An early Planner: STRIPS
Representation of operators: A PREcondition list, an ADD list, a DELETE list

pickup(?x): PRE: ONTABLE(?x), CLEAR(?x), HANDEMPTY
DEL: ONTABLE(?x), CLEAR(?x), HANDEMPTY
ADD: HOLDING(?x)

putdown(?x): PRE: HOLDING(?x)
DEL: HOLDING(?x)
ADD: ONTABLE(?x), CLEAR(?x), HANDEMPTY

stack(?x, ?y): PRE: HOLDING(?x), CLEAR(?y)
DEL: HOLDING(?x), CLEAR(?y)
ADD: HANDEMPTY, ON(?%, ?y), CLEAR(?x)

unstack(?x, ?y): PRE: HANDEMPTY, CLEAR(?x), ON(?x,?y)
DEL: HANDEMPTY, CLEAR(?x), ON(?x,7y)
ADD: HOLDING(?x), CLEAR(?%y)

OP(S[t1]) = S[t1] — DEL(OP) + ADD(OP) = S[t2], where PRE(OP) is a
subset of S[t1]



State Description OP Resulting State

CLEAR(B) unstack(?x,?y)
CLEAR(C) PRE: HANDEMPTY,
ON(C,A) CLEAR(?x),
ONTABLE(A) ON(?x, ?y)
ONTABLE(B) DEL: HANDEMPTY,
HANDEMPTY CLEAR(?x),
ON(?x, ?y)
Aﬂ ADD: HOLDING(?x),
C CLEAR(?%y)




State Description OP Resulting State

CLEAR(B) unstack(?x,?y)

CLEAR(C) PRE¥ HANDEMPTY,
ON(C,A) CLEAR(?x), {?x/C}
ONTABLE(A) ON(?x, ?y) {?y/A}

ONTABLE(B) DEL: HANDEMPTY,
HANDEMPTY CLEAR(?x),
ON(?x, %y)
Aﬂ ADD: HOLDING(?x),
C CLEAR(%Y)
A B

Unify (ONTABLE(?x,%y), ONTABLE(C,A))



State Description OP Resulting State

CLEAR(B) unstack(C,A) CLEAR(B)
CLEAR(C) PRE: HANDEMPTY, CLEAR{C)
ON(C,A) CLEAR(C), —ONCAT
ONTABLE(A) ON(C.A) ONTABLE(A)
ONTABLE(B) DEL: HANDEMPTY, ONTABLE(B)
HANDEMPTY CLEAR(C), —HANDEMPTY —
ON(C.A) HOLDING(C )
Aj ADD: HOLDING(C), CLEAR(A)
C CLEAR(A)
A B
C




Planning problem: Given an initial state and goal specification,
find a sequence/set of operators that transform initial state to a state that
satisfies goal specification

Initial State Goal Specification
ON(B,C) and ON(A,B)
C
A B
. A_\
B
C

Example state that satisfies goal spec



CLEAR(B)
ON(C,A)
CLEAR(C)
ONTABLE(A)
: ONTABLE(B) unstack(C)
pickup(B HANDEMPTY
CLéA’R()C) /p/ stack(C,A)\] CLEAR(B)
R
ONTABLE(A)
ONTABLE(B)
putdown(C tack(C,B)
stack(B’,/Q{ Astack(B,C) ©) pi}l(l‘lp(CJ ack(C.B)
nstack(C,
CLEAR(B) CLEAR(A) CLEAR(A)
gﬁ(g’? CLEAR(B) ON(C.B)
0 (TAB)LE A CLEAR(C) ONTABLE
N (A) ONTABLE(A) ONTABLE(A)
HANDEMPTY ONTABLE(B) ONTABLE(B)
ONTABLE(C) HANDEMPTY
HANDEMPTY




\ 4

CLEAR(A)
CLEAR(B)
CLEAR(C)
ONTABLE(A)
ONTABLE(B)
ONTABLE(C)
HANDEMPTY

CLEAR(A)
CLEAR(C)
HOLDING(B)
ONTABLE(A)
ONTABLE(C)

stack(B,C)

stack(A,B)

A 4

CLEAR(A)
ON(A,B)
ON(B,C)
ONTABLE(C)
HANDEMPTY




STRIPS

State description Goal Stack
‘_i_\ CLEAR(B) ON(C,B) and ON(A,C)
CLEAR(C)
ON(C,A) A
B| ONTABLE(A) C
ONTABLE(B) B
HANDEMPTY
2
State description Goal Stack State description Goal Stack
CLEAR(B) ON(A,C) CLEAR(B) ON(C,B)
CLEAR(C) ON(C,B) CLEAR(C) ON(A,C)
ON(C,A) ON(C,B) and ON(A,C ON(C,A) ON(C,B) and ON(A,C)
ONTABLE(A) ONTABLE(A)
ONTABLE(B) ONTABLE(B)
HANDEMPTY HANDEMPTY




STRIPS ) /

State description Goal Stack
CLEAR(B) ON(A,C)
CLEAR(C) ON(C,B)
ON(C,A) ON(C,B) and ON(A,C
ONTABLE(A)
ONTABLE(B)
HANDEMPTY

3 /

State description Goal Stack Stack(?x, ?y): PRE: HOLDING(?x)
CLEAR(B) ON(A,C) CLEAR(?y)
CLEAR(C) ON(C.B) 7%/A, 7y/C}  DEL: HOLDING(?x)
ON(C,A) ON(C,B) and ON(A,C CLEAR(?y)
ONTABLE(A) DD: HANDEMPTY
ONTABLE(B) ON(?x,?y)
HANDEMPTY CLEAR(?x)




STRIPS ) /
State description Goal Stack

CLEAR(B) ON(A,C)

CLEAR(C) ON(C,B)

ON(C,A) ON(C,B) and ON(A,C

ONTABLE(A)

ONTABLE(B)

HANDEMPTY

3 /
State description Goal Stack Stack(?x, ?y): PRE: HOLDING(?x)
//P

CLEAR(B) CLEAR(C)and HOLDING(A) CLEAR(?y)
CLEAR(C) stack(A,C) DEL: HOLDING(?x)
o ONEB) ADD %AEI:%;{E(?AZ%TY
ONTABLE(A) ON(C,B) and ON(A,C) | (o /s o :
ONTABLE(B) {2x/A, 7y/C] ON(?x,2y)
HANDEMPTY CLEAR(?x)

interacting subgoals: would
have to undo ON(A,C) to achieve
B ON(C,B)

