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David Sankoff andJosephKruskal’sTimeWarps,StringEditsandMacromolecules:
TheTheoryandPracticeof SequenceComparison(hereafterTimeWarps) is ayoung
(1983)classicwhich hasinspireddevelopmentsin computerscience,pureandap-
plied linguistics,computationalbiology, andevenmusicandethnology. CSLI Pub-
licationsdeserves the appreciationof all thesescientificsubfieldsfor undertaking
its republication.Becauseits first chapter, “Overview,” is JosephKruskal’s gentle
introductionto Levenshteindistance(alsoknown assequencedistanceandedit dis-
tance)(Kruskal1999), the book will be useful to studentsas well as researchers.
Theoverview explorestheconceptof sequencedistancefirst from theperspectiveof
alignment– finding thecorrespondencebetweensequencesthatminimizesdistance.
It goeson to introducea dynamicprogrammingalgorithmwhich efficiently calcu-
latesthedistance,andprovidenotesonthehistoryof thisandrelatedconcepts.Later
chaptersin TimeWarpsgo on to exploreseveral interestingextensionsandapplica-
tionsin depth,includingrecognizingrelatednessin DNA, matchingspeechinput to
lexical hypotheses,trackingthe developmentof bird songsover time, andto error
corrections(e.g.,of keyboardinput). Someof thesechaptersintroducesignificant
refinementsin order to handletransposedelements,continuousinput (ratherthan
sequencesof discreteelements),andtree-structure.

This introductionto thenew editionof TimeWarps in TheDavidHumeSeriesof
Philosophyand CognitiveScienceReissuesfocuseson linguistic applications.We
shallmentionsomeof thedevelopmentssince1983andsuggestwhy the theoryof
sequencedistancestill enjoysenormouspopularity in the diverselinguistic fields
in which it is applied. The examplescomefrom pureandappliedlinguistics, in-
cluding computationallinguistics,anddraw on work donein Groningen.We shall
unfortunatelyignoretheextensiveandverysuccessfulwork onsequencedistancein
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computationalbiology to explorewhichDNA sequencesarelikely mutationsof one
another(Waterman1989,Waterman1995,CrochemoreandGusfield1994,Farach-
Colton1998.)

1 COMPUTATIONAL LINGUISTICS

Levenshteindistanceandvariousderivativesgive the researchera tool with which
to measurethe relative similarity of varioussequences.The techniqueis general
enoughto applyto sequencesof all sorts.

Pronunciationsconsistof sequencesof sounds,so it is not surprisingthatTime
Warps includesKruskal andLiberman’s explication of dynamictime warping,the
applicationof Levenshteindistanceto speechrecognition(Kruskal andLiberman
1999).AlthoughHiddenMarkov Modelshave largely replaceddynamictime warp-
ing in speechrecognition,Levenshteindistanceis still usedin speechrecognition,
e.g.,in orderto scoretherelative closenessof hypothesesto (annotated)correctan-
swers(VeldhuijzenvanZantenetal. 1999). Without this, it is difficult to distinguish
recognitionresultsbeyond the level of ‘correct vs. incorrect’. Other researchers
have usedvariantsof Levenshteindistanceto diagnosepotentiallypathologicalpro-
nunciationdeviation(Connolly1997). Theinterestin speechpathologyrequiresthat
deviantpronunciationsbealignedwith normalonessothatresearchersandtherapists
canexplorethespecific“operations”thatappearto beresponsiblefor differences.

