CS 4260 and CS 5260
Vanderbilt University

Lecture on Inference, Planning, and Learning
with First-Order Representations

This lecture assumes that you have

* Read Chapter 13, through 13.4.3 of Artlnt

Artlnt: Poole and Mackworth, Artificial Intelligence 2E
at http:/ /artint.info/2e/html/ArtInt2e.html
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First Order Logic

Inference
Knowledge Base

* ParentOf(Mary, Jim)

* ParentOf(Mary, Steve)

* ParentOf(Jim, Gene)

* ParentOf(Hua, Jia)

* ChildOf(Jim, Mary)

ForAlly ;v (ParentOf(?X, ?Y) 2 ChildOf(?Y, ?X))

ForAlly ,y(ParentOf(?X, ?Y) < ChildOf(?Y, ?X))

ForAlly sy, (ParentOf(?X, ?Y) A ParentOf(?Y, ?Z)) = GrandParentOf(?X, ?Z)

Douglas H. Fisher



First Order Logic

Inference
Knowledge Base

* ParentOf(Mary, Jim)

* ParentOf(Mary, Steve)

* ParentOf(Jim, Gene)

* ParentOf(Hua, Jia)

¢ ChildOf(Jim, Mary)

ForAlly ;v (ParentOf(?X, ?Y) 2 ChildOf(?Y, ?X))

ForAlly ,y(ParentOf(?X, ?Y) < ChildOf(?Y, ?X))

ForAlly sy, (ParentOf(?X, ?Y) A ParentOf(?Y, ?Z)) = GrandParentOf(?X, ?Z)

Predicate names match

— \
arentOf(Mary, Jim), ForAlly y(ParentOf(°X, ?

> ChildOfRY, ?X))

Ser 2X to Mary

This process is called unification
(or instantiation)

Douglas H. Fisher



First Order Logic

Inference
Knowledge Base

* ParentOf(Mary, Jim)

* ParentOf(Mary, Steve)

* ParentOf(Jim, Gene)

* ParentOf(Hua, Jia)

* ChildOf(Jim, Mary)

ForAlly ;v (ParentOf(?X, ?Y) 2 ChildOf(?Y, ?X))

ForAlly ,y(ParentOf(?X, ?Y) < ChildOf(?Y, ?X))

ForAlly sy, (ParentOf(?X, ?Y) A ParentOf(?Y, ?Z)) = GrandParentOf(?X, ?Z)

Mar Mary
ParentOf(Mary, Jim), ForAH?X,?Y(ParentOf(}%,]{/) > ChildOf(, 7))

Jim Jim

Substitute variable values throughont

Douglas H. Fisher



First Order Logic

Inference
Knowledge Base

* ParentOf(Mary, Jim)

* ParentOf(Mary, Steve)

* ParentOf(Jim, Gene)

* ParentOf(Hua, Jia)

* ChildOf(Jim, Mary)

ForAlly ;y(ParentOf(?X, ?Y) 2 ChildOf(?Y, ?X))

ForAlly ;y(ParentOf(?X, ?Y) < ChildOf(?Y, ?X))

ForAlly .y, (ParentOf(?X, ?Y) A ParentOf(?Y, ?Z)) = GrandParentOf(?X, ?Z)

ParentOf(Mary, Jim), (ParentOf(Mary, Jim) = ChildOf(Jim, Mary))
Modus Ponens now applies

ParentOf(Mary, Jim), (ParentOf(Mary, Jim) = ChildOf(Jim, Mary)) | - ChildOf(Jim, Mary)

Douglas H. Fisher



First Order Logic
Knowledge Base Inference

* ParentOf(Mary, Jim)
* ParentOf(Mary, Steve)
* ParentOf(Jim, Gene)
* ParentOf(Hua, Jia)
* ChildOf(Jim, Mary)
*  FPorAll,y .y (ParentOf(?X, ?Y) =2 ChildOf(?Y, ?X))
*  FPorAll,y .y (ParentOf(?X, ?Y) € ChildOf(?Y, ?X))
*  ForAlly .y, (ParentOf(?X, ?Y) A ParentOf(?Y, ?Z))
=2 GrandParentOf(?X, ?Z)
*  PorAll, .y (GrandParentOf(?X, ?Y) 2 GrandParent(?X))

GrandParent(Mary) ?

Douglas H. Fisher



First Order Logic
Knowledge Base Inference

* ParentOf(Mary, Jim)

* ParentOf(Mary, Steve)
* ParentOf(Jim, Gene)
* ParentOf(Hua, Jia)

* ChildOf(Jim, Mary)

*  FPorAll, .y (ParentOf(?X, ?Y) =2 ChildOf(?Y, ?X)) GrandParent(Mary)
*  ForAlly .y(ParentOf(?X, ?Y) € ChildOf(Y, ?X)) unify
*  ForAlly v, (ParentOf(?X, ?Y) A ParentOf(?Y, ?Z))

=2 GrandParentOf(?X, »Z)

b
* ForAlly ,(GrandParentOf(?X, ?Y) >(GrandParent(?X)) GrandParentOf(Mary, 7Y)

Douglas H. Fisher



First Order Logic

Knowledge Base Inference

ParentOf(Mary, Jim)
ParentOf(Mary, Steve)
ParentOf(Jim, Gene)
ParentOf(Hua, Jia)
ChildOf(Jim, Mary)
ForAlly ;v (ParentOf(?X, ?Y) 2 ChildOf(?Y, ?X))
ForAlly ;v (ParentOf(?X, ?Y) < ChildOf(?Y, ?X))
ForAlly oy, (ParentO£(X; tOf(?Y, ?2))
randParentOf(?X, ?Z

GrandParent(Mary)

T

ForAlLy .y (GrandParent =2 GrandParent(rX))

—> GrandParentOf(Mary, ?Y)

Douglas H. Fisher



First Order Logic

Knowledge Base Inference

ParentOf(Mary, Jim)

ParentOf(Mary, Steve)

ParentOf(Jim, Gene)

ParentOf(Hua, Jia)

ChildOf(Jim, Mary)

ForAlly ;v (ParentOf(?X, ?Y) 2 ChildOf(?Y, ?X))
ForAlly ;v (ParentOf(?X, ?Y) é ChlldOf(DY *X))
ForAll,y 5y, (ParentO£23X 7Y arentOf(?Y, ?2))

GrandParent(Mary)

A

GrandParentOf(Mary, ?Z)

A

ParentOf(Mary, ?Y) A ParentOf(?Y, ?Z)

Douglas H. Fisher



First Order Logic
Knowledge Base Inference

\
ParentOf(Hua, Jia)
* ChildOf(Jim, Mary)
*  PorAll, .y (ParentOf(?X, ?Y) 2 ChildOFRY, ?X)) GrandParent(Mary)
*  FPorAll,y .y (ParentOf(?X, ?Y) € ChildOf(?Y, ™)) A
*  ForAlly .y, (ParentOf(?X, ?Y) A ParentOf(?Y, 72 .

