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Abstract

We presenta phonologicalprobabilistic context-

free grammar, which describesthe word and syl-

lable structureof Germanwords. The grammar

is trained on a large corpus by a simple super-

vised method,and evaluatedon a syllabification

taskachieving 96.88%word accuracy on word to-

kens,and90.33%on word types. We addedrules

for Englishphonemesto thegrammar, andtrained

theenrichedgrammaron anEnglishcorpus.Both

grammarsareevaluatedqualitatively showing that

probabilisticcontext-freegrammarscancontribute

linguistic knowledgeto phonology. Our formal ap-

proachis multilingual, while the training data is

language-dependent.

1 Intr oduction

In this paper, we presentanapproachto supervised
learningand automaticdetectionof syllable struc-
ture. Theprimarygoal of thepaperis to show that
probabilisticcontext-free grammarscanbe usedto
gainsubstantialphonologicalknowledgeaboutsyl-
lablestructure.Beyondanevaluationof thetrained
modelon a real-world taskdocumentingtheperfor-
manceof themodel,we focuson anextensive qual-
itative evaluation.

In contrastto otherapproacheswhich work with
syllable structuresextractedfrom a pronunciation
dictionary, our approachfocuseson the probabil-
ity of use of certain syllable structures. Among
other approachesthat deal with syllable structure,
there are example-basedapproaches(Hall (1992),

Wiese(1996), Féry (1995), Kenstowicz (1994),
Morelli (1999)), symbolic approaches (Belz,
2000),connectionistphonotacticmodels(Stoianov
and Nerbonne, 1998), stochastic models de-
scribing partial structures (Pierrehumbert(1994),
ColemanandPierrehumbert(1997)), or applica-
tion-basedapproachesfor syllabification(Van den
Bosch,1997)or text-to-speechsystems(Kiraz and
Möbius,1998).
Our methodbuilds on two resources.The first one
is a largewritten text corpus,which is looked-upin
a pronunciationdictionaryresultingin a large tran-
scribedandsyllabifiedcorpus.Thesecondresource
is amanuallywrittencontext-freegrammardescrib-
ing Germanand English syllable structure. We
codetheassumptions(similar to Goldsmith(1995))
that the phonologicalmaterial that can occur in
the onsets or codas might differ dependingon
the syllable positions: word-initial, word-final,
word-medial,versusmonosyllabicwords.

Wetrain thecontext-freegrammarfor Germanon
thetranscribedandsyllabifiedtrainingcorpuswith a
simplesupervisedtrainingmethod(Müller, 2001a).
Themain ideaof the trainingmethodis thataftera
grammartransformationstep,thegrammartogether
with a parsercanpredictsyllableboundariesof un-
known phonemestrings.Thetrainedmodelis eval-
uatedon asyllabificationtaskshowing ahighpreci-
sionon a testcorpus.Weexemplify thatthemethod
canbe easilytransferredto relatedlanguages(here
English) by addingrules for missingphonemesto
thegrammar. In anqualitative evaluation,we com-
pareGermanand English syllable structureby in-
terpretingtheprobabilityweightsof thepreterminal

                     July 2002, pp. 70-80.  Association for Computational Linguistics.
        ACL Special Interest Group in Computational Phonology (SIGPHON), Philadelphia,
       Morphological and Phonological Learning: Proceedings of the 6th Workshop of the



grammarrules.
In sum,we aim to show thatour method(i) mod-

elsall possiblewordsof a language,(ii) modelshow
likely certainstructuresareused(in comparisonto
puredictionary-basedapproaches),(iii) yieldsgood
resultsin an application-orientedevaluation,(iv) is
able to disambiguatecompetingstructures,(v) can
be easilyappliedto other languages,(vi) produces
mathematicallywell-definedmodels.

Thepaperis organizedasfollows. Wepresentour
methodin Section2, the experimentsin Section3,
and our evaluationin Section4. In Section5, we
discusstheresults,andin Section6, we conclude.

2 Method

We build on the novel approachof Müller (2001a)
which aimsto combinethe advantagesof treebank
andbracketedcorporatraining. In general,this ap-
proachconsistsof four steps: (i) writing a (sym-
bolic i.e. non-probabilistic)context-freephonologi-
cal grammarwith syllableboundaries,(ii) training
this grammaron a large automaticallytranscribed
andsyllabifiedcorpus,(iii) transformingthe result-
ing probabilisticphonologicalgrammarby dropping
thesyllableboundaries,and(iv) predictingsyllable
boundariesof unseenphonemestringsby choosing
their mostprobablephonologicaltreeaccordingto
thetransformedprobabilisticgrammar.

The advantagesof this approachare, that sim-
ple and efficient supervisedtraining on bracketed
corpora can be used (the brackets guaranteethat
all syllabifiedwordsof the training corpusreceive
only one single analysis),and that raw phoneme
stringscanbeparsedandsyllabifiedafterthegram-
martransformation.