Thelasttenyearshave seenanexplosionin theavailability of largetext corpora
(ChurchandMercer1993, Klavans1996, Nerbonne1998). Amongthese,therehas
beenspecialinterestin parallel,bilingualcorpora(Veronisto appear, 2000). Careful
analysisof parallelcorporayieldsinformationsuchasnearesttranslationequivalents,
commonusageof wordsandphrases,andsubtletiesof grammaticaluse,all of which
is of courseusefulto translatorsanddevelopersof translationsupportsoftware,to
bilingual dictionary compilers,and to developersof relatedapplicationssuch as
computer-assistedlanguagelearning.Veronis(2000)haspaperson all of theseap-
plications.The fundamentaltechnicalproblemin supportingtheextractionof such
informationis theproblemof aligning texts so thatuserscaneasilyidentify corre-
spondingparts,andthemostsuccessfulapproacheshave beenderivedfrom thedy-
namicprogrammingalgorithmfor calculatingeditdistance(GaleandChurch1993).
GaleandChurch’s (1993)algorithmtakesentencesasfundamentalunits,andpro-
ceedfrom the assumptionthat sentencelengthin characterswill correspondprob-
abilistically in parallel texts. Specialaccommodationis madefor the sentences’
expanding,contractingandmerging in translation,but theauthorsareexplicit about
thetechnique’slegacy from TimeWarps. Thetopicof alignmentis importantenough
so thatalternative methodsarestill actively sought(Church1993, Chen1993), and
new applicationsin multimediaareunderinvestigationin which the alignmentof
text playsanimportantrole (BraschlerandSchauble1998).1

1The EU OLIVE project http://twentyone.tpd.tno.nl/olive/ tries to align notes,
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2 DIALECTOLOGY

Linguisticsstudieslanguagevariationsystematicallyasit correlateswith any num-
berof extra-linguisticvariables,but especiallywith geographyandsocialvariables
suchasclass,age,gender, socialnetwork,educationandtrade.Theoldestof these
is dialectology, thestudyof how languagevariesgeographically. Dialectologyis not
only themostseniorof thelinguisticvariationfields,it is oneof theoldestbranches
of linguistics– theearlyworksdatefrom the 19thcenturyasdo many of the tech-
niques.SeePetyt(1980)andNiebaum(1983).

Traditionaldialectologyhasfocusedon recordingthe variety of speechforms
within agivenarea.Thishasintrinsic, linguistic interest,but it is alsointerestingbe-
causelanguagevarietyreflectscultural influence,mostobviously in thecaseof mi-
grations,conquestsandthecreationof statesandborders.Dialectologyhasamassed
largeamountsof dataconcerningthespecificgeographicaldistributionof individual
words,word forms,syntacticconstructions,pronunciationsandthe like. Theseare
normallypresentin theform of mapsshowing which formsareusedin whichareas.
In casethesameareasspringout repeatedly, onemayspeakof a “dialectarea.”

Unfortunately, detailedmapsshowing thedistributionof wordsandsoundsnor-
mally fail to distinguishareas,which leadsto a scientificpuzzle: linguistsandlay
peoplealike feel thatthey recognizevarieties,suchasBavarianGerman,or theAm-
sterdamvarietyof Dutch,or thecoastalNew Englandvarietyof English.But these
arenottheareasconsistentlypickedoutby varyingforms.Thereareusuallypatterns
of variationthatruncriss-cross,ignoringthewell-establishedboundariesof areas.

This puzzlewas,asit turnedout,a scientificdisappointment.Dialectologywas
originally pursuedinter alia in order to test the Neo-grammarianhypothesisthat
soundchangeis regular. Among its earliestresultsis that variation is often geo-
graphicallyirregular, i.e., theareasin which differentformsareusedoftenturn out
to be(perhapsslightly) differentareas(Bloomfield1933, p.322).

Naturally, somedialectologistsrespondedby collecting more data,hoping to
find theright distinguishingfeatures.This hasbeendoneto suchextremesthateven
friendly reviewershavewarnedof thedangersof “atomization”(Coseriu

�
1956,1975,

p.50).Lackinganalyticaltechniqueswith which distributionsof differentformscan
be comparedor combined,the result is that hundredsof forms give hundredsof
perspectives– in noneof which aggregatessuchasBavarianGerman,Amsterdam
Dutch,or coastalNew Englandarerecognizablecombinationsof theatoms.