> GrandParentOf(X, ?7) unif)

Pl
* ForAll,,(GrandParentOf(?X, ?Y) > GrandParent(?X)) GrandParentOf(Mary, °7)

A

ParentOf(Mary, ?Y) A ParentOf(?Y, ?Z)
Y 4

ParenOft(Mary, Steve) A
ParentOf£(Steve, ?Z)

Douglas H. Fisher



First Order Logic
Knowledge Base Inference

* ParentOf(Mary, Jim)

* ParentOf(Mary, Steve)
* ParentOf(Jim, Gene)

* ParentOf(Hua, Jia)

+  ChildOf(Jim, Mary) GrandParent(Mary)

+ ForAlly y(ParentOf(PX, ?Y) > ChildOf(Y, ?X)) T

+ ForAlly, (ParentOfPX, ?Y) € ChildOfRY, ?X))

* ForAlly .y, (ParentOf(?X, 2Y) A ParentOfRY, ?7)) GrandParentOf(Mary, ?7)
=2 GrandParentOf(?X, »Z)

*  PorAlly .y (GrandParentOf(?X, ?Y) 2 GrandParent(?X)) T

ParentOf(Mary, ?Y) A ParentOf(?Y, ?Z)
-7

-

-
-
-
-
-
-

Pare ¢ Tary, reve) A
Pare  +(Ste )

Douglas H. Fisher



First Order Logic
Knowledge Base Inference

* ParentOf(Mary, Jim)
* ParentOf(Mary, Steve)
* ParentOf(Jim, Gene)
* ParentOf(Hua, Jia)
* ChildOf(Jim, Mary)
*  FPorAll, .y (ParentOf(?X, ?Y) =2 ChildOf(?Y, ?X))
*  FPorAll,y .y (ParentOf(?X, ?Y) € ChildOf(?Y, ?X))
*  ForAlly .y, (ParentOf(?X, ?Y) A ParentOf(?Y, ?Z))
=2 GrandParentOf(?X, »Z)
*  PorAlly .y (GrandParentOf(?X, ?Y) 2 GrandParent(?X))

GrandParent(Mary)
N

GrandParentOf(Mary, ?Z)
A

ParentOf(Mary, ?Y) A ParentOf(?Y, ?Z)

TP
o” N
o” S
- \
o” SN
o” S
Parc o Tary, ‘eve) A ParentOf(Mary, Jim) A
ParentOf(Jim, °Z)

Pare +(Stc )

|

ParentOf(Mary, Jim) A
ParentOf(Jim, Gene)

Douglas H. Fisher



First Order Logic

Knowledge Base Inference

ParentOf(Mary, Jim)
ParentOf(Mary, Steve)
ParentOf(]irn, Gene) GrandParent(l\/[ary)
ParentOf(Hua, Jia)
ChildOf(Jim, Mary) T
ForAll,y .y (ParentOf(?X, ?Y) = ChildOf(Y, ?X))
ForAlly ,y(ParentOf(?X, ?Y) € ChildOf(Y, ?X)) GrandParentOf(Maty, #f
ForAlly oy, (ParentOf(?X, 2Y) A ParentOf(Y, ?7))

=2 GrandParentOf(?X, »Z)
ForAll y ;v (GrandParentOf(?X, ?Y) 2 GrandParent(?X))

Gene

Jim

Ji
ParentOf(MaryA) A Parenb?@(Zﬁ cne

Pare ¢ Tary, ‘eve) A ParentOf(Mary, Jim) A
Parc (Stc ) ParentOf(Jim, ?
Gene

ParentOf(Mary, Jim) A
ParentOf(Jim, Gene)

Douglas H. Fisher



Resolution Proofs

Axioms:

1. Exists(?x) (Dog(?x) and Owns(Jack, ?x))

2. ForAll(?x) (Exists(?y) (Dog(?y) and Owns(?x,?y)) = Animallover(?x))

3. ForAll(?x) (Animallover(’x) = (ForAll(?y) (Animal(?y) =2 ~Kills(?x,?y))))

4. Kills(Jack, Tuna) or Kills(Curiosity, Tuna)

5. Cat(Tuna)

6. ForAll(?x) (Cat(?x) > Animal(x)) ~EsistsGy) Dog(y) and Owns(x.?y)) or AnimalLover(?x)

Clause Form: ForAll(?y) ~(Dog(?y) and Owns(?x,?y)) or AnimalLover(?x))

1. Dog(D), Owns(Jack, D)

2. ~Dog(?y) or ~Owns(?x,?y) or Animall.over(?’x)

3. ~Animall.over(?z) or ~Animal(?w) or ~Kills(?z, ?w)
4, Kills(Jack, Tuna) or Kills(Curiosity, Tuna)

5. Cat(Tuna)

6. ~Cat(?u) or Animal(?u)

Douglas H. Fisher



Axioms in Clause Form: Prove: Kills(Curiosity, Tuna)

1. A) Dog(D), B) Owns(Jack, D) negation: C~Kills(Curiosity, Tuna)
2. ~Dog(?y) or NOWHS(?X,?}T). or AnimalLovq(?x) In a proof by

3. ~Animall.over(?z) or ~Animal(?w) or ~Kills(?z, ?w) contradiction,

4. Kills(Jack, Tuna) or Kills(Curiosity, Tuna) assume the negation

5. Cat(Tuna) i frie

0.