/ unpromising path

Q| >




STRIPS

State description Goal Stack
I_I_\ CLEAR(B) ON(C,B) and ON(A,C)
CLEAR(C)
¢ ON(C,A) A
A || B] ONTABLE(A) C
ONTABLE(B) B
HANDEMPTY
K
State description Goal Stack
CLEAR(B) ON(C,B)
CLEAR(C) ON(A,C)
ON(C,A) ON(C,B) and ON(A,C)
ONTABLE(A)
ONTABLE(B)
HANDEMPTY




STRIPS

K
State description Goal Stack
% CLEAR(B) ON(C,B)
CLEAR(C) ON(A,O)
ON(C,A) ON(C,B) and ON(A,C)
Bl ONTABLE(A)
ONTABLE(B)

HANDEMPTY




STRIPS K

State description Goal Stack
% CLEAR(B) ON(C,B
c CLEAR(C) ON(A,C
ON(C,A) ON(C,B) and ON(A,C)
A [ Bl ONTABLE(A)
ONTABLE(B) e s
HANDEMPTY /G, y/Bj
Stack(?x,?y) PRE: HOLS,(?X),CLEAR(?}/) DEL.:...
K+1 ! ADD: ... ON(7x,7y) ....
State description Goal Stack G, 2y/B;
h{j CLEAR(B) HOLDING(C) and CLEAR(B)
C CLEAR(C) stack(C,B)
ON(C,A) ON(A,C)
A [ Bl ONTABLE(A) ON(C,B)and ON(A,C)
ONTABLE(B)
HANDEMPTY




STRIPS

K+1
State description Goal Stack
% CLEAR(B) HOLDING(C) and CLEAR(B)
C CLEAR(C) stack(C,B)
ON(C,A) ON(A,C)
A [ Bl ONTABLE(A) ON(C,B)and ON(A,C)
ONTABLE(B)
HANDEMPTY
Kan - different ordering of subgoals
State description Goal Stack
h{j CLEAR(B) HOLDING(C)
C CLEAR(C) CLEAR(B)
ON(C,A)  HOLDING(C) and CLEAR(B)
A 11l Bl ONTABLE(A) stack(C,B)
ONTABLE(B) ON(A,C)
HANDEMPTY ON(C,B) and ON(A,C)




STRIPS

K+2
State description Goal Stack
% CLEAR(B) HOLDING(C)
C CLEAR(C) CLEAR(B)
ON(C,A) HOLDING(C) and CLEAR(B)
A [ Bl ONTABLE(A) stack(C.B) | o
ONTABLE(B) ON(A,C) '
HANDEMPTY  ON(C,B) and ON(A,C)

Use pickup to-achieve

unstack(?x, ?y) PRE: HANDE\APTY, CLEAR(?x),0N(?x,7y)
DEL: ....

HOLDING(C) '
e ADD: HOLDING(?x), CLEAR(?y)
K+3 v
State description Goal Stack
CLEAR(B) HANDEMPTY and CLEAR(C) and ON(C,?y)
% CLEAR(C) unstack(C,?y)
C ON(C,A) CLEAR(B)
A B ONTABLE(A) CLEAR(B) and HOLDING(C)
ONTABLE(B) stack(C,B)
HANDEMPTY ON(A,C)
ON(C,B) and ON(A,C)




STRIPS

l

K+3
State description Goal Stack
CLEAR(B) and and ON(C,?y)
) unsta 5 o
c ON(C.A) CLEAR(B) YA
A B ONTABLE(A)| CLEAR(B) and HOLDING(C)
ONTABLE(B) stack(C,B)
ON(A,C)
ON(C,B) and ON(A,C)
Pop satisfied subgoal
K+4 Y
State description Goal Stack
CLEAR(B) ————————and CiIH-ARCTand ON(G; 7y)
% CLEAR(C) unstack(C,A) 2y/A)
C ON(C,A) CLEAR(B)
A B ONTABLE(A) CLEAR(B) and HOLDING(C)
ONTABLE(B) stack(C,B)
HANDEMPTY ON(A,C)

ON(C,B) and ON(A,C)




STRIPS

K+4
State description Goal Stack
CLEAR(B) ———————and CiIH-ARCTand ON(C; 7y)
|—\—\ CLEAR(C) unstack(C,A) (/A
C ON(C,A) CLEAR(B)
A B ONTABLE(A) CLEAR(B) and HOLDING(C)
ONTABLE(B) stack(C,B)
HANDEMPTY ON(A,C)
ON(C,B) and ON(A,C)
Apply unstack(C,A)
K+4 Y
State description Goal Stack
CLEAR(B) and and-ON(C; 7y )
L CLEAR(C)  —unstaek(C.A)
C ON(C,A) CLEAR(B)
A B ONTABLE(A) CLEAR(B) and HOLDING(C)
ONTABLE(B) stack(C,B)
HANDEMPTY ON(A,C)

ON(C,B) and ON(A,C)




STRIPS

K+4
State description Goal Stack
CLEAR(B) ———————and CiIH-ARCTand ON(C; 7y)
|—\—\ CLEAR(C) unstack(C,A) (/A
C ON(C,A) CLEAR(B)
A B ONTABLE(A) CLEAR(B) and HOLDING(C)
ONTABLE(B) stack(C,B)
HANDEMPTY ON(A,C)
ON(C,B) and ON(A,C)
Apply unstack(C,A)
K+5 Y
State description Goal Stack
CLEAR(B) and and-ON(C;?
l—'—\ -CEEARG)- —unstaek(GA)
C -ON(ESA)— CLEAR(B)
A B ONTABLE(A) LEAR(B) and
ONTABLE(B) stack(c'B)
HANDEMPTY- N(A,C)
ON(C,B) and ON(A,C)

CLEAR(A)




|

STRIPS . -
State description Goal Stack
CLEAR(B) ?y)
L CLEARESN . unstaek(CA)
C -ON(ESA)— CLEAR(B)
A B ONTABLE(A) LEAR(B) and HOLDING(C)
ONTABLE(B) )
HANDEMPTY-
HOLDING(C) ON(C,B) and ON(A,C)
CLEAR(A)
Pop goals and apply stack(C,B)
K+6 Y
State description Goal Stack
-CEFARDB) ?y)
L CLEAR(C)  —unstaek(cA)
C ON(C,B) —CEEARB)
A B ONTABLE(A) -CEEAR(Bjand oG-
ONTABLE(B) —stack(C,B)—
HANDEMPTY ON(A,C)
HOLDING(C) ON(C,B) and ON(A,C)

