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1, Tt\~r,"""Y'I~r'1'.
J.I.'/ A;4'\~ ~~~.

~ c 'n !~~ Keytolortls are in Cap:i. tal letters

The GR~.B{ IItRA,Vm1ER ~ogram pro'Yides a .frame'.;orlt ~?o.i.' the he\u."ist1c 8;t'aith
of seareh trees.." It is aJ:JP1;1ocable to any prob~!.em j.,n wh::,~h i to is possible to
reach a. required prob:lem etate by a. 1"ln.'tte l'lUmber of a:.)plications of any o:f'
a f?et (if: ~T~ (wh1.~h 1mplici "~Y" sp:;;ci-ry the GRA.Bl of the pt'obl.e:m)..., Ea/:h
or-ez-atcn' given to the GraI.i1 T;taverser "W, be a~c:ab:~ to SOllle ot the.s'~e.tes
.i,n the IAroblem g;rS,pl1 anI:1 U1 such e"..&ses 'fill prot1\.~e t\ nei'1 states othe1'\i:l!.Se a
sta.f\.J1a.r'iL fai2 sta'ce w:UJ. be the~ result", A sol1t.lc.ion to a ~ob.1em "Jill involve
;f"lnt1-J.ng So 8e'quence of o~atm's "'hich ".J.11 transfornt one p);'oblem state to
3.l1other req~l S"tate..., This j~s d:Jrec.tecl by an E\fAWA'l':rrn FUNCfJ.1Ia'i ,.,hich will
assign 'I:'C) earCn ste.'te a. lnmerieal vahte p ,,;lu~~h is an e~'t.1II1B, te of its diste,r'!::;e
i'l'"c;m a GCA.L s~te" n'lt(1k1. an eval:uatet1 s.w.te ,nil be e.dt1ed to the FAnTrAL
S~!{ ~~ 'to~ther tdt..'11 inforrlWot:!.on about the Ol:eJ:'at~ used 't.o generate the
state am1- the lJARE.if:i! of the state as a IIiODE of the (!}:a~a

At tlle betZirmng oX a sea-'"'Ch onr,y 'the 1n1tie.l state $,s e;..1;)lic;'j~t1y ImCtIn
to the lJi'~'a,m ant1 is car.a.b1e of being evsJ.ua.te1l ancL DEVELOPED" DeveJl..oP1Lent
pr(~eec1s by a~tu1S in ~cess1on awop,":iAte ol1era.tors unt11 a sta."..e is
p..(X1UiCed that 1.s estj.m3.tal tf) be elose.\* to a eml statef) ~ un"I;.i.JL tb.s \oalue
asaigneil or:ii.~.na.11y to a stl3.'te is erOt1~tl sufticient.Jl:J by LOOAL S!-1CIJrHDTG (a
cans.tant re--e'V"<JJ.ua.ting of a p"tates "worth'! in tIle ].i&l1t of the operators
al1!li.ied to it a.nd theh' rcS'luts) 'to lmke another n<X!.e on t11e 1=£1.1't:1a.l search
t:..ee lOti, more 1Tl'~ising 1'0l'" deveJ.ol1\1f';u"li" A node is J.a'be~il PARTJ:ALLY DEVEJ..QPED
if some bu't ncyt, aU ol=el"ators have been app:tied to 1..iio lrlhenevel. a. net~ state 1s
f(mJvl it, is eva!~tec1 and. Mc.~ed -"0 t.."le t'a1~~ searcl! "tree e.ntl will be a
I\SEIOOJ:.liRl1f(~ N{~ of' t.~e nale (its !.tIJ;'e11t) 1'l"cm wb;!ch by appUrr:..:aUon of S.n
o~atiW «(in A1'tC oX tlte cgoaI:il) it 1-JaS pt"oduced" A"t; eBicl1 stage a cher:lt ~.s ~
1;.0 avoid aOOing to the ~rt1al se~h tree any node wJtJJose s'tate .1.8 aL"t'eatly
p.reSGnt :.i.n 'ti7..e "l.-1"eec-' krter alJL aPl;:t'o);&""ie.te oIZe","atdrs have been appl-1ed to a
n~ it is ,1Ja;bre1al l'ifr;J.LY. DEVELOPED}) anrl \11.1..1 then not be chosen ~in for th.e
appJ.il!:ia~.~ of any o~m'tar\, '):he Graph T"l"averser "11:J!J.. a..brays cleve],op t1Je
lOt1es~ 'lfL'lJ.uoo. n~ (~loser to gcal) an the ~E).l't.1.a.l 8ea.1-ch tree at ea.~h stage£!
~t71~ Rn.,V ~1; are fu~ t1evelo:pet1c'

The seaI'~h prOfZe.'3<i1S 1temtive.'J.y oUt this ~~'l" un-til eith~r a gcal is
locatad or .t~ Ftial sear~h tree ~~es a sIe'cS!.:tiec1 size~ In t1t'e :J1a'tter
r:.ase a. rBrt:J.~ 8o1nti~"1 ~-th is re~ed from the j),arest \ra.1uetl develo:t:ab1.e
node to +.m r{(Jt71' of the "b"ee.:, TJ.wn S"ta.rtf;.21g at the I'cot a IC'AkuJ1s.tGc1 number
(basec.l on a ~ter and ~ depth n.f tha best nor:1e in the t.'v:'ce) of nodes on
this 1:Ja.th 8).'e oodecl to t1l1e sohtt!c.:n path bei.ng eonstn~ted!J and tl'.at t:a.~'t of
tM ~a.l ~h tree is e:L'aset1$ preServ111g CI1..~ t.11e ~1; wlrl~h is (1,e~nt'lant.
on t.11.e 1\astt norle to be at1c1ed to -the ~t&1:(, If it. so 11AP~S tm"t the most
~CI11isi11g ncJile is no"t very deep U'l t~ sea%\eh tree then tlte t:t'ee is CUR~IIED
(~ .-leaet. p:-cm,sil'I.g na1es on the tree "Ii:hkh have not l1e.d e.ny o~ators applied
'to ~m are el'aflsd)(, ~~er s~h ffiWl1lG the galith of tJ).e se8-\"~h ~ is
~eGtm1eI:lo P!"lu11ng thc:ref()1'e makes it :9QssibIe for tre ~h. to con",inue
ml~i'1n:ite).y"., In 1X'aC~,~e!J a liESIGlItA'fflml CRlTERlaf is specified and when i'to is
!\let 1iI1fle s&~h is aba.nt:lonet1.n Ha.;eve:-:t' if' a gco.l D-ta~ 10 lc:o:ateds: a 1'&tJ1 ~ross

tl-rr.e graph bett-leen the ini~ state anr.l the gcal state has b,een found and -t)tr.e
na1es m this !Both are left at,; eo result of the Tra.v~sep

~o2 Tra"Jerser Package
~~~

T"ne 'lW~~ Fa'C~ l:I-.ovides a wfl.c:1e ~ of fe:ci,Ltt1.es for ~a1tlufJt1ng
he\L't"'J..stiea1].y eont.t'o11ed Sea::';chen over a IJt"oblem ~I!1 in '8.nY males" These
~ihtj.es are ~e.nf1e:d by the 'l"RAVERSER ~m\ Pae~e" Tr~1e teJo.~nol~ of this
da:'.urI1ent. ant1 '!~ite l'taIneS ot the P\~~ f~Uons have been chosen too be in line
with other G'xal'h Tra.'!lerser ]J.tera~ (~~~ '[.ntemg~e ~ries of v~s)o
}3~t1on ~ () t is based on a i1-e~ript1on Of m4 \M:!\,elUe and Ross }.tt 5) ('
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2~ ~TA S'J.Imm~~ , ". .., ,.

201 M...~~

A N<x1e at the Gralil is heM as a PQP..-2 re~orc1 of , components with
s~:Lf1caU<m [0 0 0 12 12J" Datavord :is ttmzNOI£IC"

:~

stateo'f ':che representa~on of the ~oblem state(si1n1l1e ar Call,plex)o
}lJ.rentof The p1.rent ncxlef) e1t.her another nooe C!1: "under if the

nCX1e is at the root of a prtSa.l s~h t1"ee.,
va.h1ea! 'the value of the ste.te as given by the evahtat1a1 ~t.i.an

a.tX1 poss:i.b.\Y m.Ct11fiec1 by L~ ~moothing"
u~ The nunlber (an 1nteger >01 am ~<!I1U.mERop..,1) at' the last

o~rator appl1et1 to this nale ':"1:.
o~l 'l"'he ~.ber of .I;he oIeratOJ.- which ''-'as arl.P1:1el'l to the t:arent

t.o r~h .this state"
consnlXle and destnode a.re the Ca16tnrotor am. Qes-t."C'U!:'.tar for nooes",

e)

a)

e)t)

2...,2 ~~~

'.L'he search Tree represents the s~tion of tl1e ~ob1e;m grax:i1 be:s.ng dealt
with by t11e ~~m. antl is he],(l as 3 1:'a.\'ts:..

