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forwvard inference system in SHNePS and
encontered during the implementation and the design decisions

taken to solve those problems.
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Forward Inference in Si

l.Introduciion

Since the late 58's there has been a large amount of work
done in .I concerning the design and inplementation of systems
capable of performing deduction. Early work on deduction systems

focused mainly in the proof of theorems'[Chang and Lee 73; Coelho

and Pereira 75; Gelernter 63; Hewitt 72; Kowalski 70; 79; Hewell

Sussman et. al. 711,

i

et. al. 63; Hilsson 71; 8f; Robinson

later on AI researchers found it useful to apply deduction

methods to IHlatural Language Understanding systems,

Question-Angsvering systems and Data Base systems [Dobrow 68

Bruce 72; Fikes and Hendrix 78; Green 69; Hendrix 75; 78; 79;
A

McCarty 58; cCarty and Haves 69; Rieger 75; Shepi ro 76; 78; 79;

Shapiro and ilcKay 8¢].

Several formalisms have been developed to implement
deductive systems: the Refutation lethod [Chang and Lee 73;
Nilsson, 71}, Production Systems [Davis and Ring 77} and Semantic

Hetworks [Deliyanni and Xowalski 79; Fikes and llendrix 78;

o

Hendrixz 75; 78; 79; Schubert et. al. 79; Shapiro 75; 78; 79;

P

S:)

Shapirc and tickay €0]. If one has a system capable of performing

inference there are basicaly two types of inference modes that

can be implenented:

1. Backwvard Inference or Inference at Question Time: starting

with the goal that has to be proved the system searches
for facts or rules that will help prove the desired goal;
tiie advantage of backward inference is that it permits the

maintenance of

)

relatively small data base of facts and

riles for use when deducing new facts when they are
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needed. The disadventage of backward inference is the need

to do some processing when ever a nev nev fact is

reguested, i.e. one has to viait until the fact deduced.

[WH
&}

2. FPorwvard Inference or Inference at Xnowledge Acquisition

Yime: witen some nevw fact is added to the systenm it tries
to use 1t, togezther with all other stored information to

infer newv facts. Starting with the fact that has just been
added the system searches for all facts and rules that
would enable it to deduce new facts. The advantage of

1.

inference is that evervthing that the system knows

inference is the fact that the database will be full of

information that may never be needed.

This paper describes the implementation of forward

53

+3
jas
[
0!

in the SlePS deduction system [Shapiro 76; 7¢]1.

implexentation grew out of the work done for an independent study

course taken during the E8pring "8I semester under the supervision

Oof Pr. Stuart Shapiro.
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2.Goals of the forvard inference implenentation

A SliePS semantic network [Shapiro 76; 791 is a labeled

directed graph in which nodes represent concepts and arcs

represent non-conceptual binary relations between concepts.

The SHePS network permits the representation of deduction

rules. A deduction rule is represented in the network by a rule

Befofe the work being reported in this paper had started,
the SliePs deduction system basically only allowed backward
inference. Backwvard inference wvas done by setting up a set of
processes, each one with certain duties, that run unger the MULTI
multiprocessing sytem [HcKay and Shapiro 80]. The processes built
during the deduction of sone fact are not erased after the fact
is deduced and may be used later on while deducing nevw facts

(answering further questions).

Forwvard Inference has been implemented using the HULTI
systen and one of the goals kept in mind during the "working out"
of the implementation details was that the set of processes left
behind by the system after forward inferencing was done should be
similar to the set of processes left behind by backward inference

if it was trying to deduce the same results. This would mean that

after the set of processes is built it would no longer be

ag AL LT
possible to tell whetherﬂbuilt by forward or backward inference.

The processes built in either type of inference should also be
able to intersect snoothly with each other, i.e. if some process

~
=

inference needs a process that has

1

built during one kind o

already been built while deducing some fact using the other kind
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Of inference then the system should be able to Ffind this process

and use it, instead of creating a nev one.

One of ti
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some rule, but should it be triggered everytime this situation

vould happen? Perhaps the best way to analyse this problem is by

Suppose that in the netwvork there is the rule represented in
Figure 1. Roughly we can read this rule as "if M1 then H2", In

-

Figure 1
Sinple rule

Hl and I1i2 contain variables and the rule

ey

the typical case bot
siiould be interpreted in the following way: "If there is a node

in the network, say A, which is a fully ground instance of the

Pt

node M1, with b beinyg the substitution that vhen applied to Iil
produces A, tiien we can infer the node resulting from applying
tiie substitution b to {12". Ve will henceforth refer to this by

saying that if there is a node, say A, that matches llbh then we

can assert l2Dh.

