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Abstract

Researchers interestedin the history of the Indo-Europeanfamily of languageshave
useda variety of methods to estimate the phylogeny of the family, and have obtained
widely di®ering results. In this paper we explore the reconstructions of the Indo-
European phylogeny obtained by using the major phylogeny estimation procedureson
an existing databaseof 336 characters (including lexical, phonological, and morpho-
logical characters) for 24 Indo-European languages.Our study ¯nds that the di®erent
methods agree in part, but that there are also several striking di®erences. We dis-
cussthe reasonsfor thesedi®erences,and make proposalswith respect to phylogenetic
reconstruction in historical linguistics.

1 In tro duction

Reconstructionof the phylogeniesof languagefamilies is a part of historical linguistics which
hasrecently received signi¯cant attention from the non-linguistic scienti¯c research commu-
nity, someof whom are interestedin seeingif phylogeneticreconstructionmethods originally
designedfor biological data can be used on linguistic data to good e®ect. In this paper
we examinethe results of using phylogeneticreconstructionmethods from both biology and
linguistics on the character databasewe have usedover the last decadeto analyzethe diver-
si¯cation of the Indo-Europeanfamily. In addition to varying the methods we useto analyze
the dataset, we study the consequencesfor phylogenetic reconstruction of restricting the
data to lexical charactersalone,and of screeningthe data to eliminate charactersthat might
have evolvedwith borrowing or have undergoneparallel evolution. Our study shows that the
di®erencesin the phylogeniesobtained by di®erent reconstruction methods are due at least
in part to data selection,with analysesbasedupon datasetsthat useonly lexical characters
being probably lessaccuratethan analysesbasedupon datasetsthat include morphological
and phonologicalcharactersand that give theseadditional charactersextra weight. We also
¯nd signi¯cant di®erencesbetweenmethods, even on the samedataset. Finally, we ¯nd that
equal treatment of charactersis probably unwise,with improved results obtained by recog-
nizing that somecharacters (notably characters derived from in°ectional morphology and
complexphonologicalcharacters)are lesslikely to evolve in parallel or with back mutation.
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Our paper is organizedas follows. We begin by de¯ning the conceptsand terminology
in Section 2. The methods we use to analyze linguistic datasetsare described in Section
3. In Section 4 we discussthe dataset we use to comparereconstruction methods, brie°y
discussinghow the characters were selectedand coded. The results of our phylogenetic
analysesare presented in Section5. We summarizeour results and make recommendations
about phylogeneticreconstruction in Section6.

2 Basics

2.1 Characters

A (linguistic) character is any feature of languagesthat can take one or more forms; these
di®erent forms are called the \states" of the character. Our charactersare of three types.
For lexical charactersthe di®erent statesare cognateclasses,so that two languagesexhibit
the samestate for the lexical character if and only if they have cognatesfor the meaning
associated with the lexical character. Phonologicalcharactersrecordthe occurrenceof sound
changeswithin the (pre)history of the language;thus a typical phonologicalcharacter has
two states, depending of whether or not the sound change (or, more often, constellation
of changes)has occurred in the development of each language. Most of our morphological
charactersrepresent in°ectional markers;like lexical characters,they arecodedby cognation.
Thus each character de¯nes an equivalencerelation on the languagefamily, such that two
languagesare equivalent if they exhibit the samestate for the character. Given a partition
of a set into disjoint subsets,we can de¯ne an equivalencerelation by making two languages
equivalent if and only if they are in the samesubset;thus, a partition of a set into disjoint
subsetsde¯nes an equivalencerelation (and the converseholds as well).

For each character, we can assignnumbers to the states of the character so that the
character is de¯ned to be a function that assignsevery languagein a set L of languagesa
real number; the number assignedto the languageis called the \state" of the character for
that language. Thus, the states of all our charactersare real numbers, and when we write
c(L) for a languageL and a character c, we meanthe state of the character c exhibited by
the languageL. However, the particular real number usedto label a state is irrelevant, and
all that matters is whether two statesare equalor di®erent.

2.2 Homoplasy , Character Compatibilit y, and Perfect Phyloge-
nies

The phenomenonof back{mutation and/or parallel evolution is called \homoplasy". When
there is no homoplasyin a character, then all changesof state for that character result in
new states. When all the charactersevolve without homoplasydown a tree, then the tree is
called a \p erfect phylogeny", and each of the characters is said to be \compatible" on the
tree.
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For example,the charactersc1 and c2 in Figure 1(b) are compatible with the tree T in
Figure 2, whereascharacter c3 is not.

c1 c2

L1 0 0
L2 0 0
L3 1 0
L4 1 1
L5 1 1

c1 c2 c3

L1 0 0 0
L2 0 0 1
L3 1 0 1
L4 1 1 0
L5 1 1 0

(a) (b)

Figure 1: (a) Five languagesL 1; : : : ; L 5, with two charactersc1 and c2. (b) The same¯v e languages
with a third character c3.
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Figure 2: A perfect phylogeny T for the languagesand character states of Figure 1(a).

2.3 Study design

We examinethe performanceof six phylogeny reconstruction methods (two distance-based
methods and four character-basedmethods) on four versionsof an IE database.We evaluate
the accuracy of these methods with respect to establishedaspects of the Indo-European
history, and also with respect to the number and type of characters that are incompatible
with each of the trees returned. We use the IE dataset we have developed over the last
decadeas the basicdataset. This dataset contains lexical, phonological,and morphological

3



characters,but with polymorphic characters (those which exhibit two or more states on a
given language)removed; thus, we had 336charactersto work with, of which 297are lexical,
17 are morphological, and 22 phonological. We also look at three subsetsof this dataset:
a screenedversion of the full dataset, the lexical characters alone, and a screenedversion
of the lexical dataset. The screenedversionsof the full and lexical datasetsare obtained
by removing all characters which show strong evidenceof homoplasy. Thus, the study is
designedso that we can study the impact of restricting the charactersto di®erent subsets,
as well as so that we can evaluate and comparedi®erent methods on the samedataset.

