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Abstract

We describe an extension of GRAPHPLAN to a subset of ADL that allows
conditional and universally quantified effects in operators. The data struc-
ture of planning graphs is extended to cope with the more expressive oper-
ators in such a way that most of the interesting properties of the original
GRAPHPLAN formalism are preserved. A sound and complete planning al-
gorithm extracts plans from planning graphs and terminates on unsolvable
problems. A new efficient technique for subset memoization is presented
to speed up the planner and we prove that GRAPHPLAN’S termination test
remains complete under subset memoization.

Results from an empirical evaluation demonstrate that this extension
of the original GRAPHPLAN system comes with almost no computational
overhead if carefully implemented. The resulting system is the kernel al-
gorithm of our own interference progression planner IP?2 that competes
very well with other complete planners for operators with conditional and
universally quantified effects such as UCPOP and Prodigy.
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*This report is a significantly extended version of a paper that appeared in the Proceedings
of the 4th European Conference in Planning, Toulouse 1997.
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11P2? is an acronym for interference progression planner.
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GRAPHPLAN shortest
An 1S a 4-tuple consisting of
1. a , which is a string,
2. a of typed variables,
3. the o, which is a conjunction of atoms, and
4. the as a conjunction of possibly universally quantified formulas that
are of the form @; = «;, §; where @; is the so-called effect condition (limited

to a set of atoms) and «;,d; are the actual effects (also limited to sets of
atoms with «; being the Add effects and ¢; being the Del effects).

GRAPHPLAN

not-p(x) —p x

oi 0
v, = Vx P

2The system together with all benchmark problems that we used in the evaluation are
available over the homepage of IP?, which is listed in the references.



The set of all ground atoms is denoted with P. As usual, a
S e Pisa set of ground atoms.

An o0 is a ground instance of an operator and has the form?

0 Yo
ayg, Op
©1 = a1,01

On = Qp, Oy

The @;, oy, 0; are sets of ground atoms with po denoting the preconditions of o, «y
being the list and oy being the so-called list of 0. A conditional effect
contains the effect condition p;, Add list o; and Delete list 6;.

move object  {letter,
toy} location  {office, home}

Ul

Let O be the set of all ground instances of the operators in O, O*
denote all sequences over O, and Res be a function from states and sequences of

actions to states.

Res "xo0* — 7°

The result of applying a sequence containing the single action o to a state S s

defined as

3The ground instance of a universally quantified effect V. [ ()= () ( )] is the con-
junction of ground instances A\ _,[ (] D= ( D ( ])] if the domain ()
of the typed quantified variable is { ¢ 1 o ] denotes the instantiation of the

variable with the object constant



(SUA S,o)\D S,0 if gy C S

Res S, (o) 4
undefined otherwise

with
A S o U Q; and D S o U 0;

0 CS,i>0 ;i CS,i>0
The result of applying a sequence of more than one action to a state is defined as

Res S, {01,...,0,)  Res Res S,{01,...,0,1) ,0,
Res

Res

Res*

Let Res* be a function from states and sequences of sets of actions
to states

RQS* PX O*_>P

The result of applying the empty sequence of actions to a state is defined as
Res* S, () S. In the case of a sequence containing one non-empty set we
obtain

Res* S, ({o1,...,0n}) {fli(]iftiizﬁd] ASe AU s Zﬁheruf;e e
Voi ¢o0, CS

Voi,0i AS,0, ND S, o, 1)

Voi,051/] (goo 0; UU(pl(oi)gS 0 0; ) ND S, o, 0

Voo, wroi €S= ¢ 00 LU A S 05

The recursive case of a sequence @ @1, ...,Q, is defined as

Res* Res* SJ <Q17 R Qn71> ) <Qn> Zf Res* Sa <Q17 sty Qn71>
Res* S, (Q) is defined

undefined otherwise



Res*

o1 0 oy 0
a = Y c b= T c

{z,y} S A{a,b}

Let S be a set of states and R be a function from sets of states and
sequences of sets of actions to sets of states:

R QPX 0 x 2P

The result of applying the empty sequence is defined as

RS, () 8

For the sequence containing exactly one set set of parallel actions Q  {q1,...,qn}
we obtain

{T'e "|Se8S,qeSeq Q, T ResS,q} ifResS,q defined
R 8,(Q) VS eS8, ge Seq Q

undefined otherwise

with Seq @ denoting the set of all linearizations of the action set Q@  {q1,...,qu}.
The result of applying a sequence of several sets of parallel actions is defined as



RRS,(Q]»"')QH*]>7<QR> ifR81<Q1a"'7Qn71>

R S8,(Q1,...,Qn) is defined
undefined otherwise
A P O,D,I,G is a 4-tuple where O 1is the set

of operators, D is the domain of discourse (a finite set of typed objects), and I
(the initial state) and G (the goal state) are sets of ground atoms.

