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ABSTRACT the field of deductive question answering , outline

~~~he design and prototype Implementation of our prototype DP, and fllustrate by meatis cf two
our approach , describe the several com9onerts of

a deductive processor for efficient extraction of examples the current operation of the system .
Implicit inforr~ation from explicit data stored
within a relational data-base system is described. APPRcI,C~General statements (premises or inference rules)
as well as queries are expressed in a canonical Previous approaches to adding deductive capa-
form as Imp lications. From user queries , the bilit ies to data irar.aqen’ent have occurred primarily
system Constructs skeletal derivations (proof in the dç~e]9pn ent of questior.-answer ino systems
plans) through the use of a predicate connection (Simons i reviews many of these). The primary

~~~ graph, a pre-corrputed net structure representing àcductive methods that have beefl used are seç-
possible deductive interaction s among the general Inclusion log ic , e.g., CONVERSN and SYNTHEX L
statements. The system 1ncorp~rates techniques 

technique~ based on ~he ‘resolution ’ prin ciple lO,
for rapid selection of small sets of relevant e.g., QA3 and MRPE’~ procedurel-oriented deduc-
premises (by proof plann ing); development and tion , e.g., SHRDLU ;

1~
nd goal-oriented backward

elaboration of proof plans; proof plot ’. verifica- chaining, e.g., FIYC1N
tion ; use of prcof plans as a basis for deter-
mining data-base access strategies; and instantla— The primary difference between these systeris
tion of pleis ti .e., turning proof plans into and our DP is In our use of piannin g . Our system
prcofs) with retrieved data-base values.~~Examples 

creates deduction plans to guide the generation ~.f
of the current capability of the system a~~ 

full deductions. We believe such pl aninino to b~
Illustrated . essential for cutting thro ugh the massive numher

of dead ends and irrelevant inferences which have
INTRODUCTION impaired the performance of earlier systems.

Planning becomes even more import ant for systems
The deductive processor (DP) described in Involvin g large numbers of oremises. Selection ni

this paper has been desiQned to interface wi th a manageably small set of possibly relevant
existing and e.~erging relational data management premises can be based on such planning.
systems (RDMS5). Given this orientation , we have
made a sharp dlstlnct~on between specific facts To this end we have designed and implemented
(n—tuples) which reside In an RDMS data base and a deductive processor that first builds cieriva-
general statements (rule-based knowledge or tion skel etons which represent possible deduction
premises) that are directly accessible to the DP. plans. Once such plans are tjenerated , the System
Since the number of general statements that may be will attempt to instantiate and verify the plans
required for a practica l application is likely to (examine substitutions for variables in premises).
be large (perhaps hi .~dreds to thousands 0f 

We have thus separated the premise-selection
premises), particular attention has been paid to process from the process of verifying the consis-

>~ the development of techniques for the rapid tency of variable substitutions.
selection of relatively small sets of premises

~~~ relevant to answering a user ’s specific request. The generation of derivation (proof) plans Is
C.~ Premise-selection techni ques are automatically centered around middle rm~c~p~I.ni~~

S. ‘This process
invoked when deduct~ve support is necessary to 

finds implicatio~ ’iF~ins from assumptions ce goals

~~~ 
respond to a user ’s request; otherwise , queries through the premises . Midd le-term chaining comoires
“fall through’ the 1W and directly drive the RDMS. the processes of forward chaining from the assump-

____ tio’is in a query and back~ard ~init~ Iron’ the
This “deductive inference by exception” goals In a query . (In the case of no query

principle suggests that the OP be viewed as an add- assumptions , middle-term chain ing defaults tc bac~-
—~~~~~ on or enhancement to existing data—base searching ~~~~~~~ chaining.) As chainin g proceeds in the two

capabilities4. Such an enhancement can result directions, Intersections are performed on the
In a major Increase In the power of a data manage- derived sets. When a non-empty intersection c:curs,
ment System by providing a means for extracting the system has found an Implication ~~~ from
and deriving Impli cit Information from data bases ~ assumption, to a goal . The resultir~g char’. Is
of explicit facts. Further , as we shall see, the passed on to the proof plan generetur , which
DP can aid a user in evaluating the utility and/or extracts the premises whose occurrences are Involve
plausibility of an Inferentially obtained answer In the chain. Subproblems may resul t. recuiring 1J C
by displaying the evidence on which the answer Is further deduction or data-base search. The
based. examples presented below wil l Illustrate toese

