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Empirical Comparisons between Partial-Order Planning and Graph

Planning in Freight Transportation Domain
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2. ¥EEAAYGY 2A=AY]Y

2.1 ¥E=AAEYY

BB AYH(partial-order planning) ¥ A7 7%
2 2¥(least commitment strategy)}S AM&3hHe AY ubal
o224, AYL olFE F(action)Eo iy PE¢
A (partial ordering)?} Z-2Eo] EHH HTELY vkl
T (binding)ol] th¥t R-E A ek(partial constraintyg ¥H-&
sl A¥ey A3 5S¢ T Uay AgEUE F
AHog B Uzith4, 11]. F2eA AYALR
(partial-order planning system)E-2 A% AYA|Lw
(linear planning system)Solu} $H3er AYA|2™
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o] AREL nle] U "ot gleus AEYH A
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olth =3t AY4y HFEY o9y AYS U=
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oA Qo] Wyro g AY o] sz
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problem)E T3] 4 FAA AYL Y77} &ol¥}
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o
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space)id®] ¥ fM(search)0 8 & 4= ¢lz|qt, nhde
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Hog YAt IF, 3 =& AN E AY 2
A= ¢loja ¥3edA ebd(backward-chaining search)
S A3H Fol BEAY 37 He 3 AYLS 3
ojzit} wiet & x| E3H AY 1R=E o &
FgoeA 912 27yl THYTH

A T WA = Z(proposition node)e}l A
= T(action node)s 5 7H] $3e =2 ZT¥3In

-326-



[E 1] #EcA AY gugdF

Algorithm POP(S,0,B,G,L,T)
1. Termiation :

b sj € L, then:
—

Demotion

B' =
o . .
Recursive invocation

p is a precondition.
4. Operator selection :

make S.d add p. G' =
S. Threat identification : Let T' =

8}

L

If G and T are empty, report success and stop.

2. Declobbering : A step sy threatens a causal link s; __{ s; when it occurs between

si and s;, and it adds or deletes p. If there exists a threat teT
such that t is a threat between a step s and a causal link s;

° Remove the threat using promotion, demotion or separation.
Promotion : Q' = O u {sx <si}, BB =B

:0=0u{s<s}, B=B

Separation : O' = O u {s; < s} U {sx < §},

B u § where dfa | a =

codesinate(P-s), where s ¢ P A s #{ } }.

: POP(S',0' B ,G,L,T-{t})

3. Goal selection : Let p be a proposition in G, and let sweea be the step for which

Let s.q be an existing step, or some new step, that adds p
before sneed. If no such step exists or can be added then

backtrack. Let L' = L U {Sas 2 Suwa}, §' = S U {sua}, O' =
O U {Sadd < Sneed}, and B' = B u the set of variable bindings to

(G - {p}) v preconditions of saq4, if new.
{t | for every step sk that is a positive or

negative threat to a causal link s; ﬁ sie L t = (s si ﬁ

6. Recursive invocation : POP(S'O'B'\G' L'\ T).

noncodesinate(s) u
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cleanH

quiet =

Grrevcresersresreversercccs PrESENL

(2% 1] A efze] ¥ o

<E 2> AEAAHolE BAlY Ho

Initial Condition:(and (garbage)(cleanHands) quiet))
Goal: (and (dinner) (present) (not (garbage)))
Action:
cook: precondition (cleanHands)
. effect (dinner)
wrap: precondition (quiet)
. effect (present))
carry:
. effect(and(not(garbage))not (cleanHands)
dolly:
. effect (and (not (garbage)) (not (quiet)))

precondition

precondition

OUF%-"J 275 39 g UF3E idHA Gl
o] F 32 A% wiely FA dck

- Balx] & 3Ninconsistent effects): ¥t %1—]'.4 3
7} k& Szte] #3}e] B (negation)d 7

- ZFi(interference). 3t F2to} ThE %%H "hﬂ?x‘-
& AAY o

- ZAA @ I(competing needs): F2Eo] i-1H=A)]
oA AT wlEld Aol WU IARAE
2 714 u

01‘*‘*}] o] T PAEc] MR T‘é*}ﬁl(negation)
ol °‘7‘1L} a tﬁz’“ae Eckl in=a ki I
Eol 2% B4 4% wjeld A A& BF
(inconsistent support)