(@) D 0
(@)

As in GRAPHPLAN, we define a N,E as a di-
rected leveled graph with the set of nodes N No U Np where No and Np
contain the sets of action nodes and ground atom (also called fact) nodes with
No N Np (0, respectively. The set of edges E Epr U E4,U Ep s split into
the three disjoint sets Ep, the precondition edges (Ngp x No) and E 4, Ep which
contain the Add effect edges and Del effect edges (No X Np x Ng).*

Np 1
N() NF 7]V() ,NF ,...,NF’I’I’LCL.’L’
GRAPHPLAN
interfere
any
interference
We write effect edges as triples X x 2 ¥ where an edge is drawn between an action

node € and its effect (a fact node) € that is labeled with a set of fact nodes, which
represents the (conjunctive) effect condition under which achieves



Two actions 0, and o0y iff (ag o1 Uy o ) Ndy oy /0.

GRAPHPLAN

Two actions are of each other
e at time step 0: iff they interfere;

e at time step n > : iff they interfere or the actions have competing needs.

Two actions 01 and o0y at an action level No n > have
iff there exist facts fi € g 01 and fo € @y 09 that are mutually

exclusive.

Two facts fi,fo € Np n > are iff there
15 no non-exclusive pair of actions 01,09 € No n — or no single action o €
No n—  that conditionally or unconditionally adds fi and fs.

An action o is Ngn iff oo o € Np n

and all f € g 0 are non-exclusive of each other.

P2 optimistic

Two sets of facts Fy, Fy are mutually exclusive (written mutex Fy, Fy
off they contain facts fi € Fy and fo € Fy such that fi and fy are mutually ex-
clusive in the sense of Definition 12.

SWe also explored a more pessimistic approach with a different notion of interference, but
abandoned the idea in a very early stage of the project, since it complicated the algorithms.
Similarly, we investigated how adding explicit atomic negation would change the definitions,
but it makes them slightly more complicated.



Given a planning graph, two facts fi and fs are mutually exclusive at
fact level Np. n iof for all possible pairs of actions 01,09 1in level No n with
fi €aj 01 and fy € aj 0y (with i,5 / i.e., both are conditional Add effects)
one of the following conditions holds

1. 01 and oy are mutually exclusive according to Definition 10 (including the
case that the actions have competing needs, i.e., mutex @o 01 , o 02 holds).

2. mutex @; 01 ,@; 02 , i.e., the conditional effects have competing effect con-
ditions.b
3. mutex @; 01,9 02 or mutex @y 01 ,¢; 02 , i.e., the effect conditions of
one action compete with the precondition of the other.”
0 0
[
Np
NO n
NF n
Nr n GRAPHPLAN
f € Npn nopy No n
Yo nopy {r} Qp nopy {f}
0 Nr n
0 IP2
GRAPHPLAN Ng n
0o = a; 0,0 0 IP?
f S67 0] Np 1
p; 0 C Npn
¥i O Nr n

6This property was independently discovered in [7].

"When adopting a more strict semantics such as the one in Definition 5, one can also
mark two Add effects as exclusive if for all possible ways of achieving these effects holds that

(1)N  ( 2) # 0 and vice versa.



Yi 0 Yo O Npn

Npn
Nr n
$Yi O f
f e do
wi 0
f € Npn
Nrn No n
Nr mazx
input: a planning problem P (O )
output: T1( ) /* the planning graph or L */

/* the number of fact levels generated */
Mutex( ) /* exclusive pairs at level  */

initialization: =0
(0) = /% initial state is level zero */
=0
= = (0)
=0 /* no actions in the first invocation */
= = = ;=0 /* no edges */
0. termination condition: if C ( ) and is non-exclusive in ()
return II( ), , V' Mutex( ).

1. Graph expansion:
loop
if the goals are unreachable at level () (Theorem 1)
then return L

else create a new fact level ( +1):=0
create a new action level () :=
call expand( +1)
= +1, =
endif

endloop



expand( +1)

1.1 add no-ops:
for all facts € ()
create a no-operator

() = (Yu{ } /* add no-op to new action level */

() = ()u{( )} /* update set of precondition edges */
( +1) = ( +1)uU{ } /* add atom as effect to new fact level */
() = ( Yu{( M)} /* update set of effect edges */

endfor

1.2. action level expansion and update of precondition edges:
compute set X( ) of all actions that are applicable in level () (Definition 13)
():= ()UX( ) /* update action nodes, one node per action in X( ) */
for all €X()
for all preconditions € o( ) /¥ € () */
():= ()U{( )} /* update precondition edges */
endfor
endfor

