A SEMANTIC ASSOCIATIONAL MEMORY NET
THAT LEARNS AND ANSWERS QUESTIONS

(SAMENLAQ)
by

Stuart C. Shapiro, G. H. Woodmansee,
Myron W. Krueger

Computer Sciences Technical Report #8

January 1968

v



TABLE OF CONTENTS

1.0 INTRODUGCTION === mmmmm o s i o m e !
1.1 RELATED PREVIOUS WORK-=-=======================omoooo oo 2

1.2 ACKNOWLEDGMENTS —==================mmmm = mooom oo 3

2.0 A SAMPLE RUN == === == === == o s o o o o 4
3.0 THE PROGRAM == === === oo mm oo oo oo mm oo 14
3.1 INTERNAL REPRESENTATION-===-===-==============—— oo e 14

3.2  LEARNING =—==== === === === mmm = mmm o m e mmo oo mm oo 17

3.2.1 INPUT AND LEARNING —=--===============-=====—— == 18

3.2.2 IMPLICIT LEARNING =-=========================-=—= 21

3.2.3 LEARNING BY EXAMPLE -~========-======--————=—=—- 22

3.3 QUESTION ANSWERING ~====================-=m——————m— o 26

3,3.1 SSTRFL ~mm==mm========m==mmmm—— = — oo moe oo 28

3.3,2 DCMPSTRFL ==-=====m====mmmm === oo oo 31

3.3.3 DESCEND ~---========m=====m—=m==m——o oo oo 35

4.0 SUGGESTED PROGRAM EXTENSIONS--=====================ommom oo 39
4.1 ADDITIONS TO THE QUESTION ANSWERING EXECUTIVE --------- 39

4.2 ADDITIONS TO THE LEARNING PORTIONS OF THE PROGRAM ----- 40

5.0 APPENDICES

BNF Memory Description=-==-=-==-====-====———=o—-——-———== 46
GRAPHICAL REPRESENTATION OF THE MEMORY STRUCTURE - 48
BIBLIOGRAPHY ---========—=m—————==——————————— = o s 50
A SAMPLE SESSION-===m===-==—=— oo o m o o 51

g Qo w >




ABSTRACT

This paper describes a general semantic memory structure and
assoclated executive functions, which, using the memory, are capable
of learning and answering questions. The system is capable of three
types of learning: by being explicitly told facts; by deducing facts implied
by a number of previously stored facts; by induction from a given set of
examples. The memory structure is a net built up of binary relations, a
relation being a label on the edge joining two nodes. The relations, how-
ever, are also nodes and so can be related to other nodes which may also
be used as relations. Most gignificantly, a relation can be related to one
or more alternate definitions in terms of compositions of other relations
and restrictions on intermediate nodes. Throughout this work an attempt
was made to maintain complete generality and thus allow the system to
be used in a wide variety of applications without change. In fact, it could
be used for several different purposes simultaneously. The system, as
described, is presently programmed in SNOBOL, a string manipulation
language, and is running at the University of Wisconsin ona C.D.C.

3600 computer.



1.0 INTRODUCTION

We have been examining the memory structure and search procedures
required by a general question answering program; one which is capable of
learning and reorganizing itself based on its experience. Ideally, such a
program would accept questions posed in natural language. However, since
our interests lie mainly in the memory structure itself, we have bypassed the
input parsing and output formatting problems for the present. Thus, our immediate
goal has been to develop a general memory structure and to explore various
techniques for growing, reorganizing, and interrogating it.

The memory structure we agreed upon is a semantic, associative net.

It is semantic in the sense that a word is defined by its relations to other
words, t hese relations being learned through general experience rather than

by reading a dictionary (which is the way Quillian's "semantic memory" [6]
learns). This type of memory structure appears to be general enough to
accommodate a wide variety of contexts simultaneously. While many of the
examples presented here are drawn from the domain of family relations, neither
the memory structure nor the search procedures are in any way dependent upon
that context.

The current configuration of the program contains a set of integrated
functions which provides for the entering and retrieving of explicit information

as well as discovering and assimilating implicit information.




.1 RELATED PREVIOUS WORK

Several systems that are related to the one described here have bheen
presented. We shall briefly mention these by Green et. al. [ 3], Lindsay [4],
Levien and Maron [5], Elliott [1], Raphael [7], and Quillian [6].

Green was primarily interested in the syntactic problems involved in
answering questions posed in natural English. His system answers questions
about baseball, so its data is organized in an outline structure which explicitly
provides six pieces of information for each game: the month, place, day of
the month, game serial number, first team and score, second team and score.
Lindsay's system deals with family relations, and its data is organized
very much like a genealogy chart or family tree, the basic structure being
the family unit with pointers to the husband, wife, offspring, husband's
parents, and wife's parents. Levien and Maron's basic storage is much more
general than these, being in coded relational statements of the form lex2 .
Their input, however, is very much dependent on their problem area, literature
search, and consists of a series of involved forms that must be filled in
manually. Raphael also has a general structure and makes a start toward using
general relations. Each relation he uses, however, requires specific programs
to deal with it, and to add new relations one must write the necessary program
functions. Elliott expands on this by having new relations defined in terms of
nine properties. Because certain combinations of these properties cannot co-
occur, they form thirty-two classes of relations. Each class has special sets

of functions to deal with any relation in the class. He also allows relations



to be defined in terms of unrestricted logical statements using previously
defined relations, but these can only be used in answering questions, not

in storing facts. Quillian uses the most general structure of those mentioned,
with words represented by type nodes which point to their dictionary definitions
in terms of token nodes which point to the type nodes of the words they
represent which, in turn, point to their definitions. The major defect of

this work when compared to the others we have mentioned 1s that the only

way definitions can be added to the structure is by being hand coded in their
entirety. The most general memory structures heretofore described have been
the cognitive structures of Reitman [8], where all entities are lists described
by attribute-value sublists, with no relation or entity having a special status
due to specific programming. This is the most immediate intellectual ancestor

of the work described in the rest of this paper.
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2.0 A SAMPLE RUN

Prior to beginning a detailed description of the program, the reader
may find it helpful to follow through the sample run described in this section.
Not only will this give him a feeling for the program's capabilities, but it
will provide him with concrete examples of program features that will be
described later in more general terms. The run deals with family-relations,

a domain familiar to all. In the process of following the sample, the reader
is asked to keep in mind that the memory structure in no way depends upon
the problem domain of family-relations.

The program classifies each input string as being either a statement
or a question. The string is then prefixed by its classification and printed

out,

STATFMENT = 1S,SPOUSF,OF MEFMRFR FAMILYRFLATION
STATEMENT = 1S5,S5POUSFJOF({TNV) MFMRFR FAMTLY RFLATION
STATEMENT = 1SePARFNT,,OF MFMBEFR FAMTLY.RFLATION
STATFMENT = IS.PARENT,OF(INV) MFMRFR FAMILY,RFLATION
STATFMFNT =~ MAX HAS,GFNNFR MALF

STATEMENT — MAX 1S,SPOUSF.0OF WFNDY

STATEMENT = MAX TS,PARENT,OF JOHN

STATEMENT - MAX IS.PARENTWNF DAVID

STATFMENT - MAX TS,PARENT,0OF SHARON

STATEMENT - WENDY HASGENDFER FEMALE

STATFMENT - WFNPY 1S,SPOUSF,OF MaX

STATFMENT = WFNDY TS PARFNT,OF JOHN

STATEMENT —= WFNNY IS.PARFNT,,OF DAVID

STATEMENT —~ WENNY TS.PARFNT,OF SHARON

STATEMENT ~ JOHN HASLGFNNFR MALF

STATFMENT - DAVID HAS(GFNNDFR MALF

STATEMENT = SHARON HAS.GFNNDFR FFMALF

At this point, the program has processed the above inputs. The structure
represented in Figure | by solid lines indicates the program's current know-

ledge of the group's interrelations.
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>kNote that while Figure 1 correctly indicates the relations among the various
people in the net, it is not an accurate representation of the actual internal
memory configuration. Appendix B describes how an accurate graphical
representation may be constructed. In many cases however, partially complete
representations such as Figure | are adequate to describe the salient features
of the structure being considered.




We are now in a position to ask several questions based upon the current

memory net structure.

QUFSTION - MAX TS,PARENT,OF JOHN
ANSWFR - TRUF

QUFSTTON - WENNRY T1S,PARFNT OF MaAX
ANSWER - FALSE

These gquestions represent the simplest form of memory interrogation. The
next question type requires that the program recognize appropriate inter-
rogative words -- in this particular case ... "WHO." We thus inform the

program that "WHO" is a question word.

STATFMFNT -~ WHO TS QUFSTTON

We may now ask questions of a slightly more general nature.

QUFSTION = WHO HAS,GFNNFR MALF
ANSWFR = MAX

AND JOHN
AND PNAVTH

QUFSTTION = WFNRY T1S,PARFNT OF WHO
ANSWFR = JOHN

AND NAVID

ANP SHARON

QUESTION = WHO T1S4SPOUSF.OF/1S.PARFNT.OF DAVID

ANSWFR -~ WENDY
AND MaXx



The last of these requires that the program deal with relation composition.
Note that in answering the first question the program starts at the "MALE"
node and works towards the answer nodes "MAX", "JOHN", and "DAVID"
via the "GENDER(INV)" relation.
Information can be added to the net at any time. This is accom-

plished by simply supplying additional input statements.

STATFMENT = JOHN T1S,SPOUSF,OF JaNF

STATEMENT - JANE HAS.GENDER FEMALE

STATFMFENT = JOHN TS,PARFNT,OF TOM
STATFMFNT = JANF 1S,PARFNT,OF TOM

STATFMFENT = TOM HAS,GFNDER MALF

These five statements modify the previous memory structure. The new
structure is shown in figure #! by both solid and dashed lines.

The program's entire store of information concerning family-relations
has been supplied by the previous twenty-two input statements. It has seen
the relations IS.SPOUSE.OF, IS.PARENT.OF, HAS.GENDER and their
converses IS.SPOUSE.OF(INV), IS.PARENT.OF(INV), HAS.GENDER(INV).

It has not seen IS.SON.OF or IS.SON.OF(INV).

QUFSTTON — WHO T1S,SON,OF JOHN

Note that to answer this question, the program must work from "JOHN" via
the "IS.SON.OF(INV)" relation to an answer. However the program has

never seen the relation IS.SON.OF(INV) and thus responds:




WITH THE INFORMATION I NOW HAVE I CANNOT REDFEFINE 1SeSON OF{TINV)
SO THAT IT CAN RE APPLIED TO JOHN.
IF YOU WISH TO ACCEPT THIS AS YOUR ANSWFR ENTER = 0K
IF YOU WISH TO SUPPLY AN ANSWER, FNTER A STATEMENT OF THF FORM -~
JOHN TSeSONOF(INV) X OR TSeSONLJOF{INV) EQUIV X
OTHFRWISE FENTFR A SFRTIFS OF PAIRS X Y SUCH THAT X T1S,SON,OF(INvyY Y
FOLLOWFN RY THF cLASS OF RFLATTONS 16,SON,OF(INVY reLONRS TO
FOLLOWED BY AN INTEGER INDICATING THF MAXIMUM MUMBER OF RELATIONS
THAT MAY BF COMPOSFD TO GIVF AN ALTERNATE DFFINITION OF TSeSONLOF(INV).
1] WILL THEN ATTEMPT TO FIND A MORF SATISFACTORY ANSWER TO YOUR QUFSTION,

We elect to follow the latter course.