1

(23 1} (E 200 B" AYAA yolE EA
(dinner-date problem)oll tiglt A T =ZE RoFcl
AY Szjze] A HA) Aol M caryF 2=} garbage
fA 52l 29 FTAE A HME A}F ujEiy
Al al3, & dolly®} wrapo] ZHdol 2J3] HA] 4t
% wjebd TAo ks ZE ¥ 4 sk B4 =

E il F A ddolM = Tquiete} present7} A
% ujeld TA] Qlch

3} =& DAolME n AL BE 2L AgE 2
Ao =N e AYS olpzth iMA] e
2% 2} eled(iteral)o] Ti3) T AYHe 2
B&ERs wysrs i Uw AUy 8 54 a2
At 22 o] MYE Shiel ¥ Cackuck
pin)S R Aech Wor Fofdl ¢ PaBEE Yy
}E + U= %—’iM 3} o]at EAjshE A A
(completeness)g g83t7] 43 o5 nTE 333
Hotof gtct 52} azl o] #dolA Hxlzia] vy
e BE 52E3} AZ ajely JA7L ohld
= MEL FEERE 333, vt Ogx] ¢fod
thE 53S AYsRs oln A9d g ZzEa
BE wiely FAo) glA] 4L Fao| o ol £
8 g Bt oY WY T 7 (backirack)et
o il el WAl Gt BAEE =5 3ol
W3 UE 02 Aol of SAEe] AAzAEe
AT o AYG Rean wie A oain
AHZE(recursion)] L A2 Hdoln, R 7EE
HA| Eo] o] HI‘QOII E—r Exjstd 2T AYYPe
shite] 3|8 3k2 Zlojrh wreb o8lx Eilm sps
3 BE AdYEd o3 3P§l°] Asig Ed Z9e
T JEIIE 83 AR Eoi7t 57 iz A
S 3 HEY o AR R 3 &S Ax
ot [27 112 AYAA) ol EAo) o3 43
A ddrtA] oxst 49 5 3 Eé *3& B
3] 7Hs¥ 471x] AYFY hE FHE AL HAS

3 O]E].

3. gAY
3.1 AREY

2 =8 S8V W vy Biesl &

3E24 ddod R AFAL Ay
%5:1 AU} D2 AYYHY P A
1543]-7] A3 2 7] A¥-E dpx} o)

P AYe %SH Jg= AYYPe sl
%) % 7 gl AojAeEe Fo) cusﬂxi

A= Blma %b.z} ol HA R Ha B
HEeA AYHz D= AYYDY 4% 8vaE
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24 AY EASd O3] 2E2aA 71]271% a3
Z AYIE 0|83} EolRI, 1 FolH HFFo
& HE 78 B 4, s AlY(solution plan)e] Z
o], éma CPU A7t 5-& &F3lo] M2 nase
th = F AR BEX U= AY Yol H&ER
ey qu 52 de ool g AojAeES e
1,4€ Hl 2 24317] $j3llA 713 BHAo g
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ez AR DVO ke dal ojgy $45
EE Zold 138 e4HE & gt BaEol 7
A AL RAREE 7pg PUNeT AU Y33
7= Ferolc). Pelo] LPVO Heke shie] ¥4E
EE w4sE 4 ot SAEel ¥ A &4 ¥
o ol ZolM 74 AL 4o AAzAE U F
g PHHeE AYs Fojzl $4EEE WA
Hat Aeolt) ¥ AL B 27} RaEx 4y
Aot B3 MY EMof B HAAF A Hleast-
committment strategy)2] Stifolch. $EEX AHYol
N ¥ Aol B BgY AFE olu] Joslind}
Pollacke] 4% A7[7NE F3 I A3y} A3H
glo] & dyolds Td AYE AYYTh B A7
AL (DF Y BT A8 94 3% )
DVO el b8t 2%, (3) LPVO Aemt abgd
2%, () § A% BT A8Y AF Fol o) 2
AT ANSE o83l BAES BN, 4] 4F
Ho= B 24 BAY 4, 8 AYY o], £0
d CPU A7t 58 &4%tel M2 ulasiect