3 Phylogen y reconstruction

The phylogeny reconstructionmethods we study in this paper include most of the standard
methodsusedin molecularphylogeneticsaswell astwo newer methodsproposedexplicitly for
reconstructingphylogenieson languages.The methods studied include four character-based
methods and two distance-basedmethods. The four characterbasedmethods each explicitly
usesa consensusmethod called the \ma jorit y consensustree" (de¯ned below) in order to
return a singleestimateof the tree. (See(Felsenstein,2003;Felsenstein,1982;Swo®ordet al.
, 1996) for a discussionof phylogenetic reconstruction methods used in biology, including
many of the methods studied here,including maximum parsimony, maximum compatibilit y,
UPGMA, neighbor joining, and the majorit y consensustree.)

3.1 The metho ds

Webeginour discussionof the methodswestudy with a descriptionof the majorit y consensus
tree, sinceit is fundamental to four of the methods(all the character-basedmethods, in fact).

Consensus metho ds Whenever a method returns a set of trees, rather than one single
tree, a consensustree is typically returned. Of the various di®erent possible consensus
methods, the majority consensusis most typically returned. This is the tree which contains
exactly thoseedgeswhich exist in the strict majorit y of the treesin the set (wherewe identify
an edgein a tree with the bipartition it induceson the set of leaves). In our study, the MP,
weighted and unweighted MC, and Gray & Atkinson methodsall have the potential to return
several trees (the Gray & Atkinson method returns a random sampleof trees visited after
burn-in, while the other methods return the trees that optimize their respective criteria).
Therefore,for each of thesefour methods we return the majorit y consensusof the setof trees
returned.

UPGMA The UPGMA algorithm is a distance-basedmethod which is designedto work
well when the evolutionary processesobeys the lexical clock assumption,and it is the algo-
rithm usedin lexicostatistical analyses.UPGMA ¯nds the pair of languages(say L 1 and L2)
which have the smallestdistance,and makesthem siblings. It then removesoneof the two
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languages(L 1) from the set, recursively constructsthe tree on the remaining languages,and
then inserts the removed language(L 1) back into the tree by making it a sibling to L 2.

Neigh bor joining NJ, or Neighbor Joining (Saitou & Nei, 1987), is a standard distance-
basedreconstructionmethod usedin molecularphylogenetics.Unlike UPGMA, it is able to
reconstruct accuratephylogenieseven if the evolutionary processdoesnot obey the lexical
clock assumption. A key aspect to making the method have good performanceis the abilit y
to estimate with a high degreeof accuracythe number of evolutionary events (changesin
character state) on every leaf-to-leaf path in the tree. Given a distance matrix which is
exactly correct with respect to theseleaf-to-leaf distances,NJ will return the correct tree,
albeit not the location of the root. One of the di®erencesbetweenNJ and UPGMA is that
when the set of languagesdoesnot evolve under a lexical clock, the pair of languageswhich
have the smallestdistancemay not be siblings in the true tree. In this case,UPGMA will
incorrectly join the nearest pair, but NJ will not (provided, of course, that the distance
matrix given to NJ is su±ciently accurate).

Maxim um Parsimon y Maximum Parsimony, or MP, is an optimization problem which
seeksa tree on which a minimum number of character state changesoccurs. This is a hard
optimization problem which can be solved exactly only for small datasetsof up to about 20
languages.Beyond that size,heuristicsare usedto \solve" MP, which may or may not ¯nd
optimal solutions. Becauseseveral equally good trees can be returned in an MP analysis,
we report results for the majorit y consensustree of the best trees found. MP is one of the
most important and frequently usedmethods in molecularphylogenetics,and heuristics for
MP exist in a variety of software products.

Maxim um Compatibilit y Maximum Compatibilit y, or MC, is an optimization problem
which seeksa tree on which the maximum number of charactersare compatible. Like MP,
it is hard to solve exactly, and soheuristics(which are not guaranteed to solve the problem)
are usedto analyzedatasetsabove 20 or so languages.

Weighted Maxim um Compatibilit y In a weighted maximum compatibilit y analysis
we are given weights for each character, so that characters that are consideredto be more
resistant to homoplasy are given higher weight. In this case,rather than seekinga tree
on which the smallest number of characters are incompatible, we seeka tree which has
the smallest total weight of incompatible characters(so that we sum up the weights of the
incompatible characters). As an example, if each lexical character has weight one, and
each phonologicalcharacter hasweight three, and a morphologicalcharacter hasweight ¯v e,
then a tree with four incompatible lexical characters would be preferable to a tree with
one morphologicalcharacter incompatible, but a tree with just one phonologicalcharacter
incompatible would be better than both of these.
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Gra y & A tkinson The method (originally presented in (Gray & Atkinson, 2003))designed
by RussellGray and Quentin Atkinson operatesasfollows. First, each multistate characters
is replacedby a binary encoded version of the character, and these binary characters are
then interpreted as restriction sites and analyzed under a rates-across-sitesmodel in the
MrBayessoftware(Huelsenbeck & Ronquist, n.d.). After an initial burn-in period, a majorit y
consensusof a random sampleof trees is returned.

