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by Louis C'W. Pols

INTRODUCTION

The specÈral information of isolated vowel sounds or vor¡el

soundsinafixedconÈextcanreasonablyr¡e]-lberepresenÈed
by singie points in Èhe formant sPace or any oÈher dimensional

specEral represenÈaÈion' The results of such an analysis for

the 12 DuÈch monophÈhongs la' â' à' I' ê' i' ù ' o' u' o"' ó' Yl

in a contexi of h(-¡or+el)t have been publíshed (Klein' Plomp and

Pols, 1970; PoIs, Tromp and Plomp ' lg73; v' Nierop' Pols and

Plomp , lg73). The words had been spoken once by 50 male and 25

female speakers' The first i00 msec of Èhe most stationary part

of the vowels \,¡ere then gate<i out f or a spec."ral an+lysis ' The

firstthreeformantfrequenciesandformantlevelsweredeÈer-
mined, as well as Èhe one-Èhird octave sPectra of these vowel

segmenËs. The latter data were subjected to a data reduction

procedureresultinginat¡,ro-dínensional-principal-componefits
specÈral representation of Èhe average spectral infor^¡nation in

Èhese vowel segmeflfs '

Both this information and Ëhe more traditional formant

represeñtaÈion give us insight into Èhe general' spectral

characÈeristics of Dutch vowels ' 
as well as into the varíation

introduced by the dífferent speakers ' For more details we refer

to the original Publications '

However, such a tePresenÈâtion tell-s us nothing about Ehe



dynamic spectral behaviour of tÌ¡e vor¿el sounds. rn a neutral
or null conrext such as h(vowelit this is probably nor very
important, but iÈ certainly has to be Èaken into accouat when
vowels a¡e embedded in other consonant contexÈs in mono-
syllabic and multisyllabic words.

rn Èhís paper we do not intend tc discuss such phenomena as

coarticuiation and vor¡e1 reduction. we should rather iike to
díscuss another aspect of dynarnic vowel behaviour: that being
apparent in diphthongs.

rrrespective of r¡hether the three Dutch díphthongs luu,eírÂy/
have Eo be considered as vowers in rhemselveso combinaiions
of t'wo vowel nuclei, specífic trajectories, or'c!¡el-s suiti: a

peculiar dynamic character, the d1,'namíc character iÈself is
evident (Kaiser, 1948; Cohenn lgVi). Up to recentiy ír i¿as not
easy Ec measuie this dynamic speet;ial beìraviour and. ar best ¡i

few measureûent points during the ieinporal course couirl
roughly in<iicat.e the patÈern. such st;rlÍ.zed patterns ior the
Dutch diphthongs in the formant sÐace r.:ave been d.eternineti b;.r

Ho1 (1969). ilis resulÈs inciicate ihat during che ìrronunciaiicn
of ihe diphthong the seconci-iorÐanÈ fl.equency F, on1.¡', ciranges
lictle, whereas F, chaages in an avalancire-iíhe -,*?a]¡ tor,/ards
lower frequencies. Beginning and end are oaly ror,rghly indieated
and are said to change narkedi.y rar ðirferent speâkers, and do

not fit too v¡ell .¿ith the phonetic transcripti.ons of the diph-
thongs. Formant movement for american-English diphthongs /zr,
êI , âv, êI , ou/ have been measured, for exarnple by Holbrook
and Fairbanks (',962). They found rhat the urajor novement of the
diphthongs tends ic occur during the last haif of the uîterance.
For those diphthongs rüost of the variations is along ihe second
formantr see also LehisÈe and peterson (1961). A1so, on the
basis of an intuítive articulaËory description the diphthongs
can be described as trajectories, or arrows in the vor.rel triang-
1e, see for instance Jones (igrz). For a phonologicar des-
cription, see Cohen et al, (196¡).