$HE3} olEo] E4Eojol ¥ W e =8} z
o, D83 ESgdes @ oo =gz} vt
o|-&E 0 olE} TFAHY /8 FAERE B 23
IEES AAY U AU ERFAHeR o5 5
3 8 7|8 71E FAEUE UL &4 AY AY
A 2 A S AEE vEe B4y
Z7)Ael(initial state)?} E-REAJel(goal state)d] o
ozt

2 d79 d¥ol= [F Sol UEIY A= A 2
o] & 7 /8 HE t}E HELIS AY EASE A
£3lgct Agol AH2H BAlE [¥ SoM BE &
FEES £, A W Y £ w4,
EY 4, #FHRY glEd A¢ Lzt Bz
E Fal F7MA wE o)y EAlEolth uwlehA
HE AEo 22" EAY Aes ook wx o
oz} FAEC] B3E HolA 2Ez® Exdch
€S 744 gEch= FHoA Blay 3L {3
SAHEUS tdes ¢ AERcl WA &n|st Ac
3 miehgich

<& 3>PDDL &9 ¥ =225 I did F9

(define (problem prob-2) (:domain transportation)
(:objects packagel seoul-truck pusan-truck airplanel
pusan-po seoul-po pusan-airport seoul-airport secul pusan)
(:init (OB] packagel)(TRUCK seoul~truck){TRUCK pusan-truck)
(AIRPLANE airplanel )(LOCATION pusan-po)

(LOCATION seoul-po)(LOCATION pusan~airport)
(LOCATION seoul-airport)(AIRPORT pusan-airport)
(ATRPORT seoul-airport)(CITY secul(CITY pusan)

(IN-CITY seoul-po seoul)(IN-CITY seoul-airport seoul)
(IN-CITY pusan-po pusan)(IN-CITY pusan-airport pusan’
(at packagel seoul-po)(at airplanel seoul-airport)
(at pusan-truck pusan-po)(at seoul-truck seoul-po))

(:goal (and (at packagel pusan-airport))))

3.2 AH¥Y

2 d75 93 LS 271¢] 233MHz HE|EI =
2442} 256MBe] F71 A2 E AML-FH= Windows
NT Server 4.0 $FAgo]Mdolal Allegro Common
LISP 3.0& o]-&3lc] o|Fojzch AES Y I
4 d9x4a 7 BEAY e 47 (& 3]
[E 4]0 VER} gl ZAE PDDL Hel2 #¥ 3t
gJg et PDDLE Ql-FA|5AHA L8 A a3
2]l AIPSOjA |aAoE A= AYAAY F
A E Y3 AR EF AYEA 7le dA=ZA
Ha 38 ¢ A3 E ¢ FFESE ol8¥HI Ut
2 d7o AL A% HEF 892 € Ay &

e AYYE 4% A8 vy ¥Ee
A AY7|2 d2] BFFo] gl UCPOP[12] o]
gitl. UCPOPL )= $JA™l Ffit)stollA Common
LISPe g 74 Aoz A g Aluniversal quantif
ier), ZZ8-3 F(conditional effect), E-A(negation)s
thersl Fatuy oA g x|Ydla glon IAE B
=M AYY) F 85y £PHgo] Hrl FECAH
AYNE o83l HEELF AY BEAE & 7Sl
£ 823 E & 7 E2AY ¢ AYLYAA
5o AHE REAEY 4, AAE AAR REAY
8 4, A ow @ojA 3 AHE Zo], F 49
H CPU A7t 5-& &3] v]ayct

T, a2 AYPLS 2% Aol G4 A"
tidtoljM JidxEle] 2] BRFEol2 ciEHe g
= AEr)¢l SGPE oj&¥ith FAH IE A7
= SGP& ol = Graphplan, IPP, STAN So] Ql=|g} o]
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[E 4] PDDLE S & 3825 AYEA

(define (problem prob-2) (:domain transportation)

(:objects packagel seoul-truck pusan-truck airplanel
pusan-po seoul-po pusan-airport seoul-airport seoul pusan)

