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AMAR: A Computational Model of Autoseginental Phonology
1) \*v
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Abstract

Ihlis thesi s detscribes a comlputatijonal systemi withI which phoniologist, miay describe a natunral tanl-
0*ingale iii termis of' ant osegilent a I plioiiolony. cu rrenitly the mlost ad~ ajiced thleory pert ainin lg to thie
soniill svstemis of, liutiiati laiiguages. This systeml allows linguists to tes~t aiitosegumental liv-
jiothleses against a large corpuis of dlat a. 'I'l( systeml was desigiied primiari ly withI tonal syst ens inl
1111ind, but also p~roxideS support For tree or feat ire uinatrix relrieselt at ion of plionemies kas iIl I/it
Sounid IPalf/ c of Engl.ish). as well as sviylablvl st ruct ures anid ot her asp~ects of phoniological thleory.
hi.derspecificat ion is allowed,. and trees may be specified before, du lritng. andl after rule, appilicat ion.
The association coiivenltionl is automat ically applied. anid ot her priniciples suich as thle (-oiiJl e vt
Conidit ion are, supported. The iietliotl of'represent ation was designedl suich t hat rules are designiated
iii as. close a fashlion as possible to thle existing con ve it ionls of atitosegmniital t liory whille adhieriing
to a textuial c'onst raint for muaximnum lport abi lit v.
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Chapter 1

Introduction

Althougli so11W tools exist to assist phionologists usingi old'r re•lrese•tlational frameiworks such as

that presenled in ('hoinsky and ltalle's ThI S and Pa ttlir of l:iighi.- (('homskv and Hall, I196S.
Iereaflter SPE). until receuntly there have been few optiolns for linguists wishing to employ computa-
tional iiethods for the more recent aulosegniental phonology. This thesis attempts to fill the, gal) hy

[)resenting a svstt- lhe Antoniated Model of Attosegmental Rules (AMARl) --enhbodying auloseg-
mental representation and nechanics. together withl aii interface designed to shorten learning tittle
for linguists already familiar with the autoseginental notation first proposed by Pulleyblank (1986).
The goal for AMAR is to provide an abstraction barrier such that a linguist may describe natural
languages in aitosegmental notation ---thus allowing him or her to model almost any language--and
the system will take cart, of all computational details. As such. ANIAR rules are expressed in a
notation that is as close as possible to Pulleyblank's while remaining capable of being written within
a text-onlv svstemn.

Autosegmental theory differs from linear theories such as the SPE theory in that phonemes are

not assumed to be atomic, but are hypothesized rat her to be comlposed of autonomous .sginl(tis such
as tones or feataures, interconnected by associat ion lhues and situated on independent tiers within a
chart. For example. ii onel version of the theory. one might partially represent a tonal phoneme as
in figure 1-1. with V on the skeletal tier representing a vowel, and T on t(lie tonal tier representinig
a tone connecting to it.

Autosegunental phonology has its roots in attempts to explain the mechanics of tonal languages
((oldsmithi 1976a, (Goldsmit Ii 1976b, (oldsmit h 1976c). Thus. the system was designed particularly
to allow the formulation and testing of tonal rules. For example. one might wish to model the toiie
shortening rule of Mandarin (Chinese. Mandarin has four tones: a high. level tone ("a"): a rising
tone ( "-" ): a low tone that falls slightly, then rises ( -A- ) fairly high; and a falling tone ( "W" ). Of
these tones. all are of the same length except for the low tone, which is long. Thus, when a low
tone precedes another low tone, as in the phrase I1' hen kimn (1 am very sleepy"). Chinese avoids
aim awkward concatenation of two long tones by shortening the first one. This process is. however.
rather difficult to describe i.i terms of linear phonology, since what apparently happens is that tle
middle part of the lone (the part that "'falls") drops out, thus leaving a rising tone. In autosegmental
theory, the Mandarin low tone is modeled as tlree atomic tones (3, 5, aiil 1) from a scale of five tones
(from th,- highest. 1. t.o the lowest. 5) attached to a single vowel. Wh'en two such vowels adjoin. the
5 tone is simply discomnected from tle first vowel, leaving a rising tone. In aulosegmental notation.
this rule would appear as in Figure 1-2. To model this aspect of Mandarin using tle system to be

V

T

Figur( 1-1: Autosegmental Iepresentation of a Tone

I1
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I iglre 1-2: Mlandarin Fiii li Slio tviillig Rultil

discussed litre. (.lit would first pro% ide a tilt specifyinig, tlit' piel ,Ilemies ando tonis." pilus tlt, stiorteiniig
rule. and I hen specify (eit her iii a filt or at ruii-t ililt) aii inpu)Lt to bet t raiistfriied . 'Ilius. one mighlt
jirovido t he Itnpuit 1h) lun Auiin as aboxt. antd rective the ou11tput 11"o; /itii kim atter thli systiii
has tranisformtedl tilie Input into a li r st met tire. appilit'il ltw rule,. and( t raitslOrilie 11 back inlto a
humian- readable st ring.

As stated above. thle syst ein was origiinallv des~iied simplyl to liandlt, tonal systeims such as, thlt-
One, discussed for C hitiese. However, It was subst'tueiit ly determlinied t hat by slit iipl additions fuirthter
aspects of' aosegnienta t heory could be sup ported. and coiisequltn-lt ly t lie syste upr"faut

Is, svllablte st rict urcs. word and miorphienie bouind~aries. antd featunre iMat rices (as, iii (lioiiisky
and H~alle ( 1 968~)). Support ed rile operations inuclutde: delet ion of' segiei lets; Inusertijolt of segiulent s
segmtent connect ion: breakinig of connectlouis: niiet athtesis. ili which a segment is inovetd soim ew here
else onl its tier ( (.g.. -atr" miighit becomie '-art" ): spreadinug. iii whlichi a segititl conniect ed to anlot her
segment onl a differeiit tier btecomes connjectetl to thet latter segment 's neigh bors i: auid segmlenit
replacemient. Both word-internal aiid satidhi 2 rules are- supported. antI] thle system allows (if feat tire
trees or mat rices are, used) plioneities, to be uiiderspecified. withI trees or niat rices being butilt up
before, during, and after rule applicat ion. Sonmc latiguage-specific parameters relating to tones niav
be specified ((toldsinith 1990, page 18- 19). and lthe system automat ically observes the associatiton

coniventioni (Goldsmith 1990, pages 1 1--19). conditions against line crossing (( oldsluit I 1990. page
47). and conjunctions against connecting segments which do not freely associate (G;oldlsmithI 1990,

pages 45-46) (The user specifies freely associating segmneuts.)
Iti ordler to utilize the system. thle user munst first specify thle language to be imodeled. One(

first provides a name for the language. and then a list of phonemes. ANIAR is not limited to any
"aivenl svstetul of orthographic characters'3 so the user could. for exatmple. specify % hnmso

a language using Mutlti-Lingual Eniacs (MNULE) or some ot~her suchl editor which allows non-ASCII
charact~ers. Next. thle user decides upon lie specification method0( to follow, choosing froii (TV.
('V/Matrix, X/NMat~rix, (7V/Tree. and X/Tree. Ini t~his section onily the simplest method. (CV. will
b~e dliscu~ssed. This method allows only three tiers--skeletal (the **skeleton.," containitig C's and
V's to which othier segments are, attached). totial (cont~ainitig tones). and pihoniemic (cont aininig the

sipetpossible eepresentat ion of phonemes-t heir nae)-t hus basicallypemtigolrus
p~ertainiing to tones, without reference t~o phionenmic features.

Ili CV'. the user would, after having listed the lplionelfes. specify which are conisonmants and which
are vowels. Tones wotuld next be specified, starting with whether they should automat ically be
connect~ed to a place oti the skeletal tier before rule applicatioin. Other tonial specifications itnclude
langtuage specific parameters suich as thle njumber of totnes Iin the language. the maximum tnuiber of
toties per vowel and vice versa. the namnes of thet tones, a specification of freely associating segments
(e.g., Iin most tona~l languages,, tones freely associate withi vowels), and represetntations for characters
with tones (for exanmple. lin Chiniese a miight represent thle vowel "a" associated with ltble tones 2 and

4.)
The Mandarin example above wotuld be specified by first dlescrib~ing thle laniguage. starting with

lite name:

Language Mandarin:

See sectioll 3.:3.5~ for a mortte 'ompltete dttscritptiof If t s pr oce S

2 rutes which concern thlit interface bt'tween words -- for example, a rute that moves the finaltolone of a word intotiht'

foltowing word
-1ati hotigh an'yt hitig lioi cotmpoised of a stand~ard atphabet ical chiaractier fottowed tbv eit her digits ior standtardt atpha-

bet ical characters wilt need to tie enctiosed in (titotat ion marks

12



Mlailarhi has III, lfllowjilg, ph,)iei .- (,,xp*.r'td tIIcall a., III th,. ,),-huralphic s• ,1v,
uised II Illaililanild ('h11 a):

Phonemes: a, b, c, ch, d, e, f, g, h, i, j, k, ., m, n, o, p, q,

r, s, sh, t, u, "Iu", w, x, y, z, zh.

"TlhW l.,itc toll Iltl, ioh, I .-. (A'\:

SpecMethod: CV.

Of lh(- pholeines. •oilll art, coiisoiiait.,. awl mld i arlt,' t \,t+':

Vowels: a, e, i, o, u, "'".

Consonants: b, p, m, f, g, k, 1, n, r, s, zh, ch, sh, j, q, x, d,

t, w, y.

W\e w,,ish toni,- to be i liltally colil,,c,,d:

ConnectTones

Mlandarini has live ton,' levels:

ToneLevels: 5.

In Nlaiidariii there is a inaxiniuni of thre, tones per vowel awd ho niaxiiuii ju ninunher of vowels per

toile.

MaxTonesperVowel: 3.
MaxVowelsperTone: INFINITE. 4

We inust specify how to represent tones in the input:

ToneReps:
&: a/ 11,
.: a /31,

1: a/351,
&: a/ 2 4,

and so forth. Finally. we Wust specify which seginents associate with others. In Chinese. as in niost

(probably all) tone languages. tones associate freely with vowels. antd skeletal segpnents associate
with pholleilles:

Associates: {segment{T), segment{V}j, {segment{X}, segment{PI}}.

After thlie language has b)een specified, the user inust theli specify a set of rules, in tle order

in which they will be applied. For exainlple. the tone shortening rule referred to above woiuhl be
expressed as follows:

Rule "Long Tone Shortening":
NoWordBounds
NoMorphBounds
Tiers:

skeletal: V CO V,
tonal: 3 (5) 1 3 5 1.

Connections:
3[i1 -- VEil,seW -- veil,

4or leave this field blank
"this structure will be explained later

13



5(21 V[2-

1[2] -- V[21.
Effects:

S[1 -> 0.

Note that inidividual segm~enits miay be ref'erred to Iin aii- (if' thle l'ollowiiig mIt liods. a., lollg a., 11o

aniilthiuty is ilt roduced: thle nalite ol, hle segIllelil aloie (If' t here is oilyl oil" such se-gineitlt illn lit,

chart ), thet nanme of* the segnielit f'ollowed byx a iiumber inl brackets indicating which occurrelice oh'
tlte segmienit is to be selectedl (counlting starting at one. front left top to right bottomi). or thet namet

of tilie segiiieiit followed by. inl brackets. 71 niumbler inidicatinig which occurrence it is oil a given tier

and tilte namie of that tier. For examiple. in I ilie previous rule. CO could have been ref'erred to as ("0
(since it is uiliqiie), CO [1] (stince it is the first Instance of' CO Iin tilie chart ). or CO [1 , skeletal]
(since it Is tl liefirst [inst alice oh' CO onl t lie skelet al t ier.)

Inputs mlay he provided directlyIriitekyor ( stanidard input). or froii a tile. Outputs
wlbesent to stadr ouitml whr tit% may be redirected to a file, if dlesired. For example. if

inl thle example abhove the language was specified inlt ilie file Chinese. thle iniputs5 were specifiedl ill tilie

file, chinese.ipt. and( t lie user wishes to redirect out put to the file chinese.opt. thieii thet commniiid

amar chinese chinese.ipt > chinese.opt

would be used. This would allow, for example. thle comparison of program out puts with somie file,
of expected outputs. Sitnce inputts may be t akeii fronm standard input aind outiputs, are directed to

staiidard ouitput. the sitsteni could be, used iii a laniguage processing system --- -for example. inputII
could be redirected to coiiie fromn a dictionary of sonme kind(, and thet systciii would lie set upl to

produce anl output foriii needed by a parser, to which the outpu~tt could lie redirected.
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Chapter 2

Background

TI Itere exist two wi d elv- uscd syste elis l'or coii putt at IIoitl aIphIooitoogv: K I\ INI 1) -- a mior plIiologicalIly\-
oriented syst em based Iin ali S PT-itfl ueiiced two-level iiiodel of' fdioiolog,\. and thle D elt a Pro-
gralininug Lainguage a plioiiet ically-oriented systeim based loosely oii mtetriical and aiitosegiliceittal
phonolo~gy: ]ii add ition t here miay be other systenis uniknown to the aut hor.

2.1 KIMMO
The( KIMM()O sy stem is based onl a two-level miodel of' phonology dlevised by the( Finnish compu-
tationial linguist lxiuntio Koskenniemi and~ dlescribed by hInnt in a series of pubhlicat ions starting ill
1983 ( Koskeunjeini ( 1983a, 19831h. 1984, 198K5). Karlssoim and Kosketinieniii ( 1985)). Ilii this mtodel,
all phonological rules operate in parallel, wit It no intermedliate represent ati*ons--- t hat is. all rules di-
rectly relate the surface form to the Input form. KIM'IN() rep~resents phonological and morphological
rules. as finite state t ranisducers: thie rules. operating in parallel. move over anl input st ring Iin oiie
(lirectioli ontly and generate anl output formn for each character (Including --mill" characters for which
there is anl output tformn and no input formi.) Implement at ions of KIM MIO exist in LISP (KIMNb.IO
Lauri Karttinien 1983). Xerox INTERLISP/D (DKIMMNO/TWOL. Dalrymple 0 al. 1 9 8 7 )J . Prolog
(Pro-KIMMINO. Seant Boisen 19S8), aiid C (P(C-KIMMVNO. Antworth 0I al. 1990.)

Due to its finite t~ransducer representation of rules and Its two-level nmodel, KININ() runs ex-
tremte~y quickly for most applications. Barton. Berwick. attd Ristad (1987) shows that KININIO use.,,
anl exponential algorithm,. rather thtan alt algorithim liniearly p~roportionial to the length of the input.
as Koskeullienti had originally, claimed, butl the speed is nevertheless higher than that of comipetintg
phonological systems. Because of its morphological bent. KIMMNO handles morphological rules quite
well. For examnple. there might be a rule adding the ending -oj to sigitify the plural Iin Esperanto.
This rule could be specified by:

PLITRAL:oj ý* _:

Thus. KINVIMO could receive a lexical representation such as libi-+PL URAL and return a surface
form libroj, or it. could just as easily take Iibroj and return libr+PL (RAL. Ini a systenm like AMIAR.
one would have to represent ..PLITHAL" as some sort of lplioneme or tone (cI the Arahi" examlple inl
section 4.4). and with one rule system [in AMAR. one canl only go iii one directiont. so AIA R would
only support something like libir+PL URAL to I1ibrj.

KIMIMO Is indeed fast and adequate for many rule systems. However, it has weaknesses inl
the areas of notatioti, rule orderiiig. nonlinear representatiotns. ati] tioncoticatenative inorphtology
(Antworthl 1990. Anderson 1988. p~ages 11 -12 andI 5:10-5:34. respectively). Mlany implementations
require the user, for each rule, to translate by haind front two-level notation to a table of state tran-
sitionts. Iii addition. tble two-level notat ion itself is rat her foreign to t~radIitionial (non-coniputational)

"This ituplenient at ion a cept S Iwo-tevel rules written in linguistice not atio n and alitolnat icallY ecompji les t hem lintoI

finite state transducers
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morph morph
[+high]

V V

Figuit, 2-I: "I iikishi figli Voxvl fV~tltimn Rule'

morph

() V V CV C
morph

Figure 2-2: 1-1 or Vowel t)elet ion Hutle

linguists. whIo tend to( be miost familiar wit I replarement rules. i.t rules of the formn '-( becomies h
ini thle environinient c." Aside froni nota:tion, Htli two-level mnod I (whilchi as it roughily corresiomilds.
nmmdci' certraini conlit ions, to a lurinig miachine. shouldl be ablle to h~an(lle aiiy (omiput at ion) greatly
(complicates developmenit of complex rule systems. For example. III the Turkishi language lthere is

a rule (Oflazer 1993. see figure 2-1) that deletes a highi vowel if it is immiediately p~receded biy a
morpheme ending in a vowel. However, this rule does not apply if the high vowel is pait of ibe
nmorphemie "H-yor" (where "'refers to a high vowel unspeoified for roundness. anul backniess.) III-
stead, Hthe lrecedlimg vowel is deleted. InI KIN \lO, t his behavior is represented by finite transducers
corresponding to( tble t bree rules:

11:0 => V ('i') +:0 -

wvinchi tranislates to -11 onlyv btt tnot always corresp)onds to NULL when p~recedled by a vowel before
a morpheme boundary, which) corresponds to a surface NULLb.-

H:0 / ý-V:0 +:0 o r

whinch translates to -H niever corresp~onds to NULL wheni preceded by a vowel andmllnorphlemie hound-
ary, both to be dleleted. and followed IyA'or'" and

A:0 #>_ +:0 H:,(- v o r

which tranislates to **A (a low, non-round vowel Unspecified for backness) always and oiily corresponlds
to NUtLL wlieii followed by a morpheme boundary and Hyor. regardless of thie surface represelitat ioll
of H." Of thiese rules, thet second acts simply to t~ell the first rule not to apply wiemiever thec t bird rule
app~lies. III anl ordered rule system. such as thiat modeled by AMIAR. onfly two rules would be needled.
since the application of a rule deleting the vowel preceding "'Hyor" would modify t lie environmnent
before thte "H .- and preclude it. from being deleted. InI contrast, ANIA1 mighit represeuit suchi a rule:

Rule "Hyor Deletion":
Tiers:

root: A "]m" "mE" H y o r,
skeletal: V "Im" "m[ V C V C.

Connections:

A -- V[11,
H -- VE2],

r -- CE2].

Effects:

A -> 0,

v[i3 -> 0.
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V V

H L H

(a) (b)

F'igure 2-3: Repjreselltatioui otf High aiIl I Hi.'iig olout, ill Aul ~it'i al Not at (Iii

V V

H L

F.igure, 2--I: \leude Hi1gh Toile Assimiilat iou lIiui'

(Figure 2-2 shows the coiivenimoial autoseginental represeiltation of this rule.) This ruir would lthen
he followed by lhe rule of highi vowel deletion (shown lit cotiveuloit ial not atoion inl figure 2- 1):

Rule "High Vowel Deletion":
Tiers:

high: im '['+high,
L~zeletal: V 11m", .1111 V.

Connect ions:
V[2] -- +high.

Effects:
V[2] -> 0.

lii aldjt jolt to thle coniplicationis brought about by thle lack of rule ordering. KI NI\IO's uniliear
representation (all phonological elements must be representei as a single linear strinig of symbols)
disallows any sort of rule reliniig onl a inult i-i iered represent at io (. g.. anly rule of autosegient al
ot non-linear phionology.) To handle systems best described by suich rules. KIMMNO imust rely onl
brute-force methods by simply listing all alternatives. For example. inl thle W~est African language
NMeni(Ie (Ant~wortli 1990. Halle and~ ( lements 19831). a lexical low-tomie corresponids to a surface highi
tone after a lexical high or rising tonle. hin anl autosegineutal representationi, a high tonle would
be represeut~edl as inl figure 2-3a. whereas a risinig tone would be represented as iii figure 2-:31. As
seent from the right, therefore, a high tone Is exactly thme same thinig as a risinig tonle. That Is.
anitosegmental theory would posit that any rule that matches both a higih anid a rising totie actually
is matchinig a vowel whose rightmost totie is high. Thus, anl autosegniental system could represent
the rule simply as inl figure 2-4, whereas KIMMINO has to clumsily mo'ut ioni both high and rising tones:

S[I:V +:0 (C)-

If there were any other type of tonie structure liti Menlde enidinig withI a high tonle, for example a
falling and rising tonle such as the low tonle of Mandarin. the autosegmiental rule would correctly
nmatch that as well, whereas KIMMNO w~ould have to niieutiou every possible tonle contour etiding
with a high tomie. In addition to the previou~s correspondence. thle data for Nlende also show t hat a
lexical rising tonle before a surface high tone, becomes a surface low tonle. This requires two more
rules lit KIMMINO:

-> V +:0 (C)

V V

L H

Figure 2-5: Mieude Rising Tonle Shortening Rutle
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rp~h morph
i root

V C C V

F'igure 2-6: lnfixation R ult, of Tagalog

morph

root

C C V C V

morph root

0 0

Figure 2-7: Reduplication Rule of Tagalog

In A.MAR. this requires a single rule (shown in conventional notation in figure 2-5):

Rule "Rising to Low":
Tiers:

skeletal: V V,
tonal: L H.

Connections:
v[1] -- L,
V[1] -- H,
V[2] -- H.

Effects:

V[1] -Z- H.

Finally. KIM MO experiences some difficulties with nonconcatenative morphology. That is. KIM MO)
has no facilities for moving or copying segments, so a language such as Tagalog. where morphemes
may require the first syllable of a word to be copied, or where nmorplhenies need to he placed ins.td( of
a word, requires awkward maneuvers with large finite automata. In other words. KININIO is not fast
for languages such as Tagalog, and its representation simply does not adequately describe the non-

morph morph
[+nasal]

place

C C

Figure 2-8: Nasal ('oilescence Rule of Tagalog



coiicaItt'liatl lx iirjpliologv i td lat Ia iiglia't.. liitcad. it iiilistitclv li k iii~ hrl~ielt-f)rcr, iiwietlid' te

I rv to) siilt oii(aeiti. iu~ilg .III a coiiealt-iatlvix %N:I\. let,- -Xaiilid. 1 l1r-1c prkw,ýest'-~
foltitd ill Tagalog arc "Ill" iilixat en.I (X' redtiplical t'lel. aigil iia'al i')alieceiie ( Ati1\%wrt Ii 1990). It'
aI wordi fin lgalegI- begiti with Iit ceii illia.tilt, I leiiix -- ll* I., placedl ltwit\\ti tilt- first coii,'otiaillitaild
vowel thit., f ie( strtaci- fe~rm ii il- wouild e-orri-pleiii t, at l-exal Frinit mtos('l* Ill Kl\-INlt. tll,~

wetild he represented as:

NI) O =>_ -+-0 ( , :i 0:ii V

where tile infix has to he represijite'd Iexicall\ it. -X+". Ill e)ther words. kIAM NI( prcteilid., that
tlie litiix is somtehiow miisi eriouislv al ready presenit iii tilt- proper posit ion., 'and it, jireselice i1, Iiieti'l\

sigt ialed hy somie art ificial infix. InI AMAR thet rule wouild be miore ioiiijliiated. huit correspoitid to
ilie tinori' natiural -*iii+-.- aid wotilil move tile- kifix litilead of deleting anid reiii.,ert ing it'

Rule Infixation:
Tiers:

vroot: i 11]111 .11111 vroot,
skeletal: V C littio t"mE C V

croot: n "]m" "mE" croot.
Connections:

C[2] - croot,
V[2] - vroot.

Effects:
i ->"mE - vroot,
n ->croot -,

V[11 - C[2] -

"Jm"E[1,skeletal] ->0,

'4mE"[1, skeletal] ->0.

Next, (XV reduiplicatlion copies the first (CV of a root. InI both KIMMNO and( A.IAH ('Vrdplcte
infixes are relpresented lexicafhly by RL'+. However. KUIMMO treats -RE- as two actuial letters.

anid simply has a ruile for every single letter fin thle language. Thus. tilie st atenieWi "copy thet first

con-sonant. anl(l vowel of the root" becomes:

If the first letter of the root is "p,- replace -R- with "p." If the first letter is "t." replace

"-H- with -t '- aiIld so fort Ii for every conisonant inl theit laniguage. Next, if t lie secotid let ter
of the root is "*a." replace -F" wit-h "a." If' the second letter of the root Is -e." rep~lace
"-E"' with "e"and so forth for every t'otud fin the laiiguage.

The rufles would be stated as follows (where shouild be rep~lacedl 1y a list of all cotisonants or
vowels fin Tagalog):

R:{Ip~t~k.. . .} )' __ E:\V +:0 1 p........ .

E:{a.i~u.. .. I =t R:(- -_ +:0) C ja.... . .. I

The process ]in AMAR proceeds regardless of whatever conisoiaits and vowels there are in Tagalog.
It inl fact dloes niot eveni iied~ to copy the vowels anid conisonants at all. buit simply creates a niew C
slot and( a nlew V slot fin the skeletal tier and( connects t heni to the originial representat ions of the

conisoniants and vowels inl a niaitier consistenit wxithI what ttost linguilsts believe act iallv occuirs 3 :

Rule Reduplication:

2 tllustrated in convent jonal riotatiiu in figure 2-6.
til1ust rated in conventional not at ion in figure 2-7.



Tiers:

vroot: Vroot,

skeletal: C "]m" "MP: C V,
croot: RE "1st" "ME croot.

Connections:

C[11 - RE,

C[2) - croot,
V -- vroot.

Effects:
croot ::>C / - C[21,

vroot ::>V /-C[ ,

C[ll 1 0,
'1st" - 0,
"Iml: - 0.

Tiet filial Tagalog Jproctv.. tunder discussioii here is jiasal coilt-sceuict. in which a consouant lOllowiiig
*'N' ( which represents a iiasal unspecifie-d for pohit of art iculat ion) pick., up tilt- N's nasality while,
keeping its own poilit of' articuilation. I lit -VN tieii disappears (or. it couild Ine said that tile -'.X
co~ilesces with tiltli followi iig cousonaiii.) For exaimiple. inaN.+p&l would \ leld "iiinaill i in a N +hi/
wouldl x elil "iiaualu, aiid min a A +kh a *iniaiJ nba.- RIMN1\l represelit s thIiis [by declarihg, suibsets b'r
labljal obst ruaii st ops (11" ). coroual obst ruait stps F" ). \-(,ar obstruaut stops ( "K- and niasals
"(N AS" ) and declaring (lelet iou ('orreslpoui~idces:

I I) t I t Ii I

lieu uising thet rules (niasal (leletion aiidl nasal assimilijat ion - respect ivelyv

N:t)O (+:O) (RI:(' EX +:U) :NAS
j PT.K :{ni~~uj} N: ( +:0) (H:(' EXV +:O)-

ANIAR represents this rule ast:

Rule Coalescence:
Tiers:

nasal: +nasal "Im"l $$ME,"
place: ,]Mo" ImP: place,
croot: croot "1st" "tmP: croot,

skeletal: (C) "1s1111 ..MP: C.
Connections:

C[11 -- croot[1J,
croot~l) -- +nasal,
C [2] -- croot [2],
croot[2] -- place.

Effects:
"]m"[I,skeletal] - 0,
"m["[1,skeletal] - 0,
croot[2) :: +nasal,
croot~l] -Z- +nasal,
CEll -> 0,
croot~l] -> 0.

Up till now.- AMIAR hias not smhown too great of ali advantage over KIM \1O iii terms of niumber of
rules: simply two fewer. However, ]ii Tagalog more than one( oftlhese processes may apply iii a single

Ithist rat ed in convent jonal not at ion in figure 2-8.
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Word. 1h,'l Ihe, i tl4. ( V rdull i at iuli ei',c, .- "itI intlixaltin im :1 din • "4I,, , (tilt,' •ilt I \\o

do0 l1ot aplpl\ iii Tile salt, worls.) Nl.-\M ll lakes ale td tihl, auloiiiatlcall\. sliitiply Ih , i-dtriiig, III,,

jI'les. lit KIM M(). h)owe,,v r. all ti li tiles , hav , , h Il r\lil, 'll -uchi I ha tl lx ake. ;achli (lh,'r l ill,
;IIIln lI lt .Ile rdt.'Iligi I., CON-rr t c . l hu•,, It)i. ,exalil~ll <,. III,J ftd/\v ~ (i (41+lh, CI()ii11-, Mlltli alf t~f( '

r((t)ullit at 1 B)i i It ltol I ihsi

"1The alt llal r1114 list- 1d l\ iRIM .lO-'. whihli t i i h lý "r w ttiuld it I() 41il1r4 I ill lal iliiIpl'iiteiltt t l ls.

would be I lit followiiing:

II H IR II 0 H H H ( ] -0- 1 I+ I l k
k I)II I \ I i k i I ii 1 l k I i

1: 2 5 • 11 11 17 1 1 1 1 1 1 1 1 1 1 1
"2. 0 0 !) 0 0) ( "2 2 3 0 H 0 0 H) H H
3. 0 0 0 0 0 0 H 0 0 H () (H H 0 H 0
-1. 0 H ) 0 H 0 H 0 H H H H I 0 H H H

5. H H 0 0 0 5 0 0 H 0 H H H H H 0
6i. 0 0 0 0 0I 0 0 l I 7 H0 H H H 0 H H

0. H H H (I 0 H (0 H HI H H 0 0 0 H
0. 0 0 H H H H 9 H) H 0 H H 0 0 H

9. H 0 0 H 0 H H 0 10 H 0 0 ( ) H H H
10. 0 0 0 H 0 0 0 0 0 1I 0 0 1 0 0 H ()
11. 0 (H ) H) 0 1 1 11 12 0 0 0 H H 0 0 0
12. 0 H 0 (0 0 0 0 0 0 13 0 H 0 H 0 0 0)
13. 0 0 0 0 0 H 0 0 H H H H H 0 1 0 J 0 )
14. 0 0 0) 0 0 0 14 14 15 10 0 0 0 H 0 H 0
15. ( ) 0 0 0 H 0 H (H 0 16 H) 0 0 0 H 0
16. 0 0 0 0 0 0 0 0 0 l) 0 H H H H 1 0
17. 0 0 0 0 0 0 17 17 1 0 0 0 H H 0 0 0
Is. 0 0 0 0 0 0 H) 0 0 19 0 0 0 0 0 0 0
19. (0 H H 0 H H H H H (0 0 0 H I H

2.2 The Delta Programming Language

'ile Delta prograniin~ilig language (Hertz 1,990) is a streani-based iniplenientation of nonlilnear
phonology and pllonet ics., descenIded fromn the linear (SPE-based) rle(l developlinenl systenl SRS
(Hertz 1982.) The Delta svstenl takes a mietrical app)roach to nonlinear plionlology, as Opposed to
AMAR's primarily antosegniental approach. That is. the data used by the systemn takes the form
of "Deltas." or groups of synchronized streams corresponding loosely to AMAR's charts niade uIp of
tiers. Thus, the Bainbara phrase "'nFis6 'j:ti night be represenied as:

word: noun verb
morph: root root
phoneme: m u u I s I o j I i a I b I i
CV: cI IV I C VI c I v I V Ic IV
nucleus: Inucl Inud I I nuc I Inuc
syllable:! syl I syl I I syl I syl I
tone: I L I H I L H

1 2 3 4 5 6 7 8 9 10 11

Nothing is explicitly coniected to anvythinig else, but ratlher sin1i)ly ordered wIth respect to onle
another by means of synchronization lilhes. In ANIAR. as in auitosegmelnltal phoniology. this lnight

'Condensed with i the false assumption t hat Tagalog only co4nt ains I the underl'ing c-onlisolnantl s p, "1 and "k."
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m U S 0 a b I

C V C V C V V C V

nuc nuc nuc nuc

0 aY a G

word morph L H L H

l'igu re 2-9: A utosegilent al R epresent at ion of* -- ii Uso ,a Jbi

be represenited as ill fig~ure 2-9". In1 ordIer to mio(Iifx data. thle user of' Delt a write, a pro-raml ill

heit Delta programmniitg language ( hertz 199(1). which might typically read ]in somne port ion oil input.
trans!forni it ino a D)elt a of appropriate vafue', and t hen miodlify synch rolnizat ion line., and st realm
tokens (fthe equivalent of segmenvts inl A NI AR) in order to simiulate flthe a ppl icat ion of rules.

'lthe D)elta prog'rammiiing language hlas great adIvant ages iii power and fltexi bil ity. Thie user nma

p)rogram~ almost any desi redl behavi[or (w ItIthIlli t ie, I in' d s of sy nchronIiized st reams). using I ie, generalI
purpose comlputer language (~(Kernighan and( R it chie 198$) whenever tlielDelt a programminilg Ian-
guiage lacks, some featunre. Moreover, atny st reami (or -tier," inl alitosegineiital lernis) miay containl
numnbers or t okenis withI a namne and atiy number of ftalitrs (iii Delt a. objects t hat ilia%. he eit her
binary- or mutlti-valuied, thus corresponding loosely to AMAR features aiid class nodes). T]his prop-
ertv allows ft(li user to sp)ecify phonetic information stichm as (durat ion and frequency [in addit ion to
thle phonological infortmation allowed by the current version of AI\IAR.

Along wvithi Delta's advantages, and in some cas-es fiecatise of thiemit there are a few dilsadIvantages
fiat will be felt miore or less dependIing upon01 thle Intended application. Because D)elt a (does not

assume as miniich as AINAR abotit the theoretical tind~erpinnings of a tiser's work, flthe user lia..ý more,
flexibility. However, it may well be saidl that tiiucli of tile reason for dlevelopinig antoseginiet al

poooywas to icii hefeiiit loe by previous theories. That is, too muchi fiexibilit v

allows the user to easilyN make mist-akes atid dlescrib~e languages iiicorrectly or eve(,ti impossibly -thle
attempt of ant~osegniental theory is to (describe possible liumian languages and only p)ossib~le human
laniguages. InI addition, Delt~a possesses this flexibility because it is a programminig language. Thus.
dhe user must learn a. computer language and a way of thinking significantly different froii t hat of
flth- typical linguist. The Delta uiser must write all the code for mat cling and] applicat ion of rules.
dealing withI line crossitng. application of the association conivent ion. enforcement of conformance
with language parameters. tile behavior of freely associating segments. etc.. whereas ANIAR hiaiidles
all of these automatically. Thus, Delt~a enforces a procedural view of phoniology. where the linguist
must specify in (let ail what is to happen at each step for any given langtiage. as opposed to flit,
more descriptive model of AIMA H. in which the user specifies only how a giveti language is dlifferenit
from other languages. and the progranm at~tempts to take care of thle mechanics comtion to all
languages 7. Aside from the Delta System's lprocedural nature. the miajor differenice between it and(
AIMAR is that it. is limited to a soniewhat two-ditmensional structure. Segments mlay, *couuuect' or he
synichronized withI segments above or below them, hut a striictutre sulch as that iii figure 2-1(0. where
each segmenit associates with three other segments, would be impossible. This limit at ion is quit e
significant, as this sort of structure is fairly commnioi in theories of feat~ure geometry. for examiple.
Due, to this two-dimensional natutre. Delta cannot hatndle trees such as those postuilated] by loliauian
(198:3) ( Nlolianoi 1983). C lenients ( 19$i5b) (C lemneits 198S5). aiid Sagey (19M6) (Sagey 1 9M). thlus

61In ANMAR thle uiser would not directl *y nianipulate a texttual representation oif a phrase as would a user .of Delta.
'However, the user of ANIAR must st ill specify' the features and tree structure for each languiagc. althoughi these

are considered uiniversal. This reqluiremient follows iberatse linguists have not conifP up with anY more or less agreed
upon universal structure.
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laryngeal

root

supralaryngeal stricture

Fl-i.iur. 2-10 Pi artital I hi-t -IDiiit-iis.iuti Scgnittit St rut] ur'

1. 2.

H H
morph morph A morph

3. 4.
v co v cov
T

morph T

I-igtire 2-11I: Atit osegiiieit al R pro-sont at oio of Soitit Rid es of Banit iara

exci tlid tg iimclt ofocu rreiit atit osegitiett a thleory.
The diffetenit ways III which hiitiguist i' prohilenis are iliodleledh III Deltla awl ANI1AR c-ait be -diownt

III the Africani t otal languiage Baitibara. InI L3ý tinha t here are, two toile levels. and float ing tories
are tised as niorliheties. q.. to ind~icate what ini English woild lbe expiressedl hy a defhinie article.
'Ihuis. all itidelinit e iitoun Is (list ingliiisliedl fromi a definite notii by tilie add it ioi of a floatinig low t otie.
W hen a inorpeienie has adldit ionally a floatinug htigh t one. there Is atl interaction betw~een1 thle two
tones. N orinallv. a floatitig high~ tonle Moves forward into th lieiext itiorpliet te. If it is blorked by a
low tone. however, it mioves Into thle preceding tnorphietie. Th'le right itost tlone of eachi uuorplietiie
is then conniected to tilie rightimost vowel. and toil" pair IIp withI vowels fromn right to left, wvith
the leftmnost vowel sp~readingr to aiiv extra tones if there are itiore, tones thban vowels or thle lefti most
ton( spreaditng to extra vowels if there are mnore vowels. Autoseginent ally. t hese p)roct-sses ituight be
rep~resenited by thfe fouir ruiles shown ill figuire 2-11 II1 Dnelt a. t li effects wouild beo carried ott tby flit,
following- Code (inI addit ion to the 'odle requidred to specify thle latpigage and set thlintgs upI. readl in

hie inlputs. etc:

Forall rule for floating High tone assignment:

Forall floating H tones (-bh = "before H", -ah ="after H")...

forall ([Ytone -§bh H -ahl & EY/.morph -jbh -ah]) -

do

if
If the floating H occurs before a floating L,

move the H tone into the end of the preceding
morph. Otherwise, insert the H tone at the

beginning of the following morph. Moving the H

tone is accomplished by inserting a new H tone
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and deleting the floating one.

