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Abstract

We presenta phonologicalprobabilistic context-

free grammay which describeghe word and syl-

lable structureof Germanwords. The grammar
is trained on a large corpushby a simple super

vised method, and evaluatedon a syllabification
taskachieving 96.88%word accurag on word to-

kens,and90.33%on word types. We addedrules
for Englishphonemeso the grammay andtrained
the enrichedgrammaron an Englishcorpus. Both

grammarsare evaluatedqualitatively shaving that
probabilisticcontet-free grammarscan contrikute
linguistic knawledgeto phonology Our formal ap-
proachis multilingual, while the training datais

language-dependent.

1 Intr oduction

In this paper we presentan approacho supervised
learningand automaticdetectionof syllable struc-
ture. The primary goal of the paperis to shav that
probabilisticcontext-free grammarscan be usedto
gainsubstantiaphonologicalknowledgeaboutsyl-
lable structure.Beyond an evaluationof the trained
modelon areal-world taskdocumentinghe perfor
manceof themodel,we focuson anextensve qual-
itative evaluation.

In contrastto otherapproachesvhich work with
syllable structuresextractedfrom a pronunciation
dictionary our approachfocuseson the probabil-
ity of useof certain syllable structures. Among
other approacheshat deal with syllable structure,
there are example-basedpproachegHall (1992,

Wiese(1999, Feéery(1995, Kenstavicz (19949,
Morelli (1999), symbolic approaches (Belz,
2000), connectionistphonotacticmodels(Stoianw
and Nerbonne, 1998), stochastic models de-
scribing partial structures (Pierrehumber{1994),
ColemanandPierrehumberf1997), or applica-
tion-basedapproachegor syllabification (Van den
Bosch,1997) or text-to-speeclsystemdgKiraz and
M0obius,1998).

Our methodbuilds on two resources.The first one
is alarge written text corpus,which is looked-upin
a pronunciationdictionaryresultingin a large tran-
scribedandsyllabifiedcorpus.The secondesource
is amanuallywritten context-free grammardescrib-
ing Germanand English syllable structure. We
codethe assumptiongsimilar to Goldsmith(1995)
that the phonological material that can occur in
the onsetsor codas might differ dependingon
the syllable positions: word-initial, word-final,
word-medial versusmonosyllabiovords.

We trainthe contet-free grammarfor Germarnon
thetranscribedandsyllabifiedtrainingcorpuswith a
simplesupervisedraining method(Muller, 2001a).
The mainideaof thetraining methodis that aftera
grammartransformatiorstep,the grammartogether
with a parsercanpredictsyllableboundarief un-
known phonemestrings. The trainedmodelis eval-
uatedon a syllabificationtaskshaving a high preci-
sionon atestcorpus.We exemplify thatthe method
canbe easilytransferredo relatedlanguageghere
English) by addingrules for missingphonemedo
the grammar In an qualitatve evaluation,we com-
pare Germanand English syllable structureby in-
terpretingthe probability weightsof the preterminal



grammarules.

In sum,we aimto shav thatour method(i) mod-
elsall possiblewordsof alanguage(ii) modelshow
likely certainstructuresare used(in comparisoro
puredictionary-base@pproaches)jii) yieldsgood
resultsin an application-oriente@valuation,(iv) is
able to disambiguatecompetingstructures(v) can
be easily appliedto otherlanguages(vi) produces
mathematicallyvell-definedmodels.

Thepaperis organizedasfollows. We presenbur
methodin Section2, the experimentsin Section3,
and our evaluationin Section4. In Section5, we
discusgheresults,andin Section6, we conclude.

2 Method

We build on the novel approachof Muller (20013
which aimsto combinethe advantageof treebank
andbracletedcorporatraining. In generalthis ap-
proachconsistsof four steps: (i) writing a (sym-
bolic i.e. non-probabilisticcontet-free phonologi-
cal grammarwith syllable boundaries(ii) training
this grammaron a large automaticallytranscribed
andsyllabifiedcorpus,(iii) transformingthe result-
ing probabilisticphonologicagrammaiby dropping
the syllableboundariesand(iv) predictingsyllable
boundarieof unseemhonemestringsby choosing
their most probablephonologicaltree accordingto
the transformedrobabilisticgrammar

The advantagesof this approachare, that sim-
ple and efficient supervisedtraining on bracleted
corporacan be used (the braclets guaranteethat
all syllabified words of the training corpusreceve
only one single analysis),and that raw phoneme
stringscanbe parsedandsyllabifiedafterthe gram-
martransformation.

Preservingtheseadwantages,our approachdif-
fersin several importantdetails. First, we write a
moreadwancedphonologicalgrammarfor German,
yielding a morefine-grainedorobabilisticmodel of
syllable structure. Second,it is easily possibleto
enrichour phonologicalgrammarby addinggram-
marrulesfor missingphonemeso adaptour phono-
logical grammarto otherlanguageghereEnglish).
Third, in additionto an evaluationon a real-world
task (syllabificationfor German),we qualitatively
evaluatethe resulting probabilistic versionsof our
phonologicalgrammarfor GermanmnandEnglish.
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Figurel: Syllablestructureof theword “Abfall” ([ap][fal])
accordingo our phonologicagrammarfor German.

Our phonologicalgrammardivides a word into
syllables,which arein turn rewritten by onset,nu-
cleus, and coda. Furthermore,the phonological
grammardifferentiatesbetweenmonosyllabicand
polysyllabicwords. In polysyllabicwords, the syl-
lables are divided into syllables appearingword-
initially, word-medially andword-finally. Addition-
ally, the grammardistinguishedetweenconsonant
clustersof differentsizes(rangingfrom oneto five
consonants)aswell asbetweenconsonant®ccur
ring in differentpositionswithin a cluster Figurel
displaysthe structureof the Germanword “Abfall”
(wastg accordingto our phonologicagrammar
In thefollowing sectionswe especiallyfocusonthe
rewriting rulesinvolving phonemicterminalnodes:
X.r.s.t — CandY.r — V. Therulesof the first
typebearthreeof theabose mentionedeaturedor a
consonant insideanonsetor acoda(X=0n,Cod),
namely: the position of the syllable in the word
(r=ini, med,fin, one),the clustersize(t = 1...5),
and the position of a consonantwithin a cluster
(s = 1...5). Obviously, vowels or diphthongsV’
of a nucleus(Y=Nucleus)do not needthe position
andsizefeatureqt ands). Theprobabilitiesof these
phonologicaftules(aftersupervisedraining)areex-
actly the basisfor our descriptionandevaluationof
thesyllablepartsin Section4.

