?M9)CNG=FCO@!’ ??560];}%7%9%F%‘ (TMS) Bh 9 2s B?=EJ8L.$N??560];}%7%9%F%‘ (TMS) 1. A TMS (Assumption-based T ruth Maintenance System) 2. CMS (Clause Management System) 1|G5 Gn (okuno@i.ky oto-u.ac.jp) OHP !’ http://winnie.kuis.ky oto-u.ac.jp/ � okuno/Lecture/AI/ !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-1

A TMS: Assumption-based TMS 1. P ossible States JTMS: a single consistent state A TMS: multiple 2. Contradiction Handling | e.g., \ A ^ B �? " JTMS: often \either A o r B" A TMS: exactly 3. Context Switch o r Compa rison JTMS: cumb ersome A TMS: easy 4. Backtracking | JTMS: Y es. A TMS: No. 5. Redandunt Computations JTMS: sometimes unavoidable A TMS: No Depa rture from \Single Curr ent Context" Me chanism !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-2

Problem Solving with A TMS !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-3

A TMS No de Prop erties 1. Premise | No de.Justi�cation has no antecedents. 2. Contradiction | No de.Contradicto ry? is set. A contradicto ry no de b ecomed b elieved 6 = ) JTMS info rms IE. 3. Assumption | No de.Assumption? is set. 4. (No rmal) No des | otherwise. Justi�cation ( h c onse quent i h ante c e dents i h informant i ) !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-4

When a Contradiction No de b ecomes Believed, what happ ens? 1. A TMS do es not signal a contradiction to IE. 2. A TMS ensures that the set of assumptions underly- ing contradictions will not b e considered. The mor e c ontr adictions, The less assumptions, = ) the less p otential solutions = ) the b etter. !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-5

Multiple Contexts fo r h (1) h fol lows fr om f A, C g f A, B, C g f A, C, D g f A, B, C, D g f B, C g f B, C, D g !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-6

Multiple Context fo r h (2) After Assumptions A and D a re retracted h fol lows fr om f A, C g ? f A, B, C g ? f A, C, D g ? f A, B, C, D g ? f B, C g ? f B, C, D g ? !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-7

T erminology fo r A TMS Lab el Complex Data structure | not :IN , :OUT 1. Envir onment | a set of assumptions A no de holds in an env E if it is lab eled :IN in a JTMS when all assumptions of E a re enabled. 2. No go o d | an env where a contradiction holds. Otherwise, the environment is c onsistent 3. Context of an env | the set of no des which hold in the env. Ho w to kno w if a no de holds in some environment. !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-8

Environment Lattice !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-9

A TMS Lab el No de: < datum , lab el > Lab el = a set of environments. A TMS No de Prop erties revisited 8 > > > > > > > > > > > < > > > > > > > > > > > : Premise: < p, ff gg > Assumption: < A, ff A gg > Derived No de < data, ff A, B, E g f C, D gg > Contradiction: < ? , fg > Note � < d, fg > do esn’t mean a contradiction. � < d, fg > do esn’t mean : d holds in 8 env. !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-10

Exercise: Lab el all no des including assumptions (1) !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-11

Exercise Lab el all no des including assumptions (2) !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-12

Logical Sp eci�cation fo r A TMS S : f p rop ositional symb ols g A : f assumption literals g s.t. A � S C : f IE-supplied Clauses g every contradiction no de n . = ) a unit clause : n . An environment E : E � A n holds in E if n prop ositionally ( = E with C . Nogo o d N is an env of assumption literals s.t. an empt y caluse ( ? ) prop ositionally ( = N with C . A nogo o d N is minimal if 8 E � N , E is not nogo o d. !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-13

A TMS Lab el Prop erties No de n has the lab el , a set of envs f E 1 ; . . . ; E k g : � [Soundness] n holds in each E i . � [Consistency] ? cannot b e derived from any E i with C . � [Completeness] Every consistent env E in which n holds is a sup erset of some E i . � [Minimalit y] No E i is a p rop er set of any other. n holds in E ( ) E is a sup erset of some E i . !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-14

