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1 Introduction
One of the problems in many natucral languoge understanding systems 1is
the complexity of the programs that generate the internal represontationa

of the input sentences, To simplify thesa proprams, we suggest the uee of

oulti-~processing conl_:'rol structurea. We outline an extension teo LISE

called PLISP that will allow semsntic functions to be separake proceases
runniag concurrently. To illustrate tha properties of PLISP, we give
geveral examples,

Most of the examples are drawn from the language of set theory, and

the intended goal of the understanding process is to produce a [irst-order- .

like representation. of a statement of mgthematics fer use In"a proof-

checking ays:ein.z This paper ﬁoes not directly concern issues of knowledge

:epreseﬁtation; instead 4t is directed to the - issue of tha‘ control

" structures that facilitate the procesaing of gurface-level syntax inte any

particular represenfntioﬁal scheme that may be appropriate. We especilally

l"l'hi.:: research was supported by the National Science Foundation under
HSF Grant EPP 7415016, AO0l. The opinions expressed in this paper are
those of the authors and net of the MNational Science Foundation, Stanford
University, or the International Business Machines Corperaticn.

2The proof checker is described in (8]. .
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wvant to whow how semantle and contextual informatfon affecta the flow of -
control, znd to illustrate this we focus on the voles of quantifilers and

operators, -

2 Informal Mathematieal Language

Understanding informal mathematical English requires the abillty fo’

deternine the correct ocopes of quantifiers and other operater-like wo:qn
and phrases, Consider the following sentence: -

- 1) 1f there are three sets such that the first is a subset of

the gecond and the seccond is a subset of the third, then
tha fitst i a subset of the third.

Using a phragse-structure grawmar constructed mainly on ayntactic grounds we

might obtain the trea given in Figure 1.
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Figure 1. Surface Syntax Tree

The "logical form" of (1) (_1.e., the first-order representation that

: .w_é hope to determine) is similar to:
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(2) (Vx.y,z)[IF x 18 2 set and b4 13 a set and & 13 a aet and
xSyadysz P

THEN x & z}

which has the achematle form: , ,

£} (V <vartiable~1ist>)(p» ¥ )

The straightforward reading of the tres in Figurs 1 is move likely t'o
yleld: ' . ‘

{43 [(3 <variable-1lat>)@ ) = ¥

Logical form (4) cannot ba correcty as e.len in {2), the quantiﬂcatim\
actually governs the entire aentence.‘ and {te sanse 13 not cxistential (as
the phrase "thare is" would indicate) but instead {a univers.nlz.

One s:nqdnrd s'olutian to thia probi’em_ i1s to rewrite the phraae-:
structure grommar to produce a "Elatter tree” th;:n-puts the quantifiars and

operators nearer the surface, bringlag the componenta of the sentence into

the view of more global Eunctiona for resolving scope and anaphora.“ Thia |

often c<reates a larger gfnmmar than necesssry with some duplicacion of
production tules that cover syntactically similar case‘_n'. Also, it . is mors
computationally natural to represent tha information ahout scopes of
quantifiers {an tha evaluation functions than to attempt fo emhe.d.the
quantifier scope rulon in tha syatactlc _gompoqcnt. This 1a not a.new
observation, but 4t 1s one that 4is often dgnored iIn traditional

11nsuisti.,cn.

3
Hote that (V¥x){ g = ¥) is logicall ival
Just in case x 18 npt free in ¥. B 7 aqu vatent ko {(ax)qpl ol

i1 . :
Winograd’s eavly work [11] tends to this golution in soms cases.

Standard. au:face—levcl grammars have & certain psycholinguistie
appeal, both for their aimplicity and thelr corrcspondence to classical
conceptioﬁn of prammar. Thua, the tree in Figure 1 satisfles some
'1ntuitions about syntax. Unfortunately, it 1s not alse an adequate

teprasentahion of the nemantics of tha input sgentence. The underlying

'utxucture--tha “contrel atructure of the program necdcd to egvaluate the

meaning—is quite differcnt Erom the surface structure of the scntgncc_.
The propouns 'firat", "se;:nnd". and "third" nust refer to each of the
“threa sets"; further, the resclution of thésc proncainal references
changea. the scope nﬁ;l gense of the qua.ntification: “there is" must actually
govern the whole Isnntenco. and that gquantificatlon is universal. This
analysin suppoacs that the erucial compucat1_nns-—-—associu:cd with the
pronouns~~have ' some access te the other computations, but tl_\é
aynﬁactically-motivnted‘tree {n Figure 1 constraing these computagions too
locally. Ik 48 iatuitively clear that _tl;.e right information iz not

