Family Example:
Some Facts

* respects(barb,dan).
* respects(barb,katie).

* respects(dan,brian).
* respects(dan,barbara).




?- respects(barb,katie).

yes

?- respects(barb,X).
X=dan; % you type ; and RETURN
X=Kkatie; % you type ; and RETURN
no

% comment to end of line



Some Viere @©u

el

?- respects(X,Y).
X=barb Y=dan

?- respects(barb,katie),respects(katie,barb).
no % conjunctive query:, = AND

?- respects(barb,X),respects(X,barb).
X=dan



Seme: RUIes

e mutualRespect(X,Y):- respect(X,Y),respect(Y,X).
o selfRespect(X,X):- respect(X,X).
% selfRespect(X,Y):- respect(X,Y), X=Y.
o sister(X,Y):- female(X),parents(X,Ma,Pa),
parents(Y,Ma,Pa),X\==



Seme: Viore RUles

» ancestor(Person,Anc) :- parent(Person,Anc).
 ancestor(Person,Anc):- parent(Person,X),ancestor(X,Anc).

e parent(a,b).
» parent(b,c).
» parent(a,e).
» parent(b,f).

?- ancestor(a,X).
% returns in order b, e, c, f



SCHIERUNNING Bioiog
CREATE FILE MAMED ancestor WITH RULES AMD FACTS
=ceript scripthileMame (CC0 Alpha UNIE gardenwpl, coccpu,.. )
% pl TO EMTER PROLCEG
Welcome to SW-Prolog (Yersion 22.5)
7- consult (" ancestor').  READS IMN FILE WAME ancestor
7- ancestor(a,h).

= == == ==
1 | I
= ' (g o

—
O

¢ - halt. TOEAT PROLOG
To exit TOVEXIT SCRIPT



ichingwith Variable Binding

e same predicate
e same number of terms
e for each term:

e same constant
e variable and constant

 variable bound to constant

e variable and variable
 if both bound, must be to same

 if not, bound to each other



schoolmates(X,Y) :-
student(X, EnterX, ExitX),
student(Y, EnterY, EXitY),
X\==Y,
overlap(EnterX, ExitX, EnterY, ExitY).

overlap(EnterX,ExitX,EnterY EXitY) :-
EnterY >= EnterX,
EnterY < EXxitX.

overlap(EnterX, ExitX, EnterY, EXitY) :-
EnterX >= EnterY,
EnterX < EXitY.

student(bill, 1992,1996).
student(sue,1986,1990).
student(stu, 1994, 1998).




Goals e Prove

 ?- schoolmates(bill,X).
e UNIFICATION with schoolmates rule head

e Goals to Prove:
— student(X, EnterX, ExitX),
— student(Y, EnterY, EXxitY),
- X\==Y,
— overlap(EnterX, ExitX, EnterY, EXxitY).
« UNIFICATION of first goal with student(bill, 1992, 1996).

e Goals to Prove:
— student(bill, 1992, 1996),
— student(Y, EnterY, EXxitY),
— bill\==Y,
— overlap(1992, 1996, EnterY, EXxitY).



?- trace.

?- schoolmates(X,Y).
Call: ( 7) schoolmates( G165, (166)
Call: ( 8) student( G165, L1131, L132)
Exit: ( 8) student(bill, 1992, 1996)
Call: ( 8) student( G166, 1133, L134)
Exit: ( 8) student(bill, 1992, 1996)
Call: ( 8) bill\==bill Fail: ( 8) bil\==bill



Frace Contintation: &

Redo: ( 8) student( G166, L133, L134)
Exit: ( 8) student(sue, 1986, 1990)

Call: ( 8) bil\==sue Exit: ( 8) bill\==sue
Call: ( 8) overlap(1992, 1996, 1986, 1990)
Call: (9) 1986>=1992

Fail: (9) 1986>=1992



Frace Continuation 2

* Redo: ( 8) overlap(1992, 1996, 1986, 1990)
e Call: (9) 1992>=1986

Exit: (9) 1992>=1986

Call: (9) 19927

Fail: (9) 19927

 Fail: ( 8) overlap(1992, 1996, 1986, 1990)



frace Contiuation: 3

Redo: ( 8) student( G166, 1133, L134)
Exit: ( 8) student(stu, 1994, 1998)

Call: ( 8) bil\==stu Exit: ( 8) bill\==stu
Call: ( 8) overlap(1992, 1996, 1994, 1998)
Call: (9) 1994>=1992

Exit: (9) 1994>=1992

Call: (9) 19947 ?