CLEAR(A)




STRIPS

K+6
State description Goal Stack
CLEAR(A) ON(A,C)
h‘—\ CLEAR(C) ON(C,B) and QN(A,C)
C ON(C,B)
A B ONTABLE(A) 0 0
ONTABLE(B) (XA, 2y/C}
HANDEMPTY
Stack(?x,?y) PRE:
DEL.: .... \
ADD HANDEMPT}Y, ON(?x,?y), CLEAR(?x)
K+7 Y
State description Goal Stack /
CLEAR(A)
|—|—\ CLEAR(C) stack(A,C)
C ON(C,B) ON(C,B) and ON(A,C)
A B ONTABLE(A)
ONTABLE(B)

HANDEMPTY




STRIPS l

K+7
State description Goal Stack
CLEAR(A)
l_\_\ CLEAR(C) stack(A,C)
C ON(C,B) ON(C,B) and ON(A,C)
A B ONTABLE(A)
ONTABLE(B)
HANDEMPTY
K-+ v N
State description Goal Stack\4
ONTABLE(A) and and
|—|—\ CLEAR(C) pickup(A)
C ON(C,B) CLEAR(C) and H
A B ONTABLE(A) stack(A;
,B) and ON(A,C)

ONTABLE(B)




STRIPS

K+ v
State description Goal Stack
ONTABLE(A) and and
|—|—\ CLEAR(C) pickup(A)
C ON(C,B) CLEAR(C) and HOLDING(A)
NUAE: ONTABLE(A) stack(A,C)
ONTABLE(B) ON(C,B) and ON(A,C)
State description Goal Stack
|—|—\ CLEAR(A)
A ON(A,O)
C ON(C,B)
B HANDEMPTY
ONTABLE(B)




Final Plan given by order of “applied” operators:

| | unstack(C,A) = stack(C,B) = pickup(A) = stack(A,C) A

C C

A B B
Think about:

1) STRIPS search for a plan using Depth-First search. How does it know when to abandon a
path?

2) Fill in the steps of my example where I have --------- » transitions.

3) Use STRIPS to solve InitialState = {CLEAR(B), ON(C,A), CLEAR(C), ONTABLE(A),
ONTABLE(B), HANDEMPTY}
GoalSpec = {ON(A,B), ON(B,C)}

4) Use STRIPS to solve InitialState = {CLEAR(C), ON(A,B), ONTABLE(C), ONTABLE(B),
CLEAR(A), HANDEMPTY}
GoalSpec = {ON(A,B), ON(B,C)



5. Assume a single operator: assign(?u, ?r, ?t, 7s)
PRE: CONT(?r,?s), CONT(?u,?t)
DEL: CONT(?u,?t)
ADD: CONT(?u,?s)

n 79 r ?s

: =7
assign(?u,7r,?t,?7s) u=lr

M| u | ?s

Use STRIPS to solve InitialState={CONT(V1, a), CONT(V2, b), CONT(V3, ¢)}
GoalSpec = {CONT(V1, b), CONT(V2,a)}



Pop  : the following slides represent one path in a search for a plan

= ;

C B
A||B C
ON(C,A)
ONTAB(A)
ONTAB(B) ON(A.B)
CLEAR(B) ON(B.C)
CLEAR(C)
HANDEMPTY

Initial State Goal Spec




Tweak

ON(C,A)
ONTAB(A)
ONTAB(B)
CLEAR(B)
CLEAR(C)
HANDEMPTY

STACK(A,B)

CLEAR(B)

HOLDING(A)| ON(A,B)

HANDEMPTY

~CLEAR(
~HOLDINGM)
CLEAR(A)

7x/A,?y/B

Causal link (protected)
No operator can be placed
between STACK(A,B) and

goal that undoes (clobbers) ON(A,B)
the protected condition, ON(B,C)

ON(A,B).

Step addition



Tweak

ON(C,A)
ONTAB(A)
ONTAB(B)
CLEAR(B)
CLEAR(C)
HANDEMPTY

STACK(A,B)
CLEAR(B) | HANDEMPTY
HOLDING(A)| ON(A,B)
~CLEAR(
~HOLDINGM\)
CLEAR(A)

Causal links (protected)

STACK(B,C)

CLEAR(C) | HANDEMPTY ON(A,B)
HOLDING(B)| ON(B,C)— — ON(B,C)
~CLEAR(C) ?7x/B,?y/C
~HOLDING(B)
CLEAR(B)

Step addition



Tweak
STACK(A,B)
o~ CLEAR(B) HANDEMPTY

HOLDING(A) ON(A,B)

~CLEAR(
~HOLDINGM)
CLEAR(A)
ON(C,A) )
ONTAB(A) Tentative establishment STACK(B,C)
(C)EETQE(S)’/ _______________________ »CLEAR(C) | HANDEMPTY ON(A,B)
(B) HOLDING(B)| ON(B,C)— — ON(B,C)
HANDEMPTY —HOLDING(B)
CLEAR(B)




STACK(A.B)

PICKUP(A) (CLEAR(B) HANDEMPTY
CLEAR(A) |~ONTAB(A) / HOLDING(A) | ON(A,B)
(ONTAB(A) |~HANDEMPTY _~ ~CLEAR(
// HANDEMPTY| HOLDING(AY” ~HOLDING\A)
P N ,
L CLEAR(A) CLEAR(A)
ON(C,A) | .
ONTAB(A At
ONTABEB)) STACK(B,C)
CLEAR®)” CLEAR(C) |HANDEMPTY  ON(A,B)
CLEAR(C) | HOLDING(B) | ON(B,C)— ON(B,C)
HANDEMPTY "LRARE)
~HOLDING(B)
CLEAR(B)

Step addition and tentative establishment



PICKUP(A)

STACK(A.B)

