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1. INTRODUCTION
There it & long history of research on the design of

language production and recognition devices with strictly
finite resources that mimic the behavior of those with
potentially unbounded memory. The first major achieve-—
ment in this line of research is the algorithm in Cho;sky
{1959} {or constructing a finite automaton that accepts
ali and only all the expressions generated by a Chomsky—
normal-form context—free phrase-structure grammar with no
center embedding. In Langendoen (1961}, an attempt was

made to strengthen this result by developing & procedures

| for constructing a finite transducer that not only ac—

cepts those expressions, but which associates with each
one its structural descriptions with respect to the ori-
ginal phrase—structure grammar. That attempt to build a
finite parser for a phrase-structure language, however,
was unsuccessful, because the resulting device did not,
in fact, have strictly finite memory rescurces.

In Langendoen ki??ﬁ), it was shown how Chcmsky;s
original algorithm could be extended to cover arbitrary
phrase-structure grammars, not just those in Chomsky—
normal form. However, it was also argued that the at-
tempt to design a finite parser for phrase—structure
languages is doomed from the outset, because thexprcblem

of matching labeled brackets in structural das:riptinn§‘
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of expressions with multiple left and right embedding
requires unbounded memory resources, just as the genera-

tipj af esipressions with multiple center embedding does.

This negative result spurred investigation into ways
of modifying labeled brécketing notation so that not
every bracket has to be matched and seo that the rEprEéEn—
tations of the structural descriptions of noncenter-—
embadded expressiens themselves lack center embeddings
see Langendoen {1975; n. 4), Langendoen (1979}, Krauwer
and des Tombe (1980, 19811, Langendoen and Langsam
(1984} .

In this paper, we represent the structural descrip-
tions of expressions generated by a context—free phrase-
structure grammar GR® by means of sequences cf-stataments
that express the dominance relations among their consti-
tuents, and provide an algorithm for constructing a fi-
nite transducer that associates thase sequences with
those expressions. The performance of this transducer
degrades with linguistic complexity much in the manner
that a person’s does. It is unable to parse correcily
any expression that manifests more than second degree
center embedding {a limit that can be modified by
changing a parameter in the algorithm), and it fails te
compute certain parse trees for expressions that combine
at least first degree center embedding with greater than
second degree right branching. Finally, it provides
partial analyses consistent with GR for expressions that

are not part of the language generated by GR.

2 i5 a terninal eleaent, and ¥ is a nonnull siring of nontersinal elesents,
FPR. LA -2 X
LAh-ra
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2. THE TRANSDUCER

Like Krauwer and des Tombe (1980, 1981), we con-

struct a one-way nondeterministiec finite transducer with

S.. gecepting states. The input tape contains a single fi-—
:f_nite string of symbols aver the terminal vacabulary of GR

i ¢pliowed by the designated symbol #i the remainder of

the input tape is blank. In its initial configuration,
she transducer is scanning the first symbol of its inputs

it is in a designated initial state I and the autput

~ tape is blank. Dn any transition, the transducer may
oread & symbol from the input’tape or leave the input tape

‘alonet it may enter a new states and it may or may not

print a string over its output vecabulary (see helow) on
the output tape. The transducer accepts a string printed
on its input tape and associates with that string what it
has written on the output tape if and only if the fol-
lowing conditions are jointly satisfied. First, having
started in its initial configuratimn; the transducer is

scanning the first blank unit on the input tape to the

. right af the last symbeol on the input tape (the desig—

. mated wymbol #). Second, the transducer has reached

the designated final state F for the first time.
The form and interpretation of the statements that
the transducer writes on the output tape are given in

OF, where # and B are elements of the nonterminal

" .vocabulary of BR and @ is an element of the terminal

fi vaocabulary of GR.

OF{ly A / a *a is the first {and only) daughter
A of A7
() A/ R ‘B is the first daughter of A7
(3 ANE ‘R is a nonfirst deughter of A7
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§. B /Db j. B/

For each structural description of an expression gEily a. A/ a b
with respect to a phrase-structure grammar, there is a b. D/ A g- 8\ B ke 8\ B
sequence of statements of the types in OF that representg c. A/ & h. DN 3 . te € /e
its For example, let GR(1) be a grammar with the nonter- d. b/ A i. 870D me SN E
minal vocabulary VN(i), the terminal vocabulary VTi(l), e. 8/ D

the axioms AX{l), and the productions FR(1). gur method of interpreting dominance statements as

YUN{t} A, B, C, O, 8
WI(i)y &, b, C

nstructions for building tree structures is as follows.
in
séatementﬁ of type OP{1) introduce all three elemnents

AreLy s mother node, daughter node, and the branch connecting
FR{1) a. 8 —-~» D R () c. A —* a Hem) as subtrees to the right of 211 subtrees CoOnm
be D —=> A () d. B ——» b rructed so far. Statements of type OP(2) introduce the
e. C —& ¢ ather node and the pranch only, making the mothar node

i former—
' ; i ‘ the rightmost subtree, whose root was
Consider the expression EX(1) generated by GR{1). e root of g N gl
- the daughter node, Finallys statements of type 3
i mabbe 3ntroduce the branch only, cannecting the rogt of the

EX{1) has a structural description with respect to GR(L) ghtmost subtree (the daughter node) to the root of the

which is represented by the tree diagram SD{1). sibtree immediately to the left (the mother node) .

i i ethod of interpretatinn‘tu the or—
SD{i) Structural description of EX{1) fpplying this m

with respect
to GR{1Y.

derad statements in S8G{1), we abtain the results sumT

",,f”'? \ marized in FEL) -
'D B c FG(1) Sequence of partial tree diagrams obtained
’ { { from the interpretation of DM(1).
£
' /S‘ v a. A b. D c. B A d. b D
1 \ - f i 1
? 2 b B H i ' ' 3 t
P a A A a A A
: a a a a
: ge. b =) . D g B G ? /S\
+ c 1 { i i
lhe seguence a+‘etatement5 in 8&(1) represents the same ; ; ; 5 b A b B
information as does SD(1), and results from a traversal ! g . ; ! ! é
in i a A
of that free in inorder (Langsam, Augenstein and Tenen- a A @ ? !
bauwn 198%3: 291-2)= ; . a

2, and then to visit the root A The traversal of # consists sisply of visiting the reot
1, since terainal sysbols have ™ daughters lagaim, see note 1.

ber {if any! is then traversad frea left to right. Statesents of the farn & / 2 are to be
understood a5 instructions to traverse the first {and oniy--see note !} daughter of A, which is
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Transitions are represented in the auvtomaton by

means of expressions of the form TF.

TF. P ==3 (W) 843 Dal, Dzl, ...{, Du)a..)))

In TF, P and & are states, w is a symbol on the

input tape, and each T, 1 ¢« i 4 k, is a statement of
dominance relations of the types in OF.
indicate that the reading in of material

tape and the printing of material on the
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n -0

The parsntheses.
from the input

output tape need

not occur on all transitions. The semicolon separates
+he seguence of output ststements from the entered state,
and commas separate the output statements from each
pther. N

The states of the transducer include I, F, gnd

strings of the form S5T.

ST. ANYai...fuy,, where each 4 is an element of the
nonterminal vocabulary of 6R, and each x and ¢
are numerical attributes with the following ranges
and interpretations:

(1) The x-—attribute is either O or 1. If x =
0, then the associated element is incom-
pletey that is, open to the further attach-
ment of daughters. If x = 1, then the
associated elemaent is cowmpletes that is,
closed to the further attachment of daughters.
The last slement in the state must have the
y—attribute of 1.

(2) The y-attribute ranges over the values ¢ to
3. If ¥y » O, then the associated element is
understood to be a reot of a subtree, and we
wse the symbol + for unspecified roct values
of the y-attribute. These values of ¢
indicate the number of times that éhe asso-
ciated elements occur as & roct in the state
up to that point, starting from the left. The
y—attribute can have a value of 3 for at
most one element in the state. If vy =,
then the associated element is understood to
be the rightmost descendant of the root to
its immediate left in the state. The x- ¥

attribute of a descendanrnt must be 0O, while
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that of the root to its immediate left must be
i. Descendants cannot occur initially or in
immediate sequence {(since they must always be
preceded by a root), nor can they occur final-

1y {(since their xuattributeé must be &).