FXAMPLFS - MAX JOHN
WENNDY JOHN
MAX NAVID
CLASS = FAMTLYRFLATTON
NFPTH - 2

The program responds:

THANK YOU,

and retires briefly to reflect upon the problem.

FROM THE EXAMPLES YOU HAVF GIVFN MF, T WOULD GUESS THAT
TSeSONGOF (INV) TS THF SAMF AS
1S ePARFNT4OF/ (HAS« GFNDER-MALF »)

OR ISeSPOUSELOF(INV)/TSePARENT4OF/(HASGENDER-MALE )

OR 1S eSPOUSE 4OF/T1SePARPENT OF/ (HAS,GFNNDFR=MALFE,)

DR  ISePARENTWOF/ISePAPENTOF(INV)/ISePARENTOF/ (HAS«GENDER-MALE )

T AN NOT APPLY IS SONOF(TNV) TO JOKN

RUT T KNOW TS.SONJOF(INVY TS THF SAMF AS
1SePARFNT4OF / (HAS ¢ GFNNFR=MALF )

OR 1S eSPNUSESOF(INV)I/ IS PARENT «OF/(HAS«GENDER-MALE,)

OR ISeSPOUSE«NF/ISePARENT«OF / (HAS « GENDER=MALE )

OR ISePARENTeOF/ISePARENT«OF(INV)/ISePARENT«OF/(HASSGENDER~MALE,)



Although the program "knows" that JOHN IS.SPOUSE.OF JANE, it
does not know that "IS.SPOUSE.OF"is symmetric and thus can not solve
the problem since in order to do so it must know that JOHN IS.SPOUSE.OF

(INV) JANE.

WITH THF INFORMATTION T NOW HAVF T ANNOT ReNFFINF 16,SPOUSF,OF (TNV)

SO THAT 1T AN RF APPLIFD TO JOHN.

IF YOU WISH TO ACCFPT THIS AS YOUR ANSWFR FNTFR - OK

IF YOU WISH TO SUPPLY AN ANSWERs FNTFR A STATFMENT OF THF FORM -

JOHN I1S,SPOUSFL,OF(INV) X OR IS SPOUSELOF(INV) FQUIV X
OTHERWISE ENTER A SERIES OF PAIRS X Y SUCH THAT X ISeSPOUSE.OF(INV) Y
FOLLOWED BY THE CLASS OF RELATIONS 1SeSPOUSE.OF(INV) BELONGS TO

FOLLOWED BY AN INTEGER INDICATING THE MAXIMUM NUMBER OF RELATIONS

THAT MAY BE COMPOSED TO GIVE AN ALTERNATE DEFINITION OF ISeSPOUSE.OF(INV]).
I WILL THEN ATTEMPT TO FIND A MORE SATISFACTORY ANSWER TO YOUYR QUESTION,

Since the program has done as well as could be expected with the current

information store, we gilve it a hint,

STATEMENT = 15,SPOUSF.OF(TNV) FQUIV 1S,SPOUSFOF/

THANK YOU,

The program now knows that IS.SPOUSE.OF(INV) is equivalent to
IS .SPOUSE.OF. eg. "IS.SPOUSE.OF" is a symmetric relation. This is all

the information it needs to solve the problem and it quickly responds:

1 CAN NOT APPLY 1S,SPOUSF,OF(TNVY TO JOHN
BUT T KNOW TSeSPOUSF.OF(TNV) IS THF SAMF AS
15.SPOUSE.OF/
1 FIGURE JOHN TSeSPOUSELOF(INV) JANF,
T FTGURF JOHN TSeSNN,OF(TNV) TCMy
ANSWER —~ TOM
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which is correct as the dubious reader may quickly verify.
In the process of answering the original question, the program has
discovered an alternate definition of IS.SON.OF(INV) in terms of relations

it already knew. With the addition of the general information

STATEMFNT = I1S.SON.OF MFMRFR FAMILY.RELATION
STATFMENT = T1S,SON,OF(INV) MFMRFR FAMTLY RFLATION

it is in a position to answer more specific questions concerning these two

new relations.

QUESTION = WHO 1S.SONOF MAX

This time the program has all necessary information and responds after some

introspection -

1 CAN NOT APPLY ISeSONGOF(INV) TO MAX
BUT T KNOW TSeSONJOF{INV)Y TS THF SAMF AS
1S ePARENTOF /7 (HAS e GENDER=MALE )
OR IS.SPOUSE.OF(INV)/IS.PARFNT.OF/(HAS.GFNDER—MALF9)
OR IS.SPOUSE.OF/IS.PARFNT.OF/(HAS.GENDFR—MALF;)
OR IS.PAPENT.OF/IS.PARENT.OF(INV)/IS.PARENT.OF/(HAS.GENDER-MALE,)
I FIGURE MAX T1S¢SONCOF(INV) JOHNSDAVID,
ANSWER — JOHN
AND NAVTH

The reader should now be able to follow the program output directly. The
following examples further indicate the program's ability to interrogate its
environment when necessary as well as use equivalent definitions of relations

in order to answer questions about nodes not explicitly related by those relations.

QUFSTION - WHO 1S,SON,OF WFNDY
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T cAN NOT APPLY [S,SON,OF(TNV) TO WFNDY
RUT T KNOW T1SeSON.OF(INVY 1S THF SAMF AS
ISePARENTOF / (HAS e GENDFR=MALE s )
DR TS eSPNUSFeNF(TINV)/TSPARFNT o NF/ (HAS sGFNNFR=MAL F o)
OR T1SeSPOUSE.QOF/IS.PARFENT OF/ (HAScGFNDFR~MALES)
OR ISePARENToOF/ISoPARENT.OF(INV)/IS.PARENT.OF/(HAS,GENDER=MALE )

1 FIGURE WENDY TSoSONOF(TNV) JOHNGDAVID,
ANSWFR - JOHN
AND NAVTH

STATFMENT - HAS,SON MFMRrFR FAMTLY,RFLATTON
STATFMENT - HAS,SON(TNV) MFMRFR FAMTLY,RFLATION

QUFSTION — JOHN HAS,SON WHO

WITH THE INMFORMATION I NOW HAVE I CANNOT REDEFINE HAS.SON
SO THAT IT AN AF APPLTFN TO JOHN,
IF YOU WISH TO ACCFPT THTS AS YOUR ANSWFR FNTFR - OK
IF YOU WISH TO SUPPLY AN ANSWFR, FNTFR A STATFMENT OF THF FORM -
JOHN HASL,SON X OR HAS4SON FQUIV X
OTHERWISE ENTER A SERIES OF PAIRS X Y SUCH THAT X HASeSON Y
FOLLOWED BY THE CLASS OF RFLATIONS HAS,SON BELONGS TO
FOLLOWFD RY AN INTFGFR INDICATING THF MAXIMUM NUMRER OF RELATTIONS
THAT MAY BE COMPOSED TO GIVE AN ALTERNATE DEFINITION OF HASeSON.
I WILL THEN ATTFMPT TO FINHD A MORF SATISFACTORY ANSWER TO YOUR QUESTION,

FXAMPLFS - MAX JOHN
WFNDY NAV TN
MAX NAVID
CLASS - FAMTLY,RFLATION
NFPTH - 3
THANK YOU.

FROM THF FXAMPLES YOU HAVF GIVFN Mr, T WOULD GUFSS THAT
HAS,SON IS THF SAMF AS
TSeSONLOF(TNVY/(HAS,AFNDFR=MALF )

OR  1S.PARENT,OF/(HASGFNRFR-MALF )

OR TS eSPOUSFLOF(INV)/ IS, SONOF{TNYY/(HASGENDER~-MALE )

OR IS eSPOUSELOF{INV)I/IS.PARENTOF/(HAS.GENDER~-MALE )

DR  ISeSPOUSENF/ISeSONOF(INV)/ (HASeGENDER-MALE 5)

OR  ISaSPOUSEOF/T1SePARENT (OF/ (HASSGFNDER~-MALF 5)

OR IS eSONSOF(INV)/ISePARENTOF(INV)/ISeSONOF{INV)Y/(HAS.GENDER=-MALE )
OR IS eSONSOF(INV)/ISePARENTeOF(INV)/ISePARENT.OF/(HASeGENDER-MALE )
OR IS ePARENT,OF/T1SePARFNT,OF(INV)/T1SeSONGOF (TINV)/(HASGFNNDER~MALF )
OR IS ePARENT.OF/TISePARENTLOF(INV)/ISePARENTcOF/ (HAS,GENDER-MALES)
OR 1S PARFNT,OF/T1S.PARFNT OF (L INV)/TS,SON,OF(TNV)/ (HASAFNNFR=MALF,)
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T AN NOT aPPLY HAS,SON TO JOWN
RUT T KNOW HAS,SON 1S THF SAMF AS
ISeSONNHFIINYV)/(HASGAFNDER-MALF,)
OR TSePARFENT&OF/{HAS ¢GENDFR~MALF s)
OR 1S .SPOUSESOF(INVI/TISSONGOFIINVY /{HASGENDER-MALE )
OR 1S5 eSPOUSEOF({INV)/ISPARENT«OF/ (HAS«GENDER~-MALE )
OR ISeSPOUSECNF/ISeSONOF(INV)/ (HAS«GENDER~MALE )
OR I1S5.SPOUSELOF /IS PARENT,OF/(HASGENDER=MALE )
OR 1SeSONOF(INV)/IS(PARFNTOF(INV)/I1SeSONJOF(INV)/ (HAS,GENNFR=MALF,)
OR TSeSONSOF({INV)/TISePARENTOF(INV) /IS PARFNT 4OF/(HASCGFNDER=MALE )
OR TS ePARFNTOF /IS ePARFNTAOF(INV)I/TSSONJOF(INVY/ (HASWGENDER=MALES,S)
OR 1S,PARENT.OF/ISePARFENTLOF(INV)/ISPARENT«OF/ {HASGGENNDER-MALE,)

T CAN NOT APPLY TS,SONNF({TNV) TO JANF
BUT T KNOW ISeSONOF(INVY 7S THE SAMF AS
ISePARFNTOF / (HAS e GFNNFR=MALF 4 )
OR 1SeSPOUSE«NF(INV)/ISePARENT «OF/ (HAS<GENDER~MALE )
OR TS eSPOUSF4OF/1SePARFNT,OF / {HASGFNNDFP=MALF )
DR ISePARENTeOF/ISePARENTOF(INV)/ISePARENTeOF/ (HAS+GENDER-MALES)

WITH THE INFORMATION I NOW HAVE I CANNOT REDEFINE 1S5.SPOUSELOF

SO THAT IT rAN nF APPLTIFN TO JANF.