Preservingtheseadvantages,our approachdif-
fers in several importantdetails. First, we write a
moreadvancedphonologicalgrammarfor German,
yielding a morefine-grainedprobabilisticmodelof
syllable structure. Second,it is easily possibleto
enrichour phonologicalgrammarby addinggram-
marrulesfor missingphonemesto adaptourphono-
logical grammarto otherlanguages(hereEnglish).
Third, in addition to an evaluationon a real-world
task (syllabification for German),we qualitatively
evaluatethe resultingprobabilisticversionsof our
phonologicalgrammarfor GermanandEnglish.
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Figure1: Syllablestructureof theword “Abfall” ( � ������ ������ )
accordingto ourphonologicalgrammarfor 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 grammardistinguishesbetweenconsonant
clustersof differentsizes(rangingfrom oneto five
consonants),aswell asbetweenconsonantsoccur-
ring in differentpositionswithin a cluster. Figure1
displaysthestructureof theGermanword “Abfall”
(waste) accordingto ourphonologicalgrammar.
In thefollowing sections,weespeciallyfocusonthe
rewriting rulesinvolving phonemicterminalnodes:
X �������������  andY ���!� "#� The rules of the first
typebearthreeof theabovementionedfeaturesfor a
consonant insideanonsetor acoda(X=On,Cod),
namely: the position of the syllable in the word
( � =ini, med,fin, one),theclustersize( �%$'&(�)�)�+* ),
and the position of a consonantwithin a cluster
( �,$-&(�)�)�.* ). Obviously, vowels or diphthongs"
of a nucleus(Y=Nucleus)do not needthe position
andsizefeatures( � and � ). Theprobabilitiesof these
phonologicalrules(aftersupervisedtraining)areex-
actly thebasisfor our descriptionandevaluationof
thesyllablepartsin Section4.

3 Experiments

In thefollowing, we describetwo experiments.The
first experiment investigatessyllable structurefor
German. In the secondexperiment,we generalize
andapplythemethodto anotherlanguage(English).



Experiment with German data.

First, we manuallywrite a phonologicalgrammar
for Germanconsistingof 2,394context-free rules.
If comparedto the most successfulgrammarcon-
structedby Müller (2001a), ourgrammaris 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 words are looked up in the Germanpart
of the CELEX (Baayenet al., 1993) yielding tran-
scribedand syllabified corpora. As phonemeset,
we used the symbols from the English and Ger-
man SAMPA alphabet(Wells, 1997). In contrast
to Müller (2001a), we did not investigatesmaller
trainingcorpora,sincewe areinterestedin maximal
phonologicalknowledgeaboutinternalword struc-
ture. Third, we train the phonologicalcontext-free
grammaronthetrainingcorpususingthesupervised
methodpresentedin Section2. Additionally, dueto
eventsnot occurringin thetrainingdata,we usethe
implementedsmoothingprocedureof theLoParsys-
tem (Schmid,2000) producingrules with positive
probabilities.

Experiment with English data.

In this experiment,we show thatour methodcanbe
easilyappliedto otherlanguages.We createa sec-
ond training corpusof the samesize of 2,123,081
wordsfrom theBritish NationalCorpus.Thewords
are looked-up in the English part of the CELEX.
Furthermore,the context-free grammaris extended
by rules for all possibleEnglish phonemes. This
means,we addpreterminalrulesfor phonemesnot
occurringin Germanwords,e.g.,rulesfor theapico-
dental phoneme /T 0 (appearingin the word this).
This (semi-automatic)procedureyields an English
phonologicalgrammarconsisting of 4,418 rules,
which is trainedon thenew corpus.

4 Evaluation

First, we evaluateon a syllabificationtaskfor Ger-
man. Second,we analyzelinguistically the errors
madeby the Germanphonologicalparseron the
evaluationcorpus(wordtypes).Third, andmoreim-
portant,weconcentrateonaqualitativeevaluationof

syllablestructurefor GermanandEnglish.

4.1 Evaluation on Syllabification

The resulting probabilistic phonologicalgrammar
of German(Section3) is evaluatedon a syllabifi-
cationtaskby comparingthemaximum-probability
parsesof all raw phonemestringsin thetestcorpus
(242,047wordtokens,24,735wordtypes)with their
annotatedbracketed variants. As evaluationmea-
sure,we used“word accuracy” which computesthe
rateof wordswith all predictedsyllablebracketsex-
actly matchingtheannotatedsyllablebrackets. The
evaluationshows thatourphonologicalgrammarfor
Germanachieves96.88%wordaccuracy onwordto-
kens,and90.33%on word types.

Err or Analysis
We analyzethe resultsof theGermanphonological
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. Thereare243
errors found in the analyzedwords. Due to the
fact that therecanoccurmorethanoneerror in one
word, thenumberof errorsis higherthanthenum-
berof items. We find that72.42%of theerrorsare
madefor consonantsuncorrectlyassignedto theon-
set,whereasonly 27.57%errorsaremadefor con-
sonantswronglyassignedto thecoda.Thetendency
thatmoreerrorsoccurin predictingtheonsetagrees
with thefindingsof Müller (2001b). Themainerrors
appearwhena / t 0 , /R0 , or an / n0 is predictedto bean
onsetconsonant.Themainerrorsfound in predict-
ing the codaconsonantsmainly occurwith / k 0 , / s0 ,
and / p0 .

