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Automatic Planning

» Planning in Artificial Intelligence is decision making about the
actions to be taken.

» BEh#%I (Automatic Planning) &iEF 60 £/, EATLHE
BER— N EETUE. EFEXR, BHIhFXIER AR 8K
A ES ABEHIRE, AMAERSFNAAEREK
BitE, NMAEEEYSA. MERS. Bsh8HE

» BEIHRIERKES:

» (1) AR, fAAE (BE. EFiHE) BRTIARE -
> (ﬂ@l?%ﬂ*ﬁﬁ MAESMEKRBARI R E (ENTF—MER
o) 2

» RIMMAZFEANAEHE, MEATERIANTEBHNEET
1€, BIFEEHEMKI (Classical Planning), Fr&Z#MKl
(Neoclassical Planning), AFEMXI (Planning under
Uncertainty)



MR ETE
MR ETASG AU T =2
> GUBHFRE (Domain-specific): $t Xt EATURE T TILITRIFFE
MRFAE. BESFIRATEREYE, RitHESHNEE
» 4 FcKk (Domain-independent): AT EA4iE A8 AR
XA%E. HRTIESEENAXGTEFTUATARE:
> GUBERMKIZ IR EHMRAR, AR ARR
= U E MR T R R R
> EXRAMKITANHR, NATEEHNAERTEARI

HAEIEIT A
> ;ﬁ,ﬁ%l‘ﬂ%ﬁﬁﬂiﬁiﬁﬁiﬁﬁ, XU E 7 AR E R
Jpallr

» R ERAFEERSINIEBNKIGE
» A[ELE (Configurable): ZEUR TR A LRI EM E, $T3TEMK
AT LAUEINESIE R, M H A B SUSsFiE, FEMXIE
SE
Al giits, #% (Planning) —fi&3§ Domain-independent
FA Configurable Planning
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» MYTHEEHRNIE W
718 (E% I EHER
fi#) FixFAMTERK R
(##XR)
» RoR: KT 1T
> RE: (BIT) BEE
EetZIAESR, B8
PR SR
MERE. BEERES
> 1T REZTE LR
BBk E, IPIRASH
RFITET IR — IR
1E
» KR HE (#ER) HM
MRS TR BRI
SH—MRIERFT
> REZEER, RBF
ME, MRIE,
Planning as {SAT,
CSP, ILP, .}, &
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Search for pmof actions




A% ia] A AR

> MRIEBAEE S 2, A EAmEH - EELRRE (£

BRI E AL ) :

> (A0) BBRZ % (Finite system): ARG RERAIKE. 1T
. BHE

» (Al) T2 AW ZE (Fully observable): ki 40 & % L HIAT7E

> (A2) #EE M (Deterministic): BMTHRASSH—MTHERN
Al

> (A3) BT (Static): ANTFELESMEDATEY, INERTERIBIZEBK
B HER1TDh

» (A4) IRZSBER (Attainment goals): BisE—EEEXBIHE

> (A5) FFBIIKI (Sequential plans): MXIZERE— L& EITE
3

» (A6) Fa&RtE (Implicit time): ANZEFERT B340
> (A7) &M (Off-line planning): MIIBZAFZEHITH KT
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SHEMRY R

- GEMNIERABTREGL, BELMIERE, EXRE
FIFRRHE 5

- FRBMAERFEERTUENER, S5 BERLE
R. SAT K. CSP HARZHEFBREMMEH

» §HE, ARATERMAETWE (uncerainy),

» FEEAERMN: RAHIEAZ AT L
> AT SMREERIZ R A FNAY
> (TEHATEN: BEITHHRAF LHBATE, WIRERTF
> SAFEMRIHAR T ILE BIEMEM (Nondeterministic) 77
ik, AR ARG E S FRENERTUEESH, B
AR ETE R NER
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ZEPRNEARRIL

> ZHEMRIFHZFHEM A0 B A7 FREERIZHIA KB, X
RERTREN, BSH, AR, TERUEN, FHEREZ
PR B4R FABR iERET B R R S BB R4

» ZHMKIAES, BRIEHME: Computing paths from an
initial state to a goal state in the transition graph.