1.3. fact level expansion and update of effect edges:
for all € ¥( ) /* only actions other than no-ops */
forall ()= () and all atomic effects € ()

if ()C (), all factsin () C ( ) are non-exclusive, and
() is non-exclusive of o( ) /* trivially satisfied for () =0 */
then ( +1):= ( +1Hu{}if & ( +1)

/* new nodes are only created for new facts */

()= ()U{( ()}

else nothing /* ignore effects with unsatisfied conditions */
endif
endfor
endfor
for all € ¥( ) /* almost same loop to deal with DEL effects */
forall ()= () and all atomic effects € () with € ( +1)

if ()C () and the same conditions as above hold
then ()= ()U{( ()}
else nothing
endif
endfor
endfor
for each action € () compute Mutex( )

for each fact €  ( +1) compute Mutex( + 1)

{Op ,Op ,Op }



Opl Op2 Op3

pre: d1 pre: d2 pre: d3
eff: ADD a, DEL d1. eff: ADD b, DEL d2; eff: ADD c;
y = ADD x; y = ADD x;
x = DEL a. z = ADD y.
I {d.,d,d, z,y,z} G {a,b,c}

dl z
NE©)
(o

a C y
Ne(D)

An Example Planning Graph. The delete edges are drawn with dashed lines
and each conditional effect edge has a pointer to its effect condition. The three actions
are non-exclusive because they interfere only over their conditional effects.

N m m>n

If two facts fi and fy are non-exclusive at a level Np n then they
will remain non-exclusive at all future levels Ngp m with m > n.

S f2
S f2

IP2



Let Mutex n be the set of all exclusive pairs at fact level n. We
say that the planning graph has at level n iff [Np n | |Npn \
and [Mutex n | |Mutex n .

Every planning graph levels off after a finite number of expansions.

If the graph has leveled off at time step n then the set of applicable

actions has reached a fixed point, i.e., Vim > n No m  Non.
NO n
NO n NF n NF n
n

[Blum € Furst 95] A planning problem P O, D,I,G has no solu-
tion if its planning graph has leveled off at time step n and either

1. one atomic goal is not contained in Ngp n or

2. at least two goal atoms are marked as mutually exclusive.

n



GRAPHPLAN

Np G

IN
~

N, E — /* shortest graph containing goals */
max /* the number of proposition levels generated */
Mutex n /* all exclusive pairs at level n */

mazx ()
N, E — —
search(n)
n  max
NO n —
Nr n < n < mazx
GRAPHPLAN
goals G,
n No n —
negative goals C,,
C,?®
n

8Note that the input is G = and(C = () for the initial call search( ).

Gn



/* initialization of search parameters /*

n max /* current level x/
Gimaz G /* fixed goal set at max level */
V Gi<n<maz—1 () /* variable goal set at all other levels */
V Ci<n<maz () /* negative goals at level n, Cp,, remains () */
vV ., () /* set of selected edges at each level */

search(n) /* find plan in given planning graph */

FAILURFE
gm axr

expand(n ) /* expand planning graph by one level */

n—1 g EA n—
NO n — gn
GRAPHPLAN P2
n—1
g€qg,
o€ No n— g

n—1 n—1 U { o0, QJQ) } gn gn \(]
/* skip goals that are already unconditionally achieved */

0,49,p; 0 0
n 0

gegn
ceC,
@i 0



G {a,b,c} Ci 0
Op ,a,0  Op ,b.0 Op ,c,0

P2 n—
gnfl

gnfl
Gno1 Upwo o UU,wi ok Ok, G, 0i O € 1
/* note that ¢; 0o, () for an unconditional effect */

gnfl

Go
{d.d . d}
gnfl

gnfl

gnfl



n—I1 C
c Cnfl
c
9
Cn
Cq; Cn gnf]
C (/% initialization */
ceC,
c
C Cu{c}
ceC
(& Cn,1 Cn,1 U {C}
E]) n —
n—1 nf]U{ 0,C,Q; 0 }

gnfl gnf] U @i O U $o O

IP2

90One could also imagine to select an action that makes exclusive because this action has
preconditions which are exclusive of . However, this is the same as forwarding as a new
negative goal.



