UNIT IV
Planning

Classical Planning: Definition of Classical Planning, Algorithms for Planning with State-Space
Search, Planning Graphs, other Classical Planning Approaches, and Analysis of Planning
Approaches.

Planning and Acting in the Real World: Time, Schedules, and Resources, Hwerarchical

Planning, Planning and Acting in Nondeterministic Domains, Multi-agent Planning.

Knowledge representation: -
*  The task of coming up with a sequence of actions that will achieve a goal is called Planning.
“Deciding in ADVANCE what is ro be done”™
A problem solving methodology
Generating a set of action that are likely to lead 1o achieving a goal
Deciding on a course of actions before acting
Representation for states and Goals:-
o Inthe STRIPS lnnguage, states are represented by conjunctions of function-free
ground literals, that is, predicates applied to constant symbaols, possibly negated.
o For example,
At(Home)* — Have Milk)® — Have(Bananas)® — Have{Drill)~....
o Goals are also desenbed by conjunctions of literals,
o For example,
AllHome)" Have{Milk)® Hove{ Bananas)”® Have{Drill)
o Coals can also contain varinbles. For example, the goal of being at a store that sells
milk would be represented as
s  Representation for actions:-
o Our STRIPS operators consist of three components;
o the actien description s what an agent actually returns to the environment in order to
do something.
o the precondition 15 a conjunction of atoms (positive literals) that says what must be
true before the operator can be applied,
o the effect of an operator is a conjunction of literals (positive or negative) that
describes how the situation changes when the operator is applied.
o Here™s an example for the operator for going from one place 1o another:
= Op{Action:Go(there),
= Precond:At{here)™ Pathihere, there),
= Effeci: Al{there)® —Auhere))
+ Representation of Plans:-
o Consider a simple problem:
o Putting on a pair of shoes
o Goal 2RightShoeOn * LefiShoeOn
o Four operators:




Opl Action: RightShoe, PreCond: RightSockOn Effect: RightShoeCN)
Opi Action: RightSock . Efect: RightSockOn)
Op{Action: LeftShoe, Precond: LeftSockOn, Effect: LeftS hoeCOn)
Opl Action: LeftSock.Effect:LefiSockOn)
Given:-
o A description of an initial state
o A sl of actions
& A (partial) description of a goal state
Problem:-
o [Find a sequence of actions {plan) which transforms the imitial state into the goal state.
Application areas:-
= Systems design
Budgeting
Manufacturing product
Robot programming and control
Military nctivities
Benefits of Planning:-
®  Reducing search
o [Resolving goal conflicts
*  Providing basis for error recovery

3.1 Planning with State Space Search:

Planning with state space search approach is used o construet a planning algorithm,
This is most straightforward approach,
The deseription of actions in a planning problem specifies both preconditions and effects.
It 15 possible to search in cither direction,
Either from forward from the initial state or backward from the goal
The following are the two types of state space search |
o Forward state-space scarch
o Backward state-space search
o The following dingram shows the Forward state-space search
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311 Forward state-space search:-

* Planning with forward state-space search is similar to the problem solving using Searching.




It is sometimes called as progression Planning.
It moves in the forward direction.
o westart in the problems initinl state, considering sequence of actions until we find a sequence
that reaches a goal state,
o The formulation of planning problems os state-space scarch problems is as follows,
o The Initial state of the search is the initial state from the planning prohlem.
0 :_nlgcnml. cach state will be a set of positive ground literals; liternls not appearing are
alse.
o The actions that are applicable to a state are all those whose preconditions are
satisfied.
o The successor state resulting from an action s generated by adding the positive effect
literals and deleting the negative effect literals.
o The goal test checks whether the state satisfics the goal of the planning problem.
o The step cost of each action is typically 1.
»  This method was too inefTicient,
* [t does not address the irrelevant action problem, (i.c.) all applicable actions sre considered
from each state.
o This approach quickly bogs down without a good heuristics.
For Example:-
o Consider an air cargo problem with 10 airports, where cach airport has 5 planes and
20 picces of cargo.
o The Goal is to move the entire cargo form airport A to airport B,
o There is @ simple solution to the Problem,
o Load the 200 picees of cargo into one of the plancs at A, then fly the plane o B, and
unload the cargo.
o But finding the solution can be difficult because the average branching factor is huge.

