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Abstract

This paper describes a computational implementatighe Finnish numeral system as
a single finite-state transducer that maps infibctemerals to the corresponding
numbers with tags that indicate morphological feeguordinality, number and case.
The transducer is bidirectional. It can be usednalyze complex numerals such as
kahdensienkymmenensienyhdeksarnss29+0Ord+PI+Gen and to generate from a
numeric input such @51+Sg+Nomthe corresponding inflected numekaksisataa-
viisikymmentayksThe mapping from numbers to numerals in Finmssimuch more
complex than a similar transduction for languageshss English because in Finnish
complex numerals are inflected and all parts agreedinality, number and case, with
the exception of nominative singulars suclalssisatad200’. Nevertheless, a
complete analyzer/generator for millions of Finnighmerals can be built easily with
the techniques described in the boolamite State Morphologhy Beesley and
Karttunen (2003) using the=sT andLEXC compilers.

1. Introduction

Among computational linguists there is broad agre@nthat morphological systems of
natural languages constitutgular (= rational)relations (Kaplan & Kay 1994). That
is, the mapping from a Finnish lemma suclkaa+PIl+Gen ‘fish’ to the corresponding
inflected formkalojencan be described formally by a system of regutaressions that
in turn can be compiled into a sindgxical transducer, a finite-state transducer for
morphological analysis and generation. The lexsadé of the transducer includes all
the valid lemmas of the language: canonical basedsuch akala ‘fish’ with
morphological tags such a®l| (plural),+Sg (singular),#Nom (nominative) +Par
(partitive),+Gen (genitive), etc. The surface side of the transduoatains all the valid
inflected forms of the language suchkatojen The transducer encodes all the correct
mappings from lemmas to surface forms, and viceavdn the following, we use a
colon to indicate a mapping between a pair of g&ir-or example,
kala+Pl+Gen:kalojenindicates that the lemniala+PI+Genis mapped t&alojen and
vice versa.

The regular expressions from which a lexical traicgd is derived with the help of a
compiler encode thmorphosyntax of the language, that is, the way in which wonds a
formed from prefixes, stems and suffixes. For examp Finnish the plural suffix,
generally realized &asor j, comes after the stem and before any case eridings for



morphological alternations such as Finnish vowel harmony, consonant gradagiwn
can also be represented as regular expressiorgaifimmalism of two-level rules
(Koskenniemi 1983), classical rewrite rules (Choyn&kHalle 1968), or replace rules
(Karttunen 1996, 1997). Such rules represent regelations and they can be compiled
into finite-state transducers with techniques dbsdrin Kaplan and Kay (1994).

Because regular relations atesed under concatenation, union, and composition,
complex transducers can be constructed from singples with these operations. For
example, if Lexla is a transducer that containspimgs such ag:kaksifor ‘two’ and if
Lex1b contains identity relations for tag sequerstesh as-Sg+Par:+Sg+Par, then
the concatenation of Lexla and Lex1b, Lex1, cost2#Eg+Par:kaksi+Sg+Par If
Lex2 is a transducer with mappings suclkassi+Sg+Par:kahtathen the composition
of Lex1 with Lex2, Lex3, contains the mappi2gSg+Par:kahta In other words, Lex3
can be defined by the regular expressienla Lex1b] .o. Lex2 , Where
concatenation is indicated by the empty space lmtwexla and Lex1lb and stands
for composition. The Lex3 transducer can be usethédyze the surface forkahtaas
the singular partitive d? or to generate the surface fokahtafrom the lexical
specification2+Sg+Par.

The basic idea of the mapping between numbersrdigttied Finnish numerals
sketched above must of course be refined to tdkeaitcount the complexities
involving agreement and morphological alternatidrise details are explained in the
following sections. As we will see, the resultingrtsducer is surprisingly compact. A
network containing up to a million numerals consaimly a few thousand states and
arcs, and a complete specification for the compaxrsT script, consists of a few
dozen lines of text.

