
/*evar,s*/ 
/*Evan's Geometric AnaloSY Prosram - Rational Reconstruction*/ 
/*Alan Bundy 26+10.79*/ 

/*to? level ?rosram*I 
~ns (FiSA,FisB, FisC' AnsList, Ar,s) :-

fi.J)dr•Jle < Fi SA, FisB, R•Jle >, ...(.Jle_i s (Rule), 
t,il(P?lYrule(Rule,FisC,AnsObJs,AnsRels,Sims>, 
t&fhs_desc(AnsObJs,AnsRels,Sims>, 
..erelect'res1Jl t ( FisC, AnsList, AnsObJs, AnsRels, Sims, Ans>, 

~,·s_is(Ans> + 

/*find rule Siven fisures*I 
firydruJ.e(FisA,FisB,Rule> :-

i>elations(Fj.sA,So•Jrce), ~lations(FisB,Tarset>, 
~Jects(FisA,Alist>, c,f!Jects(FisB,Blist>, 
~milarities(FiSA,FiSB,Tri?les>, 

rlect_ .. set < Tri?les, Matches), 
takeawaY1(Alist,Matches,Removals), 
takeaway2(Blist,Matches,Adds>, 

f)"akerule (Removals, Adds, Matches, So•Jrce, Tarset, RtJle). 

/*a??lYrule to fiSc to produce answer*/ 
a??lYrule(rule(Removals,Adds,Matches,Source,Tarset), 

FisC, AnsObJs,Tarset,Matches) :
✓e1ations(FisC,FisDesc>, 10'bJects(FisC,ObList>, 
~etec~ (Fi sDesc, S01J rce > , 
e,a?list(second,Matches,NewList>, a??end(NewList,Adds,AnsObJs>. 

I* Select Result from those Provided *I 
t.,Aelectresul t ( FisC, CFiSN I RestJ, AnsOb,..is, AnsRel s, AnsSims, Fi SN) : -

relationi<FisN,NRels>, setea(NRels,AnsRels>, 
similarities(FisC,FisN,NSims>, setea(NSims,AnsSims), 
obJects(FisN,NObJs>, setea(NObJs,AnsObJs). 

✓e1ectresult(FisC,CFiSNIRestJ,AnsObJs,AnsRels,AnsSims,Ans> :
selectresult(FisC,Rest,AnsObJs,AnsRels,AnsSims,Ans> • 

. /*select J.esal subset of similarity tri?les for matches*/ 
,%'elect_set ( Tri?le, Match) :- select_set1 (CJ, CJ, Tri?le, Match>. 

/e1 ect_ set 1 ( A•Jsed, B•Jsed, CJ , CJ > + 

j>elect_set1 <A•Jsed, Bused, C CAobJ, BobJ, Trans] I RestJ, C CAobJ, Bob ... i, Trans] l Rest! J > :
not ( IIJ.@"mbe r ( AobJ, A1Jsed) ) , not (member< BobJ, Bused > ) , 
select_set1([AobJIAusedJ,CBobJIBusedJ,Rest,Rest1> • 

. j;i..elect_set1 ( A•Jsed, Bused, [ CAobJ, BobJ, Trans]: Rest], Rest!) :
select_set1 ( Aused, Bused, Rest, Rest1). 

(;*take away the tri?les from the list*/ 
~akeawawl(List,Tri?les,Ans> :-

, ma?list(first,Tri?les,Firsts>, Jii'('.(btract(List,Firsts,Ans>. 

Jakeaway2(List,Tri?les,Ans) :-
ma?list(second,Tri?les,Seconds>, subtract(list,Seconds,Ans). 



I* First and second elements of a list *I 
t-(rst(CA,B,CJ,A). 
~cond(CA,B,CJ,B>+ 

l*make rule from descriptions inherited from fiss a & b*I 
makerule(Removals,Adds,Matches,Source,Tarset,Rule) :

maPlist(first,Matches,SPairs>, maPlist<second,Matches,TPairs>, 
aPPend(Removals,SPairs,Ll>, aPPend(L1,TPairs,L2>, 
aPPend(L2,Adds,Consts>, 
unbind(Consts,Substs), 

~ubst(Substs,rule(Removals,Adds,Matches,Source,Tarset>,Rule). 

/~find corresPondins variable for each constar,t and Prod•Jce substi t•Jtion*I 
tiM"tbind(CJ,true). 

unbind([ConstlRestJ,Const=X & Restl) :-
unbind(Rest,Restl). 

/._ Messases *I 
l*-------·---*I 

r;A.e_i s <rule< Ren,ovals, Adds, Matches, Source, Tarset > > :-
wri tef ('Rule is: 
remove: r.t 
add: Xt 
match: Xt 
source: ¾t 
tarset: ¾t \n\n', CRemovals,Adds,Matches,Source,TarsetJ). 

~ns_desc(ObJs,Rels,Sims) :
writef('Answer descriPtion is: 
obJects: Xt 
relations: r.t 
similarities: r.t \n\n', CObJs,Rels,SimsJ). 

~r,s_is (Ans) :-
writef ('Answer is ¾t\n\n\n',CAnsJ>. 



l*fisures*I 
-/*test descriPtions for evans Prosram*I 
/*Alan Bund~ 26+10.79*/ 

Probleml(Ans) :- evans(fisa,fisb,fisc,Cfisl,fis2,fis3,fis4,fis5J,Ans>. 
Problem2(Ans> :- evans(fisa,fisb,fisc,Cfis1,fis2,fis3,fis4a,fis5J,Ans). 
Problem3(Ans> :- evans(fisa,fisb,fisc,Cfis1,fis2,fis3,fis5J,Ans>. 

obJects(fisa,Ctri1,tri2J). 
relations(fisa,CCinside,tri1,tri2JJ). 

obJects(fisb,Ctri3J). 
relatio·r,s ( fisb, CJ). 

similarities(fisa,fisb,CCtri2,tri3,directJ, Ctri1,tri3,Cscale,2JJJ>. 

obJects(fisc,Csauare,circleJ). 
r-lations(fisc,CCinside,sauare,circleJJ>. 

obJects(fiS1,Ccircle2,circle3J). 
relations(fiS1,CCinside,circle2,circle3JJ). 
similarities(fisc,fis1,CCcircle,circle3,directJ, 

Ccircle,circle2,Cscale,halfJJJ). 

obJects(fis2,Csauare2J). 
relations(fis2,CJ). 
similarities(fisc,fiS2,CCsouare,sauare2,directJJ). 

obJects(fis3,Ctri4,circle4J). 
relations(fis3,CCinside,tri4,circle4JJ). 
similarities(fisc,fis3,CCcircle,circle4,directJJ). 

obJects(fis4,Ccircle5J). 
relations(fis4,CJ). 
similarities(fisc,fiS4,CCcircle,circle5,directJJ>. 

;~cts(fiS4a,Csauare3J). 
relations(fis4a,CJ). 
similarities(fisc,fiS4a,CCsauare,sauare3,Cscale,2JJJ). 

obJects(fis5,Ctri5J). 
relations(fis5,CJ). 
similarities(fisc,fis5,CJ). 



~es 
l T- Probleml(A>+ 
Rule is: 

remove: C_527J 
add: CJ 
match: CC_537,_547,directJJ 
source: CCinside,_527,_537JJ 
tarset: CJ 

Answer descriPtion is: 
objects: C_547J 
relations: CJ 
similarities: CCcircle,_547,directJJ 

Answer is fis4 

A = f•is4 

'::LS 
: T

l~ule 
Problem2(A). 
is: 

remove: C_527J 
add: CJ 
match: CC_537,_547,directJJ 
source: CCinside,_527,_537JJ 
tarset: CJ 

~nswer descriPtion is: 
objects: C_547J 
relations: CJ 

Rule is: 

similarities: CCcircle,_547,directJJ 

remove: (_527J 
add: CJ 
match: CC_537,_547,Cscale,2JJJ 
source: CCinside,_537,_527JJ 
tarset: CJ 

Answer description is: 
objects: L.547J 
relations: CJ 
similarities: CCsGuare,_547,Cscale,2JJJ 

Answer is fis4a 

A= fis4a 

~es 
: T- Problem3(A). 
Rule is: 

remove: C .. 527 J 
add: CJ 
match: CC-537,_547,directJJ 
source: Ctinside,_527,_537JJ 



tarset: CJ 

Answer descriPtion is: 
obJects: [_547] 
relations: CJ 
similarities: CCcircle,_547,directJJ 

R•Jle is: 
remove: [_527] 
add: CJ 
match: [[_537,_547,[scale,2]]] 
source: [Cinside,_537,_527]] 
tarset: CJ 

Answer descriPtion is: 
obJects: [_547] 
relations: CJ 
similarities: C[sGuare,_547,Cscale,2JJJ 

R•Jle is: 
remove: [_381,_391] 
add: [_401] 
match: CJ 
source: [Cinside,_381,_391JJ 
tarset: CJ 

Answer descriPtion is: 
obJects: [_401] 
relations: CJ 
similarities: CJ 

Answer is fis5 

A= fiS5 
~------•~•~-M•·-•~•~-

y es ---- ----._ 
I ?-Gore 49664 (20480 lo-ses + 29184 hi~J.. _____ _..,.) 

1:-. 15360 14048 in use t 131"2 fre'e 
s obal 1187 = 16 in use+ 1171 free 
local 
trail 

0+06 
0+08 
l.+77 

1024 = 
511 = 

sec. for l. 
sec. for 4 

16 in use+ 1008 free 
0 in use+ 511 free 

GCs Sainins 144 words 
local shifts and 12 trail shifts 

sec. runtime 



er.osr.am tllame 

Sau.£ce 

Date of. Issue 

1. Description 
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PROGRAH SPECIFICATION 

The Evans Geometric Analosy Prosrarn 

Alan Bundy 

8 Ma\::! 1981 

This is a rational reconstruction of the second Part of Evan's Prosrarn to solve 
Geometric AnaloSy Problems [Evans 64, Bundy 80]. It uses the descriPtions of 
seometric fisures to form a rule; aPPlies this rule to form the descriPtion of 

, answer fisure and then uses this descriPtion to select an answer from those 
Provided •. The first Part of Evan's Prosram, in which fisure descriPtions are 
formed from a cartesian representation, is not attempted. 

2. Hethod of Use 

To use the Prosram, tYPe 

run PLL: UTIL 

and in response to the Prompt type 

consult('PLL: EVANS'>• 

The toP level Predicate, evans, will then be available. evans takes 5 
arsuments: the names of fisures A, B, c; a list of Possible answer fisures and 
a variable. If it succeeds then evans binds this variable to one of the answer 
fisures. As it runs evans Prints descriPtions of the rules it forms and the 
answer fisures these sussest. 

For the Prosram to work, assertions must be Present in the database describins 
the fisures A, B, C and the Possible answer fisures and relatins obJects in 
fisure A to obJects in fisure Band obJects in fisure C to obJects in each of 
the answer fisures. Some examples of the sort of assertions reGuired are Siven 
in file PLL: FIGURE and a selection are reproduced in exarnPle 2-1 below. 



1 

obJects(fisa,[tri1,tri2J>. 
relations(fisa,[[inside,tri1,tri2JJ). 

obJects(fisb,[tri3J). 
relations(fisb,[J). 

similarities(fisa,fisb,C[tri2,tri3,directJ, 
[tri1,tri3,[scale,2JJJ). 

obJects(fisc,[sGuare,circleJ). 
relations(fisc,[[inside,s~uare,circleJJ). 

Fisure 2-1: Assertions to Describe InPut Fisures 

obJects takes a fisure name and a list of the obJects occurins in the 
f is•Jre. 

- relations takes a fisure name and a list of symbolic descriPtions 
describins the fisure. 

- similarities takes two fisure names and a list of similarities betwen 
obJects in the two fisures. 

The file, PLL: FIGURE, can be inPut by typins 

consult< 1 PLL: FIGURE 1 ). 

The Particular assertions definins fisa, fisb and fisc siven above, Plus 
similar ones for fisl-5 will then be in the database and the call 

evans < fisa, f isb, f isc, [f is1, f is2, f is3, fis4, f is5.J 

,Ans).J will then succeed and bind Ans to fis4. 

3. How it Works 

The top level Predicate,evans, is defined as follows (omittins Print messases): 

evans(FisA,FisB,FisC,AnsList,Ans) :
find_rule(FisA,FisB,Rule>, 
apply_rule(Rule,FisC,AnsObJs,AnsRels,Sims>, 
select_result(FisC,AnsList,AnsObJ,AnsRels,Sims,Ans). 
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find_rule takes the names of fisures A and Band forms a descriPtion of the 
rule relatins them. aPPlY_rule takes this rule and aPPlies it to fisure C, 
Producins a description of the answer fisure and similarities between fisure C 
and the answer fisure. select_result takes these descriPtions and compares 
them to the available answer fisures until it finds a match. 

find_rule is defined as follows: 

find_rule(FisA,FisB,Rule) :-
relations<FisA,Source>, relations<FisB,Tarset>, 
obJects(FisA,Alist>, obJects(FisB,Blist), 
similarities(FisA,FisB,TriPles>, 
select_set(TriPles,Matches>, 
takeawaYl(Alist,Matches,Removals), 
takeawaY2(Blist,Matches,Adds), 
make_rule(Removals,Adds,Matches,Source,Tarset,Rule). 

1e first five subProcedures Pick UP the Prestored descriPtions of the two 
risures. The Predicate select_set Picks a lesal subset, Matches, of the 
similarity descriPtions between obJects in fisure A and B. The rule descriPtion 
is based on this subset. On backup a different subset will be chosen and a. 
different rule formed. ObJects occurina in fisure A, but not involved in a 
match are then selected by takeaway! and these become the Removals. 

Similarly, takeawaY2 finds those obJects occurrins 
involved in a match and these become the Adds. A rule 

. formed t'rom these components by mal<.e_ rule. 

in fisure B, but not 
description is then 

select_set and the two takeaways are fairly straishtforward list maniPulation, 
but make_rule reouires some explanation. It is det'ined as follows: 

make_rule(Removals,Adds,Matches,Source,Tarset,Rule) :
maPlist(t'irst,Matches,SPairs>, maPlist(second,Matches,TPairs), 
BPPend(Removals,SPairs,Ll), aPPend(L1,TPairs,L2>, 
aPPend(L2,Adds,Consts), 
unbind(Consts,Substs>, 
subst(Substs,rule(Removals,Adds,Matches,Source,Tarset),Rule). 

A rule description consists of' the Predicate rule with five arsuments: 

- A list of' obJects to be removed; 

- A list of obJects to be added; 

- A list of matches between obJects; 

- The relations in the source fisure and 
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- The relations in the tarset fisure. 

These are Pretty much as suPPlied to make_rule except that the actual constants 
inherited from the initial fisure descriPtions have to be chansed for Prolos 
variables, so that the rule can be aPPlied to fisure c. 

The first five subProcedures of the make_rule definition consist of makins a 
list, Consts, of all the obJect names aPPearins in the Removal, Adds and 
Matches. A substitution is then built by unbind, in which each of these obJect 
names is associated with a different Prolos variable. subst then substitutes 
these variables for the obJects in the rule descriPtion. The definitions of 
unbind, first and second are straishtforward and the definitions of maPlist and 
subst are Siven in the Mecho utilitw Prosram library. 

The definition of aPPlY_rule is siven below. 

apply_rule(rule(Removals,Adds,Matches,Source,Tarset>, 
FisC, AnsObJs,Tarset,Matches) :

relations(FisC,FisDesc>, obJects(FisC,Oblist>, 
setea(FisDesc,Source>, 
maPlist<second,Matches,Newlist>, aPPend(Newlist,Adds,AnsObJs>. 

The first two subProcedures recover the descriPtion of fisure c. The Predicate 
setea then Pattern matches the relations in fisure C with the rule source 
descriPtion, which binds the first half of the similarity descriPtions in 
Matches. setea is set eaualitY and is described in the Mecho utilities 
library. The obJects in the answer fiSure are calculated bw aPPendins the Adds 
to the obJects in the second half of the similarity descriPtions in Matches. 

The definiton oif select_result is: 

select_result(FisC,CFisNIRestJ,AnsObJs,AnsRels,AnsSims,FisN> :
relations(FisN,NRels>, setea(NRels,AnsRels>, 
similarities(FisC,FisN,NSims>, setea(NSims,AnsSims>, 
obJects(FisN,NObJs>, setea(NObJs,AnsObJs). 

select_result(FisC,CFiSNIRestJ,AnsObJs,AnsRels,AnsSims,Ans) :
select_result(FisC,Rest,AnsObJs,AnsRels,AnsSims,Ans). 

select_result is defined bY recursion on the list of available answers. If it 
recurses to the ends of this list then it fails, and evans backs UP to form a 
new rule+ The second clause is merely the recursive steP: the first clause 
makes the interestins comparisons. FisN is the first answer fisure name in the 
list. In turn the relations, obJects and similarities of FisN are found in the 
database, and these are compared with FisC usins setea. FisN is returned as the 
answer iff the clause succeeds. Otherwise select_result recurses. 
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4+ P~osram Reauirements 

The Prolos system takes 30K words and PLL: UTIL, PLL: EVANS, PLL: FIGURE and 
workins space reouire an additional 21K words. The followins Predicates are 
used by the Prosram: 

ans_desc(3) 
evans(5) 
maPlist(3) 
Problem2(1) 
secor,d(2) 
seteo(2) 
takeaway1(3) 

Bundy 80J 

ans_is(1) aPPend(3) 
find_rule(3) first(2) 
member(2) obJects(2) 
Problem3(1) relations<2> 
select_result(6)select_set(2) 
similarities(3) subst(3) 
takeawaY2(3) unbind(2) 

REFERENCES 

B•JndY, A. 
edditiooal eI1 eroblem sol~ios ootes. 

aPPl:e_r1Jle(5) 
make_rule(6) 
Problem1(1) 
rule_is(1) 
select_set1(4) 
subtract(3) 
writef(2) 

Occasional PaPer 22, DePt. of Artificial Intellisence, 
Edinbursh, SePtember, 1980. 

[Evans 64J 
Evans, T.G. 
A heuristic Prosram to solve seometric analosw Problems. 
J.s.c.c. , APril, 1964+ 
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v .L¥w,;f't1S t 1 

Rational Reconstruction of Winston Learnins Prosram 
Al~n f.lund~ 1.12.ao 
Yersion for functions *I 

I* ToP Level Prosram - learn new concept *I 
I*------------------------------------- *I 

/*First time onlw accept an example *I 
winston(ConcePt) :- !, 

. -·· 

writef('Please sive me an examPle of a %t \n', [ConcePtJ), 
read(Ex), nl, 
make_rec(ConcePt,Ex,EObJs,ERec), 
maPlist(senswml(Plato>,EObJs,CObJs>, 
make_subst(EObJs,CObJs,Subst>, 
subst(Subst,ERec,CRec>, 
maPlist(add_ups,CRec,CDefn), 
assert(definition(ConcePt,CObJs,CDefn>>, 
winstonl(ConcePt). 

I* Is Srew area in definition eliminated? *I 
instonl(ConcePt) :

definition(ConcePt,CObJs,CDefn), 
checklistCsame,CDefn), ! , 
writef('I have learnt the concePt of %t now. \n', [ConbePtJ>. 

l*Subseauentlw accept either examPles or near misses *I 
"winston1 (Concept) :- ! , 

writef('Please Sive me an examPle or near miss of a %t. \n', [ConcePtJ>, 
read< E~-:) , n J. , 
writef('Is this example (wes./no.)? \n',[J), 
read(YesNo>, nl, 
~earn(ConcePt,Ex,YesNo>, 
winstoni(ConcePt). 

I* add default UPPer bounds in concept record *I 
add_ups(recordCArss,Name,Posn>, define(Arss,Name,[J,Posnl>. 

I* slisht modifw to Senswm, so it can be used in maPJ.ist *I 
enswm1CPrefix,_,NewConst) :- !, senswm(Prefix,NewConst). 

I* are UPPer and lower bound of concept definition the same? *I 
s;;rme ( de-fine ( Arss, Name, Posn, Posn >). 

I* learn from this example or near miss *I 
learn(ConcePt, Example, YesNo) :- !, 

definition(ConcePt,CObJs,CDefn), 
make_rec(ConcePt,ExamPle,EObJs,ERec>, 
classi'fw(CObJs,EObJs,CDefn,ERec,Diff,Verdict), 
learni(ConcePt,Diff,YesNo,Verdict). 

