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In this paper, we present a new technical procedure acoustic features as we wanted to evaluate substitute
for the measurement and evaluation of alaryngeal voices. Therefore, we restricted the linguistic informa-
speech and compare the results obtained with subjectivetion to the unigram language model.
ratings of a panel of expert listeners. The system had been trained with acoustic informa-
tion from dialogues of the VERBMOBIL project [ 15];
the ISADORA system was used, and the recognition

Material and methods was done by the program Ir_beam. Normal adult
_ N speakers from all over Germany served as the training
Automatic speech recognition system population and thus covered most dialectal regions. All

speakers were, however, asked to speak eestandardee

For objective measurement, an automatic speech rec-German. Ninety percent of the training population (304
ognition system was applied, a state of the art word males, 274 females) were younger than 40 years. For the
recognition system developed at the Chair for Pattern VERBMOBIL German data, we used 27 h of speech
Recognition at the University of Erlangen. In this study, (11,714 utterances, 257,810 words) for training. Al-
the latest version as described in detail by Stemmet3] though the system had been trained with adult speakers,
was used. A commercial version of this recognizer isit has also been successfully applied in speech recogni-
used for conversational dialogue systems (www.symp-tion for children [12].
alog.com). In a commercial environment, the recognizer  With the recognizer we calculated the so called seword
can handle spontaneous speech with mid-sized vocabu-accuracyse (WA) of the tracheoesophageal recordings.
laries of up to 10,000 words. WA is a standard measurement to evaluate recognizers

A speech recognizer converts spoken speech into a seind shows how much a recognized word chain deviates
of features that is representative for the language in afrom the spoken utterance. It is calculated with the
“rst acoustic analysis. It compares spectral and temporal following formula (formula 1):
characteristics of the speech signal with an internal
dictionary that is given by acoustic speech samples with WA [%] = 100%(NC - NW)/N (1)
according transliteration. A recognizer esknowses all (yhere NC is the number of correctly recognized words,
common phonemes of the language and also morpho- Ny the number of wrongly inserted words and N the
syntactic rules. The recognition of phonemes is Sup-nymber of all spoken words).
ported by semi-continuous Hidden Markov Models 1y if the speaker said **Now it was the sunss turnes
(HMM). They describe the likelihood of an analyzed ang the output of the recognizer is «sNew its was her the
acoustic signal to be identical with a phoneme. The g n.s tyrn, e then the WA is 50%. The sentence consists of

current recognizer works in a monophone-based man- geyen words (N=7), four words were correctly recognized
ner, which means that the acoustic characteristics of one (NC=4), while one word was recognized as wrongly in-

phoneme are only represented by one HMM indepen- gerted (NW=1). Using formula 1, WA is calculated as:
dently from co-articulatory modulations of the pho-

neme. Usually, there is more than one basic model for WA [% ] = 100%(4 - 1)/6 = 50

each phoneme as we also register coarticulatory e ects.

In most recognizers, the phonemess predecessor and

successor are taken into account, which leads to the
so-called triphone models. However, we used a mono-

phone-based approach and favored a context-indepen- . i “os were recorded from 18 male laryngec-

dent monophone model over a context-dependenttomees aged 64.2+8.3 years with tracheoesophageal
triphone model because context-independent models are . 9 £36.5y pnag
more robust towards the strong deviation of tracheo- substitute speech. Informed consent had been obtained

esophageal speech in comparison with nhormal laryngeal g]}’tﬁg 232&?\225%10; tgégitixﬁarglgig?wnd sA|‘rt1 thaelglrrg\?ox
speech, as shown in preliminary experiments. But this X P 9

also means that a monophone-based recognizer show: oice prosthesis device for between 5 and 136 months
worse results for good voices 63.2+35.7 months). Fourteen had undergone total

Due to the strong deviation of substitute speech gzgg%cftﬁm)gbﬁ;? ‘ﬁ,seegr gg%ne%ezn|C?[i(ieer:{savr\]/gr(feoll1];t2/ee;
quality to normal speech, we used a so-called unigram ypopharyng AP

language model to weight the outcome of each word German speakers using a local dialect.

