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State Space Graphs

6.1 Tnssaanaznals (Structures and strategies)

1214

AsBTLBAY objects wae relations Tulgm s i ideaule unzdadl inference rules ﬁnhu'lﬂ

151149 9 predicate caleutus 11 &2 1w 190901314 predicate caldulus 455 w°
repredicatation language TuamA 1 AT Well-formed predicate calculus l.ﬂu;ﬂnm"uwﬂ

ﬁmm15nﬁ%’nmmf’lﬂu'uuu1'lé'mﬂswazmmwmueq Iﬂum‘saqu'mmzu %’i firun

voLIYA (space) 933 1 un1sunidengyl (solution) vasilgmidariu h"l‘ilxll'l‘}jﬂhx‘l nouQ

state space search. ‘
lumseonuuuunzafrenalnueens search 'lnﬂuﬁunnr?mwu’[ﬂmnﬁuma-j 9

ﬂmmmsmmﬂwmmwﬁmwwqmnsm (behavior) ¥DaN15 search 11114 1ufle hmnms

Wi]'ﬁm'ﬁ'mﬁ"mt]ﬂﬂﬂiﬂu ;
|

problem solver Yiues Wideayu1dvimienla
problem solver Tiusz Ao AT e93e nioAnsg U loop nIawld
foarqal (sotution) 14 vedoauriled3uilu optimal solution
ATNTUTOUYBINS search TnsRo i i 1E nie wiasnnuinld
ety interpreter 9211115 search ﬁudqmnﬁaam |
vetnels interpreter 3992 1R5UMsNUUL IR representation 187 Tige |
NQUHYOY state space search tﬂuéqﬁﬂzﬁmﬂ%auﬁmmmfidwminﬁ'[lmmﬂzﬁ
msosureilynilugilves state space graph nnusld graph theory Tun s a5z Insa
afraazanududouvesiigm uﬁz‘i‘iﬁnzuﬁﬂmmﬁlﬁﬂﬁu graph theory ihun3eailofian
gafiez 19 luns Wingrafioafu Tassad1eues object 1o relations Tnenisldnyiiududy

1}1ﬂ‘t|tu1'1‘l “bridges of Konigsberg” i ATamasTui 18
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RIVERBANK 1

RIVER

RIVERBANK 2

. v_d 4 2 o 2 -
Toymitdoeziiiu i 1ded a5z Waug nilaSudunnganils udaanlilsewdios
4 ]
Taodwarnuudazuvafioiniudien udnduindeiimu 14

Euler lauanailymitlndlugilves graph

RB1

12 11

A ANTHIE0eMIAY Euler 1AR81301970 degree 494 node (A $1142M arc 713 Inusns
node fi’umq) iU odd #3® even degree

odd degree node : 1B node #111§119u arc Fuava

even degree node : fi® node 'ﬁfﬁﬁu'}u arc sﬂummjmnmsﬁwm"l degree 483 node
8 Euler 771 1991 nsBuseuidiosmunginmsindmualy sidulfide 3819w odd
degree node 8¢ 11 graph 1fu§1121 0 %30 2 node wonmilonnfintsAumedandiee lif

Judide
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¥
Hgym1i1AgniSunt Euler path :

(3701075019 predicate caleulus uansilayni Konigsberg Idaufulas szoglugilves

CONNECT(IL,12,b1)

CONNECT(RB1,11,b2)
CONNECT(RB1,11,b3)
CONNECT(RB1,12,b4)
CONNECT(RB2,I1,b5)
CONNECT(RB2,11,b6)
CONNECT(RB2,12,b7)

nquginsi

CONNECT(11,12,b1)

CONNECT(11,RB1,52)
CONNECT(I11,RB1,b3)
CONNECT(I2,RB1,54)
CONNECT(11,RB2,b5)
CONNECT(I1 RB2,b6)
CONNECT(12,RB2,b7)