(:init (OB] packagel)(TRUCK seoul-truck)(TRUCK pusan-truck)
(AIRPLANE airplanel)(LOCATION pusan-po)
(LOCATION seoul-po)(LOCATION pusan-airport}
(LOCATION seoul-airport)(AIRPORT pusan-airport)
(AIRPORT seoul-airport)(CITY seoul)(CITY pusan)
(IN-CITY seoul-po secuD(IN-CITY seoul-airport seoul)
(IN-CITY pusan-po pusan)(IN-CITY pusan-airport pusan)
(at packagel seoul-po)(at airplanel seoul-airport)
(at pusan-truck pusan-po)(at seoul-truck seoul-po))

(:goal (and (at packagel pusan-airport))))

[¥ 5] 4F&EAEY 74

prob-1 1 2 4 (2) 1 2 1
prob-2 1 2 4 (2) 1 2 (1) 1
prob-3 1 2 4 (2) 1 2 (D 1
prob-4 8 3 6 (2) 2 3@ 1
prob-5 8 3 6 (2) 2 3 2
prob—6 3 3 9 (3 2 3 ) 3
prob-7 4 3 9 (3 2 3 4

]

£ B C doj= 7N ¥ ohls 11EY

EE3 HA/UES uEsln gtk oy
ucpopzte] ¥l vlzE filAde 94

Common LISPS. 2 1&=Eo] glon a3y £44A
Haeoyg Hu oAk DVOSt B3 dY AT
LPVOE 7¥3l7] &o)3t SGPE A¥siqr). 2=
A¥Yolx DVO Mzt LPVO Heke] XS w2
7] YA ()E A= BE A83A e AL
(NONE), (2) DVO et A-&3 ZF-(DVO), (3)
LPVO kb abg3h Z-LPVO), (4) F A BF
A3 73-9(DVO+LPVO) 2tztol ois] zj= AY
7] SGPE o] &3] EAES B8, 4FHoE 3
g 73 BA] 4, A¥oz=e 2F i 8 Al
o] Sa4, 209 CPU A7t 5& Z43 A
g vja3jEct

4. A9dz 9@ 24
4.1 A@ 4z}

[ 612 7 718 ¥}Eed AYEAE 2 A
7Y UCPOPLE & AAE RAET 2 EAE
E Wl 3 1000708 FE2AYE k= AP @A
(search limit)2 4o} Mg A3 o] 2 whzr] 2 7|
o] EANME HFHeE FojUlz ez 5 Ay &
Ae BE AvE Byt oM H3Hos B4
£ & 250 U A¥SYES 98 HNRE Foj
AEE F FEAY =9 9 ol F AA Ha}
H FEAY =9 4, 3 AYY Zo] F 3 AY
of EHH F2EY +, 5 499 CPU AT &
& RojEt} 3 (¥ 7)1 (B 81 ZUY HES
FAYEAES 29 AY7IA SGPR F FXE
BojEch [F 71E ME THE 4 714 Aojdwgy =
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<E >FECAAY7Y 43dH

tial ple sec)
prob-1 206 89 3 0.156
prob-2 438870 176926 6 488251
prob-3 | 1067184(fail) | 449100(fail) fail 1178.021(fail)
prob-4 fail fail fail fail
prob-5 fail fail fail fail
prob-6 fail fail fail fail
prob-7 fail fail fail fail

(E 7] 20 =ZAY7]9 Add3}: Solution Plan

prob-1 3 3 3 3 3 3 3
prob-2 6 6 9 6 6 6 6
prob-3 9 18 9 18 9 9 9 9
prob-4 9 18 9 18 9 10 9 10
prob-5 9 29 9 31 9 14 9 14
prob-6 9 41 9 41 9 25 9 25
prob-7 9 48 9 48 9 25 9 25

3¢l NONE, DVO, LPVO, DVO+LPVOE 22} 2§
3hdz 73 HF AYaH=e Az 3 AY
¥3E FaEL 48 HA&c E (& 8]2 4 71A]
AojAere 23E ALY A3 3 AYE 7Y o
7tx] 289 & CPU AiIA g Roj&Ect

