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ABSTRACT - A mathematical model relating the probabilities of
 
correctly recognizing speech features, phonemes, and ""ords ""as
 
tested using data from the clinical trial of a multiple-channel
 
cochlear implant. A monosyllabic word test was presented to the
 
patients fn the conditions hearing alone (Hl, lipreading alone (Ll,
 
and hearing plus lipreading (HLl. The model described the data
 
qufte ""ell in each condition. The model was extended to predfct the
 
III scores from the feature recognition probabllities fn the Hand l
 
conditions. The model may be useful for the evaluation of automatic
 
speech recognition devices as ""ell as hearing impaired people.
 

INTRODUCTION 

A recent pUblication (Boothroyd, 19B5) has shown that the probabilities of 
correctly recognizing features, phonemes and ""ords may be related by hi rly 
simple mathematical expressions. If the probabllities are measured in a 
single experiment using monosyllabic ""ords with a consonant-vowel-consonant
 
(CVC) structure, the relations are
 

p • fl (1) 

"" • pj (2) 

""here f, p, and"" are the probabllities of correctly recognizing features, 
phonemes, and ""ords. I and j are constants. I may be thought of as the ,number of statistically independent features that must be recognized to
 
correctly identify a phoneme. j may be thought of as the number of
 
statistically independent phonemes that must be recognfzed to fdentffy a
 
""ord. ~ince there are three phonemes ina CVC ""ord, ""e might expect j to be
 
three. However, not all combinations of consonants and vowels are valid
 
""ords and this lexical constraint produces a value less than three.
 
Similarly, the value of 1 is affected by phonetic constraints. It is
 
conceivable that the details of the perception process itself may also play
 
a role fn determining the values of 1 and j. They may depend on ""hfch
 
features are available from the input signal and the access to lexfcal and
 
phonetic information. It is of interest to see whether the model is
 
applicable to lfpreading as well as hearing, and 'oIhether the 1 and j
 
factors are the same in the t""o cases.
 

In this study, the probabilities of correctly recognizing features,
 
phonemes, and ""ords ""ere measured in three conditions: hearing alone (Hl,

lipreading alone (Ll, and hearing plus lipreading (HL). These probabflitles
 
""ere analysed to see ""hether equations 1 and 2 adequately described the
 
data. The values of 1 and j were determi ned for each condition and tested
 
for equality.
 

In conjunction ""ith equations 1 and 2, an equation relating feature
 
recognitfon fn the HL condition to the corresponding probabilities in the H
 
and l conditions ""ould allow the prediction of phoneme and ""ord recognftfon
 

54 

I ' t . () C (' e d i ) I ;; :-; 0 f t } I (' 1st :\ II j; 1 1''' tI j it II " ,) Ill' ( . t' (' II '.' f SPC,(>,'jl :-", I CII' " 

:tlld J'ec!lnoJ 0>':;,\'. 1 9 H (i ;"1 -I - :J ~I 



probabilities in any condition. One such equation may be postulated on the 
assumption that the auditory and visual inputs provide statistically 
independent sources of information contributing to feature recognition. 
This leads to the equation 

(3) 

where f HL• fH and fL are the probabilities of correctly recognizing
features in the HL, Hand L conditions, and fC is the probability of 
correctly recognizing a feature by chance. The value of fc was estimated 
and the predicted values of fHL were compared with the 06served values. 

METHOD 

A clinical trial of a multiple-channel cochlear implant (Dowell et a1, 
1985) furnished the raw data for th1s study. The patients were all 
postl1ngually deafened and so had developed auditory skills through normal 
hearing. After becoming deaf, they had all relied on lipreading for 
everyday communication and so were practised l1preaders. Among the patients
there was a broad range of test scores, which was necessary for the precise 
measurement of 1 and j. The auditory input for the patients came from 
electrical stimulation within the cochlea by the implanted device. 

The patients were tested using videotaped lists of 50 CVC words (Peterson
and Leh1ste, 1962; T111llan and Carhart, 19661, recorded by an adult 
Australian speaker. Preoperative results were available for the L condition 
and postoperative results in all three conditions. Different numbers of 
tests were carried out with individual patients in different conditions and 
all available data was included in the analysis below. The probabilities of 
correctly recognizing features in the three conditions (fH, fl , and f HL) 
were calculated from the responses. The features used were· v01c1ng, manner 
and place of articulation for the consonants and duration, Fl frequency, J
and F2 frequency for the vowels. The vowels were divided into high, low, 
and intermediate groups on the basis of formant frequencies from a stu~ of 
Australian male speakers by 8ernard (1970). Probabilities for phoneme 
recognition (pH., Pl, and PHl) and for word recognition (wH' wL' wHL) were 
also deten1ne(l froll the 1"1!sponses. 

RESULTS 
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Figure 1. Phonelle versus feature recognition probab1l1t1es in the 
H, Land HL conditions. 

