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Abstract

This paper continues a progra e ten ing re
su ts re ate to the escripti e characteri ation
o the sinter so e na iit inthe ea
ona ic secon or er theor o trees to the
T s an the entire hierarch o eirs on
tro anguages re ious e ha esho n that
the anguages in this hierarch can e char
acteri e e na iit in the ea ona ic
secon or er theories o a genera i ation o trees
to increasing higher 1 ensions ere ee
pore thee ect o a itting o es ithar i
trar nite ranching n thet o i ensiona
case e ha e sho n pre ious that this a
its tree sets recogni e in nite ut reg
uar tree auto ata s these sets correspon
in a er strong sense to the sets o trees i
cense gra ars e ha e reerre
to these auto ata as eneraie inite tate
Tree uto ata an the setsthe acceptas en
eraie ecognia e ets o trees n iting
this resu t to the thir an higher i ension
e sho that the e na e sets o structures
are e act those recogni e i ensiona
tree auto ata hich are inessence generai e
recogni a e sets o 1 ensiona struc
tures n three i ensions these correspon to
Tree oining ra  ars in hich the set o
initia trees can e an generai e recogni a e

set o trees a ariation ereerto ana og
as eneraie Tree oining ra  ars e
sho that this per its a option o st e

accounts o coor ination hich can potentia
pro i e a conceptua ¢ ean account o coor i
nate constructions that ha e een pro e atic
or T in the past

A tomata o er t me SO a
rees
er the ast € ears e hae een e por

ing the genera i ation o ong stan ing escrip

ti e characteri ations o the reguar  uchi
got an conte t ree oner
Thatcher an right anguages

characteri ations in ter s o o e theoretic
e na iit o er certain c asses o structures
to the Tree oining anguages an e on
The perspecti e that un er ies this generai a
tion is an anaog et een T s as a tree
re riting or ais an s as a string
re riting or ais ust as s in a stan
ar conception ui trees e pan ing non
ter ina no es into strings o chi no es in
essence attaching a epth one tree at the ron
tiero atree T scan econcei e as ui
ing three i ensiona tree i e structures e
pan ing no es at hich a unction is per it
te into treeso chi no es thea oine au
iiar tree in essence attaching a epth one
p ra i a structure at the rontier o a si
ar structure o ar itrar epth There is a
irect an eas apping et een these three
i ensiona eri ation structures an the T
eri ation trees o the stan ar sort Thet o
i ensiona ie o the set o these structures
generate a'T  isthe set o trees the T
generates the one i ensiona ie o that set
o trees is its string anguage

t this point it shou e c ear that this pro
cess iterates as e increase the i ension o
the structures e increase theco pe it o the
string anguages e can sho that the hierar
ch o anguages generate inthis a coinci es

—e




ith iers ontro anguage ierarch eir
The anaog aso e ten s in the other
irection e consi er a echanis that
e pan s no es into singe no es so that the
re rite rues are epth one singe i ensiona
structures e get the regu ar anguages
or a thisto or s ooth e nee a uni
or hierarch o o ains on hich to ui
these structures  ere again e start in the
t o i ensiona rea o trees an generai e
in oth irections e ta e our treesto e a
ee tree o ainsin the sense o orn
These are ust sets o tree a resses e presse
as strings o er the natura nu ers The a
ress 0 the root o the tree is the e pt string
hich e i enote an thea resseso the
chi reno ano eata ress are
in et toright or er set o such strings is

a e or e tree o aini itispre cose
hich correspon s to eing o n ar cose
rt to o ination an i hene er is in