With rule R1 and the assertion in the network of some node
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which natches Hlbh feorvara inferenc

a3

(D

should deduce ii2b. This

corresyonds to the well known "modus ponens® rule of inference.

2ut nov, suppose that rule Rl is not asserted in the network

but her embeded within some other rule. There are two possible

1. 21 'is in antecedent position of some other rule (Fig.2a).

2. Rl is in consedcuent position of some other rule (Fig.2b).

Figure 2
Sinple cases of rule embeding

Suppose that, in the first case, ve as3ert a node that
matches IHlb., Then what? In this case since Rl is not asserted in
the network we can not infer li2p since we simply don't know if
the rule R1 "holds". The first step that we would have to do is

to prove that rule Rl holds and in that case assert !3h since the

s

antecedent of R2h would then hold., The proof that rule Rlp holds

D)

be done in the following wvay: assune i1lp and t:

vy
)
b

using only sound rules of inference deduce ii2). The SlePS

inference system is not able to do this (yet), and therefore when
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Some neyly asserted node wmatcnes a node which is in antecedent

pozition of some rule whichr is in turn in antecedent sosition of

other rule no fcrvard inferencing is done.

Loy

Suppose novw that in the case represented in Pigure 2b we
agsert a node matching llp. Again, we can not use rule Rl unless
We prove that it holds. But in this case it is guite siuple: the
enavles us te infer Rlh provided
that M3bh holds. What the forward inference systen should then do
is to start working on rule R2bh, trving to prove its antecedent,
i.e. trying to show that an instance of {I3h exists in the network
or that we can deduce it with the existing facts and rules. In
the case of such a prooi being successfull modus ponens enables

Dy modus

From this example it is easy to see Eﬂe cases where forwvard
inference should be done: first, forward inference is only
triggered when some newly asserted node matclies a node in
antecedent pogition of some rule; next, this rule should be
eitier asserted or in conseguent position of some other rule. The
forward inference system should then start to work on the
exbedding rule and again, either the rule is asserted and it will
try to prove its antecedents or the rule is in conseguent
position of some otner rule and the process recurs. I
this procedure we encounter one rule in antecedent position of

some other rule the whole process stops.

Tnis line of reasoning can be directly applied to the SliePSs

connectives v-> and &~>, the only difference between them bein
r
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that for v~> we can infer all the conseguents of the rule as gsoon
as we can prove one single antecedent whereas for the &-> we need
to prove all the antecedents of the rule before we can infer the

consequents.

But, *

what about the other SiHePS connectives?" one nmay askf
Well, AHD-OR and THRESH made no distinction among their
arguments. This means'that one particular arqgument may be looked
at as being an antecedent or as being a consequent depending on
the case in which the connective is being used. In the case of
THRESH and AND~-0OR, if we assert in the network a node whica is an
ADGunent of one of these connectives, the node matched will be
looked at as being one antecedent and, depending on the
parameters of the connective, to use the rule we mav either need
to find more antecedents or not, in either case all the nodes

that are not used as antecedents are looked at as being

consequents,

The cases in which forvard inference will be triggered can
then be summarized in the following way: "forward inference is
done when a node is asserted which matches some node in
antecedent (ANT or &ANT) or argument (ARG) position of some rule.
If the rule is asserted it will try to use the rule. If the rule
is not asserted and is in consequent (CQ) or argument (ARG)

position of some other rule it will follow the CQ€ or &RG° arc

and apply the same reasoning."

The path of arcs to be followed during forward inference is
1

represented in Figure 3 where “top?" means that an asserted node

is found.
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Figure 3
Path of arcs to be folleoved during forward inference

~

faving determined when to do forvard inference the next step
v7ill be to try to answer the folloving questions: "ifhat processes

should be responsible for forward inference?" and "What should

N

these processes do?". These uestions are answered in the next

1

tion which deals with the implementation details.
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3.Porvard Inference 2rocesses

Tac forvard inferencing mechanism is initiated through the

e
use of tie function ADD: (ADD Rl Sy ... R,IG.) instructe the
a2 o i
system to add to the netvork the node with Ry to LBy, ..., Ry TO

A

1S, and vo forward inferencing with that node. As we savy before

the fir:t step in forward inferencing will be to match the given

node against the network and check if any of the matched nodes is
-in antecadent or argument position of some rule, in which case

further processing has to be done.