10
gn gnfl
gnfl
Cn
@i 0 gnfl
n—1 @i O
gnfl
No
P2 n >
@i 0 \gnfl
S S
Cnfl S
Cnfl
@i O \gnfl
TANYNz = a b
uN\w = a
T AV = b
aANb a b
TAYNzZ uNw T AV

{z,u} {z,w} {z,u,v} {z,w,v} {y,u,x}

{y,u,v} {y,w,z} {y,w,v} {z,u,z} {z,w,v} {z,w,z} {z,u,v}

19Notice that a separate set of negative goals is necessary because we do not have explicit
atomic negation. With negation, one would simply add the negated goal atom to the set of
goals. The reasoning tasks to deal with negated goals, however, will be the same as for the
negative goals.



{a, b} {o,p,q}

{z,u} {z,u,v}

{y,u,z}  {zu,z}

a

Op
x Co {z}
Co
Op T Op T
Y Op Op
x Op a
Op x Y
Op X
r = a Op
Co
CO {ZL‘,U} Op
Y
CO 11
Cnfl
0 No n —
0,9,0i 0 € Epn— 9EGn g€ G
/* goal, precondition, or effect condition threatend */
0,9,0; 0 € FE,xmn— g €C,
/* negative goal could be made true */
@i O \gnfl S
bes i o C G, n S / {0} No
Cn_1 S

Gince Cy # 0, the planner would fail on extracting a valid plan from this graph, because

negative goals cannot be eliminated from the fixed initial state.



Cnfl
gnfl Cnfl
search n —
gnfl gnfl Cnfl
n—1
n
n gn
C, n
search(n)
at(o,l) at-b(m)
I {in(o), at(o,l), at-b(l) }
12 No take-out(o)
move(l,m) move(l,m)
at-b(l) take-out move

2Delete edges are marked with dashed (red) lines, goals have a light gray (green) frame and
negative goals have a dark gray (red) frame.



move

:v 7m 7?1 location

'p at-b(?m)

:e ADD at-b(?1) DEL at-b(?m);

ALL 70 object in(70) => ADD at(7o ?1) DEL at(?o 7m).

take-out

:v 70 object 71 location

:p in(?70) at-b(?71)

:e ADD not-in(70) DEL in(7o0).

put-in

:v 70 object 71 location

:p not-in(?0) at(?o0 71) at-b(?1)
:e ADD in(70) DEL not-in(70).

|P2

at(o,l) 0
Np |P2

N(0)

at(o,l)

No(©) [

P

[at(0)) [at(o,m) [ at-b(m) ITach0) |

N(1)

<]

No() [nop] [put-in(o) | [nop| [take-out(o) | nop| [move(m,]) ]

Ne@)  [in(0)] [not-in(o) | Lat(o,l) | [ [at(o,m)] [| at-b(m) [at-b(l) |
at(o,l) at-b(m,) Np |P2
take-out
move(m,l)
move(l,m)

NOPat(o,1) move(l,m)



at(o,1) is-at(l)
G P2 move(l,m)
at(o,l) in(0) Nr
C, {ino}

| HQw | g |J|

fake -out_o_l

| at-b_| | | at-b_m | | at_o_l | | at_o_m | | in_o | | not-in_o

ot

| | in_o | | not-in_a

| | at_o_| | | atom

| at bl | | at-bm

G No

in(o)
IP?
take-out(o) in(o)

at(o,l)
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GRAPHPLAN memoizes
goal sets
termination
Gn
g
GRAPH-
PLAN subset memoization
GRAPHPLAN
P2
GRAPHPLAN
P2
u;es n
max n
<n<mazx
max max
Un 2 n+1>
GRAPHPLAN no-ops m
mazx maz—1
le]veled off et U
maxr— max
Um Um
e subset memoiza-

tion



max n < max
max max
T o T

n+1
g n G ety
no-op g
n g
n U 2 U
g n
Fer1me FCGg
Tmafr,fl Tmae m
m m
excluded goal sets Up"*

uyre {UCP|UD2G,GeUm}

TM (U C P|UDG,G e Tm}

After all unsuccessful stages max and for all levels n < max, we
have T)"* C UM,

TTT(II U:Z’LGI
generated goal sets
gen, G GRAPHPLAN n—

Let F and G be goal sets on level n such that F C G. Then for
each G' € gen,, G there exists a goal set F' € gen,, f such that F' C G'.