Exit: (9) 19947 ?

Exit: ( 8) overlap(1992, 1996, 1994, 1998)
Exit: ( 7) schoolmates(bill, stu)



?- schoolmates(X,Y).
X =hill Y = stu;
X =stu Y = bill;
No



?- listing.
student(bill, 1992, 1996).
student(sue, 1986, 1990).
student(stu, 1994, 1998).
schoolmates(A, B) :-

student(A, C, D),

student(B, E, F),

A\==B,

overlap(C, D, E, F).
overlap(A, B, C, D) :- C>=A, C<B.
overlap(A, B, C, D) :- A>=C, A<D.



Prolog: BUNt=In: INPES

e atoms

* numbers

 record-like structure: functor(ListOfComponents)
o lists



delimiters: [ ]
separator: ,
[good, bad, ugly]

empty list: [ ]
head/car, tail/cdr: [Head|Tail]

member( X, [ X| _]).
member( X, [ | Rest]) :- member( X, Rest).



IVERLIONITY

NG GeESIgnated INpUt arguments and rewtirn vallue
append( [], Whole ,Whole ).
append( [HStart|TStart], End, [HStart| TWhole] ) :-

append( TStart, End, TWhole ).

?-append([good],[bad,ugly], Movie).
?-append([good,bad],What,[good,bad,ugly]).
?-append(What,[ugly],[good,bad,ugly]).
?-append(What,WhatElse,[good,bad,ugly]).




EXCIINIES

mysort(Xs,Ys) :- permutation(’Xs, Ys), ordered(Ys).
ordered([X]).

ordered([X, Y[|Ys]) :- X =<, ordered([Y|Ys]).
permutation([], [1).

e permutation(Xs, [Z|Zs]) :- remove(Z, Xs, Y5),
permutation(Ys, Zs) .

e remove(X, [X|Xs], Xs).
o remove(X, [Y|Ys], [Y|Zs]) :- remove(X, Ys, Z5).



Vierer Example [RUIES

count_up([], 0).

count_up([X|R], Count):-
count_up(R, Subcount),
Count is 1 + Subcount.

min([H|T],Z):- minsofar(T, H, Z).

minsofar([], X, X).

minsofar([H|T], X, Z) :- X =<H, minsofar(T, X, Z).

minsofar([H|T], X, Z) :- H< X, minsofar(T,H, Z).




ozlof0)j

commitment(1,1,1,97,9,1).
commitment(2,1,1,98,9,1).
commitment(3,1,2,97,9,1).
commitment(4,2,1,97,9,1).
commitment(5,1,1,97,10,1).
commitment(6,1,1,97,8,2).
commitment(7,1,2,97,7,4).
IN97(1d) :- commitment(ld, , ,97, , ).
count97commits(C) :-
bagof(X, In97(X), L),
count_up(L, C).



| ?- ['bagofadvice']. %OR consult(‘bagofadvice’).
| 2- in97(1d).

Id=1;

Id=3;

Id=4;

Id=5;

Id=6;

Id=7;

no

| ?- bagof(X,in97(X),L).
X=0

L =[1,3,45,6,7] ;

no | ?- count97commits(C).
C=6



Resplution Oraer

e tries to unify in fixed order
top-down In list of facts and rules

e tries to satisfy (sub)goals in fixed order
left to right in RHS of rule
 depth-first search

new goals put a front of list of goals to solve



Order of RulestiViatters Order o1 Sungoals IVIatiers

ancestor(Person, Anc) :- parent(Person, Anc).
ancestor(Person, Anc):- parent(Person, X), ancestor(X, Anc).
parent(a, b).

parent(b, c).

parent(a, e).

parent(b, ).