~Cat(?u) or Animal(?u)
Resolution Refutation (contradiction) Proof:

~Kills(Curiosity, Tuna) 4 Kills(Jack, Tuna) or Kills(Curiosity, Tuna)

\/

If both these statements are true
then Kills(Jack, Tuna) must be true

Douglas H. Fisher



Axioms in Clause Form: Prove: Kills(Curiosity, Tuna)

. A) Dog(D), B) Owns(Jack, D) negation: ~Kills(Curiosity, Tuna)
~Dog(?y) or ~Owns(?x,?y) or Animall.over(?x)

~Animallover(?z) or ~Animal(?w) or ~Kills(?z, ?w)

Kills(Jack, Tuna) or Kills(Curiosity, Tuna)

Cat(Tuna)

~Cat(?u) or Animal(?u)

A N

Resolution Refutation (contradiction) Proof:

~Kills(Curiqsity, Tuna) Kills(Jack, Tuna) or Kills(Curiosity, Tuna)
No variables involved,
50 substitution list is {}

Py Kills(Jack, Tuna)

Douglas H. Fisher



Axioms in Clause Form: Prove: Kills(Curiosity, Tuna)

. A) Dog(D), B) Owns(Jack, D) negation: ~Kills(Curiosity, Tuna)
~Dog(?y) or ~Owns(?x,?y) or Animall.over(?x)

~Animallover(?z) or ~Animal(?w) or ~Kills(?z, ?w)

Kills(Jack, Tuna) or Kills(Curiosity, Tuna)

Cat(Tuna)

~Cat(?u) or Animal(?u)

A N

Resolution Refutation (contradiction) Proof:

Jack Tuna Jack Tuna

~Kills(Curiosity, Tuna) A 3 ~Animall.over(pZ) or ~Animal(2v) or ~Kills(pZ, 24v)

{}\/

Kills(Jack, Tuna) {rz/Jack, w/Tunaj

If both statements true, then it must be true
that ~Animall over(Jack) or ~Animal(Tuna)

Douglas H. Fisher



Axioms in Clause Form: Prove: Kills(Curiosity, Tuna)

. A) Dog(D), B) Owns(Jack, D) negation: ~Kills(Curiosity, Tuna)
~Dog(?y) or ~Owns(?x,?y) or Animall.over(?x)

~Animallover(?z) or ~Animal(?w) or ~Kills(?z, ?w)

Kills(Jack, Tuna) or Kills(Curiosity, Tuna)

Cat(Tuna)

~Cat(?u) or Animal(?u)

A N

Resolution Refutation (contradiction) Proof:

~Kills(Curiosity, Tuna) 4 3 ~Animall.over(?z) or ~Animal(?w) or ~Kills(°z, ?w)
o

Kills(Jack, Tuna) {rz/Jack, w/Tunaj

~Animall.over(Jack) or ~Animal(Tuna)

Douglas H. Fisher



Axioms in Clause Form: Prove: Kills(Curiosity, Tuna)

. A) Dog(D), B) Owns(Jack, D) negation: ~Kills(Curiosity, Tuna)
~Dog(?y) or ~Owns(?x,?y) or Animall.over(?x)

~Animallover(?z) or ~Animal(?w) or ~Kills(?z, ?w)

Kills(Jack, Tuna) or Kills(Curiosity, Tuna)

Cat(Tuna)

~Cat(?u) or Animal(?u)

A N

Resolution Refutation (contradiction) Proof:

~Kills(Curiosity, Tuna) 4 3 2 ~Dog(y) or ~Owns(?x,?y) or Animall.over(?x)

Kills(Jack, Tuna) {rz/Jack, w/Tunaj

{?x/Jack}

~Animall.over(Jack) or ~Animal(Tuna)

If Animall over(Jack) then ~Animal(Tuna)
If ~Animal_over(Jack) then ~Daog(?y) or ~Owns(Jack, ?y),
So ~Dog(?y) or ~Omwns(Jack,?y) or ~Animal(1una)
Douglas H. Fisher



Axioms in Clause Form: Prove: Kills(Curiosity, Tuna)

. A) Dog(D), B) Owns(Jack, D) negation: ~Kills(Curiosity, Tuna)
~Dog(?y) or ~Owns(?x,?y) or Animall.over(?x)

~Animallover(?z) or ~Animal(?w) or ~Kills(?z, ?w)

Kills(Jack, Tuna) or Kills(Curiosity, Tuna)

Cat(Tuna)

~Cat(?u) or Animal(?u)

A N

Resolution Refutation (contradiction) Proof:

~Kills(Curiosity, Tuna) 4 3

\/ 2 ~Dog(?y) or ~Owns(?x,?y) or Animallover(?x)

Kills(Jack, Tuna) {rz/Jack, w/Tunaj

{?x/Jack}

~Animall.over(Jack) or ~Animal(Tuna)

~Dog(?y) or ~Owns(Jack,?y) or ~Animal(Tuna)

Douglas H. Fisher



Axioms in Clause Form: Prove: Kills(Curiosity, Tuna)

1. A) Dog(D), B) Owns(Jack, D) negation: ~Kills(Curiosity, Tuna)

2. ~Dog(?y) or ~Owns(?x,?y) or Animall.over(?x)

3. ~Animall.over(?z) or ~Animal(?w) or ~Kills(?z, ?w)

4. Kills(Jack, Tuna) or Kills(Curiosity, Tuna)

5. Cat(Tuna) Look for propositions

6. ~Cat(?u) or Animal(?u) that unify, one negated and

one not

Resolution Refutation (contradiction) Proof:

~Kills(Curiosity, Tuna) 4 3 2 6

I
Kills(Jack, Tuna) 1?2/ Jack, ?w/Tunaj
p)
~Animall.over(Jack) or ~Animal(Tuna) v/ Jack;
{?u/Tuna}

~Dog(?y) or ~Owns(Jack,?y) or ~Animal(Tuna)

~Dog(?y) or ~Owns(Jack,?y) or ~Cat(Tuna)
Douglas H. Fisher



Axioms in Clause Form: Prove: Kills(Curiosity, Tuna)

1. A) Dog(D), B) Owns(Jack, D) negation: ~Kills(Curiosity, Tuna)
5. Cat(Tuna)

6. ~Cat(?u) or Animal(?u)

~Kills(Curiosity, Tuna) 4 3 2 6 5
{M
Kills(Jack, Tuna) {rz/Jack, ?w/Tuna} {?u/Tuna

~Animallover(Jack) or ~Animal(Tuna) 17x/Jack]

~Dog(?y) or ~Owns(Jack,?y) or ~Animal(Tuna) {

This 1s called a set-of-support

~Dog(?y) or ~Owns(] ack,?%Cat(Tuna)

proof, since every step involves 1A ~Dog(?y) or ~Owns(Jack,?y)

the negated stated to prove, \ /{py /D}
or a descendent of it
~Do
# = g(D)

NULL Douglas H. Fisher



Equivalent (refutation) proof for Curiosity (not set-of-support)

Dog(D) ~Dog(?y) or ~Owner(?x.?y) or Animall.over(?x) Owns(Jack, D) ~Animallover(?x) or ~Animal (?y) or ~Kills(?x,?y)  Cat(Tuna)

~Ca(x) or Animal(x)
\{y/D} / /
~Owns(?x,D) or AmmalLover(‘?x) Animal(Tuna)