.available at the right time during the cvaluation,

k] PL15P: Process LISP

e ‘propnau to evaluate the meaning of such sentences by sssociating a

scparate ptocess with -cach nede of the surface~level syntax treej the

original surface pyntax corresponds to 2 defanlt control structure for the

evaluation. Theme somantic processes will rua concurrently under &

timesharing scheduler and will be able to poll the status of other

. processea and walt for them to finish; they can also alter the flow of

control,
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Tae languaga PLISP (for Pxoccs;-LISPl 1a a theoretical extension tpt

L15P, in nuch the'oame sense that CORNIVER i51' and QA% [7] are alse

extenslons to LISP. We plasn to implement PLISP i INTERLISE-10 {10ly To
define PLISP wa must:

1; Give the data structures and anvironment that ara
provided by the interprater.

2. Define the PEVAL function, which replaces EVAL as
the main function-calling mechanism in PLISP,

3. Describe the primitive functions provided by PLISP
and their effects on the PLISP environment.

PEVAL works like EVAL on stunda:d LISP function types such as EXPR.

Functions of type ?EKPR,.which are .to create processes, are applied to

thelr arguments by PAPPLY, PAPPLY takes as nrgunenta ‘a funetinn P uE type

PEXPR and a list of arpuments, and buixda 4 new process, binding arpuments

" activatlon record.

of the new process and assdciating the code of the PEXPR P to the proceas.

This creates a process activation record., 7The process is than put into the

queue of runnable biocesaen and run by the PLISP achedﬁler._which-is a patt
of ihe PLISP 1nter§retcr. PAFPPLY then tfcurna a ﬁointer to the process
-1t should be noted that the arguments to a PEXPR may
theoselves be (pointers to} other procesaea.. It is crucial to tha concept
of PLISP that the order in which information is "really” processed 4s not
necepsarily deterained bj PEVAL; instead, fEVAL creates a network of
processes, called a degendeq_x graph, .A top~level form is pald to have
complcted when the top-lovel procesn completes, at which point any pending
processes will be automatically desttoyed.

e attempt ﬁy.a.procesa to access an argument that s not "ready"

-

PR bE e

-
.

© for & Job in a timewsharing system,

3.1

wwi.g., that has not been returned by the process compubing it——will resuilt

"in, the accessing process faulting {and belng blocked from qonpu:atkonf

until tha argumenf is available. This is analogous to aa "1/0 wait" status

5
" A nunber of primitive Euncniunn ave uvailuble to exsmine and alter the
flow of control and information in the evaluation. We shall degcribe how

thiess dre useful in natural languape procesaing.

¢ PLISP Activation Records

" The procesy nctivation record is the data structuré that defines a

process and the relatlonship of tha:'process to other processes.6 As shown

“4n Figure 2, the process activation record containa the following eatries:

PROGRAMITEXT is the 'mame of the PEXPR function mssociated with the
process. This flcld serves as a polinter to the PLISP cxpression
- that defines the PEXPR.

- PARAMETERL 1a the {th parameter to the process, which may be either
another process from which values are expected or a value.
There 15 one PARMIETER1 eatry for each { between 1 and n, where
n is the number of arguments aceepted by the PEXPR.

PAKRAMETERINAMEL 4s the name of the ith psrameter.

PAhAMETERISTATUSi containg ‘the status of parameter 1. 1L -the
parametexr 18 & value, then it contains the atom VALUE, else if
the paraneter polnts to & process P, then it contains the status
of that process, which will be the PROCESSIFLAG entrvy of the
activatlion record of that process.

1t 1s actually ecloser to "fork walt" status for the forks in the
TENEX timesharing system {2]., TENEX forks correspond somewhat to our
procegses, except that Inter-process communication and control is quite
primitive in TEMEX w. 1.33.

GThese records are similar to those given by Lampsen, Mitchell, and
Satterchwaite [4), and to those of Bobrow and Wegbreit {1]4 the idea of

multiple attvibutes sssoclakted with the process is taken Erom Kauth [3].
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PROCESSIFLAS contains the current status of the prccana. Poasible
values include:

1. TRUNNING: The proceas has currantly been selected
to run by the PLISP Bcheduler.

2. RﬂBY: Currently, the process is not ruaning,
but it i3 runnable. . .

3. WALTING: The process is waiting for other
process{es) to finish. WAITINGIFORILIST i3 a list of
those proceases. : : :

4. COIPLETED: The process is no longer runnabla,
and the VALUE cell of the process activation record has -
an expliedt valuye.

5. TERMINATED: A. procces P ie marked TERMINATED
when a PLLSP TERMNINATE has been issued against P, but P
-does not yet have an explicit valua. Instead tha VALUE
cell of the process activatlon record points to another
process which, upon completion, will provide the VALUE
for the terminnted procesn. A TERMINATED process cannot
be resumed. :

. WAITINGIFORILIST 1s the Iist of proéensen upon which the current
process is walting.