3 Experiments

In the following, we describewo experiments.The
first experimentinvestigatessyllable structurefor
German. In the secondexperiment,we generalize
andapplythemethodto anothedanguag&English).



Experiment with German data.

First, we manually write a phonologicalgrammar
for Germanconsistingof 2,394 contet-free rules.
If comparedto the most successfulgrammarcon-

structedoy Muller (20013, ourgrammaiis enriched
with an additional feature: the size of the onsets
and codas. Second,we extracteda training cor

pusof 2,127,798words (3,961,982syllables)from

a Germannewspaper the StuttgarterZeitung, and
an additional corpus of 242,047 words for test-
ing. All wordsare looked up in the Germanpart
of the CELEX (Baayenet al., 1993) yielding tran-

scribedand syllabified corpora. As phonemeset,
we usedthe symbolsfrom the English and Ger

man SAMPA alphabet(Wells, 1997). In contrast
to Miller (20014, we did not investigatesmaller
training corporasincewe areinterestedn maximal
phonologicalknowledgeaboutinternalword struc-
ture. Third, we train the phonologicalcontet-free

grammarmnthetrainingcorpususingthesupervised
methodpresentedn Section2. Additionally, dueto

eventsnot occurringin thetraining data,we usethe

implementedgmoothingoroceduref theLoParsys-
tem (Schmid, 2000) producingrules with positive

probabilities.

Experiment with English data.

In this experiment,we shav thatour methodcanbe
easilyappliedto otherlanguagesWe createa sec-
ond training corpusof the samesize of 2,123,081
wordsfrom the British NationalCorpus.Thewords
are looked-up in the English part of the CELEX.
Furthermorethe context-free grammaris extended
by rulesfor all possibleEnglish phonemes. This
meanswe add preterminalrulesfor phonemesot
occurringin Germanwords,e.g.,rulesfor theapico-
dental phoneme[T] (appearingin the word this).
This (semi-automaticprocedureyields an English
phonologicalgrammar consisting of 4,418 rules,
whichis trainedon the new corpus.

4 Evaluation

First, we evaluateon a syllabificationtaskfor Ger
man. Second,we analyzelinguistically the errors
made by the Germanphonologicalparseron the
evaluationcorpus(wordtypes).Third, andmoreim-
portantwe concentratenaqualitative evaluationof

syllablestructurefor GermanandEnglish.

4.1 Evaluation on Syllabification

The resulting probabilistic phonologicalgrammar
of German(Section3) is evaluatedon a syllabifi-
cationtaskby comparingthe maximum-probability
parsesf all raw phonemestringsin thetestcorpus
(242,04 Avordtokens,24,735word types)with their
annotatedbracleted variants. As evaluation mea-
sure,we used‘word accurag” which computeshe
rateof wordswith all predictedsyllablebracletsex-
actly matchingthe annotatedyllablebraclets. The
evaluationshaws thatour phonologicalgrammarfor
Germarachieres96.88%wordaccurag onwordto-
kens,and90.33%o0n word types.

Err or Analysis
We analyzethe resultsof the Germanphonological
parseron the evaluationcorpusconsistingof word
types. Out of 24,735wordstypes2391wordscon-
tainedwrongly predictedsyllable boundaries. We
analyzeevery tenth word of the incorrect words,
which meanswe look at 239 items. Thereare 243
errors found in the analyzedwords. Due to the
factthattherecanoccurmorethanoneerrorin one
word, the numberof errorsis higherthanthe num-
ber of items. We find that 72.42%o0f the errorsare
madefor consonantsincorrectlyassignedo theon-
set,whereasonly 27.57%errorsare madefor con-
sonantsvrongly assignedo thecoda.Thetendeng
thatmoreerrorsoccurin predictingtheonsetagrees
with thefindingsof Muller (2001h. Themainerrors
appeamwhenalft], [R], or an[n] is predictedio bean
onsetconsonant.The main errorsfoundin predict-
ing the codaconsonantsnainly occurwith [k], [s],
and|p].

If we investigatethe errorsmadeon the linguis-
tic level, the mostfrequenterror occurswith word
boundaries(98 cases). However, a further error
sourceis found with syllable boundariesoccuring
in conjunctionwith prefixesandsufiixes. The most
frequenterror appearswith syllable boundariesaf-
ter prefixeslike /ver/, ler-/, and/un-/, whereaswith
suffixesthe mostfrequenterrorappearswith /-lich/.
Foreignwords,which aresubjectto differentphono-
tactic constraintsseemto be a minor sourceof er
rors (20 cases).Thus, we canseethat mostof the
errorsarefound in conjunctionwith morphological



English initial medial final monosyl sum German initial medial final monosyl sum
OConset [ 191,888 17,630 32,350 453,117 694,985 OConset 294,428 54,388 50,508 273,407 672,731
1Conset | 407,380 246,802 556,954 852,866 | 2,064,002 1Conset 658,986 577,358 963,600 687,429 | 2,887,373
2Conset | 88,692 58,888 96,604 122,295 366,479 2Conset 127,632 103,353 75,721 68,050 374,756
3Conset 3,332 3,577 5,368 4,511 16,788 3Conset 10,879 7,160 2,096 6,987 27,122
4Conset - 1 16 - 17 4Conset - - - - -

sum 691,292 326,898 691,292 1,432,789 3,142,271 sum 1,091,925 742,259 1,091,925 1,035,873| 3,961,982
OCcoda | 485,968 257,595 122,058 435,247 | 1,300,868 0Ccoda 633,196 489,576 236,905 170,845 | 1,530,522
1Ccoda | 196,409 65,594 440,176 777,347 | 1,479,526 1Ccoda 404,616 223,590 708,651 645,447 | 1,982,304
2Ccoda 8,872 3,706 112,597 206,941 332,116 2Ccoda 48,399 26,807 130,712 200,472 406,390
3Ccoda 42 3 16,361 13,014 29,420 3Ccoda 4,988 2,255 14,945 16,028 38,216
4Ccoda 1 - 100 240 341 4Ccoda 726 31 712 3,078 4,547
5Ccoda - - - - - 5Ccoda - - - 3 3

sum 691,292 326,898 691,292 1,432,789 | 3,142,271 sum 1,091,925 742,259 1,091,925 1,035,873 | 3,961,982

Tablel: Frequencyof occurrenceof onsetsand codasfor English(left) andGerman(right), displayedor differentcomplexities
(rangingfrom 0 to 5 consonantsanddifferentpositionsof the syllablein theword (initial, medial,final, monosyl).