» 240 transition graph, F Dinkstra &% (FfEISEZE
1 O(nlogn))

> ERBZFE—MRIEF K (107, 1012, 101, ), FRATERHIE
H &A™ transition graph

> MXIEEEE R AEHEA transition graph



23R

> SAMPAZEREN. SN, BRO. TEAUER.
BHIMER . BERZRMNZEHNEHRSER RS
> KEPRINEZEREHE:
> IMAERENENERT, B UBMRRERESNIE.
HAASERE, FRETKE
> IMATEEERIREM L, BRAHITHRNER

» BMEEZRZEET, MXEBMEKBNARIEERERN, &
K A B RIH AR SR e FR ALK i8] LR AR I SERY
» FEA—-MBRANRIEAN, compact RiIFIREFENE, F
BEFHEERE, —HHNERE:
> i features RFIZLBNMRKE. WKEH features FFEENES
» FJ operators it EIRTSEEFE . operators J features Z (B
HBKR
> AEETREUABRES, REHMERES, RER
it operators I EHFERIRTS



Z M RIBE SIS FRIE (Set-Theoretic Representation)

> RAERMGANSE (L) RRERTEBRSR:
» SC2b, RE s H LHFE, SENES, RAEs LEW
il

> action 2= JT4H (precond, effect™, effect™)

> SR XMFERRS s A RATF s 1173 2, &&
(s\ effect™ (a)) U effect™ (a) € S

> IR 2 ARATF s, WREEBRHA
v(s,a) = (s\ effect (a)) U effectt (a), BMIEN

>ﬂgﬂﬂ%&%@%@%%%%ﬂt@%ﬂ%&@ﬂEﬁ%

> Sy € S
» gC L, BIRRREEEH S;={scS|gCs}
» MRIB—NBMERFS] = (a1,...,ak), HIR g < v(s0,7),
MFLR = 2 EERX] e A — 1 g
» AARE—IRSEBRZEHATLAEEIRRIE, BT
E—NMS5HEMNRES MERZATUAEEIERIE



Z I RIR) L B3R IE (Classical Representation)

=L>< =L>S
> FHRRFEZMESRRIENE, EA-MEEMFS AR
ﬁijﬁﬁﬁ?&ﬁ%*ﬂﬁﬁ], BT B RSk E R AR R IR S F0
173
> B—MiBEIES (FARSIBIA, T, Ex, REREHES)
SRIARFR LG . —MATERE—1 grounded atoms &£& . IBIAX
53 ARZSIBIE (fluent) FINITER R (rigid relation), ATE K
SERRY, REAERESEAmMEL
> MEBRIER—1=TA o = (name(o), precond(o), effects(0)),

>~

> name(o), IEMBF, B n(x, ..., x)
> precond(o) 0 effects(o) 43 FI2 o MIBTIRFIRIER, HMEXF
£, RIMEXRAREEHIEETRIE o IFRF . action
A= ground instance of an operator
> f5gn: move(r,l,m) RFHIBEAN r NIE | BEHBIGLE m:
» precond: adjacent(l, m), at(r, ), ~occupied(m)
» effect: at(r, m), occupied(m), —occupied(l), —at(r, /)
> ZHRIX grounding EEEERRIZEN, AT grounding
SRR EIE X
> RIS T ERIL (State-Variable Representation):
» REAEMEE, MEARHME. FRREESRETERZE
EFRIZE N LRENT



EREE
» BEHXIRVIZ BEhEIBIEAR KRR, A Situation
Calculus FJAR I IAKRE . BARRESMITSHL B LR,
1 VAL EIBIE RSk A& K i
> PAT, XFAFNIBRHER ) FEREME, AW S| AXTEERK]
ﬁgﬁiﬂil‘ﬂﬁ, HEMZ—HE AERBZRHE— 1 E R RE
» STRIPS {)i%: HEMRPEREHNENLFREFALT
» STRIPS BiR XA ERHMITIE. XBENEHZHARIEL
fn STRIPS BE#HRFZEESN (STRIPS RES5 B shEIRIE
BAARKE, BRNERINRAZHZEHESET)
» ADL fUE T —Mr RiZgENFEIBRNE R, 2BV R
B PDDL, AMXIEIBRIFRAERRIES
» PDDL (The Planning Domain Definition Language) 2H IPC
(International Planning Competition BliE—F) E X BItRAE
EE. BE—A#tET PDDL Byl A XIS
» STRIPS 8 PDDL /35 Situation Calculus FXEBAT I %I
EFSRESE, REEAR. FNAERNSRER, ENRE
EESHMMEE (Ai2ET), MRBEME A Situation Calculus