42 v]2EA

3ES AYEAES oj3 MEHAAE EOE 7
2o Age 182 AYLL] A5S ME 9
I theat ok HA AN BEAY £ dA=
qrpHoz Zoid EA $£8 uaRY FIc
A A" A FolA ©AMITA oM F 7
e Bl & vla3d 22 274 EAgo) E4 £
stz e 2= AYrle uad B2l
2 BAEL B Fol 7 JY EME BF E
oyt X [E 6lolA FEEAM AY7 433es

EHE & %18 AnRd FAY w23
S71ehE AZEY FEAY o AR FE2AY
8 71 Bo{Fx g zo] FH3] F7ISHA FHol
e 87Fo] FFsta AYio] e CPU
AAZE wlet IR AL € 4 dr) 34
2 [ 7] [& 8ol REo] T AYIEs BFY
=7t ¥ w2 TAEY ZPolx WEe] 27%0]
ackA] @A 43 4-82 o|uje ml-¢ B2 CPU A
A2t ol Fojultt. whebdq AT AL FP=
EAY B3z wel A w2e] 97|t A4t
Aol F71sHA] ol Hlf 4B B5E BAE
The A& ¢ 4 gl 3 AY43y Aot dofd
3] AlY(solution plan)e] H(quality)Holx F AH7
& HlZEE o] F$ viay 27 Hre

AR BEea AF7le Eold F A 2F 3
AY e Zolz}t 7HA B2 2 3(optimal solution)
& 7€ ud O AYrl= FEhe Ao
wtel o] AHe Zojr7t ME tviErh:s & € +

lct.
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[& 8] 2= AIY79) A8 33: CPU Time(sec)

prob—l 0.125 0.11 0.125 0.109
prob-2 0.281 0.297 0.297 0.296
prob-3 0.515 0516 0.516 0.515
prob-4 8531 8.484 8.485 8.391
prob-5 8.641 8.641 8.438 8375
prob-6 4.391 4453 4.156 4.234
prob-7 9.547 5984 5.344 5.422

thee (® 713} [E 8] AEAUE EdiE dg=

A"7lol 28U AolHAETL H5g N2 HE 5 4 =

STl BA 0T AR A 2o o AY
of 3 Fate] £ 3} AYel ¥ B Y (parallelism)
2 8 A% Yquliy)st L ol sk Y
Hoz AUTA=Y AW +7 TE F A%l
2yg sl 27} wEts el Dottt
2 5 gy w 53
T¥ 7isqol Ao Foly. B

a7 AY
Azt e 4 714 z—lloiﬂﬁ,‘«l 23 25 2t £
o3 Fdg gd & HiFa gt s ﬂlii
of XH F29 w—oilx% 2 ajo]& Hojz Yt}
LPVOS} DVOHLPVOS] Alolhete A8t 227}
NONEz} DVOQ] ZA¢Etl 2E EAd tj3] o 3
AU 2L BA4E Holon E Ay BAS o
o] @ z} EA¢ %3 3jgtt NONEo|L} DVO2] A

oderg AHgsiol doidl 3 ARES W A
S A3 P2 ) AYEe] BT BUeY F
HEg ¥ Eeln lthe AAE HAY £ ¢

Qch, Eg | [E 8l AEsgo] £29% CPU At
A7+ w|ABjEolE &a] LPVOS} DVO+LPVO2)
wﬂﬁﬂ% 2123 A7 AY BEE EAlA
NONEz} DVOe] Z-¢Rt} ¢f w& %4— Rolx:
glth.  skxmt  NONEz} DVO &L LPVOS}
DVO+LPVO Ztol= CPU A4rA] 7J°M 31] AYe] A
oA ME s 20| Holn 2121 Qdtt wihet
A 2 A¥olMEe Tz AYyHy FSERE A9
ﬂa,kol DVOE: oxtzb= de] dchd Lq‘ yehy
2 F3b wbd 2P A" gERl LPVO—E FHE A
L gare JhA2THE AR o = Q) ol Y A
4‘— 2 AHe] gyl EP%”‘ AYEZA L &
’z;‘OIIE O gle] gleon} Ea 2 AYYPoME
Hangoo o £MZ g3 Zl=utes Ao
2a471 A8 AYHol} HEeA AP uls) 4
o] #8512 ¢ njAci=d 31 elel gl