2. The Abstract Syntax and Semantics of Numerals

Abstracting away for a moment from the peculiasiteé Finnish, the composition and
the interpretation of numeral expressions is varnjlar in most languages. As observed
by Hurford (1975) and Smith (1998), complex numesgiressions are composed of
three types of components: multipliers (M), unif§,(and remainders (R). For example,
the numerakaksikymmentayk&1' has the structure [kaksi ‘2’ « kymmenta ‘10yksi
‘1], schematically [M ¢« U + R]. The numeric valoéthe numeral is obtained by
multiplying U with M and adding R to the result. &M and R components may
themselves be complex numerals, akaksikymmentayksituhattaviisisataanelja-
kymmentakolm&1 543'. This complex numeral has the structure

[[kaksi « kymment&] + yksi] * tuhatta + [viisi * & + [[neljd « kymment&] + kolme]],

in numbers, [[2 « 10] + 1] » 1000 + [[5 « 100] #4[p 10] + 3]] = 21 543. In this recursive
structure, each [M ¢ U + R] triplet is subject be tfollowing two constraints:

1. The numeric value of R is less than the numerioealf U.

L A set or relatiorR is said to be closed under some operaflamhen the result of
performingO on subsets or members®always yields a subset or a membeRoFor
example, the set of positive integers is closeceuaddition but not under subtraction.
2 An XFST script is set of commands for tkesT application, an interface to the Xerox
finite-state calculus, distributed with the Beesgeiarttunen (2003) book.



2. The numeric value of M ¢ U is less than the numesiltie of the next larger U
with the exception ofata‘100’ that allows 11-19 as additional multipliers.

In Finnish (as well as English), the units increlage factor of ten up to one thousand:
kymmenenlQ’, sata‘100’, tuhat‘l 000’; and thereafter by a factor of thousand:
miljoona‘l 000 000’,miljardi ‘1 000 000 000’, etc. For example, &ata‘100’, the
largest regular multiplier ighdeksan9’ and the largest possible remainder is
yhdeksankymmentayhdeks@8' yielding yhdeksédnsataayhdeksdnkymmentayhdeksan
‘999’ as the largest regular numeral basegata® The M and R components are
optional. A missing M is equivalent to 1, a missRgg interpreted as 0.

Because of the two semantic constraints, numeuals assatatuhattd100 000’ and
tuhatsata’l 100" are unambiguous. In the former caaeamust be the multiplier; in
the latter caseatamust be the remainder, not the unit. The semanfistraints do not
rule out all ill formed numerals; for example, thediow *yksisatagd100’ and
*kymmenenyksil'. Finnishyksi‘l’ never appears as a multiplier. As in Engligte
Finnish numerals for 11-19 are composed in an diaregd way.

3. Morphosyntax of Complex Numerals

In Finnish, numerals are marked for ordinality, fmu&m and case. In general, Finnish
numerals occur with singular nouns; in the singgkmitive of ‘two men’kahden
miehen both the numeradaksi‘2’ and the noutimies‘man’ are singular. However,
public events such as funerals, weddings, sporiteyetc. are often denoted by plural
nouns. In such contexts, the modifying numeralde & the plural. For example, in
yhdet hdatone wedding’ the numergksi‘l’ and the nourhdat‘wedding’ are both
plural. The hypothetical singular of ‘weddingh&&, does not exist.

All parts of a complex numeral generally agreendimality, number, and case. For
example, the three componentkahdensienkymmenensienyhdeksangi@h+Pl +Gen
are all redundantly marked for agreeméahdensieri2"*+PIl+Gen’kymmenensien
‘10"+PI+Gen’yhdeksansietd™+Pl+Gen™* In general, complex numerals are written as
one word, although it is possible to separate ttiewith a space and to add an optional
ja ‘and’ before the remainder, askaksi tuhatta ja viisisataayk&501’. In the

following, we ignore these options and write alimarals as single words.

One remarkable exception to the across-the-boaseatent principle is the singular
nominative of cardinals. Instead of the expecteaksikymmenenyhdeks@9+Sg
+Nom’, we havekaksikymmentayhdeks&8+Sg+Nom’ where the unkymmenernl0’
is in the partitive case. This is not a peculiaotynumeral unit nouns. The same
happens with all types of nouns. For example, énsingular nominative case of ‘two

®In English, the numerdundredcan also be modified by multipliers frostevento
nineteen Thus 1900 can be read eitheioag thousand nine hundrednineteen
hundred This is possible in Finnish, too, but less comrtian in Englishtuhatyhdek-
sansatag1000 + (9 « 100)) vsthdeksantoistasata@l0 + 9) « 100).