B R R EE R

> BRNEREARNEEHET, SRAKEER
(PLAN-EXT) FFZEEIE K EEMR (PLAN-LEN) [ ER0 & %
. Pl

PLAN-EXT = {P| P B—MFIEMEI MK iE1 58 }
PLAN-LEN = {(P,n) | P B—ANFERKENTET n BRI

> ZEMRIEBEWTHE RS
> ERRLTRYAFSHIERT, PLAN-EXT F1 PLAN-LEN #3
T HIZER .
> EERITFRBHASHERT, PLAN-EXT FFTHERN, M
PLAN-LEN BRT#|EH .
> JTFEBRIEMZHEMKIEZ, PLAN-EXT 2
EXPSPACE-complete #J, PLAN-LEN 2
NEXPTIME-complete B). ERIEZFRIFFHUR, HA=
HMAE R4
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How the Allow Allow Complexity Complexity
Kind of operators negative negative of PLAN- of PLAN-
representation are given effects? preconditions? EXISTENCE LENGTH
Yes Yes/no EXPSPACE- NEXPTIME-
Classical complete complete
rep. Inthe Yes NEXPTIME- NEXPTIME-
input complete complete
No No EXPTIME- NEXPTIME-
complete complete
No? PSPACE- PSPACE-
complete complete
Yes Yes/no pspace ¥ pspace P
In advance Yes net we b
No No P we b
No* NLOGSPACE NP
Set-theoretic Yes Yes/no PSPACE- PSPACE-
or ground complete complete
classical rep. Inthe Yes np-complete Np-complete
input No No P Np-complete
No®/no® NLOGSPACE- NP-
complete complete
In advance Yes/no Yes/no Constant Constant
time time
State-variable In the Yesd Yes/no EXPSPACE- NEXPTIME-
rep. input complete complete
In advance Yes? Yes/no pspace pspace ”
Ground In the Yes? Yes/no PSPACE- PSPACE-
state-variable input complete complete
rep. In advance Yes? Yes/no Constant Constant
time time

@ No operator has > | precondition.

b With pspace- or ni-completeness for some sets of operators.

“Each operator with > 1 precondition is the composition of other operators.

4 There is no way to keep the operators from having negative effects.



Example: blocks world

I_L\

g B
c

al [b)
Initial state goal

IR

ontable(A) Aon(C, A) Aontable( B) A clear(B) A clear(C) A handempty
B#r: on(A, B) A on(B, C)



Example: blocks world (con't)

=
unstack(x,y)
Pre: on(x,y), clear(x), handempty E m
Eff: ~on(x,y), ~clear(x), ~handempty,
holding(x), clear(y)
C
stack(x,y) . .
Pre: holding(x), clear(y)
Eff: ~holding(x), ~clear(y), ]
on(X,y), clear(x), handempty 1 C] ]
a|[b]
pickup(x)
Pre: ontable(x), clear(x), handempty :‘\/L_—
Eff: ~ontable(x), ~clear(x), ~handempty, holding(x) 1C| |—I_|
al [°]
putdown(x)

Pre: holding(x)
Eff: ~holding(x), ontable(x), clear(?x), handempty
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REZEERAR

- RSB AR R AR B B S — SR
> BiE#EZE (Forward Search): MAMARRTSH AL BRTIEE
> JGIE#%% (Backward Search): MB#RIKSHGEEE
» BERER: MRARBLXXEH (Fla, FitARES2IBHRN
BER) #TAEREEER

Initial |
State -




=

B

A

HIK (progression)

o

> NWEERTESTFEE, ZRAERTRIITE, EITRER EH

&, 1(s,9)
> AIEHES

@iug(@}
/ \

“‘/ Clear(A) |
J'J Omable(A)\\ PleEw» “ ~Ontable(A)
“c" Ontable(B), "\//// \ Ontable(B), |
‘ Clear(A) | Clear(B)
\‘ Clear(B) ‘\‘ ~handempty,