(CLEAR(B) |HANDEMPTY
CLEAR(A) |~ONTAB(A) HOLDING(A) | ON(AB)
«ONTAB(A) ~HANDEMPV “CLEAR(
/ HANDEMPTY| HOLDIA{N(ZEA HOLDINGKA)
{ 1 ~ K
; CLEARA) CLEAR(A)
ON(C,A) |
ONTAB(A
ONTABEB))\ PICKUP(B) - STACK(B,C)
CLEAR(By i~ *CLEAR(B) | ~ONTAB(B) CLEAR(C) |HANDEMPTY  ON(A,B)
CLEAR(C) .~ ONTAB(®B) |~HANDEMPTY _~HOLDING(B) | ON(B.C)——ON@B.C)
HANDEMPTY " HANDEMPTY| HOLDING(B) ~CLEAR(C)
~CLEAR(B) ~HOLDING(B)
CLEAR(B)

Step addition and tentative establishment




STACK(A.B)

PICKUP(A) (CLEAR(B) HANDEMPTY
CLEAR(A) |~ONTAB(A) ;»HOLDING(A) | ON(A,B)
4ONTAB(A) ~HANDEMPV ~CLEAR(

" HANDEMPTY| HOLDING(A ~HOLDINGN)
| ~CLEAR(A) CLEAR(A)
'HandEmpty satisifaction no -

longer stems from
initial state.

ON(C,A) !

ONTAB(A
ONTABEB; - PICKUP(B) T, STACK(B.C)
CLEAR(BY™ ™ <>-XxCLEAR(B) | ~ONTAB(B) CLEAR(C) |HANDEMPTY  ON(A,B)
CLEAR(C)~ “+QNTAB(B) ~HANDEMPTY _~HOLDING(B) | ON(B,O)———> ON(B,C)
HANDEMPTY..—~ HANDEMPTY| HOLDING(B) ~CLEAR(C)
~CLEAR(B) ~HOLDING(B)
CLEAR(B)
A)
ON(?x,A) ~H)\NDEMPTY

CLEAR(?x) |CLEAR(A)
HANDEMPTY | HOLDING(?x)
~ON(?x,A)
~CLEAR(?x)

Step addition




STACK(A.B)

PICKUP(A) (CLEAR(B) HANDEMPTY
CLEAR(A) |~ONTAB(A) ;»HOLDING(A) | ON(A,B)
(ONTAB(A) | ~HANDEMPTY _~ ~CLEAR(
/ HANDEMPTY| HOLDING(AY”™ ~HOLDING\A)
! ~CLEAR(A) CLEAR(A)
ICLEAR(C) satisfaction no longer stems
8§'(1“ig From 1nittal state
ONTAB ; PICKUP(B) STACK(B.C)
CLEAR(B) CLEAR(B) |~ONTAB(B) CLEAR(C) |HANDEMPTY  ON(A,B)
CLEAR(d) TAQNTAB(B) ~HANDEMPTY/vHOLDING(B) ON(B,C)— ON(B,C)
HANDEMATY NDEMPTY| HOLDING(B) ~CLEAR(C)
~CLEAR(B) ~HOLDING(B)
CLEAR(B)

¢___UNSTACK(A.A) e o e
ON(?x,A) ~HA\NDEMPTY -
CLEAR(?x) |CLEAR(A)
HANDEMPTY | HOLDING(?x)
~ON(?x,A)
~CLEAR(?x)

Establishment (3 of them)




STACK(A,B)
PICKUP(A)

CLEAR(B) |HANDEMPTY
CLEAR(A) |~ONTAB(A) HOLDING(A) | ON(A,B)
«ONTAB(A) | ~HANDEMPTY ~CLEAR(

/ HANDEMPTY| HOLDING(A ~HOLDINGM\)

:f ~CLEAR(A) CLEAR(A)

ICLEAR(B) no longer satisfied
By 1nitial state

ON(C,A
8%23( 3 PICKUP(B)
CLEAR(B)-~ < ~ONTAB(B) CLEAR(C) |HANDEMPTY  ON(A,B)
CLEAR(d) ~HANDEMPTY/vHOLDING(B) ON(B,C)— ON(B,C)
HANDEMATY NDEMPTY| HOLDING(B) ~CLEAR(C)
~CLEAR(B) ~HOLDING(B)
CLEAR(B)
! UNSTACK(X.A)
ON(C,A) ~HANDEMPTY
CLEAR(C) CLEAR(A) Establishment
ANDEMPTY | HOLDING(C)
~ON(C,A)
~CLEAR(C)




STACK(A,B)
CLEAR(B) |HANDEMPTY
HOLDING(A) | ON(A,B)

PICKUP(A)
CLEAR(A) |~ONTAB(A)
(ONTAB(A) | ~HANDEMPTY

| ~CLEAR(
/ HANDEMPTY| HOLDING(A ~HOLDING\A)
:f ~CLEAR(A) CLEAR(A)

stablishment

ON(C,A
8%?& ; PICKUP(B)
CLEAR(B)—-= XCLEARB) | ~ONTAB(B) CLEAR(C) \. | HANDEMPTY  ON(A,B)
CLEAR(Q)) ~HANDEMPTY/vHOLDING(B) ON(B,C)—— ON(B,()
HANDEMPTY NDEMPTY| HOLDING(B) XS%EAR(C)

~CLEAR(B) ~HQLDING(B)

CLEAR(B)

UNSTACK(N,A)
ON(C,A) ~HANDEMPTY
CLEAR(C) |CLEAR(A)
ANDEMPTY | HOLDING(C)
~ON(C,A)
~CLEAR(C)




STACK(A,B)
PICKUP(A)

CLEAR(B) |HANDEMPTY
CLEAR(A) |~ONTAB(A) HOLDING(A) | ON(A,B)
«ONTAB(A) | ~HANDEMPTY ~CLEAR(

/ HANDEMPTY| HOLDING(A ~HOLDINGM\)

~CLEAR(A) CLEAR(A)

ON(C,A
ONTAB
ONTAB( )) PICKUP(B)
CLEAR( )-—13‘-‘---::- CLEAR(B) |~ONTAB(B) CLEAR(C)\ |HANDEMPTY ON(A,B)
CLEAR(Q) NTAB(B) ~HANDEMPTY HOLDING(B)N\ ON(B,C)— ON(B,()
HANDEMPTY NDEMPTY| HOLDING(B) CLEAR(C)
~CLEAR(B) ~NOLDING(B)
CLEAR(B)
! UNSTACKNC.A) |
ON(C,A) ~BANDEMPTY PUTPOWN(C)
CLEAR(C)  [CLEAR(A) HOLDING(C) BI_II\IO"FIA])BIII;IE(zéS)
ANDEMPTY | HOLDING(C) NI
~ON(C,A) CLEAR(C
~CLEAR(C)