DEPERDENCY!LIST is the list of processes that are wniﬁins on the
current process,

VALUF. ia the value returned by the process when 1€ has COHI'LE:TED 44
the process dis TERIINATED, then the VALUE cell contalns a
pointer to the process that will, upen its complation, supply
the value for the current process. If the procesa is neithar
TERMINATED noxr COMPLETED, the contents of VALUE are undefined.

ATTARIDUTEILIST 1s a 1list of attrlbutes/value pafrs oasocianted with
the current process. Thesa attributes are similar to those used
by Knuth [3]. VALUE, dasccibed above, 1s & special attribute
distinguished From others in that a process returns its VAI.UE-
attribute,
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Figura 2, Process Activation Racord

Vo note that these activation recerds are faivly simple. The real

implementation will contain ndditio.nal information 4n the activation

records much as in the “frome" scheme of Bobrow oad Wegbredt [1].

3.2 Process Primitives

* We now list the process manipulation primitives that are avaflable in_'

PLISP,  The main primitives are:

value * TOPPEVAL (<form>)

TOPPEVAL returns the value of the top~process of <form>
and destroys all waiting lower-level processes. This 1s

the function that fa called

to evaluate & scnténce,

TOPPEVAL calla PEVAL to do the actual evaluation and waits
for the top-level process to complete before returning.

value * PEVAL (<form>)




PEVAL returns the value of the <fora> by using the
PEVAL alsorithm.
© walue e P‘\PPLY (Pp\'x'll-.Vn)

1f P is a PEKPR, PAPPLY cteates & process ({.e., a
process  activatlen record) with PROGRAMITEXT P and

"arguneats Vi,.,..vy. Tha orguments may be processes. 1f P

is any other type of £uaction, PAPPLY ia simply tho
standavd LISP APPLY function.

Other functions, alse availabla to the user, include:

Each element of the process activation record com be

read or written using record/reference notation. Thus,
L+ PROGRAMITEXT [P] ‘

reads the name of the function associated with P.

v * AWAIT (P)

The issuing process walts until P has finished and the
value returned by ¥ i3 returned es the value v of the AWAIT
fupction. If P has already CONPLETED then the valye

originally returned by P i3 fetched from the VALUE cell of

the activation record for P.

TERMINATE (P,<value>,<attribute assigonment 1dst>)

TERMINATE takes the following actions, which are done
simultancously: 1) asasigns <value> to VALUE[P}; 2} makes
all the assipgnments in <attribute assignment 1ist>; 3) sets

_STATUS{P], to TERMINATED 4f <value> 45 a process, or

COMPLETED 1f <value> i3 an explicit LISP value, and returns
the value <value> to ony proceases in DEPENDERCYILIST{?)j
and 4) P is removaed from the DEPENDENCYILIST of any proceasn
on the WALTIMCIFORILIST of P, 1In other worda, P is forced
to return <value> as a value, and additional attributes of
P may slso be gsaipgned, with other book-keeping operaticna
performed,

PRETURN (<value>,<attribute assipnment list>}

Thlias Is equivalent to

B O

TERMINATE(solf,<valuc>,cattribute assignment 1ists)

where gelf is the current process.

statua =~ ARGIRIENT{STATUS {<argument®)

© " This ig used, within a given funetion, to determine the
status of 4 named argumant to that functlon. If <argument?
18 & valus, then it roeturas the atom VALUE; if <argument>
{8 a process P, then it returns the status of P. . If an
argument to a process is another process, then directly
reading that argument {e.g.y in an -asalgnment stateameat)
will cause the reading process to Eault' ARGUHEIT'STATUS
. allews one to cheek first, . .

P % SPLICE(Q,<argno>,<function>)

SPLICE inserits a process between the <argno® argument
of process Q ond whatever that argument pointa to. The
thirzd argument, <Eunction>, which may be ckther the name of
8 PEXPR or a LAMBDA~expression (of opne argument}, L5 used
“for tho PROGRAMITEXT of this process. The exeated procesay
Py 18 returned as the valuc of the call,

4  Applying PLISD Lo Natural Lanpuage

We now consider several sentences, from the domain of elementarzy
mnhhemnticé, that illuatrate the féaturcs of PLISP 4n natural language
procesaing, Elementafy mathematics- has fewer representational problems
than, &ay, a dialogue about a child'é birthday party; these txaoples do
hovever show how PLISP processes can Integrate semantiec and contextyal
1n£oxmutiun in determining the ucopes of operators and quantifiers.

