en sess:Lons

P

e thé remaining five da,ta pcé.pts in. th-e case, of the Qomputer systems, and,. w T

m ST RERE e s agel Ll Lodz e g A T
CONTROLl : s_;93o"“.034 W07 0 e T

sessions w:.th human speech w'as used to set a crlterion~f/r performanoe" _'._

Ay . . . ks -

used to es&tes&\néte the 1n1t1a1 error rate and the decremental factor)

' needed for t;he given computer systems to reach the cr1terion.

N e . 3 . -
\\ . The llnear learning model was selected for its s1mp11city- and’

\-
- . r

robustness,--. The data seems 1nsuff1c1ent for comparison \with a more
J'.complica.t_edvmodelﬂ. A rough 1ud°ement of the goodness ‘of f1t of the

Y ) . .

> sess:Lorr Zéctly the same, all the LPC- scores were taken together as a 7

sSes!

-

n, and 11kew1se w1th the MIT scoreS(. -

»

'57155
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ST %07 e criterien (g < .024) S
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s model can be.obtalned by comparlng the observed and predlcted scores for y//%_t‘;‘jg,”

e

the letter experlment, see Figure 4 and Figure 5 not1ng 1n particular'

o ‘ the poor fit to the Votrax data. Also of interesf regardlng the,fit1’;/
. - \ . .
. h 3. ‘ . - : . — &{ K s -~

the 11near model 1s the estlmated. standard deviatlon ,of the normal
. w . . .7 o - .
dlstrlbution of error about the predlcted means.. This\barameter and the -
. - . .. P ™
M N r . ~ - .

;other estlmated parameters are contained in Table-1;7yhich.a139 eontains

_estimates of the number®of additional sessioms to criterion. Since each .
B Sy

'imately 6 minutes long;~the’estimates for the number of .-

g . : SR 'Y

.cr1terlon mean,_ an- add1t1ona1 12 and 54 minutes of exposgre‘;

) session is appr
_ sesslonsA_
.irespectivgjiﬂfor %EC and HIT to>meet the'criterlon of hqgan recorded-ri t‘&
speech., The model pred1cts the need of an add1t10na1 11,5 hours of**iﬁ'”\
. o / R

exposure for/Votrax to meet the cr1terlon. (ﬁowever, the variance of the

e

.Y -

) . R N L
Votrax estlmate fbr a ;s qulte h1gh° a value f a one standard dev1atlon
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-‘ below the mean nonld- lea-d'to a predlctzon of only 3 2 add1t1onal h0urs.
_;exposure’pto criterion. ;\AISO, ab—Value °f ‘a 1ess —thaﬁ half of " one :fﬁ
'-'.‘, standard~ dev:.atlon greater than the mean v-,Jould lmplY-that for Votra.x, LRI ‘-:";‘-'
: , | I‘earn‘lng'ls occurrlng. T ,~ . SN '. : o

L]

SRR 15 e év'al(iation of S})ec‘ifi"c Erob'-lem Sonnds- e '-';ij'.': R, iy ;/,

Several crlterlbere used in an attemot t:o focus on . the speciflc Ce st

na problem letters for. each of the systems.» The,%flrst of these was to ” S
o _ -_i\ - » N - . S e . - o-'_.. A

select the letter_j\ for Which " the - sum’over "'seVen sess:.ons of the

R -

percentage of students mlstakmg that le.tter exceeded 67 percent.' We RN

r 'v_

i~

also checked Whlch ot' those letters had no mlstake-free se551ons out of L
» . .

. .\r
'-.'.. - .. .- . : P 3

the flrst seven.- Undervbthe {n‘.‘st cr1terlon, Votrax had 12 oroblem
. le ers.D E r J K, n B, Q, 1:, v B andZ 5of whlch (F 1’ 1, v ™

‘Z) were also problems under the second crz.ter:.on.. MIT had 5 f:.rst:

criterlon problem letters. C G J N and Z'»all b““ C were also second'.'