In many cases,however, it often turns out that changesare cumulative, i.e.,
thatmoregeographicallyremoteareasarelinguistically lesssimilar aswell so that
it is reasonableto speakof a dialect “continuum” (ChambersandTrudgill 1980,�

1.3,
�

8.1-8.6). But this notion – like otheraggregatenotions– hasresistedsat-
isfactorytheoreticalformulation.

speechrecognitionresultsandclosedcaptionsfor thehearingimpairedin orderto alignassociatedvideo
material(Netter1998).
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This very brief sketchoutlinestwo theoreticalquestionsin dialectology, how
aggregatenotionssuchasthe variety of a particularareamay be approached,and
how thoseaggregatesmightbeseento exist onacontinuumof linguisticvariety. We
cannotoffer theoreticalreconstructionsof eitherof thesenotions,but, with thehelp
of Levenshteindistance,wecanmeasuredifferencesassociatedwith them.

2.1 Measuring dialect difference

Whenyoucanmeasure, [. . . ] youknowsomething—Lord Kelvin

Levenshteindistanceis employedto obtaina measureof distancein pronunciation.
In contrastto the“same/different” classificationof earlierdialectology, themeasure-
mentsarenumericalandmaythereforebesummedand/oraveragedto obtainanag-
gregatecharacterizationof differencesbetweenentirevarieties(basedon largersets
ratherthanonewordata time). Weobtainthenameasureof differenceratherthana
geographicdelineationof (discrete)featuresof individualwordsor pronunciations.
More generalcharacterizationsof dialectdifferencesthenbecomeavailable.

A mathematicalperspectivemaybeuseful.Mostlinguisticdatais naturallynom-
inal, dividedinto differentcategories,whichallow nonaturalaggregation.But once
the datacan be approachednumerically– as the useof Levenshteindistanceal-
lows, thenadditionof atomicdifferencescanbeinterpreted,sothatwecansensibly
speakof the distancebetweenentirevarieties. The measurementalsoallows us to
approachthequestionof cumulativity moreexactly. If dialectologistshavebeencor-
rectin speakingof cumulativedifferences,thenweshouldlikewisefind Levenshtein
differenceincreasingwith geographicaldistance– areflectionof the“continuum.”

2.2 Data and method

TheReeksNederlands(ch)eDialectatlassen(BlancquaertandPée1925–1982) con-
tains 1,956Netherlandicand North Belgian transcriptionsof 141 sentences.We
chose104dialects,regularly scatteredover theDutchlanguagearea,and100words
whichappearin eachdialecttext, andwhichcontainall vowelsandconsonants.

As theintroductorychapterof thisbookbestexplains,Levenshteindistancein its
mostbasicvariantinvolvescalculatingthe“cost” of changingoneword into another
using insertions,deletionsandreplacements.Levenshteindistance� � � � � � � is the
sumof thecostsof thecheapestsetof operationschanging� � to � � . Theexample
below illustratesLevenshteindistanceappliedto BostonianandstandardAmerican
pronunciationsof sawa girl . Bostonpronunciationinsertsan[r] betweensawanda,
deletesthepostvocalic[r] in girl , andreplacestheshortvowel in girl with a fronted
roundedvowel [ø], like thefirst vowelsin GermanKöln or Frenchmeuble.
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StandardAmerican s� 	 gIrl deleter 1
s� 	 gIl replaceI/ø 2
s� 	 gøl insertr 1

Bostonian s� r 	 gøl
Sumdistance 4

Kessler(1995)appliedLevenshteindistanceto Irish dialects.
Theexampleabove simplifiestheproceduresactuallyusedfor clarity: theactual

measurementsaresensitiveto thephoneticsof thepronunciationsof thebasicsounds
(t,d,i, etc.).To obtaina moresensitive measure,costsarerefinedbasedon phonetic
featureoverlap,so that,e.g. replacinga [d] with a [t] is lesscostly thanreplacing
the [d] with, say [i]. Replacementcoststhusvary dependingon the basicsounds
involved.