If we investigatethe errorsmadeon the linguis-
tic level, the most frequenterror occurswith word
boundaries(98 cases). However, a further error
sourceis found with syllable boundariesoccuring
in conjunctionwith prefixesandsuffixes. Themost
frequenterror appearswith syllableboundariesaf-
ter prefixeslike /ver-/, /er-/, and/un-/, whereaswith
suffixesthemostfrequenterrorappearswith /-lich/.
Foreignwords,whicharesubjectto differentphono-
tactic constraints,seemto be a minor sourceof er-
rors (20 cases).Thus,we canseethat mostof the
errorsarefound in conjunctionwith morphological



English initial medial final monosyl sum
0Conset 191,888 17,630 32,350 453,117 694,985
1Conset 407,380 246,802 556,954 852,866 2,064,002
2Conset 88,692 58,888 96,604 122,295 366,479
3Conset 3,332 3,577 5,368 4,511 16,788
4Conset - 1 16 - 17
sum 691,292 326,898 691,292 1,432,789 3,142,271
0Ccoda 485,968 257,595 122,058 435,247 1,300,868
1Ccoda 196,409 65,594 440,176 777,347 1,479,526
2Ccoda 8,872 3,706 112,597 206,941 332,116
3Ccoda 42 3 16,361 13,014 29,420
4Ccoda 1 - 100 240 341
5Ccoda - - - - -
sum 691,292 326,898 691,292 1,432,789 3,142,271

German initial medial final monosyl sum
0Conset 294,428 54,388 50,508 273,407 672,731
1Conset 658,986 577,358 963,600 687,429 2,887,373
2Conset 127,632 103,353 75,721 68,050 374,756
3Conset 10,879 7,160 2,096 6,987 27,122
4Conset - - - - -
sum 1,091,925 742,259 1,091,925 1,035,873 3,961,982
0Ccoda 633,196 489,576 236,905 170,845 1,530,522
1Ccoda 404,616 223,590 708,651 645,447 1,982,304
2Ccoda 48,399 26,807 130,712 200,472 406,390
3Ccoda 4,988 2,255 14,945 16,028 38,216
4Ccoda 726 31 712 3,078 4,547
5Ccoda - - - 3 3
sum 1,091,925 742,259 1,091,925 1,035,873 3,961,982

Table1: Frequencyof occurrenceof onsetsandcodasfor English(left) andGerman(right), displayedfor differentcomplexities

(rangingfrom 0 to 5 consonants)anddifferentpositionsof thesyllablein theword (initial, medial,final, monosyl).

English word initial wordmedial word final monosyl

3: 0.024 0.013 0.009 0.014
9 1 0.001 - - -
A: 0.030 0.012 0.005 0.017
E 0.126 0.105 0.030 0.044

E@ 0.008 0.002 0.003 0.010
I 0.166 0.282 0.367 0.171

I@ 0.009 0.010 0.019 0.003
O 0.072 0.026 0.006 0.082
O: 0.028 0.021 0.014 0.041
OI 0.002 0.004 0.001 0.004
U 0.028 0.020 0.005 0.015

U@ 1 0.001 0.003 0.001 1 0.001
V 0.069 0.021 0.008 0.029
Y 1 0.001 - - -
& 0.070 0.032 0.008 0.095
@ 0.167 0.268 0.386 0.220

@U 0.037 0.020 0.022 0.029
aI 0.036 0.030 0.022 0.042
aU 0.015 0.003 0.014 0.014
eI 0.039 0.077 0.031 0.069
i: 0.045 0.017 0.027 0.029
u: 0.018 0.024 0.012 0.064

German word initial wordmedial wordfinal monosyl

2: 0.008 0.008 0.002 1 0.001
9 0.010 0.003 1 0.001 1 0.001
@ 0.082 0.180 0.693 -

A 2 : 0.001 0.091 1 0.001 -
E 0.131 0.015 0.023 0.061
E: 0.011 0.129 0.005 0.001
I 0.064 0.030 0.049 0.163
O 0.051 - 0.008 0.052
OI - 0.008 1 0.001 -
OY 0.020 - 0.001 0.001
O 2 - 1 0.001 - -
O2 : 1 0.001 1 0.001 1 0.001 -

U 0.047 0.033 0.044 0.082
Y 0.019 0.012 0.002 0.002
a 0.107 0.092 0.036 0.103
a: 0.066 0.056 0.032 0.037
aI 0.105 0.048 0.026 0.060
aU 0.031 0.009 0.008 0.051
e: 0.075 0.054 0.010 0.171
eI 1 0.001 - - -
i: 0.054 0.135 0.022 0.124
o: 0.061 0.052 0.018 0.021
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.Thismight point out thata furthermorpho-
logical level couldhelpto disambiguatesyllabifica-
tion alternatives.

4.2 Qualitati ve Evaluation

The evaluationis carriedout for both English and
German. First, we comparethe complexity of
words, syllables,and syllable parts. Second,we
analyzethe probabilitiesof grammarrules involv-
ing phonemicterminalnodes.Unfortunately, dueto
spaceconstraintsand the large sizeof our derived
probabilisticphonologicalgrammars,only prelimi-
naryresultscanbepresented.

Table1 displaystheoccurrencefrequenciesof on-
setsand codas(of different size and different syl-
lable position), countedon the basisof the train-
ing corporafor EnglishandGerman(seeSection3).

Thefollowing threecomplexity analysesarecarried
outon thebasisof this table.

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 frequency of occurrence
of monosyllabicwords justifies the separatetreat-
mentof thosewords.