?- ancestor(a, X).

% returns inorder b, e, c, f



Order of RulestiViatters Order o1 Sungoals IVIatiers

ancestor(Person,Anc) :- parent(Person, X), ancestor(X, Anc).
ancestor(Person,Anc) :- parent(Person, Anc).

parent(a,b).

parent(b,c).

parent(a,e).

parent(b,f).

?- ancestor(a,X).

% returns inorderc, f, b, e



ancestor(Person, Anc):- ancestor(X,Anc), parent(Person,X).

ancestor(Person, Anc) :- parent(Person, Anc).
parent(a,b).

parent(b,c).

parent(a,e).

parent(b,f).

?- ancestor(a,X).

% returns no answer, runs out of heap



SOUND; Ut NOIF COIVIFILE THE

A set of inference rules or an inference procedure
IS SOUND if everything(theorem) that is derived
using those rules or that procedure logically
follows from the facts (and rules).

A set of inference rules or an inference algorithm
IS COMPLETE if everything(theorem) that
logically follows from the facts (and rules) can be
derived using those rules or that procedure.

* Prolog is SOUND, but NOT COMPLETE




I can appear in RHS of rule (clause body)

a:--b,c, de.
I'1s a goal which always succeeds, exactly once
no backtracking through !

no possibility to use additional clauses to prove goal
insertifNotThere(X, L, L) :- member(X,L),!.
insertIfNotThere(X, L, [X|L]).

I can save computation time, BUT at a cost



I can be used to imitate if-then-else
max(X,Y, X) ;- X>=Y.
max(X,Y,Y).

?-max(5, 4, M).

M=5;

M=4
max(X, Y, X) .- X>=Y, !,
max(X, Y, Y).
?-max(5, 4, M).
M=5;
NO



BUT max(X,Y,Y). Is not a true fact.

It can only be understood In context of previous
statement, 1.e. must mentally execute to
understand, and thus loses advantage of
declarative programming

max(X, Y, X) .- X>=Y.,
max(X, Y, Y) - X<Y.,.
* easier to understand (& parallelize), longer to execute



NEgation In Proleg

 not in Prolog Is not equivalent to logical not
 not can only appear in RHS of rule( clause body)
* Negation as Failure

e not(X) :- X, !, fail.

 not( ).
e Closed World Assumption

All relevant knowledge (facts and rules) about
domain are included in knowledge base

— (if so, If you can’t prove a predicate X, you could
conclude not X)



NEgation In Proleg

 When you ‘prove’ something, adding additional info
should not affect it.

« Using Negation as Failure, this is not the case.
parent(bob, amy). % only thing in Knowledge Base
?- not(mother(bob, amy).

Yes % since no rule defining predicate mother
female(amy). % add to KB

mother(X,Y) :- parent(X,Y), female(Y). % add to KB
?- not(mother(bob, amy).

NO

e nonmonotonic reasoning



EXCINPIES

 member(X, [X|_]).

 member(X, [ |Ys]) :- member(X,Ys).
o last([X|[ 1],X).

o last([X|Y], Z2) :- last(Y, 2).




EXCINPIES

e count_up([ 1,0).
e count_up([X|R],Count) :-
count_up(R, Subcount),

Countis 1 + Subcount.
o sum_up(] 1,0).
e sum_up([X|R], Total) :-
sum_up(R, Subtotal),
Total i1s X + Subtotal.



EXCIIIIIES

average(L, Average):-
sum_up(L, Total),
count_up(L, Count),
Average iIs Total/Count.



EXCINIES

nours(empl,10).
nours(emp2,20).

nours(emp3,30).
rank(empl,a).
rank(empz2,a).

rank(emp3,b).
payscale(a,25).
payscale(b,50).



* hours(emp4,40). PDAYROILIL

* rank(empa.c) (CONTINUED)

 payscale(c,100).

* pay(X,Y) :-
hours(X, H),
rank(X, R),
payscale(R, S),
YisH*S.