For all unsuccessful stages max and for all levels n < max, we have

max max
U, rmer,



Ny

n max
max
Base step n  max uprer.pmer - {G}
G
Induction step n < ng <n<max
n Nng —
Upt™ z e g e Upet™y
F e FCg He U™
H € e H CH
G € gen, H H e T H C H
g’ g cg
G' € gen, H
g' e T G e
T G € T, g ¢ Ty
gll E ngafl‘l gll g gl gl
Gg"Ccg
G e
Unies, & Ty no ~
[ ]

A planning problem is unsolvable if the graph has leveled off on level
m and U™ gmartl,

Uma:l:
Tma:l: "
m
Let the planning graph for a planning problem P O, D,1,G be lev-
eled off at some level m. Let max > m be the current mazimum fact level. The
problem P O, D, I,G is unsolvable if and only if extending the planning graph

to level max and searching the extended graph leads to the same number of
unsuccessful goals at level m under the subset memoization strategy, i.e.,

T Tt

T |P2



P2

Let P O,D,I,G be a planning problem. If IP? re-
turns a parallel plan P (Q1,Qa, ... Q) then

mR[7<Q17Q27"'7Qn> QG

holds, i.e., P is a solution.

RI,{) G

P <Q17Q27"'Qn>

(R R T(Q1,Qz .. Qn1) . (Qu) 2G
R ]7 <Q17Q27"'7Qn71> S

C, n
Ses

RS, (Qn)

{TCP|SeS,qgeSeqQ,, T Res S, q} Res S, q
R 8.(Q,) VS eS qe Seq Q,

Ses Gn CS

C, ¢ S S q (@, qn)
Res S, q

Res SJ <QI;---=‘]n> Res Res SJ <(I1;---=(Jn—1> 7<Q71>



A D ] C
Res S.{a) {(SU S, )\D S.q ifea CS

A Sq U D S,q U 4

©iCS,i>0 9 CS,i>0

q
q qo 13
qo gn_|_1 G
G g A Sa qdo

G, CS Gn

¥o qo ®i qo
qo

GC(SUAS g )\D S q
GODS,QO @

GND S,qo /@
qo G dge G g€y q
qo G
dJge G g€ q wiqg €S
qo
C, S Vi o
GND S, q 1) Res S,q9 2 G
q <q1aQQ7"'aQTL>
v g < S Gn

G g U:jl:lA S;(b

13 Assuming the empty set as base case does not make sense, since the planner returns only
non-empty sets of actions at each time step.



Cn
G
Cn
G C Res S,q
Ses

mR[7<Q17Q27"'7Qn> QG

P2

If IP? returns — then P O,D,I,G has no solution.

01

(&

({o1,02})

IP?

)

c =

G

(&

{b,d,e} 1P?



IP?

GRAPHPLAN
14
|P?
|P?
GRAPHPLAN
GRAPHPLAN P2
Problem Graph | Planning | Total || Graph | Planning | Total | %
tyre-fixit 0.07 0.03 | 0.10 0.06 0.04 | 0.10 | 100
blocks-shuffle 0.31 0.18 | 0.49 0.25 017 | 042 | 8 *
blocks-impossible 0.05 0 0.05 0.04 0 0.04 | 80
mblocks 0.41 0.26 | 0.67 0.37 024 | 061 ] 91 *
rocket-8 0.08 0] 0.08 0.07 0] 0.07] 88
rocket-10 0.10 0| 0.10 0.08 0] 0.08] 80
monkey-1 0.06 0| 0.06 0.05 0] 0.05] 83
monkey-2 0.16 0.06 | 0.22 0.15 0.08 | 0.23 | 105
monkey-3 0.21 0] 0.21 0.19 0 019 ] 90
TSP-complete 0.04 3.27 | 3.31 0.05 293 | 298| 90 *
TSP-peterson 0.03 0.21 0.24 0.05 0.26 0.31 | 129 *
fridge-1 0.41 0] 041 0.15 0| 015 37
fridge-2 0.87 0.26 1.13 0.23 0.05| 028 | 25 *
link-10 0.03 0| 0.03 0.03 0| 0.03] 100
link30 0.22 0] 0.22 0.24 0.02 | 0.26 | 118
logistics 0.33 0| 033 0.38 0| 038 ] 115
logistics-4 0.41 0 0.41 0.42 0 0.42 | 102
logistics-4pp 0.41 0 0.41 0.38 0 0.38 | 93
logistics-6 0.59 0| 0.59 0.61 0| 0.61] 103
logistics-6pp 0.59 0] 0.59 0.54 0| 054 92
logistics-6h 0.58 2.84 | 3.42 0.57 293 | 3.50 | 102 *
logistics-8 0.81 0| 081 0.72 0 072 89
P2 GRAPHPLAN

"IP2 is implemented in C and available at http://www.informatik.uni-freiburg/"
koehler/ipp.html. The current distribution also includes an improved graphical interface to
analyse planning graphs. All runtimes are given in seconds of CPU time on a SPARC Ultra
1/170 if not indicated otherwise and were obtained by 5 runs of each system, i.e., we show
the average runtime for each planning task. We added a CPU time measuring function to
GRAPHPLAN to obtain comparable measures and used IP? 2.0 in the tests.