Syllable complexity. Germansyllablesusually
consistof onsetandrhyme.An onsetis observedin
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(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
N 1 0.001 1 0.001 1 0.001 -
S 0.006 0.017 0.073 0.019
T 0.011 0.006 0.007 0.008
Z 1 0.001 0.004 0.010 -
b 0.068 0.025 0.042 0.072
d 0.084 0.059 0.075 0.024
f 0.057 0.052 0.029 0.055
g 0.018 0.016 0.018 0.017
h 0.048 0.004 0.003 0.063
j 0.019 0.001 0.003 0.032
k 0.113 0.046 0.052 0.032
l 0.048 0.097 0.095 0.034
m 0.087 0.078 0.057 0.045
n 0.042 0.091 0.054 0.035
p 0.080 0.065 0.037 0.021
r 0.098 0.080 0.065 0.020
s 0.114 0.097 0.067 0.052
t 0.033 0.125 0.185 0.105
v 0.026 0.080 0.052 0.003
w 0.034 0.002 0.012 0.105
z 0.003 0.041 0.031 1 0.001

German initial medial final monosyl

N - 0.003 0.021 -
R 0.040 0.074 0.082 0.009
S 0.011 0.024 0.033 0.004
Z 1 0.001 0.001 1 0.001 -
b 0.096 0.056 0.062 0.031
d 0.073 0.072 0.106 0.454
f 0.115 0.052 0.029 0.099
g 0.098 0.103 0.065 0.016
h 0.062 0.031 0.016 0.013
j 0.030 0.005 0.001 0.011
k 0.064 0.032 0.023 0.015
l 0.042 0.121 0.076 0.011
m 0.078 0.055 0.042 0.072
n 0.037 0.078 0.120 0.076
p 0.024 0.018 0.006 0.002
s - 0.017 0.030 -
t 0.026 0.116 0.184 0.007
v 0.115 0.055 0.019 0.064
x 1 0.001 0.009 0.036 -
z 0.078 0.069 0.039 0.107

Table3: Onsetsconsistingof 1 consonantfor English(left) andGerman(right)

English initial medial final monosyl

D 0.010 1 0.001 1 0.001 0.019
N 0.043 0.018 0.138 0.006
S 0.011 0.012 0.007 0.002
T 0.005 1 0.001 1 0.001 0.007
Z - 1 0.001 1 0.001 1 0.001
b 0.019 1 0.001 1 0.001 0.002
d 0.022 0.008 0.106 0.068
f 0.037 0.001 0.003 0.102
g 0.022 0.008 1 0.001 0.003
h - - - 1 0.001
k 0.118 0.176 0.020 0.029
l 0.074 0.105 0.119 0.046
m 0.111 0.066 0.023 0.052
n 0.435 0.426 0.166 0.168
p 0.014 0.039 0.005 0.015
r* 1 0.001 1 0.001 0.178 0.123
s 0.026 0.080 0.046 0.038
t 0.031 0.035 0.056 0.162
v 0.005 0.016 0.016 0.026
x 1 0.001 - 1 0.001 1 0.001
z 0.009 0.002 0.108 0.124

German initial medial final monosyl

N 0.011 0.014 0.055 0.002
R 0.356 0.315 0.183 0.271
S 1 0.001 1 0.001 0.004 0.001
b - - - 1 0.001
f 0.028 0.020 0.005 0.036
k 0.038 0.046 0.021 0.009
l 0.067 0.082 0.026 0.026
m 0.030 0.020 0.038 0.050
n 0.269 0.287 0.511 0.273
p 0.031 0.019 0.001 0.008
s 0.084 0.091 0.047 0.156
t 0.040 0.018 0.055 0.064
v 1 0.001 - - -
x 0.041 0.082 0.047 0.096

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

in monosyllabicwords(83%).
English syllables. An onset is observed 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 monosyllabicwords(69%).

Onset and coda complexity. English and Ger-
mansyllablesprefersimpleonsetsandcodas.
English onsets. For both initial and medial sylla-
bles,a singleconsonantis found(80%),two conso-
nants(18%), and threeconsonants(lessthan 1%).
For both final syllables and monosyllabicwords,
one consonantis observed (85%), two consonants

(13%),andthreeconsonants(lessthan0.9%).
Germanonsets. For both initial and medial sylla-
bles,oneconsonantis found(82%),two consonants
(15%),andthreeconsonants(1%). For bothmono-
syllabicwordsandfinal syllables,asingleconsonant
is found(90%),two consonants(7%),andthreecon-
sonants(lessthan1%).
Englishcodas.For bothinitial andmedialsyllables,
one consonantis observed (95%), and two conso-
nants(5%). For both final syllablesandmonosyl-
labicwords,oneconsonantis found(77%),two con-
sonants(20%),andthreeconsonants(2%).
Germancodas.For bothinitial andmedialsyllables,
one consonantis observed (88%), two consonants



(10%), and threeconsonants(about1%). In final
syllables,oneconsonantis found(82.8%),two con-
sonants(15.2%),threeconsonants(1.7%),andfour
consonants(0.08%). In monosyllabicwords, one
consonantoccurs(74.6%),two consonants(23.1%
), three consonants(1.8%), and four consonants
(0.3%).

