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Abstract

4e $re5e&" *& *.+ori"%7 "%*" 5o.8e5 for *& o$"i7*. $o.ic: i& do7*i&5 de!&ed ;: * c.*55
of *("o7*"* <i"%o(" e&(7er*"i&+ "%e (&der.:i&+ 5"*"e-5$*ce0 >%i5 i5 do&e ;: co&5"r(c"i&+
e?(i8*.e&ce c.*55e5 of $ro;.e7 5"*"e5 *&d re+re55i&+ "%e7 "%ro(+% "%e *("o7*"o&0 >%i5
c.*55 of *("o7*"* de5cri;e5 f(..:-o;5er8*;.e@ &o&-5"oc%*5"ic@ 5e?(e&"i*. do7*i&5 i& <%ic%
o&e or 7ore *+e&"5 i&"er*c"0 4e *$$.: "%i5 "ec%&i?(e "o "%e do7*i& of Co&&ec" Fo(r *&d
$re5e&" "%e re5(."5 of "%*" ex$eri7e&"0 4e 5%o< "%e *7o(&" of 7e7or: re?(ired for o(r
"ec%&i?(e <*5 5ix order5 of 7*+&i"(de 57*..er "%*& "%e *7o(&" "%*" <o(.d ;e re?(ired for
* 5"*&d*rd re"ro+r*de *&*.:5i5 *$$ro*c%0

1 Introduction

>%e $ro;.e7 of %o< "o re$re5e&" *&d 5o.8e $ro;.e7 do7*i&5 %*5 ;ee& 5"(died i&
5e8er*. differe&" *re*50 I& rei&force7e&" .e*r&i&+@ for ex*7$.e@ * '*rEo8 Deci5io&
Proce55 i5 (5ed "o re$re5e&" * do7*i& *&d i5 ":$ic*..: 5o.8ed ;: !&di&+ *& o$"i7*.
$o.ic:@ <%i.e +*7e "%eor: 5o.8e5 +*7e5 ;: !&di&+ * 5e" of e?(i.i;ri(7 5"r*"e+ie50
For e*c% <*: of re$re5e&"i&+ * do7*i& *&d i"5 5o.("io& "%ere *re * 8*rie": of "ec%-
&i?(e5 *8*i.*;.e for !&di&+ * 5o.("io&0 O&e $ro$er": "%*" "%e5e "ec%&i?(e5 5%*re i5
"%*" i& order "o !&d *& ex*c" 5o.("io&@ "%e: ":$ic*..: ei"%er direc".: ex*7i&e e*c%
5"*"e i& "%e 5"*"e-5$*ce or 5e*rc% "%e 5$*ce of *.. $o55i;.e $o.icie50 Bo"% of "%e5e
":$e5 of *$$ro*c%e5@ %o<e8er@ re?(ire e&(7er*"i&+ "%e e&"ire 5"*"e-5$*ce of "%e do-
7*i&0

I.+ori"%75 "%*" <orE ;: e&(7er*"io& *re .i7i"ed i& "%e 5iJe of "%e do7*i&5 "%e: c*&
5o.8e0 >%i5 i5 &o" *& i55(e if * do7*i& i5 5o co7$.ex "%*" "%e o&.: <*: "o de5cri;e
i" i5 "o .i5" e8er: 5"*"e *&d *c"io&@ ;(" if c*& ;e de5cri;e f*r 7ore 5(cci&c".:@ "%e&
o&e <o(.d ex$ec" "%*" "%ere i5 * ;e""er 7e"%od for 5o.8i&+ i"0 If * do7*i& c*& ;e

Pre$ri&" 5(;7i""ed "o E.5e8ier Scie&ce 3 Oc"o;er 2005



re$re5e&"ed co7$*c".:@ i" fo..o<5 "%*" "%ere i5 * .*r+e *7o(&" of re+(.*ri": "%*" *&
*.+ori"%7 5%o(.d ;e *;.e "o ex$.oi"0

O(r <orE 5eeE5 "o .e8er*+e "%e de5cri$"io&5 of "%e do7*i&5 i& order "o 5o.8e "%e7
<i"%o(" e&(7er*"i&+ "%e (&der.:i&+ 5"*"e-5$*ce0 >o<*rd "%i5 e&d <e de!&e * c.*55
of *("o7*"* "%*" c*& co7$*c".: re$re5e&" * 8*rie": of do7*i&50 4e "%e& $re5e&"
* &e< "ec%&i?(e "%*" co7;i&e5 +o*. re+re55io& *&d *;5"r*c"io& "o 5o.8e re.*"i8e.:
.*r+e@ e*5i.: de5cri;ed do7*i&50

O(r "ec%&i?(e <orE5 ;: re+re55i&+ 5e"5 of 5"*"e5 "%ro(+% *& *("o7*"o& de5cri;i&+
"%e do7*i&0 E*c% of "%e5e 5e"5 co&"*i& *.. 5"*"e5 i& "%e do7*i& "%*" *re e?(i8*.e&"
<i"% re5$ec" "o "%e o$"i7*. o("co7e *&d "%e o$"i7*. &ex" *c"io&0 4%e& re+re55io&
"er7i&*"e5@ "%e e?(i8*.e&ce c.*55e5 de!&ed ;: "%e5e 5e"5 <i.. %*8e f(..: $*r"i"io&ed
"%e 5"*"e-5$*ce0 >o+e"%er@ "%e e?(i8*.e&ce c.*55e5 de5cri;e "%e o$"i7*. $o.ic: for
e8er: *+e&"@ or e?(i8*.e&".:@ * 5e" of 5"r*"e+ie5 "%*" for7 * 5(;+*7e $erfec" e?(i.i;-
ri(70 B: de5cri;i&+ "%e5e 5e"5 <i"% ;oo.e*& for7(.*e o8er fe*"(re5 of "%e do7*i&@
"%e: *re 7ore 5$*ce ef!cie&" "%*& .i5"i&+ "%e i&di8id(*. 5"*"e5 *&d ;: $erfor7i&+
o$er*"io&5 o& e&"ire 5e"5 *" o&ce@ "%e *7o(&" of co7$("*"io& re?(ired "o !&d *
5o.("io& c*& ;e red(ced0

Fi&*..:@ <e de7o&5"r*"e "%e effec"i8e&e55 of "%i5 "ec%&i?(e o& "%e do7*i& de5cri$-
"io& of "%e +*7e Co&&ec" Fo(r0 >%i5 i5 * "<o-$.*:er +*7e $.*:ed o& * 5e8e& ;: 5ix
;o*rd i& <%ic% "%e $.*:er5 *."er&*"e $.*ci&+ $iece5@ e*c% of <%ic% 7(5" ;e $.*ced
*" "%e .o<e5" o$e& ce.. of * co.(7&0 >%e !r5" $.*:er "o *c%ie8e fo(r *dO*ce&" $iece5
o& "%e 5*7e ro<@ co.(7&@ or di*+o&*. <i&5@ *&d "%e +*7e "er7i&*"e50 >%i5 +*7e
%*5 *$$roxi7*"e.: 1014 5"*"e5 R8*& de& SeriE@ 1i"er<iOE T 8*& UiO5<iOcE@ 2001V@
7*Ei&+ * 5"*&d*rd ;r("e-force 5o.("io& i&fe*5i;.e o& * 5i&+.e de5E"o$ 7*c%i&e0 O(r
*$$ro*c% !&d5 *& o$"i7*. $o.ic: for e*c% *+e&" "%i5 do7*i& i& * re*5o&*;.e *7o(&"
of "i7e <%i.e co&5(7i&+ f*r .e55 7e7or: "%*& *& e&(7er*"io& ;*5ed *$$ro*c%
<o(.d0

2 Problem

I& order "o 5o.8e .*r+e do7*i&5@ <e &eed * re$re5e&"*"io& "%*" *..o<5 (5 "o de5cri;e
"%e do7*i& <i"%o(" .i5"i&+ "%e i&di8id(*. 5"*"e50 4e %*8e c%o5e& "o de!&e * c.*55 of
*("o7*"* "%*" <i.. ;e (5ed "o re$re5e&" do7*i&50 >%e5e *("o7*"* *re de"er7i&i5"ic
!&i"e *("o7*"* "%*" *re *(+7e&"ed <i"% 8*ri*;.e5 *&d $ro$o5i"io&*. $re-*&d $o5"-
co&di"io&5 o& "%e "r*&5i"io&50 >%i5 re$re5e&"*"io& c*& ;e (5ed "o de5cri;e * .*r+e
c.*55 of $ro;.e75 e*5i.:@ i& * <*: "%*" <i.. *..o< (5 "o $erfor7 re+re55io& i& *
5"r*i+%"-for<*rd 7*&&er0