([%tone _?ah L -al] & ••morph _-ah -al]) ->

insert [%tone H] ...- bh;

else -> insert [%tone H] -ah...
fi;

:: Delete original floating H & following sync mark:

delete %tone -bh...-ah;

delete %tone -ah;

od;

Forall rule for sync mark merging:
For each morph (ibm = "begin morph", -am = "after

morph")...

forall [Ymorph jbm <> !-am] ->

do
Set -bs (begin syllable) and -bt (begin tone)

to -am (after morph):

"bs = -am;
"-bt = -am;

repeat ->

do

Set -bt before the next tone token to the
left. If there are no more tone tokens in

the morph (i.e., -bt has reached -bm), exit

the loop.
[%tone !-bt <> _-bt];

(bt == -bm) -> exit;

Set -bs before the next syllable token to
the left. If there are no more syllable

tokens in the morph, exit the loop.

[%syllable !-bs <> _-bs];
(Cbs == -bm) -> exit;

Merge the sync mark before the tone and the
sync mark before the syllable:

merge -bt -bs;
od;

od;

In A NAR. the lser would (lefine th, following rules:

Rule "Floating High Tone Metathesis":
Tiers:

tonal: "1]m" H "mE".

Effects:
H -> "mE" _

Rule "Floating High Tone Metathesis (part 2)":
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Tiers:
tonal: "Jm" H.

Effects:
H -> - "]m.

Rule "Initially Connect Tones":
Tiers:

skeletal: (V) CO "]m,
tonal: (T) "]m".

Effects:
V :: T.

Rule "Spread Left":
Tiers:

skeletal: (V) CO V,
tonal: T.

Connections:
V[2] -- T.

Effects:
<< T skeletal.

'[lie rest is takeii care of automaticallv. Note that tle D)elta representation looks much like any
programinuig language, and won ld he almost completely uireadahle to a linguist untrained in coin-
l)uter languages. whereas the A MAR representation corresponds exactly to the aut osegment al rules
depictedl il figure 2-11.
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Chapter 3

Design and Overview

I'lh AMAR system consists of two major parts: (I) an interface, where the user specifies languages,
rules, and inputs: and (2) internals that storet lthe specifications., ap•ply rules to the inputs. and
so forth. Thus, the system may be viewed from three points of view: the viewpoint of general

linguistics, that of the user, and the point of view of thle program itself.

3.1 Linguistic Overview

The design of AMAR involved certain decisions with regard to what sort of linguistic theories

to model, exact formalisms, and how to deal with situations in which the literature known to the
designer does not specify details about the mechanisms of autosegmental plhonology. These decisions
include the following: the exact behavior of the association convention, spreading, inclusion versus
exclusion of pointers, and behavior with regard to redundant features.

With regard to the association convention, Goldsmith (1990. page 14) states:

W\hen unassociated voweIs and tones appear on thIe same side of an association line,
they will be automatically associated in a one-to-one fashion, radiating outward from
the association line.

This statement does not, however, define the extent of this radiation, the behavior at boundaries, or
the exact time of application of the convention. The current AMAR system applies the association
convention about each association line produced as a result of the application of a rule. The process
occurs after each application of every rule. if the application generated one or more association
lines. In ANMAR. the association convention is bounded by all directly supported boundary types
(morpheme, word, and phrase.) When the pairing process reaches a boundary in one tier but not
in another, an automatic spreading process will occur, linking all unconnected freely associating
segments to the final segment anent to the boundary reached. This spreading process has been
assumed by Goldsmith. but other plhonologists have discovered systems in which the process does

not occur (Pulleyblank 1986). Therefore the next version of AMAR will most likely not perform
this spreading automatically. The final interpretation of Goldsmith's statement made by AMAR is
that. in addition to vowels and tones, the association convention is assumed to apply to all freely
associating segments.

In some theories (such as that described in Kenstowicz (1994, page 335)). spreading extends until
it violates the line crossing condition. Thus. a spreading high tone would be predicted to create a
contour tone (here. a falling tone) with the next low tone. since there would be no prohibition against
it spreading onto the vowel connected to the low tone. In the current version of AMAR, however.
spreading was implemented such that, it only extends to unconnected segments. The next version of
AMAR may redefined spreading to correspond to the former, less restrictive theory. however.

When AMAR was designed, the author was under the impression that articulatory pointers, as
introduced by Sagey (1986), were not commonly used. Therefore. no facility currently exists to
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support this fthature. However. it ajplar'- that such poliiter, ar'C cOlilg iWto lilratasiig Lt.,. and the,

next version of AM AR will ritelitl sore,, such faciht .
Occasionally a svsltem will occur in which a clas., nodel will he linked t,, a fieaturt, such that the

class node has two oft hLe sate feat ure. Iu this., case there are' hiree t liungS that could happen (allt threes

ar,' relied up1)1 b ierenit Linguists espousing various theories about antostginintal phonology):
the old feature could he deleted, both feature., could be kept. or tle old feature could bt deleted
only if the two features have the saiie value. AMA..I takes the first course. although if one u.ses the
"-ks" option the secoid will be chosen.

3.2 User Interface

From the viewpoint of the user. A.MAH acts iiiuch like a prograininiig laniguage. One first uses a
seni-prograniniatic format' to specify a language with a systemr of rules., and one niay then filter
inputs through these rules. Within this specification file. the user provides tlie naie of tile language.
a specification of the language's pltoneiees. a description of the tonal systein. a list of free associates.
a set of defintions (essentially macros used to simplify rule definit ions), and tile rules ef t he language.
The format is as follows:

The first line of aii AMAR specification file iiust be

Language identifier:

where identifier mnay he ati alphabetical character (tipper or lower case "a- through "z' with no
diacritics) followed by a settUevnce of such characters. possibly interspersed with digits. If enclosed
with quotation marks, however, an identifier may contain any characters other than tabs. spaces.
periods, new lines, sharp signs ("#"), pluses. oi' quotation marks. For example, in the Mandarin
example this line was "'Language Mandarin:".

3.2.1 Phoneme Specification

Following the language name specification is the phonenme specification. This begins with a specifi-
cation of the names of all the phonemes, in the form:

Phonemes: identifier, ... , identifier.

that is. the word "'phonemes" followed by a colon, a list of identifiers (as above), separated by comi-
mas. and a period. Note that statements in the AMAR language follow the general form of a keyword
followed by a colon, then a specification of some sort--possibly an identifier, a comma-separated list,
or sonie more coniplicated specification-and finally ending with a period. Capitalization does not
matter in the case of keywords such as "'language," "pphonenme." etc. Note also that, throughout the
language specification file, no two identifiers mnay refer to the same thing, so, for example. the lan-
guage nanme may not be the same as one of the phonemes of the language. After the specification of

phoneme names, the user nmust decide among the possible methods of phoneme representation: CV
(based on the notation generally used to describe simple tone languages). ('V/Matrix or X/Matrix
(similar to the notation used in SPE), and ('V/Tree or X/Tree (based on the notation of feature
geometry developed in MoLhanan (1983). Clements (1985). and Sagey (1986).) The method chosen
would be specified by:

SpecMethod: mnethod.

where method can be any one of CVT CV/Matrix, X/Matrix, etc.
CV is the simplest method, allowing only three tiers (tonal. skeletal. and phonemic). In this

method, the skeletal tier is occupied by ('s (consonants) and V's (vowels), as well as tihe various
boundaries (word and morpheme). The p1honeniic tier simply stores the representation of the various
phonemes (e.g.. the representation for "a" wouhl be "'a." as opposed to sonie indication that "a-" is a

'See Appendix for full grammar.
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low back unrounded vowel, etc.) This representational system is sutficient for tonal languages whose
properties are unaffected by features other than syllabicity. If ('V is chosen, the next line must be:

Vowels: identifier .... identifier.

and then:

Consonants: identifier, .... identifier.

where each identifier must be identical to one of the phonemes specified earlier. Note that either
line may be left out or simply consist of the keyword followed by a colon and a period. in which case
there are assumed to be none of that list. The list of vowels must precede the list of consonants for
this reason, as, if the consonant list is first, the program will assume that the user is attempting to
say that there are no vowels. Any phoneme not defined to be a consonant or vowel is assumed to
be an X.

C.'V/Matrix differs from ('V only in that its phoniemic tier contains, instead of simple featureless
representations. matrices of features corresponding to the notations of the SPE theory. Thus, "a"
might be represented as in figure 3-1. This system is primarily useful for writing rule systems in which
autosegmental notation is only relevant for the tonal and skeletal tiers. If C'V/Matrix is chosen. the
user must specify the consonants and vowels as for (AV above and then the features, in three sections:
"*Features," "Defaults," and "FullSpecs." One specifies features first by listing all the features used
in the language. This specification is accomplished in the "Features" section, with the same syntax
as for the "Phonemes" section (following the keyword "Features.") The default section builds sets of
features that correspond to all the specified phonemes-when phonemes are encountered in the input
(that to which the rules are to apply). they will be replaced with a matrix of features as specified in
this section. The matrices specified in the default section can be ambiguous. That is, the program
will work fine if two phonemvs end up having the same default representation. but somethinlg must
happen to disambiguate tfl.v . The rules can add additional features to various matrices in the
chart, and after rules have ai•'di-d, the program checks matrices in the chart (produced by applying
the rules to the input) against those builtt up for each phoneme in the default and full specification
sections to determine which phoneme to output. Ideally. the matrices built up from both the default
and full specification sections should not be ambiguous. Default matrices are specified as follows:

Defaults: matrixspec, ... , matrixspec.

where niatrixspec refers to one of the following:

identifier-> matrix

identifier-> identifier
identifier -> identifier matrix

any -> matrix
any -> identifier
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niatrix -> iuatrix
vowel -> matrix
consonant -> mnatrix

These specifications art, applied in order fron, top to bottoni the- program matchdes idioneiiies agaiist
the left hand side of t lie specilications (identifier match isa parlicular Iioineit-, any lmatches ev•ery
phonenme. matrix iiatches all phoieines with thle feat utres listed in the, niatrix-, and consonant and
vowel miatch all consonants or vowels. respectivvely) and then. if the right [land side is a iiatrix.
copies the features from tle, right hand side into the phonemnes iialched. If the right hand side is
an identifier, the program will copy the features from the phonenie tilie identifier specities into the
phoneme iiatched by the left hand side. and if the right hand side contains both an identifier and
a matrix. features will be copied from first the identifier and then tlihe matrix. If a phonenie already
has sonie feature being copied into it, the original feature will be replaced. OGie specifies a matrix
as follows:

[ feature, ... , feature ]

where feature is a phonological feature (such as ±voice). specified by "+". "-". or nothing followed
by an identifier naming the feature. which must already have been spe('ified ii the "Features" section.
For example. a voiceless obstruant (such as "p," "t," "ch,'" etc.) might be specified by means of the
matrix [-voice, -sonorant].

The "-FullSpecs" section is specified in exactly the same manner as the "Defaults" section. except
that it is preceded by the keyword FullSpecs.

X/Matrix is exactly the same as (V/Matrix except that syllabicity must be specified as a feature
in the phonemic tier rather than as an element of the skeletal tier. Instead of C's and V's. the
skeletal tier contains X's. This system is useful for writing rule systenms similar to those for which
CV/Matrix is appropriate, but in which the rule author wishes to treat syllabicity as a feature. To
specify phonemes under X/Matrix, one proceeds as described above for CV/Matrix. except that one
may not specify lists of consonants and vowels, and the "Defaults" and "FullSpecs" sections may
not use the keywords consonant and vowel to match phonemes.

CV/Tree allows the user to employ any number of tiers, and represents phonemes as trees of
features linked by class nodes, as first proposed in Mohanan (1983), Clements (1985). and Sagey
(1986). The (,V/Tree specification method allows the full range of features available within AMAR.

After one has chosen SpecMethod: CV/Tree, one must specify the consonants and vowels as
described above, and for each phoneme the phonemic tree. This involves specifying the general tree
and then defaults and full specifications, similarly to the matrix specifications. When specifying the
general tree, the skeletal tier and the tonal tier will already have been specifivd by default. Unless
otherwise specified, the skeletal tier acts as the topmost node of the tree (the root). and the tonal
tier is the immediate inferior of the skeletal tier. While specifying the tree, either of these tiers may
be freely referred to and placed anywhere within the tree structure. The following syntax must be
used in order to specify the general phonemic tree:

Tree { node, node, .... node }

where node may be any one of:

{ identifier }
{ identifier identifier }

or

{ identifier identifier [identifier] ..... [identifier] }

Of these, the first creates a topmost class node'. As mentioned previously, this is by default the
skeletal tier, but this method ntay be used, for example. to create a syllable structure dominating

2
more on this later"IA class node names both a tier and a segmnent. That is. there will le a tier with the narre of the class node. and

this tier will contain only segments of that class node type.
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Figure 3-2: TyIpical Syllable Struct ure

the skeletal tier. or perhaps even ii orplientic and word-levl strut tres. Ili se'ond type '11* nfode(

specification states that teli class node referred to by the first identitfier is a,, inunediate inferior of
i. .. Is directly dotininat ed by) the class node referred to by the second identiher. It is an error if the

second identifier has not already been defined to ref'er to soime class ,node. but if Ithe first identifier
has not been previously used. the program will create an emnpty class node and place it as an inferior
of the class node referred to by the second identifier. Note that this process of' defining a class iiode
as inferior to another also defines elements of thie tier defined along witlh the class node as freely
associating with the elements of the tier defined along with the other node. Finally. the third type
of node specification builds a class node referred to by the first identifier (which must be uniqte and
previously unused), defined to be inferior to (and freely associating with) the class node referred to
by the second identifier. The class node thus built is also defined to dominate (and freely associate
with) the features specified as a list following the second identifier. Each feature is there specified
as a previously unused identifier surrounded by square brackets.

As an examiple, one would define a syllable structure like the one illtstrated in figure 3-2 as
follows:

Tree {
{sigmal,
{onset: sigma),
{rhyme: sigma},
{nucleus: rhyme),
{ coda: rhyme),
{skeletal: onset),
{skeletal: nucleus),
{skeletal: coda)

After the general tree specification, the user will specify defaults and full specifications in a fairly
similar manner to that used for the matrix methods above. The defaults section consists of:

Defaults: default, ... , default.

where default niay be any one of:

identifier-> segmentspec
identifier -> identifier
identifier -> identifier mnatrix
any -> segnientspec
any -> identifier
featureless identifier -> segnientspec
vowel -> segmnentspec
consonant -> segmentspec
inatrix -> segnientspec
identifier -> matrix
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any -> matrix
vowel -> hiatrix
consonant -> matrix

or

matrix -> matrix

where miatrix is as define-d above. and seglientslmec Ilay Ibe ani one of:

segment segsplec I
segment { segs)ec identifier
segment { segspec : segihentsl)vc, .. . segmentspec

or

segment { segspec identifier : segmnentspec, .... seguientspec

where segspec should be an identifier (referring to a plhoneme or class Iode)'. which may either
have been defined by tile user or be oile of a few predefined identifiers referring to general classes of
segments and predefined segmnents, as illustrated in table :3.1. Thus. a segmnentspec is a structure
built around a segspec. This structure may simply be tile segmnent referred to by a segspec, or it
may have a specified tier (if the segspec is followed by an identifier namning the tier) and inferiors, if
the segspec is followed by a colon and a conina-separated list of segmnentspecs.

The defaults section matches individual pholenees (by identifier). any phonemie ( by any). conso-
nants or vowels, phonemes with the features specified in a matrix, or phonenles with some particular
empty class node (by featureless identifier, where identifier refers to a particular class node).
After a phonemne has been iiatched. four changes could be made to it. delpending on the right hand
side. If the right hand side contains an identifier, the phonemie's definition is replaced by that of
the identifier. If there is a seginentspec, the segmnentspec is added to the phoneme definition, If
there is a matrix. the features in the matrix are copied (similarly to matrix copying for the Matrix

methods) into the phoneitne definition. Finally, if the right hand side contains both all identifier
and a matrix, the phoneme's definition is replaced by that of the identifier, and the features in the
matrix are subsequently copied in. The full specification section is like the defaults section except
that it is preceded by the keyword "FullSpecs."

X/Tree is identical to CV/Tree except that syllabicity must be specified as a feature instead of
by listing consonants and vowels. By extension, the defaults and full specification sections niay not
match using the keywords "consonant" or "vowel."

3.2.2 Tone Specification

After phonemes have been specified, the user must next specify the tones of a language. or note that
it, has none. The first piece of information the user ntay supply is whether tones specified in the
input should begin connected or unconnected to the rest of the input structure5 . Tones will begin
connected if the user includes

ConnectTones

at the beginning of the tone specification section.
Next, the user must specify the number of tones in the language:

NumberofTones: number.

4A segspec may also be a matrix (referring to one or more features), a number (referring to a tone, as will be

explained later), or a segspec in parentheses, which is used when segspecs are used in rule definitions. to state that
exact matching must be used with the segment.

" According to most autosegmental theories today, tones begin unconnected to anything else. and are connected by
means of rules. The user may not wish to deal with this. however.
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Predefinted ldent iti,r .leanmtg
I, lhtonein t,- re•ers t) anx p)hloiitnii,,

class nodt'. b'at ur. or ft MItire niatrix.

'1" l1oiie' - ret'rq, I, any toni, r i' ardIh-(ts fpilcht

V Vowe"l - relf-ers not to a vowel jitolt-llnie but
rather to a V seg'Ili( iII on1 tie, skeletal atier
(used to iteliltifl vowels iII (XV Illo•tes)

C ('Cnsonant - like V atove

x X - refers to all X onl tlhe skeletal tier. o)r to a (C or V.

II[�" Morplih-m, b-egin
"']I" -lor)hetine end

"%.['" \Vord begini

"..]w'" \ord end

VO0 Zero or more vowels

(0 Zero or more consonants

X(O Zero or Imiore X's. vowels, or consonants

Table 3. 1: Predefined Ilentifiers

If thte language has no toues, this is the only essential part of the tone specification. After tilhe
Iunhber of tones, the user specifies the nmaxinmum numiber of tones that cait be conmected to a vowel
at any% one time ((.g.. in Chinese no more than three tones at a time call be connected to a vowel,) by
following MaxTonesPerVowel: with a number or the keyword infinite. The user may thelen specify
timl nmaximunm number of vowels that call be connected to a tone at any one time. in a manner
analogous to the previous (with MaxVowelsPerTone). If this is greater than one. then a single tone
may spread over many vowels, as commlonly occurs.

By default. AMAR refers to tones by their level. For example. if there are five tones, the
individual tones will be referred to by the numbers one through five. If the user wishes otherwise.
for example, if the language has a two tone system and the names 'L- and -H- would be convenient,
this may be specified as follows:

ToneNames: identifier, identifier .... identifier.

where the identifiers must be previously unused, in order from level one to the highest level, and of
the same number as the number of tones.

Iti order to facilitate input and output. the user niav define representations for various phonems
connected to tones. If representations have not been defined, only floating tones (tones not Initially
connected to any thing) may appear in the input. and the program will not know how to print tones
in the output. so anty phonemes connected to tones will not be printed. These representations are
placed in a section preceded by the keyword ToneReps:, are separated bIy commas and terminated
by a period. There are two types of tone representations. The first type consists of a plhoneme
connected to one or more tones, which is represented:

identifier : identifier / segspec segspec ... segspec

where the first identifier must miot have been previously use(] (this will be the representation), the
second identifier must refer to a plioneine. and the segspecs must refer to tones. For example,
the Mandarin low tone over "'a" might be represented as "A" : a / 3 5 1. The second type of
tone representation is that of a float itg tone. This type is comipletely unnecessary front a practical
standpoint, since AMAR treats instances of the tone names in the input as floating tones. but
many orthographies treat floating tones different ly front connected. At any rate. the user supplies a

representation for a floating tone as follows:

identifier : / segspec

where identifier is the new representation and segspec refers to the tone.
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3.2.3 Free Associates

T he next possittit- part (.i a lanigiiagtý spc ificat lullfihi, con~sist l, ;I listi 0of irvA~.ut(iat lingst. lt

((ioldsmiithI 1990. page 471). fit 1-t-neraI. onlN 1'reelv asstclat iligei Iitmay ('oi114C11 Ini a givtii
language. Nore(Atr. freely associat ing segjienvi. Iin sonilt wa\ hlave a propuislst y oward collneci ilig.

andi so, fo)r exanmplt. whleiiever two se-giiitiits coiiiiect.P lrs itiiietdhufr-vasrIat H)
.seg IInt'Its Connect to one- anothter iii a pat tern radlat ilig outward 'romi tIlit, initi al conliteO ioll andI

haltinug at --blocking" connliectionis ( couiiiect loll', whose t-XisitillCe Would caus, lin1t, crossing it) occur It'
a pair ot segnients were, to colniect ). Freely asso ciat ing %egmen'lt-. nay itt specifie'd thus:

Associates: assoc, assoc,..assoc.

where assoc is a set of two segmneit specifications'

{segnientspec , segmentspec
as defined above Iii the section oil defaults. Wheji two segilielits,!' ' tilie segiiieiitspecs. they
are, free associates. As previously noted. when defining a tree strinit iin CV/Tree or X/Tree.
ANIA H automiaticallyV defines immiediate superior, and inferiors iii Ilhei, to be freek associating.
Sonmetinies the user does not wish t his to occtir iii somiie particular case. 'Ilimeref'ore. (i~lie iiiay place-
ilist of' liolassociat ilg segimenlts ibetore, I lie list of' associat 11i9 se-Ileilts:

NontAssociates: assoc, assoc, ... , assoc.

For example. if thle uiser had dlefinied a class node -croot' that only associates withI skeletal C inodes
aimd a class node -vroot- t hat only associates with skeletal V nodes. these class nodes would he

init iallv defined to associate with any skeletal nodes (v(.. X nodes), aiid the user would have to

provide thle lists:

NonAssociates: {segment{X},segnmentjcroot}}, {segmentIX),segmentivroot)).

Associates: {segment{C},segmenticroot}}, jsegmentjV},segmenttvroot}}.

3.2.4 Definitions

The user may find that while (defining a rule long segment specifi catlonls quickly hecome unwieldy.
Thus, AIMAR provides a definitions section (preceded by Definitions: ). wherein one may define
a short identifier to refer to a segspec or segnxentspe~c. 1)efinlitioiis are sep~aratedl by comninuas and]
concluded with a period, and take the following form:

Def ine identifier segspec

or

Def ine identifier seginentspec

3.2.5 Rule Specification

Aphonological rule consists primarily of a situation to match against in thle input (for example, anl

uinconnectedl vowel and tone at flie beginning of a wordl) and anl act ion to take wh'len t his miat ch
takes place (for example. connecting thle vowel to the tone.) lIn general. the system will match aiid
apply the first rule specified wherever possible. then t he second. auid so forth.

The rules section consists of the keyword Rules : followed by a commina-separated. period-
terminat~ed list of rules. A rule Is specified as follows:

Rule identifier:

RtoL]

NoWordBounds]

NoMorphBounds
Tiers: tier, tier, ... , tier.
Connect ions: connection, connections, ... , connection.

Effects: effect, effect, ... , effect.



Thet tdeiititiei nailies, thle rule. ale] iiitiit t, unilque. It' itht k,\woril RtoL I~. Hiilultdlud Ilie jul. il

a pply right to0 left. Hirthleruiore. iucicl ud g t lit, k,% %V(,rdk NoWordBounds ,r No~orphBounds iid iralt
t hat the ri'ile %VIlI ignore. word or iiiorjthtt'iit' louiiidarites Ill inlatchiiiig atild at dicatiou. For exaiutipe
lth t ole short eli Iig rule otf Maul dari i speciftied NoWordBounds aiid No~orphBounds becaituse 1%I 1(I)\%

I onets do4 liol have to be Ill Iii.( saitne word or- iiorphieuiii for the rule, t, :uppl\.
'I'lie t iets and ('olilect folks sect ilous of' a rulte defijie Ilit, sit ut ia itu ;taitllst which th ni 'ile' mtat cites

A tier is sptecified as follows:

identifier : segsjpev segsti~vc.. esp(

where idelttifier naliles I lie tier anul the segsp~ecs. (-ail be ideiit iiers niantutg segnients or defiuji i ons,

tuat rices. teatutres ( ideutifiers opt ioiially preceded bk''. or - W.), lluitiilters reter ring to t oiies,.
segspecs ~ ~ 7 -i aetlee'0 sets of segsjtecs (specitied b\ 4Se.gsp~et, segspec ,..,segst)('C

Note that olie i~ia\ itst-' as segsjpecs t lie predlefiiiedl identifiers listed Iii table 3.1. F'or exaiiiple. oli,

could uist- 1) to iiiatcli any% phoiienie. class tiode, fe'at ure or- featutre uhat rix. or, "'I to 11011 cl all\
tole. Thus, the, skeletal tier coit ainingi, a vowel. zero or- iiore colisoitaut~s. auid t he word lotuidarY
wotuld be relpreselit ed

skeletal: V CO "3wr"

Ili tlie( connuect ions sect ioul . the user specifies wtiicti Of the- SegitleiltS sMust be con iiect ed to Which
other segmients. A conniect ton consists of two segrefs seaae Y)tesnbl-.weeasge

is otie( of t he symibols used to specify a segmnent iii tlie( tiers ab~ove. If' there is iiiore, t ha oit, such
symibol ill the tiers, the symnbol niust be followed by a numiiber lin square brackets indicating which
one it is (stintlg front the otop left of thle chart anid cotinitig (town to the( tbottorn right ). or a itiniber

indicating which one it is onf a given tier, followed by thle uaiae of t hat tier. all inl sqtuare brackets.
The effects section describes what changes are to be miade iii the tinput wheni the rule has beent

mnatched. The various (liffereilt effects are, explained inl table :1.2 and illustrated Iin figure 3-3.

3.2.6 Specifying Inputs

AMIAL at temipts to follow a miodel of input and output lin which a phrase fits onto one( text line( anll
appears as simnilar as possible to standard text. Thtus. phrase botundaries are miarked by pteriods or
niew linies, word bound~aries canl be mnarked biy sp~aces, etc. Most characters that canl ap~pear iii thle

inputt or output are definied by the user lin the Phonemes, ToneNames, andl ToneRepresentat ions
sections. Regardless of whether quotation mnarks are used lin the specificat ion file, they should nlot
b~e used inl the input. For examiple. a phorenem lefiuied in) the specificationl file as "Wt" should appear
Iin the input as fi. All strinigs other than those sp.ecified by the user that would he recognized iii
inputas and out puts are, summnarized lin table 3.3. Anly unirecogniized st ririg appearing, ini thte iiipuit
will be igniored. Thus, onte could, for exaiiiple. itse- tabs to break til) hlues anid mnake ilptit files mnore

readable.
Input muay be entered front stanidard input (directly at the keyboard or through a pipe). or it

miay be read Iin fromt a file. For the( Ihinese examnple. thle file mnigh't be thle following":

wa hen Mtm.
% I very tired
%, 'I am very tired'

saved ulider the namie "chiniese~ipt .' Ini tfisl, case. assuiniihg t hat tilie latgtiage specification file, was

iitaned -clminese,- the user would type

amar chinese chinese.ipt

Uý( represents o,. which matches either plus or mniuts.
7The parenthteses jn(licate that any,. segmient in tilie input which is to mnat cl thIe segsipec niltst have no more

t'tofltec-tit~ttsto segmienits on ti ets listeditt the rule thart the segspechIas in the rule (itt any.% case. segiruett s liu st have at
least as miany coninections as specifiedl in t he rile, so segspecs in parent heses inean t hat t he tmatchting segmnent miust
have exactlY thle same contnectitons as in the rul~e)
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Rule InitiallyConnectTones: Rule "Shorten High':

Tiers: VTiers:

skeletal: (V) CO ]w',skeletal: V

tonal: (T) M 1w". tonal: H H.

Effects: T word Connections:

V :: T. V - H[I],
V-- H[2' H H

Connect an unconnected vowel separated from the word E f f ect s:

boundary only by zero or more consonants to the closest V -z- H i).

unconnected tone to the word boundary. Disconnect the first of two high tones
Rule "mutate Double High*: connected to a vowel.
Tiers: V Rule 'Spread Left':

skeletal: V,
tonal: H H. Tiers:

Connections: skeletal: (V) CO V, V C 0  V
V-- H[1l, tonal: T.
V-- H2]. H H Connections:H Hv[2] -- T.

Effects: V~ -T
H12] - L Effects: T
H2] -> << T skeletal.

Replace (or mutate) the second of two high tones In the environment of an unconnected
connected to a vowel with a low tone. vowel, followed by zero or more

Rule 'Insert High': consonants and a vowel connected to a
Tiers: V tones, spread that connection left along the

skeletal: "w[' (V), skeletal tier.
tonal: 'w[1.

Effects: H w["[2- word H Rule -Spread Right':
V ::-> H / wTiers:

Insert and connect a high tone to an unconnected skeletal: V CO (V), V CO Vtonal : T.
vowel immediately at the beginning of a word. Connections: 41

vil -- T. T
Effects:

Define A segment(V skeletal: segment{a phonemic)) T >> skeletal.

Rule "Epenthes is": In the environment of a tone connected to a
Tiers: C V-" C vowel that is followed by zero or more

skeletal: C C.
Effects: consonants, then an unconnected vowel,

0 -> A / C[11 - C[21. a- spread the tonal connection right along the
skeletal tier.

Tnsert a vowel and an "a" between two consonants, and
connect them. Rule 'High Tone Metathesis (2)':

Tiers:
tonal: I]m' H.

Rule "High Tone Metathesis": Effects: H
Tiers: H- > - 'm['.

tonal: "Im" H IM[". H morph
Effects: morph morph

H -> m['" _. When a high tone is directly to the
When a high tone is directly between two morpheme right of a morpheme end, move the
boundaries, move the tone into the right-hand morpheme. tone into the left-hand morpheme.

Figure 3-3: Rule Types Allowed by AMAR, with Conventional Equivalents
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segref Z segiref i *s ~lewo N.egll eilt.

stegref >> idIentifier Apply spirtadilw' right Fromi

Seg'i lent aloiig t he tier
_______specified b\ tili, idejit iitier

segref ->segref - segref Motat liesis: iiiort segref
lbet weell t he tw ()stegilWelt,

segref ->segref - Mlet atheipis: insert after

t let segmienit Ind~icat ed
s(egref ->-segref Mletathiesis: inisert bel'Ore

lie *ýegil Iintdiichated
segref ->segref replace tilie first segref

witIil thel second1(

segref ->0 delete tie segref

segref ->segspec / -segref insert segspec before till

seconid segref and join it to
the first

segref ->segspec / segref - insert segspec after the

second~ segref anid join it
to tile first

segref ->segspec / segref - segref inserl segspec be-tween the

second~ aiid third segrefs and1(

__________________________________________joitn it to the first

o0- segspec / - segref insert segspec before se~gref
o0- segspe~c / segref - insert segspec alter segref
o -> egspec / segref - segref insert segspec bet weent

[ t he Segrefs,

Table 3.2: U'sable Effects tinder ANMAR

(Character Purp~ose
ME [ Bleginining of niorplienive

jIn End of morphenie
+ Morpheme boundary (same as JImmE)

WE Beginning of word
] w Etid of word

<sp~ace> W~ord boutndary (same as JIvE)
# Word boundary (samne as JivE)

C ommuent (ignores rest of line)
* End of phrase

<n~ewlin~e> End of phrase

Table 3.3: Sp~ecial hIuipt /Outiput ( haracters
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prtogrt',.s. Allv error iiit','.aa~t- prttu't'l riiialx lv ti iilt lt jitluctt a. :i rt'.illt ,I -d" will I. ,,mtqii

amar chinese chinese.ipt > chinese.opt

B~v saxilig thet outputIlit fi ilv. tilt- lilst' could cotilitart. act iial tnt piits to t'xpfc'tt'tipouts ktt ltxisHiy
ailljt III*hIvsuh as 1/l/ ttaijl' itlt xt't'ltl ti~F I i nse wcrt, stort'tl ili t'liilt'l'e t
lie uisetr coutldt Compare lt.% ilitaigs of' tilit coiliiiiaiitl

diff chinese.opt chinese.ept

If t here is nio outputt Lointil t.,j t'otiliaiiiii. the expettctedt outpIuts weret lthe saint' a.,t tiel actutal tint plu'.

3.3 Program Design
Thie A kutonliatd Mt \odel (ii Autioseguinetital Rules wvas writ tetn iti C '. aii l~ic tri oed Irgrniig

laniguage. as, described iii B. ariie St roustruiIt's 14( C+'+ ['i'ogra in inng L ti uiqag: "'(fonid Edt tion
(St roust rup 1991). Th'lis language was chioseni for its relat iv( speed and port akility v ['lit prograil

cani be' dividled Int o four m ajor modul es: tilie language spetcificat iou parser. the( input/ulntstei
tiet Ii iat chinlg iod Ule. anld the applicat ion module. C ent rat to all oft best' are t he objects thleilxi'eles-

3.3.1 Objects
'[le prifliarY ob~jects of the systemi are Rah s. Ti uts. ('harts. SI, Tabhh and Sq(pnnls. A Rule,
consists primarily of a namle and~ two sets of tiers. The first set, called --original" I., usedl to milatch
againlst the (hart built asa result of reading the input. When the *-origiiial" tiers have been matched.
the appl icat iotn mounole modifies thte mat ching ý:ect ion of thet (Chart suich t hat it mi atchies tlt, other
set of tiers field iii thet rule. thet "replacemnetit " tiers. lIn addition to thle thaune and thle tiers, a rulle
also holds boolean variables specifying whet her 'It is a sandhii rule and whethter it ignores word or
iiiorpL~enev boutidaries. A Tier is primarily a holder for segnients. and as such consists of' a niame, a
list of segnients. andl a current position withlin t hat list. The (Chart andl StruTable (--St ritig TabJle")
together hold almiost all of thle data uisedl by AMAR. The chart holds the tiers Into which the in1put
is placedl after it has been converted into auitosegn'eiit~al form,. the tnatne of the language. thle rules
lin tie order t hey are to be applied, a mnap defining which segments freely associate, and latiguage-
specific parameters such as, the maximium numuber of tones per vowel, whet hier sandhif rules exist. I lite
niumber of tones, thle tree st ructutre. and~ whet her tones should be init ially conntectedl. Thie otlier hialf
of AMNAR's diata is hield lin aii StrTable. Thiis structure inaps strings to tiers, segments. etc.. and
containis definitions for atnythlung to which the user refers by means of anl idenitifier iii the language
specificationl file.

If the chart and string table are lie mnait containers of data inl ANIAI3. the Nt ginf i is the main
formi of that data. A Sqmintnl could~ actually be any' of a number of object-oriented classes, all
of which iiilierit . tirect lv or indirectly, fromt the p~arenit class Segnietit. as shown iii figure 3-4. As
a consequence of' this iiiheritanice schenie. if a rule refers to soilie seguilent type front which other
segmient. types inherit. thle referenice will nmatcli aiiytliing of that type or of any' of the Inheritinig
tyvpes. Alt segnient s conitain a unique ident ificat ion niumiber. a pointer to the tier thev are oii . amid
somle i n1icat ioti of type. lIn add it ion, connect able segments (all those which Inihierit froiti (oiiiiect a-
bleSegmnent ) contain pointers to all siiptriot ath[ inftr ti(Jtsegnientit. indicat iois of whethter mlat cliiý.
is exact or not.. and~ iniform at ion relatitig to spreadinig (whittlier thle segtiient spreads right or left.
andl alonig whliichi coninect ion ). Whlen segilient s are, connected to one aniothter, one( segmniit Is always
inferior anitd oiie su perior. This relationship is det ermnined by filie user's defi niltiou of tree 51 rtict tir
for thle Tree specificat ion methlods. ali(l inl the other iiethlods skeletal seguient s are superior to toiies
and phonemies. As w"ill become apparent . imiost routinies operating onl a given segmenet raii onlx affect
tie segnient itself atnd any segtnents cotitiectedl itiferior to it.
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Segment

MorphemeEnd
WordBegin .'

.W[. MorphemeBegin
rrd.

WordEnd
3w VO0

vo

CO

ConnectableSegment

x
GenericTone X

T
SegmentSet

GenericPhonemne
Tone p Consonant Vowel

C V

Phonemic FeatureMatrix

Feature ClassNode

Fig.ure :3-4: lInheritanice Structujre of Segnients within AM AR. wvith C'orrespondinig Predefinied Iden-
fiher,,
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3.3.2 Language Specification Parser

"hll language specification parser acts maiily to build the objects iteed,-d by thle, oilier iiodules
and to provide information about how other modules should Ibehave. Tit' parser consist.- of a C
program generated autoaticallytfrom aiti•raminar tile written ii yact and a ("++ modult-',coiitainiig
procedures to be called upon receiving various instructions in the language slptecification file. This
program receives ii ptt froin a lexical analyzer, anot her ( program generated aubomat ically front a
specification writ ten in hI. The lexical ailvzer takes the Input front the laniguage specitication file
and breaks it up into tokens. If the token happens to be an identifier (token "'ID" ) the procedure
install-id builds a string table entry which contains tile original strill,- eutered by the user. St riug
table ent ries iiay additionally cont ain poinit ers to tiers. segmlents, full specificat lons, and "iliat ches"
which will be explained later. These entries may be used tbr four different processes: they may define
a "lphonenie" (here used to refer to anything that can appear iII tille inp)ut or outl)ut other than a
boundary or comment): they might define a tier, a class node. or a feature: they could be used for
a "match" referencing some segments: or they could simply be used to give a naiiie to somethiing.