A -] H A ar
n319 (graph) 152 NOUA2 set Y89 nodes WAL set arcs FIRIMIITHFOU node 2 A1

favfiu Tunsade state space model TunisuAilywi node veens 1 9z naeds state Mozt
J o . 1 <} L A @ =X A A
¥ulun1991 problem-solving @24 arc 9 M IBT NIUAUDIN state niTaTTaBn state niTaAa

4 . d &
W INAYUAN logical inference voailgmmiuiuies

Labeled graph :92v151083 nsfifinns 1dswaziBoaun node Alioglunzm
/
b c
-«
\ / d\ /
unlabeled graph labeled graph
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the arcs of the graph may be labeled

x5 x4

Directed graph : 9512139 n3#TInI I Rem1edD arc TaonsWgnrsfufsdmuaie
ne

Path : vty muduvesnsmnngadimua lldsgaatoma i [abed]

Rooted graph : #on3 AT node nitaimi Ay root Aifiu node A1 19 path T8
node Buq Tunsm

Tree : Ao ns il arc RsauduBondouszning node 2 #72

4“ o ol A W
Connected graph : A9 A3 node 2 #23) path o'ty

6.2 State space representation of problems
'lufmuﬂmi]tgm“r"uﬁﬂﬁu'[ﬂu'lﬂ state space graph viu
node Y8303 M9z Ml state Hiflu3Tnsusdgniedranils dav arc szvaneds
i'funau‘lun‘amﬁi]mm
initial state 33 MA4 information Af MUl luas U LA UF W mMIREY root Loz
graph 84331 goal condition it solution ﬂmﬂtumﬁ"um
State space search 7A1® N3£UIUNTIUATINT solution path 910 state space 11543 goal
hiea
state space ¢ UsEnoUAILBIRsznOL 4 diaufie [N,A,S,GD]
N -1 set 964 nodes ezl lunsmi
A - f1B set ¥84 arcs i¥ou nodes Tunam
S — Al subset ¥04 N 711 start state (HhueinSn (Roe i empty)

Selution path : fi® MeAUNITA node 11 S 1184 node Tu GD
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AI0EN traveling salesman

an instance of the problem:

E D E C
375 425 475
A
, T
PATH: PATH: PATH:

ABCDEA  ABCDEA  ABDCEA
COST: COST: COST:
375 425 475
sot1agiiinaaalfifind exhaustive scarch A404 search fla (N-1)1 (NAoSwNiloefts
N3 1)
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6.3 Strategies for state space search
@ < P> ]
113 search 1u state space 1114 2 AN Wufe N15EUNIN data ity yjaliln goal
#id0ams v¥o 910 goal MUNSUN M data
data-driven search : 156nDNB41971 backward chaining
4 - y 4 ' ) &
FUTUNINMITAIIIUT goal 1 uay Hideu 1y (condition) lathefiszildng mdaniu
2 .. y el ] & o
51934 conditions Fana vz nateuuilu goal ImifiGendt subgoal vz 1014 un19m
) ¥ ¥
subgoal #2411 unseiasWeundy 1184 data vosllgminsidaudog e data-driven
» T
search A goal-driven search 10 ausfeefiiBn15M  Arafuuaf 19 state space Aoty M3
- < a W v - '
@donld scarch oz ANTRNNNdnumzvesilgm, anugannuesngfild, jui1eve4 state
: é 1 L)
space AZAUNSDUVDA fact Nz 1 umsuAtlgm @Feezumnmeiu Tumuriinvetlgwy)
y &
goal-driven search 9 tManzunns 1nile
= Al : L]
1. Un1552 goal 131U problem statement 4&2 1130 goal WUTNITA WM B M UATU
formula 18418 (w312 goal MiD NquHHdesms msfiguiiiuea)
2. 1ing (rule) MWAYNATINY facts N1 1u problem wazmianIndwld eada goal 14
-1
oty
3. laifimsAmue problem data 371
L4
L4 L r A
#7U data-driven apporach Yuszmazunms 14iie
» »
1. M3 mua data Havua nieneunevua iy problem statement
' . \ ' 4 o g '
2. % goat fionadhutal 18§ wouinn ualiuamaefiey 14 fact e ez rinnds doyandoams
v
Wutioy