T T ».fcr_’J.ter:__.on "pro_blems.. LPC had 4 flrst c\iterlon problems' B D G, ‘and Z,»
Y 1 of which. just Z wase atso a- socond criterion problem. For comparlson, e

S : R .. ) JUN . \‘
SR the control had one f:.rst cr1ter16n problem (N), and no problems under B =
the second cr1ter’J.on. o R __j S S

@ -
2

L .- . b 2
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e L arrows 1nd1cate dlrectlon of shlft, _ _ . o
e L I nt. = 1nd1cated shift not tested - . - - o T
E Figure 6. "Di agram of Stop'-Shifts_;_’_l-,et'ter._Ex_periment L '
B . R / T _
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;-.Ihe data was also : e:eamined 'to see if : patterns- of 'errors f-cou'ld 'be

LIPS
o o %
. v

"'found n terms of human phonetic parameters.v_ Only in the case of the

\ - . I - - . _,"

! ~

v :'

- patt'erns. There we found a tendency to shlft from unvoiced to voiced L

storps, malntaining the place of articulation, and a tendency to shift

> . . B L
- N “

< -,,-the place of articulation of other sﬁops, while maintaining the voiced '

v e e

. et -&&

""‘“"data for Votrax was there sufficient error 1nformation to detect some d '

- &
or'unvoiced quali-ty...~ See Fipure 6 fqr/a diagram of these stop shﬁts, :

e

';paralleling ~the direct ,shift from P to B. Other problems rfor Vo-:rax K

-

were st::ong rec:.procal confusions betWeen K: and J and between Z and V

= < o~ i : v

' and a strong tendency to hear s for the Votrax F.

2All the systems had difficulty with the letter Z

Ll

..

. Votrax, MI-T’ and the control all had difficulty w1th N which was heard".’?»

e 22

vhich was 1n |

-

and note alSo in that diagram the s.hifts from P to E and E to B,

_.general heard as V however, only Votrax had the reciprocal xconfusion.‘-ﬂ»: B

<.

as M. Both MI’I‘ and LPC had a problem with G, which was heard as either -

.)
. ¢ ’

case of the J to G shift ,_in ‘the MI’I.systema.

4.2 . ,,word Ekperiment .

x

'Ihis section describes the Second of the experiments on. recognition _' i

.oof computer generated speech. In ‘this experiment ‘the ablllty of flfth R

-

7z
) a

- graders. torecoonize 1n1t1al and final consonant (or consonant cluster)

B J‘.
-,

- .sounds was tested. ’

.22 ' ‘
N was ‘not a first cr1terion nroblem letter for

summed error percentage of 45 percent

Y

“

LPC,"

B or. D in both systems. There is ev1dence of vowel confusion in the

having a’

.

-

.
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“.h'b;Z.l; §§perimenta1 Set-uo.-.d_li- N :' f ) _ . ‘ h‘jgf

‘f:%fiiﬁ hfh .,”.ﬁs f1fth graders were selected by the teachers of three classes;at.h'1“§<,i:i
";,fﬂjflfﬁche Nillow School in Menlo Park Callfornla;- 12 §EQQEnts from each 51' el
.tféaass made up 3 treatment groups, 4 add1t10na1 students from eaoh classd

'w;made up the cont—ol group of 12‘studentsa__Each treatment group recelvedjf‘rfhl'p

' 8 se551ons of taped,_computer generated speech and a 9th session with;--

,hd - taped human speech.‘ Ihe control group recelved 9 sessions of taped

,.'».'.'-.f‘:".:- - . L ./.‘ . . R B ‘ - »
AR -human.;vspee‘ch, SR , S 3 e e e Cal ¢ R
T L O
. -y Iable 2 fa'ﬁi,,,t Co e e
) R ; L :‘ ’ v : oL : o ' ' R -

S T Inltial Consonant Sounds, w1th Confusion Words . Lo e

LT ,test word ~con£uslon.words;;-"‘ test,wprd-.:confusion words o

=

.bear -]'_ﬁdare ! ‘péAr " |'s _-sink .fj:’zinc __'think | -

- bloeck: . “flock ‘.clock ‘| sc--scare _*_’care “stair . |} -
‘breathe ,fwreathe sheath T scr’SCrew~ ‘threw .. stew |
‘cash . - dash ' .-crash . 1 sh “shop’ 'Q‘jastop © chop |
' choseé - . olose;‘ shows -t sk-skin . thin- spin - |