the set then or a is in the set as e
hich correspon s to the a resses o each set
o chi ren eing o n ar cose rt essthan
in their na ee ent nstepping o ntoone
i ensiona structures e get string o ains
hich are si p sets o natura nu ers that
are o n ar cose rt essthan ie initia
seg ents o or ere
The anaog is ore unior i
the natura nu ersin unar the nu era or
is a se uence o S Thus o n
ar cosure rtto essthan eco espre co
sure rtthese uenceso s string o ain
then is ust a pre cose set o se uences o
S tree o ain is a set o se uences o se
uences o s that is here itari pre c ose
in the sense that the secon or er se uences are
pre cose an Oran Secon Or €r Se uence
in the tree o ain  theset o rst or erse
uences is a so pre c ose
To genera i e this to higher i1 ensions e
note rst that thea resso ano ein a tree
o ain is e act the se uence o string a
resses one encounters in o o ing the path in
the tree ro the root to that no e ana
og then the a ress o a no e in a three
i ensiona tree is the se uence o ftree a

€ € press

resses one encounters in o o ing the path
in the three i ensiona structure ro the
root to that no e onse uent such an a
ress is a thir or er se uence o S a se
uence o tree a resses hich are the se es
se uences o string a resses hich are the
se es se uences o S three 1 ensiona
tree o ainis an set o thir or er se uences
o s hichis here itari pre e cose an
in genera a i ensiona tree o ain is an
Oor er se uence o s that is here itar

i pre cose e 1 enote the cass o
a Or er se uences o S as an the
cass o a 1 ensiona tree o ains as
Thus is the cass o string o
ains is the c ass o or inar
tree o ains etc e 1 reertoinii ua

structures in the c ass as T s or inar
trees o ainsare T san string o ains are
T s e i a ite pt T hich e e
note

t is critica to e as cear as possi e hen
iscussing these higher or er se uences e
i genera e po etc to enote se
uences 0 a gi en or er an etc or se
uences o the ne t higheror er oncatenation

i a as e an operation on se uences
o the sa e or er Thus enotes the
or er se uencein hich the na or er
se uence is To e consistent hen e re

erre to the se uence eshou per
haps ha e re erre to e 1 asoe
po to enote se uences o the ne t higher
or er than hen necessar The resi ua a
iguit arises ro the act that the ero ength
se uence o an or er is ust Thus e
notes the ero ength se uenceo an or er
enotes the ength one se uence o an or er
greater than one containing a sing e ero ength
se uence o thene t o er or er etc The or
ers o se uences ithin a se uence are a a s
uni or Thus hie enotes a ength
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t o se uence in hich oth enote e pt
se uences o the sa e or er enotes
a ength t o se uence containing a ero ength
se uence 0 the ne t o er or er an a ength
one se uenceo thatsa eor eritse containing
a ero ength se uence o the ne t o er or er
et thet o occurrenceso enote se uences
o 1 erent or ers The actua or er inten e
i a a seither ecear ro the conte t or
i e intentiona unspeci e thus the root
0 a structureo an or erisa a sata ress

is a pair here is a
i ensiona tree o ain an is an
assign ent o a esin to no es in e
i enotethecasso a aee T as
e 1 wuse to enote e pt aee T
as e
is usta niteseto oca epth
one in their aor i ension aee T

icensing the e pansion o no es a ee i enti
ca to the root intoa aee T 0
chi ren e 1 ta e these to e presente as
a set o pairs consisting o the a e o the root
an the chi structure

nite

a ee T icense such a gra ar
re ati etoso e istinguishe set o initia s

os 1 itsrootis a ee ithone o the initia
S osan eer oca T it incu esis con
taine in the gra  ar

nite
an h
here h
an
h
h h
nthet o 1 ensiona case this is in essence

a presentation o the the set o eri ation trees
o a as a o trees  ecseg an

tein an e 1 a opt thister ino
og ora ees

oca

This genera i es the sint o as irst
ea o or utipestarts 0s aco on
re a ation particu ar hen consi ering sets
o eri ation trees econ e o not istin
guish ter ina san non ter inasinthenor a
sense an no ecan ee pan e i itis a ee
ithas o a eingtherooto oca T in
in hich the chi structure is non e pt n
the other han e er oca T in the icense
structure ust ee picit icense an
this inc u es the no es on the rontier or hich
the chi structures aree pt S o}
a a e ano eon the rontier o the struc

