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ZjfE(Ation): (Fly(p,from, to),

FTtES£(PRECOND): At(p,from) A Plane(p) » Airport(from) A
Airport(to)

B (EFFECT): ~AT(p,from) A At(p,to))
= %;’EODZ#—A (p, from, tolX A2 AR RIE D 1= W
« BMEDRRBIE/NTA—ED) X
- AHESEME (BA#ERWVEWTIILDES)
- BiME (BARZERAWVEWNW)TIILDEE EPIXEEnot PlL{A)
- MRITEMDYRAREEBED) X



EDERKR

o FEITIKEEIZED LOIZEE T HH
- B){EIL. AR SEHZHm=-L TS UL\ T 5IKEE
(24,5 FH ] e
- —[EREFEOBIERATF—LTIE, FHTEHK

1[I
anji

IO

IE!ISZ]L-REIZI aff X3
2%t g BEHOZEFHT 5

At(P1,JFK) A At(P2,SFQO) A Plane(P1) A Plane(P2) A
Airport(JFK) A Airport(SFO)

Satisfies : At(p,from) A Plane(p) A Airport(from) » Airport(to)

With © ={p/P1,from/JFK,to/SFO}
Thus the action is applicable.
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At(P1,SFQO) A At(P2,SFO) A Plane(P1) A Plane(P2) A
Airport(JFK) A Airport(SFO)
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- BB CTORBTLELD
« EMURIVITERICZHDIRELEIHEANEL
« T DHL5E:Action Description language (ADL)
Action(Fly(p:Plane, from: Airport, to: Airport),

PRECOND: At(p,from) A (from = to)
EFFECT: —At(p,from) A At(p,to))

¥4k : planning domain definition language (PDDL)



Example: air cargo transport

Init(At(C1, SFO) A At(C2,JFK) A At(P1,SFQO) A At(P2,JFK) A Cargo(C1) A
Cargo(C2) A Plane(P1) A Plane(P2) A Airport(JFK) A Airport(SFQO))

Goal(At(C1,JFK) A At(C2,SFQ))

Action(Load(c,p,a)
PRECOND: Af(c,a) AAt(p,a) nCargo(c) nPlane(p) AAirport(a)
EFFECT: —Af(c,a) Aln(c,p))

Action(Unload(c,p,a)
PRECOND: In(c,p) AAt(p,a) AnCargo(c) nPlane(p) AAirport(a)
EFFECT: At(c,a) A —In(c,p))

Action(Fly(p,from,to)
PRECOND: At(p,from) APlane(p) AAirport(from) AAirport(to)
EFFECT: — At(p,from) A At(p,to0))

[Load(C1,P1,SFO), Fly(P1,SFO,JFK), Load(C2,P2,JFK), Fly(P2,JFK,SFO)]



Example: Spare tire problem

Init(At(Flat, Axle) » At(Spare, Trunk))
Goal(At(Spare,Axle))
Action(Remove(Spare, Trunk)

PRECOND: At(Spare, Trunk)

EFFECT: —At(Spare, Trunk) A At(Spare,Ground))
Action(Remove(Flat,Axle)

PRECOND: At(Flat,Axle)

EFFECT: —At(Flat,Axle) A At(Flat,Ground))
Action(PutOn(Spare,Axle)

PRECOND: At(Spare,Ground) n—At(Flat,Axle)

EFFECT: At(Spare,Axle) n —Ar(Spare,Ground))
Action(LeaveOvernight

PRECOND:

EFFECT: — At(Spare,Ground) A — At(Spare,Axle) » — At(Spare,trunk) A — At(Flat,Ground)

A — At(Flat,Axle) )

ZDHIREIESTRIPSD#:4): FHICEED)TZIL(ADLEE )



Example: Blocks world

Init(On(A, Table) A On(B, Table) A On(C, Table) A Block(A) n Block(B) » Block(C) A
Clear(A) A Clear(B) A Clear(C))

Goal(On(A,B) A On(B,C))
Action(Move(b,x,y)
PRECOND: On(b,x) A Clear(b) A Clear(y) A Block(b) A (b= x) A (b=y) A (XZY)

EFFECT: On(b,y) A Clear(x) A — On(b,x) n — Clear(y))
Action(MoveToTable(b,x)