For a "'phoneme." the entrv will corn ain the corresponding segment. and perhaps a lull specifica-
tion (as generated in the "FullSpecs" section. and used for miatching after rules have applied.) The
form of a phoneme's segment varies greatly depending ott the specification method and the type of

plioenie. There are three phoneme types: phonemic segments (defined in the "-Phoneines" section).
floating tones (defined automatically based on tile number of tones and optionally by the "Tone-
Nanmes" and "'ToneRepresentations" sections). and phonemic segments attached to tones (defined in
the "ToneRepresentations'" section.) A phonemic segment will be aii object of type "Phonemic" (a
connectable segment which also contains a string representation) in ('V mode. a "F'eatureiatrix" (a
connectable segment which also contains a list of features) in the Matrix modes, or a "''lassNode"
(a connectable segment which also contains a name) heading a tree of class nodes and features in
the Tree modes. This segment, in whatever mode. will have a "(C'." "V." or "Y'" as a superior. A
floating tone segment will simply be an unconnected "Tone" object, a connectable segiment which
also contains aii integer level. Finally, a plhonemic segment attached to tones will be a "V.-" "'."
or "('," depending on the original phonemic segment. Whichever skeletal segment it is. it will have
the tones as inferiors, along with a copy of the original phonemic segment.

When defining a tier. class node. or feature, string table entries will contain both a tier and a
segment, because in atutosegmental phonology tiers may only contain specific types of segments: any
segment to be stored in the tier must match the segment stored along with that tier. Thus. the
skeletal tier contains an "-X" the tonal tier contains a "T.," and the phonemic tier' contains a "P."
('lass nodes and features may only appear on their own tier in the Tree modes, so when they are
defined (in the "Tree" section), a tier with the same name is defined and placed in the string table
entry along with the segment. In contexts where a tier is expected, the entry will be treated as a
tier, and in contexts where a segment is expected. the entry will be treated as such.

When the user defines a rule, the parser creates the "original" and "replacement" tiers. which
are initially identical (although the segments in the replacement tiers are copies of the segments in
the original tiers and not the actual segments themselves). In addition, it creates a map containing
"'matches." Each "match" contains a copy of some segment froni the rule tiers, along with the
position of that, segment within the original and replacement tiers. In the "'Effects" section. the
parser will take the user's segrefs and find the "'match" segment corresponding to the reference.
In the parser. almost all global data must be transferred in string table entries, so this "'match" is
stored in such an entry. The parser then uses the "matclles," the liap. and the rule to modify the
"replacement" tier (and the niap. so that later effects do not get conifuised) in accordance with the
desired effect..

The final. and simplest, process in which the string table is involved is simply that of giving names
to objects. Thus, charts, rules, class nodes. pIhonemes, features, tones, and tone representations have
nanies corresponding to some string table entry. fin order to save memory and limit expensive string

""This corresponds to a segref in the spe'ification file
"T'hese three tiers am'e predefined before parsing begins.

40



copying operations. tlit only strings stored within AM\lA art hose touind Ii itli string tablt. and
all other objects simply contain rfereiices to theinm.

The oiilv olperation fii which the parser Is involved, other than luilding ohjects and storinig flhitII
in the strillng t able, is building objects and storilng themii in the chart. Thiius. thi' parser generates liew
tIers held by the charI (except for the tthree tiers already stated to lia\t' beeji jtr,'dleliiid). tile rules
to be applied to the chart (also stored in it ). thl map of fret associates (Fl'reet associates are, definied
"'iainualli+ ii the "'Associates" sect ion and autonlial ically when class nodes.t. art deflined in I helr--T'e"

section class nodes automatically frevly associate with their direct Supleriors and iniltriors). and all
of f lie paranmeters: the nmaxinmlum number of (Olies per vowel and vowels per tone•. flit, iiuilter of
tones, whether tones conneict. and whether sandhi rules and satidhi rules that apply fiomn ight to
left exist.

3.3.3 Input and Output

The input/output system of A:\AR relies primarily on the- string table and thle iatching svsteIli.

alt hough it provides a surprising aniount of compnilexitv oii its own. The overall input/output system
begins by going through the string table and finding t lie naximuni length of a phoneme. where a
phoneme is specially defined to mean a string that may legitimately appear in the input. It theii
attempts to read in one word at a time froii the input. If there are sandhi rules, ANIAR reads in a
phrase, then apl)]ies the rules in order and( outputs the phrase, deleting it froni tlite chart. Otherwise.
the system reads in one word at a time. applies rule to it, then prints and deletes it. thus saving
iliemory and minimizing delay between outputs.

The Input System

The input system can be divided into a section that reads one word at a time and one that reads
a segment at a time. The former simply places a word begin at the beginning of each tier in the
chart, then calls the other section to return one segment at a time until a word end is returned,
at which time a word end is placed at the end of each tier. Each tier's current position is set to
the beginning of the word read in, and the section returns control to the main loop that called it.
As each segment is read in, the "'read_word" procedure checks to see whether it is a boundary, a
floating tone, a phoneme connected to a tone, or a simple phoneme. Boundaries are copied and
added to every tier of the chart. Floating tones are added to the tonal tier. Phonemes. connected
or unconnected to tones are sent to the procedure "add-skeletal-segment,," which searches through
all the connections and adds each segment to the appropriate tier (when a segment is defined in the
parser. it is associated with its tier.)

The section that reads in one segment at a timet" takes one character at a time from the
input. These characters are built up into a string whose inaxinmum length equals the maximuiii
length of a phoneme. If the first- character read by the function represents a boundary or comment
(<space>, <return>, "'#".", "+-, or -•.'- ), the program will go through the input and eliminate

redundant boundaries and comment lines, and finally return a morpheme begin or end (for morpheme
boundaries) or a word end (for other boundaries), and set the flag "eophrase" ("end of phrase-), if
appropriate. Otherwise, "'read-segment" will attempt to find the longest string matching a phoneme
in the string table. This is accomplished by looking up the string as it is built--if the table contains a
phoneme corresponding to the string, this phoneme is stored as the tentative segment to be returned

and the length of the string at that point is stored as well. When this string matches the maximuni
length, the prograin checks to see if a segment was found. If not, the first character of the string is
discarded (in this way, "read-segment " ignores unrecognized characters) and the rest are put back
to be read later. The procedure will then return a flag denoting that no segnient was found. If a
segment was found, any characters which were read after the niatch are put back iiito the input".

ioaccessed vlia the function "read._segtnent"
11 Actually, for safety the program maintains a stack of characters, into which characters t, be reprocessed are

placed. When "read.segment" wishes to read a character, it first checks to see if there are any in the stack, and. if
so. pops off the top character.
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Finally. tihe segment is returuidl

The O(itput Syste-m

ANIAIH produces two types of out put: "-process- output used to show what i., going on or report
errors. and the actual output produced when rules are applied ito the lt put. i l'roces.s- Output iS

sent to stanidard error, antd actual output to stainda rd outtput.
Error reporting is fairly straightforward: wheu an error occurs, a mnessage is outtput. and pro-

cessing halts. Th, other type of "'process" output only appears when ANIAtH is run with the "-d"
("debtig'" or -demno-" ) option. T[his op'jun displays the contents of the chart hefore rules have ap-
plied, states which rules are applying and whether any. change wa, mnade. anid. if a change was
made, displays the chart contents after rule applications. The ---d- Output is produced by "print(")"
tmemibers oftlihe ( 'lassNode, Feat ure, FeattureNlatrix. Tone, and Phonemic classes. which simply print
the information stored in the class object other than that stored in any coinectaable segment (thus.
nantes. values (plus. minus, alpha. or undefined), features, levels. and representations, respectively).
along with a unique identifier for (lassNodes and Features so that effects such as shared nodes
become evident.

To produce actual output, AMAR goes through the skeletal tier of the chart, one segment at
a time, and calls the '-print())" member for each segment encountered. Since the skeletal tier only
contains boundaries and X's' 2 . there are only five such members. corresponding to morpheme begins.,
morpheme ends. word begins, word ends, and X's. When a morpheme begin immediately follows a
morpheme end, the program prints a '+"'. Similarly, when a word begin immediately follows a word
end, the program prints a space. Otherwise. the boundary print functions do not output anything.

The print member for X's niust match the segment against the full specifications stored in the
string table, if any. or the segment specifications found there. To do this, the X is marked for exact
matching. and is then matched against every phoneme in the string table, using the matching system
to be described later. If there is no match, nothing is printed. If there is only one match, AMAR
prints the st ring stored in the table entry containing the matching phoneme. Otherwise. AMAR will
print all of the matching strings in parentheses and separated by slashes.

3.3.4 Matching

Before a rule may be applied, it, must be matched. That is. the program must search through the
chart and find a position corresponding to the situation described in the rule. InI fact, the program
must find such a position for each tier mentioned in the rule, and all of these positions must be
consistent. That is, if the rule mentions that some segment in one tier is connected to some other
segment in another tier, the matching chart segments for the two tiers must connect to one another.

In order to achieve this goal, the matching section, moving from the most superior tier of the
rule13 to the least superior tier, attempts to find a match position for each tier. To ensure consistency
and efficiency, for a given tier the program only begins matching with the first rule segment that does
not connect to previously matched tiers. When all match positions have been found. tihe program
adjusts them so that each match position actually refers to the first item on that tier that was
mentioted in the rule, by checking for each tier to see whether a matched item on a previous tier
connects to some segment previous to the current match position for the tier.

The matching process for a tier occurs as follows: the procedure keeps track of a position within
the tier, starting from the recorded tier current position (either one position after the last position
at which the current rule was applied on the tier or at the beginning of the word,) and starts off b"
finding the first rule segment both in the proper tier and unconnected to a previously matched tier.
This segment is matched against the segment at the current tier position, moving the tier position
forward until either the segment matches or there are no more segmnents in the tier. in which case
the rule (foes not match. If the segmnent did match, the position is saved as a tentative match

12
and Us and V's, which are here treated the same as X's

I ýIn matching. only the -'original" tiers of a rule make a difference. Therefore, any reference to a rule tier in a
discussion of matching refers to one of the "original" tiers of that rule.
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position. and the procedire attempts to inatch thlte rest of the rule. If the rst mnatches. thli saxed
posit oion is returned. Otherwise, the iniatchiiig process he-ins again fronti thel next position altelr thlie
saved position, unt ilthe tier ether matches or coinclusively dloe"s nol iliatich (lox not haviii, eliout•l
segments after thlie currenlt position to match.)

Nlatchiig occurs rat her dillfeteitly fr Olcon•nectablle and iioii-coniiiectable seglilents. Any givell lloll-
connectaable segilent miav either be a houndary or a --zero." which is merely a notation iiatchiiing zero
or luort- conlectable skeletal segi•uents. Boundary iialtchlmie is fairly sini phe: anIv boundarN matcheis
another of tire salie type. A zero always successftilly matiches: its function is to uujove the, currenit
tier position forward to the tirst position ili which there is not a segnlent of the type of' the zero. For
example. after matching against a (CA0 the current tier position will he oii tIet next segnniet which
is not a (.

For matching two individual connectable segments. there are three levels of' matching: (q. qqual,
and (qr. That is, oiie ascertains whether two segnients uuatch by calling the function eq. This
function checks whether tihe two segments are qqual. then checks for each of tibe rule segnienlts 14

inferiors whet her it is tqual to some other of the chart segment s inferiors. eq also miakes sure that
the rule segment's inferiors are, within their tiers, in the same order as the chart segment',.

The equal procedure checks first to see if the rule segment is (qr to the chart segment. If this
is so, tire tiers mtust have the same name. Finally, if the tiers have thlie sanie name, tire segurents
must match exmactly or roughly, depending oii whether the rule segment has beeni marked exak I (by
surrounding it, in parentheses.) t ' To match exactly, the chart segment may have fewer or more
connections than the rule segment, but within the tiers accessible from tihe rule segment (the tiers
to which the rule segment is connected), the chart must have the samne number of connections. TO
match roughly, the chart segment must have the same number of inferiors as. or more inferiors than.
the rule segment, within the tiers accessible from the rule segment.

For a rule segment to be cqc' to a chart segment, the chart segment must generally be of the sanme
type as the rule segment, or of a type which inherits from the rule segment type (see figure 3-4.)
However, a feature matrix may be (qr to a feature, a feature mnatrix, or a class node. In addition, a
segment set may be fqm to a segment or a segment set. For a feature matrix to be (qr to a feature.
every feature in the matrix must either be (qr to the feature or cqr to some feature connected to
the feature. To be cqc t~o another feature matrix, a feature matrix must be such that every feature
in it. is eqc to a feature in the other matrix. Finally, to be (qu to a class node, every feature in
the matrix must be eqr to an inferior of the node. For a segment set t-o be cq, to a segment, some
element of the set mnust be (q, to the segment. For tihe set to be cqr to another set, every segment
in the set must be cqt to some segment in the other set. For a tone to be (qt' to another tone. the
tones" levels must be the same. For phonemes (of the CV mode type). the representations must be
the same. For class nodes, the names must be the same. Finally, for features the names must be the
same, ali(l the rule feature's value must be "o" (specified by "4t", since there is no ri key on most
keyboards) or the values must be equal (both pluses, minuses, or unspecified.)

3.3.5 Application

After consistent matching positions have been established for every tier, the application section
begins by making a correspondence map between the rule and the chart. This trap takes essentially
the same form as the map used in the parsing section, containing "'matches" consisting of a copy of
each segment in the "original" tiers paired with the chart location of the matching segmientl . The
section next loops through tire rule tiers, in the tier looping through the "replacement" tier and the
map corresponding to it. If the current rule element is the same as the current map element (if they
have the same identification number), it will check whether the segments have the sanie nuniber

"14The equality operations under ANMAI are not reflexive, so for any operation of the type .4 = B. the segment A
will be referred to as the rule segment. and B as the chart segment. since that is the usual order in which the equality
operations are called.

l ' Note that by the Conjunctivity ('ondition (Goldsmith 1990. page 39), segments to be deleted or replaced should
be marked exact. Segments that. are explicitly supposed toi be unconnected should also be marked exact.

't 'For more insight into the construction of this map. see the function Rule: :application in appendix C.
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of connections, and if tlhey (to not or the connection spreads. coCnnliectionl will I , adjusted. If tle
segments arte not tile saiet'. segilients wilI he adjusted.

Connection Adjustment

The connection adjustine• t snbsection bhreaks, any connections that exist III the tiap, but not inI the
replacemient chart, and adds those that are iII the replacenment chart Ihut not tht, tinap. (Contnection
adjustnttent occurs iii the iuap, which is fairly simple, and iii the chart, which, as will be seen, is not
quite So simple.

The nmap and the rule charts (do not always reflect the actual chart very exactly. If a rule shows
two segmnents cotnnected. they need not be diiictly connected ill the chart. Thus, when breakinig
a connection in the chart, the procedure (break-connection) responsible for disassociation first
checks to see if the segments are directly connected. If so. they are, disconnected- Otherwise. it will
check to see which of the superiors of the inferior of the two segnients is connected to the superior
of the two. and will then disconnect the inferior segment front the connecting superior.

To add a connection, the procedure (add-connection) begins with two segnments to be connected:
a superior and an inferior. Next, the actual two segments to connect must be determiiied. The

general principle used for this is to disturb tree structure as little as possible. Therefore. the
connection will be made as close as possible to the inferior segmnent, and tie procedure searches for
a new superior segment to connect to the inferior. If the superior segment provided freely associates
with the inferior, the new superior will be the same as the old. Otherwise, the procedure looks
at all the segments dominated by the superior segment and chooses the segment having the fewest
inferiors (to be as far as possible from the top of the tree) amnongst those that freely associate with
the inferior segment. At this point, the procedure will search through the chart and see whether t he

new connection will cross any- existing connections. If it will. the crossed connections will be broken.
Finally. the connection will be made.

If a connection spreads (if, during rule construction, a segment was marked spread-.eft or
spread-right), the segment marked to spread will connect to every segment that meet.s the following
criteria: it, is ott the same tier as the connection along which the segment spreads, it is in thie direct ion
of spreading, it freely associates with the spreading segment. it is not separated from the spreading
segment by any sort of boundary or crossing connection, and connecting to it will not cause a
violation of the tones per vowel and vowels per tone parameters.

Segment Adjustment

If the current map segment is not, the same as the current replacement, chart segmnent. then the rule
involved segment deletion, metathesis, insertion, or replacement. If the current rule segment is found
in the map somewhere, and the map segment is not found in the replacement chart, then the chart
segment pointed to by the current map segment must be deleted. If the rule segment is in the map
and the map segment is itn the replacement chart. theni the chart segment must undergo metathesis.
If the rule segment is not in the map. and the current map segment, is in the replacement chart. then
a new segment must be inserted in the chart. Finally, if the rule segment is not in the map. and the
map segment is not in the replacement chart, then the chart segment must be replaced.

To delete a segment from the chart, it is first detached from all its connections. then sitiply
removed from the tier. The same process then occurs to the corresponding map segment.

Metathesis essentially deletes the chart segment, then re'fiserts it. at the proper position. which
it finds by looking for the chart segment corresponding to the map segment that precedes the proper
position. This process is then repeat~ed on thie map segment that corresponded to the chart segntent
mtoved.

Inserting a segment first involves making two surface copies (1.(•. copies which do not have
connections) of the rule segment to be inserted, and then insert one copy into the chart and one into
the map. Next, the insertion process duplicates the rule segment's connections iii the map and chart.
If the rule segment is connected to something that does not appear in the map. the connection is
not duplicated, as it, will be taken care of when the other segment is inserted.
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'I'l( finial jiroces. replaceiiitit . I get'ii'rallv ideiitical Io ilitsert hill od' t lit- lit,% m- menllit fillowtd I,

dehet iou oft tiel old seglineiii exccept ill lthe case wher, Ilit seiitiit1111 iiivulvtd Is a 1,calt rf iiativ rI. FOr
a feattore niat rix. rejl~aceiiitit is .1tist aI hat iiic chanige. so1 thlj5 t%1tt ol retldaceiiieiit IS accoiiildislied
by cop~ying t he new," heatiires intu t he chart mlatrIX aiid rcidaciiig thli iiiai iiiatrix as wooild lialqpel

lit a itormial reldaceiietit.

Association Convention

l1 aiiv liew (ohihiectilils are, ilihde dur11ing apl)h~lcatioli of a rile, the jlrog~ram will atteml~ij~ to ajlv1% Ilie
associat ion convent ion at everv moifiioled point1 of' Connlect Ioln (ainy connlection ilnade a., thei resuilt of'
aI ruile) iii the chart.

ITo aplyIN thle associat ion convent ion at a giveni connectie n, l ll. -tle roced ure 1 7,( I eInS j[ust lef't ofI

lie connect iou and conlnects pairs of' mnconliect ed (iii termis of thle two tiers coinceriiedl) huit fr-eely
associat lig Segmneits tintll it reaches elither a hootidary or a coinnect ion bet weeii thle two tiers. If a
botindarv is reached, tble I)rocedlore will keep) at tachinig seglneit s froiii the tier iii which a bolinudarv
was not reached ot ift eit her there are no m~ore freely assoc .at ing segmeneits iii thfat tier. a botiidar% is
readhed inl that tier. a coninect ion bet ween tue tier-, is reached, or ftirt her coninect ions wotild violate
restrict~ions onl miolllers of' tones j)er vowel or vice versa. After the associatio lollCleut ion has heenl

apfl)hliel in one dlirect ion. the proceduire thuen at teilil)ts to al)ltlv. it iii thle ot her.

Back to Output

After the association convent ion has beeni ah)l)hied., the alpplication sect ion returns and either t he
next ruile is alpphied. or the modified chiart 'Is pijited aIII] enipt jed.

17 Chart: : apply..assoc-convent ion-see appendix C'

15



46



Chapter 4

Examples

To give the reader a feel for the workinigs of ANIAR. this chapter will begini withi a very sininpb examl-
ple based oni ani artificial tonie laniguage with oiony t hret, phoiienies anid proceed through increasingly
comiplicated examiples b~ased onj Bamibara. Spainsish anjl hntally krabic- A listiiig of p)rev-iouslNy in-
coiiipletely specified examiples cati be found~ in Appenidix B.

4.1 Simple Example

This section wvill niodel the nimagliary languiage -Abc.- Iii Abc. there are three phoiinees: "a," 1),
and~ --c.- The first of these is a vowel. anil the rest are consoniants. Abc hias two tone levels--low
(L) and high (H). It allows atny itnumber of toiies to be connected to a vowel, but only thlree vowels

nmay he coinnected to a single ton~e. Finally. Abc associates tones to vowels froni right to left. and(
connectedl tones spi-fad to coinnect to toneless vowels to their left.

Thus, the language would b~e rep~resented:

Language Abc:

Phonemes: a, b, c.

SpecMethod: CV.

Vowels: a.
Consonants: b, c.

ToneLevels: 2.

MaxTonesperVowel: INFINITE.
Max VoweisperTone: 3.

ToneNames: L, H.

ToneReps: "A": a / L, 'IW: a /H, "A": a /H L, lid": a /L H, "WI: a
/ H H.

Associates: {segment{T), segmentiV}4, {segment{X}, segment{P}}.

Rules:

Rule "Initially Connect Tones":
Tiers:

skeletal: (V) CO -]w..,
tonal: (T) "]Wei.

47



Effects:
V :: T.

Rule "Spread Left":
Tiers:

skeletal: (V) CO V,
tonal: T.

Connections:

V[21 -- T.

Effects:
<< T skeletal.

The parsing process would proceed as follows: The parser would first create a ('hait object with the
name "Abc." Next. it would create three objects of the class "'phonenme," with tlie representat ions
"'.a," "b,- and "-c." respectively. These would be stored in the string table. Then, the parsing mode
would be set to "(X'V." and the phoneimes would be connected to a "'("- or a -'\-' depending on

whether they were listed as "'('onsonants" or -Vowels.- The systenm will then note in the chart
that there are two tone levels and that there is no limit oi the numnber of tones per vowel, but
that one may only associate up to three vowels to a single tone. After this, the systemll will react
to the "ToneNames" field by entering "L" and "H" into the string table referring to low and high
tone levels. As the last part of the tone definition section, the system will then create string table
entries corresponding to the vowel "a" connected to a low tone, a high tone. a falling tone, a rising
tone, and a long high tone. In the *'Associates" section. the parser enters the pairs "Tone"/"Vowel"
and "-X"/"Phoneme" into an internal list of freely associating segments, signifying that tones freely
associate with vowels and that phonemes freely associate with X's, consonants, and vowels. At the
first rule. the parser will create a Rul( object with the name "Initially ('onnect Tones." It will
then create three tiers called "-skeletal": a mapping tier. an "*original" tier (for matching). and a
"replacenient" tier for application. Into these tiers will go a V segment marked for e,:act matching, a
('0 segment, and a word-end segment. Next, three tonal tiers will be created, into whnX, will go a T
segment (which matches any tone) marked for exact matching and a word-end segment. Finally, in
the "replacenient" chart and the map (but not the chart used for matching). the V will be connected
to the T. At the second rule, the parser will create the same tiers as before. putting a V marked for
exact matching, a CO segment, and a V into the skeletal tier and a T into the tonal. Next, in the
"original" chart, the "replacement" chart, and the map. the second V will be connected to the T.
Finally, the T in the "replacement" chart will be annotated to indicate that it spreads left along its
connection to the skeletal tier.

If, after parsing, the system were to receive the input "'abcaaaaacL". the input an(l output section
would put a word begin on the phonemic, skeletal and tonal tiers. It would then put the segments
".abcaaaaac" on the phonemic tier, "'VA V\VVVV" on the skeletal tier. and "L" on the tonal tier.
The segments on the phonemic tier would each be connected to a segment on the skeletal tier. but
the "L" would be a floating tone. unconnected to any other tier'. Each tier would then receive a
word-end segment.

The first rule would then look throughout the chart for aii unconnected V followed by zero or more
consonants and the word end on the skeletal tier and, on the tonal tier. atn unconnected T followed
immediately by the word end. This matches against the last vowel in the word (surprisingly enough,
"a") and the low tone. These two segments are joined, and the association convention attempts to
apply. However. there are no adjoining pairs of unconnected tones and vowels, so the association
convention does not apply. The second rule then imatches against the vowel/tone pair just connected
and connects the low tone to the second to last vowel on the skeletal tier. It then continues to spread.
attaching the low tone to the third to last vowel. However, any further attachments would cause
there to be more than three vowels attached to the tone. so spreading ceases.

'This would be the case also if the low tone were introduced as. ..q.. ti. in the input. If the user wished tones to,

start out connected, lie or she would put the keyword "-Connect Tones" before the "Jonelevels" line.
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Thus. tilt iliput "'ahcaaaaacL' rodirdut's tih out ltl! 'ao'uaat'pi. lie" (flt put iI piroduc'-d bh
goi,•g through thei skteletal tier a•nd iulatchiiig ,adh N( X ' ioliMt ai' voowel ii, it a' aie, e>heiiiew.-S
ill thlie sIrilig taable. "Vheni all X liiatclhi , exac'tly oit of, tile' pliliille• iit I liering ial., tOlit
outi put stection llprilt., that pholenilies striug I't'trepre itiat iou. Tlis. -'a" I., ilt, l, rilig reprte•l't, laltiou

ot'a skel'tal (' -oiiiuc .tvd to ai )honli nic Pi ii(tint wu ith tilt- rl r.preeiit atliou "a.- ot.
If the itiput were ''l atalcl." tlile- 'TI would ile' (,oiiiiectt'd to ill,' last -'a," andt tlit as•ociatioti

cOliveltitl0)ll wouhld cuOilit''t btoth high tolnes (irt'pre•ueiited by' a byiti 'd "AF1) t() tit' first '"a."' libt

slnreadihig rule wvould 1iot applV (silic'e thlierte would hv ii,t ulicolliected V v.l'iiieiit.,)' aiidi t out ll

would be -baa-.-

4.2 Bambara

Alt er havinug described thbe imnaginary language AlI('. t his •Section will turn to a sinall s•it et of
tle plhonology of IBaiiibara. a Mianide toie laiguag,' spokeii ii Mali (Heltrtz 1990). Baiilbara has
a twelve-vowel '•stt'iii. ('outailiiiig the standard five vowe'ls of •ltainisli .. apatiest'. aid inaiiy ohlier
language ("a." ", ". . "'o._ a.ti "u-) pairc,(l with itiasalized equivalents. ('onfpleting Banibarai's

vowel inveitory are the vowels 1" anid "E.'" Hertz (1990) list., teli following consonants: "'i>," "b+"

"i. " '. "d," "," "ii.'r'" "'j,," "k.' --g." and "ij ." There are two toiie levels. and high, low,

ris•ig anld falling tones al)pear oln tlie surface. hli Baiibara. tones (to not begin coninected to specific

consotiants, i)ut are rather groulpe(l wit h enttire Inorplihene• and altaclied via the two rules discussed
earlier for language Abc. Before these rules apply. however, there are two rules that apply to ton.es

found outside of nornmal niorpheuies (here terined "floating tones." ) In general. floating toties ninay

be foundt itunderly'iigly in the pattern "Hi" or -'HL.'" T1he rules are as follows: when) a high tone ("-"

ininediately precedes a mnorpheine begiii, it is mioved into the followiug nmorplhenie. If. however, this

rule does not apply (typically because the high tone was blocked by a floating low tolne ( L'")) t he

high toiie is moved int.o the previous nmorplienie.

The subset of Bambara phonology described above might be specified by the following:

Language Bambara:

Phonemes: m, n, "U", b, d, j, g, p, r, t, c, k, s, i, in, I, e, en, E, a,

an, u, un, o, on.

SpecMethod: CV.

Vowels: i, in, I, e, en, E, a, an, u, un, o, on.

Consonants: m, n, "ij", b, d, j, g, p, r, t, c, k, s.

ToneLevels: 2.

ToneNames: L, H.

ToneReps: "61 : a /H, "" : a / L, "&" : a / H L, "a" : a / L H, "in"

: an / H, "n"W: an /L, "An" : an/ H L, "&n": an/ L H, "i" : i
IH, "i" : i / L, "I" :i /H L, "I" :i / L H, "in" :in /H, "in"

: in /L, "In" : in/ H L, "In" : in/ L H, " : e /H, " : e /

L, "0" : e / H L, "W" : e / L H, "6n": en / H, "6n": en / L, "'n"
: en / H L, "an" : en / L H, "6" : o / H, "6" : o / L, "6" : o / H

L, "5" : o / L H, "6n" : on / H, "6n" : on / L, "Wn" : on / H L, "zSn"

: on/ L H, "A" : u /H, "it": u / L, "i"l: u/ H L, "1" : u / L H,
"UCn"M : un H, "iin": un L, "fin" : un H L, "On" : un L H, "I"
:I /H, I":I / L, 'T' I / H L, "I" :I / L H, "":E / H, "-

: E / L, "." : E / H L, "." : E / L H.

Associates: {segment{T}, segment{V}}, {segment{X}, segment{P}}.
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mu so don

cvcv cv

word morph L H L

l'igurt' -l� 1: Internal lt�l� ,tiitat ton of IUhw-tdkI,

Rules:

Rule "Floating High Tone Metathesis":
Tiers:

tonal: "]m" H "mE".

Effects:
H -> "mE" -

Rule "Floating High Tone Metathesis (part 2)":
Tiers:

tonal: "]m" H.

Effects:
H -> _ "]m"

Rule "Initially Connect Tones":
Tiers:

skeletal: (V) CO ")m",
tonal: (T) "3m"

Effects:
V :: T.

Rule "Spread Left":
Tiers:

skeletal: (V) CO V�

tonal: T.
Connections:

Vr2] -- T.

Effects:
« T skeletal.

The parser. upon receiving the al)ove specification, would act in a manner almost identical to the

parsing of Abc above, except that the first two rules involve metathesis. TItus, for time first of these

rules the replacement chart. differs from (he original chart in that the "Il" imioves to the right Si(le of
the morpheme begin. an(l the second in that the II moves to the left side of the morpheme elI(l.

Ipon receiving the input:

WE mE musoL 3m H mE douL 3m 3w

'it is a woman )2, t lie input system enters a xvor(l hegin into each tier, followed h� a muorphente

hegimi. Next, the segnient.s 'nuso are entere(l int.o t lie l)ltommemnic tier, corresponding to the skeletal
'CV( 'X ." L is simult aneouslv a(l(le(l to the tomial tier. Input continues in this manlier itnt il t lie

wor(l end is reached.
The first rule matches against the *P between morpheme boundaries, and moves it into t lie

morpheme "doit." Because of this nioventent . t lie second rule hoes not mat cli. The third rule mat ches

2 Note that the spaces between characters are actually tabs-AMAt't reads spaces as word breaks.
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a 1t-u ~t li lill') tuthewl~ patir'. b,'l t' .Iii lit I s I l o'dIlor' 'xct I hat tho t -,I Iloa l ''kII) blas1lt ' lit
rle1_ 'froii apjtlyiatg.ihescoilu liul iiiatclit's adw aplies.- AFitoii tit' ''I,' wint it'uallorlllillt'

asO cath rloll ('Oip lit ol o '0ii'tt lit'alu ''I. roi t lt' 'I-I i 1()%% (1. liti tolt iiojhtilti, I 'll oii.() . aull '' I It
i io iiit 'td p t o lit' t)tVtl .rd - -Iiui~s(,+ -110 r Vt l twtl I't, lt' ult ii'iit(t'l ait lol hit'pc ud r t'a ligul rul I-oe I ot

Frontly. flit' inut t is'ii: o tti

(th asptect wof aui) isluysel phiihogy. iuioltllit'r are Iwtco 'X*ld iiiaiit tpiticflat ion -L Hoickd obst frust

andluasa /ronttra a ssiyuil Th lat)u roll. ti ('011 r nast t Ihit' lau i eaapli pes. n n t iis- t'(to ~l h~ilex niorpheit'I

nio(Ilsfor- Tphuis. whli ditin htbitd rll e nole.-1"1,cneted 1atboI ot thes iidlasat' ivowel ditt'. aiit a t bir

nsuodl~'llere tothe v~owoel. Thut otlul speifed Alleft uuonest'l(els atd thelp toepralaii thle followi1ti

feaur3 o Spanish:viessotmasinSiisi(rte ' 'v"" aid"")atuitrliil

une specifie ofo thefeat phur[olity jiuntile her Lo ano re7~ (ouldsnt ia sei f 1. (lei lelt vocs I 48 bTit' Voice-

less obst ruants receive a value of [+cout inuant] iii mnost eiiVironinents. except for the phirase-mnit ial
enlivrotnlient ( -cout inuant] is preferred. but [-1cont inuant] is optional). the env~ironin~ent follow~inig a
nasal, and the ciuvironnineut following a lateral. if th', obst ruant is a coronlal.

4.3.1 Matrix Model

'[lite first. aind mo1st inlcomlplete. mooldel uses a feat ure-inat rix based. ilol-auitosegient al approach.
lii t his mjodel, a consonant unspecified for [coilt uluant] and( preceded by a nasal" wil'l becoujie [

continuant]. Otherwise. consotiants tinsJpecified for [kont intiait] will becomle [-1-cOillltnanlt].

This niodel is specified as follows:

Language Spanish:

Phonemes: a, b, B, "ji" , "C, d, D, "0" e , f ,g, G , ''"y, i, x , k, 1, U~

m, n, "Ti", o, p, r, rr, s, t, u, w, y.

Spec~ethod: CV/Matrix.

Vowels: a, e, it, 0, U.

Consonants: b, B, "j3", "e", d, D2, "6"), f, g, G, "y'", x, k, 1, "X", m, n,
"1",p, r, rr, s, t, w, y.

Features: high. low, back, round, cont, son, ant, cons, nasal, car, delrel,
stri, voice, asp, lat.

Defaults:

any -> [-nasal, -low, -back, -high, -stri, -delrel, -asp, -lat,

-round, -voice),

Here represent ed as a skeletal '"C" segment t'onniect M to (a featutre miat rix c(,it aiiiing t le feat tre [+niasal].
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vowel -> [-cons, +cont, +son, -round, -ant, -cor],

a-> [+low, +back],

i-> [+high]

o -> e [+back],

u-> i [+back],

[+back, -low] -> [+round],

consonant -> [+cor, -son, +cons, +ant, -cont],

p-> [-cor],
b -> p F+voice],

f -> p L~cont],

m-> p [+son, +nasal],

B -> b [cont],
".i" -> b [+cont]

w -> U,

y -> i,

d-> [+voice],

n-> [+son],
s-> [+cont],

"I" -> [-ant, +delrel, +stri],

D -> d [cont],
"0" -> d E+cont],

[+cont, -voice] -> [+stri],

r -> n [+cont],

n-> [+nasal],

1 -> r [+lat],

rr -> r [+stri],

"A" -> n [-ant],
"X" -> 1 [-ant],

[+son] -> [+voice],

k-> [-ant, -cor],

g -> k [+voice],

x -> k [+cont],

G -> g [cont],

"-> g [+cont].

ToneLevels: 0.

Rules:

Rule "Continuancy 1":

NoWordBounds

Tiers:

phonemic: [+nasal] ([cont]),

skeletal: C C.
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Connections:
[+nasal] -- C[1],
[contj -- C[2J.

Effects:
[cont] -> C-cont].

Rule "Continuancy 2":
Tiers:

phonemic: ([cont]),
skeletal: C.

Connections:
[cont] -- C.

Effects:
Econt] -> [+cont].

TIle parsing process for this specification occurs suinilarly to that of tIhle previous exa fitIles uit iI
tie keyword Features is reached. WVhen the parser reaches this sect ion, each ideitifier will he
assigned to a teature and stored ill the string table. The parser will then. in tIlie strinig tabIe, go
through every phoneii defined above and represelt it as all etutyt featurc liatrix. At tlie delaauilts
section, the parser will first go thlrough every phoneine and copy inlto its matrix the features [-inasal],
[-low], [-back], [-high], [-stri], [-delrel]l [-asp], [-tat], [-round]. and [-voice]. Then. it will go through
ouly the vowels in the string table aud copy into the ilatrices the features [-colis]. [+cenot], etc- At
tie line -a ->...the parser will copy the specified features into the matrix for tlie phowneme
".a,- as it will (1o for all other lines of this type. At the line -[+back, -low] -> [+round] ." the
parser will search through the table, and for every plhonieme specified [+back. -tow], it will copy ill
[+round]. At the line "b -> p [+voice].." tlie parser will copy the specification of -p- into _t."
adding the feature [+voice]. The parser will then proceed siniilarly until it reaches tihe keyword
"'ToneLevels," at which point it will note ih the chart that there are no tones and go on to dehune
rules. The first rule will be defined to ignore word boundaries (as is typical for postlexical rules).
and will be represented as three phonemic and three skeletal tiers. Iln the -original" phonelnic tier
there will be a feature matrix containing t lie feature [+nasal] and a feature matrix marked for exact
matching containing the feature [cont] (i.c. the rule will match a segment specified [+nasal] followed
by a segment unspecified for [cont inuant]). The "replacement" and map phonemic tiers will contain
[-cont] instead of [cont], and all three skeletal tiers will contain two C segments. Thus. this rule
will replace all unspecified [continuant] feature will [-continuant] ili the envirotnient described. The
last rule. which does not need to ignore word boundaries, is simply defined to replace unspecified
[cont inuant] features with [+continuant].

Upon receiving the iiput siu D(Do ('ihis/her/your/their finger"). the system will build the rep-
resentation depicted in figure 4-2. Since there are no nasals ill this input. the first rule will not
apply. and the second rule will apply to the two -'D's. since both are unspecified for the feature
[continuant]. Thus. the chart will now contain the representation depicted ill figure 4-3, and the
out put will be .SU &63(0.

From the input iii DcDo ( -a finger"). the systeni will build the representation depicted ill figure 4-
4. The first rule will match the *'D" after "'n," specif*iiig it [-cont inuant]. Next. lie secoiid rule will
match the other 'D' and specify it [+continuant]. The chart will now contain the represeltatiou
depicte, iii f'igiure 4-5. and the output will be s(t d(Oo.