{?x/Jack} {?y/Tun
AmmalLover(Jack) ~AnimalLover(?x) or ~Kllls(‘7x Tuna)

\ {?x/Jack} /

~Kills(Jack, Tuna}

~Kills(Curiosity, Tuna) Kills(Jack.Tuna) or Kills(Curiosity, Tuna)

\o

Kills(Jack, Tuna}

{} contradiction

Douglas H. Fisher



Prove S(A) by resolution refutation proof

~P(?w)or Q(?w)  ~Q(?y) or S(?y)  P(?x) or R(?x) ~R(?2) or S(?2)

Douglas H. Fisher



Equivalent (refutation) proof for proving S(A)

~P(?7w) or Q(?w) ~Q(?y) or S(?y) P(?x) or R(?x) ~R(?z) or S(?z) ~S(A)

N?w/?y

~P(?y) or S(?y)
x‘?y/‘?x}
S(?x) or R(?x)
x?x/?z}
S(?2) Note that this is not a
proof generated by a
x?Z/A} set-of-support strategy.
U

Douglas H. Fisher



Prove S(A) from axioms along top line using resolution (without
refutation)

~P(?7w) or Q(?w) ~Q(?y) or S(?y) P(?x) or R(7x) ~R(?z) or S(?z)

Douglas H. Fisher



Prove S(A) from axioms along top line using resolution

~P(?w) or Q(?w)  ~Q(?y) or S(?y) P(?x) or R(?x)  ~R(?z) or S(?z)

Ny
~P(?y) or S(?y)
\{?y/?x}
S(7x) or R(7%)

S(?z)
\ {?7z/A} universal instantiation

S(A)

Douglas H. Fisher



Show the result of resolving P(y, x, B, y) or Q(x, y, X, A) with

~P(z, z, W, A)

Unifying P(y, x, B, y) with P(z, z, w, A) results in {y/z, x/z, w/B, z/A} or some alternate,

equivalent substitution list

v/z P, x, B, y) with P(z, z, w, A)  Q(x, §, x, A)

Z Z Z
x/z P(z, %, B, 7) with P(z, z,w, A)  Q(%, 2, X, A)
B
w/B P(z, z, B, z) with P(z, z, W, A) Q(z, z, z, A)
AA A A A A A A

2/A P44 B, 2) with P(4, 2, B, A) Q(%, , £, A)

Final answer: Q(A,A,A,A)

Douglas H. Fisher



Given the axioms: A,B are constants
ontable(A) ?7x’s, 7y’s, and ?z’s are (universally-quantified)
variables
~clear(A)
~above(?x1, ?y1) or below(?y1,? x1)
~below(?x2, ?y2) or above(?y2, 7x2)
~on(?x3, ?y3) or above(?x3, ?y3)
~on(?x4, 7y4) or ~above(?y4, 7z4) or above(?x4, 7z4)
clear(?x5) or on(B, 7x5)
~ontable(?x6) or ~holding(?x6)
~ontable(?x7) or ~on(?x7, ?y7)

Prove below(A, B) with a refutation resolution proof using a set-of-support strategy. Show the proof tree
and substitution lists.

If axioms like those shown represent conditions in a warehouse where humans and robots collaboratively engage in
loading and movement tasks involving large, heavy objects, sketch an example where an initially inconsistent
knowledge base could lead to dangerous interactions for humans and/or robots.

Douglas H. Fisher



First Order Planning

Representation of operators: A PREcondition list and an EFFects list

pickup(?’x):

putdown(°x):

stack(?’x, °y):

unstack(?’x, 7y):

PRE: ONTABLE(?x), CLEAR(?x), HANDEMPTY
EFF: ~ONTABLE (?x), ~CLEAR(?x), ~HANDEMPTY,
HOLDING(x)

PRE: HOLDING(x)
EFF: ~HOLDING (?x),
ONTABLE(?x), CLEAR (?x), HANDEMPTY

PRE: HOLDING (?x), CLEAR(?y)
EFF: ~HOLDING(x), ~CLEAR®y),
HANDEMPTY, ON(zx, ?y), CLEAR(?x)

PRE: HANDEMPTY, CLEAR(?x), ON(?x,?y)
EFF: ~HANDEMPTY, ~CLEAR(?x), ~ON(x,?y),
HOLDING (?x), CLEAR(?y)

Douglas H. Fisher



Tweak : the following slides represent oze path in a search for a plan
C

A||B

ON(C,A)
ONTAB(A)

ONTAB(B) ON(AB)

CLEAR(B) ON(B.C)
CLEAR(C)

HANDEMPTY

O |F =

Initial State Goal Spec

Douglas H. Fisher



Twealk STACK(A,B)
CLEAR(B) | HANDEMPTY
HOLDING(A)| ON(A,B)
~CLEAR(B
~HOLDIN
CLEAR(A)

°x/A,ry/B

Cansal link (protected)

8§'(IC‘: A%)( A) No operator can be placed

between STACK(A,B) and
ONTAB(B) goal that undoes (clobbers) ON(A,B)
CLEAR(B) the protected condition, ON(B,C)
CLEAR(C) ON(A,B).
HANDEMPTY

Step addition

Douglas H. Fisher



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(B
~HOLDINGXA)
CLEAR(A)
Cansal links (protected)
STACK(B,C)
CLEAR(C) |HANDEMPTY ON(A,B)
HOLDING(B) ON(B,C) — ON@B,C)
~CLEAR(C) ?x/Bpy/C
~HOLDING(B)
CLEAR(B)
Step addition

Douglas H. Fisher



Tweak

ON(C,A)
ONTAB(A)
ONTAB(®B) .-~

CLEAR®) e

CLEAR(C)
HANDEMPTY

Tentative establishment

STACK(A,B)
~ CLEAR(B) |HANDEMPTY
“ HOLDING(A) ON(A,B)
~CLEAR(B
~HOLDINGXA)
CLEAR(A)
STACK(B,C)

»CLEAR(C) | HANDEMPTY ON(A,B)
HOLDING(B) ON(B,C) — ON(B,C)
~CLEAR(C)
~HOLDING(B)

CLEAR(B)

Douglas H. Fisher



PICKUP(A)

STACK(A,B)

CLEARB) [HANDEMPTY
CLEAR(A)  |~ONTAB(A) 4 HOLDING(A)| ON(A,B)
«ONTAB(A) ~HANDEMPV ~CLEAR
(/' HANDEMPTY, HOLIXIIS(A}(A ~HOLDINCA)
O ~CLEAR(A) / CLEAR(A)
ON(C,A) !
ONTAB(A) A
ONTAB(S, - STACK(B,C)
CLEAR® CLEAR(C) |HANDEMPTY  ON(A,B)
CLEARG) | HOLDING(B) | ON(B,C) —— ON(B,C)
HANDEMPTY o)
~HOLDING(B)
CLEAR(B)