3.2 Soft ware

PA UP* for basic metho ds We also used PAUP* (Swo®ord, n.d.) for NJ, UPGMA,
heuristic maximum parsimony, and for computing the majorit y tree. The PAUP* block we
usedfor heuristic search MP is:

set criterion=parsimony maxtrees=100 increase=no;
hsearch start=stepwise addseq=randomnreps=25 swap=tbr;
filter best=yes;
set maxtrees=100 increase=no;
hsearch start=current swap=tbr hold=1 nbest=1000;

We alsousePAUP* to compute the majorit y consensustree, our secondphasein MP, MC,
weighted MC, and the Gray & Atkinson method.

Weighted and unweighted maxim um compatibilit y In order to attempt to solve
either weighted or unweighted maximum compatibilit y, we did the following. First, we used
our MP heuristic search to search for good MP trees, maintaining a list of the best trees
we see. Once we have completedour search, we scan the trees we explored and compute
the (weighted or unweighted) compatibilit y scoreof each tree. We comparethe best-scoring
treeswe ¯nd this way to other treeswe have found usingother techniques,and return asour
(weighted or unweighted) maximum compatibilit y trees those that have the optimal score.
Thus, the MP heuristic servesto producea set of potential candidates,but theseare not the
only onesthat are evaluated.

The weighting function we usedfor our weighted maximum compatibilit y criterion had
only two values{ in¯nite (thusrequiring the character to becompatibleon the optimal trees)
or 1. We assignedweights as follows: No lexical character is required to be compatible, and
so all lexical characters that were not omitted due to polymorphism are given the same
weight. Of the morphologicalcharacters,one (M7) was omitted from both datasetsdue to
polymorphism, and three (M9, M10, and M11) were consideredsu±ciently likely to evolve
either in parallel or to spreadthrough contact that they werealsotreated equallywith lexical
characters. Of the phonologicalcharacters,two (P2 and P3) wereconsideredpotentially able
to spreadthrough contact and so were assignedweight one. (These two characters de¯ne
the \satem" subgroupand might re°ect either shareddescent in the strictest senseor have
spread through a dialect continuum; seee.g. (Hock, 1986):442-4). Downweighting these
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two characters to be equivalent in importance with lexical characters thus enablesus to
reconsiderthe SatemCore.

Gra y & A tkinson The Gray & Atkinson approach usesthe MrBayes software package
(Huelsenbeck & Ronquist, n.d.), and we duplicated the approach they usedwith respect to
the number of iterations, samplingfrequency, and reported the majorit y consensus.MrBayes
was run using the following block:

lset rates=gamma;
mcmcngen=10000000burnin=300000 printfreq=10000 samplefreq=10000

nchains=4 savebrlens=yes;

Distances For UPGMA we usedHamming distances(the number of charactersin which
two languagesare di®erent). For NJ we compute distancesunder the formula given in
(Warnow et al. , 2004) (this is a statistically consistent distance estimation technique for
homoplasy-freeevolution - no statistically consistent distanceestimator yet existsfor a model
with homoplasybut an in¯nite number of states).

4 The IE Dataset

Our basic dataset consistsof 336 characters for 24 IE languages(that is, we removed 40
charactersfrom a larger datasetof 376characters,becausethesewereclearly polymorphic).
We will ¯rst describe and explain our choiceof languagesand characters,then describe our
coding of the characters.

4.1 Selection of languages

The languagesare listed in Table 1.
As can be seen,they represent all ten well-attested subgroupsof the IE family (namely

Anatolian, Tocharian, Celtic, Italic, Germanic, Albanian, Greek, Armenian, Balto-Slavic,
and Indo-Iranian). To represent each subgroupwe have chosena languageor languagesthat
are attested relatively fully at as early a date as possible.For instance,Indic is represented
by early Vedic, sincethe Rigvedaand other very early texts are extensive enoughto provide
us with data for most of our characters;but we have used\y ounger" Avestan rather than
the earlier Gatha-Avestan to represent easternIranian, sincethe Gathas are too restricted
for our purposes.Greekis represented by ClassicalAttic rather than Homeric,both because
our attestation of Attic is far more extensive and becausethe Homeric languageis known
to be an arti¯cial literary dialect. Similar decisionshave beenmadein the other cases.We
have usedmodern data for Welsh, Lith uanian, Latvian, and Albanian becauseearlier data
are much lessaccessibleand becausewe judged that it would make little di®erencein those
cases.
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Table 1: The 24 IE languagesanalyzed.
Language Abbreviation Language Abbreviation

Hittite HI Old English OE
Luvian LU Old High German OG
Lycian LY ClassicalArmenian AR
Vedic VE Tocharian A TA

Avestan AV Tocharian B TB
Old Persian PE Old Irish OI

Ancient Greek GK Welsh WE
Latin LA Old Church Slavonic OC
Oscan OS Old Prussian PR

Umbrian UM Lith uanian LI
Gothic GO Latvian LT

Old Norse ON Albanian AL

The fact that the languagesof our databaseare not contemporaneoushas a possible
negative impact on the UPGMA method, sincethis method operatesbest when the evolu-
tionary processis clock-like, and all the leaves are at the sametime depth. However, this
selectionof our data will not necessarilynegatively impact the performanceof any of our
other methods. (In fact, it is advantageousto character-basedmethods to use the earliest
attested languages,since these are more likely to have retained character states that are
informative of the underlying evolutionary history.)

In order to represent asmany of the major subgroupsaswaspracticablewe wereobliged
to usesomefragmentarily attested ancient languagesfor which only a minorit y of the lexical
characterscould be ¯lled with actual data. The languagesin questionare Lycian (for which
we have only about 15%of the wordlist), Oscan(ca. 20%),Umbrian (ca. 25%),Old Persian
(ca. 30%), and Luvian (ca. 40%). At the other extreme we have complete or virtually
complete(¸ 99%) wordlists not only for the modern languagesbut also for Ancient Greek,
Latin, Old Norse,Old English, and Old High German;wealsohavenearly complete(¸ 95%)
wordlists for Vedic, ClassicalArmenian, Old Irish, and Old Church Slavonic. Coverageof
the remaining wordlists rangesfrom about 70%to about 85%.