4.3.2 Tree Model

The second niodel uses an atitosegmental approach to represent the relevant fieatures of Spanish
phonology more conmpletely, and more elegantly. The model makes use of two rules , iuninodeled by
the previous examnple. The first is that a nasal consonant iln syllab!le-final positiou will receive its
pointr of articulation from the consonant to its right ( Harris 19,1). This process is here ito+leled by
assimilation of the following consoiant's place node. The second rul" states that a lateral segnient
assimilates the point of articulatiou of a following coronal consonant (Hlarris 1,9169). Usiig these two
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-high +high -high -high -high -high
-low -low -low -low -low -low
-back +back -back -back -back +back
-round +round -round -round -round +round
+cont +cont cont +cont cont +cont
-son +son -son +son -son +son
+ant -ant +ant -ant +ant -ant
+cons -cons +cons -cons +cons -cons
-nasal -nasal -nasal -nasal -nasal -nasal
+cor -cor +cor -cor +cor -cor
-delrel -delrel -delrel -delrel -delrel -delrel
+stri -stri -stri -stri -stri -stri
-voice +voice +voice +voice +voice +voice
-asp -asp -asp -asp -asp -asp
-lat -lat -lat -lat -lat -lat

word C V C V C V

Figure 4-2: Internal Representation of "'su DeDo'"

-high +high -high -high -high -high
-low -low -low -low -low -low
-back +back -back -back -back +back
-round +round -round -round -round +round
+cont +cont +cont +cont
-son +son -son +son -son +son
+ant -ant +ant -ant +ant -ant
+cons -cons +cons -cons +cons -cons
-nasal -nasal -nasal -nasal -nasal -nasal
+cor -cor +cor -cor +cor -cor
-delrel -delrel -delrel -delrel -delrel -delrel
+stri -stri -stri -stri -stri -stri
-voice +voice +voice +voice +voice +voice
-asp -asp -asp -asp -asp -asp
-lat -lat -lat -lat -lat -lat

word C V C V C V

Figure 4-3: Internal Representation of Output from "'su DeDo'"
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+high -high -high -high -high -high
-low -low -low -low -low -low
+back -back -back -back -back +back
+round -round -round -round -round +round
+cont -cont cont +cont cont +cont
+son +son -son +son -son +son
-ant +ant +ant -ant +ant -ant
-cons +cons +cons -cons +cons -cons
-nasal +nasal -nasal -nasal -nasal -nasal
-cor +cor +cor -cor +cor -cor
-delrel -delrel -delrel -delrel -delrel -delrel
-stri -stri -stri -stri -stri -stri
+voice +voice +voice +voice +voice +voice
-asp -asp -asp -asp -asp -asp
-lat -lat -lat -lat -lat -lat

word V C C V C V

Figure 4-4: Internal Representation of "-un DeDo"

+high -high -high -high -high -high
-low -low -low -low -low -low
+back -back -back -back -back +back
+round -round -round -round -round +round
+cont -cont -++cont n Ic+ont
+son +son -son +son -son +son
-ant +ant +ant -ant +ant -ant
-cons +cons +cons -cons +cons -cons
-nasal +nasal -nasal -nasal -nasal -nasal
-cor +cor +cor -cor +cor -cor
-delrel -delrel -delrel -delrel -delrel -delrel
-stri -stri -stri -stri -stri -stri
+voice +voice +voice +voice +voice +voice
-asp -asp -asp -asp -asp -asp
-lat -lat -lat -lat -lat -lat

word V C C V C V

Figure 4-5: Internal Representation of Output from "iun DeDo'"
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rtiles, t lit u -trreiit tino(tel post lilates (( 'Ol (I stttt Ii I I!M(). j'agt-. 7) -1) t1at a I oiolal atilejt~ ~
(cotltiitI[IIalti I assinti IatIes t l it X al Lt of' cotitiliita lti] of* t Iw i~t, c itois ,olisoti a it. if' t I it t%%o 'oiisoi a Ills

shiare the saine p)la(te iiode. .1tist as Ili thle j)r-eviolis exattiplle. coiisottatit ituispecified tfor [cojit illtiaw]

defauI It) [±cotuI itiatit1
Thle tinodel would b e sp ecified as tl()lo%%-s:

Language Spanish:

Mu, m, .. V, #.uj, o, p, r, rr, s, t, u, w, y.

SpecMethod: CV/Tree.

Vowels: a, e, i, o, u.

Consonants: b , B, "13"' , "C"' , d , D , "0" , f , g , G , "N", x , k , 1, "X", ii, n,

"Sfill , "Uj", p, r, rr, s, t, W, Y.

Treef

{root : skeletal),
4 stricture :root :[cons], [son], [cant], [stri], [lat] },
{laryngeal :root :[voice], [deirel] 1'
4 supralaryngeal : root),
4 softpalate : supralaryngeal : [nasal]),

{place :supralaryngeall,
{labial :place :[round]),

Icoronal :place :[ant]),

4 dorsal :place :[high], [low], [back])}

Defaults:

any -> segment~root : segment~stricture :segment~cons},
segment~sofl},

segment~cont},
segment~stri},
segment~lat}},

segment~laryngeal :segmentfvoicel,
segment~delrell},

segment~supralaryngeal:
segmentfsoftpalate : segmentfnasal}},

segmuent~place}},

vowel ->segment~place : segment~labial :segment{-roundl},
segmnent~dorsal :segment{-high},

segment{-low},
segment {-back}}},

vowel ->[+cont, +son, -nasal, -cons, -stri, -lat, +voice, -delrel],

a ->[+low, +back],
i ->[+high],
o - [+back],
u ->[+high, +back],
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[+back, -low] -> [+round],

consonant -> [-cont, -son, -nasal, +cons, -stri, -lat, -voice,
-delrel],

p -> segmentiplace : segmentilabial : segmentj-round}}},
b -> p [+voice],

f -> p [+cont],
m-> p [+son, +nasal],
B -> b [cont],
"0" -> b [+cont],

w -> U,
y -> i,

t -> segment{place : segmenticoronal segment{+antf}},

d -> t [+voice],
n-> ; [+son],

s -> t [+cont],
"..V -> t [-ant, +delrel, +stri],

D -> d [cont],
"0" -> d [+cont],

[+cont, -voice] -> [+stri],

r -> n [+cont],
1 -> n [+lat],
n-> [+nasal],

rr -> r [+stri],

"fj" -> n [-ant],

"X" -> 1 [-ant],

k -> segment{place : segment{dorsal : segment{+high}, segment{-lowl,
segment{+back}}},
"I" -> k [+son, +nasal],

g -> k [+voice],
x -> k [+cont],
G -> g [cont],
"Y" -> g [+cont],

[+son] -> [+voice].

ToneLevels: 0.

Rules:

Rule "Nasal Assimilation":

NoWordBounds
Tiers:

place: (place) place,
skeletal: C C,

nasal: +nasal
Connections:
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place[l] -- C[1],
place[2] -- C[2,
C[1] -- +nasal.

Effects:
place[l] -Z- C[1],
CELI] :: place[2].

Rule "Lateral Assimilation":
NoWordBounds
Tiers:

coronal: coronal,
place: place place,

skeletal: C C,
lat: +lat.

Connections:
place[l] -- C[1],
C[1] -- +lat,
coronal -- place[2],
place [2] -- C[2].

Effects:
place[l] -Z- C[1],
C[I] :: place[2].

Rule "Continuancy 1":
NoWordBounds
Tiers:

place: (place),
skeletal: C C,

cont: -cont cont.
Connections:

place -- C[I],

place -- [2,
C[1] -- -cont,
C[2] -- cont.

Effects:
C[2] :: -cont,
C[2] -Z- cont.

Rule "Continuancy 2":
Tiers:

cont: (cont),

skeletal: C.
Connections:

cont -- C.

Effects:
cont -> +cont.

Ill the previous examnples, there have automatically been three tiers: the skeletal tier. the phone-
mic, and the tonal. Ill this examlple, however, the parser will indeed create those three tiers auto-
matically. but, upon reading the Tree section on the specification file, it will create tiers for each
class node and feature defined there. In addition, it will create and place in the chart the tree
structure depicted in figure 4-6. In the default section most lines behave similarly to those in the
matrix exaniple. and those that contain segmentspecs build tree structures. Thus. every phomenie
first receives a generic tree structure, then vowels add a. dorsal and labial node, and the various
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x

root

laryngeal

stricture supralaryngeal

[cons] [lat] [voice] [delrel]

[son] [stri]

[cont]
place softpalate

labial coronal [nasal]

dorsal
[round]

[high] [low] [ant]

[back]

Figure 4-6: Tree Structure

consonants add the appropriate place nodes. The rules are as discussed above, and are build in the
same manner as in the previous examples.

Ipon receiving the input "utn Beso," the system will build the structure depicted in figure 4-7.
The rule of nasal assimilation will match "*i B" and produce the structure shown in figure 4-8.
Because the "it" (now an "in." sharing the "B" 's labial point of articulation) shares a place node
with "B." the first continuancy rule will apply, and "B" will become [-continuant]. Thus, the chart
will contain the structure shown in figure 4-9. and the system will produce tile output "'url beso."
Given the input "su Beso," the nasal assimilation rule will not apply. so the second continuancy
rule will apply instead of the first, and the output will be "su j3eso." Similarly, "al Gato" produces
"'al Nato" (since "G" is not coronal, and therefore the lateral assimilation rule does not apply, thus
disallowing the first continuancy rule), "al DeDo" produces "al deco" (since "I)'" is coronal and the
lateral assimilation applies, with similar results to the case of "un Beso"). and "al Xano" produces
"'aX Xano" (since "-X is a palatal, and thus its place node contains the feature [-anterior]. which
becomes shared by the previous consonant.)

4.3.3 Hypothetical Model

As it turns out, the data for Spanish suggest that the previous model is incorrect (Personal ('oininu-
nication, Harris). There are cases in which the nasal assimilation rule is blocked, but the following
voiced obstruant still becomes a [-contilnuant]. Thus, another model might postulate that voiceless
obstruants assimilate the continuancy of the previous sonorant, with a default value of [-coln inlant].
Thus, phrase-initial obstruants would be [-continuant]. as predicted by none of the previous models
but supported by the data. Voiceless obstruants preceded by vowels would become [+continuant],
and when preceded by [-continuant] sonorants (such as "*" and "n." but not "r" ) they would becoime
[-continuant]. The rules for this model would be as follows:

Rules:
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[+cont] [+contj [cont]

stricture stricture stricture

V C C

root root root

laryngeal laryngeal laryngeal

supralaryngeal supralaryngeal supralaryngeal 0 0 0
[+voice] [+voice] [+voice]

softpalate softpalate softpalate

[-nasal] place [+nasal] place [-nasal] place

labial
dorsal coronal

[+round] lba

[+high] [+low] [+ant]

worý _ [+back]

Figure 4-7: Partial Represent.ation of "uun Beso'"
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[+contl [+contl [conti

stricture stricture stricture

V C C

root root root

laryngeal laryngeal laryngeal

supralaryngeal supralargeal supralaryngeal 0 0 0
[+voicej [+voicejf f +voice]

softpalate softpalate pace

place softpalate
[-nasal] [+nasal]

labial labial [-nasal]

dorsal
[+round]

[+high] [+jow]

word [+back]

Figure 4-8: ,tin Beso" after Application of Nasal Assimilation
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1+contj [+con-]

stricturetricture

V C C

root root root

laryngeal laryngeal laryngeal

supralaryngeal supralaryngeal supralaryngeal 0 0 0

[+voice] [+voice] [+voice]

softpalate softpalate place

place softpalate

[-nasal] ple [+nasal]

labial labial [-nasal]

dorsal
[+round]

[+high] [+low]

worý [+back]

Figure 4-9: "'un Beso" after Application of ('ontinuancy Rule One
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Rule "Nasal Assimilation":
NoWordBounds
Tiers:

place:(place) place,
skeletal: C C,

nasal: +nasal
Connections:

place[l] -- C[1],
place[2] -- C[2,
C[1] -- +nasal.

Effects:
place[l] -Z- C[l],
C[1] :: place[2].

Rule "Lateral Assimilation":

NoWordBounds
Tiers:

coronal: coronal,

place: place place,
skeletal: C C,

lat: +lat.
Connections:

place[l] -- C[1],
C[l] -- +lat,
coronal -- place[2],

place[2] -- C[2].
Effects:

place[l] -Z- C[1],
C[I] :: place[2].

Rule "Continuancy 1":

NoWordBounds
Tiers:

son: +son,
skeletal: X CO C,

cont: Qcont cont.
Connections:

+son -- C[l],
C[l] -- Ocont,
C[2] -- cont[2].

Effects:
C[2] :: Ocont,
C[2] -Z- cont[2].

Rule "Continuancy 2":
Tiers:

cont:(cont),
skeletal: C.

Connections:
cont -- C.

Effects:
cont -> -cont.
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Ika tal1
IIkat talI,
Ill kaatab)
IV .'Iaktab,

V akattal,
XI t a kia Ia 1)

V'11ukatat)
VIIIkt at ali

Ix ktahab)
X st akt ab
X1 ktaabab

X11 kt awbab
XIII ktaxvwab)
XIV ktaiibah
X V ki anba\

Table -1.1: ( onjugat ion of k/b iin (las,,Ical Arabic

Note that thle segmnent reference for [cont] inl the first coiit nuancy rule has the Index "[2]. 'T is
inidex istnecessary because both Ocont and cant mnatch theit specificat ion cant (since feat ures specified
withl 0 miatch anl% other feature of the saiuie namne, regardless of value). so thle -'2]" signifies that
the second feature mnatching cant is desired. .Note also that this hypothetical rule, cannot act ually
be imipleniented inl thle current systemi, because one nieedls to specify where thle skeletal cont ains (C0
that thie nat ching systemi should skip over all olbst ruant consonants following the s'onorantl that are,
specified for cont inuant . The notation for this (toes not vet exist ini AMA H. but will be iniplemiented
inl thle next versionl.

4.4 Arabic

Thle final examiple will (teal withl verbal conJugation inl Classical Arabic, following to Somle extent
McCarthy ( 1975) and (oldsinithI ( 1990). There are fifteeni basic "conjugatlons" inl Classical Arabic.
each one consisting of a pattern of consonant and vowvel positions. The actual vowels miaking up a
conjuga~tedl verb depend onl the tense and voice, and the coinsonants are (leterinined lexically. Thus.
tHie miorphieme k/b would be -conjugated- as inl table 4.1.

Inl the case miodeled here, and( shown inl tlie table, thle verb is conjugated inl the active perfect ive.
so there is only oiie vowel, "-a." that spreads across all vowel slots. Thus. for any given conjugation.
a rule would apply to build thle prop~er consonantal and vowel posit ions onl the skeletal tier. the
consonants would be conniected to the C' slots by imeans of a connective rule and the a~ssociat ion
convention. aind the vowel "a" would be connected to thle vowel slots. Ili addit ion. soiiue of thle
conjugations include prefixes or infixes. which would be adlded afterwards.

The (somiewhat incomiplete) AMAI? sp~ecificationl for Arabic is as follows:

Language Arabic:

Phonemes: b,, f, 0,"3, mu, t , d, s, z , n, 1, r , k, "J',"",q, x),

SpecMethod: CV/Tree.

Vowels: i, a, u.
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Consonants: b, f, "0", "(1", m, t, d. s, z, n, 1, r, k, "J,"t", q, x, "N" ,
"**i* "Y",* "Y',I h, y , w.

TreeI

Ivroot skeletalL,

Icroot skeletal : son]),

Icons croot [cont] , [lat] , [stri] },
I"soft palate" croot :[nasal])

Iguttural : croot),
J"tongue root" : guttural : ERTRfl,

Ilarynx :guttural : [stiff], [slack] , [constr], [spread] j,

(place :crootl,

1place :vrootj,

1coronal :place : [ant], [dist]),
{peripheral : place),

{dorsal :peripheral :[back], [high], [low]1',

{labial :peripheral :[rounded])

Defaults:

vowel -> segment~vroot :segment~place

segmentfperipheral

segment~dorsal

segment{+back},

segment{+low}}}}},

i -> [-back, -low], u -[-low],

consonant ->segment~croot : segment{-son},

segmentfcons : segment{-cont},
segment {-lat},

segment{-stri}},
segmerit{"soft palate" :segment{-nasail},
segment~gutturai

segment{"tongue root":
segment {-RTR}},

segment~larynx:
segment{-stiff},

segment{+slack},
segment{-constr},
segment{-spread}},

segmentfplace}},

b ->segment~place :segment~peripheral : segmentflabial}}},

b ->[+stiff],

f ->b [+cont, -stiff],
m ->b [+son, +nasal],

y ->segmenticroot :segment{+son}, segmentlplace}},

y ->segment~place :segmenticoronal : segment{-ant}, segment{+dist}}},
w ->

w ->segmentiplace :segment~peripheral : segmentflabial}}},
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t -> segmentiplace : segmenticoronal : segmentl+antl, segmentJ+dist}}k,
d -> t [+stiff],
"0" -> t [+cont],
"Io" -> d [+cont],

s -> "0" [+stri],
z-> "0" [+stri],
n -> d [+son, +nasal],
1 -> d [+son, +lat],

r -> d [+son, -dist, +cont],
"-> s [-ant],
"-> z [-ant],

k -> segment{place : segment~peripheral segment{dorsal}}},

q -> k [+RTR],
x -> q [+cont],
"N" -> x [+stiff],

"h"-> [+constr],
"•"I-> "h'" [+stiff],

"?" -> [+constr, +stiff, -slack],

h -> [+spread].

ToneLevels: 15.

NonAssociates: {segment{X}, segment{croot}}, {segmentJX}, segment{vroot}}.

Associates: {segment{V}, segment{vroot}}, {segment{C}, segment{croot 1.

Rules:

Rule "Skeletal Cleansing 1":

Tiers:
skeletal: C,

croot: croot.

Connections:
C -- croot.

Effects:
C -Z- croot,
C -> 0.

Rule "Skeletal Cleansing 2":
Tiers:

skeletal: V,
vroot: vroot.

Connections:
V -- vroot.

Effects:
V -Z- vroot,
V -> 0.

Rule "Conjugation 1":
Tiers:

skeletal:"w[ [ "I ]w",
tonal:"w[" I "]W.
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Effects:
o -> c / _ Ell
o -> v / - "]w",E]
o -> c / _ "]w"[1],
o -> v / _ ""]

o -> C I _ "]w"[1].

Rule "Conjugation 2":
Tiers:

skeletal:"w[" . .w",
tonal: "w[" 2 "]w".

Effects:
0 -> C / _ "]w"1]
0 -> v / - "]w"E1],
0 -> /C! / [1]

0 -> C / [I]
0 -> V / _ "]w"•1,
o -> C I - " l.

Rule "Conjugation 3":
Tiers:

skeletal: "wE" . . w",
tonal:"w[" 3 "]w".

Effects:
o -> C / - "],W"[ ],

o -> v / - "•,"[1],

o -> v / - "Jw",EJ,
o -> C / [1
o -> v / _ "]w"[1],
o -> c / [ " 1

Rule "Conjugation 4":
Tiers:

skeletal: "w[[" "Iw",
tonal: "w E" 4 "1 w".

Effects:
o -> V / - "]w"[1],
o -> C / _ "]w"[,],
o -> c / - "]w",1],
o -> v / - "]•"[1]
o -> C / - "]w"[1].

Rule "Conjugation 5":
Tiers:

skeletal: "w [" ".w",
tonal: "w [" 5 "]w".

Effects:
o -> v/ - "]w"[iJ,
o -> C / - "Iw"[1 ,

o -> v / - ",w"[,],
o -> /C/ - "]w"[i],
o -> C / _ "W",- ],
o -> v / "I"]-"[E],

o -> C / _ "]w"E1].
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Rule "Conjugation 6":
Tiers:

skeletal: "wE" "I...",
tonal:"w[" 6 "]w".

Effects:
o -> v / _ "]w"l[,
o -> C w"
0 -> V / _ "]w"[1I
o -> V I _ "]w"1[1
o -> c W /I
o -> V / _ "]wI"l]
o -> c w _ "]w"I.

Rule "Conjugation i":

Tiers:
skeletal: "w[" . .w",

tonal: "w[" 7 "]w"

Effects:
o -> c / _ "]w"[1]
o -> V / _ "]w"[1],
o -> c I _ "Iw"1],
o -> V / _ "]w"[1],
o -> C I _ "]w"[1.

Rule "Conjugation 8":
Tiers:

skeletal: "w[" [. w",
tonal:"w[" 8 "]w".

Effects:
o -> c / I

o -> /c/ / - "]w"[1,
o -> v / _ "lw"[1J,
o -> c / _ "]w"E1,
o -> v / - "]w"[13,
o -> c / _ "lw"[1]

Rule "Conjugation 9":

Tiers:

skeletal: "w [ "]w",
tonal:"w[" 9 "]w".

Effects:
o -> c I _ "Jw"1],
o -> c / _ "]w"1],
o -> v / _ "Jw"1],
o -> c / _ ")w1l
o -> v / _ "]w"Eil
o -0 c / W "JI"llJ

Rule "Conjugation 10":
Tiers:

skeletal: "w" [ " w",
tonal:"w[" 10 "3w".

Effects:
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0 -> V / _

0 -> C / _ w[
o -> c / - ]"[]
o -> V / _-]"[]
0 -> C / -] [

Rule "Conjugation 11":
Tiers:

skeletal: "w P 1] w",
tonal:"w[" 11 "]w".

Effects:
0 -> C / ,_V,, "[l]
0 -> C / _ " [1]

o -> v / _ "

o -> v / _ "
0 -> C / E "

o -> v / _ ,]w,[1]
o -> c / _ "w"[1].

Rule "Conjugation 12":
Tiers:

skeletal: "w [ 1. ]W",
tonal: "w[" 12 "]w".

Effects:
o -> C I - "]Ell],
o -> c / _ "],"[i]
o -> v / _ "]w"[1]
o -> "I / Ell
o -> c / _ "]w"El,
o -> v I _ Ill1,
o -> C / _ "Ell"iJ.

Rule "Conjugation 13":
Tiers:

skeletal: "w[" . .."",
tonal:"w[" 13 "]w".

Effects:
o -> C / ,
o -> c / _ Ell-,
o -> V / _ "]w"[iJ,
o -> /C/ / _ " [1]
o -> /C/ /_ "]w"[1],
o -> v / _ I
o -> C / _ "]w"1.I

Rule "Conjugation 14":
Tiers:

skeletal: "w[" . 1.w",
tonal: "w [" 14 "] w".

Effects:

o -> C / _ Ell,
o -> c / ,
o -> v / _ "]w"[],
o -> /C// -11"] Ell,
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o -> c / "]w"[],
0 -> v _ l
o -> C / - "]w"Il]

Rule "Conjugation 15":
Tiers:

skeletal: "wE " ]w",
tonal:"w[" 15 "]w"

Effects:
o -> c / - "Jw"1],
o -> c / _
o -> v / _
o -> IC/ I "

o -> C / _ "]w"[1]
0 -> V / - "]w'"1],

o -> /c/ / - "]w",I].

Rule InitiallyConnect:
Tiers:

croot: "w[" (croot),
skeletal: "wE" VO (C).

Effects:
C :: croot.

Rule "Conjugation 4":
Tiers:

croot: "w[",
skeletal: "w[",

tonal: "wE" 4.
Effects:

0 -> "?" / "wE"[El,croot] _,
"I?" ::-> C / "w["[1,skeletal] _.

Rule "Conjugation 5":
Tiers:

croot: "w[",
skeletal: "w[",

tonal: "wE" S.
Effects:

0 -> t / "w["El[,croot] -,

t ::-> C / "w["[l,skeletal] -.

Rule "Conjugation 6":
Tiers:

croot: "wE",
skeletal: "wE",

tonal: "wE" 6.
Effects:

0 -> t / "wE"E[,croot] _,

t ::-> C / "w["[1,skeletal] _.

Rule "Conjugation 7":
Tiers:

croot: "wE",
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skeletal: "w[",
tonal: "w[" 7.

Effects:
0 -> n / "w["[1,croot]
n ::-> C / "w["[1,skeletal] _.

Rule "Conjugation 8":
Tiers:

croot: "w["croot,
skeletal: "w[" C (C),

tonal: "w[" 8.
Effects:

C[2] ::-> t / croot

Rule "Conjugation 10":
Tiers:

croot: "w[",
skeletal: "w[",

tonal: "w[" 10.
Effects:

0 -> t / "w["[l,croot] -,

0 -> s / "w["[1,croot]
croot[2] ::-> C / "w["[1,skeletal]
croot[l] ::-> C / "w["El,skeletal] -.

Rule "Conjugation 12":
Tiers:

croot: croot,
skeletal: (C) VO C,

tonal: 12.
Connections:

C[2] -- croot.
Effects:

C[1] ::-> w / _ croot.

Rule "Conjugation 13":
Tiers:

croot: croot,
skeletal: (C) VO C,

tonal: 13.
Connections:

C[2] -- croot.
Effects:

C[1] ::-> w / _ croot.

Rule "Conjugation 14":

Tiers:
croot: croot,

skeletal: (C) C,
tonal: 14.

Connections:

C[2] -- croot.
Effects:

C[11 ::-> n / _ croot.
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Rule "Conjugation 15":
Tiers:

croot: croot,

skeletal: (C) C,
tonal: 15.

Connections:

C[2] -- croot.
Effects:

C[1] ::-> n / _ croot.

Rule "Conjugation 15":
Tiers:

croot: "]w",

skeletal: (C) "]1w",
tonal: 15 "]w".

Effects:
C ::-> j / - "w"[iW.

Rule InsertA:
Tiers:

vroot: "v[ . . "11,

skeletal: "w[" CO (V).
Effects:

V ::-> a / "]w".

Rule "SpreadRight":
Tiers:

vroot: vroot,

skeletal: V CO (V).
Connections:

vroot -- V[1].
Effects:

vroot >> skeletal.

Rule Geminate:
Tiers:

croot: croot,

skeletal: (C) C.

Connections:
croot -- C[21.

Effects:
croot :: C[11.

Rule SpreadCRight:
Tiers:

croot: croot,

skeletal: C VO (C).
Connections:

croot -- CE[I.

Effects:
croot >> skeletal.

72



D)espite t lit larg-, imiinher of rutles and t iit co[iiiple'at.'f ('4t)Iioilaiit s 1 11ii.1 of t~le iiit' (a isd I.,t1'alt
wvith III exactly. the Samie iiUMiiiiir a"~ til Spainishi cxaiiijd. 'fit' onil, mlajor ftat IIr-', tit ilize-d here and
not any~where else are, conitrols, for associat INIt . Ifie iiotitI use"d fcrt' st atc.s thfat consuliaiits, aiid
vowels ate fouind oil differviit tiers ( civol and tool, respect ivelv ), and thlerefIore- it Is not appropriate.

for C segmenets to freely associalte with vroonts or i se-'gti'rs %%*ilt Ii itsllutvtr wlhen IlII(

tree Is defined. AM~A H ant Oiiiat ICAll assumesi" t hat t out and IToel as iiiberiors of Ilth skdelttal tier.
frtee] a~ss wj ate withI all skeletal se-gments. Thuts. t lie, NonAs soc jat es s-ct ion is iised I( to sat, th fat

N segmtentts (t.(. any skeletal segi nett s) do not ass.ociatt e lreelN vwith i fonuf and uuiand IIlie
Associates sect ion st ates that C' associates, fret% %%-wilt Ii ivol. and t- w%-ilt Iilol. lII add it iol list,
is miadoe of tu~i1/ seginvietts. segenitjts detitied to be t igored dunri ng lie associat iou convetit iou For
examtiple, the second conijugat ion builds thlet skeletal seg-ments,:

('v /c'/ v Vc

where the seconid C' segiienit is marked as inert. (Giveni th fItinput Oib. when th l -t 'k'Is conniected
to the first C'. tie associat ion coilventit ou will not see thet secoind consonant position, and will thfill

conniect the 't- to thle thlird C' segmnent . Thlis allowxs a lat er gemiinat ion rule to spread the "t" to thle
second C' as well. For input, this miodlel expects sim iply a consonant mtorphieme (stichi as hib -write
or f~l *do' ) along withI a inuniber ( representted as, a floatinug tone) Indicatiiig thet desi red cotfl ugat ionl
Fromt this, it will build ant appropriate skeletal tier. conine-ct thlitigs ap)propriatvel. conntect thlit vowel
a." and out put the coiijugatedI fortmt. T1hus, upn p recei vinig thle Iniput *f1712 ." tlit', sN .stem will build
lie( skeletal segitients, abhove, con nect tlit', ('olsotiantits a pprop riat ely and adld "a- to produLce thle

output -fa?'eal.' SititiarlY. if' the Hinput had beent "ktlb2," the( out put would bet "-ka ttab." If thle
svsteni were to receive a -'sentence" (i. t.. a number of words separated by spaces and enided with a
period) such as --kt b3 U914 kt b14 £9110.". tlie( out put would be "kaat ab ?aft'al ktanbab st af'9al.

'No te that t te trlee uised hert' is a sfightl modtitttfied( renidition of that presented in tHallt' t1103).
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Chapter 5

Discussion

The current systemn while powerful and fairly useful, has nouetieless many possibilities that have not

yet beelt fully explored- A number of in iproveniellt.s are, enIvisioned. to be carried out by the author
and perhaps later users. However, there, remains a multitude of uses for this version of ANMAR. and
for future versions. in tihe+ fields of phonology, morphology, phonetics, and speech generation.

5.1 Improvements and Extensions

In the futture, improvements utight be sought in the areas of interface, linguistic accuracy and
generality, and reversibility. As one can see from the many diagrammatic representations of various

aspects of this thesis, autoseginental phonology lends itself rather poorly to a text-based interface
and most likely rather well to a graphical one. The user might. for example. wish to specify rules
in the exact conventional notation rather than a text-based representation. Thus. a user-interface
could allow the user to enter the segments in a tier and draw various lines to connect them. The

general tree structure of a language might be specified simply by drawing it. It would be fairly
straightforward to implement such an interface as the one described here. The user could then
choose to edit whichever representation best suits his or her present purpose.

('urrentyl. niany aspects and iiechanics of autoseginental theory remain unsupported. For ex-
ample. several recent papers (Halle 1993. Keyser and Stevens 1993) make use of "lpointers, which
are directed from one class node to another in order to indicate by which articulator various features
such as contintiancy are implemented'. The systenm contains some internal support for pointers, but

the mechanics of pointers has not been fully fleshed out within the systenm, and no specification tuech-
anism yet exists for the user. In addition to pointers, the systeni does not support headed trees (as
used in stress assignment ), feature-containing class nodes (Halle 1993). the notion of' "-markedness'
(there are sonme rules that do not "see" unmarked features. and( some that do (Halle. personal com-
munication)). and a number of other theoretical and mechanical aspects of atitosegniental phonology.
Many of these problems could he solved siniply by allowing the user to specify the contents of newly
defined tiers. For example. if a class tier were allowed to contain binary valued segments, headed
trees would be possible with the current systenm. In addition, class tiers containing feature matrices
would be equivalent to feat ure-containing class nodes. Finally. mnarkedness could be imipleiented
simhply by providing a flag iii feature segments specifying whether or not they are marked. as well
as one for rules to specify whether or not they ignore unmarked features.

Leaving aside the problem of unsup)porte(d aspects of autosegmental theory, tbhere still exists a
number of inadequacies in thle features supported by- AIMAR. For example. word and morpheme
boundaries are treated as individual segments. For a given word boutlary, the system inserts onel
segnuent for every tier in thlit chart. If the user wishes to delete a boundary. each tier's seguient
unust be individually deleted. This prograni would be fairly simple to fix, by liuking all segimnents

TIthe (con-)ie pt of pointers originates in Sage., ( 198,!).
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V Xo V

H word

Figure 5-1: I)ig•o End filu Rhtil

V CO V

H

VxXY

H word

Figure 5-2: Restatement of Digo End Run

corresponding to a given boundary and deleting the entire group when the user indicates that the
boundary should be deleted. Another flaw of tihe current system lies in matching. lii Digo. a Bantu
language of northeastern Tanzania, there is a rule of End Run (Kisseberth 1984). ii which a high
tone reaissociates to the final vowel of a word (see figure 5-1.) This rule requires the system to
match "'X0 V ]w." interpreted as "zero or more skeletal segments. followed by a vowel at tihe end
of a word." However. actually implenmenting this matching behavior is fairly difficult (since "'X""
matches the final -'A" as well), and the current system, upon encountering C(. V(). or X0 . simply
moves forward tip to the first noii-niatching segment-for example, the current system could handle
"NXO ]w". but not "NX0 V ]w". or "-(' V'. but not "'('• C." Presumably numerous other problemiis
of this nature will be discovered and, it is to be hoped, eliminated during the use of tlihe system.
It may be tentatively hypothesized. however, that any example using this sort of matching might
better be recast to avoid it. For example. the rule of end run could be restated as in figure 5-2.
This restatement would further hypothesize most likely reasonably-that end run is blocked before
vowels already connected to tones.

As of now. AMAR handles generation but not recognition. That is, the user may provide an
underlying representation and be returned the surface representation for a given utterance. but
the reverse is not possible. Since rules in AMAR are symmetrical (each rule stores a "-before"
and "after" representation of the chart. and application changes the chart from a "before" state
to an "-after" state), any rule whose application does not cause information loss could be reversed
simply by switching the "'original" and "'replacement" charts. In addition, one could provide rules
specifically marked only to apply during generation. or only during recognition. Thus. it would not
be too difficult to provide a system which could take its own surface output aid(l recover the lexical
form. However. converting from the autosegmental notation to the type of notation in which ANIAR
receives its input involves a great deal of information loss. For example. given a simple string of
tihe type ANIAR outputs. the system would have to somehow guess whether two adjoining symbols
that. are similar in some way are such accidentally or as a rsult of some assimilation process. This

problem could perhaps, however. be addressed by st ricd compliance wit h well-formedness conditions
such as the obligatory contour principle. which states, more or less. that "'At the nielodic level (i.f..
on non-skeletal tiers), adjacent identical elements are prolihbited" (Mc('arthy 1986). Thus. in tlie
example given before. the system would always assume that what appears in the output as two
segments with some similarity would actually be represented as two skeletal positions sharing some
portion of their information ---for example. the output form "nib" would be l)resumed to share a

place node, since both are labial.
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5.2 Possible Uses for the System

legardless of flt liciiiprle~ct lols ofl lit- curr't'iit S% stenli \ AI M\ AH present'ls a iiii iiiftr f'4 po tussi I jt-i
fo)r aptplicationis lii plioiiologv. inurphloliubg. Itliont kcs. iand ciiiptric.d speech A., s al Iin tli-
hitrodiictioli. AMAR\l xvaS desigiiel to allOW 141liottt"Uist-. to jijuoel linguist i avto n d ciiitlck I liIi*
hy pot beses against largew bodit5 's oflit a. \Withllnil, li- ge-neral fraijie-vork. a pllioiooio'gisl at telliptillig.

for texamiiple. too w~ork oult aspetcts of' VIIvcrsal hlt l(ioblg Illiglit It. I(,t lli~odtll as iiiaii Iaiigiuage.s as
withibl vit Ii a -t, st of' basic Itiecilaijics aiiol a singple Itoe stjt lic re. I s tig AMAI I It lecouijie

easy to check whet her it thleo~reticoal ('41 hge niot ivateol lo% soilit, particular lanuiiage still nijakcs the
righit predlict lolls for. t it(- Ian ito's prvoli tlld onesut- yuda'. iiiitI ol 'pctical loll

anid chIeck., againist lie iliptit-. and e'xpectedl outputlts already generated. Anhother uise- For thle systt'ii
is lii the areas ol' ('ompil~tatjotial miorphiology. Since, as we have seen. ANI AH caii li-o'rnoii mlost,
it* niot all, of' IlWt COuitputIatiOuis Of' Whichlie11 leading comptipltatiotial miorphiology svsteni. 1INI.MNIO.
15 is'apablet it could be used for1 the applical loi' Inl Which IKININI) I., currentuly elipdovved. adding'
sinmplic'ity. elegauice. aiill all advaiiced capability for decibn 'oim plex st ructutres. W~ork lin pho-o
net ics. aniotheitr fieldl toliicliii closely upoii plioiiologv. often h(eg ins 'rouin an underlxuuug plioiiological
represent ation. IHills. comlplitat joital jpliouiet icials o'oitld list, A NIAH as aI hack eiid to providle suich
represeiitat lolis. Furt liernijore. wit 11 Onl ilvillnor tulodificat oions (such as allowinug float iiig, point values
Ill variouts tters), AMNAH could beconuec a poowerful iiieciaiiisiti for pdioiet ics iii Its own right . For
examiple. tlie( user iiiiglit be able to specify aiid nidf l oit a totte freqiileuicit's. seguIllehit dura-
tionis, or any tinumber of sitnilar' values. Addit iotially, iian liv olouet ic facts may be dlescribted iii the
current versioii of' A IA H (q.g.. thle Span ishi exanmiple of sect ion 4 .3 is general ly said to be phluotet ic
rat her hban phlon~ologic-al.) Finally. 5111cc AMAR converts siiiiplet tniiiiitear st rings inito) comuplex tree,
represent atioiis - represeintat ions cont aininng (let ailed art iculatory Itist rici(' ons it iiiigit lbc p~ossble~,
to set tip) speech gelierat ioti syst ents lin whIiichi otie beginis with simtiple text anid uses A IA H to Coll-
vert thle text inlt o art icnulatory iiistrtict ions. which would be fed into aii art iculat iou- based speechl
wuilerat or suich as, t hat developed by St evens (19Y92).
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Appendix A

Full Grammar for Specification

File

[Flie, followi lug is a -oijiileltet (lescri~t loll of' the g;raliiiiar for anl A NIAR W aigiiage spec-Ificat loll tilv.
Wrkinl 1)1(1 face rep~resenit iioii-leriiiiiiat syiibllsL. Aliiv sviiih~ol Iii tioii-lkol(f couirier foni rel)reseiil

a leriiiiiial sviiibol. any,. of which wouild be eiitere(l by the uiser Ii thte forin it appears here. evxcept t hat
letters d.o niot have to be Iin anly particuilar case. The svnibilol - represents a regular exp~ressoion. ill
whichi expressions inl squtare brac-ket s rep~reseiit a Clioice ( .q.. [Ak-Zai-z] inat ches a single alphbahet ical
chiaract er. regardfless of case.) A ii expriessionii Ii siIiiarv brac-kets iii w liicl thle first svniiol is a c.aret
inat dies anly character e-xceI~t for the characters fowiid after lie c-aret. Ali asterisk idic~kates t hat
there mnay be zero or iluore of lie p)reviouis e~xpressioii. Tne smbnioil rep~resents a gramininar rule.
Ini bothI granniar ruiles awil regular exliressions, thle syinbl)( .eieens o.Fua . iii graniiniar
rules, and 11c9/ in regu a~r exrssm.large syuare brackets around)( aui e.'qressioui hindicate that it
is op~t ioial. awil a coiuimia-sep~aratedl !ist wit h ellip~ses periods ( t.g,. --thing. thling,.. thing-)
rel)reseliit s a list wit Ii onie or niore itemus. -s woti1(1 Ile rep~reselut ed Iii nilore standardl graininuar as:

list - list . itemn

itein

The grauiniar as showiu here atteninpts to be readla ie to a btiinmali. rat her thani to a conih)tlter. and~
is niot anl limne(tiatety j)arsahbte Backuis-N aur Formi grammnar. Htowever. wit Ii a tniuiiiuiiin of lab~or it
couti(l b~e coiivertedi iit o stich. For a p~arsa tile grai ilnar, the start syniuhot wvon 1(1 be language.

identifier - ([A-Za-z] ([A-Za-z] I digit)*) I " L\t.+#\ii]*

nuinber - digit [0-91*

digit - [1-9]

language - Laniguage' identifier: iangspec

langspec - pIIoIICIICespC tonespec I associates [ (efinlitiolls

I rulespec I

plionentespec - phonemnelist mnethod spec

phoijentelist - Phonemes : [identifier, identifier, .. , idientifier

mnethod -SpecMethod: CV ICV/Matrix I X/Matrix ICV/Tree IX/Tree

SpecC - cvSp)cC I cvmnatrixsIpec IxlnatrixsIpec Icvtreespec I xtreespec

N~it~e that ctapitat izat ion cbes flttt mat ter ft t t ermhinal sYnd)h ts.



cvsipeq - I VowelIs I [ consonanit'

evlniatrixsjpec - [ Vowels ] [ conlsoniants fe Iatures

Iv(inatrixdiefaults I I evinatrixffillsiiecs I

xmnatrixsJpec -[ features I I xmnatrixdt-faitlts ][xinatrixfiillspecs
evtreespec - Vowels ][conlsolilaits ][tree, [cvtret(Ietaults

I eVtreeffullSpecs ]

xtreeýslec - [ tree v xtreedefatilts ][xtruiefullslpecs
Vowels - Vowels:[ i(Ientitler , identifier, ... identifier

consonants -Consonants : [ identifier, idlentifier, ... identifier

feattures -Features: [ idlentifier , identifier,..identiffiu

(vNiiatrix(lefatilts - Defaults: [(vlnatrix(le~faulit, evniiatrixdefaidt,
.. IeviatrixdvfaiiltI

xiiiatrix(Iefatilts - Defaults : [xiniatrixdefailt , xinatrixdlefault,
xlIIatrix(lefailtI

cvtreedefaiilts - Defaults : cvtre~edefailt , evtreedefatilt.

