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Tur Institute for Mathematical Studies in the Social Sciences (IMSSS) has a
long history of interest in research and development in computer-assisted
instruction (CAI) in reading, most of that work directed by Professor
Richard C. Atkinson (see Atkinson, 1967; Fletcher & Atkinson, 1972;
Atkinson, Fletcher, Lindsay, Campbell, & Barr, 1973). We have also
studied, developed, and used a variety of audio systems in other work in
CAI. Most recently we have developed and are using in university-level
courses a system of computer-generated speech. These two lines of educa-
tional research have a rather natural link in the use of audio in CAIL The
importance of an audio component in CAI in reading, particularly in
courses in initial reading, is obvious: The young student can understand
oral instructions but is not yet able to read. Consequently, we felt that our
study of various audio systems would be incomplete without examining the
feasibility of using those systems in courses in initial reading. This article is
a report of our findings on the intelligibility of four systems of computer-
generated speech, when tested with elementary-school children.
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One of the most critical parts of teaching initial reading by audio is the
generation of individual letter sounds. Recognition of such sounds (neces-
sarily out of context) is difficult. However, the recognition of individual
letter sounds, which are to be matched to the appropriate graphemes by
the young student, is essential in beginning reading. We designed a test in
which three systems of computer-generated speech were compared to each
other and to a human voice as a control, on the task of producing intelligi-
ble individual letter sounds. The subjects were all first graders, little older
than the anticipated target population for courses in initial reading. Be-
sides making a straightforward statistical comparison of the results ob-
tained, we conducted a learning study, since there is undoubtedly a learn-
ing component to the task of recognizing spoken sounds produced by any
unfamiliar source.

Because many important sounds to be produced by an audio system for
CAl in initial reading are not contained in the sounds for individual letters,
a second experiment was performed to compare the systems on the pro-
duction of words in order to test a fairly complete list of consonant and
consonant-cluster sounds, both as initial and as final portions of monosyl-
labic words. The experimental subjects chosen in this case were fifth grad-
ers, because the list of words with the desired sounds as components
required a wider reading vocabulary than that of most first graders.

1. THE LETTER EXPERIMENT

This section describes the experiment on the ability of first graders to
recognize individual letter sounds.

1.1 Experimental Setup

In June 1977, 48 first graders were selected by the teachers of three
classes at Willow Oaks School in Menlo Park, California. Twelve students
from each class made up each of three treatment groups; four additional
students from each class were in the control group of 12 students. Each
treatment group received seven sessions of taped, computer-generated
speech and an eighth session with taped human speech. The control group
received eight sessions of taped human speech.

The sessions consisted of 9 to 12 children listening to a letter at the end
of the carrier phrase “Circle the letter.,” After hearing the letter, the
children circled the grapheme for the letter sound they heard, from among
three choices on an answer sheet. The two confusion choices came from
two sets of letters that were used on alternate sessions (see Table 1). Each
session covered the alphabet without repetition, in one of eight random
orderings. Approximately 6 seconds after each item was presented, the
subjects heard a beep and the correct answer was displayed on a flash card.
The total time between items was approximately 9 seconds. The duration
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TABLE 1
Test Letters with Confusion Sets

Test Confusions Test Confusions

letter  ger 1 Set2 letter  Ser 1 Set 2

A I K1 J N M XM L
B E PE D O U HU ]
CcC s TS zZ P E BE T
D T CT B Q U KU P
E A PA B R N F N L
F S X S R S F C F X
G Z B Z D T D GD P
H A K A ] U Q 0 QW
I Y EY A V ZE Z F
] G HGZXK W UDUO
K Q J QH X S R S K
L F R F X Y I W I H
M NLNTWR Z V I V C

of the items was approximately 3 seconds, so an entire session took 5 to 6
minutes to present.

The sessions were presented in groups of two, over a two-day period:
two sessions each morning and two each afternoon. The first session in
each group was followed by a short (5 minute) pause before beginning the
next session. At each session, the subjects sat around a table, at the head of
which was an experimenter with flash cards and tape recorder. Each
subject was supplied with an amplifier, headset, answer sheet, and pencil.