1
1
1

P

_ng’gjq’

0
= o

‘clean > lean-  'séen’ .s1" ‘sleeve” .leave weave,
-crash. " sash'. cash
~dime . . time ’jﬂlinefd.f
drip U~ grip-. . trip - | sp -spark .- stark shark N . o .
fast - cast - past spl split . flit. ospit - |0 ot o T
-

n
"

sm:;smell - swell . fell =
“sn- spiff ... stiff —miff

AR

=

.flock = -’ block clock | spr'spring " -string sing .

o H A Qi 0

I
|
at
. : B
R r free . fee - three | st. start = part  tart .
o g gate = date great | str string - spring _thing N
gl glow = low - go. | sw ‘switch - -which  ditch | -
J-grvigrade - braid * trade’ ‘| t- _task = - cask - " mask- | |
JJ:h~ hand " and- - .-land | tr trip ~ drip "'striob_ | -
)+ jump - “bnmg s Jump~ | tw - tweed:: .. weed | .reed S
.17 look - “hook- book® - | thoser nose.. shows | .
~- | m march arch . starch | thin—— -, fin > spin - | o
©]'m nice’! . rice wmice . | three . = tree’ . spree . |.
- |"p- - post’ - "boast toast |- verb = . curb-—.herb |-
o pl-_plank ~ prank blank, |'w went ' : bent - méant- |
y ol prosprd ’_ﬂ. rice - . “slice -l”:j;'year f_:,'ear » :hear I i )
STy qul g k & ‘erack - cpack - - |z zeo T-+i+ido’ Ju sue N .
2. | ¢ |, .rasp :._ :ggrasp'“{elaSPEe JehT = voicﬁd alve%}ar fr1cat1ve) o //’f’