model [4]. Thus, the frequency of occurrence for each

word in the used text was known to the recognizer. Most

speech recognizers use a bigram or trigram languageSpeech samples

model containing information about the occurrence of

word pairs or sequences of three words, respectively.The participants read out a standard German text
This helps to enhance recognition results by including ssNordwind und Sonne,ss a fable from Aesop that is
linguistic information. However, for this purpose it was known as eenorth wind and the sunee in the Anglo-
necessary to put more weight on the recognition on American language area. The German text consists of

Patients
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108 words (71 disjunctive) and 172 syllables. It is and recognized as reading errors. The vocabulary of the
phonetically balanced and includes all possible pho- word recognizer contained all words occurring in the test
nemes of the German language. For esnormalss speakersiata (71 unique words of the text, and 32 additional
it takes 43 s on average to read the text loudly, i.e., four words representing the reading errors).

syllables per second. The speech samples were recorded The duration of the reading by the laryngectomees
with a close-talk microphone (dnt Call 4U Comfort- was 2.81+0.76 syllables/s and di ered signi“cantly from
Headset) at a sampling frequency of 16 kHz and quan- the control group with 3.54+0.55 syllables/s (P<0.01).
tized with 16 bit. Eighteen male laryngeal speakers The recordings showed a wide range in intelligibility
(65.4+7.6 years old) without laryngeal diseases and (see Fig.1). The recognizeres evaluation of word accu-

with normal voice served as a control group. racy WA is shown in Table 1, with a signi“cant di er-
ence between laryngectomees and the control group
Subjective evaluation of substitute voice (P<0.05).

Subjective speech evaluation showed good consis-

A panel of “ve voice professionals subjectively estimated t€ncy (see Table?). The lowest correlation value
the intelligibility of the substitute speech of each patient Petween a rater and the mean of the other four raters

while listening to a play-back of the recordings of the Was 0.68, the highest 0.85.
«sNordwind und Sonness text. A “ve-point Likert scale The results for the correlations of the WA and the

(1= very high, 2= rather high, 3= medium, 4= rather subjective speech evaluation are shown in Tabl
low and 5= very low) was applied to rate the intelligi- Considering the average of the raters, the WA of
bility of all individual samples. The experts were asked the recognizer has a signi‘cant correlation of ...0.84
not to take normal laryngeal speech into consideration (P<0.01), as shown in Fig. 1. The coe cient is nega-

when judging the intelligibility of substitute speech in tivé because high recognition rates came from ssgoodss
order to use the total range from 1 to 5. voices with a low score number and vice versa (note the

inverse y-axis in Figs.1 and 2). The multi-rater kappa
(achieved by 1]) for the group of the “ve raters was
0.44. The kappa for the rater group vs. the mono-
phone-based recognizer is 0.43, i.e., the agreement be-
tween the human raters and the machine and the
agreement among the humans alone can be regarded as
identical (note that a result greater than 0.4 is said to
represent fair agreement beyond chanced]). Figure 2
shows the scores of human raters (average and roun-
ded) and the machine and the applied thresholds: 12
results were identical and 6 results di ered only by a
grade of 1.

Analysis and evaluation of the data

Statistical analysis was performed using Microsoft Excel
and scripts written in the Perl programming language.
For the agreement computations between di erent rat-
ers on the one hand and raters/recognizer on the other
hand, not Cohenes esbasices kappa, but the weighted
multi-rater kappa by Davies and Fleiss 1] was used. It
allows the comparison of an arbitrary number of raters
and weights the di erence between the values of intelli-
gibility or WA, respectively.

When comparing the ratings of the human experts
and a speech recognition system, several problems occur.
First of all, the human ratings were made on a Likert : : : : ; ; : : ,
scale while the word accuracy is a continuous measure | e ol ]
within a completely di erent range. As the kappa value as |
can also be applied only on discrete data, a mapping of -
the word accuracy to the Likert scale had to be de“ned.
We rounded the expertse average intelligibility scores to 35t
the next integer and set thresholds on the WA results, so «
that the di erence between the expertse scores and the ¢
scores derived from the WA values was minimal (0 in the 25t
particular case). The segmentation of the WA range was
then made as follows: Word accuracies smaller than zero
got a score of 5 (but this case did not occur in the data), L5 |
results below 15% got a score of 4, and the next interval
boundaries were 25 and 40%. Thus, for a score of 1 more . ‘ - s . - - . ,
than 40% WA was necessary. o 15 20 2 30 3 40 45 30

word accuracy

Results Fig. 1 Word accuracy (W A) versus the average of the “ve expertse
estimation of intelligibility of 18 male laryngectomees with TE

