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David Sankof andJosepiKruskal's TimeWarps, String EditsandMacromolecules:
TheTheoryandPracticeof Sequenc€omparisor(hereafteflimeWarps) is ayoung
(1983) classicwhich hasinspireddevelopmentsn computerscience pureandap-
plied linguistics,computationabiology, andeven musicandethnology CSLI Pub-
lications deseresthe appreciatiorof all thesescientific subfieldsfor undertaking
its republication. Becausadts first chapter “Overview,” is JosephKruskal's gentle
introductionto Levenshteirdistancgalsoknown assequencelistanceandedit dis-
tance)(Kruskal1999, the book will be usefulto studentsaswell asresearchers.
Theoverview exploresthe concepbf sequencéistancdirst from the perspectie of
alignment-finding the correspondendeetweersequencethat minimizesdistance.
It goeson to introducea dynamicprogrammingalgorithmwhich efficiently calcu-
latesthedistanceandprovide noteson thehistoryof thisandrelatedconceptsLater
chaptersn TimeWarpsgo on to explore severalinterestingextensionsandapplica-
tionsin depth,including recognizingrelatednesi DNA, matchingspeectinput to
lexical hypothesestrackingthe developmentof bird songsover time, andto error
correctiong(e.g., of keyboardinput). Someof thesechaptersntroducesignificant
refinementsn orderto handletransposecdtlementscontinuousinput (ratherthan
sequencesf discreteelements)andtree-structure.

Thisintroductionto thenew editionof TimeWarpsin TheDavid HumeSeriesof
Philosophyand CognitiveScienceReissue$ocuseson linguistic applications.We
shallmentionsomeof the developmentssince1983and suggestvhy the theoryof
sequencalistancestill enjoysenormouspopularityin the diverselinguistic fields
in which it is applied. The examplescomefrom pure and appliedlinguistics, in-
cluding computationalinguistics,anddrav on work donein Groningen.We shall
unfortunatelyignorethe extensve andvery successfulvork on sequenceistancen


http://www.let.rug.nl/~nerbonne/
http://www.let.rug.nl/~heeringa/
http://www.let.rug.nl/~kleiweg/

vi Introduction to Reissue Edition

computationabiology to explorewhich DNA sequencearelikely mutationsof one
another{Watermanl 989,Watermanl 995 |Crochemoreand Gusfield1994,Farach-
Colton1998.)

1 COMPUTATIONAL LINGUISTICS

Levenshteindistanceandvariousderivativesgive the researchea tool with which
to measurehe relative similarity of varioussequencesThe techniqueis general
enoughto applyto sequencesf all sorts.

Pronunciationgonsistof sequencesf soundssoit is not surprisingthat Time
Warps includesKruskal and Libermans explication of dynamictime warping,the
applicationof Levenshteindistanceto speechrecognition(Kruskal and Liberman
1999). AlthoughHiddenMarkov Modelshave largely replaceddynamictime warp-
ing in speechrecognition,Levenshteindistanceis still usedin speechrecognition,
e.g.,in orderto scoretherelative closenessf hypotheseso (annotatedyorrectan-
swerg(VeldhuijzenvanZantenetal. 1999, Withoutthis, it is difficult to distinguish
recognitionresultsbeyond the level of ‘correctvs. incorrect’. Otherresearchers
have usedvariantsof Levenshteindistanceo diagnosepotentiallypathologicalpro-
nunciationdeviation|(Connolly1997. Theinterestn speectpathologyrequireshat
deviantpronunciationdealignedwith normalonessothatresearcherandtherapists
canexplore the specific‘operationsthatappeato be responsibldor differences.

Thelasttenyearshave seeranexplosionin the availability of largetext corpora
(ChurchandMercer1993|Klavans1996/Nerbonnel998. Amongthesetherehas
beenspecialinterestin parallel,bilingual corpora(Veronisto appear2000. Careful
analysiof parallelcorporayieldsinformationsuchasnearestranslatiorequivalents,
commonusageof wordsandphrasesandsubtletieof grammaticalise all of which
is of courseusefulto translatorsand developersof translationsupportsoftware,to
bilingual dictionary compilers,and to developersof relatedapplicationssuch as
computerassistedanguagdearning.Veronis(2000) haspaperson all of theseap-
plications. The fundamentatechnicalproblemin supportingthe extractionof such
informationis the problemof aligning texts so thatuserscaneasilyidentify corre-
spondingparts,andthe mostsuccessfuapproachebave beenderived from the dy-
namicprogrammingalgorithmfor calculatingeditdistanceg(GaleandChurch1993|
Galeand Churchs (1993) algorithmtake sentencesas fundamentalnits, and pro-
ceedfrom the assumptiorthat sentencdengthin characterswill correspondrob-
abilistically in paralleltexts. Specialaccommodations madefor the sentences
expanding,contractingandmeiging in translation put the authorsareexplicit about
thetechniqueslegag from TimeWarps Thetopicof alignmentis importantenough
sothatalternatve methodsarestill actively sought(Church1993|Chen1993, and
new applicationsin multimediaare underinvestigationin which the alignmentof
text playsanimportantrole(BraschlemndSchaublel99§.*