Nuclei. Table2 displaysthenuclei foundfor En-
glish and German. The symbol “-” indicatesthat
the phonemehasnot beenobserved in the training
corpus.However, thecorrespondinggrammarrules
receive a(verysmall)positive probabilityaccording
to our smoothingprocedure.Note, we do not dis-
play thosephonemesin thetableswhicharemarked
with “-” for all positions. Moreover, the symbol
“ 3546�74849& ” indicatesa probabilityof lessthan0.001
(which meansa occurrencefrequency of lessthan
0.1%).
Englishnuclei. Themostlikely nuclei in initial syl-
lablesare /@,I, E, O, &, V 0 (16.7%,16.6%,12.6%,
7.2%, 7%, 6.9%), in medialsyllables / I, @, E, eI0
(28.2%,26.8%,10.5%,7.7%),in final syllables /@,
I 0 (38.6%,36.7%),andin monosyllabicwords /@,
I,&, O, eI, u:0 (22%, 17.1%, 9.5%, 8.2%, 6.9%,
6.4%).Furthermore,in monosyllabicwords,33.6%
of thenuclei arelong vowels/diphthongs,29.1%in
initial syllables,23.6%in medialsyllables,and18%
in final syllables.
Germannuclei. In initial syllables,the mostprob-
able nuclei are /E, a, aI, @, e:, a:, I, o:, i:, O,0
(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:,o:0 (18%,13.5%,12.9%,9.2%,9.1%,5.6%,
5.4%,5.2%), in final syllables /@, I, U, a0 (69.3%,
4.9%,4.4%,3.6%),andin monosyllabicwords / e:,I,
i:, a,U, E, aI, O, aU0 (17.1%,16.3%,12.4%,10.3%,
8.2%, 6.1%, 6%, 5.2%, 5.1%). Generally, we can
observe thatlongvowels/diphthongsaremorelikely
in monosyllabicwords(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 displaytheonsetsandcodasconsisting
of 1 consonant.
Germanonsets. The most probableconsonantsin
initial syllablesare / f, v, g, b,z,m, d, k, h0 , (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, z0 (12.1%,

11.6%, 10.3%,7.8%, 7.4%, 7.2%, 6.9%), in final
syllables / t, n, d, R, l 0 (18.4%,12%, 10.6%,8.2%,
7.6%), and in monosyllabicwords / d, z, f, n, m0
(45.4%,10.7%,9.9%,7%).
Englishonsets.In initial syllables,themostproba-
ble consonantsare / s, k, r, m, d, p0 (11.4%,11.3%,
9.8%,8.7%,8.4%,8%), in medialsyllables / t, s, l,
n, r, v 0 (12.5%,9.8%,9.7%,9.1%,8%,8%), in final
syllables / t, l, d, S, s, r 0 (18.5%,9.5%,7.5%,7.3%,
6.7%,6.5%),andin monosyllabicwords /D, t, w, b,
h0 (25%,10%,10%,6%,6%).
Germancodas. In initial position, the most likely
consonantsare /R, n0 (35.6%,26.9%),in medialsyl-
lables /R, n0 (31.5%,28.7%),in final syllables/ n, R0
(50.1%,18.3%),andin monosyllabicwords / n, R, s,
x 0 (27.3%,27.1%,15.6%,9.6%).
English codas. In initial syllables,the most dom-
inant consonantsare / n, k, m0 (43.5%, 11.8%,
11.1%),in medialsyllables / n, k, l 0 (42.6%,17.6%,
10.5%),in final syllables / r*, n, N, l, z, d0 (17,8%-
10%), and in monosyllabicwords / n, t, z, r*, f 0
(16.8%-11%).

Onset and coda clusters. Clustersof 2-3 con-
sonantsaredisplayedanddescribedin Table5 and
Table 7 (onsets),and in Table 6 and Table 8 (co-
das).Dueto spaceconstraints,weomittedto display
clustersof 4-5 consonants,but our analysiscanbe
foundelsewhere(Müller, to appear2002). Clusters
with more than 5 consonantshave not beenfound
in our corpora.Furthermore,for German,no onsets
comprising4 consonants,andfor English,no codas
occurcomprising5 consonants.Last, for German,
thereis only oneconsonantcluster /Rnsts0 appear-
ing in wordslike “Ernsts”, the genitive caseof the
propername“Ernst”.

5 Discussion

As Müller (2001a), we presenteda method for
prediction of syllable boundariesusing phonolog-
ical probabilistic context-free grammarsfor Ger-
man. However, our approachperformsslightly bet-
ter (96.88% word accuracy 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 Müller (2001a),
we are able to give an extensive qualitative evalu-



ation of syllable structureconsideringsyllable po-
sitions, as well as the complexities of consonant
clusters, and the position of a consonantwithin
a cluster. Since our approach is multilingual
(only training is languagedependent),we evalu-
ated two languages(Germanand English) show-
ing thatprobabilisticcontext-freegrammarsaddlin-
guistic knowledge to phonology. In contrast to
theoreticalapproaches,we focuson syllablestruc-
turesthat arepreferredin a certainlanguage.The-
oretical phonotacticapproacheslike (Hall (1992),
Wiese(1996), Féry (1995)) describepossiblesylla-
ble structuresor German,and Kenstowicz (1994),
Morelli (1999) for English. Thereare many more
approachesdealingwith syllablestructure. For in-
stance,Kiraz andMöbius(1998) develop multilin-
gual syllabificationmodelson the basisof a pro-
nunciationdictionary. PartialEnglishsyllablestruc-
tureis describedby Pierrehumbert(1994), who also
useda dictionary. A moregeneralmodelwasintro-
ducedby Müller et al. (2000), who useda cluster-
ing algorithmto induceEnglishandGermansylla-
ble classes.However, theapproachtreatstheonsets
andcodasasonestring. In ourmethod,we describe
in more detail the internal structureof onsetsand
codas. Our modelhasseveral advantages.(i) We
believe that the syllable structureof all words oc-
curring in a certain languagecan be describedby
an elaboratedcontext-free grammar. (ii) Moreover,
using probabilisticcontext-free grammars,alterna-
tive syllabificationsof phonemestringscanbe dis-
ambiguated.(iii) Our model is ableto analyzeun-
expectedphonemestrings. For instance,the onset
/ bRd0 of thepropername“Brdaric” ( / bRda:RItS0 ) is
not allowedaccordingto Germanphonotactics.Ta-
ble 7 correctlydisplaysthat neither / b0 occursasa
first, nor /R0 as a second,or / d0 as a third conso-
nantin initial triconsonantalGermanonsetclusters.
Due to thesmoothingprocedure,our modelsyllab-
ifies this nameas / bRda:0:/RItS0 althoughthe onset
/ bRd0 hasnever beenobserved in theGermantrain-
ing corpus. (iv) The syllablestructureof nonsense
wordscanbepredicted.Themodelcanbeexploited
in two ways:first, it predictsthemostprobablesyl-
labification,second,it canbeusedto modelthelex-
ical decisiontask. An exampleof English words
is mentionedby Pierrehumbert(1994). Shecom-
pared“bistro” ( / bIstr@U0 ) asapossibleword,with a