Our aampla PLISP functicns for these scntencas are writtea in an

ALGOLHlikg meto-LISP syntax. These funcilons depend on some simple LISP

funcniuha that exist in our proof checker (sec [8]) a8 well as some utilicy

PLLISP functions.

1o
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4.1 An Example of Noua Phrases

Conglder the noun phraszest
(5) odd and even numbars S B
{6) odd and primo numbers
as they oceur in thae sanﬁehcea

{53 All odd and even pucbers are divisibls by 1,

(6% All odd snd prime numbars are bigger than 2.

Both of these noun phrases might have the same parse tree as in Figure 3.

Notice that the "and" 1s embeddnd within an adjective phrase cnnitruction

R
ZAN

even nunkers
(odd) ‘ _ {prime) :

(labelled ANDADT).

Figure 3. Noun Phrase Syntax Tree for (5) (and (6))
' The semantic problems of the phrase rasult from the asense of the word
"and", In phrase (3} the meaning is '

(5°") ‘"those numbers that are eit odd or ‘even™,

gither o

and in phrase 2) .

(6°")  "those numbers that era both odd and prime”.

L N

R R R R R R I N e e A A PPN

. One deseription of how wa know this 1s that in (5) we are . probably not

talking ébout thingé that are both ¢dd and even ainee thare are none, hence

‘ wa take the union of the mets invelved as the meaning of "and", whereas in

(5} the intersection Interpretation 13 more plausible. This 1s nobt the

bnly.acenarip possible; but let us show how to write PLISP functlons that

" implement the above intuitions starting with the pavse tree shown in Figure

3

The top~level function will be FORMIINTERSECTION, trivially defined:

PEXPR FORMIINTERSECTION{LEFT,RIGHT};
RETURN{LIST{" INTERSECTION ,LEFT,RIGHT));

The function DECIDEIAND, associated with the node labelled ANDADP of Fipgure
3, ia progrommed es followa, ' v

PEXPR DEGIDEIAND(LEFT,RIGIT);
BEGIN NEW I}
COMMENT Find the process that is superior to the current Process;
I * FIND]SUPERIORITROCESS;
COIRIENT Check to sce if the superlor process will be forming
. an intersection;
IF PROGRAMITEXT(P]="FORM!INTERSECTION THEN
BEGIN NEW SECONDIARGH
COMMENT Pick up the second argument to the abovc intcrsection
: functiong
SECONDIARG + PARAMETER2[P];
COMMENT Check to see if all three Hill fit togather 1n
a reasonable intersection;
IF NOT PLAUSIDLE!INTERSECTION(LEFT,RICHT,SECOND!ARG) THEN
BEGIN  COIRMENT critical step;
TERMINATE(P,PEVAL(
“{FORMIUNION(FORM! INTERSECTION LEFT SECONDIARG)
{FORMIINTERSECTION RIGHT SECONDIARGYY}):
PRETURN(NIL) COMMENT terminate self;
END ELSE PRETURN(FORHIINTERSECTION(LEFT RI6ITY )
EMD ELSE ..+ other cases ...}
END3

DECIDEIAND uses the utility function FORMIUNION that Forms the union of two

12
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sets, the function FINDISUPERIORIPROCESS that searches the pointers in tha.

dependency graph within which the current process 1s embedded, and the FOM'IHTFIRSI.ZC'I.'IOH'

FORM: TNTERSECTION

f.unction PLAUSIBLE!INTERSECTION. This last function dec¢ides whether or not

& proposed interseccion 15 “plausible" —for which one reasonable criterion

] . I . : It
is _tat the {intersectlion he nonempty‘ The important thing is that the DRCTDE!AKD procﬁsa , Is-ggitggm ggzgcs.:z&uker
process mechanism allows us te write the DECIDEIAND function so that tha for Tnumbere” - .
critical semantic information (in this case, whether ot not an intersection - . = i
is "plausible') 1is used loecally within the procass sssociated with the word ' DECOMES
“and". In particular, there is no specisl code in the FORMIINTERSECTION - - . ' Jrocoss pruce‘ﬂﬂ pProcesns process

: ‘ ) for “odd" for "prime" for "odd" for “prime"

function teo handle this, ' . :

The differeat effects of DECIDE!IAND can be secen by campal.;ing Figures 4
and 3, which show dependency gra_phs for each of the phraces (5) and (6) ar .
tha eritical pointa in the gvuluﬁéiou. Figure 5. Dependency Graphs for (6)

‘ . : ' _ ‘ . : _ ' In Figure 4, the DECIDEIAND process datermines that the sease of the

‘wo;:d Pand" {8 union, and crestes a new dependeac raph based on this’
FORM{UNION S P y BEAPR basec up