"\ hand—empIy"
\ [

U/

\
—Pickup(B)

Init:
Ontable(A).Ontable(B),
Clear(A), Clear(B), hand-empty

Goal:
~clear(B), hand-empty

holding(B)
~Clear(B) \‘\
‘ ~Ontable(B) “
|

.\ Ontable(A). “.‘

\ Clear(A) /

kﬂndempﬂ



B JFFAK (regression)

» NBirHE&, B EREEAEEPFERR, v (g a)
» 5 Forward #8tt, —HBBR/NINIS ZEL

» An action a is relevant for a goal g if
» g effects’ (a) # ()

» gt Neffects (a) = () and g~ N effects’ (a) = ()

Init:

Ontable(A),Ontable(B),
Clear(A), Clear(B). hand-empty
Goal:

~clear(B), hand-empty

) _———_ Termination test
\ ;Ci?lﬂa) b— Putdown(A) - "\ Stop when the state
holding(/ e — len "\ s'is entailed by the
N (e ) e
— and- y /
i Ste\clggALB),,B

[ holding(A) Ve——""

\ clear(B) /’

—

N /" *same entailment dir
T— as before..

-
ﬁown( B)??
’//Bti{



SPRIPS #i %1

v

WL backward, EXRIEFE—HEXKE] action, {HRYE action
B precondition {EAT—H &R B4R
LKA E precondition FHIATILBME, HAHEW
STRIPS BEAFREER
& %idFE: return a sequence of actions that transforms s into
g

1. Calculate the difference set d=g—s

2. If dis empty, return an empty plan
3. Choose action a whose add-list has most formulas contained in

g

p' = STRIPS(s, precondition of a)

Compute the new state s’ by applying p’ and ato s
p = STRIPS(S, g)

return p'; a; p

v

v

v

No ok
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M= R ER

» RETHRREENERAN, ANERREEBEPH—FK
B2, MXKBEAERERET B LHHE R EZR

» BREEME, KEZTE LSRRI ERERIRFARTRE
— IR

> BRI E: TR ABRBEMELERR, AR KIE
KFEFRIE (refinement operation)

> SKBIRIEETR/NAIBERN (least commitment principle):
don’'t commit to orderings, instantiations, etc., until necessary

» PSP (Plan-Space Planning) &i%: #% % plan BIHPR, EHF
—ERBE, RBIBRREWIERE, BE—1AE &t
7%t plan K#5. PSP EXEAETEH



REM X (Partial-Order Planning)

> MRIEE: A% s, g, EHRITHFS a1, ..., a, HE:
1. a 7 s FATHAT
2. $11T 2 |§ a1 ATHUAT
3. AT a0 5 g HE
BT, ERHMRIEEETERAR R HE (2),
ERHE (1) & ) 2— THRFARETRHHE (1)
#(3), TUFHEE (2)

> POP &k WA P= (s ¢) hig s, ZEMRHE P H—
A POP S35yt XIMIBIET . AW P ik Ay E R,
HZEBF— POP itk

> ERERIN: 2, S ac, Q€ eff(ay) N pre(ac) & ap 1 ac B
12 S (R S

> POP &%, {5l PSP, Rt PR ARRNGMIE (FBEARH
g%)%mmﬁmﬁﬂﬁﬁoﬁﬂﬂ%aﬁ,ﬁﬁﬂmmm
i



1AL

1. Plan Selection: Select a plan P from
the search queue
2. Elaw Selection: Choose a flaw f
(open cond or unsafe link)
3. Flaw resolution:
If fis an open condition,
choose an action S that achieves f
If fis an unsafe link,
choose promotion or demotion
Update P
Return NULL if no resolution exist
4. If there 1s no flaw left, return P

1. Initial plan:

2. Plan refinement (flaw selection and resolution):




K= B AR = E AR BI ELR

» IREZEER, MARZELR. EMXZTERLNBEETER
N R

» REZTEEEXWPERCRS, MAXIZESES, &EH
FRPIRSHIEES . MBRSHIBESEMT, TIIENH BAHE
MR FndEHl ER

> MXIZE, BB EREEMEIRF S S
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ez