* In singular ordinal numerals it is possible to knardinality and case only on the last
numeral with all the other components being singcdadinals in the nominative case:
kaksikymmentaviidennénstead okahdennenkymmenennenviidentgs{'+Sg+Gen’.
This option could be accommodated using the tagdiag technique in Section 5.2.



men’, kaksi miestathe numerakaksiis in the nominative and the noomesin the
partitive (cf. “two of men”). Syntactically, the smlex noun phraskaksi miestas
clearly a singular nominative. The numeral becosyesactically the head of the NP
and expresses its case. There is no ready exmarfatithis switch and why it happens
only with numerals. In the nominative singular ofiplex numerals, the multipliers
and remainders are in the nominative but all trdedined unit nouns are in the
partitive: kaksikymmentgksituhattaiisisataaneljakymmentéolme’21 543+Sg+Nom'.

Another exeptional case is numerals suctoessakymmentébetween ten and twenty’
viidettasataabetween four and five hundrekplmattatuhattabetween two and three
thousand’. These approximative numerals are paciuliseveral ways. They consist of
an ordinal multiplier in the singular partitive eagoista+2"%+Sg+Partyiidetta
5"+Sg+Partkolmatta‘3'%+Sg +Part) followed exceptionally by a cardinaltumimeral
that is in the singular partitive, as other unitine with a multiplier. The expression as a
whole functions as a cardinal numeral and it camte#preted either as nominative or
as partititive> Complex numerals of this type cannot contain aaiader ftoistakym-
mentaykgiand they do not occur in the remainder part béptomplex numerals
(*kaksisataatoistakymment&But they can appear as multipliers, asviidettasataa-
tuhatta‘between four and five hundred thousand'.

4. Morphological Alternations

Finnish has a rich set of regular morphophonoldgittarnations such as Consonant
Gradation and Vowel Harmony that affect the redidzaof all lexical forms. There are
also alternations that are specific to a particsidfix. The plural marker, for example,
is realized either asor asj depending on the environment. The strategy addyeeslis
to map the lexical tagPI into a provisory morphophonerh¢hat is replaced biyorj in
the final lexical transducer. That is, the origiledicon contains the mappirdl:l and
the final result, eitherPl:i or +Pl:j is derived by composing the intermediate lexicon
with a replace rule that realizeasj between vowels and aglsewhere. Similarly, the
lexical tag for the partitive in the source lexidemapped to a pair of morphophone-
mes,+Par:TA, and the ultimate realization A asta, ta, a, oré is determined by
rules. There are also stem alternations. Deperatingydinality, case, and number, the
stem for the numer&laksi‘2’ is realized akaksj kahte kahde kaks orkah

In our solution, we start with two lexicons, Lexidal ex2. Lex1 maps digits and
morphological tags into a canonical representaticthe numeral with identical tags.
That is, it contains mappings such2asSg+Genkaksi+Sg+GenThe second lexicon,
Lex2, maps the canonical representations of nusmertd forms that in some cases
contain morphophonemes whose ultimate realizaaetermined in the composition
with the rules. For example, it contains pairs saskaksi+Sg+Gen:kakTEthat comes
from the concatenation of the exceptional skaxksi:kakTEwith the regular form of the

® In Tulva tuhosi kymmenen kyl&Ehe flood destroyed ten villages’ the object noun
phrase is in the nominative; Tulva uhkasi kymmenta kyl&ghe flood threatened ten
villages’ the object is in the partitive. The numldoistakymment&an be interpreted
either way:Tulva tuhosi/uhkasi toistakymmenta kyl@ke flood destroyed/threatened
more than ten villages. Hakulinenal. (p. 759) states that only the nominative reading
of toistakymmentéxists but counter examples can be found in corandaon the web.



singular genitiverSg+Gen:n The final resultkahden comes about when the lexicon is
composed with a third component, the rules thdizethekTE sequence and other
morphophonemes in the appropriate way.