Step addition and tentative establishment

Douglas H. Fisher



PICKUP(A)

STACK(A,B)

(CLEAR®B) |[HANDEMPTY
CLEAR(A) - |~ONTAB(A) ~HOLDING(A) | ON(A,B)
<«ONTAB(A) ~HANDEMPT>Vv CIEAR
/ HANDEMPTY| HOLDING(AY” ~HOLDINOA)
Lo ~CLEARGA) 7 CLEAR(A)
ON(C,A) |
ONTAB(A
ONTABEB)>\ PICKUP(B) _ STACK(B.C)
CLEAR(B)‘*—’—’7-"-‘:"‘-*~;z=""’CLEAR<B) ~ONTAB(B) CLEAR(C) |HANDEMPTY  ON(A,B)
CLEAR(C) 7 TRONTAB(B) | ~HANDEMPTY _»HOLDING(B) | ON(B,C)—— ON(B,C)
HANDEMPTY -7 HANDEMPTY| HOLDING(B) ~CLEAR(C)
~CLEAR(B) ~HOLDING (B)
CLEAR(B)

Step addition and tentative establishment

Douglas H. Fisher



PICKUP(A)

STACK(A,B)

(CLEAR(B) HANDEMPTY
CLEAR(A) ~ONTAB(A) S HOLDING(A) | ON(AB)
<«ONTAB(A) ~HANDEMPTY _~ CLEAR
/ HANDEMPTY| HOLDING(AY” / ~HOLDINOA)
/ ~CLEAR(A) CLEAR(A)
II'Izdempty satisflaction no -
l(mger stems fl‘()lTl
initial state.
ON(C,A) |
ONTAB(A T
ONTABEB)>\ PICKUP(B) _ STACK(B.C)
CLEAR(B)"-"{»:\':TT":::' ~ONTAB(B) CLEAR(C)  |HANDEMPTY  ON(A,B)
CLEAR(O) ~HANDEMPTY/vHOLDING(B) ON(B,C) — ON(B,C)
HANDEMPTY. " HYNDEMPTY| HOLDING (B) ~CLEAR(C)
~CLEAR(B) ~HOLDING(B)
CLEAR(B)
UNSTACK(?AA)
ON(x,A) ~HANDEMPTY
CLEAR(?x) CLEAR(A) o
HANDEMPTY | HOLDING (?x) Step addition
~ON(Px,A)
~CLEAR(?x)

Douglas H. Fisher



STACK(A,B)

PICKUD(A) (CLEAR®B) |HANDEMPTY
(ONTAB(A) | ~HANDEMPTY _~ CLEAR
/ HANDEMPTY| HOLDING(AY” / ~HOLDINOA)

! ~CLEAR(A) CLEAR(A)
ICELEAR(C) satisfaction no longer stems
From initial state

- PICKUP(B) STACK(B,C)

o -XCLEARB)  [~ONTAB(B) CLEAR(C) |HANDEMPTY  ON(A,B)

T SONTAB(B) ~HANDEMPTY v HOLDING(B) | ON(B.C)————> ON(BO)
HANDEMWPTY NDEMPTY| HOLDING(B) ~CLEAR(C)
~CLEAR(B) ~HOLDING(B)
CLEAR(B)
IHandempty satisfaction no longer
Stems from initial state
ONGx,A) ~H\NDEMPTY f
CLEAR(x)  CLEAR(A) ,
HANDEMPTY | HOLDING (?x) Establishment (3 of them)
~ONEx,A)
~CLEAR(X)

Douglas H. Fisher



STACK(A,B)

PICKUP(A) CLEAR(B)
CLEAR(A)  |~ONTAB(A) HOLDING(A)
«ONTAB(A) | ~HANDEMPTY
/" HANDEMPTY HOLDING(A/
! ~CLEAR(A)

ICLEAR(B) no longer satisfied
By initial state

HANDEMPTY
ON(A,B)
~CLEAR
~HOLDINC\A)
CLEAR(A)

PICKUP(B) <(B,O)
............... ~ONTAB(B) CLEAR(C) |[HANDEMPTY  ON(A,B)
~HANDEMPTY HOLDING(B) | ON(B,C) =—— ON(B,C)
HOLDING(B) ~CLEAR(C)
~CLEAR(B) ~HOLDING(B)
CLEAR(B)
~HANDEMPTY
CLEAR(A) ,
HANDEMPTY | HOLDING(C) Establishment
~ON(C,A)
~CLEAR(C)

Douglas H. Fisher



STACK(A,B)

PICKUP(A) CLEAR®B) |[HANDEMPTY
CLEAR(A)  |~ONTAB(A) HOLDING(A) | ON(A,B)
«ONTAB(A) | ~HANDEMPTY ~CLEAR
/ HANDEMPTY| HOLDING(A ~HOLDINCG\A)
:f ~CLEAR(A) CLEAR(A)
stablishment

. PICKUP(B) <B.O)
g ~ONTAB(B) CLEAR(C) \HANDEMPTY ON(A,B)
. ~HANDEMPTY _»HOLDINGBN ON(B,C)—— ON(B,C)

HOLDING(B) LEAR(C)
~CLEAR(B) ~PHOLDING (B)
CLEAR(B)

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

Douglas H. Fisher



STACK(A,B)

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

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

ON(C,A)
ONTABR)
ONTAB() .. PICKUP(B)
CLEARMH) Ny ~ONTAB(B) CLEAR(C) \| |[HANDEMPTY  ON(A,B)
CLEAR( " ~HANDEMPTY S HOLDING(B) ON(B,C)—— ON(B,C)
HANDEMPTY NDEMPTY| HOLDING (B) CLEAR(C)
~CLEAR(B) ~NOLDING(B)
CLEAR(B)
! UNSTACK{CA) |
ONEA ~HANDEMPTY HOLDIN]()}U(T Ogggl G(C
CLEAR(C)  CLEAR(A) (©) ONTABLII\;(C() )
HANDEMPTY | HOLDING(C) ANDLMDTAY
~ON(GA) CLEAR(C)
~CLEAR(C)

Step introduction.
Douglas H. Fisher



R R
______

PICKUP(A)

! UNSTACKX.A)

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

ON(C,A)

STACK(A,B)

CLEAR(C)
HOLDING(B)

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

/ HANDEMPTY| HOLDING(A ~HOLDINCG\A)