A TMS Algo rithms (Rough Sk etch) L ik : lab el of i th no de of k th justi�cation fo r no de n k th justi�cation ( n ( n 1 ; ::; n i ; :: ) h informant i ) 1. Compute a tentative lab el L 0 = f [ i e i j e i 2 L ik g 2. Remove all nogo o ds and sup ersets of others L 0 . 3. If lab el has not changed, then return. 4. If n is contradiction no de, (a) Ma rk all envs of L 0 nogo o d. (b) Remove all new nogo o ds from all no de lab els. 5. Otherwise, recursively up date all n ’s consequents !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-15

A TMS Algo rithms (Illusitrated) Given e ^ f ) g , Compute g ’s lab el < e; ff A; B gf C gg > , < f ; ff A gf D gg > , nog ood f C ; D g L 0 !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-16

A TMS Incremental Algo rithms (1) Algo rithm PROP A GE (( x 1 ^ � � � ^ x k ) n ) ; a; I ) a is some no de of x 1 ; . . . ; x k and I is its lab el. 1. [Compute incremental lab el up date] L = WEA VE ( a; I ; f x 1 ; . . . ; x k g ) . If L is fg , return. 2. [Up date lab el and recur.] UPD A TE ( L; n ) . !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-17

A TMS Incremental Algo rithms (2) Algo rithm UPD A TE ( L; n ) 1. If n = ? , call NOGOOD ( E ) on 8 E 2 L and return. 2. [Up date n ’s lab el ensuring minimalit y] (a) Delete from L sup ersets of env of n ’s lab el. (b) Delete from n ’s lab el sup ersets of L ’s env. (c) Add remaining env of L to n ’s lab el. 3. F o r every just. J whose antecedents contain n . (a) PROP A GA TE ( J ; n; L ) (b) Remove from L all envs no longer in n ’s lab el. (c) [Ea rly termination] If L = fg , return. !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-18

A TMS Incremental Algo rithms (3) Algo rithm WEA VE ( a; I ; X ) 1. Rep eat 2&3 fo r each h 6 = a in X and return I . 2. I 0 = S f envs of I � h ’s lab el g . 3. Remove from I 0 all duplicates, nogo o ds and envs subsumed b y others. Set I 0 to I . Algo rithm NOGOOD ( E ) 1. Ma rk E as nogo o d. 2. Remove E and any sup erset from every no de lab el. !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-19

A TMS Lab el Up date (1) !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-20

A TMS Lab el Up date (2) After a New Justi�cation Installed !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-21

Constructing Solutions | b y Lab el computation Pick one from each Choice-set: f A; B g ; f E ; F g ; f C ; D ; G g = ) Solutions !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-22

Constructing Solutions | b y Interp retations � Dra wbacks of Lab el Computations 1. Use a general lab el up dating algo rithm while jus- tication structure is very st ylized. 2. intermediate goals a re constructed and disca rded, but leaving lab els w astes much p o rtion of available memo ry . � a set of choice sets and defaults interpretations = ) a set of maximal envs rep resenting solutions !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-23

Compute Interp retations on Environment Lattice Defaults ff A g ; f B g ; f C g ; f D g ; f E gg , nog ood f A; B g !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-24

Default Reasoning with A TMS T reat assumptions as Defaults nog ood f Person-Nixon,Normal-Quaker,Normal-R epublic an g = ) f Person-Nixon,Normal-Quaker g , f Person-Nixon,Normal-R epublic an g , f Normal-Quaker,Normal-R epublic an g !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-25

A TMS Interface [1] change-atms , create-atms : create atms tms-create-node , assume-node , remove-node (dangerous) justify-node , nogood-nodes in-node? , out-node? , true-node? , node-consistent-with tms-node-datum , tms-node-rules , tms-node-label just-antecedents , just-consequence , just-informant env-rules , explain-node , why-node get-solutions , interpretations supporting-antecedent? , in-antecedent? : searc h strategies !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-26

A TMS Interface [2] (create-atms title &key (node-string ’default-node-string) (debugging nil) (enqueue-procedure nil)) (change-atms atms &key node-string debugging enqueue-procedure) (tms-create-node atms datum &key assumptionp contradictionp) (interpretations atms choice-sets &optional defaults) (in-antecedent? antecedents?) (supporting-antecedent? node env) !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-27