Before the first and fifth sessions, the experimenters introduced them-
selves and the equipment to the subjects and told them that they were going
to hear a computer “talk.” The subjects were informed that the experiment-
ers were interested in how well the computer talked, so that it was the
computer that was being tested, not the subjects. They were then told that
the task consisted of listening to each item, circling the letter they heard on
the appropriate row of the answer sheet, and looking up at the flash card
when they heard the beep. They were told that the purpose of the flash
cards was to help them understand the way the computer talked.

1.2 The Computer Systems for Speech Generation

Four different systems for computerized speech synthesis were used for
this experiment and for the one with words. One system (referred to below
as the MIT system) is a sophisticated phonemic synthesizer developed by
Professors Jon Allen and Dennis Klatt at the Massachusetts Institute of
Technology (see Klatt, 1976; Allen, 1977). The MIT system converts text
by rule into the control parameters for the synthesizer and thus into
speech. The MIT tapes for this experiment were prepared in two stages.
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First, the text was converted into phonetic commands on Allen’s PDP-9.
These commands were then read by Klatt’'s program on a PDP-20, which
generated a digital representation of the speech. This was converted to an
analog speech signal by a digital-to-analog converter on the PDP-20.

Two other systems were the VS6 and the MLI, commercial systems
produced by Votrax, a division of Federal Screw Works, Inc. The VS6
system was used for the letter experiment, and the more expensive MLI
was used for the word experiment. These systems are also phonemic
synthesizers, similar in this respect to the MIT system, but the phonetic
control parameters are generated by hand, rather than by rule, and these
systems allow less control over the allophones than the MIT system allows.
The Votrax tapes for both experiments were prepared by Dr. Carol
Simpson of Psycho-Linguistics Research Company.

The fourth synthesis system in the experiment was the Micro-Intoned
S‘peech Synthesis system (MISS, referred to below as LPC) developed here
at IMSSS (see Sanders, Benbassat, & Smith, 1976). It uses recorded words,
which are digitized and then compressed for storage on disk using a linear-
predictive coding (LPC) algorithm. Sentences for the experiment, made
up of either a letter or a word together with a carrier phrase, were formed
by concatenation from a vocabulary of stored words (with parameters ad-
justed according to a syntactic prosody algorithm—see Levine, 1977),
expanded using a digital filter, and converted to an analog signal.

It should be emphasized that we are comparing systems that are quite
different both in kind and, to a certain extent, in purpose. Neither the MIT
systemn nor the LPC system is commercially available in any form, while the
Volrax systems are currently being marketed. Also, a vastly different de-
gree of human intervention is required in the three devices. The MIT
system requires no intervention once the text is presented to the system;
however, it does not operate in real time. The Votrax systems require a
trained phonetician to transform text manually into phonetic commands to
drive the synthesizers, although some “text to Votrax” command systems
are under development. Finally, the LPC system requires initial human
interaction to record the individual words, but once all the words needed
are in the vocabulary, it converts text to speech both automatically and in
real time. Despite the fact that these systems require differing amounts of
human intervention and operate at various speeds, they all purport to allow
computers to talk to people, and it is on that basis that we are comparing
them.

1.3 Comparison of Mean Scores for Recognizing Letters

Although the test for recognizing individual letters in isolation is not an
easy one, the students did rather well. The mean correct scores for each
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session were between 83% and 98%; see Figure 1.1 The variances were
relatively large, so there was insufficient separation of the mean scores for
session-by-session comparison; see Table 2. The difference between mean
scores exceeds the sum of the standard deviations in only six cases: control
over MIT in Sessions 8 and 4; control over Votrax in Sessions 4, 6, and 7;
and LPC over Votrax in Session 6.
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FIGURE 1. Mean scores by session: Letter experiment.

A more salient aspect of the data is the regularity over the first seven
sessions of the rank of the systems. A sign test was used to examine this
feature. We began with a null hypothesis that the probability on any given
session of system a’s having a higher mean score than system b is one-half.
We then used a binomial distribution to compute the probability under the

! Due to the absence of some students who hegan the experiment, to the exclusion of two
students who did not adequately respond to the task, and to one outlying score, some of the
mean scores are based on fewer than the original 12 subjects. For the control group, 11 scores
were used to compute the means for Sessions 7 and 8. For Votrax, 11 scores were used to
compute the mean for Session 3, and 9 scores were used for Sessions 5 through 8. The means
for the MIT and LPC systems were computed using 11 scores for all sessions.
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TABLE 2

Means (Percent Correct), Standard Deviation, and Number of Students
in the Letter Experiment

VOTRAX MIT LPC Control
Session
Mean SD No. Mean SD No. Mean SD. No. Mean SD No.