I do7*i& "%eor: i5 re$re5e&"ed ;: *& *("o7*"o& de!&ed *5W

M Q ! k " s F R1V

<%ere Q i5 * !&i"e 5e" of 5"*"e5@ ! i5 * !&i"e *.$%*;e"@ k * !&i"e 5e" of 8*ri*;.e5@ or
fe*"(re5@ e*c% of <%ic% c*& "*Ee o& *&: 5:7;o. fro7 !@ " W Q !k Q !k i5 *
de"er7i&i5"ic "r*&5i"io& f(&c"io&@ s i5 "%e 5"*r" 5"*"e@ *&d F i5 * 5e" of +o*. 5"*"e5 <i"%
re<*rd50 Fi&*..:@ e*c% 5"*"e i& Q %*5 * 5i&+.e *+e&" *55oci*"ed <i"% i"0 >%*" *+e&" i5
"%e o&.: *+e&" "%*" c*& e8er *c" i& "%*" 5"*"e0

>%ro(+%o(" "%i5 *r"ic.e@ <e refer "o "<o ":$e5 of 5"*"e5W 5"*"e5 i& * do7*i& *&d 5"*"e5
of "%e *("o7*"o&0 I& order "o *..e8i*"e "%e $o"e&"i*. co&f(5io&@ <e *.<*:5 refer "o
5"*"e5 i& "%e $ro;.e7 do7*i& *5 $ro;.e7 5"*"e50 I("o7*"o& 5"*"e@ +o*. 5"*"e *&d
i&i"i*. 5"*"e *.. refer "o *("o7*"o& 5"*"e5 r*"%er "%*& "%e do7*i&X5 5"*"e0

S"*"e5 i& "%e 5"*"e-5$*ce of "%e $ro;.e7 *re de5cri;ed ;: k 8*ri*;.e5@ e*c% of <%ic%
c*& "*Ee o& ! 8*.(e50 I& "%e *("o7*"o&@ "%e5e fe*"(re5 de"er7i&e "%e 5e" of "r*&-
5i"io&5 "%*" c*& ;e "*Ee& fro7 * +i8e& 5"*"e0 >%e *.$%*;e" *.5o co&"*i&5 * 5$eci*.
c%*r*c"er@ #@ <%ic% i5 (5ed o&.: "o de&o"e * 8*ri*;.e <%o5e 8*.(e i5 irre.e8*&"0

I co7;i&*"io& of *("o7*"o& 5"*"e5 *&d fe*"(re5 i5 (5ed "o re$re5e&" "%e do7*i&0
>%i5 5i7$.i!e5 "%e de!&i"io& of * do7*i& ;: 5e$*r*"i&+ "%e *c"(*. 5"*"e5 of "%e
do7*i&@ <%ic% *re re$re5e&"ed ;: "%e fe*"(re5@ fro7 "%e 5"r(c"(re i7$o5ed o& "%e
do7*i&@ i0e0 <%e& *+e&"5 *c"@ <%*" "r*&5i"io&5 *re *8*i.*;.e@ *&d <%e& *+e&"5 re-
cei8e re<*rd50

Fro7 *&: +i8e& *("o7*"o& 5"*"e@ 7(."i$.e "r*&5i"io&5 7*: ;e $o55i;.e de$e&di&+ o&
"%e c(rre&" 8*ri*;.e 5e""i&+50 I co&5"r*i&" i5 i7$o5ed "%*" i& *&: *("o7*"o& 5"*"e@
*.. "r*&5i"io&5 <%o5e $reco&di"io&5 c*& ;e 5i7(."*&eo(5.: 5*"i5!ed 7(5" 7o8e "o
"%e 5*7e *("o7*"o& 5"*"e0 >%i5 *..o<5 (5 "o re*5o& *;o(" "%e "r*&5i"io&5 *& *+e&"
co(.d &o" %*8e "*Ee&0

>%e co&5"r*i&" doe5 &o" .i7i" "%e 5e" of do7*i&5 "%*" c*& ;e ex$re55ed0 I&: *("o7*-
"o& "%*" 8io.*"e5 "%e co&5"r*i&" c*& ;e co&8er"ed "o o&e "%*" doe5 &o"@ ;: *ddi&+ *&
*ddi"io&*. 8*ri*;.e "%*" i5 (5ed "o 5"ore "%e 5(cce55or 5"*"e *&d *& *("o7*"o& 5"*"e
"o 5e.ec" "%e 5(cce55or 5"*"e0

>%e +o*. of o(r <orE i5 "o $rod(ce *& *.+ori"%7 "%*" c*& *&*.:"ic*..: co7$("e *&
o$"i7*. $o.ic: for * +i8e& do7*i& <i"%o(" e&(7er*"i&+ "%e 5"*"e-5$*ce0 I&*.:"i-
c*..: 5o.8i&+ * do7*i& *..o<5 (5 "o !&d *& ex*c" 5o.("io&@ *&d ;: &o" e&(7er*"i&+
"%e 5"*"e-5$*ce <e c*& 5o.8e o"%er<i5e i&"r*c"*;.: .*r+e do7*i&50 >%i5 i5 do&e ;:
+e&er*"i&+ * %ier*rc%: of e?(i8*.e&ce c.*55e5 <%ic% 5$ecif: "%e o$"i7*. deci5io&5
for *.. of "%e e?(i8*.e&ce c.*55e5 of $ro;.e7 5"*"e50 >%e5e c.*55e5 *re co&5"r(c"ed
fro7 "%e *("o7*"o& direc".:0

I5 de5cri;ed@ "%e *("o7*"o& c*& o&.: 5$ecif: f(..: o;5er8*;.e@ &o&-5"oc%*5"ic do-



7*i&5 <i"% o&e or 7ore *+e&"50 >%e i55(e5 "%*" *ri5e fro7 re7o8i&+ "%e5e .i7i"*-
"io&5 *re di5c(55ed ;e.o<0

3 Related Work

4e %*8e de8e.o$ed * 7e"%od for !&di&+ *& o$"i7*. $o.ic: i& "%e *("o7*"o&@ <%ic%
i5 * co7$re55ed@ de"er7i&i5"ic@ f(..: o;5er8*;.e 'DP0 I .*r+e ;od: of rei&force-
7e&" .e*r&i&+ "ec%&i?(e5@ 5(c% *5 8*.(e i"er*"io& RBe..7*&@ 1957V *&d $o.ic: i"-
er*"io& RSo<*rd@ 1960V co(.d ;e (5ed i&5"e*d0 I$$.:i&+ 5(c% "ec%&i?(e5 direc".:@
%o<e8er@ <o(.d re?(ire 5e*rc%i&+ "%e e&"ire 5"*"e 5$*ce0 4e <o(.d .iEe "o "*Ee *
;r("e force *$$ro*c% "%*" doe5 &o" %*8e "%i5 .i7i"*"io&@ *&d <e *re 7o"i8*"ed@ i&
$*r"@ ;: E"Jio&iX5 R1993V 7e"%od for c*rr:i&+ o(" * 5"*"ic *&*.:5i5 i& * $ro;.e7
do7*i&0

Uece&" <orE i& re.*"io&*. rei&force7e&" .e*r&i&+ $ro8ide5 "ec%&i?(e5 "o .e8er*+e
co7$*c" re.*"io&*. re$re5e&"*"io&5 5i7i.*r "o "%e o&e de5cri;ed *;o8e R\er5"i&+@
8*& O""er.o T De U*ed"@ 2004V0 >%e5e 7e"%od5@ %o<e8er@ 5"i.. re.: o& ex%*(5"i8e
.ooE($ "*;.e5 "o $erfor7 8*.(e f(&c"io& ($d*"e5@ <%ic% re?(ire5 "%e7 "o i"er*"e o8er
"%e e&"ire 5"*"e 5$*ce *&d "%erefore re5"ric"5 "%e7 "o 57*.. 5"*"e 5$*ce50

Uei&force7e&" .e*r&i&+ "ec%&i?(e5 o& f*c"ored 'DP5@ 5(c% *5 "%*" ;: Bo("i.ier e"
*. R2000V@ $ro8ide * 7e"%od for !&di&+ o$"i7*. $o.icie5 i& .*r+e 5"*"e 5$*ce50 >%i5
<orE@ %o<e8er@ i5 .*r+e.: .i7i"ed "o 5i&+.e-*+e&" do7*i&5 or co-o$er*"i8e 7(."i-
*+e&" do7*i&5 R](e5"ri&@ ê&E*"*r*7*& T \o..er@ 2002V0