~ li2I.r"t of tr"e ~e Btin develoz:e,ble is an m'dered collection. of nodes
hek1 as a 1J.st[J the current best nocle is at the hea.t1 of' the Ust (termed TREE)D

The nOt1es of the tree '.lbieh have been fuUy developed are ~1il 1ri no
~icu1&" orclexo as a list (terEd DFAm1JiEE)o

The nQt!;e~ "1~ mve been chosen durinG In'un.i.ng to be on the ~th to the
g~l ~..re held as e. .1:tst'tdth the initia.:JL nOlle of tm eea.I"r~"" at its head
(terme.d am)..,

3,t:' !9!-m~~~~~~g!

The P-'Ckae'e ~n be com.~1ed by ~~ Q1 the conso1e~~

CXi.fi:f.[IE( ~~{ (TI.?,A VERSER] ) ) ;

T'l!e manne;r in which the ~ge ~an 'then be used :1s iJ1rlieaterl in the
tol1.mling secUons."

3" 1 O~atat"s~.-,

fJ.1h.e e1eme:11ts of 821 OPfj:rat~ set DUSt be ~ctions which I'Ap ~om one
~ob~ state to another,,\ If an °l7a..atar fe.11s to lIrod~e a l'le't-l' state vhen
a~oo i't. shou.]i1. 1-et1.u"n OI\uttlet~ as e. resulii (the sta!ll"l~. fan state)" 'lI'ne
oIJ!rat,f1rS ap'g1:P.t'.s.bJ.e °GO a pooblEm are hB.nded over to t:IP.e Traverser in an
anay v.La. the i<Jen'ti:f'1er O1"'I.Ib"T '" NOOmOP II11st be set to the total n\DnbeJ"
of o~tm-s in the arrayo

To give a simple examplep it state3 aft :I1.ntesers>;() anrl the operatcaos
az'e to add one to the state at"' minus CX1e ~an Go state tb.1.s ea1.1ld be set up
t1ms:-

nerlla3:'raY( [1 2]b~t1a x; \1me'Z end) c;o> OPLIS'r',; 2 ...> l'nItmEROPi
1.8.J11b.t1a, xi x+1 em a> OPLiCsrl( 1 ) .;
lambtla :.:; if 3G>O then )(-1 else \mt1et ~J,ose enrl ~> OPIJ:ST{2);

The s.i:a of the operatm- set D1a7 be large (~) but :l.t is ~stet1
that most ~~ use1\1l o~tm-s are t~ the ber;1nn1ng of the array.."\
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3",2 apr,:ra'tor S<:lection

~ t:JJne an o~atl:1J.'" is to be &pp1:1.ecd to eo na1e st.ate (eac'-h 1te'l'ation of'
the fl~t.i.CI1 DI:.'VEtPP) tile ncx1e being (1eveloIetl- is harl"'...oo. over to the ~tion
~rrOP which is e~tet1 to retum as it.s result the 1mex mmlber of the
neX't o~t('1r to be appltetl to the stateof' ~ ncde(1 Int1ex 1'nm1bers :t'8.Da'ft !ran
t to MtDiImOP Q ~ ,. s tints the o~tuni t'¥ of redefin1ng f~ ti~ SEUi.'CTOP
so tl1a.t the otat.e of tb.e nOt1e can be c~r.itetl azul the ~x number 1r~rejilented
over O~t()1'8 wltJ,cb flaY not be usefUl tm- that s~.tef) or at taking into.
~O\n1t g'!nba.-\ "lariab1es on the siate of" the ~'t,., The reeult of' SEI&"1'OP
can at maxl1mna be t~OP bu"1# even if' the fumt1~ decic1es no o~tors are
al1£\11ca.bJ-.e to a state,? substBl1t:IaJ. sa~ cou.1d still ~rCur tI1.th ~ge
oI:era"tar sets.., If 'the 01leJ'at<r nth ;lt1i1eX number !n1-mERaP is app1.'ted to a
nooetJ the na!.e 19 ma.rltecl fu1.1y clevelopetl ~\ will not be chosen to DEVEU1P
aga:l:.nC"! 'rhus no nGtle With USA.(E'>NtJ}ofBEROP rill be }1:e.nt1.ed a\rcr too SE~TOP\} If
'thE: ow-atar whose :i.me.t: ntmber is 3i.'Ven by SEIiX;rroP \lh~ a.p~'led to the nOtle
~1ls to give a 11'-~ s~te.!l DEVEWP 'Win be re~1teratetl,,~ m'r:l so on unUJ. e1t.\1,er
the nOlle becomes f~U~ develo,1;Jl!d or FodUlt!es eo new sta.tet:l

sEI.ECfl1{JP 'bY' ~e:ta.ult 1.8 set t.o the USA~ se1e~tor ~"Q,on of tJ1e nc.x1e~
IJ.1lms at, e'acl\ ileveloImlent the l1ext. O~~ in OPIJ:ST nat already applied "'0
thS.t nooe is ~ \m~l USAGE(nOt1e)~OP~., If SEIEC'l'OP is altered bY' "IA\1e
user he .Y' ~set :Lot by ~u.t1ng:.", USAGE ,,:;:.. SEmcIroP,; Note that when a
oow n<Xle is at1det:1 'to 'the tree its usage is set to 1 B thus the def8\\lt. setting
to%" ~;F~ win app~ a.1l o~tors tQ a state j.t it is c&:Ued relleated.~I."

3,,3 state fJeIecUon,

Fo'l' ~poses of ccm~1son ,and ~e1':!!,ng of sta.t~s w1"'lJh1n the ~verser
the: user n1U.S"t supply -t£-ro ~'~alS('

());e is utJed to test tar eqta11ty beu.zeen states" b identifier ~TATES
1s used -to 1BSs W,S, i\~t,ion to the Traverser" So for we mteger s~tes

NrntOP a => EQS'J)\~; v~r1 be suf'l'ic1ent" ~~rms is usOO by NOI'ADD to
see if ~ state IZ"OtlUICeIt1. by a 8!fRA~E ehouJ1.d be aMed to the tree." lITO'rADD
~y be alterecl by the user if s~~l c~--ck.s on a state are requirerl Cfr it 1~t
:P.s knatm ti!at £'Ay&1 aU states poc:x1ucel:1 rill be \mtque and .1e~ (see Re<- 5,)1...,8),

~ Be'.cont1. is eo i~t1on too es't:l.me.te whether one state is ~better" t.ri8n
anothel.!} it, a.1so _cXlies t1J:Ie g~l ~~Hr" Tb.'i,s tlu\!;?;tion 16 hanrled ave;t'
"to .law ~nver6er via the irlen"~f'ier I!.VAWA'l"E,., This evaluation ~t1.al must
("to s~ti'y ..see belaf) take as arpxents tMo sta.te rep-es@"',;;3.t1ons anrl
~cx1ut'.e a m.u~ as e. ~sultc' If tm f'!.rst ~g\mle!lt is eq\li. valent ~o tite
seconrl the result nhouJkrl be 0.9 otOOM.se Go '~ve nt\i4eri~aJ!. t"eswLt shw1,d be
~oduteil 'lllhicll gives a m-.mae at t.he closeness of the wo ~terf):" LaAer
values shO\1.1d be aGs~iat.ec1 ,,1.1.:,h states which ~e l!21oser"

SUppose we wish t,o use ~ GraIJh Tra~ser to take an .i.n~a() Con!l
tl"anstal'm it to another mteger using t~.e o~.ra..tcrs 1n ~t:i.C21 3,,1(, It
".,ou.1d be SUf'l').cient for the eva1ua.ticn f\u1!'.t1C1l to ~ov1de t1-. d1tte~e
between 'bro integers tJ1Un:'"

~ s~.te~ s~tJS...2; abs(state1...state2) e11\t1 ~> EVAUJA~;
fat- t'\1rther c1eta:Us <:tt ~t1a'1 1\mt't11.ons see ~t1a'1 4.~

N"B" G1 el1try'tf) the GraIh 'lTre.verser Via t.be entry ~t1on 'l'RAVERSEc ~
acttal evaluation f\umUon usoo in the ~ is one p-oduced by p.rt1a.lly
app.\v1~ tJ1e 1\Jmt1on EVAmAm to the g~- p.raJ'i1e'~ ha.ndOO over to 'm~ VERSE~
IoeC'f) EVAtU/l.'l'E(~I$) "'> EVALJ In 'l1RAVERSE the GG6..L IBZ'aI2:ter 1s not. use'd
tc.- ~JJg else!) it is thus ~~B1bJs to 1m.va no def1n'lte g~J!. m1d treat
't.!'-1e 2nd ~~ as e. ~ {«' E!.nyt.b:1l1S else).\1 1n swb So case tJ1e evaJ.ua t1on
~tia1 c.'6n 00 tbala'ht of' as e. e:os't fumt1on p-odUC~ a. n~aal va.lue of'
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the n~o.'It" of the state rather ~ the poa!!ise 01' the state :1n caD.IBt'ieon
With another 'to which i't is h~ the first can he transf'~/J UQlever it
a b:l...dU'e(:tioral fJea1'Ch 18 being ean-1et1 aut (see sect1m 3.~6) the evaluatiCX1
~'ti.CX1 u8etl1s the two ~ter EVAUI\.'JE fumtion in order 'to re~~t
the ~ to the "e].()ses'ttt states on O'PPO8'1te trees"

30' S-.I'Ch ltaramoteJ'a

If tJ18 ~'t1Q18 ca.'U-'!!11 tor above are tnsertel tile Ora.\il Traverser C8aJ.