This is donein awaythatis standardin linguistics.Eachsoundis representedby
a vectorof valuesfor phoneticfeatures.The tablebelow suggestshow this system
givesriseto characterizationsof theoveralldifferencebetweensegments:[i] and[e]
aremuchcloserthan[i] and[u].

i e u i-e i-u

advancement 2(front) 2(front) 6(back) 0 4
high 4(high) 3(mid) 4(high) 1 0
long 3(short) 3(short) 3(short) 0 0
lip-rounding 0(none) 0(none) 1(rounded) 0 1

To avoid making the measurementstoo dependenton one featuresystemas
opposedto another, two featuresystemswere tested;the resultsanalyzedbelow
arebasedon Hoppenbrouwers’(SPE-like)features(HoppenbrouwersandHoppen-
brouwers1988),but a featuresystemdevelopedby Viereggeto measuretranscriber
accuracy alsoyieldsvery goodresults(Viereggeet al. 1984). Thedistancebetween
two vectorsof featurevalueswastakento be the Euclideandistancebetweenthe
two, 
 � ��
 ��� , where:


 � ��
 �����
���� �� � ��� � �

���
�
�
� �

Several furtherrefinementswerethesubjectof experimentation,includingtheopti-
mal representationof diphthongs(onesegmentvs. two), thevalueof weightingby
frequency and/orinformationgain,andtheuseof thestandardlanguageasacalibra-
tion in measurements(NerbonneandHeeringato appear, 1999b). We have begun
validatingthe technique,including theseaspects,usingcross-validationon unseen
Dutchdialectdata(NerbonneandHeeringa1999a).
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2.3 Results

Comparingtwo varietiesresultsin a sumof 100 word-paircomparisons.Because
longerwordstendto beseparatedby moredistancethanshorterwords,thedistance
of eachword pair is normalizedby dividing it by themeanlengthof theword pair.
This resultsin a half-matrixof distances,which is bestvisualizedin Figure1. This
fulfills thefirst desideratumabove,obtaininga meansof aggregatingover theatom-
istic differencesbetweenindividualswords.UsingtheLevenshteinmeasure,wecan
now saysomethingabouttheoverall relationbetweentwo varieties– evenwhenin-
dividualelementsmayvaryandevenbeinconsistentin thetendenciesthey 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 minimizestheerror introducesby clustering(Aldender-
fer and Blashfield1984). This classifiesthe dialectsinto relatively closegroups.
The most significant groupswhich emerge from clusteringcorrespondto those
identified in traditional dialectology, viz., Frisian, Low Saxon, and Franconian
(NerbonneandHeeringato appear, 1999b). SeeFigure2. We takethis to validate
thetechniques,but currentwork seeksmoredirectvalidation.

Finally, we explore thedegreeto which the techniquesconfirm the view of di-
alectsasexistingona“continuum.” Themostdirectmeansof testingthis is to exam-
ine whetherphoneticdistanceincreaseswith geographicaldistance,to seewhether
distancesareindeed“cumulative.” Pearson’sproduct-momentcorrelationcoefficient
shows thatgeographicandphoneticdistancecorrelateat a level of  "!$# % & ' . Given
thelargeamountof data,it is notsurprisingthatthis is astatisticallysignificantlevel.
But it is alsoa fairly strongcorrelation,accountingfor nearly ( ) * of thevariance.
Theheightsof childrenandparentscorrelateto aboutthis degree.Sowe obtainan
answer:the “continuum” is justified in its generalizationthat phoneticdifferences
arecumulative. Theseresultssuggeststhat onemay indeedcombinethe detailed
dialectologymaps,showing discretedialectareaswith theoftenexpressedview that
dialectsexists on a continuum,in accordwith ChambersandTrudgill’s (1980:127)
(sceptical)wishes.Thesearethencompatiblewaysof viewing thedialectalfacts.

To explore further the view of dialectsas a continuum,we exploit techniques
JosephKruskaldevelopedin multidimensionalstatisticalanalysis,viz., multidimen-
sionalscaling(MDS). MDS maybeappliedto distancematricessuchasthematrix
of averageLevenshteindistancesin orderto identify a smallsetof mostsignificant
dimensions(KruskalandWish1978). The map shown in this book’s frontispiece
(seeinsidecover) distinguishesDutch“dialectareas”in awaywhichnon-numerical
methodshave beenunableto do (without resortingto subjective choicesof distin-
guishingfeatures).The MDS analysisgivesmathematicalform to the intuition of
dialectologistsin Dutch(andotherareas)thatthematerialis bestviewedasa “con-
tinuum.” Themapis obtainedby interpretingMDS dimensionsascolors.Sincethis
assignscolorsonly to thesitesfor whichpronunciationsareavailable,weinterpolate
over otherareasusinginversedistanceweighting.
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Figure1: TheaverageLevenshteindistancebetweenDutchdialects.Thedarkerthe
line betweentwo varieties,the closerthey are in (phonetic)Levenshteindistance.
Frisian(top center)emergesclearly asa relatively distinct, but internally coherent
group.
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Figure2: The resultof clusteringthe matrix of Levenshteindistances.The tradi-
tionaldialectareas(labeled)emergedistinctly. Within theLimburg clusteronefinds
Protasovo, an emigrantLow Germanvariety, the languageof SiberianMennonites
investigatedby Nieuweboer(1998)(includedout of curiosity).
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2.4 Conclusions and prospects in dialectology

