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ABSTRACT

2.2 Phonotypical transcription

This paper addresses the problem of speaker-independent conndetedASR overtelephone lines it is of crucial importance to
numeral recognition over telephone lines. Increasing the vocabulatgssify the stressedowels correctly. Thestressedvowels are
from digits (0-9) to numerals (0-99) opens for more user-friendiyost clearly articulated and have most intensity amdthus less
services, but it also introduces many new, language-specific problem#luenced by signal distortions.

This paper investigatasorphological, phonemiand allophonic
variations in the pronunciation of numerals Norwegian. If
improvements in recognition performaneee to beachieved
these language-specific issues have to be considered.

1. INTRODUCTION

The number of services based on automatic speech recogniti

(ASR) over telephonéines has increaselemendously over the
last few years. Many of these applications are basexomected
digit recognition, e.g. credit card aadcount number validation,
catalogue ordering, reverse directory serviaed voice dialling
by spoken digits.

However, for some applications such digit dialling by voice,
e.g. Norwegians normally do not pronourtbe phone numbers
as single digits, bugroup them agairs of numbers, e.g. 22 34
56 78, asthey are also listed in thehone directories. If a
number-pair begins with 0, it fronounced as singt#gits. This
may influence the speaker to read tivbole phone number with
single digits. Especiallyoungpeople tend to read numbers with

single digits (which is normal e.g. in Swedish). Thus, the

First Phonotypical transcription
stressed| (South-Eastern Norwegian pronunciation)

vowel

i: 4-ffixral, 9-/ni:/, 10-/ti:/
h 19-/nitn/, 90-/niti/
V. 20-1ty:val, 7-Isy:v/
e: 1-/e:nl, 3-Itre:/
e 5-ffem/, 50-/femti/, 15-/femtn/, 13-/tretn/, 30
[treti/, 6-/seks/, 60-/seksti/, 11-/ely 30-/tredw/

[ 17-/sgtnl, 70-/sgtil, 40-/fid, [far/
a 18-/atn/
o) 8-Iotal, 80-hti/, 12-/bl/
u 14-ffjutn/
u: 2-/tu:/
i 7-1 fa:l, 20-kwa/
u 0-/nul/
i 16-/seeistn/

recognizer has to cope with all the natural numbers from 0 to 99Table 1: The Norwegian numerals 0-99 grouped with respect to

In the following sections wewill investigate how language
specific factors influencehe automatic speecrecognition of
phone numbers.

2. RECOGNISING PHONE NUMBERS

2.1 Speech database

This investigation is based on tidBU.O speechdatabasdl],
[2], which consists of 1000 speakdrem all over Norway. The
speakers were called up by interviewers and asked tqpreamk

the first stressed vowel.

Note the two different pronunciations of 7, 20, 30 and 40 in table
1, giving atotal of 32 different words, (see also section 3.1).
However, only 29phonemes were needédr transcribing the
numerals (out of about 50 phonemes in natural spoken
Norwegian).

2.3 The recognizer

For this task wehave developed a recognizer based on the
Hidden Markov ModelTool Kit (HTK), [3]. Each 10 ms speech

numbersfrom a manuscript as they would have spoken to affame is represented by 12 metquencycepstral coefficients
automatic service. The 8 digit phone numbers were grouped aB!4s normalised log-energy together with their corresponding first

pairs of numbers. The database was desidorettaining with a
uniform distribution ofwords Therefore, thé'-teen” numbers
(13-19) and the numbers of ten are over-represented.

and ®cond order regression coefficient€epstral mean
subtraction (CMS) is appliedor each phone number. The
phoneme models were trained thre phonotypical transcription,
see table 1. We estimated 99 word-internal triphonesldsyng



the context-free phonemes and then re-estimating using triphospite of this wehave categorisethe errors intofive classes:
transcription. The triphones were modelled as three-ifito-  Morphology, dialect, the numbers of ten, theeen" numbers and
right continuous density hidden Markov models (CDHMM) withconnected numerals.