be appl1a't to .p.-oblem UB1ns the entry ~t1~s (see seet1ma 3"15 8!1d 3.,6),p
but 'theI"8 are 'VariOl1s J:8,rameters whS,eh .y first be altered to eontrol the
mtt1e at u~ P!r'tc:aomet1:o All these 1JI.r8meters have defa1.tlt sett1Dga as
1Dl1ca~ be~ in braekets:- 'fhese ~ter sett:lMS verc ehooen tor e...pzzzle
so1ut-1CD1S which re-gresent a mdl~te1\Y CanpleY. lX'oblell1 solving S1tuat1CX1.,

3c4c 1 FUUAV (false) T1IS sVi'tcl1 fal' full tlevelOI=Drent CI:' p,rtial develo~nt.~
If the swi t.t!h is set false ae\1elo'ltllent of a ncx1e prooeet1s by
apply:P.J1g operators to tm state of a ndle until So "valid's tJJ!W
state (not a re~ated stat.e or undet) is p"ot1uced~ '1'}d.s is ~d~l
to the tree azI'1 the JB1'ren't nctle ~~ to see .it any' further
ox:erat.ors ~ be applied to .1."tIJ before -chooSins a. 'ne'/ nale f(2"
de'Yelo1lllSn't (in this ~ toea! smootb1rtg is a~b1o)1'
If the Wi. ~h is set true t1evelopttent pt'ooeeds by a~1rIS aU
o~t<rs vbich have index numbers greater t1an the ve..1Ue
~~et1 by the Ol:eratm- se1e!.:.Ua'l ~tiC81 (S~'roP) to the
notle statea1' ,9 B(1fl'1ng aU OSva.l1d" new eta tea to the tree 9 am1
then 11:oark1J)g the ncx1.e as tul.1y dew lOIed (in th:t s mroe ~
~1ng 18 not &ppl1.eable)1'

304:.,2 ~~s (6:» 'i1b1s is the number of setContls to 'he spent m'1 a ~h
before giving up if a g~l1es not been tQ1ntl~ tis s~1t1es
tl'E default reS1S1J.t1an ~r1ter1CS1 tar the search as gtwn b)'
the LDU'l' ~t1cm (Bee ~ti<X1 5~1Q1)", It the 'l'raverser doe.
wse up this time ~~C!f8 18 ~n'tet1 (see ~ti~ 3..5 awl 3"6),,

3,,4->3 ~~ (25) l.v.X'l~lJ l'at\XmtmEp MAXCtm'M.IL and CUR!'mRT t~etber
(rj.U1trol the ~ng of the sea.rt'.h tree" ~ is the
~ number at notles to be ~:~1!1~ to the ~.al eear.eb
tree be.tm-e an attempt to xa-une is mat1~.'\ It YAX'rREE is made
mItt1cient~ ]arge no ~ng 'WiU oo(!.ur~

30'1'4 MAXmtIm (6) 'l'bis pl.\"ameter is used dUr'1ng P'U111r1G to ~.1.de ~
oopth to which prun:1Dg of the tree Bha11d be taken,., T}1e
mmrber of' ncXlea a.lat8 the 1:8. th to the ~~t best ncx1e & to
be ~1 oft is (].eterminec1 by rJalcu1ating:...

:l.ntot~~~~-,-~ ~~li~~--:~~=- J~~~~!!)
( ~ )

thus MAxmtJI'iE win be de,1:8mA.!1t CKl the reJat1~ bei2l1een the
~ of de~eJK1ants 11ke~ to be p:<X1uced tmo eBlCb no1e
chosen tca- deve.1o:Pllent au1 thus C21 the ~ of saI"Ch ,.. tial
C4" ~ t1evelo~'t)" So it NAX'mEEa10 aU1tax HImE-5 tften
the t1"ee belor would be P"UIBl ttIl1B (9 is curl'ent best ncx1e)

nuI1ber at nOOes POW8d ott-mtot~-e

'. lath to ~t beat Dale

-QfG >
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3()~Q; l'J.AXCURTJ\IL (2) If 't.he f:t81U"e cal$:\1J.a.tet1 aD nbove to give tl'\e number
ot nccles on tlw tath to the CU1"ren'" bent node to bc ~".ned
frC.1tl the t~e is m1'.e.ll or ~ero~ tC't-l 01,- no n'cttes wIll be

I '. relilOVet'. frorl1 the trea dur:iJ1S n~l pruninf!l' In such a ~se

it WAy be des:lra.ble tc) get l'1d of nooes of l1.'i.gh value j.n the
tree (not very ~airl.sing nodes),~ T11:L~ is dale by the Ctm'2A:I:L
funa"t1on,.. The nUmber cak\\Jated fraa. MAXmUNE is eanbB-t'cd

.with NAXCtmrAIL D.nd it it is le~s than or eq~ to K(\,XCURTAXL
the function CURTAIL iB enteret1.,

3tJ4~6 CUR'lfl3AJ'fl1 (0 4) '!this is the FOport:l~ of the bottcm. of the ')]'tEE lis"t
whj.ch 10 checltcti fOX" ~urtaiJ.1.ngCl If eo na:1e has USAGE=1 (ioe"",
has 11£1t;1 no operators applied to ,. t.) Mt't is 111 the laTer
CURTaR'.\.1 of the '9J..': it. is romoved frcm the rmPE by CURIn\IL..

3,,4~"( 

W (O~ 1) 'lhis is the controJ. ~.rameter :t'or the Local smoothing
6C~mec If this is set 'to 0 thel-e is no l~l smootb1ng effect"
IocaJ. GII1Oot1\'f.nG 01~ BP1llies in p.rt,ial t1evelo~t mcx.1ec' It
is e. ~~ess Whereby the '\-alue of a nooe can be changed in
the 1:ight of tho eva.1na,",et1 values of the nor1e3 generated frcm
it.~ ~U8 ~m:tng ncdes given: e, low va.h1e by tJ1.e evaJUDotion
function and then found 'to be ea1siatant~ 1U"'<X1w.~~ n~es of
an.1::I high va.h1e to be 'PU"t aside 1n favour ot othe'l's or a.llOt11.ng
high va.1.ued ncx1aD to be UI;sraded .in a s1w.Jar ,laY c It ~
smoothing operates,t ~h t1Jne a node is generated fraa e. ~nt
n<'A.e the VAWRCJli' the ~ren'\; nooe is altered as foUOtfS:~

lftaent VAUEDF n~'t:yAWEOF generated n«Xle

30408 ~IECTOP (USfJ.ge) Bee section 3"2,,

3,,5 s~ Tree ~hes--"-"'-'~. '--

3l.5<11 ~verse

'l'he en'l'.t'y func'l:.1on 'J!RA~ t~es as ~ame.tcrs an imt1a.l state 'J..n o.ny
rcf«'esentat1()n, am1 a. gceJ. repreeentat-ton (in a form su1tab1e fa:." I:e.rt:l;.al
e.I>P1i~atim tp the f'unct1oo bVAW\'JE ..the USel" has the choi.cep as a g~ to
'J3:-tA.VJ.mE neetl not be a state re!4"esentation)t' 'l1RAVERSE lJrOOuees as a. result e.