Simple Example of A TMS Usage (setq *atms* (create-atms "Simple Example")) (setq assumption-a (tms-create-node *atms* "A" :ASSUMPTIONP t) assumption-c (tms-create-node *atms* "C" :ASSUMPTIONP t) assumption-e (tms-create-node *atms* "E" :ASSUMPTIONP t)) (setq node-h (tms-create-node *atms* "h")) (justify-node "R1" node-h (list assumption-c assumption-e)) (why-node node-h) <h ff C, E gg > (setq node-g (tms-create-node *atms* "g")) (justify-node "R2" node-g (list assumption-a assumption-c)) (setq contradiction (tms-create-node *atms* ’CONTRA :CONTRADICTORYP t)) (justify-node "R3" contradiction (list node-g)) (mapc #’print-env (interpretations *atms* nil (atms-assumptions *atms*))) E-8: A, E E-5: C, E !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-28

Dep endency-Net w o rk fo r the Simple Example !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-29

Implementation T echiques 8 > > < > > : � Environment ( ) Bit vecto r � Assumption ( ) Unique p osition in Bit vecto r E 1 [ E 2 = ) bito r of V E 1 ; V E 2 E 1 is a sup erset of E 2 = ) bitand of : V E 1 ; V E 2 = 0 # of assumptions in E = ) bitcount of V E (called dimension ) bina ry nogo o d (env) | nogo o d (env) of t w o ass n -a ry nogo o d (env) | nogo o d (env) of n ass !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-30

Implementation T echiques fo r BITCOUNT Usually BITCOUNT in Lisp is very slo w. 8 > > > > > > < > > > > > > : � Scan every bit � Divide a set of b ytes, and add b yte-wise bit count b y consulting bit-w eight table fo r b yte = ) 10 times sp eed-up on T A O/ELIS system. !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-31

Implementation T echniques fo r Nogo o d Check � Assumption has a bitvecto r consisting of opp onent assumptions of bina ry nogo o d. If a single nogo o d, the vecto r is -1. � Assumption has n which is the least numb er of n -a ry nogo o ds containing it. � Environment has its dimension. � Environment Hash T able � Non-Nogo o d Env T able indexed b y n -a ry . � Nogo o d T able fo r n -a ry nogo o ds ( n > 2 ) !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-32

N-Queens b y Lab el Up date 1. Mak e assumptions Queen i;j fo r each p osition of n � n b oa rd. 2. Mak e nogo o ds fo r capturing P osition pair on di�er- ent ro ws. 3. Create no des fo r 1st-ro w Queens P os i; 1 and Justify it with its p osition: Queen i; 1 ) P os i; 1 . 4. Rep eat fo r 2 � k � n , P os i;k ; Queen j;k � 1 ) P os i;k 5. Gather lab els of Queen i;n fo r n . = ) solutions. !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-33

N-Queens b y Lab el Up date (defun n-queens (n &aux goal goals last-goals classes class classes-backup assumption solutions ) (setq classes (make-class n)) ; 2>Dj$N:n@. (detect-capturing-pair classes) ; nogood $N:n@. (setq classes-backup classes) (dotimes (i n) (setq goals nil) (setq class (pop classes-backup)) (dotimes (j n) (setq assumption (pop class)) (setq goal (tms-create-node *atms* (list ’queen i j))) (if (null last-goals) ; Bh 1 9TL\$+ (justify-node ’first-row goal (list assumption)) (dolist (previous-goal last-goals) (justify-node ’compose goal (list previous-goal assumption)) )) (push goal goals) ) (setq last-goals goals) ) (setq solutions (mapcan #’(lambda (x) (copy-tree (tms-node-label x))) goals)) (length solutions) ) ; :G=*9T$N%i%Y%kEz$, !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-34

N-Queens b y Lab el Up date (defun make-class (n &aux node class classes) (dotimes (row n) (setq class nil) (dotimes (column n) (push (setq node (tms-create-node *atms* ‘(Queen ,row ,column))) class ) (assume-node node) ) (push (nreverse class) classes) ) (nreverse classes) ) (defun detect-capturing-pair (classes) (do ((class1 (pop classes) (pop classes))) ((null classes)) (dolist (node1 class1) (dolist (class2 classes) (dolist (node2 class2) (if (queens-captured? (node-datum node1) (node-datum node2)) (nogood-nodes (list node1 node2)) )))))) (defun queens-captured? (q1 q2) (or (= (cadr q1) (cadr q2)) (= (abs (- (cadr q1) (cadr q2))) (abs (- (caddr q1) (caddr q2)))))) !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-35