6.9 852 12 888 8.75 11 885 852 11 962 521 12
83.7 11.97 12 885 1024 11 885 1590 11 97.1 474 12
88.8 645 11 906 445 11 899 7.38 11 978 246 12
84.83 7.77 12 90.6 5.02 11 93.7 597 11 981 248 12
915 352 9 927 555 11 962 328 11 974 363 12
833 513 9 920 579 11 948 377 11 978 332 12
850 557 9 937 411 11 951 658 11 97.6 442 11
Control 983 2,63 9 958 448 11 951 494 11 969 275 11

N O R 9N

null hypothesis of system a’s scoring higher than system b in x sessions out
of seven. The scores on the eighth session, in which each class heard the
recording of the human voice, did not indicate a significant difference
between the four groups, so we assume any differences detected are the
result of differences in the systems used. The control group scored highest
in seven out of seven sessions. Both MIT and LPC scored higher than
Votrax in seven sessions. LPC scored higher than MIT in four sessions,
lower in two sessions, and the two groups scored the same in one session.?
The results of these sign tests are that evidence for the superiority of the
human voice over any of the computer systems is significant at the .008
level, as is evidence of the superiority of both the LPC and MIT systems
over Votrax. The probability that LPC would do at least as well as the 4-2-1
outcome in comparison to the MIT system, under the null hypothesis of
equal quality, is .363. This can be viewed as slight evidence for the superior-
ity of the LPC system.

1.4 Learning Study for Recognizing Letters

The model selected for studying the mean learning curve is linear in the
change in the probability of error

Gn+1 = Ggn,

where ¢, is the probability of error on trial », and a is the learning parame-
ter by which the probability of error decreases in a single session. In this
case, gn is the mean error probability during session n, averaged over

% In accordance with the assumption underlying the null hypothesis, we assumed that an
equal score would indicate, with probabihity one-half for each system, the superionty of that
systemn. Thus, an average was taken over the probability of LPC's scoring lugher four umes
and the probability of LPC's scoring higher five tumes.
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students and letters of the alphabet. The parameters we need to estimate
for this model are ¢, and q, since for any n = 1, ¢, + ; = a"¢;.

Averages of the error probabilities for the first two sessions were used as
the estimates for the initial probability of error for each system, because the
results of the initial session were affected by the students’ unfamiliarity with
the specific task.? Given ¢;, we then found the maximum likelihood esti-
mate a for a, and o for o, assuming that the observed values were normally
distributed with variance ¢* about the mean value a,¢;. The maximum
likelihood estimates were computed using the remaining five data points in
the case of the computer systems and the remaining six points for the
control.

An average over the relatively stable error values in the final six sessions
with human speech was used to set a criterion for performance for the
computer systems. The criterion thus computed was a probability of error ¢
= .024. The estimates obtained for the initial probability of error and the
learning parameter ¢ were then used to compute estimates of the number
of additional sessions (sessions beyond the seven sessions used to estimate
the initial error rate and the decremental factor) needed for the given
audio systems to reach the criterion.

The linear learning model was selected for its simplicity and robustness.
The data seem insufficient for comparison with a more complicated model.
A rough judgment of the goodness of fit of the model can be obtained by
comparing the observed and predicted scores for the letter experiment; see
Figure 1, which was shown earlier, and Figure 2, shown here, noting in
particular the poor fit to the Votrax data. Also of interest regarding the fit
of the linear model is the estimated standard deviation of the normal
distribution of error about the predicted means. This parameter and the
other estimated parameters are given in Table 3, which also contains
estimates of the number of additional sessions to criterion. Since each
session is approximately 6 minutes long, the estimates for the number of
sessions to criterion mean an additional 12 and 54 minutes of exposure,
respectively, for the LPC and MIT systems to meet the criterion of re-
corded human speech. The model predicts the need for an additional 11.5
hours of exposure for Votrax to meet the criterion. However, the variance
of the Votrax estimate for the learning parameter a is quite high; a value of
a that is one standard deviation below the mean would lead to a prediction
of only 3.2 additional hours’ exposure to criterion. Also, a value of a that is
less than half of one standard deviation greater than the mean would imply
that for Votrax no learning is occurring.