Step introduction



STACK(A.B)

PICKUP(A) CLEAR(B) HANDEMPTY
CLEAR(A) ~ONTAB(A) HOLDING(A) | ON(A,B)
(ONTAB(A) | ~HANDEMPTY ~CLEAR(

./ HANDEMPTY| HOLDING(A ~HOLDING\A)
~CLEAR(A) CLEAR(A)

8%?3( ; PICKUP(B)
CLEAR(})-—-XCLEAR(B) | ~ONTAB(B)
CLEAR(d) NONTAB(B) |~HANDEMPTY
HANDEMPTY HOLDING(B)
~CLEAR(B)

|  UNSTACKNC.A)
ON(C,A) ~BANDEMPTY
CLEAR(C) [CLEAR(A)
ANDEMPTY | HOLDING(C)
~ON(C,A)
~CLEAR(C)

establishment

CLEAR(C)
HOLDING(B)

\Qmj]\;ABLE(C)
HANDEMPTY

HANDEMPTY  ON(A,B)
N(B,C)— ON(B,C)

~HOLDING(C)

CLEAR(C



STACK(A.B)

PICKUP(A) CLEAR(B) HANDEMPTY
CLEAR(A) ~ONTAB(A) HOLDING(A) | ON(A,B)
(ONTAB(A) | ~HANDEMPTY ~CLEAR(
./ HANDEMPTY| HOLDING(A ~HOLDING\A)
~CLEAR(A) CLEAR(A)

PICKUP(B)

ONTAB(B)--.
CLEAR(( ; CLEAR(B) | ~ONTAB(B) CLEAR(C) \|HANDEMPTY  ON(A,B)
CLEAR(d) TAONTAB(B) | ~HANDEMPTY N\ HOLDING(B) N\QN(B,C)—— ON(B,C)
HANDEMPTY HOLDING(B)

~CLEAR(B)

| UNSTACKNC,A)

ON(C,A)

CLEAR(A)
HOLDING(C)
~ON(C,A)
~CLEAR(C)

~BANDEMPTY

7

establishment

\CHI]\;ABLE(C)
HANDEMPTY

~HOLDING(C)

CLEAR(C



Establishment (3 of them)

PICKUP(A)

CLEAR(A)
ONTAB(A)
HANDEMPTY|

~ONTAB(A)
~HANDEMPTY
HOLDING(A
~CLEAR(A)

STACK(A,B)
CLEAR(B) |HANDEMPTY
HOLDING(A) | ON(A,B)

~CLEAR(
~HOLDING\A)
CLEAR(A)

ONTAB(A)
ONTAB(B) PICKUP(B)
CLEAR( CLEAR(B) | ~ONTAB(B) CLEAR(C) \|HANDEMPTY  ON(A,B)
CLEAR((D NTAB(B) | ~HANDEMPTY N\ HOLDING(B) NON(B,C)— ON(B,C)
HANDEMPTY HOLDING(B)

~CLEAR(B)

¢

UNSTACKXC.A)

ON(C,A)

~BANDEMPTY
CLEAR(A)
HOLDING(C) -
~ON(C,A)
~CLEAR(C)

~HOLDING(C)
\Cuj]\;ABLE(C)
HANDEMPTY

CLEAR(C




UNSTACK(C,A) > PUTDOWN(C) > PICKUP(B) > STACK(B,C) = PICKUP(A) > STACK(A,B)

ON(C.A)
ON(A.B

ONTAB(A) ONEB : C;
ONTAB(B) " :
CLEAR(B)
CLEAR(C) C B
HANDEMPTY

A B C

Step introduction



L

Initial State

ON(A,B)
ONTAB(B)
CLEAR(A)
ON(C,D)
ONTAB(D)
CLEAR(C)
HANDEMPTY

Goal spec

ON(B,A)
CLEAR(B)
ON(D,C)
CLEAR(D)




Step addition

Stack(B,A)
HOLDING(B) | ~HOLDING(B)
CLEAR(A) | ~CLEAR(A)
HANDEMPTY
ON(B,A)
CLEARBI\ ' 9y/B, 2y/a
ON(A,B)
ONTAB(B) N(B,A)
CLEAR(A) CLEAR(B)
ON(C,D) ON(D,C)
ONTAB(D) CLEAR(D)
CLEAR(C)

HANDEMPTY



establishment

Stack(B,A)
HOLDING(B) | ~HOLDING(B)
CLEAR(A) ~CLEAR(A)
HANDEMPTY
ON(B,A)
CLEAR(B)
ON(A,B)
ONTAB(B) NB.A)
CLEAR(A) CLEAR(B)
ON(C,D) ON(D.C)
ONTAB(D) CLEAR(D)
CLEAR(C)

HANDEMPTY



ON(A,B)
ONTAB(B)
CLEAR(A)
ON(C,D)
ONTAB(D)
CLEAR(C)
HANDEMPTY

Step addition + establishment

Stack(B,A)
HOLDING(B) | ~HOLDING(B)
CLEAR(A) ~CLEAR(A)
HANDEMPTY
ON(B,A)
CLEAR(B)
N(B,A)
CLEAR(B)
ON(D,C)
CLEAR(D)
Stack(D,C)
HOLDING(D) | ~HOLDING(
CLEAR(C) ~CLEAR({)
HANDENIPAY
ON(C,D)
CLEAR(D)




Pickup(R)
ONTAB(B) ~ONTAB(B)
,/' CLEAR(B) ~CLEAR(B)
o <«HANDEMPTY | ~SHANDEMPTY

- g HOLDING(B)
/'/ \ Stack(B,A)
HOLDING(B) | ~HOLDING(B)
__»CLEAR(A) ~CLEAR(A)
HANDEMPTY
ON(B,A)
CLEAR(B)
ON(A,B) -~
ONTAB(B) .-~ N(B,A)
CLEAR(A) -~ CLEAR(B)
ON(C,D) Step addition (2 of them) ON(D,C)
ONTAB(D) .. .~ CLEAR(D)
CLEAR(C)--- 2%,
HANDEMPTY *._ ‘112: ~~~~~~~~~~
e Stack(D,C)
“*=--.> HOLDING(D) | ~HOLDING(
®CLEAR(C) | ~CLEAR(()
HANDEMPLY
ON(C,D)
CLEAR(D)
\\\\ \\“ Pickup(D)