processes.
We briefly review some of the relevan t work ~n ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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The chaining process does not operate on the match argument strings Involv ing these terms , the
premises themselves but on a net structure called system will not allow the substitution of Joe for
the predicate connection ara~ph (PCG). This graph * because they belong to different domains. Th~is ab~stracted from the premises. When a premise use of Such semantic informati on eliminates cer-
Is introduced Into the system , the Implication tam deductive interactions among the premises and
connections existing among the predicate occur- thus reduc.e~ ~he search space of possiblerences In the premise are encoded into the PCG. deductions ~~‘°.Further , the deductive interactions (I.e., unifica-
tions1O) between predicate occurrences in the new Semantic Information in the form of user-
premise and predicate occurrences In existing supplied advice can also be given to the system..
premises are pre-computed and encoded into the PCG. Advice most typically Invol ves rec.oi~ endations on
The variable substitutions required to effect the the use of particular premises or predicat es in
unifications are stored elsewhere , for latter use finding deductions. For advised premises , the
by the proof plan verifIer . Thus , the PCT contains system wi ll try using them whenever possible in
Information on the Implications within premises and the course of constructin g a proof. For advised
the deductive interactions among the premises. predicates, the system will try chaining throuch
DurIng the generation of middle-term chains and occurrences of them (in premise;). In the case of
proof plans, the system is aware of the existence negative advice, specified premises and predicates
oT unifications among the premises, but It does are avoided in proofs.
not need to 9enerate the unif ications nor does it
need to examine and combine the variable substitu- Advice may be given for a part 4cular Input
tions acsociated with the interactin g unificat ions, query or stored in a permanent advice file which
The former is done by a pre-processor , while the the system accesses for each query. Advice state-
latter is done by the verifier after proof plan- ments ar~ in the for m of condition-reconr*nda~ion
ning. rules similar to the nieta-rules used in M CIN ’.

The conditions contain information about predicates,
Although some connection graphs used in constants , and domain classes that riay occur In

theorem-proving systems also contain information query assumptions and goals. The conditions are
on the unifications among general assertions matched against the input query and , if they are
(resolution clauses In these systems), they are satitfied , the associated reconr~endations about thenot used as a plai ’ning tool as is the FCG. The use of certain premises and predicates are activated.
PCS most resembles Sickel ’s clause Interconnec- Internally, advice is transformed into premise and
tivity graph1 3 in that both graphs represent the predicate alert lists (as wel l as neoative alert
Initial deductive search space and are not changed lists for negative advice), which are accessed in
In the course of cqQstructing deductions. Other the chaining and proof-planning processes.
graph procedures7’”involve adding nodes to graphs
as deductions are formed. More detail on the PCG In addition to the information used by the
is given In Klahr5. deductive processor, there is also a file of

specific facts used by a data management system.
REPRESENTATION OF INFORMATION This latter system searches for and retrieves

specific facts needed to resolve suhprob lems result-
The basic representation for general ass?r— Ing from premises. For our experiments with the

tions (premises) Is the 2rimitive conditional’’, prototype deductive processor, we have written a
This form is a normalized first—order predicate— small LISP relational data-base management system.
calculus Implication statement. The antecedent of Facts are stored relational ly as n-tuples associa-
the Implication contains the assumptions (con- ted with a predicate (relation) name . When a
ditions) of the assertion ; the consequent contains particular predicate occurrence becomes a sub-
the goal- . of the as~ertlon. Conjunctions , dis - problem , the system has three alternative methods
junctions, and negations can occur on either side for resolving It; the decision is based on how the
of the implication. Each assumption and goa l Is a user defined the various predicates known to the
predicate occurrence consistIng of a predicate system. If a predicate is defined computat ionally
(relation ) and its argument terms (I.e., variables , by a procedure , the procedure is executed to
constants, or functions), determine the predicate ’s truth value . If a

predicate is specified by the user as defined
The primitive conditional was chosen because primarily by Its data-base values , the unresolved

general assertions are usually formulated In the predicate is left for data-base search. Otherwise ,
form of “if... ,then...” implications. Users can an unresolved predicate occurrence Is given further
easily express and understand general assertions deductive support through the premises. (Such
In this form and can easily control and understand predicate classification Is currently mutually
proofs involving them. Further , this tone exclusive but need not be. An alternativ e control
facilitates system discovery of deductive Implica- structure coul d try several methods for resolving
tion chains, each subgoal.) The examples below will show the