I* Make records from list of relations *I 
I*------------------------------------ *I 

make_rec(ConcePt,ExamPle,EObJs,ERec) :- !, 
examPle(ExamPle,Relns), 
maPlist(consts_in,Relns,CL), flatten(CL,EObJs), 



maPlist(convert,Relns,ERec). 

/* Find all constants in terms*/ 
consts~in([J,[J). 

consts_in<N,[J) :-
inteser(N), ! • 

consts_in(Const,[ConstJ) :
atom(Const), ! • 

consts_in(ExP,Consts> :-
ExP =•• [SYm:ArssJ, maPlist(consts_in,Arss,CL>, 
flatten<CL,Consts). 

/*Flatten List *I 
flatten([],[]). 

flatten([Hd:TlJ,Ans>:-
flatten(Tl,Rest>, union(Hd,Rest,Ans). 

I* Convert inPut relation style into internal representation as Predicate tree*' 
convert(Reln, record(Arss,Name,ExPosn)) : 

Reln =•• [Pred:ArssJ, 
J.ensth(Arss,N>, 
tree(Name,N,Tree), 
Position(Pred,Tree,ExPosn). 

I* Find Position of Node in Tree *I 
'·y,osition(Node, Tree, []) :-

Tree=•• [Node:SubTrees]. 

Position(Node,Tree,[N:PosnJ) :
Tree=•• [Root:SubTreesJ, 
nth_eJ.(N,SubTrees,SubTree>, 
Position(Node,SubTree,Posn). 

I* find nth element of list *I 
~th_el(l,[HdlTJ.],Hd). 

nth_el<N,[HdlTJ.J,EJ.) :-
nth_el(PN,TJ.,El>, N is PN t 1+ 

/* Is this example, non-example or in Srey area, by mY definition? *I 
I*--------------------------------------------------------------- *I 

classifY(CObJs,EObJs,CDefn,ERec,BestDiff,Verdict) :- !, 
findall(Diff, make_diff(CObJs,EObJs,CDefn,ERec,Diff), Diffs>, 
best<Diffs,BestDiff>, 
verdict(BestDiff,Verdict). 

I* Find the difference between example and concept *I 
make_diff(CObJs,EObJs,CDefn,ERec,Diff) :- !, 

Perm(EObJs,EObJsl), make_subst(EObJsl,CObJs,Subst), 
subst(Subst,ERec,ERecl>, 
Pair_off(CDefn,ERecl,Diff). 

i*Pair off concept definition and example record to make differences *I 
P•ir_off([J,[J,[J) :- !. 



pafr_off(CJ,ERec,Itiff) :- ! , 
• •• ma?l. i st ( new~defn, ERec, Di ff). 

ir_off(CDefn,CJ,Diff) :- !, 
maPl.ist(extra_rec,CDefn,Diff). 

Pair_off([define(Arss,Name,UPPosn,LowPosn) l CDefnJ, 
ERec, 
[differ(Arss,Name,UPPosn,ExPosn,LowPosn,Verdict) Diff]) :

sel.ect(record(Arss,Name,ExPosn>,ERec,Rest), !, 
compare(UPPosn,ExPosn,LowPosn,Verdict>, 
Pair_off(CDefn,Rest,Diff). 

I* invent new bits of definition as necessary *I 
new_defn(record(Arss,Name,ExPosn), 

differ(Arss,Name,CJ,ExPosn,DfPosn,Verdict)) :
default_posn(Name,DfPosn>, 
comPare([J,ExPosn,DfPosn,Verdict). 

I* invent extra bits of example record as necessary *I 
~•:t ra_ rec (define ( Arss, Name, UPPosn, LowPosn), 

differ(Arss,Name,UPPosn,DfPosn,LowPosn,Verdict)) :
default_posn(Name,DfPosn), 
comPare(UPPosn,DfPosn,LowPosn,Verdict). 

I* Find Position of default Predicate on tree *f 
default_Posn(TreeName,Posn) :-

default ( T r'eeName, P red) , ! , 
tree(TreeName,_,Tree>, Position(Pred,Tree,Posn). 

default_Posn(TreeName,[J). 

I* Compare Positions in tree to Sive verdict *I 
comPa re ( U, E, L, Yes) : - append ( L, _, E) , ! • 
comPare(U,E,L,sreY) ;- aPPend(U,_,E), !. 
c:-omPST'e(U,E,L,no) :-- ! • 

* Find best difference and return it *I 
~est(Diffs,Diff) :- !, 

maPlist(score,Diffs,Scores>, 
lowest(Diffs,Scores,Diff,Score). 

I* Return difference with lowest score *I 
lowest((DiffJ,CScoreJ,Diff,Score) :- !. 

lowest((DiffllDiffsJ, (Score11ScoresJ, Diff2, Score2) :
l.owest(Diffs,Scores,Diff2,Score2), Score2<Score1, !. 

l.owest((DifflDiffsJ, (ScorelScoresJ, Diff, Score) :- !. 

I* Find score of difference *I 
score(Diff,Score) :- !, 

maPlist(scorel,Diff,Scores), 
sumlist(Scores,Score). 

I* Find score of individual differ *I 
scorel(differ(_,_,_,_,_,~es), 0) :~ !. 
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scorel(differ(_,_,_,_,_,greY), 1) :- !. 
scbrel(differ(_,_,_,_,_,no>, 2) :- !+ 

I* add up all the numbers ih a list *I 
sumlist(CJ, 0). 
sumlist([N:RestJ, Total) :- !, 

sumlist(Rest,SubT>, Total is SubT + N. 

/* Make a substitution for rePlacins all members of one list 
bw corresPondins members of another list *I 
make~subst(CJ,[J,true). 

make_subst(CXlXRestJ,[YlYRestJ,X=Y & Subst) :-
make_subst(XRest,YRest,Subst). 

I* Decide whether example falls inside definition oR basis of differs *I 
verdict(Diff,Yes) :- checklist(verdictl(Yes>,Diff), !. 
verdict ( Di ff, no) :-- some ( verdictl (no), Di ff), ! • 
verdict(Dit'f,~4rey) :- some(verdict1(sreY) ,Diff), ! • 

* verdict on individual differ *I 
verdict1(V, differ(_,_,_,_,_,V)). 

I* adJust definition aPPrDPriatelY *I 
I*-------------------------------- *I 

I* if new example found *I 
learn1(ConcePt,Diff,yes,srey) :- !, 

writef('This is a new sort of %t. \n', [Concept]), 
maPlist(lub,Diff,New>, 
retract(definition(ConcePt,CObJs,Old)), 
assert(definition(ConcePt,CObJs,New)). 

I* if near miss found *I 
learnl(ConcePt,Diff,no,srey) :- !, 

writef('This limits my idea of %t. \n', [Concept]>, 
one_of(exclude,Diff,Diffl), 
maPlist(diff_to_defn,Diff1,New>, 
retract(definition(ConcePt,CObJs,Old)), 
assert(definition(ConcePt,CObJs,New)). 

I* if nothing new is discovered *I 
learnl(ConcePt,Diff,Asree,Asree) :- !, 

writef('I have seen one of these before. \n',[J). 

I* or if contradiction is discovered *I 
learnl(ConcePt,Diff,Aeree,Disasree) :- !, 

writef('Uh Oh, somethines sone wrens. I will think aeain.\n',[J), 
fail. 

I* Move lower definition UP a bit to include new example *I 
lub(differ(Ares,Name,UPPosn,ExPosn,Old,sreY>, 

define(Ares,Name,UPPosn,New)) :- !, 
common<ExPosn,Old,New). 

~/* Lower definition already includes new examPle *I 
~ub(differ(Arss,Name,UPPosn,ExPosn,LowPosn,Yes>, 

define(Arss,Name,UPPosn,LowPosn)) :- !. 



I* Move UPPer definition down a bit to exclude near miss *I 
eY-clude (differ•( Arss, Name, Old, E~-~Posn, LowPosn, sre'::l), 
• differ(Arss,Name,New,ExPosn,LowPosn,sreY)) :- !, 

common(ExPosn,LowPosn,Comm), aPPend(Comm,[Nl_J,LowPosn), 
aPPend(Comm,[NJ,New). 

I* Take unnecessary bits out of difference *I 
diff_to_defn(differ(Arss,Name,UPPosn,ExPosn,LowPosn,Verdict>, 

define(Arss,Name,UPPosn,LowPosn)). 

I* Find common initial sublist of two lists*/ 
common([NlRestlJ, [NlRest2J, [N:RestJ) :- !, 

common(Rest1,Rest2,Rest). 

common (List 1. , Lis t2, r:]) : - ! • 

I* chanse Just one member of list*/ 
one_of(Prop, [OldlTl], [NewlTlJ) :- aPPlY(Prop,[Qld,NewJ). 
one_of(ProP, [HdlOldJ, [HdlNew]) :- one_of(ProP,Old,New), 

/* Find out what sreY areas still exist in concePt */ 
sreY(ConcePt) :- !, 

writef('Grey areas in %t are:\n',[ConcePt]), 
definition(ConcePt,CObJs,CDefn), 
checklist<sreY1,CDefn>. 

sreYl(define(Arss,Name,Posn,Posn>> :- !. 

srew1CDefn> :- !, 
write(Defn), nl. 

\ 
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~jnston arch domain 

,.,ilfl an Bundy 5 + 12. BO 
~~se with winston *I 

I* sPace of description trees *I 
space(arch,[shaPetree,touchtree,orienttree,directiontree,suPPOrttreeJ), 

I* descriPtion tree *I 

tree(shaPetree,1,shape(Prism(wedge,block),PYramid)). 

tree(touchtree,i,touchrel(seParate,touch(marries,abuts))), 
default(touchtree,seParate). X default Predicate 

tree(orienttree,1,orientation(lYing,standing)). 

tree(directiontree,2,direction(leftof,rightof)). 

tree(suPPorttr~e,2,undef(suPPorts,unsuPPorts)). 

I* Examples and near misses *I 

examPle(archl, [block(a), block(b), block(c), 
standina<a>, standina<b>, lYing(c), 
leftofCa,b), 
SUPPOrts(a,c), SUPPorts(b,c), 
marries(a,c>, marries<c,a>, marries(b,c), marries(c,b)J). 

examPle(arch2, [block(a), block(b>, wedge(c>, 
standing(a), standing(b), lYing(c), 
l.eftof(a,b), 
SUPPOrts(a,c), SUPPorts(b,c), 
marries(a,c), marries(c,a), marries(b,c), marries(c,b)J), 

examPle(arch3, [block(a), block(b), bl.ock(c), 
standing(a), standing(b), lYing(c), 
leftof(a,b), 
SUPPorts(a,c>, suPPorts(b,c), 
abuts(a,c), abuts(c,a), abuts(b,c), abuts<c,b)J), 

examPle(archnl, [block(a), block(b), block(c), 
standin•<a>, standina(b), lYing(c), 
leftof(a,b), • 
SUPPDrts(a,c), SUPPorts(b,c), 
marries(a,c), marries(c,a), marriesCb,cJ, marries(c,b>, , 
marries(a,b>, marries(b,aJJ). 

examPl.e(archn2, [block<a>, block(b), block<c>, 
standins(a), standinS(b), lwing(c), 
leftof<a,b>, 
marries(a,c), marries<c,a>, marries(b,c>, marries(c,b)J). 

examPle(archn3, [block(a), block(b), block(c), 
standins(a), standing(b), lwins(c), 
leftof(a,b)J). 



SamPle of Session with Prolog Winston 

1- winston(arch). 
Please sive me an e>:amP le of a arch 

I ♦ arch1+ •• 

Please sive me an e>,amP le or near miss of 
I ♦ arch2+ t • 

Is this e~<amP 1 e (yes./no,)1 
I ♦ yes. t ♦ 

This is a new sort of arch+ 
Please sive me an example or near miss of 

I ♦ arch3+ I ♦ 

Is this example (yes./no.>1 
I + yes. I ♦ 

This is a new sort of arch. 
Please sive me an e>:amP le or r,ear miss of 

I t archn1. I + 

Is this e}•{amP 1 e (yes./no.)1 
I t no. I ♦ 

This limits my idea of arch. 
Please sive me an e}•{BITIP 1 e or near miss of 

I + archn2. I ♦ 

Is this e~-,amP 1 e (Yes./no.)1 
I ♦ no+ I ♦ 

This limits my idea of arch. 
Please sive me an e~<amP le or near miss of 

I ♦ archn3. I ♦ 

Is this e~-,amPle (yes./no.)1 
I t no. I + 

I have seen one of these before. 
Please sive me an e~•rnmP le or near miss of 

: 1- sreY(arch). 
Grey areas in arch are: 
define([plato1J,shaPetree,CJ,C1,2J) 
define(CPlato2J,shaPetree,CJ,C1J> 
define([plato3J,shaPetree,CJ,C1,2J) 
define(CP1ato1,Plato2J,touchtree,CJ,C2J) 
define((plato2,Plato1J,touchtree,CJ,C2J) 
define([plato3,Plato1J,touchtree,CJ,C1J) 
define(CPlato2,Plato3J,touchtree,CJ,C2J) 
define(CPlato3,Plato2J,touchtree,CJ,C2J) 
define([plato1J,orienttree,CJ,C2J) 
define((plato2J,o~ienttree,CJ,C1J) 
define((plato3J,orienttree,CJ,C2J) 

a 

a 

a 

a 

a 

a 

,:efine ( Cf'lato1,,,lato3J, di rectiontree, n ,_C 1 J l 

arch+ 

arch. 

arch. 

arch. 

arch. 

arch. 



de~ine([Plato3,Plato2J,suPPorttree,CJ,C1J) 



l*arch1 
Winston arch domain 
Alan Bundw 5.12.80 
use with winstcm 
version with functions *I 

I* descriPtion trees *I 

tree(shaPetree,1,shaPe(Prism(wedse,block),PYramid)). 

tree(touchtree,2,touchrel(seParate,touch(marries,abuts))). 
default(touchtree,seP~rate). % default Predicate 

tree(orienttree,1,orientation(lYins,standins>>. 

tree(directiontree,2,direction(leftof,rishtof)). 

tree(suPPorttree,2,undef(suPPorts,unsuPPorts)). 

I* Examples and near misses *I 

examPle(arch1, [block(lP(a)), block(rP(a)), block(tm(a>>, 
standinS(lP(a>>, standinS(rp(a)), lYinS(tm(a)), 
leftof(lp(a),rp(a)), 
SUPPorts(lP(a),tm(a)), suPPorts(rp(a),tm(a)), 
marries(lp(a),tm(a)), marries(rp(a),tm(a)) J ). 

examPle(arch2, [block(lp(a)), block(rp(a>>, wedse(tm(a)), 
standinS(lP(a)), standinS(rp(a)), l~ins(tm(a)), 
leftof(lP(a),rp(a)), 
SUPPorts(lp(a),tm(a)), suPPorts(rP(a),tm(a)), 
marries(lp(a),tm(a)), marries(rP(a),tm(a)) J ). 

examPle(arch3, [block(lp(a)), block(rp(a>>, block(tm(a)), 
standins(lp(a)), standinS(rp(a)), lYinS(tm(a>>, 
leftof(lp(a),rP(a)), 
suPPorts(lP(a),tm(a)), suPPorts(rp(a),tm(a)), 
abuts(lp(a),trn(a)), abuts(rp(a),tm(a)) J ). 

examPle(archn1, [block(lP(a)), block(rp(a)), block(tm(a)), 
standinS(lP(a)), standinS(rp(a)), lwins(tm(a>>, 
leftof(lp(a),rp(a)), 
suPPorts(lP(a),tm(a>>, suPPorts(rp(a),trn(a)), 
marries(lp(a),tm(a)), marries(rp(a),trn(a)), marries(lP(a),rp(a)) J >. 

examPle(archn2, [block(lp(a>>, block(rp(a)), block(tm(a)), 
standins(lP(a)>, standins(rp(a)), lYinsCtm(a>>, 
leftof(lp(a),rp(a)), 
marries(lp(a),tm(a)), marries(rp(a),tm(a)) J ). 

examPle(archn3, [block(lp(a)), block(rp(a>>, block(tm(a>>, 
standine(lp(a)), standins(rp(a)), lwins(tm(a)), 
leftof(lp(a),rP(a))J). 



' /-i. :tsol 
Definition of Isolation space and examples for Winston Prosram 
Alan Bundw 1s.2.e1 *I 

7/* Predicate Trees *I 

tree(occurtree,2,occur_rel(freeof,contains(sinsleocc,multocc))). 
default(occurtree,freeof). 

tree ( s i mt T'ee, 2, s i m._ re 1 (different ( un re 1 ated, inverse) , i dent> ) • 
default(simtT'ee,unT'elated). 

I* Examples and near Misses *I 

examPle(isol1, [sinsleocc<x,expr_at([1,2J,befoT'e)>, 
freeof(x,exPr_at([l,lJ,befoT'e)), 
freeof(x,exPr_at([2J,before>>, 
ident(eXPT'_at([1,1J,before),exPr_at([2,1J,after)), 
ident(expr_at([1,2J,before>,expr_at<[1J,after>>, 
ident(exPr_at([2J,befoT'e),expr_at([2,2J,after>>, 
inverse(sym_at([1J,before),swm([2J,afteT')) ] ). 

examPle(isol2, [sinsleocc(x,expr_at<[1,2J,before)), 
contains(x,expr_at([1,1J,before>>, 
freeof(x,exPr_at([2J,before>>, 
ident(exPr_at([1,1J,before>,exPT'_at([2,1J,after)), 
ident(exPT'_at([1,2J,before>,exPr_at([1J,after>>, 
ident(expr_at([2J,before),exPr_at([2,2J,after)), 
inveT'se(sym_at([1J,before),swm([2J,after)) J ). 

examPle(iso13, [sinsleocc(x,expr_at([1,2J,before>>, 
freeof(x,expr_at([1,1J,before>>, 
contains(x,expr_at([2J,before)), 
ident(expr_at([1,1J,before>,expr_at([2,1J,after)), 
ident(exPr_at([1,2J,before),exPr_at([1J,after>>, 
ident(expr_at([2J,before>,expr_at([2,2J,after)), 
inverse(sym_at([1J,before),sym([2J,after)) J ) • 

. xamPle(isol4, [sinSleocc<x,expr_at([1,2J,before>>, 
freeof(x,exPT'_at([1,1J,befoT'e)), 
freeof(x,exPr_at([2J,before>>, 
diffeT'ent(exPr_at([1,1J,before),exPT'_at([2,1J,after)), 
ident(expr_at([1,2J,before),expr_at([1J,after)), 
ident(exPr_at([2J,before),exPr_at([2,2J,after)), 
inverse(s~m_at([1J,before),sYm([2J,after)) J >. 

examPle(isol5, [sinsleocc(x,expr_at([1,2J,before)), 
freeof(x,exPr_at([1,1J,before)), 
freeof(x,exPr_at([2J,before>>, 
ident(expr_at([1,1J,before),exPr_at([2,1J,after>>, 
diffeT'ent(exPr_at([1,2J,before>,expr_at([1J,after>>, 
ident(exPr_at([2J,before),exPr_at([2,2J,after)), 
inverse(s~m_at([1J,before>,s~m([2J,after)) J ). 

examPle(isolh, [sinsleocc(x,expr_at([1,2J,before>>, 
freeof(x,exPr_at([1,1J,before)), 
freeof(x,exPr_at([2J,before)), 



ident(expr_at(t1,1J,before>,exPr_at(C2,1J,after>>, 
ident(expr_at(C1,2J,before),expr_at(C1J,after>>, 
different(expr_at(C2J,before),expr_at([2,2J,after>>, 
inverse(sym_at(C1J,before),sym(C2J,after)) J ). 

examPle(iso17, [sinsleocc<x,exPr_at([1,2J,before>>, 
freeof(x,expr_at(C1,1J,before>>, 
freeof(x,expr_at([2J,before>>, 
ident(exPr_at(C1,1J,before),expr_at([2,1J,after)), 
ident(expr_at((1,2J,before>,exPr_at(C1J,after)), 
ident(expr_at([2J,before>,expr_at((2,2J,after)), 
unrelated(sym_at(C1J,before),sym([2J,after)) J ). 

examPle(isolB, (multocc(x,expr_at(Cl,2J,before)), 
freeof(x,expr_at(Cl,lJ,before>>, 
freeof(x,expr_at([2J,before)), 
ident(expr_at([1,1J,before),exPr_at([2,1J,after)), 
ident(expr_at(C1,2J,before),exPr_at([1J,after)), 
ident(expr_at([2J,before>,expr_at([2,2J,after>>, 
inverse(sym_at([1J,before),sym([2J,after)) J ). 



paci✓-.ase 

version 3 

,; ,.., [ • t:I • J J 
,.1., . - wins . , 1so .• 
~r . 