From the conditions in ST{(2), it follows that the
length n of the states of T is linearly bounded by the
number of distinct nonterminal symbols in GR. 8Specifi-
cally, if there are p sueh symbols, then every state of
T cannot be longer than 4p+l elements, since by S5T(2)
no state can have more than Zp+l root elements and no
state can have more than Zp descendant elements.

3. THE CONSTRUCTION

In this section, we show how to construct a finite
transducer FT that meets the requirements described in
section 1 above, and that associstes with the axpressioné
it analyzes sequences of dominance relations interpre-
table as tree structures in the manner described in
section 2. FT uzes its states to keep track of the
sequence of root nodes of the subtrees that appear in the
interpretation as the sequence is pfaduced. Alterna-
tively, it could be eguipped with & finite auxiliary
FT handle= left

embedding without difficulty, but not surprisingly, is

memory for holding this information.

unable to handle center embedding beyond a fixed finite
degree. However, as matters now stand, it also cannot

handle right embedding, the problem being that with right

embedding, as with center embedding, the number of sub-
trees that appear in the interpretation, and consequently
the length of the states of the transducer, and hence
their number, grow without limit. To solve this problem

FT tracks repetitions of category symbols in its states,
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s in 8T{(Z} above. When an slement recurs for the third
= A

time, all of the elgments from the second recurrence to

the element immediately preceding the third recurrence

are eliminated. We refer to this process as collapse,

and thanks top it, a fixed, finite bound is placed on the

1ength and hence number of the states of the transducer.

Moreaver, Suppose the glement originally to the immeadiate

jeft of the cpcong recurrence is a0+ and the element to

the immediate left of the third recurrance is LQ+.

Then Lthe former is replaced by a1+ and the latter by

(005 that is. the iatter is reanalyzed as the rightmost

degéendaﬂt of the former. 5,
We turn now to the construction itself. By defini-

FT starts in the designated state I reading the

tign, .
We allow FT to be

firet symbol (word) on the input tape.
able to parse any sueh word which occcwrs in the terminal
vocabulary of BR. That is, it contains all of the tran—

eitions in the initial condition COML).

co6l) Initial condition. I BR has the rule:
A ——F a
then FT has the transition:

1 ——> a All; A/ &

irn order to terminate in a succeesful parse, the
transducer should be reading the designated symbol #
and be in a complete state B that corresponds to an
axiom of BR.¥F

in the final rondition CO(Z).

Accordingly., FT has all of the transitions

*Iraditionaliy, qenerative gramears (pare precisely, the syntactic cosponents of suth graagars} of
nateral languages are understoed as having anly one exiom,. usually § tfor sentence}, Braae

{1979} has arqued that each sewber of the nantersinal varabylary of the grasear counts as an

wion, on the grounds that grasears should generate natural language expressions uf.every type.

¥e adupt here the suggestion of Langendoen {1982) that the axioss of a grassar consist of tha§g
elesents of the nonterinal vocabulary that categarize the phrase types that eccur naturaliy in
tornected text, siniazliy § and NF (for poen phrasel.
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CO{(2) Final condition. If B is an axiom of GR,
then FT has the tramnsitioni
Bii —> # F

In the next six conditions, CO(3F-8), it is assumsed
that no reoot element in a left—hand state has a y—
attribute of 3 and that g-attributes of roots are
automatically incremented as necessary in right-hand
states. Hence no restrictions are placed on the y—.
attributes of roots in the statement of these :nndi{icng.
The first such condition concerns the situation in which .
the root of the rightmost subtree that has been con-
structed so far occurs as the sole daughter of another

constitusnt.®

CO0<(3) Sole daughter condition. If GR has the rule:
B —>C
then FT has the transitions:
XC1+ —3» ¥XBl+; B /7 C

The next condition is that in which the root of the
rightmost subtree that has been constructed so far occurs

as & left daughter of another constituent.

£0(4) Left dauvghter condition. I+ BR has the ruleaa
vhere 7 is nonnull:
a. B -+ O Z
be A —> &
then FT has the transitions!
X1+ ——3> & XBO+Al+y B 7/ C, &4 / a

“In this section late letters of the ziphabst (¥ to I} are to be understood as variable
strings, possibly null unless otherwise specified. The letters V to X are reserved for
strings of nontersinal symbols with asseriated attributes in states of the transducer 7, and Y
to I for strings of nonterminal syebols in productions of 8R. 1In the following sections, the
syabol V is used to stand for a particular nontersinai elesent.

200

Next is the comdition in which the root of the
rightmost subtree becomes a medial daughter of the ract

of the subtree to the immediate ieft.”

CO(S) Medial daughter condition, I+ GR has the

rules, where ¥ and Z are montul b .
a. B —>r Y C Z
B. & 3 &

then FT has the transitions:
YRO+C1+ ——> a XBO+Al+; B N Cy A/ &

Next are two conditions in which the root of the
rightmost subtree constructed so far becumes the right °
daughter of a constituent af the subtree to the immediate
1eft. In the first of these, the mother node is the root
of that subtree. Inr the second case, the mother node is

the rightmost descendant of the root of that subtree.’

CO(6) First right daughter condition. If BR has the
rules, where ¥ is nonnulll
g -—>Y 0
then FT hés the transitionss

XBO+LCI+ ——> XBi+: B W C

CO{(7) Second right daughter condition. If GR has
the rules, where Y is nonaull:
B —-—> Y C
thern FT has the transitions:

XBOOZi+ —> X3 B N C

Next is the condition in which material other than

the end symbol remains to be read in from the input tape,

*he pedial branching condition {05 is deliberately formulated in such a way that if &R b?s 1 rule
of the fore b -3 £ ¢ F, then FT is constructed as if &% had the schesa § --2 £ E’.F. This '
toraulation is based on the assusption that grasears of natural languages use sultiple branching ,
ticlusively for cosrdinate cospound structeres. 1f, however, such grasaars sani fest tree ternary
waternary, etr,) branching, the sedial branching conditien can be sodified to accomandate it.
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but the last element of the state cannot be made a daugh-
ter of any other constituent. In this case, the next

symbol from the input tape is simply read in and ana-

iyzed, and no further analysis is done on the previous
subtree.

C0(8}) No daughter condition. I+ BR has the rule:
& > a
and FT is in a state AlJ», to which none of
the other conditions are applicable, then FT
has the transitions:

XC1+ ——> XCi+Al+: A / &

The last condition deals with the collapse of states
in whigh an element with a y-attribute of 3 appears. .
In its most general formulation, the collapse condition )
must be stated to permit 2 descendant to appear between
gach rost in the chain undergbing collapse. To exnpress
the condition in as concise a form as possible, we intro-
duce the convention that corresponding elements appearing
in angled brackets must bhe chosen (i.e., always the first

eglement, or always the second).

CO{?) Collapse conditian. I+ GR hazs the rules,
where ¥ is nonnull and 7 2> i:
1. <A ——> Y C, B —3> Y £>
f. <3 =~ ¥ L, K 2> ¥ L3>
then FT has the transitions:
VAO+H, A1+BOO0X<C02, CIZ2DO0>W{J0+,
J 100 L0+, LI+MOQ>003X — >
VAL+LOO, MOO>CO2X3
<A, B> N Cy vony <3, Kr Vv L
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we refer to the segquence CRQF, RIFBOON . . .<LO*, LIFHQO?
as the collapse chain. HNote that if £ = 1, then ¥
is null and Los = £0Z, Li+ = £1Z and M0Q = DOO.

How the construction works can hest be shown by
illustrative exampleé, to which we now Lurn.
4.1. A TRANSDUCER FOR A FINITE LANBUAGE ‘

Let GR{2) be a phrase-structure grammar with the
nonterminal vocabulary UN{2), the terminal vocabulary
yT(2), the axioms AX(E) {see n., 3} and the production

schemata PR(Z}).