[[ German ]| wordinitial [ wordmedial [ wordfinal ][ monosyl ]
[[_English ][ wordinitial [ wordmedial [[ wordfinal ][ monosyl ] > 0.008 0.008 0.002 20.001

3: 0.024 0.013 0.009 0.014 9 0.010 0.003 <0.001 <0.001
9 <0.001 - - - @ 0.082 0.180 0.693 -

A: 0.030 0.012 0.005 0.017 A~ 0.001 0.091 <0.001

E 0.126 0.105 0.030 0.044 E 0.131 0.015 0.023 0.061
E@ 0.008 0.002 0.003 0.010 E: 0.011 0.129 0.005 0.001
| 0.166 0.282 0.367 0.171 | 0.064 0.030 0.049 0.163
1@ 0.009 0.010 0.019 0.003 (e} 0.051 - 0.008 0.052
(e} 0.072 0.026 0.006 0.082 (o] 0.008 <0.001

O: 0.028 0.021 0.014 0.041 (0)% 0.020 - 0.001 0.001
Ol 0.002 0.004 0.001 0.004 O~ <0.001 -

U 0.028 0.020 0.005 0.015 O~: <0.001 <0.001 <0.001
u@ <0.001 0.003 0.001 <0.001 U 0.047 0.033 0.044 0.082
\% 0.069 0.021 0.008 0.029 Y 0.019 0.012 0.002 0.002
Y <0.001 - a 0.107 0.092 0.036 0.103
& 0.070 0.032 0.008 0.095 a 0.066 0.056 0.032 0.037
@ 0.167 0.268 0.386 0.220 al 0.105 0.048 0.026 0.060
@u 0.037 0.020 0.022 0.029 au 0.031 0.009 0.008 0.051
al 0.036 0.030 0.022 0.042 e 0.075 0.054 0.010 0.171
au 0.015 0.003 0.014 0.014 el <0.001 - -

el 0.039 0.077 0.031 0.069 i 0.054 0.135 0.022 0.124
i 0.045 0.017 0.027 0.029 0 0.061 0.052 0.018 0.021
u 0.018 0.024 0.012 0.064 u 0.026 0.027 0.007 0.039

y 0.023 0.010 0.003 0.021

Table2: Nuclei for English(left) andGerman(right).

entities. This might point out thata furthermorpho-
logical level could helpto disambiguatesyllabifica-
tion alternatves.

4.2 Qualitati ve Evaluation

The evaluationis carriedout for both Englishand
German. First, we comparethe complity of
words, syllables, and syllable parts. Second,we
analyzethe probabilitiesof grammarrules involv-
ing phonemiderminalnodes.Unfortunately dueto
spaceconstraintsand the large size of our derived
probabilisticphonologicalgrammarspnly prelimi-
naryresultscanbe presented.

Tablel displaystheoccurrencdrequencie®f on-
setsand codas(of different size and different syl-
lable position), countedon the basisof the train-
ing corporafor EnglishandGerman(seeSection3).

Thefollowing threecompleity analysesrecarried
outonthebasisof thistable.

Word complexity. Germanwords tend to be
more complex than English words. The German
training corpus comprises48.7% 1 monosyllabic
words, whereas67.4% are found in the English
training corpus. The high frequeng of occurrence
of monosyllabicwords justifies the separatdreat-
mentof thosewords.

Syllable complexity. Germansyllablesusually
consistof onsetandrhyme. An onsetis obseredin
initial syllables(73%)2, in medialsyllables(94%),
in final syllables(94%),andin monosyllabicwords
(73%). A codais foundin initial syllables(42%),in
medialsyllables(34%),in final syllables(78%),and

(1,035,873 2,127,798)=48.7%
2((658,986+ 127,632+ 10,879)/ 1,091,925} 73%



[[ English ][ initial [ medial ]| final [[ monosyl ||
D 0.002 0.002 0.022 0.250 | German [[ initial || medial [| final ]| monosyl ]|
N <0.001 || <0.001 || <0.001 || - N - 0.003 || 0.021 -
s 0.006 0.017 0.073 0.019 R 0.040 0.074 || 0.082 0.009
T 0.011 0.006 0.007 0.008 s 0.011 0.024 || 0.033 0.004
z <0.001 || 0.004 0.010 ) z <0.001 || 0.001 | <0.001 || -
b 0.068 0.025 0.042 0.072 b 0.096 0.056 || 0.062 0.031
d 0.084 0.059 0.075 0.024 d 0.073 0.072 || 0.106 0.454
f 0.057 0.052 0.029 0.055 f 0.115 0.052 || 0.029 0.099
g 0.018 0.016 0.018 0.017 g 0.098 0.103 || 0.065 0.016
h 0.048 0.004 0.003 0.063 h 0.062 0.031 || 0.016 0.013
i 0.019 0.001 0.003 0.032 j 0.030 0.005 || 0.001 0.011
k 0.113 0.046 0.052 0.032 k 0.064 0.032 || 0.023 0.015
[ 0.048 0.097 0.095 0.034 [ 0.042 0.121 || 0.076 0.011
m 0.087 0.078 0.057 0.045 m 0.078 0.055 || 0.042 0.072
n 0.042 0.091 0.054 0.035 n 0.037 0.078 || 0.120 0.076
p 0.080 0.065 0.037 0.021 p 0.024 0.018 || 0.006 0.002
r 0.098 0.080 0.065 0.020 s - 0.017 || 0.030 -
s 0.114 0.097 0.067 0.052 t 0.026 0.116 || 0.184 0.007
t 0.033 0.125 0.185 0.105 v 0.115 0.055 || 0.019 0.064
v 0.026 0.080 0.052 0.003 X <0.001 || 0.009 || 0.036
w 0.034 0.002 0.012 0.105 z 0.078 0.069 || 0.039 0.107
z 0.003 0.041 0.031 <0.001
Table3: Onsetsconsistingof 1 consonantfor English(left) andGerman(right)
[[ English ][ initial ] medial ]| final [[ monosyl ||