0.90 sec. winsti.consulted 

isol consulted 161.0 words 0.45 sec. 

winston(isol). 
Please Sive me an example of a isol 
: : isoU .• 

Please sive me an examPle or near miss of a isol. 
:: iso12. 

Is this example (~es./no.)? 
l: no+ 

L' 
"his limits m~ idea of isol. 

,-lease Sive me an example or near miss of a isol. 
: : isol3. 

Is this example (yes,/no.)? 
: : no. 

This limits IT!~ idea of i =-01. 
Please shve me an e}:amP 1 e or 

I • :i.so14. I • 

Is this e:-:ampJ.e (Yes./no.)? 
I • no. I • 

This limits ITIY idea of isol. 
Please sive me an e:-:amP le or 

I • isol~, • I • 

Is this e:-:amP le (yes./no.)? 
' • no • • 

This limits ITIY idea of isol. 
Please sive me an e}{amP 1 e or 

I • isoJ.6. I • 

Is this example (yes./no.)? 
:: no. 

[ Execution aborted J 
I 'f- sreY(isol.). 

near miss of a isol. 

near miss of a isol. 

near miss of a isol. 

Grey areas in isol arel 
define([plato1,expr_at(C1,2J,Plato2)J,occurtree,CJ,C2,1J) 
define([expr_at([2J,Plato2),exPr_at(C2,2J,Plato3)J,simtree,[J,C2J) 
define([sym_at([1J,Plato2),sym([2J,Plato3)J,simtree,CJ,C1,2J) 

Yes 
I ?- winstoni(isol). 
Please sive me an examPle or near miss of a isol. 
:: isoJ.6. 



Is this example (yes./no.)? 
:: no. 

This limits mY idea of isol. 
Please Sive me an example or near miss of a isol. 
:: isol7. 

Is this example (yes./no.)? 
I: no. 

This limits mY idea of isol. 
Please sive me an example or near miss of a isol. 
:: isol8+ 

Is this examPle (yes.Inc.)? 
I: no. 

This limits mY idea of isol. 
I have learnt the concept of isol now. 

I 1- sreY(isol). 
Grey areas in isol are: 

l 1- core 51712 (23552 lo-ses + 28160 hi-ses> 
heap 
Slobal 
local 
trail 

18432 = 14955 in use+ 3477 free 
1218 - 16 in use+ 1202 free 
1024 = 16 in use+ 1008 free 

511 = 0 in use+ 511 free 
22.49 sec. for 25 GCs sainins 46683 words 

1.98 sec. for 12 local shifts and 110 trail shifts 
38.49 sec. runtime 



,, >'/*block 
Winston block domain - simPle test examPle 
Alan Bundy 6+12.80 
use with winston *I 

I* space of description tree(s) *I 
SPace(block,CshaPetreeJ). 

/* descriPtion tree(s) *I 
tree(shaPetree,1,shaPe(Prism(wedse,block),PYramid)). 

I* ExamPl- and near miss *I 
examPle(blockl,Cblock(a)J). 

examPle(wedsel,Cwedse(b)J). 



• • !*starch 
Winston aPch domain 
Alan Bundy 5+12+80 
use with winston *I 

It is difficult for the untrained fisher 
to follow examples of this comPlexitY so 
here is a simPle concept: two wedses. 

I* space of descriPtion trees *I 
spaee(Pair, % each concePt must have a space; is this **risht**? 

CshaPetree,touchtree,orienttreeJ). 

tree(shaPetree,1,shaPe(wedse,block)). 

tree(touchtree,2,touchrel(seParate,touch)). 

tree(orienttree,1,orientation(lYins,standins>>. 

r. E:-:amP 1 es 

examPle(Pl, Cwedse(a1>, wedse(b1), 
standins(al), 1Yins(b1), seParate(b1, al) 
J ) • 

examPle(P2, Cwedse(a2>, wedse(b2), 
standins(a2>, standins(b2>, touch(a2,b2) 
J) • 

examPle(P3, [wedse(a3), wedse(b3>, 
1Yins(a3), 1YinS(b3) 
J) • 

% Near misses 

examPle(n1, [block(a4), block(b4), 
standinS(a4), 1YinS(b4), seParate(b4, a4) 
J). % two similar thinss, but not wedses 

examPle(n2, Cwedse(a5), wedse(b5), wedse(c5>, 
standins(a5), standins(b5), touch(a5,c5) 
J). % one wedse too many 

examPle(n3, [wedse(a6), 
standins(a6) 
J). % one wedse too few 



Soul!ce 

Da:t.e of Issue 

1. Description 

DEPARTMENT OF ARTIFICIAL INTELLIGENCE 
PROLOG PROGRAM LIBRARY 

PROGRAM SPECIFICATION 

The Winston-Plotkin-Youns-Linz Learnins Prosram 

8 Maw 1981 

This is a rational reconstruction of Winston's Prosram, [Winston 75J, for 
1 

learnins new concepts, e.s. the arch. It takes descriptions of seecimeos, 
1ich can be either examples of arches or near misses to arches, and uses them 

to refine its definition of an arch+ The rational reconstructins was done bw 
Plotkin, Youns and Linz, as reported (all too brieflw) in [Youns et al 77]. 
Their essential advance over Winston was to keep two definins descriPtions 
around: an upper and lower bound; and use incomins evidence to trw to move 
these descriPtions closer tosether. 

2. Method of Use 

To use the Prosram, twPe 

run PLL: UTIL 

and in response to the Prompt twPe 

consult('PLL: WINST'>• 

The top level Predicate, winston, will then be available. 
arsument: the name of the concept to be learnt, e.s. arch. 

1 

winston takes 
If wou call 

one 

In this Prosram specification we will use 'arch' as the runnins example. 
Readers maw safelw seneralize 'arch' to 'concept', wherever it appears, excePt 
when indicated to the contrarw. 



1 

winston(arch> 

then the Prosram will Prompt you for the name of a Particular arch. It will 
use this to initialize its lower bound arch descriPtion: the UPPer one beins 
initialized to the contentless descriPtion. The prosram will Prompt YOU for 
the name of either an arch or a near miss. It will then ask YOU whether this is 
an example, to which You must rePlY either 'yes' or 'no'. All replies to 
PromPts must be terminated with full stop, carriase return. 

The Prosram will continue to PromPt you with reGuests for 
near-misses, until its UPPer and lower bound descriptions coincide 
Point it will announce that it has learnt the concept and will exit 

examples or 
at which 

winston. 

If the evidence YOU Provide is already known to the Prosram then it will say 
so. If it thinks You have Provided contradictory evidence then it will say so, 
try to back UP to remake some choice, and then collapse in a heap. 

To make the Prosram work You must have comPiled the followins information: 

- A definition of the description sPace of the concept you want learnt. 

- DescriPtions of each of the examples and near misses to be inPut to 
the Prosram. 

The information reGuired for the concept 'arch' can be found in file PLL: 
ARCH+PRB+ It can be inPut by tYPinS 

consult('PLLI ARCH.PRB'>• 

The description of a specimen is Siven by the Predicate, specimen. This 
Predicate takes two arsuments: the name of the specimen; and a list of definins 
Propositions, e.s. 

sPecimen(arch1, Cblock(a), block(b), block(c), 
standinS(a), standinS(b), lYinS(c), 
leftof(a,b>, 
SUPPOrts(a,c), SUPPorts(b,c), 
marries(a,c), marries(c,a), marries(b,c>, marries(c,b)J). 

The Predicates used in these descriptions must be arransed into trees of 
related Predicates, and these trees described with the Predicate, tree. tree 
takes three arsuments: the name of the tree; the common aritY of all the 
Predicates in itl and the tree itself, represented as a nested term of 
Predicates, e.s. 

tree(touchtree,2,touchrel(seParate,touch(marries,abuts))). 



2 

This tree is diasrammed in fisure 3-1. touchrel is a contentless Predicate. 
Two obJects maw either touch or be separate. Two touchins obJects maw either 
marrw or abut. One of these Predicates can be marked as a default with the 
binarw Predicate, default, e.s. 

default(touchtree,seParate). 

Finallw a list of those Predicate trees, which can be used in defininS the 
concept, must be siven. This is done with the binarw Predicate, space, which 
takes the name of the concept and the list of allowed trees, e.s. 

sPace(arch,EshaPetree,touchtree,orienttree,directiontree,suPPorttreeJ). 

3. How it Works 

We first describe the data-structures used by the Prosram and then sive an 
overview of the Prosram. 

3.1. Data-Structures 

The Prosram's descriPtion of a concept consists of a set of Predicate trees, 
with two Pointers into each tree: one rePresentins an UPPer bound; and one a 
lower bound. Each relation, in the incomins specimen descriPtion, is translated 
into a Predicate tree, with a Pointer to the relation's Predicate (see fisure 
3-1). 

If everw specimen Pointer is below the lower bound then the sPecimen 
is known to be an e~amale, 

If one specimen Pointer is above the UPPer bound then the specimen is 
known oci to be an example, but to be a near-miss. 

- Otherwise, one specimen Pointer must lie in the Srey area between the 
UPPer and lower bound and the Prosram does not alreadw know the 
status of the specimen. On beins told the status, it can modifw its 
definition, bw either raisins its lower bound to include the specimen 
Pointer (e.s. to Predicate 'touch' in fisure 3-1>, or lowerins its 
UPPer bound to exclude the specimen Pointer (e.s. to Predicate 
'marries' in fisure 3-1). 

Note that there will be different Predicate trees for different combinations of 
arsuments to the same Predicate, e.s. for abuts(a,c), abuts(a,b) and 
abuts<c,a>, saw. 
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A set of Predicate trees is rePresented by a list of terms: 
rePresentins a Predicate tree tosether with Pointers. For instance, 
case of the definition of a concept, a tYPical term misht be 

define(CPlato1,Plato3J, touchtree, CJ, C2,1J> 

each term 
in the 

define is a four arsument function: the second arsument is the name of the 
tree; the first Sives the combination of arsuments received bY the Predicates 
of this tree; and the third and fourth sive the Positions of the UPPer and 
lower bounds, respectively, The constants used as arsuments in a concept 
definition are always called PlatoN, because they are ideal obJects. Positions 
in the tree are siven by lists of Positive intesers which specify which arcs to 
follow to traverse the tree from the root to the predicate beins Pointed to. 
The emPtY list sPecifies the root. The examPle above corresponds to the 
situation in fisure 3-1. 

~OIJC/ 
(uPPer bound Position> 

separate 1/ 
marries 

(lower 
bound 
Position) 

(specimen 
Position) 

Fisure 3-1: A Predicate Tree with Pointers 

The descriPtion of a specimen is recorded in a similar fashion. The term in 
this case is constructed from a ternary function, record, e.s. 

record(Ca,cJ, touchtree, C2,2J) 

where a and care constants mentioned in the orisinal specimen descriPtion. 

Once a match has been established between the 
definition and the Particular constants 
{a/Platol, b/Plato3, c/Plato3}, then a difference 
is a also a list of terms, but constructed from 
differ, e.s. 

(Platonic> constants of the 
of the specimen, e.s. 

description is built UP, This 
the six arsument function, 

differ(CPlatol, Plato3J, touchtree, CJ, C2,2J, C2,1J, Srey) 
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This contains, not onlY, the information from the record and define terms, but 
also the status of the specimen, e.s. srew. 

3.2. Prosram Overview 

The Prosram is divided into four Parts. 

1. ToP level inPut/outPut Procedures. The very toP level Procedure is 
winston, described above, but the heart of the Prosram is the 
Procedure learn, which links tosether the remainins three Parts of 
the Prosram. 

learn(ConcePt, SPecimen, YesNo) :- !, 
definition(ConcePt,CObJs,CDefn), 
make_rec(ConcePt,SPeci,en,EObJs,ERec>, 
classifw(CObJs,EObJs,CDefn,ERec,Diff,Verdict), 
learn1(Concept,Diff,YesNo,Verdict). 

learn takes three inPut arsuments: the concept to be learnt; the 
current specimen; and its status accordins to the user. learn 
modifws the Prosram's concept definition aPProPriatelY. 

2. Procedures to translate the orisinal inPut descriPtions into the 
internal representation as a set of Predicate trees with Pointers. 
The toP level Procedure of this Part is make_rec, which takes the 
concept and the specimen and returns the internal descriPtion of the 
latter as a list of constants and a list of Predicate tree records. 

3. Procedures to match the constants in the sPecimen descriPtion 
asainst those in the stored definition and to classify the resultins 
description as examPle, near miss or Srey. The toP level Procedure 
of this Part is classify, which takes the constants and Predicate 
trees from both the concept definition and the specimen, and forms, 
first a difference descriPtion and then a classification of the 
sPecimen's status. 

4. Procedures to act aPProPriatelY to this classification, in 
Particular, to adJust the stored definition of the concept when the 
incomins sPecimen is classified as 'Srew'. The top level Procedure 
of this Part is learn1, which takes the concept, difference 
description and the status of the sPecimen accordins to both the 
user and the Prosram. 

The best match between the incomins specimen and the definition is found in a 
crude heuristic waw. The heuristic is that even non-examPles (near misses> will 
be almost examPles. All matches of obJects are tried. For each assisnment all 
corresPondins Predicate trees are compared. A score for the assisnment is 

• 
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totted up: each Pair of Predicate trees contributins either O, 2 or 1, 
accordins to whether the specimen Pointer appears below the lower bound, above 
the uPPer bound or in between. The assisnment with the lowest score wins. 

It can haPPen that the concePt definition contains a Predicate tree which does 
not correspond to any tree in the specimen descriPtion, or vice versa. In such 
cases the prosram assumes that the missins tree is provided with a Pointer to 
the default Predicate in the case of a missins lower bound or specimen 
Position, and a Pointer to the tree root in the case of a missins UPPer bound. 

4. Prosram Reauirements 

The Prolos system reauires 30K words. PLL: UTIL, PLL:WINST, PLL: ARCH.PRB and 
workins space reauire a further 26K words. The followins Predicates are used 
bY the Prosram: 

add_ups(2) SPPend(3) SPP1Y(2) 
checklist(2) classify(6 common(3) 

best(2) 
comPare(4) 
default_posn(2) 
extra_rec(2) 
sensYm1(3) 
learn1(4) 
make_rec(4) 
nth_el(3) 
POSition(3) 
select(3) 
subst(3) 
verdict(2) 
writef(2) 

consts_in(2) convert(2) default(2) 
definition(3) diff_to_defn(2> exclude(2) 
findall(3) flatten(2) sensYm(2) 
srey(1) sreY1(1> learn(3) 
lowest(4) lub(2) make_diff(5) 
make_subst(3) maPlist(3) new_defn(2) 
one_of(3) 
same(1) 
some(2) 
sumlist(2) 
verdict1(2) 

,[Winston 75] 

Pair_off(3) Perm<2> 
score(2) score1(2) 
space(2) sPecimen<2> 
tree(3) union(3) 
winston(l) winston1(1) 
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Note 79 

LANGUAGE ACQUISTION USING THE WINSTON ... PROGRAM 

Alan Bundy 
23 April 1981 

In this note I want to explore the application of the Winston ... program to 
the language acquisition problem studied by Pat Langley with his AMBER program. 
In particular, I want to address the question as to whether the Winston ... 
technique can be used to obtain the discrimination process used by AMBER. 

1. The Description Space 
Using the Winston ... technique, means building, as a concept definition, the 

condition part of a production rule like, 

action & asing & present & process-> is 
or 

agent & aplural -> s 

where the first rule means 

Use 'is' as a prefix when describing an action and when the agent is 
singular and the action is in the present and is a process. 

and the second rule means 

Use 's' as a suffix, when describing an agent and when the agent is 
plural. 

We will use a description space consisting of 7 relation trees. All the 
relations will be nullary, although in a pukka version of the program a nullary 
relation like 'asing' might be translated into agent(X) & singular(X), etc. 
The trees are all shallow, one level deep, with two or three arcs. They are 
represented in figure 1-1. 

2. Specimen Induction 
The first modification required to Winston ... is to get it to induce its own 

specimens* by the following tech~ique. 

1. The current state of the concept definition will be used to generate 
the condition of the rule. 

2. 'l'his ru~.e will be used to generate the child's utterance. 

3. The context of the utterance will be used to get the specimen 
descripi.;ion. 

4. The adult utterance will be used to classify the specimen as an 
example or near or far miss. 

We will assume a mechanism, like AMBER's, to do step 2 and concentrate on steps 
1. and 4. (step 3 is trivial). 

*W!'lere a specimen is either an example, a near miss or a far miss. 
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1. ~t top. . 

agen action obJect 

2-~ 

asing a plural 

top 

/~ 
adef aindef 

4. top 

~ past present future 

top 

~ 
process noprocess 

6. /~ 

osing oplural 

7. top 

/~ 
odef oindef 

Figure 1-1: Description Space for Language Acquistion 

Consider step 1: the use of the current concept definition to generate the 
rule condition. Each relation tree in the definition will give rise to a single 
condition. Which node of the tree should be used? In his comparison of Winston 
and AMBER, Pat assumed that the lower bound would ·be used in each case, but 
this is not the only possibility. One could use any node between the upper and 
lower bound. We will consider two cases: using all the lower bounds and using 
all the upper bounds. We will see that using all upper bounds leads to a 
discrimination type process, verv like AMBER's. 

3. Conditions Formed From Upper Bounds 
Consider this case first: that the upper bound of each tree contributes a 

condition. The initial position of the upper bound in each tree is the root 
node, ro~rked 1 top'. The lower bounds need to be initialized by an example. Let 
us suppose the child heal's an adult use 'is' in the context 

action & asing & adef & present & process & oplural & odef 

these relations will then be adopted as the initial lower bounds. The 
condition of the rule generated.by the current definition consists of 7 'tops'. 
Since 'top' is a contentless relation we will omit occurrences of it, so that 
the current rule is 

-> is 

The child will now apply the rule in some situation, listen to the adult 
utte1·ance in this situation and, hence, classify the rule application as being 
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correct, an error of commmission or an error of omission.* The regular cases 
are summarised in figure 3-1. 

Correct - Do Nothing 
-------------------------- Upper Boundary 
Commission - Miss 
-------------------------- Target Point 
Correct - Example 
-------------------------- Lower Boundary 
Correct - Example (but no action) 

Figure 3-1: Cases that Arise when Upper Bounds are Used 

Suppose that an error of commission is detected and that the context is 

agent & asing & adef & present & process & oplural & odef 

This context becomes the description of a near-miss specimen. This is a 
near-miss, rather than a far-miss, because there is only one grey relation, 
i.e. only one relation, 'agent', lies in the grey area of the current concept 
definition. The concept definition can now be updated by moving the upper 
bound of the first relation tree down from 'top' to 'action'. The rule 
generated by the upper bounds of the current concept description will contain a 
non-trivial condition, namely 'action', i.e. it is 

action-> is 

Suppose that the error of commission was created in a far-miss context, that 
is, there is more than one grey relation, e.g. 

agent & asing & aindef & present & process & oplural & odef 

where both 'agent' and 'aindef' are grey relations. The present version of the 
Winston... program would pick one cf them at random and use this as the 
discrimination relation, i.e. move the upper bound of its relation tree down. 
Here is an important difference from AMBER. If AMBER has not yet got a major 
relation (agent, action or object) in its rule condition then it tries t.o pick 
a major, grey relation as discrimination relation. In this case, then, AMBER 
would choose 'agent'. If the condition already includes a major relation or if 
the context contains no major grey relation, then AMBER forms a new rule for 
each grey relation. It might be possible to modify the Winston .. program to do 
things the AMBER way, al though it means keeping a whole set of concept 
definitions around. 