1The EU OLIVE project/htt p: // t went yone. t pd. t no. nl / ol i ve/| tries to align notes,
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2 DIALECTOLOGY

Linguisticsstudiedanguagevariationsystematicallyasit correlateswith ary num-
ber of extra-linguisticvariables but especiallywith geographyandsocialvariables
suchasclass,age,gendey socialnetwork,educatiorandtrade. The oldestof these
is dialectologythestudyof how languagerariesgeographicallyDialectologyis not
only themostseniorof thelinguistic variationfields, it is oneof the oldestbranches
of linguistics— the early works datefrom the 19th centuryasdo mary of thetech-
nigues.SeePetyt(1980)andNiebaum(1983).

Traditional dialectologyhasfocusedon recordingthe variety of speechforms
within agivenarea.This hasintrinsic, linguisticinterestput it is alsointerestingoe-
causdanguagevarietyreflectsculturalinfluence,mostobviously in the caseof mi-
grations,conquestandthecreationof statesandborders Dialectologyhasamassed
largeamountof dataconcerninghe specificgeographicatiistributionof individual
words,word forms, syntacticconstructionspronunciationsandthe like. Theseare
normally presenin the form of mapsshoving which formsareusedin whichareas.
In casethe sameareasspringoutrepeatedlyonemay speakof a “dialectared.

Unfortunately detailedmapsshawving the distribution of wordsandsoundsnor
mally fail to distinguishareaswhich leadsto a scientificpuzzle: linguistsandlay
peoplealike feelthatthey recognizevarieties suchasBavarianGermanpor the Am-
sterdamvariety of Dutch, or the coastalNew Englandvariety of English. But these
arenottheareaconsistentlypickedout by varyingforms. Thereareusuallypatterns
of variationthatrun criss-crossignoringthewell-establishedoundarie®f areas.

This puzzlewas,asit turnedout, a scientificdisappointmentDialectologywas
originally pursuedinter alia in orderto testthe Neo-grammariarypothesisthat
soundchangeis regular. Among its earliestresultsis that variationis often geo-
graphicallyirregular, i.e., theareasn which differentformsareusedoftenturn out
to be (perhapslightly) differentareag(Bloomfield 1933 p.322).

Naturally, somedialectologistsrespondedy collecting more data, hoping to
find theright distinguishhngfeaturesThis hasbeendoneto suchextremesthateven
friendly reviewershave warnedof thedangersf “atomization”(Coseriu' 1956,1975
p.50). Lackinganalyticaltechniquesvith which distributionsof differentformscan
be comparedor combined,the resultis that hundredsof forms give hundredsof
perspecties— in honeof which aggrgatessuchasBavarian German, Amsterdam
Dutch,or coastaNew Englandarerecognizable&eombination®f theatoms.

In mary cases,however, it often turns out that changesare cumulatie, i.e.,
thatmore geographicallyemoteareasarelinguistically lesssimilar aswell so that
it is reasonabldo speakof a dialect “continuum” (Chambersand Trudgill 1980
§ 1.3§ 8.1-8.6). But this notion— like otheraggregatenotions— hasresistedsat-
isfactorytheoreticaformulation.

speechrecognitionresultsandclosedcaptionsfor the hearingimpairedin orderto align associatedideo
material(Netter1998.
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This very brief sketchoutlinestwo theoreticalquestionsn dialectology how
aggrgatenotionssuchasthe variety of a particularareamay be approachedand
how thoseaggregatesmightbe seeno exist onacontinuumof linguistic variety We
cannotoffer theoreticakeconstructionsf eitherof thesenotions,but, with the help
of Levenshteindistancewe canmeasurdalifferencesssociateavith them.

2.1 Measuring dialect difference

Whenyoucanmeasue,[. ..] youknowsomething—Lord Kelvin

Levenshteirdistanceis employedo obtaina measuref distancein pronunciation.
In contrasto the“same/diferent” classificatiorof earlierdialectologythemeasure-
mentsarenumericalandmaythereforebe summecdand/oraveragedo obtainanag-
gregatecharacterizatiownf differencedetweerentirevarieties(basedn largersets
ratherthanoneword atatime). We obtainthenameasuref differenceratherthana
geographidelineationof (discrete)featuresf individualwordsor pronunciations.
More generakharacterizationsf dialectdifferenceshenbecomeavailable.