2 =BoA= E2S 74]21%2—%1]—5’% 13 Ed=R- ‘ﬁ
7] AES B3 dEFHA JAFAE AYYA] B
oA AgYs o2 AYY 452 vz Téi
sttt E= SAlof o3 A¥EE F3 DVO W
LPVO2}l 22 t¥3Ql AJATEL F4o=2 olE
o] JYZX AEYHL gl nmAje HE vz B
M3l Bttt 2 472 AES BdME HEcA
A Yol Blﬂl J= Ao 1 H &2 AFS—%‘°IL}
CPU A4A7E Hojld d53] 3 & HAF
glem u]a_ai Biz71 & ﬂlﬂfﬂlﬁlﬂii 2 4
#E BAFc} A Eéﬂ 3}] A¥ 2] é_l’sie’l
Holde BEeA A¥Yo] i 234 & 2
opl FHoj wis) Jzl= AY Y2 *F%% Aol Az}
233} o) wiel 3 AYLY Ao IA YR £+
S-S Rar) 3 a2 AYYPolH s FEEE
Aey HMekel DVOE O H3E F8lo] Holx] £33l
iy F3b Ay Al LPVoE =& 3 Ay
el dolu A& HollM BFE wojyt F3E
Bl 3w BELA AEHo] nlE M woj
Ae a3 AYo] vj3] FHolx||ut A A
AL 2748 853 5 53 ¥ t}%"éé- =] 5}
7] 43 2AE AYRE 7153 e E oA
AYRZL AYARS HPol 9% £+ g& I
52 AF3l7] gl 1XE JIX2 °‘t} uh of)
HA =2 2} xll“ﬂéﬂl'ﬂon 7128 Jg= AYHS
ol 7S AFIZA =Y ool YU
£ ozl Hlﬂli ol Ak AYye °IT°ri
TALS T} oby B3 ’é’éolt}. ¥ zsgE|o]of
¥ d3ss Rr} 83 AEA dolee BHu3
A¥y A4E LUt BNy d37 Fuet
of & Rog wilich

-332-



A2 aEH

[1] F. Bacchus and P. van Run, "Dynamic variable
ordering in CSPs", Proceedings of the 1995
conference on Principles and Practice of
Constraint Programming, pp.258-275, 1995.

{21 A. Bamett and D. Weld, "Partial order
planning: Evaluating possible efficiency gains”,
J Artificial Intelligence, vol.67, no.l, pp.71-112,
1994.

[3] A. Blum and M. Furst, "Fast planning through
planning graph analysis", J. Artificial
Intelligence, vol.90, no.1-2, pp.281-300, 1997.

{4] D. Chapman, "Planning for conjunctive goals",
J. Artificial Intelligence, vol32, no.3, pp.333-377,
1987.

[S1 J Cheng and K. B. Irani, "Ordering problem
subgoals", Proc. 11th Int. Joint Conf. Al,
pp.931-936, August 1989.

[6] M Ems, T Milistein, and D. Weld,
"Automatic sat-compilation of planning
problems", Proc. 15th Int. Joint Conf. AI, 1997.

{77 D. Joslin and M. Pollack, "Least-cost flaw
repair A plan  refinement  strategy  for
partial-order planning", Proc. 12th nat. Conf. Al
July 1994.

(81 R. Kambhampati, E. Lambrecht, and E. Parker,
"Understanding and extending graphplan", Proc.
4th European Conf. on Planning, Sept 1997.

[9] S. Kambhampati, "Ebl and ddb for graphplan”,
Department of  Computer Science and
Engineering TR-99-008, Arizona State
University, August 1998.

[10] J. Koehler, B. Nebel, J. Hoffmann, and Y.
Dimopoulos, "Extending planning graphs to an
ADL subset’, Proc. 4th European Conf. on
Planning, pp.273-285, Sept 1997.

[11] D. McAllester and D. Rosenblitt, "Systematic
nonlinear planning”, Proc. 9th Nat. Conf Al
pp-634-639, July 1991.

[12] JS. Penberthy and D. Weld, "UCPOP. A
sound, complete, partial order planner for
ADL", Proc. of KRR-92, Oct., 1992.

-333-