l'lst ~onte.:tJ1ing .!1.n sequeree aU NmES on the ~ th beween ~ 1m ~ ate."Ge
and '::.he state eveJ.ua.",et1 with e. ~aJ.ue if thto 1s toum..;, .Alterna'tive results
(when Qt(}/sn-tEE (see ~ti.on 5..- 102) has not been assigned to M see sect.i.on 3o';~2)
QAw.~

a) In +,he event of the resipt1on criter:i.on (s~1f'.!.ed by the fumt1on
LDttT ..see s~tion ;~1,,7) beins reachetl betore a g~ is tOUtKl RESIGN
is printed and the ~suJ.t is a list of a.U na:1es an. the ~th bet1lYeen
the ini~al s'ta.te a1x1. the C\L\"rel1"G best state~

b)

It' an appU.ca.ble o~:ratat"s arc appl1ed to aU a'VaJj.ab].e sta.tee 1.11
the p.\-ti8.l peareh tree without ~<X1uei11g any new state UNSOLVE is
~.JItet1 ant1 the result of'mAVERSE is "ml~o '!'l11.a eou.k1. OOeu%' if tm
IJrooJem 1s \U'1sOlvable in the .1"Cp.'"csentat1a1 ~ven or tt pt'un1nS is
too eJttenstve~

To f:int1. ~~t1on about "16he sen.~h atter it is tem1.n:a.ted we coold
use the ~1znit1ve iloub1ets used to a..t;:(\:css eauponen",ts of the node (see section
2) and -the !rIAPL\'S'l' antL APPL'£S'l' faJCiUties of RJp..!}." For th'J.s c.ut1 BI'j!).AVERSE
(tho other entry ~t1on to the Gra~ Travcrser fae11:11..t.i.es) the date awl time
is ~\"::t.ntetl a-t. the beginning ant1 ent1 01' tlw SeDriCho
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3c5t,2 Traverse tdX.' e. Best state

A ~-tS.an to eMble se!I.-rehes tar a o#bestCO state 'to be rta{le is ava11able
an the Au:dJ:J.Ar:f Pa&"!kage obta.iJ'rable,p so 1006 as the Traverser Fackage has
8lrooA:1y been Cttl!1tt1et1i1 by Wp:tJ1g on the eonso1e:=

C[].fl7!LE (LIBRARY( [rmA vmtSFJ'i ~]» i

f.L1}1e TRA ~ entry .t\mction is used. fQ1.'" ~h e. seaol'Chp but GRaolTRFZ must
be set -to the BmTGRGl function ava.l'iable on the auxiliary p.c1tage,.. I1\'r1s can
be dale by tY11lns:~ ~Ci1 ..> (J'{GlTREE,;

'l'he ~'TGRGr functicm during o~t1on holds a. pointer to the best ntX'le
tQU"1C1 as evaluated by the eva.luation ft~t:ton (note this JrE.Y nat be the
t!Urrent best nale)!) but cmt'J.nues s~hing until a. node of no ~ost (cost=O)
:1.s tamd or until the ~signe.tim criterion is re81~hed~ Thls is thus a means
of' see~ns when no t1ef'.i.n1te ga1ll rII1.y be tOUl'tl or ~n the res1.e;natial
criteriml is ~ted 'to be !Baaed" (i1 s. RESXGll or UNSOLVE the 1J1.th g'i.ven
aa eo re$Ult of tl1..e 'ltt'averse wi1J. sMU give tJ1e route to the bes't nOOe
:tamd during e. ~ht." In this case I=fESIGN wiU 1nt1icate a n<nozllal temna.tiong
no wcn't1 ~tGt1 Win mlicate a zero valued state has been fOUlXl., P1'Uning ,i,s
not appl:tcabJ.e to Seal"Ches tor a "best" state!) azxl i"t should be nO'terl that1I'-'X'mEE 

m th1 s case i s n at UlJetl "

When using ]3Eb"TCH{G! in this rDanner PRUNE l.fAKERoor CURmIL BIII'RA ~
amiNcmE ant! UIGRCJl'l'REE 5Y be OoMel1ec'J.,~

3,,6 DmbJe-t%"1e searches

131 ~veree

This entry ~t:1al is: a~l!~bJ.e a1 the a'Wc11.iary ~age obtainable 11
~ovic1ei!. the 'l~versv l2.d~ has e.~ been eCD1Xi.lecll1 by t~ on tb.e
console: Q

C(J.iPXIE( LnmARY( ['mA VERSm ~'l'RA]»;

BITRA~SE eJ.1C1.fS eo ~st1c Se8.1'\Ch ~o pr~eed 1n t1Iro t11~t100s';I '!two
~t.iaJ. ~ trees are (#"O'fIno one vitb im,tial node the :tzr1~...al state
re~senta't1on!) ~ 'the ather '11th 1nitial ncx1e the goa.l 1"e1a'esentatim
",h1ch mat be U1 the fc:I.4JD. of anotJ.ter sta"Ge rep"esentat.ia'l tar b1...a.:!.~t1ca1al
tree see.reheB.:- The e~'~al ~t..'lon used IID.lst take as its farameters two
state re~senta.t1a1S &tJl gl.ve a meE:\~'e of the o8dis~e~' between t11ems 0
:tor equivalent S.~te8" It is ~d over vJ.e. 't'he identifier EVAWA'm", T'ba
search c a'1t.tnues by developi.J13 nocles a1 both trees f) using s.s 1 ts mtenal
e\laJ1.ue.t1an f'unc'tioo t1¥! EVAWATE function Viti1 the ~a1d rararaeter tI1e
tCbest~i state m the O!f~ite t.1'ee at each develoPltentg until a node 'W1tAh
TJre ~ state 1s plt Ql both tNes"

At ~ c1eveloPlent a .i~ is set to il'l:l'tcate wl'1:IIch 'b'Ge 1s being
mvelol'ed:- Thi.s is held 1n the gl<m.'1!. ~b.1e ~'lY!afc It DmEC'l'IW-'
the tOX'Wa.1ld ~ is be1J]8 t1evelo18du othertfise the rev"rse tree is being
develoxe-d and DmB:~(]fa() (\ AU user c1afj!.ned search fun~t1a1S ..y take
M~amt of ~Bl' 'l1bus 1f '1m- 11'18~e thare are (1.1.f'f~t 0181'&tCfX'8 tcso
tOO t~~ ~ t'owrse tl"ees (lUYl a furt,her caitP1'l~tion tb(J1'e ~ .1,
:f'~ ~tors ~ 2 reverse a1eS),o then we cwlc1 se't up OPL'tST as
foUQ18 using the mP~ ~111~ of tree.t1ng arrays a!1rl ~t1a1S .in a
s:nm.1!ar ~ (FOl=B holds the tcm'Ward oparatarsp ROm the %'eVe1("OO CX'1es)o

4 => NtJ.~OP,;
J.!\rIt)t1a i; :tt D~(J'l then FOPd(i)

else1t 1--<2 t17a'n ~(i)
else JaDIbda 1; um.ef' em ~ lose

em1 -> 0PLtt.1,i1,;



A~ndix A -rase 18t

sEIEC'roP (the o~tor selection function) can be s1m11~i~ t1.c:finedD as
tar the above ~fJe 1 t !r.&y be ,file to do SOo HQleVer it 1. t is \11shed aU uer
defined funct:Lcms may be as tor a norJ-.l TRAVEP.sE& not tak.'trJS into ~amt
the ~~(Jf of a s~" 8'l'IUADD before ~h entry to DEVEU3P 19 zeroed
so bt if this :l.s set ~ en't fran mvEI.OP a ne1't ncx1e has been added to
eo ~ and the CC1rreSpozl11116 tre= count can be ~ent&d (F~ cn-
ImSUlf.) ~ eo tes't tm- 8. ft~t m the OPP>s1te tree lSdeo

In :B1"mAvm':fJE ~ p.r~ devclopuent is ava21able (~ me or no
ncxles are aCded to the tree at each developrent)t- Also PrUning is not
aVD.-1.t~Je as a sta1x1ard feature ..bu't cOJ1d be imp1emented by th~ user
u8111s the BI<It~ .t\11'mt1m (ace section ~1..,2).:: Q1Ce ~i!! MAX'mm is nO't
usei! ~~ taltes as '£'a%'aDDters two s"tate rG~csel1'tatials azx:1 "Gries
to pocx1u:oe a .u.st or "the ncXI.es a1 the ~th bet\-1een the t'lro statasc Q1 RmSXGll
or UlmoLVE x-edUlt 18 "nil".., 0R1SED of the na:1es 'i-l:J.U not :fmicate the
di.f'lercncc bet\men t~iard am reverse o~atorsc

When usihS D~ ~ in this lna.m1er B VImSE GR~ mUNE MA1OOCDJ!
Ctm'mXt end ~Gf may be Casme1ledco

307 ~~~~i~__~~~ -~~~~

3"1,, 1 ~ob1em Redue't.i.on

ConB.ider the caGe where problem. states are aJ4ehre.ic equatla1S to ~
:i.1\te~tet1!! Complex equa.t.i.~ could be %'e(1u~ed to a. ca\lbiDation of s1J\iple%'
:lnte#atable eqUl).t:l.ons eo&,a"the 3J1Wgral at e. sum. :La °the sum at the
:I.t1teg.\'n1s" ,.ralld be a. useful rule to be able to use for this t.aslt~ An
ol:erator ~-1hen applied to a sui.tab~ state may/) far 8u~h e. problem" Dp11t
up the equatimt Bums anC1..~ to integrate each sub..equat1on seI:al'Q.t~"
'l'%'averser can be c~-.J.oo recurs:l.w1\1' to help solve th.'ls scnot. of In"obJ.em() The
aethoo is ~t11nelI. :tn s~on 3c 7 ~2o 'ltbare are many different '4D.yS mr.h
SUb..~ob1ema can be =-n1p.llated Within 'l"I'a"ierserc For iM"~e it would be
~B~b1e to mvo a "wp.1evel" ~verser appliea.t:l.on to break a. state into
its rd:mp1est sub-$tates by uslng eo set of reduction o~ratCJr'sJ) am then when
e. $i~~st sub..state is tc\ult1 it eOJJJ:1 be ot:era.ted on by Traverser in the
nornal ,faY us1i'IS anather ~ of operatca-sc (h- both tYkeB of' operators could
co-e~ct in ~ syStem" The BUb-~obJem soh1t1= methods uains recursive
a~11e I$y be u~tu.1. in f:i.na.1ng a~M~1a operators in SEIEC'roP and m a
whole 'VaJi.e°'ty cxr 8~ Dt"oblaM solving 8thcx1.s"

301 (\2 R~G1\'e can KetJlcx1

'l'o use 'l'raverser (mo E1T1'a~Ber) within an outer ~ ot 1tse'1:l[) it 18
nenesf2.ry to Cl"UJ.te ne:t-1 instAlnees of several variables Stobo.l to the seareh
to be 11tP.de.., but not a't 'the as.- ~~ level as any ather a.t:t.i,ve 'l'ra~ser
eaU (;f."et'p it raoaveroer :Ls to be ~A'-,1ed ~aa "lith1n an ~atC;L- or an Q1't,er
s-.reb$ t1:D var:lablas ah~ be tlee1a4'"ed l~ to the operatar)~ 'lIl"..e
~J8s 1Ih1t:h mmt be 1'et1ec1&\W11n this -.nner are of' 3 ~s:..