O&e ;e&e!" of "%e *("o7*"o& 5$eci!c*"io& i5 "%*" 5:5"e75 <i"% 7(."i$.e *+e&"5 c*&
;e 7ode.ed e*5i.:0 Uece&" <orE o& *d*$"i&+ rei&force7e&" "ec%&i?(e5 "o .e*r&i&+
for 7(."i-*+e&" 5:5"e75 foc(5e5 o& 5"oc%*5"ic +*7e5@ 7*"rix +*7e5@ or +*7e5 <i"%
%idde& i&for7*"io& R>e5*(ro@ 2003_ Li""7*&@ 1994V0 I& "%e5e +*7e5@ e8er: $(re
5"r*"e+:@ or de"er7i&i5"ic $o.ic:@ 7*: ;e do7i&*"ed@ re?(iri&+ ex$e&5i8e c*.c(.*-
"io&5 or *$$roxi7*"io& "ec%&i?(e5 "o !&d o$"i7*. 7ixed@ or r*&do7iJed@ 5"r*"e+ie50
O(r *$$ro*c%@ %o<e8er@ foc(5e5 o& "%e 57*..er c.*55 of &o&-5"oc%*5"ic@ 5e?(e&"i*.
+*7e5 <i"% &o %idde& i&for7*"io&@ <%ic% 7e*&5 "%*" *& o$"i7*. $(re 5"r*"e+: c*&
*.<*:5@ i& $ri&ci$.e@ ;e fo(&d0

>%e "ec%&i?(e5 5e" for"% i& "%i5 $*$er *re 5i7i.*r "o "%o5e (5ed i& $.*&&i&+@ 5$ecif-
ic*..: "%e ide* of +o*. re+re55io& R4*.di&+er@ 1976V0 I $.*&&i&+ do7*i& co&5i5"5
of *& i&i"i*. 5"*"e@ * +o*. 5"*"e *&d * 5e" of o$er*"or5 "%*" *."er "%e 5"*"e0 I& +o*.
re+re55io&@ * 5e" of +o*. 5"*"e5 i5 re+re55ed "%ro(+% "%e o$er*"or5 "o !&d "%e corre-
5$o&di&+ 5e" of $re-i7*+e5@ <%ic% i& "(r& *re re+re55ed "%o(+% "%e o$er*"or5 (&"i.
"%e i&i"i*. 5"*"e i5 re*c%ed0 F(r"%er7ore@ *.. o$er*"or5 7(5" ;e o&e "o o&e@ 7e*&i&+
"%*" "%e: c*& ;e i&8er"ed0 O(r *$$ro*c% $erfor75 re+re55io& i& * 5i7i.*r 7*&&er@
exce$" "%*" 7(."i$.e +o*. 5"*"e5@ <%o5e 8*.(e 7*: &o" ;e "%e 5*7e@ *re (5ed@ *&d



7(."i$.e *+e&"5 7*: i&"er*c"0 >%e o;Oec"i8e of o(r <orE i5 "o !&d *& o$"i7*. $o.ic:
r*"%er "%*& * 5i&+.e 5o.("io& $*"%0

>%e *$$ro*c% <e %*8e "*Ee& re5e7;.e5 Sc%o$$er5X5 R1987V (&i8er5*. $.*&5@ <%ic%
$*r"i"io& "%e 5"*"e 5$*ce *ccordi&+ "o <%ic% *c"io& <i.. "*Ee "%e *+e&" c.o5e "o "%e
+o*.0 1&i8er5*. $.*&5 "*Ee "%e for7@ if co&di"io& P *ri5e5 <%i.e "r:i&+ "o re*c% "%e
+o*.@ "%e& "%e *$$ro$ri*"e *c"io& i5 A0 >%e e?(i8*.e&ce c.*55e5 <e +e&er*"e $erfor7
"%e 5*7e f(&c"io& fro7 "%e $er5$ec"i8e of "%e *+e&" *$$.:i&+ "%e70 Sc%o$$er5X5
<orE@ %o<e8er@ doe5 &o" de*. <i"% 7(."i$.e +o*. 5"*"e5 or *+e&"50

4 Approach

O(r *$$ro*c% i5 "o +e&er*"e de5cri$"io&5 of 5e"5 of 5"*"e5@ <%ic% de5cri;e 7e7-
;er5%i$ i& "%e e?(i8*.e&ce c.*55e5@ *&d "o re+re55 "%e5e 5e"5 ;*cE<*rd "%ro(+% "%e
*("o7*"o&0 I.. 7e7;er5 of * 5i&+.e c.*55 *re e?(i8*.e&" <i"% re5$ec" "o "%e o$"i7*.
o("co7e *&d "%e o$"i7*. &ex" "r*&5i"io&0

E*c% +o*. 5"*"e de!&e5 * 5i&+.e o("co7e@ *&d i" %*5 * "($.e of re<*rd5 *55oci*"ed
<i"% i"@ o&e for e*c% *+e&"0 I& o("co7e i5 co&5idered ;e""er "%*& *&o"%er o("co7e
fro7 "%e $er5$ec"i8e of * $*r"ic(.*r *+e&" if "%e re<*rd for "%*" *+e&" i5 %i+%er or
"%e o("co7e5 *re "%e 5*7e *&d "%e di5"*&ce fro7 "%e c(rre&" 5e" of 5"*"e5 "o "%e
o("co7e i5 5%or"er0

I& effec"@ o&e e?(i8*.e&ce c.*55 i5 cre*"ed for e*c% *("o7*"o& 5"*"e <i"% * re<*rd@
i0e0 "%e +o*. 5"*"e50 4e *55(7e &o i&"er7edi*"e re<*rd50 E*c% of "%e i&i"i*. e?(i8*-
.e&ce c.*55e5 de5cri;e5 "%e 5e" of $ro;.e7 5"*"e5 "%*" *re Jero 5"e$5 fro7 * $*r"ic(.*r
+o*. 5"*"e0

>%e5e de5cri$"io&5 *re "%e& re+re55ed o&e 5"e$ "%ro(+% "%e *("o7*"o&@ ;: !&di&+
"%e $re-i7*+e of e*c% de5cri$"io& for e*c% "r*&5i"io& "%*" co(.d %*8e +e&er*"ed i"
R4*.di&+er@ 1976V0 If "%ere *re 7(."i$.e "r*&5i"io&5 "%ro(+% <%ic% * de5cri$"io&
co(.d .e+*..: ;e re+re55ed@ "%e& * co$: of "%e ori+i&*. i5 re+re55ed "%o(+% e*c%
"r*&5i"io&0 >%e 5e" (&io& of "%e5e de5cri;e "%e 5e" of *.. $ro;.e7 5"*"e5 "%*" *re o&e
5"e$ re7o8ed fro7 "%e o("co7e of "%e ori+i&*. de5cri$"io&50

If"er e*c% &e< de5cri$"io& i5 +e&er*"ed@ i" i5 co7$*red "o "%e $re8io(5.: +e&er*"ed
5e" de5cri$"io&5 *&d re7o8ed if i" i5 * 5(;5e" of *& exi5"i&+ 5e"0 >%i5 $roce55 i5 c*..ed
subsumption checking RSo..(&der T N(""@ 1990V0 If "%e 5(;5(7ed 5e" de5cri;e5 "%e
5*7e o("co7e *5 "%e 5(;5(7i&+ 5e"@ "%e& "%i5 i5 e55e&"i*..: d($.ic*"e c%ecEi&+0
So<e8er@ if "%e 5(;5(7ed 5e" de5cri;e5 * <or5e o("co7e@ fro7 "%e $er5$ec"i8e of
"%e *c"i&+ *+e&"@ "%e& "%i5 5e" *5cri;e5 * 5(;o$"i7*. o("co7e "o "%e de5cri;ed 5"*"e5
*&d "%(5 7(5" ;e di5c*rded0 >%e5e re"*i&ed &e< 5e" de5cri$"io&5 *re "%e& re+re55ed
*&d c%ecEed i& * ;re*d"%-!r5" 7*&&er (&"i. &o f(r"%er re+re55io&5 c*& ;e $erfor7ed0



Fi&*..:@ <%e& "%e re+re55io& i5 !&i5%ed@ "%e e?(i8*.e&ce c.*55e5 f(..: $*r"i"io& "%e
5"*"e 5$*ce *&d de5cri;e "%e o$"i7*. o("co7e fro7 *&: $oi&" i& "%e 5"*"e 5$*ce0
I& *+e&" c*& "%e& (5e "%e5e c.*55e5 i& "%e for<*rd direc"io& ;: !&di&+ "%e c.*55
<i"% "%e ;e5" o("co7e "%*" co&"*i&5 "%e c(rre&" 5"*"e *&d "*Ei&+ "%e *55oci*"ed o$-
"i7*. "r*&5i"io&0 >%e &(7;er of c.*55e5 +e&er*"ed de$e&d5 +re*".: o& "%e 5$eci!c5
of "%e *("o7*"o&@ ;(" for "%e do7*i& "e5"ed@ Co&&ec"-4@ "%e &(7;er of e?(i8*.e&ce
c.*55e5 i5 5e8e& order5 of 7*+&i"(de 57*..er "%*& "%e 5iJe of "%e 5"*"e-5$*ce0 I&
"er75 of 7e7or:@ o(r *$$ro*c% co&5(7ed *.7o5" 240 'B *5 co7$*red "o 20 "er-
*;:"e5 re?(ired <%e& 5"ori&+ "%e o("co7e5 of !8e $ro;.e7 5"*"e5 i& e*c% ;:"e@ *
":$ic*. *$$ro*c% (5ed i& re"ro+r*de *&*.:5i50 >%i5 i5 * red(c"io& of *$$roxi7*"e.:
5ix order5 of 7*+&i"(de i& "er75 of 7e7or: re?(ired0