FORM! INTERSECTION
' : ’ : ’ icuristic, " In Figure 5, where the scnse of "and” 45 intersection, the

original eontrol  structure is left  essentially dntact, using

FORMI INTERSECTION in place of DECIDE{AND.
FORM? INTER~ : .
SECTION

process
for "mubers”

FORM! INTER= S
SECTION :

4.2 A Sentence Inyolving Quantificacion

D : D BECOMES Tha oecurrence of two or more quantiffiera together 1un a sentence,
process " process - : . process ' process pro‘ée“' LI especially when they are embedded within loner phrases in the natural

for "odd" for "even" ' . for "odd" -+ . for "mumbers" for "even" '
) ) - syutax, gives risé to the problem of determininpg the actual scopes of the

quantifiers. Sometimes this is considered simg;ly to indicate ambiguity, as

Figure fo, Dependency Grapha for (5) ‘ int

()] Every man loves some woman,

13
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which, it has been argued, has the two resdingss
(7*) For every nan, thera 1s a woman {agsociated with that man)

such that ...
{7**)  Thore {8 a {single) woman such that Eor evary MAD aae

We shall 'analyze two _struc:urnlly' uiiniiax' sontences - 'dn.wn'_trom'
elementary mathelnnica. ‘ '

(4 Every numbet 1s lesa than some number.
(9 Every natural numbar is greater than or equal to some
natural number,

Sentenae (B8) probably has the logical formi. R o - o e

(8) (Vx)@N(x<y)

while (9), depending on the context, is probably an assortien of the '
existence of the number zevo: ' ) o
(9%} @ Y x)(x > )

Both (8) and (9) may have the same aurEaéa-;I.eirul syntax ag shown in Figure ‘

6.

15
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REL ‘ hig

" 48 lens than
(35 greater than
or equel to)

.everf . number : - pomg number
' © {natural mumber) | {notural mmber)

Figure 6. Syntax Tree for (8) (and (9))
Ha ﬁnt to isalate the difffcult code in the functior.zs assoclated with
the nodes that dIntroduce the qunntifiers._ The other functions perform
st‘.l:'laigh_tforwnrd evnl'uat'iuua agsocilated with thelr syntactic contextai &.g..

the top-lavel function is the same one that would handle the sentence

(10 344

by forming the apptopriate first-order representation.
The qunntiﬁer nodes must retuin values consisting of the quantifiers
theresclvea. nny type nsnerniona made by the quantificational phrase, and

seope gttrihut_en indicating whethar the quantification Is over the whols

_sentence or some subpart.

We now pive outlines of the critical PLISP functions for this ekample,

PEXPR FORUIREL(NP1,REL,NP2);
PRETURN (LIST(REL,NPL,NP2));

16
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L]
He note that this function does not have any speclal context-dependent
code, thus meeting-the eriterion set ouk above.

PEXPR FORMIQUANT(QUANT,NP); - :

BEGIN )

KEW I,Q,VAR;

COIMENT Seaveh for other cccurtonces of the FORMIQUANT functlon to the
’ left of the present one, Wait for all such processes to

terminate;

FOREACH 1 SUCHTHAT % i3 & process to tha left of SELF DO

IF PRDGRAMITEXT[I]-'FORHIQUANT THEN AWALT(I};

. COMMENT Generate a variable name and set the VALUE attribute fLov

this process activation record.;
VAR *~ FORMINEW]VARTAGBLE;
COMMENT Create another proceas @ by splicing it inte the dependency
graph between S and T. Begln by checking the nodes between
T and 5 for another Q node.; :
IF there is a process 1 between 5 and T THEN
IF PROCRAMITEXT[I]=" QUANTFUNC THEN
BEGIN
COIMENT Compare the signs oE the quantifiers;
IF SIGN{QUANT) = STICH{VALUE[T]} THEN
BECIN .
COIDIERT The signs are the same and no
special ordering is required;
SPLICE(I., l,'(LMEBDA (X) {QUANTFUNG
: X QUANT VAR ,..type asaeruons...))).
END ELSE
BECIN .
(COMMENT The signz are different. lence, we must -
decide where to splice this quantifier
into the structure. This code assumes .
~ that the universal is lexically firat.; c
iF there iz a unique ¥ such that for all X the C
valve of § is true THEN
COIRIENT Put the existential quantifier first.,
SPLICE(T,], " (LAMBDA (X) (QUANTFUNC
X QUANT VAR ...type aasertiuns...))) .
FLSE . s
COIR{ENT Put the universal quantifier firat.;
SPLICE(I 1,*{LANBDA (X) (QUANTFUNG
X QUANT VAR ...type assertiona..-)));
ENDI
COMMENT There is mno intermediate node between 5 snd T
END ELSE SPLICE(T,I1,”(LAMBDA (X) (QUANTFUNC
X QUANT VAR ...type assertionsi...}))}
COMMENT This pxocesa evaluates to the variable we creatad;
PRETURM(VAR);
LND; . : : . -

17

© . existential or universal). _

‘patrix.