turei itis icense a oca treein ith an
e pt chi structure nthis a theset
o ter ina s 0 s is istinguishe ut since

a icense othe pt an none pt chi
structures the a potentia e re ritten
course neither o these genera i ations a
ects the cass o string anguages these trees
ie
ust as e use the t o i ensiona case
s asthe o e orourgra ars e use
nite state tree auto ata as the o e or our
auto ata These can eun erstoo asa ech
anis that icenses a ee trees on the asis
o an assign ent o states ra n ro a nite
set tothe no esin the tree The states assigne
to the rontier no es an the root are istin
guishe an the states assigne to each oca
tree as e asthe a e assigne to its root are
constraine ternati e the can e un er
stoo asa generating trees a ee itha
state set aong itha apping ro to
ith state set an a e set
is a nite set o trip es




The interpretation o a tup e is
thati ano eo aT is a ee an enco es
the assign ent o states to its chi ren then
that no e a e assigne state 0 an
T auto aton ona aee T
is an assign ent o states in  to
no esin in hich each assign ent is icense
ote that thisi piesthat a a i a
no e rttothe aor i ension a ee
a e assigne state on i thereisa tupe
e et e an set
0 then the set o  nite
a ee T recognie re ati e to is
that set or hichthereisaruno  that assigns
the root a state in

nite an
such that an
or a

recogni

The c asses 0o recogni a e sets strict in
cu e the correspon ing c asses o oca sets
The set o aee ranching structures
in hiche act oneno eis a ee is or
instance recogni a e ut not oca The rea

tionship et een the echanis s is perhaps
cearer i one 1ie s the auto ata as a ari
et o gra ar that icenses t o structures a
aee T hich eter ines the structure
aong ithaniso orphic a ee T theac
tua recogni e structure t is i portant to
note that the apping et een these structures
associates a e s in ith oca aee T
not ith the a e o the root a one e can

turn this into a genuine ho o orphis 1 e
ta e the asic structure to e a aee

tree n hich case the ho o orphis is si

p a proection n this a the characteri
ations o the regu ar sets o strings an recog

ni a esets o trees in ter s o the correspon

ing oca sets origina ue to ho s an
chut en erger an Thatcher

genera i e easi

ust as the t o i ensiona gra  ars are
e ul aent to s the t o i ensiona au
to ata are e ui a ent to the nite state tree
auto ata n the one 1 ensiona case e
get or inar non eter inistic nite state au
to ata o er strings n the three i ensiona

case e get a sight generai ation o Tree
oining ra ars ith a oining con
straints
non
strict

oining in such a T is co pete con

tro e the a oining constraints The sets
recogni e T auto ata aree act the sets
o a ee T that correspon to the sets o
eri ation trees o non strict T s itha oin
ing constraints  ogers
or the notiono ie to e e e ne at
i ensions three an higher e nee a ech
anis that eter ines the a in hich the

al a structures o the net o er 1 en
sion sp ice together or T gra arsan au
to ata the issue that nee sto e eter ine is

inT ter inoog  hichno eisthe oot o
the tree To sett e this e i assu e c asses
o istinguishe states one or each i ension

that pic out e act oneor er hea no ein
each T chi structure one or er hea in
each stringo chi renine er oca tree oneor
er hea ineachtreeo chi renine er oca
T etc Theno ecorrespon ingtothe ooto a




structureisthe a i a no e inthe i en
sion one reaches 0 o ingthe patho
or er hea s ro the root sing this echa

nis to e ne the i ensiona ie e get

that the set o trees ie e the recogni a e

setso T aree act thesetso trees generate
non strict T s ith a oining constraints
oreo er e can sho that the hierarch o