GRAPHPLAN

P2
GRAPHPLAN
GRAPHPLAN
P2 GRAPHPLAN
GRAPHPLAN
GRAPHPLAN
P2
GRAPHPLAN
P2
P2
|| Problem || GP | GP+PartialSubset || P2 | IP2+UBTree ||
bw_large.a 2.00 1.68 1.62 1.56
bw_large.b 322.93 243.71 244.02 128.92
logistics.a 1700.98 1465.75 || 2179.83 1701.97
logistics.b 656.67 601.82 || 1088.73 858.38
rocket_ext.a 114.35 120.45 195.90 281.98
rocket_ext.b 355.08 650.23 564.11 700.03
P2 GRAPHPLAN

P2 GRAPHPLAN



IP2

|P2 GRAPHPLAN UBTree
UBTree GRAPHPLAN
GRAPHPLAN
| domain | 1P? with UBTree | IP? with GPcomplete | IP? with GPpartial ||
tyre-fixit 0.11 0.11 0.11
blocks-shuffle 0.50 0.50 0.50
blocks-large-b 125.86 - 133.49
brief-shuffle4 1.03 1.27 1.10
brief-t4 1.41 2.82 1.76
brief-shuffle5 12.46 91.93 14.34
brief-t5 106.68 - 209.75
GRAPH-
PLAN GRAPHPLAN
IP2
UBTree GRAPHPLAN
UBTree
GRAPHPLAN
IP? with UBTree IP? with GPpartial

domain simple | subset, simple | subset,

tyre-fixit 54 1 55 0

blocks-shuffle 19 2 21 0

blocks-large-b ca. 16,000 ca. 7,000 ca. 18,000 ca. 6,500

brief-shuffle4 1,760 812 2,280 946

brief-t4 4,541 1,791 6,817 1,331

brief-shuffle5 ca. 20,000 | ca. 14,000 ca. 27,000 | ca. 16,000

brief-t5 ca. 340,000 | ca. 170,000 | ca. 630,000 | ca. 220,000




Simple (G, Cp)
subset
(G,.C) G, Cg,cC,CcC,
Gl 1Gnl —
P2

P2 GRAPHPLAN

move(home,locl)

(1) put-in(block)
\ move(locl,loc2)
A / g])g put-in(flower)
move(loc2,loc3)
ﬁ % / put-in(letter)
\ < move(loc3,locs)
= L put-in(hat)

move(locd,home)
zlifo

GRAPHPLAN |p2 15

GRAPHPLAN
GRAPHPLAN 4 move
GRAPHPLAN X X
mouve put-

m take-out

'SRuntimes were measured on a SPARC 4, since UCPOP /LISP caused a segmentation fault
on SUN Ultras.



[ Objects | Time Steps | Actions || acRapuPLAN | UCPOP | Prodigy | IP?

1 3 3 0.02 0.04 0.24 0.01
2 5 5 0.11 0.14 0.71 0.07
3 7 7 1.14 0.58 0.55 0.26
4 9 9 173.48 24.80 0.89 3.83
5 11 11 - - 1.1 | 285.14
GRAPHPLAN P2
move

IP2

16

at(letter,home) at(letter,office)

IP2

16The reader should also notice the fact proven by Blum and Furst that planning graphs
are polynomially restricted in size of the planning problem, i.e., IP? is searching a finite search
space of polynomial size.



IP2

roundtrip permutation

time step cons. | incons. cons. | incons.
5 0 0 0 0
6 161 0 6 0
7 2,337 0 47 0
8 25,382 0 338 0
9 296,576 0 1,849 85
10 2,464,470 | 1,044,330 8,965 1,529
11 - - 37,691 24,700
12 146,659 225,015
13 539,198 1,774,951
roundtrip+subset || permutation+subset

time step cons. | incons. cons. | incons.
5 0 0 0 0
6 161 0 6 0
7 2,337 0 47 0
8 25,345 0 123 0
9 187,218 0 449 0
10 866,291 0 1,529 0
11 6,124 0
12 19,459 240
13 68,424 1,980

IP2

put-in




out

Problem # Objects/ Time Steps || GRAPHPLAN | UCPOP IP? | Prodigy

# Loc-1/Loc-G Actions
1i 1/5/5 9/11 41.39 44| 064 -
4j 4/5/4 9/12 51.47 308 | 0.67 .
Af 4/5/3 11/13 868.96 211 | 275 -
5a 5/6/1 11/11 i 190 | 337.25 0.32
5b 5/6/2 11/12 . 210 | 124.15 ]
5¢ 5/6/3 11/13 . 312 | 35.9 .