YN{2) D, Ny V, NF, VP, 8
VT(Z) a. the
b. boy, girl, ..., teacher
c. knew, believed,..., Saw
aX{2) NF, 8
PR(Z) 8., B =~—2 NF VP
b. NF —-—> D N
c. VP ==~ Y {(NF}

d. D ~= the
@. N ~-3> {boy, girl, ..., teacher}
£. ¥ =7 {knew, believed, ..., Sawl

GR(2) generates the finite set of expressions in L&{(2)

LEL2) a. VT(Z2)a VT2)b
b, LBE(2Ya VT(2)c (LG(2)a)

Finally, let IL(2) consist of all strings of LB{2)
fol1owed by the end marker #, and let UL consist of
all strings over VT{(2) followed by #. We now use the
construction given in section 3 to form a finite trans—
ducer FT(Z) that accepts the members of IL(2) and asso-
ciates with them their structural descriptions with res—

pect tp BR(P): and that assigns partial structural des—
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criptions to all other strings in HL{(Z). FT{2) has the
transitions represented in the schemata in Té(Z)a—f; to
the right are given the ceonditions of the construction

which license the schemata. In these schemata, { ran-
ges over the lexical categories in GR{(2) (P, N and

#}y, and w ranges over VT(2}, such that L --> w is &
member of PR{2).

TE(2} a. I —> w L11: L/w Ca1)

b. 1. NP1L —> # F o2y
2. §13 —> & F

e XVI e XUPI4 VPV . Co(3)
1. XDl+ ——3 w XNPO+L1+3 NF/D, L/w cod4)
2. XNP1+ ——> w X8O0+L1+3: S/NP, L/w
3. XVI+ - ow VPOHLL+3 VPV, L/w )

&. 1. XSO+VPI+ -~ XBi+; S\VP Cos)
2. XNFPO+Ni+ ——F XNPi+3 NPAN

3. XMPO+NP i+ —3 XVPL+3 VP\NP

Fo 1. XNI+  w—low XNIHLI+S L/w cag)

2. XVPLl+ 3 w XVPLeLi+s L/w
F. X814+ == w XGi+{f+3 L/w

We illustrate the operation of the transducer FT(2)
first by showing in FG(2)a how it analyzes the input

string EX{2}a, which is a member of IL(2).

EX(Z) a. the boy knew the girl #
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FG(2) a. Analysis of EX{(2)a by FT{(2).

STEF READ-IN TO-STATE DUTPUT RULE?;?GM
ij. the Dii D/the T8 @
5. boy NPOINLL NF/D, N/Boy T5(2)d1
3. NP11 NP AN T6(2) 2
Z. knew 501ViL S/NP, V/knew TS(2)d2
5. the S01VPOIDLL VP/V, D/the - T8(2)d3
5. girl SO1VFGINFOINIY  NF/D, N/girl TS(2)d1
7. SO1VPOINF11 NP AN TS(2)e2
g S01VP1L VEANF 1S(2) o3

. 811 S\VF T8(2) el

13' # F TE(2)82

It may be readily verified that the sequence of
=tatemnents that appears on the dﬁtput tape of FT{Z) upon
processing EX{?)a is equivalent to the tree diagram ih

ap(2ra, according to the interpretive rules stated in

saction 2.

Sp¢2) a. Tree diagram associated with EX<{2)a by
FT(2).

s
SN
NE v
/A
NE

/N
iy N

/

e
-
————

the boy knew the girl

Clearly 8D{Z}a represents the structural dascripﬁian of
EX(2}a with respect toe BRZ).

We mest illustrate the operation of FT(2) by showing
how it i= capable of analyzing three strings in qL(Z}
which are not in IL{2)% i.e., which are ungrammatical
with respect to GR{2). HWe begin with the string in
EX{Z)b.

EX(2) b. the knew boy #

, 4
In FB(2)b, we show one way in which FT(2} 15 able to

assign a partial analysis to thie string.
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FG{(Z) b. Possible analysis of EX{Z2)b by FT{2).
STEFP READ-IN TO~STATE OUTPUT

RULE-FROM
i. the Dii D/the TS{Z)a
2. knew NPOiIVIL NP/D, V/knew TS(2)dt
3. boy NFOIVPOINIL VP/V, N/boy TS(2)d3

4, (Reading #5 no {further transitions are possiblie.)

The tree diagram that is associated with the segquence of

cutput statements in FIG{(Z)b is given in Sb{(2)b.

SD(Z} b. Tree diagram asseciated with EX{(2)b by
FT(2).

In 802}k, the root symbols NF and VP correspond to

incomplete elements in the last state that the transducer

reaches before it can proceed no further, and can be
thought‘o¥ as uncorroborated guesses that the transducer

has made in attempting to process EX{(2)b. Consequently,

the transducer has established that the =string EX(2)b can

in fact be analvyzed as a sequence of three words with the
categorization shown in SD(Z)bI1.

SD{2) b. 1. Actual analysis of EX(2)b by FT{(Z) in
Fo(2)b.
\% N

1 -1
H ]

D
the knew boy
FT(2) is also able to give a slightly different
analysis of the string in EX{2)b, in virtue of the fact
that it can analyze in step 3 the word &pew as a com—

plete ¥P. If it does so, the analysis would continue
as in FG(Z2)bZ.
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FG(2) b. 2. énother possible analysis of EX(Z)bh by

FT(2}).
gTEP READ-IN TO-8TATE OuUTPUT RULE-FROM
1—2. (as in FG{(2)b)
3. NPOIVFLL VP/V TS8{2)a
4, boy NPOIVPILINLL N/boy To(21£1

5. (Reading #1 no further transitions are possibles)

As a result of this seguence of steps, the trans-
ducer associates with EX(2)b the ac;ual analysis shown in

sD{(2)bZ.

gp(2) b. 2. fAnother analysis gf EX{2)b by FT(2).
D VP N

the V bay

]
1

knew
The suctess of this analysis depends on the use of a
transition licensed by COB, which enables a new sﬁhtree_
to be ronstructed to the right of a subtree whose roct is
incomplete. The use of such a transition is also re—
quired in any analysis by FT(2) of EX(E};, the second

ungrammatical string we consider.
EX{2) c. knew the boy the girl #

A possible analysis of EX{(2)c by FT(2) is given in
FG(2)cs another one, in which krnew is analyzed as VP,

is ignored here.

FG(Z2) 'c. Fossible analysis of EX(2)g by FT{Z).

STEF READ-IN TO-STATE DUTFUT RULE~FROM
1. krew vii V/knew TS (2ra
2. the VPOLID1L VE/Y, D/the TS(2)d3
3. bay VPOINFOINDL NP/D, N/boy TS(2)dl
4. - YPOLNP11 NFAN TS (21e2
S. Vel VPANE TS (2 el
4. the VP1ibtd VE/V, D/the TS £2
7. giri VPLINPOINLL NE/D, N/girl T8(2)d1
S' VPLINPL NEAN TS (2)rel2

(Reading #; no further transitions are possible.)
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The sequence of statements on the gutput tape in FG{2)g

is egquivalent to the ferest of trees in SD(2)c.

SD(Ztc. Tree diagram associated with EX(2)c by
FT(2).

VF - NE
/N /
NF B
VAN H
) N i
i H i

knew the boy the girl

wn
P

In this case, since the elements VP and NP in the last

state that the transducer reaches in FG{(2)c are both spe-
cified as complete, the structure shown in SD(2)c is
exactly the one which the transducer associates with the
string EX{(2)c.

The ability of FT(2) to provide partial analyses of
arbitrary seguences of words drawn from the teraminal

vacabu}ary of BR(2) is limited only by the length and

number of its states, as we see from the analysis of

EX{2)d, the third ungrammaticsal string we consider.
EX(2) d. baoy girl teacher student #

FG{2) d. Attempted analysis of EX(2)d by FT{(Z).