Also, perceptual experimenEs caÏì be done to study t-he dynamic

behavicur cf diphthongs. \¡ar' dea Berg (i9ó9) describes a

method of pla¡¡ing back reccr<ied d-lphlhongs in reverse' ir¡ o¡der

to specify the varío'ds elerrents' A mçre sophisricated way Eo do

that ís by making use of a ga:irlg device: or segmenÈaÈor' which

allows detailed listening of any specifíc Part in the utterance

('È Hart and Cohen, 1964; Gerber, l97t+) ' Slis and v' Katwijk

(1963) did experiments about perceptuaL tolerance regarding

diphrhoags synÈhesized as pairs of tr+o-forma$t vowels ' this

results in idealized diphthong tlaces in the two-iormanE sPace'

Si¡aílar percePtual experimenÈs \¡Iere done by Gay (1970) Íor

American-Engtish diphthongs. He tried to determine whether the

phoneÈic identity of Èhe target vowels, or the second formant

transíÈion course, served as the primar;' cue fo:: identificaÈion'

He concluded that the rate of change of the second formant for

/aí, ai, au/ was more important than the onset and offset

valu.es. His or,!'n specirographic measuremertts on raÈural1y spoken

diphthocgs, ho\.rever, shcv' thet the onset target formant

position is also a f ixed deature of t-lre diphrhong formant

movement! together çith Ehe second-formant rate of change-

(Gay, l96s). 'Because cf possible measuÏeme$t e::ÏoÏ effects' the

f írst f orman*" ra-te of change was noÈ me¿su-red"

-in this paper v¡e shoul-d Like io eätend some¡¡hat the present

knowledge of spectral diphthong movemenÈs in Dutch. i4e feel

that our analysis procedure together r,¡ith -Lhe subsequent data

reducÈion and preseniaiion allows a Cetailed anatysis es a

funcÈion of time.

The analysis procedure r+i1-1 shortly be described in the next

section, EogeLher with the experimental resulÈs. For a more

detail-ed description of the procedure we refer Èo Pols (ín

press). He will also present some identífication results con-

eerníng Èhe perceptual similarity between Èhe different diph-

Èhongs '
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SPECTRAL MEASUREMENTS ON DUTCTT DIPTITHONGS

I^Ie have developed a spectral analysis system whích allor¿s real-
time analysis of íncoming speech wíth a paraiiel set of bandfil-
ters. The outputs of these filters, after logarithmic arnplifi-
cation and envelope peak detection, are sampled once avery l0

msecl the filter l-evels, together with overall level and the num-

ber of zero crossíngs, are stored in the computer and can be used

for subsequent dat,a processì-ng. Also the fundamenEal frequency Fo

is measured by counting the number of zero crossings in the low-

pass filtered signal of a throat microphone.

Subsequent lO-msec sampies can be desctibed as points in a l7-dinen-

sional space, wiÈh coordinate values equal lo the 11 fílter levels,

expressed relative to the overall level which is a sinple level nor-

malizat,ion. Because of interaction between sample points and bet'^'e,:i

filters a considerable data reductiûn i.s possrble.
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Theprincipai-compÔnerrtsanalysis(Harrn,an.i967,;givesirsameans
of doing this. Eigenualues and eigenvecicrs are extTâcÈed from a

varíance-ccvaríacce mairix baseci on ail sample points' Successive

eigenvectors describe tbe aÐGunt oi variance expiaine<i by Ehat new

dimension, anci the Cirection cosines of fhe correspon<iing eigenvec-

tors define the neç dimensiorrs wíth respect to the original 17

dimensions. If only the firsi two new dimensions are usec, the diph-

thongs can visually be repÏesented as traces in |hat plane, símilar

to Ëråces ín the Ft-Fe Plane'

The axis orienÈations of Èhe Èwo-dimensional prineipal-componenÈs

vor¿e1 space are highl-y corre,lated with Èhe formant Tepresentatíon'

¡¡hich makes the inÈerpreÈaf-ion more easily accessible to most

readers. However, inscead of single formant frequency values' these

points represefiE different weightings of the complete bandfilter

specÈrun}.

4t
ä

30

7t

l*

fr

ÇË

+l'; I
i eft

tt

speoker ?