a) the variables used to hold 1%1f~t1Q'1 ne.ce~ to the s~h:fJ1I
~B1U" il1hese m18t be zoe--t1eeJaftd tar 1nner .~'~1~ or the alter-

~ .Se8.1".ch win be Ux-'t., These are t~
" .'atA~ .,. PA'nt S'l'mADD !VAL mIME
; .Jm'RA~ -fJl'IUADD WAL DI'l'.DBl' PUr..t.mI (it ftj,"I1~~ev.1 elsewhere),

b) the variables m'd.ch Ca1ta!n 'l.:Itca'lE.Ua\ tar the user t~ his use
t1urJJ18 or after a o-.r.ebc If any' at this 1nfcn-.t:lal is needeiI. 1'(4'
an au. ~h t!1e)" IlUat be rMee.1D.t'ed., ~se aloe -lor
~ ~ ..~ ~~ (Jt"mEE 0RRIi ~ Bm1'
~ VI.m8E .'rUE ~~ i(;"j'fu 1'{J)EAJJ~ ~'l-I(]J Q1TRiES (](

0PmiIJ&~
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c) 

the sear;ch ~ramater and gui~e varJ.ables~ If tllese are not
re~1ared the ~h 'Will USG the 1a.st global mstanee deeJaretl
at So var1ablec HC1rIever they tr.e.Y be re..-declarE:d am. reset 1£ other
'Vahtes are requ1red 1'cn" the s~h to be xra.c1.e.." Tmse are far
~ vms ...1I'UWEV IWaES 1.f.X'SE MAXmUNE ~URrAIL Ctm'l'&\m' W

SEr..m~OP 0PIZS'l' ~QP EVAWATE ~r.e tn.U'l' RamDD
~VD.Em ...~8 SBIm'l'CU' 0PUS'l' NtI-mmOP ~AWAm ~m w

LDa'l'HOJf.DD

~e tJ1ese rea-<lecJ.are.t1ms are Dade Traverser lraY' be ea.1l8d wi tJ1in the
OOO~ at the Va.t"J.ables" Inf'omaticn aba1! operators apPlied d\u-'J.11g sub..
~lem solu~Q'1S BY be extracted 81x1 held sl~ R or US1.ng the Prun'iDS
f8.cil1t1es at 'l'raverser atlded d1rec~ to tm PAm of the main outer searcho

4., EVA!l1A'l'XClf FUllCTI(1'(S~-:c---,_. .,-,,--

40 1 e..~r.1e Eva).JJa'tJ.on n'Mt1on

As an e':l:l'Uilple c0Z1D1da:r the e.,.~le for 't,hi~b a full application
~~ fOl. the Gra~ ~verser in var1wa modes is given later (see section
8),. A ~J.e has nine cells aU at vh.iJch ho:J1..d a bl~k ~ept ale 't-Ih1~h is
empty... 1J:l':e ceUs e.re n\1.rI1bererl 'thus -

a ~.ticulal" conf1gura.t:1oo is
l1Slrl as a. 9 eletient POf...2 st.T;Lp
~dth ~..e empty bloek:oO.:-

so
1m 1 wal1ld be rep-esent,4.tl bY' 0 147~63251.? The blocks of the ~z.1a

are re..e.1'ranget1 to form. a e~iij..ec1 cantigu.."'&tion..,

In on1er 'to ~CI'1S~t an eva.h1£'.tiCXl f'tmct.i.on tor sear~heB involving
the s..p~1e we Ii111st lodt fm- me~~ features ot a state rep-esente.tia1."
b'Ui!oh a. f'ea~ n:a.y be the number of' blCt:ks not; :!on t!teh" CJ~t ceU as
ftp-eBentet1. by a g~ state!) vh1~b ccuh1 be ~set but we \1111 a.U<7A' to be
$.ny other state (A 1. '" where i is the bloclc n\11l1her) '" ~ a chefclt must be ma.ce
for ~h blook at a. ~~guretian to see i.f tJ1e sar. blor'.k is in ~ same
eeJJ. of the g~ being cc.'m:t'Ared() ~ t11stan'Ce (in terms at shortest n1Dbm-
of a1:1des it no other b~s :1nter'lerec1.) a block is atmy from its "gca.t'o
ceU rI1a)" $.180 be 'impat"te.nt (Bot)", We .y- wish to ign~ ~ s~e (:1=0) tral!.
these f3a1S1t1e1'8.t:1onsl' Theret~ ve want to fi.m a. suitable c~1n8.U~ of
~Al ant1 (Bt tat' 1=1 to 8 to use as an e~Ua1 ~t.ta1() 'rhls 2m1Gt be
t1~ by trial am1 error m- us1ns eva1uaUan ft=t1on ~ter op:t;1rA1saUa1
DJ)'tJ1m'l.s with the GraIit ~verse'l' :1,tfelf (see t.Rchte anr1 Ross MI ,).. A use1\tl
,cariJ1ra't1on tfr the a..~.le is 5(, A1 -to 7 (~B.l ;} SO the eva.b.B't1~ fUDCtia1
cOt1l1:1 be CCX1s~ted :in ~ as toUafs:""

~ cm!tJ.8 ScaJ.; vera hew:-val 1 (1j.s b1or;k\'8.1;
9 ~ 1; o...>murval;

L: sub~rc(lp<o~g) ~> blockva.l; c~~t °ftnCt the blcok :in t1e 1 th cenl,
if blcek'Val t11en DIS'lANCE(1.~,~(b~f.'~» -> d'LsJ

cO!III1ent 'if blcclt/O tben find <11stanee ~ 'Where
blaek is ~ 'WI:Iere it shroId be Is

if (!is U18n murvat..,..,7*( dis'C3) => heurva.l close,;
close: 1-1 ~> 1; U 1 then goto L closej

heurval
em c..). EVArJ.tI\'S;

IJ:Ihe EV'SJua,tion FuncUon 10 ccrucial tor tJ1e su~t:ess of l1eur1stic searche8~
Tl'ris fwwt.i.cm sh~ ptck on any ISrtioular ~tures of the state re~esentw
at1m in mler to estiD!a.te the tlifference be't'-leen uo states or a sta.te anrl
a. gCXLl()
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'l1be auxiJ.i.ary ful~t:lonS, DI8TArroE and WHEREXSj ~.d the res'to of the
e...~le appJj.ca"j)im !:9oCkage are described in ssct:Lon 6c

4:~2 Sear{!he" 't.rJ..th a Pref~e for Short Paths~~ ~--c-,-~-~ -~~- As Pohl (lotI 5) ,the evaluat.i.m ~t1on my naG just p.xrely gl'Ve a. va.lue

tal" a lJ)r"ticular state but Day tBlte into aecount its depth in t1:e se~h
iiree" The at!arCh thus being gllided by a ccmlb1I>aUat of' the heurist..ic ~e as
given by an eve.luat10l1 f\mction say' .'If; ~ the depbl1 of the state generated
:r.n the tree, sy (1" 'D1en fca- 0< q <1the ~~h 18 guided by (1...q)d .t-- q*t
",here q is a va.r1e.ble ~ter"

A state eould be represented as saya a. IJa'lra ,mose front is the nozomal
state 'reFesenta.tJ.a1. e.m1 whose ~.k is 1 p.111S the integer in the baclt of
tl1e state 11", was generated frail (whel'oe the in:t t:t.E\.l st2.te of e. se~h iG e. p.:J.r
'Wl10se baclt i~ set "to 0),., Then Son EVAWA~ 'this could be easily' dea.lt -.lith
by letting the s~te bac:k rexn-eDcnt cl" ~ o~tors ot S~1 a. system would
have "(,0 prOt1ooe So ra:I.r::J 1ncreutenting the be..~k of a. s.ta.te ta.ir to produce the
nav state back"

4c3 ~~~~='!.~~:!