c asses o string anguages ie e the recog

ni a esets o T coinci e ith the c asses o
eir s hierarch o

The e strength o this approach is that as
ith the characteri ation o the re ationship e
t eenthe oca an recogni a esets essentia
e er resut orreguar anguages i tsunior
toa e eso the hierarch The i ension o
the o ects eing anipuate eco es a pa
ra eter o the proo p a ing no essentia ro e in
the reasoning it e po s n particuar e get
that the c asses are cose un er eter ini a
tion gi en a suita e notion o
00 ean operations pro ectionan c¢ in ri ca
tion in erse pro ection an that e ptiness
o the recogni a e setsis eci a e
These resuts a o us to it the charac
teri ations o the regu ar anguages in ter s
o the ea ona ic secon or er theor o
the natura nu ers or ere ess than
uchi got an o the
recogni a e sets o trees in ter s o the ea
ona icsecon or er theor o theco p ete
ranching tree n oner Thatcher
an right et e the
that in hich e er point has a
chi structure that has epth in a its i
ensions other than et

here or a

an

an

hich is to sa that i isthei e
iate pre ecessor or 0 in the

1 ension

The o)

incu es ina ition tos o s or the par
ent re ations an the usua ogica connecti es
an uanti ers t o sorts o aria es those
ranging o erin i i uas etc an those
ranging o er sets etc e i
sa

i isa or ua ith ree aria esa ong the
an an isanassign ento in ii uas

an sets 0 in i i uas to those aria es
hich a es true in The set 0 a sen

tences o this anguage that are satis e

is the

enote T

t shou e reasona,  eas to see ho an
recogni a esetcan e e ne inthis a The
con erse can e o taine asi pe ito the
correspon ing proo s or an ogers

a

The strict oca nature o thei e iate par
ent re ations a es the incon enient or e
pressing an s ntactic re ationships art o

the strength o the characteri ation o recogni
a esetsinter so the ona ic secon or er
theories is that as transiti e cosure is e n
a e in these theories e can o e to the non
oca ersions o these re ations ithout increas
ing theco pe it o thesets e e ne




igure

spine

or a or a e nition o this re ation
see  ogers a ntuiti e in the t o
i ensiona case it e ten s inear prece ence
o er o inance in the usua a in the three
1 ensiona case it in essence sa s that ano e
inana oine tree o inatesthoseno es o
inate theno eat hichitisa oine i it
o inates the oot o the a oine tree

ars are restricte to
ranching actor o the sets the

ince auto ata an gra
e nite the

AN

b"\\ A
/

— &

ing in

icense is nite  oun e ut a that oun s
the ranching actor o thesetso o0 es e
na e in the signature o T is the act

that e interpret the as su sets o a struc
ture that has nite oun e ranching nthe
t o 1 ensiona case inguistic oti ation or

o es ithun oun e ut
sti nite ranchingis e esta ishe partic
uar in at accountso coor ination nthe
o e theoreticsi e ecanacco o atesuch
accounts o ing to nite su sets o the
ranching structure that is to T
itingaproo o a ins a in e can
sho that this oes not increase the escripti e
po er

a itting sets o

T T

The trans ation is ase onane e ing

o} into This is easiest to isuai e in
the t o i ensiona case here it is a stan
ar e e ing o ar itrari  ranching trees
into inar ranching trees igure the i
age o the chi o ano eis oun start

ing at thei age o that no e an
path that ta es the right chi ti esan then
the et chi once mnter so T thissas
that is n essence e
raise the t peo these uenceo stoane ua
ength se uence o san a

egenerai ethisint osteps irst assu e
that the structureist o ranchingina utits

0 o ing the



(€]

[[1]

[[e1,[1]]

[[e,1]] [(e].[el]

[e,€

([a1.[1]]
([1].[e]]

[[1].[1].€]
L1

N

t [[el.ef1].€]

