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ABSTRACT

Tracheoesophage@lE) speechs a possibilityto restorethe abil-

ity to speakafterlaryngectomy TE speectoftenshavs low intel-

ligibility . An objectve meango determineandquantifytheintel-

ligibility doesnotexist until now andanautomatiorof this proce-
dureis desirable We useda speectrecognizetrainedon normal,
non—pathologiwoices. We comparedntelligibility scoresfor TE

speectfrom ve experiencedaterswith theword accurag (WA)

of our speeclrecognizer A correlationcoefcient of -.84 shaws
that WA canbe a good indicator of intelligibility for pathologic
voices.An outlookfor futurework is presented.

1. INTRODUCTION

The resultsof a speechrecognitiontask dependon the quality
of the input signal. The term “quality” is mostly usedin this
context to describethe in uences of the transmissiorchannelor
backgroundnoise, but of coursethe spealer's voice can be the
sourceof recognitionproblemsaswell. This paperfocusesnthe
recognitionof a specialkind of pathologicvoices,i.e. tracheoe-
sophagealTE) voices. After laryngectomyi.e. the removal of
thelarynx, patientssuffer from severalimpairmentsthelossof la-
ryngealspeechbeing of outstandingmportancefor the affected
patientsand their social functioning. In thesepatients,speech
restorationcan be achieved by differentmethods,TE techniques
beingincreasinglypopularbecausef their resemblancéo laryn-
gealvoiceproduction[7]: A siliconeone—vay valve is placedinto
a shuntbetweerthe tracheaandthe esophagusyhich on the one
hand prevents aspirationand on the other hand deviates the air
streamduring expiration into the upper esophagus.The upper
esophagusthe pharyngo—esophage@PE) sggment, senes as a
soundgeneratoi(seeFigure 1). Tissuevibrationsof the PE seg-
mentmodulatethe streamingair and generatea substitutevoice
signal. In comparisonto normal voicesthe quality of substitute
voicesis “low”. Interg/cle frequeny perturbationsresultin a
hoarsevoice [8]. Furthermorethe changeof pitch and volume
is limited which causeanonotonevoice. Anothersourceof dis-
tortion is the so—calledtracheostomavhich is the upperend of
thetrachea(seeFigurel). In orderto forcetheair to take its way
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throughtheshuntinto theesophaguandallow voicing, thepatient
usuallyclosesthetracheostomavith a nger. If the patientis not
ableto do this properly loud “whistling” noisesfrom the eluding
air occur Acousticstudiesof TE voicescanbefoundfor instance
in [7, 2]. Figure2 shaws the spectrogramef the Germanwords
“einst stritten sich” from a TE speakr and a laryngealspealer
(the TE spealker might be consideredastypical becauséis intelli-

gibility wasrated2.8, which wasapproximatelythe averagescore
acrosghe useddatabasesf. below). Propertieof TE speecHike
thelow pitch andthe high noiseportionsareclearlyvisible.

In this paper we will not concentraten acousticproperties.
Thereducedsoundquality andproblemssuchasthereducedabil-
ity of intonationor voiced—wicelesdlistinction[4, 9] leadto worse
intelligibility . Although TE voicesprovedto be betterthanother
substitutevoices,usually patientssuffer from a deterioratedjual-
ity of life, asthey cannotcommunicateproperly Speecttheray
canimprove theintelligibility of a patients TE speech.n speech
theraly andrehabilitationa patients voice hasto be evaluatedand
measurefor thedescriptiorandevaluationof alaryngeaboicesin
laryngectomizegbatientsareneeded.

In our work we examine how well TE speechis processed
by a speechrecognitionsystemand whetherthe resultscan be
usedfor evaluatingthe quality of a substitutevoice automatically
i.e.whetherthey correlatewith experts'ratings.

2. THE RECOGNITION SYSTEM

The speechrecognitionsystemusedfor the experimentswas de-
velopedatthe Chairfor PatternRecognition.t canhandlesponta-
neousspeechwith mid—sizedvocahulariesup to 10,000words. It
is usedin commercialapplicationshy Sympalg
(www.sympalog.com)a spin—of compaly of our institute, for
corversationakpeectdialoguesystems.The latestversionis de-
scribedin detailin [3, 10].

For eachframe a 24—dimensionafeaturevector which con-
tains short-timeenepgy, 11 Mel-frequeng cepstralcoefcients
(MFCC) andtheir rst—order derivativesis computed.Thederiva-
tivesareapproximatedy the slopeof alinearregressiorine over
5 consecutie frames(50ms). The short—-timeanalysisappliesa
Hammingwindow with alengthof 16 ms,theframerateis 10ms.
The lter bankfor theMel-spectruntonsistof 25triangle lters.