: . _— voice with corresponding regression line. The laryngectomees are
The total duration of the laryngectomee-s audio “les was ordered w.r.t. increasing WA. It is clearly visible that therees a

21 min, consisting of 1:930_ words. In addition to the sirong correlation (—0.84) between the human and the automatic
words of the text, 36 additional words were produced evaluation results
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Table 1 Word accuracy (WA) analyzed by a speech recognizer of Table 3 Correlation coe cient between the objective speech eval-
18 male laryngectomees and control group of 18 male personsuations by the monophone-based recognizer concerning word
without diseases of the voice accuracy (WA) and the subjective evaluations by “ve experts con-
cerning eintelligibility.ee The automatic speech evaluations mostly
Mean + SD  Minimum  Maximum agree with subjective evaluation by experts. Negative correlation
coe cients result of the opposite scales for intelligibility (1 = high
Laryngectomeesn=18  28.7+12.1 10.0 50.0 intelligibility to 5 = low intelligibility) and word accuracy in %
Control group n=18 57.6+6.1 46.8 71.6

Rater Correlation coe cient
rater versus recognizer

i i K -0.81
Discussion L o6
. I - R -0.81
Until now, no objective method of determining global s —0.79
speech restoration outcome after laryngectomy has ex-U —0.55
isted. Here, we present a new automatic objective mea-All (mean) —0.84

surement of speech quality: the recognition of spoken
words, i.e., word accuracy, by an automatic speech
recognizer. First results for severely disturbed speech are  We examined speech samples of 18 male laryngecto-
shown. mized speakers. The reading duration of the standard

Today, automatic voice recognition is used in many text between laryngeal speakers and laryngectomees
domains: for professional and private use as dictating showed typical di erences. This is consistent with for-
machines, in call centers when a restricted vocabularymer descriptions of substitute speech characteristic6][
and <enormales voice quality and speech without back- For this study, we applied a non-adapted speech rec-
ground noise can be expected and in the support of ognizer for automatic speech evaluation that has previ-
handicapped persons. Nevertheless, the technique ofterously been proven to be adequate for snormales speech
doesnet qualify for higher requirements such as dictation samples. The automatic speech evaluations were com-
of professional reports with low speech quality. Fur- pared to the results of subjective evaluation and to 18
thermore, background noise has an e ect on speech speakers without speech pathology. Increased age has
recognition systems: without background noise some been shown to have a decreasing in"uence on automatic
dictating systems with a vocabulary of 60,000 words and speech recognition 17]. Therefore, a control group of
more recognize about 95% (1 of 20 words is not cor- similar age was chosen. In our study, normal laryngeal
rectly identi“ed), whereas with background noise such as speakers at the same age as the laryngectomees reached
in a driving car the rate of recognized words could a word accuracy of up to 71.6%. This value seems rel-
diminish considerably. Further research is done to en- atively low compared to other applications because we
hance the possibilities of automatic speech recognition.used the monophone-based recognizer and unigram
It can also be of special interest as applied in diagnostics,language model as described before. But even with
e.g. for speech disturbances.

Speech recognition depends on “ve factors: the
speaker, the speech (read speech and spontaneous 4 3 > )
speech), the vocabulary, the grammatical complexity or [ ' ' ' oanded average of S fey ——
perplexity (average probability of words possibly fol- WA mapped to integer scores ---%---
lowing a sequence of others) and the input mediun]. RS ' ' ' T
The in"uence of most of these factors can be minimized 4t
when using a standard text and stable recording setting
as practiced in this study for diagnostic application.
Thus, the speaker remains the only in"uencing factor.

raters’ average score
w

Table 2 Inter-rater correlations between “ve experts (K, L, R, S 2r
and U) judging the intelligibility of 18 recordings of laryngectomees
with tracheoesophageal speech. ¢sAllss means the average of the
remaining four raters that is compared to each single rater (lower
row)