IF YOU WISH TO ACCFPT THIS AS YOUR ANSWFR FNTFR - 0OK

1 YOU WISH TO SUPPLY AN ANSWFR, FENTFR A STATFMENT OF THF FORM -~

JANFE 154SPOUSF,OF X OR ISeSPOUSELOF EQUIV X
OTHERWISE ENTER A SERIES NOF PAIRS X Y SUCH THAT X T1S.SPOUSELOF Y

FOLLOWED RY THF CLASS OF RFLATIONS T14,SPOUSF.OF RFLONGS TO
FOLLAWED BY AN INTEGER INDICATING THE MAXIMUM NUMBER OF RELATIONS
THAT MAY BE COMPOSED TO GIVE AN ALTERNATE DEFINITION OF I1SeSPOUSE.OF.

I WILL THEN ATTEMPT TO FIND A MORE SATISFACTORY ANSWER TO YOUR QUESTION,

STATEMENT - IS.SPOUSE.OF EQUIV IS«SPOUSE«OF (INV)/
THANK YOU,

T AN NOT APPLY 1S5,SPOUSF,0OF TO JANF
RUT T KNOW T1S.SPOUSF,0F TS THF SAMF AS
1S.SPOUSELOF(INV)/

T FIGURE JANF T1S.SPOUSEOF JOHN»
T FIGURF JANF TS.SON,OF(TNV) TOM,

T FIGURE JOHN HAS,SON TOM,

ANSWFR - TOM

QUFSTION -~ JANF HAS,SON WHN

T CAN NOT APDLY HAS,SON TN JANF
BUT T KNOW HAS,SON 1S5 THF SAMF AS

TS eSONGOF{INVYI/ (HAS JGENNPFR-MALF )

OR TS PARFNT ¢NF/{HAS ¢GFNNFR-MALFy)

OR TS eSPOUSELOFIINV)I/ISSONJOFIINVY/(HASSGINDER-MALE,)

OR TS eSPOUSESOF({INV)I/ISPARENT«OF/ {HAS«GENDER~MALE 4)

OR 1S eSPOUSEOF/ISaSONGOFIINVY/ (HASWGENDER-MALE s)

OR TS 4SPOUSE¢OF /1S PARENT 4OF/{HASGENDER-MALF y)

OR IS eSONGOF(INV)/ISPARENTOF(INV)I/ISeSONSOF(INV)/ (HASGGENDER-MALE 4)
OR TS eSONJOF{TINVI/ IS PARFNTJOF{INV)Y /IS PARFNT OF/ (HASLGFNDER=MALF )
OR TS ePARENTWOF /1S ePARFNTOF (TNV)I/TS5¢SONJOF{TNV)Y/{HAS  GFNNFR=-MALF,)
OR TS 4PARFNTOF/ISePARFNT,OF({INV)/I1S,PARFNTLOF/(HASGFNDFR-MALF )
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1 FTGURF JANF HAS,SON TOM,
ANSWFR - TOM

This sample run has demonstrated some of the capabilities of
SAMENLAQ. The problem domain has been that of family-relations. As
mentioned at the beginning of this section, family-relations were chosen
for their familiarity and in no way restrict the generality of the program.
The general structure of the program is described in succeeding sections
and the program's wide domain of application should readily become
apparent to the reader. For those desiring further examples, appendix D

contains a more general sample run.
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3.0 THE PROGRAM

The program consists of three functionally interdependent parts:
the memory structure, the learning functions, and the question answering
executive,

The memory structure is described in 3.1 and is the repository for
all information available to the question answering executive,

During the answering of certain classes of questions, the question
answering executive may generate intermediate results which represent
new relations between entities already in the memory structure. These
relations are learned. In addition to this type of learning, the program is
capable of assimilating explicitly stated information. Examples of the
various learning mechanisms are given in 3.2.

The guestion answerer attempts to answer questions directly from
information represented explicitly in the net. Failing to accomplish this,
it proceeds to call itself recursively. In the process, it generates a hierarchy
of goals and subgoals whose satisfaction will result in an answer. This

process is described in detail in 3.3.

3.1 INTERNAL REPRESENTATION

All statements and questions are assumed to be in the following form:

NAME! RELATION NAMEZ KEY
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where NAMEL and NAMEZ correspond to nodes in the memory net,
RELATION corresponds to a descriptive link, and blanks serve as name
delimeters. KEY is used during question answering and will be explained
later. Appendices A and B give a formal definition of the memory
structure* and the terms we will be using in describing it. The most impor-

tant structure in the net is the paren list associated with each node.

Example of a paren list
DOGS :: = (EAT-/1) (LIKE-/2) (IS. MEM=-/3) (HAVE-/4)
/1 :: = MEAT,

/2 5

HUMANS,

/3 :: = ANIMALS,

/4 :: = LEGS, FUR, PAWS,

The paren list represents the links to nodes relevant to the given
node and describes exactly how it is related to each of these nodes. The
other type of list is called a comma list and contains the names of other nodes
associated with the given node in the particular way defined by the relations

on the paren list. The paren pair (HAVE-/4) indicates that all dogs have each

>=cNote that while the BNF memory description given in Appendix A is
invariant, the instantaneous configuration of memory comprised of a specific
set of names and relations is not. Throughout this paper both the BNF des-
cription of memory and the instantaneous memery configuration are referred to
as "structure". In each case the context should make clear which aspect of
memory is being referenced.




L6

of the elements found on the comma list named /4. For economy, a comma
list may contain another glash name as an element. The structure of these

examples is represented schematically below in figure #2.
]‘ IS. MEM
LIKE @ EAT

A

HAVE

Figure 2
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The remaining type of structure is a special type of comma list called
an equiv list.
Example of an equiv list:
Given HAS.GRANDFATHER:: = (EQUIV-/6) (IS.MEM-/7)
the equiv list associated with HAS ., GRANDFATHER
/6:: = (IS.MEM-HUMAN) HAS,PARENT /HAS.FATHER
(IS.MEM-HUMAN) HAS ,PARENT/HAS.PARENT/(GENDER-MALE),
Each element on an equiv list is an alternate definition of the given relation.
There are three parts to the alternate definition:
1. a set of restrictions which the first node must satisfy, eg.
"(IS. MEM-HUMAN)";
2. a super relation which is the composition of several relations,
eg. "HAS.PARENT/HAS.FATHER/
3. a set of restrictions which the second node must satisfy, eg.
"(GENDER-MALE)".
The restrictions are in the form of paren pairs eg. "IS.MEM-HUMAN)" and
"(GENDER-MALE)" for which the object nodes "HUMAN" and " MALE" have
been explicitly stated. The requirements here are that the first node be a

member of the human race and that the second node have male gender.

3.2 LEARNING

The program is currently capable of three functionally different types

of memory modification. These are the assimilation of
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1. explicitly stated relations between names,

2. relations between names implicitly contained in a question and

3. relational definitions implicitly contained in the net.
It is felt that these mechanisms constitute a powerful means of expanding
and reorganizing the memory structure. Their specific workings are described

in the succeeding sections.

3.2.1 INPUT AND LEARNING

All input to the memory structure is in the format:
NAME! RELATION NAMEZ KEY

where NAME! and NAME2 are the names of nodes, and the KEY indicates
whether the input is a question (a key of "*%%" indicates that the input is
a question and causes the question answering routines to be called). If the
~ input is not a question (KEY is omitted), it is given to the function LERN
which is responsible for committing it to memory if it is not already there
explicitly. LERN first checks to see if RELATION appears in @ paren pair on
the paren list of NAMEL. If it does not, a comma list named "/n" containing
NAME2 is generatedand the paren pair (RELATION-/n)" is added to the paren
list. If RELATION already appears, and the associated comma list does not
contain NAMEZ2, it is added to the comma list; otherwise, LERN does nothing.
Thus the input NAMEL RELATION NAME?2 is learned only if it does not already
appear explicitly in memory. New paren pairs are put on the beginning of

the paren list; if the paren list grows too long, the oldest pair on the list
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is deleted.

LERN is also given the reverse of the input statement allowing the program
to take full advantage of the information content of the input. For example,
the statement "MAX IS.SPOUSE.OF WENDY" causes the creation of a structure

which can be represented graphically as follows: (See Appendix B)

¢

If one views interrogation of such a structure as "pointer following", then
entrance into the structure at the node "MAX" leads to "WENDY" via the
relation "IS.SPOUSE.OF". On the other hand, entrance at the node "WENDY"
leads to a dead end since the paren list for "WENDY" contains nothing to
indicate that a pointer originating at * MAX" terminates at "WENDY". Supplying
LERN with the statement "WENDY IS.SPOUSE.OF(INV) MAX"allows the above
structure to be filled out by taking full advantage of the information content of

the original statement. The final structure can be represented as:
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MAX

WENDY

It is important to note that the program is not being given any information
concerning the relation of "IS.SPOUSE.OF" to the relation "IS.SPOUSE.OF(INV)",
Thus, for instance, the program does not know that the relation "IS.SPOUSE.OF"
is symmetric.

The first type of learning performed by the system is the simple committing

to memory of a relation joining two nodes.

Example

before learning:
TOM::= (GENDER-/1)(IS.OFFSPRING.OF~-/2)
JANE::= (GENDER-/4)(IS.SPOUSE.OF-/5)

after learning TOM LIKES JANE:
TOM::= (LIKES-/3)(GENDER-/1)(IS .OFFSPRING.OF-/2)
JANE::= (LIKES(INV)-/6)(GENDER-/4)(IS.SPOUSE.OF-/5)

/3 1:= JANE,

/6::= TOM,
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This type of learning includes as a special case the learning of
alternate definitions of a relation. These alternate definitions are used
during execution of the question answering routines. For the present,
"EQUIV" may be viewed as just another relation. Suppose part of the
memory structure is

IS .GRANDFATHER,OF :: = (IS.MEM-/1)(EX.IS-/2)
after being given the input statement

"IS .GRANDFATHER,OF EQUIV (GENDER-MALE)

IS.PARENT.OF/IS.PARENT.OF"
the memory structure is

IS.GRANDFATHER.OF :: = (EQUIV-/3) (IS.MEM-/1) (EX.IS-/2)

/3 :: = (GENDER-MALE) IS.PARENT.OF/IS.PARENT.OF/,

3.2.2 IMPLICIT LEARNING.

The second type of learning occurs when, in the process of answering
a question, the program generates pointers which are not explicitly in the
net. Thus, after answering the question using implicit information, the
program makes the answer explicit so that the next time a question is

asked, it will be easier to answer.
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Example

Structure before interrogation
JOHN ::= (IS.FATHER.OF-/1) (GENDER~/2)
/1 :: = FRANK
FRANK ::= (IS.,FATHER.OF-/3) (GENDER- /4)
/3 :: = MIKE,
IS.GRANDFATHER,OF :: = (EQUIV-/5) (IS.MEM-/6)
/5 i =IS.FATHER.OF/IS.FATHER,.OF/,
structure after being asked JOHN IS.GRANDFATHER.OF WHQ %
JOHN ::= (IS.GRANDFATHER,.OF~/7) (IS.FATHER,OF-/1)(GENDER-/2)...

/7 i1 = MIKE,

In answering this question, the program made use of the fact that the relation
IS.GRANDFATHER.OF is equivalent to the composition of the relation IS.FATHER,
OF with itself. This information enables the question answering routine to

find JOHN's grandfather even though this information did not appear explicitly
anywhere in the net. To avoid the equivalence search upon future occasions,

the program makes the grandfather pointer explicit on JOHN's paren list.