The systemusessemi—continuousliddenMarkov Models
(HMM). It modelsphonesdn acontet aslargeasstill statistically
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Fig. 1. Anatomyof a persorwith intactlarynx (left), anatomyaftertotal laryngectomy(middle) andthe substitutevoice (right) causedy

vibrationof the pharyngoesophagesdggment(picturesfrom [6])
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Fig. 2. Spectrogramsf the Germanwords“einst strittensich” from a TE spealer (top) anda laryngealspealer (bottom)

usefulandthusforms the so—calledpolyphonesa generalization
of the well-known bi- or triphones. The HMMs for the poly-

phoneshave threeto four states. In the currentexperimentswe

usemonophonesyecausehey produceslightly betterresultsthan

polyphoneswith the stronglydistortedTE speech.The codebook
has500classesanda unigramlanguagemodelis used,sothatthe

resultsaremainly dependentn the acousticnodels.

3. TRAINING AND TEST DATA

Therecognitionsystenfor theexperimentsn thispapemwastrained
with dialoguesfrom the VERBMOBIL project[11]. The topicin
therecordingds appointmenscheduling. Thedatawererecorded
with a close—talkmicrophoneat a samplingfrequeng of 16kHz
andquantizedwith 16bit. The spealerswerefrom all over Ger
mary andthuscoveredmostdialectalregions. They were, how-
ever, asled to speakstandardGerman. About 80% of the 578

training speakrs (304 male, 274 female) were between20 and
29 yearsold, lessthan 10% were over 40. This is importantin
view of thetestdata,becausehe factthatthe averageageof our
test speakrs is more than 60 yearsmay in uence the recogni-
tion results.Of the VERBMOBIL—Germardata(12,030utterances,
263,633words 27.7hoursof speechpsubsebf 11,714utterances
(257,810wordg wasusedfor thetrainingand48 (1042words)for
the validation set. Thuswe keptthe samecorpuspartitionsasin
[3,10.

We usedthreegroupsof spealkrsto testthe system:18 older
male laryngectomeesvith TE voice were recorded( = 64:2
years, = 8:3years).They hadundegonetotallaryngectomybe-
causeof laryngealor hypopharyngeatanceiatleastoneyearprior
totheinvestigatiorandwereprovidedwith aProvox " shuntvalve.
Eachpersorreadthe Germarwversionof thestory“North Wind and
Sun”,aphoneticallybalancedext with 108words(71 disjunctive)
often usedin Germanspeakingcountriesin speechtheray. We



Table 1. AverageWA for the differentspealer groups

| spealergroup || train—matched| test-matched TE test |
meanWA 69% 58% 28%
st.dev. 10% 6% 13%

usedtwo control groups: 18 malelaryngealspealers without la-
ryngealdiseasesr subjectve voice problemyage—matchetb the
laryngectomeegolumntest—-mathedin Tablel) and16laryngeal
speakrs(age—matchetb themajority of thetrainingdata,9 male,
7 female,columntrain—mattedin Tablel).

The vocalulary of the recognizerfor the experimentscon-
sistedof the 71 wordsoccurringin thetestdataand32 wordsand
syllablesthatsenedas ller modelsfor readingerrors.

Tablel shavsthewordaccurag (WA) for thedifferentspealer
groups. Note thatthe WA is computedw.r.t. the text to be read
and not w.r.t. the transliteration,i.e. we ignored readingerrors
(seeSection4). The resultsmeetour expectations: The group
age—matchetb thetrainingdata(train-matched)s betterthanthe
group age—matchedo the TE spealers (test—-matchedseealso
[12]); the TE speakrshave very badrecognitionresultsdueto the
strongdeviation from thetrainingdata.Notethatthe low recogni-
tion for thenonTE spealkrsis dueto the useof monophonemod-
els. Using polyphonesnsteadof monophoness subword units,
aWA of 84% wasachieved for the train—-matchedroupand68%
for thetest—-matchedHowever, asalreadymentionedpolyphones
proved to be lessstablein the presenceof the strongly distorted
TE speech.

4. HUMAN AND AUTOMATIC INTELLIGIBILITY
RATING

In speechheragy andrehabilitationa patientsvoicehasto beeval-
uatedby thetherapist. An automaticallycomputedpbjective mea-
surewould be a very helpful supportfor this task. In this section
we presenexperimentsconcerninghe usability of WA asanob-
jective measure.