10 15 20 25 30 35 40 45 50
Rater K L R S U word accuracy

K +0.60 +0.82 +0.70 +0.23 Fig. 2 Scores derived from WA versus the rounded average of
L +0.53 +0.77 +0.89 the “ve expertse scores for 18 laryngectomees with TE speech.
R +0.66 +0.29 The laryngectomees are ordered w.r.t. increasing WA. The
S +0.46  recognizerss results and the expertse scores are the same for 12 of
All (mean) +0.83 +0.82 +0.77 +0.85 +0.68 18 laryngectomees and diered only by one grade for six
laryngectomees
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polyphone-based recognizers, results of normal speakerghe outer values (1 or 5) to their adjacent value than
donet reach 100% of WA. Our preliminary experiments between the inner values (2, 3 and 4). Another charac-
showed a mean WA of 84% for normal young speakers teristic of Likert scales is the reduced use of extreme
in opposition to a mean of 69% with the monophone- scales, here 1 or 5. Both features of Likert scale esti-
based recognizer. As alaryngeal speech has many charmation might be responsible for restricted compliance of
acteristics that inhibit good word recognition, such as subjective and automatic evaluation of some recordings.
hoarseness and phonematic alterations, the WA of ala-  For the German language, the mentioned automatic
ryngeal speakers is signi“‘cantly worse than the WA of speech recognition system is shown to be a valuable
laryngeal speakers. With the here applied monophone- means of quantifying laryngectomeese global speech
based system, however, some laryngectomees with lowuality. This ought to be alike in other languages. For
voice quality achieved a remarkably high quota of rec- clinical application, we currently replace the models for
ognized words, although they spoke in a dialectally the reading errors by background models representing
altered way and were by far older than the speakers all the words (reading errors) outside of the 71 words of
of the training population. The 18 laryngectomees all the text. Further automatic speech evaluation has to be
used the same substitute speech and were all equippedone in order to get standard values of tracheoesopha-
with the same type of voice prosthesis device. Never-geal speech.

theless, all examinations showed considerable variation  As substitute speech di ers essentially from senormalse
of the results referring to individual speech outcome. So, laryngeal speech and therefore classi“cations such as
in spite of low speech quality, the presented systemhigh, moderate or low intelligibility of substitute speech
allows for sucient discrimination between dierent do not con“rm with a classi“cation of laryngeal speech,
speech qualities of laryngectomees, albeit the system hachn extra scale should be applied when judging the
only been trained with normal speakers and doesnet quality. A classi“cation into high intelligibility/low
dispose of any special information on disturbed voices. intelligibility or high quality/low quality of substitute
However, further improvements of automatic recogni- speech could be deviated from expertse estimations, but
tion of eespecialss speech might be reached by interposhould take Likert scale characteristics into account.
lating the applied recognizer with data from other
recognizers 12, 13].

Until now, only recordings of 18 laryngectomees have
been evaluated, but there is every indication that the
method can vyield valuable information in evaluating
substitute voices on an expert level when taking into
account the conformity with expertse estimations of
intelligibility.

Word accuracy is not similar, but akin to intelligi-
bility. Both are in"uenced by voice quality, phonematic
and morpho-syntactic structure, background noise,
amplitudes and speaking velocity. Intelligibility includes
also the eshuman factor.es Even if one does not under-

stand every word or syllable of a spoken sequence, theAcknowledgments This work was partially supported by the EU in
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accuracy is only one aspect of speech quality, it 0bvi- |ntormatics, Biometry and Epidemiology, University of Erlangen,

ously represents one major aim of speech restorationfor the helpful suggestions, and Prof. Dr. H. Iro, Department of

after loss of the larynx, i.e., the intelligibility. ENT, University of Erlangen, for supplying the data of the control
Although the comparison of automatic evaluation 9roup

with subjective evaluation by means of Likert scales is

practical, it shows some restrictions. The discrepancy
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Conclusion

Automatic speech evaluation after laryngectomy by a
speech recognizer is a valuable means for research and
clinical purposes in order to determine the global speech
outcome. It enables the quanti“cation of the quality of
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been transposed into other languages and could proba-
bly also be used for the evaluation of other speech and
voice disorders.
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