3.2.3 LEARNING BY EXAMPLE

The third type of memory modification involves the discovery of
relational definitions implicitly contained in the net. As an examble consider
the truncated genealogy chart given below. The explicit relation connecting

MAX and TOMis IS.PARENT,.OF/IS.PARENT.OF/. Suppose the question "WHO
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IS.GRANDFATHER,OF TOM" is asked. If we assume that the program is
unfamiliar with the realtion IS.GRANDFATHER,OF then what action can the
program take ? One alternative, naturally, is to inform the interrogater that
IS.GRANDFATHER.OF 1is not in the program's vocabulary; however, there
may be sufficient information in the net to define IS,GRANDFATHER.OF in
terms of relations known to the net. This is what the function CONJECTURE
does. Given a small amount of information by the interrogater, CONJECTURE
attempts to define the unknown relation in terms of known relations and

node properties. If it succeeds, it then places the definition on the equiv

ist of the new relation in the format previously described. (If necessary,

this list is created furing the execution of CONJECTURE.)

Example of the operation of CONJECTURE

For the relation IS.GRANDFATHER.OF, CONJECTURE generates the

equiv list
IS .GRANDFATHER,.OF :: = (EQUIV-/1)

/1 i1 = (GENDER-MALE) IS.PARENT.OF /IS .PARENT.OF

IS .PARENT,OF

IS.PARENT,OF
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In the process of discovering a definition of IS.GRANDFATHER,OF, the
executive portion of the program gives intermediate results including

MAX IS.GRANDFATHER,.OF TOM to the LERN function. Thus,newly learned
relations are inserted locally into the net and the new definition is

globally available via the equiv ligt for future question answering. (see p. 21)

CONJECTURE's operation.

CONJECTURE allows the program to learn by example —or somewhat
suggestively~- generalize by extracting those characteristics that are common
to all examples of an example set. Thus, presented with the problem "WHO
IS.GRANDFATHER.OF TOM", CONJECTURE would respond by asking for the
following information.

l. Some examples of known node names connected by the relation

IS.GRANDFATHER.OF (consists of a list of name pairs)
2. The class to which IS.GRANDFATHER.OF belongs (FAMILY
RELATION)
3. the allowable maximum number of known relations which may
be composed to form a definition of IS.GRANDFATHER.OF.
(Note that although 2 & 3 are supplied explicitly in the present program, it
is hoped that they will eventually become learned parameters.)

CONJECTURE consists of three major parts: DISCVR, COMPROP, and
HYPGEN. DISCVR takes the two names comprising the first example and
discovers all connecting paths within the net consisting of relations in the

prescribed class (in this case FAMILY.RELATION contains IS,SPOUSE.OF,
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1S.OFFSPRING.OF, IS.SIBLING.OF and IS.PARENT.OF.) The length of

any of these paths may not exceed the prescribed maximum. HYPGEN calls
the routine CULL and tests the discovered paths' validity on the remaining
examples. The residual paths form part of the new definition of the unknown
relation. HYPGEN then supplies the examples to COMPROP which determines
common node properties as follows: COMPROP accepts the first name of the
first example part and makes a copy of its paren list. From this copy it

then deletes all paren pairs containing a relation component belonging to
CLASS (since these have already been accounted for by DISCVR.) It then
determines which of the relational components of the remaining paren pairs
appear on all the paren lists associated with first names of the examples.

For each such relation, all associated comma lists are intersected yielding

a series of paren pairs having the property that each relational component
appears on every first name paren list of each example. The associated
comma list contains only those elements common to all the appropriate comma
lists. The paren list,which results, forms the first node requirements that were
mentioned previously. The last names in the example set are processed in a
similar manner. (Future versions of the program will have the ability to
generate properties for intermediate nodes.) As an example of the operation

of COMPROP consider the following:
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Input given to the program is:
JOHN (relation) MARY
TOM (relation) JANE

JOHN ::= (HAS-/1) (LIKES-/2) where /l::= LEGS, HEAD, CAR, BIKE

TOM ::= (HAS-/3) (GENDER-/4) where /3::= LEGS, HEAD, HOUSE, STORE,

TEMPER
The value returned by COMPROP relating to the first nodes is then:

(HAS - LEGS, HEAD,)

3.3 QUESTION ANSWERING

If the input to the program is found to be a question, it is given to
the function ANSWR to determine what type of question it is and to delegate
it to the appropriate question answering function. There are four question-
types, falling into two categories:
I. Verify NAMELl RELATION NAMEZ2 and answer true or false.
II. Fill in the blank. Answer with a list of nodes or relations.

A. NAME! RELATION . NAME! is related
to which nodes by RELATION ?

B. RELATION NAMEZ2. Which nodes are related

to NAME2 by RELATION?

C. NAMEL! NAMEZ2. How are NAMEI and

NAME?2 related ?
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FExamples:

I. JOHN LIKES MARY ##%
II.
A. JOHN LIKES WHO s
B. WHO LIKES JOHN ##x

C. DAVID HOW,.RELATED WENDY #*%x*

The "*%%" Lkey indicates that a given input is a question. To
determine which type of question it is, the function ANSWR checks the paren
list for each element of the triple that makes the question, looking for the
relation "IS". If it appears then its comma list is searched for "QUESTION",
If "QUESTION" also appears, then the question element upon whose paren
list we are looking is the interrogative element for the question, corresponding
to the blank in the question-type definition above. Thus any name may function
as a question word as long as the program has previously been told that it is
a question word. In the present example, the program must have previously
encountered the statement "WHO IS QUESTION".

ANSWR now has sufficient information to know what type of question is
being asked and thus delegates the question to the appropriate question
answering function. The answers delivered by the search procedures can
be culled by eliminating any node which does not satisfy the requirements
of the interrogative word in the question. For instance, the answer to a WHO

question must be a person.
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SSTRFL and DCMPSTRFL are used to answer all of the question types
except type II.C. which is answered by DESCEND. The following sections

will present a detailed discussion of each of these functions.

3.3.1 SSTRFL

SSTRFL is given two parameters,a name and a 3 _rel name. Its job
is to give a comma list such that each comma list element is related to the
parameter name by the relation represented by the parameter S rel name,

For instance if memory contained:

TOM::= (HAS.PARENT-/1)
DICK::= (IS.SIBLING,OF-/2)
MARY::= (IS.SIBLING.OF-/3)
SAM::= (GENDER-/4)

JOE::= (GENDER~-/4)

JEAN::= (GENDER-/5)

1

VAST
/2

DICK, MARY,

i

SAM,

~N
»
i

JOE, JEAN,

~
i
i

= MALE,

FEMALE.

~
b
it
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HAS.PARENT

IS.SIBLING IS.SIBLING
.OF . . .OF

IS .SIBLING.OF
GEND GEND GENDER
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and SSTRFL were given the arguments TOM and HAS.PARENT/IS.SIBLING.OF/,
it should return SAM, JOE, JEAN.
This explicit string following is accomplished by SSTRFL's giving
to STRFOL a name and a rel name at a time and building up the answer.
STRFOL operated upon name with rel name and produces a comma list

of nodes related to name by rel name. In this example SSTRFL would first

give STRFOL, TOM and HAS.PARENT and get back DICK, MARY. Then it
would give STRFOL DICK and IS.SIBLING.OF and get SAM, and finally give
STRFOL MARY and IS.SIBLING.OF and get JOE, JEAN.

What if now, with the same memory as above, SSTRFL were given
TOM and UNCLE? STRFOL would be given TOM and UNCLE and would fail
since UNCLE is not a rel name on TOM's paren list. SSTRFL would now try
to answer its question using implicit information. It would therefore call
DCMSTRFL to make use of alternate definitions of UNCLE, but if memory
had none at this time, DCMPSTRFL would fail, and SSTRFL would call
CONJASK to determine the desire of the interrogator. Suppose CONJECTURE
is called, causing the following lists to be generated and then entered into
memory:

UNCLE::= (EQUIV-/6)

/6::= HAS .PARENT/IS.SIBLING.OF/(GENDER-MALE)

Now SSTRFL can again call DCMPSTRFL with the arguments TOM and UNCLE.
This time DCMPSTRFL will succeed and with some recursive calls to SSTRFL

will return the answer SAM, JOE which SSTRFL will return as its result.
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3.3.2 DCMPSTRFL

DCMPSTRFL takes two arguments, & name and a rel name, Its job
is like SSTRFL and STRFOL in that it is to return a comma list of names

that satisfy the argument relation on the argument name. DCMPSTRFL

knows, however, that the rel name is not on the name's paren list and it

must find alternate definitions and use them. If the alternate definitions
exist they will be found by giving SSTRFL the argument rel name and the
rel name EQUIV. SSTRFL will return the equiv list on which each equiv
list element is one definition. For example, if it were given UNCLE and
EQUIV/ in the example above it would return HAS.PARENT/IS.SIBLING.OF/
(GENDER-MALE), . There may, of course, be several alternate definitions
on the equiv list.

DCMOSTRFL applies all alternate definitions to the argument name so
that as complete an answer as possible may be given. It applies each

definition by taking each equiv list part in turn and applying it to all the

names on a work list. To see how this is done we shall follow the example
given above, namely giving TOM and HAS.UNCLE to DCMPSTRFL. DCMPSTRFL
first makes sure that HAS ,UNCLE has alternate definitions, and then checks

to see if it might be possible to get an answer using them. The reasoning
behind this second check is that we already know that the initial rel name

(HAS .UNCLE in this case) is not on the name's (TOM's) list, so if we

are to succeed, the first rel name on at least one of the definitions

must be on the name's list (in this case HAS.PARENT is on TOM's paren list,
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so we may proceed). If none of them are, then at least one of them must
have an alternate definition whose first rel name is on the paren list. If
none of them are there, then we cannot succeed. We may even get into

an infinitely recursive process of trying alternate definitions for example if
all kinship relations were defined in terms of each other and we asked for

the nephew of Gone With the Wind, or the grandfather of Adam.

To help in these tests, DCMPSTRFL immediately calls FNDCLS
(which is helped by ENDCLS1) giving it the rel name as its argument. FNDCLS
first gets hold of the rel name's equiv list by calling STRFOL with the rel name

and EQUIV. If STRFOL fails because EQUIV is not on the rel name's paren

list then FNDCLS fails causing DCMPSTRFL to fail indicating to SSTRFL that
the rel name cannot be redefined. If the equiv list is found, FNDCLS forms

a comma list of all rel names that would be applied first if any of the alternate
definitions were used. In our example above this would just consist of
HAS.PARENT, since HAS.PARENT has no alternate definition. If HAS.UNCLE
were defined in terms of HAS.FATHER and HAS .MOTHER and each of them were
defined in terms of HAS.PARENT, the list would be HAS ,FATHER, HAS.MOTHER,
HAS .PARENT. This process is finite even in the case of a circular definition
since the alternate definitions of a rel name are looked at only once, and if

a rel name is already on the list it is not added again. FNDCLS causes this
list to be learned by calling LERN with the rel name, CLASS and the comma
list as arguments. In our example the value of HAS,UNCLE would now be

(CLASS-/7) (EQUIV~/6) and the value of /7 would be HAS ,PARENT. DCMPSTRFL
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takes the comma list provided by FNDCLS and makes sure that at least
one rel name on it is on the paren list of the argument name it was given.
If not, it fails.