D 0.010 Z0.001 || <0.001 || 0.010
N 0.043 0.018 0.138 0.006
S 0.011 0.012 0.007 0.002 [[ German [[ iniial || medial || final [| monosyl ]|
T 0.005 <0.001 || <0.001 || 0.007 = SO o 5055 0002
g o0 <0.001 | <0.001 j| <0.001 R 0356 || 0315 || 0.183] 0271

019 1) <0.001 || <0.001 )| 0.002 s <0001 || <0.001 || 0.004 | 0.001
d 0.022 0.008 0.106 0.068 b : <P : <0001
f 0.037 0.001 0.003 0.102 ; 0.028 0.020 0.005 || 0036
ﬁ 0.022 0.008 <0.001 0'805’01 K 0.038 0.046 0.021 || 0.009

- - - <o0.

L o | owe oo | 58| |1 | som | oo | e oo
[ 0.074 0.105 0.119 0.046 n 0260 0287 os1 || 0273
m 0.111 0.066 0.023 0.052 o 0091 0019 o001 || o060
n 0.435 0.426 0.166 0.168 b 0:084 0001 0:0a7 || o156
P 0014 || 0039 | 0.005 | 0.015 t 0040 || 0018 || 0.055] 0.064
r* <0.001 || <o0.001 || 0.178 0.123 y <0001 || - : >
s 0.026 0.080 0.046 0.038 '
t 0031 || 0035 || 0.056 | 0.162 X 0041 || 0082 |) 0047 0.09
v 0.005 0.016 0.016 0.026
X <0.001 || - <0.001 || <0.001
z 0.009 0.002 0.108 0.124

Table4: Codasconsistingof 1 consonantfor English(left) andGerman(right).

in monosyllabiovords(83%).

English syllables An onsetis obsered in ini-
tial syllables(72.2%),in medialsyllables(94%),in
final syllables(95%), and in monosyllabicwords
(68.3%). A coda is found in initial syllables
(29.7%), in medial syllables(21.2%), in final syl-
lables(82.3%),andin monosyllabiovords(69%).

Onset and coda complexity. Englishand Ger
mansyllablesprefersimpleonsetsandcodas.
English onsets. For both initial and medial sylla-
bles,a singleconsonanis found (80%), two conso-
nants(18%), and three consonantglessthan 1%).
For both final syllables and monosyllabicwords,
one consonanis obsered (85%), two consonants

(13%),andthreeconsonantglessthan0.9%).
Germanonsets. For both initial and medial sylla-
bles,oneconsonanis found (82%),two consonants
(15%), andthreeconsonant$1%). For both mono-
syllabicwordsandfinal syllablesasingleconsonant
is found(90%),two consonant§7%), andthreecon-
sonantglessthan19%).

Englishcodas.For bothinitial andmedialsyllables,
one consonanis obsered (95%), and two conso-
nants(5%). For both final syllablesand monosyl-
labicwords,oneconsonanis found(77%),two con-
sonantg20%),andthreeconsonant$2%o).
Germancodas.For bothinitial andmedialsyllables,
one consonanis obsered (88%), two consonants



(10%), and three consonantgabout1%). In final
syllables,oneconsonants found (82.8%),two con-
sonantg15.2%),threeconsonant$l1.7%),andfour
consonantg0.08%). In monosyllabicwords, one
consonanbccurs(74.6%),two consonant$23.1%
), three consonantg1.8%), and four consonants
(0.3%).

Nuclei. Table2 displaysthe nucleifoundfor En-
glish and German. The symbol“-” indicatesthat
the phonemehasnot beenobsenred in the training
corpus.However, the correspondinggrammarrules
receve a (very small) positive probabilityaccording
to our smoothingprocedure.Note, we do not dis-
play thosephonemesn thetableswhich aremarked
with “-” for all positions. Moreover, the symbol
“< 0.001” indicatesa probability of lessthan0.001
(which meansa occurrencerequeng of lessthan
0.1%).

Englishnuclei Themostlikely nucleiin initial syl-
lablesare[@, |, E, O, &, V] (16.7%,16.6%,12.6%,
7.2%, 7%, 6.9%), in medialsyllables[l, @, E, el|
(28.2%,26.8%,10.5%,7.7%),in final syllables|@,
1] (38.6%,36.7%),andin monosyllabicwords [@,
1,& O, el, u] (22%, 17.1%, 9.5%, 8.2%, 6.9%,
6.4%). Furthermorejn monosyllabiovords,33.6%
of the nucleiarelong vowels/diphthongs29.1%in
initial syllables,23.6%in medialsyllablesand18%
in final syllables.

Germannuclei. In initial syllables,the mostprob-
able nuclei are [E, a, al, @, e, a;, |, o, i, O)
(13.%, 10.7%, 10.5%, 8.2%, 7.5%, 6.6%, 6.4%,
6.1%,5.4%,5.1%),in medialsyllables,[@, i, I, a,
E,a:e: 0] (18%,13.5%,12.9%,9.2%9.1%,5.6%,
5.4%,5.2%),in final syllables|@, I, U, & (69.3%,
4.9%,4.4%,3.6%),andin monosyllabiovords|e:, |,
i, a,U,E,al,0,aU] (17.1%,16.3%,12.4%,10.3%,
8.2%, 6.1%, 6%, 5.2%, 5.1%). Generally we can
obsere thatlong vowels/diphthongsremorelikely
in monosyllabiovords(52.6%)thanin all othersyl-
lable positions(48.3% in initial syllables,42% in
medialsyllables,and13.4%in final syllables).

Mono-consonantalonsetsand codas. Table 3
andTable4 displaythe onsetsandcodasconsisting
of 1 consonant.

Germanonsets. The most probableconsonantsn
initial syllablesarelf, v, g, b,z,m, d, k, h|, (11.5%,
11.5%,9.8%,9.6%,7.8%,7.8%,7.3%,6.4%,6.2%
), in medial syllables|l, t, g, n, R, d, z] (12.1%,

11.6%, 10.3%, 7.8%, 7.4%, 7.2%, 6.9%), in final
syllables[t, n, d, R, I] (18.4%,12%, 10.6%, 8.2%,
7.6%), and in monosyllabicwords [d, z, f, n, m|
(45.4%,10.7%,9.9%, 7%).