3 Due to a scheduling confusion on the first day of the letter experiment, the groups
hearing the MIT and LPC tapes were switched, so that from Session 3 through Session 8, the
group that started with MIT heard instead the LPC tapes and the original L.PC group heard
the MIT tapes. Since the average error probabilities over the first two lessons were so close
(LPC = .115, MIT = .114) and the scores on the second session exactly the same, all the LPC
scores were taken together as a 7-session run, and likewise with the MIT scores.
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1.00
98 | CONTROL -
.96 L /
LPC
94 |
92 +
MIT
90 }F
.88+
.86 |
=" VOTRAX
84t
1 A 1 i i | ]
82 2 3 4 5 6 7 8

Session number

Ficure 2. Predicted scores (learning model): Letter experiment

TABLE 3

Esumated Parameters for Linear Model

Additional sessions

Sysem @ t to criterion
LPC 791 115 012 2
MIT .891 114 .006 9
VOTRAX 985 148 .033 115
Gontrol 930  .034 .007 0

1.5 Evaluation of Specific Problem Sounds

Several criteria were used in an attempt to focus on the specific problem
letters for each of the systems. The first of these was to select the letters for
which the sum over seven sessions of the percentages of students mistaking
that letter exceeded 67% (see Table 4 for specific confusions in the first
seven sessions for all letters). We also checked which of those letters had no
mistake-free sessions out of the first seven. Under the first criterion, Votrax
had 12 problem letters—D, E, F, [, K, N, P, Q, T, V, X, and Z; five of these
(F, K, T, V, Z) were also problems under the second criterion. The MIT
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TABLE 4

Letter Confusions (Percent Incorrect)

VOTRAX MIT LPC Control

Stm ¢l 2 3 ¢l 2 83 na cl 2 3 na cl c2 3 na cl 2 3 na

A I K J 4 3 1 11 2 11

B E P D 9 2 3 1 17 2 3 1

C S T Z 3 3 1 15 4 4 4

D T C¢C B 7 2 27 1 1 7 1 311 6 1 4 3

E A P B 3 7 27 2 3 1 1 2 4 1 3

F S X R 42 3 3 1 1 5 1

G Z B D 5 6 915 3 3 9 18 1

H A K J 8 2 3 2 4 2 1 2 3

1 Y E A 1 3 1 1 3 2 3 2

J] G H K 4 5 42 32 32 3 5 1 4 3

K Q J H 522 6 1 4 2 3 1 6 3 1 2

L F R X 2 3

M N L R 38 1 3 3 1 2 6 1 2 3

N M X L 16 3 21 5 1 16 3

O U H ] 3 6 1 3

P E B T 5 20 12 1 9 1 2 3 2 3

Q U K P 15 2 3 4 3 5 1 2 1

R N F L 3 1 3

S F C¢ X 3 6 1 3 1 3 1 2 3

T D G P 43 2 3 9 1 4 1

U Q O w 3 5 1 3

\% Z E F 18 2 3 1 2 4 1 1 1

W U D O 3 2 1 1 1 1

X S R K 5 7 61 1 6 3 2 6 1 8

Y I WH 2 2 1 2 4 6

Z V 1 C 22 1 38 2 6 32 7 3 3 4

Note The headmngs cl, c2, and c3 refer to the confusion columns m Table 1, and the column na 1s for
no answer

system had five first-criterion problem letters—C, G, J, N, and Z; all but
C were also second-criterion problems. The LPC system had four first-
criterion problems—B, D, G, and Z; of these, only Z was also a second-
criterion problem. For comparison, the control had one first-
criterion problem—N—and no problems under the second criterion.
The data were also examined to see if patterns of errors could be found
in terms of human phonetic parameters. Only in the case of the data for
Votrax was there sufficient error information to detect some patterns.
There we found a tendency to shift from unvoiced to voiced stops, main-
taining the place of articulation, and a tendency to shift the place of
articulation of other stops, while maintaining the voiced or unvoiced qual-
ity. See Figure 3 for a diagram of these stop shifts, and note also in that
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> | - nt-K

ol
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Arrows indicate direction of shift
ni= indicates shift not tested

FIGurE 3. Diagram of stop shifts: Letter experiment

diagram the shifts from P to E and from E to B, paralleling the direct shift
from P to B. Other problems for Votrax were strong reciprocal confusions
between K and J, and between Z and V, and a strong tendency to hear S for
the Votrax F.