If all the tests succeed, DCMPSTRFL gets the equiv list and starts
applying it to the argument name. It first places the argument name on a

work list, and takes the first equiv list element (the first definition). It

takes the first equiv list part of this element and if it is an S rel name gives

the name on the work list and this rel name to SSTRFL. This, of course,
might cause further recursive calls to DCMPSTRFL. In our example the first

equiv_list part is the S rel name HAS.PARENT/IS.SIBLING.OF/, so after

SSTRFL is called the work list will be changed to SAM, JOE, JEAN. At this
point the work list is given to CNDNS to make sure no name appears more

than once. If there is now another equiv list part it will be an equiv paren pair.

This acts as a restriction, DCMPSTRFL purging from the work list any name

which does not fulfill its requirement. In our example this equiv paren pair

is (GENDER-MALE, ), so the only names which stay on the work list are those
with GENDER on their paren list and MALE on the comma list associated with
it. Thus after this operation is performed, the work list is SAM, JOE, . If

there is another equiv list part it could be either an equiv paren pair or an

S rel name, and the work list is appropriately adjusted. When all equiv list
parts are used the work list contains an answer, but possibly only a partial

answer, If there are other definitions on the equiv list they are also applied
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to the argument name, and all the final work lists are put on one comma list,
which is given to CNDNS and returned as the answer. Before DCMPSTRFL
returns, however it gives to LERN the argument name, the argument rel names
and the answer comma list, so that if this information is required again, it
will be readily avallable. In our example the final answer list is SAM, JOE,
so TOM's value is changed to (HAS.UNCLE-/8) (HAS,PARENT-/2) and the

slash name "/8" is added to memory with the value SAM, JOE, .

3.3.3 DESCEND

DESCEND is a general search procedure which could be used for any
type of search. At present it is used solely for finding the paths joining two
nodes. It has four parameters: the two nodes, a relation, and the maximum
number of levels the search is to descend. The relation "ANY" is used as the
relation parameter when we are just finding paths from A to B.

This relation parameter serves a purpose analogous to that of the
CLASS parameter in CONJECTURE. In this case the value "ANY" corresponds
to the universal class.

The search strategy is a level by level search from each of the nodes.
At each level the nodes reached from the right are compared to those reached
from the left. If there is a common node, we have found c omplete path
from one node to the other. The parallel level by level search is faster than
a search using just one of the nodes. If there are N paths leading from

every node, then after finding paths joining two nodes of length M the one-
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sided search has tried NM paths. The parallel search,on the other hand,

M/2

has tried only 2N different paths, a much smaller number.

DOWN
Down 1s the function called by DESCEND to extend the search one
level more away from one node. Its only parameter is a string of paths
leading away from a starting node. So if DAVID were the starting node, and
DAVID ::= (IS.OFFSPRING.OF(INV)-/1) (IS.SIBLING.OF-/2)

(IS.PARENT.OF-/3)

/1 .= WENDY,
/2 ::= JOHN, SHARON,
/3 1= WENDY,

\}s .SIBLING.QF IS .SIBLING.OF
SHARO DAVID ) >

IS.OFFSPRING.QF(INV]} IS.PARENT,OF
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DOWN would then return four incomplete paths: the one leading from
DAVID to JOHN, the one from DAVID to SHARON, and the two from DAVID
to WENDY. Since DOWN extends the paths leading away from only one

of the two nodes given to DESCEND as parameters, it must be called

twice to extend the search one level, once for each side. DOWN proceeds
by taking paren pairs off the paren list and decides to follow the relation

after it is accepted by RELEVANTK.

RELEVANTK

RELEVANTK is potentially the most interesting part of the search.
DESCEND is potentially a worst case search meaning that it is prepared’
to follow all paths indiscriminantly. RELEVANTK is charged with the
responsibility of keeping the search within certain bounds. If DESCEND is
given "ANY" as its relation parameter, then RELEVANTK will allow DOWN to
follow all relations except those eliminated by PRUNE (described next).
If the relation leading away from a node is the same given to the DESCEND
as a parameter, then it is always accepted. Then if the question asking
how two nodes are related is asked with respect to a given relation or class
of relations, RELEVANTK asks itself whether the relation being considered
is related to the relation given to DESCEND as a parameter. In order to do
this, it assumes that relations are described by paren lists in the same way

as other information. So the relation HAS.FATHER would have the paren list:




38

HAS.FATHER ::= (IS.MEM-/1) (EQUIV~-/2)(INV~/3)(EX.IS-/4)

/1 :: = FAMILY.RELATIONS,

/2 :: = HAS ,PARENT/(GENDER-MALE)

/3 :: = IS,OFFSPRING.OF, SON, DAUGHTER,
/4 :: = JOHN, MAX, DAVID,

So, if the question asked was how are two nodes connected with family
relations, and the path being considered is "HAS.FATHER", then RELEVANTK
calls DESCEND again with FAMILY.RELATIONS and HAS.FATHER as node
parameters and "ANY" as the relation parameter to see if the HAS.FATHER
path is relevant to a search for family relations. (Remember we may already
be several layers down in DESCEND.) In the above example, DESCEND would
find that there is a path from HAS.FATHER to FAMILY.RELATIONS consisting

of only one step and so the HAS.FATHER path would be followed.

PRUNE

PRUNE checks the relation being considered to see if it appears on a
list of dead end relations, ie. those paths which should not be followed. At
present there is a global list called DEAD.END.LST which contains the
names of all paths known to be not worth following. An example of such a
path would be GENDER which will point to either male or female which will
in turn point to all examples of males and females respectively. Obviously,
there is little to be gained by including the set of all humans in a selective

search involving family relations. In the future it may be possible for the
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program to learn which paths are never fruitful or if they are, yield trivial
results. Hopefully, the program could learn to identify the dead end words

associated with a particular context and apply them only to searches made

within that context.

4.0 SUGGESTED PROGRAM EXTENSIONS

As mentioned in the introduction, our major interest in the semantic
question answering problem lies with the memory structure and the functions
necessary to interrogate, expand and reorganize that structure. In section
3.0 we viewed these tasks as naturally falling into the categories: Memory
Structure, Learning and Question Answering.

At this point we feel that the semantic associational net structure
adopted herein is an adequate basis for future extensions of the program.
Thus,we do notforeseeany significant changes in the Memory Structure as
described in Appendices A & B. The learning portion of the program and the
question answering executive on the other hand, are areas in which we antici-

pate further activity.

4.1 ADDITIONS TO THE QUESTION ANSWERING EXECUTIVE

A learning question answering program, by necessity, is an interactive
program. In fact, the "learning by example" portion of the program presupposes
that the program can interrogate its environment, Since this is not possible
with the present SNOBOL configuration, such responses on the part of the

program are anticipated by the programmer and presupplied by applicable
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example sets. To utilize this capability of the program, it would be necessary
to extend the current SNOBOL implementation to allow Teletype communication
with the program during a run. In the meantime, it is possible to simulate
the relevant aspects of interaction as we have done. This allows us to examine
those interactive modes of operation applicable to a question answering program.
Because the program is capable of utilizing alternate definitions of a
relation, it is possible to respond to a query with varying amounts of detail.
Thus, for instance, suppose the program was asked for Max's offspring. If
Max had only one offspring explicitly represented on his paren list but had
several implicitly represented (say, via his spouse), then the existing program
would respond with only the explicitly represented offspring. Since offspring
could conceivably have the alternate definition IS.SPOUSE.OF/ HAS.OFFSPRING/,
the program has the necessary information to expand on the answer. Ideally,
in an interactive mode, the interrogator could indicate that he desired more
information. This could cause the program to dig deeper by forcing it to also

utilize any alternate definitions it might have of the given relation.

4.2 ADDITIONS TO THE LEARNING PORTIONS OF THE PROGRAM

The equiv list is a very important feature of the current program. Since
the program learns the EQUIV(INV) list at the same time it learns the equiv
list of a relation, it would be useful to provide some mechanism by which
the EQUIV(INV) list could be utilized. Currently this is not done. In the

future version of the program we anticipate the inclusion of a facility to allow
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for the introduction of synonyms for EQUIV. Thus, the program might con-
sider (once it had been taught) EQUIV(INV), EQUAL, SAME.AS as all being
equivalent to EQUIV. The program, in trying to answer a question, would
then use these relations in exactly the same manner as EQUIV is now used,
thus bringing to bear the powerful recursive features of DCMPSTRFL, SSTRFL
and STRFOL. Inclusion of this capability would effect a certain degree of
generality in allowing the program to utilize existing information available
via EQUIV(INV) as well as enhancing readability by allowing user supplied
synonyms for EQUIV.

When asked a question, the program generally learns new facts in the
process of answering the question. The one exception is in the case where
the answer to the question is explicitly contained the net. In this case no
new pointers are generated and learning does not take place. This is
unfortunate since the information contained in a question indicates a portion
of the net structure that is relevant to the external environment, thus implying
that that portion of the structure is important and should be developed. We
hope to implement this type of building in the future version of the program,
in conjunction with the increased question answering capability mentioned
above. This would cause any intermediate information to be assimilated
into the net in the vicinity of the names appearing in the question. Additionally,
the program might be forced to ask itself questions relevant to these
"interesting" portions of the net. In this case intermediate information

discovered in the process of answering such "introspective" questions would
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be incorporated into the net as before.

The COMPROP partion of CONJECTURE provides the capability for
a limited type of generalization in the sense that an example set of the form
Xl Yy, X2 Y, ... Xn Y where Y was a dummy node and all
pairs were related by the dummy relation ALPHA,would cause ALPHA to stand
for the set of properties common to the names X!, X2, ..., Xn. It would
be interesting to expand on this capability by allowing for disjunctive
relations among the names Xl,...,Xn as well as allowing for cross
relations between the common properties of left and right hand nodes. As
an example,the relation KISSING.COUSINS EQUIV (GENDER-MALE) COUSIN/
(GENDER-FEMALE), (GENDER-FEMALE)COUSIN/(GENDER-MALE), could not
be learned implicitly by the present program from the example set JOE MARY,
SAM ALICE, WENDY TOM, LOREE JOHN, since the gender information would
be lost during the execution of COMPROP. To handle this example set, it
would be necessary for the CONJECTURE function to group the first two examples
to obtain (GENDER-MALE) COUSIN/(GENDER-FEMALE) and group the last two
to obtain (GENDER-FEMALE) COUSIN/(GENDER-MALE).

In the current version of the program, the depth and class parameters
for CONJECTURE are supplied explicitly in the examples. Eventually these
should be learned. FNDCLS could be helpful in this respect, since the classes
it forms are similar to those used as values for the CLASS parameter.

The current program contains two functions PSIZE and DELPAR which are

responsible for keeping paren lists within manageable bounds. This is
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accomplished by deleting a paren pair from the end of a paren list that has
grown too large. We should, however, try to insure that the more important
paren pairs are not deleted. This was a motivation for the function REINF
which moves a paren pair closer to the front of a paren list. Unfortunately,
we have not yet formed a satisfactory method of determining when and where
to apply it.

Our program, as the reader has certainly realized, is based on binary
relations. That is, relations between two objects. Although this takes
care of a large interesting class of relations, there are others that we would
like to handle. For example, sentences like "John gave the book to Mary"
and "John, Joan, Jim, and Bill are friends."