no skip transition. We applied a diagor@variancematrix, 5

mixtures and no triphone or state clusteringgldng about 3.1 Morphology

117500 parameter®r the word-internal triphone models. The ) )
recognizer was trained on 580 speakers and tested on 200. In 1951 it was decided that numerals should from then on be read

from left to right in Norwegian, e.g. 52 as /femti tu:/ and not as
2.4 Results /tu: 5 femti/ which wascommon athat time. The maimrgument

for the change was that it is easier to process numethksyifare
We restricted the task toecognition of exactly 4 pairs of pronounced as thegppear in textsfrom left to right. Also a
numbers However, there may be more or less thavo8sin the  growing use of the"new" pronunciation(as in Swedish and
strings. For instancthe two digits 28may bepronounced with English) in thedefence forcesind among switchboard operators
three words'eight-and-twenty" or two words "twenty-eight", and caused mix-ups (for people using the "old" pronunciation).

the two digits in 20 as one word, "twenty".
g y The optimists forecaghat thereform would be accepted by the

For this taskour recognizer obtained a word errate of 8,2 % public within a fiveyear period.But there weremisgivings as
yielding 70 % correct recognised phone numbers. However, theell, since thetrochaic or dactylicstress pattern of th&old"
recognizer performed significantly worsthan average on pronunciation agreed with the normal stress pattern in
children (8-12 years) and people older than 60. The reasons Kwrwegian, whilethe "new" pronunciation gave an iambic or
this may bethat these peoplspoke with eithetoo little or too  anapaestic stress pattenwhich normally only occurs in
much intensityand thatthey hesitatedmore and producethore  Norwegian in words of foreign origin.

non-speech sounds, e.g. clicks and breath noise. A . -
Especially in non-formal everydapeech théold" pronunciation

Surprisingly, therecognizer performed significantly worse onis frequently used, both by old angung people. In formal
women than men. The main reasdor this was background speech, e.g. reading phone numbessn a manuscript, people
noise. Typically, when wometalked on the telephone children are less likely to use th®ld" pronunciation. However, in our
cried or shouted in thieackground, whereahis never happened database 336 (3 %) of totally 10922 numerals which could be
with men. About 7 % ofthe recognition errors were caused bypronounced in both ways, were pronouncethim"old" way. Of
background noise, and women were highly over-represented. 780 speakers, 61 (7,8%) usé&dd" pronunciation, though most
of them mixed th@wo pronunciations. Thus, 45 years after the
3. ERROR ANALYSIS reform we have two ways of pronouncing sushmbers in

) ) . Norwegian, and we never know for sure which one will be used.
Measurements 0ASR performancavith dynamic programming

(DP)-based string alignments andnfusion matricesnay give The 1951 reform also establishdd:/, /gu:a/, /treti/ and /fg/ as

false impressions of thecognition errors. When e.g. 15-/femtn/the standard pronunciation of 7, 20, 30 and réoving the

is recognised as /fem e:n/-5the DP-alignment showthat/fem/  alternative pronunciationssy:v/, fty:va/, /tredw/ and /far/. Our

is inserted and that /femtn/ is substituted with /e:n/, whereasaaalysis of read aloud phone numbers shows that the ‘foews
manual analysis shows that the word /fem/ is correctly recognisetithese numbers were used in 76.9 % of the cases, with 70,4 %
and that /tn/ is substituted with /e:n/. for /fa:/, 82,5 % for ¢u:a/, 68,8 % for /treti/ and 97,5 % for {fb

This showghat thereform hasonly been successfdibr the /fgi/
We therefore analysed manualdll the 649 phone numbers pronunciation.

which were wrongly recognised, and tried to classify the errors.
Accordingly, we have texpand thegrammar to accephe two

This analysis of recognition errors showttht numerals with morphologically differentways of pronouncingnumerals in

identical first stressedrowel (table 1) weremost frequently Norwegian, include an extrmodel for the word “og" A/ and
confusedwith each other. This mearnbat the stressedowels ycjude two transcriptions of 720, 30 and 40. Withmore

were recogniseccorrectly but the consonants and unstressedy|iernatives tahoose amonghe recognizerswill be more prone
vowels were prone to errors. to errors.