‘ait:uaticm is reversed in, Figure 8.

»

The function QUANTFUNC croastes a accepbin

quantified formula,

" argumants ARGNODE, SIGN, VARIABLE, TYPEIASSERTION., 1t quactifies ov

ARGNODE using the varioble VARIABLE and a guantifier of type 5IGH (e.n
The TYPE!ASSERTION is incorperated into tl
This is a standard opc_ration in LISP programs dealinp wil;_h logic.
I-'igv;lt_es 7 Bad 8 deﬁicl: the dcpenden_ey grapha for the two -sentences (¢

and (9). In Figure 7 the scmantlie processor has ordered node Ql, "t

: universal quantifier, above Q2, the existential quantifier, while t

Intudtively, the scoantie processe

determines the ordering by determining whether there is a unique y of t&!

proper typs such that for every x of the proper type. th ratvix of &l

formula. represeated by the node S, is true.

18




¢ {top-level proccss . . . Y
crgate'd by TOPPEVAL) - ) ' .

<

FORM!QUART FORMIQUANT )
EEQOMES, QUANTFUNG node QL
. : (¥ mmber x} ‘
every , muber some 7 nimber
© pECOMZS :
1]
QUANTITNG node QL % FORM: QUANT
(¥ number x}
QUANTFUNC node @2 : Boe I
& mmber ¥) .

Y]

v]:_tich y;elda

Figure 7. Dependancy Graphs for (8)
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Figuro 8. Dependency Grapha for (9)
4.3 Resolution of Scope and, Anaphora

¥e now consider tha mote complex exsmple given in the beginnlng of

this paper:
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{11) 1f there are three sets suck that the first s a subset of-

the second and the second {8 a subsat of the thizd, then
the first 18 a subset of the third,

Figure 9 gives the syntax tree for (11)._J

1:/\&1:@\

tbe r4 5 \he thirg

ASSIME IQUART _ - FINSYREFERENT
prog;;f proceas S

- QUANT such-that ”’,/// l\\\\\\\

there are 3 sets . I ‘ f
& . S

the £ifst  the second the second  the third

Fisure 9. Surface Syntax for (an

.There axe two critical semantic functiona 1nvnlved in understanding
(11}. The £irat, ASSUNMEIQUANT, handles the quantifier phrase “there are".
It must create the variables X1, X2, X3, détarmina thelr types (i.ec., they

are all sets), and determina the sign and scope. The second important

and "third". Thesa functions must find their referents, and check that any

seope assumptions previousiy made are correct.

Below we outline the PLISP code for these two functions.

21

S END;

function, FINDIREFERENT, is associated with the pronouns “first”, "

PExPR ASSUME!QUANT(SIGN NUMBER, TYPE), .
BEGIN NEW I, VAR, VARLST, TYPELST. SIGNLST, SCOPELST,
COMMENT Sets the scope and value attributes.;
FOR 1+ | STEF 1 UNTIL NUMBER DO
BEGIN
Voo VAR FORHH‘J!JWWARIABLE.
: ’ wes put VAR In VARLST ...
ess a3seri that VAR has type TYPE and put in TYPELST ...
«os ot the sipn in SIGNLST to SIGH ... - .
++s &0t Ehe scope in SCOPELST to “LOCAL ...

COIGIENT create a new vnriable,

COIRIENT Now, return the quantified expression, which is simply built
© -up by the appropriate logic-related Functions setting some
attributes of the current process simultancouslty.; :
PRBIURN (quantified expression,ASSUMEDIVARIABLES[SELF]  VARLST;
ASSSHLDISCOPE[SELF} SCO?ELST),

END;

PEXFR FINDIREFERENT{VARMANE);
BEGIN NEW I.V,P.NEHSIGN‘,W\R;
- »ew £lvst, we check to see if thére is a raference,.in
protesses te the left, and If we find ono, we use it ...
COIMENT If no referent was found, wait for any Likely processes
to terminate. Tn particular, we will look for
" quantifier progesses to terninate.;
FOREACH 1 SUCHTHAT I s a quaatifier process to thc left of SELF DO
' BEGIN .
Vo AWALT(I};
COMMENT check for a “mateh” between VARNAHE and the variables
. cereated by process §.;
IF match between one of the varlables ereated by I and VARNAME
THEN BEGIN
VAR *= pick up that variahle,
IF variable i3 correctly in scope THEN PRETURK(VAR)
ELSE BDECIN

COIRENT this is the eritical porcti;