If Winston ... makes a bad choice wh9n picking the discrimination relation in 
a far-miss then the resulting corlcept definition will generate faulty rules: 
rules that can cause errors of omission as well as errors of commission. WP. 
will see that an error of omission indicates that a bad choice has bee!l made 

*Actually, omission errors c&~not happen this time, but they can if th~ upper 
bounds get screwed up. 
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and that the program should back-up and remake the choice.* So let us suppose 
that in the example above that the program chooses the grey relation 'aindef' 
and moves the upper bound of the third tree down to 'adef' . This concept 
definition will generate the rule 

adef -> is 

Suppose that this rule is used by the child and canses an error of omission, 
in the context 

action & asing & aindef & present & process & oplural & odef 

This context constitutes an example description, but one which lies in the 
non-example part of the current concept defiintion. The Winston... program 
will back-up, remake the choice of discrimination relation (rejecting 'aindef' 
and picking 'agent') and then treat the new context as an example, moving the 
lower bound of the third tree up from 'adef' to 'top' . * This coasti tutes a 
difference from AMBER: an errone9us rule has been erased~ whereas AMBER keeps 
such rules around, but with a low strength. 

The final case to consider is when the rule has been used correctly. There 
are two subcases: when the rule has correctly not fired and when it correctly 
has fired. We only do anything in the second case. For instance, if the rule 
has correctly fired and the context is 

action & asing & aindef & present & process & osing & oindef 

This context constitutes an example description. Each grey relation, osing and 
oindef, will cause the lower bound in the corresponding tree to be lifted ( to 
•top' in each case). Note that, if this example had come earlier it would have 
merged the upper and lower bounds of the third tree and prevented the erroneous 
choice of 'aindef' as the discrimination relation. This is an improvement over 
AMBER. 

4. Conditions Formed From Lower Bounds 
Now we consider what happens if the lower bounds are used to generate rule 

conditions. This is the process implied by Pat in his contrast of the Winston 
generalization technique and his discrimination technique. We must consider 
two cases; according to whether the rule is used correctly or causes an error 
of omission.** These cases are summarised in figure 4-1. 

Suppose the initial example is as before then the rule generated from the 
lower bounds is 

*In terms of figure 3-1 the target point has been moved up above the upper 
boundary. 

*At least, it should, but this part of the program has never been tested. 

**Errors of commission cannot happen, since co:ac!itions generated from the 
lower bounds are always cons6rvative and, unlike the upper bounds, can never be 
erroneo·us. 
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Correct - Miss (but no action) 
-------------------------- Upper Boundary 
Correct - Miss 
-------------------------- Target Point 
Omission - Example 
-------------------------- Lower Boundary 
Correct - Do Nothing 

Figure 4-1: Cases that Arise when Lower Bou~ds are Used 

action & asing & adef & present & process & oplural & odef -> is 

We consider first the case when the rule is applied correctly. If the rule 
fired correctly then there is nothing further to do. However, if the rule was 
not fired, and should not have been, then the new context may still serve as a 
miss. Suppose the new context is 

agent & asing & aindef & present & process & oplural & odef 

This contains two grey relations, 'agent' and 'aindef', one of which must be 
chosen as the discrimination relation. !..et us suppose that 'aindef' is 
incorrectly chosen and the upper bound of the third tree is moved down to m~rge 
with the lower bound at 'adef' . The rule condition will be unchanged, but 
behind the scenes the third tree has been firmed up.* The context of an error 
of omission serves as an example and if the upper bounds are erroneous ( as 
above) then it may first cause back-up. We will consider only the first case 
( because it includes the second) : i.e. the rule has not fired, but should 
have, and the context is 

action & asing & aindef & present & process & oplural & odef 

The program will back-up; remake the cho.ice of discrimination relation ( from 
'aindef' to 'agent'); restore the third tree; bring down the upper bound of the 

.first tree to merge with the lower bound at 'action'; and then use the above 
context as an example to raise the lower bound of the third tree to 'top'. 

5. Summary 
In the last two sections we have considered 6 cases: that conditions are 

formed solely from the upper bounds or lower bounds and that in each case the 
rule use is correct or leads to an error of either commission or omission. We 
summarise the results in table 5-1. 

Correct Commission Omission 

Upper Do Nothing Miss Example, will 
Bound or Example (Near or Far) cause Back-up 

Lower Do Nothing Cannot Example, may 
Bound or Miss Happen cause Back-up 

Table 5-1: Swnmary of Action on the Six Ca~es 

*Erroneously, ~f oourse - the target point of figure 4-1 has been moved above 
the upper boundary. 
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If rule conditions are generated from the lower bounds of the current 
concept then the Winston ... program behaves much as Pat Langley predicted it 
would: starting with long, underestimating conditions and settling the rules 
with long conditions quicker than those with short conditions. If rule 
conditions are generated from the upper bounds of the current concept, however, 
then the Winston ... program behaves much as Pat's own AMBER program: starting 
with short, overestimating conditions and settling the rules with short 
conditions quicker than those with long conditions. Thus the rationally 
reconstructed Winston ... program unifies the old Winston generalization 
technique and Langley's discrimination technique. Presumably, generating rule 
conditions from a hybrid of upper and lower bounds would produce a hybrid 
generalization/discrimination technique, and this possibility might be worth 
exploring. 

Note that a rule's conditions may not change during several episodes, even 
though the underlying concept definition is changing. Thus, if the" conditions 
are being generated from the upper bounds and some ex3.Inples come in causing 
changes to the lower bounds then the conditions will not (cannot) reflect this 
change. Hence, if the upper bounds are being used and the condition is short, 
then the condition may become settled early on, subsequent episodes appearing 
not to change anything, however, these episodes will firm up the conditions by 
moving the lower bounds up to merge with the upper bounds. If all these 
episodes are counted in the story of rule formation then rules with short 
conditions and those with long conditions will take similar lengths of time, 
despite appearances to the contrary. Dual remarks hold when lower bounds are 
used to generate rule condj_tions. 

r 
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/* ToP Level Prosram - learn new concept*/ 
I*-------------------------------------*/ 

/*First time only accept an example*/ 
winston(Concept) :- !, 

writef('Please Sive me an example of a %t \n', [Concept]), 
read ( E~-~) , n 1, 
make_rec(ConcePt,Ex,EObJs,ERec>, 
maPlist(sensYm1(Plato>,EObJs,CObJs>, 
make_subst(EObJs,CObJs,Subst)) 
subst(Subst,ERec,CRec>, 
maPlist(add_ups,CRec,CDefn), 
assert(definition(ConcePt,CObJs,CDefn)), 
winston1(Concept), 

I* Is SreY area in definition eliminated? *I 
winstonl(ConcePt) :

definition(ConcePt,CObJs,CDefn>, 
check list (same, CDefn), ! , 
writef('I have learnt the concept of %t now. \n', [Concept]). 

l*SubseauentlY accept either examples or near misses *I 
winstonl(Concept) :- !, 

writef('Please Sive me an example or near miss of a %t. \n', [Concept]~ 
read ( E~d, nl, 
writef('Is this example (yes.Ina.)? \n',CJ>, 
read(YesNo), nl, 
learn(ConcePt,Ex,YesNo), 
winstonl(Concept). 

I* add default UPPer bounds in concept record*/ 
add_ups(record(Arss,Name,Posn>, define(Arss,Name,CJ,Posn)). 

I* Find Position of default Predicate on tree *I 
default_Posn<TreeName,Posn> :

defauJ.t(TreeName,Pred), ! , 
tree(TreeName,_,Tree>, Position(Pred,Tree,Posn). 

/* slisht modify to SensYm, so it can be used in maPlist *I 
sensYml(Prefix,_,NewConst) :- !, sensYm<Prefix,NewConst), 

I* are UPPer and lower bound of concept definition the same? *I 
same(define(Arss,Name,Posn,Posn)), 

I* learn from this examPle or near miss *I 
learn~ConcePt, Example, YesNo) :- !, 

definition(ConcePt,CObJs,CDefn), 
make_rec(ConcePt,ExamPle,EObJs,ERec), 
classify(CObJs,EObJs,CDefn,ERec,Diff,Verdict>, 
learrd. ( ConcePt, Di ff, YesNo, Verdict>. 



I* Make records from list of relations *I 
I*------------------------------------*I 

make_rec(ConcePt,ExamPle,EObJs,ERec) :- !, 
sPac-<ConcePt,TreeList>, examPle(ExamPle,Relns>, 
obJs_in(Relns,EObJs>, 
form_records(TreeList,Relns,EObJs,ERec). 

I* Find all obJects mentioned in relations *I 
obJs_in(CJ,CJ). 
obJs_in([RelnlRelnsJ, ObJs) :- !, 

Reln =.; CPredlArssJ, 
obJs_in(Relns,ObJsl), union(Ar~s,ObJsl,ObJs). 

I* Chanse each relation into a record *I 
form_records(CJ,CJ,EObJs,CJ). 

form_~ecords([TreeNamelTreeListJ, Relnsl, ObJs, Rees) :- !, 
tree<TreeName,Arit~,Tree>, 
findall(Perm,Perm(ObJs,Arit~,Perm),Perms>, 
form_record(TreeName,Relns1,Perms,Re~s1,Relns2), 
form_records<TreeList,Relns2,0bJs,Recs2), 
aPPend(Recs1,Recs2,Recs). 

I* Chanse the relations relevant to a tree into definitions*/ 
form_record(Name,Relns,CJ,CJ,Relns). 

I* relation of aPProPriate t~Pe is in list, so convert it *I 
form_record(Name,Relnsl,CPermlPermsJ,Crecord(Perm,Name,Posn)IRecJ,Relnsl> :-

tree(Name,Arit~,Tree>, 
Position(Pred,Tree,Posn>, Rein=•• CPredlPermJ, 
select<Reln,Relns1,Relns2), ! , 
form_record(Name,Relns2,Perms,Rec,Relns3). 

I* there is no relation so insert default Position*' 
form_record(Name,Relnsl,CPermlPermsJ,Crecord(Perm,Name,Default)IRecJ,Relns2):

form_record(Name,Relns1,Perms,Rec,Relns2>, 
default_posn(Name,Default). 

1 * find Perm of n elements of list*' 
. •e rm (List, 0, CJ) • 

Perm(EHdlTlJ,N,Perm) :- N>O, 
PN is N - 1, 
Perm(Tl,PN,Petml), 
aPPend(Front,Back,Perml), aPPend(Front,CHdlBackJ,Perm). 

Perm(CHdlTlJ,N,Perm) :-
N>O, lensth(Tl,M>, M>=N, 
Perm(Tl,N,Perm). 

I* Find Position of Node in Tree*' 
Position(Node,Tree,CJ) :-

Tree~ •• CNodelSubTreesJ. 

,Position(Node,Tree,CNIPosnJ) :
Tree=•• CRootlSubTreesJ, 
nth_el(N,SubTrees,SubTree), 
POsition(Node,SubTree,Posn). 



I *-9t' i r,d r,th e 1 ement of list *I 
~{h,_e l ( 1, [ Hd: T 1 J, Hd) • 

nth_el(N,[HdlTlJ,El) :
nth_el(PN,Tl,El>, N is PN + 1+ 

I* Is this example, non-example or in Srey area, bw mw definition?*/ 
I*--------------------------------------------------------------- *I 

classifw(CObJs,EObJs,CDefn,ERec,BestDiff,Verdict) :- !, 
findall(Diff, make_diff(CObJs,EObJs,CDefn,ERec,Diff>, Diffs>, 
best(Diffs,BestDiff>, 
verdict(BestDiff,Verdict). 

I* Find the difference between example and concept *I 
make_diff(CObJs,EObJs,CDefn,ERec,Diff) :- !, 

Perm(EObJs,EObJsl), make_subst(EObJsl,CObJs,Subst), 
subst(Subst,ERec,ERec1), 
Pair_off(CDefn,ERecl,Diff). 

/*Pair off concept definition and example record to make differences *I 
air_off([J,CJ,[J) :- !. 

Pair_off([define(Arss,Name,UPPosn,LowPosn> : CDefnJ, 
ERec, 
[differ(Arss,Name,UPPosn,ExPosn,LowPosn,Verdict) DiffJ) :

select(record(Arss,Name,ExPosn>,ERec,Rest>, !, 
comPare(UPPosn,ExPosn,LowPosn,Verdict), 
Pair_off(CDefn,Rest,Diff). 

Pair_off(CDefn,ERec,Diff) :-
writef('Error: defn %1 and erec %1 do not match \n',CCDefn,ERecJ>, 
abor·t. 

I* Compare Positions in tree to Sive verdict *I 
comPare<U,E,L,wes) :- aPPend(L,_,E), ! + 

comPare(U,E,L,srew) :- a?Pend<U,_,£), ! • 
comPare(U,E,L,no) •- I . . . 
I* Find best difference and return it *I 
,est(Diffs,Diff) :- ! , 

maPlist(s~ore,Diffs,Scores>, 
lowest(Diffs,Scores,Diff,Score). 

I* Return difference with lowest score *I 
lowest([DiffJ,[ScoreJ,Diff,Score) :- !. 

lowest([Diff1lDiffsJ, [Score1lScoresJ, Diff2, Score2) :
lowest(Diffs,Scores,Diff2,Score2>, Score2<Score1, !. 

lowest([DifflDiffsJ, [Score:ScoresJ, Diff, Score) :- !. 

I* Find score of difference *I 
score(Diff,Score) :- !, 

maPlist(scorel,Diff,Scores>, 
sumlist(Scores,Score). 

I* Find score of individual differ *I 
score1(differ(_,_,_,_,_,wes), 0) :- !. 
score1(differ(_,_,_,_,_,srew>, 1) :- !. 



scorel(differ(_,_,_,_,_,no>, 2) :- !. 

I* add UP all the numbers in a list *I 
sumlist([J, 0). 
sumlist([NIRestJ, Total) :- !, 

sumlist(Rest,SubT>, Total is SubT + N, 

I* Make a substitution for rePlacins all members of one list 
bw corresPondins members of another list *I 
make_subst([J,CJ,true). 

make_subst(CXIXRestJ,[Y:YRestJ,X=Y & Subst) :-
make_subst(XRest,YRest,Subst). 

I* Decide whether example falls inside definition on basis of differs *I 
verdict(Diff,wes) :- checklist(verdictl(wes),Diff), !. 
verdict(Diff,no) :- some(verdictl(no>,Diff), !. 
verdict(Diff,srew) :- some(verdictl(Srew),Diff), !, 

/* verdict on individual differ *I 
erdictlCV, differ(_,_,_,_,_,V)). 

I* adJust definition aPPrOPriatelw *I 
I*-------------------------------- *I 

I* if new example found *I 
learnl(Conce?t,Diff,wes,srew) :- !, 

writef('This is a new sort of %t. \n', [ConceptJ>, 
maPlist(lub,Diff,New>, 
retract(definition(ConcePt,CObJs,Old)), 
assert(definition(ConcePt,CObJs,New)). 

I* if near miss found *I 
learnl(ConcePt,Diff,no,srew> :- !, 

writef('This limits mw idea of %t. \n 1 , [ConcePtJ), 
one_of(exclude,Diff,Diffl>, 
maPlist(diff_to_defn,Diffl,New>, 
retract(definition(ConcePt,CObJs,Old)), 
assert(definition(ConcePt,CObJs,New)). 

I* if nothins new is discovered *I 
learnl(ConcePt,Diff,Asree,Asree> :- !, 

writef('I have seen one of these before. \n',[J). 

I* or if contradiction is discovered *I 
learn1(ConcePt,Diff,Asree,Disasree) :- !, 

writef('Uh Oh, somethinss sone wrons. I will think asain,\n',CJ>, 
fail, 

I* Move lower definition UP a bit to include new examPle *I 
lub(differ(Arss,Name,UPPosn,ExPosn,Old,srew>, 

define(Arss,Name,UPPosn,New)) :- !, 
common(ExPosn,Old,New). 

I* Lower definition already includes new examPle *I 
lub(differ(Arss,Name,UPPosn,ExPosn,LowPosn,wes), 

define(Arss,Name,UPPosn,LowPosn)) :- !, 



/*IMove OPPer definition down a bit to exclude near miss *I 
;~1ud•(differ(Arss,Name,Old,ExPosn,LowPosn,sreY), 

~• differ(Arss,Name,New,ExPosn,LowPosn,srew>> :- !, 
r • • common<ExPosn,LowPosn,Comm>, aPPend(Comm,CNI_J,LowPosn>, 

aPPend(Comm,CNJ,New). 

I* Take unnecessarY bits out of difference *I 
diff_to_defn(differ<Arss,Name,UPPosn,ExPosn,LowPosn,Verdict>, 

define(Arss,Name,UPPosn,LowPosn)). 

I* Find common initial sublist of two lists *I 
common([NIRestlJ, CNIRest2J, CNIRestJ) :- !, 

common(Restl,Rest2,Rest>. 

common(List1.,U.st2,[J) :- ! • 

I* chanse Just one member of list *I 
one_of(ProP, [OldlTlJ, [NewlTlJ) :- aPPlY(ProP,[Old,NewJ). 
one_of(ProP, CHdlOldJ, [HdlNewJ) :- one_of(ProP,Old,New). 

I* Find out what Srey areas still exist in concept *I 
sreY(ConcePt) :- !, 

'writef( 1 GreY areas in %t are:\n 1 ,CConceptJ>, 
definition(ConcePt,CObJs,CDefn>, 
checklist(SreYl,CDefn). 

ereYl(define(Arss,Name,Posn,Posn>> :- !. 

sreYl(Defn) :- !, 
wrj_te(Defn>, nl. 



PREDICATE 

check .. i:.lV(~ r l aP/3 

_,,, 

f :i. nd .. c)ne/ 4 

f ree.•._of /2 

:i. s .. v:::,: r :i. i.~b 1 e/ 1 

make ... Pi,d Y' /3 

ITrembE) T'Chk/2 

occ/3 

sub!:,t./3 

unifs/3 , . 

. ,:i.fs/4 

********************************** * PROLOG CROSS REFERENCE LISTING* 
********************************** 

Unifs Xref 

FILE CALLED BY 

unifs CfJITlbine/3 

unify/4 

unify/4 find_one/4 

unifs disaeree/4 find_one/4 

unif'=I 

make_.Pai r/3 

unifs unifs/4 

combine/3 

ut.ilit.s checj,: __ ove r 1 i:1P ./3 

ut. i 1 i t·:1 fr·ee_of/2 

utiJ.it.\.~ 

un:i.f'=I 

unifs <iJser> combine/3 



Unification Procedure for first order losic (with occurs check) 
See P80 of Artificial Mathematicians. 

r-~lan Bunds 10.'?.81 .*/ 

l* TOP 1...€-)Vt~l */ 

unifs(ExPl, ExP2, Subst) % To unify two expressions 
unify(ExPl, ExP2, true, Subst). % Start with emPt~ substitution 

/* Unif~ with output and inPut substitutions*/ 

unif~(ExP, ExP, Subst, Subst). % If expressions are identical, succeedd 

unif~(ExPl, ExP2, OldSubst, AnsSubst) :
disasree(ExP1,ExP2,Tl,T2), 
make_Pair(T1,T2,Pair), 

'.>~ otherwise 
% find first disasreement Pair 

~~ combine(Pair,OldSubst,NewSubst>, 
% make a substitution out of them, if POS 

% combine this with input subst 
% aPPl~ it to expressions subst(Pair,ExP1,NewExP1), 

subst(Pair,ExP2,NewExP2), 
unif~(NewExP1,NewExP2,NewSubst,AnsSubst). % and recurse 

l* Find Disasreement Pair *I 

disasree(ExP1,ExP2,ExP1,ExP2) : 
ExP1 =•• [S~m1:_J, ExP2 =•• [S~m2l_J, % If exPs have different 
s~ml \== Sym2, !. % function s~mbol, then succeed 

disasree(ExP1,ExP2,T1,T2) % otherwise 
ExPl =•• [Sym:ArsslJ, ExP2 =•• [SymlArss2J, 
find_one(Arss1,Arss2,T1,T2). 

l* Find first disasreement Pair in arsument list *l 

% find their arsuments 
% and recurse 

"t.-,KLone< U·ki: TllJ, [Hd: Tl~2J,Tl.,T2) :-- !, 
find_one(Tl1,Tl2,T1,T2). 

% If heads are identical then 

t'ini:.L.one( [Hd1 : TU.J, CHd2 : Tl2],Tl.,T2) :
disasree(Hdl,Hd2,T:l.,T2), !. 

% find disasreement in ~est of li! 