PRECOND: On(b,x) A Clear(b) A Block(b) A (b= x)

EFFECT: On(b, Table) n Clear(x) A — On(b,x))

ROT-BIEM ATEE: Move(B,C,C)
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O—JLDIREE = At(C1, B) A At(C2, B) A ... A At(C20, B)
EEDRID)TIIVICEZDHSEE: Unload(C1,p,B)
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Shoe example

Goal(RightShoeOn A LeftShoeOn)

Init()

Action(RightShoe, PRECOND: RightSockOn
EFFECT: RightShoeOn)

Action(RightSock, PRECOND:
EFFECT: RightSockOn)

Action(LeftShoe, PRECOND: LeftSockOn
EFFECT: LeftShoeOn)

Action(LeftSock, PRECOND:
EFFECT: LeftSockOn)

Planner: combine two action sequences
(1)leftsock, leftshoe (2)rightsock, rightshoe



o EELMEFENFKITESADNZEROHTULVEUET
EILZE-F7ILTVXLITWOAGEEHEDTEHSF
IEFFETEIILZETHD

Partial Oider Plan: Total Order Plans:

Start Start Start Start Start Start Start

AT I TR R RO N
Right Right Laft Laft Right Laft
Sock Sock Sock Sock Sock Sock

L=ft TRight g

Sock Sock + ! * * * +
[oft [aft Hight Right Right | [L=ft
Sock Sock Sock Sock Shos Shoa

LeftSockiCn RightSockCn * + * * * +
[of nght Right Laft Right Left Latt Right
Shos Shesa Shos Shes Shoa Sock Sock

i 1 ' v ' v
Latt Right Laft Right Lekt Right
Shos Shoa Shos Shos Shos Shoa
Le#Shosln, RightShoaln * + * * * +

Finigh Finish Finish Finigh Finigh Finizh Finigh
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Example: Spare tire problem

Init(At(Flat, Axle) A At(Spare,trunk))
Goal(At(Spare,Axle))
Action(Remove(Spare, Trunk)

PRECOND: At(Spare, Trunk)

EFFECT: —At(Spare, Trunk) A At(Spare,Ground))
Action(Remove(Flat,Axle)

PRECOND: At(Flat,Axle)

EFFECT: —At(Flat,Axle) A At(Flat,Ground))
Action(PutOn(Spare,Axle)

PRECOND: At(Spare,Groundp) n—At(Flat,Axle)

EFFECT: At(Spare,Axle) A —Ar(Spare,Ground))
Action(LeaveOvernight

PRECOND:

EFFECT: — At(Spare,Ground) A — At(Spare,Axle) » — At(Spare,trunk) A —
At(Flat,Ground) n — At(Flat,Axle) )



Solving the problem

ArfSoare Trunk]| Remowve (Spare, Trunk) \

Arfapare Trunk A Soare. Ground, —
TR i e e O Spare Axle) |- Sre Adel|  Finish

ArfFlar, Aicke ARzt Aile)

 |nitial plan : Start with EFFECTS and Finish with
PRECOND.



Solving the problem

ArfSoare Trunk]| Remowve (Spare, Trunk) \

@Ar@:ﬂn?’rw}; HW@E.GM‘“@ Axle) F@\Finiih
ArfFlar, Aicke ARzt Aile)

_

« Initial plan: Start with EFFECTS and Finish with
PRECOND.

* Pick an open precondition: At(Spare, Axle)
* Only PutOn(Spare, Axle) is applicable
o Add causal link: PutOn(Spare,Axle) AiSpare.Axle) o Finish

« Add constraint : PutOn(Spare, Axle) < Finish




Solving the problem

ArfSoare Tk HREMOE [Eq:uarm\

u  Trunk
B L
ArfFlar, Acle

A Sozre. Ground]) _ —
Putohi Snare Axle AffSnzre Ade)l  Finish
_Iﬂn'ﬂar.ﬂﬂeé— il :I |-.-

« Pick an open precondition: At(Spare, Ground)
« Only Remove(Spare, Trunk) is applicable
» Add causal link: Remove(Spare, Trunk) —245xeSrowd)  pytOn(Spare, Axl

« Add constraint : Remove(Spare, Trunk) <
PutOn(Spare,Axle)