o %
B - To
. 6/_:- “«
. . .
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ERTRRE R s N
S : Table 3
=i=\g - Flnal Consonant Sounds, with Conqu1on Word%. - <
"2 R - . . e -
A _cf test word_ confu31on~word5';' -test'word confusion words -
I'b . tub , .tug , tough ‘[p  shop  shot ,sh;,ck T
| ch switch swish ~swim | pt. .rapt - rack. Q rat, - -}
o .. 14 .. grade great ! grain | r . bear “bend -~ bet’ |
. .l £ . oaf oat * . own . | rb- verb verse verge |, -
o ‘:'Jll ft fleft let:  leg- f’wlﬁrch ?amarch'_;marsh - mark -"lr -
... . ls - rug: rub _rut’y: |"rd" bird . birkh - birth | ’
oyl 3 -~ fudge  fuzz - fig;ng'_;_L rf. turf. . turn turk, ,‘4]
... - lk_ block ‘blot . Lend 1 xi [ large - lark “lard & |
e 00w - | kst .pextr neck " nest 1 rk spark fspar ~ spot IR
O B -1 & ] L tor ™7 . awe ‘i | rl’;. curl: &urb - “wcurve | |
o A1 bulb - Bulk“z~obulge‘;nl tm°  warm ' war  warn. - _
©o+ | 1ch .mnlcbf me2 munch [ ftn  barn “bark " bar ’ | 5
S ©.] 1f . self --sells @ .said.~ .| fp . harp -hardr  heart | ';w
.- 113 bulge . bulk ' bulb | rs- 'horse - horn hoard |
f-{g@*: Ik T omilk’ © mills Y mink ' [$rsh  marsh - march . mark’ ﬂL
e 1 1m :_;palm( pond *~ park . &Ert'v'“start //)tarch star - I
. ‘<] 1p - ‘help . hedlth' held . | rth earth ‘earn . . urge 1
| 1s . false fault - fall- - -|-rv [ starve stars y'start -
} 1t - Ffault ifalls - false [|s prige»_:prize * pride 4
..J'dth’  health help ' held | sh cash.. . cast * camp. | ;
. : I;Iv delve dell, deaf | sk~ task ¢ tack‘f ftax=c““ l<
’ J™m” _dime = dire dice ~ b sp, rasp ~ rat . rash . |
.. lmp  camp’ can’t,__cam .. 1'st fast ' fats  fan . |
S skin - skiff - skim-- " |. t . ' gate gave gaigkx I
| nch  crunch . crumbs crutch 4. th  -path - 'pass . pad ]
| nd hand - ham’ had - | thT breathe breeze brief 7.
|'nk ~ plank plant- plaid | v gave gaze . ‘gate = |
. | nth tenth tent tends | z -~ - chose.’ chore = choke l«
o | nt went when . wet | zh beige ! bathe “bays |
= i ng - spring sprig *jsprint.'l(th = v01ced\alveoIar fricative)
7;_ y -g Ihe first 8 sessrons cons1sted of llstening to 27 items,
.:; i consistln the carr1er"phrase, Circle the word: ; followed by' a.j{f,‘l
- nonos§llabic word, and after each 1tem c1rcling the word" heard from‘3f
choices .on an answer sheet;: The taped words came from a. list of 108:l
- RN D '
o ltems (includlng some repeats gwords used to. che%kaboth i?llniijai andf:
Yk h .
_flnal consonant. sound) to ¢cbec 9‘Jyn1t1al consonants ‘or consonant; .
clusters (see Tabie 2), and 59 f1nal consona\si\or cpnsonant cifsterS‘.-
' ". ‘ . e . . - ~ . \, ' _ T ¢ )/ ‘
N S ' ,!‘ . % v . T //
K S ' LA
SN ¢ 72 N\ .
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(see Table 3).- The lj7t was preSented twice in diffw -
. or ngs. once~ in the first 4 sess1ons, again 1n 5 e -next four
- se551$ns.' The ninth sess10n wa’s . a control Se8810n with letters, which 'rs;f
¢ s ) : — L. R
}4 '.4.. . R
" used the same’ ordering as- the e1°hth sess1on of the ie:ter ékperiment,. S
Sl and was’ given: shortly after the eighth session of words. Apart from 2}' Hﬁ}:_":
s ‘ . ‘g _ L. . A SRR
‘these differences, the experimental set—up was exactly as 1n theaietter O
T experiment; see: Section, 4 l 1._ For a description of the computer -
. systems usedrsee:_Section 4.1.2,- ”i : '_'f‘; L 'Tf . 7,‘ -
.77 4:2,2 - Comparison’ of .Mean:Scores for Wordse.. - v--C TE a0 A
S A '-_":°The_scores»on the’wordJEkperiﬁent'were quite'high:'theﬁﬁean cqrrect:vrh
' - ‘ T Sl e
. scores for_éach seSS1on were between 78 and 100 petcent' see Figure"'yfnf‘-tgj
”f\wi 7..J The variances were relatively large, as 1n the letter experiment,.' SR
] ) . - - L . 'j?.-;,-.. : -
. so. there was 1nsuffic1ent separation of the mean scores for sessxbn by \ e
. 'session comparison._ Ihe difference between mean scores exceeds the sum [
: -of the stan ard’deviations in only 9 cases: control over MII'in'session S
A c B X K
3 control over. Votrax in all but sessions 6, 8, and 9;,LPC owe: Votrax
in sessions 4 and 5. A more salient aspect of the data\ is ‘the'
regularity over the first eight seSSions of the rank of the systems._ A IR
R - Lo . ] e\ S Aa
in the letter experiqent a sign test was used for a pairwise comparison » .-;
- of”the systemS' see Section 4 1 3 for a description of the test. o I _
- The control grouo scored higher than Votrax and MIT in eight out of S o
e Tae v - i 'Nﬂ’,‘ ';,;'- .;‘7:
eight sess1on§, and higher than LPC.in seven SeSSlO&SJ Both MIT and LPC SO ﬁ
) j , .~ - . R - ) 1 hd N )
_ scored higher than Votrax 1n eight sessions. LPC scored higher than NIT e o
Pe RS < ;
Do to the abSence oﬁ some student who began the experiment, ‘Some 1‘.v e
of mean scores are based on less~than the ori?igal 12 sub1ects.. For - RS
- the control, 10 scores were used' to comoute -the means :for ‘sessions’ 5" ”
T through 9. - For"MIT, 9. scores were used to compute the‘mean for sess1ons _ el
l:l{l‘ic 5 through 9-' ”_\\\PY . s S . - - P IR - " _", . . . ‘*‘_-_.. ' e
B . T R o L L e, o ,
R R N W 73 o e TR e Ty -
: S N L TN L L T T e T . ey
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h . o0 : .
. - - T : B . : -
o R v e . ) '
s ' sessioa number.~ S °