Englishonsets.In initial syllables,the mostproba-
ble consonantsare(s, k, r, m, d, p] (11.4%,11.3%,
9.8%,8.7%, 8.4%,8%), in medialsyllableslt, s, |,
n,r,v] (12.5%,9.8%,9.7%,9.1%,8%, 8%), in final
syllableslt, |, d, S, s, 1] (18.5%,9.5%,7.5%,7.3%,
6.7%,6.5%),andin monosyllabiowvords|D, t, w, b,
h] (25%,10%,10%,6%, 6%).

Germancodas. In initial position, the mostlikely
consonantare[R, n] (35.6%,26.9%),in medialsyl-
lables[R, n] (31.5%,28.7%),in final syllables[n, R]
(50.1%,18.3%),andin monosyllabiovords[n, R, s,
X] (27.3%,27.1%,15.6%,9.6%).

English codas. In initial syllables,the mostdom-
inant consonantsare [n, k, m] (43.5%, 11.8%,
11.1%),in medialsyllables[n, k, I] (42.6%,17.6%,
10.5%),in final syllables[r*, n, N, I, z, d] (17,8%-
10%), and in monosyllabicwords [n, t, z, r*, f]
(16.8%-11%).

Onset and coda clusters. Clustersof 2-3 con-
sonantsaredisplayedanddescribedn Table5 and
Table 7 (onsets),andin Table 6 and Table 8 (co-
das).Dueto spaceconstraintsye omittedto display
clustersof 4-5 consonantsbut our analysiscanbe
found elsevhere(M{lller, to appear2002). Clusters
with morethan5 consonant$iave not beenfound
in our corpora.Furthermorefor Germanno onsets
comprising4 consonantsandfor English,no codas
occurcomprising5 consonantsLast, for German,
thereis only one consonantluster[Rnst$ appear
ing in wordslike “Ernsts”, the genitive caseof the
propername“Ernst”.

5 Discussion

As Miller (20018, we presenteda method for
prediction of syllable boundariesusing phonolog-
ical probabilistic context-free grammarsfor Ger
man. However, our approachperformsslightly bet-
ter (96.88% word accurag on word tokens ver
Sus96.49%). VandenBosch(1997) reportsa word
error rate of 2.22% on English syllabification us-
ing inductive learning. Due to the feature“clus-
ter size”, which was not usedby Miller (20013,
we are ableto give an extensve qualitative evalu-



ation of syllable structureconsideringsyllable po-
sitions, as well as the compleities of consonant
clusters, and the position of a consonantwithin
a cluster  Since our approachis multilingual
(only training is languagedependent)we evalu-
ated two languagegGermanand English) shaw-
ing thatprobabilisticcontext-freegrammarsaddlin-
guistic knowledge to phonology In contrastto
theoreticalapproachesywe focuson syllable struc-
turesthat are preferredin a certainlanguage.The-
oretical phonotacticapproachedike (Hall (1992,
Wiese(1996, Fery (1995) describepossiblesylla-
ble structuresor German,and Kenstavicz (1994,
Morelli (1999 for English. Thereare mary more
approacheslealingwith syllable structure. For in-
stance,Kiraz andM6bius(1998 develop multilin-
gual syllabification modelson the basisof a pro-
nunciationdictionary Partial Englishsyllablestruc-
tureis describedy Pierrehumber1994), who also
usedadictionary A moregeneraimodelwasintro-
ducedby Muller etal. (2000, who useda cluster
ing algorithmto induceEnglishand Germansylla-
ble classesHowever, the approachreatsthe onsets
andcodasasonestring. In our method,we describe
in more detail the internal structureof onsetsand
codas. Our model hasseveral advantages. (i) We
believe that the syllable structureof all words oc-
curring in a certainlanguagecan be describedby
an elaborateccontet-free grammar (ii) Moreover,
using probabilistic context-free grammarsalterna-
tive syllabificationsof phonemestringscanbe dis-
ambiguated.(iii) Our modelis ableto analyzeun-
expectedphonemestrings. For instance the onset
[bRd of the propername"Brdaric” ([bRda:RItS) is
not allowed accordingto Germanphonotactics.Ta-
ble 7 correctly displaysthat neither[b] occursasa
first, nor [R] asa second,or [d] as a third conso-
nantin initial triconsonantalGermanonsetclusters.
Dueto the smoothingprocedurepur modelsyllab-
ifies this nameas [bRdal[RItS] althoughthe onset
[bRd hasnever beenobseredin the Germantrain-
ing corpus. (iv) The syllable structureof nonsense
wordscanbepredicted.Themodelcanbeexploited
in two ways: first, it predictsthe mostprobablesyl-
labification,secondijt canbeusedto modelthelex-
ical decisiontask. An example of English words
is mentionedby Pierrehumber(1994. Shecom-
paredbistro” ([blstr@Vy) asapossiblevord,with a

goodword “bimplo” ([bImpl@U)), anda badword

“bilflo” ([blIfl@V]). The four possiblesyllabifica-
tions are [bim|[pl@UV], [bl][mpl@U], [bimp/[l@UV],

and[bimpl][@U]. Themostprobablesyllablestruc-
turefor “bimplo” is [bim|[pl@U)] (1.8403e-13)For

thetwosyllabicword “bilflo”, themodelassignghe
highestprobability to a syllable boundarybetween
[I] and[fl]. Outof the four possiblesyllabifications
for the real word “bistro” [blstj[@U] is the most
probablesyllable structure. Although the triconso-
nantalclustershouldbe ratheran onsetclusterthan
a codacluster the model prefers|str] asa cluster

whereasa syllable boundaryis addedbetween[m]

and [pl], and[l] and[fl]. A further examplemen-
tionedin the literatureis [brik], [bllk], and [bnlK].

The first oneis a possibleword of English [brlk],

which receves a probability of 1.16e-08,the sec-
ondnon-occurringvord [bllk] (7.2391e-09)andthe
non-Englishword [bnlk] (4.3249e-09). The least
probableoneis the non-Englishword, followed by

thenon-occurringpne,andthehighestprobabilityis

assignedo therealword brick.