Although these may be reduced to a conjunction of binary relations, it
‘is not clear how they may be conveniently handled by the existing memory
structure without some form of preprocessing.

Finally, a learning system always runs the risk of learning something
that is incorrect. Our program is particularly vulnerable to misinformation
during the execution of CONJECTURE. Example sets that are atypical or
those that provide misleading information because they are too small, intro-
duce the possibility of error propagation throughout the net. Because no
satisfactory semi-automatic purging procedures are currently operable, we
have partially protected the memory structure by having it assimilate only the
local part of new information obtained by CONJECTURE while keeping the

global part separate on the appropriate equiv list. Thus if the relation
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"IS.GRANDFATHER.OF" were not in memory, but the statements "MAX
IS.PARENT.OF JOHN" and "JOHN IS.PARENT,OF TOM" had previously been
learned and the question "WHO IS.GRANDFATHER.OF TOM" were asked, the
memory structure would be modified as follows:
1) A new paren pair containing the relation "IS.GRANDFATHER,OF"
would be added to MAX's paren list and would point via the associated
comma list to "TOM".
2) A new list named "IS,GRANDFATHER,OF" would be created containing
a paren pair composed of the rel name EQUIV and a slash name. The
comma list corresponding to the slash name would have an alternate
definition of "IS.GRANDFATHER.OF" in terms of IS.PARENT.OF in the
format previously described.
The "IS.GRANDFATHER,OF pointer from MAX to TOM is regarded as local infor-
mation whereas the newly obtained alternate definition of "IS.GRANDFATHER,OF"
is regarded as global information. At this point it would be possible to scan
memory for all occurences of nodes connected by IS.PARENT.OF/IS.PARENT.OF/
superrelations and connect them with the simple relation IS.GRANDFATHER.OF .
This is not done however, since it would be quite messy to reverse the process
if the alternate definition of IS.GRANDFATHER,OF was later found to be in
error. Perhaps the most reasonable way to proceed would be to use newly
generated alternate definitions on a probationary basis. Probationary alternate
definitions would be taken into the fold once they had demonstrated their utility

to the user.
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Problems closely related to the questions of how and when to
reward and punish in order to achieve desirable program characteristics
still remain unsolved. Until satisfactory solutions are found, paren pair
ordering, paren list length maintenance, CLASS parameter learning, and

equiv list purging must remain arbitrary.
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APPENDIX A

Description of Memory Structure.

Restricted characters are /,), (, -
Characters are all letters, numbers and special characters except
restricted characters.

Numbers are decimal integers,

BNF

<name> ::= <character> | <character> <name>

<rel name> ::= <hame> | <name> (INV)

<slash name> ::= / <number>

<paren pair> ::= (<rel name> - <slash name>)

<paren list> ::= <paren pair> l <paren pair> <paren list>

<comma list element> ::= <name> | <slash name>

<comma list> ::= <comma list element> , | <comma list element> ,
<comma list>

<8 rel name> ::= <rel name> / ] <rel name> / <8 rel name>

<equiv paren pair> ::= < paren pair> l (<rel name> - <comma list>)

<equiv list part> ::= <8 rel name> ] <equiv paren pair>

<equiv list element> ::= <equiv list part> l <equiv list part>
<equiv list element>

< equiv list> ::= <equiv list element>, l <equiv list element> ,

<equiv list>
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Semantics of Named Structures

A name is used as the name of a paren list.
A slash name is used as the name of a comma list except as noted below.

A rel name represents a relation on and into the set of names and rel names

and is used as the name of a paren list on which may be the paren pair
(EQUIV- <slash name>) with the slash name being the name of an
equiv list.

An 8 rel name represents a compound rel ation formed by function composition
on the relations represented by the rel names forming the S rel name.

A comma list or equiv list is said to be assoctiated with a rel name on a

paren list if the rel name and the slash name whose value is the

comma list are in the same paren pair on the paren list.
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APPENDIX B

GRAPHICAL REPRESENTATION OF THE MEMORY STRUCTURE

There are three successively more complicated data structures used
for complex information processing. These are lists, trees, and nets.
Our data structure can, actually, be graphically represented best by
something slightly more complicated than a net with labeled edges, since
the labels (rel names) are also nodes (names). Therefore,an edge goes
from a name through a rel name to a slash name which has pointers to the
elements of its comma list. Thus,the figure below would represent the following

section of memory:

MAX = (HAS,GENDER-/1)(IS .PARENT.OF-/2)
JOHN = (HAS .GENDER-/3)
DAVID = (HAS.GENDER-/4)

IS .PARENT.OF = (EQUIV-/5)

/1 = MALE,

/2 = JOHN, DAVID,

/3 = MALE,

/4 = MALE,

/5 = IS .CHILD.OF(INV),
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T WTLL THEN ATTEMPT TN FINN A MNARE SATTISEACTORY  ANSWER TO YNIR QHFSTTON,

STATFMENT —~ RFEFRENCAFES ENUHTYV AUTHNOR (NE/DEFCRENCES/
THANY YNU,
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T CAN NOT APDLY RPCCERFNCTS TN W RFTTMANM
BT 1T KNOW RPFFERCNeCCS TS THE SAMD AQ
AUTHNAD ,AF/DEEFRENCFES/

T ETALRE W RETTMAN REFCDCNCCS TMTP TN THE COPMAL JANAL JNF NAT
URAL  LANGUANRFE S g rNMDITERS QAMD g THNAHT g THF  STMULATTONOF e VFRBA
Le LFARNTING ,RFHAYTNAD yANANCEDT (| FARNTNAG ¢EXDERTIMENTS G TM G TMNLICTTAN
NoTDI V MANUAL sADS s ETART S ,AAMES JAND ,NERATES$DANRNEMONTUM s cAMDPLY
TING MACHTINERY (AND  TNTFL | TARENCT g DATTERN (OEANCENTTTNAN

ANSWER — TNTRGTNGTHF JENRMAL JANAL ¢NEMATURAL JLANGUARGES
AND CFOMPUTERS JAND g THNIAHT
AND THFE dSTMULATTONNF JVERRAL JLFARNTMG ,REHAVTNR
ANDY CONCEDT | FARNINA
AND EXDFRIMENTS TN, TNNAT TON
AN Tl VeMaNUAL
AN IeY~ES
AND CTAHTS (AAMES JANN NERATES
AN DANMEMANT M
AN FOMDUT TMG  MACHTNEDY G ANM  TNTE | TRACNCF
AND DATTTRN  RECAANTT T AN
AUFSTINN — WHN COAUTHOR JWTTH £ HUINT

WITH THF INFORMATINAN T NOW HAVFE T CANNOT REDECINE COAUTHORGWTTH(IINY)

SO THAT TT AN BE ADRDLTEN TO T HUNT,

TE ¥YOUL WIGH TN ACreEDT THTICS AS YOUIR ANQUWER FNTFR - 0K

TC YOU WISH TN SUIPDLY AN ANSWER, ENTCER A STATFMENT OF THE £ORM -

FeHUNT COAMJTHAR WITH(TNYY X NR COAUTHNOR JMWTTHITNY)Y FOUJTV X
NTHFRWTSFE FNTFR A SFRTFS Nz PATRS X Y SUrH THAT X rNAUTHOAR JWTTH{TNVY VY
EFOLLNWFEN oY THE FrLACS OF RELATINNS ANALITHOR JMTTH(TNYY 2FLONAS TN

EALLAWEN aY AN TNTEAER TNNTAATTING THE MAXTMUM NUMRER NF RELATTNNS

THAT MAY RF CAMDNSFEN TN ATYF AN AL TERNATE NDEFTINTTINN NF CHATHUNAR JWITHIINY Y o
T WILL THEN ATTEMDT TN FINN A MNARE SATTISEACTNARY ANSWFER TN VAR NUFSTINN,

EXAMD| TS ~ JGWATZ JeENNNR
AJNEWELL H, STMNON
CLEETAENRADM JeFTLNMAN

FLASS = BNANK RE ATTANS
NEDTH - 2

THANK YOU,

FRAM THE EXAMDIES YA HAYES FTVEN MO, T WALLN ALIESS THAT
COAAYTHAR JWITH{TNYY T8 Tio SAME AS
AUTHADR AR/ AUTHAD ;AT TNV Y/

T AN NOT APPLY COAUTHORMWITTH(ITNYY TO F HUINT
BUT T YNOW ~DOAUTHOR JWITHITNYY IS THE GAME AQ
AUTHOR AF/AUTHNAR . NELINY Y/

T FTAURE S HUNT COAUTHAR JWTTHITNY Y F HUNT 3 JoMARTN 4P ,STONF ,
ANSWED — £ ulUNT

ANR JeMARTNM
A NP DySTNANE
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AIESTTINAN — T FETAENDAUM WRAOTE (WHAT, TN 1041
ANGWEDR — F EETAENDALM AYTHNAR  NE
THE e STMULATTON (NF QVFRBAL ([ EARNTNG (AFHAYTOR NATER
1041

AUESTTIAN — WHAT WRTITTEN,TN 10B04104N,1AAT §1QA%,10472

WTTY THFE INFARMATTINAN T NNAW HAVE T ~ANNNAT PEOFFTNFE WRTTTENGTN({ TNV
SN THAT TT ~AN QF ADD( TEN TA 1080,

TE YN WICH TN ArreDT THTS AS YOUIR ANSWER ENTEFR —~ NK
TE YNU WISH TN SUPDLY AN ANGWFR, SNTER A STATEMENT NF THE FORM -
1080 WRTTTEN, TN(TNVY X ne WRTTTEN, TN (TNVY EOUTY X

ATHFPWISF FNTFR A SFRTIFES NF DATRS X Y SUCH THAT X WRITTFNGIN(INV) Y
EOLLOAWEN aY THE ALASS N RS ATTIONS WRTTTENLGTN(TNYY BaFLONGAS TO

FALLAWFD RY AN TNTEAFR TNRTEATING THE MAXTMUM NUMBER NF OFLATINNS

THAT MAY afF COMPNSEFD TO ATYF AN ALTERNATE NFFINITION NF WRITTFNLIN{(TNV).
T WILL THEN ATTEMPT TN ETND A MARE SATTSEACTARY  ANSWER TN YNUR QUESTION,

STATEMENT — WRTTTEN,TIN{TNYVY ENUTY AATEN(TNV) /
THANKY YN,

T AN NAT ADD|V \AIDTTTL'M.TN(TN\/) Tﬂ 1aeaq
BUT 1 KNOW WRTTTEN TN (TNVY 1§ THE SaMe ac
NATENT TNVY/

T ETAURE 1080 WRTTTENG TN TNV) DANNEMONTM,

T AAN NOT APDLY WRTTTFN,,IM(TNVY TN 1040
aUT 1t WNAW WRTITTEN,TN(TNVY T8 THE SAME AS
NATEN(TNVY/

T CTAURE 104N WRTTTEN,IN{TNY) STEDRC , TAWARN JARTTIETATAL o INTEL L
TAENAT g CTAMT S mAMFQ  ANN NEDATES,

T AN NOT ADPDLY WRITTEN,TN({TNYVY TN 1041
RUT T YNOW WRTTTEN, TM{TNYY TS TUE SAME AQ
NATEN( TNV Y/

T ETGURF 1047 WRTTTENGTN(TNV) THE,STMULATIAN,AE VEDRAL LEAPN
TNR G RFEFHAVINR AP S 4PSYAHOL TNANITST TS

T caN NOT APPLY WRTITTFN,IN(TNVY TN 1047
aUT 1 YNOW WRTITTEN,TN(TNVY TS THE SAMFE AS§
NATEDR(TNVY/

T CIALURE 1042 WRTITTENGTNLTNYY CANCEDT | TARNTANA,
T ~AN NNT APDLY WRITTEN TN(TNVY TN 1042
AT T KUNOW WRTTTEN,TM{TNVY TS THE SAME AS
NATENTTNVY/