* payroll(P) :-
bagot(Y, X"*(pay(X,Y)), L),
sum_up(L, P).




xamjpie

cpi(1,100).
cpi(2, 20).
cpi(3, 300).
cpi(4, 40).
cpi(5, 50).
taxable(1).
taxable(4).
taxable(b).




o itemtotal(l,T) :-
cpi(1.Q). -
quantity(1,N), =, (elffl o)
taxable(1), (CONTIINU
UTisQ * N,

TisUT * 1.05.
o itemtotal(l,T) :-
cpi(1,Q),
quantity(l,N),
not(taxable(l)), T 1s Q * N.

o totalbill(G) :-
greadin(0),
bagof(T,I™(itemtotal(l,T)),L),
sum_up(L,G).




o totalbill(G) :-
greadin(0),
bagof(T,1”(itemtotal(l,T)),L),
sum_up(L,G).

e greadin(Num) :-

write( "Next item, please: "),
read(X),
processb(X,Num).
* processb(stop,Num):-I.
 processb(X,Num) :-
NN is Num + 1,
assert(quantity(NN, X)),
qreadin(NN).



Prolog

Search




IMpIEMENLING Searcn In Proleg

+ How to represent the problem

+ Unintormed Search
— depth first
— hreadth first

— iterative deepering seatrch

« Intormed Search
— Hill climbing
— Graph aearch

= which can do depth first, breadth fivst, best first, &lzonthen &,
L lzonthen &%, et




Representing the Problem

* Represent the problem space in terms of two
predicates:

—goal/l
—arc/3
« goal(S) 15 true 1ff S 12 a goal state.

* arc(51,52,N) 12 true iff there 15 an operator of cost
N that will take us from state S1 to state S2.

* arc(S1,52) - arc(S1.52, )




Eight Puzzle Example

* Represent a state az a list gqoal([1.2.3.

of the eight tiles and o for 4. 0.5.
blank. 6.7.8]1).
+Eg.[1.234.056.,7 8]for arc([o.B.C.
D.E.F.
G.H,I].
4 [B.o.C.
4 0 D.E.F.
ANE

G.H.I]).



Missionaries and Cannibals

Fepresent a state as
[ML.CL.MR.CL.BE]
start([3.3.0.0, 1eft]).
qoal ([0.0,.3.3.X]).

o o

arc( [ML,CL MRE.CR,left].
[MLZ, CL MRZ CR. right]):-
4 two Ms row right
ME? 15 MR+2,
ML? 15 ML-Z2.
legal (ML2,CLZ2 MRZ? CRZ2).

arc( [ML,CL MRE.CR,left].

[ML2, CL MR CR. . right]):-

A one M & one C row right

ME? 15 MR+1.

ML? 15 ML-1.

CRZ 15 CR+1.

CLZ2 1s CL-1,

legal (M2, CL2 MR2 CRZ).

Legal (ML.CL MR, CL) :-
4 15 this state a legal
one'?

M0, CL>0, ME>0, CL>0,
ML=CI., MR>=CR.



Depth First Search

g

4 this 15 surely the simplest

T
4 possible DFS.

g

dfs{(S5,.[5]) - goal(S5) .

dfs{(S.[5]|Rest]]) :-
arci(5,52).
dfs(52.Rest ).



Depth First Search which avoids loops

44 this wversion of DFS keeps track of the path as
A% 1t explores, enabling 1t to avold loops. It also
4% returns the path from Start to Goal

:— ensure loaded (l1brary(lists)).
dis{5.Path) :- dfsl(5.[5].Path).

dfsl(5.Path, BeversePath) -

goal (5] .
Tennerse (Path  BeverssePath) .

dfsl{5,.50Far,. Path) :--
arc(5,.52) .,
“+ (member (52 .5oFar) ) ..
dfs1(52. [52|5oFar]. Path).



Breadth First Search

:— use module(l1brary (quenss) ).

bfs(5.Path) -
ampty’ quene (Q1) .
quens head ( [5].01.02) .
bfs1{(2 Path) .

bfs1(Q.[G.S5|Tail]) :-
quene head ([S|Ta1l]._.Q)-
anc(s.5), goal (G) .

bfs1{01.5olution) -
 head ( [S5]Ta1l].Q2.01).
findall { [Succ, 5|Tail] .
(anc (S, 5u0c) . mamber(Suoc, Tail) ).
NewlPaths) ,

quene last, list(MewPaths,(Q2,03).,
bfs1(Q3.50lution) .