Besidethe goodperformancef the currentmod-
els in applications, further improvementsof the
presentapproachcan possiblybe achieved by em-
bedding more prior phonotacticknowledge. For
example, it might be usefulto model the distribu-
tion of a consonantlependenbn the previous one
(Menzel, 2001). In future work, we will inves-
tigate this issue by using head-lgicalized proba-
bilistic contet-free grammars|ike thosesuggested
by CarrollandRooth(1998, wherethe consonant
cluster[StR| would beanalyzedas:

Xr1.3S]
/\
S xr23t]
/\
t Xr33 R]
k
Here, the lexical choiceeventsexpressthe desired

phonotactideature.Moreover, it would be interest-
ing to incorporatehe stresdeature.

Our linguistic evaluationof the errors point out
that most errors of the phonologicalparseroccur
in conjunctionwith morphologicalphenomendike
prefixes, sufixesandword boundaries.This might
point out that a further morphologicallayer could
improve word accurag (seealsoMeng(2001).



6 Conclusion

We introduceda multilingual approachto proba-
bilistic modelingof syllable structureusing proba-
bilistic context-free grammars.We exemplified our
approachfor two languagesGermanand English.
Evaluationon a syllabificationtask shavs a small
improvementin word accurag rate comparedto
other state-of-the-arsystemsfor German. Addi-
tionally, we presentedin extensve qualitative eval-
uation of Germanand English syllable, onset,and
codastructure(section4) shaving which structures
are preferablyused. However, the presentedvork
is a starting point of analyzingin detail the huge
amountof datawith regardto phonologicaregular
ities. For instancewe foundevidencethatin conso-
nantclusterssonorousconsonantglike [R], [I]) are
more restrictedto appearmext to the nucleusthan
lesssonorousconsonants.Clearly this is promis-
ing work for future investigations.We believe that
our method can be easily transferredto a variety
of otherlanguagesandaim in future work at em-
beddingmore fine-grainedphonotacticconstraints
to our grammar
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H English ‘| initial I medial I final I monosyl
| I I I

Ist [ 2nd Ist [ 2nd Ist [ 2nd Ist | 2nd

D - - <0.001 | - <0.001 | - - -

S <0.001 | 0.059 0.010 0.038 0.030 0.087 0.001 0.041
T 0.007 - 0.001 - <0.001 | - 0.053 -

z - 0.080 <0.001 | 0.088 0.003 0.115 - 0.066
b 0.055 - 0.036 - 0.062 - 0.044 -

d 0.106 - 0.119 - 0.216 0.001 0.093 -

f 0.044 <0.001 0.025 - 0.018 0.001 0.132 <0.001
g 0.036 - 0.051 - 0.037 - 0.050 -

h 0.025 - 0.001 - 0.007 - 0.192 -

j - 0.071 <0.001 | 0.258 <0.001 | 0.112 - 0.058
k 0.104 0.016 0.164 0.013 0.061 0.011 0.067 0.025
| <0.001 | 0.094 0.023 0.097 0.018 0.113 <0.001 | 0.126
m 0.013 0.005 0.031 <0.001 0.002 <0.001 <0.001 | 0.016
n 0.009 0.001 0.022 0.004 0.030 0.023 0.031 0.002
p 0.273 0.045 0.138 0.078 0.058 0.028 0.070 0.024
r - 0.466 <0.001 | 0.249 <0.001 | 0.309 - 0.341
S 0.160 0.001 0.216 - 0.203 <0.001 0.168 <0.001
t 0.157 0.068 0.131 0.116 0.212 0.149 0.085 0.079
\Y 0.001 - 0.021 - 0.032 - 0.006 -

w - 0.084 - 0.053 - 0.045 - 0.216
z <0.001 | 0.002 0.003 - 0.001 -
H German || initial I medial I final I monosyl H

[ Ist [ 2nd [| Ist [ 2nd [[ Ist [ 2nd [ Ist | 2nd

N - - <0.001 | - <0.001 | - - -

R - 0.428 - 0.257 - 0.166 - 0.225
S 0.261 0.001 0.229 <0.001 0.153 0.040 0.218 -

z - <0.001 - <0.001 - 0.002 - 0.004
b 0.045 - 0.055 - 0.058 - 0.053 -

d 0.018 - 0.029 - 0.036 - 0.054 -

f 0.101 0.003 0.034 0.008 0.016 0.027 0.043 0.002
g 0.094 - 0.056 <0.001 0.054 - 0.038 -

i - <0.001 - 0.009 - 0.003 - <0.001
k 0.087 0.003 0.070 <0.001 0.038 - 0.063 <0.001
| - 0.126 - 0.138 - 0.129 - 0.105
m <0.001 | 0.003 <0.001 | 0.002 0.005 0.002 - 0.002
n - 0.009 - 0.020 - 0.023 - 0.019
p 0.155 0.046 0.044 0.014 0.053 0.011 0.035 0.020
S 0.005 0.191 0.019 0.367 0.116 0.366 <0.001 | 0.457
t 0.228 0.143 0.453 0.169 0.463 0.220 0.492 0.143
v - 0.041 0.007 0.012 0.003 0.006 <0.001 | 0.019
X - <0.001 | - <0.001 | - - -

z <0.001 | <0.001 <0.001

Table5: Onsetsconsistingof 2 consonantsfor English(top) andGerman(bottom)

English: In initial syllables,the mostdominantfirst consonantsre|p, s, t, d, K] (27.3%,16%, 15.7%, 10%, 10%), the second
consonantsre(r, I, w, Z, j] (46.6%,9.4%,8.4%,8%, 7.1%). In medialsyllablesthe mostlikely first consonantsre(s, k, p, t, d]
(21.6%,16.4%,13.8%,11.9%),andthe seconcconsonant§, r, t, I, Z] (25.8%,24.9%,11.6%,9.7%,8.8%). In final syllables the
mostprobablefirst consonantare[d, t, 5], (21.6%,21.2%,20.3%),andthe mostprobablesecondconsonantsrefr, t, Z, I, j, S
(30.9%,14.9%,11.5%,11.3%,11.2%, 8.7%). Monosyllabicwords favor on the first position[h, s, f, d, t, p], (19.2%, 16.8%,
13.2%,9.3%,8.5%,7%), andon the secondposition[R, w, |, t] (34.1%,21.6%,12.6%,7.9%).