All the systems had difficulty with the letter Z, which was generally
heard as V; however, only Votrax had the reciprocal confusion. Votrax, the
MIT system, and the control all had difficulty with N, which was heard as
M.* Both the MIT and the LPC systems had a problem with G, which was
heard as either B or D in both systems. There is evidence of vowel confu-
sion in the case of the J-to-G shift in the MIT system.

2. THE WORD EXPERIMENT

This section describes the second of the experiments on recognition of
computer-generated speech. In this experiment, the ability of fifth graders
to recognize initial and final consonant (or consonant cluster) sounds was
tested.

2.1 Experimental Setup

In June 1977, 48 fifth graders were selected by the teachers of three
classes at the Willow Oaks School in Menlo Park, California. Twelve stu-
dents from each class made up each of three treatment groups; four
additional students from each class were in the control group of 12 stu-
dents. Each treatment group received eight sessions of taped, computer-
generated speech and a ninth session with taped human speech. The
control group received nine sessions of taped human speech.

In each of the first eight sessions, the students listened to 27 items, which
consisted of the carrier phrase “Circle the word,” followed by a monosyl-

* The letter N was not a first-criterion problem for the LPC system, having a summed error
percentage of 45%.
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labic word, and after each item they circled the word heard from three
choices on an answer sheet. The taped words came from a list of 108 items
(including some repeats—words used to check both an initial and a final
consonant sound) to test 49 initial consonants or consonant clusters (see
Table 5) and 59 final consonants or consonant clusters (see Table 6). The
list was presented twice in different random orderings—once in the first
four sessions and again in the next four sessions. The ninth session was a
control session testing letters, which used the same ordering as the eighth
session of the letter experiment, and was given shortly after the eighth
session with words. Apart from these differences, the experimental setup
was exactly as in the letter experiment.

2.2 Creating New Word Lusts

We compiled special word lists for this experiment because existing
words lists were found lacking to various degrees. The Harvard phoneti-
cally balanced word lists (Egan, 1948), the C.I.D. Auditory Test W-22
(Hirsh, Davis, Silverman, Reynolds, Eldert, & Benson, 1952), Peterson and

TABLE 5

Initial Consonant Sounds, with Confusion Words

Sound Test Confusion words  Sound . Confusion words
word word

b bear dare pear s sink zinc think
bl block flock clock SC scare care stair
br breathe wreathe sheathe scr screw threw stew
ch chose close shows sh shop stop chop
d dime time lime sk skin thin spin
dr drip grip trip sl sleeve leave weave
f fast cast past sm smell swell fell
fl flock block clock sn smff stff miff
fr free fee three sp spark stark shark
g gate date great spl split flit spit
gl glow low go spr spring string sing
gr grade braid trade st start part tart
h hand and land str string spring  thing
] Jump bump lump sw switch which ditch
X/ cash dash crash t task cask mask
/Rl clean lean seen tr tnp drip strip
/kr/ crash sash cash tw tweed weed reed
1 look hook book th those nose shows
m march arch starch th thin fin spin
n nice rice mice thr three tree spree
p post boast toast v verb curb herb
pl plank prank blank w went bent meant
pr price rice slice y year ear hear
qu quack crack pack z 200 do sue
r rasp grasp clasp

Note. The symbol th stands for a voiced alveolar fricative.
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TABLE 6

Final Consonant Sounds, with Confusion Words

Test Test

Sound Confusion words Sound Confusion words

word word

tub tug tough P shop shot shock
ch switch  swish swim pt rapt rack rat
d grade great grain r bear bend bet
f oaf oat own rb verb verse verge
ft left let leg rch march marsh  mark