4.1 The AUTRE Algorithm

>%e I1>UE *.+ori"%7 RI1>o7*"o& UE+re55orV i7$.e7e&"5 "%e *$$ro*c% <e %*8e
de5cri;ed0 I" 7*i&"*i&5 * .i5" of de5cri$"io&5 of e?(i8*.e&ce c.*55e5@ <%ic% *re 5"ored
*5 "($.e5 of "%e for7 s o $ % 0 >%e *("o7*"o& 5"*"e i& <%ic% "%e for7(.* *$$.ie5
i5 de&o"ed ;: s@ *&d o i5 "%e o$"i7*. o("co7e0 >%e $o5i"i8e co&5"r*i&" $ i5 * .o+ic*.
for7(.* "%*" de5cri;e5 <%*" 7(5" ;e "r(e i& order for * 5"*"e "o ;e * 7e7;er of "%i5
5e"@ *&d %@ "%e 5e" of &e+*"i8e co&5"r*i&"5@ i5 * 5e" of .o+ic*. for7(.*e "%*" 7(5" &o"
%o.d for 7e7;er5 of "%i5 5e"0 Fi&*..:@ $ *&d *.. & % *re co&O(&c"io&5 of .i"er*.5@
*&d "o+e"%er "%e: de5cri;e "%e 5e" of *.. $ro;.e7 5"*"e5 co&"*i&ed i& "%e c.*550 I..
5"*"e5 for <%ic% $ & % & i5 "r(e *re 7e7;er5 of "%e c.*55 *&d *.. o"%er 5"*"e5
*re &o"0

>%e *;o8e for7(.*"io& for e?(i8*.e&ce c.*55e5 <*5 c%o5e& ;ec*(5e i" i5 "%e 5i7$.e5"
for7(.*"io& <e %*8e fo(&d "%*" *..o<5 re+re55io& "o ;e $erfor7ed0 I& order "o E&o<
<%*" "r*&5i"io&5 c*& $o"e&"i*..: ;e *$$.ied@ "%e *("o7*"o& 5"*"e i& <%ic% * c.*55
*$$.ie5 7(5" ;e E&o<&0 >%e o("co7e i5 &eeded 5o "%*" c.*55e5 c*& ;e co7$*red i&
"er75 of * r*"io&*. *+e&"X5 $refere&ce ;e"<ee& "%e70 Fi&*..:@ $ *&d % *re &eeded
"o de!&e 7e7;er5%i$ i& "%e c.*55 *&d *re 5e$*r*"e i& order "o 5$eed re+re55io&0

>%e *.+ori"%7 $roceed5 *5 fo..o<50 Fir5"@ * "($.e for e*c% +o*. 5"*"e i5 cre*"ed <i"%
$ v1 # v2 # vk # *&d % !0@ <%ere # i5 "%e 5$eci*. 8*.(e (5ed "o
7*rE *& irre.e8*&" 8*ri*;.e0 >%i5 7e*&5 "%*" 5e""i&+5 of "%e 8*ri*;.e5 i& "%e +o*.
5"*"e *re (&co&5"r*i&ed0 >%e "($.e5 de5cri;e "%e 5e" of 5"*"e5 "%*" <i.. re*c% * +i8e&
+o*. 5"*"e *&d *&: *+e&" *c"i&+ i& * +o*. 5"*"e c*& "ri8i*..: re*c% "%*" +o*. 5"*"e0 I5
"%e "($.e5 *re re+re55ed "%e: <i.. ;eco7e 7ore co&5"r*i&i&+0

>%e "($.e5 *re re+re55ed ;*cE "%ro(+% "%e *("o7*"o& i& * ;re*d"%-!r5" 7*&&er0 >o
re+re55 * "($.e s o $ % @ *.. "r*&5i"io&5 "o 5"*"e s <%o5e $o5"-co&di"io&5 *re 5*"i5-
!ed ;: $ *re co&5idered0 If "%ere i5 &o 5(c% "r*&5i"io&@ &o re+re55io& i5 $erfor7ed@
o"%er<i5e * co$: of "%e "($.e i5 re+re55ed "%o(+% e*c% *$$.ic*;.e "r*&5i"io&0



p Pre-co&di"io& Po5"-co&di"io& p

v1 b v1 a v1 b v1 a

v1 # v1 a v1 b v1 a

v1 b v1 a v1 # v1 a

v1 b v1 # v1 b v1 #

v1 # v1 # v1 # v1 #

v1 a v1 a v1 b

Fi+0 10 1$d*"e r(.e5 for re+re55i&+ c.*(5e p "%ro(+% *& o$er*"or <i"% "%e .i5"ed $re *&d $o5"
co&di"io&5

Ue+re55i&+ "%ro(+% * "r*&5i"io& t W s v1 v2 vk s v1 v2 vk $rod(ce5
* &e< "($.e s o $ % 0 Co&O(&c"io&5 of .i"er*.5@ 5(c% *5 "%e $o5i"i8e or &e+*"i8e
co&5"r*i&"5@ *re ($d*"ed ;: re+re55i&+ e*c% .i"er*. i& "(r&0 Fi+(re 1 5%o<5 "%e ($d*"e
r(.e5 for re+re55i&+ * .i"er*. "%ro(+% *& o$er*"or0 I" *&: "i7e@ "%ere i5 o&.: o&e
"r(e@ &o&-e$5i.o& .i"er*. for e*c% 8*ri*;.e0 I.5o@ "%e $re- *&d $o5"-co&di"io&5 of
* "r*&5i"io& *re co&5idered "o ;e co&O(&c"io&5 of .i"er*.50 >%erefore@ if "%e $o5"-
co&di"io& of * "r*&5i"io& %*5 * differe&" "r(e .i"er*. for * $*r"ic(.*r 8*ri*;.e "%*& "%e
for7(.* ;ei&+ re+re55ed@ *5 i& "%e .*5" .i&e of Fi+(re 1@ "%e .i"er*. i& "%e for7(.* i5
re$.*ced <i"% FILSE0 O"%er<i5e@ re+re55i&+ * .i"er*. i5 e?(i8*.e&" "o c%*&+i&+ "%e
8*.(e for * $*r"ic(.*r 8*ri*;.e0

I& *ddi"io&@ *&: "r*&5i"io& t fro7 5"*"e s "o s s@ 7(5" &o" ;e *8*i.*;.e if "%e
*("o7*"o& i5 ;ei&+ "r*8er5ed i& "%e for<*rd direc"io&@ 5i&ce <e *55(7e "%*" *" *&:
$oi&"@ "%ere i5 o&.: o&e $o55i;.e 5(cce55or *("o7*"o& 5"*"e0 >%erefore@ "%e $re-
co&di"io&5 of *.. 5(c% t *re *dded "o % "o $rod(ce % 0 I&: of "%e5e &e+*"ed c.*(5e5
<%ere "%e 8*.(e of * 8*ri*;.e i5 differe&" fro7 "%e 8*.(e i& "%e $o5i"i8e c.*(5e@
*&d &ei"%er 8*.(e i5 #@ c*& i77edi*"e.: ;e di5c*rded@ *5 "%e: <i.. &e8er *ffec" "%e
"r("% of "%e for7(.* *5 * <%o.e0 For ex*7$.e@ i& "%e for7(.* v1 a v1 b @
v1 b c*& ;e dro$$ed ;ec*(5e v1 c*&&o" %*8e "<o differe&" 8*.(e50

Co&5ider "%e ex*7$.e of re+re55i&+ $ v b u c *&d % !0 fro7 5"*"e
B "o 5"*"e I@ i& "%e *("o7*"o& 5%o<& i& Fi+(re 20 B: "%e *;o8e ($d*"e r(.e5@ "%e
&e< $o5i"i8e co&5"r*i&" $ <i.. ;e v a u a 0 Si&ce <e re+re55ed fro7 B@ ;:
o(r *55(7$"io& "%e "r*&5i"io& "o 5"*"e C 7(5" &o" %*8e ;ee& *8*i.*;.e *&d "%erefore@
i"5 $re-co&di"io&5 7(5" &o" %*8e ;ee& 5*"i5!ed0 >%e $re-co&di"io&5 v d u
e *re "%e& *dded "o %@ "%e 5e" of &e+*"i8e co&5"r*i&"5 o& "%e 7e7;er5%i$ of "%e
e?(i8*.e&ce c.*550