3. mIfmue goal i 1den
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Tunsudilgrniubitnediuns1d goa}-driven search 138 data-driven search HAM!
r;;uﬁ'ﬂq;m&'mm path mnnm’lu state space graph 978 path HIR1910 start state "hJua goal
state 11119 uANT3 Fazn1 path Snulunisneeue Zusnmethuiiu T 8on dnfusaia
n3difis faslalam path witwudamu sy pan 7 ligndes s unedesdernduaiiu v

Ilﬂ‘ T H é 1 @ ﬂ. L]
1u path Imifisinininseziiiu path Agndos dsferndiunsdiindosdounduldiulmi
=S o9 [T Lo 3 ] ﬂy A 4:' 4 o
Snflauiu ezdinanil 105009 yuny path NQARDIII

. a o - A o e -
backtracking A1 mailaf AN InGaansfounduuSudulnilumsdun pan
1 o v A o ¥ 2 A va
uadlumsdiuegialigluyufigndes Tnoezi3u0n start state SUHL goal state niolufn

i d
dead end {3 UIUADABUT NG AU solution path 1177 backtracking search

@l o o o . oo nv
Sane3ily ¥v4n13¥1 backtracking LA
o L 4
Yy
—§ly State List A list MAD state AT 9gnRUn1 path Sy goal Favioglu sL
o P B o
fifous9a1 state MU solution path WHB4
NSL - New State List — 1l state 1f118358M3A52080Y
e
DE - Dead End — A9 List ¥84 state 71 Tiorunso liffa goat 16

CS - Current State — A9 state At G sgARNTAU
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FUNCTION BACKTRACK
BEGIN
SL := [START); NSL := [START]; DE :={ J; CS := START; %INITIALZE:
WHILE NSL <> [ | DO
BEGIN
IF CS = GOAL THEN RETURN (si);
IF CS HAS N CHILDREN (EXCLUDING nodeS ALLREADY IN DE,SL,AND NSL
THEN
BEGIN
WHILE SL IS NOT EMPTY AND CS = FIRST ELEMENT OF SL DO
BEGIN
ADD CS TO DE;
REMOVE FIRST ELEMENT FROM SL;
REMOVE FIRST ELEMENT FROM NSL;
CS := FIRST ELEMENT OF NSL;
ENDy;
ADD CS TO SL;
END
ELSE
BEGIN
PLACE CHILDREN OF CS (EXCEPT NODES ALLREADY ON DE,SL,NSL) ON NSL;
CS := FIRST ELEMENT OF NSL;
ADD CS TO SL
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W Ul

i PLILIEN ]

INITIAL : SL=[A];NSL=[A; DE=[];CS=A
AFTER ITERATION  CS SL NSL

0 A [A] [A]
1 B [B,A] [B,C.D,A]
2 E [E,B,Al [E,F,B,C,D,A]
3 H  [HEB,A] (H,LEF,B,C.D,A
4 I [LE,B,A] [LEF,B,C,D,A]
5 F [F.B,A] [F,B,C.D,A]
6 J [1FB,A] [J,E,B,C,D,A]
7 C [C,A] [C,D,A]
8 G [G,C,A] [G,C,D,A]

backtrack i3 basic algorithm TN IIAUNA state space graph

DE

[]

ll

(]

[]

[H]
(E,LH]
[E,LH]

[B,FJ.E,LH]
[B,FJ.ELH]
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D ~and breath- I
ﬂ‘; - [ iy . -
Tuns search unaneneinsdmuaianislun1s UMY data-driven 136
@ o r J -
goal-driven search 1147 1518 unnalalums search IfidiusuiuldsnlasnmsRsrsaien
§1iuvesn 1IR3 U1 state N0 1u state space graph v8.01319%1 WiRA3 3R UN WY depth-

first LAY breath-first search

A8t
R
Depth-first segrch :