At the Departmenbf PhoniatricandPaediatricAudiology at
our university  ve experiencedvoice professional®valuatedthe
voicesof the 18 TE testpersonson criteriasuchas“hoarseness”,
“prosody” and “effort”, i.e. criteria that are usedto characterize
voice quality. The mostimportantcriterion was “intelligibility”,
i.e. the overall holistic evaluationof how well the patientcanbe
understood.The scoresgiven by the expertswererepresentedby
integersbetweerl (very high) and5 (very low). Theaverage'in-
telligibility” scoreacrossall patientswas2.9with = 1:14. It
seemedo be olvious thata voice which is well intelligible for a
humanbeingwill alsoachie/e betterresultsin automaticspeech
recognition. So we chosethis single criterion and comparedhe
experts'ratingto the WA we gotfrom our speechrecognizer

First we testedhonv homogeneoughe expert groupratedthe
testdata.For the 18 les thecorrelationof eachsinglerater's “in-
telligibility” scorego theaveragescoresacrosshe otherfour per
sonswascalculatedcompareTable?). Thetwo lowestcorrelation
valueswere.68and.77,the otherswerebetween82and.85. The
inter-ratervariancefor the expertswas.11. Thenwe measured
the correlationbetweenman and machinefor the 18 recordings
wherethe WA acrossa spealkr's entire readstory sened asthe
automaticallycomputedscore. The resultsfor the correlationof

Table 2. Correlationcoefcients betweensingle ratersand the
averageof the 4 otherratersfor the criterion “intelligibility”

[rater] K] L [ R SJ] U]
[corr ]| .83] .82 ] .77] .85] .68 |

Table 3. Correlationcoefcients betweensingle ratersand the
averageof all ratersfor the criterion “intelligibility” with the WA
of therecognizer

[rater] K | L ] R[] S]] U Jag.]
[corr ]| -81]-65]-81]-79]-55] -84 ]

the WA to theindividual expertandtheaverageof themareshavn
in Table3. Consideringhe averageof the raters,the WA for the
recognizehasacorrelationof -.84. The coefcient is negative be-
causehigh recognitionratescamefrom “good” voiceswith a low
scorenumberandvice versa.

Figure3 shavsthe WA vs.theaverageof the5 experts'scores
for the 18 patientswith TE voice aswell asthe correspondinge-
gressiorline; the patientsareorderedw.r.t. increasingVA.

It is clearly visible that thereis a strongcorrelationbetween
theresultsof thehumanandtheautomaticanalyzingmethod.This
leadsus to the assumptiorthatthe WA will be very helpful asa
partof afutureautomatidntelligibility or, in generalyoicequality
analyzer

Weroundedheexperts'averagescorego thenext integerand
alsomappedhe WA resultsto the samescale.We setthethresh-
oldsonthe WA resultssothatthe differencebetweerthe experts'
scoresandthe scoresderived from WA is minimal (i.e. 0 in our
case) Figure4 shawvs thesetwo scoresandthe appliedthresholds:
12 resultswereidenticaland6 resultsdifferedby only a gradeof
1. Grantedthatit is unfair to optimizeon thetestdata,theresults
still shav that WA canbe a usefulmeasurdor the analysisof TE
speech.

In [5] we shaved how to improve the WA with an unsuper
vised HMM interpolationapproachfrom 28% to 36%. The im-
proved WA did not leadto an improved correlationwith the hu-
manraters. Therewe usedthe transliteratiorof the readtext, be-
causewe weremainly interestedn the adaptatiortechniqueand
wantedto excludethein uence of readingerrors. The correlation
betweenWA andthe averageof the raterswas-.84 in both cases,
i.e.whencalculatingthe WA w.r.t. thetext to bereadandw.r.t. the
transliteration. Thusthe resultsof the experimentsreportedhere
areimportantfor the useof automaticspeectrecognitionmethods
in speechtherayy.

5. CONCLUSIONS AND OUTLOOK

A TE voiceis aso—calledsubstitutevoicewhichis onepossibility
to give a patientbackhis ability to communicateby speechafter
laryngectomy However, this voice which is producedin the PE
segmentoftenshaws low quality andintelligibility . For 18 substi-
tute voicesan averageWA of 28% wasachie/ed. A testgroupof
16 laryngealspeakrs who were age—matchedb the majority of
thetrainingdatahada WA of 69%,while atestgroupof 18laryn-
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Fig. 3. WA vs. the averageof the 5 experts' scoresfor the 18
patientswith TE voice; the patientsare orderedw.r.t. increasing
WA.