ol T2
. L.00
RO ﬁ«:f-@.99a"
o .e98 -
- e
<7 .95
ﬂxv"~gﬁj,";94'
e, .93
W92
.91
SRR
DR '5-38f“.j -
o - .83
S .82
: 1. .81
. 1'»:;.80” B
_ . v N -79 ' ‘_

CONIROL L = LPC M MIT V = VOTRAX

’&:ffiggrerzﬁ -Mean Scores, Uord Experlment, by Se331on.

Y i

) - RS P

.

A

‘y S - ','-1‘-__‘.-7 "“/‘._'. . c .»_ . . .'., ) - . . -
‘in seven sessions and.lower in one session. ' The results of these-sign.

A >

,tests‘are'that-eVideﬁoe_for the superiqritﬁiof-tﬁe;humaﬁ voice, LPC, and

SRS , T S TNy, : \ J
+. MIT over Votrax is signiffEant at the .004" lévely” as is %vidence of the

;- superiority of . the humap: voice” over MIT.", The. evidence. for the‘ |
: 'superlorlty .of" 'the human voice over LPC "and - of LPC ower MII is 7i4;3‘
51gn1ficant at the .035 level.— T ‘-i,-r” ) “'L%;f. -ﬁ” - o

I

»
Y
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82430 Evaluatlon of Spec1ﬂ1c Problem Sounds. R

In order to focds on’ the spec1fic problem co':onant'soUnds'for'eaéh

2 .
ES o2 ' -

"system, llStS of ‘items- that mOre than X pereef> of the students missed.a

. b

.”.(on either of the sessxons that the 1tem was tqoted) were orepared for X <
15 2? 33 sof and 67 ;sée Ta’bl'e_.la,
- T W e ‘,'».‘:"\ \ .
; LR e .
N N . o . - -
L - - 74 N R




. . .. : A 4 h
{/., ' what patterns of errors could be cerned in terms of human p,honetlc

Ae
. . ‘ A4 .
» ’ ¢

apa‘rameters. - For the mQSt 'par't', t:he 3 percjent error- range was most/"aQ
.. . . : N :\ . . . . ~ - ..- Lt .

amenable 'to\ analysis. . KL R . SAPaS

R .
» -

e

I~ K

Table 4 o :y~_"j;t;} ST
I : : Number of Problem Sounds i .

L - .
.. . - . L. S, .. v - L . . <
. . . N : .

. Errorlevel: | - 7 15% 251" - 33% .7 502 67X

g . - .. . 1initfal consonants . . Ny
.~ L . VOTRAX - "+ 27 .17 13 . 5 ' '
-~ T oTMIT Is - 12 x4,

T LPC -8 5 2 2.
Sy CCONTROL © ., 3 .1 kI T, - 0

APR o ' _ final consonants ..
S VOTRAX . - 35 26 - 17 -7

o 1. .- .. MET - - 10 .3 6 . 2 -
S R T 7 - 10 6 2., . 1- .

¢ N ' \ o © tétals
. " VOTRAX 620 - 43 7 30 .12
: , S MIT - . -25 20 | 16 6
R LPC 21 s XG0 7 3.
T > CONTROL - .6 - L3 2 2

ooow

ST -

_./. s K ) .'.. R . . .’,_ ’ - o '\ . R . . . : N K]
_ The data fo:r' LPQ.l.:i..‘n'ci‘icat'e," aside from :isolated.-' \er\'ror's, 'problems -
. ?,_ .w'-i:thi'--olace ot; artlcu]_atlon. H’ow_ev/_t , 51.nce most of these piace errors,;
,  3 '..'concern the-.th ’"(unvo:.ced theta‘)jsound, 1t may be mor‘e approprlate to say _
I"""t:hat: LI"C has ' a J;lace of . -art1culat1on problem~- w1th __.*_the. th soun_d,