The inclusionof threeBaltic languagesandof four Germaniclanguagesintroducesparallel
development in a considerablenumber of lexical characters,thusdecreasingthe amount of us-
ableevidence.Wehave retainedthe full setof languagesin the databasebecausethe internal
subgroupingof Balto-Slavic and of Germanicare matters of ongoingdebatein the specialist
community.1 On the other hand, the inclusion of only two West Germanic languages{Old
English and Old High German,the northernmost and southernmostrespectively{potentially

1We have no reasonto doubt the cladistic structures of these subgroupsfound in (Ringe et al. , 2002)
Ringe, Warnow and Taylor 2002, which were very robust and are consistent with one of the standard
alternativ e opinions, and we will not revisit the question here.
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avoids much greater character incompatibilities, since the internal diversi¯cation of West
Germanic is known to have beenradically non-treelike (cf. (Ringe et al. , 2002):110).

4.2 Character selection

The original database,which includedpolymorphic characters,had a total of 376characters;
40 (one morphological, and 39 lexical) of thesewere removed due to evidenceof polymor-
phism, leaving us with 336 characters. This unscreeneddatabaseincludes22 phonological
charactersencoding regular soundchanges(or, more often, setsof soundchanges)that have
occurredin the prehistory of variouslanguages,17morphologicalcharactersencoding details
of in°ection (or, in onecase,word formation), and 297lexical charactersde¯ned by meanings
on a basic wordlist. (A modern English exampleof a polymorphic character would be the
meaning`small', for which English contains at least two basic equivalents, small and little .
Polymorphic characterswere omitted from the dataset, both becauseno approved method-
ology exists for analyzing polymorphic characters and becausewe have not yet evolved a
proposal for analyzing such data.) The data wereassembled by Don Ringe and Ann Taylor
with the advice of other specialist colleagues.Details of the character selectioncan be ob-
tained from (Ringe et al. , 2002). The databasejust described was the basisof the analysis
reported in (Ringe et al. , 2002).

Gaps in the data are coded with unique states, which are compatible with any tree.
Therefore,though gapsdo not causeproblemsfor the maximum parsimony or the weighted
or unweighted maximum compatibilit y methods, they do decreasethe robustnessof certain
subgroupsunder theseanalyses{which is, of course,realistic. The impact of this encoding
on distance-basedmethods or on the Gray and Atkinson method is currently unknown.

Wethen produceda screened dataset,excludingall charactersthat clearly exhibit parallel
development (whether or not they are compatible with any plausible tree). The result of
this screeningeliminated 38 lexical characters, four (M9a, M9b, M10a, and M10b) of the
morphologicalcharacters,and none of the phonologicalcharacters. Somediscussionof the
characters and of the rationale for eliminating particular characters is provided in (Ringe
et al. , 2002); a detailed discussionof the elimination of speci¯c characters will be made
available on our project website(Nakhleh et al. , 2004).

4.3 Summary of the four datasets

Recall that we do not include any polymorphic characters in any dataset, and so we draw
our subsetsfrom a full dataset of 336monomorphiccharacters. Becausewe considerlexical
aloneand all the character types,and screenedaswell asunscreened,we have four datasets:

² Full, unscreened.This dataset is the completeset of characters;thus, no characterwas
eliminated due to evidenceof homoplasy, even if that evidencewas uncontroversial.
This datasethasa total of 336characters,297of which arelexical, 17aremorphological,
and 22 phonological.
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² Full, screened.In this datasetwe eliminate only thosecharacterswith strong evidence
of homoplasy. The total number of charactersin this dataset is 294,of which 259are
lexical, 13 morphological,and 22 phonological.

² Lexical, unscreened.Here we include every lexical character, whether likely or not to
evolve with homoplasy. The total number of charactersin this dataset is 297.

² Lexical, screened.We remove all characters from the lexical unscreeneddataset that
have clear evidenceof homoplasy. The total number of characters in this dataset is
259.

5 Results

5.1 Evaluation criteria

We evaluate trees (and therefore the methods used to infer the trees) according to two
basiccriteria: ¯rst, the number and type of charactersthat are incompatible with the tree,
and second,agreement with establishedaspects of IE history. These establishedaspects
are: Indo-Iranian, Balto-Slavic, and the remaining eight (8) families - Italic, Celtic, Greek,
Armenian, Germanic,Albanian, Anatolian, and Tocharian.

5.2 Initial observations

The most striking observation about the di®erent methods we examined,and their inferred
trees, is that UPGMA did clearly the worst with respect to both criteria. In particular,
UPGMA failed to ¯nd the Iranian clade, as it separatesPersian from Avestan and Vedic,
and it also failed to ¯nd Italic, as it split Latin o®from Oscanand Umbrian. Furthermore,
UPGMA had the most incompatible characters, including a large number of both phono-
logical and morphological characters. Consequently, UPGMA is clearly inferior on these
datasets. However, UPGMA's poor performancemay be a consequenceof the processwe
usedto selectour languages,as we discussedearlier.

Becauseof UPGMA's poor performance,wewill focusour attention primary on the other
methods, which are maximum parsimony (MP), weighted and unweighted maximum com-
patibilit y (WMC and MC), neighbor joining (NJ), and the technique of Gray and Atkinson
(GA).