[[eN

[[el.[e]]

igure e ingthe rag ento

highest t o 1 ensions et

aise
aise aise

aise aise

aise

[e] e [e].e]

hich is t o ranching in the rst i ension into

The unction aise raises thet pe o a se uence
ea es si pe se uences unchange an
or higher or er se uences rst raises the t pe
an then a s the nea peo thee
e ing in the three i ensiona case is i us
trate in igure This ap hast o e prop
erties  irst the i age o this t o ranching



igure

su set o in i1s e act the set contain
ing its i ensiona root an the
1 ensiona roots o its 1 ensiona

chi structures ie the set o a points that

are Ini a rt cear a e na esu
set econ the ap preser es Thus
e er propert o su sets o e na e in

hich is to sa e er
propert e na ein T is e na einthe
restriction o to points
hich ha e no si ing in the i ension
that proper o inatesthe The e  athen
00 S a si pein uction on

The in ucti e step can e incorporate into
the apsi p recursi e e e ing each
ee ent o higher or erse uences in their corre
spon ing t o ranching structures e ore rais

ing in

ing their t pe

aise

The three i
ure

The range o
range o an
preser es

ensiona case isi ustrate in ig

isa e na e su set o the
i1s thereore oth e na ean

n  ogers e sho that or each
the set o strings a eing the chi ren o

no es a ee in a set o trees e na e in
T is a regu ar set The proo in o ese

tracting a gra  ar or the set o strings ro



igure

ecogni a iit o T

the auto aton accepting the i age o the set
trees in hich turns out to e right regu ar
t o o s then that e er such set o trees is
accepte a'T auto aton thatisin nite ut
reguar n genera e reer to the casso a
nite presenta e T auto ata as the c ass
0 n practice e
i restrict our attention to generai e T au
to ata in hich or each a e state pair the
seto T e pan ingno es iththat a e
an stateisa that

ie so recogni a esetso T

is a set that is itse recogni e
T auto aton
The correspon ing gra ars in the t o
1 ensiona case ha e een reerre to as
S Thatcher Thatcher
angen oen

a generai e

an as angen




oen s e note in  ogers
there is a strong para e et een the sets rec
ogni e genera i e tree auto ata an the

sets o trees icense gra  ars 1n
the regu arit o the ranching in the capac
it to istinguishsi iar a ee no es iaa
nite set o eatures an in the a iit to sep
arate constituenc constraints ro prece
ence constraints ur pre erre ter ino
og e phasi es this connection
That e er generai e recogni a eseto T

is e na ein T can eesta ishe in
uction on  To it the other irection o the
characteri ation suppose that is a set o
aee T emna ein T gain assu e
or in uction that the T in are  ranching
ina utthe an i ensions
the ite ersion o Thatchers e a is
a pro ection o a oca set o T et e

the oca set constructe
e a et

in the proo o the
e the set 0 oca T oc

curring in hich are roote at no es a ee
ear this set is T ena e e
nee toesta ishthattheseto T it ie s
is a generai e recogni a e set the e a
e ha e that is e na ein T an
is thus a recogni a e set oreo er ecause
preser es the i ensiona ie o
is the sa e as that o the

ite ersion o Thatchers e
isasothe ie o

T et

a again this
a oca set o ranching
ethe T gra ar

icensing that set The pairs in represent
aee oca T T thatare ranchingin

a 1 ensions These consist o a root an a
chi T hich itse consists o a root
an achi T ith the 1
ensiona ie o eing aeupo

the points e c usi e or an i ustration
o the i ensiona case see igure The
i eais to con ert intoa T auto a

ton in hich ser es othastheseto a es
an the set o states that recogni es the
1 ensiona ie o et

This in e ect interprets the pairs ro

aee T
a state

consistingo a a e an a
as a trip e consistingo a a e

an the aee T ie o

Thus itisa T auto aton To see that it

recogni esthe ie o onenee on to

note that the aee T a eupo the
non no eso al in an the aee
T a eupo the no es thatis the
i ageun er o the ie o the treein

ith the or er
on the atter

are para e T
accepting run o

eing an

ust as e na iit in T captures the sets
o trees a itte st e gra  ars

s in  hich the rhs o pro uctions a e
reguar sets e na iit in T captures a

genera i ation o non strict T in hich the
set o initia trees a ean generaie recog
ni a e set the irect ana og o in the