STER READ-IN  TOD-STATE GUTPUT RULE-FROM
1. bovy M1l N/boy Te{2ka
2. girl N11iN1Z N/fgirl TG(21F1
Z. teacher NIINIZNIZF N/teacher T5(2)1f1
4, (Reading stugenti no further transitions are pos— '

sible.)

After step 3 in F8(2)d, enly a transition licensed
by the collapse condition CO% would he applicable. since
the transducer is in a state containing an element with &
y~attribute of 2. However, there are no such transi-~

tions, for two reascns. First, the elements at the
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beginning and the end of the collapse chain, NII and
Hi2, are both complete, rather than incomplete, as re—
guired by the collapse condition. Second, BR{2}) does not
contain rules in which the elements in the collapse chain
are introduced as right daughters.

it would be desirable to enable the transducer to
complete the processing pf strings like EX(2)di hence we
relax the reguirements on the collapse condition as in

CO(FR) .

CO{9R) Relanation of the collapse condition Co{(?).
1¢ C0Z, €0F and the roots immediately pre- .
ceding them are complete instead of incomplete
as required by 009, then FT has transitions in
which the elements of the cpllapse chain are
not connected as right daughters and the y—
attribute of the last element of the chain is

not changed to 9.

As a result of CO(9R), TR(2) contains transitions such as
the one in TS(2¥g, which allow it to centinue the proces-

sing of examples like EX{(Z)d.=
TS(2) g. MNLINIZ2NI3 —> NI1N12 CO PRy

The completion of the analysis of EX{(2)d is shown in
FG(2)yd1.

F5¢2) d. 1. Completion of analysis af EX{2)d by

FT(2).
STEF READ-IN TO-STATE QUTPUT RUL E~FROM
1-3. {as in FG(2)d?

4. N1INIZ T8{2}g
5. student NIINI2NIS N/student TG(2) 1
6. NiiNI2 T8iZig

7. (Reading #3; no further transitions are possible.)
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The output, in this case, is eguivalent to a forest of
trees analyzing the words in EX(2)d as instances of the

category N, as shown in SD(2)d,.

Sh{Z) d. Analysis of EX(2)d by TR(Z).
N N N N

] i ] H
1 1 ' 1

boy girl teacher student

2.2, £ TRANSDUCER FOR & LANGUAGE WITH LEFT-EMBEDDING
Next, let BR{(3) be an extension of the grammar GR (2}

in section 4.1 with the additional elements as follows:

YN(Z) B, BF

VT(3) "o

FR(Z) a. NP ——> BF N
b. BP —~> NF B

c. B —-——*"e

Henceforth, the sets VN{Z), VT3, AX(3) and PR(3), are
assumed to inciude all of the members of the correspond-
ing sets VN{2), VT{Z), AX(Z) and PRID. BR(3) generates

the infinite set of expressions in LB{3).

LBIE) a. WTiZa (VT{(21h ¥T3))* VIi(2)b
B, LEEDa VT(2)e (LEB(3)Ya)

The set IL(3) is formed from EX(3) by the addition of the.

end marker #, analogous to IL(2): and the set UL{(E) is
any string over VT(3) followed by #, analogous to
UL {2y,

Givern this extension of the grammar, we construct 2

transducer FT(3), which contains all of the transitiens

schematized in TS8{2), together with those in TS{3).7

T simplify the reszining discussion, we consider only the problex of constructing transducers

that associate structural descriptions with expressions that are generated by particalar qrill?rii:
hence we okit consideration of additional transition schemata that are needed to analyze 5tr1nqi

that are not generated by those grassars.
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TE(IY a. 1. XNFi+ ——> “s XBFO+GE1+3
GF/NF, G/ s Ca{4}
2. KGRI+ ——» VT(2}h XNFO+NLI+S
NF/GF, N/VT{(2)b
b, XGFO+G1+ ~~}_XGP1+; BF\G

. CD{&)

in FG(Zra, we show how FT{3) analyzes the input string

EX(3)a.

EX{(3) a. the boy's teacher knew the girl’s cousin’s
friend #

FE(3)a. Analysis of EX{(3la by T{(3).

STEF READ-IN TO-STATE QUTPUT RULE~?RGM
i. the D11 D/the T8{2)a
2. boy NPOIN1L NP/D, N/boy T8{(2rdl
. NPii MNFAN TS {2le2
4, ‘= GPO1GLL GF/NP, B/7s TS8(3ral
5. GF11 GFAG TS (Xb
&. teacher NPFOINiL NF/GP, N/teacher TE(3)Yal
7. MF11 NP AN TE(2)el
8. knew SoivVii S/NFP, V/knew T5(2)d2
9. the SOIVFOLIDIL VE/V, D/the TE(2¥dE
o, girl SO1IVFOINFOINLL NP/D, NM/girl T5(2)d1
i1. SOIVPOINFLL NENN TS5(2)eZ
12, "8 SOIVEOIGFROLGLE GF/NF, B/°s TS(3ral
13, SGIVPQIBFLL [CITANE T8{(3)b
14, cousin SOIVFOINFOLINTL NF/GF, N/cousin TS (3ral
15, SOIVPOINFLL NPAN TS (Z2)el
6, s SOIVFOLIBPOIGLE BF/NP, G/'s TS{(3tal
17. SVFGF GEANG TE(3ib
18, 4riend SOIVFOINFCOLINLL NP/GF, N/friend TS(31 a2
17, : BOIVPOINPLL NEAN T8{2) e
=0 So1VPLl VNP TS {Z2)ed
21. 511 SA\VF . T8{2rel
PRI F TS{Z2Yh2

SDi{3)a displays the tree diagram that FT{3) assc—

Cistes with EX{3)a.
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SD{3) a. Tree diagram associated with EX{3)a by

FT{3).
’—”’#”’ﬂ”’s‘\\\\“\
NF* VF
/ N / \
GF N v F
TN i i I'4 N
NF B i H GF N
SN ' i / AN i
D N i i ! NF G i
i i i H i / \ i i
i H i H i aF N i i
| i i | B VAN H i H
H i i i i NP G H i H
i H H H i SN H i ' :
i H ' i i P N i ' H
i i H H i i i H i H H
the boy s teacher knew the girl s cousin "s friend

4.3, A TRANMSDUCER FOR A& LANGUABE WITH RIGHT-EMBEDDING -
Nent, laet GR{4) be an extension of BR{I} with the same

vocabulary and axioms, and with the one additional pro-

ductiaon in FR{4).
FR{4) VP ——> ¥ §
GR(4) generates the infinite set of expressions in LE(4).

LG(4) &. LG(3)a
B, (LB(4)Ya VT(R2)e)™ LB(4ra VT(2)c (LBi4)a)

IL(4) is formed from LG{(4), as before, by the addition of
the end marker #, and UL{4) is identical to UL,
since no new terminal symbels have been added in this
extension. )

GBiven this extension, we canstruct a transducer
FT(4), which centains all of the transitions schematized
in T8{(2-3), together with the following.

TE(4) &, XVFO+81+ ~—3> XVWP1+3 VP\B Co{&?
b. XWFOOSi+ ——7> X3 VP\G Co¢7?

2i2

c. WVYFOYSO2VPO+BO3X ——X WYP 1 +VPQOB0RXS
VPAG, 8\WF coF)

in FB(4)a, we show how FT{4) analyzes the input string
g¥(4)a, which manifests tirst—degree right branching with

respect to GR4). .

EX(4) a. the boy knew the girl believed the
teavher #

FE{4) a. Analysis of EX{4)a by TR{4) .