We have studiedthe consistency of the measurements,which, given a set of + , ,
words, is reliable. In order to validatetechniquesmore rigorously, we have run
the techniqueson unseendata,andwe arecurrentlyseekingan objective measure
of quality to distinguishthe variousrefinementsof Levenshteindistancediscussed
above. Todothis,weshalltakemeasuresonasetof variantswhoseclassificationinto
dialectarea(Frisian,Saxon,Flemishor Franconian)is uncontested.Thequestionis
the degreeto which the Levenshteinmeasurewill jibe with the classification.We
shallreportonthis work whenit is completed.

Ongoingwork appliesthe techniqueto questionsof convergence/divergenceof
dialectsusingdialectdatafrom two differentperiods.In orderto bemoregenerally
useful,thedistancemeasureshouldbeappliedto thedataof otherlanguages.Weare
alsointerestedin exploring therelationbetweenthis (linguistically objective) mea-
sureof distancewith psycho-acousticalinvestigationsinto theperceptionof varieties
(Gooskens1997).

Furtherinformationon the project,alsomaterial(data)andsomesoftware,is
availableathttp://www.let.rug.nl/alfa/, “Projects.”

3 TIME WARPS

Levenshteindistanceis still beingappliedto new areas,more than15 yearsafter
Time Warps’s original publication. We mayhopethat the continuedavailability of
Sankoff andKruskal’s seminalvolumewill spurfurtherrefinementandapplication
of sequencedistancemeasures.
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Houthalen

Huizen

Ingooigem

Kapelle

Kapelle−Broek
Kerkrade

Kieldrecht

Kinrooi

Klaaswaal

Kollum

Lamswaarde

Laren

Lebbeke

Leeuwarden

Lippelo

Makkum

Mechelen

Middelburg

Nes

Nieuwveen

Nordhorn

Norg

Ommen

Oosterhout

Oost−Vlieland

Polsbroek

Putten

Ravenstein
Renesse

Reninge

Riethoven

Roodeschool

Roosendaal

Roswinkel

RuinenSchagen

Schiermonnikoog

Sneek

Soest

Spankeren

Stadskanaal

Steenbeek

Steenwijk

Stiens

Surhuisterveen

Tienen

Vaassen

Veenendaal

Venray

Vianen

Vreren

Werchter

West−Terschelling

Wijhe

Wijnegem

Winschoten

Zelzate

Zevendonk

Zierikzee

Zoetermeer

Edit DistanceandDialectProximity : A Long-standingProblem

A long standingproblemin dialectologyis thedeterminationof the linguistic basis
for dialectareas.Individual wordsandpronunciationsvary irregularly with respect
to areaboundariesasdeterminedby experts.

Thedifferencesin pronunciationof the . / / Dutchwordsweremeasuredusing
Levenshteindistance,andtheresultingaveragesweresubjectedto multi-dimensional
scalingtodeterminethemostsignificantdimensionsof difference.Thesedimensions
arecoloredred,greenandblueabove,andthecolorof theintermediatepointsis de-
terminedusinginversedistanceweighting. Theresultingmapgivesform to thedi-
alectologist’s intuition thatdialectsexist “on a continuum,” within which, however,
significantdifferencesemerges. The traditionaldistinctionsamongthe Frisiandi-
alects(blue),Saxon(darkgreen),Limburg (red),andFlemish(yellow-green)emerge
clearly. Seetheintroductoryarticle,“Edit DistanceandDialectProximity.”
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