Ali 111ent:J.0l"iCf:! in s~t1on 4,,1 the e~tiQn functJ.on should pi.~k on
i'eat\U4f!s o:f' a sta'te t1aSt.riJ:1'~ion to est~t.e the t11sta.n~e a. state is tran
a gce..l.., 1-rne iCle.a at scctim 4:,2 is to add the depth of the seareh as anotl1er
feature fcu.- aw.lt'At1Q'1...~ (J)v1ousJy e. state deoorJ.pt.'lon (~ouJ.L1 be a Data.
structure retn"esan°4ing any feature thQ1ght 'to be re1.evant anrl ~y :in ;L'e.ct
just. conta.1n Do ntur:ber of such features a.nr1 not an e~t(.:it ~oblem sta.te,~
QI:era."'tioTs in tlr1s case would have to aP.P1y to the teat1]1'e dB~rJ.pt1ons
altertng them int,o 11.al descr1pticnsco ~h a. B°ta"te descrlpt"..ion is ea.tled an
11Drt'\~e,". Ij,1h;!.H reIresen-'t;t\t:.ta'l D!e.y forDl the be.sj~s of ~ob1em solving systems
'oth1ch ,~ Be11sibly choose o~rators Oo!:CO1't1::t.ng to the fea°'GUI'eD of a state
't.fh1ch they alter a.nr1 in tl1e lia11t of those ra-ob1em tea "~es not like the
corraspmtling 1'oo~ in a g~ ~his is the n'd1f1"erem~es" evaJJlB.tion basis
at GPo (E.mst a.?X1. l'~eweU 1969) ", It my 'be useful to reaJj..ze "'Ghat severaJ.
'larisblea whi'ch CCl1ta:!J1 intorrta"tia'l aba.lt a ~4t,:i.cu1ar s~te are global to
the EVADlA..m fu~t:ton when it 1s ~'4~ (see na'Ws 5('\2,,5 a.nt1. 5(:'206)('1

5...,~~
;" 1 -~~.i;;l- '-~ -~~~ ~!~

5" 1 rJ! 1 'mAVERSE £ state 1oeI1l'eEen~da19 gcal re!U"eSGnte.t.1a1. => ~th,;
'l'h:f.s f~t1m is an entry funr;t1~ it#' a ~ BaJJ. dixoerJted
heurist1~ ~ as ~.a1ned ~V:i.ousl)" in sect1cn1 3c5"

5".1.,2 (]RGITRIm ~ ~.,deBdtree 9 C1eadtree[!tree! -..
tl1}e tree haM in ~9 DFAm3m m1 gJ.~:! m.rm is gx-am us'1.J1g EVAL
as 1'\;s s1n&'le ~ter di.~e from. gcal estinatc:op \mde1' the
ca1Stra1nt8 of the ~ ~terSl' Q1 ~'t slobrJ.l am is 1et't
al'tera1 antltla t1fo ~su1ts hold tJ1e rest at the gram ~"

5c) '~3 ~ £ n<xieb tree ~ tl"eeJ
Inserts a ncD into the CZ'de1oed coUectia1 of' nOOes on the tree
a.ne~ to ita VA~c m~ 1s not e.lteX'ed by ~o

5".104 HADBmim ~ sta.tep 'Q'IGe t:r> tl'Uth vaJ.ue;
Prcx1.uces ~ it t1w state is a. re~t at the ~'m(1t' any' nO{J.e a1
the tree" othe%'tIf1se pocx1~es fa1se(\
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~,,1,--5 V~OOx £ rootllO!:1eGt:ree..?t1.ead"~ree ~ deadtree/)tree;
}.'Illkes l"oamooe the 1'1~ root of the tree rep1,"esented by tree and
deatlt.reep II:akiDg ~(Ji'(rootnCtl.e)='~um.eftt arJ:1 <).elating all ncdee
in the tree which cannot be retraced to the ne17 root.,

5(,1,,6 Ctm'mIt £ tree => tree;
Removes an na1es in the la-rer CUR'r~ of the list TREE with USAGE-1"

~" 1 co 7 ~~ ~ () => truthvalua;
Returns mte if the reoignaUm crt ter:1a1 fm- search is reachet1."

51' '<:8 HarADD f. stat~ :> trothva.1l1e;
Returns t'nte if state shou1d not be added to the tree as e. new ncx3e"-

5(11,,9 The Ftm.ctions at the TDiEmCK library t:8ckage:-
rA~ £. () ;:> Dtrip; SJ:}JSmCE (. integer => integtrr;

J)\~""m,1E produces 8. strip \Ii th the date and ~"
~SD~CE proouces 'the number of sec~s since an int,egel'

rel':reoonta.tim at' the time inlt1Al1sed by SPx:SINCE(O)

5~2 U~~_~b~~e~

the integer rept' of the ~ an entl'Y function was entereft5"2,, 1 nrl'I1~

;c2c2 TffiEJiIFAm'REE a1'J:1 ~m hold the c~s~g p\rts (see sect.ton 2,,2)
of'the sea.rch tree a1 erlt fr~ Traverser"

5Q2,-,3 Ol~ im.tie.liz.et1 on entry to Tra.veroe it hoJde the number of NODES
gcneratOO during 't;he ee~"

5c2:-4 I~ holds the res~t (a state or undef) ot tle last ot:erator 8.pp1.'1etl
in a DEVEUJP., ()1 ex! t 1';r'cm an en-try function this holds the last
state generated during a. searc.h (it 'Win be the j~tion ste.te of
the '1.,";10 trees in a. m'mAVEttSE)"

5...2,,; ~~ Us g'lobQ.l varlablc which holds a palnter to tlle node whose STATEcn."
'~as used -to apply oP!I'2.tors to in the last ,ca1.l at DEVELOP"

502",6 0Ii«N ho1il.s the im1ex mmlb-er ot the last o~ratcr app1jed to e. state"

5~2,~ 7 S~W\DD holds the nu11i)er at nodes whi't:h can st-i.ll be 'J1,I"Jded 'to t&\1e
t:art.tal B~h tree bef<n'e ~n:tng 1s a'ttempl;ed~ ~~~UADD

is the mmtJer of' ncdes CS1 a p.r~ sea.r~h tre;e,~

~",2,,8 ather gld>&1 variables cmStl(])E ~mOOE ST1~rmcm' B\RENTCIt' VJ"WEQF t&GE
Gm:3ED U !.~ EVAL ~~S mpIJ;A'l$ EVALUA'IE OPI.IS'l' DEVELOP mtmE
1\Ju.mtm~ !£GIVE llAXmtnm II'tJW)EV FDmPA'Bl SEIECrroP CURTR'R'l'

6.., $~ ~

6~ ~ ~t1ons ava.:Uable to user

6.." 11:' '& BrlW\.VIft>E ~ state rept-esentatimtfj state re~l3entat.icn => p,th;
'l'lus fun~'t1an is M entry funct.1.on far a bl~t1a1eJ. heuristiiC
~r.h as exp1a1~ previous1..Y in se;etion 3c6t1
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6c 1,,2 BIGR(1.Pl1}~ f. .tl'"Co;cl.eadtrc°S'l.'l:.re~[:rt1ca!!.tree =>
rdead tree p~ee ,9 d~adtree u tree;

'l1ln» f\U'1ction. gravs the 1,'\10 trees" reprcscnted by "Ghe I:arametora~
tw:f.116 lNAWA'lFo as an O"t"Bl'uation func.i;1al to tllCasure tl1e distance
betwecn the two trees~

6.., 1Q3 m~'TGR(}l £ tree...dc:adtree w)o deac1tree"treei
'l'bis f\1n(!t1on grOW's 'i"J1L! tree, re1%'csented by the k'araD:.e.ters, aM
holds a. PC'lnter to the beDt state produced" The best ncde pointer
:l.s added to the head at the tree 1:Lst cn exit frcm J£STOOGI in ~
cnsest) ~Grtal Itay bo aooiQT1ed to GRGI'l1REE for a TM VERSE sea.rchn

6~ 1.-:4 Pif£RNr.D)E e. state"", trcc => nale,;
tii1tls the ncda ,"ith the state ~'iven by its ~).~tel. in the tree..such a nooe DD13t exis-l-,t> "

n~1E ~S Imr tU'1t1 OFIM-i are as tar Traverserc

6,,2,,-1 FUtTREE holds the m.uT1bel. of nooes C11 the fCl~:a.rd grC"d~ tree
du.ring So BI~ VERSE,~

6~2..,2 R(JIirj.:!REE is t.he re"l~se "cjl"e.e equi w.lent ('1f Far.sEc

602,,3 D~WI(J{ holds 1 if the t1eveJ~o!1i1(;;nt; of eo BITRA ~SB is on the
f(lt'1;.1a.rd tree Ol" 0 tC1!" e. develo'Enlent on the reverse tree,",

6~2c~ CK is rJet "to .ttrue'~ after a bi t.t'B.verse it the cee.r.ch telm.na.tetl
na'l112.Uy,9 o't;hc1.v!se m :Ls sot .rfa1sQ",~