STEF READ—IN TO-STATE QuUTFUT RULE-FROM
i. the D1t ‘D/the TS(2)a
2. boy NPOiINi1 NP/D. Niboy TS (2)dl
5 NE1 MPAN TS{R a2
;. knew So1vil B/NF, V/knew TS(Z)dE
5. the SOLVPOLIDLL VFP/V, D/the TS{2)d3
&. gird SOIVPOINPOLINIL NF/D, Nfgirl T5(2)d1
7. SOIVPOINFIL NP AN TS (2rel
g. believed S0IVFPOLIB0EVIL S/NP, V/believed TS(E)dE
9. the S01VFOISORVROZDLL  VP/V, D/the 82 d3

10. teacher S01VFOLIS02VPORNPOLINT L
vE/D, N/teacher TS(2)di

1. SOIVEQIBORVPDZNFL L NPAN TS(E)EE
12. SOLVFOIBL2IVPLZ VPANF T8 (2)ed
135. SOIVPOLIELZ SA\VP TE8(2)et
14, SOilVFELL VPAS TE8{4)a
15, 51% BAVF T5(2) el
16. H# F TS{(2}b2

The tree diagram that is associated with the sequence of

output statements in FB(Ha is shown in SD{4}a.
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SD{4) a. Tree diagram associated with EX{(4}a by {llustrated in FB(4)b, which traces the steps by which

TR(4) . FT(4) analyzes the string EX{4)b, which manifests second-
8 : .
right branching.
; \\\\\ degres g [
NF VP'\\\\\ EX(4) b. the boy knew the girl belisved the teacher
N / heard the student #
D N v ) : .
P s~ ;
. . . NE VP FS(4Yh. Analysis of EX{4)b by TR{4}.
1 t b
T ! /N / \ STEP READ-IN TO-STATE OUTPUT RULE~FROM
] i i D h W MNE 1—-11. (as in FG{4)a) .
i i H H H i PR 12, heard SOIVFOLISO2VPOZE03V1IL 5/NF, V/heard TS (2)d2
oo P ; BN 13. SOIVPOLIVPOOSOZVLL VPAS, S\VP TS(8)c
b H H H i { H i 14. the SOIVFOIVPOOB02VPO2DLE
the boy knew the girl believed the teacher VF/V, D/the T8{2Yd3

15. student SCLVRFOIVPOUBOZVPOINFOIN1L

After step 7. FT(4) ceuld have followed a different NFE/D, N/student TS (21 d1

Lo . . 146. SOLVFOLIVEOOSO2VPOINFL L
pathi if instead of applying a tramnsition based on NP AN TSR e?
TS(21d2, it wers to apply one based on T5(2)e3, making 17. SO LVFOLVROOS0ZVRL2 VBN TS(2Ye3
. 18, SOIVFOIVPOOELIZ SAVE T8 (21el
the second NP a daughter of the first VP, then it 1%, SOIVEOL VEAD TS(4)h
would analyze EX(4)a as a sequence made of an § (the boy 20. S11 S\vF TS(Zrel
21, # F T8(2)b2

knew the girl) angd a VP (hbelieved the teacher). The

transducer can be designed to avoid this alternative After step 12 in FGB(4)b, the output seguence is equiva-

anzalysis by causing it to favor a transition which delays lent to the structure shown in SD(4)bl.

the closing of a constituent {in this case VFP) to one SD{4) b. 1. Interpretation of ocutput in FG(4)b after

‘step 1lZ.

s
/
NP WP
/N /

which does not, a strategy widely known as late closure
(Kimball 1974:.

Comparing FG{&4)a with FG{3)a, it will be noted that
right branching, unlike Ieft-branching, results in the g

repetition of noenterminal syméols in the states of the

.

transducer. Clearly, i€ such repetition were allowed te NF . NP

continue without limit, the device that results from the
construction would not be a finite transducer. The col-
lapse condition iimits the number of repetitions of non™

terminal symbols by cézlapsing states with three ocour— b N v

1 E 3
the koy knew the girl believed the teacher heard

]
H
2
H
1
1
|
1
1
1
1
'
E
¥
¥
1
1

T _-C
S
-~
o
O
e

[l
1
T
¥
]
H
3
1
i
1
3
1
1
1
T
1
¥
]

rences of a given nonterminal element to states with two
such occurrences. The transition schema TS(4)c is hased

an this-condition: an application of one of its rules is
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After step 13, upon application of a transition
based on TS8{4)c, the output is eguivalent to that shown
in SD(4ib2.

SD{4) b. 2. Interpretation of output in FGB{4)b after

step 13.
=
f;

M VE

& AY 7 ) \
D N Y S-
S / \
H H ! NF VE
i H i FAREAN /
i ] H D N Y g
i i ; | i i /
i i i H i | NF
i { ; i i i A
i i H H ; H D N V
i 1 L ] 1 1 1 : :

the boy knew the girl believed the teacher heard

At this point, FT(4) is able to complete the parse of
EX{4)b in essentially the same manner im which it com—
pietgs that of EX{(4)a, starting with step 8 of FG({4)a.
However, at step 19 in FG{(4)b, which corresponds to step
14 in F5(4)a, the bottommost & (which at this point is
represented in the state of the transducer with & ¢~
attribute of 2) is understond as attaching to the middie
P, {which at this point is represented in the state
with & y—attribute of 0, i.e.,.a descendant), rnot to
the topmost ¢P. Since the middle VP is already
attached, its representing eleﬁent disappears from the
state along with that of the 3 which becomes its daugh-—
ter. '

In 8D(4)b3, we provide a tree diagram of the com—

plete structural description that FT(4) assigns to
EX{dib.

218

8p{4} b. 3. Interpretation of the complete autput in

FG(4)b.
8
/N
NE VR
;N ! \
DNV 5
P T~
! : ! NE VP
! : ! /N / \
! : i D W v 8
P P : ;T
- i d : i ' NP VP
P P : VAN r N
d ! i ‘ ! ! D N v NP
! i ! { ! ' i ! { FAEEA
i ! d ! ! ! d d i D W
! i ! ‘ i ! : ! i ! !
the boy knew the girl believed the tesa— heard the student

cher

Expressions with greater than second degree right
branching, such as EX{4)c, are handled similarly, as
FG{4)Yc shows.

£EX¢4) . the boy knew the girl believed the teacher

heard the student noticed the doctor #

FGi{d)c. Analysis of EX{(4)c by FT{4}.

STEF READ-IN TO-8TATE QUTPUT RULE~-FROM
i—-i6. {as in FG{4)b)
17. noticed SOIVPOIVPOOGSOZVFOZE0O3EVLL
S/NP, V/noticed TE(Z)d2

18, SOIVEOIVPOLE0ZVIE VEAS, BA\VF T84
i%. the SOIVROIVPQQSOZVPOIDLL
VFP/Y, D/the TS(2)d3
20, doctor  SOIVPOIVPOOSOZVPOLINPOINLL -
. NE/D, N/doctor TS5{2)d1
21-246. (same as steps 1&-21 in FG(4)b)}

In this analysis, two transitions based on the collapse
condition are made, first at step 13 (cf. FG(4ID), and
again at step 18. Comparing the states immediately prior
to collapse (in steps 12 and 17), it will be Dhservedi

that they differ in that the second one has a descendant
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element (VPOQ) immediately preceding $0% which the
first one lacks. GConsequently, in step 18, the node
represented by 507 is made a right daughter of the
descendant node, whereas in step 13 it is made a right
daughter of the roct node represented by YA0Z.  In bath
cases, the node formerly represented by (PO¥ becomes
represented by VP00, The result of the operation -in
step 18 of FG(4)c is shown in 8D{4)ca.

5D0(4) c. Interpretation of output in FG{4)c after

step 18.
5
;
NE vE
SN / \\‘\\\
D N W 5 .
P /TN
; ' ! NE VE
Vo PR / \\\\\
{ ! : DN v g
: : ] ] | ! / H“\\\\
' : : ‘ ! : NE v
! ! ! ! ! ! AN /
: ! ! i : ! D N v g
! : ! : ! ! ] : ! /
] { : ! ! ! ! ! ! NF
: : ! : ! : i { ‘ RN
! ! : { ; 1 ! : ! D N v

the boy knew the girl be— the tea— heard the stu- noticed
lieved cher dent

in like manner, FT(4) is able to parse expressions of

IL{4) with any deqgree of right branching whatever.