ONTAB(D) ~ONTAB(D)
™. CLEAR(D) ~CLEAR(D)
LHANDEMPTY | ~HANDEMPTY
HOLDING(D)



ON(A,B)
ONTAB(B)
CLEAR(A)
ON(C,D)
ONTAB(D)
CLEAR(C)
HANDEMPTY

ONTAB(B) ~ONTAB(B)
CLEAR(B) ~CLEAR(B)
HANDEMPTY | ~HANDEMPTY
HOLDING(B)
\ Stack(B,A)
HOLDING(B) | ~HOLDING(B)
CLEAR(A) ~CLEAR(A)
HANDEMPTY
ON(B,A)
CLEAR(B)
Unstack(A;B)
HANDEMPTY| ~HANDEMPTY|
CLEAR(A) ~CLEAR(A)
ON(A,B) ~ON(A,B)
HOLDING(A) CE}%Q)B
CLEAR(B)—™" ON(D C() )
Step addition (2 of them) CLEAR(D)
Unstack(C,D)
HANDEMPTY| ~HANDEMPTY
CLEAR(C) ~CLEAR(C)
ON(C,D) ~ON(C,D)
HOLDING(C) Stack(D,C)
CLEAR(D HOLDING(D) | ~HOLDING(
CLEAR(C) ~CLEAR(()
HANDEMPLY
ON(C,D)
CLEAR(D)

ONTAB(D)
CLEAR(D)
HANDEMPTY

~ONTAB(D)
~CLEAR(D)

HOLDING(D)

~HANDEMPTY




- Unstack(A,B)

\ " *»HANDEMPTY| ~HANDEMPTY|
ON(A,B)---..i MCLEAR(A) | ~CLEAR(A)
ONTAB(B) » “ON(AB) ~ON(A,B)

A HOLDING(A)
CLEAR(A)Y CLEAR(By—"
ON(C,D)
ONTAB(D) |
CLEAR(C)\\:\ Unstack(C,D)
HANDEMPTY¢><X HANDEMPTY| ~HANDEMPTY
CLEAR(C) | ~CLEAR(C)
ON(C.,D) ~ON(C,D)
HOLDING(C)
CLEAR(D

ONTAB(B)
CLEAR(B)
HANDEMPTY

~ONTAB(B)
~CLEAR(B)
~HANDEMPTY
HOLDING(B)

N\

Stack(B,A)

HOLDING(B)
CLEAR(A)

Step addition (2 of them)

~HOLDING(B)
~CLEAR(A)
HANDEMPTY
ON(B,A)
CLEAR(B)

N(B,A)
CLEAR(B)
ON(D,C)
CLEAR(D)

Stack(D,C)

HOLDING(D)
CLEAR(C)

ONTAB(D)
CLEAR(D)
HANDEMPTY

~ONTAB(D)
~CLEAR(D)
~HANDEMPTY
HOLDING(D)

~HOLDING(
~CLEAR(()
HANDEMPLY
ON(C,D)
CLEAR(D)



ONTAB(B) | ~ONTAB(B)
Putdopmn(A) [~ CLEAR(B) ~CLEAR(B)
HOLDING(A) | ~HOLDING(A)] yANDEMPTY | ~HANDEMPTY
(C)Egﬁf((ﬁ:)) HOLDING(B)
HANDEMPT \ Stack(B.A)
HOLDING(B) | ~HOLDING(B)
CLEAR(A) | ~CLEAR(A)
HANDEMPTY
ON(B,A)
Unstack(A,B) CLEAR(B)
HANDEMPTY[ ~HANDEMPTY
(CLEAR(A)* | ~CLEAR(A)
ON(A.B)--£oN@AB) /| ~ON(A.B)
ONTAB(B)/ HOLDING(A) N(B,A)
CLEAR(A) CLEAR(B) CLEAR(B)
ON(C,D), Step addition (2 of them) ON(D,C)
ONTAB(D) CLEAR(D)
CLEAR(C)\ /
HANDEMPTRY",
SN Unstack(C,D)
Y {HANDEMPTY| ~HANDEMPTY
(CLEAR(C) | ~CLEAR(C) Stack(D,C)
ON(C,D) ~ON(C,D) HOLDING(D) | ~HOLDING(
HOLDING(C) CLEAR(C) | ~CLEAR(¢)
CLEAR(D HANDEMPALY
ON(C,D)
Putdown(C) CLEAR(D)
HOLDING(C) | ~HOLDING(
85;2113((8 ONTAB(D) | ~ONTAB(D)
HANDEMPTY CLEAR(D) ~CLEAR(D)
HANDEMPTY | ~HANDEMPTY

HOLDING(D)




Pickup(B)

ONTAB(B) ~ONTAB(B)
Putdown(A) ‘ CLEAR(B) ~CLEAR(B)
HOLDING(A) | ~HOLDING(A)[ g ANDEMPTY | ~HANDEMPTY
ONTAB(A) HOLDING(B)
CLEAR(A)

N\

HANDEMPT Stack(B,A)
HOLDING(B) | ~HOLDING(B)
CLEAR(A) | ~CLEAR(A)
HANDEMPTY
ON(B,A)
Unstack(A,B) CLEAR(B)
HANDEMPTY[ ~HANDEMPTY
(CLEAR(A) | ~CLEAR(A)
ON(A.B)--£oN@AB) /| ~ON(AB)
ONTAB(B)/ HOLDING(A) N(B,A)
CLEAR(A) CLEAR(B) CLEAR(B)
ON(C,D), establishment (2 of them) ON(D,C)
ONTABD)  / CLEAR(D)
CLEAR(C), /
HANDEMPTRY"
R Unstack(C,D)
“HANDEMPTY| ~HANDEMPTY
\CLEAR(C) | ~CLEAR(C) Stack(D,C)
ON(C,D) ~ON(C,D) HOLDING(D) | ~HOLDING(
HOLDING(C) CLEAR(C) | ~CLEAR({)
CLEAR(D)_ X HANDEMPLY
ON(C,D)
N\ Putdown(C) CLEAR(D)
HOLDING(C) | ~HOLDING _
ONTAB(C) Pickup()
CLEAR(C) ONTAB(D) | ~ONTAB(D)
HANDEMPTY CLEAR(D) ~CLEAR(D)
HANDEMPTY | ~HANDEMPTY

HOLDING(D)



Pickup(B)