GRAPHPLAN P2
GRAPHPLAN
P2

roll

P2
paint move

IP?




roll

:v ?x object
:p is-at(sched)
temperature (7x hot)

e ADD

shape (?x cylindrical)
surface-condition(?x smooth);

ALL 70ld paint-cond n-e(70ld nil)
= DEL painted(?x 7o0ld);
ALL 70ld shape-cond n-e(?70ld cylindrical)
= DEL shape(?7x 7old);
ALL 70ld temp-cond n-e(?0ld hot)
= DEL temperature(?x 70ld);
ALL ?0l1d surf-cond n-e(70ld smooth)
= DEL surface-condition(?x ?o0ld);
ALL 70ld-width width 7old-orient orient
ADD no-hole(?x 7o0ld-width 7old-orient)
DEL has-hole(?x 70ld-width 7old-orient).
Roll |P?
| Problem || time steps | actions | UCPOP | Prodigy || IP” Graph | IP? Plan [ IP? Total ||
sched1 3 6 0.94 2.07 0.94 0.01 0.95
sched?2 ) 8 4.20 10.27 0.93 0.36 1.29
sched3 6 9 4.80 56.71 0.93 0.64 1.57
sched4 7 11 103.00 2.42 1.41 0.22 1.63
sched5 9 16 - 78.28 1.43 3.58 5.01
sched6 9 17 - 37.8 1.41 4.78 6.19

P2



IP2

mouve connected

integrity constraints



(Gn,Cp) n
G,.C,) G, CG,C, CC,

GRAPHPLAN
G, IP?
GRAPHPLAN
n
memo_table unsolvable[n]
Gn n
unsolvable[n]
n m
n
Gn n
GRAPHPLAN
G, C G, Gl |G| — memo_table
O |Gl
memo_table unsolvable[n] UBTree
U B T
name
\

~a

goal branch&B gé/"end of branch" marker
| || || \ negative goal branches

N UBTree

e N.name



e N.G
e N.C
e N.eob
R[n]
e memoize n,G,,C, (Gn,Cp) UBTree
° memoized n,G,,C, (Gn,Cy) UBTree
TRUE  (G,,Cn) memoize
° subset_memoized n, G, C,
TRUE (G .ch) G, € Gn,C,, CCy
memoize memoized FALSE
Cn {co--.cm 1} (Gn,Cy) n
memoize insert
g S
N S
insert memoize
do
if AN € S : N.name = g.name
return N
else
create a new node N : N.name = g.name
S:=SUN
return N
end
insert g S
branch
(Gn, Cn)
branch

Let G, {go---gk1} and C,  {co...cp_1} be ordered sets of
goals. A branch (8 n,G,,C, at time n corresponding to (G,,C,) in UBTree is a
tuple of tree nodes Ng ... Ngym_1 such that



1. Ng € Rn and Ng.name  gy.name
2.Vje ...k— Nj€N_1.G and Nj.name g;.name
3.Vjek...m k— N;eN_;.C and Nj.name c¢;_j.name

4. Niom_1.e0b  TRUE

do
sort(Gn,)
sort(C,)/* in arbitrary, i.e., alphabetical order x/
N := insert(gg, R[n])
for j:=1to N do
N := insert(g;. N.G)
for j := 0 to m do
N := insert(c;, N.C)
N.eob := TRUE
end

memoize n,G,,C,

memoize Gn /0

N.G N.C TRUE

B n,Gn, Cy
({b,a},{d,c}) ({b},{})
({a,b},{c}) ({c,a}, {d}) Rn

n



<{ab} {cd}>

<{b}.{}>

<{ab}{c}> <{act {d}>
- — = = — =
R[n]
b
0 0 0 0 0
1 1 1 T
c c c d c
0 0 X X X
\\ \\ \\ \\
d d d d
X X X X
UBTree memoized subset_memoized
P2
memoized look_up
S N TRUE
NS g N’ N
look_up
do
if AN’ € S : N'.name = g.name
N := N’
return TRUE
else
return FALSE
end
look_up ¢,S,N
(Gn, Cn) n



memoized n, G,,C, B n,Gy,Cy,

<gn; Cn> ﬁ go---Gk-1
Co .. Cpyi TRUE
N N.eob  TRUE
do
sort(Gp)
sort(Cy,)

if not(look_up(n, R[n], N)) return FALSE

if N.eob return TRUE

for j:=1to k do
if not(look_up(n, N.G, N)) return FALSE
if N.eob return TRUE

for j := 0 to m do
if not(look_up(n, N.C, N)) return FALSE
if N.eob return TRUE

return FALSE

end

memoized n, G,, C,

N N.eob  TRUE

g
(G Ch)
G, C G, C, CC,
sub_branch '