'conf.uslng 1t with both»,'tlie S and £ consonant sounds. Of the i'so}_ated- :

R L CoaTe T e et ST Ty
g _errOrs', the: ' most’ not:able ) we;e : hearing - th_e kr - cluster for kw. = oo
) \] "(orthographl,c _g_) and dropplng the y_ sound in- year A ;PI;,

SR T Most of the problems for MIT occurrep in consonant clusters, rather
. . ) - L. . L ) _: R : !\ - R ¢ 7

'_'t:h.an‘ln- ;nd:.y:dual_cons_onant; _soung_is'. .'I‘here' was a~tendency for. the p, E,‘_

J . ‘ . L . . - oo s s . - .. . . ',. . ST - L . \ - .,~. ‘-' .
- .7 - _ andss sounds..tobe -dropped -from initial consonant clusters beginning - -
) e LT T s e et e L el e T B L A TG o/ A SR AN
5 N T et T e AR ey T T B e Y S
- L “- . : . e o - . Ly

' ot . . . W el v T S . .

Y

TERICT Ul s T s e
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" - ’ > - _‘ ]
’ 1 ‘ ~.. ' ) .‘ V . . ,“
- TR . / S -
P /1' —>K | 7 - P<=—==>T<— K - ..
. \L | | - Jat - ] . ' \ : .
.. B =—>D 6 .. - "B <nt-D —=>6 S
P " . VOTRAX . - J L
RO arrows indicate direction of shift ) A .
i nt = indicated shift not tested- .‘ ' 4 o
N , Figure 8. Diagram of Stop Shifts, Word Experiment " R
o o n.‘ ’ . " .\ ] .. "‘i . . . l\ - | ,".a
. w,ith'.these .sounds (the effect .did not appear’ no~tabl'y in. 'the'w""finalr
clust'ers)".' There . was_a strong tendency to shift from voiceless, to .
,voiced'sounds, as in: p to b, t to'd, and s to z. Place of articulation S
p'robl-ems w'ere noted in several' stops "and with the th “sound. ' It‘ivould
' appear that MIT has problems with stops and with the s and th sounds. A &

B Surprising result was the shlft from j to k in final clusters where the. e

~

i followed. an 1 or. r sound. : o
o , » . .

¢ -
- Ty .

: Votrax had problems with stops being dropped from an initial_’_;j

.2 ~

- 7 e

“ .. . - . AR S

'l‘here _were -also place .of - articulation proble‘ms w:.t_h stops,~ a’nd'._'a.“

pos1t::_on in-§ consonant CI“Ster, bOfih”wnh initial and final clusters-';:‘ SEE

L tendency to Shlft frorn unvoiced . to voiced stops.' 'l'here were also: * ..

problems Wlth th shifting to s and £, as in the. other systems, an‘d a’ g

Y

surprising Shlft from t’h to dz. _ As with MIT there\were problems with»

fmal il and _]_, but 4they shifted 1n a less surorising manner to 1b and. ‘

e

. .._.‘

.

pronounced tendency toward reciproea.lﬁs‘h/lfting is indicat,ive “of - problems |
w1th the o‘Verall clarity of Votrax speech and makes an analysis in '

terms of patterns of error more d1ff>1cu1t.-, Qf some help in this regard_."-p, ;

- - ) . . - L .,?-.’

i P 1~s an examination of the 11st of 1tems yith error percentages of. 50_

.",2.'