6t'2",; RT1mE m~d PJ)FA]Jl'IiEE holds SJ.oba."U\Y th~ tree: gra-sn :1.11 the reverse
dircction dUl4:tn(t; a. BI'm.II.~" ~ anr.l DFADTREE hold tl1e
cc)r'respont1i1'1g fort-za.r(l (9."0t-In tree p.1:tSc

NoD., r,I!1e Traverser mm"D. l::act~ cccupteo O,.,5K w~ds \ihen ccml'lJetl on ICL 1900~-
7 \~ ~~-q~

AlJ APmal.CH '1'0 AtJIlTCNA'l'IC mcam.t~.SOLVDiG
Dt1\\N HI 1

gl"a!It t1"a ver ecr descrl ption ~
~J1{;

eva1na.tion t"Ul"..et"J.a:l op'Qmsat1Ct'1.p
o~~ se.1ec.l;1cn mathods/l
local smoohhins" GT4

~DIEN'J.1S WI'IH 'mE AJ:IAPJ!IVE GRAm
'l'FAVERSER

J.ttCHIE ant! BOOS lot[ 5

h~urlot!c search aJ.s01~"~.9
sh~teRt lBth se8.\~S

FmST 11ESUI!L'S aT TIiE EFFECarB Qll ERRai m
1m1mIm':£CSEARCH

I{HL M:t~

doublc ~t1oee Ga~s m.,.,nIRECll1):(1IU\L ~
RJIL ra6

problem l-et1uction Fo'bJ.em solver OPS : A CASE S'l\JDY Dr GEi'lERAurn AND
m£m&l SOLVDtG

~~ and mlEu. ~C mESS 1969

l~U1"lst$.c and fun ee.a,r;-ch methods.o
problem ~UM[J state G~e

1:1RtmtmwJ. SOLVING !.fIiJlRtms IN AR'l'IFICIAL
n~rJ::CGENCE

~JIISSQN MI...~RAW,-"m1.J.. 1971
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8~ 8..RrI/liIB ErI{AMP!E APPL'tCA.'lIml l'-.CKAGE AND RUN~~.~-~-c-- Ilc-"'~__-

For Qata1.lB of the 8-PlZzle state relZ'eSe1'1tat1on ~ the ~7a.y tl1e
evaluatiat tunctim vcrks, see section 4.') 1 c The Grs.1i1 ~verser win be used
to ~ a BeqUenc!e of moves 'toth:i.ch viU transf~ one e..~le cODf1gura't1<Z1
to anothme C'

CCJlPLIE( Lmt~Y( Em VERSER] ) ) 1

ladIc1a. strip1 8tzi~J vars 1i 9 ..> i;
L: if subac1'C(i,strip1 )=subsc~(if}S'Qo'1~) then 1-1 ..> i;

U 1 then goto L close; true else false close
em Ie> ~~'J!ES.;

~t.ton 'tamREIS x conf1.g; vera 1,; 9 ..> i;
C~i"J.t~f'1.JX1 th& subscre m.nuber at the cell in ca1f1~ the block

x is inl;
-La if subscr.c(i})config)-x then i e.utJ iy1 ..> i; goto L

"."'1

fuMt.i.on DISTAltCE i j; vars quotj rem.:) quoti ~;
c~t r i'ittl the sht2"tee~ move die~e bet\7een celli 1. W1:l ;j I i

{:t...1)//3 w>quoti c..::..l'oerd.; (j-1)//3 o>quotj "'>rem.1;
abs(qUo~"quotJ )'l;6bs(rem...reiDJ )

emL;

1smbt1a c~g gcal; VB.rS heur~ .1. c:11s blookval;
9 ~> 1; 0 0..> t~'.;

L: subscrc(i~conf'J.g) "'> bl~k.\'alJ
if blod~"'al than DISTANCE(i",wHEREI6(blookve.l,SlgC2.l» Q> dis;

if Clis then heu%'va.l"I-5+1~"(d1sf3) > heurval ~lose
close; 1~1 > i; 1f 1 tJ1en gato L close;

le1rva.l
end CJ> EVAlUA'J.1E j

funr;Uan lmilCliFIG olclcn mvspj vars ~n s~t Sb8CtO;
\o~S(O!)o1t1~n) ~> s~tJ Spcat~sp ..,> slDoCto.
if B~t0'>9 ar s~to<1 C%' abs(~«S~t-'II)//3~coera8e«s1BCto..o1)//3»>1\
tJ1en unc1ef exi.t; c~ntecM1t?k no B'ttempb to 1nOVe s1BCe i&.St the em <n"

I1i1Ys1~ tbralgb more t~ m3 s~e in OI.DCN J
copy(oltlcn) --> ~n; sub~..n(~tOll mctcn) .,,> sub~~(s~t.9 mc'ben);
0 ..-> suboorc(B~to~ nxtcn)J ~n

ern;

l~FIG is the ~neral o~tm' it repoesents an at~ to p-oduce a ne\(
state (ma'CN) i'r~ a state (Oi.ro!l) by moving the s~e in 0Ir0N (in ceU SB\.CAT)
by t18 ntmber at s1&t':eo in KOVSP tln"aJgh tJ1e e~p l"eP"esentaUCZ1 ot the
c~ sure; U at ~

ne'ttlBna)'1[1 4. ] 1abtx':IL x,. \a'I1ef err1 ) -> 0PL18'l; 4, -> Ntn-mmOP;
m-1CNFIG ~ 1 ~~ ~> ~SIl1( 1).; Operate'" to m.ave s~e r1ghtc
Im11C1'JF'LG C; ..1 ~) .> (E.I8'l'(2)'; Q1m'atm- to move slDCe ~(I
m'iCNFX tI? 3 ~J co> 0PtIstlt(3). ~tm- to move s~e dafno
1'~FIG 'J, ...3 j,} Q> OPI.XS'l'(4); ~tar to mow 8~ up,~
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func.tion oomonrmi vars i cOllfig Sca.l soJ.\2.tiooj
1 ..> i; W't,c(9J ..0> ~on.fig;

auGnJ: "itelm"ee.d '> subscrc(i"eonf.:Lg); 1-(-1 ...> 1;
'if i~ tl1en ga'~o ~tGm closa;

1 -> i; initc(9) ~> gce,lj
~: ~itesoad .~> Gub~ro(1psr.al); 1+1 ..> ij

if i~ then goto G~LtN close,;
'&~(c~gcal) 0..0> solution;
aPll1.ist(so'J..utiC21"le.mbda. Xi , r:n.1.; tn'"(STATECUi'(x».;

p'(ORJSED{x»; pr(VAWEcm'{x) end)

end;

eamnent ~no lcca.l Sl!1.Oothins I;0 ~> W,;

7 6
8 0~

",romtn3~;
1 ; 2 8 0
1 2 3 4 5

4:
7

2o..TA,.1'({1 AT 10.~53,,28

2O.)'At({1 AT 10,,53.,33

'152eo34761 0 ~33~OO
'1~834761 2 &l'OOO
GO ...~ W .4 etc.

c1234567~1 3 0

C1\I-fCEL mmm C{OOf.~IL MAI~cm;
C(].i1'J!IE(L~'l( [TMVERSER EXTRA]»; CAI1CEL BE.STGRCl-i.;

teJ.~is.l develt)~nt -tor BI~~.? 1"UW)EV' reset an entry to BI~AVmSE
Uoo DOPROOJi1.f. fa G11try 'to BIr,mAVERSEo o.lthOttG.h VAWEOF X!tS.)r" he.ve JJ.i.-tle
~a.ning ~.,hen ~"inted.~ Put BI~ ~ in place of TPA VERSE in J)OPP.(IB!a.s..
TIle Batrr: o;p!ratCD."6 can be used for both f'az'WD.x'd a)X1. reverse trees in thi~
case"

B:t~ VERSE -> rmA VERSE;

7 6
8 0

~ ~CBWI,;
1 5 2 8 0
1 2 3 4 5

3 -:1:
6 7

2OJAN1.2 AT 10.,.)41.,05

2OJAl't72 N1! 10(;'54,..10

0 152S)3476 I 0 133,~OO
'152083476 2 84(1000
...w C4 QO ctc~
t 12345678:) 1 4: 133,.,00

We ccu1rl at this s'l:.age find ~rhere the .f~a1"d am1. reva..~ &rratn trees
.joined by printin8 the f1tate heJil'J.n g:P.obal variable mol (onJ::I applies
:if the ~h terxr;.imted "~a)f'
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APPmmrx )~ N PROORAM LIsrrn~G8
---0-.11 1

[TRAVERSER]

COMMENT# AUSTIN TATEooTAAVERBEAoo7 OEC 1971 I:

VAR8 \V MAXTREE EVAL MAX8ECS DE5TNOOE CON6NOOE INTI~4E 8TATEOF PARENTOF
EQSTATE8 EVALUATE OPLI6T NUMBEROP SELECTOP MAXCURTA NEVJ CURTPART
USAGE OPUSED "CGIVE VALUEOF ONTAEE5 MAXPRUNE PATH FULLOEV OPNUM
TREE DEADTAEE BEST STILLAOD:

AECORDFNS(~GTNUDE"9[O 0 0 12 12]) -> OPU6ED -> USAGE -> VALUEOF
-> PAAENTOF -> 6TATEOF -> OESTNODE -> CONSNOOE:

60 -> MAXSEC6: 25 -> MAXTREE: 6 -> MAXPRUNE: 2 -> MAXCUATA: 001 -> W:
USAGE -> SELECTOP: 0 -> FULLOEV: 004 -> CURTPART:

APPLy(O83000$O1HAO3PAO40$O2HAO6PAO?[HOOlp
CON6WOAD(21t21v45u33v35&38p53~46&8)DVALOF -> MCGIVE:

FUNCTION OATETIME: °00000000 AT OOOOOOOOJoMCGIVE END:

FUNCTION SECSINCE ORSECS: VARS 15 NEWSECS: oDATETIME -> TS;
(SUBSCAC( 1611 T8)* 10+6UBSCRC( 171/15) ) .»60

+SUBSCRC( 19vTS).~1O+SUB6CRC(20~T6)-OR6ECS -> NEViSEC6:
IF NEWSECS<O THEN NEW6ECS+3600 -> NEWSEC6 CLOSE: NEWSECS

END..