Solving the problem

AfSpare Trunk)| Remove (Spare, T runk) \

AnfSozre, Groung)

PutiOn| Spare Axle) b= ArSnzre Ade)l  Finish

AT s Trunk
[(Sart Fea Y
ArfFl=, Axle )

/

AR Ade]
1ANRar Ground])

|_ L eanvedhe rnig hit _Iﬂrr%re_ﬂxle_,l

AN Sozre, Goung)
AN Sz, Tek)

* Pick an open precondition: — At(Flat, Axle)
« LeaveOverNight is applicable

« conflict: Remove(Spare, Trunk)—21&weCrond) s pytOn(Spare, Axle)

* To resolve, add constraint : LeaveOverNight <
Remove(Spare, Trunk)




Solving the problem

AfSpare Trunk)| Remove (Spare, T runk) \

AnfSozre, Groung)

PutiOn| Spare Axle) b= ArSnzre Ade)l  Finish

AT s Trunk
[(Sart Fea Y
ArfFl=, Axle )

/

AR Ade]
1ANRar Ground])

|_ L eanvedhe rnig hit _Iﬂrr%re_ﬂxle_,l

AN Sozre, Goung)
AN Sz, Tek)

« Pick an open precondition: — At(Flat, Axle)
« LeaveOverNightis applicable

» conflict: Remove(Spare, Trunk) —242eerowmd) s pyOp(Spare, Axle)

« Toresolve, add constraint : LeaveOverNight < Remove(Spare,
Trunk)

« Add causal link: LegveOverNight—215aweSromd) s pysOn(Spare, Axle)




Solving the problem

\

| Remonve (Spare, Trunk)

AnfSozre, Groung)

PutiOn| Spare Axle) b= ArSnzre Ade)l  Finish

AR A=)

/

i,
- 1A Pat Ground)
L eanvedhe rnig hit _Iﬂrr%re_ﬂxle_,l

AN Sozre, Goung)

AN Sz, Tek)

« Pick an open precondition: At(Spare, Trunk)

« Only Start is applicable

* Add causal link: Start >»Re move(Spare, Trunk)

« Conflict: of causal link with effect At(Spare, Trunk) in LeaveOverNight
— No re-ordering solution possible.

 backtrack

At(Spare,Trunk)




Solving the problem

ArfSoare Trunk]| Remove (Spare, Trunk) \

[ .-II-r 1'.'.'" o - .o
[ Start |": A A {On{ Spare Axle) |- A5 Auel|  Finish
ArfFlar, Acke ARzt Aule) .

ﬂrrﬁ.:.ﬂtle,ll Removel Flat, Axlz) /

 Remove LeaveOverNight, Remove(Spare, Trunk)
and causal links
« Repeat step with Remove(Spare, Trunk)

« Add also Remove(Flat, Axle) and finish
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Init(Have(Cake))

Goal(Have(Cake) A Eaten(Cake))

Action(Eat(Cake), PRECOND: Have(Cake)
EFFECT:. "Have(Cake) A Eaten(Cake))

Action(Bake(Cake), PRECOND: — Have(Cake)

EFFECT: Have(Cake))




Cake example

SD "ﬂ" ] S-I Jﬂt i S 2
Bake(Cake)
- Have(Cake) / F \\\ Have(Cake)

Have(Cake| - >< =
\ — Have(Cake) < = — Have{Cake)
Eat(Cake) Eat(Cake) <

Eaten(Cake) - Eaten(Cake)
— Eaten{Cake) H — Eaten{Cake) = — Eaten|{Cake)
o LANIILSOM LG, BIEELTOLANILAOERDL AN)LST

ZTIRTE
- A0 >> HIDL AL THHREH N FEI=SN TS ETDHEIE
- BHREHLEENMEDFIRSO --> S1EFFEUV DTS
- EEIHIEEEMELLTERT
« LANJILAOITEEZZDOFEZEDT
- EMEDBTOEZEIIEEHRIVITERT



Cake example

SD "ﬂ" ] S-I Jﬂt i S 2
Bake(Cake)
- Have(Cake) / F \\\ Have(Cake)

Have(Cake| - >< =
\ — Have(Cake) < = — Have{Cake)
Eat(Cake) Eat(Cake) <

Eaten(Cake) - Eaten(Cake)