4.4. A TRANSDUCER FOR A LANGUAGE WITH CENTER EMBEDDING
Next, let BR{Z) be an extension of GR{4)} with the

fellowing additional elements.
YN{T) Aav
VTILS) recently
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PR{S) &, B ——» NF VP AV
‘B. AV ~—Fr recently

GRS generates the set of expressions in LG(3).

LE{S) a. LBEA)a
h., (LB(S)a VT(Ze)™ LE(S)a VT(2)c (LB(DYa)
VTS, » 2 D

The sets IL(3) and UL(5) are defined as hefore.
The transducer FTI{5) contains all af the transitions

schematized in TE{2-3), tmgether_with the fellowing.

7545) a. XSO+VPLl+ —-r recently XSO+AV1+;

.._*;:
S\VF, AV/recently Co(s)
b. XSO+AV1+ ——3 X81+3 S\AV Co(&)

in FG(S)a, we show how FT(3) analyzes the member of IL{G)
given in EX{(3)a.
EX{S) a. the teacher noticed the student recently #

FG(S) a. Analysis of EX{(Dia by FT(5).

STEF READ-IN  IN-STATE QUTPUT RULE-FROM
1. the D1i D/the TE{(Z2)a
2. teacher NFOINI1 NF/D, N/boy TS(2)d1
. NF11 MEAN TS{(2)el
4. noticed SO1VLILD /NP, V/knew Te{(Zrd2
5. the SOIVPOLIDLL VE/V, D/the TS (2)d3
6. student SCIVPOINPOINIL NE/D, NAgirl TS{(2}d1
7. SOIVPOINFPLL NP AN TS (2 el
B. ’ SO1VF1l VP ANF TH(2) el
9. recently S0OL1AVILC S\VF, AV/recently TS8(E)a
i, g1t ShAY . T8(T)b
tie # F TS(2)be

The seguence of output statements in FG(3)a is eguivalent

to the tree diagram in GD{(3)a.
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SD(S) &. Analysis of EX{(B)a by FT{35}.

\
/

———
<
=
iy

D
E
the teacher noticed the student recently

BR(%) allows an AV to be a constituent of any &

in an expression of LGS 1f more than oune AV DCCUrS,

then the expression manifests center embedding{ But even}

if only one AV opccurs, first degree center embedding

results if the expression contains at least one subordi-

nate 5. Such expressions are alsc ambiguwous, the ambi-

guity having to do with which 5 the AV is asscciated

with. We consider two examples, starting with EX(3)b.
EX(3) b. the teacher noticed the student saw the

doctor recently #
The two structural descriptions of EX{(S)b with respect to

GR(3) are diagrammed in SD{(O)bi-~Z.

8h{%) b. 1. Une structural descripition of EX(S)a.

/S
NF ‘\\\\N\\VP.'
7 AN ”,/” . \\\\\‘
D Y v g
! : : N T
i H i NF VF AY
i 1 i / \ / \ H
H ! ! D N v NP H
i H L i i i AR H
! i H H H H Ry N H
the teacher noticed the student saw the doctor recentlY
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SD{%) h. 2. Another structural description of

i 1 H

%
the teacher noticed tha student saw the doctor recently

EX{5)a.

VAN /,/”’, \\\\ :
o) N v i
! s P 7 ~. l
: H ! NF VE :
! ! : / \ / N\ ]
! : ; D M R NF i
! : ! : ! : /A !
: ! : : : ! o) N !
'; 1 1

an{%)bi manifests first degree center embedding of the
element ¢P: SD(SILHZ manifests first degree center em-
bedding of the element =.

FT{%) is able to associate both structural descrip-
tions with EX{(S)b, as FG(DIbi-% show.

FBi{%) b, L. First analysis of EX(5)b by FT(ZE).

STEF READ-IN IN~STATE OUTEUT RULE~FROM
17, (same ag in FE(3)a)
. saw SO1VRPOLIS0RVLL S/NF, Y/saw TE(2)d2
9. the SOIVFOLISO2VPOZD1L VE/YV, D/the TS dS
i, doctor  SOIVPOLISOZVFORNPOINLG
NF/D}, MN/doctar TS (21dl
ii. SGIVPOLBORVEOZNFLL
NEAN ) TE(2) el
1z, SO1VEO1IGORVELR VEANF TS(eld
L. recently SOIVPOISOZAVLL S\VF, AV/recently TS{Ma
14, SO1VFOLISLZ2 S\AV TS(b
<. SOIVFLL YE\S TS(Sa
le. sit SAVE TS (2)el
V. o8 F TS(2) b2
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FG{(3) b. Z. Berond analysis of EX(5)b by FT{3).

STEF READ~-IN IN-STATE OQUTFUT RULE-FROM
1-12. {sameg as in FG{(Hyb1)

13. SOIVPOLIS12 SAVE TS8(2lel

14, SOLVF11 VEAE TS{(4)a

15. recently S501AVII S\VF, AV/recently T8(3)a

16, St S\AV T5(Sib

17. # F TE(2) b2

The choice between these two analyses is made at

step (13, where it is decided whether to read in the next

word recently from the input tape and analyze its

mother node AV the daughter of the subordinate $, or
to close the subordinate 3 before réading in the next

ward., Native speakers of English show a well-known bias

toward the first of these two interpretations (Kimball

1974). We can account for this bias in the same way that

we accounted for the preference Engliéh speakers have to
understand EX{(4)a 2% a single complex § rather than as

a mequence made up of a simple 5 followed by a (F3
namely by building a preference for late closure into
FT{8). A slightly different explanation for biases like

those shown toward EX(S5)b would be needed, however, if we

agsumed, as many linguists do, that the A¢ constituent
.is net intreoduced simultanepusiy as a daughter of
sister of VP,

3 and
but rather as & sister of (P and a
daughter of an intermediate category, call it VA7, as
in the productions schematized in PR(S7 ).

PR(S3™) a. 8 ——» NP VYp°

B. VF? =3 UF (AV)

The corresponding transducer FT(5") would then have
to have built into it & preference for attaching an
optional constituent as a right sister to the last ele-
ment in the state if that element is a possible left

sister of that constituent, rather than failing to attach
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that constituent and creating a closed single-branching
mother node for the last element in the state. BSuch a
pre{erence, which Kimball {(1974) correctly cheerves is
closely related to, but distinct from, the preference for
1ate closure, he calls right association. .

Now consider EX(S)c, the second af ouwr ambiguous
examples.

EX(S) c. the teacher naticed the student saw the

doctor knew the boy remgntly #

£x(5)b has three possible interpretations, depending on
whether the &¢ constituent is the daughter of the
bottom, top, or middle % in the structural description,

ae shown in SD{5¥ci-3.

ap(s) . 1. First structural description of EX{Sc.

/ S\ .
/NF\ / ~_

b N Vv g
i ! : NP VF
i ! H FAEAN AN
H ; H D N Vv s.
: ; oo ; o NTT—
g H i H H ; WP LYl av
i H i i i i /N / N\ E
: i ; ; H H D N v NF i
i H H v ' H H i i VAR |
l ! i i ! i ! : ! b N :
i } i t i H H ; i i H i
the tea- no—‘ the stu- saw the doc— knew the boy recently

cher ticed dent © tor
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8D(5) c©. 2. Second structural description af EX{(S)c,

NP / P\ Ay
/A '
D N v o 5\ !
! ! ! NP VR !
: : ; /N / ~ ;
{ ! ! D NV S !
: ! b T TN ‘
' i ! ! ! ] NF vE !
1 t ! ! ! ! /N /N i
! ! ! ! ! ! D N v NF f
J ! ! t i i : ! ! N !
! ! : i ! ! { ! ! D N !
: : ! i ; ! i ! ] ! ! !
the tea— no~ the stu~ esaw the doc~ knew the boy recently

cher ticed dent tor

8D{5) c. 3. Third structural description of EX{(S)c.