Figure 1 is a sketch of the process that resultisermappin@+Sg+Gen:kahden

Lex1 N\

2 +Sg +Gen

kaksi +Sg +Gen
Lex2 Result

kakTE n kahden
Rules

RealizeT

Realizel

Gradation

lllative ... etc. /

Figure 1

Lex1 in Figure 1 is created with aRsT script, Lex2 is compiled with theexc
compiler, the Rules component is»#sT script containing 17 ordered replace rules.
The two lexicons and the rules are combined irgmgle lexical transducer by
composition.

5. Some Construction Details

There is no space in this article to present ampda@x all the details of the scripts from
which the lexicons and the rule transducers arepdech We focus here on a couple of
issues of particular interest.

5.1. Numbers to Numerals Mapping

ThexrsT script for Lex1 starts off with a number of defions that introduce the
optional ordinal tag+Ord for Type, the tags foNumber (+Sgor +Pl) and fourteegase
tags (+Nom, +Par, +Gen, etc.). The definition

define Infl Type Number Case;

specifies the order of these suffixes and the 58ipte combinations. For reasons that
will be explained in a moment, we need a speciediva ofinfl  to mark the end of
units such akymmenerl0’ andsata‘100’.

define Unit 0:"!" Infl;
The zero in the definition afnit stands for an epsilon, an empty string in theckaixi



representation. The exclamation mark on the lowekr af Lex1 is used to trigger the
realization of nominative as partitive in numersileh akaksikymment&0+Sg
+Nom’.

The following five definitions construct the mapgin Lex1 froml...:yksi...to
9...9...:yhdeksan...kymmenen|...yhdeksémere ... represents all the possible tag
sequences representedity .
define TwoToTen [2:{kaksi}|3:{kolme}|4:{nelja}|
5:{viisi}|6:{kuusi}| 7:{seitseman}|
8:{kahdeksan}|9:{yhdeksé&n}] Infl;

define OneToTen [1:{yksi} Infl | TwoToTen];

define Teens [1:0 [{0}:{kymmenen} Infl |
OneToTen O:{toista}]];

define Tens [TwoToTen [{0}:{kymmenen} Unit |
0 :{kymmenen} Unit OneToTen 1;

define OneToHundred [OneToTen | Teens | Tens];

The vertical bar| , represents the union operation. ConsequeniyoTen includes
mappings such as{kaksi}  and3:{koime} . The curly brackets surroundifigksi}
and{kolme} etc. indicate that the enclosed expression i tmterpreted as a sequence
of single character symbolsa k s i,and not as a multicharacter symbol suckh$g
The definitions offeens andTens carefully distinguish between the pldrthat stands
for the empty string (epsilon) aft} , for the literal digit zero. Thgeens component
of OneToHundred consists of the union of the two sets of sequenaes
{0}:{kymmenen} Infl and 1:0 OneToTen O:{toista} . The former encodes the
mappingl0:kymmeneoncatenated with all the mappingsrith ; the latter contains
mappings such dkl...:yksi...toistawheretoistais an uninflected component
corresponding teteenin English. For example, it includes the mapping

11 +Sg +Gen
yksi+Sg+Gentoista

The definition offens encodes the two restrictions in Section 2. Asianoun,
kymmenernlQ’ can be preceded by a multiplier less tharat@ followed by a
remainder up to Yens includes mappings such as

2 +Ord +PI +Gen +Ord +&en 9 +Ord +PI +Gen
kaksi +Ord +Pl +Gen kymmenen ! +Ord +PI| +Gen yhdeksOrd+ Pl +Gen

The possible combinations for the next larger wihdreds , are subject to the same
multiplier restrictions akymmeneril0’ but allowing remainders up to 99.

define HMult [1:0 | TwoToTen];

define Hundreds [HMult [{00}:{sata} Unit |
{0}:{sata} Unit OneToTen |
O:{sata} Unit [Teens | T ens]]];

The definition ofHMult contributes an initial single digit taundreds and the
corresponding numeral for all digits but 1. The i@mof zeros mapping &ata
depends on the size of the remainder. If ther® ilemainder, we get two zeros; if the
remainder is irbneToTen, one zero is required; if the remainder provides digits
(Teens andTens), satais paired with an empty string. Consequentlycathplex
numerals withsataas the unit are paired with a three-digit numbemf 100 to 999.



Complex numbers based turhat‘1000’, miljoona‘1000000’, etc. are constructed
analogously. If the optionalOrd tag is not present, the number is cardinal.