— Eaten{Cake) H — Eaten{Cake) = — Eaten|{Cake)

« LRLSIFIAOTOEED Y T EVrERYEHLTIHELNDSY
TIILEETEATLS

- ERICEIAZEDLTWNWITIILORIDERIIHVEFE IV TRSINDS
- %1 FZEDREZEZRL. HEHRV O VERKEDREZEERT SHIFITH

— ZONEHITBULANILAE—IZHEETEITD: F:E
- HBOAWIRERILHMDITIIVEELET (BRBAIZET)



Cake example

SIZII A 0 81 A 1 So
Bake(Cake)
Have(Cake) = Have(Cake) Vi = . Have(Cake)
\ — Have{Cake| X\ =, — Have(Caks)
Eat{Cake) EatiCake)
Eaten(Cake) - < Eaten(Cake)
— Eaten{Cake) H — Eaten{Cake) = — Eaten|{Cake)

. HEFBEERESODBEDNSHNETROLIITHETNSEEETHS:
- FEIBIE —FOEENMEADIHIEDONREZEET S
- FHFE —FOHEOMED—DOIMEDHEDRIHIENEETHD
. BETEHE —FOBEDIIREEO— DA H OB DR SARE 1<

I THS

. HEFBEEGRE=OOUTILOBNETRDESITH-TNSEEETHS
(FBT D)
L — AP DBERETHED
- CRBDUTINEERTESTREBEOHAEEIZFELTLNS



ETELLEV ST7ERRMREEDY

o HTEIME/V SVIIMEIREIZEAT SIEHRETIZEMHT S
- 27D ELRNIILTENALGWN) TIILIXUL DG S ETHE
THEMTEEL
- BAERIZEYTH S (cost = inf).
— LRILAUKDBHAEMNZE>TaT—ILDYTITILERLZEK
TADITHELGFARNERIELLHENTES
— INSTEERE: BHOEEN—HIZELS

« BEAGFEILEI I7%FEICET—DODEEICRRET S (K&
B TVADEMEICDONTIXHEHR) V% EMT 5)

— Max-level,sum-level,set-level heuristicsZ{£>
o STEINEYT TV thiERIRE
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o HENMEIITNoEEBETESHTAE

function GRAPHPLAN(problem) return solution or failure
graph < INITIAL-PLANNING-GRAPH(problem)
goals < GOALS|[problem]
loop do
if goals all non-mutex in last level of graph then do

solution < EXTRACT-SOLUTION(graph, goals,
LENGTH(graph))

if solution # failure then return solution

else if NO-SOLUTION-POSSIBLE(graph) then return
failure

graph < EXPAND-GRAPH(graph, problem)



GRAPHPLAN example

Sz
At{Spare Trunk)

S1
At{Spare, Trunk)

— At{Spare, Trunk) — AtfSpare, Trunk)

At{Flat Axie) At(Flat, Axle)
—AtFlat Axle) —At{Flat, Axle)
—At(Spare,Axle) |, 1At Spare, Axle) - Lk \ \ — At(Spare. Axle)
\ \ \\ At{Spare Axie)
—AtfFlat, Ground) {} —At{Flat. Ground) —At{Flat, Ground)

Il
| Sy
% At(Flat Ground) / {7 \\\ At(Fiat, Ground)
— At(Spare, Ground) 1 — At{Spare. Ground) / a .\—1 At(Spare, Ground)
\ At{Spare, Ground) T

=), STEIXEKRE LA HEEWLSRENSSDDTIIL
THERINTWS

'Fl%')ﬁ?z%%#b“EXPAND-GRAPH (AO) Tt RSN SENMEZTITINZ
G EELHE FEBEZREMRZS
LARILSITORZFITMAS
TJ—ILALARILSIZIEAETHIT S



GRAPHPLAN example

S, A, S, A, S,
At{Spare, Trunk) 1 At{Spare. Trunk) p— At{Spare Trunk)
\' \\1 Hemove(Spé.re,TrunkJ }\
Hemove[‘Spa!eIrunk] — At{Spare, Trunk) I — {1 ‘I — AtfSpare, Trunk)

Remove(Flat.Axle

At(Flat.Axie) /

I Remove(Flat, Axle)

1
L

et
N

At(Flat.Axile)