~CLEAR(A) CLEAR(A)

ON(A,B)
N(B,C)— ONB,0)

~BANDEMPTY R~ g OXSESING(C)
CLEAR(A) NTABLE(C)
HOLDING(C) HANDEMPTY
~ON(C,A) CLEAR(C)
~CLEAR(C)

Douglas H. Fisher



PICKUP(A)

STACK(A,B)

PICKUP(B)

R R
______

~CLEAR(B)

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)

~ONTAB(B) CLEAR(C) ON(A,B)
~HANDEMPTY Ner HOLDING (B) NON(B,C) — ON(B,C)
HOLDING(B)

y UNSTACK ﬁ:‘? PUTDOWN(C)
ON(C,A) ~HNANDEMPTY N
N HOLDIN&(C) ~HOLDING(C
CLEAR(C) CLEAR(A) e ) NTABLE(C() )
HANDEMPTY | HOLDING(C) HANDEMPTY
~ON(C,A) CLEAR(C)
~CLEARC)  oerablishment

Douglas H. Fisher



Establishment (3 of them)

PICKUP(A)
CLEAR(A)
ONTAB(A)

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

PICKUP(B)

ONTAB(B)

CLEAR CLEAR(B)
CLEAR( NTAB(B)
HANDEMPTY

! UNSTACKXCA)
ON(C,A)
CLEAR(C) CLEAR(A)

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

~ONTAB(B)

~HANDEMPTY
HOLDING(B)
~CLEAR(B)

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

~CLEAR
~HOLDINC\A)
CLEAR(A)

CLEAR(C)
HOLDING (B)

PUTDOWN(C)

~PAANDEMPTY

HANDEMPTY | HOLDING(C)

HOLDING(C)

~HOLDING(C)
NTABLE(C)

HANDEMPTY

CLEAR(C)

ON(A,B)

N(B,C) =— ON(B,C)

Douglas H. Fisher



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

ON(C,A)
ONTAB(A) ’J_‘ ggg‘g’gg
ONTAB(B) ’
CLEAR(B) A
CLEAR(C) C B
HANDEMPTY

Al B C

Step introduction

Douglas H. Fisher



L

A C B D
B D A C
Initial State Goal spec
ON(A,B) ON(B,A)
ONTAB(B) CLEAR(B)
CLEAR(A) ON(D,C)
ON(C,D) CLEAR(D)
ONTAB(D)
CLEAR(C)

HANDEMPTY

Douglas H. Fisher



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

Douglas H. Fisher



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

Douglas H. Fisher



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)

Douglas H. Fisher



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

HOLDING(B)
,/'/ \ Stack(B,A)
HOLDING(B) [ ~HOLDING(B)
__»CLEAR(A) ~CLEAR(A)
HANDEMPTY
ON(B,A)
CLEAR(B)
ON(AB)
ONTABBY .-/ N(B,A)
CLEAR(A) - CLEAR(B)
ON(C.D) Step addition (2 of them ON(D,C)
ONTAB(D) .. ./ P ( f ) CLEAR(D)
CLEAR(C)---22%
HANDEMPTY‘\\ ‘?2:: ~~~~~~~~~~
e Stack(D,C)
“*=--.g—> 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)

Douglas H. Fisher



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
ON(A,B) CLEAR(A) ~CLEAR(A)
ONTAB@) & T Ra®) N(B,A)
Chien” L Chi
ONTAB(D) Step addition (2 of them) CLEAR(D)
CLEAR(C) Unstack(C,D)
HANDEMPTY 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) | ~ONTAB(D)

CLEAR(D) ~CLEAR(D)
HANDEMPTY | ~HANDEMPTY
HOLDING(D)

Douglas H. Fisher



- 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

Step addition (2 of them)

ONTAB(D)
CLEAR(D)

HANDEMPTY

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

HANDEMPLY
ON(C,D)
CLEAR(D)

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

Douglas H. Fisher



ONTAB(B) | ~ONTAB(B)
Putdopmn(A) [~ CLEAR(B) ~CLEAR(B)
HOLDING(A) | ~HOLDING(A) | gANDEMPTY | ~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
CLEARA)® | ~CLEAR(A)
ON(A.B)--£0oNAB) /| ~ON(A.B)
ONTAB(B); HOLDING(A) N(B,A)
CLEAR(A) /! CLEAR(B) CLEAR(B)
ON(C,D). o ON(D,C)
ONTAB() Step addition (2 of them) L BAR(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 HANDEMPAY
ON(C,D)
Putdown(C) CLEAR(D)
HOLDING(C) | ~HOLDING(
85;2;(8 ONTAB(D) | ~ONTAB(D)
HANDEMPTY CLEAR(D) | ~CLEAR(D)
HANDEMPTY | ~HANDEMPTY
HOLDING(D)

Douglas H. Fisher



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)--£0oN@AB) /| ~ON(AB)
ONTAB(B); HOLDING(A) N(B,A)
CLEAR(A) /! CLEAR(B) CLEAR(B)
ON(C,D), ; ON(D,C)
ONTAB(Y) establishment (2 of them) L BAR(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 HANDEMPL'Y
N ON(C,D)
AW Putdown(C) CLEAR(D)
HOLDING(C) | ~HOLDING .
1CKUIP
85;215((8 ONTAB(D) | ~ONTAB(D)
HANDEMPTY CLEAR(D) | ~CLEAR(D)
HANDEMPTY | ~HANDEMPTY
HOLDING(D)

Douglas H. Fisher



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)--£0oN@AB) /| ~ON(AB)
ONTAB(B); HOLDING(A) N(B,A)
CLEAR(A) /! CLEAR(B) CLEAR(B)
ON(C,D), ; ON(D,C)
ONTAB(Y) establishment (2 of them) L BAR(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 HANDEMPL'Y
D\ ON(C,D)
N\, Putdown(C) CLEAR(D)
HOLDING(C) | ~HOLDING .
1CKUIP
8552\5((8 ONTAB(D) | ~ONTAB(D)
HANDEMPTY ~_ CLEARD) | ~CLEAR(D)
HANDEMPTY | ~HANDEMPTY
HOLDING(D)

Douglas H. Fisher



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) ; ON(D,C)
ONTAB( establishment (8 of them) L BAR(D)
CLEAR(C
HANDEMP
Unstack(C,D)
HANDEMRTY| ~HANDEMPTY
CLEAR(C) MNCLEAR(C) Stack(D.C)
ON(C,D) S HOLDING(D) | ~HOLDINg(
CLEAR(C) | ~CLEAR)
HANDEMPAY
ON(C,D)
N\, Putdown(C) CLEAR(D)
HOLDING(C) | ~HOLDING e,
1CKUID
85;215((8 ONTAB(D) | ~ONTAB(D)
HANDEMPTY ~_, CLEARD) | ~CLEAR(D)
HANDEMPTY | ~HANDEMPTY
HOLDING(D)