5.2. Agreement

In addition to encoding the phonological realizatad ordinality, case, and number, we
also need to make all parts of a complex numernaesip these respects. This is done
with the help of “flag diacritics” (see Beesley&Kamen 2003, Chapter 7). Flag
diacritics are special epsilon symbols sucl@asType.Ord@, @U.Number.Sg@,
@U.Case.Nom@that are invisible to all finite-state operatioiiiey have meaning only
to theAPPLY routine that is used to analyze or generate saiffaiens. These flag
diacritics contain three components, an operatibn (nify), an attribute,Type ,

Number, Or Case) and a value such asd (ordinal),Sg (singular) andiom(nominative).
The unify operation has the effect that any flaagdtic that is encountered by the apply
routine along a path must agree with any previaise/of the same attribute. Although
the network described in Section 5.1 in fact cargguaths for illegal numerals such as
*kahdeksisatojaviidenneéB05’ that do not agree in ordinality, case, amdhiber, such
invalid numerals are neither recognized nor geedrhy the system because of
mismatching flags.

The use of flag diacritics does not increase thm#&b power of the system beyond
finite-state. In fact th&FsT tool has an operation that removes any flag atteiland
compiles the constraint it enforces directly irte state and arcs of the network.

The three components bfi  defined in the beginning of Section 5.1 pair each
morphological tag with the corresponding flag dizr Thus the lexical representation
of kahdensadar?00+Sg+Gen’ actually contains flag diacriticsaiddition to
morphological tags. The two componerkaksiand00:satg are both concatenated
with the same sequence of flag diacritics and tags:

@U.Type.Card@ @U.Num.Sg@ +Sg @U.Case.Gen@ +Gen

When Lex1 is composed with Lex2, the flags in Lexd treated as epsilons but the tags
have to pick up a matching tag in Lex2. In this w&g morphological taggGenis
paired with the string, its surface realization.

This method of construction provides an easy smtuto the problem that unit nouns
surface in the partitive form in singular nominasv In addition to the flags and
morphological tags, the unit noukgmmeneysatg tuhatandmiljoonaare marked with
a special symbol,, that distinguishes them from other numerals. Befaex1 is
composed with Lex2, we compose Lex1 with a transdderived from the replace rule

[%+Nom -> %+Par || "I" %+Sg _.0."I" -> 0];

The effect is that, in the singular nominative oitunouns, the lexical side tagNom

gets paired with-Par tag and the special trigger for this operationis removed.
Consequently, when Lex1 is composed with Lex2 sthgular nominative unit words

in Lex1, now concatenated wittNom:+Part tags, are paired with singular partitives in
Lex2 giving us mappings such as

2 +Sg +Nom 00 +Sg+Nom
kakTE # sata TA

where the secontNom tag is paired with the partitive marker. Afteetbomposition
of Lex1, Lex2 and the Rules, the redundant tagseam®ved from the lexical side



leaving200+Sg+Nom:kaksisatae the final result. (The word boundary # marks th
domain of Vowel Harmony.)

The cardinality/ordinality and case mismatch in euams such agiidettdsataa
‘between four and five hundred’ can be handled evitrany rules by introducing a
special sequence of tags:

0:%+0rd %+Sg [Y%o+Nom:%+Par | %+Par]

where the upper side contain the sequr@Ggs+Nomand+Sg+Par and the lower side
consists ofrOrd+Sg+Par. After composition with Lex2, we have mappingstsas

~5 +Sg +Nom 00 gtSNom
ViiTE NTE TA # da TA

where the lower side contains the ordinal maN€E without the correspodingOrd

tag and the twerNom tags both are paired with the partitive markér The final result
is the mapping-500+Sg+Nom:viidettasatad he initial tilde, ~, is a mark for this type
of approximative numeral.