The consonantswhich only appearas first consonantsare [S,b,d,g,k and as secondconsonantg§R,Z,j,I,n]. The consonants
which arerestrictedto thefirst positionarelesssonoroughanthe consonantsestrictedto the secondposition. This obseration
correspondsvith the assumptiorthatthe sonorityincreasesowardsthe nucleus.

German: In initial syllables, the first consonantsre [S, t, p, f, g, k] (26.1%, 22.8%, 15.5%, 10%, 9.4%, 8.7% with de-
scendingprobability),andtheseconctonsonantare[R, s, t, 1] (42.8%,19%,14%,12.6%).In medialsyllables thefirst consonants
are[t,g (45.3%, 22.9%), and the secondconsonantre [s, R, t, 1] (36.7%,25.7%, 16.9%, 13.8%). In final syllables,the first
consonantsre [t, S, 5| (46.3%, 15.3%, 11.6%), and the secondconsonantare [s, t, R, 1] (36.6%, 22%, 16.6%, 12.9%). In
monosyllabicwords, the most probablefirst consonantsare [t, S] (49.2%, 21.8%), and the secondconsonantsare[s, R, t, |]
(45.7%,22.5%,14.3%,10.5%).

Summarizingthe mostprobablefirst consonantsare[S, t, p, f, g, h], andthemostprobablesecondnesare(s, R, t, I].



H English ‘| initial I medial I final I monosyl H
[ Ist [ 2nd | 1st [ 2nd [[ Ist [ 2nd [| Ist | 2nd
D - - - - <0.001 | - <0.001 | -
N 0.044 - 0.011 - 0.016 - 0.025 -
S - 0.033 - 0.069 0.008 0.007 0.002 0.087
T - 0.006 - 0.001 <0.001 | 0.005 <0.001 | 0.007
z - 0.036 - 0.224 - 0.041 <0.001 | 0.023
b 0.057 - <0.001 | - 0.005 <0.001 0.003 <0.001
d 0.035 0.107 0.161 0.042 0.057 0.172 0.035 0.400
f 0.028 0.011 - 0.010 0.003 0.017 0.010 0.002
g <0.001 | 0.007 - - 0.001 - 0.004 -
h - - - - - - - <0.001
k 0.271 0.036 0.029 0.009 0.071 <0.001 0.061 0.025
| 0.072 - 0.026 - 0.101 - 0.087 -
m 0.137 - 0.011 - 0.038 <0.001 0.032 0.001
n 0.266 - 0.678 - 0.501 - 0.429 -
p <0.001 | 0.140 0.008 <0.001 0.017 <0.001 0.022 0.006
r <0.001 | - - - - - - -
S 0.050 0.393 0.028 0.026 0.083 0.149 0.110 0.141
t 0.033 0.124 0.042 0.584 0.052 0.379 0.147 0.201
\% <0.001 | - - 0.025 0.024 0.001 0.011 0.002
w - - - - - - <0.001 | -
X - - - - - - <0.001 | -
z - 0.100 - 0.003 0.016 0.223 0.013 0.100
H German ‘| initial I medial I final I monosyl H
[ Ist T 2nd [ Ist T 2nd [[ Ist [ 2nd [ 1st | 2nd

0.036 | - 0.130 | - 0.023 | - 0.009 -

0.205 | - 0.145 | - 0.292 | - 0.131 -

- 0.046 - 0.003 0.002 | 0.001 <0.001 | 0.004

- - - - <0.001

0.019 | 0.058 0.063 | 0.019 0.049 | 0.004 || 0.011 0.017
0.035 | 0.077 0.013 | 0.093 0.059 | 0.014 || 0.027 0.036
0.051 | <0.001 || 0.079 | <0.001 || 0.147 | - 0.118 -

0.019 | 0.005 0.009 | 0.003 0.025 | 0.003 || 0.012 0.006
0.378 | 0.019 0.336 | 0.012 0.203 | 0.125 || 0.405 0.003
0.022 | 0.009 0.011 | 0.004 0.019 | 0.016 || 0.020 0.001
0.065 | 0.181 0.009 | 0.357 0.031 | 0.166 || 0.118 0.105
0.125 | 0.557 0.150 | 0.487 0.049 | 0.663 || 0.017 0.801
0.039 | 0.043 0.050 | 0.018 0.093 | 0.002 || 0.125 0.023

X~*0woTS3ITX*ToONDZ

Table6: Codasconsistingof 2 consonantsfor English(top) andGerman(bottom).

English: In initial syllables,the mostlikely first consonantsire[k, n, m] (27%, 26.6%, 13.7%),and the secondconsonantsre
[s.p.t,d,Z] (39.3%,14%,12.4%,10.7%,10%). In medialsyllables the mostprominentfirst consonantsare[n, d] (67,8%,16.1%),
andtheseconcconsonantsre[t, Z] (58,4%,22.4%).In final syllables themostdominantfirst consonantsre[n, |, s| (50%,10%,
8%), andthe mostdominantsecondonesare(t,z,d,§ (37.9%,22.3%,17.2%,14.9%).In monosyllabiavords,the mostlikely first
consonantsre[n, t, s,1] (42.9%,14.7%,11%,8.7%),andthe seconcconsonantare|d, t, s, z, S| (40%,20%, 14%,10%,8.7%).
Generally [n] is themostdominantfirst consonantwhereadt] is thedominantseconcconsonanin medial,andfinal syllables.

German: In initial syllables, the most likely first consonantsare [n, R, t] (37.8%, 20.5%, 12.5%), and the secondconso-
nantsarelt, 5] (55.7%,18.1%).In medialsyllables thefirst consonantare[n, t, R, N], (33.6%,15%, 14.5%,13%),andthe second
consonantare|t, s (48.7%,35.7%). In final syllables,the first consonantsremainly [R, n, I, x] (29.2%,20%, 14.7%,12.9%),
andthesecondonesarelt, s,n] (66%,16.6%,12.5%).In monosyllabiovords,[n, R, X, |, | arethe mostprobablefirst consonants
(40.5%,13.1%,12.5%,11.8%,11.8%),andthe seconcconsonantsrelt, s| (80%,10.5%).