A new process was created to accomplish this job: the

process P~IIFER is given a newly asserted node and its task is to

@]

natch the node against the network and for each of the matched
nodes and respective bindings check if they are in antecedent (or

argument) position of some rule(s) and if it is the case set up
the appropriate set of processes (described later on) to use such

rule(s).

Begsides F-INFER ancother process vas created, the process
INPLY. IIIPLY is a process which ig responzible for a given rule:

it receives instances of the conseguents of the rule and

¥}

determines what to do with them. INMPLY receives messages of the

(L)

kind "tle consequents of the rule you are working on hold with

binding h". Upon receiving such a message IIIPLY looks at each
conseguent of the rule in turn. If the conseguent is a rule it
means that such a rule holds with binding b, in which case INPLY
sets up the appropriate structure of processes to use the rule;

if the consequent is not a rule it means that the node resulting

from the application of the binding b to the consequent can be



o
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duced and that is exactly what INPLY does in this case:

the instance of the consequent in the network and sets up

LY
Iy

Y

INFER process to do further forward inference on such a

node.
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In this section an hypothetical example of Low forward

Suppose tonat the rule represented in figqure 4 exigts 1n tae

networh. Zuppose also that the user uses the function ADD to

Figure 4
rule exzisting in the netv

21

1ich is a fully ground noc

v

builld a node 112 i he

(o)

matching 2D,

~

runction ADD creates an F-IUFDR process to work on the node M2.

This process does a matceh in the network ana finds M2, which is

P

in antecedent position of rule R2, and this is enough for the
system to try to do some forvard inferencing. Process FP-INPER
builds twc processes: an IHPLY process wvhich vill be responsible

for rule R2 and a GO~-UPI1l process that checks if the rule R2 is

e

asserted and ii not crawls uvn on CQc or ARGE arcs (if such arcs
exist) to talke care of the next higher up rule. The process

GO-UPI1l iz scheduled. Figure 5 "How" the processes bullt so far.

™

. CV /z
x o - . 4/~ ‘.Q (‘ V{ . 3
In this Figure and in the\*kLtanAaaae~ Figures a solid arow going

from process & to process § means that A reports (sends messages)
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to process B (sometimes said that B is the "boss" of A); a dashed

g_\

arrcy going from process A Lo process B means that process A
Ccreates process D. If process A also schedules process B, the

arrow head will be solid. The job of the F-IUFER nrocess is now

IHPLY P2
[CO: (B3 R4 17)
RULE:R2
BIIDG: D
b
~ .
GO-UPIl Q\J F-INFER 120
.T ML . ¥
s {2‘ ‘_ _______ — o e - am ew e e e Lv(/:)n_l. LI2 J
B D"'D
Pigure 5
Complete set of processes - phase 1

completed, it stops execution and the scheduler initiates the
process GO-UPIl. This process crawls up on the CO° arc leading to
rule Rl. Its being able to do this means that the rule R2 is not
asserted in the network and therefore before we can use it we
have to prove that the rule holds with binding D, i.e. first ve
nave to be able to use rule Rlh. The job of GO~UPIl, in this
case, is to create an IIPLY process that will be responsible for

rule Rl and vhich will be reporting (sending messages) to a

cr
o
o

data-colletor (AlS-CATCH process) which, in turn, reports to
process P2 (Fig.6). Furthermore process P3 creates another

GO-UPIl process which will check vhether or not rule Rl is

by

asserted and schedules this process. The set of processes built

.

up to this point is shown in Figure 6. Since process P3 has
completed its job it stops execution and the scheduler initiates
thie process P6., Since the rule Rl is asserted in the network the

s

process Pé creates the structure necessary to use the rule, i.e

0}
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Complete set of processes - phase 2

the processes ANS-CATCE (P7) and USE (Pg) and schedules P8 for

execution. The set of processes built up to this point is shown

IIPLY p2 P-INFER Pl
CQ:(R3 R4 i17) (IGDE: 1
RULE:R2

2iIIDG::h
3
GCO-UPI1 [P3 ANIS-~-CATCH ol
COeR2 DATA: ()
158G ()

CO: {RZ)