o Tk ’./‘. S o . T Sl
L S Tl - .. . . ..
eyt - S . - e . R . T
T I o KR . - T T \

e ) 'rd_. : 'l'here .was also a. tendency for both b and d to Shlft to -’. .:xe.'
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sercdent or‘mor'*e. ‘The errors at or above ‘the 50 percent level would seem - - N

to z.ndicate that for Votéax, place of articulation’ errp_rs are -more
.. - N : . - T Coa 5T *og X
L pronounced than vo:Lcing errors.“ R o e D .
.\\ H k4 ) 9 e ‘e ) . . s '_ . .
D ’ \In Figure 8 we have d1agramed the Shlfts in stops for both Votrax L T
. and MI"L‘ 'Ihe voiceless stops have been placed over the voiced stops, . - )
BRI maintainln'g t_he.place 'of-'arti-culati:on. Sounds in both the voiced any N
) : - 2 . - :
o vo:Lceless- series'%are placed w:Lth respect ‘to pos:LE':Lon in thg mouth. A
W > . N - R . ° . ..
” labial,,alveolar, and velar.' Some corroboration of the Votrax pattern _ '
) . : o T © ) . I SRS
) can be found in Flgure 6 which gives the,.same sort of dlagram for : e .
’ " Votrax® -stops~ in the letter e:gperl_ment. RN L ) ST
. . . o L. - . - ) L. -/ ‘. ‘ . . R v .
Although we w‘ere. .only'* te'sting consonant sounds, theré were a few. , . = . i.
. ) . . I . 1‘-_-," o - .
S clear vowel problems for MIT { block‘ soyrfded like ‘_black'f)'-‘and'_‘§otrax R R
: oRpdc e T
T ( 'left-'sourrded like llft Yo S Voo s TN LT
- - ‘é’ ) - 5‘“ s b . ) ’ . .-
The only se;:.ous problem for the\ human speaker was the th sound .
. el sh1ft1ng to f. = : 7 \ -, -
. L I S ‘ o S " = ‘__‘_:-_. 4‘ e -
’ 4.3, . Use of Comouter Generated Speech :Ln CAI in Initlal Read:. .
e l‘he high prcbab:.llty of recognltlon of .soun v1den\ced in the . =~ ...
; S i Ee T SN T e ST €
J.etter and wor‘ﬁl exper:.ments 1nd1,cates ' that some fo_m of co;nputer, i
generated speech is adequate for ;use in computer . s:Est.ed;‘ins. ructiou in ’ . '
) - inltlal reading. The scores for LPC and NII’I' ch were generally well  :* ., o
above 90 percent correct on. both tI{é letter nd:.word experiments, .is L S
voes strong ev1dence of the adequacy of the‘?e spetéms. The scores; for. ~ - V.7
i R . \ ) [N . .- - ;,’. "\ "- B
'\_(otra}g,-. :generally -’between 80 and 90 percent are’ . -s'omewhat less ~ .
- ’ Lo B - s N ‘ Co ; . A . :
e e . L o ) o st
E impre'ssive_. ; Some . attention, -.ho‘weve',r'-, w1ll "‘have to be paid to. the P
9 specific 'problem so'un'ds for any system chosen, , and effort made to
. . ) P . - ) . -’ E . B . . ce A
e prov:Lde extra practlce on those 1tems by appropr1atelmalter1nv ‘the » RS ;
-s e . E - . .’ \‘.,'_ ) ' - y ) S . ~ o - . - : . ;
~ ST A T~ ey T I TIRP 7. _oi kg
- L .- . - . . - " R e .- e g ? i . - v



. curriculum._wOf najor importance in-this,fegard,'is the amount of time

that must be spent 1n teach1ng a child to understand the speech system T T
v as Opposed to teachlng reading. ﬁere agaln, as shown in Table 1, the i'f{.
; extra tlme“requlred by MIT and LPC seens sufflciently small.. Ihe extr&- o _
S “*. s f.? Lo o
Tl time requlred by Votrax, however, mlght lead to the unpleasant result of P
'éfj.. : Y , . _QT- S
. ;;3;_ postponing or even exclu&ing the teac' ac . words containlng certain- &

_ - problem pgonehes. ‘Cost analysis w1ll al~:;me,a'major is5uefin»that-the,” c;*/xfc
T Tl - , e - O N
TR .

2. e more adequate systg\s of computer generated speech, such as LPC and MII e e
T are. Stlll far too expenslve for w1despread classroom use.~ﬁ:“ T
e | R L, . . : - i T
- . .Y - o i s ‘
: : . . . : » ,
- - : - jj.. i . RN . oo — r
t ; v .‘_».. ‘.' "“ ‘ . . v . R .: “k oy -
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