» SRMNERFREAR, EERKHEHLEELERNA
Rz E A
> FEEMY, FERETREREEAMXREEEE, EEXA
MBS KFEARNEE, XEHFEETER
> ERXIEAR (ERZHRERTE)
» SAT. CSP. ILP A%
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#MXIE (Planning Graph)

» Planning Graph 3} possible plans ZJ3RAJ#EIA. “If valid
plan exists, it's a subgraph of the planning graph.”, BRI
EZ T A EAEE

» MXERBESEE:

» BT & Proposition P, Action A
» =Fhi#: Precondition: P — A, Add: A — P, Delete: A — P
» WE: Proposition 1 Action

» Action level: BIEEMH _E—Ei#EH actions + no-op
actions (for frame problem)

So Ao s, A Sz
Have(Cake) =) Have(Cake) =) Have(Cake)
\_< —Have(Cake) =) —Have(Cake)
Eaten(Cake) = Eaten(Cake)

o0

— Eaten(Cake) =) — Eaten(Cake) —Eaten(Cake)



X E 7%
> MRNEFEREINELZEMIT: BY R (graph expansion)
B EZFnfZ32EY (solution extraction) By ER
> %ﬂiﬁm: IE [ R X E B 2 B AR S R A B AR 2
> FRIRENRET . Ra14¥ FAKIE LUK H AR R
> MRIER ISR
1. AVIBRSENMBEXFEE P B
2. FRTIRMIREMITIME A B
3. BIRIE AL BHY effects i P, B (814E no-ops, 1814);
4 .o.o...
> EMHEEERIEEHIF—HERXZF (Mutual Exclusion
relations), SRR AIBEHI S BFNITS:
> BMIE (BiXF) EBEFH, NRAEFETITAYNENEE

mE
» IMTHRERE, R
> F# (Interference): — M EHIR B — M HITI R BIIR:
> EKFS (Competing needs): ERAIRER -
» BT RERERN, NRENKESHEMEAINB2ERM.



MINEFFE (con't)

> FMLRIE AR
> ERRAANTTEhE] B #D A B,
> WRAERFUTHERXREEER;
> ERRGR K UE, FrAEEER.
> MR E R AIERT E AR BB K /NE Z T E
> FRIE (valid plan) RAKER—NFE, HERUMTHFHE:
> FA—ERTHMLEA T
> AP EMTHEHREREE;
> BIRHAE -
> MRYERARNEE:
1. SEigiEMRIE (PG) EEI AR BIRSMAIIEEARFERR
(IR PG sk, MIARIKK);
2. £ PG iR RAKIME;
3. MRLFIKE, W PG Figm—E, EFFL—X HE
HKEIGRALE.
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Planning as {SAT, CSP, ILP, ..}

» Grounding WL EHIMXICZRE 22 2 PSPACE-complete,
AMRNE S EF R EE 2B E
» AEBRKE K AItE plan, MEZEH NP-complete
> AR X () B B A E AthfZiR NP-hard RYZZ 8883,
Planning as:
> SAT: a2 AT B 1 el 7
(PropositionalSatisfiabilityProblem)
» Situation Calculus A= . MK EBARRBEFARIE,
{EBFA model IFF—" plan
> ZEMRIEF SAT. EiFiE kK BROMRE, HikE%E
A SAT [al@, B H SAT ks RitEEER plan. LA
I, fK&RA Black-Box (1998 FMAIZEMFEZ—).
SatPlan (2004, 2006 £ @ %)
» CSP: ZY5Ri# B o] (Constraint Satisfaction Problem)
> ERKI ) B ERE A—A CSP )@, FEHKMEIEKE. WAl
igg{%ﬂﬁﬂﬂ%ﬂi’é GP-CSP. @& CSP geffH— 1M EEEH
%
> 4§ CSP AR AEIF K H
» HE: ILP (Integer Linear Programming), #REEZE (Model
Checking), ASP (Answer Set Programming)



INGS

> MR O RIBERTICKE (BR)