A,B.EK.SLTFMCGNHOPUDLQJR

Breath-first search :
A,B.C.D,EF,G,H,LJLK,LMN,OP,QRS,TU

92171 181 algorithm ¥89n13%1 backtrack a3 0111 I8 UATI R UM LY depth-
first search 19 algorithm 48417341 breath-first-search &uﬁ‘m"ﬁﬂﬁﬂﬁ"’[ﬂﬂﬂﬁl% list 2 A7
(open Uay close) AT BaZBoRRe IR state Ve Ry scarch 111 state space

OPEN — 1 list il state fignasavamy

CLOSE — 1 tist Ay state fenumsasedouuda
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PROCEDURE BREADETH_FIRST_SEARCH

INITIAL : OPEN = [START]; CLOSE =[]

WHILE OPEN # [ 1 DO

BEGIN

END.

REMOVE THE LEFT-MOST START FROM OPEN, CALL IT X;

IF X IS GOAL THEN RETURN(SUCCESS);

GENERATE ALL CHILDREN OF X;

PUT X ON CLOSE;

ELIMINATE ANY CHIDREN OF X ALLREADY ON EITHER OPEN OR CLOSE,
AS THESE WILL CAUSE LOOPS IN THE scarch;

PUT THE RAMANING DESCENDENTS, IN ORDER OF DISCOVERY, ON THE
RIGHT END OF OPEN;

TRACE: BREADTH_FIRST SEARCH

78

L.

2
3.
4

OPEN = [A]; CLOSE =[]

OPEN =[B,C,D]; CLOSE = [A]

OPEN = [C,D.EF]; CLOSE = [B,Al
OPEN = [D,E,F,G,H]; CLOSE =[C,B,A]
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OPEN = [E,F,G,H,1.J]; CLOSE = [D,C,B,A)

OPEN = {F,G,H,LK,L]; CLOSE = [E,D,C,B,A]
OPEN = [G,H,LJK,L M]; CLOSE = [F,E,D,C,B,A]
OPEN = [H,IJK,LMNN[; CLOSE = [G,F,E,D,C,B,A]

e ®° =2 b

o 1 w1 d ar
HuruiilhiTese sunseRany goal M50 OPEN =]

PROCEDURE DEPTH_FIRST_SEARCH
INITIAL : OPEN = [START]; CLOSE = ]
WHILE OPEN # []DO
BEGIN
REMOVE THE NEXT state FROM THE LEFTF OF OPEN, CALL IT X;
IF X IS GOAL THEN RETURN(SUCCESS);
GENERATE ALL POSSIBLE CHILDREN OF X;
PUT X ON CLOSE;
ELIMINATE ANY CHIDREN OF X ALLREADY ON EITHER OPEN OR CLOSE,
AS THESE WILL CAUSE LOOPS IN THE search;
PUT THE REMAINING CHILDREN OF X, IN ORDER OF DISCOVERY, ON THE
LEFT END OF OPEN

END.

TRACE :
1.OPEN =[A}; CLOSE = [ ]
2. OPEN =[B,C,D); CLOSE ~ [A]
3. OPEN = [E,F,C,D]; CLOSE = [B,A]
4. OPEN = [K,L,F,C,D}]; CLOSE = [E,B,A]
5. OPEN =[S,L,F,C,D]; CLOSE = [K.E,B,A]
6. OPEN - [L,F.C,D); CLOSE = {S,K,E.B,A]
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7. OPEN = [T,F,C,D]; CLOSE = [L,S,K.E,B,A]
8. OPEN = [F,C,D[; CLOSE = [T,L.S,K.E,B Al
9. OPEN = [M,C,Df; CLOSE = {F,T,L,S.X.E,B,A]
10. OPEN = [C,D[; CLOSE = [M/F,T.L,S.K.E,B,Al
11. OPEN - [G,H,D[; CLOSE = [C,M,F,T.L,SX.E,B,A]