Douglas H. Fisher



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)
Ay ON(AB) ~ON(A,B)
HOLDING(A) Putdown(A)
CLEAR(B) HOLDING(A) | ~HOLDING(A)
ON(A,B) 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”)

Douglas H. Fisher



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

Initial State

P

Q
S

a

b

Assign(?rl, ?7vl, 72, 7v2) /* il =M2 F/
PRE: CONT(?rl, ?v1), CONT(?12, ?7v2)
DEL: CONT(?rl, ?vl)

ADD: CONT(?rl, ?7v2)

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

Goal Spec

P |b

Qla

Douglas H. Fisher



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

ADD: CONT(7r1, ?7v2)

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

Initial State

P | a
Qb
S C

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

711/Q, 7v2/a

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

Assion(?2rl. 2 M2 /
CONT(?r1, ?2vl) | ~CONT(?rl, ?2v1
(?rl, 2v1) Crl, W1 2 o1 /p 2vasb

1,212
CONT(?r2, 2v2) | CONT(?r1, 2v2)

Goal Spec

P |b

Qla

Douglas H. Fisher



Assign(?rl, ?7v1, 712, WV2) /* 1l =72 */
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
P a P b
Qb Q[a
S | ¢

Douglas H. Fisher



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.0) Assign(P, 2v1, 22

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

CONT(?r2, b) | CONT(P, b)
Initial State Goal Spec
P d P b
Qb Qa2
S C

Douglas H. Fisher



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

ADD: CONT(7r1, ?7v2)

Assign 2vl, 2
CONT(Q, ?2vl)| ~CONT(Q, ?v1)
CONT(712,a) | CONT(Q, a

CONT(?r2, 2v11} ~CONT(?12, ‘yr/
2122/P CONT(2r22, a) | CONT(?12, a)
CONT(P,ab CONT(Q,a)
ggﬁ(g’ ) 272/S, Wvll/e CONT(P,b)
(S.0) Assion(P, 2v1, 22
CONT(P, 2v1) |~CONT(P, 2v1)
CONT(?r2, b) | CONT(P, b)
Initial State Goal Spec
P d P b
Q| b Qa2
S C

Douglas H. Fisher



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

ADD: CONT(7r1, ?7v2)

Assign 2vl, 2
CONT(Q, ?2vl)| ~CONT(Q, ?v1)
CONT(712,a) | CONT(Q, a

Assign(S, ¢, P, a)
CONT(S,¢c)  |~CONT(S, c)
2122 /P CONT(P, a) CONT(S, a)
CONT(P,a Propagate ?r2/S throughout CONT(Q,a)
ggﬁ(g’b) 272/S, Wvll/e CONT(P,b)
(S.0) Assion(P, 2v1, 22
CONT(P, ?2v1) |~CONT(P, ?2v1)
CONT(?r2,b) | CONT(P, b)
Initial State Goal Spec
P a P b
Q| b Qa2
S C

Douglas H. Fisher



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)

CONT(Pa 2v1/b Different variables ?v1 — to be safe we CONT(Q,a)
CONT(Q,b) ) should have standardized apart CONT(P,b)
CONT(S,c) ‘viia Assign(P. 2v1, 22 |
712/Q CONT(P, 7vl) |~CONT(P, ?v1)
CONT(?r2,b) | CONT(P, b)

Initial State Goal Spec
P | a P |b
Qb Qla
S C

Douglas H. Fisher



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

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

CONT(Q,b) | CONT(P,b)

Initial State Goal Spec
P a P b
Qb Qla
S C

Douglas H. Fisher



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, ¢)

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

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

CONT(Q,b) | CONT(P, b)
Initial State Goal Spec
P a P |b
Qb Qa2
S | ¢

Douglas H. Fisher



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) Zannot precede CONT(Q,a
CONT(Q.,b ent ) ’ CONTE}?,b))
CONT(S,c) _Q.b)

. CONT(P, a) /

CONT(P, b)
Initial State Goal Spec
P |a Only one consistent order: P |b

Assign(S,c,P,a) [S =P]

Qb =2 Assign(P,a,Q,b) [P= Q] Q| a
s [c =2 Assign(Q,b,S,a) [Q=1S]

Douglas H. Fisher



Relational Learning

Relational (e.g,, first-order) representations, such as:

IF R(cl, r1) A RGe2, 1) A RPc3, 12) N\ R(Pc4, 12) A R(3c5, ?12)
A #(cl,2c2) N\ #(c3, 2c4) N\ #(2c3, 2c5) N\ #(Pc4, 2c5)
THEN FullHouse(?cl, ?c2, ?c3, ?c4, °c5)

Douglas H. Fisher




Relational Learning

Relational (e.g,, first-order) representations, such as:

IF R(cl, ?rl) A RGe2, r2) A R(c3, 73) A R(cd, Prd) A R(c5, r5)
A +1(3r1, 22) N\ +1¢12, 2e3) N\ +1(213, 2rd) N\ +1(2r4, ?t5)
THEN Straight(°cl, ?c2, ?c3, ?c4, ?c5)

Douglas H. Fisher




rl rl r2 r2 r2
sl s2 R} C s4

rl r2 r3 r4 r3
N H C C sl
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Learning macros: Given a plan, generalize the plan so that the generalized plan
can be applied in a greater number of situations
Objective: reusing previously-developed generalized plans (aka macro-operators)
will reduce the cost (improve the “speed”) of subsequent planning

s ;

B A
C
Start State GoalSpec

Unstack(A,B) = Putdown(A) = Unstack(B,C) = Stack(B,A)
(Generalize) =>»

Unstack(?x1, ?yl) = Putdown(?x1) = Unstack(?yl, ?z1) = Stack(?y1, ?x1)

Douglas H. Fisher



A

B

C

Start State

GoalSpec

Unstack(A,B) = Putdown(A) = Unstack(B,C) = Stack(B,A)

Unstack(?x1, ?y1)

- Putdown(?x2

—> Unstack(?y2, ?z1)

XHandemp()

XOn(?7x1,2y1)| On(?x1,2y1)
XClear(?x1) | Clear(?x1) /

Handemp()

Clear(?y1)

olding(?x2) Holding(?x2) XOn(?y2,?z1

HOIdll‘lg(?M

ndemp()*—> Handemp()

-> Stack(?y3, 7x3)