% else find it in heads, 

/* TrY to make substitution out of Pair of terms*/ 

make_Pair(Tl,T2,T1=T2) :
is_variable(Tl>, 
fn~e_.of(T1,T2). 

make_Pair(Tl,T2,T2=T1) :
:i.s_.vaT'iable(T2), 
fH?e ___ of(T2,T1). 

% T1==T2 is a suitable subs.ti tution 
% if n. is a variable and 
., 
/4 T·") 

"-· :i.s fT•ee of T1 

% OT' if T2 is a variable and 
% Tl :i.s fpee of T2 

/* BY convention: x,Y,z,u,v and ware the only variables *I 
:i.s_vaT'iable(u). :i.s_vaT':i.able(v), is_vaT'iable(w). 
is_vaT'iable(x), is_variable(y), is_variable(z), 



/* T is free of X */ 
free_of(X,T) :- occ<X,T,O). % if X occurs O times in T 

/* Combine new substitution Pair with old substitution*/ 

combine(Pair, OldSubst, NewSubst) :
maPand(update(Pair>,OldSubst,Substl>, 
check_overlaP(Pair,Substl,NewSubst). 

% aPPlw new Pair to old subst 
% and delete ambisuous assisments 

/* APPlw new Pair to old substitution*/ 
UPdate(Pair, Y=S, Y=Sl) :

subst(Pair,S,S1), 
% aPPlY new Pair to rhs of old subst 

/* If X is bound to something already then isnore it*/ 
check_overlaP(X=T,Subst,Subst) :- % Isnore X=T 

memberchk ( X=S, Subst), ! • % if there already is an X=S 

~ ~ck_overlaP(Pair,Subst,Pair & Subst). % otherwise don't 

/* MINI-··F'FW,JECTS 

1+ SimPlifY unify to a one ~aY matcher, as Per P76 of 'Artificial 
Mathematicians'. 

2. Generalize Unifw to a simultaneous unifier of a set of expressions, 
(Sen_unify) as Per P80 of 'Artificial Mathematicians'. 

3. Build the associativity axiom into unify (assoc_unify), as Per P82 
of 'Artificial Mathematicians'. 



Using PROLOG as a theorem Prover: 
An enualitY axioms example. 
TrY eoal 'eGual(w,x>.'• 

eGual(x,Y). X The HwPothesis 

eaual(X,X). X The Reflexive Axiom 

X The Twisted Transitivity Axiom 

I* MINI-PROJECTS 

2 Experiment by switching the order of the above 
t"- _, same soal. What sort of bad behaviour emerses? 
avoided'? 

axioms and trying 
How could it be 

3. Experiment with different axioms, e.s. the srouP theory example 
from P92 of 'Artificial Mathematicians'. 



I* ECWAL+ 

Clauses for the SIMPLE eoualitY example 
SYmmetrY can be inferred from reflexivity and twisted transitivity 

Alan Bundy 22+6+81 *I 

clause(hYPothesis, [eoual(x,y)J, [J, inPut ). % Input clauses 
[eoual(X,X>J, [J, inPut ). clause(reflexive, 

clause(twisted, [eoual(U,W)J, [eoual(U,V>, eoual<W,V)J, input ). 

clause(soal, CJ, [eoual(y,x)J, toPclause). % ToP clause 



F'REDICt-iTE 

•• ause/4 

·f :i. ni:i .... c l ause/4 

reco T'•:L.c l au-=;e/3 

T'esolve/3 

********************************** * PROLOG CROSS REFERENCE LISTING* 
********************************** 

Eaual and Breadt Xref 

FILE CALLED BY 

uti 1 i t·=t resoJ.ve/3 

breadt so/0 breadth/1 

ec~ua l fini:Lclause/4 

resolve/3 record_clause/3 

ut.i l :i. t'::,~ recor,:Lc 1 ause/3 

b T'0-:-adt. 

bT'eadt r·esolve/3 

breadt. breadt.h./1 

ut.iJ.it~ resoJ.ve/3 

1..1tilit'::1 record_cJ.ause/3 

uti J. i t.1 r-eco rd ... c l ause./3 



;I: 

~"~-"'!6 

BREADTH. 

Breadth First Search Theorem Prover. 
!UAL contains test example. 

an Bundw 16.6.81 *I 

> t- br·eadth(O). 

i Breadth First Search Strategy *I 

·•eadth ( N > : --
% Calculate new dePth N 1 j_s N+l, 

repeat(resolve(inPut,N,Nl)), 
rePeat(resolve(N,inPut,Nl>>, 
breadth(Nl). 

% Form all resolvants at that dePth 

~ RePeat as many times as Possible*' 

% Keep trYins and failins ~Peat(Goal) :- Goal, fail. 
.?Peat ( Gc>a 1 ) • % and succeed onlY when YOU run out of thinss to do 

* Resolution Step*' 

::~solve( Nl, N2, N > :-
find_clause(Parentl, ConseGuentl, Antecedentl, Nl), % Find clauses at 
find_clause(Parent2, ConseGuent2, Antecedent2, N2>, % aPProPriate depth 
select(Literal, ConseGuentl, RestConsel), % find a common literal 
select(Literal, Antecedent2, RestAnte2), % return leftovers 
aPPend(RestConsel, ConseGuent2, ConseGuent), % cobble leftovers tosether 
BPPend(Antecedentl, RestAnte2, Antecedent), 
record_clause(Conseouent,Antecedent,N). % record new clause 

)i.- Recori:.i E~d.stence of New Clause *' 
ecord_clause([J,EJ,N) :- % test for empty clause 

writef('Success! EmPtY Clause Found\n\n'), !, % tell user 
abort. % and stoP 

ecord_clause(Conseouent,Antecedent,N> :- % test for loop 
find_clause(Name,ConseGuent,Antecedent,M), ! • % i.e. clause with same inr 

ecord_clause(ConseGuent,Antecedent,N) :- !, % record new clause 
senswm(clause,Name), % make UP new name 
assertCclause(Name,ConseGuent,Antecedent,N>>, % assert clause 
writef('%t is name of new resolvant %1 <- %1 at dePth %t\n\n', 

[Name,Conseouent,Antecedent,NJ>. % tell user 

'* Find a clause at depth N *I 

'ind_clause(Name,ConseGuent,Antecedent,O) :
clause(Name,ConseGuent,Antecedent,toPclause), !. 



. ,# 

-.-.~--~· , 
'ind~'.clause (Name, CcmseGuent, Antecedent, N) :

clause (Name, ConseGuent, Antecedent, N). 

'* MINI-F'RO.JECTS 

• ~ry this theorem Prover with the clauses of file EQUAL. 

♦ 

,ut. 

,. 

Experiment b~ makins UP some clauses of ~our own and trYins them 

Modify the theorem Prover to Print out the solution when it has 
·ound j_ t. 

+ Modif~ the theorem Prover to remove the inPut restriction. 

Modify the theorem Prover to incorporate the literal selection 
estr·ic:-ticm • 

• Build a dePth first theorem Prover alons the same lines. 



:leS 

: ?- breadth(◊). 

~lausel is name of new resolvant 

eGual('::1,_101.) 
emJal (:-(,_1.01) 

at depth l 

~lause2 is name of new resolvant 

&mual('::1,'::I) 
at dePth 2 

~lause3 is name of new resolvant 

eGua 1 (:•(,'::I) 
at dePth 2 

c~ruse4 is name of new resolvant 

eGual <~,.-128) 
eaual <--1.27,_1.28) 
eGual ().(, _127) 

at dePth 2 

clause5 is name of new resolvant 

eG•Jal ( :•(, _1.28) 
eGual<-127,_1.28) 
eciual (\:l,_127) 

at dePth 2 

Success! EmPt'::I Clause Found 

[ Execution ~borted J 

?- core 60416 (31232 
heap 26112 = 23649 in 

J.obal U.77 = 16 in 
local 1024 = 16 in 
trail 511 - 0 in 

0+65 sec. runtime 

lo--ses 
use + 
use + 
use + 
use + 

+ 29184 hi-ses) 
2463 free 
1161 free 
1008 free 

511 free 



c-laus1:.-i/4 

f i nd ... c l aus.1:.~/ 4 

findall/3 

heuristic-/1 

Pic-k ... be·;;;t/3 

r->ick .... bes;t/5 

~ cori:L.clause/3 

resolve/3 

1,Jritef./l 

1,J r i t.ef/2 

********************************** * PROLOG CROSS REFERENCE LISTING* 
********************************** 

Eaual and Heuris Xref 

FILE 

heuris 

heu T' is. 

utilit·,; 

utilit!:i 

heuris 

he1.n'is 

heur•is 

heur· i ·;;; 

heuris 

heuris; 

heuris. 

Ct-iL.L.ED BY 

heuristic/1 resolve/3 

so/0 successor/2 resolve/3 record_clause/3 
Pick_best/3 Pick_best/5 find_clause/4 

F-· i c-k ... b(;,:st/5 

rec-ord_clause/3 find_clause/4 

heurii:~.t.ic-/1 

r·eco rd_c l ause/3 

~o/0 heurist.ic-/1 

heuristic-/1 

Pick ... best/3 Pick ... best/~.; 

rf:-.'solve/3 

suc-c-essor·/2 

resolve/3 

<user> heuristic/l 

r·1::1co Pd_c- J. a,J-=:.e/3 

rec-ord_clause/3 



°('._ .• 

~EUFUS. 

~ Heurisitic Search Theorem Prover, 
~QUAL contains test example, 

~lan Bund~ 19,6,81 *I 

clause(Goal,_,_,toPclause), 
heuristic([GoalJ). 

I* Heuristic Search Strates~ *I 

heuristicCFrinSe) 
% Pick the clause with best score 

findall(Clause,successor(Current,Clause),NewClauses>, % findall. its succ 
aPPend(Rest,NewClauses,NewFrinse>, % Put them on frinse 
heuristic(NewFrinse). % and recurse 

I* Clause is a resolvant of Current with an input clause *I 

successor(Current,Clause) : 
clause(lnPut,_,_,inPut), % Pick an input clause 
( resolve(Current,InPut,Clause) ; resolve<InPut,Current,Clause) ), 

% resolve it with the current clause 

I* Resolution SteP *I 

resolve( Parenti, Parent2, Resolvant) 
clause(Parentl, Consemuentl, Antecedentl, Ni), 
clause(Parent2, Consemuent2, Antecedent2, N2), 
select(Literal, Consemuentl, RestConsel), 
select(literal, Antecedent2, RestAnte2>, 
aPPend(RestConsel, Consemuent2, Conseouent>, 

% Get the two Parents 

% Select a common literal 
% and return the rest 
% Join the odd bits toseth 

aPPend(Antecedentl, RestAnte2, Antecedent), 
record_clause(Conseauent,Antecedent,Resolvant). % Record the clause 

I* Record Existence of New Clause *I 
record_clause([J,EJ,emPtY) :- % test for empt~ clause 

writef('Success! EmPt~ Clause Found\n\n'>, !, % tell the user 
abort. % and stop 

record_clause(Conseauent,Antecedent,Name> :- % test for loop 
clause(Name,Conseouent,Antecedent,M>, !, fail. 

record_clause(Consemuent,Antecedent,Name) :- !, % record new clause 
Sens~m(clause,Name), % make UP a name 
evaluate(Conseauent,Antecedent,N>, % set score of clause 
assert(clause(Name,Consemuent,Antecedent,N)), % assert clause 
writef('%t is name of new resolvant %1 <- %1 with score %t\n\n', 

[Name,ConseBuent,Antecedent,NJ). % tell user 



.. " • 
~r·~·Eval uat ion Function on C 1 a•.1~>€:'~,. ( l €:'n£th of C 1 a1.1se) )jc:j 

,valuate(Conseauent,Antecedent,Score) :
lensth(Conseauent,C), % add lensth of rhs 
lensth(Antecedent,A>, % to lensth of lhs 
Score :i. t:; C+A. % to set clause lensth 

'* Pick clause with best score (i.e.lowest) *I 

•ick_bestC[HdlTlJ,Choice,Rest) :-
clause(Hd,_,_,N), % Get score of first clause 
Pick_best(Tl,Hd,N,Choice,Rest). % and run down list rememberins best so fa· 

% When you set to the end return runnins score 

~ick_best([Hd1lT11J,Hd,N,Choice,[Hd31RestJ) 
clause(Hdl,_,_,Nl), 
comPare(Hd,N,Hd1,N1,Hd2,N2,Hd3,N3), 
Pick_best(T11,Hd2,N2,Choice,Rest). 

% Get score of first clause 
% Compare with runnins score and o 
% recurse with new best score 

~c,.. .. ,..-,are ( Hd, N, Hd1, Nl., Hd, N, Hdl., Nl) 
N ===< N1, !. 

% Put runnins score first 
% unless new score is best 

~omPare(Hd,N,Hd1,N1,Hd1,N1,Hd,N). % Otherwise Put new score first 

/* Find a clause with score N *I 

find_clause(Name,Conseauent,Antecedent,N) :
clause(Name,Consemuent,Antecedent,toPclause>, !, 
evaluate(Conseauent,Antecedent,N). 

find_clause(Name,Conseauent,Antecedent,N) :
clause(Name,Conseauent,Antecedent,N). 

I* MINI-PROJECTS 

J 
1 Trs this theorem Prover with the eaualitY clauses of EQUAL, 

2. Experiment with clauses of Your own devisins. 

3. Modify the theorem Prover to Print out the solution when it has 
found it. 

4. Modify the theorem Prover to remove the inPut restriction, 

5, ExPeriment with different versions of the evaluation function by 
modif~ins 'evaluate' (see section 6.5.3 of 'Artificial 
Mathematicians'). 



es 
?- heuristic([SoalJ). 

lausel is name of new resolvant 

eGua J. ( Y, __ 1. 58) 
eGual (,{,_l.~i8) 

with score 2 

·lause2 is name of new resolvant 

emJal (y,y) 
with score 1 

:lause3 is name of new resolvant 

eGuaJ. ( ,-~, Y) 

with score 1 

~lause4 is name of new resolvant 

✓ eG•Jal ( Y, _229) 
eGual(_228,_229) 
eGual ( ,-~, _ .. 228) 

with score 3 

~lause5 is name of new resolvant 

eGua 1 ( }~, _229) 
eGuaJ.(_228,_229) 
eG1Ja 1 < Y, _228) 

with score ;·~ 

3uccess! Empty Clause Found 

[ Execution aborted J 

rr- core 60928 (31744 
heap 26624 = 23909 in 
!:! ·)al 1.177 = 16 in 
l" .... :al 1024 = 16 in 
trail 511 = 0 in 

lo-ses 
IJSe + 
use + 
use + 
IJSe + 

0.01 sec. for 1 trail shift 
0+80 sec. runtime 

+ 29184 hi-ses) 
2715 free 
1161. free 
1008 free 

511. free 



PREDICATE 

BPP~?nd/3 

cJ.ausf.~/4 

<,'-!valuate./3 

SEJnS\:i!T!/2 

:i. ntE: rP ret/3 

:i. nt€~ Y'P retat :i. on/ :L 

:i.s_true/2 

Plist/3 

modeJ../2 

pa ramodul at€:,/3 

reco r•d_ .. c J. ause./3 

satisf:i.able/1. 

********************************** * PROLOG CROSS REFERENCE LISTING* 
********************************** 

Semant, Model and Divide Xref 

FILE 

utilit'::!-

ut i 1 i t':.1 

utilit'::!-

dividEi 

model 

utilit\:,: 

semant 

divi.-.:ie 

divide 

model 

111c.1de 1 

1_1ti.J.it•:;-; 

model 

~;emant 

!:,.emant 

semant 

s.emant 

s.emant. 

semant 

model 

Ct--1L.LED BY 

resolve/3 Paramodulate/3 

mc,del/2 

So/0 successor/2 resolve/3 Pararnodulate/3 
record_clause/3 rnodel/2 

<user> evaluate/3 is_true/2 is_false/2 

recD T'd-.c 1 aus.e/3 

evaluate/3 

!:;atisfiable/1 

<user> model./2 

<us.er> model/2 

evaluate/3 

satisfiable/1 

s1-1c,:-e:.so r ./2 

resolve/3 Paramodulate./3 

Paramoduli:::te/3 

replace/6 rePlace2/4 

s.uccesso r/2 

VE•t/ 1 



Model and Divide Xref 

i::-E~mant i c / l 

some/3 

SIJCCB!,;Sc) r /2 

vet/1 

~rj fpf/L_ 

WT'itef/2 

1.Jt. :i.1 it\:~ 

s.emant 

:-emant 

model 

utilit•~ 

1..1t.1J.1t·,~ 

resolve/3 Paramodulat.e/3 

so/0 semantic-/1 

rePlacel/4 some/3 

s.emant i c:-/ 1 

~-em ant. i c:-/ 1 

record_c-J.ause/3 satisfiable/1 



9"sEMANT+ 

~ DePth First Theorem Prover 
~ith vettins _bw .use of interpretations and 
incorPoratinS inPut restriction. 
Jse with MODEL 
DIVIDE contains test examPle 

~lan Bundw 22.6.81 *I 

/* TOP Goal *I 

So :-
clause(Goal,_,_,toPclause>, 
semantic(Goal). 

% Find the top clause 
% and awaw you So 

I* DePth first theorem Prover *I 
semantic(Old) :

successor(Old,New>, 
vet(New>, 

% Find a successor to the current clause 
% check that it is unsatisfiable 

semantic(New). % and recurse 

I* Clause is a resolvant of Current with an inPut clause *I 

successor(Current,Clause) :
clause(InPut,_,_,inPut>, 
( resolve(Current,InPut,Clause) ; 

resolve(lnPut,Current,Clause) ; 
Paramodulate(Current,InPut,Clause) ; 
Paramodulate(InPut,Current,Clause) >. 

% Pick an inPut clause 
% resolve it with the 
% current clause 
% or Paramodulate it 

I* Resolution SteP *I 

resolve( Parenti, Parent2, Resolvant> :-
clause(Parentl, ConseGuentl, Antecedentl, _), 
clause<Parent2, ConseGuent2, Antecedent2, _), 
select(Literal, ConseGuent1, RestConsel>, 
select(Literal, Antecedent2, RestAnte2>, 
aPPend(RestConse1, ConseGuent2, ConseGuent), 

% Get the two Parents 

% Select a common literal 
% and return the rest 
% Join the odd bits toseth 

aPPend(Antecedentl, RestAnte2, Antecedent>, 
record_clause(ConseGuent,Antecedent,Resolvant). % Record the clause. 

I* Paramodulation Step *I 

Paramodulate( Parenti, Parent2, Paramodulant) :-
clause(Parent1, ConseGuentl, Antecedent!,_), % Get the two Parents 
clause(Parent2, ConseGuent2, Antecedent2, _), 
select(eGualCT,S>, ConseGuentl, RestConsel>, % select an eGuation 
rePlace<T,S,ConseGuent2,Antecedent2,NewConse2,NewAnte2>,% Put it in the"ot 
aPPend(RestConse1,NewConse2,ConseGuent), % Join the odd bits toset~ 
aPPend(Antecedent1,NewAnte2,Antecedent>, 
record_clause(ConseGuent,Antecedent,Paramodulant). %record the clause 



'* RePlace T bs S (or S bs T> in clause *I 

:- % replace T b'::i! s •eplace(T,S,OldConse,OldAnte,NewConse,OldAnte) 
rePlacel(T,S,OldConse,NewConse). % the conseGuent 

rePlaceCT,S,OldConse,OldAnte,OldConse,NewAnte) 
rePlacel(T,S,OldAnte,NewAnte). 

rePlace(S,T,OldConse,OldAnte,NewConse,OldAnte) 
rePlacel(S,T,OldConse,NewConse). 

rePlace(S,T,OldConse,OldAnte,OldConse,NewAnte) 
rePlacel(S,T,OldAnte,NewAnte>. 

I* Replace T b'::i! Sin Old to set New *I 

• • 

·-• 

:-

/; or 
... · the In 

% or ... 
/. the 

i~ or 
% the 

T bs c·· ,.) in 
antecedent 

~:) b'::i! T in 
cons.eGuent 

C' ,.) b\:~ T in 
antecedent 

rePlacel(T,S,Old,New) :
some(rePlace2(T,S),Old,New), % rePJ.ace one of the literals 

% replace this occurence 

rePlace2(T,S,Old,New) : 
Old=•• [S'::i!m I OldArssJ, 
rePlacel(T,S,OldArss,NewArss>, 
New=•• [S'::i!m l NewArssJ. 