The most striking observations about the methods other than UPGMA are as follows:

² These¯v e methods each recoveredall the establishedsubgroupsof Indo-European,as
well as also constructing Greco-Armenian(that Greek and Armenian are sister sub-
groups). They alsoagreeabout the internal subgroupingwithin Germanic, Italic, and
Indo-Iranian, but not always within Anatolian. However, the di®erent methods posit
very di®erent relationships between these major subgroups. With the exception of
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maximum parsimony on the unscreenedlexical character dataset, all methods recon-
structed Anatolian-Tocharian (that under the assumption that Anatolian is the ¯rst
subgroupo®the root of IE, Tocharian is the secondsubgroupo®).

² Albanian is found in varied positions within the trees, so that consensusabout its
relative placement is unlikely; for this reasonwe ignore Albanian in evaluating these
methods on thesedatasets.

² On most datasets,Maximum Parsimony and unweighted Maximum Compatibilit y re-
turn extremely similar trees (identical or compatible much of the time), modulo the
position of Albanian. (The singleexceptionis the unscreenedlexical dataset, in which
MP and MC are quite di®erent.)

² Most methods (other than weighted MC) return di®erent trees on screenedand un-
screeneddatasets,though for most methods the changesin the tree are relatively local.

² Certain positedrelationshipsonly show up if morphologicalandphonologicalcharacters
are included in the analysis.

² The only trees in which Italic and Celtic are not placed within the \core" are those
basedupon Weighted Maximum Compatibilit y, with morphologicalcharacter M5 re-
ceiving signi¯cant weight.

² All methods other than Weighted MC return trees with incompatible morphological
and phonologicalcharacters, suggestingthat weighting of characters is an important
aspect of a phylogeneticanalysis.

We now turn to a careful discussionof the trees and their incompatible characters, on
each dataset in turn from (in our opinion) most reliable (screenedfull dataset) to least
reliable (unscreenedlexical dataset).

5.3 Screened Full Dataset

We constructed six trees on this dataset, one for each method we studied. SinceMP and
(unweighted) MC return identical trees,we show ¯gures only for treeson ¯v e of thesemeth-
ods: weighted MC (givenasTW M C in Figure 3(a)), Gray & Atkinson (givenasTGA in Figure
3(b)), MP=MC (given as TM C in Figure 3(c)), UPGMA (given as TUP GM A in Figure 3(d)),
and NJ (given as TN J in Figure 3(f)).
Lists of incompatible characters for each tree

Characters incompatible on the Gra y & A tkinson tree TGA (15):
M5 °oat2 ice straight suck2 arm beard break1free leave1 thousand1young2tear headnine
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Figure 3: Five trees inferred on the screenedfull dataset.
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Characters incompatible on the weighted MC tree TW M C (15):
all1 breast1°oat2 onestraight arm beardbreak1freepour thousand1young2tear headnine

Characters incompatible on the MC tree TM C (14):
P2 P3 M5 °oat2 ice straight suck2 break1 free leave1 young2tear headnine

Characters incompatible on the neigh bor joining tree TN J : (17)
P1 P2 P3 M5 M6 M8 M11 drink °oat2 headice straight suck2 break1 leave1nine tear

Characters incompatible on the UPGMA tree TUP GM A : (75)
P1 P2 P3 P12 P14 M1a M1b M5 M6 M8 M11 M12 M13 M14 all1 all2 and bad breast1day1
day2 dig drink ear1 ear2 earth1 earth2 eye1 eye2 few1 ¯sh1 °oat2 full2 give1 hand1 hand2
head long1 long2 mountain1 not one other righthand river seesing stand2 stone straight
suck2 there tongue2tongue3us wind1 wind2 yellow2 arm beard bee2break1buy daughter-
in-law free goat gold grind king now1 now2 pour young1young2tear

Note that other than UPGMA's extremely large number of incompatible characters,the
remaining methods are all able to reconstruct trees with a small number of incompatible
characters. However, the particular characters that are incompatible on the trees di®er in
someimportant ways, especially with respect to particular phonologicaland morphological
characters. We will return to a discussionof thesecharacterslater.

5.4 Unscreened Full Dataset

Of the six trees we constructed on this dataset, we will show only those obtained from
maximum parsimony, unweighted maximum compatibilit y, weighted maximum compatibil-
it y, Gray & Atkinson, and NJ. UPGMA's performance,as before, is very poor. SeeFigure
4 for thesetrees.
Lists of incompatible characters for the trees

Characters incompatible on TGA : (51)
P1 P2 P3 M5 M6 M8 M9a M11 black blood1 blood2 fall father ¯re °oat2 fog1 fog2 head
hear1 hear2 here hold horn1 horn2 husband I me ice if lie sleepstraight suck2 swim thee
tooth we whereye arrow break1honeyhouse1house2leave1 nine ox sweat weave wolf tear

Characters incompatible on TW M C : (53)
P2 P3 M9a all1 black blood1 blood2 breast1fall father ¯re °oat2 fog1fog2headhear1hear2
herehold horn1 horn2 husbandI me if lie onesleepstraight suck2 swim thee tooth we where
ye arm arrow beard break1 duck free honey house1house2nine ox pour sweat weave wolf
young2tear

Characters incompatible on TM C : (48)
P2 P3 M5 M9a black blood1 blood2 fall father ¯re °oat2 fog1 fog2 head hear1 hear2 here
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Figure 4: Five trees inferred on the unscreenedfull dataset.
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hold horn1 horn2 husbandI me ice if lie sleepstraight suck2 swim thee tooth we whereye
arrow break1 free honeyhouse1house2leave1 nine ox sweat wolf young2tear

Characters incompatible on TM P : (52)
P2 P3 M5 M9a all1 black blood1 blood2 drink fall father ¯re °oat2 fog1fog2give1headhear1
hear2herehold horn1 horn2 husbandI me ice if lie sleepstraight suck2 swim thee tooth we
whereyearrow break1freehoneyhouse1house2leave1nine ox sweat weavewolf young2tear