U

I
I
j

i
L

oQ

"ol ,

-Cé
.¡

1C

ñ

-tu

-20

-30
-30 -20 -10 0 10 2a

Figure 2.

Figure 2 similar to figure 1, but now fol speaker 2'
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The list of words usec consisted of nonosyllabic C.f. vcf

r¡ords with as initial consonants c, ai1 t I possíble Dutch

consonanÈs, iacluding Ehe condítion wíthouË C.. As vowels

were used the three Dutch diphthongs /ou, €í, Ì'y/' Actually

also the uonophthongs r¡7eEe i.nclucied, buÈ for chaË part of

the projecr see Pols (in press). of ali possi'ule 14 final

consonants CO not meny can actually. be used in combination

wirh the díphthongs. Table I gives the List of '¡ords in

orËhogïephic forn. They were spoken by three different male

speakers in a randoo order, as Ðart of the larger word list

wi th all vor¡e1s .

After the spectral analysís of these r¡ords, the di.phÈhong

segilents had co be isolated from the wcrds for a more

detailed analysis. This segEentãÈion was done bv the ex-

perinenter on Ehe basís of:

a nunerical dísp1aY of ali basic

a graphical display of the word

principal-componenÈs sPace;

a synÈhesis of ihe ''¡hole r¡orri or

infornatioû per ì0 msec;

trace in a two-dimensionaL

snv "*7årrteii oar t cf i t '



luul íI"yi leíl

pauk
tout"
kous
bouÈ
daur¿
faun
saul
goud
voul¡l
zovl
hout
Wout
j ouw
1 au r"r

rauw
mout-
riauw

oud

pui
rh ui s /tlt:¡s I

.kuiP
buit
duin
fuik
suít

lfaurl gui t flrYrl
vuil
zuil
h ui d /hÂyt/
r+uif
j ui ch liLr"r{l
luit
rui-m
mui s

nuis
/gut¡' ui t
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Table I

List of meaningful C.: 'r'rct r¡ords r"¡íth ¿he ti-'t"u-ciiphthongs

7"' ¡'t, tíl tã'"oo'ãtt, Ett lB possible initial consonanEs'

and some of the final consonants which are possible ín com-

biaationwiththesediphthongs.W-hereverthespel.lingmay
lead to confusion the phonetic transcript'ion is also given'

The synthesis system is a newly developed vocoder-like

device an<i is controlred by the anarysis pâra'eters stored

in the compuËer. By specifying the sarnple numbers' any parÈ

oftheutterarrcecartbesynthesized,ifnecessaryrepeaEedly
arrdfor sÈretched out' Together with the display of the word

trace,Èhesearel'eryefficienttoolsforisolatingthediph-
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is difficult to make chis an objeccive

settings vrere independentiy controlled
few cases when there !ùas disagreement, a

made by consuitatÍon.
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-Figure 3.

Fig. 3 similar to figure l, but nor¿ for speaker 3.

Ì{e have not tried r+ith limited n¿terial- ro identify systematic

consonant-specific effects in the Cíphthong traces, becausa the

variation in the diphthong itself ¡,¡as already quíie great.
Hor¡ever, we did f ind consonant.-specific effects for the mcncph-

thongs, espeeiaLly for /e, o, ó/ i¡ combination i¿ith a final
/r / (Pols, j.n press) . Gay { l96S) coul-d not f ind any consis¡ent
initial or terminai consonant effect on targeË frequency values

of diphthongs, but he díd find a terminal consonant voicing
effect on duration (longer if preceding a voiced consonant). A

detailed study of duraríonal properties of vor,¡els in ÐuÈch, it-
cluding the diphihongs, is given by Nooteboom (1972),

l.
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ln order to specify aÐ average diphthong pattern we averaged

the individual il:aces. Ttre åverage durarion of the <iiphthong

segments Þ:es i80 msec. in other r¿ords I8 samples cf i0 msec'