UNTIL OPEN ={ ] OR GOAL IS FOUND

6.4 And/Or graph
9 A 4 o v w = 4 ¥
U state space graph M43183 199 UU MU node uAaz A9z MUY state A9 TIFIS
2 B oy
Tumdeaglvesiigmla viminmamnald predicate calcutus werns AN state A
1 A
sifiuefi/sznanvesnszuaunsudilowtlf dau inference rule Ao arc HiFey node Tu
] ¥ ]
asues Aniu Hgmifeglugilos predicate caleulus 81932111 solution 16 1ABN13 search

o

Wy
A18813 Y9INTUAAY proposition calculus 14GHY04 graph
¢=p
r=—>p
v=q
Spm—
t—>r

s=—>u

S
t

wannsonandluginam &y
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e‘*ﬁaﬂswl'f‘:ﬂsuﬁmﬁqmwﬁ‘uﬁ'uﬂuiﬁum implication ﬁ«éﬁaagjlugmmmm directed
graph 1412 717 search 2213 UV data-driven search Tum21318u 059 1318495 and ua 2 or
operation ﬁmsﬁsuﬁm'lﬁniuﬁ'uiuzﬂmm graph 34'14%In13 8 1Mun And/Or graph o fagil
wse i

WU g AT =>p

mneta gV r=>p
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#101s ¥03M5 ¥ And/Or graph Taefionsai1 proposition calculus

aelald
g
a /
h
b f
o /v A A
!

aAb—d e /C
aAc=>d 592 1841 d
pAc=>d \5\
f—¢ :

c a b
aAc¢—h

¥
20819 M3a319 And/Or graph 110 predicate calculus @® 111
1. FRED IS A COLLIE. : COLLIE(FRED).
2. SAM IS FRED'S MASTER.  : MASTER(FRED,SAM).

3. ITISSATURDAY. : DAY(SATURDAY).
4.1T IS COLD ON SATURDAY. : —TWARM(SATURDAY).
5. FRED IS A TRAINED DOG. : TRAINED(FRED).

6. SPANIELS OR COLIES THAT ARE TRAINED ARE GOOD DOGS.
W x [SPANIEL(x) V (COLLIE(x) A TRAINED(x)) == GOODDOGX))].
7 IF A DOG IS GOOD DOG AND HAS A MASTER THEN HE WILL BE WITH HIS
MASTER. :Vx VyV 2lGOODDOG(X) A MASTER(x,y) A LOCATION(y,2)
—> LOCATION(x,2)].
8. IF IT IS SATURDAY AND WARM, THEN SAM IS AT THE PARE.
DAY(SATURDAY) A WARM(SATURDAY) = LOCATION(SAM,PARK).
9.IF IT IS SATURDAY AND NOT WARM, THEN SAM IS AT THE MUSEUM.
DAY(SATURDAY) A — WARM(SATURDAY) = LOCATION(SAM,MUSEUM).
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¥
goal voallgmiinglugyl expression Y99 3 XLOCATION(FRED,x) M11081¢ “FRED
1l & 4
o Iy e A3 search veailgniiez 14 And/Or graph uas ¢4 goal-driven search

LOCATION(x,z)
GOODDOGx) MASTER(x.y) LOCATION(x,2)

PN PN

COLLIE(x) TRAINED(x) MASTER(FRED,SAM) DAY(SATURDAY) NOT WARM(SATURDAY)

COLLIE(FRED) TRAINEI{FRED)

CT 488

SUBSTITUTIONS = {FRED/x,SAM,y, MUDEUM/z}

6.5 Production Systems:PS
, o o 4w A & o
PS 1 computation modet fiNewel! 1 iruounsnnufniurfivises ps Yus1ll
A A - a o
. 1967 e 1diluntsaiio lumafnindanszuaumsnveasnyud Hegiu ps 1Anawan
(11 knowledge reprosentation scheme 71 l&Fun2wiioneianinluaudu expert system
Tasandnaves Ps
PS 15z neudavesflsznoudifg 3 dau fie
1. Production memeory:PM
=) J ar 3 F L] = -
PM AU was B sanoafuniud TasanuidsndraszgnesuielNuplees
&
preductions 130 rules mﬁ;ﬂuumﬂu
“CONDITION —» CONCLUSION”
¥
14 UBA condition YB3 production U1l Wfigenh assumption,Left-Hand Side, LHS
<t . .y H’ = =2 . - P J 1 - o L]
part ¥3© if part 1A8 condition #1939 F11684 pre-condition NszAvuARYU AeURvz NI

production 1114
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b 4 2
@91 ¥B3 conclusion Y04 production H119A 973 8031 action part, Right-Hand Side
<4 9