Interface between the deductive processor and the
Variables and constants occurring In premises data management system , as wel l as examples of

and queries may be categor ized into specific domain procedurally defined predicates ,
classes. For example , a variable “x” mi ght be
specif ied as being a LA BORA TORY and the constant
“Joe” as being a SCIENTIST. In attemp ting to
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FIgure 1. Deductive Processor Components

SYSTEM COMPONENTS
Figure 1 displays the variou’~ components of Prediça Occurrenc e Array: Each entry

the deductive processor .~s well as its position represents ~ preJicatc occurrence and containsIn a deductive data management system. The the following information about the occurrence:
language processor Is currently not a part of our Its predicate i~ame (index into predicate array), the
Initia l prototype environment but will be Incor- premise in which it occurs (index Into prnr.ise
porated at a later date. The control processor array), the si gn of the occurrence (positive or
shown in Fi gure 1 currently accepts premises and negative), whether the occurrence is in an ante-
queries in primItive conditional form as well as cedent or consequent of a primitive condit ional ,
user advice and coemands. It accesses and coordi- the main connective governing the occurrence (i.e.,
mates the several system components described below, conjunction or disjunction), and the numerical

position of the occurrence within the prenise.
A,r_~

y_In1tialjjatIo~n
_a~d

_Maintenance The Information is compactly stored In a sing le
one-word bit vector.

Information abstracted from the premises is
segmented into seven internal arrays . This segmen- Arouments Arr~~: The argument strinos of thetatlon contributes to good system structuring and pred~~ te occurrences are stored in this array
increases processing efficiency . Each predicate In a one-to-one correspondence to the positions
Occurrence Is assigned a unique integer index. In- of the occurrences In the predicate occurrence
formation about a parti cular predicate occurrence array,
Is obtained from the array containing the kind of
Information needed by Index ing into the array with Links Array : Deductive dependencies within
the Integer associated with the occurrence. The premiiéiire stored In this array. Basicall y,
seven arrays are: these dependencies derive from implication connec-

tions among predicate occurrences within premises
Premi se A~~ y: Eac h entry represents a (Klahr5). This array Is ~~~~ Indexed by occurrencepremise and contains a list of the occurrences (I.e., Integers. For each occurrence , a list of the

occurrence indices) in the premise, the plausibility occurrences it i’nplles is stored in the entry
of the premise, and the premise Itself , both corresponding ~.o the occurrence ’s Index.
symbolic (primitive conditional form) and English ,
for purposes of display . Un1fic~it~on~ ArL~~: Each entry contains a

list óTi~ie un~fkat1ons (deductive Interactions)Predicate Arr~y: This array contains the associated with the given occurrence. The unifi-
relatTó~~inó~~ t~’the system. Associated with cations array and the l l n~s array comprise the
each relation Is Its support IndIcator , I.e., the predicate connectIon graph.
e*thod used to resolve the relation when it occurs
as a subgoal (deduce , search data base , compute). Variable-Substitutions Arr~~: The substitut ion

li st s associat ion w ith un~l~cet ioflS are sto red In 
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• one-to-one correspondence to the position of the enclosed In parentheses, while variables (e.s., x
unifications In the unifications array. and y) are not . One of the query goals (HOMt-PflRT)