I* Record Existence of New Clause *I 

% replace one of the arsuments 
% set the ar-suments 
% rePJ.ace one 
% Put it all tosether asain 

record_clause([J,[J,emPt'd) :- % test for emPt'::i! clause 
t,Jr-itef('Succes.s! EmPt'::i! Clause Found\n\n'), !, % tell user' 
abort, % and stoP 

record_clause(Conseauent,Antecedent,Name> :- % test for loop 

in 

cJ.ause(Name,Conseauent,Antecedent,_), !. % i.e. clause with same in 

recor-d_clause(Conseauent,Antecedent,Name) :- !, % r-ecord new clause 
Sens'::i!m(clause,Name>, % make UP new name 
assert(clause(Narne,ConseGuent,Antecedent,new)), % assert clause 
wr-itef('%t is name of new resolvant %1 <- %1 \n\n', 

[Name,Conseauent,AntecedentJ). ¼ tell user 

I* APPJ.~ Pred to Just one element of list *I 

SOITl0~(Pr·ed, [Hdl I Tl], [Hd2 : Tl]) ;
aPPl'::i!(Pred, [Hd1,Hd2J), 

some(Pr-ed, C:Hd: Tl1], [Hd: TJ.2J) !··· 
some( Pred, T11, TJ.2), 

I* MINI--PFW,JECTS 

% aPPl~ it to this one 

% or one of the others 

1. Trs out theorem Prover with the arithmetic clauses and models of 
file DIVIDE+ 

2. ExPeriment with some clauses and models of 'dour own devisins (See 



~haPt..e r l O fo T' some i r:.ieas) • 

5, Modif~ the theorem PT'OVeT' so that it works b~ breadth first search 
(Compare with file BREADT). 

i. Modif~ the theoPem PT'OVeT' so that it woPks b~ heuPistic search 
(ComPare with file HEURIS>+ 

,, 



.. 
,. 

'* MOD£L. 

low to evaluate a clause in an interpretation 
:Provided it is variable free!!) 

llan Bundy 22.6.81 */ 

'* Vet the clause in any interpretations*/ 

1et ( C :t. a use) : -
not satisfiable(Clause). % Clause has no model 

'* Clause is satisfiable in some Interpretation *I 

1atisfiable(Clause) :
interPretation(InterP), ¼ If there is an interpretation 
model(InterP,Clause>, ¼ in which Clause is true 
writef('¼t reJected by ¼t\n\n',CClause,InterpJ). % tell user 

'* InterPretation is a model of a Clause*/ 

,odel(Interp, Clause) :
clause(Clause,ConseGuent,Antecedent,_), 
checklist(is_true(Interp), ConseGuent), 
checklist(is_false(InterP>, Antecedent>. 

'* Evaluate expression in Interpretation*/ 

% Get Clause definition 
¼ Check all lhs literals are true 

¼ and all rhs ones are fal~ 

,valuate( InterP, Inteser, Inteser > :- inteser(Inteser>, ! • % intesers rePreser 

,valuate( InterP, Constant, Value) I- ¼ other constants have values assis 
atom (Constant) , ! , i nte rP ret ( I nte rP, Constant, Va 1 ue) . 

,valuate( InterP, Complex, Value > :-
ComF-le~-, =•. CS\:~m I ArssJ, ! , 
maPlist(evaluate(Inter?), Arss, Vals), 
Com?lex1 =•• [Sym I ValsJ, 
interPret(Inter?, Com?lexl, Value). 

% recurse on arsuments of 
¼ comp le~-~ terms 
% then interpret to?most 
¼ symbol 

·* Evaluation of clause (hacks for checklist) *I 

s_true(Interp, Literal) :- evaluate(InterP, Literal, true). 

s_false(InterP, Literal) :- evaluate<Inter?, Literal, false). 



" ,., 
IJf( ritI V :i: DE • 

:lauses and Model for not divides example (see notes P124) 

~lan Bundw 22.6.81 *I 

~lause(risht, [not_div<X*Z,Y>J, Cnot_div(X,Y)J, inPut). % InPut clauses 

~lause(left, [not_div<Z*X,Y)J, [not_div(X,Y)J, inPut). 

~lause(thirtw, [eGua1(30,2*3*5>J, CJ, inPut). 

~lause(hwPothesis, (not_div(5,a)J, CJ, input). 

~lause(conclusion, CJ, Cnot_div(30,a)J, toPclause). % ToP clause 

interPretation(arith2). 

interPret(arith2, a, 2>. 

¾ arith2 is an interpretation 

interPret(arith2, not_div(X,Y>, false) :-
0 is Y mod X, ! • 

interPret(arith2, not_div(X,Y>, true). 

interPret(arith2, eGual(X,Y), true) :-
X =:= Y, ! • 

interpret(arith2, eGual(X,Y), false). 

¾ meanins of a 

% meanins of not_div 

% meanins of eGual 

% meanins of* 

interPretation(arith3). 

interPret(arith3, a, 3). 

¼ arith3 is an interpretation 

interPret(arith3, not_div(X,Y>, false) :-
0 is Y mod X, ! • 

interPret(arith3, not_div(X,Y>, true). 

interPret(arith3, eGual(X,Y>, true) :-
X =t= Y, ! • 

interPret(arith3, eGual(X,Y>, false), 

interPret(arith3, X*Y, Z) :- Z is X*Y• 

¼ meanins of a 

% meanins of not_div 

¼ meanins of eGual 

¼ meanins of* 



.. 
t 

~es 
: ?- 90+ 

~lause1 is name of new resolvant 

~lause2 is name of new resolvant 

~lause3 is name of new resolvant 

not_div(2,a) 

~lause3 reJected by arith2 

~~quse4 is name of new resolvant 

not .. div(3,a) 

~lause4 reJected by arith3 

~lause5 is name of new resolvant 

not..div(5,a) 

3uccess! EmPtY Clause Found 

- Execution aborted l 

r~- core 60928 (31744 lo-ses + 29184 hi-ses) 
1eaP 26624 = 24583 in use + 2041. free 
Hobal 117'7 == 16 in use + 1.161 free 
·-~al. 1024 == 16 in use + 1008 free 

.ail 511 == 0 in use + 511 free 
o. 10 sec. for •") 

•'- GCs sainins 6 ,.,.,. 
4..;J words 

0.04 sec. for 3 local shifts and 7 trail shifts 
2.94 sec. runtime 



Pf<EDICATE 

.;::: F·· r:-· 11::t I/ 2 
'--'----••·-

/ 

reP lac€~/ 4 

rule/~5 

hl"f'itf?f/2 
--

********************************** * PROLOG CROSS REFERENCE LISTING* 
********************************** 

FILE CALLED :BY 

utilit~ SC)IT1e/3 

Y'ewri t 

rewrit normalize/2 eo/0 

rewrit rewrite/2 

rewrit rwrmaJ.i:;:e/2 

rewr·i t rewrit.e/2 

T'E?WT'i t reP J.ace/4 some/:~ 

T'ew r· i t.e/2 so/0 



,/ 
·i -~.,(fH T. 

:imPle dePth first search rewrite rule system 
.ee Artificial Mathematicians P 104. 
lse with UTIL • 

rlan Bundy 10.7.81 */ 

'* Find Normal Form of Expression*/ 

rormalize(ExPression, NormalForm) :- % To Put an expression in normal form: 
rewrite(ExPression, Rewritins>, 
normalize(Rewritins, NormalForm). 

% Rewrite it once 
:;,~ and recurse 

rormalize<ExPression, Expression) :
not rewrite(ExPression, _). 

'* Rewrite Rule of Inference*/ 

% The expression is in normal form 
% if it cannot be rewritten 

·a ·ite(ExPression, Rewritins> :- % To rewrite ExPression 
rule(Name,LHS, RHS), % set a rule LHS => RHS 
rePlaceCLHS, RHS, ExPression, Rewritins>, % rePlace LHS bw RHS 
writef('%t rewritten to %t by rule %t\n', [ExPression,Rewritins,NameJ>. 

'* Replace sinsle occurrence of T by Sin Old to set New*/ 

·ceP lace ( T, S, T, S) • % replace this occurence 

•eplace<T,S,Old,New) :- % rePlace one of the arsuments 
Old=•• [SYm : OldArssJ, % set the arsuments 
some(rePlace(T,S),OldArss,NewArss>, % replace one 
New=•• [Sym : NewArssJ. % Put it all tosether asain 

'* APPlY Pred to Just one element of list*/ 

,ome(PT'ed, [Hdl l TlJ, [Hd2 l Tl]): 
aPPlY(Pr~d, [Hd1,Hd2J). 

some( Pred, Tll, T12), 

% SPPlY it to this one 

% or one of the others 

·ulce( :I. ,X*O, 0), 
·ul<-?(2,l*X, X>. 
·ule(3,X'''O, :I.). 

•1 . .11€~(4,XtO, X). 

% Alsebraic SimPlification rules 

'* A TYPical Problem*/ 

!o :- normalize( (a~<2*0>>*5 + b*O, NormalForm>, 
writef('Normal Form is %t\n\n', [NormalFormJ), 
fail. 



Trs out the s~stem with the arithmetic rules given above. 

:, rxPeriment with some rules of ~our Own devisin• (Sussestions can be 
·ound in chaPter 9 and section 5.2 of 'Artificial Mathematicians'). 

'. Modify the sYstem so that it works b~: (a) call bY value, 
•~ name (See P107 of 'Artificial Mathematicians'>• 

:/ 

(b) call 



~ 

i-(2*0>*5+b*O rewritten to a-0*5+b*O by rule 1 
~-0*5+b*O rewritten to a-0*5+0 by rule 1 
~-0*5+0 rewritten to 1*5+0 bY.rule 3 
l*5+0 rewritten to 5+0 by rule 2 
5+0 rewritten to 5 by rule 4 
~ormal Form is :::; 

5+0 rewritten to 5 by rule 4 
l*5+0 rewritten to 1*5 by rule 4 
l*5 rewritten to 5 bY rule 2 
~ormal Fc>rm :i. s 5 

l*5 rewritten to 5 by rule 2 
L*5+0 rewritten to 5+0 bY rule 2 
~-o•5+0 rewritten to a-0*5 bY rule 4 
~-0*5 rewritten to 1*5 by rule 3 
l*5 rewritten to 5 bY rule 2 
k ~,al Fot'm is 5 

l*5 rewritten to 5 bY rule 2 
~-0*5 rewritten to 1*5 by rule 3 
~-0*5+0 rewritten to 1*5+0 by rule 3 
~-0*5+b*O rewritten to 1*5+b*O by rule 3 
L*5+b*O rewritten to 1*5+0 bY rule 1 
L*5+0 rewritten to 5+0 by rule 2 
5+0 rewritten to 5 by rule 4 
~ormal Form is 5 

5+0 rewritten to 5 bY rule 4 
L*5+0 rewritten to 1*5 by rule 4 
L*5 rewritten to 5 by rule 2 
~ormal Form is 5 

L*5 rewritten to 5 by rule 2 
l*5+0 rewritten to 5+0 by rule 2 
L*5+b*O rewritten to 5+b*O by rule 2 
:'.iJ • ·:o rewrj, tten to 5+0 by r•Jle 1 
5~- rewritten to 5 bw rule 4 
~ormal Form is 5 

5+0 rewritten to 5 by rule 4 
5+b*O rewritten to 5+0 bY rule 1 
L*5+b*O rewritten to 1*5+0 bY rule 1 
3~0*5+b*O rewritten to a-0*5+0 by rule 1 
3-(2*0>*5+b*O rewritten to a-<2*0>*5+0 by rule 1 
3-(2*0>*5+0 rewritten to a-◊*5+0 by rule 1 
3-◊*5+0 rewritten to 1*5+0 bY rule 3 
L*5+0 rewritten to 5+0 by rule 2 
5+0 rewritten to 5 by rule 4 
~ormal•Form is 5 

5+0 rewritten to 5 by rule 4 
1*5+0 rewritten to 1*5 by rule 4 
1*5 rewritten to 5 by rule 2 
~ormal Form is 5 

1*5 rewritten to 5 by rule 2 



...... 
. lf'6+'01 rewritten to !'HO by rule 2 
~-◊*5+0 rewritten to a~0*5 bw rule 4 
l-◊*5 rewritten to 1*5 by rule 3 
.*5 rewritten to 5 by rule 2 
,ormal Form is 5 

.*5 rewritten to 5 bw rule 2 
~-◊*5 rewritten to 1*5 by rule 3 
~-0*5+0 rewritten to 1*5+0 by rule 3 
~~<2*0>*5+0 rewritten to a-(2*0>*5 by rule 4 
~-<2*0>*5 rewritten to a-0*5 by rule 1 
~-0*5 rewritten to 1*5 by rule 3 
·*5 rewritten to 5 bY rule 2 
lormal Fc>rm is 5 

·*5 rewritten to 5 by rule 2 
,-o*5 rewritten to 1*5 bw rule 3 
~-<2*0>*5 rewritten to a-0*5 bY rule 1 
,-<2*0>*5+0 rewritten to a-0*5+0 by rule 1 
~-<2*0>*5+b*O rewritten to a-o*5+b*O by rule 1 

11. 

rf- core 60416 (31232 lo-ses + 29184 hi-ses> 
ieaP 2611.2 = 2:~4!':'i4 in use + 2658 free 
ilobal 1175 = 16 in IJSe + 1159 free 
.ocal 1024 = 1.6 in IJSe + 1008 free 
;rai 1 511 = 0 in use + 511 free 

o.oo sec. for 1 trail shift 
3.02 sec. runtime 



~ ...&··~:.s~ 

"' 

Pf~ED I Cf':i TE 

•• • olem/2 

testl/l 

test2/l 

1..1niv/3 

********************************** * PROLOG CROSS REFERENCE LISTING* 
********************************** 

Skolem.~ 

FILE Ct➔LLED BY 

sko J.<-:~m/ 4 

skolem ~,kolem/4 

skoJ.em skolem/4 testl/1 test2/1 

s.kolem skolem/2 skoJ.em/4 

skolem/4 

formuJ. 

formul 

skol em skc.ilem/4 



Skolem Normal Form Procedure 
CFORMUL contains test examPles) 

:- oP(300,xfw,<->>. 

:-op(400,xfw,->>. 

% Disjunction 

% Double ImPlication 

% ImPlication 

skolem(Sentence,NormalForm) :- !, 
skolem(Sentence,NormalForm,CJ,O>. 

% Normal callins Pattern 
% assume no free vars and beins as 

skolem(P <-> Q, (P1->Q1)&(Ql->P1>,Vars,Par) :- !, 
skolem<P,P1,Vars,Par>, skolem(Q,Ql,Va~s,Par>. 

% Double imPlication 

;;kolem(alUX,P),P1,Vars,0) :- ! , 
skolem(P,Pl,CXlVarsJ,O). 

skolem(all<X,P>,P2,Vars,1) :- !, 
~enswm(f,Fs), univ(Fs,Vars,F), 
subst(X=F,P,Pl>, 
skolem(P1,P2,Vars,1). 

;kolem(some<X,P>,P2,Vars,O> :- !, 
senswm(f,Fs>, univ(Fs,Vars,F>, 
subst(X=F,P,Pl), 
skolem(P1,P2,Vars,O). 

;v -lem(some<X,P>,P:l.,Vars,1) :- ! , 
skolem(P,Pl,[XlVarsJ,1). 

;kolem<P->Q,Pl->Ql,Vars,Par) :- !, 

% Universal Guantification 

% Universal Guantification 
% dual case 

% Existential Guantification 

% Existential Guantification 
% d•Jal case 

,:; ImPlication 
DPPOSite(Par,Parl), skolem(P,Pl,Vars,Parl), 
skolem(Q,Ql,Vars,Par). 

;kolem(P;Q,Pl;G1,Vars,Par> :- !, 
skolem<P,Pl,Vars,Par>, skolem(Q,Ql,Vars,Par>. 

;kolem(P&ChP1&Q1,Vars,Par) :- ! , 
skolem(P,P1,Vars,Par), skolem(Q,Ql,Vars,Par). 

;kolem(not P,not P1,Vars,Par) :- !, 
OPPOSite(Par,Parl), skolem(P,Pl). 

% Disjunction 

% Conjunction 

% Nesat.ion 

;kolem(Pred,Pred,Vars,Par) :- ! . ::,; Atomic form•Jla 



:JPPqs :i. te < 0, l) • 
:JPPDS :i. te ( :f. , ()) , 

/*un:i.v - aPPls arss to ssmbol*/ 
_,rd.v(Fs,Vars,F) :-- ! , 

F =•• [FslVarsJ. 

1* MINI-PROJECTS 

l, Tr~ out on various formulae, 

2, Mod:i.f~ the Prosram to deal w:i.th bounded Guantification, e.s. 
all_:i.n(X,Set,P) - ruean:i.ns, for all X in Set, P :i.s true. 

5, Build Proerams for Puttins formulae in: (a) Prenex Normal Form, (b) 
:onJunctive Normal Form, as Per section 5,2 of 'Artificial 
1athematicians'. You mas w:i.sh to use file REWRIT. 



• 
,.,,,.. .. ,If 

, /* FORMUL. 

Test Formulae for SKOLEM Proaram 

Alan Bund~ 23+6+81 *I 

test1 (Ans) :--
skolem( all(a, all(b, all(c, some<x, a*x-2 + b*x + c = 0)))), Ans). 

test2 (Ans) :-
skol em ( all(m, some(delta, all(x, (abs(x)=<delta) -> (1/x)>m>>>, Ans). 

------



I • • 

• 
~!4 

t ~es 
?- test1(A). 

~es 
?- test2(A). 

A= (abs(x)=<f2(m))->1lx>m 

~es 
I ?-- core 604:1.6 (31232 I 

heap 26112 = 23809 in 
~lob.al 1177 = 16 in 
local 1024 - 16 in 
t.rail. 511 = 0 in 

1.00 sec. runtime 

lo-ses + 29184 hi--ses) 
IJSe + 2303 free 
use + 1161 free 
use + 1008 free 
use + 511 free 



PREDICf"-tTE 

acid ___ bomb/3 

·~ 
d(?.f .... eval/2 

eval/2 

f i nd_ .. 1..12. 1 ':::!/3 

!i.!ent-1 r;;ll i sEi/2 
r"Ono«orYrfl'Y" 

J.ooP .... threat/2 

make .. _fau 1 t/2 

membere:hk/2 

nclntrivi.al/:l. 

DPen_ .. eva 1 /~'. 

oPen __ fn/2 

Pickindvars/3 

********************************** * PROLOG CROSS REFERENCE LISTING* 
********************************** 

FILE CALLED BY 

usl ines.s/3 

utilits find_usls/3 add_bomb/3 

s':::!mbol_eval/3 oPen_eval/2 

ut:i.1 j_ t'::1-

boser- s~mbol_eval/3 def_eval/2 

s-'.::!1T1t,o 1 .... e'-./a 1 /3 

bo'::1-er- Prc,ve_.steP/2 

usliness/3 find_usJ.s/3 

undefj_ned Prove1/2 

analsse/3 

exPand/4 make_fauJ.t/2 

boser Pickindvar-s/3 max/5 

uU.lits nontT'iviaJ./1 

ssmbol_eval/3 rewrite/3 merse/3 

usliness/3 

P>tPand/ 4 

F· r-ove 1 / 2 

Provel/2 Prove_base/2 prove_steP/2 z/0 s/0 



,,. .~ 

- •! 
Bo•::H? r X ref 

r·ewr:i.te/3 

wr:i.-f.:.E)f/2 

bo·~e r 

bc)'::-!e r 

ut.ilit.s 

ut:i.J.j_t~~ 

bcseT' 

ut.ilj.t~i 

Pase 2 

pr·ove/1 

Prove_b'::-/_induction/2 

Provel/2 

sYmbol_eval/3 rewrite/3 

merse/3 

Prcve_base/2 Prove_steP/2 fertilise/3 

PT'C)Ve/1 ssmbcl ... eval/3 rewrite/3 
P r,:::,ve .. s,. teP .1::: 

exPand/4 find_usls/3 

Prcve1/2 Prove_base/2 Prove_steP/2 

PT'OVe/1 



Leon Sterlins 
UPdatedt 24 Jul~ 81 

A simPle Boser-Moore theorem Prover as in 
Chap. 11 The Productive Use of Failure 
in 'Artificial Mathematicians'. 