6. Implementation

The construction of the lexical transducer for Bhmumerals described in this paper
takes a couple of seconds on a Macintosh lapt@&¥ (&ZHz PowerPC G4) for numerals
up to a million cardinals and ordinals inflected éase and number. With tlesT tool,

it can be used for analysis (apply up) and ger@rgapply down), as shown below:

xfst[1]: apply up kaksikymmentayksituhattaviisisaaljikymmentékolme
21543+Sg+Nom

xfst[1]: apply down 29+Ord+PI+Gen

kahdensienkymmenensienyhdeksénsien

xfst[1]: apply up kaksisadan

xfst[1]:
Il formed numerals such agaksisadarreceive no analysis. Because agreement
constraints are encoded by flag diacritics and ke by the apply routine at “run
time”, the transducer is quite small: 1 946 states 3 641 arcs. The flags can be
removed inxFST with the command ‘eliminate flag’ that takes aguement a name of
an attribute such agpe that occurs ir@U.Type.Card@ and@U.Type.Ord@. Removing
a a set of flag diacritics generally increasessgheed of the apply routine at the cost of
increasing the size of the network because thedViaing” of the constraints they
encode requires additional states and arcs. Tabédolv shows the effect of removing
the three types of agreement flags one by one:

Flag diacritics present Size of the transducer
Type, Number, Case 1 946 states. 3 641 arcs
Number, Case 2 635 states, 4 794 arcs
Case 3 706 states, 6 346 arcs
(All flags eliminated) 20 498 states, 26 371 arcs

Table 1



Removing all the flags yields a transducer thabdes only valid numerals and
requires no runtime checking for agreement. It amstnearly 57 million inflected
surface forms mapped to the corresponding numbegsng from 1 to 1 000 000.

7. Comparision with Lingsoft's TWOL analyzer

The leading commercial morphological analyzer fmmish, Lingsoft'sTwoL system
(http://www.lingsoft.fi/cgi-bin/fintwo), correctly checks for number and case
agreement of cardinal numerals. For complex nuredratturns a sequence of
components separated dynd the appropriate morphological tags. For exampl
tuhatkolmesatadl300+Sg+Nom’ is analyzed ashat#kolme#sataa" NUM NOM SG

The marking of component boundaries in the Lingkofical forms is quite
unsystematic. The result for the correspondingtgeniorm, tuhannenkolmensadais
"tuhat#kolmesataa" NUM GEN SG  , butsataa'100+Sg+Par’ by itself is mapped to
"sata" NUM PTV SG . The output is not optimal for higher-level prosieg because the
components are identified inconsistently and tliere semantic analysis. For the same
reason, the system appears not to be suitabladayeneration of numerals.

The Lingsoft analyzer for Finnish does not inclydigral forms of complex ordinal
numerals. Forms such kahdensienkymmenensienyhdeksan@ienOrd+Pl+Gen’ are
not recognized. All the exceptional approximativenerals other than the ones
beginning withtoista ‘2"%+Ord+Sg+Par’ are missing. Forms suclviidettasataa
‘~500+Sg+Nom’ ankolmattatuhattd~3000+Sg+Nom’, etc. are systematically absent.
Numerals such asistakymment&-20+Sg+Nom’ are recogizetpistakymmenta"

NUM NOM SG but the partitive reading, ‘~20+Sg+Par’, is notganet. The case tag
should beNom/PTV The Lingsoft analyzer accepts forms suchtastakymmentéayksi
that are ill formed because approximative numerafsiot contain remainders.

8. Summary

This paper presents a complete description of imei$h numeral system, extending
and formalizing the descriptions found in standgn@mmars (Karlsson 1983, Hakuli-
nenet al. 2005) that do not include an account of the seit&nt complex numerals.
The mapping from numbers to numerals provides aowt of their meaning in
addition to describing their surface form. The ¢ekitransducer compiled from the
description can be used both for analysis and géiner Text-to-speech applications for
Finnish obviously must produce inflected numer&ts. example, the abbreviated
numeral29:nsienin Tervetuloa 29:nsien olympialaisten avajaisielcome to the
Opening Ceremonies of the"2®lympic Games’ must be pronouncedkabdensien-
kymmenensienyhdeksansien.

Overall, this paper is a case study of how to dgummsa a complex morphological
relation into a few simple components that a compartal linguist can readily
understand and apply. Here the Lex1 componenteketime semantics, morphotactics
and the syntactic case of numerals. Lex2 spedtie®rdinal, numeral and case endings
using morphophonemes to encode some rule-govetteedadions. The final realization
of stems and suffixes is determined by the thinthgonent, an ordered set of replace
rules.
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