OnTab(?x2)

On(?y2,7z1)  4Holding(?y3)| Holding(?y3)
Clear(?x3) | Clear(?x3)
Handemp() Handemp()
Holding(?7y?2) Clear(?y3)
Clear(?z1) On(?y3,?x3)

Douglas H. Fisher



Learning macros:

A

Start State

GoalSpec

Unstack(A,B) = Putdown(A) = Unstack(B,C) = Stack(B,A)

Unstack(?x1, ?y1)

- Putdown(?x2

—> Unstack(?y2, ?z1)

{?7x3/7x2}

XOn(?7x1,2y1)| On(?x1,2y1)
XClear(?x1) | Clear(?x1) /

XHandemp() | Handemp()

Clear(?y1)

olding(?x2) Holding(?x2) XOn(?y2,?z1

Holdlng(‘?x‘l)/ OnTab(7x2)

ndemp()*> Handemp()

-> Stack(?y3, 7x3)

On(?y2,7z1)  4Holding(?y3)| Holding(?y3)
? Clear(?x3) | Clear(?x3)
Handemp() /{?y3/?y2} Handemp()
Holding(?7y?2) Clear(?y3)
Clear(?z1) On(?y3,7x3)

Douglas H. Fisher



Learning macros:

s ;

B A
C
Start State GoalSpec

Unstack(A,B) = Putdown(A) = Unstack(B,C) = Stack(B,A)

{7x3/7x2}

Unstack(?x1, ?y1) - Putdown(?x2 -> Unstack(?y2, ?z1) - Stack(?y2, 7x2)
XOn(?7x1,2y1)| On(?x1,2y1) olding(?x2) Holding(?x2) XOn(?y2,?z1) On(?y2,?z1) 4Holding(?y2)| Holding(?y2)
XClear(?x1) | Clear(?x1) W&W ? Clear(?x2) | Clear(?x2)
XHandemp() | Handemp() ndemp()*—*> Handemp() | Handemp() J/{?y3/?7y2} Handemp()

Holding(? M OnTab(?x2) Holding(?7y?2) Clear(?y2)
Clear(?y1) Clear(?z1) On(?y2,7x2)

Douglas H. Fisher



Learning macros:

HT

A

B

C

Start State
Unstack(A,B) = Putdown(A) = Unstack(B,C) = Stack(B,A)

GoalSpec

Unstack(?x1, ?y1) - Putdown(?x2 -> Unstack(?y2, ?z1) - Stack(?y2, 7x2)
XOn(?7x1,2y1)| On(?x1,2y1) olding(?x2) Holding(?x2) XOn(?y2,?z1) On(?y2,?z1)  Holding(?y2)| Holding(?y2)
XClear(?x1) | Clear(?x1) / %(?}J/’ Clear(?y2) | Clear(?y2) Clear(?7x2) | Clear(?x2)
XHandemp() | Handemp() fidemp()¢<> Handemp() | Handemp() Handemp()

Holding(? M OnTab(7x2) Holding(?7y?2) Clear(?y2)
Clear(?y1) {?7y2/2y1} Clear(?z1) On(?y2,7x2)

Unstack(?x1, ?y1) - Putdown(?x2) - Unstack(?y1, ?z1) - Stack(?v1, ?x2)
X0On(?7x1,2y1} On(?x1,2y1) olding(?x2) Holding(?x2) ¥ On(?y1,?z1) On(?y1,2z1)  Holding(?y1) Holding(?y1)
X(Clear(?x1) | Clear(?x1) Clear(?x2) Clear(?yl) | Clear(?yl) Clear(?x2) | Clear(?x2)
XHandemp() | Handemp() Handemp() = Handemp() | Handemp() Handemp()

Holding(?x1) OnTab(?x2) Holding(?y1) Clear(?y1)
Clear(?y1) Clear(?z1) On(?y1,7x2)

Douglas H. Fisher



Learning macros:

HT

Start State

Unstack(?x1, ?yl)

- Putdown(?x2)

GoalSpec

- Unstack(?y1, ?z1)

- Stack(?y1, ?x2)
XOn(?xl,?yl On(?x1,?y1) olding(?x2) Holding(?x2) xOn(?y1,?z1) On(?yl,?z1)  Holding(?yl) Holding(?y1)
X(Clear(?x1) | Clear(?x1) Clear(?x2) Clear(?yl) | Clear(?yl) Clear(?x2) | Clear(?x2)
XHandemp() | Handemp() 2x2/2x1} Handemp() = Handemp() | Handemp() Handemp()
Holding(?x1) OnTab(?x2) Holding(?y1) Clear(?y1)
Clear(?y1) Clear(?z1) On(?y1,7x2)

Unstack(?x1, ?yl)

- Putdown(?x1)

- Unstack(?y1, ?z1)

- Stack(?y1, ?x1)
XOn(?xl,?yl On(?x1,?y1) Holding(?x1) Holding(?x1) X On(?y1,?z1)) On(?y1,?z1)  Holding(?y1) Holding(?y1)
X(Clear(?x1) | Clear(?x1) Clear(?x1) Clear(?yl) | Clear(?yl) Clear(?x1) | Clear(?x1)
XHandemp() | Handemp() Handemp() = Handemp()| Handemp() Handemp()
Holding(?x1) OnTab(?x1) Holding(?y1) Clear(?y1)
Clear(?y1) Clear(?z1) On(?y1,7x1)

Douglas H. Fisher



Learning macros:

HT

Start State

Unstack(?x1, ?yl)

- Putdown(?x1)

GoalSpec

- Unstack(?y1, ?z1) - Stack(?y1, ?x1)

X0n(?7x1,?y1} On(?x1,2y1)
X(Clear(?x1) | Clear(?x1)
XHandemp() | Handemp()
Holding(?x1)
Clear(?y1)

Holding(?x1

) Holding(?x1) xOn(?yl,?z1
Clear(?x1) Clear(?y1)
Handemp() = Handemp()
OnTab(?x1)

Macrop(?x1, ?yl, ?z1)

) On(?yl,?z1)  Holding(?yl
Clear(?y1) Clear(?x1)
Handemp()

Holding(?y1)
Clear(?z1)

Holding(?y1)
Clear(?x1)

Handemp()
Clear(?yl1)
On(?y1,7x1)

On(?x1, ?y1)
On(?yl, ?z1)
Clear(?x1)
Handemp()

On(?x1, ?y1)
Clear(?x1)
On(?yl, ?z1)

Clear(?y1)
OnTab(?x1)
Clear(?z1)

On(?yl, 7x1) Douglas H. Fisher