Is to be given data-base support, i.e., It h~s
Middle-Term Chain enerator been characterized as defined by data-base values,

while the other goal (CLOSER-THAN) Is to be
Each Input query Is broken down (based on the deduced. Since the antecedent in the nuery Is

logical corineztlves in the query) into sets of empty, middle~term chaining defaults to backward
assumptions (from query antecedents) and Qoals chaining. The system back-chains from CLOSER-THAN
(from query consequents). The predicate connec- through premiSe 29. The p1~

usibilitY (simIlar to
tion graph is used to find deductive Implication certainty factors in MYCIN U) of the plan In this
chains between assumptions and goals. “have case is simply the p1ausIbll~ty of the single
fronts ” are exp nded out of assumptions and out of premise used. Premise plaus ibilit les range from
goals until an intersectIon is found, at which 1 to 99 and are set by the user.
point the middle -term chain Is identifIed and
ext rac ted. Iwo new search requests (in addition to HOME-

PORT) result from premise 29, as wel l as a compute
Proof Plan Generator relation containing functional argu ments. Con~puta-_________ - tions for the functions and the relation are

For each middle -term chain generated , the delayed until values for the variables x and y
system extracts the premises whose occurrences are have been found In the data base (i.e., values
part of the chain. Any subgoals resulting from which satisfy the search requests).
the premises are set up as req~irlng deductive
support through the premises , data-base search, or The system sends the three search requests to
procedural computation . Subgoals are added to a the RDMS , which finds two ships , the Forrestal and
proof proposal tree , which contains proof plans the Gridley , that are closer to the kittyhawk ’s
as they are being formed end developed. Proof home port (San Diego) than the kittyhawk Is. The
plans having no remaining deduce subgoals are then system then displays the proof that led to the
passed on to the verifier . first answer (the Forrestal). A proof using the

oth.’r answer would be identical to this one except
Proof Plan Verifier that Gridley would replace Forrestal in the proof ,

and the distance between the Gridley and San Diego
The variab le substitutions required by the would replace 310 (the distance between the

unification s in a proof plan are e,~amined for con- Forrestal and San Diego). The symbols 62, 63, etc.,
sistency. If there are no clashes , i.e., no represent nodes in the proof proposal tree and are
variable taking on more than one distinct constant used here for reference, 62 and 63 represent the
value , then verification is successful . If there original goals as also shown in the Inference plan.
are any remaining subgoals requiring data-base 65, 66, and 67 are subgoals that resulted from
support, the data management system is called to premise 29, which was used to deduce 62. Thus,
search the file of specific facts. these three subgoals are indented below 62.

~j~p.!ay
_Processor The middle-term-chaining and proof-planning

processes are more evident in the example In
The user has a wide variety of display options Figure 3. The input Query contains two assumptions

available to monitor the operation of the deductive (DM#GED and DESTINATION) and one ooel (TRANSPORT).
system. In particular , he can examIne middle - Taurus and NY are constants; Cargo and x are
ter,nchains generated, proof plans formed, subgoals, variables . The Query asks the system to find values
proof plan verification , data-base search requests, for x that satisfy the query. The variable x is
data-base values returned, answers, completed restricted to range over ships. (This Is an example
proofi, and premises used In proofs. of a domain class specification for a variable.

Such domain specifications could also have been
used In the previous example.) In the course of
developing deductions , the system will not allow

~n Figures 2 and 3 we illustrate examples of values to be substituted for x that belong to
the current operation of our initial DC prototype domain classes other than ships .
Interfaced to a small RT~4S. (Both DP and MOMS are
written in LISP 1.5 and operate on an IBM 370/158 The inference plan shown In Figure 3 has al-
computer.) ready been verified. To see the planning

mechanism more clearly, we will refer to Figure 4.
In th. first example , we Illustrate the The first mIddle-term chain generated connects the

generation of short Inference and search/compute DESTINATION assumption to the TRANSPORT goal via
plans for the question , “What ships are closer to premise 23. ThIs Is shown by the unificat ions u1
the Kltty haw k ’ s home port than the Kittyhawk Is?’ and u, in Fi gure 4. The predicate occurrences
The query i~ first shown In English and then In the involVing the relations AVAILABLE and OFFLOAD
primitive conditional symbolic form that our become subproblems. The former i~ to be givenprototype currently recognizes. The query Is data-base support; the latter I~ deduced by aexpressed in terms of a conjunctive goal Lomposed middle-te rm chain from the DAMAGED assumption
of the predicates CLOSER-THAN and HOME-PORT . t hrough premises 7 and 15. The chain Is shown in
Constants (e.g. , kitt,yhawk) are specified by beIng Figure 4 by the unifications u3,u4, and u5. The