N-Queens b y Interp retation Construction 1. Mak e a set of queens of the same ro w a choice set f � i;j j 1 � j � n g 2. Construct Interp retations on the choice sets (interpretations f k-th choice set j 1 � k � n g ) 3. Interp retations = ) Solutions !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-36

N-Queens b y Interp retation Construction (defun n-queens-by-IC (n &aux classes solutions) (setq classes (make-class n)) ; choice set (detect-capturing-pair classes) ; nogood (setq solutions ; 2r<a9=C[ (interpretations *atms* classes) ) (length solutions) ) !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-37

Organizing A TMS-based Problem Solver � Many-Worlds Strategy: W o rk in all consistent con- texts at once, seek p ossible solutions. No de is :IN if the lab el is non-empt y , and :OUT if the lab el is empt y . � F o cuse d Strategy: W o rk in single context (o r small numb er of contexts) at a time to �nd a go o d solu- tion. Switch contexts opp o rtunistically . The environment fo r context is called fo cus . No de is :IN if it is implied b y the fo cus, and :OUT otherwise. !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-38

A TMS $N3HD% disjunctive no rmal fo rm $G I= 8= $5 $l $? @5 Ev 2= $, 07 $( $k $h $& $K A TMS $r3HD% . !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-39

Disjunction $N%3!<%G%#%s%0 cho ose f C 1 ; C 2 ; . . . g 8 > > > > > < > > > > > : � Hyp erresolution %k!<%k$rF3F~ � 2>Dj$NH]Dj$rF3F~ | NA TMS disjunction $r07$&$?$a$N 6 $D$N hyp erresolution A : 2>Dj � A \ < n, %i%Y%k > ": %N!<%I n $N%i%Y%k cho ose f A g : 91?? nogo o d f A g : 56 !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-40

Hyp erresolution %k!<%k %k!<%k H1 2>Dj$,91??$J$i$P , nogo o d $+$iH4$/ . c ho ose f A g nogo o d[ f A g [ � ] nogo o d[ � ] %k!<%k H2 2>Dj$,91??$J$i$P , %i%Y%k$+$iH4$/ . c ho ose f A g < n; ff A g [ � g [ � > < n; f � g [ � > %k!<%k H3 2>Dj$,56$J$i$P , disjunction $+$iH4$/ . nogo o d f A g c ho ose f A; A 1 ; A 2 ; . . . g c ho ose f A 1 ; A 2 ; . . . g %k!<%k H4 2 85 disjunction $H negative @a$+$i , ?7$?$J nogo o d $r@8@. . c ho ose f A; B g nogo o d[ f A g [ � ] where B 62 � � ) B !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-41

Hyp erresolution %k!<%k ( B3$- ) %k!<%k H5 ?7$?$J nogo o d $+ disjunction $,M?$($i$l$l$P , ?7$?$J nogo o d $r@8@. . c ho ose f A 1 ; A 2 ; . . . g nogo o d � i where A i 2 � i and A j 6 = i 62 � i for all i nogo o d [ i [ � i � f A i g ] %k!<%k H6 %i%Y%k$,JQ2=$9$k$+ , ?7$?$J nogo o d $+ disjunction $,8+$D$+$k$H%i%Y%k$r4JC12= . c ho ose f A 1 ; A 2 ; . . . g < � ; � > nogo o d[ A i [ � i ] or f A i g [ � 2 � and A j 6 = i 62 � i for 8 i < � ; f[ i � i g [ � � > $3$3$G , � � $O � $+$i [ � i $N>e0L=89g$r$9$Y$F=|$$$?$b$N . !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-42

Negated assumption A TMS | 2>Dj$NH]Dj$rF3F~ NA TMS $N<g$?$kL\E* : hyp erresolution $NBeMQ 2>Dj$NH]Dj$O , 2>Dj$G$O$J$/ , IaDL$N%N!<%I disjunction 9=J8 cho ose f A, B, C g $N%3!<%G%#%s%0 : : A; : B ; : C ) ? [ Cm0U ] k 8D$NH]Dj@a ( : A _ : B _ : C ) $O k 8D$N4^0U ( A ^ B ! : C Ey ) $HO@M}E*$KEy2A . %i %Y %k$N L5 L7 =b @-$N C# @. $N$?$a$N%k!<%k nogo o d f A; A 1 ; . . . ; A k g A 1 ; . . . ; A k ) : A $7$+$7 , 40A4@-$O@.N)$7$J$$ . !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-43