goodword “bimplo” ( / bImpl@U0 ), anda badword
“bilflo” ( / bIlfl@U 0 ). The four possiblesyllabifica-
tions are / bIm0:/ pl@U0 , / bI 0:/mpl@U0 , / bImp0:/ l@U0 ,
and / bImpl0:/@U0 . Themostprobablesyllablestruc-
turefor “bimplo” is / bIm0:/ pl@U0 (1.8403e-13).For
thetwosyllabicword “bilflo”, themodelassignsthe
highestprobability to a syllableboundarybetween
/ l 0 and / fl 0 . Out of the four possiblesyllabifications
for the real word “bistro” / bIstr0:/@U0 is the most
probablesyllablestructure.Although the triconso-
nantalclustershouldberatheranonsetclusterthan
a codacluster, the model prefers / str0 as a cluster,
whereasa syllableboundaryis addedbetween/m0
and / pl0 , and / l 0 and / fl 0 . A further examplemen-
tioned in the literatureis / brIk0 , / blIk 0 , and / bnIk0 .
The first one is a possibleword of English / brIk0 ,
which receives a probability of 1.16e-08,the sec-
ondnon-occurringword / blIk 0 (7.2391e-09),andthe
non-Englishword / bnIk0 (4.3249e-09). The least
probableoneis the non-Englishword, followed by
thenon-occurringone,andthehighestprobabilityis
assignedto therealwordbrick.

Besidethegoodperformanceof thecurrentmod-
els in applications, further improvementsof the
presentapproachcanpossiblybe achieved by em-
beddingmore prior phonotacticknowledge. For
example, it might be useful to model the distribu-
tion of a consonantdependenton the previous one
(Menzel, 2001). In future work, we will inves-
tigate this issue by using head-lexicalized proba-
bilistic context-freegrammars,like thosesuggested
by Carroll andRooth(1998), where the consonant
cluster /StR0 wouldbeanalyzedas:

X.r.1.3;=<?>
S X.r.2.3;A@.>

t X.r.3.3;CBD>
R

Here, the lexical choiceeventsexpressthe desired
phonotacticfeature.Moreover, it would beinterest-
ing to incorporatethestressfeature.

Our linguistic evaluationof the errorspoint out
that most errors of the phonologicalparseroccur
in conjunctionwith morphologicalphenomenalike
prefixes,suffixesandword boundaries.This might
point out that a further morphologicallayer could
improve wordaccuracy (seealsoMeng(2001)).



6 Conclusion

We introduceda multilingual approachto proba-
bilistic modelingof syllablestructureusingproba-
bilistic context-free grammars.We exemplifiedour
approachfor two languages,GermanandEnglish.
Evaluationon a syllabificationtask shows a small
improvement in word accuracy rate comparedto
other state-of-the-artsystemsfor German. Addi-
tionally, we presentedanextensive qualitative eval-
uationof GermanandEnglishsyllable,onset,and
codastructure(section4) showing which structures
arepreferablyused. However, the presentedwork
is a starting point of analyzingin detail the huge
amountof datawith regardto phonologicalregular-
ities. For instance,we foundevidencethatin conso-
nantclusterssonorousconsonants(like /R0 , / l 0 ) are
more restrictedto appearnext to the nucleusthan
lesssonorousconsonants.Clearly, this is promis-
ing work for future investigations.We believe that
our methodcan be easily transferredto a variety
of other languages,andaim in future work at em-
beddingmore fine-grainedphonotacticconstraints
to ourgrammar.
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John A. Goldsmith. 1995. PhonologicalTheory. In
Handbookof Phonological Theory.