¥
part, RHS part #39 then part 1aticondition 7 ¥2 8 Su1889n13v 19 uveIneflisenovves

production U M3iiaas output n38 Maudeynidr11u working memory

2. Working Memory:WM
wM Rudeyadegn PM Sonluldnedeyadign production A sunalaalal wu
(SonBneene 1741 “database” n3o “context”
3.Recognize-act cycle :
dhudunuguasiuees ps IﬂUﬂﬁﬂmﬂmzﬁzﬂwuﬁ'ﬁr
- current state ¥oenszwUMUATymeygaitu 13u wm
- WM ilzri'luﬁ'mﬁmfuﬂUu{%“un’uﬁsﬁﬂﬁuiummt’ﬁ]tum
- v le wM szgmitlunmamduRus S productions flaglu PM Fahld
(P conflict set A subset Y84 productions HFuRUTAuFefioglu wM
- productionS ﬁa;}lu conflict set 92 gnAmMuUA AU enable
- productions 11 conflict set #1lagmilsszgnionu 1 lumsimen $a Fondudlu
17 fired I?uﬁﬂ 11U conclusion Y89 production ﬁQﬂ fired ¥219M 5911971 ‘*ﬁﬂ'ﬁﬂ‘ﬁ'
Wemsalfsuutosswazdualy wMm
- msﬁnmIuﬁ'ﬂumzf‘:azaﬁﬁﬁmﬂusa‘uq Tounsefie 168 production 1nfiag

duiuffusvazBoaiiilu wM Jangamsinu
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RECOGNITION
ACT
CYCLE

PRODUCTION MEMORY
| CONDITION — ACTION

?

b 2

WORKING MEMORY
(WORLD state)

l T

OUTPUT INPUT

OUTSIDE

WORD
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- sunTnssadraves ps

#3289 N5 data-driven search 1 PS

PRODUCTION MEMORY

1. pAgq—>GOAL
2.rAs—>p
. war—oq
4. tAru->q

5. vos

6. START 5 vArAas i

A

MATCH

WORKING MEMQRY

START

86

M ~ o O = oM

PM
| F
2,
3.
A E
X
E
MATCH C
U
T
v
E
wM
STARTv,r1,s _—

M
R
2.
30
4
. R
6. e -
N E
X
E
MATCH C
U
T
v E
WM
START,v,1,q.5
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TRACE EXECUTION :

ITERATION# WM CONFLICT SET RULE FIRED
0 START 6 6
1 START,v,r,q 6,5 3
2 START,v,1,q,5 6,52 2
3 START,v,1,q,5,p 6.5,2,1 1
4 START,v,r,q,p.GOAL | 6,52, HALT
™M
| D
2. .
30
4, e
5. e
< 6. ceeeeenenen <+
E R E
X X
E E
C MATCH C
8] U
T T
E v E
wM WM
— ——» | START,v,r,qsp | —p START,v,1,q,5,p,GOAL
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Space searched by execution :

START
q
v
Y
S
Y
/'-—-
GOAL

#19619 N394 goal-driven search Tu PS

PRODUCTION SET

1. pAq—>GOAL
2.1AsS—D
J.wAr—q
4.tAu—>q
S5.vos

6. START > VATAS

88

GOAL
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TRACE OF EXECUTION :

WORKING MEMORY

ITERATION# CONFLICT SET RULE FIRED
0 GOAL 1 1
1 GOAL,p,q 1234 2
2 GOALpqrs 1,2,3.4,5 3
3 GOAL,p.q.r,s,w 1,2,34,5 4
4 GOAL,p,q.r,5,w,t,u 1,2,3.4,5 5
5 GOAL,p,q,r.5,w,t,Lv 1,2,3,45.6 6
6 GOAL.p,q.r,s,w.t,uv,
START 1,2,3.4,56 HALT
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