Classifying the ASR-e_rrors is difficult because mos_t of the eITors afRcognition errors due to the "old" number pronunciation

due to many co-occuring factors, such as huge differences in signal

level, speaking rate and phoneme realisations both within a sinflee to thetrochaic or dactylicstress patterns of théold"
speaker and across speakers, telephone-bandwidth speech, spimaiunciation the first syllable in both digits of the numbers are
distortion by transducer, channel variations and background noisgiessed. The stressed syllables hawee intensity anéremore
(both extraneous speech and acoustic events). In addition, wiedgarly articulated than unstressed syllables, amedthus easier
reading phone numberthe last pair of numbers isften to recognise. Therefore, 94 (98,9 %) of the 95 numerals read with
pronounced with creaky voice, less intensity and final "old" pronunciation inthe testset wereorrectlydetected. In 6 of
lengthening, making them more prone to recognition errors. these numerals one of the digits was wrongly identified.



On the other handpld" pronunciation wasnserted32 times. A
typical error occurred whenpair of numbers wafollowed by a
number of ten, as 34 5@ronounced/treti fira femti/, but
recognised agtreti fiirs o femti/, which is 3054. The only

Due to normalisation, dialectal pronunciations as Yavégeor /alav/,
12-fopvl or teevl, 17-Iseygal, Ismagan/, /sytn/ or /seetn/, 18a/ or
la:gan/, 19-/nigal or Inigan/, 20-ka:ge/, Itjg:a/ or /aga:/ and 704t/
[{ati/ or /syti/, were relatively rare in the testset. If such forms are not

phonemic difference between these pronunciations is the sktraihcluded in the lexicon, the recognizer will probably err, but we

for the function word bg" (which is normallyrealised as a short,

reduced, centralised vowel). The "new" pronunciatioB4fwith
stress on 4mayresult in alonger 4/ than normal and makes i
possible for the recognizer to split the schwa inter///.

Also hesitations, repeated starts and extraneous speech
mislead theecognizer tansert an extrdold" pronunciation, e.g.
90 pronounced /aeh niti/ is recognised /temiti/, 95.

Confusions between "oldind "new"forms of 7,20, 30 and 40
do not lead torecognition errors of numbersHowever,

augmentinghe lexicon with different pronunciatiomsaylead to

other confusions such as 30-/tretigubstituted by 11-/ed and

7-Isy:v/ confused with 20-/tya/ or 4-/fixcal.

Recognition errors due to the "new" number pronunciation

With the"new" pronunciationthe numerals 21-98re commonly
pronouncedvith an iambic or anapaestic stress pattem,only

the last digit is stresse8ince the number of ten is unstressed,

is realised shorter, with less intensity andre reducedhan in

expect that these forms also will be used rarely in practical services.

t As regards dialectal variations of certain phonemes, one special

problem in Norwegian is caused by the pronunciatiofn/afhich
occurs in severahumerals. Depending on the speaker's dialect,
dyis produced as an apictdp or trill, auvular tap ortrill, an
alveolar, post-palatal, velar, or uvular approximant or fricative
[4]. Although these /r/-realisationsary acoustically,and may
cause problems for recognisingtural spoken languagenly the
approximant realisations seem to cause serious prolitenasir
recognizer. The approximant realisation/df is normal in the
South-Western parts of Norway and occurs intervocalically, i.e. in
4-ffi:ys/. In the waveformthe /iya/ has no closure phase and
lookslike one long vowel. Irall the other numerals witlr/ it is
realised voiceless in a /tr/- or /rt/-clusters. Thus, in these
numerals the difference between apical and ddrsas small.
Somedialects with dorsalr/ may also changehe vowel quality

in 3 to /i:/, which may cause confusionwith e.g.7-/sy:v/ and
i10-/tiz/, and changing 4 to Aia/ and 8 to gta/.