gealspeakrswhowereage—matchetb the TE speakrshada WA
of 58%. In the eld of voice evaluationwe comparedhe intelli-
gibility scoresfor recordingsof TE voicesfrom ve experienced
raterswith the WA from our system.Themonophonédasedecog-
nizer's correlationrwas-.84on astandardext andthusshavedthat
anautomaticevaluationof thevoice quality is possible.Sofarwe
found no differencebetweenthe correlationof the experts' score
andthe WA w.r.t. the transliterationandw.r.t. the text to be read.
However, for a future clinical applicationthe two sourcesof error
might have to bestrictly divided. By theapplicationof con dence
measureandlanguagemodels sectionswith readingerrorscould
be detectedn the recording. Thenthe remainingpartsof the le
couldbe usedfor the computatiorof the voice quality only. More
investigationshave to be donewith a biggergroupof TE spealers
to nd outif suchaprocedurds necessary

Besidesrepeatingtheseinitial experimentswith a larger cor
pus,we planto look atthe correlationbetweerthe experts'scores
andthe WA for telephoneTE speech.This is importantbecause
thecommunicatiorvia telephonés essentialn modernlife andit
is themostdif cult situationfor alaryngectomeandhis commu-
nicationpartner(absencef non—erbalcommunication) Also, if
the correlationis goodenough the automaticevaluationcould be
doneway more costeffective thanby having to install “analysis
stations'in all clinics andrehabilitationcenters.

Anotheraspecthatwe wantto studyis the prosodyof the TE
speakrs. Usingour prosodymodule[1] we wantto nd out,what
in uence the prosodicphrasinghason intelligibility. We suspect
thatthe reducedair volume of a TE spealkr forceshim to pause
within syntacticunits which in turn hasa negative effect on his
intelligibility .

6. REFERENCES

[1] A. Batliner A. Buckow, H. Niemann, E. Noth, and
V. Warnke. The ProsodyModule. In Wahlster[11], pages
106-121.

[2] M.H. Bellandese).W. Lerman,andH.R. Gilbert. An Acous-
tic Analysis of Excellent Female Esophageal,Tracheoe-

score derived from WA

4 3 2 1
5t ‘ rbunded ‘averagé of 5 ra‘tefs—O—‘ 4
WA mapped to integer scores-x---
45 N
4t ]
3.5 B

=V

VI AL -

10 15 20 25 30 35 40 45 50
word accuracy

raters' average score

Fig. 4. Scoredderived from WA vs. the roundedaverageof the5
experts' scoresfor the 18 patientswith TE voice; the patientsare
orderedw.r.t. increasingWA.

sophagealandLaryngealSpealrs. Journal of Speeh, Lan-
guage, andHearingReseath, 44:1315-13202001.

[3] F Gallwitz. Integrated Stohastic Modelsfor Spontaneous
Speeh Recanition, volume 6 of Studienzur Musteerken-
nung LogosVerlag,Berlin, 2002.

[4] J.GandouandB. Weinbeg. Perceptiorof IntonationalCon-
trastsin AlaryngealSpeech.Journal of Speeh andHearing
Reseath, 26:142-1481983.

[5] T. Haderlein, S. Steidl, E. Noth, F. Rosanwski, and
M. Schuster AutomaticRecognitionand Evaluationof Tra-
cheoesophage8peechlin P. Sojka,l. Kopecek,andK. Pala,
editors,Proc. 7th International Confeenceon Text, Speeh
andDialogue(TSD2004) LectureNotesfor Arti cial Intel-
ligence,pages331-338Berlin, 2004.SpringerVerlag.

[6] J.Lohscheller Dynamicsof the LaryngectomeeSubstitute
\oiceProduction Shaler, Aachen,2003.

[7] J.RobbinsH.B. FisherE.C.Blom,andM.l. Singer A Com-
paratie Acoustic Study of Normal, Esophagealand Tra-
cheoesophage&peechProduction. Journal of Speeh and
Hearing Disorders, 49:202-2101984.

[8] H.K. SchutteandG.J.Nieboer Aerodynamicof esophageal
voice productionwith andwithout a Groningenvoice pros-
thesis.Folia Phoniatricaet Logopaedia’54:8-18,2002.

[9] J.RP SearlandM.A. CarpenterAcousticCuesto the Voicing
Featurein Tracheoesophage8&peech. Journal of Speeh,
Languaye, andHearingReseath, 45:282—2942002.

[10] G. Stemmer Modeling Variability in Speeh Recanition.
PhD thesis, Chair for Pattern Recognition, University of
Erlangen-Nurembegr 2004.

[11] W. Wahlster editor Verbmobil: Foundationsof Speeh-to-
Speeh Translation SpringeyBerlin, 2000.

[12] J.G.Wilpon andC.N. JacobsenA studyof speechrecogni-
tion for childrenandtheelderly In Proc.Int. Conf on Acous-
tics, Speeh and SignalProcessingpages349-352,1996.