CvtreedlefailtIt

xtreedefaults - Defaults: [xtreedefatilt, xtreedlefatilt.
xtreedefaiiltI

vwniatrixffillspecs - FullSpecs: [cvinatrixdefanlt, evniiatrixdefault,
eviiiatrix(Iefault]

xinatrixffullspecs -FullSpecs: [xmnatrixdefatilt, xiniatrixdiefault,
xnliatrix(IefailtI

cvtreeffillspecs - FullSpecs: [ vtreedefault, evtreedefauilt,
cvtreedefaultI

xtreeffullspecs - FullSpecs: xtreedefault, xtreedlefault.
xtreewdefaul~tI.

cviiatrixdefault -vowel -> matrix Iconsonant ->matrix

xiiatrixdefault

xiiiatrixdefaxult - idenitifier -> matrix Imatrix ->matrix

identifier -> identifier I idIentifier -> idenjtifier matrix
any -> matrix Iany ->idenitifier

cvtreedefaiflt -vowel m>natrix Ivowel -> segmientspec
consonant ->matrix consonant -> segliielntsIpec
xtree(Iefaiilt

xtreedefatilt - idlentifier -> segnmentspec I i(Ientifier ->identifier

idlentifier -> idenitifier matrix I any -> segnientspee I
any -> idejitifier I featureless idenitifier -> segmvints-pec,
vowel -> segmnentslpec Iconsonant ->Segmnientslpec

imatrix -> seginenitspec Iidenxtifier -> atrix
any -> matrix m iatrix -> matrix

matrix - [featuire, featuire, .., featuire]



segitiviaspec segment Isegspec IIsegment, segspc itltthe11ifi'-
segment IS(egSpec Segiulivitsp-c' ,Seguivetspec4......5egiiiikt5Ipec

5egmentisegspu'c identifier : segiueuit~sjuc , Scgilieit spvc.

Segspec ideutifier ujiatrix Ifeature Iinidwr iIe (segspec)

Seg1i)PIC 5QtIg)('( .. vgj

tree Tree itile, node, ... , niodej

node - i(Ieitifierl I l'netifier :identifierý

I idleitifier :identifier featiiredef, teatuIredlef .. fi-aturedeti

featuredef -[Miaetifi er]

tonevspec - [ConnectTones uuuintones uiaxslpev [ toueiiaiiies
[ toiierep~s I

nuniiitonxes Numberof Tones: ( iniunher 0

niaxspec niiaxtvsjec ] [ iinaxvtsjpec(

iiiaxtvsIec -MaxTonesperVowel: nuiii1Ier infinite

uiaxvtsIpec MaxVowelsperTone: iniimber Iinf inite

tonenialues -ToneNames: [ idei~fifier , idlentifier,..identifier

toniereps ToneRepresentat ions:[ tonerep , toiierep , ... , tolierep

toilere - idleutifier : ileiitifier /segspvc segsipec*. segspec
identifier / segspec

associates - Associates: [ assoc, assoc, ass()c]

assoc - I soginentsfpec" ,Segiznetspec

(lefifitious Definit ions: [ (lefiiiitioii, definition , .. ,(efiniitioli

dIeflit fion -Define idenitifier seguiieiitspec
Define idenitifier segiient sTQc

rulespec - Rules: I rule, rule, ... , rule

rule - Rule idenitifier : [ RtoL ] [ NoWordBounds ] [ NoMorphBounds
[ tierspec ] [ co1151e('I effectspec I

tivirspec - Tiers : [ tier, ie, ... , tie~r

conispec -Connect ions : [connlectioli , connlectionl,..conliiectioii

effi ctsjpec -Ef fects: [ effe-ct, effect , ... , effect

tier -idenitifier : segsjpec se.gsjwc. ... Segspec

co)1h14ctioll - segr(f -- segref

Segref -se.gsj)ec( 1segspec [num11ber) segspec [iiuiiiber identifier]

effect - segref -Z- segref I segref : :segref segref >> ideletifier
<< segref identfifier I segref ->[segref ] -[sgref] se-gref -> 0
stgref -> segspvc I segref : :->sgspec /[s- gref ]-[segref]
0 -> segsp)ec /[se-gref ] [segref

ISI
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Appendix B

Examples Incompletely Specified
in the Text

"lhi,- appendix lisI,. wvitlhout expllaiki;iou. all working exailuples uiWcolip)letely Specified ii thi' text.

B.1 Mende

Specificaltion F'ile:

Language Mende:

Phonemes: n, a, v, m, b, o.

SpecMethod: CV.

Vowels: a, o.
Consonants: n, v, m, b.

ConnectTones

ToneLevels: 2.

ToneReps: 'W" : a / 2, : a/,"A": a /1 2, "6": o /2, "6"
o / 1, "5" : o / 1 2.

Associates: {segment{T}, segment{V}}, {segznent{X}, segment{P}}.

Rules:

Rule "Tone Assimilation":
NoMorphBounds
Tiers:

tonal: 2 1,
skeletal: V CO V.

Connections:
V[1] -- 2,

v[2) -- 1.
Effects:

V[2] :: 2,
V[21 -z- 1.



Rule "Rising to Low":
NoMorphBounds
Tiers:

tonal: 1 2,
skeletal: V CO V.

Connections:
V[1] -- 1,
v[i1 -- 2,
V[2] -- 2.

Effects:
V[1] -Z- 2.

Saiiiplt' |inlml• and Outptlms:
In1put Out putt

B.2 Tagalog

Specification File:

Language Tagalog:

Phonemes: p, i, 1, n, t, a, h, k, u, m, N, "i", RE.

SpecMethod: CV/Tree.

Vowels: a, i, u.
Consonants: h, k, 1, m, n, "if', N, p, t, RE.

Tree {

{vroot skeletal},
{croot : skeletal},
Istricture : croot : [lat]},
{supralaryngeall : croot),
{supralaryngeal2 vroot},

{softpalate : supralaryngeall [nasal]},
{placel : supralaryngeall},

Iplace2 supralaryngeal2},
{labiall : placell,
{labial2 place2},
{coronal : placel1,
{dorsal2 place2 : [high], [back]),

{dorsall : placel}

Defaults:
vowel -> segment {vroot : segment{supralaryngeal2

segment{place2}}},

consonant -> segment {croot : segment{stricture : segment{-lat}},
segment{supralaryngealjl}},



vowel -> segmentfplace2 :segment~labial2},

segmentfdorsal2 : segment{-high},

segment{+back}}},

i [> +high, -back],
u ->[+high],

t ->segment~supralaryngeall : segment~placei : segmentfcoronail},

segment~softpalate : segment{-nasalM},

1 ->t [+lat],
n ->t [+nasal],

RE -> segmentfsupralaxyngeall :segmentfsoftpalate : segment{+nasal}},

RE -> [+lat],
% just to distinguish it from h..

k ->segmentfsupralaryngeall :segment~placel segmentfdorsall}},

segment~softpalate :segment{-nasal}},

->k [+nasal]j,

p ->segmentfsupralaryngeall : segmentfplacel segmentflabiall}},

segment~softpalate :segment{-nasal}},
m -> p[+nasal],

N ->RE [-lat].

ToneLevels: 0.

Rules:

Rule "Reduplication":

Tiers:

lat: +lat,

nasal: +nasal,
vroot: vroot,

skeletal: C "]m" I'mE C V Go,
croot: croot.

Connections:

CEl] - +nasal,
CEl] - +lat,

C[2] - croot,

V -- vroot.

Effects:
"1]m. -> 0,
".MP"- 0,

GC[] - 0,
croot ::>C /V -

vroot ::>V /- CO.

Rule "'Coalescence":

Tiers:
nasal:+nasal "]m" .ME",

placel: "]m. ".m" placel,



skeletal: (C) "]m' .. m[.. C,
croot:croot "]m" "m[" croot.

Connections:
C[J] -- +nasal,

C[l] -- croot[1],

C[2] -- placel,

C[2] -- croot[2].

Effects:
"]m"[1, skeletal] -> 0,
"m["[l, skeletal] -> 0,
C[2] : : +nasal,
C[11 -Z- +nasal,
C[1] -> 0.

Rule "Infixation":
Tiers:

back: -back "11m. ImP",
high: +high "Im" 'mE",

nasal: +nasal "Im" "mE",
vroot: vroot "Im" "mE" vroot,

skeletal: V C "Im" I'm[" C V,

croot: croot "]ml I.m[" croot.
Connections:

-back -- V[1i,

+high -- V[1i,

vroot[l] -- V[1],

croot[l] -- CE1],
+nasal -- C[11,

croot [21 -- C[21,

vroot[2] -- V[2].

Effects:
0 -> i / vroot[2] _,

0 -> n / croot[2] -,

n ::-> C / C[2] _,

i ::-> V / C[2] _,

"]m"[1, skeletal] -> 0,
"m["[1, skeletal] -> 0,

Vil3 -> 0,
c[ll -> 0.

Sample Inputs:

pili RE+pili maN+pili maN+RE+pili in+pili in+RE+pili

%. 'choose'

tahi RE+tahi maN+tahi maN+RE+tahi in+tahi in+RE+tahi

% 'take'

kuha RE+kuha maN+kuha maN+RE+kuha in+kuha in+RE+kuha

% 'sew'

('orrespondijg OtpultS:

pili pipili mamili mamimili pinili pinipili



tahi tatalii manahi maxianahi tinahi tinatahi

kuha kukuha maij.uha mai~jui~juha kinuha kinukuha

B.3 Turkish

Language Turkish:

Phonemes: A, I, a, e, i, o, u, ..u." 111"', p, b, m, f, v, t, d, s, z, n,

1, r, "q", c, "§", j, y, k, g, hi.

SpecMethod: CV/Tree.

Vowels: A, I, a, e, i, o, u, .1u., "6o-, .1".

Consonants: p, b, m, f, v, t, d, s, z, n, 1, r, ' ., c, ",jy, k, g, h.

Tree {
(root : skeletall,

{stricture :root :[cont] , [lat], [son], [stri]},

(laryngeal :root :[voice]},
{supralaryngeal : rootj,

(softpalate : supralaryngeal : [nasal]},

(place :supralaryngeal},

{labial :place :[round]},

(coronal :place :[ant]},
(dorsal :place :[high], [back]}

Defaults:
any -> segmentfroot : segment~stricture :segment{+son},

segment{+cont},

segment(-stri},

segment(-lat}},

segmentflaryngeal :segmentfvoice}},

segmentfsupralaryngeal:
segment~softpalate : segment(-nasail},
segmentfplace}},

vowel ->segmentfplace :segmentflabial :segment(-round}},

segmentfcoronal :segment(-ant}},

segmentfdorsal :segment(-back},
seginent(-high}}},

a ->[+back],

A ->[back],

Lr> +high, back, round),
j - [+high],

"6" -> [+round],
o ->a [+round],

"ii [>j +round],
"1 >i [+back],

u ->"t" [+back],

consonant -> [-son, -cont, -voice],



p -> segment{place : segmentllabial}},
f -> p [+cont],
m -> p [+nasal, +son],

b -> p [+voice],
v -> b [+cont],

t -> segment{place : segmenticoronal : segment{+ant}}},

d -> t [+voice],
"S" -> t [-ant, +stri],

c-> d [-ant, +stri],
n -> t [+nasal, +son],
z -> d [+cont],
s -> t [+cont],
"... -> s [-ant],
1 -> d [+lat, +son, +cont],
r-> d [+son, +cont],

y -> i,

k -> segment{place : segmentidorsal}l,

g -> k [+voice],

[+son] -> [+voice],
[-voice, +cont] -> [+stri].

ToneLevels: 0.

Rules:

Rule "Iyor Deletion":
Tiers:

root: A "3m" "m[" I y o r,

skeletal: V "]m" .m[" V C V C.
Connections:

A[1] -- v[1J,

1[2] -- v[2],
y[ 3] -- c1,
o[4 -- V[3,

r[5] -- C[2].
Effects:

A[1l -> 0,
V[1] -> 0.

Rule "High Vowel Deletion":
Tiers:

high: "3m" "m["+high,
skeletal: V "3m" ."m[" V.

Connections:

V[2] -- +high.
Effects:

V[23 -> 0.

Rule "Back spreading":

NoMorphBounds
Tiers:



back: Oback back,
skeletal: V CO V.

Connections:
V[1] -- Oback[l],
V[2] -- back [2].

Effects:
V[2] :: Oback[l].

Rule "Round spreading":

NoMorphBounds
Tiers:

round: @round round,

high: +high,
skeletal: V CO V.

Connections:
V[1] -- @round[l],

V[2] -- round [2],

V[2] -- +high.

Effects:
V[2] :: Dround.

Rule "Morpheme Deletion 1":
Tiers:

skeletal: "]m".
Effects:

"]m" -> 0.

Rule "Morpheme Deletion 2":
Tiers:

skeletal: "m[".

Effects:
"mE" -> 0.

Sample 111)l11 s:

% Sing. Plural. Genetive lpsg. Genetive 1ppl.

di§ .......... di§+lAr .......... di§+Im ........... di§+lAr+Im

% 'tooth' 'teeth' 'my tooth' 'my teeth'

ev ........... ev+lAr ........... ev+Im ............ ev+lAr+Im

% 'house' 'houses' 'my house' 'houses'

gun .......... gun+lAr .......... gitn+Im ........... gun+lAr+Im

% 'day' 'days' 'my day' 'my days'

g6z .......... g6z+lAr .......... g6z+Im ........... g6z+lAr+Im

% 'eye' 'eyes' 'my eye' 'my eyes'

ba§ .......... ba§+lAr .......... ba§+Im ........... ba§+lAr+Im
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%'head' 'heads' 'my head' 'my heads'

kiz .......... kiz+lAr .......... kaz+Im ........... klz+lAr+Im

.'girl' 'girls' 'my girl' 'my girls'

kol .......... kol+lAr .......... kol+Im ........... kol+lAr+Im

' arm' 'arms' 'my arm' 'my arms'

mum .......... mum+lAr .......... mum+Im ........... mum+lAr+Im

% 'candle' 'candles' 'my candle' 'my candles'

masa+Im

ilag+lA+Iyor

('orrespotlding Otlptlts:

di§
di§ler
di§im
di§lerim
ev
evler
evim
evlerim
gun
gunler
gunum
gunlerim
g6z
g6zler
g6zitm

g6zlerim
bag
ba§lar
ba§im
ba§larim

kiz
kizlar
kizim

kizlarim
k-l

kollar
kolum
kollarim

mum
mumlar
mumum
mumlarim

masam
ilagliyor
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Appendix C

Selected Code

C.1 Objects

#ifndef -twlies

#define -- toiies I
#include <fstream.h>
#include <libc.h>
#include "strings. Wý
#include "Pix.h"
#include <stdio.h>

#define'FIRtL (1)
#define FA LS E (0))
*def ine STE F; t r-TableEnti rY

class~ Rile,:
class Tier:
class C hart:
class Wordlioimnar:
class Segnicril.Set:
(lass Feat ureM at rix:
class X:

(-lass SegL~ist:
class H Ile List:
(-lass 'S.Map:
(-lass ( omiectable'Segmnitit
clIass Segment:t

e'xtern class Stl rTahleEnt r.%

extern (-lass Str-,tack:
extern class Map:

extern void niake-lier~ char*):
extern St riableEtit rv* c-reate-topniiost-(lassnlod( (St r'l'abLnit r.'* ):
extern St riableEtit ry* c(reat e-eIIIptY A assiO(l(S SI r*Fahlc FiitI rY* St rl'ablefl it r.N* ):
extern STE* c-reat e-filled-classntodce( ST F[*. SITE*. STFO*:
extern void etrreasias(S'I.STE*)
extern void rno'..reasca '(S T )

.. ... .... . . ... ... . ..... .. 1



externl void A-crdrioci-nI ' I F*I

exteril void -oitt -I it-t(
externi void niiiak('..i-lc..t woI S I V)

exterit Vmi(tinht. chr-*gu] r S I

extern vojid clic k~smi,1iti
eXterit voidI liiat Ni b'(ld-toitldiid1.1..p1kolitiiin>.I i(t~

ext*tFil voidI till tIt~l- I Sj K*, SI YE*. S I Fl*:
exteri t. riah I. ab ii' rN * next _% owel)I 1Pix&k)
exterii Sir lhitlerit i- ne.xt (l.Aouii Iiiii xk

externl void xifv -phoIiutieisI
externi void hillelAitptvlstoet r' ibal) hit -N* Si r Iablcliut r.N
extern~ voidI Ittrei~ %c)S ihtjtr *:

exterit void ISeaco 11(1iu L.S'

externl Sginient Iws neios e*s

externi jit iippIl ' ONIck. ( hartk &
extern jh ituithsS 1. X*:
exterii void error)eoiist char* s], cotst char* -2
extenit ( oincctable.Segnwnt * convert ( SegList *. Pix ):
extern Pix it~itla jdSgnineit*. M~ap*. jint. iiutk)

exterit voidIsraliltSral~i v segref. St rlahletit rY* r10:

exterili void spreadI left (-,I riahi FK tit r* segret. S-t ritldeVtit rY* tr :
externl voiddtpiaeont os Segntei cgltict* egiit*. Segi ticiit *

hilt wortleidl:

ziit itiorplietd:
ihit (t(l110:
jilt ks:

class Hule4
Tier **originial. ** replacemecnt:
hit nunimj ers:

hilt iiovor&ldis:
jilt noiiojtorpl~idivs:

jilt rtol:

voidI iliji( ) f naiae = 0t: iio-i~tiorphl(livs=iio-wordidivs,=is.s-aiidhi=rt ol FAISE:
ililt sz:

H ilef jut size):
R[tile( ) I free) char * )originial): free) (char * (replacemient ):

jiihie void op~erator (lelete) voj(1* vd:
inline void* operator n(w) size-t):

char* name:
jilt is..satiilhi:

inline void set jiame) char* tim1):
voidi set io~word&livs( ) I ilo-vorldi%-s = TH IAK: is..santiidi T P1 -

vojd set _no~iiorphd1iNs() I iioninorpl(idivs, = T RUE1:

void setrtol( ){rtol = TRUE.
hit sand hii() :
hilt rtol-saiiilli( )

void applicat ion) (hartk. P'ix*, iut* ):

MIap*. Pix. ( hart k. jit. iju*)

Pix utiatcli( ierk. TIier**. hit, jilt):

juit iincotinlect ttl( iiit):
voidi coniiect titip) Nap* itiap):
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trienul hit appl\) lttltA.. tuic. ( lart& , hart

f ric iti void~ crvaIt _r[Iilkt>11

ficnitu vo~id iiiake-ruic'jit-rjSI 1*):

I Iietit V(I voidbeak.toiiitctiuiti ISt r IahiltuI.[t r 'I laidl+Ij I I%

frittiti void sprvatI-rigtiSt lablO utr'' I) get Ii r 1*tlt

V'rien( voidktiiiei S[IK*. * cgrl. r)

Voidi joi it(S~l V I > F F

void Im(Ialet at csi( SI I'.*. SI 1K* .SI

void metatlI ic.italt er( I Fl* S 1

Void replace) ST 1K * Stl F * 1:

void rIFr uiI(ItIr)s 1' r> STE*) :
void uri.ileLhr)I .STF*.STEI*>
void Iinvrt lufore S' IT'*. ST F>):
void incsrt -ah ur, SI I. SUEI*)

cla.,s RulI(Iink
frienud class, R ii h I.

Rule*' rule:

Rule [Iik* pre
RuleLink* sue(:

Rule Lnk( Rulek r) I rule = new Rule) r):
-~RuheLink ( if (sue() sue-protect)): tileltc suc(: } // lelet link, rcsjvelt,

voidl protect( I rule = NI I:
iiiline void operator (lelet e)void* %.(I)
iulitue void* operator uew( sizej ):

cla-., H uleList

RuleLink* headl:
H ulfeLin k* tail:
tilt sZ:

void in it I) sz 0t: hlead = 0t: tail = tt:

H iltlListl i { it) :
RuleListlconst Ruile~istkY :
-H uliListf) I if (head]) headI-protect ): declete he(adl:

void operator declete) void* %,(I) {::irccl (char *)%,(I):
tinlitte void* operator newl sieJ I

RutleL~istk operator= (cotnst RuleList .t



1Pix tirsl I tI I cout I retuirnI PIxit tli. I

VoiudiJ) Iw I(Pi.& p) couist 1) = 11 Ili 1 IPlxo H ill Link I p-

H uiilt, uptrator[]i const lPix p) const. retitrn *I 1,i It Ih. iik I lU-ruh

tint cilpt N I (c)l1st retuirn li lad

void (It1$ lixk )

criend (a. p: l p

(011C 'S L icv no' k t*

( 'on iit I l c: SgI i t*~ Ii.

(SILink* pre:

( S~ik(( lethe~gnelt*k. ( ~~ytlISghiI*v){k(-.% k: %'aliit-=i

-.- (S[ink( f (ic~te ~it(-: //(IcletC Al liniks recm-isivlV

Vo)id(IRoprator deletc( vojd* %A ) I ::frte(i (char *)%,(lI

void prot cct I) f kfý = \ý I I L: xalue = N I'l-L:
ilnlliCe void* ope(rat or flew)sii..A I

class. ('S.ap{
'S Link* head:

("'Linik* tail:

int ýZ:

void init) ) z = 0z : lIwa(I 0): tail = 0:

('S.Mapj) ){ln)

( SN~la) coxist ( S.Mapk&

-~4' la ) I (eet (I IC lea(41:} (leCICI all1 liniks' N'i ~i(
voidI opyrator dC1C-(tC) void* %Ad j J:rec((Char *)%(Id):

iiiliiie void* operator nfiv(.') izy--t

('S~lap&- opt rafor= (eoust ( SNIapY ):

void1 ('Iiller(( OlithCSgilt*k. ( 'miriecclahlCSl'giuent*

void re Iii j i(' ('oiu ect a leScgriwn * k. ( '01111 ct abI cS ,0cg liw*

void CuteCr-a lxI 111 ('C IcabledScg nent * k, ( onl 1cC a hle>,cg 0(1 to

Segmient Set* s(eaes('neealISiol * k:
hit frev.so)Sgot*k. Segn)I.1l * 1,):

tint sizv( ) const f retuirn sz:



d:as., C hart
'litr **t ier: IIInitial). nuill. then ;tit arrat. uf tiers.
jut ii inijicr,:
R iltrLi.t rul's:
( 'S.%I ap fr('('associatles:
( 'oniee t ahl('Segtne ut * I ree:

int s/':

irdiite void~( iiiito

pubilIic:
C'hart) ) { it)
-"( 'hart f)I )

void operator d('et e)voi(I* %,d) J ree) I cliar *~d

infijin voidl* operator new) size-1)

iflt niaxi 01's-per-%'owel:

jut inax_%'oweIs4)('ri oune:
jint sauidhi-rule~s-.exist:
int rt olsandhi-ruk's-'xist;
jutit it tit t ores:

jint uio..coniiect:

chiar* nanie:

inline void set-riarnie) car* lint):
void ap~plv..Iassoc..cotNvent ion) Pix, l'ier-&:. Tier&-):
void a-ssoe..conivent ioii(int* t jer-index. iut tiuiu.t iers):

7! erk: operatorfl(const jut i) cotust I return *tie-r[i]:
jut emrpt ' )():
Tier&V- skelctal( ) f return *tier[t)]:

void add-tier(TierV- tier):
void add-skeleta a-seg( ('on nect ahieSegmient*)
void read-vord( ist reart&., St rSt ack* j:
void printi-afl(delete.Avord( ):
void print-and..delete..ph rase( )
void niainiloop(isl ream&k):
('oiiiectahleSegnient * tier~in~tree) TierV-):

intine int freel 'yassociat e)Segmrent * si. Segment* s*O)
itit is-tier-suiperior(Tierk. Tierk-):
jut iss;-iip~erior( (ionntectahleSegrienit * ('onnrectableSegneuit *):

friend int appl' * ile ruile. C hart& chart):
friend St r'IahleEntr *r* create-topniiost-classniode( Strilah~ieEnitrv%*)
friend STE- create-erpt *yclas~snooe( STE*. STE*):
friend STE* c reat e-filled -Class rod e( ST E*. ST E*. STFE*):
friend void enter-free-associates( ST E*. s51>):
friend void remove-free-associates(STE*. STE*):
friend main) jut. char**):
friend int ste-matches(STE*. X*):
friend~ void elieck-sandhi( ):
friend void una 'vl'caddItonial-atidphI)ionen-iic..tilers) )
friend void ent er..tone~rep( STE*. S'1E*. STE*):
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dat Scd nc: t

1 =11, TN=12. (;P=13. P=1 1, CO=7> V11=16t. X0u=l7. ('N-v IY-l

Tier * 11cr:

jilt iiiodlifitd:

Segmenlt () Inult (I

Segneiet f Segment *eg) I t) ): tier = veg-ticr:
%'irt ial '-'Seginen I I

inline void operator dleict c( void*. %,d)
inline void*, operator iiew(size-t 1

// Ecuafityi Test.,:
%virtitial Pix tmatches( Pix. '1 erk. hier**. jilt) Ireturn (IPix ))- 1

jut operat or==( Segmenit & segineti I return (segmenti.idttutn == idI-nunI )
lint opcrator4-( Segmentit segnietit ) {returnl (s('gmteltt.idiiitit I: (Lfltiflt):

%-irt tial jint is-zero( ) I return FALSE: } I //s a C'-0 h'%pe t hing.
%'irt tial Pix zerotnatches( Pix, 'Iierkc. Tierk) Iahort) : return N ULL:

jut is-ji-.tjer('ljerki:
jilt is-actt uallv...-in..t er) '[jerk I):

// 'otitiect ionl relatedl
virtuial jut is-comitect able)) I returnl FALSE:
%'irt tial jilt iniert () ( return T RUE:)
6'rt til jilt coil tiects-jjirect lvi to-ier) Tierk-) {return FALSE:
virt iia] jilt comnects-directl *yio(SegmentI* I return FALSE:
%'irtiial jut conniects-lo-ier(Tier&-{ return FA-LSE:
virt tal jint unconnectedl(int*. jut) {return TRUE:
%'irt utal void (let acit)) I I
virtual void safe...det ach () I
jint cowtiect(Segmnift*) Iabort():

// Spreadling:
virttual jut sprea(ls( ){return FA-LSE;

// C'opying:
v'irttial Segmenit* copy() f return (new Segment) this)):
v'ir utah Segment* siuface-copy() ){return (new S-,egment (this)):
virtujal void csiih(Segmetit* seg) {seg-tier =tier: I
vojd miake-idenitical-to) Segmieitti* seg) I idntinu = seg-id-mim:}

friend vojd eniter-seg-ilnieir)St rfabl)eEntt r*):

friend main) jut. char** ):

%'irt tal void priult (jt pos = 0I)
void prinit idl) I cerr < l..um
virtmal void prim-it tx(jilt pos t

%virtiial jut tvpce'q( Segmreutt*) I return FALSE:
v-irt nal jut vqv(Segmen * ) Ireturn FALSE:)
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lint Ls~~rltIe~LIdi~) return 0.x 1 I 1.% 1)"r N 1
lint Iis--WorkI ounit1;tr. ( ( eturn t % 1 == \\ 13 t.\ 1) ==
tint i-a-bomii(I a r( ) j ri'turn(is-a-wor(Ibouitii(Iar ito Ii-l oIpiIII oui(Ii IYI)
iut is-end) { return ( tp = N I F11 1l 1) == WV') I
jut isheuginj return (1.\ 1) Ml rep ==XV H):

(Id's. Coi 'onect able'egnieni : publfic Segriier-it
( onihectablIe';ginueii * *in fccior:
jut juts,: // Sizc of **iriferior - starts ouit a't.
inut t1111in ii i nlor-':

Conct-et a hiel~ginient * * stilrio r
jut slipsz: / / Size of **suiperior - starts out ats 1.
jilt mit-tii Itperiot-s:

jint spri'ad"...eft;
lint spreadtts.rigltt:
jut *ifeirosred lii://first ci is I lie rimiinhbe r of it e ins.
jut *sn peýrior- o-spre-adIaloiig: //hrst el is the number of items.
inline void inii(jut jllf. jint sup):

pit huec:
('onnject ableSegnuento I iiit (5.1):

jilit (cs.inlfsz. cs.snlpsz):

inintinferiors =csmunumjiferiors:

inini-stperiors es. Intuin-s1i1eriors:

inlitie virtual -C1onnectahleSegtuent ( )

int is-exact: //Only N applies to segnments, in rule., -- Vifrile. the segmuenit
/ / nteeds to be niatchedI exactly.

int is-inert : //If true, the segment is ignoredl by the A~ssociat ioni ConyV.
int inerto I return is-inert:

// EqualitY' Tests:
Pix miatchies( Pix. Tierk-. Tier**. int):
jut eq(C(onnect~ableSegmeit *, Tier**, jut);
jut eq(Segment*. Tier**, jut) Ireturn FALSE:
jut equtal( C'onniect ableSegmient *. Tier**, jilt):

jut deletehbest-.niatch( MegList *, Tier**. jut):
virtual jint t-Ype-eq( Segmnenti s)

%,irt nal int euv( Segment* s)

// C'opying
void copvaujx)( onnjectal)leSeýglllenl*. MIap*, int. jit*. ('hart&. Tier** ):
%virt nat Segment * copy'():
virtual Segment * surface-copy( :
vojd col)v...suli))((oninectahl)eSegtnienti* seg):
vojd csnb)(Seginnent* seg):

//Relate t~o connections:
SegList *topmnost-snperiors( ):
int is-connect able())I return T RI V:

int connects-otirer) yto-ierk ): k)

jut ucnetd lir it)

jut conc)(o etal~get*cs):
void disconnitect) ( ('onnitect ahleSegimlellt * cs): /1if seg & cs art' (lef. colitiectedi.
vojd ~afe-(et ae-li) ); // use to coni lhIet it] (Ii.uOnlieikCt a seg. but lea%( i.~able.
vojd dletach)) i/ se before ulest roying a segirent.
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void dI'ekieiiillv % l jilt. (harl k jilt*
void b)reak-coni i nut t ioni ('()ilt ciit.it a lsug mei I[ I*) // (-all t(Ili, ow.i

SegList *touli(ct stIo( C oin flct a ~týSegiiitiit * /Notc - test, b. c%

jilt coilnIecti Airtct lv -1 jl '*,, giiinti* skg):

lint niot-t oii an Ni -Nowt s I
jint uot_1too~mani ata.onets(

frietid void
H i It~:: at I list -coni fi cc iollsi ( onntt Ic a bits eg110 ii * . Cotn tiect abhlt Stglllen Ii

Mfap*. Pix. ( hartc injt. juit*:
void tioAit iplica te- eat ii res(( '( itilect ableSegniiiti I*. Mlap*. int. ( hart .. jilt.*);:
friciidl void lier::met at hcsize( Pixk. Pix. Pix. int. Ticr* * MIap*)I:

SvgList * iniferiors( I:
SegList * silperiorsN I:
S-egList * direct .slperiors( I

void sort ( ):

Tier **tiers~ii( int& ilnni-tiers:
Tier **ad...(Iticrs(TIier** tljst. iiitk num-tiers. iuitk sz):

/ / Relates to spre(adilg:
int spreadts( ) Ireturn (spreadts-efr I spreaIs-rigiit
void spreadl( Pix. Tierk. ('hatk ):

lrienIit void (hIart ::apphi'.%Ias.soc..coii%'etiti)ti( Pix. Tierk. lierk ):
frientl S-,'gnent * fewest -intferiors( Seg List*)I:

// Parsing friendIs!
triendI St rl'ableEnt r,%'* next -%owel( NOxk
friendl St rTahl~eEnt rY* next-coinsonant ( Pxk ):
friendl void iill-enptvcl(-assniode( Str'lahleEit rv*. St nlableEnitrv*):
friendl void break -con nection (St r'FableEn try* . St rTahleEnt ry*):
friendI void Rule(::replace(Str'lableEnttry%*. St rTableEnttr~y*):

friendl void enter~tone~rup( STE*. STE*. STE*):
friendl void Ch art:: readIwordi(ist rearli infilo. StrSt ack* I:
friend jut ste~mat ches( STE*. X*);
friendI void Rule.:xoiiiect nitap( MIap* miap):
friendI void duphic-at econniect ionis)Segmienit*. Segment*, 'Segment *. Segmnetit*):
friendl void xifY-phonertes( )

jut litake-spread (Tier*):
void set right spread(l :
void setieftspread(I):

virtual void print (jut pos =0) (}
void print ..aux(int):

class Segbist:

class ";egLink

friendl class SegList:

prnivateC:

Segmniit* seg:

SegLitik* pre:
SegLink* stic:
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-,-cgI. ink I) jif Isite-) sie- p ro I ct I): WhIvt,~it I idlt ,ul((1-11inik, ( i rt~i.t

Vthiqi p IoIt-( If j tg = N ( LI.ý:j
iiil ine void ope rat ort tide I )vtid * Vt I):
inflitc void* ope rat or new) si zet-

St-gl~iiik* head:;
SegLink* tail:
lint sz:

Void1 1111) I sz =It: Ieadl = 0: tail = Wi:

pulic it:

'-SegList I if ( hitad ) leatl-lprttecl(tI:ele~te head:

StgList(const 'ýegLitk ):
Segf~ist & operator= (const SegListk):

void operator dlelete) void* .,(] I A :ree) (char *)%)d :1
iniiie void* operator new)sizeA ):

Pix first() corist {return ( Pix)(headl):
Pix last) const {return ýPix ((tail):)
void next (Pix&- p) coulst { p = (p) = ) 0 ( Pix)( ( (SegLitik * (pt-site):
void p~rey) Pix&- p) colist { p = (p) 0~) 1) (Px( (N M~egLink * )p)-pre):
inline Segment* operatorfl(coust Pix p) const:
void iiisert-at(const Pix 1) Scgmnent* seg) {( (SegLink * )p)-seg =seg:

iut lengt ]Ii) const return s2:
int empty( ) coust return (headI 0=t):
void prepend(Segniett*):
Pix appetid(Segnietit*):
void join (Seg List* si):
void del(Pixk)ý:
Pix inshbefore) Pix. Segment *):
Pix ins-after) Pix. Segruent*(:

class Tier
MegList segments:
static iut class-uinqtie-ntir:

int iaInuni:
void mnito I ) { tie = NUELL1: current NEULL: idnum ni ass~uiqitie~num+-I:

public:
Tier) f { mit) :
Tier) char* rim) I mnit ( : set iarnieltim):
Tier(const Tierk t):
-'Tier( )I{ I

void operator dJelete) void* .,i1) {::lree( (char *)NAl):
inline void* operator new~size- I

char* namne:
Pix cuirrent:

inline void setiiame(char* nmt):
void makeildentical-to) her *t r ) tiui tridin
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Tier&- operat or= (coist Tietr& I ) { gmleull = I .stguikttit returnil hi.,:

jint operat or= = coilst Titrk ti rj cotiAI~ retuirnji 1(.. itl.1juu1 = = en In
juit opvrat or~x( eqost Tierk Ier) C oiist t return (teruij(Lilin F uiti imin

jilt riaiiu-eq)coilst lurk fier colist { retuirnli tittid nimin = =um

P ix first (coist {retuirnl Igii- ri(

lPix last I ('(list returnl (egmlen Its-last I): I:
void1 nctXt ~ix&- p) Colist{ segunlitsi.ilvxt ~p1:
void p~rey)( lixk& p) Coilst seginlctt,. pre%,(p1)

Void dlel(Plixk& mc):
Pix in.sert 1Pix loc. Segitteut * seg 1
Pix ins-.atter(Plix loc. Segmtentt* seg:
lPix append) (Segite tit* seg):

void prepend) Segittetit* seg ) Iseg-lier = t his.:~gtIt.lre(tl e
Segment* operatoro ( Pix pý coust Ireturn segmnltts[p]:

void itisert-at (const Pjx p) Segmienti* seg I:
jut lengt Wt) Iconst I return (ennskgb )

lilt is-.applicalile(Tier**. jilt):

Pix precc(littgtSegnient * sI. Segment* s2o):
int prccdes) S'-gnnt* ,). Segment * s2):
Pix first .to-t ier) Tirk. Pjx, Pix. Tierk. (iounectahleSegmutet*. 'er*

void inetatitesize) Pixk. Pix. Pix. jint. Tier**, Nlap* I:
Pix limid)Segmnent *):

friend( vojd inakeltier) char* I:

friendI vojd etr.sgt~e(SE)
friendl jut Sget:ii..irTek
friendl main) jilt. char** ):

class SegnietitSet : public ConnectableSegnient
SegList segruents;:

public:
SeginentSet( I t ,Vp = SS:}
Segtnenttset(const Segmentset&- ss) :segieltts(ss.segntents) I hp SS5:}
-Segntcnt.set(
void operator cdelete(void *v'd):

void insert (Segmient *):
void remove( Segment *):
Pix first.() ( return segmieits.iirst(:
void next(Pix&, i) f segment s. next (i):
int eniptv( ) {return segnients~empt ) y:
jut lengthf)) return segrnents.Iength( ):
Segment* operatora (Pix p) I return segments[p]:

Segmnent * copy()
"Segruent* surface-copy():

int eqN,(Scgmnent* *)

jut tvpe~eq(Seginent * s) I return (s-typ ==SS):

class X : putblic (Iorniectable~egniettl
public:

No typ = XX:

10(0



X iccis t X& 1.% p = X X:

O'rtuial ilit ut* n :'i

"%illIual jit 1.%pcttq( Segiiieiii* s)

%irtutal Scgnilnt!* (Ojiý) ) I X *x nc l X" : copiý-iihtxi. rottirti x:
virt ual Segiviiii * .'Ilrfacv-copý% X * x = nw X: t-su iihix) returu x:
Void~ prinlt (jut):

class C onsonjanit: p bfic X

hit eq\) Stegicnwn* p) rettun jp-tvp == C I.
hit IpetjSgnti* p ) Ireturni ji-t \,p = =(

Segmniiit * 'opv),, C onsoniant *' =liew' C onsonianti: ('oIp -si I) (-): return c.