HsC1D4?dO@$N<h$j07$$ 1. cho ose, control $K$h$k%3!<%G%#%s%0 [de Kleer] 2. HsC1D4 A TMS | HsC1D4@5Ev2= $rF3F~ ( a ) ; ( b ) ) c ( a : IN %j%9%H b : OUT %j%9%H ) a 1 ; a 2 ; � � � ; O U T ( b 1 ) ; O U T ( b 2 ) ; � � � ) c $H=q$/ Nc !V Tw eet y $,D;$G$"$j , !X Tw eet y $,Ht$Y$k!Y$,L5L7=b$G $"$k8B$j , Tw eet y $OHt$Y$k!W$H$$$&L?Bj � a : !V Tw eet y $,D;$G$"$k!W$H$$$&L?Bj . � n : !V Tw eet y $OHt$Y$k!W$H$$$&L?Bj . !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-44

A TMS $G$NHsC1D4?dO@$N%3!<%G%#%s%0 2>Dj � A $O A $G , %N!<%I a $O a $GI=8= � 4pK\ A TMS N 0 $O n $NH?Nc$,$J$$$H$$$&2>Dj a; N 0 ) n ignore f N 0 g igno re $G 2> Dj N 0 $@ $1 $G 9= @. $5 $l $k J8 L. $O 0U L# $, $J $$ $3 $H$r5-=R$7 , M>J,$JC5:w$rKI;_$9$k . � HsC1D4 A TMS %3!<%G%#%s%0$O0J2<$NDL$j . a; O U T ( : n ) ) n !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-45

!VNc30$NNc30!W$G$"$k%K%/%=%sLdBj$N%3!<%G%#%s%0 default logic $GI=8=$9$k$H : R epubl ican Quak er R epubl ican : M H aw k H aw k Quak er : M D ov e D ov e D ov e & H aw k � F al se de Kleer $N%"%W%m!<%A : 2>Dj : N 0 1 ; N 0 2 ; f r epubl ican; N 0 1 g ) haw k f q uak er ; N 0 2 g ) dov e nogo o d f N 0 1 ; N 0 2 g igno re f N 0 1 g , igno re f N 0 2 g !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-46

HsC1D4 A TMS $K$h$k%3!<%G%#%s%0 2>Dj : O U T ( : dov e ) ; O U T ( : haw k ) f r epubl ican; O U T ( : haw k ) g ) haw k f q uak er ; O U T ( : dov e ) g ) dov e nogo o d f O U T ( : dov e ) ; O U T ( : haw k ) g 2r<a9=C[$K$h$j f O U T ( : dov e ) g $H f O U T ( : haw k ) g !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-47

A TMS ;HMQ@oN,$K$h$kC5:w6u4V$N@)8B 1. INTERN @oN, | $I$l$+#1$D $NA07o$, IN $K$J$k$H , $9$0 $K$=$N%k!< %k$r<B9T . %k!<%k<B9T$,7Z$/ , A46u 4V$rC5:w$7 , A42r$r5a$a$k$H$-$KM-8z . 2. IN @oN, | $9$Y$F$NA07o$,L7=b$;$:$K IN $K$J$k$H$-$^$G , %k!<%k$N<B9T$rCY1d . 3. ADDB ( Assumption-b ase d Dep endency-Dir e cte d Back- tr acking ) | %3%s%H%m!<%k9=J8$G<B9T$9$Y$-%k!<%k$N8uJd $r 5- =R $7 , IN @o N, $r MQ $$ $F %k!< %k $r <B 9T . IN @o N, $h $j $O 8zN($,$h$$ . L5L7=b$J%k!<%k$O$9$Y$F<B9T . 4. Implied-By @o N, | A0 7o $N OB =8 9g $, 8= :_ $N fo cus envi- ronment $GF3$-=P$5$l$k$H$-$K$+$.$j , %k!<%k$,<B9T . fo- cus environment $, nogo o d $K $J $k $H ?d O@ %( %s %8 %s $K DL CN$9$k . !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-48