A mathematicgberspectie maybeuseful. Mostlinguisticdatais naturallynom-
inal, dividedinto differentcateyories,which allow no naturalaggregation. But once
the data can be approachedumerically— as the use of Levenshteindistanceal-
lows, thenadditionof atomicdifferencecanbeinterpretedsothatwe cansensibly
speakof the distancebetweenentirevarieties. The measuremerdlsoallows usto
approachhequestiorof cumulatvity moreexactly. If dialectologisthave beencor
rectin speakingdf cumulatve differencesthenwe shouldlikewisefind Levenshtein
differencancreasingvith geographicatlistance- areflectionof the “continuum?.

2.2 Data and method

The ReekdNederlands(o)e Dialectatlasser(BlancquaerandPee1925-1982 con-
tains 1,956 Netherlandicand North Belgian transcriptionsof 141 sentences.We
choselO4dialects regularly scattereaver the Dutchlanguagearea,and100words
which appeaiin eachdialecttext, andwhich containall vowelsandconsonants.
As theintroductorychapteof thisbookbestexplains,Levenshteirdistancen its
mostbasicvariantinvolvescalculatingthe “cost” of changingoneword into another
using insertions,deletionsand replacements Levenshteindistance(s; , s2) is the
sumof the costsof the cheapessetof operationschangings; to s;. Theexample
below illustratesLevenshteindistanceappliedto BostonianandstandardAmerican
pronunciation®f sawa girl. Bostonpronunciatiorinsertsan[r] betweersawanda,
deleteghepostwcalic|r] in girl, andreplaceghe shortvowel in girl with afronted
roundedvowel [g], like thefirst vowelsin GermarKodln or Frenchmeuble
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StandardAmerican oglrl  deleter 1
sogll  replacd/g 2
sogel  insertr 1
Bostonian Sragel

Sumdistance 4

Kesslen1995)appliedLevenshteirdistanceo Irish dialects.

Theexampleabove simplifiesthe proceduresctuallyusedfor clarity: theactual
measuremengresensitveto thephoneticof thepronunciationsf thebasicsounds
(t,d,i, etc.). To obtaina moresensitve measurecostsarerefinedbasedon phonetic
featureoverlap,sothat, e.g. replacinga[d] with a[t] is lesscostly thanreplacing
the [d] with, say[i]. Replacementoststhusvary dependingon the basicsounds
involved.

Thisis donein awaythatis standardn linguistics.Eachsoundis representedy
a vectorof valuesfor phoneticfeatures.Thetablebelowv suggesthiow this system
givesriseto characterizationsf the overall differencebetweersegments:[i] and[e]
aremuchcloserthan[i] and[u].

[ e u i-e i-u
adwancement 2(front) 2(front) 6(back) 0 4
high 4(high) 3(mid)  4(high) 1 0
long 3(short) 3(short) 3(short) 0O O
lip-rounding 0O(none) O(none) 1(rounded) 0 1

To avoid making the measurementtoo dependenbn one feature systemas
opposedto anothey two featuresystemswere tested;the resultsanalyzedbelov
arebasedon Hoppenbrouwers(SPE-like)features(HoppenbrouwerandHoppent
brouwersl1988),but a featuresystemdevelopedby Viereggeto measurdranscriber
accurayg alsoyieldsvery goodresults(Viereggeetal. 1984). Thedistancebetween
two vectorsof featurevalueswastakento be the Euclideandistancebetweenthe
two, 6(X,Y), where:

Several furtherrefinementaverethe subjectof experimentationjncludingthe opti-

mal representationf diphthonggoneseymentvs. two), the value of weightingby

frequeng and/orinformationgain,andtheuseof the standardanguageasacalibra-

tion in measurementfNerbonneandHeeringato appear1999h. We have begun

validatingthe technique jncluding theseaspectsusing cross-alidationon unseen
Dutchdialectdata(NerbonneandHeeringal 999a).
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2.3 Results

Comparingtwo varietiesresultsin a sumof 100 word-paircomparisons.Because
longerwordstendto be separatedby moredistancehanshorterwords,thedistance
of eachword pair is normalizedby dividing it by the meanlengthof the word pair.
This resultsin a half-matrix of distanceswhichis bestvisualizedin|Figurel. This
fulfills thefirst desideratunabove, obtaininga meansof aggregatingover theatom-
istic differencedetweerindividualswords.Usingthe Levenshteirmeasureywe can
now saysomethingaboutthe overall relationbetweertwo varieties— evenwhenin-
dividual elementsnayvary andevenbe inconsistenin thetendencieshey display

A further goal was to explore how dialectareasmight be viewed. The half-
matrix of distancesabove was thereforesubjectedto hierarchicalclustering,us-
ing Ward’'s method,which minimizesthe errorintroduceshy clustering(Aldender
fer and Blashfield1984). This classifiesthe dialectsinto relatively closegroups.
The most significant groupswhich emege from clusteringcorrespondto those
identified in traditional dialectology viz., Frisian, Low Saxon, and Franconian
(NerbonneandHeeringato appearl999h. SeeFigure2. We takethis to validate
thetechniqueshut currentwork seeksmnoredirectvalidation.