Nex"@$ *&d% &eed "o ;e c%ecEed for co&5i5"e&c:@ <%ic% i5 e?(i8*.e&" "o 8erif:i&+
"%*" $ & % & i5 5*"i5!*;.e0 Bec*(5e $ *&d *.. & % *re co&O(&c"io&5 of
.i"er*.5@ c%ecEi&+ "%*" $ doe5 &o" force *&: i&di8id(*. & "o ;e "r(e c*& ;e do&e
c%e*$.:0 I.. i&co&5i5"e&" "($.e5 *re di5c*rded0



I

R8c*@ (c*V!eR8c;@ (ccV

R8cd@ (ceV!eR8cf@ (cfV C

B

Fi+0 20 I 5*7$.e *("o7*"o&0

Fi&*..:@ 5(;5(7$"io& c%ecEi&+ i5 $erfor7ed0 >%e &e<.: +e&er*"ed "($.e5 7(5" ;e
c%ecEed *+*i&5" $re8io(5.: +e&er*"ed "($.e50 If "%e "($.e x de5cri;e5 * 5(;5e" of "%e
"($.e y *&d doe5 &o" .e*d "o * ;e""er o("co7e "%*& y@ "%e& x i5 5*id "o ;e 5(;5(7ed
;: "%e y *&d c*& ;e di5c*rded0 I ;e""er o("co7e i5 de!&ed "o ;e *& o("co7e <i"% *
%i+%er 8*.(e or *& o("co7e <%ic% %*5 "%e 5*7e 8*.(e ;(" c*& ;e re*c%ed i& fe<er
5"e$50 I "($.e "%*" de5cri;e5 * <or5e o("co7e <i.. &e8er ;e (5ed ;: * r*"io&*. *+e&"
*&d c*& ;e 5*fe.: di5c*rded0

Le" f $ & % & ;e "%e for7(.* i& * $re8io(5.: +e&er*"ed "($.e *&d .e" g
$ & % & ;e "%e for7(.* i& * &e<.: +e&er*"ed "($.e0 If f i5 *" .e*5" *5 +e&er*.
*5 g *&d %*5 *" .e*5" *5 +ood *& o("co7e "%e& g i5 5(;5(7ed ;: f *&d "%(5 c*& ;e
re7o8ed fro7 co&5ider*"io&0 Si7i.*r.:@ if g 5(;5(7e5 f "%e& "%e "($.e co&"*i&i&+ f
i5 7*rEed *5 i&8*.id *&d i5 &o .o&+er co&5idered0 >%i5 <i.. *.5o 7*Ee *&: c%i.dre&
of "%e f @ "%e o.der "($.e@ i&8*.id@ ;(" "%e: *re &o" ($d*"ed i77edi*"e.:@ ;ec*(5e "%e:
<i.. ;e c*(+%" <%e& gX5 c%i.dre& *re +e&er*"ed0

Co&5ider "%e c*5e for <%ic% re+re55i&+ * $*r"ic(.*r &e+*"i8e co&5"r*i&" "%ro(+% *
"r*&5i"io& $rod(ce5 FILSE@ de&o"ed 0 >%*" c.*(5e <i.. &o .o&+er i7$*c" "%e .o+i-
c*. for7(.* "%*" co&"*i&5 i"@ *5 c*& ;e 5ee& i& Fi+(re 10 Si7i.*r.:@ if re+re55i&+ "%e
$o5i"i8e co&5"r*i&" re5(."5 i& @ "%e for7(.* c*& &e8er ;e 5*"i5!ed *&d doe5 &o" &eed
"o ;e re+re55ed *&: f(r"%er0

>%e 5i"(*"io& i& <%ic% * "($.e co(.d ;e .e+*..: re+re55ed "%ro(+% 7(."i$.e "r*&5i-
"io&5 c*& e?(i8*.e&".: ;e %*&d.ed ;: cre*"i&+ o&e &e< "($.e <%o5e co&5"r*i&"5 *re
*& OU o8er *.. co&5"r*i&"5 +e&er*"ed ;: re+re55i&+ "%ro(+% e*c% i&di8id(*..:0 >%i5
OU i5 i&5"e*d %*&d.ed i7$.ici".: ;: cre*"i&+ 7(."i$.e "($.e5 "o 5i7$.if: "%e co&5i5-
"e&c: c%ecE0 4%e& &o 7ore re+re55io&5 c*& ;e $erfor7ed@ *.. 5"*"e5 fro7 <%ic% *
+o*. 5"*"e i5 re*c%*;.e *re 7e7;er5 of *" .e*5" o&e e?(i8*.e&ce c.*550

Fi+(re 3 5%o<5 *& ex*7$.e of re+re55io& i& "%e do7*i& of Co&&ec" Fo(r0 >%e d*rE
+r*: $iece5 ;e.o&+ "o o&e $.*:er@ "%e .i+%" +r*: f$iece5X@ <%ic% *re "%e 5*7e co.or
*5 "%e ;*cE+ro(&d@ re$re5e&" "%o5e ce..5 <%o5e 8*.(e5 *re (&E&o<& or (&i7$or-



Fi+0 30 Ex*7$.e re+re55io& fro7 "%e do7*i& of Co&&ec" Fo(r

"*&"@ *&d <%i"e re$re5e&"5 e7$": 5$*ce50 >%e 5eco&d $.*:erX5 $iece5 *re &o" 5%o<&0
Bec*(5e Co&&ec" Fo(r %*5 "%e co&5"r*i&" "%*" $iece5 7(5" ;e $.*ced o& "%e .o<e5"
(&occ($ied ce.. i& * co.(7&@ <%e& * $iece i5 re7o8ed i& "%e co(r5e of re+re55io&@
"%e& *.. ce..5 *;o8e "%e $iece 7(5" %*8e ;ee& e7$":0

4.2 Efficiency Improvements

I."%o(+% "%e I1>UE *.+ori"%7 c*& ;e 7ore ef!cie&" "%*& e&(7er*"i&+ "%e 5"*"e
5$*ce@ i" c*& 5"i.. ;e ex$e&5i8e i& "er75 of ;o"% 5$*ce *&d "i7e0 4e %*8e 7*de "<o
*ddi"io&*. i7$ro8e7e&"5 "%*" c*& +re*".: red(ce "%e 7e7or: co&5(7$"io& *&d@ "o
* .e55er ex"e&"@ "%e r(&-"i7e0

>%e !r5" i7$ro8e7e&" co7e5 fro7 "%e o;5er8*"io& "%*" &o r*"io&*. *+e&" <i.. 5e.ec"
* $*r"ic(.*r *c"io& if * ;e""er *c"io& i5 *8*i.*;.e0 I& o(r fr*7e<orE@ * r*"io&*. *+e&"
decide5 o& *& *c"io& ;: !&di&+ "%e e?(i8*.e&ce c.*55 <i"% "%e ;e5" o("co7e "%*"
i&c.(de5 "%e c(rre&" 5"*"e0 >%erefore@ *&: +i8e& 5e" de5cri$"io& <i.. o&.: &eed "o ;e
e8*.(*"ed <%e& *.. de5cri$"io&5 corre5$o&di&+ "o ;e""er o("co7e5 *re f*.5e0

>%i5 i5 i7$.e7e&"ed i& "%e for7 of * deci5io& .i5"0 4%e& * &e< de5cri$"io& %*5
;ee& +e&er*"ed@ i" i5 co7$*red "o e*c% e.e7e&" o& "%e .i5"@ <%ic% i5 ordered@ ;:
co&5"r(c"io&@ *ccordi&+ "o "%e di5"*&ce "o *&d "%e 8*.(e of "%e o("co7e0 I $ro$er":
of deci5io& .i5"5 i5 "%*" e*c% for7(.* i5 e8*.(*"ed i& "%e co&"ex" i& <%ic% *.. for-
7(.* *;o8e i" o& "%e .i5" do &o" %o.d0 >%i5 7e*&5 "%*" $*r"5 of * for7(.* co(.d ;e
red(&d*&"@ 5i&ce "%e: 7*: *.5o ;e "r(e i& "%e co&"ex" "%e for7(.* <i.. *.<*:5 ;e
e8*.(*"ed i&@ i0e0 "%e $recedi&+ for7(.*e o& "%e .i5"0 >%e5e red(&d*&" $iece5 c*& ;e
re7o8ed@ 5*8i&+ 5$*ce0