rug rub rut rd bird birch birth
I fudge  fuzz fund rf turf turn turk
&/ block blot blond /il large lark lard
/kst/ next neck nest rk spark spar spot
1 all or awe 1l curl curb curve
1b bulb bulk bulge rm warm war warn
Ich mulch much munch rn barn bark bar
If self sells sard rp harp hard heart
N/ bulge bulk bulb rs horse horn hoard
1k milk mulls mink rsh marsh march mark
Im palm pond park rt start starch  star
Ip help health  held rth earth earn urge
Is false fault fall v starve stars start
It fault falls false s price prize pride
1th health help held sh cash cast camp
Iv delve dell deaf sk task tack tax
m dime dire dine sp rasp rat rash
mp camp can’t cam st fast fats fan
n skin skiff skim t gate gave gain
nch crunch  crumbs crutch th path pass pad
nd hand ham had th breathe breeze brief
nk plank plant plaid v gave gaze gate
nth tenth tent tends z chose chore  choke
nt went when wet zh beige bathe  bays
ng spring sprig sprint

Note The symbol th stands for a voiced alveolar fricative

Lehiste’s Revised CNC Lists (Peterson & Lehiste, 1962), the Rhyme Test
(Fairbanks, 1958), the Modified Rhyme Test (House, Williams, Hecker, &
Kryter, 1965), and the Diagnostic Rhyme Test (Voiers, 1968) are examples
of established lists that attempt to optimize certain features of the lists for
particular applications. The Harvard phonetically balanced lists certainly
contain everything but are much toc long. None of the other lists tests
consonant clusters in any way. Testing consonant clusters is especially
important when evaluating phonemic synthesizers, since they tend to have
more difficulty producing these sounds than producing single consonants.

Vowels were not explicitly tested, since informal listening to these sys-
tems indicated that the vowels were produced much better than the con-
sonants. However, unusual productions of vowels are noted briefly at the
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end of this section. In constructing the list, “r” was considered to act as a
separate consonant rather than as a coloring of the vowel.

Since the consonants were tested in a closed-form test, the effects of
familiarity with the words are minimized (see Pollack, Rubenstein, & Decker,
1959) but tend to resultin larger variances than if words of similar familiarity
were used for the test words and confusion words. However, by including a
control group and making comparisons between groups such effects are
minimized.

2.3 Comparison of Mean Scores for Words

The scores on the word experiment were quite high: The mean correct
scores for each session were between 78% and 100%; see Figure 4.5 The
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Ficure 4. Mean scores by session: Word experiment.

variances were relatively large, as in the letter experiment, so there was
insufficient separation of the mean scores to make a session-by-session
comparison; see Table 7. The difference between mean scores exceeds the
sum of the standard deviations in only nine cases: control over MIT in

5 Due to the absence of some students who began the experiment, some of the mean scores
are based on fewer than the onginal 12 subjects. For the control, 10 scores were used to
compute the means for Sessions 5 through 9. For MIT, nine scores were used to compute the
mean for Sessions 5 through 9.
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TABLE 7

Means (Percent Correct), Standard Deviations, and Numbers of Students
in the Word Experiment

VOTRAX MIT LPC Control
Session
Mean SD No. Mean S No. Mean SD No. Mean SD No.

1 70.1 11.66 12 904 353 12 91.7 527 12 96.6 353 12
2 803 96 12 904 465 12 914 436 12 972 4.04 12
3 809 1046 12 935 568 12 954 527 12 994 205 12
4 815 956 12 911 6.67 12 975 231 12 96.0 3.19 12
14 802 921 12 908 328 9 94.0 289 12 974 206 10
5 88.6 632 12 959 3.68 978 237 12 996 111 10
] 83.6 1233 12 919 4.23 944 321 12 974 237 10
7 864 647 12 922 476 95.1 462 12 1000 0.0 10
8 904 9.50 12 966 2.18 954 4.04 12 992 148 10

5-8 873 733 12 941 242 95.7 252 12 99.1 067 10

(=] O QY OO

Control 97.8 246 12 974 181 978 1.9 12 992 154 10

Session 7; control over Votrax in all but Sessions 6, 8, and 9; and LPC over
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. As in the
letter experiment, a sign test was used for a pairwise comparison of the
systems; see section 1.3 for a description of the test.

The control group scored higher than Votrax and the MIT system in
eight out of eight sessions and higher than the LPC system in seven
sessions. Both the MIT and the LPC systems scored higher than Votrax in
eight sessions. The LPC system scored higher than the MIT system in seven
sessions and lower in one session. The results of these sign tests are that
evidence for the superiority of the human voice, LPC, and MIT over
Votrax is significant at the .004 level, as is evidence of the superiority of the
human voice over the MIT system. The evidence for the superiority of the
human voice over LPC, and of LPC over MIT, is significant at the .035
level.