; = At{Flat, Axle)

— At(Flat Axle) N—) Al — At{Flat, Axle)

—At(Spare,Axle) |, 1At Spare, Axle) [ i} ) { — At(Spare. Axle)
\\ PutOnis alre:Axleﬁ \ \

\ V‘\\ At{Spare Axie)
—At{Flat, Ground)

—AtfFlat, Ground) t — At{Flat Ground) {}
% At (Flat Ground) / ! N At(Flat, Ground)
— At(Spare, Ground) 1 — At{Spare. Ground) / ﬂ — At{Spare, Ground)
\ At(Spare, Ground) / DI \‘ At{Spare.Ground)

EXPAND-GRAPHIZHEBEBRDERZTET
- T~—HOHR
+ E.g. Remove(Spare, Trunk) and LeaveOverNight
- Fi5
« E.g. Remove(Flat, Axle) and LeaveOverNight
- BFEIDILE
« E.g. PutOn(Spare,Axle) and Remove(Flat, Axle)

- FETLHXFE
« E.g.in S2, At(Spare,Axle) and At(Flat,Axle)



GRAPHPLAN example

S, A, 8 A, Sz
At{Spare, Trunk) 1 At{Spare. Trunk) — | At(Spare Trunk)
\' _. Re rnove(Sp.are,Tru i) }\
Hemove[lSpa!eIrunk] — At{Spare, Trunk)  — . ‘I — At{Spare, Trunk)

Remove(Flat, Axle) \

At{Fiat, Axie) AtiFlat Axle) At{Flat, Axle)
— At(Flat Axle) -- — At{Flat, Axle)
\ i eave ern 3
—At(Spare,Axle) 1At Spare, Axle) [ it \ \ —At(Spare, Axle)

\ V‘\\ At{Spare Axie)
—At{Flat, Ground)

—AtfFlat, Ground) t \ — At{Flat Ground)
% At{Flat Ground) /
— At(Spare, Ground) /
\ At(Spare, Ground) /

S2(Z[FT— L) TIILNFEL., D) TIILEFHBEHRTIEARLY
- EAFEETHEEEENHY . EXTRACT-SOLUTIONAZENEIFET EHA4ET S

EXTRACT-SOLUTIONISH#EZ H AW NIRRT AR EMF=HITT— LR B TOHIF
RREBEEEIENTES .

- PDHRE = HELIRTSTDREDOLALEH BN EBENT—IL

- B =RKEOPTI—LENN—FIERLGVEEDOHIEEEES

- =)L =2TOIA-IUNREENDEIILANILSOIZEZELIEE

- ORb=KFEIZXL T

N At(Flat,Ground)

i,
{7
ﬂ_l \—1 At(Spare, Ground)
J

— At(Spare, Ground) [

At{Spare.Ground)



GRAPHPLAN example

B A, S, A1 S,
At{Spare, Trunk) 1 At{Spare. Trunk) At{Spare Trunk)
\' _. \\( Remaowve Lup e, Trunk) }\

emovelSpare. T — At(Spare, Trunk) "«. — At{Spare, Trunk)

Remove{Flat, Axle) & \

At (Flat, Axle) : At{Flat Axie) - At(Flat, Axle)

CQverni —AtFlat Axle) \ —AtfFlat, Axie)

—At(Spare,Axle) |, \\\\ 1At Spare, Axle) - it \ \ —At(Spare, Axle)
At{Spare Axie)

—AtfFlat, Ground) {} \ —At{Flat. Ground) / {} \\“‘R —At{Flat, Ground)
\ At(Flat Ground) / {7 At(Fiat, Ground)

— At(Spare, Ground) 1 \—| At(Spare, Ground) / ﬂ .\—1 At(Spare, Ground)
At(Spare, Ground) 1 At{Spare.Ground)

BLTL=H YES

FEMEYSTILEGICEMNHBUNEF L

- UTSILIZEEERICEX

- EMfEIXEEEEIZIEX

— FREHERRIZERIZRE A
CHMHBEARDEBEL)TIILLNEFELGLIEIZELY, 2 TOE
BT SI(ET—JLIZE] E‘q‘é



o REEmIE COETEI LS

ETEIALZE [Esituation calculusTD EEZERH T HIET
E{TTED
RDFME DX MG RSNDMNT AT B!