For7*..:@ "%e $roce55 <orE5 *5 fo..o<50 For e*c% *("o7*"o& 5"*"e@ "%ere i5 *& *55o-
ci*"ed deci5io& .i5" of ordered for7(.*e0 E*c% for7(.* i5 co&5idered i& "%e co&"ex"
of "%e &e+*"io& of *.. $recedi&+ for7(.* o& "%e .i5"0 If "%e e&"rie5 o& * $*r"ic(.*r .i5"
*re f1 fn "%e& * for7(.* fk i5 e?(i8*.e&" "o fk k 1

i 1 fi@ ;ec*(5e &o fi c*& ;e



"r(e i& "%e co&"ex" of fk0

4%e& * &e< "($.e i5 +e&er*"ed@ i"5 for7(.* $ % i5 co7$*red *+*i&5" "%o5e o& "%e
.i5" corre5$o&di&+ "o "%e *("o7*"o& 5"*"e i& <%ic% "%e &e< "($.e *$$.ie50 4%e& i" i5
co7$*red *+*i&5" "%e i"% for7(.* i& "%e .i5" $i %i if %i !0 *&d $i & for 5o7e
& % "%e& & c*& ;e re7o8ed fro7 % 0 >%i5 "ec%&i?(e *..o<5 I1>UE "o re7o8e
red(&d*&" i&for7*"io& fro7 "%e 5e" de5cri$"io&5 <i"% o&.: * 57*.. co7$("*"io&*.
co5"@ ;ec*(5e "%e &e< 5e" *.re*d: 7(5" ;e co7$*red "o e*c% o.d 5e" "o c%ecE for
5(;5(7$"io&0

Deci5io& .i5"5 *re o&.: o&e $o55i;.e <*: of re$re5e&"i&+ ;oo.e*& for7(.*50 I1>UE
<*5 *.5o i7$.e7e&"ed (5i&+ Bi&*r: Deci5io& Di*+r*75 RBr:*&"@ 1986V i& .ie( of of
deci5io& .i5"0 BDD5 *re fre?(e&".: (5ed i& circ(i" 8eri!c*"io& "o re$re5e&" ;oo.e*&
f(&c"io&50 I& I1>UE@ %o<e8er@ BDD5 $erfor7ed 5i+&i!c*&".: <or5e "%*& deci5io&
.i5"5 ;o"% i& "er75 of CP1 "i7e *&d 7e7or: co&5(7$"io&0 >%i5 5ee75 "o ;e *
co&5e?(e&ce of e&codi&+ 7(."i-8*.(ed 8*ri*;.e5 *5 ;oo.e*& 8*ri*;.e50 >%e ":$e5 of
for7(.*5 (5ed ;: I1>UE 7*: *.5o %*8e co&"ri;("ed0

>%e 5eco&d i7$ro8e7e&" "o "%e ;*5ic *.+ori"%7 i5 "%e re$re5e&"*"io& of c.*(5e50
>%e &(7;er of 8*ri*;.e5 *&d "%e r*&+e of $o55i;.e 8*.(e5 i5 5$eci!ed i& "%e do7*i&
de5cri$"io&@ "%erefore e*c% co&O(&c"i8e c.*(5e c*& ;e de5cri;ed ;: k ! ;i"5@ <%ere
e*c% ;i" i&dic*"e5 <%e"%er or &o" * 8*ri*;.e c*& "*Ee o& * $*r"ic(.*r 8*.(e0 I."%o(+%
"%ere *re 7ore co7$*c" re$re5e&"*"io&5@ "%i5 *..o<5 .i"er*.5 "o ;e ($d*"ed (5i&+ o&.:
* fe< ;i"<i5e o$er*"io&5 "%*" c*& o$er*"e o& * &(7;er of 8*ri*;.e5 i& $*r*..e.0

De$e&di&+ o& "%e &(7;er of 5:7;o.5 *&d "%e 5$eci!c5 of "%e 7*c%i&e (5ed@ 7(."i-
$.e 8*ri*;.e5 c*& ;e "e5"ed or ($d*"ed i& $*r*..e.0 >%e do7*i& of Co&&ec" Fo(r@ for
ex*7$.e@ c*& ;e re$re5e&"ed (5i&+ 42 8*ri*;.e5 <%ic% "*Ee o& 8*.(e5 fro7 * fo(r
5:7;o. *.$%*;e"@ i&c.(di&+ #@ *..o<i&+ *.. 8*ri*;.e5 "o ;e 5"ored i& fo(r 32-;i" i&"e-
+er50 O$er*"io&5 c*& "%e& ;e *$$.ied "o "%e i&"e+er5@ <%ic% i5 e?(i8*.e&" "o *$$.:i&+
"%e o$er*"or "o 10 8*ri*;.e5 i& $*r*..e. i& "%i5 ex*7$.e0 I& +e&er*.@ "%i5 <i.. i7$ro8e
ef!cie&c: <%e& ! i5 57*..@ *5 7ore 8*ri*;.e5 c*& ;e $*cEed i&"o * 5i&+.e i&"e+er0

5 Experiments

4e i7$.e7e&"ed "%e I1>UE *.+ori"%7@ i&c.(di&+ "%e ef!cie&c: i7$ro8e7e&"5@
*&d r*& i" o& "%e +*7e of Co&&ec" Fo(r0 >%e $(r$o5e of "%i5 ex$eri7e&" <*5 "o
5%o< "%e fe*5i;i.i": of !&di&+ ex*c" 5o.("io&5 "o .*r+e do7*i&50

Co&&ec" Fo(r <*5 c%o5e& for "<o re*5o&50 Fir5"@ i" i5 * &o&-5"oc%*5"ic 7(."i-$.*:er
+*7e of $erfec" i&for7*"io&0 I.5o@ i" %*5 * re.*"i8e.: .*r+e 5"*"e-5$*ce@ *$$roxi-
7*"e.: 1014 R8*& de& SeriE@ 1i"er<iOE T 8*& UiO5<iOcE@ 2001V@ ;(" i" c*& ;e de-
5cri;ed co7$*c".: ;: * rec(r5i8e do7*i& "%eor: <i"% 42 8*ri*;.e5@ 8 *("o7*"o&
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# regression steps

"mem_data"

Fi+0 50 'e7or: (5*+e 850 &(7;er of re+re55io&5 $erfor7ed

5"*"e5@ *&d 273 "r*&5i"io&50 I1>UE co7$.e"ed "%e +*7e of Co&&ec" Fo(r i& .e55
"%*& 7 d*:5 of co7$("*"io& *&d 1 6 106 re+re55io& o$er*"io&50 >%(5 e*c% re-
+re55io& 5"e$ <*5@ o& *8er*+e@ e?(i8*.e&" "o 5o.8i&+ 62 7i..io& $ro;.e7 5"*"e5 *&d
I1>UE co7$("ed "%e e?(i8*.e&" of *.7o5" 200 7i..io& 5"*"e5 $er 5eco&d0 g(5" 240
7e+*;:"e5 <ere re?(ired "o 5"ore "%e e?(i8*.e&ce c.*55e5 +e&er*"ed ;: "%e re+re5-
5io& $roce55 *&d "%(5 c*& !" i& "%e UI' of "%e *8er*+e 7*c%i&e0

Fi+(re5 4 *&d 5 5%o< "%e CP1 "i7e *&d 7e7or: co&5(7$"io& re5$ec"i8e.:0 >%e
r(&&i&+ "i7e@ *5 5%o<& i& Fi+(re 4 +ro<5 *$$roxi7*"e.: ?(*dr*"ic*..: <i"% "%e
&(7;er of re+re55io& 5"e$50 >%i5 i5 ex$ec"ed 5i&ce e*c% "i7e * re+re55io& i5 $er-
for7ed@ "%e re5(."i&+ for7(.* 7(5" ;e c%ecEed *+*i&5" *.. $re8io(5 for7(.*0

Fi+(re 5 5%o<5 "%*" "%e *7o(&" of 7e7or: (5ed *$$e*r5 "o +ro< .o+*ri"%7ic*..:
<i"% "%e &(7;er of re+re55io& 5"e$5@ *."%o(+% "%i5 i5 (&cer"*i&0 O(r co&Oec"(re i5
"%*" "%i5 i5 d(e "o ;o"% "%e 5(;5(7$"io& c%ecEi&+ *&d "%e deci5io& .i5"50 I5 co7$(-
"*"io& $ro+re55e5@ 7ore e?(i8*.e&ce c.*55e5 *re +e&er*"ed ;(" "%o5e c.*55e5 "e&d "o



co&"*i& fe<er i&5"*&ce5 "%*& o.der o&e5 *&d *re 7ore of"e& 5(;5(7ed0 Fi&*..:@ "%e
(5e of deci5io& .i5"5 7e*&5 "%*" &e<er for7(.* *re e8*.(*"ed i& * 7ore co&5"r*i&ed
co&"ex" "%*& o.der for7(.*@ <%ic% *..o<5 5%or"er for7(.* "o ;e 5"ored0 >%i5 <*5
o;5er8ed i& "%e "%e 5o.("io& of Co&&ec" Fo(r0