P * ... find the process’ zbove the process
that dominates the eurrent scope
plus the original scope;

NEWSIGN + find if we necd to change the
sign of the quantifier;

SPLICE(P,argumeat inumber, '

“{LAMBDA (X) (QUANTEUNC VAR NEWSICN
+++ copled type assertiony)));

PRETURN{VAR}; v

END; -
END;
ERD; ’
END;
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Figure 10 glves the dependency graphs for (L1} at crucial stagas of e : it to firat-order form for our proaf~cheeking system reguire hanc_lligg
the gvaluation. - The procesa FINDIREFERENT changas the scopas and sensa of R o ‘context and olde effects,
the quantifier to govern the entira expression. o S o R Co .. The sentance '

: Co " {12)  Teke the next set ia the sequenca and form its powerset.

T . ' : .+ as shoun n Figure 11 presents an intereating prohlcm. the process

7 {top-level process)

nasoniated with -the noda lnbellcd NEXT accesses contextual ncmory te

BECOMES
- . deternin whal: the next set is, and has the glde effect of incrementing an
FORM!IFTHEN QUANTFLNG de o what it st 1s, a0 _ : g 2
(Y gats Kl,X?,XB] index in that m‘einot)‘. " The process resolving the pronominal reference of
* the word "its" i the node labslled ITS must f£ind the value toturned by the
FORMSUBSET f ) : : -
iy ) FQRM'H?HEN process azsoclated with the phrase “the next set in the sequence”. Copylag

the syntactic subtrea .associated with the antecedeat 15 not only

FORMISUBSET - . inefficient, but vhen gide cffecta ave involved, it may well be wrong, just '

FIND!REFERENT procesnes
ASSUNS :QUANT o:hert {"the ;firﬂt'.R and i ?SBUMEE%U';I]‘T 48 (12) means something diffeorent thant -
(which creates BTUCWTe  Tdppg nirg) complate ' oo
X1, X2, and X3) ) : X1 X3 . :
‘ : ‘ ‘ L (12"}  Take tha next set in the sequence
which ylelds ) ) and form the powerset of the next set in the sequence.
(Vaets %1,%2,X3) e - '
(x1 :xa and X2 g X3 = x1=x3) . . One might clain that pronouns are not only used for reasons of ayntacgic

[ . 's:y.f.a. but also to avoid unwanted sida effects.

Figure 10. Dependoncy Graphs fox (11}

[ Semantic Functions with Sida Effects ' ) -

In this section ond the next we describe gome of the other problems
that PLISP should assist us in handling ond indicata how we would approsch
them, The [irst example concerns a sentencs that might ocewr 4o en

informal mathematical argument; unde:standing this sentence and eonverting

23 ' o S 2




. . 'l
sanaw PBrmid s daat s edbrbudsanbNaubant bR, L

) \ S o ’ =inecas
toke ) ; . form . - _ o dyat inecase
o NP : . . . . 8
/ / \ . ‘ . 1&1 povorsat
the next ’ . procens ITS‘ ]
that finds the . ) ‘ T they hove
. 1n the ggquence _ reference L : o '
procesg NE]IC'Tr which . _ - . " - S
itiisist%:extﬁEt in the Sequence o ] : : R L : : 1. . " the same elcm;nts
o sets’ . TIEY process SAME proceas
. _ _TWOSETS process EQUAL proccss i;gfﬁiiot:egzﬁ? of &f:gfﬂnglﬁfu
Figure 11. Syntax Tree for Evaluation with Side Effect9 ' . o ‘ . - : functzon to coch
. . s . ) . Df "thc "
tWhile this ogentence itself has no convenlent first-crder i ¥')
representation, within the context of 4 mathematical argument whereln tha
sequeace £8 given, 8 'fitst-order representation may be obtalnabla. Solving .- ' N ‘ ‘_ Figdre 12. Syntax Tree Showing the Word "Same'
. the problem of understanding a mathematical procf so that a proof checking . . ‘ v The problem processes are: ‘
systen can thack thnt.ptoof renains & difficult problenm. : . ' ‘L. .The - process labelled TWOSETo mugt ereate two

variables, say X! and X2,

: . . 2. The process. EQUAL must restructure that subbree of

4.5 Other Operators : : - ‘ © tha sentence to represeat the meaning that the "swo sets”,
: : : now represented by X1 and X2, are equal. This syntax

. typically occurs only with symmetric relations, as in "the
twve women are slstera'; "the two numbers are greater” will

Certain words, such as '"respectively' and Maame”, create glokal :

changes in the evaluastion even though they occur quite locally within the o prompt the hearer to ask "Than what?"
original syntax. For exampls, . 3. "Ihcy must dencte X1 and X2, ond the process
: . . o . labelled THEY must determine this., The result 1s to create
(13 Two sets are equal just in case they hava the ssme alements. . a new quantifying process above the top sode IFF, and 2

unlversal quantification over X1 and 2.