A TMS $N1~MQJ,Ln � Hs C1D4 E* $J?. G0$N K] 0U | IQHK $K 99?7 $5$l $k %G!<%? %Y!<%9 4V$G$NL5L7=b@-$N%A%’%C%/$d , [#Kf$J%G!<%? , IT40A4$J%G!< %? $r MQ $$ $F ?d O@ $r 9T $& $? $a $K , %G!< %? $N ?. G0 $r ?? 56 CM %^!< %-%s%0$H$7$F A TMS $G4IM} . � O@ M} E* $J 0M B8 4X 78 $r Mx MQ $7 $? C5 :w @) 8f | 2# 7? C5 :w $G , ?d O@ 7k 2L $r J] ;} $7 , <: GT >p Js $r Cy $( $k $3 $H $K $h$C $F , @) Ls >r 7o $r 5, Dj $7 , F1 $8 7W ;; $r 7+ $j JV $5 $: $K :G =* %4!< %k $* $h $S It J,%4!<%k$X$N:GE,$J%Q%9$r5a$a$k$N$K A TMS $r;HMQ . � B? =EJ8 L.?d O@ $K$* $1$k L5L7 =b@- $N4I M} | J# ?t$N J8L. $rF1 ;~ $K ?d O@ $9 $k $H $- $K , 3F J8 L. $G %G!< %? $N L5 L7 =b @- $r J] >Z $9 $k$?$a$K A TMS $r;HMQ . !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-49

A TMS $N1~MQJ,Ln 1. B?=EJ8L.?dO@ : QPE (Qualitative Physics Engine) (U- niv. of No rthw estern) 2. B? =E @$ 3& %G!< %? %Y!< %9 : A TMS $N B? =E J8 L. ?d O@ $@ $1 $G $O , @$3&4V$N4X78$,5-=R$G$-$kB?=E@$3&$N5!G=$O$J$7 . 3. 0M B8 4X 78 $K 4p $E $$ $? 8e La $j , Hs C1 D4 ?d O@ : O@ M} 7? %W %m %0 %i %_ %s %0 (Oregon State Univ.) circumscription theo- rem p rover (Stanfo rd Univ.), JBNsDjM}>ZL@%7%9%F%‘ 4. O@ M} E* $J 0M B8 4X 78 $r Mx MQ $7 $? C5 :w @) 8f : 2h A| M} 2r , 2; @< M} 2r ( :eBg ) 5. <+A38@8l=hM} (Y ale Univ., Link� oing Univ., NTT) 6. 9‘=q49$(%7%9%F%‘ ( ElKLBg ) !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-50

A TMS $K4XO"$9$k7W;;NL disjunction-free $J Default %k!<%k n 8D � : � ^ � 1. B8:_LdBj : 6KBgL5L7=b=89g ( extension ) $NB8:_$9$k$+ . 2. %a%s%P!<%7%C%WLdBj ( %4!<%k;X8~?dO@ ) : M? $($i$l$?L? Bj ( %j%F%i%k ) $,@.N)$9$k extension $,$"$k $+ . 3. 4^0U (entailment) LdBj ( %9%1%W%F%#%+%k?dO@ ) : M? $($i$l$?L? Bj ( %j%F%i%k ) $,$9$Y$F$N extension $G@.N) $9$k$+ . !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-51

A TMS $K4XO"$9$k7W;;NL 1. B8:_LdBj : � $,@5$NC19‘$G � $,C19‘$G$"$k disjunction-free $JItJ,%/ %i%9 ( unary ) $O , NP :$Fq ( NP-har d ), $=$l$h$j@)8B$N6/ $$ItJ,%/%i%9$O O ( n 2 ) . 2. %a%s%P!<%7%C%WLdBj : Ho rn @a $+ o rdered una ry $N ItJ, %/ %i %9 $O O ( n ) $G , $=$l 0J>e$N%/%i%9$, NP :$Fq . 3. 4^0U (entailment) LdBj : $, $J $$ una ry $J It J, %/ %i %9 $O O ( n 3 ) $G $" $j , $= $l $h $j <e$$>r7o$NItJ,%/%i%9$O co-NP :$Fq$G$"$k . !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-52

%a%s%P!<%7%C%WLdBj$N7W;;NL [Stillman, AAAI-90] %a%s%P!<%7%C%WLdBj$K$D $$$F , L?BjO@M}$r@)8B . default %k!<%k$H$NAH9g $;$KBP$9$k7W;;NL$rD4$Y $k . Nc . Ho rn @aL?BjO@M}$O @~ 7A ;~ 4V $G decidable. $3$l$K$$$+$J$k default %k!<%k$r;HMQ$7$F$b%a%s %P!<%7%C%WLdBj$O NP 40 A4 . !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-53