Tracy Hall. 1992.Syllablestructure andsyllablerelated
processesin German. Niemeyer, Tübingen.
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English initial medial final monosyl
1st 2nd 1st 2nd 1st 2nd 1st 2nd

D - - 1 0.001 - 1 0.001 - - -
S 1 0.001 0.059 0.010 0.038 0.030 0.087 0.001 0.041
T 0.007 - 0.001 - 1 0.001 - 0.053 -
Z - 0.080 1 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 1 0.001 0.025 - 0.018 0.001 0.132 1 0.001
g 0.036 - 0.051 - 0.037 - 0.050 -
h 0.025 - 0.001 - 0.007 - 0.192 -
j - 0.071 1 0.001 0.258 1 0.001 0.112 - 0.058
k 0.104 0.016 0.164 0.013 0.061 0.011 0.067 0.025
l 1 0.001 0.094 0.023 0.097 0.018 0.113 1 0.001 0.126
m 0.013 0.005 0.031 1 0.001 0.002 1 0.001 1 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 1 0.001 0.249 1 0.001 0.309 - 0.341
s 0.160 0.001 0.216 - 0.203 1 0.001 0.168 1 0.001
t 0.157 0.068 0.131 0.116 0.212 0.149 0.085 0.079
v 0.001 - 0.021 - 0.032 - 0.006 -
w - 0.084 - 0.053 - 0.045 - 0.216
z 1 0.001 0.002 0.003 - 0.001 - - -

German initial medial final monosyl
1st 2nd 1st 2nd 1st 2nd 1st 2nd

N - - 1 0.001 - 1 0.001 - - -
R - 0.428 - 0.257 - 0.166 - 0.225
S 0.261 0.001 0.229 1 0.001 0.153 0.040 0.218 -
Z - 1 0.001 - 1 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 1 0.001 0.054 - 0.038 -
j - 1 0.001 - 0.009 - 0.003 - 1 0.001
k 0.087 0.003 0.070 1 0.001 0.038 - 0.063 1 0.001
l - 0.126 - 0.138 - 0.129 - 0.105
m 1 0.001 0.003 1 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 1 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 1 0.001 0.019
x - - 1 0.001 - 1 0.001 - - -
z - - 1 0.001 1 0.001 1 0.001 - - -

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

English: In initial syllables,the mostdominantfirst consonantsare � p, s, t, d, k � (27.3%,16%, 15.7%,10%, 10%), the second

consonantsare � r, l, w, Z, j � (46.6%,9.4%,8.4%,8%, 7.1%). In medialsyllables,themostlikely first consonantsare � s, k, p, t, d�
(21.6%,16.4%,13.8%,11.9%),andthesecondconsonants� j, r, t, l, Z � (25.8%,24.9%,11.6%,9.7%,8.8%). In final syllables,the

mostprobablefirst consonantsare � d, t, s� , (21.6%,21.2%,20.3%),andthe mostprobablesecondconsonantsare � r, t, Z, l, 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 thesecondposition �R, w, l, t � (34.1%,21.6%,12.6%,7.9%).

The consonantswhich only appearas first consonantsare �S,b,d,g,k� , and as secondconsonants�R,Z,j,l,n� . The consonants

which arerestrictedto thefirst positionarelesssonorousthantheconsonantsrestrictedto thesecondposition. This observation

correspondswith theassumptionthatthesonorityincreasestowardsthenucleus.

German: In initial syllables, the first consonantsare �S, t, p, f, g, k � (26.1%, 22.8%, 15.5%, 10%, 9.4%, 8.7% with de-

scendingprobability),andthesecondconsonantsare �R, s,t, l � (42.8%,19%,14%,12.6%).In medialsyllables,thefirst consonants

are � t,S� (45.3%,22.9%),and the secondconsonantare � s, R, t, l � (36.7%,25.7%,16.9%,13.8%). In final syllables,the first

consonantsare � t, S, s� (46.3%, 15.3%, 11.6%), and the secondconsonantsare � s, t, R, l � (36.6%, 22%, 16.6%, 12.9%). In

monosyllabicwords, the most probablefirst consonantsare � EGFIH6� (49.2%, 21.8%), and the secondconsonantsare � s, R, t, l �
(45.7%,22.5%,14.3%,10.5%).

Summarizing,themostprobablefirst consonantsare �S,t, p, f, g, h� , andthemostprobablesecondonesare � s,R, t, l � .



English initial medial final monosyl
1st 2nd 1st 2nd 1st 2nd 1st 2nd

D - - - - 1 0.001 - 1 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 1 0.001 0.005 1 0.001 0.007
Z - 0.036 - 0.224 - 0.041 1 0.001 0.023
b 0.057 - 1 0.001 - 0.005 1 0.001 0.003 1 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 1 0.001 0.007 - - 0.001 - 0.004 -
h - - - - - - - 1 0.001
k 0.271 0.036 0.029 0.009 0.071 1 0.001 0.061 0.025
l 0.072 - 0.026 - 0.101 - 0.087 -
m 0.137 - 0.011 - 0.038 1 0.001 0.032 0.001
n 0.266 - 0.678 - 0.501 - 0.429 -
p 1 0.001 0.140 0.008 1 0.001 0.017 1 0.001 0.022 0.006
r 1 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
v 1 0.001 - - 0.025 0.024 0.001 0.011 0.002
w - - - - - - 1 0.001 -
x - - - - - - 1 0.001 -
z - 0.100 - 0.003 0.016 0.223 0.013 0.100

German initial medial final monosyl
1st 2nd 1st 2nd 1st 2nd 1st 2nd

N 0.036 - 0.130 - 0.023 - 0.009 -
R 0.205 - 0.145 - 0.292 - 0.131 -
S - 0.046 - 0.003 0.002 0.001 1 0.001 0.004
b - - - - - - 1 0.001 -
f 0.019 0.058 0.063 0.019 0.049 0.004 0.011 0.017
k 0.035 0.077 0.013 0.093 0.059 0.014 0.027 0.036
l 0.051 1 0.001 0.079 1 0.001 0.147 - 0.118 -
m 0.019 0.005 0.009 0.003 0.025 0.003 0.012 0.006
n 0.378 0.019 0.336 0.012 0.203 0.125 0.405 0.003
p 0.022 0.009 0.011 0.004 0.019 0.016 0.020 0.001
s 0.065 0.181 0.009 0.357 0.031 0.166 0.118 0.105
t 0.125 0.557 0.150 0.487 0.049 0.663 0.017 0.801
x 0.039 0.043 0.050 0.018 0.093 0.002 0.125 0.023