S'.giiieilt * surface-copy ( Couisonauit *c=new C onisonanit: csu hic( : retturn c:

(lass Vowel: piubllic' N
plitblic:

Vnwvel( ){ =v V':

\'owelI coilst V'owel&-) I h~p = V:
hit eq\ I Segment * p) f returii Ip-tvp == V ):
hit tvpe-eq(Seginieii* p) {returii )(-tYp == V):
Segment * copy(I I f Vowel *v, = new Vowel: copy-suh( v): returu
Segme(nt * surtace-xopy) Vowel *v=new Vowel: csubh v): return l'

class ( eieri('ouie : public ( onuiect alleSegmnitt
public:

( enericTouie(coust Geuieric'1onek ) tp = ( T:

virtual itt eqv)(Segnient* p1 I return Il)-t ' p == GT 11 p-tvp == TN):
virt ual jilt tvNpe-eq(j-(Sgment* p) returni (p-typ == T Ip-tvp ==TN):

virtunal Segment * copy()):

virtual Segment * sttrface-copv ( :
virt tial void1 print) jut pos =0i)

class Tonie: public GenericTone
public:

Tone) jut I) : level(l) Itp = TN,:
Tone(coiist Totiek t0 ee~tlvl tvp =TN:

virt ual -Tone(I

jit level:

juit eqv) Segment *t~ returni (t -1v '% TN k I((Toiie * It )-level ==level):

hilt tvpe-eq(SegflenIt* 1,1 1 rettura (p-tvp ==TN):
Segment * copy'( ) ITone *t =new lotte)level): cop-sub( t ): return t:
Segment * surfaccecopy( ) Tlone *t =new lon) level): csubt) tI rettriu 1:
void print) jut pos =0) cerr ~< level K< "\n"t: prini-aux) pos):
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cla~.. (eci vktrvllktokvnkt pubicd ( 0kkkvckiilIV'Sginculi

( 'uericl~houviov) ) j =G P:
viI't 11al '-( ;cnci kk~honlku t(kkv I tsvp P l:}

%irt 11al jult tkv( ') &gincktI~ gp I:
v'irt uail hilttjv~ISgk&ut *gpj

vrt tial Segment k * cupý (:

vkrt ual Segmentkt * Ski rtac(v(0pý
v'irt ual void prinkt I jilit po.-(I

class P Iioivm i( :) pubhic ( 4-ne ne Phio kinem

char * rvlprvsvikatiknit
Void nit ( )rejpres'eitat ion = NV IA: tvp P~:

Phlonemitc() i { it :
Plkokemic) char *c ) {ilkit) ): ,et-repicv):
P Ikole nicU( Colist Ph lk micik i&p ) I init( e eP e r~ Itt11

virt nal -Phonkemic(rI)

iilkijie void1 set-repichlar* rep):
juit eqv( Segmuent * p):
hilt t vpe..eq( Segment * p) I retril (p-tYp ==P):
virtual Segttjeit * copy()1:
virtuIal Segmienit* smmrface..copy( ):
void printhint pos=(t) Icerr ~< representation ~< "\n': ;)rint..akkx( pos):

class WordlBegin :pukblic Segmentli{ w[

public:
XWordffegitk( ' jvt' = NNVB:
'Aordffegiti(comit \VordBegink wh) Itier = wh.tier: tsp = W11B:
1Pjx nkatclkes( Pix seg. Tierk tier. Tier **applicahle-tier, jilt n ):
iut tvpe..eq(Segmekjt* wh) I return (ivh-tvp == \%B):
Segment* copy( I returni (new Word BeginllOhlis)):)
Segment * surface-copy( ) f return (new WordBegin(O*his)):
void print (iut pos=0) f if (wordend) coikt ~< wordend = FALSE:

class \\ord EndI : public Segment { /w
pu blic:

'AordlEnd( I typ = WVE:
WordEndfcoiist WordEud&v we) tier = we~ti(-r t ' p = WVE:
Pix niatches(Pix seg, Tierk tier, Tier **applicable -ier. lilt 11);
hit tvpe..eq(Segment* we) I return (wve-t 'vp == WE);
Segmteint* copy( ) I returi (niew W'ord Emd(*t Ikis)) I:
Segmient* stmrface-copy) ) I return (new WVordEiid(*t his)):
void print(hit pos=Ot I wordend = TRUT E: morphenik= FALSE:

class MorpheineBegin : pub~lic Segment IIIm[
pubibc:

NlorphenkeBegik() I ( rp = AI B:
M orphemneBegin (const Nlorpljein-Begiik- nib) Itier = inilt~ier: thp =NIB1:

Pix miatches) Pix seg. Tierk tier, Tier * *applicable- ier. hit nt);
hit type..eq(Segtnent* mb) I return (mnb-tvp == NIB):
Segment* copy( t return (nhew NlorphemeBegin) *thtis) ):
Segment* surface-copy( f return (new MNorphemereBegin(*lims)):
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voidl printlint po-.=O)I if u Itno ml~c) cmI <<t "+"'--' ItIorplhit'id =I

'I a ss NI of pIt v IIcVIiiIi( I p IlII)I, Sf t ,mt~ II I/ I I

puIiit -n:

\lorjilititit'l*;iitl 1{1 1 lil =I nI>-r p=NL

Pix nIlclt(Ies) Pix seg. Tier& tier. 'I ic * IIphlalI(¼1lIhit . jut 11):

jut I~~eAq emtn . return (,-tvp Ni I~i:
Sgnn* copy) I r eturnii ew NMoiplicmilmEld t Ili,

S(gliet * utrfa~cc-opy( re~tu~trni (nc Mi~ orphetmie~iI 2li)

Void1 prillt) hit pos.=0I 2201)lI(iheld = AR I :J

c lass C( it pu blic 'Seg mele t
I 022lsot1 d1t coils:

public:

I t_(III'vp = '0:

I 'JOiCoulst ( J) c(I) :col'~i cI).coii,.) I Iturl = (2.2I icr: 1.% 1)Ii

int is-zero( I return '1'RI. ):
Pix niatclhes(Plix, I'icrk, TIier**. jut) ( abort I): return N (1..:
Pix zeromiatceles)Pix.I Ti(rk. TierY ):
Segmuent * :opy~( ) ( return (nhew C_(it) 2hisI) :
Segmencmt* smirface-copy( ) {return (new _('it) 2his) I:
mint tYpe~eq(jSegm2enIt* s) {return (s-typ == COI):

class V-0 : public Segment
Vowel %'owv:

1)i bl)ic:
Vit ) ( I p 1 = V 0:

\'O1(con-t Vtt& v't) : vow( v'(.vow) f tier = %'(tfier: t'p = \(:

int is-zero( I I return 'r R 1 E:I
Pix niatches( Pix. TFierYc. Tier**, int) I abort) ): etlrni N I'LL:
Pix zeronmatches( Pix. Tierk. Tier&-):
Segment *copy'() I return ( newv \i) *tbiis)):
Segment *surface-copy()) return (new V-I)) *tis)):
jut t.1'pe~eq( Segment * s) return (s-tvp or\It~

class X-0 : putblic Segment
X X

public:
Xi))) I I Np = XI):
N.1) coust Ni)&- xl)) : xl xOx) {tier =xU.tier: tvp = N)):
int is-zero( ) Ireturn TRIUE :
Pix niatches( Pix. TielrY. Tiir**. jut) {abort( ) returnN F:
Pix zeromat ches( Pix. Tierk-. lirk-)
Segmtent * copx'( I return (new Xi) *t his,)):
Segment * surface-copy( ) return (new Nit) *t his) I:

iut tvpe..eqj(Segmnlit* s) {returtn (s-typ == XOt):

1/The program sholdoi repla~ce occtiranc('s of, (1+. etc. witl Ci ( ('i. etc.

/* *
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char.o ninc:

void i hut) ) { lbilt NIl.l.: k %p = (N. mail-l(r~lri tIllaitof N1 1 [.Ii

'las.'No(ItOchar* ni nitil :m ilIiltI

-- ( lats, N , ~t-de) I I

ininvi ~ void sti _nal a ttchar* ni I:11

jint t~pe)tifj Scgincitt * -Ii) retuttrnI l-1.% 1 ( 'N

Segil lent * copy(

Scgegtieil* siii-facc-copy

voidI print (ijt I:

clas. Feat ure:

ciass, FeatiirtAlat rix :ptilbli( ( ;enericPlioiein

Featulre **featulre:

jut timm-ifeat Ilres,

lilt s/.:

jmbfi h:
Feat ure.latrix) )
F-eat ureMat rixi const Feat ire~lat rixk fint

-Featutre~lat rix) j free)(ichar * featulre):

inlitie void operator (lelete vo(id* v I):

void atld-feat nre(ffeat nre*f:

jut eqv) Segment * s)

jut tvpce~q(Segnient* frii) I return ifin-tYp ~FMI):
Segmenet * cupy ):

Segntent * sn rface-copy ():

void ald-feat iries-to- rec-seg) Segmenttt*
void copv.Jeat itres) Feat u, AlatI rix* 1:

friend TE creat e-i iled-class imie( ST E. ,-TE*. ISTE*):
void print(int):

class Feature : public G~enericPhonenie
friend class feat tire NtIat rix:
cliar* natne:

void init)() I nanle NUI-L L: tvp = F:
jilt value: // - I = .I)=tnspecihied. +1-i + 2 = alphia

public:
Featutre) clar* tim. lilt val=tt) { iiit(): setinatine( nin): value vat:

Featutre) const Feattirek- f):
virtual -Featutre() ) I

itiline void1 set.-iamefchiar* niji):

jut eqv(Segn(IeIit* f):
jut t vpe..eq(Segnient* f) {return I f-t vp == F):

jilt itatlie-eq( Feat ure* f) return ) strctitp) atti. f-ttaine) == 0):

Segment * cpy



voiid print int i

*41w l :n f,:~ it %(I

Alt,~ char * %th

', ,ik , (,t gIhik tI

:trt-c chiar I% I I

HItilct-iik * r = Hiih-jink * tvdI

r-rult- = (
A eitclar * ~t I ):

iiilit& voidI Ftat llre.%I at rix::oper at or *t Iit. -I vojid* % (II
Feat fire %Iat fix *fini = ( Fiat iirc% I atI rx &

::frve(( I chiar * fni-fe atulrc):

A:rcol (char * )%A I

n tew operators:

intiili voidI* RtIe::opwrator new) si/i- t i/vi

vojid* pt r = ::malloi( sizci

return pitr:

tinine void1* HuIiehiik::operator new~(sc-.I/. sue )
void* pt r =:inallo(i si/e)
return pt r:

hifinet voidl* HilciIst::operator new~( su/(.. Siz/-

void* pit = : fliallof) si/e)

returni pt r:

hiinut void1* ( 5 Link::operator new) suiz_ si/c)

vobid* p1 r = : :maIloc( i'f.i):

return pt r:

inlinfe void* ( S.\lap::opvrator new) sizt'Jt si/O
void* pit ::inalloc~siii):

return pt t:
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vobidI* pt I li Ilill', t-/

v4id Ii( i . I ma= o i ih ' ~i/, .

returhn pli

retuirn pt r;

in uti v if : .Il:1o ,Ii I

iiiilit H. pt I t::11 lo '/

inluct) e vo id- i I ialaie) ncwItuiuui- casuur iqueuuu--

Vi d * p( I =ea ir ::F.a flirul( ( t teat. le:f

reuntlI) p.tia le r ta:e:~aij ~h :t e tjr

iuuhjiu reutreI atr-: :atr.\arx

fepat e itr t I (Ia tire ** I I I altoc IS/ * sjzeof) Fea clre : j

iniJIn e t T icre:Tt aout rx Fieatrk~ at)rx o~ eti eta i& tt

for int i : ýz:~+

fiat uI e[ _1a v I' ftifaturil : a e = fv lu:Iir= ftir

.iiz = 10a lur11-e at . 0:
if-tv iit FM: ue* m loc ~ivf etim . )=FM

inlinet Feiutortix fll
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i Iili I I ( 'oliec I ableSegmenii I::-( 'on nect a b~cl"eg IleIt, n I(

f ree(fchar *)iniferior)I:
f(rre(clar *)s i u1jwot

lot ( Ichar iiii( ~)e(Ii u

//Set ai

inli ii voidl Tic1::set 11a li( char* ii n

tilin ievoid1 R ii e:: set iiamie( char * n~in)

inline void1 ( hart ::set...iami((char* umit)

liante = mun:

niame = innj:

iniline void Featulre:: set iamel char* nion

Iaic = O)V I

inliiie Seglnent *(otietalSgni :p(I{
( on nect abbeS'egninct *copy = new ( oil ctidablSegmnteu:

return copy;

itiline Segment * ( oniei(ctablelSeginienit::suirfac-e..cop,( )
(otiectlabieSeginent *copy = new ContiectahbeSegnient;
csub(copy):
return copy:

iillj(" SegmVent * SegnieitSet ::cop'( )
Segne-itSet *ss = new SegriientSet:
for ( Pjx p = first)(): p) $ N ('L L: next (p))

ss-insert ) operatorol p)):
COpy..511 ( 55):

return ss:

inline Segmenit * Segitietýit Set ::stirface-.cop)ý'(
Segnriltset *ss = new Seglutentset:

for (Pix P) = first(): p :A NULL: tnexi(I))
ss-inse-rt (operatorD) p)):

CSIIb)(Ss):
return ss:
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ijiltic se-gitielit * ( elirt~ic t01cfopy(
( ;iitjl~it*gt = nt% ( ;vucic Vrneui: copýtI4g ctii gf.

ijilijie Segmneit * ( vit1eric PlIoIIeieIc:: :opw I
en eiric PhIoite me * gp = niew. (4 e i c Pitoni tnit : (U pý_-bii)gp: rettimi gp:

iniIne Segine iii* P IOi( 1110c:: Co py 4)
P honieminic * p = mi . Ito ntetin if)repre.(ýeiii at jolt : cops -. til p : rottiiri p:

inline Segitenlt* (las.Nodc::copy))
('las.sNodc *c = new ( lassNode(ntanie 4: copy..siil e): returii c:

inlimie Segnment * Featnre: :copý 4)
Feat urc *f= new Peat nirc)nanie, value): copv suil( f : return f:

inline Segmient * ( eiieric-Ionie::surfaee-cop)'()
GenericTone *gt = new Generic Tone: csiih~gt ): return gt:

iniline Segment * ( ;eiiericPlioniemie::surface-copv,(
GenericPhonenie *gp = new GenericPhonemie: cstth(gp): returni gp:

inline Sý,gnent * Phoneinic::siirface-copy( o
Phonemic *p = new Phioiemic( representation): csth( p): returnl p:

inline Segrnent* Class Node::su rface..copy(
(lassNode *c = new C'lass Node(namne): csub(r): returni c:

I

inline Segiuent* Feat nre::stmrface~copy()

Feature *f = new Feat ure~nanie. value): csnhbf); returni f:
I

// eqv

inline jut C-oniieictableSegnient::eqiv(Segmient* s)
returni (s-typ == C'S 11s-tvp == C' 11 s-tyvp == Vl -typ == S

s-tvp GT IIs-tvp =~T.N s-I ,vp G= P 11 s-tvyp == P f
s-t~vp C=(N s-tip FM f s-typ ==F 1 s-lvpI == XX):

inline juit X::eqv(Segment s)
returni (s-tvp == XX 11s-tvp == C 11 s-tYp =

returni (gp-tvp == C 1P gp-tYp P 11 gp-t~vp C=(N Igp-tvp ==F

gp--t~vp ==FM):

inline hit Phiol(Itenic: :eqvl Segmlenlt* p)

i~~ ~~~ ~ ~~ ~ ~ ~ 
~ ~ u l n i 

(nis~ii 

e if : 
e l , S g i i 

i t 
p



return I j)-ly1 == P &A

inlite jint CI a.dsNodc::vtj i Segii it-it * (-it

retuirn (eI-t v1)= ( 'N & &.

I(.lrcm(uAI)lall(% )( Ias.-Ntaii *)(IA -IAjAtIIe) &= k
!IIA~r~iAlicAiaI( !nC( a..'Node( * cIII)-jIIII -aI...ArlIlat(Jr)

Illajor-art ic.1latot &A- ( Ila.-Nodc en)lliralclb &k

Ii it ji eit (Con AACI ac it11 gllA v I It :: I V pecq ISegnIe nf1*
return J.-t ~p == IN 11 tm, ==lv C 55-pS

.,- I vp (;T -tvp = TN (;tp P 11-M == P
s-typ ('N Hs-lyp ==FMI s-tYp F 11 -tYp = xX):

inllilie int X::lt pe-q( Segfilt II*
return (s-tvp ==XX 11 s-tYp)= C 11 s-tYp

infiine jnt ( eiieric Phionemie: :t.lvpe-eqI( Segillelii* gpI)

return (gp-typ ==(,P 11 gp-lt'p == 11'1 gp-thp (N IIgp-tvp ==F

gp-typ) == I'

//maiche'.

infille Pix
\\ordBegilA::nlatche.) Pix seg. Tier&- tier. Tier**, jilt)

Pix ctirrpos = seg:

tiernuext (currpos):
return ) Iti'pe.eq) tier~segj)) " currPos : W ix ))-1):

inflne Pix
XWordEnd::nialches( Pix seg. Tierk tier. Trier **. int)

Pix currpos = seg:

tiernnext(ctirrpos):

inflne Pix
.MorphienleBegini::nitatlci~( sPix seg. Tierk. tier. Tier **. jut)

Pix (llrrpos = seg:

tier. next (cu rrpos):

return ((t.Npe..eq( tier[seg])) ? curf-po. : ) Pix)H-i I):

inlfine Pix

NlorpheineEnd::nlatches( Pix seg. TierSk tier. Tier **. jut)

Pix cilrrpos = seg:
lier~nexi )currpos):

return ((tvpe..eq(ticr[Meg]) )7ctrrpo.M : ( Pix))- I)):

109!



I yp = (CS.

iiij'si = juL: siijo = ~'nj:
infrio r= ( oii lect a bleseg~ne [it )III alloc- i Is * si zeif( ' oil iwc! a ble st- i li!n I

siperio r =jI(oi ivtaieSgOeu )III alloc sil ps/ * si ?Aof( ( 'oil nlec! a bhi-S' e.gnic ii *

iiife-riorj-o-spreaiil-aloiig =N I'L.L:
silt 1rior- I I..r -id toig =NVU .1:
wintinlllieriors=

is-eXact = is..iiiert F AL1.sL
spreads-4l! = FA\LSE:
sjprea(Is-riglit = F.\LSIK:

inline- void ( lar! ::jnit f
nanie = NVLL:

sz= I W

tier = (T[ier ** )nialloc(sz*sizeof(Tier
iiiiini-liers = 0
tree = NULL;
niax.t~ones-per-'owd = -1

niiax-vowek-per-I.oile = -1:
sauidhri-iles-exist = FALSE:
rtol-sandhi-rules-exist = FALSE:
nuntil-oiies 0:
no-coinect =TRUE;

I!iuisc

inline void Phoneniic::set~rep(chiar* rep)
representation =rep:

inline Segment* SegList..operatora(coiist Pix P) coust
SegLink* si = (SegLink *)p:
return si-seg:

inline Pix Tier::injsert(Pix loc. Segmnent* seg)

seg-lier =this:
return (segnients.iins-before(loc. seg)):

I

inline Pix Tier::ins-after(Pix loc, Segment* seg)

seg-tier =this:
return (segment s.iiis-after(loc. seg)):

inline Pix Tier:: append (Segment* seg)
,eg-tier = this: segmen ts. append (seg); return segrnents.last.):

inline void Tier:: insert at.(const Pix p. Segmnent* seg)
seg-tier = this: segnients.insert-at(p). seg):
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indline jilt ('hart ::relntI %.as ocialte(S~egilnlciit ,I. !skgltilit* *2

return I rec-assciat tt".fI( cd~i- so( I 1. s.2

#endif /* toot.t q

C.2 Application

#include "Map. h-
extorli C hart chart:

void iiaesto~gii etSgie t * ke. Segineti (,I* iv'.lir&- itiltier.
Conimec-t ablclSegiiIt r~eg. 'Il(ir* * ap-ivir.

iut iiuml iers)
//I n'sert into the sot seg, all ~egmeiimts that arc:

1 . ( 'onnectedl to seg
-1 . equtal to rseg

1/ . Iii the tier iiitier

if (seg-isxolineetable( JJ
( oniectableSegintiet *cs = (( onnectahleSegruiiin * )seg:
SegList* ikfis =cs-inferiors( :

for Flix p = itifs-first ( ): ) :A N UL LL: inlfs-nlextl p))
if ( if)p-s.iiier(hintier ) &&-

rseg.-eqnial(oumLer('tinfs. 1p). ap-tier. unui-tiers))
segs-intsert (( *infs,)[Ip]):

dfelete infs:

Pix Tier:: precedling(Seginiewt* s],. Segnient* s21)
//Returns position of thie first of
/t he two segments. or NUILL jf nteither is ini tile tier.

Pix currpos = segnients.firstU:
While (ctirrpos &kk *seginenits[currpos] y- *sI &-A- *segruetits[eilrrpos] $*s2)

seginentsmnext (cimrrpos):

returni (ciirrpos):

jut Tier::precedes(Seginmit.* sI. Segmnent* s2)
//Is si found oil Tier before or at thle samei~ tulle as sl

Pix currpos = segineuts.hirstl I

while (ctirrpos)
if (*segtnenlts(cuirrpos] *sl)

ret~urn TRUE:

if (*segineiits~ciirrp~os] = *s2)
retturni FALSE:

segmenits. next ciirrpos):



returit FAL.SE:

St-gList* mt(kIgsIr&I r. Titer&- i111 ir. lit r& ot. Pjx t ierpo,.
jilt tiuwortldivs,. jilt 1iojnu1rpfidJiv,

//Ret urns a list of t ht ~egienviiiin tr starting at
/ / erpos that mat ch segmentit
//in the rule tier ot that conuciti to intitie

SegList* segs, = new SvgLi.st:
lPix curc i i(-rpo.s:
Pix oldc:
Pix curr:
for (curr =ot .tirst(): curr #ý4 NULL: ot .text Icurr ))

if lt[ur-scmmetal)I

if ( 'onnect ahieSegnient* t[cr]-oncttotirin

if (ot [curr]-is..zero( I

do I
oklc = cure;
curc = ollcurr]-zeroniatches(curc. 1r, ot 1:
while ((tio-worddivs kk t r[curc]-is-a-wordboundar 'v( ))I

(no..norphidivs & -k t r[cnirc]-is-a-.nmorphlemieh~oundiarv,(

tr.next (ctmrc);
while (curc :A oldc):

elseI
tr.next (curc):
'while ( (no..worddivs k-& t rfctrc]-is..a..word h)ound~ar%( )) 1

(no..morphidivs kk tr[Curc]-is-.a-inorp~heinieboitindar~') ))
tr.next(curc):

returii segs:

Pix Tier:: first to-tier (Tierk tr. Pix tieripos. Pix tier2pos, Tier&, ot.
(onnectableSegment* rseg. Tier **ap-tier.

jit ntiers, jilt no-wdjvs. int no-mdivs)
//Finds the first position in tr that connects to a
//previously matched segment in this tier and equals
/1rseg. If this position precedes tier2pos. returns it.
//Otherwise returns tier*2pos. If no position is found. returns
//tier2pos.

Segment~et *testsegs = new SegnientSet;
f'ix currpos = tierlpos:
Pix i:
SegList* ms-egs = miatching-segs(*t his, tr. ot. tieripos, no-wdivs. no-nidivs):

if (currpos == NULL)4

delete testsegs:
returi tier2pos:

for (i = insegs-firstfl: i ý4 NULL: nisegs-next(i))
miake-E~t .ofsegs-ixit-ier( ( *msegs )[i]. I estsegs. I r, rseg. ap-tier. ntiers);

currpos = NULL;
if (tier2pos ==NULL)
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It,. tel sg-f'-tIi pt IM
= teststgs-lii1-tj1

ciirrpos = I ~tilfdi *tl4"t!.t ):

whlile ( i 5f 1 1.
ctirrpoJ ý ~ eelig .e~o s iro..I~etesII

cuirr-pos = t ivr2 pos:

fo~r ýi =etis- s ): i $NU LL: tesl~egs-liext I'l

delete lestsegs:

return ('rrpos:

iiit appl] Rnvftlek ruile. C hart&- chart)
//Matches, rule against chart. If matched, applies
//ruide to chtart. and (0111 innes to in at cl an (I appl ' ii t Ii
//order specified in rule until it no longer matches.

juit *tier-idx:

jut applijd =FALSE:
Tier **ap-.tier:
juit num-ap-tiers, = DI:

iiti different:
jut i. Jv
juit sorneleft =TRUE:
Pix *origpos =( Pix * )lnalloc( rule.nutti-iers * sizeof) Pix I :

ap-tier (Tier **) rn alloc( r tle. it itin-Iiers*sizeof( Tier *)
tier-idx =new iiitlrtlemium..tiers]:

for (i=IJ: i<rule.mnutntiers: i+-i)
for (j=O: j <chart.nnn...itiers; j±+)

if icltart []. anatneeql*rnile.originial[i]))I
ap-.tierlittini-ap...tiers++] = &-clartD]:
tier..jdx[ntiminap-.tiers-1 = j
break:

if) nuni-ap-tiers 34 rule~nurn-tiers)
abort( ):

if (rule.is-sandhi) // Start. at the beginning, so as to gel wordl botindaries.
for (i=O; i<rule.nuni-iers: i++l) {

origpos[i] =chart [tier..idx[i]].cnrrent:
chart [tier..idx[i]].current =chart [t ier-idx[i]].first ( :

I

if (rtile~rtol) // Start at end. for rtol rule.

for (i=O: i<rtile.nuni..tiers: i++) f
origpos[i] = cliart[tier-idx[i]].current:
chart [t ier..idx[i]].curretit = chart [I ier-idx[ifl~last()
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Pix *uiatch..idx =( Pix *)'nalloc)rule, nu ,Ic.. icr-' * sizeofllPix)ý

Pix ,old..inatch =(Pix * (jalhi)rnenniti * sizet~f Pix I)

Pix * st art -po.> = (Pli x *n alloci r uic. no n -tier, * -,iz(-(f( 15 x':

for (i=1): i< ruih'.nuriiicrs: i+-)-

start -pa> [i] = ciat[ ~rdx[l urn

o1Ld-iatcli[i] = NI'LL:

sounteleft = FRUE:

whlile (solitelefl

for 0i=0: i<rtile~num-tiers: i++)

(101

if (rule. rtol kk niatch-idx[i] == ( PixP) - M

chart [t ier~idx[i]]. pre"( (h-tart It ier-id x[i]] .cutrrent )

1whxile (rule~rtol VK- tnatch-idx~i] == (Pix))-I jI -

chiart [t jer-idx[i]].cutrrett 74 NULL):

D/Lid it act ually miatch?
for ji=(t: i< rule. nun-t iers; i++)

if (ruatch-idx[i] == ( Pix )(-l )) f //lIt didn't inatch'. so can't appl " .

if (ritle.is-saitdhi 11rule~rtol) // Reset so other rules wvon't break
for (j=tt: j<rule.num-tiers: i+-f)

chart[tier~idxUj]].current = origposUj]:

else if (!rule.rtol)
for (j=O: j< rule. nurnitiers: j-+--)

chart [tier.AdxD~j]]current =start-posDj]:

free((char *)origpos);
free( (chiar * )old-..natch):
free((char *)rnatch~idx):
free( (chiar * )start-pos):
return applied:

for (i=]: i<rule.nurnitiers; i++)
for (j=O: j<i: j++) I

Tier* tr =rule.original[i]:
ConnectableSegment * cs = (Connect ableSegment * )( *t r)[t r-first ( f:
niatchiidx[il = chart[tier-idxb]].first .Ao-tier( chart [tier-.idx[i]].

niatch-idxDj].
niatch-idx[i],
*rtule.originalIj].

cs. ap-tler.
ritle. nutnA jers.
rule.no...word di vs.

different. = FALSE:

for (i=O: i<rule.iiiunt-tiers; i++)

if (matchiidx[i] 5$ old-match[i])
different TRUE:

if (different)
// Now apply it!
r ule. application (ch art. rnatclt-idx. tier-idx):
applied = TRUE:
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olt~tdt(Itc[t] = titat chid x[i]:

S1011t41tcI =1 TWA%:
for 6=0: tint ir:t+-+)

if (dtiferent)
if tniatchitdx[i] W \ill chtange if c&gincut %a., de~tlt cd

if Irntlertol)

else

if (chart [tier-idx[if].current ==NI LL)
sonteleft = FALSE::

if (rtle.is-sattdli 11rule .riol ) // Reset so other rule:, wvont break
for (j=It: j<rule.ntnL-tiers: jI++)

ch art [t ier-idxW]j.cu rrew = origposb]:

else if (!rule.rtol)
for (j=tt: j erule.nfill -tiers: j++)

chart [t ier-idlx[J].current = start-posj]:
free( (chlar * )origpos):
freet char * )Old-..ndt dll,

free( (chlar * )inatch-idx 1:
free) (chiar *)start-pos):
returil applied:

Pix miat ches-allv.AnaI)-1( Segment * seg. MIap * map, iit i)
//Doe" seg match anY element in map tier number i"
//Returns tile position itt map ifso, or NULL.

for ( Pix c = rnap[i].first( I: c -A NULL: mnap[i].nlext(c))
if (*seg == *(mnap[i][c]-riile-seg))

returii c:

return NUILL:

Pix mat ches-aiv-replacenientt .el( Segmienit* seg. Tier * *replacement. ijt i)
//Does seg match anY elemnett in replacement. tier number
//i? Returns the position in replacement if so. or NULL.

for (Pix c = replacement [i]- first()1: c -A NULL; replacemenet [i]-nfextIfc))
if (*seg == *( *replacemnent [i] )[c])

returii c:

returii NULL:

Pix in-rnap(Segment* seg. Nlap *rnap. iiut iap-size, iintk i)
//Finds rule segment seg in map (which has map-size

//tiers). Sets i to the tier on which seg is found, and

//returns the locationi onl the tier (or NULL if not found)

for (i=tJ: i<map..size: i++)
for (Pix j=map[i].first( ) j 0 NULL: nhap[i].next(j))
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if (tIli 1t)i[i][j] -rut~
rettrn j:

returtNi 1..

Pix skelet al-in-mtapi S ginetit * 'eg. MIap* Ittap. jult nlap.-i/c . illt *lIier-RIdX

Chlart& hart. iiit& ij
/ itids chart segmientt m-g ii mta p (which ha tta, s/
// iers). Sets i to t lie tier ont which veg i.s toitid. atid
//retuIrn., thle locatioin (o the titer (or NI (LL if tiot fountd)

Segittenti* ttlseg:

for ) j=tt i<intap-size: i+-t)
for 1Pix p) = tnap[i].tir.st) 1) p V Ll: tnap[i].next) p))

if (*inseg,= *.seg)

rettrn p:

return N V L L:

Pix it..e)aeuet 'at(Sgitt4seg. Tier **re()lacerntent hilt nuntittt. ers.
iiitk t)

//Finds rule segment seg in replacement (which has
//nurn-lers tiers). Sets i to thle tier on which seg
//is found. anid returints the location ott the tier (or NU*LL if not found)

for (i=tt: knurn-tiers: i±+)
for ( Pix j=replacentent[i]-)irst( ); j $ NVU1.L: replacerntentu i-next (j)

if (*1 *replacernent [i] )Di == *seg)
return j:

returnx NU LL:

void Con nect ableSegme n t:: sort()
//Puts inferiors and superiors in the order theY are found on their tiers.

juit i. j:
hilt swappedl = TRUE:
( onnect ableSegnment * t mp:

while (swapped)I
swapped = FALSE:
for (i=tJ: i<ntiniinferiors: i++)

for tj=i+1: j<ptni-inferiors: j-)+)
if (inferior[i]-t ier k-k inferiorbj]-t ler &k-

infe~rior[i] -is..act~uallv .injtier( *inferior[i]-t ier) kk
inferior U] -is-act u allY -in-t ier (*inferior b]- tier) kk
*inferior[ij-tier ==*inferiorfj] -tier k-k
inferiorDjI-tier-prec-edes( inferiorbjj. inferior(i])){

t~nip = inferior[i]:
inferior[i] = inferiorDj]:
tttferiorbj] = t ml):

swapped = TRUE:

for (i=tJ i<turn-superiors: i++)

for (j~i+l: j<ntlnu-superiors: j++)
if (superior[i]-tier kk superiorbi-tier kk

suiperior~iI-is-acttuallv.Nini-icr) *supe(rior[i]-t icr) kk&
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suptprio rij] - ,_ Kt t all.% -ii _tie ir* ipt rior[J]- ti v lr k-

+.,,upe rior[i]-- ier == *-,4iijerioi[ j-- ic, K &,
+luperior[i]-- tie+r--lrc( ede+I.-upe+r IorW]. u,,erior[i]•

trin = +stupi rior[i]:

Sll perior[i] = slipjerior[jj:

si perior~j] = tii11:

swapped = TRI'Fl:

int (Counec.tabhleSegrneli 1:: n)t toojnlallyvtoles,)
// Heturns FA1LSE if this is a Vowel cOnnlitlled to a numnber of toile,
// greater than or equal to the nmaximumtttt allowable. Ortherwise. return., TRUIE.

if Iyp V)
return T1 UI E:

int rlillntOlles = 0-:

for uint i=D: i<luirninferiors: i++)

if (inferior[i]-typ == TN)
nnintOlles+-+--:

if (chart.max-tones-per-vowel =- -1I imnitones < chart.liaxtoiespervowel)
return 'I RUE:

return FALSE:

int ('on nect ableSegment :: not -too-many -vowels(
// Returns FALSE if this is a tone connected to a number of vowels
// greater than or equal to the maximunm allowable. Otherwise, ret urns TRUE.