stressed position. This makes the numbers of ten prone to erfgtger dialectal variants which did not cawzs® problem for the

in this position.For instance 20gk:s/ is likely to be confused
with 7-ffu:/ even when uttered in isolation. Witlhe "new"
pronunciation, e.g. 22sk:0 tu:/, the schwa inthe unstressed
number of ten is often elided, givingg/ tu:/, which is evemmore
like 7. In addition, there is a@rowing trend among young
Norwegians to pronounce//as f/. Thus 22may berealised fu:
tu:/, and the confusion with 7 Ju! tu:/, is complete.

Of 2684 numerals pronouncedth the"new" pronunciation, 128

(5 %) werewrongly identified because of the unstressed number

of ten.

Ambiguity is another problem with thtnew" pronunciation. The
only difference between e.g. 40 2 and 42 is the stress on
number of ten. Thusalthough the recognizer identifies the
phoneme sequence correctly, (if:/, it maylead to thewrong
phone number.

3.2 Dialects

There is no widely accepted standard pronunciation
Norwegian. In fact Norwegians ugbeir own dialect in most
situations. Of the numerals between 0 andd®®y 2, 9,and 10
arepronounced fairly uniformlyall overthe country. Forthe rest
of the numerals the pronunciation vaneslely. In spite of this,

only 114 (0,86 %) of a total of 13252 wordstime testset were

wrongly recognised because of dialectal pronunciations.

There aretwo main reasons for this(i) The informants
normalised when reading phone numkieossn amanuscript, and

(ii) well known dialectal sound changesnatural speech were

not so prominent for the numerals.

recognizer are:

e Alveolar sounds, whichare often palatalised in Mid-
Norway, but for numeralsonly the /I/ in 12 may be
palatalised.Very few pronounced itlike this and this
palatalization did not lead to confusion with other numbers.

e Velarization of/l/, e.g. 11 pronounced /&b/ (which is
common in the Lake Mjgsa area north of Oslo).

e The typicalvowel deletion in Mid-Norwegiamialects was

also less common than expected, and occum@din 4-/fi:r/

and 8-4t/, which seldom lead to recognition errors.

e Lack of retroflexing ofe.g. /rt/-clusters in Western parts of
Norway only occurs in 14and 40pronouncedfjurtn/ and
[farti/. Most often the /r/ was realised voiceless in these

the L - : :
words, resulting in a minimal difference with the retroflex
realisations /fjin/ and /fai/.

The numbers which caused most recognition errors due to

dialectal pronunciation were:

e 1 pronounced /ee:r@nd /eein/, let/ or /eit/, where elge:n/

was often confused with /fem/.

3 pronounced ye:/ or /i:/ with voiced and voicelessyl/.

With voiceless ¥/, /tye:/ wassubstituted with /fem/, and

/tyi:/ was substituted with /sy:v/ and /fift

e 4 pronounced ffi:r/lfi:al, fizyal or ffi:ya/, where e.glfi:ya/

was often confused with /tre:/.

16 pronounced/sekstn/, which wasconfused with e.g.

/seksti/-60, /seks e:n/-6 1, /seks fem/-6 5 or /seks tre:/-6 3.

e 17 pronounced /sytn/ and 70 pronounced /syti/ whiely be
confused with 19-/nitn/ and 7 3 -/sy:v tre:/ respectively.

e 19 pronouncednetn/ and 90pronounced/neti/, (in some
dialects in Mid-Norway),led to confusionwith 13-/tretn/
and 30-/treti/ respectively.

of



The only error due to dialect variation in the three Northern countiég least 15 word errors were due this segmentation problem.
of Norway was 804t/ (long vowel).