D M Y S

; a : /\\
i ' { NP Vi AY
; ! : JEEN / \ :
i ' { D N \Y S i
! ' oo o /\, :
H t H H i H NF VF i
i § i i i i VAN /SN 1
i : i i i 3 D N v NF H
i H i i i H Voo [ A H
i H i i H [ H H D N H
L i i ! i i i i H H i {

the tea— no- the stu- saw the doc— knew the boy recently

cher ticed dent tor

Native speakers show by far the strongest preference
for the interpretation of EX(3)c corresponding to .
8p{(=¥el, in which the AV constituent is part of the
bottom i of the remaining two, they again strongly

prefer the interpretation corresponding to 8D(S)ci, in
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which the AV constituwent is part of the top 5. They

find it extremely difficult to accept the interpretation
in which the AV constituent is part of the middle 5,

as in BD{I)bk3I. Such patterns of preference were first
pointed out by Gordon {(1982).

We account for the preference for the interpretation
corresponding to 8PB{S)cl over that corresponding to
gD(Sye? by invoking the strategy of late closure (or
right association, if the alternative grammar for intro—
ducing AY constituents is adopted). We account for the
preference of both of these interpretations to that gor-
respanding to SD{(5)e3 by means of the collapse condition.
To see this, consider FB{Slcl-2, which show the two ways
in which FT(5) can analyze EX{5)c as an expression of

IL{T).

FG(S) c. 1. First analysis of EX{(I)c by FT(D).

STEF READ-IN IN-STATE oUTPUT RULE-FROM
1-11. {same as in FE(5ILH2)
12, knew SO1IVPOIS02VP02803VLL
: ) S/NP, V/knew TS(2)d2
13, SOLVROLVPOOSO2VIL  VPANG, BA\VP TS84y
14, the SOIVEOIVROOS02VEGRDLL
CMF/Y, D/the TS(2)d3
1%, boy SOIVPOLVPOOSOZVPO2NFOINI L
NF/D, N/boy TS(2)dl
la. SOIVRFOLVPOOSH2VFOZNFE L
NFAN TS5{2) e
12- SOIVFOIVPOOBGZVFLZ VPANP TE(2ye3
1?- recently SOIVPOIVFOOB0ZAVIL S\VP, AV/recently T5{(5)a
}?* T S01IVPOIVPOOSLZ Shey Ta(3b
f“- SOIVFLL VEAE TS{4r kb
iio 51l SA\VF TE{2)el
EP F TS (Z)b2
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FE(3) «. 2. Second analysis of EX{(Z)e by FT(S5).

STEF READ-IN IN-STATE QuTPUT RULE~FROM
1-17. {game as in FGE(Sicl)

18. SQIVPOIVPOOSBL2 S\VF TS5(2)al
19. S0LVR11 VEAS T84
2¢. recently S01AVIL S\VF, AV/recently TS(5)a
21. 51t S\ay TS(%b

22. % F T8{h2

The outputs of FG(3)ci-2 are eguivalent to the
structures in SD{S)ci-2, respectively., However, there isg
na way in which FT(5) can analyze EX(5)c as SD(5)c3,
since at the point at which FT{8) is ready to read in the
-ward recently from the input tape, the element corres- |
panding to the medial 3 node has been deleted from the
state by a transition licensed by the collapse condition

and hence is not available for the attachment of the Wy
rnode.

4.9, MORE ON CENTER EMBEDDING
Our final illustration concerns the well studied
case of center embedding in English involving relative

clause modifiers of noun phrases as in EX{&)a—cC.

EX(&} a. the boy the girl knew #
b. the boy the girl the teacher noticed knew #

€. the boy the girl the teacher the doctor saw
noticed knew #

These examples exhibit increasing degrees of center em—
hedding af noun phrases (from @ to 3} and of relative
clauses {(from © to 2).

To generate expressions such as these (without the
end markers), let GR{6) be an extension of BR({5) with the

following additional elements.
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VN{&) RS, RV

PR{&Y a. NP —> D N RS
b. RS —> NP RV
c. RV =—=> ¥

The categories AS and RV can he thought of as ‘rela-
tivized® counterparts to the categories 5 and V.

BR{&) generates the set of expressions in LG(&) .

LEIS) a. (LE(S)ale (VT(DycIk—32, & > O
b. (LG(&)a VT(2)edI™ LG(s)a YTIZic (LE(&)a)
VTRdDIN, B 2

The sets IL{(&) and UL(&) are defined as before.
The transducer FT{&) contains all of the transition

schemata in 75(2-5), together with the following.

TS(6) a. XVl+ =3 XRVLI+] RV/V CO(3)
h. XNFI+ -—> UT{2)e XRSO1V113
RE/NP, V/VT(2)c CO(4)
C. XNPO$N1i -—3 the XNPO+D11:
NFAN, D/the co(s)
d. 1. XNEO+RS1+ ~—3 XNP1+3 NP\RS Lo

2. XRSO+RVi+ —~> XRB1i+; RE\RV
In FB{&)a, we show how FT(é) is able to analyze EX(&)a.

FB(&) a. Analysis of EX(é}a by FT(&).

STEF READ-IN TO~STATE OUTPUT RULE—FROM
i. the Dii D/the TS{2)a
2. hoy NEOINIL NE/D, N/bay TS(2rd1
3. the NPO1D11 NP\N, D/the TSi&)C
4. girl NPOINPOZNI 1 NP/D, N/girl TS(2r1d1
5. NPOINPL2 NP\N TS(Zlez
6. knew NPOIRSO1VI L RS/NF, V/knew TS(6)b
7. NFOIRSOIRV11 RV/V TR(&)a
S. NPOIRS1E RE\RY TR(&6)d2-
7. NP11 : NPARS TR{&)d1
10, F : TR{2}0}
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The output in FB(&la is equivalent to the tree diagram in
Sh{édYa.

SDié} a. Structural description of EX(&6)a with
respect to BR{6).
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the boy the girl knew

The structural description of EX{&)b with respect to
GR(6) is shown in SD{(6Ybhi.

SR{&) b. 1. Structural description of EX{(&6)b with
respect to GR{6).
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the boy the girl the teacher noticed knew

When it attempts to analyze EX(&)b, however, FS(&)

is stymied by entering a state containing an element with -

a y—attribute of I from which neither the original nor
the relaxed version of the cpllapse condition legitimates

arn exit, as FG(6)b1l shows.
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FE(&6) b. 1. Initial analysis of EX(&6YD by FT{&).

STEF READ-IN TO-STATE OUTFUT RULE-FROM
1. the Dl D/the TS8{2)a
2. boy NPOINT1 NE/D, N/boy TS(2)di
3. the NFO1D11 NP\N, D/the TS(&Ie
4. qgirl NFOLNFOZNL 1 NE/D, N/girl TS(2)d1
5. the NFPOLINPO2D1 L NP\N, D/the _TS(6Ib1
6. teacher NPOINPOZNFO3INLL NP/D, N/teacher TS(&)bl

at this point, for the transducer to be able to continue,
it would need a transition based on CO9 of the form

TRi&)e. (No transition based on CO9R is relevant, since
the eplements in the chain to be .collapsed are all incom—

piete.) 5

T8 (&) e, NPOINFOZNPOINLL ——» NPOINPOONPOINIL] NFPANF

However, such a transition is not available, since there
is no rule in GR(&) of the form NP --> ¥ KP. The only
option available to the transducer in analyzing EX(&)b is
to use transitions based on CO8 to treat it as a sequence
of two NPz {(the boy, the girl), followed by a simple
5 (the tezcher noticed), and a ¢ (knewl.

Suppose we allow the transducer to use the transi-
tion TS{(&)e anyway. The analysis of EX{4)bh would then

proceed as in FE(6)L2.