I
if(typ $ TN)

return TRUE:
int niunilvowels = I):
for (int i=0; i<ntuni-superiors: i++)

if (superior[i]-tvp == V)

nunmvowels++:
if (chart.max-vowels-per-tone == -1 numvowels<chart. nax-vowels-perlotne)

return TRUE:
return FALSE:

}

int ConnectableSegment::conn iect(('onnectableSegnient* seg)
// Requires -- this segment is assumed to be the SUPERIOR, and seg is

// assumed to be the INFERIOR.
// Effects: Modifies this and seg such that the%' are connected.
// dealing with the case where the connection would exceed the
// tone/vowel connection limit.

int i. j. delete-num:
int connect ed-properlv = TRUE:

for (i=0: i<num-inferiors: i++) // Make sure is not already connected.
if(*this == *seg)

return TRUE;

ConnectableSegment **inf;
Vowel* vow = new Vowel:

Tone* t = new Tone( 1):
if (!t-type-eq(seg) 11 not_too-manyAtoneso)

if (nutninferiors < infsz)
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elseI
il 2*jilds.z 1 )01144t Ilk- noliunt Iorf cfuitct lollpoiH

ild = ' oui lect tii-'-'tgnie-imt ** )lllatoc ijIf', .Sizeotf ( 0iiw( lalhI4 'cglllclll

fonr li=wt i. lmlllmilm-lor,: '-f--f

fref (char * fiic'trjoi)

interior = l:

else
connlected-.Irolpel l = FA LS F;:
for o=t): i<llum-nitimfrior.: i-t--f-

if ft -t,%1)(,tq( in't~rý,io [il )) I
for (j=tt: j<mfrori-mn+oiro':if--

if( *1iekfrior~i]-.llpcrior[j1 *I-' his ) j
(IeletellulIII = j

break:

for (j=ddelet-jmum: jj neir+]nn2.Ipros 1;if--

minferior[i]-SUperiorj] =iimfcriorlil-sumperiorj+ 1]:

inferior[i] = seg:
break:

sort()

// Connect seg to this segimentl.
ConnectableSegiment **sup:
if ( !Vo%-tvpC..eq( this) 11 seg-n[ot .too-Ilaill..vowd.s)

if (seg-ilm-superiors < seg-supsz)
seg-suiperior[seg-numiisuiperiors++] this;

else(
seg-supsz =2*seg-s~lpsz: // Double time iiuunher of coninection., possible

sup = (Coniiectabh-Segmeimt **)ualcs~-us

for ( i=tt: i<seg-num...slperiors: i-t-+

5u1)[i) seg-superior[i]:

sup~seg-nut..superiors++] = this:
free( (chiar * )seg-superior):

seg-superior = suip:

else,
connecte(Lproperl 'v = FALSE:
for (i=O: i< nuhl-superiors: i+-f)

if (vow-t '%pe..eq( superior[i}))
for (j=()t: j<sniperior[i]-niini.ini-iferiors: j++)

if ) *superior[i]-iiufe~riorU] ==*this)

delete-1n1unu = j
break:

for (j=delete...iuni: j.<(stil)(rior[i]-lllilnm-iiiferiors- I): j++)
sitperior[i]-inferiorbl = superior[i]-in fvriorU+j+I:

so pe rior[i] - nuni nferiors--:

superior[i] = seg:

break:



dvi' iv %owv:

Voidr ('oil liect ~'egin- Iw - ~ ol li cro jee (Cnivtý n Il g

/ e'efiirf.< 2 Ihi.,iý ifi t 11 lwrior. (-g i., licii f ie rioi

jut dv-letc-iminii = nmiiiiitclrior.-*-I. i

for ( j=t: i< immiiit.jieriors: i-++)

if (* iiferior[i])= *-cg)

1)rf ak:

if (d(elvi e...illiil > itiiifiu~

return: // Not conniectedI.
for (i=dvcllimmiin: i~i uiiiiniiferiors- I i++

iiiferior~i] = it Irior[i-+-I]:

1112 inLjiftriors--

dele tc-nu =11 seg- 111222siiptrio i + I:
fo~r ( i=ii: i<.st'g-riuiiLsiiperiors: .i++)

if (*(.seg-superior[i])= *Il)

break:

if (delete-..lhini > seg-nuniii.stieriors)

return: // Not cowwtin-vd.
for ) i=(Ieletc-litini: e-iivspros ) i++)

seg-sn perior[i] = seg.--sipecrior[i+ ):
seg-il 2112s12periors--:

voidl break-crossiiigs) ( otiii(tevia)leSe-gnieýiit * eg. ( ounectahle~eginieni~* ,teg-
//Breaks an %, associationi linies crossed 1)% thie connlection of seg i
1/and seg2. Requires that segI and s(-g2 are noi

yetV~ contiected.

Pix sipos = segi-fier-find(segI I
Pix s2pos = seg2-tier-find(s~eg2):
Pix i. J:
( onnleclahleSegmneit *s]. *s2:

i= s Ipos:
j = s2pos:
segi -tier-prev( i):
seg2-t ier-next (j):
whlile (i • NULL k-j#NULL)

if( ( *segl -ter)i-oiitdietv(( sg1ir)[j

S1 = I(oniiectahleSegrnent * ) I *segl -tier )[i]):
s2 = (( oniiectableSegnient * )((I*seg2-tierl~u] I
sI-disconnect (s.2):

segl-tier--prev(i):
seg2-ticr-iiext(j);



I~~ -- il~5

s I I i~-dis(x omwc12)

ii~2t r-1h - I4

st,.Lý2- i tr - 1)iit-

Scg 1,i.st *titild Jtt f-ssocia I c(s eL ist cht ts (~ (( 'oil ((t ti)t'vhititlit c sg.
( loink c halt)

/Reiittirn atll lii eitnivits of clioicc,. that fredI% associat4 withI

se*~g.

4egi id *list = ne1w scg List:

for IlPix p=chii ve-tirsI ( ): p) * NIA.LI: cltoices-iicxt p))
if ich art. .rceeI ass icia I(-(( * choiccs ) [p]. -(.A)

return list:

void Co Ol 11CC I ablesegtiielit: :110(11 plic ate - lea it rcs(( *on iec t a bleS egitew l ct* .

MIap* map. iut lit jers.
Chart & chart . jflt* t jer~id x

/ReqCtu ire., - thi. has Ii n ot Yet bee lconne(ii (1ctd to seg. anid
th iiis is ntot coiliodted to more than oal, one at iirv withI
tiltt" samew Ititlic.

//Effects - It t his i., a classttode and seg is a f'eat itre.

d 1isconntectIs thiiis fromt alli% featutres wvith thtle samte iiattic as
//seg.

( iassNode* cut = iell ( lassNode:
Feat ure* f = tiew Featutre) "blah")
jint hoc:
Pix itiatelt:

if I ct-t '%pc_(eq( this) k-k f-tvpee(q( seg)
for (ittt i=It: kimin-tinferiors: i+-(-

if ( f-tvpeecq( itt ((ri()j~j) &-&K
((ffeatitrm iieiri -ntie((etIr *s(seg) )

mtatcht = m eetaIitita (ifro i iap. tit ers. tie r-id x. citart bec)
if) itiatchi) I

Con necta ieSteg iteitt *min iif. * itsuit

mttatcht = skelet al-i n itap)(t Iis. imap. nitters. t ter..td x. citart . 10c)

if( match)
ittsup = ((Otte heen i iiaile tta I]-ri csg
lush p'lý(i5((iiilctietIititi iF):

b~reak:
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(Icde t v (I

voiIladd~nbtjl)(o idal~gtei slitp. ( 'on l--ien a IdiSlg-lI * itjl&
Chlart&- chart. Map* Inap. juit Iliters. iIut* tie-ir~dx.

juit rento've-(tp.,=0

M/Nake, ii connectioni betweeni sup and inf. accouniting for Ititigs like
//freel ,y associating segments~. line crossing. anid laligitage-sp)e(Lhic
/ onal p'iraintmetr5..
//Note - assiinies silp is, suplerior to inf.

('onntect ableSegninnt * seg:

if (chartf freedl vassociat -(.i 1up, juf))
seg =silip:

else
SegList *tinfs = supii-nfertors(:

SegList *fass = titd..free-associaW e( imfs. inf, chart )
if (fass-eto pt ( )

error) 'Unable to make connection.")
seg =(( olnectalbleSegmttelt *J)ewvest-inferiors(fass):

hreak-crossitigs( seg. inf):
if (rernove..dItps &-& !ks)

seg-to-.duiplicate..fe-,at tires) juf. map, ntiers. chart. tier..idx);
seg-niodifiedI TR UE::
inf-modihied TRUE:
seg-conliect (itif):

void ('onniect ahleiSegmuienti:copv...auix( ('onntect ableSegnienti* seg.
Map *map, hit num-tiers,

imt *tier-itdex. ('hart K- chart.
Tier** replacement)

//Modlifies this to have approxiniatelY the samte connections as
//seg. and] modifies the miap appropriatel'.y

iti:

/1Note -- dotiit need to a(ld any connections not alreadly in the iiiap -

/1the Ol he add~edl later.
//Later Note -- unless. of course. t he 'y aren't in the replacement
//chart eithter (except as inferiors or superiors, of course)

( onnectableSegurent *sill. *inf:

Segmient *m~el:
Pix nmatchi:

nlit nIaplev'el:
hit was-replace:

was-replace = FALSE:

// Connect iii the chart. for replacetment.

niatcl = in-riap( this, mrap). nilni-tiers. miaple'el ):

ninap[maplevel].niext ( mat (-Il):
if ( match)

niel = In ap~m aplevl] [inmat ch - r tle-seg;
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IVsr~d t I iii iI cht..-a I IV.re accI I ~I e I It c I~ jInItIel. r'I )IacctI II-it II I.Ia plNcI ):

if wiipace) I

miiatchi it) ap[ in a ple ve1i ni at viil -chart - p'
in f = ( ( '0ii iiect a hlve"egii icnit iirt[Cr ide[lld 'I][iitci:

for ( i=t: kinif-nniiiistiperiors: i++)

add -(oilivect ionOiiif -u pe~r ior~il. esg. chart. niap. nu iiii iers.tJier-inidcx

for (i=tt* kitif-inuiiinferiors: i-I-)
add-coii ncct io ( seg. jut'- iii rio r[i]. chiartiiap i ier~ ~ i

/C (onnec-t based onl the mnap.

if (nuii-istiperiors ) I
tuala!ci = inii napi t iis. ninap. nuinti Aivrs. ninapievel:

ml = ((Con nect abk'v'egiuvi it Il tiapltin ai)I vell[iiiat cli] -rnle...eg:

for (i 0 t: i<nuinm.superiors: i++ ){
mnatch = jitimapl superior[i]. map. iltti-tit ers. itiapieeV(I :
if) (match)I

stip = (( ounect ahieSeginen * ) uiap)[tnapievreli][atclii-rtile-seg:
sup-con iiect (ill I):
if (!wvasreplace) I

match = litaplin aplevel] [mitat ch] -ch art -pos;
sup = (Connect abieSegment * ) (ch art [tie r-index~in apieveil] [miat ch])

add-connectioui(sup. seg. chart. iap. nunti-iers. tier-index):

else

miat ch=in -replacemient -chart (superior[i], replacement. nunm..tiers. mapievel):

if (match == NULL) I
('onntectahieSegriient * t nip =sutperior[i]:

superior[i]-disconiiect ( t his):
sup = ((onnectahleSegmuezt *)tmp-copy()
adc-counection(sup. seg. chart, mnap. num-tiers. tier-index):

t in p-comtnect (t his):

if (numiinferiors){

match = in-map(this. map, nuni-tiers, mapievel);
sup = (Connect ahieSegunent * )maplimapievei][niiatchi]-rutle-seg:

for (i = 0t: i<nurniinferiors: i++)

mat ch = in-iiapl inferior[i]. map, munml iers. mapievel):
if (match)I

inf = ((ounect ahieSegment * )miap[miapievel] [miat cii]-rule-seg:
sup-conniect) inf):
if (!was-replace) I

tuiatch = in aplin aplevel] [ltat ch] -chart -.pos:

iiif = (( oiiuectabieSegmeiit * )((ch art [t ier-index [m apivvel]] [uinat ch] ):
add..con nect iotm(seg. inf. chart. map. mnumtiers. tier..imidex):

Ielse
m at cli= i it-replacemenet -chart) (in ferior[i]. re piacemniit . nuni-tiers, niapievel I:

if (matcli == NULL)I
itit = (( onnectahieSegment *)i(inferior ji]-copy( ):
add-Lcoiiiictioii Iseg. inif. chart, map. nulomAiers. t ier-idex ):
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void ( llt lieeiiIlt ltahli
/ /l)-iach from all connei ct ion., prior to de le tion ofli tis.

whliile jtini i-stipe riors)
superir [i] -dbscOiinec (I (li i):

while ( iitiiinferiors)
d isconeti lid ue rio r [0t]

free( (char * Istiperior)
free( (char * (inferior I:
superior =NULL:

inferior =NULL:

void Tier::del(Pix&- lc)
//Delete segmntei at toc. and remo%:e it frotm the tier.

Segment * seg-t ohedeleted = segmelit s[loc]:
seg..to-be-deleted-detach( ) /Make sure nothing else conniects to it.

segment s.d(ei( (loc:
delete seg-to..be.deleted:

void Tier::nietathesize(Pix& niap-itdex. Pix niatchioc, Pix curr. imt i.
Tier **replacement. Mlap *mlap)

//Move segmnent at map-index to the next position after
//matchioc. in both the chart and niap. .Note that the locat~ois
//mentioned are in the map. which should contain the chart locations as
//well.

Pix match-indlex. index. oldidx. find-index. precede-index:
Segment * seg = seginen t s~m ap[i] [map-index] -ch art -pos]:

// Update the chart:

//Remove segment from original position:
match-indlex = mtap~i][miap..ind~ex]-chart..pos:
seginetit s.dIel( niatchiniidex):

// Find the place t~o put the segmenit:
index =curr:
find-index = match-loc:
do (

while (iindex :A find-index)
oldidx =index:
replacement [il- next (i ndex I:

precede-indlex =tnatclies..anviinIap..el( (*replacetnent i[ii )[oldid~x]. ul).iap.
if ( precede-index == NUILL)

hind-index = oldidx:
}while (precede-index = UL:

// Pnt it there:
index = segnie nt s. ins-aft er (i ap[i] [precede-index] -chart -pos. seg):

//Update the mial):
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matchdiat a* Ind = tnew iniat citdalati:

(tilyet. = (Ci 'otttie a hie.Segiuten t * )ill ap~i] [III a p-itdex] -I rite -seg:

copy = (Co IecI abiesegnientt * uItd - itlvesg:

imt i:

wi0il -(cOtttee-noue- in ferior[,>0)
(opye-dicon Leci (cop 'ee-i nferior[O] I:

cople cpedicne-nhifl opyepeior- > 0) ])

copyee-su perior[I)] -'Ott itect (copy ):

copyee-stt perior [0] -d iscoti1nect Ico pyee)

nid-cltarl-pos = index:
niap)[i] del)nilal-itidex ):
niap)[i].inis.after( preced.e-itd~ex. mnd):

izit rninfizt *d, imt nlunt)
IIReturn the minimum elementt of do

juit mil = 99999999:
imt i:

for (i=O: iknunn: i±+)
if (d[i3 -1 &kk dI[i]<mlinl)

mini d= ]
if (min == 99999999)

mil= -1:
returni min:

('onnect ahleSegmient* generalized-eqlv( ('oinnectahie,ýegmie mit* a)

IIReturn closest segment miatching a that would be found in the
//chart tree.

Vowel *vow = itew Vowel:
Cotnsonant *cons = ttew Consonant:
Tone *t = new Tonte( I):
Phonemic *p = newv Phonemic:
(ionnectabieSegment *astandin:

if (a-t ' pe..eq(v~owv) 11 a-tYpe-eq) cons))
astandin = new X

dlelete v'ow: dtelete conis: delete t : (lelete p:
return (ast andimi):

if (a-tvpe-.eq(t )) j
astandin = new GenericTone:
delete vow: delete cons: delete t: delete p:
return (as; andin):

if (a-t'v pe..eq(p))
astanditi = new (4enericPltotieme;
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delete vow: lelet-e Conks: Idelete It delet p:-
r'eturn jasltandin):

return (a):

int cont alins)SegLi.t * list. Seginielil* seg)
D 1oes list contain somiethiung like seg.,

lPix p:

for (p = list-first( Bý 1) $F NUI LL: list-iuext( p)
if (seg-eqv( ((*list )[])

return TRUE:
return FALSE:

SegList *(Cotunectah~lcSegiuient::inferiorý()
//Ret tirn the rectirsive inferiors of this

SegList *list = new SegList:
for (int i=tJ: i~ontin-itferiors: i+-I--)

list -append) inferior[i]):
list -join) iniferior[iJ-iuiferior.( ) ):

I
return list:

MegList *C-oninectahleSegrneiit::suiperiors()
//Retuirn the recuirsive suiperiors of this

SegList *list = new SegList:

for (jut i=0;: i<ntintsuperiors i++)
lis t -append) (superior[i]):

list -join) superior[i]-superiors())

return list:

MegList *(Conniect~able~egment ::direct-superiors()

//Return the direct suiperiors of this

Meg List *list. = new Meg List:
for (int i=0;: i<nuni-superiors: i+(+)

list -append (su perior[i]):

I
return list:

jut Chltart:: :is..sn perior)(Cotinect able~egine nt *a. (!onnect able~egnient * b)

if (tree-eqv(a))
return TRUE:

else if (tree-eqv(h))
return FALSE:

elseI
MegList *list = t ree-cotunects-to( generalized .eqv( a)):
C'onnectabhlceginent* aaa convert(hist. list-first.))):
if (contains( aaa-ittferiors( ).generalized~eqv( h)))
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return TRU E:
return FALSE:

Segment *fewest-illferiors( SegList * choices.)
//Frientd to ( onelletableSegmnitt

jilt niln = 9)999999):
Segment * fewest = NI* L L:

for (Pix p~choices-hrst( : p * NVILL: choiccs-niext(p))
if (convert (choices. I))-Inmttii-imferiors < min)

nuln = con%'ert (choices, p)-imuni-inferiors:
fewest =( *c~loices )[p];

return fewest:

Pix Tier:: fi nd(Segment * seg)
1/Retuirn the location of seg in tier, or NULL if not fountd.

for (Pix i = segnients.first(): i 0 NULL; segm~ntsmnext(i))
if (*Segunenlts[i] == *seg)

return i:

return N UL L;

jilt ('onnectableSegmienit.:conmuects-directlv.%Io(Segnieimt* seg)
//Does this connect dlirectly to seg'

if (seg-is-connectable(){

Connect ableSegnient. *cs = (ConinectableSegmient * )seg:
int i:

for (i=t): inum-inferiors: i++)
if ((*inferior~i]) == *cs)

return TRUE:
for (i=O: i<nunisuperiors: i+±)

if ((*superior[i]) == *cs)

return TRUE:
return FALSE:

}else
return FALSE:

int exactlv..contains(Seg List* list, Segmient* seg)
//Tests by ==
/Is seg in list?!

for (Pix p = Iist-firsto: p i4 NULL: Iist-next(p))
if (*seg == *(*list)[p])

return TRUE:
return FALSE:

void Connect ahle'.-'egnient ::break-con nect ion) (ConnectableSegmie lit * seg)
1/Assumnes this is superior to seg.

iflt i:
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disconnect Iseg):
retirn:

for (=0. ikseg-IntImxuperiors: i++)

if (exact Ixnais se-L'ro~i-ijrs ), this))
seg -sitpe rior(i] -d isco it ec t (seg)

void ( otitiiietahl)e~egnieiiit ::sp~read)( Pix spreadpos. Iicrk ctier. ( 'hartk- chart
/1spreads along (tier st artinig front spread pos. ill chart.

Pix i:

( onnect ahleSegnieiit *seg:
juit olnto:
hilt is-t11) = FALSE:
Vowel *Vow = new Vowel:

Tone *t = new Tone( I1):

if (contains) inferiors) ), ctier[spreadpos])) { /this is superior to c'sp
num =nuniinferiors:
is-sup = TRItTE:

elseI
1jul1= nuni-superiors:

if (spread s-rig lt){
i= spreadpos:

ctier. nexti):
while (i :A NULL kkr

(is-sup " !t-type.±q(ctier[i]) 11not too-nanv-tones()
!vow-t ,ype.±q) ctier[i]) 1j not A oo-manY'-vowels()) U &

!ct~ierli]-coinnects-.to-tier( *t ier) kk !ctier[i]-is..a...oundary( ))

if (ctier[i]-is-connect~able()){
seg = (C onnectableSegmient *)ctier[i]:

if (chItart. freely asszociate(t this. seg))
if (is-sup)

conn1ect(seg);

else
seg-connect (this):

ctiernnext(i);

if (spreads-ieft){
i= spreadpos;

while (i 0 NULL &kk
(is-sup ? !t-.-type..eq(ctier[i]) IInot-tooauanytones()

.vow-type~eq(1ct ier[i]) 11not -too..JnanYv'owels( )) &k
!ctier[i]-conntects..to..tier) *t ier) Ok& !c-tier[i]-is-abounidarv%( ))

if (ctier[i]-is-connect able()))
seg = (ConnectableSegnient * )ctier[i}:
if (chart .freely-associate( this. seg))

if (is-sup)
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co0nect (Clseg:

else
seg-coIl et Ie I his)

deleteI

int R ule:: adj lst -(oil iiect ions(( 'ouinect ahleSegnieuit * rel.
Conniect a P-Segiuueuit * dulel.

Map *nuap. Pix mpos.

Chart &- chart, juit i. juit *tier-index)
IIRet urns true if made a connection.
//Adjust chart and miap kdonuuetioiis of the segmient pointed to b.% ciulel

/1such that theY match the connections of crel. and applY spreading
//if eesr.

Tierk- tier = chart [t ier-il(lex~iII:
Pix match-ioc:
juit hoc:
juit made-connection = FALSE:
ConnectableSegmient *su p, *inf:

if (crel-num..inferiors :A cinel-nuni-inferiors I
crel-InunL-superiors 0- cmel-nuni-superiors){

iut ii. jj:
for (6=t0: ij<crel-niutiiinferiors: ii++){

hit has-that-one = FALSE:
for (jj=tt: jj<cmel-nium-inferiors; jj+-i)

if (*( crel-iinferior~ii]) == *( cmei-inferiorbjjj])
has-that..one =TRUE:

if (!has-hat-one)
matchioc = iin-map(Crel-inferior~ii]. map, num-tiers, toc):
if (mat~ch-loc 54 NULL)

Tierk- tier2 = chiart (tier-index[loc]I:
inf=( ConniectableSeginent * I)(tier2 [map[loc][nmatchi-oc] -chart..pos]):
sup=(C(onnectableSegmen t * )( tier[miapfi][m pos]-chart-pos]):
add-connection (sup. inf, chart, map. num-fiers. tier-index. TRITE):
inif =(ConnectabieSegment * )mnap)[loc][rnatch-loc]-rule..seg:
sup =(Con nectahleSegiie tt * )map[i][nipos]-rule~seg:
sup-connect (inf):
made-connection = TRUE:
//Otherwise, wait, and it'll all work out....

//end for
for (ii=O: ii<crel-~num-superiors; ii++)

jut has-that-one = FALSE:
for (jj=tt: jj<cmel-niuni-superiors: jj±-I)

if (*(crel-superior[iil) == *( cmel-superior~jj]))

has-that-one =TRITE;

if ('has-hat-one)
matchioc = in-map(crei-stuperior[ii]. map. nunn-tiers. hoc):
if (natchloc #4 NULL)I

Tier&- tier2 = chart [tie -_index[1oc]]:
inf=f(ConnectahleSegment *) (t tier2[miap[loc] [mat ch-loc]-chart -pos]):
sup=( (('oui nect ableSegmen t * ) (t ier[rnap[i] [mnpos] -chart -posl):
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a(I-oiAltttclt iottý itif. slIp. chart . itta[). iminL-t iF-r. tifr-uindx. -1 1? ULi;1

tI~p =I( 'Ot ilect ahkI-,ciment it iiapj(tIio.-r i

itif ( 'ottlttc.t ablesegittcttt * )Ittap[Ioc ][itat iic

Ill adticcot it (C lion = I RIT:

}//Ot herwi.'. wait, anid it'll all work outi

1 /end for
for (ii=tt: icttlttiiikor. it+-$

jut has-that-oie =FALSE:

for )jj=tl: jj <crel-ttimminf.teriors: jj+-I-

if) (*)cmiel-iniferiorfiil) == *) crel-ijithrior~jj ))

lias-that-ote TRVE:

if (!has1 hlat _01te)

tnatchiloc = itrpaetct latIctliteirij
re placcititelt. mitil icttrý. boc)

if inatch-loc :7 NULL)I
miat cit oc = in tn iap) c miil-i ufeýrio r[ii], titap. it ti titAic rs. 0

Tier&- t ier2 = ch art [t ierjitldeX[locfl:

sup=(C(ottnectlahleSegtineit *0) ier[niap)[i][nitpos]-ctarl -.pus] ):

suip- break-cotmniect ion)infil):
in f (([ontt ect ableSegnient * )tnap)[loc] [miat chi-oc]- rtle-seg:

stip (Conitect ableseginent * )ittap)[i][ntkpos3]-rttie-s5Cg:

sU )-(lisCOltiteCt (ilinf):

// Otherwise. wait, and it 'UllA work out..,

/ettd if
//end for

for (ii=O: ii<cniel-Iunt-superiors; ii++ 1
jut has-that-one = FALSE:
for (jj=t): jj<crel-tiuni-~sitperiors: jj+-)-

if (*( cinel-superior[ii]) == *) crel-stiperiorbj]))

ha~s-hat-one TRUE:

if (!hasdliatotte){
inatchiloc = in-replacenent -chart (cmel-superior[iil.

replacement.t nuni-tiers. boc);

ifniatch-loc :A NULL)

ruiatch-loc = in-inap) criel-superior[ii]. map. num-tiers. loc):

Tier&- tier-2 =chart [t~ier-indlex[Iocl]]
slip= ((.'otiiiectableSegflentt * 9 tier2fntap[Jocjfmatchi-boc]-'cltart-f)Os]):

infz=(C(orinectableSegnietit *) )(t ier[mn ap[i] [i pos] -ch art -pos]):

su p-break-coiinect ion) inf);
stip =(Coutiect~ableSegmenet * )tnap[loc][niatcli-ocI-rttle-.sCW
mnif (ConuiectahleSegrndnt * )mnap[i][ntpos]-ruJe~seg;

sltp-(lisconnflct (in f);

// Otherwise, wait. and it'll all work oltr.

} / end if
}// end for

} /end if (sanie number conntections'!)

elice
if (crel -spreads()

jflt ii, iunt:
Pix citart pos:
('onnectableSegnient *cseg:
if(crel-inferior-to-,spread-aboflg 94 NULL)

for (ii=l: ii<crel-inife~rior-to-sp~readt(Iaiifg[tt]: ii++)

mii= crlii(ro-o,;raIaogi]

cseg =(('otnect ahieSegnient * )t ier[iniap[i][inpos]-c hiart- pos]:

cseg-spreads-right = crel-spreads- right;
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(seg-.qpread.A_ eft =crei-spreads.Jth:
mnatch-l oc imijaP e i ki i nj nap. niuit -tit -n. toc

chart pos = lalo[latllj at.p:
cseg-slpreadt chart pos. chart [t ier-index[loc]]. chart
rnade-.conttectioit = TRUEl:

if ýcrel-suplerior-to-spread-alottg #6 N"LL)
for Ojr :ii~rlslerolpeaaoi~t: ii+-+-

tnlit =cr-u
cseg = (CounectableSegnment t ticr~ntiap[i][(fit po.']-(-Ifaft -poý]:
cseg-spreadls..right = crel-spreads-right:
cseg-spreads-left = crel-spreads-ieft:
mat chiloc = in..nliapl crel-s.iuperior[ukuiiiI. map, Ijunitiers. toc-):
chart pos = niap[locI[niat ch-oc]-ch art -pos:
cseg-spread (ch art pos. chart[ticr-index[loc]]. chart)
niade-connectioii = TFRUE:

return made-coiinection:

void (ihart::app) ' vassoc-convention( Pix conlpos, iier&- tier]. Tier&- tier2)
1/needs to he a friend of connectahle-segmtent ...
//Applies the association convention to tiers I and 2

ConnectableSegment *seg =(Connect ableSegment *)((tier]I [coil] pos]):
('onnect ableSegntent *conlseg. *inf. *sup
Pix coii2pos, p, pl. ohdpl, q:
hit i:

('onnectableSegment * *segcon nect ton:

int segluc:
iut superior FALSE;
Vowel *vow new Vowel:
Tone *t =new Tone( 1);

if (is-tier..superior(tierl. tier'-))
segconnection = seg-inferior:
segnc =seg-iluni-inferiors:
superior = TRUE:

elseI
segconnection = seg-superior:
segoc =seg-nuni-superiors:

for (i=O; i<segnc-, i-++)
if (segcon nect ion [i] -is-in-t ier( t ier2))

con2pos = tier-ý.flnd( segconniectioni~i](:
// Associate front right, to left:
p = con Ipos: (I = con2pos;
tier2.prev(cq);
oldpl = p:
while (p) :ý NULL k& !tier I(p]-isa-bou ndar v( I A

q $ NUTLL kk !tier2[q]-is.a~boundarAv() K-k-
!tier'2[q]-connects-directlv-to-tier( tier]))

p1 p:
tier l.prev(pl):
while (p1 :A NULL &-k !tierlI[pl]-is-a-botindar 'v( ) kk

!tier I [pI] -con nects-direct-lY t o-ier( tier2) &&*
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ti(, Ir[p I]- itier I( t icr2[{q] - i nrt )I
!frtev..acat t- tier) I[p1]. tit ir2 [tL]

t ier I .pre% ( ) )

if ( 1)1 0 N V 1. L &-k1 Iiur 1 [1)1] -isa~lhoiiid ary % &
!I tr I [p1]-) I 1c~ c t1 Air I icr! 2)

Oild 1L = pi:1
if (superior)

sup = I( 'Olt ect abicsc'giiict * )1icrl[pII:
itif ' outiect ahiSeguinut * It ier2(q]:-

inf =(Conlicct abcSegiucit *)tierl1[p1]:

suip t f( ullectabcScgmniit * )tier2[q]:

IL p-' ii cuncl(in f)I
p) = p1):
tier2.prev(q):}

else // pileup.
if ((PI == NU'LL 11 tierI[pI]-isbc~gin( ) kk

(oldpl 5$ NULL k-k !tierlfoldpil-incrt I kk !Iier2[q]-inert( &
freelv...aassociate(lierl[oldpl]. tier_'[q])I)

conseg = (C onnlect ahlesegxnen *litirlopl

if isuperior)I
if(!t-t~'pe~eq(tier2[q]j) 11 conseg- not Aoo-manY tones( )

coniseg-couniect ((C'onniect ableSegineuit *It ier2[q]):
tier2.prev(qI):
else

break:
else I
if (!vow-tYpe~eq( ti('r2 [q]) 11 conseg- not A oo-inany -vowels( ))

((ConnectableSegment * )fier-)[q]) -con nect (conseg):
tier2.prev(q);

}else
break:

else
tier2. prei'(q)

//Associate front Left to Right
p) = con ipos: (I = coiu2pos:

t~ier2.next (q):
old p I=p
while (p :A NULL k&k !tierlI[p]-is-aboundary() &k

q 54 NULL kk !tier2[qI]-is~aboundary( ) k-k
!tier2[cj]-coinnects..Rirectlv...t~o-ier( tier) ))

1)1 = P
tierl.next(pi I:
while (p] :A NULL k-k !t~ierI[pl]-is~a~boundarNv() kk

!tier I [pI] -connect s-directlYto-t icr) tier!) &&-
(ierl [pl]-iuerto 11I tier2[q]l-inerl.( 11
!freely-.associate( tier) [p1]. tier2[q])))

tierl.next(pl ):
if(pl :A NULL k&- !tier I[p l]-is-a-bou ndary() k-k

!tierl[pl]-conuiects..directlvIto-.tier(tier2)) f
oldpl =p1:
if (superior)4

sup =(ConnectableSegmient * Itierl[pl]:
inf =(Connectablelegment *)tier2[q]:

}else
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i it f ( oi nect a I eIStg iii ci * )t ier 1 [1 ]:

ti *2.ucxt(tj):
else //pikcupr

if(( I == N ULL1 1 tier1[pI - ed() kk
(oldpl i6 NVILL k-K: !tier I [oldpl]-ixicrt( ) &-& !litr2'[q]-iiiertl

kk-k freel vas~ociate( tierlI[oidp I], tier2[q])) I
conlseg = (( Ionnet dableSegruent *)(ticr]1[oldp I]):
if (superior) I

if (!t-t *vp.eq t ier2[q] ) 11conseg-not-too-inan ' ytottes(I
con1seg-c-oiiiecl ( (( onnic(t abIebegineut * t ir[]

I ier2. next I:;
else
break:

elseI
if (!vowv-t ' pc..eq(tier2[q]) 11 -onseg-itot-too-ntant'.%'owvelsý( )

((COniectahl)eSegrnent *)t ier2[I]) (-conlnect (conseg):

tier2.next(q):
else
break:

else
t ier-'. next (q)

delete v'ow:
delete t;

//Note that we must guaranitee that anything onl a given tier A must h~e
//uniformly superior or inferior to anything on aity given tier B.

Connect ableSegment * Chart ::tfier~inAree(Tierk- t r)
if (t ree- tier- name-eq (tr))

return tree:
Segbist * infs = t~ree-iiiferiors(:

ConnectableSegment* cs:

for (Pix p = infs-firsto; 1) $ NULL: infs-next(p))
if ((*infs,)[p]-fier-name~eq(tr)) f

cs = (ConnectableSegmuent *)( *infs)[p]:
delete infs:

return cs:

delete infis;

return (Connect ableSeginent *)0

jut C'hart::is-tier-superior(Tierk- tieri. Tierk tier2)

(onnectableSegnient *11. *12:

ti = tier-in-tree( tieri );
t2 =tier-in-ree(tier2):
if (t, I & t2) {

if (cont ains( t 1 -inferiors() t2))

return TRUE:
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return FAL 14:

volid ( hart ::a. )eooll% elt ioll(jillt *lierji"ld~x. jitt, I iiliL

/ linck place'. to( appl.%lt e a-socialii loll &OIItiloll. all(l a plplivit.~ I

jut i. j:
Pix p:

for (j=i+ I: j<wnllniiers: i-(+-4f
Tierk jier I = *ii er[l ier-iiidex[i]]:

licr&- tier-, =* iet r.lllxJ]

for (p) =Iierlt.frsi( 1) p N I',LL: t ter I -next (p)

if jtier I [p]-niodlifed k k tier l[p]-coiinect -(IireccI3 -to-tie-r( tier 2

applv..aso(~ctlvelt l ll tierl Itier2):

void Ro:cont ap la*map)

/C onnect., th ml iap segilenll to match the conniectio0ns iln rule.

jilt 1. ii. jji.oc

Pix p). (1:
jilt has-.t fiat -oll:

Pix rnatch-loc:

(onnectahhe'Segrenet *Suip, *iilf':

for ( i =0: i<rtum-lt ers: i+

for (p) = origiiial[i]-first( ), (I = inaj)[i].first( ): p :5 NULL kk (I * NU.LL:

origi iaI[i - next p ) ina p[i] .next ((j)
if ( (*originiah[i] )[pJ)-is-conniet al)le() I(

Sountect ableSeginent * rseg = ( (ornect ableSegment * )( *orignilal~i] )[p]:

( ornectableSegiieiit* mseg =(( onnectahleSegntent *)a~~t]riesg

intk rinfis rseg-nu-iinn~.feriors:

iiitk' rslips =rseg- mm nL-superiors:

int&- mirifs = mseg-num-ummferiors;
iiitk intsps = Ijseg-nui-tii.suiperiors:

if (rinf-s > ininfs)
for (ii=0: ný iirrdns; ii-(I)

has-that-one = FALSE:
for (jj==0: jj<rninfs: jj+-))

if (*( rseg-inferior[ii]) == *( rseg-inferiorbjj]))

Ias-that-one TRUE:
if ('Has-thatone)

mlatchlJoc = in-mfap) rseg-iuiferior[ii]. map. nuni-..ier.s. loc):

if(inatchi-oc $4 NULL)I
inf =((on nectableSegmeiit * )miap~loc] [miat chi-oc-] -rnileseg:

sup (( oniiectahleSegnient * )mtaf[i][q]-rul(-seg:

sn f-coflnect (in f):

if(rsups > ifislps)

for (ii=O: ii<rstips: ii-(+)
has-that-one = FALSE:
for (jj=0): jj<insnps: jj++)

jf (*(rseg-snperior[ii]) == *(inseg-stjpcriorbj]))

Ima-that-one ;:TRUE:



if I ilidtcli..IO ýt N 1 1. 1

ii= I( 'oiit(tla(>'&gilniit 4 )iii~ijc][lla( It-rilo. ]-K IIg.

void'ol (anecItableseguuuent ::elttv cfull) ( Map* mtap. int nuui.twirrs. ( liartk clhart.
jut *ticr~idx)

IIDelete, a se-gment andI all its inferio-s not foundl Iin tlie mnap.

Con nlec t alble!.eg ien t * t in p
Pix uIiatcli

jint toc:
While (nit uim-snperiors)

stipeWrio r [t ]-(liscoil ieci (I Ili.,)s
while (nuini-nfuriors)

timp = inferiorftt]:
if (tmnp-Iium-superiors < 2)

if (! skelct al ii map) mpx inp.tin) nki Atiers. t ierid c~hart,. loc ) )
t tnp-dlelte-fullv map.titti~ters. chart . tierjdxk):
if (tutp-tier) I

tIlatch = t unp-tier-findl( i np):
if ( match)

tinp-tier-dlel)match 3

else
(liscotillect (tin p:

else
(lisconitect) Imnp):

void (lelete-segmnettt(Tierk tier. Nlap* itiap. iflt t ier-rinum. Pix& unpos. iut nitiers.
( hartk cliart. jut *tidx)

D/lelete a seýgenict foundI in the( map andI chart hut inot Lit the replacement
//chart.