ONTAB(B) ~ONTAB(B)
Putdown(A) ‘ CLEAR(B) ~CLEAR(B)
HOLDING(A) | ~HOLDING(A)[ g ANDEMPTY | ~HANDEMPTY
ONTAB(A) HOLDING(B)
CLEAR(A)

N\

HANDEMPT Stack(B,A)
HOLDING(B) | ~HOLDING(B)
CLEAR(A) | ~CLEAR(A)
HANDEMPTY
ON(B,A)
Unstack(A,B) CLEAR(B)
HANDEMPTY[ ~HANDEMPTY
(CLEAR(A) | ~CLEAR(A)
ON(A.B)--£oN@AB) /| ~ON(AB)
ONTAB(B)/ HOLDING(A) N(B,A)
CLEAR(A) CLEAR(B) CLEAR(B)
ON(C,D), establishment (2 of them) ON(D,C)
ONTABD)  / CLEAR(D)
CLEAR(C), /
HANDEMPTRY"
R Unstack(C,D)
“HANDEMPTY| ~HANDEMPTY
\CLEAR(C) | ~CLEAR(C) Stack(D,C)
ON(C,D) ~ON(C,D) HOLDING(D) | ~HOLDING(
HOLDING(C) CLEAR(C) | ~CLEAR({)
CLEAR(D)_ X HANDEMPLY
ON(C,D)
N\ Putdown(C) CLEAR(D)
HOLDING(C) | ~HOLDING _
ONTAB(C) Pickup()
CLEAR(C) ONTAB(D) | ~ONTAB(D)
HANDEMPTY ~_ CLEAR(D) ~CLEAR(D)
HANDEMPTY | ~HANDEMPTY

HOLDING(D)



Pickup(B)

ONTAB(B) ~ONTAB(B)
Putdown(A) CLEAR(B) ~CLEAR(B)
HOLDING(A) | ~HOLDING(# HANDEMPTY | ~HANDEMPTY

HOLDING(B)

N\

Stack(B,A)
HOLDING(B) | ~HOLDING(B)
CLEAR(A) | ~CLEAR(A)
HANDEMPTY
ON(B,A)
Unstack(A,B) CLEAR(B)
HANBEMPTY| ~HANDEMPTY
AR(A)/' | ~CLEAR(A)
ON(A,B)~#5n(A,B) ~ON(A,B)
ONTAB(B) HOLDING(A) N(B,A)
CLEAR(A) CLEAR(B) CLEAR(B)
ON(C,D) establishment (8 of them) ON(D,C)
ONTAB( CLEAR(D)
CLEAR(C
HANDEMP
Unstack(C,D)
HANDEMRTY| ~HANDEMPTY
CLEAR(C) NCLEAR(C) Stack(D,C)
ON(C,D) b HOLDING(D) | ~HOLDING(
CLEAR(C) | ~CLEAR(¢)
HANDEMPALY
ON(C,D)
N\ Putdown(C) CLEAR(D)
HOLDING(C) | ~HOLDING _
ONTAB(C) Pickup()
CLEAR(C) ONTAB(D) | ~ONTAB(D)
H ANDEMPTY\CLEAR(D) ~CLEAR(D)
HANDEMPTY | ~HANDEMPTY

HOLDING(D)



Plan execution:

Unstack(A,B)=2>PutDown(A)

HANDEMPTY | HANDEMPTY

CLEAR(A) CLEAR(A)

ON(A,B) ~ON(AB)
CLEAR(B)
ONTAB(A)

Unstack(A,B)

HANDEMPTY| ~HANDEMPTY

CLEAR(A) ~CLEAR(A)

ON(A,B) ~ON(A,B)

’ HOLDING(A) Putdown(A)

CLEAR(B) HOLDING(A) | ~HOLDING(A

ON(A,B) W ONTAB(A)( :
ONTAB(B) CLEAR(A)
CLEAR(A HANDEMPTY
ON(C,D)
ONTAB(D

HANDEMP Putdown(C)
HOLDING(C) | ~HOLDING(C)
ONTAB(C)
CLEAR(C)
Unstack(C,D) HANDEMPTY
HANDEMPTY| ~HANDEMPTY
» .. . CLEAR(C) | ~CLEAR(C)
No “operator  is inserted in here that ON(C.D) ~ON(C.D)
will negate the protected conditions, however ’ HOLDH’\IG(C)
when viewed as a “macro” operator, CLEAR(D)

Unstack(A,B)=>PutDown(A) does not clobber
any protected subgoals (or more exactly, it restores

any subgoals (e.g., handempty) that are temporally
“clobbered”)




CONT(P,2)
CONT(Q,b)
CONT(S,c)

Initial State

P

Q

a

Assign(?rl, 2v1, 702, v2) /* 7l =M2 ¥/
PRE: CONT(?rl, ?v1), CONT(?r2, ?v2)
DEL: CONT(?rl, ?v1)

ADD: CONT(?rl, ?7v2)

CONT(Q,2)
CONT(P,b)

Goal Spec

P | Db

Q |a




Assign(?rl, ?2vl, ?r2, ?2v2) /* rl =N2 ¥/
PRE: CONT(?r1, ?v1), CONT(?r2, ?v2)
DEL: CONT(?rl, ?7vl)

ADD: CONT(?r1, ?7v2)

CONT(P,2)
CONT(Q,b)
CONT(S,c)

Initial State

P a

Q | b

Assign(2rl, 2v1, 22, 2v2
CONT(?r1, ?2vl) | ~CONT(?r1, 2v1)
CONT(?12, 7v2) | CONT(?r1, ?v

711/Q, 7v2/a

Assign(2rl, 2v1, 22, 2v2
CONT(?r1, 2v1) | ~CONT(?r1, ?v1)
CONT(?r2, 2v2) | CONT(?r1, 2v2)

CONT(Q,2)
CONT(P,b)

r1/P, Wv2/b

Goal Spec
P | Db
Q| a




Assign(7rl, ?2v1, 72, 7v2) /* Wl =2 */
PRE: CONT(?r1, ?v1), CONT(?r2, ?v2)
DEL: CONT(?rl, ?7vl)

ADD: CONT(7r1, ?7v2) . S . .
This ?v1 is different from this ?v]. Standardize apart

CONT(Q, 2v1)| ~CONT(Q, ?v1)
CONT(?12, 2) | CONT(Q, a

CONT(?r1, 2v1)| ~CONT(?rl, ?v1)