RULE:R1

N fCo (@D
RULE:R

|BEDG: b

Figure 7
Conmplete set of processes - Phase 3

in Figure 7. Process P§ stops execution and process P8 is
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initiated. This process will, in turn, initiate some other
proucesses whose Joint task is to check if there is any node in
tne network that matches Ii1h (the antecedent of Rl). If such is

the case modus ponens permits us to infer tnat the conseguent of

[a R

11y nolds, Let us suppose that there exists in the network a node

satisfying such a condition, say Hl. The processes that USE
initiates will f£inca this node and will report such a node to the

(5-CLTCH above the USE (P8). ARNS-CATCH compares the answer

received with the data stored in its DATA: register (containing a

iessage has not been received before, as is the case, since no
nessages at all were received, it reports the message to its
bosses, in this case INPLY (P5). When INPLY gets the message

stating something like "the rule that you are interested in (R1)

Y
f10lds and an instance of its antecedent was fcund with binding
", INPLY looks at the conseguent of Rl and since it is a rule
(R2) it sets up the structure of processes necessary to use the
rule, wnich, as we have already seen before, is a USE process
viich reports to an AliS-CATCI, The job of the INPLY process is
now done, it schedules the newly created USL process and stops
execution. The structure of the processes built so far is
represented in Figure 8. The scheduler now initiates process Ply
(G8E) which, as before, will set up some structure of processes
to use the rule R2, i.e. find an instance of [12bh. In this case,

howvever, since an instance of the antecedent of R2 was the node

ssertion in the network triggered the forward inference

process, part of tlhe structure to use the rule is already there.

This piece of structure was built by the F-INFER (Pl) which vas
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TPy P2 P-TIFER Pi
CO: (R3 Re N7) {HODE : 172 |
L2
BliDCab
A
3 ANE-CaCH 24
1.) \r\ ( )
22733:; Lh‘:G. ()
IiiPLY
CQe{R2)
RULE 11
BHDG 1D
Ge-up1l (ps AllS=-CATCH P7 . USE P10
Ch:21 DATA:: (RZ (D)) “a CH:{(R3 R& 1i7)
BIIDG:L HEG: () RULE:R2
BIIDG:b
Use P8
CH: (R2)
RULE:R1
DIDG: b
Figure 8 )
Complete cet of processes - phase 4
Loreszeeing the possibility that later on such set of processes
would Dbe needed, This set of processes is linked to thie processes
Createu by UIE. The advantage of having F-IIFER create these
processes 1z that the system doesn't need to look at the network
and cneci if there is a node vhich matches {iZh, because in thi:
case it kuowrs that H2 is a node in such a situvation. The
execution oi these processes results in 2% receiving a message
staeting that 12 is a node that matches [12h. This message is
Propagated through the chain of processes until it reaches P2. P2
gets a messgage stating that the rule it is interested in (R2)
nolcs and that an instance of its antecedent with binding b was
found, therefore by modus ponens it can assert the conseguents of
e rule with binding 2. What INPLY does is looking at each
consequent o R2 in turn: both conseguents R3 and R4 are rules
and therecfore these rules hold with binding p. P2 creates an



rules, i.e. USE processes P14 and P17 and cchedules these

processes ror enecution (Fig.9); the conseguent 117 is not a rule,

ILPLY P12 I1PLY P15
CO: (1id) CO: (116)
RULE:R3 N ' v|RULE: R4
SDG:b \ S \BUDG: b
/
AlS-CATCI | ans-carci|ris
DATAL () | DATA: ()
115G () t PLisc: ()
4 1 ) 1
USE X 5L P17
CQ: (114) v | [CorTme)
RULE:R2 t; |RULE:R4
BHIDG:b \ P ,/ |BHDG:Db
o ZheLy ) P2, W
‘GO (R3TRE 1T) 7,0
s |RULE:R2 Z - F=INFER P18
|BUDG:] =~ - [IODETTIT ]

CQ:R2 DATA

Ry
BHDG:b 115G

@

©

&

g

bl

-]
?i;)

&%)
o T

L3

310y
1 G

Fa kil @)
e <)

L2

3

sl

EpS

IiPLY P5 ANS=-CATCH \ P9 ,
COs (122) DATh: (23 R4 H7(b)&
JULE: N1 18G: ()
BiIDG e
|
co-ur11 [ps AliS-CATCH T;7 Use PG
DATA: (R2(b)) CQ:(R3 R4 [i7)
H3G: () RULE:R2
g

U
It
>,
o0
o

usno

CQ: (R2) F-IUFER Pl
RULE:R1 \tioDE 112 ]
BHDG D

Figure 9

Complete set of processes - phase 5
tiierefore an instance of [i7h is asserted in the network, suppose
it results in the assertion of node 1114, an F~INFER process (P1S)

15 created to do further forward inference on the node 11y, The
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anl oF wrocess P2 is new conpleted, it stops execution and the
i 14 i

Q

;s up one of the processes Pl4, P17 or P18 for

o F R T [ ey e, T U S A R L T 1S -4 [ aa 22N
crnecutiosn. et us suppose taat Pl4 is iniltiated I1rs3c. »e sane

se ruls D3, the execution of

match in the network to chech if there is any node matching 3.