6 Discussion

>%ere i5 c(rre&".: &o ;r("e-force 5o.("io& of Co&&ec" Fo(r i& "%e .i"er*"(re@ *."%o(+%
i" %*5 ;ee& 5o.8ed $re8io(5.:@ %o<e8er@ (5i&+ E&o<.ed+e-;*5ed "ec%&i?(e5 RI..i5@
1988V0 I1>UEX5 i&$(" i5 5i7$.: *& *("o7*"o& e&codi&+ "%e r(.e5 of "%e +*7e0
O(r i&8e5"i+*"io& of Co&&ec" Fo(r 5%o<5 "%*" o(r "ec%&i?(e 5i+&i!c*&".: red(ce5
"%e 5iJe of "%e $ro;.e7 ;: 7ore "%*& * f*c"or of 5ix": 7i..io& fro7 o&e %(&dred
"ri..io& 5"*"e5 "o "%ree 7i..io& e?(i8*.e&ce c.*55e50 'ore i7$or"*&".:@ o(r *$$ro*c%
i5 do7*i& +e&er*. *&d doe5 &o" re?(ire e&(7er*"i&+ "%e 5"*"e 5$*ce@ <%ic% *..o<5
for * f*5"er *&d 7ore co7$*c" 5o.("io& $roce550

>%e ;(.E of "%e r(&&i&+ "i7e i5 5$e&" doi&+ 5(;5(7$"io& c%ecE50 4%e&e8er * &e<
"($.e i5 +e&er*"ed@ i" 7(5" ;e co7$*red "o $re8io(5.: +e&er*"ed "($.e50 C(rre&".:@
o.d "($.e5 *re 5"ored o& * deci5io& .i5"@ o&e .i5" $er *("o7*"o& 5"*"e0 E*c% deci5io&
.i5" co&"*i&5 *.. "($.e5 "%*" *$$.: i& "%e corre5$o&di&+ *("o7*"o& 5"*"e0 S(;5(7$-
"io& co(.d "%erefore ;e 5$ed ($ ;: f(r"%er di8idi&+ "%e .i5"5@ 5o "%*" fe<er "($.e5
<o(.d &eed "o ;e co7$*red0 I d*"* 5"r(c"(re "%*" *..o<5 for 7ore ef!cie&" .ooE($
co(.d *.5o ;e (5ed@ ;(" "%e for7(.* .e&+"% red(c"io& +*i&ed fro7 (5i&+ deci5io&
.i5"5 <o(.d ;e .o5"0

>%e ef!cie&c: of I1>UE i5 *.5o de$e&de&" o& "%e 5$eci!c5 of "%e *("o7*"o&0 For
"%e do7*i& of Co&&ec" Fo(r@ "%e o;8io(5 for7(.*"io& of o&e 8*ri*;.e for e*c%
5?(*re o& "%e ;o*rd *&d * "r*&5i"io& for e*c% $o55i;.e 7o8e <orEed <e..0 So<-
e8er for 5o7e do7*i&5 "%e (5e of $ro$o5i"io&*. .o+ic i& "%e *("o7*"o& c*& 7*Ee
de5cri$"io& dif!c(."0 For ex*7$.e@ i& "%e do7*i& of c%ecEer5@ * $.*:er <i&5 if "%e
o$$o&e&" %*5 &o *8*i.*;.e 7o8e50 >%erefore@ "%e for7(.* de5cri;i&+ "%e 5"*"e5 o&e
5"e$ fro7 * <i& for o&e $.*:er i5 "%e co&O(&c"io& o8er "%e &e+*"io& of *.. $o55i;.e
o$$o&e&" 7o8e5@ *$$roxi7*"e.: 5000 4%e& "%i5 i5 re+re55ed o&e 5"e$@ %(&dred5
of &e< for7(.* <%ic% *re *.7o5" *5 .o&+ *re cre*"ed0 >%(5 "%e *7o(&" of 7e7-
or: &eeded +ro<5 7(c% f*5"er for C%ecEer5 "%*& i" doe5 for Co&&ec" Fo(r <%ere i"
i5 7(c% e*5ier "o de5cri;e * <i&0 O&e "ec%&i?(e <e *re ex$.ori&+ "o re7o8e "%i5
ex$e&5e i5 deco7$o5i"io& of "%e do7*i&0
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6.1 Domain Decomposition

No" *.. do7*i&5 c*& ;e 5o.8ed ?(icE.: <i"% I1>UE0 So7e do7*i&5 *re 5i7$.: "oo
.*r+e or co7$.ex for "%e "ec%&i?(e5 de5cri;ed *;o8e "o <orE ?(icE.:0 I 5o.("io& "o
"%i5 $ro;.e7 i5 "o deco7$o5e "%e do7*i& i&"o 57*..@ "r*c"*;.e $iece50 >%e $iece5
c*& "%e& ;e 5"i"c%ed "o+e"%er "o 5o.8e "%e co7$.e"e do7*i&0 >%i5 ide* i5 5i7i.*r "o
"%e co&ce$" of 5(;+o*.5 *&d "e7$or*..: *;5"r*c"ed *c"io&5@ 5(c% *5 o$"io&5 RS(""o&@
Prec($ T Si&+%@ 1999V@ i& rei&force7e&" .e*r&i&+0

O&e $o55i;.e 7e"%od for deco7$o5i&+ do7*i&5 i& I1>UE i5 "o ;re*E "%e *("o7*-
"o& *.o&+ * 5e" of "r*&5i"io&50 I& o"%er <ord5@ +i8e& *& *("o7*"o& *&d * +ro($ of
"r*&5i"io&5@ de!&e * &e< *("o7*"o& <i"% * &e< 5"*r" 5"*"e@ <%ic% %*5 "r*&5i"io&5
<i"% &o $re-co&di"io&5 *&d "%e $o5"-co&di"io&5 of "%e c%o5e& "r*&5i"io&5@ *&d * &e<
!&*. 5"*"e re*c%*;.e ;: "r*&5i"io&5 <i"% "%e $re-co&di"io&5 of "%e c%o5e& "r*&5i"io&5
*&d &o $o5"-co&di"io&50 Fi+(re 6R*V 5%o<5 * 5*7$.e *("o7*"o& ;efore co7$o5i&+
o& "%e "r*&5i"io& p p @ <%i.e Fi+(re 6R;V 5%o<5 "%e re5(."i&+ *("o7*"o&0 No
o"%er "r*&5i"io& i5 *ffec"ed ;: "%e deco7$o5i"io&0

15i&+ "%i5 "ec%&i?(e@ * do7*i& e&coded ;: *& *("o7*"o& i5 ;roEe& i&"o 5e8er*. 5(;-
do7*i&50 4%e& * $*r"ic(.*r 5e" of "r*&5i"io&5 i5 "*Ee&@ "%e *+e&"5 7o8e "o * differe&"
5(;-do7*i&0 F(r"%er7ore@ e*c% 5(;-do7*i& i5 de5cri;ed ;: "%e 5*7e *("o7*"o&@
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Fi+0 70 Ex*7$.e do7*i& deco7$o5i"io& of c%ecEer50 >($.e5 5%o< "%e &(7;er of $iece5 for
"%e $.*:er50

<%ic% 7e*&5 "%*" *& o$"i7*. $o.ic: i& o&e 5(;-do7*i& <i.. ;e "%e o$"i7*. $o.ic:
of *.7o5" *&: 5(; do7*i&0 >%e exce$"io&5 *re "%e !r5" *&d .*5" 5(;-do7*i&5@ <%ere
"%e *+e&"5 (5e "%e i&i"i*. *&d !&*. 5"*"e5 of "%e ori+i&*. *("o7*"o&0

I."%o(+% "%e $ro$o5ed "ec%&i?(e $rod(ce5 * 5i&+.e *("o7*"o& for *.. 5(;$ro;.e75@
* do7*i& co(.d e?(i8*.e&".: ;e deco7$o5ed i&"o 5e8er*. differe&" *("o7*"*@ *&d
"%e I1>UE *.+ori"%7 co(.d ;e r(& o& e*c% o&e "o o;"*i& "%e o$"i7*. $o.ic:0 Ei"%er
<*:@ "%e 5o.("io&5 "o "%e 5(;$ro;.e75 7(5" ;e re*55e7;.ed i&"o * 5o.("io& for "%e
ori+i&*. do7*i&0

Co7;i&i&+ "%e o$"i7*. $o.icie5 for "%e 5(;-do7*i&5 c*& ;e do&e ;: co&5"r(c"i&+
* &e< *;5"r*c" *("o7*"o& "%*" de5cri;e5 "%e co&&ec"io&5 ;e"<ee& "%e 5(;-do7*i&50
>%e 5"*"e5 i& "%i5 &e< *("o7*"o& <o(.d corre5$o&d "o differe&" 5(;-do7*i&5 *&d
"%e 8*ri*;.e5 <o(.d ;e "%e 5*7e *5 "%e ori+i&*. do7*i&X50 Fi&*..:@ for e*c% e?(i8-
*.e&ce c.*55 7e7;er5%i$ for7(.* "%*" i5 *$$.ic*;.e i& "%e 5"*r" 5"*"e of * $*r"ic(.*r
5(;-do7*i& * &e< "r*&5i"io& i5 co&5"r(c"ed <%o5e $re-co&di"io& i5 "%*" for7(.*
*&d <%o5e $o5"-co&di"io& i5 "%e !&*. 8*ri*;.e 5e""i&+5 i& "%*" 5(;-do7*i& (5i&+ "%e
o$"i7*. $o.ic:0