T FIGURF 1094872 WRTTTEN,, TN{TNV) HANNENNK NE  MATH PSYrH, rOMPTE
RO G ANN G THNUGHT s PATTERN G REFACNTT TON

ANSWER — PANNEMANTLM
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AN QTEOS  TAWARN JARTTCTATAL G TNTELLTIRFNCE
AN ETAHTS [ AAMEG JANN AERATES
AND THE e STMULATTANJNF GVERD AL G LFARNTNG  RFHAVTAR
AN ~D9g
AN DSYCHNALINAYTST TS
ANDY CONCEDT L FARNTNA
AND HANPDRNANK qNE MATH , DSY K
AND FOMDPHITERS JAND  THONIAKT
AND DATTERNSRECNAGANTTINAN
QUESTTINN — WHN WRITES, TN TWE STRUATHRE ,NE L ANALAGE

WTITH THF TNEARMATTIOAM T NOW HAVF T ~ANNNAT RENEETNGE WRTITES TN TNVY)
SA THAT IT CAN RE ADDLTEN TN THE STRUCTURF (NF JLANGIAGE,

TE YAU WISH TN ArcedT Tuts AS YNUR ANSWER oNTER ~ NK
TE YO WTISH TO SUPPLY AN ANSWFR,s FNTER A STATFMENT NE THFE cORM -
THF ¢ STRUCTHRF ,NF G LANAUAGE WRITFSGIN({TNVY X 0ORrR WRITFSLIN({INV)Y FQUIV X

NTHFRWISF FNTFR A SFRTFS NE DATRS X ¥ SIICH THAT X WRITFSGIN(TINVY Y
COLLOAWFERN Y THFE FLASS OF RELATIONS WRITESLIN(TNYY RFLONARS TO

EALLNAWFEN B8Y AN TNTFAER TNATAATING THE MAXTMUM NUMRER NF RFLATINNS

THAT MAY aF CAMDASED TO ATYE AN AL TERNATE DEFINTITINN NF WRTTFS4IN(INVY,

T WTLL THFN ATTEMPT TO FTNN A MORF CATISFACTORY ANSWFR TO YOUIR QUFSTION,

STATEMENT o WRITES,TN(TANVY ENHTY ADOEARENGTN(TNVY/AUTHNAR JNF(TNVY/
THANE YN,

T AN NOT APDLY WRITES,TNITNVY TN THE STRUCATIHRE ,OF JLANALIAGE
2T 1T KNOW WRITES, TN TNYY T8 THE GAME ASQ
APDEAREN TN TNV /AUTUND AE(TNY Y/

[ FTGURE THE JSTRUATIHRE (AF L ANGUART WRTTES,IN{TNVY W NUTINF 47,
HARRT S oN ¢ CHAMGKY oD (POGTAL 9T (KL TMA WM HALI S 4D g2 TEE 4 J,CATZ 4R, CA
PNAD 3 J,FANND,

ANSWER — W NUTINC
ANMP ZJHARDTS
AN Ny rHnmMery
AN D ,ONSTAL
AN T TMA
AN MoHALL T
AN D218
ANP Je¥ATZ
AND D rARNAD

AND JeENNND
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THE MEMADRY T8 e

WHA = {(TS=/1)

/1 = NUFSTTON,

OHeSTINN = (TSOTNVyY=/2)

/9 = WHNaWHAT sWRNATE WHAT, TN
WHAT = (TS8/2)

/2 = NHESTTINN,

WRATE (WHAT TN = (TS=/4)

/4 = OUESTTION,

AUTHOR ,OF = (MEMACR. /&)

/8 = 2NNK DFLATTNANG,
nNNrY RELATTINANS = (MOMAED{ TMYY=/4)
/A = AUTHOR ;AF G AUTHNAR GO (TAVY ) 3 PULIRL TSHENGDHRL TSHEN( TNV ) s NATE

NeNDATED( MY ) 4yRFFEFDENCEG s PCEERENCEG( TNV ) ¢ APDEAREN TN AP
DEADEN TN TNV Y,

AVITHAR ,NE(TNYVY = (MEMDEDL /7))

/7 = BONK RELATINNS,

DR TSHFN = (MEMRER-./0)

/e = NNy D ATTNAMS,

DR TEHFN{ TNYY = (MEMACcD. /)
/0 = NNV  DFF ATTNNG,

NATEN = (MEMarFR-/10)

/10 = annK RELATINNG,

NATEN(TNVY = (MFMREDL/11)

/11 = NNk R ATTNANS,

REFFRFENCFES = (FLASS=/107)V (FOUTV=/10A/) (MEMOEER-/12)
/17 = aNNK RELATTNANS,
RECERENCES({ TNVY = (MEMDEDRL/T11)

/12 = BRONK RPFLATTINNS
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ADDEAREN TN = ((TNVY=/1R4 ) (MFMRED /14
/14 = ANNK  RELATTINNG,

ADPEARENGTN(TNYY = (MOMarD-/18)

/18 = NNk PELATTINNS,

FoHUNT = (rOAUTHOR JWTITHITNVI=/2N1 Y (AUTHNR,NF=/14)
/1A = FXPERTMENTS TN GTNNHATTONGCNANAEDT JLFARNTNG

EXPFRIMENTG, TN, TNAUATTAN = (PHELTSHER,AY~/10R) (RFEFRENCFC(]
NVY—/188)(REFFRENCES=/24) (PURL TS
HEN(TNVY=/22) {0ATERN=/20) (AUTAR,
AF{TNYVY=/17)

/17 = EGHUNT s J MARTNZP  QTANF,

JeMARTN = (AUTHAR  NF~/10)

/182 = FXPFRIMENTS, TNGTNAATTNON,

PLSTNNE = (AUTWUNR NE-/10)

/10 = EXPERTIMENTC TN STANNII~ATTNN,

/720 = 10AA,

1044 = (NATEN{TNVY—~/91)

/71 = EXDERTIMENTS, TN GTNRUATTINN

ACANEMTIC [ DRESS = (Dr[ TAHERN-/22)

/79 = EXDFERTIMENTS,, TN GTNALIATTINN

/7% = ACANRCMTr- DRCCCG,

/26 = THE STMULATTNAN NE VERRAL (L FADMING OFHAYTNR 4DERCARMANC
E eNE G REANTNG,TASK OY AN GEDAM DROG G mANCEDT gL FARNTNG, TH
FaMAGTCAL JNUMRER (74NR 2 g STFDG G, TOAWARNDGARTIFTCTAL g INTFL
LIGFNCE 3 TPLV «MANUAL ¢GPSy COGNTTINN g AND o THOHIGHT 4 PANDEMN
NTIUMyCNAMDUT ING JMACHTNERY ANR JTNT O] | TAEMAT,

THE s SIMULATTON (NF JVERRA I FARNTNGREHAYTNAP = (=/1R2A)(NDATFN-

/20 (ADDEAREN,
ITN=/282y (ALTHNR
JNFLINVY=/27)
REECRENCES(TNY
y=/28)

/78 = FXPERTIMENMTS TN GTNRUATTONG NANTTTINANGAND g THNHIAKT 4

CaCCTACNDRALM = (AUTUNR NC—/24)
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/P4 = THFSTMULATINNOF VERRAL JLEARNTING 4BRFHAYTORsPERFENRMANC
FoNF gREANDTNA G TASK  RY o ANGFRAMGPROG 4CNMPIITFRS g AND o THNIG
HT s

/97 = FLEFTHRENRAUM,

/mQ = PRAC W rr,

ORNr W ICr = (ADDEAPRPEN TN TNV Y)I=/20)

/90 = THE,STMULATINANGNF V/EDRAL JLEARNTNG ,REHAVTINR

/20 = 10a&71,

10417 = (WRTTTEN TNITNVY=/90a)Y (PATEN( TNV I=/21)

/21 = THEGSTMULATINN (NE WVERRAL (| FARNTING (REHAY TR 4D S 3OSy HN

LTINARITST T S,

DEREADMANCE gNE  DEANTNG TASK qRY AN EDAM DRNAM = ( APDTARFN, TN~
/22y (AUTHOR . N
FIINVY=/22) (R
FFERFNCFS({ TNV

y=/22)

/29 = FXDERTMENTS TN TNNIATTON,
/22 = FEETATNRAIIMeH  STMAN,
He STMNAN = (AlLITHNAR  NE—~/24)
/2L = DEREARMANCE NE REANTNG TASK QY 4 AN FDAM DRNM4MADS
/26 = QFHAVINRAL ST,
REHAVINRAL ST = (APDPFAREN,TN{TNVY=/24)
/24 = DEREARMANCE (NF REANTNG o TASK a2 o ANGFDAMGZPRAMG
CONCEDT ot EARNTINAG = (PURLTSHEN{TNVYI=/42)V(NATENA/20) (AUTHOR N

E(TNVY=/2)(RECEDCNAcS{ TNV Y —/27)
/27 = EXDEDRTIMENTS TN TNAUATTANs CAGNTTTAN G AND THALAUT ,
/22 = FE HUNT
/20 = 1047,
1047 = (WQTTTCN,TN(TNV\—(anv)(nATEN(rNV3—/an)
/60 = CONCEDT | FARNTNG,
WTILEY = (DPURLTSHEN=/41)

/b1 = CONCEDRT LEARNTING 4CNANTTTINONGANS , THOLAHT  HANNANNK OF g MA
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TH DAY rH,

/409 = WTLFY s

THE JMAGICAL fNUMRFR ,74NP=n = (APDFARENR G TM=/48Y{DATFN=/4A) (AU
THOR NAF TNV /48 )Y (REECDENCES (TN
VYy=/42)
/602 = EXDCRTIMENTS TN TNALATTINAN,
AeMTLLER = (AUTUNR  OF—~/80)
Jlhl = THFE JMAGTCOAL JMIIMRED (7,.NR~9%,
JULB = GG MTLLFP,
JLA = 1084,
1084 = (NATEN(TINVY=/47)
/67 = THE MAGTCAL JNUMDED (7,NR -9,
/42 = DSYru,ReV, .
DSYrH RFV, = (ADDEADED JTN{TNVY—-/40)
/460 = THE MAGTCAL JNUMRER [ 74nR—5,
STEPS , TOWARNGARTTIFIATAL,INTFLLTGFNCFE = (ADPFARENDGIN=-/KR)Y) (DA
TeEN=/R2) (AUTHORLOF (T
NVY=/82) (RFEERENCES(
TNVY=/80)
/BN = EXDERTMENTS TN JTNAATTNAN,
MgMTINSKY = (AUTHNR  NE=/81)
/B1 = STEDS , TAWARNARTTETATAL JINTE| L TRENCE,
/B2 = M MTNSKY,
/62 = 1040,
1040 = (WRTITTEN,TINITNVYI=/208)Y (NATEN( TNYY=-/84)
/B84 = STEDC TAWARR ARTTIETATAL JINTEL | TARNCE gETAHTS qAAMES S AND
sNERATES,
/B8R = DRNAC,TRE,
PRPNC L TRE = (ADDFAREN JTIN({TNYVY) —/RAY)
/84 = STEPS,TOWARN ARTTIFTATALGINTELLIRENCE,