Let G {gi...gk1} and C  {cy...cm 1} be ordered sets of
goals and Ng a node in UBTree. A sub_branch (' No,G,C corresponding to Ny,
G, and C s a tuple of tree nodes Ny ...Ny such that:

3h € ...k and ordered subsets G 2 G {g,...9,},C2C"  Aep,, ...}

1.V¥j€ ...h Nj€Nj1.G and Nj.name  g;,.name
2.¥j€h ...k Nj € N;;.C and Nj.name  ¢;;.name

3. Ny.eob TRUE

g n,G,C, (G, Ch) Gn SO G CCh
TRUE

Gal _ 4 Cal



{9.19, € G} \ D)
{C,IC, € Ca}l

subset_memoized

Let G, {90---gx1} and C, {co...cm_1} be ordered sets of
goals at time n and let G, C G,,C/ C C, be ordered subsets of them. The
goal pair (Gl Cl) has been memoized already if and only if there exists a goal
gj € G, and a node Ng € Rn ,Ng.name  g;.name such that there is a sub-branch
B" No,{gj+1---9k—1}.Cn corresponding to No,{g41...gk—1} and C, in UBTree.

= < %,C;L> ﬁn,g;,C;l NO---Nk+m—1
Nl---Nk—l-mfl NO gn
9€G,M{g0-..9j-1}
<~ 5’ Nl---Nk+m—1 Ny €
Rn No.name  gj.name
sub_branch No...Ng1m 1 B n,G, Cl
g/ C'
Gn Cy G, C Gn ¢, CCy u
° subset_memoized n, G, C,
e exists_sub_branch Ng,G,C No
g C TRUE
- 61 NOa gac
do
sort(Gp)
sort(Cy,)

for j := 0 tondo
if look_up(g;, R[n], N)
if exists_sub_branch(N, {gj4+1...9k—1}, Cn) return TRUE
return FALSE

end

subset_memoized n, G,,C,



subset_memoized
exists_sub_branch

g; S gn
90 R[n]
NeRn
IGnl—1 _ x [Cil
exists_sub_branch N
do
ifg#0

/* see if we can find a negative goal subset here */
if exists_sub_branch(Ng, ?,C) return TRUE
if Ng.G = () return FALSE/* no possible ways to go */
for j:=0 to k do
if look_up(g;, No.G, N)
/* found an existing branch; see if we have success here */
if exists_sub_branch(N, {gj+1...9n},C) return TRUE;
/* all the goals have failed */
return FALSE
else
if N.eob return TRUE/* we can stop here */
if Ng.C = 0 return FALSE
for j:=0 to m do
if look_up(g;, No.C, N)
if exists_sub_branch(N. 0, {cj;+1...¢n}) return TRUE
return FALSE
end

exists_sub_branch Nqg,G,C

exists_sub_branch

Given ordered sets of goals G {go...gr1} andC  {co...cm 1} as
well as a starting point Ng in the tree, there exists a sub_branch 3' No,G,C iff at
least one of the following conditions holds:

1. Ng.eob = TRUE

2. there is a goal g; € G and a node N € No.G corresponding to this goal such
that there exists a sub-branch 3" N,{gj41...gk—1},C in UBTree.

3. there is a goal c; € C and a node N € No.C corresponding to this goal such
that there exists a sub-branch 3' N,0,{cj41...cm—1} in UBTree.




k Ng.eob  TRUE sub_branch
k > N, gjeg ﬁ’ N> ... Ny
ey N G C
o) 9€ {995}
k > N, c; €C
=

No.eob  TRUE _ h

Nl---Nk N {(]J_l_l(]n,l} C
N.name g;.name N, N; ... N _

Nog G C
[

exists_sub_branch

No look_up g; €G
No.G exists_sub_branch Jj
N {9j+1. - ge} C
exists_sub_branch
TRUE Ng.eob
TRUE
sub-
set_memoized ({a,b},{d})
subset_memoized n, {a, b}, {d}
nodel  R[n] exists_sub_branch nodel, {b}, {d} exists_sub_branch
nodel @ {d}
nodel.eob  FALSE nodel.C = () FALSE
b nodel.G node4

exists_sub_branch node4 () {d}
exists_sub_branch
noded4.eob FALSE
d node4.C ex-
ists_sub_branch nodel {b} {d}



nodel.G b

FALSE
subset_memoized b
R[n] node2 exists_sub_branch
node2 G ) C {c} exists_sub_branch node2.eob  TRUE
TRUE subset_memoized
subset_memoized TRUE
nodel node2
node3
\
1
node5 node6
X X
1
node7
d S

({a, b}, {d})
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