Co&5ider "%e +*7e of c%ecEer5_ o&e 5i7$.e 5e" of "r*&5i"io&5 o& <%ic% "%e *("o7*-
"o& co(.d ;e deco7$o5ed i5 "%o5e corre5$o&di&+ "o $iece c*$"(re50 B*5ed o& "%i5
5e.ec"io&@ "%e &e< *("o7*"o& <o(.d de5cri;e %o< "o $.*: o$"i7*..: fro7 o&e c*$-
"(re "o "%e &ex"0 >%e& ;: co&5"r*i&i&+ "%e &(7;er of $iece5 i& e*c% 5(;-do7*i&@ "%e
$ro;.e7 <o(.d ;e deco7$o5ed i&"o "%e &e"<orE of co&&ec"ed 5(;-do7*i&5 5%o<&
i& Fi+(re 70 >%i5 deco7$o5i"io& i5 5i7i.*r "o "%e o&e (5ed ;: "%e 5:5"e7 C%i&ooE
for e&d-+*7e d*"*;*5e5 <%ic% *re ;*5ed o& "%e "o"*. &(7;er of $iece5 o& "%e ;o*rd
r*"%er "%*& "%e &(7;er of $iece5 for e*c% $.*:er RSc%*effer@ C(.;er"5o&@ >re.o*r@
\&i+%"@ L( T SJ*fro&@ 1992V0



6.2 Parallelization

P*r*..e. *.+ori"%75 %*8e ;ee& (5ed i& re"ro+r*de *&*.:5i5 "o 5o.8e +*7e5 ?(icE.:
RL*Ee@ Sc%*effer T L(@ 1993_ Uo7ei& T B*.@ 2003V0 I ?(e5"io& "%*" *ri5e5 i5
<%e"%er "%e I1>UE *.+ori"%7 co(.d ;e $*r*..e.iJed0 4e 5Ee"c% "<o $o55i;.e 7e"%-
od5 for doi&+ 5o0

>%e !r5" i5 "o di5"ri;("e "%e o$e& &ode5 *7o&+ *.. *8*i.*;.e $roce55or50 I."%o(+%
"%i5 co(.d 5(;5"*&"i*..: 5$eed ($ "%e *.+ori"%7@ "%e 5(;5(7$"io& c%ecEi&+ *&d
c.*(5e re7o8*. co(.d c*(5e * 5i+&i!c*&" ;o"".e&ecE0 I.. deci5io& .i5"5 <o(.d &eed
"o ;e *8*i.*;.e "o@ *&d co&5i5"e&" *cro55@ e8er: $roce55or0 I& * 5%*red 7e7or: e&-
8iro&7e&"@ "%i5 "ec%&i?(e <o(.d <orE <e..@ ;(" i& * 7(."ico7$("er 5:5"e7@ "%i5
<o(.d i&c(r * %i+% co77(&ic*"io& o8er%e*d *&d force $roce55or5 "o 5:&c%ro&iJe
of"e&0 If "%e deci5io& .i5"5 <ere &o" co&5i5"e&"@ "%e& $roce55or5 co(.d ;o"% d($.ic*"e
<orE *&d *..o< i&8*.id 5e" de5cri$"io&5 "o ;e re+re55ed0

>%e 5eco&d *$$ro*c% <o(.d ;e "o *55i+& * $roce55or "o e*c% *("o7*"o& 5"*"e0 Si&ce
e*c% deci5io& .i5" i5 re.e8*&" for * 5i&+.e *("o7*"o& 5"*"e@ "%e: <o(.d &o" &eed "o
;e 5%*red *cro55 $roce55or50 >%i5 co(.d c*(5e e8er: 5e" de5cri$"io& "o ;e $*55ed "o
* differe&" $roce55or *f"er i" i5 +e&er*"ed@ ;(" de5cri$"io&5 "e&d "o ;e 57*.. <%i.e *
.*r+e *7o(&" of "i7e i5 5$e&" co7$*ri&+ &e< "($.e5 *+*i&5" "%e deci5io& .i5"50 >%i5
*$$ro*c% doe5 %*8e * dr*<;*cE@ %o<e8er@ <%ic% i5 "%*" "%e &(7;er of $roce55or5
<o(.d ;e .i7i"ed ;: "%e &(7;er of *("o7*"o& 5"*"e5@ <%ic% co(.d ;e 8er: 57*..0

6.3 Rule Compression and Feature Construction

>%e 5e" of e?(i8*.e&ce c.*55e5 +e&er*"ed ;: o(r *$$ro*c% c*& ;e 8ie<ed *5 * .i5"
of r(.e5@ de5cri;ed *5 .o+ic*. for7(.*@ for decidi&+ <%ic% "r*&5i"io& "o "*Ee0 If"er
"%e5e r(.e5 *re cre*"ed@ "%ere *re "<o *ddi"io&*. "ec%&i?(e5 "%*" co(.d ;e *$$.iedW
r(.e co7$re55io& *&d fe*"(re co&5"r(c"io& R'(++.e"o&@ 1987V0

I."%o(+% "%e &(7;er of c.*55e5 +e&er*"ed i5 7(c% 57*..er "%*& "%e 5iJe of "%e 5"*"e-
5$*ce@ 7*&: c.*55e5 co(.d 5"i.. ;e +e&er*"ed0 >%e 5iJe of "%e for7(.*e "o de5cri;e
"%e i&di8id(*. c.*55e5 co(.d *.5o ;e .*r+e0 >%i5 i5 d(e@ i& $*r"@ "o re$re5e&"i&+ e*c%
for7(.* *5 * co&O(&c"io& of .i"er*.5 *&d &e+*"io&5 of c.*(5e5 of .i"er*.50 So<e8er@
*f"er "%e 5e" of c.*55e5 %*5 ;ee& !&*.iJed@ "%i5 re$re5e&"*"io& i5 &o .o&+er &ece55*r:
*&d "%e for7(.*e co(.d ;e re<ri""e& i& * 7ore co7$*c" for70 >%i5 <o(.d %*8e *
&e+.i+i;.e effec" o& "%e *7o(&" of <orE re?(ired for *& *+e&" "o 7*"c% c.*55e5 "o
i"5 c(rre&" 5"*"e0

>%ere *re do7*i&5 "%*" *re 5"i.. "oo .*r+e for o(r *$$ro*c% "o %*&d.e0 E8e& for
do7*i&5 "%*" *re "r*c"*;.e@ i" 7*: &o" ;e $o55i;.e or &ece55*r: for *& *+e&" "o 5"ore
"%e e&"ire 5e" of r(.e50 I& "%e5e 5i"(*"io&5@ fe*"(re co&5"r(c"io& co(.d ;e (5ed "o



red(ce "%e *7o(&" *& *+e&" &eed5 "o 5"ore@ *&d cre*"e r(.e5 "%*" c*& ;e ("i.iJed i&
"%e (&ex$.ored re+io&5 of "%e 5"*"e 5$*ce0 O&e "ec%&i?(e "%*" co(.d ;e *$$.ied i5 "o
cre*"e fe*"(re5 o(" of "%e &(7;er of 5*"i5!ed $o5i"i8e .i"er*.5 RF*<ce""@ 1996V0

7 Summary

4e %*8e $re5e&"ed "%e I1>UE *.+ori"%7@ <%ic% ex$.oi"5 * co7$*c" re$re5e&"*"io&
"o 5o.8e do7*i&5 <i"%o(" e&(7er*"i&+ "%e (&der.:i&+ 5"*"e-5$*ce0 O(r "ec%&i?(e
(5e5 +o*. re+re55io& "o +e&er*"e c.*55e5 of e?(i8*.e&" $ro;.e7 5"*"e5 "%*" c*& ;e
re+re55ed *5 * 5i&+.e (&i"0

O(r *.+ori"%7@ I1>UE@ <*5 "e5"ed ;: *$$.:i&+ i" "o "%e do7*i& of Co&&ec" Fo(r ;:
$rod(ci&+ e?(i8*.e&ce c.*55e5 "%*" f(..: de5cri;e "%e o$"i7*. *c"io&5 *&d o("co7e5
o8er "%e e&"ire 5"*"e-5$*ce0 >%e *7o(&" of 7e7or: re?(ired for o(r "ec%&i?(e <*5
5ix order5 of 7*+&i"(de 57*..er "%*& "%e *7o(&" "%*" <o(.d %*8e ;ee& re?(ired
for * 5"*&d*rd re"ro+r*de *&*.:5i5 *$$ro*c% "%*" 5"ore5 * d*"*;*5e of $o5i"io&5 *&d
o("co7e50 Bec*(5e of "%i5@ o(r 7e"%od c*& ;e (5ed "o 5o.8e do7*i&5 "%*" <o(.d
o"%er<i5e ;e i&"r*c"*;.e0
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