The code written here is a simPlified version of the alSorithm 
described in a paper of J Moore 
'Computational Losic: Structure SharinS and Proof of Prosram Properties', 
Xerox rePort CSL 75-2, which appeared also as DePt. of Computational Losic 
memo no. 68, and the second Part of Moore's Ph.D, thesis. 
This is a simPlified version of the theorem-prover described in the book 
'A Computational Losic' bs Boser and Moore, 

Variable and Procedure names have been chosen to be the same 
as much as Possible, and the mini-proJects will be aided b~ the descriPtion 
in the PaPer. 

%% PROOF STRATEGY%% 

PT'OV€~(A) 

% To Prove a theorem use the followin~ alsorithm 
(on P, of 'Artificial Mathematicians') '" /n 

% 1,-2. Trs ssmbolic evaluation, recordins the 
reasons for failure in the list Analssis, 

% 3.-4, If unsuccessful, trs Proof bs induction 
% usins the Previousls senerated failure list 

to sussest the induction scheme, 
% 5. Finalls trs seneralisins the theorem if the 
% induction was unsuccessful. 

writef('\nTrsinS to Prove %t\n',[AJ>, 
ssmbol_eval(A,B,Anal~sis), 
Provel(B,Analssis). 

% Trs ssmbolic evaluation 

% Ssmbolic evaluation was successful 

! ' 
writef('ExPression evaluated to tt\n'). 

Provel(A,Analssis) 
Pickindvars(A,Analssis,Var), % find induction candidate 

Provel(A,Analssis) 
seneralise<A,New>, 

! ' 
PT'OVe ( New=-0 tt). 

%% SYMBOLIC EVALUATION 



% Swmbolic evaluation is Performed by the Procedure 
% swmbol_eval(A,New,Analwsis) which evaluates 
% expression A into expression New Producins 
% failure bas Analysis. 

., 
/4 
., 
/4 

% Primitive Pure LISP functions, i,e. car,cdr,cond 
and eaual are handled bw an evaluator if they 
can,be simPlified. Otherwise function arsuments 
are ssmbolicallY evaluated bottom-up, 
bottomins out on atomic expressions. Function 
definitions are expanded accordin~ to the criteria 
described in the section of code 

%% EXPANSION OF FUNCTION DEFINITIONS%% 

ssmbol_eval(tt,tt,[J) :- ! . % Finished if expression evaluates to tt 

sYmbol_evalC[J,CJ,CJ) :- ! • 

symbol_eval(A,B,Analwsis) :
eval(A,Al), 

! ' 
sYmbol_eval(Al,B,Analwsis). 

sYmbol_eval(A,B,Analwsis) 
A= •• [PredlArssJ, 
rewrite(Arss,Arss1,Anal>, 
Al=,.[PredlArsslJ, 
exPand(Pred,A1,A2,Fault), 
merse(Fault,Anal,Analssis), 
def_eval(A2,B). 

rewrite([J,[J,[J) :- !, 

rewrite(X,X,[J) :- atomic(X), !. 

rewriteC[HlTJ,[HllTlJ,AnalYsis) :
sYmbol_eval(H,Hl,Fault), 
rewrite(T,Tl,Desc), 
merse(Fault,Desc,AnalYsis), 

% Evaluator 

eval(car([J),[J) :- !, 
eval(cdr([J),[J) :- !, 
eval(car(cons(H,T>>,H> :- ! . 
eval(cdr(cons<H,T>>,T> - ! , 
eval(cond([J,U,V),V) :- ! , 
eval(cond(cons(X,Y>,U,V),U) :- 1. 

eval(eGual(X,X>,tt) - ! , 

%% EXPANSION OF FUNCTION DEFINITIONS%% 

% Evaluate Primitive expressions 

% Recursively rewrite terms 
bottom-up. 

% ExPand recursively defined 
% non-Primitive functions 

% Functions that can be expanded accordins to 
% their function definition are contained in an 
% oPen_fn Predicate. In rewritins expressions 
% functions are expanded where Possible 



A 

~ 
~ 

., 
/4 

% 
% 
% 

usins the Predicate oPen_eval unless 
usls expressions are found, In this case the 
fault descriPtion is returned as described 
in section 3.2 of Moore's PaPer. 

exPand(Pred,Clause,Clause,Fault) : 
open_fn(Clause,Newclause>, 
usliness(Pred,Newclause,Bomh>, 
Bomb\==[J, 

! ' 
make_fault(Bomb,Fault), 

exPand(Pred,Clause,Newclause,[J) :
oPen_eval(Clause,Newclause). 

exPand(Pred,Clause,Clause,CJ). 

oPen_fn(aPPend(X,Y>,cond(X,cons(car(X),append(cdr(X),Y)),Y)) :- ! • 

oPen_eval(aPPend(X,Y),Clause) :-
def_eval(car(X),Cl>, 
def_eval(cdr(X),C2>, 
def_eval(cond(X,cons(C1,aPPend(C2,Y>>,Y>,Clause), 

def_eval(X,Y> :- evalCX,Y>, !, 
def_eval(X,X>, 

% Make UP a fault descriPtion from the faults 
% returned when trwins to expand a recursivelw 
% defined function. 

make_fault([J,[J) :- !. 

make_fault([fault(B,F):BombsJ,[faultCB,F):FaultsJ) :
make_fault(Bombs,Faults>, 

make_fault([bomb(X)J,[fault(bomb(X),fail([J))J), 

make_fault([fail(X)J,[fault(bornb([J),fail(X))J) • 

. ~ke_fault([bomb(X),fail(Y)J,Cfault(bomb(X),fail(Y))J), 

make_fault([fail(Y),bomb(X)J,[fault(bornb(X),fail(Y))J), 

% Is expression uSlY? 

uSliness(Pred,X,[J) :- atornic(X), !, 

usliness(Pred,X,Analssis) :
nasty_car_or_cdr<X>, 

l ' 
analsse(Pred,X,AnalYsis), 

usliness(_,X,Analssis) :
X=,.CPred:ArssJ, 
find_usls(Pred,Arss,Analssis). 



usliness(Pred,H,H1>, 
find_usls(Pred,T,Tl), 
aPPend(H1,T1,Analssis), 
! • 

• ¼ .... 

na!:;+...i,1.. .. cat' ... cn•_cdr(car(X)) :-• nontT'iv:i.al(X), ! • 
nast~ ... car .... or ... cdr(cdr(X)) :-•· ncmtt•ivial(X), ! • 

add_bomb(X,CJ,X) :- !. 
add_bomb(Y,X,Z) :- aPPend(Y,[XJ,Z), 

al)i:d.!:1se(Pr01d,X,C:bomb(X)J) :-•· lc)OP._threat(Pred,X), '• 
analsse(Pred,X,Cfail(X)J). 

loop_threat(aPPend,caT'(X)). 
looP_threat(aPPend,cdT'CX)), 

.. ntT':i.vial 00 
nontr·ivial(X). 

- memberchk(X,r:cons(U,V),[JJ>, !, fail, 

%% PROOF BY INDUCTION%% 

% Find induction candidate ., ,._ A simPle maJorit~ vote is 
% which list to induct on. 
% This is calculated b~ max. 

PickindvaT's(_,Bas,VaT') :
max(Bas,CJ,Term,O,N>, 
TeT'm = fault(bomb(cdr(Var)),fail(_)). 

max([J,A,A,N,N) :- !. 

x([pair(Pred,M)lRestJ,Current,Ans,N,Num_ans) :
M > N, 
! ' 
max(Rest,Pred,Ans,M,Num_ans), 

max([_lRestJ,Current,Ans,N,Num_ans) :
max(Rest,Cury,ent,Ans,N,Num_ans). 

US€~d to decide 

% Successivels Prove the base and step cases 

Prove_bs_induction<A,Literal) :
Prove_baseCA,Literal), 
Prove_steP(A,Li+...eral), 

% To Prove the base case, substitute the nil list 
% for the induction variable, and trs to Prove 
% the resultant clause 

prove_base(A,Literal) :
writef('\n Base case'), 



subst(Literal=[J,A,New>, 
Prove(New>, 
! • 

% To Prove the steP case, substitute the aPProPriate 
% cons exPression into the clause, sYmbolicallY 
% evaluate as much as Possible, then fertilise 
% to Prove the expression 

Prove_stePCA,Literal) :-
writef('\nSteP case'), 
subst(Literal=cons(a1,Literal>,A,New), 
SYmbol_eval(New,Clause,_), 
fertilise(A,Clause,Newclause), 
Prove(Newclause). 

fertilise(eaual(X,Y),Clause,New) :- subst(X=Y,Clause,New). 

%% PROOF BY GENERALISATION%% 

% Code to be written 

% test cases 
z :- Prove(emual(aPPend([J,x),x)). 
s :- Prove(emual(append(a,aPPend(b,c)),aPPend(aPPendCa,b),c))), 

/* Mini-ProJects 

1. Add definitions of functions like reverse and COPY to enable 
the theorem-Prover to work on other examples. ExPlain 
how the theorem-Prover misht be modified to overcome 
any small Problems that misht arise. 

2. Use more sophisticated criteria to choose the induction variable, 
or more -SenerallY the induction schema to be used, 
This will Probably involve chansinS the way the failures 
are returned in the variable Analssis. 

Write a more Powerful version of fertilise. 

4, Write code to Perform seneralise. 

% merse merses two bass 

merse([J,Bas,Bas> :- !. 

merSe(Bas,Var,Hack) :- var(Var), !, merse(Bas,[variableJ,Hack). 

merse([Pair(Usls,K>:TJ,Bas,Newbas> :
select(Pair(USls,N),Bas,Rest>, 

! ' 
Mis N + K, 
merSe(T,[Pair(USlY,M)lRestJ,NewbaS), I 

I 

I 

I 

I 

I 

I 

I 

I 

I 



~~ ,,,~--f 

f,e~se([pair(Uslw,N)lTJ,Bas,Newbas> :-
• 

merse<T,[Pair(Uslw,N>lBasJ,Newbas). 

merse([HITJ,Bas,Newbas> 1-
select(Pair<H,N>,Ba~,Rest>, 

! ' 
Mis N t 1, 
merse(T,[Pair(H,M)IRestJ,Newbas). 

merse([HlTJ,Bas,Newbas> :
merse<T,[pair(H,l)IBasJ,Newbas>. 



Dska:Taut.[400,422] 8 ,Julw 1981. 

A simPle tautolosw checker based on the one bw Bower I Moore. 
The basic idea is to take a Propositional formula formed from the 
constants '◊'=false, 'l'=true, Propositional variables represented 
bw Prolos atoms, and the functors not/1, and/2, or/2, imP/2, if/3. 
This is then converted to an eouivalent formula usins 'if' alone, 
where the test is a sinsle Propositional variable. Then the cases 
of the test variables are examined. 

: --- op(l.00, fw, not). 
: -- OP(200, ~-{f·~,, and). 
: .. _ op(300, }•{t ... Y, or>. 
: .... OP(400, ;-~ f }·( ' imp). 

rewrite(if(Test, Left, Risht), Answer> 
rewriteCTest, Testl), 
rewrite(Left, Leftl), 
rewrite(Risht, Rishtl), 
buildif(Testl, Left1, Rishtl, Answer>. 

rewrite(and(Left, Risht>, Answer) :
rewrite(Left, Leftl), 
rewrite(Risht, Rishtl>, 
buildif(Leftl, Rishtl, O, Answer>. 

rewrite(or(Left, Risht), Answer) :
rewrite(Left, Leftl), 
rewrite(Risht, Rishtl), 
buildif(Leftl, 1, RiShtl, Answer>. 

rewrite(imP(Left, Risht>, Answer) :
rewrite(Left, Left1), 
rewrite(Risht, Rishtl>, 
buildif(Leftl, Rishtl, 1, Answer). 

rewrite(not(Left>, Answer) :
rewrite(Left, Leftl), 
buildif(Leftl, O, 1., Answer). 

rewrite(Answer, Answer) :
atom:i.c (Answer·). 

bu j_ 1 di f ( T, 1' O, T > • 

t.)u i l di f· ( T, L, L' L) • 

b1..1il<::lif(l, L, R, L>. 

buildif(O, L, R, Fn. 

buildif(T, L, R, it~CT, L, R) > :- atom(T). 

buildif(if(T, TL, TR>, L., R, if'CT, AL, AR>):
buildif<TL, L, R, AL), 
buildif(TR, L, R, AR>, 



1* An association list is a list of variable=value terms, where each 
variable is a Propositional variable, and the value is 0 or 1. 

t/ 

lookuP(Atom, 
lookuP(Atom, 
1 oo~i.up <Atom, 

[Atc.1m=ValuE~: __ ], 
[_:Rest], 

Value) I-· ! • 
Value) :-- ! , 

2) • 

lookuP(Atom, Rest, Value>. 
C:l, 

~heck(if(Test, Left, Risht>, Alist, Value) 1-
lookup(TE~st, Alist, Selector), ! , 
cases(Selector, Test, Left, Rieht, Alist, Value). 

checkC1, Alist, 1). 
check(0, AJ.ist, 0). 
check (Atom, A 1 is t, Va 1 ue) I -

atom(Atom). 
lookuP(Atom, Alist, Value). 

I* check ( E:{P r, Ali!:;t, 0) =:::-E>:Pr can only be fal:-e under Alist, 
check ( E)•:P r, Alist, 1 ) => E:-:pr can onlY be true under Alist, 
check ( E:-:P r, Alist, 2) ::: >· Ei-:P r ITIB\:;! be true 

*I 

c-asesC0, Test, Left, Rieht, Alist, Value) :
check(Rieht, Alist, Value>. 

cases(1, Test, Left, Rieht, Alist, Value) :
chec-k(Left, Alist, Value). 

cases(2~ Test, Left, Risht, Alist, Value) :
c-heck(Left, [Test=l:Alist], VL>, 
check(Risht, [Test=0:AlistJ, VR>, 
c-ombine<VL, VR, Value). 

combineCX, X, X). 
combine(X, Y, 2) :- X \== Y. 

I~ The top level routine *I 

classify(Formula) :
rewrite(Formula, IfTree>, 
check(IfTree, CJ, Value), 
desc-ribe(Value, Formula). 

or 

describe(2, Formula) 
describe(l, Formula) 
describe(◊, Formula) 

write(FormuJ.a), write(' 
:- write(Formula), write(' 
:- write(Formula>, write(' 

fal:.e. 

is c-ontinsent.'), 
is always true,'). 
is alwaYs false.'). 



I* RULES. 

Production Rule System for All 
Alan Bundy 17.9.81 

Use with UTIL+ Example rules etc· on ~ile SUBTRA and SUM. 
*I 

so:-
app}y_rule, 
so. 

¾ ToP level soal 
¾ APPi~ a Production rule 
¾ and recurse 

aPPlw_rule :- % To aPPlw a rule 
rule<Name,Condition, Action>, % Find a Production rule 
satisfied(Condition>, % Check that its condition list is satisfi 
refract(Name,Condition), % Check that rule has not alreadw been fir 
writef('Rule ¾t fired\n',CNameJ>, 
Action. % If so, run its action 

s~ ......i.sfied(Cond1 & Cond2) :- ! , 
satisfied(Cond1), satisfied(Cond2). 

¼ To satisfy two ronditions 
% satisfy one after another 

satisfied(Condition) :
short_memorw(B1,B2,B3,B4,B~,~6>, 
memberchk(Condition,CB1,B2,B3,B4,B5,B6J). 

add( Item) :-
retract(short_memo~Y(B1,B2,~3,B4, B5,B6)), 
assert(short_memorw<Item,B1,B2,B3,B4,B5>>, 
writef('¼t remembered\n',CitemJ>. 

¼ To check a condition 
¼ Get short term memorw 
% Match condition 

¼ To add item to memory 
¾ recover g delete memorw 
¾ add new item & drop B6 

refract(Name,Cond) :-
historY(HistList), 
memberchk(Pair(Name,Cond),HistList), 
!, fail+ 

% Refractoriness 
¼ Recall histor1:1 

r •ract(Name,Cond> :
retract(historw(HistList>>, 
assert(historw(CPair(Name,Cond> 

¼ If we have been here before 
¼ then fail 

¼ otherwise update historY 
Hist.List])). 

historY(CJ>. ¾ Initial settins for history 



Production Rules for Subtraction bw DecomPositfon 
from O'Shea and Youns WP42 
~lan Bundy 22.9.81 

ExamPle for RULES, use with UTIL 
fl 

I* The Rules *I 

rule(fin,next_column, shift_left & tBke .. djff & write_answer & abort). 
rule<b2a,s_str_m, add(borrow)). 
rule(b2c,s_ea_m, result(O) & add<next_column)). 
rule(bs2,borrow, decrement). 
rule(bs3,borrow, add_ten_to_m). 
rule(cm,Process_column, compare). 
rule(ts,Process_column, take_diff & ~dd(next_column)). 

/. The Actions *I 

shift_left :
retract(mark(X>>, 
Xl is X+l, 
assert(mark(Xl)). 

take_diff :-
mark(X), 
column<X,M,S>, 
POS_diff(M,S,R), 
assert(answer(X,R)). 

POS-diff(M,S,R) :-
M>=S, !, R is M-s. 

POS-diff(M,S,R) t
R is S-M. 

r•dUlt(R) :-
mark<X>, 
assert(answer<X,R)). 

add_ten_to_m :-
mark<X>, 
retract(column<X~M,S>>, 
Ml is M+10, 
assert(column(X1,M1,S)). 

decrement:-
mark(X), Xl is X+l, 
retract(column(Xl,M,S>>, 
Ml is M-1, 
assert(column<X1,M1,S>>. 

compare:-
mark(X), 
column(X,M,S>, 
comParel(M~S,Verdict>, 



add(Verdict>. 

:omParel<M,M,s_ea_m). 
:omParel<M,S,s-~tr_m) :- S>M. 
:omParel(M,S,m-~tr_s) :- M>S. 

~rite_answer :-
column(1,M1,S1), answer(l,Rl>, 
column<2,M2,S2), answer(2,R2), 
writef('¾t ¾t\n¾t ¾t\n---\n%t Zt\n---\n\n', 

CM2,M1,S2,S1,R2,R1J). 

I* Short Term Memor~ */ 
short_memorY(Process_column,nil,nil,nil,nil,nil). 



I* SUM!+ 

[xamPle sum for use with RULES and SUBTRA 
~lan Bund~ 23.9.81 

column(l,8,9). 
:olumn(2,4,1). 
nark(!). 



1* SUM2. 

Example sum for use with RULES and SUBTRA 
~lan Bund~ 23.9.81 

column(l,9,8). 
:olumn<2,4,1). 
nark(l). 



Example sum for use with RULES and SUBTRA 
~lan Bund~ 23.9.81 

t/ 

column(1,8,8). 
~olumn<2,4,1). 
nark(1). 



:1es 
: 1- so. 
~ule cm fired 
;_str_m remembered 
:;:u1e b2a fired 
,orrow remembered 
:;:1.1le bs2 fired 
~ule bs3 fired 
~ule ts fired 
1ext_column remembered 
:;:ule fin fired 
3 18 
:I. 9 

2 9 

C Execution aborted J 

I -
I restore(foo). 

~es 
: 1- Cs1J1ri2J. 

s1.1m2 cons1.1 l ted 16 words 

::1es 
: 1- so. 
R•.1le cm fired 
~-Str_s remembered 
Rule ts fired 
next_column remembered 
R•.1le fin fired 
4 9 
:I. 8 

3 1 

~ ixecution aborted J 

1- restore(foo). 

Yes 
: 1- Csum3J. 

s1.1m3 cons•.11 ted 16 words 

Yes 
: 1- so. 