A TMS LdBjE@ | A TMS $N5-=RG=NOITB- | 8 > > < > > : � LdBj2r7h%l%Y%k$G$O , 0lHL$NO@M}4X78$GI=8= � A TMS $N@5Ev2=$O , %[!<%s@a$@$1 =>Mh$N2r7h:v 1. o r, not $r cho ose =R8l$rMQ$$$F%(%s%3!<%I %O%$%Q!<%l%>%j%e!<%7%g%s$K$h$k40A4@-$rJ]>Z . $7$+$7 , %O%$%Q!<%l%>%j%e!<%7%g%s$N=hM}$O=E$$ . 2. %(%s%3!<%G%#%s%0$K$h$k>iD97W;; QPE F1$82r<a9=C[ , %i%Y%k99?7$r7+$jJV$9 !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-54

CMS $NLdBjE@ | CMS $G$N<g9‘$N7W;; ( = NP- 40A4LdBj !V7W;;$N8zN($5!W$H!V40A4@-!W$H$N%H%l!<%I%*%U 1. O@M}4X78 = ) @a7A<0$KJQ49 (PROLOG $HF1$8 ) %V!<%k@)LsEAGE%"%k%4%j%:%‘ (BCP , Bo olean Constrain- t Propagation) 8zN($O$h$$$, , 40A4@-$,J]>Z$5$l$: 2. <g9‘ (p rime implicates) $r;HMQ$7$? BCP 40A4@-$OJ]>Z$5$l$k$, , 8zN($,0-$$ ( A _ : A $b<g9‘ ) 3. %i%Y%k$rFsJ,7hDj%0%i%U (Bina ry Decision Diagram) $G I=8=$7 , <g9‘$rNs5s$7$J$$$GHsL@<(E*$K07$& . [ 1|G5 ] !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-55

FsJ,7hDj%0%i%U (BDD) (Bry ant, 1986) 1. %V!<%k4X?t$N%7%c%N%sE83+$K4p$E$$$?%0%i%UI=8= f = ( : x � f j x =0 ) _ ( x � f j x =1 ) 2. JQ?t$N=g=x$r8GDj = ) %+%N%K%+%kI=8= (Unique) $H$J$k . 3. O@M}1i;;$NB?$/$,8zN($h$/=hM}$G$-$k . 4. %V!<%k4X?t$N%3%s%Q%/%H$JI=8= . = ) VLSI CAD $G$OI8=‘E*$J5;K! . = ) BDD $rB?=EJ8L.7? TMS $KE,MQ 1|G5B> : >p=hO@J8;o , 36(8), 35 (5); bit, ’97 G/ 4 7n9f ftp://e da.kue e.kyoto-u.ac.jp/pub/c ad/BemII.tar.Z !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-56

FsJ,7hDj%0%i%U (BDD) | x 1 x 2 + x 3 (a) %7%c%N%s E83+ x 1 x 3 x 1 x 2 + x 3 x 2 + x 3 (b) 4JN,2= ) ROBDD (c) 6&M-2= ) SBDD !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-57

B?=EJ8L.7? TMS $K BDD E,MQ$G$N2]Bj$H$=$N0l2r 1. BDD $N%5%$%:$r:G>.$K$9$kJQ?t=g=x ( NP 40A4LdBj ) 4{CN$NLdBj . %R%e!<%j%9%F%#%C%/%9$,B?!9Ds0F . 2. AH9g$;GzH/$rKI$0$?$a$N@5Ev2=E,MQ=g=x @5Ev2=$NE,MQ=g=x7hDj%R%e!<%j%9%F%#%C%/%9$NDs0F . JQ?t=g=x$bF1;~$K7hDj . 3. <g9‘$r;HMQ$7$J$$@5Ev2=$N%3!<%G%#%s%0!&A‘:n BDD $G%i%Y%k$rI=8= . 4. 4{B8%7%9%F%‘$H$N@09g@-!% %7!<%‘%l%9!&%$%s%?!<%U%’!<%9!V Plug and Play !W !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-58

BDD $K4p$E$$$?B?=EJ8L.7? TMS (BMTMS) #3$D$N%$%s%?!<%U%’!<%9 ( A , B , C ) !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-59