Note on Queues

« -use_modulelibrary(quenes))

* empty_gueue{?(})
— Iz true if Queue has no elements.
guene head(?Head, 701, 70)2)

— (1 and ()4 are the same queues except that 02 hasHead mnserted in
the front. Can be used to insert or delete from the head of a Quene.

guene last({?Last, 701, 70)2)

— 215 like Q)1 but have L ast asthe last element it the queue. Cat be
nsed to insett or delete from the end of a Queue

hist qguene(+List, 7())
— ) 15 the queue representation of the elementsin list List.

« Mote: Queues are represented as a patr (L. Hole) where list L
etids with a variable unified with Hole.



Iterative Deepening

id (S.Path) :-
from(Limit.1.5).
id1(S.0,Limit, Path).

id1{S.Depth.Limit. [S]) :-
Depth<Limit,
goal (S) -

id1(S,Depth.Limit, [S|Rest]) :-
Depth<Limit,
Depth? is Depth+1,
arc(S.52).
id1(S2.Depth?, Limit,Rest] .

from(—V¥ar.+Val .+1Inc)
instantiates Var to #s
beginning with Val &
incrementing by Inc.

o o

from (X, X, IncC) .
from (X N, Inc) :-—
N2 15 N+Inc.

from (X, N2, Inc) .

A= FromfX L 5],
=.{??;ﬁr /

qdabddy
RGBS
NN

e NN Y,

N



Informed Search

* Hill climbing

* General graph zearch which can
be used tor

—depth first search
—breadth first search
—best first search
—Algorithm A
—Algorithm A*



Hill Climbing

ho(Path) :- startis), hois,Path).
hel(s, [=]) - goalis), 1.

hoi=, [=|FPath]) -
hi=H) .
findall (Hs5-55,
(arc (o, =) h(ssn Haz) ),
L.
kesrsort (L, [BestH-Best3E| 1),
H>BestH -» he(Besthz, Path)
pidbug ("Local maxz:"p™nl,. [5]). tail).



Graph Search

The graph 15 represented by a collections of facts of the form:
node(s,Parent,Arcs, (s H) where

+ N1z aterm representing a state 1n the graph.

+ Parent iz aterm representing =7z imm ediate parent on the
best khown path from an initial state to &

+ Arcsis etther #80 (ho arcs recorded, 1.2 51510 the set open) or

alist of terms C-a2 which represents an arc from = to 52 of
cost .

¢ {51z the cost of the best known path from the state state to &

+ Histhe heuristic estimate of the cost of the best path from &
to the nearest goal state.



Graph Search

In order to use g3, vou must define the following predicates:
« opal(y) trueif =15 a term which represents the goal state.

« arc(s],52,C) true ift there 15 an arc from state 51 to 52 with
cost O

* his,H) 15 the heunstic function as defined abowe.

« f{iz,H,F) F 15 the meteric used to select which nodes to
expand next. 7 and H are as defined abowve. Default 13

"W HE) - Fig OHA"
+ start(y) (optional) = 1sthe state to start searching from.
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Note on Sorting

« sort(+L1,YL2)

— Elemetts of the hst L1 are sotted into the standard or der atd 1dent cal
elem ents are merged, welding the list L2
| 7- sort([fs fooh,3.1].1L).
L=1[1,31fatonld]?

v kevsort(+L1,YL2)

— List L1 must consist of ttems of the form Kep-Falwe. These items are
sarted mto order wrt Key, ywelding the hst L2 Mo tmerging takes place.

| 7- ke yeort( [3-bob,P-rary,d-alex, 1 -sue] L)
L = [1-se S-bob d-alex P-mary] ¥
— Example:
youngestPerson(F) ;-
findall{ & ge-FPerson, | person; Person),agel Person bgey). L,
keysortfL,[_-H_].