initial state A all possible action descriptions A goal

MIEDXIEEMENECSI=ESDETDMHREZTZ A TLY
%

— ETIIEELWGTEIDE D THAEEZTDIEZTEIZT S, TOTH
WeEIdEET S

- ELLGWETEIZH T HAEBDEIY LA TIETETILTIELEL, Nl
J—IILDNETHLTIFGELENELSRBIZR TS
- FHEMLENRIEBOXEZHBLIENTELRITNIERHETHD



SATPLAN7 LT X L

function SATPLAN(problem, T, ) return solution or failure
iInputs: problem, a planning problem
T @n upper limit to the plan length
for 7=0to T,__, do
cnf, mapping < TRANSLATE-TO_SAT(problem, T)
assignment <« SAT-SOLVER(cnf)
if assignment is not null then

return EXTRACT-SOLUTION(assignment, mapping)

return failure



cnf, mapping < TRANSLATE-
TO _SAT(problem, T)

o IALATYTDRAIZN I AL fiRE

BICDToN=BEEIIIAN LR TERT

At(P1,SFO)0 A At(P2,JFK)0

- BEHEEALL

HREVVDREZF-720\D

TETHWSELBHLMZLAFNIEGRSELY
—At(P1,JFK)? A —At(P2, SFO)°

- RO B IFAEICLGEWNEFIZT S

J—ILIFBHEDRIALATYITTHS

- LhLENMEI T n/EL



cnf, mapping < TRANSLATE-
TO _SAT(problem, T)

o J—JUIZERLIZEEDFIANLATYTIEEDKSIC
RO DH
— Start at T=0
« Assert At(P1,SFO)? A At(P2,JFK)°

— Failure .. Try T=1
« Assert At(P1,SFO)" A At(P2,JFK)’

- RIPNOBRENERSNDIFTINERYRT
— BETIET,, CRIESN TS



cnf, mapping < TRANSLATE-
TO _SAT(problem, T)

s EMEZmiEmIE TLVNZITRT H
- BB AEOMERER
At(P1,JFK)T =
(At(P1,JFK)? 1 —(Fly(P1,JFK,SFO)0 1 At(P1,JFK)%))\
(Fly(P1,SFO,JFK)° A At(P1,SFO)?)
- COFIENEBIIRITHE. ZE, A1 LRATYTIZHLTHE
- EEHIE Z’ha(j: ABFEnIZELGS
o INLDRENEASIEE, BRETILIVAXLHLEHEE
HRLIRH S




assignment <« SAT-SOLVER(cnf)

BHDODETILHARDIFTENS
LT D10 IEiE R TIEZELY: (for T=1)

Fly(P1,SFO,JFK)0 A Ely(P1,JFK,SFO)0 A Fly(P2,JFK.SFO)°

2% B OEMEISIREMTIEGLA ., COFTEIIRDHED X DE
TILTHS

initial state A all possible action descriptions A goal'

RIELEMEZ TS BIHREFH DN IR
Fly(P1,SFO,JFK)0 = At(P1,JFK)0

T— LA T=1TERESNBES—DDETILEFH

ETCONEBAEFE-T




assignment <« SAT-SOLVER(cnf)

RITHIE—EIZ2DD BRI TR S ZEMNTES
N ldim R TIEELY: (for T=1)

Fly(P1,SFO,JFK)0 A Fly(P2,JFK,SFO)° A Fly(P2,JFK,LAX)°

2E B DEMEITHRENTEWANBIZAAN LRIV TEDITHDEEFLTLNS

B CORIBZETH-01Z: EBFRD L2 3

—(Fly(P2,JFK,SFO)% A Fly(P2,JFK,LAX) ?)
ChIFEBEEERS
STENTEIZIEFAITONTNAZEIZEEFEHEDOR
mn: WWHINVEASEIMEL—EICRCAHZEIEEFSL
~ BREHA~DOHRESIET S




HEMNMETZIIA—F DO
ESTELEIFAIN B TRELGEDLDEMFEATL
2 PE 1
- FRDIER
- BEDFTEDIERRIEEEA
RADEREIFIREBOMHEASHEIER

NEBEFIEILHTRF
— {5l : /> B IZB& (divide-and-conquer)