BMTMS $NI>2A ( A and B ) A N ?M$N=w2&LdBj B :G>.HoJ$=89g !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-60

BMTMS $NI>2A ( C ) | QPE $K$h$kDj@-%7%_%e%l!<%7%g%s [ dP A ] � [ dP B ] = [ dQ AB ] ; [ dP B ] � [ dP C ] = [ dQ B C ] ; [ dQ AB ] = [ dQ B C ] ; x + y = 0 $N%3!<%G%#%s%0 : ( y � ^ y + ^ y 0 ^ x � ^ x + ^ x 0 ) _ ( y � ^ y + ^ y 0 ^ x � ^ x + ^ x 0 ) _ ( y � ^ y + ^ y 0 ^ x � ^ x + ^ x 0 ) [ dP A ] $, + , [ dP C ] $, 0 $H2>Dj . BMTMS $O , <g9‘$rNs5s$;$:$K0J2<$r>ZL@ : !V [ dQ AB ] $H [ dQ B C ] $H$, + !W !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-61

BMTMS $NI>2A ( C ) QPE $K $h $k 05 NO D4@0J[$NDj@-%7%_%e %l!<%7%g%s � A TMS $rMQ$$$? QPE $G$O , 2,814 8D$N<g9‘$,@8@. . 5sF02r@O$K 50.38 IC . � BMTMS $K$h$k QPE $G$O , BDD $N%5%$%:$, 132. 5sF02r@O$K 0.28 sec. !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-62

$^$H$a$H:#8e$N2]Bj 1. LdBj2r7h%7%9%F%‘$N%"!<%-%F%/%A%c 2. ??560];}%7%9%F%‘$N35G0$H5!G= 3. B?=EJ8L.7???560];}%7%9%F%‘$N5!G=$HLdBjE@ A TMS !’%[!<%s@a$K8BDj , CMS !’ 0lHL@a 4. LdBjNN0h$K1~$8$?%3!<%G%#%s%0K! ( %[!<%s@a$r1[$($k ) 5. B?=EJ8L.$rMQ$$$?9bEYCNE*%7%9%F%‘$N3+H/ 6. <BLdBj$X$ND)@o | %7%9%F%‘%$%s%F%0%l!<%7%g%s NLE*D)@o!’Dj@-%7%_%e%l!<%7%g%s , 5pBg%G!<%?%Y!<%9 <AE*D)@o!’@_7WLdBj , ?GCGLdBj , CNE*%G!<%?%Y!<%9 , � � � !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-63

$5$i$K8&5f$r?J$a$k$K$"$?$C$F 1. 6/$$%U%l!<%‘%o!<%/ I= 8= G= NO $, <e $/ $F $b , M} O@E*$K7rA4$JO@M}BN7O$r 4p$K , %7%9%F%‘$rE83+ . 2. <e$$%U%l!<%‘%o!<%/ M} O@ E* $K $O 4m $& $$ $, , I= 8=NO$NIY$‘O@M}BN7O$r4p $K , $G $- $k $@ $1 Bg $- $J Ld Bj$r8zN($h$/=hM}$G$-$k $h$&$KBP1~ . AI 8&5f$G$N%9%1!<%k %"%C%WLdBj [ KLLn ] !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-64

:G=*%l%]!<%H (1) | B?=EJ8L.?dO@ . #9!?#1#0 Ds=P 1. 8f<+?H$N8&5f$KB?=EJ8L.?dO@$,$I$N$h$&$K$D$+$($k$N$+$r >\:Y$K8!F$$7 , 5DO@$9$k . :GDc A4 4 Kg 2. ?o0U BPS $r %$ %s %9 %H!< %k $7 , 2? $i $+ $N Ld Bj $K E, MQ $7 $F $_$k . !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-65

:G=*%l%]!<%H (2) #9!?#1#0 Ds=P ?o0U b emI I $r;HMQ$9$k SUN $N$_ . http://winnie.kuis.ky oto-u.ac.jp/ � okuno/b emI I.ta r.gz 1. SEND + MORE = MONEY 2. CROSS + RO AD = D ANGER 3. F OUR + FIVE = NINE 4. NEWTON + KLEIN = KEPLER 5. MAN + W OMAN = CHILD 6. ONE + TW O + F OUR = SEVEN !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , June 27, 2001 Lecture 9-66