FUNCTION FINDPATH NODE: VARS PATH: NIL -> PATH:

L: NODE::PATH -> PATH: PAAENTOF(NODE) -> NODE
IF NOOE.UNDEF THEN PATH EXIT: GOTO L,-- -

END~

FUNCTIor~ LIltIT;
IF SEC6INCE(INTIME»MAX6ECS THEN TRUE ELSE FALSE CLOSE

END..
FUNCTION HADBEFOR NOOESTA1 TREE:

L: IF TREEoNULL THEN FALSE EXIT:
IF EQ6TATES(NODE6TAT~HO(TREE)o6TATEOF) THEN TRUE EXIT:
TL(TREE) -> TREE: G010 L

END:

FUNCTION NOTADO ST;
IF ST~UNOEF OR EQSTATE6(6ToSTATEOF(8E6T»

OR HAOBEFOR(STpTREE) OR HAOBEFOA(STpOEADTREE)
THEN TRUE ELSE FALSE CLOSEEND:
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,

FUNCTION MAKEAOOT ROOT TREE OEADTREE:
FUNCTION PAUNETREE TREE: VAA6 NEWTAEE HEAO LAST PAR:

NIL -> NEWTREE:
L1: IF TREEoNULL THEN AEV(NEV/TREE) EXIT:

DE6T(TREE) -> TREE -> HEr~D: HEAD -> LAST:
L2: PARENTOF(LA5T) -> PAR:

IF PAA-UNDEF THEr~
IF LAST~ROOT THEN HEAD::NEWTAEE -> NEWTAEE:
ELSE STILLADO~'1 -> 6TILLADD CLOSE: BOTO L 1

CLOSE: PAR -> LAST: GOTO L2
END: UNDEF -> PARENTOF(ROOT): PRUNETREE(DEADTAEE: ~

£I\JO: I> PAUf.JETAEE (TREE
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FUNCTION INSERT X TREE:
VARS NUOEVAL TAEE1: NIL -> TAEE1: VALUEOF(X) -> NODEVAL:

~: IF TREEoNUlL OR NOOEVAL<VALUEOF(HD(TREE» THEN

REV(TREE1)<>(X::TREE) EXIT:
DEST(TREE) -> TREE: ::TREE1 -> TREE1; GaTO L

END:

FUNCTION DEVELOP DEADTREE TREE; VARS STAT HEURVAL:
DEST(TREE) -> TREE -> BEST: STATEOF(BEST) -> STAT:

L: SELECTOP(BEST) -> OPNUM: OPNUM+1 .> U6AGE{BEST):
STATvOPLIST(OPNUM)oAPPLY -> NEW;
IF NOTADO(NEVi) THEN IF OPNUM<NUMBEROP THEN GOTO L CLOSE:
ELSE EVAL(NEW) -> HEURVAL: ONTREES+1 -> ONTREES:

INSERT(CONSNODE(NEVJo8ESTvHEURVALv1vOPNUM)vTREE) -> TREE:
STILLADD-1 -> STIlLADO CLOSE:

IF OPNUM=NUMBEROP THEN BEST::DEADTREE~TREE EXIT:
IF FULLDEV THEN GOTO L CLOSE;
(VALUEOF(BEST)+\V*HEURVAL)/(1+W) -> VALUEOF(BEST):
OEADTREEpINSERT(BE5TpTREE)

ENO-.
FUNCTION GRO\1TREE TREE DEADTREE: DEADTREE:

L: IF TREEoNULL THEN PR(~UNSOLVE~):
ELSEIF LItIo1IT() THEN PAt "RESIGN.')
ELSEIF VALUEOF(HO(TREE» THEN

IF 5TILLADDa<O THEN PRUNE(TREE) -> TREE CLOSE:
DEVELOP(TREE) -> TREE: GOTO L CLOSE: TREE

END:

FUNCTION TRAVERSE STATE GOAL:
2oNL: PRSTRING(oDATETI~'E~CUCHAHOUT): 2oNL:
SECSINCE(O) -> INTIME; EVALUATE(% GOAL %) -> EVAL:
NIL -> PATH: 1 -> ONTREE6: MAXTREE-1 -> STILLADD:
GROWTREE(CON6NODE(STATEoUNDEF~EVAL(STATE)u1~O)::NILoNIL)

-> TREE -> DEADTREE:
IF TAEEoNULL THEN NIL ELSE PATH<>FINOPATH(HD(TREE») CLOSE:
2oNL: PRcTRING(oDATETI~AEpCUCHAROUT): 2oNL:

ENO-I

PRSTFiI NG ( 0

TRAVERSER READY FOR USE
!oCUCHAROUT)
6.



APrJend1x B ..Page 191i

[TRAVERSER EXTRA]

COMr~ENT. AUSTIN TATE..TRAVERSER EXTRA..9 DEO 1971 r:
VARS FONTREE RONTREE DIRECTION RTREE ROEADTAEE OK:

THEN HD(TREE) EXIT:

FUNCTION 8IBRO\~TREE TREE DEADTREE RTREE RDEADTREE:
L: IF LIr..1IT() THEN PA( "RESIGN") GOTO OUT

ELSEIF TAEE.~JUlL THEN IF RTREE.NUlL THEN PA( "UNBOLVE") Boro OUT
EL6E DEADTREE: BOTO AD CLOSE CLOSE;

IF ATREEoNUll THEN RDEAQTAEE
ELSEIF FONTREE>RONTREE THEN TREE: GOTO AD CLOSE: ATREE:

AD: .HO.STATEOF -> FAOZVAL(1oEVAL:: 0 -> 5TILLADD: 0 -> DIRECTION;
OEVELOP(RDEADTREE,RTREE) -> RTREE -> RDEADTREE:
IF 6TILLADD THEN IF HADBEFOR(NEWoTREE) OR HADBEFOR(NEW.DEAOTREE)

THEN 1 -> OK: BOTO OUT CLOSE;
RONTAEE+1 -> AONTREE CLOSE: GOTO L:

OUT: ADEADTREEvRTAEE.DEADTREE~TAEEEND:

~ -> EV:

FUNCTION BITAAVEASE 6TATE1 8TATE2: VAAS EV:

2.N~: PASTRING(oDATETIME7CUCHAROUT): 2.NL: 2 -> ONTAEES:
EVALUATE(%8TATE2%) -> EVA~: 1 -> FONTREE: 1 -> RONTAEE:
SEC6INCE(O) -> INTIt.JE: 0 -> FULLDEV: 0 -> OK: EVAL(STATE1:

CONSNOOE(STATE'oUNDEFtEV~'vO)::NILQ NIL,
CONSNODE(STATE2oUNDE~oEV~1pO)::NIL~ NIloBIGAOWTAEE

-> TREE -> DEADTREE -> RTAEE -> ADEADTAEE:
IF OK THEN FINDPATH(PNTRNODE(t~EW;lTAEE<>DEADTAEE»<>

TL(REV(FINDPATH(PNTRNODE(NEW~RTREE<>RDEADTREE»)
ELSE NIL CLOSE: 2~NL: PAS.TAING(oDATETIrt1EvCUCHAROUT): 2oNL:

END-.
PASTAING(=
TRAVERSER EXTRA READY FOR USE
IpCUCHAROUT)

FUNCTION BESTGRO\1 TREE DEADTAEE: VAAS VAL PNTRBE6T BE6TVAL:
10'9 -> BESTVAL: DEADTAEE:

L: IF TREE.NULL THEN PR("UNSOLVE")
EL.5EIF lIMIT() THEN PR( "RESIGN" ~
ELSE VAlUEOF(HO(TAEE» -> VAL:

IF VAL<BESTVAL THEN HD(TREE: ---~-
-> PNTR8~ST.

.HDoSTATEOF -> FAOZVAL(1vEVAL:: 0 -> STILLAOD: 1 -> DIRECTION:
DEVELOP(DEADTREE~TAEE) -> TREE -> DEADTREE:
IF STILLAOD THEN IF HADBEFOR(NE~J~ATAEE)