Rule cm fired 
s_ea_m remembered 
Rule b2c fired 
next~column remembered 
R•.1le fir, fired 
4 8 
1 8 

0 • 01 fie>C • 

o.ol. ~ec+ 



C ENecution aborted J 

,_ 
core 60416 (31232 lo-ses + 29l.84 hi-ses) 

heap 26112 = 23975 in use + 2137 free 
slobal 1173 = 16 in use + :i.l 57 free 
local 1024 = 16 ir, use + 1008 free 
trail 511 = 0 in use + 511 free 

0.01 sec. for 5 trail shifts 
1.25 sec. rurt'time 



PREDICATE 

answer_ouerw/1 

askfor/3 

checlc.ans/5 

check_for_more/2 

check_for_ouerw/4 

C~OITIPare/4 

c~or,sider/3 

cons•.11 t/0 

current/2 

data_class/3 

~luce/3 

divide/3 

e~•{Plain/1 

f/1 

senheader/2 

~'ienmess/2 

sennew/2 

senno/2 

set/4 

********************************** * PROLOG CROSS REFERENCE LISTING* 
********************************** 

MYCIN CROSS REFERENCE 

FILE 

ITIYCin 

mwcin 

ITIYCin 

mwcin 

mwcin 

mwcin 

ITtYCin 

ITtYCin 

ITIYC i r, 

ITtYCin 

mwcin 

ITIYCin 

ITtYCin 

CALLED BY 

sethYPOS/3 

8Skfor/3 check_ar,s/5 

!:fetdata/2 

askfor/3 

merse/2 comPare/4 

c-heck_for_more/2 

start_session/0 

Retdata/2 transr:,red/1 

gennew/2 setdescr/3 
check_for_more/2 

sethYPOS/3 

exr:,lain/1 divide/3 

rePort/2 

current/2 

ITIYCin therar:,y_reGuired/0 check_asain_for_ouerw/2 

ITtYCin 

mwcin 

ITIYCin 

ITtYCin 

ITIYCin 

sennew/2 

Retdescr/3 

!'ietdata/2 

~ennew/2 setans/3 



MYCIN CROSS REFERENCE 

set_nearest/1 

setans/3 

setdata/2 

setdescr/3 

sethYPos/3 

setlist/3 

Sive_evidence/1 

Sram/4 

intersect/3 

~~tersect/3 

know/3 

known/1 

last_class/2 

maxhYP/2 

member/2 

member/2 

merse/2 

min/2 

number/2 

ruber/3 

Parameter/2 

auestion/1 

Guestion/2 

readans/2 

report/2 

rePwrite/2 

rule/6 

rule_check/4 

mYcin 

mYcin 

mYcin 

mYcin 

mYcin 

mYcin 

mYcin 

mwcin 

utilitw 

mwcin 

undefined 

mwcin 

mYcin 

mYcin 

utilitw 

mwcin 

mYcin 

mwcin 

undefined 

mwcin 

mYcin 

mYcin 

mYcin 

mwcin 

mwcin 

mYcin 

mYcin 

mwcin 

check_for_Guerw/4 

sP.tlist/3 

consult/◊ setdata/2 consider/3 

ffietdata/2 

ffietdata/2 set/4 

~etdescr/3 setlist/3 

transPred/1 

readans/2 

set/4 intersect/3 known/1 

sethwPos/3 known/1 

divide/3 

~etdata/2 

set/4 maxhwP/2 known/1 

check_ans/5 member/2 set_nearest/1 

deduce/3 merse/2 

min/2 rule/6 

~enno/2 current/2 

sram/4 number/3 

check_ans/5 

setans/3 

eskfor/3 

askfor/3 check_ans/5 

check_for_Guerw/4 

senheader/2 rePwrite/2 setans/3 

rule_check/4 

<user> deduce/3 

Pase 2 



MYCIN CROSS REFERENCE 

ruJ.eno/1 

same/4 

~5Pace/2 

start_session/0 

test/4 

therapy_reGuired/0 

-t,ranslate/2 

transPred/l. 

union/3 

• 'ion/3 

word/3 

write_known/1 

write_list/1 

writePrems/1 

writeval/1 

mwcin 

mwcin 

mycin 

ITIYCin 

mYcin 

ITIYCin 

mYcin 

mYcin 

IJti J. i tY 

mYcin 

mYcin 

ITIYCin 

IT!Ycir, 

ITIYCin 

mYcin 

,·ule/6 

~ram/4 sPace/2 word/3 number/3 

check_asair,_for_Guery/2 

start_session/0 

rePort/2 exPlain/1 

writePrems/1 translate/2 

intersect/3 

sram/4 word/3 

eHPlain/1 

check_ans/5 write_J.ist/1 

write_known/1 writePrems/1 translate/2 



FILE m~cin 

¾declarations% 

:- Public 

% imPorts: 

%end% 

•• ' 

rule_check/4. 

know/3 
number/2 

(from undefined) 
(from undefined) 



.. , 
/u 

MYcin(Prolog) - a Prolos rational reconstruction. 
Waterloo Prolos version by Peter Hammond 1980. 
converted to Dec-10 Prolos b~ Richard O'Keefe 1981. 

A consultation session is initiated by the soal start_session • 

stkrt_session I- therapy_reGuired, !, consult. 
stfrt_session :- write('The Patient needs no therapy.'), nl. 

th~rapy_reGuired :- f(setans<O, initiator, Ans>>, Ans= yes. 

co~sult :- setdata<O, PatientData), wrjte(PatientData), nl. 

/n 
% 

The hierarchical nature of the structure of PatientData is reflected 
in the recursive definition of setdata below. 

setdata(Class4, HYPos) :-

% 

Class3 is Class4-1, 
current(Class3, Entitw>, 
last_class(Cl.ass4, Attribute), ! , 
sethYPOS(Entitw, Attribute, HYPOS). 

-~data(Cl.ass1, CClass1Dataitem l OtherClass1DataJ) :-
• Class1 < 4, 

sennew(Cl•ss1, Entity), 
Setdescr(Cl.ass1, Entity, Descr>, 
Class2 is Class1+1, 
setdata(Class2, Class2Data>, 
Class1Dataitem = w(EntitY, Descr, Class2Data), 
check_for_more(Class1, OtherClass1Data). 

sennew senerates a new entity of the reGuired class and also 
Prints a headins announcin~ the new entity. 

s~nnew(Class, Entity) :
Senno(Class, NewNo>, 

"/ 
lu 

data_class(Class, ClassName, Details>, 
Entity= ClassName-NewNo, 
senheader(Class, Entity). 

•. I 
Each time a new entity is reGuired Senno senerates a suitable 
cardinal for the entity. 

sJnno<Class, NewNo) I-
I retract(number(Class, OldNo)), ! , 

NewNo is OldNot1, 
·1 assert(number(Class, NewNo>), 

s1nno(Class, 1) :-
\t number(Class, _), 
assert(number(Class, 1)). 

s~nhe~der(ClassNo, Entity) :-
rePwrite(' ', ClassNo), rePwrite<'- ', 8), 
write(EntitY>, rePwrite(' -', 8), nl. 

r~Pwrite(ObJect, Times) :-
1 Times> O, Left is Times-1, 
• write ( ObJect) , ! , 
I rePwrite(ObJect, Left). 

rfPWrite(ObJect, 0). 



Setdescr asks the user to suPPlY information of a backsround nature 
for a Particular entity, and can also cause a messase to be Printed 
announcins the name of the first entity in the next class in the hierarch 

setdescr(Class, Entity, Descr) :-
data_class(Class, Name, Details>, 
Setlist(Class, Details, Descr>, 
senmess(Class, Entity). 

setlist(Class, [Item : OtheritemsJ, [Ans : OtherAnsJ) :
setans(Class, Item, Ans>, 
setlist(Class, Otheritems, OtherAns>. 

setlist(Class, CJ, CJ). 

/n current returns the current entity of a Particular class. 

current(Class, Entity) :-
number(Class, No>, ¾ fails if none Yet 
data_class(Class, ClassName, Details>, 
Entity= ClassName-No. 

setans asks the user for and reads the value of an item of back~round 
data. Each auestion is Preceded by a new auestion number. 

setans(Class, Item, Ans) :
senno(ouestion, Q), 
rePwrite(' ', Class>, 
disPlaY('('), disPlay(Q), disPlay(') '), 
auestion(Item>, ttYflush, 
read(Ans>, nl. 

check_for_more asks the user if there is another entity of a 
Particular class to consider. 

check_for_more(Class, OtherData) :-
data_class(Class, ClassName, Details), 
disPlaY('Is there another'>, 
diSPlaY(ClassName>, display('?'), ttyflush, 
read(Ans), 
consider(Ans, Class, OtherData) •. 

Jnsider(no, Class, CJ). 
consider(Yes, Class, OtherData) :- ~etdata(Class, OtherData>. 

same causes evidence to be sathered which bears on a Particular 
value of a clinical Parameter, and succeeds if the CF suPPortins 
this value is Sreater than 200. 

same(EntitY, Attribute, ReaVal, CFmi) 1-
set(EntitY, Attribute, ReaVal, CFmi>, !, 
CFmi > 200. 

set collects tosether the hypotheses relevant to determinins the 
value of a clinical Parameter and finds the larsest of the CF-s 
suPPortinS the possible values. 

set(EntitY, Attribute, ReaVal, CFmi> :-
sethYPos(EntitY, Attribute, HYPos>, 
intersect(HYPos, ReaVal, Intersect>, 
maxhYP(Intersect, CFmi). 



~ethYPos(EntitY, Attribute, HYPOS) l-
( know(EntitY, Attribute, HYPOS) 
; deduce(EntitY, Attribute, HYPos) 
; askfor(EntitY, Attribute, HYPOS) 
) , 
HYPOS\== CJ. 

deduce collects all the evidence for the value of a Parameter, 
merses evidence for the same value into one hYPothesis, and 
stores the information obtained. 

deduce(EntitY, Attribute, HYPos) :-
baSof(v(Val, Cf), rule_check(EntitY, Attribute, Val, Cf), H), 
merSe(H, HYPOS), 
assert(know(EntitY, Attribute, HYPOS)). 

r. 
r. 

rule_check investisates a rule and calculates the Cf of the 
deduction when the rule succeeds. 

rule_check(EntitY, Attribute, Value, Cf) :-
rule(RuleNo, Entity, Attribute, Value, C, Tally), 
Cf is TallY*C/1000. 

merse (CJ, CJ> • 
merSe(Cv(unk,1000)J, CJ). 
merse<CH I Restl, CH1 I Rest1J) :

compare(H, Rest, Hi, Tser1), 
merse(Tser1, Rest1). 

comPare(R, CJ, R, CJ). 
comPare(v(Val, Cf1>, Cv(Val, Cf2) I UJ, R, W) ;

Cf3 is (1000-Cf1>*Cf2/1000 + Cf1, 
compare(v(Val, Cf3), U, R, W>. 

comPare(v(Val1, Cf1), Cv(Val2, Cf2) I LIJ, R, Cv(Val2, Cf2) 
Vall\== Val2, 
compare(v(Val1, Cf1), U, R, W). 

WJ) :-

intersect(Cv(Val, Cf) I HJ, CVal Rest], Cv(Val, Cf) 
intersect<H, Rest, H1>. 

H1J) :- !, 

tersect(Cv(Val, Cf) : HJ, CAlt Rest], 1-11> :- ! , 
intersect(H, CAltJ, X>, 
intersect(Cv<Val, Cf> I HJ, Rest, Y>, 
union<X, Y, H1). 

intersect(CJ, List, CJ). 
intersect(HYPos, CJ, CJ). 

union(CJ, Y, Y). 
•Jnion(X, CJ, X). 
uriion(CRJ, Y, CRIYJ). 

maxh!:IP (CJ, 0 > • 
maxh!:IP(Cv(Val, Cf) I HJ, CFmi> :

ma>thYP(H, C1), 
(C1 > Cf, !, CFmi = c1; CFmi = Cf). 

% askfor causes the user to be asked for the value of a clinical 
r. parameter. The answer is read and checked to see if it is one 
r. of the a•Jestion" s Possible answers• 



askfor(EntitY, Attribute, [v(ActVal, Cf)J) :
Guestion(EntitY, Attribute>, 
readans(Answerl, Cfl>, 
check_for_Guery(Answerl, Cfl, A, C), 
check_ans(Attribute, A, C, ActVal, Cf>, 
assert(know(EntitY, Attribute, [v(ActVal, Cf)J)). 

check_ans(Attribute, Al, Cl, Al, Cl) f
Parameter(Attribute, Expected), 
member(Al, E}~Pected), !. 

check_ans(Attribute, Al, Cl, A, C) :
Parameter(Attribute, ExPected), 
disPlay('Please enter one of the followins:'>, nl, 
write_list(ExPected), 
readans(Answer2, Cf2>, 
check_ans(Attribute, Answer2, Cf2, A, C). 

muestion(EntitY, Attribute) :-
display(' Please enter the'), disPlaY(Attribute), 
disPlay(' of'), write(Entitw>, disPlay(': '), ttYflush. 

readans is used to read the user's rePlY to a reGuest for the value 
of a clinical Parameter. The value and its certainty factor are 
both read. The default Cf is 1000. 

readans(Answer, Cf> :-
read(RePlY), 
name(RePlY, Text>, 
sram(Answer, Cf, Text, [J). 

sram(Answer, Cf> --> space, word(A), <name(Answer, A>>, 
( •c•, space, number(C), •>•, space, 

{name(Cf, C)}; {Cf = 1000}). 

space--> [CJ, {C =< 32}, space I [J. 

word(CCIRJ) --> CCJ, {C > 32, C =\= •<•>, word<R). 
word( [J > --> sPace. 

number(CClRJ) --> CCJ, {C >= •o•, C =< •9•}, number(R). 
number( [J ) --> space. 

member<X, [Xl_J). 
member ( X, [ _ I R J > : - member ( X, R > • 

write_list([XlYJ) :-
write(X), nl, write_list(Y), 

write_list([J) :-
nl. 

min(CXJ, X>. 
min(CXIYJ, Z) :

min(Y, U>, 
< X < U, !, Z=X; Z=U ). 

T H E E X P L A N A T I O N S Y S T E M 

:r. 
check_for_GuerY is called after the user is asked to sive a Parameter 
value. If he said WHY or RULE the explanation system is entered. 



check_for_Guery(Answer, Cf, A, C> :-
< Answer= why ; Answer= rule 
answer_GuerY(Answer>, 
set_nearest(Rule>, 
rePort(Answer, Rule), 
check_asain_for_GuerYCA, C). 

check_for_GuerY(Answer, Cf, Answer, Cf). 

) , ! , 

answer_Guery(why) :- % he can't be serious! 
disPlaY('To determine the senus of the orsanism.'>, nl. 

answer_GuerY(rule) :-
disPlay('The current rule ist'), nl. 

check_asain_for_GuerY(A, C) :
f(readans(Al, Cl>>, 
test(Al, Cl, A, C>. 

test(whY, 1000, A, C) :- !, fail+ 
test(A, C, A, C) :- A\== whY+ 

-t_nearest(rule(N, E, A, R, C, T>> f
ancestors<All0fThem>, 
member(rule(N, E, A, R, C, T>, All0fThem). 

rePort(whY, Rule) :- exPlain(Rule). 
rePort(rule, Rule> :- clause(Rule, Rody), translate(Rule, Body). 

% 
exPlain Prints the known ParBmeter values in a rule, those still 
to be determined, and the deduction which could result+ 

exPlain(Rule) :
clause(Rule, Body), 
divide(BodY, KnownPrems, UnknownPrems>, 
write_known<KnownPrems), 
translate(Head, UnknownPrems). 

divide(','CA,B>, ','(A, 0therKnown>, Unknown) :
knowr1(A), 
divide<B, 0therKnown, Unknown). 

·•vide(','(A,B>, true, ','<A,B>> :-
\+ known<A>. 

divide<A, true, A> :-
\+ lt~nown< A>. 

write_known(true). 
write_known( ', 'CA,B> > :-

display(' It is known that:'>, nl, 
writePrems(','(A,B>>, 
display(' 

writePrems(true). 
writePrems( ', '(A,B) > :

transpred(A), 
writePrems(B). 

writePrems(A) :-
transPred(A). 

therefore ••• '>, nl. 

translate Sives a simPle en~li~h translation of a rule+ 



translate(Head, Body) :-
display(' If t'), nl, 
writePrems(Body), 
disPlay(' Then:•>, nl, 
transPred(Head). 

transpred(min<M,N)). 
transPred(same(E, A, R, C)) :

current(3, Entity), 
disPlay(' the'), write(A), 
disPlaY(' of'), write(EntitY), 
disPlaY(' is'), write<R>, nl, % the senus of orsanism-1 is CstaPhJ 

t,•anspJ•ed(r1.1le(N, E, A, V< C, T>> :
current(3, Entity), 
disPlay(' there is'), 
sive_evidence<C>, 
display(' evidence that the'), nl, 
display(' '), write(A), 
display(' of'), write<E>, 
disPlay(' is'), write(V), nl, 
disPlay(' (rule '), 
write<N>, disPlay(')'), nl. 

known(same<E,A,R,C)) :-
know<E, A, HYPos>, 
intersect(HYPOS, R, I), 
man~hYP (I, CF mi), 
CF0 1T1i )· 200. 

rulemo(N) :-
display(' <Rule'), 
disPlay(N), disPlay(')'), nl, 

writeval([MJ> :- write(M). 

sive_evidence(C) I-
C > 800, disPJ.ay( 'st,·onsly s1.1m!;festive' > 

; C > 400, disPlay('sussestive') 
; C < 401, disPlay('weaklY su!;f!;festive') 

T H E K N 0 W L E D G E B A S E 

data_class lets the user delcare the classes of data obJects, 
their names, and the backsr·ound details reGui red. 

data_class(0, Patient, [name, sex, e~eJ), 
data_class(1, infection, CinftYPe, infdateJ). 
data_class<2, culture, Ccultsite, cultdateJ). 
data_class(3, orsanism, CJ>. 
last_class(4, senus). 

senmess(0, Entity). 
senmess(1, Entity) :

display(' 
write(Entity), 

The most recent culture associated with'), 

display(' will be referred to As,'), nl. 
senmess<2, Entity) :-

display(' The first sisnificant orsanism from'), 
write(EntitY), 



disPlaw(' will be referred to 8SJ'), nl. 
menmess(3, Entity). 

ouestion defines the ouestions which will elicit the values of 
Particular details from the user+ 

Guestion(name) 1-
disPlaw('Patient''s name: '), 

Guestion(sex> :-
disPlay('Patient''s sex: '). 

auestion(ase) :-
disPlay('Patient''s ase: '), 

ouestion(initiator> :-
disPlay('Have wou been able to obtain Positive cultures from a 

site at which the Patient has an infection?'). 
Guestion(inftwPe) :-

disPlaY('What is the infection?'). 
auestion(infdate) :-

disPlaw('When did this infection first aPPear? '). 
Guestion(cultsite) :-

disPlaw('What site did the sPecimen of this culture come from?'). 
Jestion(cultdate) :-

disPlay('When was this culture obtained?'). 

Parameter records the Possible values of a clinical Parameter. 

Parameter(senus, Cunk,streP,neiss,bact,staPh,corYnJ). 
Parameter(mramstain, Cunk,Pos,nesJ>. 
Parameter(morPholosw, Cunk,rod,coccusJ). 
Parameter(conformation, Cunk,sinsles,lonschains,shortchainsJ). 
Parameter(aerobicitY, Cunk,anaerobic,faculJ). 

T H E * R U L E * B A S E 

rule(35, Entity, senus, bact, 600, Tallw) :-
same<EntitY, sramstain, CnesJ, Cfl>, 
same(EntitY, morPholosw, CrodJ, Cf2>, 
same(EntitY, aerobicitw, CanaerobicJ, Cf3>, 
minCCCf1,Cf2,Cf3J, TallY). 

Jle(9, Entity, senus, neiss, 800, Tallw) :-
same(EntitY, sramstain, CnesJ, Cfl>, 
same(EntitY, morPholoSY, [coccus], Cf2), 
min(CCf1,Cf2J, Tally). 

rule(306, Entity, menus, staPh, 700, Tally) :-
same(EntitY, sramstain, CPosJ, Cfl), 
same(EntitY, morPholoSY, [coccus], Cf2), 
same(EntitY, conformation, CsinMlesJ, Cf3>, 
minCCCf1,Cf2,Cf3J, Tally). 

rule(412, Entity, senus, strePt, 950, Tally) :-
same(EntitY, sramstain, CPosJ, Cfl>, 
same(EntitY, morPholoSY, [coccus], Cf2>, 
same(EntitY, conformation, [lonSchainsJ, Cf3), 
min(CCf1,Cf2,Cf3J, TallY>+ 

rule(413, Entitw, menus, strePt, 800, Tallw> :-
same<EntitY, sramstain, [posJ, Cfl>, 



same(Entitw, morPholosw, [coccusJ, Cf2), 
same<Entitw, conformation, CshortchainsJ, Cf3), 
min([Cf1,Cf2,Cf3J, Tallw). 

f(X) :- call(X>, !. X awful name! 

T H E * E N D * 

f 
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