TPLV JMANUAL = (PURLTSHFN{TNVI=/42)Y(NATEN=/40) (AUTHNAR (NF( TNV
Y=/80) (REEFRENCFES (TNYY=-/87)
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/BT = FEXPFRIMENTS,TNINNICTTIONSCNACENTTTINNGAND g THNLIGHT 4
AJNEWELL = (AUTHNR NF-/8Q)

/88 = TPLV MANUAL sGPS,

/8O = AJNFEWFL L »

/AN = 1044

1044 = (PATERN{TINVYI=/ATY

/61 = TDLV MANUAL s THF STRUCTURF NF G LANGUAGF 5

DPENTIrF HALL = {(DURLTSUENL/A2)

/62 = TPLVMANUAL s THF ( STRUCTHRE gNF g LANGUAGF »
/62 = PRENTICFHALLS

DS = (ADPFEAREN,TN—/AT7Y(DATEN-/A6) (AUTHOR NF{INVY /A8 ) (REFF
RENCESITNVY-/A4)

/6L = FXDERIMENTS,TNGINPUATTONsOCNGNTT TONGAND g THOUGHT 5
/HE = ANEWFL[LeH,STMNON
/66 = 10AT

/A7

LFRNENDF JAUTOMATEN,

LCQMFMHF.AUTGMATCM - (DUQLTSHCD( TNV)-—/‘/?) (AUTHNOR .r\,F‘.( TNV""/_,
Y(ADPPFARENGTN{ TNVY=/48)

/68 = PSS

HeRTLLINA = (AUTHOAR OF~/40)

/60 = LFPNFNNF AUTAMATCENS,

/70 = HeRTLLINAS

OLPFNROURG = (PURLTSHFN=-/71)

/71 = LFRNFNNF AUTOMATENS,

/79 = OULNENRNAURAS

EXPERMENTS , TNGTNPUCTTON = (RECFRONACS-/72)

/72 = FTOHTSoAAMES ANNGNEDATES,

FIGHTS e GAMFES G ANDDFRATES = (PUBLISHFD(INV)=/T70) (DATED-/77)

AUTHOR NAFE({ TNV Y=/ 74 (REFFRENCFS(T
NV)=/74)




64

/74 = EXDERMENTS TN TNDUATTAN g COANTTTON G AND g THOUGHT »

AyRADAPADRT = (AUTHAR (AF./78)

/TR = FIGHT S GAMES AND (NERATES,
/TR = AGJRADNDNART,
/77 = 1040,

UeMIFHTGAN = (PURLTSHEN=/7a)

/78 = FIAHTSAAMES AND NFRATES,
/70 = UgMTrHTAAN,
COANTTINAN QANN  THAUAHT = (DEEFERENAESA/140) (PATEN=/120) (DURLT

SHEN{TNVY=/12T7) (AUTHAR NFE( TNVI=/ 124
V(RFFERENFAES(TNVY-/20)

/RN = FXPERTMENTS TN, TNNJATTON,

PANNEMAONTUM = (DATFN—/18a) (AUTHNAR NF( TNV Y=/187) (RFFFRENCFS(
TNVY=/AaT7)
/721 = EXPFERIMENTS TN GINDNYATTIANyCAGMTTTINANGAMD g THOUGHT
COMDUTTINAGMACHTINERY JAND (TNTELL TAFNAE = (ADDEARFN, TN~/R7)({NA
TEN-/a8) (RFEERENCAES
TNVY=/87)
/89 = FEXDERTIMENTS  INGTNDUCTINNSCNOGNTTTION G AND o THAUGHT »

AGgTURING = (AUTHNR NF~/a1)
/R2 = COMDUTING  MACHTINFSGANN g INTELL TRFENAF,

COMDUT TNG ¢MACTNFS JAND QINTFLLTGENAT = (AUTHAR JOF{ TNV Y —-/Qn )

/24 = AGaTURTNA,

/2% = 108N,

108N = (MNATFN{TNVY=/QA4)

/86 = COMPUTING MACHINFRY JAND , INTFLLTAFRNCE,
/27 = MINP,

MINR = (ADDEAREN TN TNV Y- /an)

/88 = rOMDUTING MACHTNEDY JANN TNTEL | TRENCE,

Je¥ATZ = (AUTHAR ,NE=/R0)
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/RO = THFaSTRUCTURFE NF AL ANGUAGF s SEMTSFMNTFENCFS s THF o STRUCTURE
e NF e Ao SEMANT T, THFNDY

THF ¢ STRUCTURF ,NE L ANGUARE = (WRITFS,TIN(TNV)I—/211) (APPFEAREN,
ITN(TNYVYy=/07y{nAaTENn=~/02) (Pljal TSH
FA(TINVY=/22) (AUTHNR ,OE TNV ~/aNn
)

70N = JoX¥ATZ o J],ENANND,

JeENNAR = (AIJTHNAR NE—/01)

/01 = THF oSTRUCTURFE (NF 4L ANGUAGF s THF g STRUCTURF (NF 4 A SFMANT I C

o THENRY 4

/09 = DRENTTAC HA[ »

/02 = 1QALs

WaNUTNE = (ANTUNR No—-/on)

/04 = THE GORARLEM NE MEANTNA, TN L TNAUTSTTIAS 4 SDEAK TNE N NA
SCTS,

THE (PRORLFMNE MEANTNG TN LINAUTSTTIAS = (ADDEARFEN, TN=-/Q/) (A

UTHOR ,OF{INV)Y=/98)

/a6 = WU TNF,

/OA = THE STRUATURE NE LANAGIAGE

/07 = THF DRNBRLFM NF MEANTNG G TNGLINATSTTOS NTSTRIBUTINNAL,
STRUETURE 4 CLIRRENT , TQQUF S g [N L INGUTSTT M g THFORY s ON g THF
NATTANGRIJLF gNF GRAMMAR 3| TMTTATTINONG NG GOHPASE  STRUCTHE
FaCGCRAMMARS o A, TRANSENRMAT TAMAL JADDRAACH TN, SYNTAX s NFAA
TION G TN FNGLTSHION G THE qRASFE S NF qDHANNLNRY o DHANNL NGY o T
Ne GENERATIVFE GRAMMAR JNTSCNURSE AMALYSTISWaNFARFFS ,OF (GR
AMMAT TCALNFSS e NN JUNNERSTAMNTNG JUNNFRSTANNTNG JUTTFRANC
FQ e SEMISENTFNCFS s FOLINDAT INNS  NE L OGTC g AND gMATHEMAT 105
s SDEAKTNG g NF aNR IFCT S s THE STRUATURT ¢ NF g A g STMANT T, THEN
nY,

Z7eHARRTS = (AUTHOAR NC~/08Y

/08 = DISTRTRUTINNAL STRUATHRE sNTSANURSE G ANATLYSTS,

NISTRTAUTIANAL .STDHPT'JDC - (QDDCAQCH.TN‘—/TOO)(AHTHﬂD.qF(T'\!\/

y=/00)

/00 = 7 HARRTS,

/100 = THE  STOUATURE ,0F L ANGUART,

N rHNAMSKY = (AUTHAR AF-/101)

/101 = CURRENT JTSQUES INGLTNGHTST I/, THFARY yON,THE JNOT TON, R
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LE ¢NE JARAMMAD 3 A [TRANSEARMATTIANAL JADORNAACH ,TA SYNTAX
NEFEREFS NE AOAMMATT AL NFGS 3 THE J TNNEDERNNENCE AF L RRAMM

ARy
CURRENT G ISSUFS TINGLINGUTSTTCA ,THENRY = (APDEAREN G TN=-/10N2Y ( Al}
THOR (NE{TNVYI=/102)

/109 = N CHOMSEY,

/1N2 = THE STRIATIHRE (NF 1 ANALANRE ,

AN GTHE JMATTAN DU E ,NE ARAMMAD = [ ADDEAREN  TN-/108) (AUTHND .M

' FOTNVY=/100)

/100 = NGgrunMSKY,

/108 = THE STRUCTURE ,OF L ANGUARE ,

PeDNSTAL = (AUTHOR NE—/1N2 )

/108 = LIMITATINNSG ,NFE GPHURASE ,STRUCTURFE ,FRAMMARS,

LIMTITATIONS ,NE DHRASFE STRIATHRE (AR AMMADRS = (ADDPEAREN, TN=/10

OY {AUTHOR JOF{ TNV
y—-/107)

/1N7 = D,DASTAL

/108 = THF ,STRUCTURE (OF JLANGUAGE,

Ay TRANSFNARMATTIANAL JAPDRAAAH ,TNGSYNTAX = (APPFAREN,TN-/11N01Y{
AUTHAR AT { TNV Y =/100
)

/1N0 - N‘('HOMQ.(Y’

/110 = THESTRUATIURE ,NF 1 ANAUACE,

FoWI TMA = (AUTHNAP AF-/111)

/111 = NFCATTOANGTNSENGL TSH,

NEGATTINONGTNGFNGLTSH = (ADPDEAPEN  TNaw/112) (AUTHAR NE( TNV Y~ /11

29

/1172 = F Wi TMA,

/1172 = Tur STRUFTURE OF L ANGUARE,

MJHALLE = (AUTHAR  NE=/1124)

/114 = ONGTHFE (RASES  OF (PHOANOLOAY ¢ PHANNLNCY o TN AFNFRATTVE (AR
AMMADR g DHNNEMT ¢ gDATTFRNTNG,

NN g THE RASFS ¢ NEGPHANNLNCY = (APDFEAPEN G TN=/11&)Y(AUTHAR ,NAE (TN
Vi=/118)
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/118 = MoHALLE,

/114 = THE STRUATIHRE ,OC | ANRUARE,

DUNANNLNAY g TN GENERAT TVE ,ADAMMAR = (ADPFARCN  TN=/17a9) (AUTUNR

WNELTINVY—=/117)

/117 = MoHAL|Fs

/117a = THE STRUATYDRE (NF 1 ANGIJART

NTSAAUPSE ANAL YSTS = (ADDTAREN G TAN</120) (AUTHAR AT TNV =/110

)

/110 = [ JHARRTC,

/170 = TUE STRIIMTHRE JNF | ANMCUAGE,

NEAREES NF ORAMMATTICALNESS = (ADPREAREN TN=/722) (AUTHOR.NF (T

NVY=~/1921)

/1921 = N CUNMGKY ,

/1729 = TUE STRUATHRE ,OF | ANGUAGE,

D,71F¢E = (AUTHNAR ,NE~ /1220

/122 = ONJUNRERSTANDTINA UMNRNERSTANNTNG UTTEFRANCE S

AN JUNNERSTANDTAGR JUNNDERSTANNTNAG UTTERANCES = (APDEARFN, TN=-/1
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