Pix loc = Ilnap[t ier...m uiffit mlos]-ch art -pos:
if (tier[loc]-is..couniect able) ))

( Connect ableSegriient * 31ier[loc] (-delet e...full%'( map. nt jers. chart. I idlx 3
tier~del( lO( :

mniap[t ir-ntiniJ[mn pos]- ruie-seg-dIetach 3)
dlelete In ap[t ierti lut] [tii pos - r i e-seg:
miap)(tier-inutmnj[mnil)os]-rul(ýseg = NUIL L:
dlelete mtap)[tier-minti][tiipos]:
niap(t ier-numlii.itisert-at ( mpns. NIL L ):
mnap[t ier...nni].del) ntpos):

void Rutle::applicat ion)(Chart&- chart. Pix* tuatch-indlex. jut *tier-ind~ex)
//Requires:
( 1) Each Pix matchiindlex[i] itn mnatchiindlex poinits to tlie( first

//segment of a portioti of tier chart[tier-index[i]], a portion
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I I hat Inial clit I Ill- t t-r replacitticieit [i] of lit, 1-itle of which1 t hi. s
//a mebe fuiliti iittoit. Tilt- match iiiii-1 Ihe aproprialtt io tilt he tNpc of
/1this. rule (Tlhat is eacih segmetitt iiirkcd for exact iiiaichittg itilisi

//iatcli exaclt% b having. tilt same inumbeor of coilc(tit-t nji to
//tiers mieintionetd ini the rulec.) F ur theriiore. thiert- miulslt bc ltw sait
//nitmb ler of elieniiit i tilt e arra 'v. original. re-placemeiti-

/ matc-iiiidt-x. anud tie rinidex.
/1 I2) A iVliiino-Coiuiect ablu stgitlett ill *ttrigitial titlist also 1wt fo011iiitll
/ -eiplacemnltil Fint hermtore. it iistii he iii lth satlit eltitietit (tie Ie

i/ni *origintal as ill * repiac(-cntii atnd wit hinl a given t-k-enlntitIlt-
//*orde r* of' itoi-coil tect able segme nt.s mu tst litii th sam tiltlttweeil liwi

//elemen t of *o)riginital anid tile cor responid ing ie tlemlnt iii * replacemiienlt.
//3 ) T lie arrays, original. re placemoent. iiiat cliindex, and t it r-i idtx miust

b/ e set tipl such t hat. for alli, givenl i greater thlatn or equal to zero
//and~ less tihan num-in rs (a slot int tihe riule). thle tiers referrit toc
//bY originial [i]. replacetiientfi], iia tchIiindexfi], aniid
//cli art [t ie r-ilnlex i]] all correpns )id (TFhey inulst he iialnieeq.

1/Modifies: chr.adcnevbYa.,te rsegmlent referred to direct lY
//or indirect lY bY it.

//Effects: applies nile- to chart. atnd appIlies thec association conivent ion
//aft erwards. if possib~le.

Miap *mtap = tiew MIapltilnmA iers]:
tnatcli-data *curr-.el:
Pix curn. cttrc. oldc. nipos. tiatchiloc. olditipos:
ijit i:

hit inc = FALSE: // Made connectioni
hit tatle-coiiiectioti= FALSE:
Feat tireM at rix *fnm = new Feat tireNlatrix:

// Mlake miap.
for 0t = 0t: t<ntiittitirs: i++ I

Tier* inap)t ier = new 'Fier:
in ap)ti ier-- stt-itaiiief originiali] -ii aitile);
tniap.t ieýr-iniake-idleit ical..to( originialf i]):
citrc = niiat cli-intdex[i]:
for (curr =origiiialfi]-first( ) (curr $ NU[7LL) k-&- fctirc N N7ULL):

origi italfij-next fctirr))

while (f to..worddivs kk
ch art ft ier..iutdexfiJ]]fc arc]- is.-a.word bo undarY' )
II(nto-jorpltdivs k-k

ch art [t ier-iutdex [i]] [c-urc]- is- a-io r piwutehotud a rv
ch ant [t ier-tindex[i]] . next (cunrc):

etirr-el = new ruatch..data:
citrr.(-el-ritle-seg = f *origitialfi} )[cutrr]-suirface(,-copv,(

curr.t-el-nle-seg-t jer = ilap-t ier:
(ur-t-n.el-cltart ..pos = citrc:
iia pli]. appeni(I(citrr...l)
if (ctitrr-el-rtile-seg-isýzero( )) // Skip zeroth ilngs.

d(1
olde( = (-tre:
clime = (-ttrrel-riile-seg-z(-rotnatchie-s( ctirc. chartft iertindcx[ifl.

*origiiial[i] ):
while ( (nio-worddivs kk-

cli ant ft icr-iiinex[ifl[ctt rc] -is-a-vordl hoit td ar~vf
(noItottr phid i vs &-k-

ch art ft ier-iuidex[i]] [c it r(-] -is-.a-mttorpeieniebo utud arvf
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cli art [t ie r-inle x [l.next Ii rcui
)wihile iiurc * oldc I:

else

connect -inapt map):

for ji=11: ni~nnnmj ers: i-f+ i(
Tier&- tier = ch art [t ier-index4ifl:
curr = replacement [i]-first
nipos = ninap[i].hirst ():
oldrnpos = NULL:
whifle (curr $ NULL 11 nmpos * NULL)

Segninent* rel =NULL:

Segmient* miel =NULL:

if (curr == N UL L) I // Delete segment.
if) maj)i][inpos]-chart-pos == tuatclL-iidex[i])

nmat~ch-iidex(i] = 0t:
delete-.segtnent (tier, miap, i, tilpos. mnuijtiers. chart. tier-index ):
coutiniue:

if (mipos == NULL) { /Insert segment.
rel = (*replacement~i])(currJ:
Segment* seg = rel-sitrface-copx'():
inatch-data *jnd = new match..data:
tndl-rule-seg = rel-stirface-copy( ):
tnd(-rule-seg-niake-ident ical-to( rel):
md(-rule-.seg-t ler = itnapfiJ[oldinposj-rulie-.seg-t ier:
md-chart-pos = t ier.mns-aft er) (inap[i] [old ftpos] -chart pos. seg).
mpos = in ap[i]. append (m d):
if (rel-is-.connect able()) I

('onnect ableSegment.* cs = (ConnectableSegment * )rel:
Connect ableSegment* cseg = (ConnectableSegmient * )seg:
cs-copy-aux( cseg. map. mimi-tiers. tier-index. chart. replace ment)

rel =(*replacemetmt[i] )[cnrr];
mel miap[i][iipos]-rule-seg:
if (*rel #ý *Mel) I

if (matches-antv ymap-el(rel. Map. i)){
matchiJoc = miat ches-anyreplaceninerit-e1( mel. replacement. i):
if(niatc~loc * NITLL) // Metathesize segment.

tier. ietathesize(m pos. matchiloc. durr. i. replacement. map):
else I // Delete segment

oldmupos = nipos:
if (map[i][mposj--chart pos == miatcltindex[i])

match-index~i] = 0:
delete..segment (tier, map, i. mipos. nunnm.tiers. chart. tier-index):

else { /Insert segmnent
if (!mat~cles-any..xeplacemient-el( inel. replacenment. i) Kk

fri-ty'pe-eqtrel)) I
Feature~latrix *chartfin. *relfm;
chartfm = (FeatureNl atrix * )t ier[miapfi][mipos]-chart .pos]:
relffn = ( Feature~latrix * )rel:
relfin -copy -feat ures(ch art fm):
niap[i][mipos]-rnile-seg---make-identical-to( rel):
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//A is a cheap hack to make identical withow ut ,iesing wit h (oIs..
elseI
Segment * Seg = rel-snlrfaceecopv(
iiat clid at a * mmd = new in at clidat a:
ind- rule_,eg =rel-suirface-copy( )

iud - rtult...seg-mniakeldemmitical-to( ret):
nid-rmmhe..seg-t mer = in ap[i] [tIIIops] -rUleeg--t ier:
1111-chiarttpos t=eiiet)napi~nojcmr pse g):
old mu pos = mnpos:

Inpo = uapi].ns~bfor( mos.itid)

if ( rel-is..cotimvctable( )) I
('ommiectahleSegtiient * cs = (( onnmectableSegmetiem * (ret:
( onimect able~eginenti* cseg =((onnetedableSegmenet *)(seg:

a u( segtmapimlti..tjs.t ier-tmdex. chart, replacement)

} /end if mnatches. .

//if (reh :A tuel)
else I // Adjiist connections:

if ( rel-is..comnnect able( )) I
('ntnect ableSegtnent.* crel = (('onimectable'Segniett * (ret:
(onmiectableSegnient * cntel = (Connect ableSegitment * (mud:

nic =adjiist..-connect iotts(crel. cmnel. map. mipos, chart, i. tier-itdex):
muade-connectioim = (mic 11 tnade-contiection ):
// /if (rel.isconnect able())

replacenient [il-nlext) curr):
oldmipos = flipoS,

map[i].tnext (IIIpos):
}// end if (ret :A mel)
I Iend whlile

} /end for
deleted miap:
delete fin:
/ / Association convention.
if (mrade-conmmection)

chart. a~ssoc-convention (t jec-.index. nuniL-tiers):

C.3 Matching

// matching.cc

#include "tones. h-
extern (ConnectableSegrnent* convert (SegList *, Pix):

int Tier:: is-applicable (Tier **applicable- tier. int nnm-tiers)
/Is this an applicable tier (is it mnirtioned in the rufle")

for (mnt i=(t: i<nutnjtiers: i++)
if (id-numn == applicable-tier[i]-id-numn)

return TRUE:
return FALSE:

;ut matchesexacthyv((oionnectabh)eSegnment* rseg. (onnect~ableSeginent* seg.
Tier** ap..tier. int nuin

D/Io"s seg tnatcln rseg exactlyN'
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jutit i nct c ol
S'cgLisf * slips = rseg-superiors( I
SegList* itifs = rseg-iiiferiors( )
PiN p:
for (1p sitps-tirstl ): 1) * N I'LL: 5LlpsttCxi(l))

if !(*sitps)[p]-tier 11 nsp(p-irt.apial(aie.tuml)
It It ltC~ltt etiejolts++:

fo~r (1 = infs-lirsi ( p: 1)5 N ULL: infis-ntixt(p))
if ( M*iijfs )[p]-t ier 11 units)[jtiri..apial(a.Iir titl))

l11lt IColl ltiect ions++ -:
decilet slips;
delete inlfs:

slips =seg-superiors( )
iltfs =seg-itiferiors( ):
for (p = sups-first( ): p $ý4 NUITLL: sups-Itext(pJ)

if ( !( *sups)[p]-tier 11(*sups)[p]-1 ier-is-applicable( ap-i er. ntm ))
nu tniiapplicable-conniect iotis++;

for (p = infs-first( : p 54 N ULL: infs-iiext (p))
if ( !( *infs)[p]-t er 11(*intfs,)[p]-t ier-is..applicah~le( ap-i ir. tuini)

nurnialppicable-conuiectionis+±:

delete sups;
delete infs:
if (nunu-applicahle-connect ions :A nuni-connections)

returii FALSE:
return TRUTE:

int matclies-rouglilv( Coninect ableSegnient * rseg. CoiinectableSegrnent * seg,
Tier** ap-tier. int nunt)

//Does seg match rseg roughl~y?

itit nutm-applicable..coimnect ions = 0:
hit nuni-connections =0

Pix p:
SegList.* infis = rseg- inferiors():
for (p = infs-first( ); p $ NUTLL: infs-next(p))

if (!(*infs )[pj-tier 11 (*inf-)[pJ-tier--is-.applicahble( ap-tier, nurn))
num-connections++:

delete infs:

infs = seg-inferiorso;
for (p = infs-first ( : p 54 NUITLL: infs-next.(p))

if(! !(*inufs) [p)-tier 11 (*in fis [~p] -tier-is-applicahle( ap- ter, num))
niini-.applicahle-conniections++:

delete infs:
if (nuni.applicable-connect ions < nui-~Lcontlections)

retuirn FALSE:
returni TRUE:

Pix ('onniectableSegrnent::niatchies(Pix seg. Tierk tier.

Tier **applicahle-tier,
int numtntiers)

//Does the segment at locationi seg match this' If so
1/returii the next position. If not. returnl NULL.
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Segiil IIvIII* stgPI I IcItk = I t ý[v

Pix cnrrpos = vg

tier. nxt (cnrrpos,)

if ( segmen ct -'i.sXoii 1cCt aihLu

(Con necct a hk'Segg mt Ut * cs = ( ( 'oilnect abhkscgnienit * Jseg olelit:

returu (eql cs. a I)J)ieaadCet ier. tiuienlirs ) '. currpos : (Pix II- I
}else

rettrur ((qf segnit t- applica hle-tier, tnumn- tiers)) ? enrrpo, : ( Pj x )j-))ý

iut ( oiiii(cctahilt'egmiie(nt ::equial( ( oiiuic(ctable(Segniient * seg, Tier** a-ltier.
jutiit tIni-t iers)

//Is seg equal to this'.

return (eq%'(seg) kk& (!tier 11 !secg-tier 11 tier-tianineq( *seg-tier)) &&-

(is-exact niatcies-roiughil %( t his. seg. ap-ieir. nuii ji-ers)) &k&
(!is..exact iiiatchies-exact lY(this. seg. ap-ieir. inui-tiers) )):

void sortiJist (Seg List* si)
//Sort list of segmients based oii tier position.

if )st-empt V()
returu:

Pix p, (1
iint swapped = TRUE;
Segnment* tImp:

whiile (swapped)
swapped = FALSE;
for (p = si-first)) p 0 N ULL: sl-next (p))

for (q = p. sl-next(q): q * NULL: sl-next(q))
if ()*sl)[p]-tier k-k (*sI)[q]-tier &k

( *sl) [p] -is-act u aIlv..1iLtier(* *(*sl) [p] -tier) kk
(*sl )[q]-is..actnahlI ...mnii ier(* *(*sl )[q]- tier) kk
*( *sl)[p]-tier == *( *sI)[q]-tier kk&
(*sl) [q] -t ier- precedes( (* sI) q], ( *sI)[p]))

tilp = f*Sl)[p]:

st-ilsert-at(p, (*sl)[tI]):
st-insert-at (q. trnp):
swapped = TRUE:

jut in..nrdler(('onnectahl)eSegnient* seg, SegList* choices.
Tier **ap-tier. jut ntim)

//Is seg the first thing on its tier within choices?
IIRequires - the segs in choices are contnectable.

for (Pix p) = chioices-hirstL): 1) 54 NULL: choices- next (p))
(lontiect ableSegrnenl * cseg = (('on nectableSegmient * )(I*chioices )[p]:
if (seg-eqnal(cseg. ap-tier. num))

return TRIU E:
if (seg-tier k-k

(!(*choices) [p] -tier I
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return FA LSE:

return TRVE :

jult (outai~gnn dlt et.mtl(Sgii*choices. Tier * *ap-tier.
Jint 111iim )

int mnii = 9999)919:

for (Pix p = choices- first(): p 54 NULL: choices-next(p))

if J(*chioi(ces)[p]-is-coniikect ab~le) ))I
(ounect ableSeginent *cs = (Counect ableSegnient * )( *choices )[p]:

if (equal(cs, ap-tier, runt) &k-* in-.orderjcs.. choices. ap-ijer. nuni
&*k (cs-xunL-superiors + c%-num-inferiors < mini))

mini = cs-lumisuperiors + cs-nurn-inferiors:
ininloc = p

if~min == 9999999)
return FALSE;

else
choices-del) minloc);
return TRUE;

jut (ConnectableSegrnenit::eqI(C'onnectableSegrnent* seg. Tier** ap-ier. int n(rn~trs)

if (!equal(seg, ap-tier. nuurtrs))
return FALSE;

SegList* rinflist =inferiors)):

SegList* cinflist = seg-inferiorso:
ConnectableSegment* cs:
jut matches:

iut not-exact = TRUE:
Pix p. q:

for (p =rinflist -first,(: p i6 NULL: rinflist-next.(p))
if (convert(rinflist, p)-is-exact){

not-exact = FALSE:
break:

I

1) = cinflist -firsto:

while (p $ NULL)
ifnot-exact, k-k !is-exact k&, (*cinfiist )[p] -tier k-&-

! (*cinfiist) [p] -tier- is-applicahle( ap- tier, uint rs))
cinflist -del) p):

elseI

matches = FALSE:
for (q = rinflist -first(): q #6 NULL: rinflist -next (q))

if (convert) rinflist. q) -equal) (convert (ci nfl ist.. p). ap-tier. numt~rs))

matches = TRUE:
break:
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if) Inat(les')
cm H ist -nhex.t ( 1))

else
ciimflist -delp) p:

sort -.list ( rinflist )
sort -list) cintlist )

for ( p =rinflist -first) 1) i4 N NULL: rinflist -next (1

Cs = ('onvert(rinflist. p):
if) !cs-delet e-best -mat ch) cinflist. ap-tier. numit rs))

deeerifit
delete rinflist:

return FALSE:

delete rinflist;
delete cinflist:

returii TRUE:

Pix ('JJ::zeroniatches)Pix seg. Tierk ctier. Tierk rtier)

Pix C:
jit i. countl=t). count,2=0:

c = rtier.current:
rtier.next(c):
while (c * NULL kk cons. t ypeeq~rt~ier(c])){I num matching in rule tier.

count 1++:
rtier.next(c):

c = seg:
while (c 0 NULL kk cons. type-eq(ctier~cl)) I // nuni matching in chart tier.

count2+-(-
ctier.next~c):

I
if (count,2 < counti) // The rule can't possibly match.

return ((Pix)(-1)):
elseI

for (i = 0: i<countl: i+i+)
ctier.prev(c):

returii c:

Pix Vffi::2eromatches(Pix seg, Tierk ctier. Tierk- rtier)

Pix C:
int i. count I=(i. count 2=0;

c =rtier.current:
rtier.itext~c):
while (c 54 NULL Kk- vow. tvpe~eq(rtier[c]))4/ num matching in rule tier.

countl++(:
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rtter-tiext t c);

c = sg

while (c 54 N I'LL & voW .tv pceqqt iv~r[c] )) { Inuill tnat (iitg ill c(art tier.
cottitt 2++ -.
ct ier.itext tc)

if count 2 < countlI) // Ihe rule can't possiblY niat cli.
return (( Pix(- I)):

elseI
for (i = 0: i<count 1: i++)

cli r.prev( c);
return c;

Pix X-I::zerointcit~ces( Pix seg. Tierk ctier. Tierk rtier)

Pix C:
iut i. count 1=0. couiiti2=tt:

c = rt ier.current:
rtier.ttext(c):
while (c 54 NULL (k- xiv pe~eq(rtier[c]fl / tunti rnatchting in rule tier.

cottntl++:
rtier.ttext(c):

c = seg:
while (c :A NULL k-k- x.tvpe~eq(ctier[c])) I // tiunt matching in chlart tier.

count 2++;
ctier.ttext.(c);

if (count2 < count I) // Tile rulie can't possibly niatcit.
return ((Pix)(-1)):

elsef
for (i = 0: i<countl: i++)

return c:

iut (Connect ableSeguient: :connects..xirect lv-to-ier(Tier&- ctier)
mnt i;

for(i=o: iknutn.superiors; i++)
if (superior[i]-is-.in-.tier(ctier))

return TRUE;
for(i=0: iknum-ittferiors; i++)

if (inferior[i]-is-in..tier(ctier))
return TRUITE:

return FALSE:

int Segment: :is~initier( Tier&k intier)
return (tier- name-eq(intier));

jut Segment:: is-act ually - n- ier( Tierk- nt ier)
if (!tier 11 *tier :A intier)
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return FAL.SýE:
for (Pix i) = itcrrl(): ) 54 V I L. ifiir-llextl p))

if (*i[It ier[p] == *thiii)
return 'HWE:

return F\L'SE`:

ilit ( 'oilnel~cl a bit e"'gnIclii.o nect sI 0_11o it, r i Vi Ic&- ctite I

S'egLis. *slips = oplmol.Isuperior.. I
SegUA~. *iifs u,%Ak'.

Pjx p:

for (1) = sps-hr.d( I: 1) #4 N ILL: ~ups-nextI~p))

delete sup,:
decilet iii is:

return T'R E:

inf.-Joii( coil ert sups. p )-illfvriors( )):

for (1p = infs-first( 1) 94- NIL L: intf-next p1)

delete still.:
delete infs:
return TRUE:

delete slips:
delete inlfs:
return FALSE:

void Rul~e:: I ind-closest -usa hlcr ule-seglne it I inIt thisutier)

Tierk 01 = *origiiial~this-tier]:

if (this-tier) // If there are dlone tiers. get thle first unlconnlected illstca(I.
while (ot current. $ NU'LL kk& !ulncollnected(this..tier))

ot.Iext(ot.cllrrent 1:

int R ule::i uncon nect~ed) mit t~his-tier)
Tierk- ot = *original[this-.tier]:
if (ot [01.cuirrent]-is-connectable-())

SegList * slips = ((Collnect~ableSegrnenit * (ol[ot cutrrent] )-supleriors,():

int unconnected = TRUTE:

for (hit i=tt: ikthis-tier: i++)

for (Pix I- sups-first( ): 1)• NULL: sups-next(p))
if ( *sups)[pJ-is-ini ier( *original[i}))I

delete slips:

return FALSE:

delete slips:

return TRITE:

Pix Rule:: mat ch (Tierk- tier. Tier **applicable-tie~r. int num-tiers.



jtinht c)
IIIf the ritle matches tier at anm poinit iricludimig or alter ticircurreclr
//rettirn.s the inde-x 1Pix ) of the- inateh. (Jrherwi't- ret urmmý Pix (

DIloes NOT miodifY tiercuirrent.

1'ivrk ot =*original[t his.tier]:
Pix currpos. oldpos.. watch pos:
lilt matched:

c.!!rrp~o. ti f'r currreit:
mnatchedi FALSE:
inatchpos = NULL.
oteurrrent =ot.hrst1 )
fiuidel-osest-misahle..rule..-segnmient t hlis-i ii )-

if(ot.current ==NULL)
matched = TRUE:
return matchpos:

Segment* hrst-seg =01 lot current]:

while (!matched)
do I

oldpos = currpos:
if (first-seg-is-izeroU)

currpos = first .seg-7eromiatchies(cuirrpos. tier. ot):
else

cnrrpos =first s-eg- matches( currpos. tier. applicable-tier. nmmuntiers):

if (currpuo. =ý (Pix)(-I))

matched = FALSE;
ctirrpos =oldpos:
timer. next (cirrpos):}

else
matched = TRUE;

}while (!matched &-.I currpos 54 NULL &-k- currpos 0 (Pix)(-1)):

if (!matched)

return ((Pix)(-1)):

//The first position has matched -- save the position and check the rest.
matchpos =oldpos:

while (matched k&& otecurrent :ý NUTLL)
ot.next(ot.current ):
if (or current == NULL)

break; // Thre tier matches.
while ((no..worddivs kk& t ier[currpos] -is-a-wordbounidarv,(

(nonmorplidivs k&& tier[currpos]-is-a-inorphetmehoundar~vfl

tier. next (crirrpos):
if (currpos == NULL)

matched = FALSE:
break;

Segment* test-seg = ot[ot current]:

if (test-seg-is-zeroo)
do I

oldpos = ciurrpos:
currpos =test-seg-zeromatches(currpos, tier, ot):
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I it r.uextl I( lrrpw(i.

if ((ctrrpos = Pix P I)))
itiatclitc.f F.\LST:

ift!iniatclied)
01 (tiltaiit ot first :

ir r po., =l iat elIpos:
tier. niext jcnirrpos,):

return I 1lltchpos):

CA4 Input/output

// tO .Ct

#include -StrTable .h"
#include "StrStack.h-

jut longest phoneme;
int eof:
jut eophrase:
int dniple:

extern Chart chart:
extern StrTable tbI:

jut is-vali(Lste( St rTableEntr ' * ste)
return(ste-seginent &,& (ste-is-plionerne !ste-segmient -isx-oititect ahle())):

void determineilongest-ploneiiie()

longest-phoneme = 0I:
for (Pix p = tbl.first(): p 0 NUTLL: tbflnext(p))

if (is-valk(Iste( t I[p]) k&. strlen(Wtb[p]-name) > Iongest-phonieme)

longest phonenme = strlen(tbl[p]-ntame);

iflt is-vord-diN,(char cli)

return (ch == ch =

iut is-ph rase-di v(char cli)
return (ch == An' 11clih cl == 7()
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void1 triori coust char4 I. const char* ,2=
(e(rr <K sI < ,2<'\

(Ail ( I:

char ge-t -ci aijt it re aii& ititilc. '-', r~t :ick* st k
char c:
if (c = Itk-popi )

re~urji (
else I

eof = TR IE:

return A'\(:
else
return c:

void eat _wor~ld~i,.'s(st ream&- inhik. St rSt ack* st k}
char cli = get-cliart iitfile. ,t k):
while (cli kk- is..word..div,(elIt

di = get chiar) infile. st k):

cof =TRUE:
else

stk-pusis(chi):

void eat-line(istrearnik infile. StrStack* stk){
char chi = get char(in file, stk):
while (ch kkS ch $ \'

ch = get-char(infile. stk):
if (infileeof )))

eof = TRUE:;

void eat -word-andIphrase-divs(ist reamnk- infile . StrStack* stk){
char dli = get cliar(in file. st~k):
while (ci kk (is~worddkiv(chi) Iis~phrase~div(ch)))

if (CI == "''
eat-line(infike. stk):

ch = get-char(infile. stk);

if (infile.eofo)
eof = TRUE:

else
stk-push(chi);

void StrStack::push(cliar c)

if ((top - rep + 1) > SZ)
sz = 2 * sz:

char* newrep = (char *)nialloc(sz):
sI rcpy( newrep. rep):
top = newrep + (top-rep):
free) rep:
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rcp = ntiwrep:

char StI r>1 a( k::Jpo p(

if (top ==rep)

return *--top:

Segmient * read-segno-nt st realni jinfil. St r't ack* st k
St rlIahkEntrvN *.,eg = N I'l.:
't rlal~eL tr rv *t rial:

char *reading ( char *ttlolltgs ll~~Ii

int length =0
itit goodleiigth 0i:
char (II:

while (lengthI < longest phonenie )
if(Uch = get-char( inhile. stkfl?

eof = TRUE:
break;

if (Os-wor(Ldiv( cl) 11 cith is..phras(..div4 cli) k k lengthI > Ii

st k-push) cl):
break:

if (is..phra~se..di%(ch ) I
eophrase = TRUE:
eat -word aiit-ph rase..divs( infike. st k):
seg = tbl.find( Ji"):
break:

if (is-word...dv( d))
eat ..worcd-divs(i in file, st k):
seg = t~bl.find("ilw"):
break:

if (cli==h k&,K lengt h == 0)
seg = tbl.find('1n'):
duple = TRUITE:
break;

if (cli == kA& length = t

eatifineiinfile. stk):
eophrase = TRUE:
eat word-and-phrause-divs(i n fle. st k):
seg = th~l.find( 'li"):
break.

reading[length++] =ch:
read ing[lengt I] = \'
if (strcrnp(reading. "Iw") == 0))

eat word Ail's(in file. stk):
if ((rial = thl.fiind( reading)) &-.k- is-valid-.ste( trial))

goodlength = length:
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if W1'1t( "wY Pg= h~iil v

Whilie I guoodlellgt i < cl', hnt 11

cat _%vord~di% -) in hhc ,t k:

if (seg kk goodletigth < lcngthl

While (good tllent 11 < lenlgtltt

if('.eg)

frec re adinig):
return ,eg-,egmeltit:

else I// (!)tilv ignore ONE b- ad character- at a limje.

While ( IengthI > I)

frec) readintg):

return ) Sugnetit *()0:

void ( onnec,(tahieSeginienit::safe-detach(

While (utI im-sulperiors)

sti perior[tJ]-discon nied (this.):

While ) nunt1_Inferiors)
disconnect) inferior[tt]):

void(ldisconniect-tonies)('onutiectahleSegnietit * cs)

SegList* inifs = cs-inferiotrs)):

(enericTone *tit n ew G eijsricToiie:

for (Pix p = itifs-hirst( ): p) $ NULL: inifs-utext(p))
if (tnl-tVpe...qU*infs)[p])) I

conlvert(infs. p)-safe~detach( ):

break:

delete tn:

delete itifs:

void ('hiart.:: addIskele aL-seg) Conniec-t ahileeginient * cs)

SegList * itifs:

cs-tier = tier[o):
tier[O]-appeiid(cs):

infs =cs-iulferiors( )

for (Pix p = jots-first)( p 54 N ULL: infs-next (p))
for lint j=w) i<numuiiiers: i++)

if (Iier[i]-niarne-eq( *( *infs )[p]-t ier)) I
tier[i]-appeiid)((*infs)[p]):
break:

delete itifs:
if (no0-connect)I

disconnect-Jones) cs):
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void ( hiart ::rea(Lordl(ijt rtani&- itfitik. SWt riack* ,t k
//frienid of ('ohte l~gte

W~ord Bginl *Whgill new Word le~gil:
\\ord End *wenid = new Word End:

N IorpheietueEnd * mend tne w Mlor 1dicin E'nd:

Segmlent *Seg = NIULLI:
hit i:

Pix p:
for (i = 0 i<tnnm~i.Iers: i--+- )

1) t ier[i]-appet'd (wvvbegill-copy)))
I ier[i]-ctirruntt

( enertcPhonemne *gp = new (GenertcPhoitemie:
N *x = new X:
(;eteric1'oni( otn = new ( etericTone:
(onnectabl)eSegtuenti* es:

While (!eof kk Seg == NULL)
seg = read-segrnent~itifile. stk):

While (teof ckk !wenld-tvpe..eq(Seg))
if (seg-is-connectahleo)7I

if (x-ty' pe~eq(Seg)) I
cs = (('ounectableSegmetit *)seg-copy))
add...'keletal~seg( cs):

else if (tti-t ,ype-eq(seg) 11gp-type~eq~seg))
cs = (('onnectableSegnient * )seg:

if) cs-imm-nisperiors == I) (
cs= (ConnectabieSegrnent *)cs-su perior[t] -copy( ):

add..skelet alseg) cs):

else if) cs-tiurnsnperiors =

for (i = 0): i<nitm..ticrs: i++)
if (tier[i]-narne..eq( *cs-tier) )

t ier[i] -append (cs-copy( 0):
break:

Ielse
error( "Unc aught parse error.'):

else
error(" Unc aught parse error.")

elseI
if iniend-t ' pe..eq(seg) k-, duple)

duple = FALSE:
for (i = 0: i~nttumdiers: i++)

tier[i]-appeitd(seg-copy())
seg =new MforphemneBegin:

for (i = 0: i<nun.Aiers: i++{)
t~ier(i]-append~ seg-copy U):

seg = NULL:

While (!eof kk Seg == NUTLL)
seg =read segmen t (i infie. st k):

for )i=O: i<ntitni-.tiers: i++)
tier[i]-append (wend -- copy(U)

delete tn:
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delete gpý
elette X:

delete wblegitL:
delete wend:
delekte tnue:

void Ch hart:: print -and -detlet ewordl

Pix P:
W~ordEitd *we =new \Vord End:
for (p = tier[tt]-tir.stl): p 54 NVILL k w-~p~q(*irt](p

tier[tt]-iiext Ip)
(*t ieirtt] [p]- print(I

if Np U N L)
(*tier[t] )[p]-priut( I

if (eophrase) I
cout K< "\n":
wordend = FALSE:
eophrasv = FALSE:

colIt~fush( )

// Delete the word.
for (itit i = 0I: iknum-ttiers: i++-)

p = tier[i]-first( ):
while (p) 54 NULL &-.& !we-t~ype-eq(( *tier[i] )[p]))

fier[i]-del(pI):

if (p :A NULL)
tier[i]-del( p):

delete we:

void Chart:: pri tit .azid.delet e-phrase(

Pix p:
for (p = tier[tt]-first( I:p :A NULL: tier[t)]- next (p))

(*tier[0J)[p]-print( )

cout <K \n":
cout.flush():

// Delete phrase.
for lint i 0 (: iknum-fiers: i++)

for (p = tier[i]-first 1) ):1 p $NLL: tier[iJ-del( p) ):
wordend =FALSE:

eophrase =FALSE:

int ste-mat~ches(StrlableEnt~rv* ste. X* x)
//Friend of chart. k- connect ableSeg men t.

Tier** ap-tier = (Tier **)rnalloc(chart.nunitiers *sizeof(Tier *)
int i;

for 0i=0: ikchartmutiiim iers: i++)-
ap-tier[i] = chart .tier[i]:

ConnectableSegmeitt *cs:

150



if (stt,-fullIsp(Cc
if I At e- to lspe - tot nii -sit perio r. == h

else if (St c-fullsjwc---In -.'it iperiors =0
(-. = St e- I'll ispi c:

else
terrort"Uncaught parse error.'):

elseI
c,. = (C(olunect aheSegnicut * )site-segilieut:

if ) cs-uuui...sulperiors ==I)

(5 ( s-supeirior[o]:

else if (cs-nil IIsuperiors > 1)

error)" Unc aught parse error.")

X-is..CXacI = Ll{L:
return ) x-eq) cs. ap tier. chiart .uii-iuJers) ):

Void X :: print ju~t p)os=O)

char* out put =0:
Pix p:
jut tiines..matclied = 0
for (p = thl)first(; 1) p5 NVLL: thl.next~p))

if ( tbl[p]-is-plonente &-k- ste-iiatcdies( t h[p]. this))

if ( !tiues-niatchied++ ) {
if (out put ) free( output)
output = (char *)alc trc)tlp-an +)
st rcpv) oultput. tIhl[p]-name):

else if (tirnes-niatched == 2)

cout ~< "C ( < output K< "P" < thl[p]-namne;
else

cout < "P" < tbll[p]-naine:
if (t jines-natchied. > 1)

cout K< 1")";
else if (tinies-niatclied =

Cout ~< out put:

void Feature:: print) (it pos=l))

char c;
switch (value)
case -1:

c = '-': break:
case I:

C = .+': break:
case 2:

c = `(-C break:
default:

C = W

if (inodifiedi)
cerr < "1*

cerr «< ["

ifc (C * t
cerr < c:

cerr K< namne K< "I C':



print -id )

crr < "\n"

prinlaux( po.,):

void F'eat u re t at rix:: prilt (jilit po.-O)

if iimodihed)
(err K< '4*11

(err K< 11 P:
char c:
for (int i=O: i<num-leatures-l: i++ {

switch (feat Ure[iI--'alue)

case - 1:
c = '-': break:

case 1:
c = '+': break:

case 2:
c = ",t': break:

default:
c ="\":

}
if(c "\)

cerr <K c:

cerr <K feature[i]--name < "
}
if (nimifeatures) {

switch (feat ure[nuimfeat ures- 1]-value) {
case - 1:

c = '- *; break:
case 1:

c = "+': break:
case 2:

c --=•'4: break:
default:

c = \"

}
if(c "

cerr <K c:

cerr <K feat ure[num-featunres-1]--name < "1]\n":

I

void Class Node::print(int pos=O) {

if (modified)
cerr <K "* ""

cerr <K name <K " C':
print-id(o:

cerr <K ")\n":
prinLtaux( pos):

}

void Rule::print(iut applied)

cerr <K "\nApplying " < name K< ...

if (applied)
cerr <K "Applied.\n\n":

else

cerr < "No match.\n\n":
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void Nspaces(iuit 11)
for (hit i=O: i<ik: i++)

cerr <

void ('oiinect able~cgiieit :: pri tt -aitx( jt ~os=())
for (jut i =0: i<nuin-infieriors: i++ )

Nspaces(pos):
inferior[i]- print (pos+2):

void lenmo.prilt-.tier(Ti erk- tr)
if (demno)

for (Pix 1) = tr.current: 1) 0 NIULL: tr.Iiext(p))
tr[p]-print-aux( );
if (t r[p] -is..coiiiiect able( ))

getcharU:

hit ('hart::empty()
for (ijut i=0; i<njunl_ tiers: i++)

if (tier[i]-lengt Ii) ) > 2)
returu FALSE;

returii TRUE;

void (-Itart:: mainloop(ist reamnk infile)

Pix p, q1:
itt i. applied;
eof = FALSE:
eophra.se = FALSE:
dumple = FALSE:
infile~clear)):
determineilongest-phoneine(l

StrStack *stk = new StrStack:
if (!sand h-r ules-exist)

do I
read-word(infile. stk):
if (!empt.yU) I

derno-prirm -tier(chiart [0]);
for (p = rtiles.first(): p $ý NULL: rtiles.next(p))

applied = apply* (rules[p], *this):
if (demo) rules~p]. print (applied):
if (applied) denio-print-tier( chart [0]):

print -and -delete-wori
}while (!eof):

else
while (!eof)

while (!eof k-& !eophrase) read -word (in file. si k):
if (!empty( ) I

for (i=O: iknum-tiers: i++)
tier[i]-current = tier[i] -first,();
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derno-prin t-ier (chart [I

f'or () = rult-,fhrst( ): p) * NI'LL: rulesiiext) p) )
applied = appl ' vrtilcsp] thi.
if (demo) r Llles[p]. print (ap1plied:

if (applied) de ino-prin(t Aier( (chart [011:

print-~and-lelete-.plhrase) )

delete si k:
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