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
_ _ _ _  4 4• ,.~~~_,_-_1__ . —
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two new subprohlem s are to he given data-bose deductive processes Is beinq supplemented by
support. Thus the plan generated uses three additional inve sticlations into the encoding and
premises and contains three subprob iems requiring Integration of incomplete and plausib le kflo1.ledge.
data-base searcn. The plausthility of the plan is
currently calculated by a fuzzy intersection (the ACKNOWLEDGEMENTS
*nnlmum of the plausibilities of the premises
Involved19). The research reported here has been supported

by the Advanced Research Projects Agency of the
The plan Is then verified with variabl e sub- Department of Defense and is s~initored by the Clc ficestitutlons inserted in the plan and in the search of Naval Research under Contract N00014-76-C-OSS5.

requests (Figure 3). Note the variable con-
straints in th e search requests. The variab le x,,
represents the h.~me port of Taurus; value s loundfor this sariable must be th e sanie as those tound 1. Davis , R., Guchanan , B., and Shortliffe , 1.
for x7 In the AVA ILASLE search request. The Production rules as a representation f~~r a
proof ~,splay is given for the first answer found Knowledge-based consu ltation program .
(the PIsces). Artific~al Intellioence. 8, 1977, 15—45.

In Figure 4 we note that the unifications u 2. Green, C. C. Theorem proving by resolution as
and u5 were conpute~ when these premises were a basis for question-answering systems . in
first entered into the syste- and stored in the Machi e lnte llioence 4, Meltzer , B. and Michie,
PCG. Also stored in the PCG were the implication b. lEds ). tdinbur g~ University Press,
connections L~i~~hifl the prer n.es, e.g., between Edinburgh , 1969, 183-205.
DAMAGE D and RETUR~SS, between RETURNS and OFFLOAD ,and bet,~een DLSTINATIDN and T RAS S rO~ T. The 3. kellogg , C. H., Nuroer , 3., DIller , 1., and
unifications u , u • and u were computed after Fogt, K. The CONVERSE natural longhiage datz
query Input (b~cau~e they ~nvo1ve predicate management system : current status and pler.s .
occurrences irs the query) and serve to locate Proceedin~so f the Syr’pcs~.iur on Info -i-it ic’n
possible midile-tern -chai n e”d pOints . Orce these ~t~r&gc ai~d tr~ t’~~J ,  ~~~ h’e~ ‘t ork ,1971
end point s we,- identif ied, on ly the PCG was used 33-46.
for middle-term chaining.

4. Kel logg . C., klahr , P., and Travis , 1. A
SU~.9IARY AND UTU C PLANS deduct iv e capabi lity for data ;:..j neciement. In

~yst e rs fcsr larqe Data Bast.s , Loc *~en-ann , P. C.
We have described a deductive system specifi- and Neuhold , (. ). (EdsT~), Korth Holland ,cally designed to proside inferentia l capabi lity Am sterdam , 1976. 181-196.

for a data ma nagemen t systen . From a set of general
assertions, the sys te r generates ske l eta l der iva- 5. klahr , P. The Deductive Pathfinder: creatin g
tlons or proof plans in response to g i ven input derivation plans for Inferential QueStion-
queries. These plans are then used to trigger answering. Ph.D. Dissertation , Computer
data-base search requests for the SpecIfIc facts Science Department, University of Wisconsin ,
needed to Instantia te and thj~ omplete proof Madison , December 1975.
plans , turn ing t her into proc’fs and answers .
General information Is thus used to guide and 6. Klahr, P. Planning techniques for rule selec-
direct the proof-planning process and to identify tion in deductive qsiestion-answerin~. in
suhproblems that may he resolved by data-base Pattern-Directed InTerence Ss~ters , Waterman ,
search or by computation. (Or subprobleirs may be ~~ . and Hayes-Roth , F. Uds 1’ A~~ emic Press ,
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