“If that iz the case messages

P12 yhich w111 assert in the

In tao next section ana

are propagated to the INIPLY process
netvork an instance of node Ii4b and

such a node. And the sane holds for

-

in appendix 2 are presented

i
jon
[
(23
[}
(0]
=

~

examples of use of forward inference.
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Figure 11
'etwork built so far

procezs to work on such a rule. GO-UPI1l is initiated and since [i4

is asserted it creates an USE process to use the rule (Fig.l2).

)

IipLy P61l

e 78
C‘;E. (;i?)

TIIT e 21 A
Wil ik

BHDG: (V1/V1)

GO-UPIl P52 ENS-CATCH [PG3
YCQ:QFL ..... ofPETAE ()
[Eang: (vi/vl) N 18G: ()
A Y
USE ) P57
CO: (113)
RULE:114
BMDG: (V1/V])
Figure 12
Structure of processes - phase 1

Q]
0
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At this point process PSa ops execution and process P64 (USEH)

is initiated. The USE process creates the set of processes that

use the rule, such set of processes is represented in Figure 13
(for =z description of these processes refer to Anpendiz 1),
Procerz 54 schedules P38 for execution and halts. The scheduler
initiates process DAL which does a match in the network to see if
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enteailment ©o that a ygiven set of consegucents

{
(8]

Gr-
{eventually containing all of the comsequents) can be

: : : EREIN S T g o e ST e ) " P Y A JE P
instantiated i:n a particular bHinding b. For each antececent

~1 ' [ T o - e s P! « 1), o
aiready exists, a new one is uot created. (gee above) The

» - . - s S - T N
es its name to CHEIMI-D to receive ansvers. Yanen
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-
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o
(@]
<
jent
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(9]

ports an aunsvwer consisting of a

with such a binding wvas

onsequents in which the

in such & binding is

sent to the CHEIN-R's boss.

EYT is the uwrocess which performs and—entailment (&->).

the antecedents of the and-cntailment in a

.J.L-xul g

)

is the process that inplenents the anu-or

connective (;%{). Cne of the particularities of this
connective is that any argunent can be either antecedent or

consequent. CHAIDOR tries to create or find IUFER processes

ts. CUAIDOR changes its name to

. - T oy i in -~ e o Aa s e -
ansyers, Vinen tLie answers are recurnex

R-R maintalns counts of the answers indexed on the
siaaings in the result, Those ar
are supplied arc considered anteccaents and t

thie consequents. If j antecedents are ever derived for a
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0f the AND-0OR except the j antecedents derived) hold with

binding b.

ST OTT M i1 - - K $a W -~ R NOR W i
CHYHRESE i3 the process tiat implenents the th

connective. It works very similarly to CHAIDOR.

USE the process USE tries Lo deduce a set of conseguents
Using a given rule with a given binding. It creates a

T . “ e TF T T T T 3 faleiniaga gt ST=% ~ ety 1
CH-process (CHENT, CH&DNT, CHUAUDOR or CHTIRESH, depending

on the connective of the rule) that will worli on the rule.

" TYTIATIT LI [, P B ] S ot g - LT e g am PO -y T e
P-IIFER is5 a process which triggers Zorward inference. It

o
o
&
o
a
)
®
<8

node against the networi and £or ecaci: of

I1PLY is & process wiich ig responsible for a given rule.
It receives nessages stating that certain conseguents of
thie rule hold in a given binding and determines what to do
with them: if the conseqguent is a rule it szets up the
processes necessary te use the rule; if the consegquent is

not & rule it asserts in the networik the node resulting
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(ZifJZ {
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# (LISP

SID SIULPE

In Figures 1% and 12 are presented the processes letft benind

by the system after forvard inference is completed. In

Figures the word 'IOBY-DICH' has been abbreviated to 'li-

Hopefully this would not cause confusion to the reader.
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