îhe actual ou¡ation varied between I 2C and 32Cl msec' but

these extreme values í¡ere exceptional . Theref OIer -47e accepted

a linear Èime normalízation to make Èhe variable number of

sanples per segment equal to the average number of I I samples '

lie Èhen determined the ave1!a}e Ërace per diphÈhong per speaker

in Èhe turo-dimensionai príncipal-comPonents vowel spaCe'

Figs. I ' 7, and 3 represent Èhese Lraces foruhe Ehree speakers

respectively.Asimplespeakernormaliza¡-ionr¿asappliedby
translating atl sample points of one speaker in such a way that

the origin repïesents Èhe overall average vowel spectrum' The

average Ygyg] posirions, also indicated in these three figures'

are the average segment positions of the cvc words with monoph-

thongs in the uriddie Position'

The characterístic diphrhong behaviour is very well reflected

inthissrraightforr¡arCspecirai:iepreseütation'Weseethat
leí/ starts elose to le/ anc terininates irL tt¡e neighbourhood

of /i./, xhat lÌty/ fclio-v¡s e rrack trcÎn lal, or perhaps lA/ , to

a place sone\.¡itêt be;'sn¿ /æ !, ':nd :hac /c[u/ s¡^rr-s betweer¡ /ai

anci ís./, o:: in the neiglibourhood of lal ar¡d goes r-a la/' l'lone

of the three diph"hcngs t-eaches its f ina-L t'o'u¡el region as re-

presenÈedinthephonetictra:rscription'Tirishasalsobeen
founcl for the American Eugiish diphthongs, e'g' Gay (1968) '

I^le also see in the figures thaÈ in their initial Parts the

diphÈhongs vary only slcwly, but that indeed as lfol (1969) al-

ready meûtioned, Ëhe changes go much faster towards Èhe end'

From the individual data this is even moÏe evident than from

the represenËed everage daÈa' Ànother measure for this

variation is Èhe spread o, equal to the square root of the

variance, of Ehe l8 points of the average ttace per diphthong'

Fig.4gívesthísspreadalongtheseconddimensionforÈhe
Èhree diphthongs of speaker l ' The data for the other two
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speakers âre sinilar. The second dimensicn is represenÈed

because along this dinension the diphËhongs have their
grêåtest excursion. It is evident from the vor¡e1 repre-

sentations ín Figs. l-3 thâc this second dinension is high-
ly correlated with Fr. As can be seen in Fig. 4, the spread

o clearl-y increases towards the end of the diphEhong, re-
presenting a greater variaÈion in that part of the sound.

fhis variation can be caused by differenÊ final diphthong

positions, but it can also be a result of not reaching the

final position.

speoker 1

\¿?\-/

L 5 6 7 I I 1011 12131¿,15161718
soínple nurnber

Fig. 4. The spread o- of the iB points of the âverage trace
per diphthong along tËe second dímensíon.

By looking aÈ the indivídua1 data we geÈ the impression ¿haE

both effects play a pá.rt.

Our data confírm, also for Dutch, the fínding of Gay (1968)

for Arnerican English that onset vowel target positíoa is a

fixed feature of the spectral diphthong rnovement. IcsËead of



putting much emphasis otì the rate of change for the dynamic part

of the CiphÈhong our data suggest that â diphthong can be des-

cribed as quite a long and stable-staie onset part followed by a

fastspeeifictransitionintorhedirecÈj-onof'aliatgeroffset
area u,here rro sEeady-state paït is necessary. lt is pe-rhaps bettel:

to talk about Ehe direcÈion of change, raËher than about Ëhe rate

of change. T.íg. 5 illustraÈes ÈÌris with Lhree exampies "t /^y/

t'racesvaryingindurationfromlB0to260msec,butallthreebe.
ing almost unanimously identif ied as lh..¡l' as u'e will see in the

nexÈ section.
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Fígure 5

three exanrples of /Ly/-caces, varying ín duraÈion from 180 to

260 msec, bur all three being ,rrr"oio'oã.1y identif ied as /llvl .