Finally, we explore the dggreeto which the techniquesonfirm the view of di-
alectsasexistingona“continuum? Themostdirectmeanf testingthisis to exam-
ine whetherphoneticdistanceincreasesvith geographicatlistanceto seewhether
distancesreindeed‘cumulative’’ Pearsors product-momentorrelationcoeficient
shavs thatgeographi@andphoneticdistancecorrelateatalevel of » = 0.68. Given
thelargeamountof data,it is notsurprisingthatthisis astatisticallysignificantevel.
But it is alsoa fairly strongcorrelation,accountingor nearly45% of the variance.
The heightsof childrenandparentscorrelateto aboutthis degree. Sowe obtainan
answer:the “continuum” is justified in its generalizatiorthat phoneticdifferences
are cumulative. Theseresultssuggestshat one may indeedcombinethe detailed
dialectologymaps shawving discretedialectareaswith the oftenexpressediew that
dialectsexists on a continuum,in accordwith|ChambersandTrudgill’s (1980:127)
(sceptical)wishes.Thesearethencompatiblewaysof viewing the dialectalfacts.

To explore further the view of dialectsas a continuum,we exploit techniques
JoseplKruskaldevelopedin multidimensionaktatisticalanalysisyiz., multidimen-
sionalscaling(MDS). MDS may be appliedto distancematricessuchasthe matrix
of averagel evenshteindistancesn orderto identify a small setof mostsignificant
dimensiongKruskalandWish 1978. The map showvn in this book’s frontispiece
(seeinsidecover) distinguishe®utch“dialect areas’in away which non-numerical
methodshave beenunableto do (without resortingto subjectve choicesof distin-
guishingfeatures). The MDS analysisgivesmathematicaform to the intuition of
dialectologistsn Dutch (andotherareas}hatthe materialis bestviewedasa “con-
tinuum? Themapis obtainedoy interpretingMDS dimensionsscolors. Sincethis
assigngolorsonly to thesitesfor which pronunciationgreavailable,we interpolate
over otherareasusinginversedistancewneighting.
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2.4 Conclusionsand prospectsin dialectology

We have studiedthe consisteng of the measurementsyhich, given a setof 100
words, is reliable. In orderto validatetechniquesnore rigorously we have run
the techniquen unseendata,andwe are currently seekingan objective measure
of quality to distinguishthe variousrefinementf Levenshteindistancediscussed
above. Todothis,weshalltakemeasuresnasetof variantsvhoseclassificatiorinto
dialectarea(Frisian,Saxon Flemishor Franconian)s uncontestedThe questionis
the degreeto which the Levenshteinmeasurewill jibe with the classification. We
shallreportonthis work whenit is completed.

Ongoingwork appliesthe techniqueto questionf corvergence/diergenceof
dialectsusingdialectdatafrom two differentperiods.In orderto be moregenerally
useful,thedistancemeasureshouldbe appliedto the dataof otherlanguagesWe are
alsointerestedn exploring the relationbetweerthis (linguistically objective) mea-
sureof distancewith psycho-acousticahvestigationsnto theperceptiorof varieties
(Gooskend 997).

Furtherinformation on the project, also material (data)and somesoftware,is
availableatht t p: // www. [ et . rug. nl / al f a/|, fProjectd:

3 TIMEWARPS

Levenshteindistanceis still beingappliedto new areas,more than 15 yearsafter
Time Warps s original publication. We may hopethat the continuedavailability of

Sankof andKruskal's seminalvolumewill spurfurtherrefinementndapplication
of sequencelistancemeasures.
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Edit DistanceandDialectProximity: A Long-standing’roblem

' Kapelle-Broek

A long standingproblemin dialectologyis the determinatiorof the linguistic basis
for dialectareas.Individual wordsand pronunciationsary irregularly with respect
to areaboundariesmsdeterminedy experts.

Thedifferencesn pronunciatiorof the 100 Dutchwordsweremeasuredising
Levenshteirdistanceandtheresultingaveragesveresubjectedo multi-dimensional
scalingto determinghemostsignificantdimension®f difference Thesalimensions
arecoloredred,greenandblueabore, andthe color of theintermediatepointsis de-
terminedusinginversedistanceweighting. Theresultingmapgivesform to the di-
alectologists intuition thatdialectsexist “on a continuunt, within which, however,
significantdifferencesemeges. The traditionaldistinctionsamongthe Frisian di-
alects(blue),Saxon(darkgreen) Limburg (red),andFlemish(yellow-greenemege
clearly Seetheintroductoryarticle,“Edit DistanceandDialect Proximity.”
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