2.4 Evaluaton of Specific Problem Sounds

The percentage incorrect for each item in the word list (by specific
confusion) has some diagnostic value, and these percentages are presented
in Tables 8 and 9. It is more helpful, however, to analyze patterns in the
specific confusions whose results indicate a problem for the system in
question.

In order to focus on the specific problem consonant sounds for each
system, lists of items that more than x percent of the students missed (on
either of the sessions that the item was tested) were prepared forx = 15, 25,
33,50, 67; see Table 10. Each list was checked to see what patterns of errors
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Percentage of Confusions of Initial Consonant Sounds

TABLE 8

Test VOTRAX MIT LPC Control
sound cl 2 cl c2 cl c2 cl c2
b 52 5
bl 4 17 5
br
ch 4 10
d
dr 38 8 10
f 4
f 8 8
fr 4 8 25
g 4
gl 4 17 19 5 4
gr 4
h 8 4 5
j 4 13 5
k 21 8 5 4
/kl/ 4
/kr/ 8
1 4 4
m 8 5 4
n 4 29 5
P 4 13 28
pl 8 19 8 9
pr 38 4 24
qu 46 79
r 5 13
s 13 25 48 5
sc 13 19 5
scr 8 5 13
sh 4 8 14
sk 4
sl 4
sm 13 H
sn 4 5 9
sp 8 4
spl 4 13 5 5
spr 13 4 5
st 4
str 21 5 21
sW 4
t 13 8 43 21
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(TABLE 8, cont.)
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Test VOTRAX MIT LPC Control
sound cl 2 cl c2 cl c2 cl c2
tr 54 57 4
tw 8 4
th 4 13 10 5
th 42 29 5 33 4 59
thr 21 4 29 4 5
v 21 21 4 4
w 4
y 4 5 5 42
z 4 5

Note The headings cl and c2, correspond to the confusion columns in
Table 5 The symbol th stands for a voiced alveolar fricative.

TABLE 9

Percentage of Confusions of Final Consonant Sounds

Test VOTRAX MIT LPC Control
sound cl 2 cl 2 cl c2 cl 2

5 5

ch 8

d 13 4

f 8 i3 4

ft 4

g

1y 4 4

/k/ 8

[kst/ 4 5 4

1 8 14 4

1b 4 21 5

Ich 17 8 4

If 4 4 5

n/ 8 17 24 5

1k 17 4

Im 29 4 21

Ip 21 5 5 8 5

Is 5 4

It 4 4 8

Ith 13 17 5
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(TABLE 9, cont.)

Tess  VOTRAX MIT LPC Control
sound cl 2 cl 2 cl 2 cl 2

Iv 50 24 8 18

m 4 4

mp 25 13 5

n 4 4

nch 8 5 8 9

nd 17

nk 30 4

nth 17 LTS 5 21

nt 4 4 5 4

ng 4 10 5 5

p 18 17 5

pt 4 75 5 29 23

r

rb

rch 8 5

rd 4

rf 8 4

iy 17

rk 17

| 4 4

rm 13 5

m 5

p 17 8 4

rs

rsh 4 5 4 5

rt 7 17 13

rth 8

v 21 4

s 4 5

sh

sk 1 10 5

sp 33 10

st 4 5

t 17

th 79 29

th 45 5 13

13 4 19 5
zh 8 30 2 5 8 17 5

Note. The headings cl and 2, correspond to the confusion columns 1n
Table 6. The symbol th stands for a voiced alveolar fricauve.
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TABLE 10 :

Number of Problem Sounds at Different Error Levels

Error level
15% 25% 33% 50% 67%

Initial consonants

Speech system

VOTRAX 27 17 13 5 1
MIT 15 12 10 4 1
LPC 11 8 5 2 2
Control 3 1 1 1 0
Final consonants
VOTRAX 35 26 17 7 3
MIT 10 8 6 2 0
LPC 10 6 2 1 0
Control 3 2 1 1 0
Totals
VOTRAX 62 43 30 12 4
MIT 25 20 16 6 1
LPC 21 14 7 3 2
Control 6 3 2 2 0

could be discerned in terms of human phonetic parameters. For the most
part, the 33% error range was most amenable to analysis.