Characters incompatible on TN J : (53)
P2 P3 M5 all1 black blood1 blood2 drink fall father ¯re ¯sh1 °oat2 fog1 fog2 head hear1
hear2 here hold horn1 horn2 husband I me ice if lie long1 long2 sleepstraight suck2 swim
thee tooth we whereye arrow break1 free honey house1house2leave1 nine ox sweat weave
wolf young2tear

Characters incompatible on TUP GM A : (115)
P1 P2 P3 P12 P14 M1a M1b M5 M6 M8 M9a M10a M10b M11 M12 M13 M14 all1 all2 and
bad black blood1 blood2 breast1day1 day2 dig drink ear1ear2earth1 earth2 eye1eye2 fall
father few1 ¯re ¯sh1 °oat2 fog1 fog2 full2 give1 green2hand1 hand2 headhear1hear2here
hold horn1 horn2 husbandI meif lie long1long2mountain1 not oneother righthand river see
sing sleepsnow1 stand2 stonestraight suck2 swim there thee to ngue2tongue3tooth we us
wherewind1 wind2 ye yellow2 arm arrow beard bee2break1buy daughter-in-law duck free
goat gold grind honey house1house2king lamb now1 now2 pour sweat weave wolf young1
young2tear

5.5 Screened Lexical Dataset

Under the weighting we use,all lexical charactershave the sameweights, and henceweighted
MC andunweighted MC areidentical on any lexical (screenedor unscreened)dataset. For the
screenedlexical dataset,MC and MP di®eronly with respect to the placement of Albanian.
Thus, for this dataset, we will report results for only four methods: MC, Gray & Atkinson,
UPGMA, and NJ. We present thesetrees in Figure 5.
Lists of incompatible characters for the trees

Characters incompatible on tree LTGA : (12)
°oat2 headice straight suck2 arm beard break1 leave1 nine thousand1tear

Characters incompatible on tree LTM C : (9)
°oat2 headice free horseleave1 nine young2tear

Characters incompatible on tree LTN J : (10)
drink °oat2 headice straight suck2 break1 leave1 nine tear
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Figure 5: Four trees inferred on the screenedlexical dataset.
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Characters incompatible on tree LTUP GM A : (61)
all1 all2 and bad day1 day2 dig drink ear1ear2earth1 earth2 eye1eye2few1¯sh1 °oat2 full2
give1green2hand1hand2headice long1 long2mountain1 not oneother righthand river see
sing stand2 stonestraight suck2 there tongue2tongue3us wind1 wind2 yellow2 arm beard
bee2break1buy daughter-in-law goat gold grind king now1 now2 pour young1young2tear

As before, UPGMA is much worse than the others, but there is little di®erencewith
respect to compatibilit y scoresfor the other methods. More striking, however, is the di®er-
encesbetweenthesetreesand someof thoseobtained using morphologicaland phonological
characters,at least when the morphologicaland phonologicalcharactersare weighted.

5.6 Unscreened Lexical Dataset

As explainedbefore,weighted and unweighted compatibilit y methods do not di®er on this
dataset. Interestingly, and in contrast to the other datasets,MP's reconstruction is quite
di®erent from MC's. Wepresent only four of thesemethods(seeFigure 6), omitting UPGMA
sinceits performanceis so poor.

There were45 charactersincompatible on the maximum parsimony tree, 44 on the max-
imum compatibilit y tree, 43 on the Gray & Atkinson tree, 98 on the UPGMA tree, and 44
on the NJ tree. (The maximum compatibilit y tree was computed by taking the majorit y
consensusof all trees with 43 incompatible characters; this included sometrees explored
during the maximum parsimony search, aswell as the NJ tree.) Note the di®erencebetween
the MP and the MC trees.
Characters incompatible on LTGA : (43)
black blood1 blood2 fall father ¯re °oat2 fog1 fog2headhear1hear2herehold horn1 horn2
husbandI me ice if lie sleepstraight suck2 swim thee tooth we whereye arrow break1honey
house1house2leave1 nine ox sweat weave wolf tear

Characters incompatible on LTM C = LTW M C : (44)
all1 black blood1 blood2 fall father ¯re °oat2 fog1 fog2 head hear1 hear2 here hold horn1
horn2 husband I me ice if lie sleepswim thee tooth we where ye arrow free honey horse
house1house2leave1 nine ox sweat weave wolf young2tear

Characters incompatible on LTM P : (45)
all1 black blood1 blood2 drink fall father ¯re °oat2 fog1 fog2 give1 head hear1 hear2 here
hold horn1 horn2 husband I me ice if sleepswim thee tooth we whereye arrow free honey
horsehouse1house2leave1 nine ox sweat weave wolf young2tear

Characters incompatible on LTN J : (44)
black blood1 blood2 drink fall father ¯re °oat2 fog1 fog2 headhear1hear2herehold horn1
horn2 husbandI me ice if lie sleepstraight suck2 swim thee tooth we whereye arrow break1
honeyhouse1house2leave1nine ox sweat weave wolf tear