271/212, 9
CONT(?12, 2v2)| CONT(?r1, 2v2) rl/72, 7v2/a

CONT(P,a) this ?r2 is different from this ?r2 CONT(Q,a)
CONT(Q,b) Standardize apart. CONT(P,b)
CONT(S,c) -

CONT(P, ?v1) |~CONT(P, ?v1)
CONT(?r2, b) | CONT(P, b)

Initial State Goal Spec
ik P [b
Q | b o




Assign(?rl, ?7v1, 712, WV2) /* 1l =72 */
PRE: CONT(?r1, ?v1), CONT(?r2, ?v2)
DEL: CONT(?rl, ?7vl)

ADD: CONT(7r1, ?7v2)

Assign(Q, 2v1, 212
CONT(Q, 2v1)| ~CONT(Q, ?v1)
CONT(?2, ) | CONT(Q, a
CONT(?12, 2v11] ~CONT(?r2, ‘y/
CONT(?r22, 2) | CONT(?12, a)

CONT(Q,b) CONT(P,b)
CONT(S,c) Assign(P. 2v1, 22

CONT(P, 2v1) | ~CONT(P, ?2v1)

CONT(?12,b) | CONT(P, b)
Initial State Goal Spec
Pla P [b
Q| b 0 [




Assign(?rl, ?7v1, 712, WV2) /* 1l =72 */
PRE: CONT(?r1, ?v1), CONT(?r2, ?v2)
DEL: CONT(?rl, ?7vl)

ADD: CONT(7r1, ?7v2)

Assign(Q, 2v1, 212
CONT(Q, 2v1)| ~CONT(Q, 2v1)
CONT(?12, 2) | CONT(Q, a
CONT(?12, 2v11} ~CONT(?12, ‘yr/
CONT(?122, a) | CONT(?12, a)

CONT(Q.b) 272/S, Wvll/e CONT(P,b)

CONT(S,c) Assign(P. 2v1, 22
CONT(P, 2v1) |~CONT(P, ?2v1)
CONT(?12, b) | CONT(P, b)

122/P.

Initial State Goal Spec
ik P [b
Q | b o




Assign(?rl, ?7v1, 712, WV2) /* 1l =72 */
PRE: CONT(?r1, ?v1), CONT(?r2, ?v2)
DEL: CONT(?rl, ?7vl)

ADD: CONT(7r1, ?7v2)

Assign(Q, ?vl1, 712
CONT(Q, ?vl)| ~CONT(Q, ?vl)
CONT(?r2,a) | CONT(Q, a
Assign(S, ¢, P, a)
CONT(S, ¢) ~CONT(S, c) /
CONT(P, a) CONT(S, a)

CONT(P,a Propagate ?r2/S throughout CONT(Q,2)
CONT(Q.b) 712/S, v1l/c CONT(P,b)

CONT(S,c) Assign(P. 2v1, 22
CONT(P, 2v1) |~CONT(P, ?2v1)
CONT(?12, b) | CONT(P, b)

122/P.

Initial State Goal Spec
ik P [b
Q | b o




Assign(?rl, ?7v1, 712, WV2) /* 1l =72 */
PRE: CONT(?r1, ?v1), CONT(?r2, ?v2)
DEL: CONT(?rl, ?7vl)

ADD: CONT(7r1, ?7v2)

Assign(Q, ?vl
CONT(Q, ?vl)| ~CONT(Q, ?vl)
CONT(S,a) | CONT(Q, a)
Assign(S, ¢, P, a)

CONT(S,c)  |~CONT(S, ¢)
CONT(P, a) CONT(S, a)

2v1/b Different variables ?v1 — to be safe we CONT(Q,a)
' should have standardized apart CONT(P,b)

CONT(S,c) ?vl/a

Assign(P, ?v1, 712
12/Q CONT(P, 2v1) |~CONT(P, 2v1)
CONT(?r2, b) | CONT(P, b)
Initial State Goal Spec
P a p b
Q | b Q [a




Assign(?rl, ?7v1, 712, WV2) /* 1l =72 */
PRE: CONT(?r1, ?v1), CONT(?r2, ?v2)
DEL: CONT(?rl, ?7vl)

ADD: CONT(7r1, ?7v2)

Assign
CONT(Q,b) | ~CONT(Q, Db)
CONT(S,a) | CONT(Q, a)
Assign(S, ¢, P, a)

CONT(S,c)  |~CONT(S, c)

CONT(P, a) CONT(S, a)
CONT(Q,b CONT(P,b)
CONT(S,c) cion(p
CONT(P,a) |~CONT(P, ?v1)
CONT(Q,b) | CONT(P, b)
Initial State Goal Spec
P a p b
Q | b Q0 [




Assign(?rl, ?7v1, 712, WV2) /* 1l =72 */
PRE: CONT(?r1, ?v1), CONT(?r2, ?v2)
DEL: CONT(?rl, ?7vl)

ADD: CONT(7r1, ?7v2)

Assign
CONT(Q,b) | ~CONT(Q, b)
CONT(S,a) | CONT(Q,a)
Assign(S, ¢, P, a)

CONT(S,c)  |~CONT(S, c)

CONT(P, a) CONT(S, a)
CONT(P,a izs%gngl());bgf)) cannot precede CONT(Q.2)
CONT(Q.b B CONT(P,b)
CONT(S,c) Aooon(P

COMI(P,a) |~CONT(P, a)

CONT(Q,b) | CONT(P, b)
Initial State Goal Spec
P a p b
Q | b Q0 [




Assign(?rl, ?7v1, 712, WV2) /* 1l =72 */
PRE: CONT(?r1, ?v1), CONT(?r2, ?v2)
DEL: CONT(?rl, ?7vl)

ADD: CONT(7r1, ?7v2)

Assign
CONT(Q,b) | ~CONT(Q, b)
CONT(S,a) | CONXNT(Q,a)
Assign(S, ¢, P, a)

CONT(S,c)  |~CONT(S, ¢)
CONT(P, a) CONT(S, a)

CONT(P,a Assign(P,a,Q,b) fannot precede CONT(Q,a)

CONT(Q,b CONT(P,b)
CONT(S,c)

Initial State Goal Spec
P a Only one consistent order: p b
Assign(S,c,Pa) [S=P]
Q b - Assign(P,a,Q,b) [P=Q]
- Assign(Q,b,S,a) [Q=S] Q | a
S C