» ZEPXIAGE (F—) RTREITSH

> RETEIKI—AE S ARTE#H (progression) Fn[E] Y3
(regression) #¥I

> RFEFFLRI ALK = | %

> MRNE TSI EAEEHR, AXIBEAREN—DNF
B. MYUEEZHEREY BRI BENEIREENTTE

> —fEHIXIEIRE (Grounding IUfE) SIRAREMKMHCE, M
RS2 Y PSPACE-complete; EREKE, N
7 NP-complete, RATRAEMNERIFE AHMAZR NP-hard Fy42 88
@ &%, M SAT, CSP, ILP, %
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S EESME IR (Hierarchical Task Network (HTN)
Planning)

> HEESMIRIFIZHEMRIZEM, BEM—NAiEE
& (method), HiFES, WAE—EKESHBAENNF
F% (FTREBREFEAR), MREEMREiE TG IPLIER
FESHEINRFES
» HTN #RIEATFE:
1. SIANFIRIEIRE P;
2. MR P RAZEFES, NERHARHREIMRILR, MR
RTTERRR, MR B 5
P PEE—NERFES ¢
®EFE t— R, FREB®R ¢
B, PHESEANRE, AHBRARE, NFEE—IIT
. B3 2 BEHIIT.

> B2 HTN TR ERRBSUSALR N ST 53 % task E’J
ik, HTN AR, mMEXMRRE, ERMATERD
HIJL %

SR



HTN Examples

move_stack (pla, 9)

recursive_movel(...)

-
!/ decomposes to
[rove_sop_commainer tpiarpiss | [ move_seaskpiaroim
recursive. movet i
ake (cranel, 1la,cll,cl2, pla) o
[E—— e
Goonethinaiia.7iB)
take_and_put{...} atp kS
-

take (cranel, 11a,c12, pallet, pla) put (cranel, 11b, c12, 11, plh)
(transport-two ?p ?q)

preconditions: (at 7p 7x) preconditions:
(destination p ?y)
(available-truck 2t)

task:

(package ?p)
(package ?q)

subtasks: >N subtasks:
(dispatch 2t 7x)||(load 7t ?p)l |(move 7t 7 ?y)”(return 7t .7x)| |(transport ?p)l [(transpon ?q)l

task: | (dispatch 7t ?x)

subtasks: (move ?t home ?x) subtasks:
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AFE S R FEHITI X (Planning under Uncertainty)

> ZKEPRNFUWT=RE:
> BAEM (determinism), {EMEEREL R AHERN:
» BT EENATE, BINFEMERBEMRE.
Uncertainty about the state of the world.
> TSI RATRERATAER . Uncertain effects for actions.
> FERATRERI RS, SMBEMFTRERUIEE R . External
events.
> SERTHERHE (full observability), {BSERRIEREE BHIR S
AIOL
» AKZSE#R (Attainment goals), FIF Bh{ELE R AR AR FIAT &
E’J#HT?EF& BirtL Ry RRERE, TEFMM:
> MAERE, MUKBHESRESVUARBHESKL

> ARSEEARNKERG, MKBHESRER, AXPT
HTHHEARXNAE



Planning under Uncertainty (con't)

> EE:F;F%EE MRRIBLAT AT BEXT M T % F AR R AT
2, EEMNEFERHN AT E N EZIMATRENMITE
Ro H TU’ﬁﬁDTFT
> EMX: BBRIERERINRE, NMBEEMXIH— MRS
R, EHTH EEERITEE —EHAZIMUERMK], A
EMRTTLUE R E AR AT LUE RSN R H X
> FARL: MR ZBRAETRLERER, FEMXIRRE T
A BEMARENEY

» WMAR, SIEEMERTAZ, FEXEZETE (A4
BIEEAEERENTEE), EEXE
» FABEZEFRIE uncertainty BESEINEIFHY &, Probabilistic

planning: Plan ahead for likely contingencies that may need
steps taken before they occur.



JEFEI X (Nondeterministic Planning)
> Egﬁiﬁ@ﬁ?ﬂﬂ%ﬁﬁ*ﬂﬂ, RIFEANERNREFTUT

> GERIXI (Weak plan): R E#HITA X AT 8EIA R B R

» SRAEERAKI (Strong cyclic plan): BFHITHARNRLK ARG AL
BBLIERTS, BEABRKES

> SBHLXI (Strong plan): REBTEIFMX], BMITARAEFERIR

> FFERXI (Conformant plan): MK HNE

» EARMERT, FEREMKIBIEX AL ZEA:

» BETEMERSEIEFEM X (Strong nondeterministic

planning with full observability)
» ATFEETENE, AR BAIILIZ RS

(memorylessstrategy m : S — O.