17



GK
AR

VE

AV
PE

GO
ON
OE
OG

TA
TB

OC
PR
LI
LT
LA
OS
UM
OI
WE

LU
LY
HI

AL

TA
TB

VE

AV
PE

GK
AR

LA
OS
UM

OI
WE

LU
LY
HI

AL

GO
ON
OE
OG

OC
PR
LI
LT

(a) LTGA (b) LTM C = LTW M C

OI
WE
LA
OS
UM

VE

AV
PE

GK
AR
TA
TB

LU
LY
HI

GO
ON
OE
OG

OC
PR
LI
LT

AL

TA
TB
GK
AR

VE

AV
PE

OI
WE

LA
OS
UM

OC
PR
LI
LT

LU
LY
HI
AL

GO
ON
OE
OG

(a) LTM P (b) LTN J

Figure 6: Four trees inferred on the unscreenedlexical dataset.
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Characters incompatible on LTUP GM A : (98)
all1 all2 and bad black blood1 blood2 breast1day1 day2 dig drink ear1 ear2 earth1 earth2
eye1 eye2 fall father few1 ¯re ¯sh1 °oat2 fog1 fog2 full2 give1 green2hand1 hand2 head
hear1hear2herehold horn1 horn2 husbandI me if lie long1 long2 mountain1 not oneother
righthand river seesing sleepsnow1 stand2 stone straight suck2 swim there thee tongue2
tongue3 tooth we us where wind1 wind2 ye yellow2 arm arrow beard bee2 break1 buy
daughter-in-law duck free goat gold grind honey house1house2king lamb now1 now2 pour
sweat weave wolf young1young2tear

5.7 Character incompatibilit y patterns

The trees we have seenhave di®eredtopologically in interesting and signi¯cant ways, but
also with respect to the speci¯c characters on which they are incompatible. Sincenot all
charactersare equally readily borrowed, nor equally likely to evolve in parallel or with back
mutation, it makes senseto considerthe incompatibilit y patterns underlying the di®erent
trees.

A full examination of the lexical characters is beyond the scope of this paper, but in
any event lexical charactersare the most readily borrowed. For this reason,we will focus
on the morphologicaland phonologicalcharactersthat were incompatible with a phylogeny
reconstructedusing oneof the methods other than UPGMA (sinceUPGMA's results are so
poor). In what follows we beginwith the leaststrongly supported such characters,and move
through the list of such charactersthat are incompatible on at least one of the trees in our
study.

M9a is one alternative coding of the athematic dative plural ending. It forces three
subgroups:(1) Anatolian; (2) Indo-Iranian plus Italo-Celtic; (3) Germanicplus Balto-Slavic.
The actual di®erencebetween(2) and (3) is whether the ending *-os is precededby *-bh-
or *-m-. Since it is not inconceivable that one replacedthe other, the members of these
subgroupsneednot be nearestsisters;the subgroupscan instead be nested. However, they
cannot overlap topologically. This character appears only in the unscreenedfull dataset
becausewe are fairly con¯dent that it re°ects parallel development; there is a growing
consensusto that e®ectamong specialists (see(Beekes, 1985):143-4,(Beekes, 1995):115-8,
(Hajnal, 1995):327-37,and (Katz, 1998):248-51).Thereforethe fact that it is incompatible
with all the trees constructed from the unscreeneddata except that found by NJ is not
signi¯cant; it is not even a weak endorsement of NJ.

P2 (the \satem" development of dorsals)andP3 (the \ruki"-rule) requireBalto-Slavic and
Indo-Iranian to be nearestsisters. They therefore impugn almost all the trees constructed
from the unscreenedfull dataset (excluding only WMC), as well as the trees constructed
from screeneddata by MP (= MC) and NJ{but not the trees constructed from screened
data by G&A's method and by WMC. If we could be certain that the phonologicaldevelop-
ments represented by thesecharactersnecessarilyoccurredduring a period of sharedgenetic
descent, they would impugn most of the trees and most of the methods. However, there is
at least somepossibility that these sound changesspread from one diversifying dialect of
PIE to another that wasalready signi¯cantly di®erent, though not sodi®erent as to impede
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communication (seee.g. (Hock, 1986):442-4).
Such a scenariowould beconsiderablymoreplausibleto the extent that the two subgroups

have a recent (as measuredin terms of linguistic divergence)commonancestor;the further
back in time that common ancestor is, the less likely the scenariowill seemon linguistic
grounds.

BecauseP2 and P3 are lesssecurethan the other phonologicalcharactersand than most
morphologicalcharacters,one cannot easily judge the performanceof any given method by
how it treats thesetwo characters.

M11 (representing the extension of the abstract noun su±x *-ti- with a further suf-
¯x *-Hen-) requires Italic and Celtic to be nearest sisters. It therefore impugns the tree
constructed by G&A's method from unscreeneddata, and that constructed by NJ from
screeneddata. Unfortunately this character is not as reliable as most of the morphological
characters. For onething, it is the only morphologicalcharacter which encodesan aspect of
word- formation rather than in°ection, and it appearsthat such \derivational" morphology
is not asresistant to borrowing as in°ectional morphologyis. Moreover, there haslong been
somequestion whether the samechangemight not have occurred independently in Arme-
nian, which no method ¯nds to be a near sister of Italic or Celtic (see(Olsen, 1999) with
references);more recently Craig Melchert has suggestedthat the samedevelopment might
have occurred in Anatolian aswell, and that too must have beenan independent event (see
(Melchert, 2003)).

Consequently we also cannot use this character to judge the performanceof di®erent
methods with any con¯dence.

The four charactersdiscussedfrom this point forward (P1, M5, M6, and M8) are, in our
opinion, completelyreliable indicators of sharedgeneticdescent. They thereforeimpugn not
only trees with which they are not compatible, but also the methods by which those trees
were constructed. In all casesthe shortcoming of the methods is the same: they treat all
charactersalike, with no weighting. Thesecharactersthus amount to four strong arguments
in favor of the weighting of characters.