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

English: In initial syllables,the most likely first consonantsare � k, n, m� (27%, 26.6%,13.7%),andthe secondconsonantsare

� s,p, t, d, z� (39.3%,14%,12.4%,10.7%,10%). In medialsyllables,themostprominentfirst consonantsare � n, d� (67,8%,16.1%),

andthesecondconsonantsare � t, Z � (58,4%,22.4%).In final syllables,themostdominantfirst consonantsare � n, l, s� (50%,10%,

8%),andthemostdominantsecondonesare � t,z,d,s� (37.9%,22.3%,17.2%,14.9%).In monosyllabicwords,themostlikely first

consonantsare � n, t, s, l � (42.9%,14.7%,11%,8.7%),andthesecondconsonantsare � d, t, s,z, S� (40%,20%,14%,10%,8.7%).

Generally, � n� is themostdominantfirst consonant,whereas� t � is thedominantsecondconsonantin medial,andfinal syllables.

German: In initial syllables, the most likely first consonantsare � n, R, t � (37.8%, 20.5%, 12.5%), and the secondconso-

nantsare � t, s� (55.7%,18.1%).In medialsyllables,thefirst consonantsare � n, t, R, N � , (33.6%,15%,14.5%,13%),andthesecond

consonantsare � t, s� (48.7%,35.7%). In final syllables,thefirst consonantsaremainly �R, n, l, x � (29.2%,20%,14.7%,12.9%),

andthesecondonesare � t, s,n� (66%,16.6%,12.5%).In monosyllabicwords, � n, R, x, l, s� arethemostprobablefirst consonants

(40.5%,13.1%,12.5%,11.8%,11.8%),andthesecondconsonantsare � t, s� (80%,10.5%).

In general,the first position is more variablethan the secondone. Despitethis fact, the mostdominantfirst consonantis � n� ,
whereasthesecondpositionis mainly restrictedto � t,s� .



English initial medial final monosyl
1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd

S - - - - 0.008 - - 0.030 - - - -
Z - - - 0.004 1 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 -
l - - 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 - 1 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 - 1 0.001 0.105 - - 0.093

German initial medial final monosyl
1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 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 - - 1 0.001 - - - - - - - - -
k - 0.004 - - 1 0.001 - - 0.006 - - 0.001 -
l - - 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 1 0.001 0.001 0.696 -
t 0.476 0.310 - 0.175 0.341 - 0.036 0.256 - 0.696 0.164 -
v - - 0.476 - - 0.175 - - 0.031 - - 0.697

Table7: Onsetsconsistingof 3 consonantsfor English(top)andGerman(bottom)

For English,theconsonantsoccurringasthird consonantsaremoresonorousthanall otherones( � r,j,l,w � ), which alsoappliesfor

German( � v,R� ). Thesonoritydecreasesin thedirectionto thesyllableedge,whichcorrespondsto thesonoritysequencingprinciple.

English initial medial final monosyl
1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd

N 0.113 - - - - - 0.001 - - 0.097 - -
S - - - - - - - 0.012 1 0.001 - 0.082 1 0.001
T - - 0.018 - - - - 1 0.001 1 0.001 - 0.054 0.038
Z - - - - - - - 0.063 1 0.001 - 0.067 1 0.001
b - - - - - - - - - 1 0.001 1 0.001 -
d - 0.056 - - - - 0.053 0.064 0.098 0.041 0.279 0.071
f 0.528 - - 0.222 - - 1 0.001 0.001 - 0.024 1 0.001 -
k - 0.113 - - - - 0.112 0.001 - 0.051 0.170 -
l 0.018 - - - - - 0.106 - 1 0.001 0.076 1 0.001 -
m - 0.018 - - - - 0.008 0.001 - 0.029 0.009 -
n 0.132 - - 0.555 - - 0.589 - - 0.453 - 1 0.001
p - - - - - - 0.010 1 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
v - - - - - - - 0.070 - - 0.007 -
z - - 0.074 - - - - 1 0.001 0.100 - 1 0.001 0.293

German initial medial final monosyl
1st 2nd 3rd 1st 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 - - 1 0.001 - - - - 0.013 - - 0.015 1 0.001
f 0.005 0.013 0.034 0.237 0.004 0.017 0.004 0.093 0.012 1 0.001 0.018 0.018
k 1 0.001 0.089 - - 0.020 - 0.012 0.152 - 0.016 0.104 -
l 0.087 - 0.002 0.055 - - 0.035 1 0.001 - 0.039 1 0.001 1 0.001
m 0.073 - - 0.017 - - 0.019 0.003 - 0.026 0.007 -
n 0.322 - - 0.246 1 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 1 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 1 0.001 - 0.129 1 0.001 - 0.105 0.003 -

Table8: Codasconsistingof 3 consonantsfor English(top)andGerman(bottom).

It is remarkablethat in Englishinitial andmedialsyllables,triconsonantalcodaclustersareavoided. A similar tendency canbe

observedfor German.Moreover, sonorousconsonantsratheroccurnext to thenucleus(for English � n,N,l� , for German�R,n� ).