» BEREEFEHM: 1. HEE AND-OR search. 2. Dynamic
programming (backward).

» FFE& MK (Conformant planning): ;2B MERII K,
EXPSPACE-complete

> plans are sequences of actions

> RELEEKRH) state, F belief state. B{FRMEEZBR
7£ belief state FAME, {B belief state FY5 [B]AEE K



JEFEI X (Nondeterministic Planning)

» BEEoMEBRIIEMREM X (Nondeterministic planning with
partial observability), B=#7%:
> FERS R BB AEESRT LEE T MER K 6]
> 55 (AND/OR trees) Ay # %=
» NBMRESRTSHE, RAZERRIFERRERERRITE
AIRMESRE
» IEREMARIEXH— LS L
» SFFERGIUAERAZHEKT, BET2UNENIEFERLR,
5B (183F) MXERREEFEENITEE MR EXP-complete
» FEMRXEITEE MR EXPSPACE-complete
> EBA AT MBMRIMITES R4 2-EXP-complete



The Belief Space: An Example

01 >{00.01®
oo/{m.i;}\

{00,01,10} l \\_\ [00,01, 11}
/4 Yy N
| P
}
‘-

\
{00, 01, . N
(100,10 01,11
[ 5£ P 0, 1y = {01, J)
X y
{00,10,11} // {01,10.11}
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BEZ %I (Probabilistic Planning)
> MRBAHERES AMENARARELE, 5

7= Probabilistic planning

» PDDL i@ § "R PPDDL (Probabilistic PDDL) F#fEFRix
RHEM (2004 )

> ATLLE#{E R MDP/POMDP 7%, thrlllfE AEMA X,

% Planning based on Markov Decision Processes

> IR E R FRFR A — A B SR AR R

mo\lem ,\552\ at(r1,15)

wait
s5
02 2
at(r1,12) move(r1,1213 at(ri,3)
P d
wait(") s2 - s3

i
8 3 move(r1,13,12) g 3 &
= 3 =2\ g &
T o < 3 5 3
A & E SR
g B g g5 g
J = move(r1,14,11) R
WaItC o '’
at(r1,11) O
05 i at(r 14
Start O e wait7allm14) Goal

0.5



O/RATKRE TR (MDP) EAHEZR

>| Agent l

state reward action
; r a
S 1

: rl~l
' s, | Environment |

> MDPs 3L BF agent S EERZE

> HEEEHEE, /R agent SIMENXELREAT B H—
R MR, BT ERE BRA-REATH MK

> BRI SR



MDP #&ZHY

» SE—MERE HBFGARKE sc SKR—IMKRE

> AR—MNERE HBEA E ac ARKKR—NMTH

» T: SxA—=TI(S) MAKTEBRE, BE—X KT 17
B BREA S EH—NMEESE. BHIES T(s,a,9) RRTE
RE s EHIT a 1K E S BOBER

» R: SXA— R AL (reword) ERE, R(s,a) RRLE s
EHITITE 2 FTREIMEEEIR (EEEER)

> AAME— MDP AR —EEMAiEE, ~=Z MDPs
AEARMIAR

> MDPs HIRHIERR, AE—1 MDP #&E, WIRHEME
B%, BDHAZE O & A HISRRG



State-Value Function and Action-Value Function
» 3R (return): [E3R G BMEZ] t FIRBEITINERD:

oo
Gt =Rep1 +7Rep2 + - = Z”YthJrkH

» IRTSEFEL (state-value function): RFSEZEL Vi (s) M
Wi s Mk, REBER © REYTAGRIRHAEEE
Vﬂ—(S) = Eﬂ— (Gt ’ 51_- = 5)
= E; (Rey1 +7Gey1 | St =5)
= Ex (Rey1 + YV (Se1) | Se = 9)
» {TEN{EFR %L (action-value function, action-state-value
function) : fTAEEE Q-(s,a) BAIKE s Hk, RBITAH
fa. AEREBER © REITAGRIRHAEEE:
Qﬂ(sa a) - E’R’ (Gt ‘ 51.‘ =5, At = a)
=E; (Rt+1 + VQW(SHL At+1) | St=5Ar = a)