P1 (the sound change¤p : : : kW > ¤kW : : : kW ) requires Italic and Celtic to be nearest
sisters. It therefore impugns the tree constructedby G&A's method from unscreeneddata,
and that constructedby NJ from screeneddata. In our judgment this soundchangeis odd
enough to guarantee the Italo-Celtic clade (though not quite all colleagueswould agree).
It thus impugns not only those trees, but also the methods that found them. However, it
is only a single sound changea®ectingthree lexemes(!); thus it would not be completely
unreasonableto arguethat incompatibilit y with this character is a relatively minor matter.

M6, which encodesthe thematic optativesu±x, andM8, which encodesthe (most archaic)
superlative su±x, require that the portion of the tree including Italic and Celtic not overlap
with the portion of the tree including Germanic, Greek, Indo-Iranian, and (in the caseof
M6) Balto-Slavic{though the cladescan be nested,and if they are not nestedthey do not
need to be nearestsisters. Thus these characters impugn the tree found by NJ from the
screeneddata and that constructed by G&A's method from unscreeneddata. Unlike P1,
thesecharactersare clearly nontrivial markersof geneticdescent. The fact that NJ found a
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tree incompatible with them even using screeneddata is enoughto eliminate NJ asa viable
method. The fact that G&A's method found such a tree from unscreeneddata is at least a
strong argument that data should be screenedwhen somemethods are used.

M5, which encodesthe shape of the mediopassive primary person-and-number endings,
divides the tree into a portion containing Anatolian, Tocharian, Italic, and Celtic and a
portion containing Germanic,Greek,and Indo-Iranian, which must not overlap (though the
cladescan be nested,and most specialists think they are). There is very wide, though not
quite universal, consensuson both the coding of this character and its importance (though
each of theseaspectshashad critics with alternative viewpoints). It impugnsall treesfound
on both datasetsexcept those found by weighted maximum compatibilit y. In our view this
is a clinching argument for the weighting of linguistic characters.

6 Discussion

The main observations we can make on the basisof this study are that thesemethods do
di®er in ways that are signi¯cant to historical linguists and Indo-Europeanistsin particular,
and that thesedi®erencesseemto point substantially to the signi¯cance(and probable im-
portance) of assigningappropriate weights to di®erent characters. Exactly how to do this is
clearly a matter which should be addressedin the historical linguistics research community.
Furthermore, sincedi®erent linguists are likely to assigndi®erent weights to di®erent char-
acters,and hencepotentially obtain trees that di®er in signi¯cant ways, theseobservations
alsopoint to the di±cult y inherent in recovering the diversi¯cation of IE with precision. In
particular, while we believe that higher weighting of most of the morphologicaland phono-
logical charactersre°ects a generalconsensusamongIEists, this in itself will not resolve all
of the remaining disputesrelated to the history of the IE family. Resolvingquestionssuch
as whether Greco-Armenianand the Satem Core are true geneticcladesof Indo-European
history will require additional research.

Our future research will explore the consequencesof using a di®erent weighting scheme
from the extremely simple (two-valued) weighting scheme we used in this paper. In par-
ticular, we will investigate weighting schemesthat ensurethat characters that survive the
screeningprocesshavehigherweights than charactersthat areeliminated during that screen-
ing. Such weighting schemesare clearly suggestedby linguistic scholarship, and using them
in a weighted maximum compatibilit y analysiswould likely result in di®erent estimationsof
evolutionary history than we have obtained using our weighting scheme. In particular, the
treesthat we obtainedusingweighted compatibilit y on the screenedand unscreeneddatasets
di®er in terms of the location of Greek and Armenian, and consequently di®erwith respect
to the incompatible characters(with the di®erenceprimarily being a choicebetweenM10a
and P2 and P3). Thus, the selectionof one tree over another dependsvery signi¯cantly on
the relative con¯denceonehas in the di®erent characters.

Our observations thus strongly support the needfor linguists to incorporate into cladistic
analysestheir own judgments about the relative reliabilit y of di®erent characters. It seems
possiblethat phylogeneticreconstructionmethods are best suited to working out, in a max-
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imally rigorousfashion,the consequencesof linguists' judgments. Whether they can recover
the actual history of a languagefamily's diversi¯cation is a separatequestion. Of courseit
doesnot follow that rigorousphylogeneticreconstruction is unimportant; ¯nding the tree(s)
which best re°ect the judgments of quali¯ed specialists is a computationally di±cult prob-
lem, socomputational techniquesare needed.However, it doesmeanthat morework will be
neededon the part of linguists to formalize their scholarship so that it becomesamenable
to usein rigorousphylogeneticreconstruction. Furthermore, a comparative analysisof trees
obtained using datasets(with appropriate weights) constructed by di®erent specialistswill
help us to determinethoseaspectsof IE history that are reliably reconstructible.

Weclosewith a comment about statistical methodsfor inferring phylogenieson languages.
While all methods can be explored with respect to performanceon establisheddatasets,a
greaterunderstandingof methodscanbe obtained if they arealsoexploredon synthetic data
generatedundersu±ciently realistic modelsof evolution. Our group is working on developing
thesemodels (see(Warnow et al. , 2004) in particular). One of the bene¯ts of developing
good models of evolution is that they may allow us to move beyond the current paradigm
inherent in these methods { whereby we either allow characters to evolve under di®erent
processesbut require the userto specify parametersfor the ways in which they vary asinput
to the program(e.g.,Weighted MC), or explicitly assumethat all the charactersevolveunder
the samemodel (e.g., UPGMA, NJ, and the Gray & Atkinson method). An important long
term objective would be to develop statistical estimation techniqueswhich can estimate the
parametersfor each of the di®erent charactersfrom the data. Provided that thesetechniques
are basedupon models of languageevolution that make senseto historical linguists, they
would potentially be able to greatly improve our understandingof the evolutionary processes
underlying languageevolution, and also allow us to recover the true genetichistories of IE
and other languagefamilies with greater accuracythan we can currently.
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