FG{&) b. 2. Continuation of the analysis of BEX(&)D

by FT(&). ,
STEP READ-IN TO-STATE oUTPUT RULE~FROM
7. NP L NEOONPOZNT 1 NP\ NP TS(a) e
8. NFO LNFOONF 12 NEAN - T5(2ie2
?. noticed NPOINPOORSOIVIL RS/NF, V/noticed TS(&)b
10, NFOINFOORSOLIRVLL RY/V TS(&ra
11, NPO1NFOORST L RS\RY TS (&) d2
12. NP1 NFEARS TS (&Y dl
13, knew SOivil V/knew FS(2yd2
14, ’ SO1VFLL VRV T8{2)c
13, s11 S\VF T8 (2 et
la, @ E T8(Zih2
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The segquence of output statements in FG(&)BI-2 is

equivalent to the tree diagram in SD{(2ibJ.

SD(&) B, 2. Analysis of EX(&4)b in FG(&)bi-2,

_f""”“’f‘SkﬁH\“*nﬁﬁ

] H

1 ]

F VE
B'N//q ™~ NE v
) i / \ !
! T N RS :
S { NG !
: : : ! NP RV :
i H H i /! \ i H
i ! : T N v :

]
1

the boy the girl the teacher noticed knew

Sh{6ih2 presents an uninterpretable parse for

EX{(&)b, not only with respect to GR{&), but also witH

respect to the grammar of English. Nevertheless, there

is scme reason to believe that native speakers of English
cccasionally misanalyze expressions with second or higher
grees of center embedding along these lines (Kac 1981).9
This suggests either that English grammar contains rules
that legitimate transitions like TS8(&)e, ar that the

collapse condition should be relaxed further to legiti—
mate them.

As we mentioned in section I, the construction can
be easily modified to enable the transducer to parse

correctly expressions with greater than first degree

center pmbedding., To enabie FT(6), for example, to parse

expressions of IL{&) like EX{&)b, with second degres

center embedding, but fail to parse expressions like

*Kate also that FT(6); with the transition TSiA)e, would accept the ungrammatical string £Xi61D°

as an AP, and associate with it the structural description of the corresponding substring in
EX4elb.

EXi6} &, the boy the girl the teacher roticed &

Thus not anly mould FT{8) fail to analyze all the expressians of IL{8}, but it also would accept
erpressions of the cosplement of [L14) with respect to UL{&), -
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pitay

i :
&yc, with greater than second degree center embedding,
EX( L

- tri- '
st we incredse the maximum value that the ¥ at
fir :

st

te can have from 3 to 4. Second we modify the callazse
banition o that it is not invoked until an element O
ihe form RO4 appears in a state. HoweverT we do notnect
modify the collapwse chain itselfi we continue Fo Z:?at61y
up only the elements from the incomplete root imm

eding ACZ to the incomplate element (root or des—
prec

i 3 is
cendant) immediately preceding AGJ. The latter

e

given & new y—attribute value ot 2, as before, and the
former ACY is changed to 803. Im this way the tep.n
and the two bottom constituents of the type & re:::
incomplete roots and hence are available for fur e;here
attachment. As Blenn Bl ank has pointed out to us, "

ic considerable evidence that many native speakers o

2 i in
English parse multiply center embedded expressions 1
(5]
this wWay-

AGE
5. FINITE TRANSDUCERS A5 A THEORY OF ﬁATURgt E?NG:§
d. The class of finite transducers 1S 2 eary

grammatr which is capahle of representing the structures
of the acceptable expressions of a natural language iare
adequately as the class af context—free phrase—structu
grammars, and presumably as adequately as other, more -
powerful, classes.¥ 1t differs from these other theories

truc—
in the inability of its grammars to represent the s

: i heory of

*The tlass of context-éree phrase-structure gramwars i held to be ‘E:§§2?:§:eiiu:ei nit: yreater
hatural languages because of the inability of thuse_qrannars to r:cu@ﬁ Lanqendaen {19415 Pullos
than some +ixed finite degree of crossing deperdencies {see Postal an { c,isging peraitted in
{19847, However, we a3y assuse that there is a lisit on the_éeg;e:hut e caanize expressions with
atceptable expressions and that finite transducers can be §e51§“‘ o re hzld ty be inzdequate
less than that degree of crossing. Sinilarly, ?ll.genFr?tlve theories :he eneralization that for
as theories of natural ianguages because of their inability to exprzss uns%ituent of that tvpe,
any set of constituents of a given type in a matural lanquage, annt}er ¢ to the language (Langen-
tonsisting of the coordination of the efesents of that set, alse ?? P:QSR the size of the set is
doen and Postal, 19041, Again, We may assuse that there is suse 11; : fintte transdurer-
stceptabie coordinste structures which allows thes to be recognized by
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tures of unacceptable expressions with greater than some
fired, finite degree of center ambeddihg {or with greater
than some fixed, finite degree of some other structural
praperty that finite transducers cannot compute iﬁ the
limit, such as crossing dependenciesi see note ?). This
limitation has led most linguists to reject the theory o+
finite transducers as providing an adequate basis for a
theory of natural languages. However, i¥ a theory of
natural language is intended specifically to account for
the tacit linguistic knowledge of human beings {(their
linguistic competence), there are no grownds for the
rejection, because people manifest no tacit knowledge
whatever of the grammstical structures of the unaccept-—
able enpressions that manifest aultiple degrees of center
embedding. )
The claim that natural languages contain expressions
that are unacceptable and that lie putside the bounds of
human tacit knowledge can only be maintained if a
distinction is drawn between a natural language and a
person's tacit knowledge of that language. For example,
suppoge it is argued that in English, a relative clause
in which the direct aobject has been relativized {a
constitutent of the type RS in section 4.5 above) can
madify any subject noun whatever. Then clearly English
cantaing expressions with every finite degree of center
embedding and no grammar of English therefore can be a
finite transducer. However, it does not follow that
the internalized grammars of native speakers of English
cannot bhe finite transducers,. singe those individuals
have tacit knowledge of only those expressions with up to
some fixed, finite degree of center embedding. Their
internalized grammars cannot contain a single rule which

permits relative clauses to be attached to nouns, but
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rather muast contain separate rules depending on the gram— -
matical configuration in which those nouns appear {unem—
wedded, in a clause modifying an unembedded noun, in &
clause in & clause modifying an unembedded noun, etc.l,
rhough these rules may be schematized as in FT(&).in
section 4.5.

1 the domain of linguistics is the study of the
growth and structurs of the internalized grammars of
human beings, as Chomsky (1980} has proposed, then the
theory of finite transducers caqstitutes an adeguate
basis for linguistic theory, though of course much work
remains to be done to restrict the theory aven furthér,
so that the class of possible grammars begins to convearge
on the class of grammars than Ean be induced in human
beings upon exposure to primary linguistic data.

I+ seems to us, however, preferable, to maintain the
traditional distinction between a language and a person’™s
tacit knowledge of that language. First, as we showed
above in several places, it is possible for a person to
be misled by his or her internalized grammar about the
grammatical natuwre of particular expressions. However,
the only certain way te judge that a person is misled
(since a&ll native speakers may be misled in the same way)
is by appeal to an external standard such as that pro-
vided by the language itself, apart from any ong indi-
vidual'e knowledge of it. * Second, it is only in the
grammar of the language itself, as opposed to the
individual internalized grammars of native speakers, that
certain generalizations about linguistic structures can
be expressed, such az that relatiye clauses can freely
madify nouns in English. One comes to this knowledge noeot

§
by the passive route of ordinary language acquisition,
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but either by explicit instruction or by one’s own
rational reflection on language. The results of these
efforts cannot be dismissed as mere epiphenomena, ;ince
once recognized, the generalizations contained in the
grammars of natural languages have as much force

as the ones that are encoded in one’s internalized
grammars. Moreover, the distinction between accepta—
bility and unacceptability {now to be construed neces—
sarily as the distinction between grammaticality and
uwngrammaticality) projects in a perfectly lawful manner
from the primary linguistic data, just as befere. Thus
we conclude that the theory of finite transducers {(or a
mote restricted version of that theory! is appropriate as
& theory of a person’s knowledge of a natural language,
but that a more powerful theory is needed as a theory of

natural language it=elf.
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