The data for the LPC system indicate, aside from isolated errors, prob-
lems with place of articulation. However, since most of these place errors
concern the /th/ (unvoiced theta) sound, it may be more appropriate to say
that the LPC system has a place-of-articulation problem with the /th/ sound,
confusing it with both the /s/ and /f/ consonant sounds. Of the isolated
errors, the most notable were hearing the /kr/ cluster for /kw/ (orthographic
¢) and dropping the /y/ sound in “year.”

Most of the problems for the MIT system occurred in consonant clusters
rather than in individual consonant sounds. There was a tendency for the
/gl, Ip/, and /s/ sounds to be dropped from initial consonant clusters that
begin with these sounds (the effect did not appear noticeable in the final
clusters). There was a strong tendency to shift from voiceless to voiced
sounds, as in /p/ to /b/, /t/ to /d/, and /s/ to /z/. Problems with place of
articulation were noted in several stops and with the /th/ sound. It would
appear that the MIT system has problems with stops and with the /s/ and
/th/ sounds. A surprising result was the shift from /j/ to /k/ in final clusters
where the /j/ followed an /l/ or /r/ sound.

Votrax had problems with stops being dropped from an initial position
in a consonant cluster, both with initial and final clusters. There were also
place-of-articulation problems with stops, and a tendency to shift from
unvoiced to voiced stops. There were also problems with /th/ shifting to /s/
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and /f/, as in the other systems, and a surprising shift from /th/ to /dz/. As
with the MIT system, there were problems with final /lj/ and /rj/, but they
shifted in a less surprising manner to /lb/ and /rd/. There was also a
tendency for both /b/ and /d/ to shift to /j/. The pronounced tendency
toward reciprocal shifting is indicative of problems with the overall clarity
of Votrax speech and makes an analysis in terms of patterns of error more
difficult. Of some help in this regard is an examination of the list of items
with error percentages of 50% or more. The errors at or above the 50%
level would seem to indicate that, for Votrax, place-of-articulation errors
are more pronounced than voicing errors.

In Figure 5 we have diagrammed the shifts in stops for both Votrax and
MIT. The voiceless stops have been placed over the voiced stops, maintain-
ing the place of articulation. Sounds in both the voiced and voiceless series
are placed with respect to position in the mouth: labial, alveolar, and velar.
Some corroboration of the Votrax pattern can be found in Figure 3, which
gave the same sort of diagram for Votrax stops in the letter experiment.

/N

P T——>K P T K
B——D G B<—nt-D G
MIT VOTRAX

Arrows indicate direction of shift
nt=indicates shift not tested

FioUre 5. Diagram of stop shifts: Word experiment.

Although we were testing only consonant sounds, there were a few clear
vowel problems for the MIT system (“block” sounded like “black”) and
Votrax (“left” sounded like “lift”).

The only serious problem for the human speaker was the /th/ sound
shifting to /f/.

3. USE OF COMPUTER-GENERATED SPEECH
IN CAI IN INITIAL READING

The high probability of recognition of sounds as evidenced in the letter
and word experiments indicates that some form of computer-generated
speech is adequate for use in computer-assisted instruction in initial read-
ing. The scores for the LPC and the MI'T systems, which were generally
well above 90% correct on both the letter and word experiments, are strong



396 LADDAGA, SANDERS, & SUPPES

evidence of the adequacy of these systems. The scores for Votrax, generally
between 80% and 90%, are somewhat less impressive. Some attention,
however, will have to be paid to the specific problem sounds for any system
chosen and an effort made to provide extra practice on those items by
appropriately altering the curriculum. Of major importance in this regard
is the time that must be spent in teaching a child to understand the speech
system as opposed to that needed in teaching reading. Here again, as was
shown in Table 3, the extra time required by the MIT and the LPC systems
seems sufficiently small. The extra time required by Votrax, however,
might result in postponing or even excluding the teaching of words con-
taining certain problem phonemes. Cost-effectiveness will also be a major
issue in that the more adequate systems of computer-generated speech,
such as the LPC and the MIT systems, are expensive. At the time of this
study, such systems are still too expensive for widespread classroom use.
Continuing declines in hardware costs should bring some high-quality
systems within an acceptable economic range.
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