- - . 4. CONCLUSIONS
The stress pattern of tHeew" number pronunciation makes it

possible to recognise the digits correctly in spite of large dialectale have showrthat morphological, phonemi@nd allophonic
variations. On the other hand, dialectal variations in the numbeariations in Norwegiamput an extra load on thASR-system.
of tens aremore prone to errors witthe "new" pronunciation. The numerals with identical first stressedwel were most
For instance, 40 /i@ is often confusedvith 70 /sgti/over the frequently confused with each other.

telephone linesWhen 40 is realised without retrofley /and

with a voiceless dorsal/, thesenumbers become evemore The numbers of ten werenost prone to errors. Uttered in
similar acoustically. When in additiothe number of ten is iSolation the finalvowel was prolongedind an extravord was
unstressed due to "new" pronunciation of é2).confusionwith inserted. Uttered in a number-pair with tmew" pronunciation

72 is very likely. the number of tebecame unstressed and reduced. Modelling the
two different pronunciations witBeparate, wholevord models
3.3 Numbers of ten may improve the recognition performance.

We are relieved toconclude that for the numerals0-99
surprisingly few errors were due tthe many and varying
dialectal pronunciations of Norwegian. Othe other hand,
transcribing different pronunciations of e.g. 16 in tegicon
does not rule out the possibility of ASR errors.

When the numbers of ten (20, 30,. 90) arepronounced in
isolation the final phonemic shorbwel (/e/ for 20and /i/for the
rest) isoften prolongednd realised as a schwath¢ end. Thus,
our recognizer aligns the number of mrectly,but it inserts an
extra digit at the end ofi/ because of final lengthening. For

instance 50-/femti/ was often recognised as /femti e:n/-51, Qe conclude that ASR of numerals in Norwegian is a particularly
/femti tre:/-53. In the testset there were 1455 numbers of t@prq task, and we will not be able thow satisfactory

uttered in isolation, of which 135 (9,3%) were recognised with afcognition results until language-specific knowledge is applied.

extra digit.
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Another typical erro(6,3%)for the numbers of ten was that e.g.
50-/femti/ was recognised as /fem tre:/ or /fem e:n/. This errgr,
may occurbecause the closure phase of the plogivewas
recognised as a word boundary (silence).

Surprisingly, only 11 (0,8%) of the numbers of ten were
substituted with their"-teen" counterparts, e.g. 50-/femti/ REFERENCES

recognised as /femtn/-15. 1. Amdal, I. and Ljgen, HThe Norwegian telephone speech

« " database TABU,0Scientific Report 40/95, Telenor 1995
3.4 The “-teen” numbers (13-19) (iﬁﬁoﬁzgiam_ clentiic epor elenor

The plosive/t/ in the numerals 13-19 is normallseleased as a 2

) . ) , - Ljgen, H.,Amdal, 1. and JohanserF.T., "Norwegian
nasal plosion anthe final nasal is syllabicEspecially 16 was

speech recognition for telephone applicationBtoc.

often realised without a plosive at all; /seisifowever, when Norsig-94 pp. 121-125, 1994.
people speakery clearly theymay pronouncethe last syllable of
these numbers as -/ten/. THaver-careful" pronunciatioted to 3. Young, S, et.alThe HTK BookHTK V2.0, 1995.

most errordor these numbers, where the first part of the number
was recognised ahe corresponding digiti.e. /fem/ in thecase

of 15, and the last /ten/ was confused by e.g. 1-/e:n/ or 3-/tre:/. Of
1905 “-teen” numbers 110 (5,8 %) wereongly recognised due

to this type of confusion.

Foldvik, A.K., "The change fronapical to dorsal r in
Norwegian”, Proc. 11th International Congress of
Phonetic Science¥ol.1, pp. 177-178, 1987.

3.5 Connected numerals

When pairs of numbers are read as a part of an 8 gigine
number, coarticulation effects betweire pairs of numbers may
cause problems fdhe recognizer. One typical error was when a
number of ten was followed by a 0, such as 2@®@a/mal/. Here
the recognizer ofterinserted /e:n/ as thiast part of ¢/ and the
first part of /n/.Also, when "-teen" numbers were followed by a
0, such as 19 0 -/nitnufi, the geminate nasals were impossible
to separate leading to the confusion error /aif-8 0.