o ain o trees oreo er or ing ithin

T a o s actori ation o in epen ent con
straints as in the separation o o inance an
prece ence constraints in onse uent

e i reertoa io atic e nitionso s ntactic
structures in the anguage o T as ener

aie Tree oining ra  ars
oor ato e era e A
1 en that one o the attri utes o is

its e egant account o coor ination this is the
o ious p ace to oo or potentia use u ness o
thea e po ero eneraie T hi e the
choice o structures ust in practice e oti
ate on inguisticgroun s  hich e a eno
atte pttoa ress oththea iit to atten
the structure an the a iit to actor out con

straints o 1 erent sorts ha e the potentia to
si pi e isting T accounts
The T gra ar  roup treats co

or ination in t o cases on coor ination

isacco pishe itha a i o au iiar trees
anchore con a oining con to the right
o or in et




igure

I

igure

or igure
uti or

ith a itiona trees han ing
con unctions such as n
the case o  utipe con unction this a its
ana ses itha possi e nesting o the scopes
This is appropriate hen the con unctions are
o the or inar sort utitisa cearcaseo o er
generation in the case o ists con oine co

as This is a resse a inga con ea
ture that prohi its a unction o co  a trees
into con trees o an other t pe

s the set o trees or e iterate 1
nar con unction is recogni a e one can ac
co pishthesa een in eneraie T
treating the coor ination as a singe a unc
tion  igure This a o s the i ios ncratic
characteristics o the arious con unctions to

e han e ithin singe a oine structures
not on i itingco  a trees or instance to
e et ranching utasoacco o ating un
oun e uti or iterate con unctions i e
ince earenot i ite to recog
nia esets utcana itun oun e ranch
ing in our au iiar trees e can push this at

tening o n to the secon i ension as e
a opting genuine  at accounts o iterate con
unction  oreo er o ing to the signature o
T a o sa optiono a st e actor

on er coor ination in

e =
I I

on er coor inationin T

/%\

eneraie T

ing o constituenc an prece ence constraints
ie ing arange o s ntactic pheno ena ro a

s a set o interacting constraints Thus one
can i one is so incine i port the ac
count o thes nta o coor ination irect into

eneraie T

ro a theoretica perspecti e one o ection
to a opting such an account is that these it
erate structures no onger appear to capture
ini a recursi e constructions o eer it
see s orepausi etoana e a construction
i e neither an nor ar ara nor ar as a
sing e con unction than as a neste structure
This suggests that it ight e reasona e to
ase the notion o  hat constitutes a ini a
construction at east in part on its se antics
rather than pure on its structure

ro the practica point o ie the issue is
ore i e to e concern o er the e ect that
such an approach a ha eonthe i cut o
parsing ere though at east in the case o it
erate constructions i ethese itsee suni e
that there ou ean e ectontheas ptotic
co peit an er ie ittee ecton actua
per or ance a ing iterate initia trees si
P a s an aternati e et een cosing a tree
or pro ecting it to another iteration or et een



igure

igure

pro ecting in one a or another

coor ination such as gapping an right
no e raising constructions ha e a a s een
pro e atic in T in that hie T re

uires pre icates an their argu ents to occur
ithin the sa e ee entar structure the con
structions re uire argu ents o utipe er s
to ereaie a sing e constituent oshi an
cha es oshian cha es propose to
han ethis itha echanis that erges trees
co apsing their co  on structure igure
ar ar an oshi ar ar an  oshi re
ne this o ing to s or the eri a
tion structure This ea es open the uestion
0  hether to erge the eri e trees or not
one insists on tra itiona sing e roote trees
the eri e structures can e co apse n the
other han or an purposes the eri ation
tree itse is 0  ore interest than the structure
it escri es the act thatit a not e entire
tree i e a e ignore
art o the attraction o approaching T

ro a o e theoretic point o ie is that
it a o s one to treat the arious constraints
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