. | ' ' R "2




4. The word “same" occura within the context "they
ti.e., %I and X2! hava the sdme eclements”. “Have", in-.
mathematics, neans Eunction application. The process
assoclated with “same" applies the function to ecach of Xl
and X2 and asserts that the elements of X1 are all elements
of X2 and conversely, l.e., we must cnd up with something
like: . . .

C(YX3)(X3 £ X1 & X3 g X2}

5 Comparisona sith Previous Hork -

5.1 Logical Theories of Natural Languago.'_ "

Few of our specifie insights about agcopes and operatora arve

porticularly new. For exampin, logficians have expllicated the "logleal’

© forma' of many similar sentences without - puggeating what computational

mechanisns ere appropriate for detar_mlnlngl them. Indeed, the major
mech?mism assumed by lsgiciana such as_ llontague (6] and Suppes (9}
corresponds to simple ,endérder trea trav;rsal as In LISP EVAL} we rcgnrd
this to be too simplal. The mndel presented here pr_ovidea moré powerful
computational mechonisms for processing nutu_rai 1nm‘;|_.mge.

4 classfcal philosophical claim about language, the Frege-Davidaon
hypoth.esis. can be interpreted as suggesting that endorder tretl:.l:rn.vcraal
is conceptually sufficleat to evaluate meaning. While this elaim is
strictly correet In the sense that any effective sgemantie evaluation
machanism can be encoded into an endorder tree traversal, tha resulting
semantic functiona are overly complex and counterlatuitive. We have

attempted - in this paper te ohow some examples of sentencea that are nok

rr

.

readily analyzed by'nemnntic funetions uaing endorder tree kraversal as thp_

contral structure,

5,2 Tranoformatfonal Grammac
. The goal of transformational prammar hes heen to geﬁ.eratc from the
nurfn_cé syntax 2 syntactie *deep structurc' that alse rcpreaents the'
semantics of tha sesatence in & way that satisfiea the Froge-Davidson
hypothesis. Once this deep structute has been computed, the semantics af.
the aentenca can 'be_ ¢valuated in the manmer nugg.caged by the leglcians,
Thera. ure"several computational and conceptual advantuges to PLISPE.
Ti:e transformational approach maintains that the determinatfon of centrol
structura can be made solely aon tha basis of the syntax of the surface-
level nent'o‘.nce.‘ plus the trnna‘fo_;:mntionnl rules. This ia awkward becsuse
meay of the facters 4invelved iIn this determinatien are themselves
"-acmantic‘.' or "pragmatic®. For example, the information needed fn our
examplas to determine operator scope and pronominal reference is of this
nature. The "deep structuves” of the PLISP .eyaluationw—tl_\c dependeney

graphs that arise as a side effect of the evaluation process--do not have

-to be trees. ?liis is sometimes signlficant, as ia example (10} above,

5.3 Hinograd’s Work

The key value of the work of Winograd {11} is his deaonstratien that
ona must have varfous kinds of information avaflable at all polnts ':L_n
proccssing natural language in order to get reasonable results. One may

disagrae with any of the details of his SIURDLU system and still be forced .
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systana

to recognize the validity of his lasights about what informatfon is needed

at what polat of tHe undetstanding process.

The result of this is, howaver, an tocrease in the complexity of tha - . g

resulting programs. The relatively neat modules representing "gyn:nx".

“gemantics” and so on hiave been replaced by larpe “aystema" which, whils .

more accurately répresenting the required flow of information, nevertheless _

become unwicldy gs programs. One aolution is ke fntroduce new programming

that will _nilow- ene to modularly éxptesa' the more complax

.relationships.7

6 Conelusian

The intention of PLISP 4s to express modelarly in & process the
special informu:ién nbéuﬁ tha local and global effcects that a given
syntncﬁic construction can have. 1In parniehldr} as {llugtrated in out

examples, we have attempted to avold cluttering functions with subroutines

that decode the arguments to the main functien and then attempt to do some

of tﬁe computation that should have been d?ne in other functiona.

The remaining problems concern an actusl implementation of PLISP, Wa
intend to use the "spaphettd stack" featuves of INTERLISP-10, which provide
nultiple contexts, &s the basis of the Iimplementation. Debugging these
functions is likely to be difficult; the "&nudlock" and "race" pruhleﬁs
familiar {n operating systems theory will arise hera. Yet we fcel that it
is important to leara how to use multi-process control structuves in the
context of natural language understanding.

————

Tsome of Winograd®s recent work {[i2] hns_tnkén this approach,
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