NREFK

* FIRIUREFNX, ATLARERANTG
R BERTSHIHIZE I 5 (5 -

V*(s) = max Q*(s,a)

Q*(s,a) =>_T(s,a,s") [R(s, a,s’) + 'yV*(S')} Richard Bellman
s (1920 - 1984)

V*(s) = mC?XZT(s,a, ") [R(s, a,s') + ’yV*(s/)}

S

RIERHHTE



Dynamic Programming

Algorithm Iterative Policy Evaluation | Policy Iteration Value Iteration
vea(s) s vppals) s
a starting v a
Va n
r "
wls)) =8 o) o'
Bellman Bellman Expectation Bellman Expectation Bellman Optimality
Equation Equation Equation Palicy Iteration + Equation
Greedy Policy Improvement
Problem Prediction Control Control

)
I
il
it




POMDPs EZRE X

> MDPs ZIE TITHRIAHEN: FEAME, ERFE: U
BRWER, MEITHHIRR

» —RIERT, 1TEHFINERERE A EER

> —/|\ POMDP *ﬁﬂ%—/l\/‘_\igﬂ (5, Av Tv R7Q7 O), EEP S,
A T, RMEXS MDP &R2&HE; Q© B—1ARE, HF
FTEMA "ME" 0: Sx A 1(Q) FRAVNRERLY, B
iEA O(s,a,0), a RFRMITHIITE, 5 B 2 ZBRERK
&, o ELBRFHTHIRMNE, 05, a,0) BHIT 2 i£E] 5
WEER| o RIHEZE P(o] 5, a)

> 7£ POMDP @@, "IRE" HER— "BE" —MRKE
EERENHBNABERL, UREXNEEN HdH”



POMDPs




MDP vs. POMDP

A O—| World: 7(s'as) &—— B World
» g 5  Observation & reward action
HE 5| b |
= = = [4
-l 2 |_'_ SE T

< .

_’I Agent l_ Agent

SE : belief state estimator
b, : belief state



POMDP to MDP

» B £ POMDPs H1fH%F MDPs /i S B9{ER, &iFxHF—1
POMDP |a)@is k. A— M ZHA MDP [a1g, ESHEMNEA
MDP &4 (B, A, 7,p), 7: BXxA—=II(B),p: BXA—=TR

7(b,a,b') =g P.(b' | b,a) = L,P,(b | a,b,0)P.(0] a,b)
p [ 1, if SE(b,a,0) =V
Pr(b'| a,b,0) = { 0, otherwise
p(b, a) =qr Xsb(s)R(s, a)

> BT BRAGH, REEERRBEEKEEKRE



#HEE A _LERIFKI (Planning in Robotics)

> HLER A R ALK B -
» Task planning: Classical Planning, MDP/POMDP

» Path and motion planning, €#g: Navigation planning,
Manipulation planning

> FRERESHZEH, H—FKEKE
» Perception planning
» Reinforcement Learning

> ZHIKIAEZEXTFHLE8 AR B3Kin: too hard and too simple
» too hard: it is intractable;

» too simple: action sequences are not adequate as a
representation of a real robot’s program.



INGS

> FEESKLE (HTN) SRR A ERIE SRR A0
M RESBIE, AT AT ILARRR KRR 5] 3

» ZRMNBELIRGETENNERNER. BEENNTE
AT MERRYIRGE, KRR R R S X R

» MDP/POMDP AARHE ML ek AR FRAGH T 5% —
HYRLF AR AESR

> ZHMXAERIHLERA R ARIE: Too hard and too simple



	自动规划概述
	经典规划 (Classical Planning)
	规划问题
	状态空间规划 (State-Space Planning)
	规划空间规划 (Plan-Space Planning)

	新经典规划 (Neoclassical Planning)
	规划图技术 (Planning-Graph Techniques)
	Planning as {SAT, CSP, ILP, …}

	经典规划的扩展
	分层任务网规划
	不确定规划