In general the first positionis more variablethan the secondone. Despitethis fact, the mostdominantfirst consonanis [n],
whereaghe secondositionis mainly restrictedio [t,5].



H English ‘| initial I medial I final I monosyl H
[Ist [ 2nd [3rd [[1Ist [ 2nd [3rd [ Ist T 2nd [3rd [ Ist [ 2nd ] 3rd
S - - - - 0.008 - - 0.030 - - - -
z - - - 0.004 | <0.001 | - 0.011 | 0.060 - - - -
d - - - 0.001 | - - 0.062 | - - - - -
f - - - 0.012 | - - 0.055 | - - - - -
g - - - 0.006 | - - 0.005 | - - - - -
j - - 0.318 - 0.015 0.039 - 0.049 0.096 - - 0.004
k 0.001 | 0.111 | - 0.001 | 0.206 - 0.040 | 0.160 - - 0.176 | -
| - - 0.022 - 0.012 0.209 - 0.089 0.161 - - 0.031
n - - - - - 0.004 0.022 | - 0.031 - - -
p - 0.053 | - - 0.248 - - 0.253 - - 0.109 | -
r - 0.001 | 0.614 - <0.001 | 0.707 - 0.001 0.603 - - 0.868
S 0.995 | - - 0.959 | - - 0.766 | - - 0.997 | - -
t - 0.830 | - 0.011 | 0.503 - 0.034 | 0.352 - - 0.710 | -
w - - 0.040 - - 0.036 - <0.001 | 0.105 - - 0.093
H German ‘| initial I medial I final I monosyl H
[ Ist [ 2nd T 3rd [ Ist [ 2nd [3rd | 1st 2nd 3rd [ Ist [ 2nd ] 3rd
R - - 0.447 - - 0.729 - - 0.918 - - 0.285
S 0.446 | - - 0.626 | - - 0.879 | - - 0.285 | - -
f - 0.040 | - - 0.056 - - 0.040 | - - 0.016 | -
j - - <0.001 || - - - - - - - - -
k - 0.004 | - - <0.001 | - - 0.006 | - - 0.001 | -
| - - 0.043 - - 0.059 - - 0.045 - - 0.016
p 0.040 | 0.166 | - 0.056 | 0.424 - 0.040 | 0.657 | - 0.016 | 0.121 | -
s 0.035 | 0.476 | 0.030 0.139 | 0.175 0.034 0.039 | 0.036 | <0.001 0.001 | 0.696 | -
t 0.476 | 0.310 | - 0.175 | 0.341 - 0.036 | 0.256 | - 0.696 | 0.164 | -
\Y - - 0.476 - - 0.175 - - 0.031 - - 0.697

Table7: Onsetsconsistingof 3 consonantsfor English(top) andGerman(bottom)
For English,the consonant®ccurringasthird consonantaremore sonoroughanall otherones([r,j,I,w]), which alsoappliesfor
German([v,R]). Thesonoritydecreasew thedirectionto thesyllableedge which correspondso thesonaritysequencingrinciple.

H English ‘| initial I medial I final I monosyl H
Ist T 2nd [3rd [[Ist [ 2nd [ 3rd | 1st [ 2nd [ 3rd [| st [ 2nd | 3rd
N 0.113 | - - - - - 0.001 - - 0.097 - -
S - - - - - - - 0.012 <0.001 - 0.082 <0.001
T - - 0.018 - - - - <0.001 | <0.001 - 0.054 0.038
z - - - - - - - 0.063 <0.001 - 0.067 <0.001
b - - - - - - - - - <0.001 | <0.001 | -
d - 0.056 | - - - - 0.053 0.064 0.098 0.041 0.279 0.071
f 0.528 | - - 0.222 | - - <0.001 | 0.001 - 0.024 <0.001 | -
k - 0.113 | - - - - 0.112 0.001 - 0.051 0.170 -
| 0.018 | - - - - - 0.106 - <0.001 0.076 <0.001 | -
m - 0.018 | - - - - 0.008 0.001 - 0.029 0.009 -
n 0.132 | - - 0.555 | - - 0.589 - - 0.453 - <0.001
p - - - - - - 0.010 <0.001 | - 0.003 0.054 -
S - - 0.691 - 0.222 | 0.555 0.104 0.160 0.624 0.154 0.057 0.352
t - 0.603 | - - 0.555 | 0.222 0.012 0.623 0.174 0.066 0.214 0.242
Y - - - - - - - 0.070 - - 0.007 -
z - - 0.074 - - - - <0.001 | 0.100 - <0.001 | 0.293
German || initial I medial I final I monosyl
[ st [ 2nd T 3rd [[ Ist T 2nd [ 3rd | 1st 2nd [ 3rd | 1st [ 2nd | 3rd
N 0.018 - - 0.002 | - - 0.066 - - 0.065 - -
R 0.344 - - 0.182 | - - 0.203 - - 0.286 - -
S - - <0.001 - - - - 0.013 - - 0.015 <0.001
f 0.005 0.013 | 0.034 0.237 | 0.004 0.017 0.004 0.093 0.012 <0.001 | 0.018 0.018
k <0.001 | 0.089 | - - 0.020 - 0.012 0.152 - 0.016 0.104 -
| 0.087 - 0.002 0.055 | - - 0.035 <0.001 | - 0.039 <0.001 | <0.001
m 0.073 - - 0.017 | - - 0.019 0.003 - 0.026 0.007 -
n 0.322 - - 0.246 | <0.001 | - 0.288 0.049 - 0.193 0.007 -
p 0.004 0.034 | - - 0.029 - 0.016 0.018 - 0.006 0.027 -
S - 0.358 | 0.568 - 0.010 0.964 <0.001 | 0.366 0.328 0.001 0.485 0.350
t 0.038 0.493 | 0.392 - 0.930 0.014 0.220 0.300 0.658 0.257 0.329 0.629
X 0.102 0.008 | - 0.255 | <0.001 | - 0.129 <0.001 | - 0.105 0.003 -

Table8: Codasconsistingof 3 consonantsfor English(top) andGerman(bottom).
It is remarkablghatin Englishinitial andmedialsyllables,triconsonantatodaclustersare avoided. A similar tendeng canbe
obseredfor German Moreover, sonorousonsonantsatheroccurnext to the nucleus(for English[n,N,I], for GermanR, ).