The segmenÈs from the words lfl¡yk/ and /mÂys I inave a similar tail

butadifferentnumberofsamplesíntheonseterea,whereasthe
tai].of/k^yp/isshorterbutappårenclydistinctiveenoughin
ics direction to also cause a clear /Ây/ impression'
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Ii]ENTIFICATION MEASUREMENTS ON RESYNTHESIZED DIPHTHONGS

In order to verify the relevance of the specÈral differences

found, we also presented all isoiated vowel segrnents of

speaker I, including the diphthongs' to â total oÍ 21

listeners for idenEification. In order to have beLter con-

LroI over Ehe stimulus paraneters, and in order to êase

stimulus preparation we opted for resynthesizing the original

díphrhong segments. While interpreting the identification
results one has tó be aware of this poinÈ. The identification

resuits f or t,he three diphthongs, cumulateC over the

1ísteners, are given in Table II. Response categories were

rhe l 2 Dutch vowels plus the three diphthongs presented in

orthographic form on top of Ehe response buttons and grouped

in alplrabetic order. The avetage correct score was 74"47"

r¿irh a standard deviation of. 7.37" ovet E]he 27 subjects.

Table II

R.esults in terns of a confusion maÈrix of the iden¿ification
of the l8 different segmenÈs of three diphthongs by 27

list.eners. The data are cumulated over the segments and the
listeners. By acci-dent one segment oÍ the /ei/ stímuli r"ras

urissing whicir makes the toral for this diphthong l+59 instead
of 486.

The three diphthongs by theüselves i,rere 84,12 correcÉ. /au/

¡

l3 úa v nocr¡ gL ¡1y TOTÀj,

9'l.t

58.2
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ilv
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has a very high correct score' lhy/ ¿ somewbat 1or"'er score'

confusions being mainl-v v¡irh /ou/ a|rLð /ó/' The /lyy-ó/ con-

fusions carr perhaps be âttribÛEed to'thê diphthongal nature

of /ó/, which coulci be wrít"-en as /n'yl, coming close to

/lrv/. uarry /¿i/ confusions are with /Âyi ' Although Ehe two

average Èraces are relatively close, chis amount of con-

fusion is somewhat unexpected. tlne /eL/ segment out of

It¿i]-/ was onl.y correctly ídentiiied 4 out of 27 times,

which is by far the lowest score for all diphthong segmenÈs'

and is caused by the tail cf the trânsition part which first

goes inÈo the correct direction but then turns awäy under

influence of the following. /1/. The same effect can be seen

in rhe /Ly/ segnents out of /vhy't-l and lzltyL/, again eausing

many identificarion errors -

in general it can be saici that strong

average diphthong pettern cause many

deviations from the

i<ientif ication errors

CONCLUSION

In this paper we have rrieci to give some more deta-iled spec-

tral infonnation aboui the dynamic course of the Dutch d'iptt-

Ehongs. The iindings ín gerieral confirm the description given

by Mol (1969). Togerher with the resuits from the i<ien-

tificatíon experiment, we come to ihe conclusion lhåt the

specEral information in diphthongs can be described in such a

r¡¡ay thaÈ the sound starts r^'i¿h a long and stable speaker-

specífic, steady-state onset part folLowed by a relatively

fast specific Eransitíon into the direcrion of a larger off-

seÈ area where no steady-state part ís necessary'

Soesterberg, november 1976.
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SUM}ÍARY

Up to now the d'ynamic spectral behaviour of the Dutch diph-

thongs /qlu, /ry, ei/ was only knor'rn in terms of stylízed

patterns oi arrows in the formanl plane' In the presenÈ

study we have analyzed with a bandfilter analysis systeu the

actual specÈlal varíatíon in I o-msec stePs in díphthonB se8-

ments in a nr:mber of words spoken by three different speakers

This informatíon could be visualízed as EÏaces in a two-

dímensional princípal-componencs vowel sPace. The same iso-

lated segments were also presented to a group of 1isÈeners

for identific¿tion. SÈroog deviations from the average diph-

thong pattern caused many identification errors'

Title receíved 1976
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