Figure 1 shows graphs of log(p} against log(f} for each condition. Figure 2
 
shows log(w} against log(p}. Equations 1 and 2 require that the data He
 
along straight lines in the graphs as plotted. The slopes of the lines are
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estimates of 1 and j. Each line should pass through the origin where 
f • p • w • 1. Least squares regression lines were fitted to the data and 
these are shown in Figures 1 and 2. 
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Condition Slope Intercept n correl ati on 
coeffi ci ent 

log (p1 vs 1og( fl 

H 2.44 ± 0.09 0.02 ± 0.04 42 0.97 
L 2.04 ± 0.14 -0.03 ± 0.04 35 0.93 

HL 1.97 ± 0.12 -0.03 ± 0.02 24 0.96 

log(wl vs log(pl 

H 2.10 ± 0.10 0.00 ± 0.11 42 0.95 
L 2.31 ± 0.27 0.02 ± 0.17 35 0.82 

HL 2.14±0.13 -0.02 ± 0.13 24 0.96 

The value of fc was determined by dividing the test lists into pairs and 
using one as t1\e stilllulus list and the other as the response list. The 
proportion of features that were the same in the two lists was used as an 
estimate of fc• The value obtained was 0.38 ± 0.01. Figure 3 shows the 
measured values of f HL against the values rredicted from equation 3. Only
data from patients for whom the three cond t10ns were tested on the same 
day was included in this analysis. This was done to reduce extraneous 
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variations such as learning effects. A t-test of the differences between 
the observed and predicted values showed a marginally significant
difference equal to 0.014, t-2.06, df-1~, p<.lO. The correlation 
coefficient between observed and predicted values was highly significant
(r-0.78, t-4.59, df-14, p<O.OOll. 
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Predicted fit. 

Figure 3. Observed feature recognition probabilities in the HL 
condition versus values predicted from equation 3. 

oIseuss ION 

Equations I and 2 provided quite an accurate descriptioD of the data. The j
values appeared to be independent of condition. Boothroyd and Nittrouer 
(1984) found values of j between 2.05 and 2.54 for normally hearing 
subjects listening to monosyllabic words in spectrally shaped noise with a 
variety of signal to noise ratios. Boothroyd (1985) obtained a value of 2.3 
for j from data derived from a study of the perception by normally hearing 
listeners of the speech of deaf speakers. These values are close to those 
found here. Boothroyd and Nittrouer found that the j factors for lists of 
frequently occurring words were lower than those for lists of less 
frequently used words. This effect is not relevant to the present study 
since the lists of words were approximately balanced for word frequency. In 
general, the values of j and 1 may be different for different word lists. 

The difference between the 1 values for the Hand L conditions may have 
arisen from the different speech features used in hearing and lipreading. 
The values obtained depended on the features chosen for the analysis: 
voicing, manner, place, FI, F2, and duration. This choice was made for 
convenience and may not be the most appropriate one for this type of model. 
The featu res divi de the phonnes into di fferent numbers of groups (for 
example, 2 groups for voicing, 3 groups for formant frequencies, 5 groups 
for manner). The features are also perceived with varying degrees of 
difficulty (for example, voicing is very difficult to perceive through 
lipreading while some aspects of place are perceived easily). The model 
ignores these facts and assumes that all phonemes and all features have 
equal recognition probabilities. Despite these apparent flaws, the model 
produces an empirical description of the data that is remarkably good.
Boothroyd (1985) measured an 1 factor for binary contrasts of features in 
phonemes, but this technique is not adaptable to measurement using open set 
eve words. Because it was based on different features and different 
measures, Boothroyd's value of 4.3 for 1 is not comparable to those found 
in this study. 

Figure 3 shows that equation 3 provided a reasonable empirical basis for 
the calculation of fHL from fH and fV The result was a slight under
estimate of fHL• A detailed discussion of the combination of auditory and 
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visual infonuation is included in a separate study (Blllmey, 1986). 

Equations I, 2, and 3 may nolot be appl1ed to predict the phoneme and lotord 
scores in any of the three conditions, starting from values of fH and fL' 
Figure 4 sholots the values of lotHL calculated from equations I, 2 and 3 
assuming particular values of ·TH and fL' Each curve represents a different 
value of fl' As an example, consider tne case of a cochlear implant patient 
lotho fs an average l1preader lotfth fL equal to 0.75. Equati ons 1 and 2 
predfct III -0.26. If the fmplant fncreases fH from the chance value of 0.38 
to 0.68, the average value observed fn this study, then the model predfcts 
lottlL -0.56. This is a very lIorthllhile fmprovement of over 10~ fn the 
recognition of lotords. 

u 

u 

u 

U tA U U ... 

fH 
Ffgure 4. Word recognftfon probabflftfes fn the HL condftfon 
calculated from feature recognftfon probabflftfes fn the Hand L 
condftfons. fL fs 0.4, 0.5, 0.6,0.7, 0.8, and 0.9 from the 10lotest 
to the hfghes~ curve respectfvely. 

The model fs expected to be useful for predfcting the performance of 
prospectfve fmplant patfents, for fnvestfgatfng dffferences betlleen
fndivfdual patfents, and for comparing the results of dffferent types of 
speech tests. A model of thf s type ma,y also be useful for the evaluatfon of 
automatfc speech recognftfon devfces sfnce the j and 1 factors are measures 
of the effectfveness lotfth whfch the lexfcal and phonetic constrafnts are 
used by the device. If alternatfve fnput systems are available, they may
take the place of the Hand L condftfons above, and the result of a 
combf ned system can be predfcted. 
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