112 Backward state- space search:-

Backward search is similar to bidirectional search.
It can be difficult to implement when the goal states are described by a set of constramis
rather than being listed exphicitly.

o [tis not always obvious how 10 generate a description of the possible predecessors of the set
of goal states.
The mmn advantage of this search is that it allows us to consider only relevant actions.
Anaction is relevant to a conjunctive goal if it achieves one of the conjuncts of the goal,

*  The following diagram shows the Backward stale-space search
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For example:-
o The goal in our 10-airport cargo problem is to have 20 picees of cargo at airport B, or
maore precisely,
AUCLBY A ACLB) A ...... A AC20,B)
o Now consider the comjunct A{C1,B). working backwards, we can seck actions that
have this as an effect. There is only one unload{C1.p,B), where planc p is unspecified.
o In this search restriction 1o relevant actions means that backward search often has a
much lower branching factor than forward search.
Searching backwards 15 sometimes called regression planning.
The principal question is:- what are the states from which applying a given action leads to the
poal?
Computing the description of these states is called regressing the poal through the action.
consider the air cargo example;- we have the goal as,
AH(C1LBYA AC2B) AL AANC20.B)
and the relevant action Unload{C1.p.B), which achieves the first conjunct.
The action will work only if 15 preconditions are satisfied.
Therefore , any predecessor state must include these preconditions @ In(CLp) » Aup.B),
Morcover the subgoal At(C1,B) should not be true in the predecessor state,
The predecessor description is
In(CLp) ~Alp.B) A ACZ,B) A......» A{CI0,B)
In addition to insisting that actions achicve some desired literal, we must insist that the
actions ol undo any desired literals.
An nction that satisfics this restriction 15 called consistent.
From definitions of relevance and consistency, we can deseribe the general process of
constructing predecessors for backward search.
Given o goal deseription G, let A be an action that 18 relevint and consistent. The
corresponding predecessor 15 as follows
o any positive effecis of A that appear in G are deleted
o Each precondition literal of A is added, unless it already appears
Termination occurs when a predecessor deseription is generated that is satisfied by the initial
state of the planning problem.

A 1.3 Hewristies for State-space search:-

Henristic Estimate:=

The value of a state is a measure of how close it is to a goal state.
This cannot be determined exactly (too hard), but can be approximated.
One way of approximating 15 1o use the relaxed problem
= Relaxation is achieved by ignoring the negative effects of the actions,
= The relaxed action set, A, is defined by:
A'= |<prefaladd(a).0> |a in A}
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Relaxed Distance Estimate

» Current: In(A), Closed Goal: In(B)

Layer 1 Layer2 Layer 3

* Layers correspond to successive time points,

= # layers indicate minimum time to achieve goals.

Building the relaxed plan graph:-
«  Start at the initial state
* Repeatedly apply all relaxed actions whose preconditions are satisfied.
o Their {positive) cffects arc asserted at the next layer,
o Ifall actions applied and the goals are not
all present in the final graph layer
Then the problem is unsolvable,

Extracting Relaxed solution

®»  When a layer contaning all of the goals is reached [ FF searches backwards for a plan,
*  The carliest possible achiever is always used for any goal.
*  This maximizcs the possibility for exploiting actions in the relaxed plan.
®=  The relaxed plan might contain many actions happening concurrently at a layer.
®*  The number of actions in the relaxed plan is an estimate of the true cost of achieving the
godals.

How FF uses the Heuristics:-

®*  FF uses the heuristic to estimate how close each state is o a goal state
= any state satisfying the goal propositions.




®*  The actions in the relaxed plan are used as a guide to which actions to explore when
extending the plan.

= All actions in the relaxed plan at layer i that achieve at least one of the goals required
at layer i+1 arc considered helpful.,

& FF restricts attention to the helpful actions when searching forward from a state,

Properties of the Heuristics:-

®*  The relaxed plan that s extracted 15 not gusranteed 1o be the optimal relaxed plan.
=» the heuristic is not admissible,

= FF can produce non-optimal solutions.

*  Focusing only on helpful actions is not completeness preserving.
= Enforced hill-climbing is not completeness preserving.

3.2 Partial Order Planning:-

*  [Formally a planning algorithm has three inputs:
o A deseription of the world insome formal language,
o A description of the agent's goal in some formal language, and
o A deseription of the possible actions that can be performed.
*  The planner’s o'p 15 a sequence of actions which when executed in any world satisfying the
initial state description will achieve the goal.
*  Representation for states and Goals:-
o Inthe STRIPS language, states are represented by conjunctions of function-free
ground literals, that is, predicates applied to constant symbals, possibly negated.
o For example,
AlfHome)” - Have{Milk)® — Have{ Bananax)y® — Have Drill)®.. ..
o Goals are also described by conjunetions of literals.
o For example,
AlHome)* Have{Milk)* Have{Bananas)® Have{Drill)
o Goals can also contain variables. For example, the goal of being at a store that sells
milk would be represented as
«  Representation for actions:-
o Our STRIPS operators consist of three components:
o the action desoription 15 what an agent actually retumns 1o the environment i order to
do something,
o the precondition 15 a conjunction of atoms (positive literals) that savs what must be
true before the operator can be applied.
o the gffect of an operator is a conjunction of literals (positive or negative) that
deseribes how the situation changes when the operator is applied.
o Here's an example for the operator for going from one place 1o another:
= OplAction:Go(there),
= Precond: At{here)” Pathihere, there),
= Effect:At{there)® ~Ailhere))
Representation of Plans:-
o Consider 4 simple problem:
o Putting on a pair of shoes
o Goal 2RightShoeOn * LefiShoeOn
o Four operators:




Op(Action: RightShoe, PreCond: RightSockOn, Efect: RightShoeQN)
OpiAction: RightSock . EfMect: RightSockOn)
OpiAction:LeftShoe, Precond:LeftSockOn, Effect:LeftShoeCing
OplAction:LenSock Effect: LeftSockOn)
Least Commitment:- The general strategy of delayving a choice during search is called Least
commitment,
Partial-order Planner:- Any planning algorithm that can place two actions into a plan
without specilving which come first is called a partial order planner.
Lincarization:- The partial-order solution corresponds 10 six possible total order plans © each
of these is called a linearization of the partial order plan.
Total order planner:- Planner in which plans consist of a simple lists of steps,
A plan is defined as o data structure
o A set of plan steps

o A set of step ordering
o A set of vannble binding constraints

o Asctof cousal links ;s © s
"5 achicves c for 57
Initial plan before any refinements
Start < Finish

Refine and manipulate until a plan that is a solution

Plan(STEPS:{ S|: Op(ACTION:Start),
S2: Opl ACTION: Finish,
PRECOND: RightShoeOn A LeftiShoeOn)},
ORDERINGS: {§) =< 52},
BINDINGS: { },

LiNKs: {})
Start Start
Initial | State
Goal g State Laﬂﬂmeﬂn.lﬂighrﬂmeﬂn
Finish Finish
(a) (b)

Figure 114 (a) Problems are defined by partial plans containing only Strs and Finish steps.
The initial state is entered as the effects of the Start step, and the goal state is the precondition of
the Finish step. Ordering constrainis are shown as armows between boxes. (b) The initial plan for
the shoes-and-socks problem.




The following diagram shows the partinl order plan for putting on shoes and socks, and the
six corresponding lincarization into total order plans,

Partial Order Plans:

Siart

o Solutions
solution ; a plan that an agent guarantecs achievement of the goal
a solution is a complete and consistent plan
a complete plan ; every precondition of every step is achieved by some other step

a consistent plan ; no contradictions in the ordering or binding constraints, When we
meet a inconsistent plan we backirack and try another branch

L&

G
o)
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Total Ccer Plans

Start Start | Start | | Start || Start | | Start
: ! ) 4 3 z
Faght Fught | Lefi Lefi Faght Left
Sock Sock | Sock Sock || Seck || Sock
o ]
Lefi Lefi Rught | Rught | Raght | Left
Swl:_ _ Sock i"‘":l‘_ Sock ] Shoe | Shoe
l ] [ ] ] I
Faght Left Right | Lefi Left | Right
Shoe Sock | Shoe | Shoe Sock | Sock

I ! 1
Left Right | Left Raght | Left | Raght
Shoe | | Shoe || Shoe || Shoe | Shoe | Shoe

[ | |
Finish Finish | Finish | Finish | Finish | Finish

A1 Partinl order planning Algorithm:-

The following is the Partinl order plunning algorithm,

function pop(initial-state, conjunctive-goal, operators)
/ non=deterministic algonithm
plan = make-initial-plan{ initial-state, conjunctive-goal);

loop:
begin

il solution?{plon) then return plin;

(S-nead, ©) = select-subgoal(plan) ; // choose an unsolved goal
choose-operator{plan, operators, S-need, c);

/{ select an operator to solve that goal and revise plan
resolve-threatsiplan); /f fix any threats ereated

end
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function solution?(plan}

il causal-links-cstablishing-all-preconditions-of-all-steps(plan)
and all-threats-resolved(plan)
and all-temporal-ordering-constroints-consistent{plan}
and all-vanable-bindings-consistent(plan)

then return truc;
else return  false;
cnd

function select-subgoaliplan)
pick a plan step S-need from steps(plan) with a precondition ¢
that has not been achieved:
retarn (S-need, o)
T

procedure choosc-operaton{plan, operators, S-need, ©)
/I solve "open precondition” of some step
choose o step S-add by either
Step Addition; adding a new step from operators that
has ¢ in its Add-list
or Simple Establishment: picking an existing step in Steps(plan)
that has ¢ in its Add-list;
il no such step then refurn fuil;
add causal link "S-add —>¢ S-need™ 1o Links(plan);
add temporal ordering constraint "S-add < S-need™ 10 Orderings(plan):
if S-adel 15 0 newly added step then
begin
add S-add 1o Stepsiplan);
add "Start < S-add™ and "S-add < Finish" 1o Orderings(plan);
end
el

procedure resolve-threats(plan)
foreach S-threat that threatens link 57 —>¢ 8§ in Links(plan)
begin  // "declobber” threat
choose either
Oemotion: add "S-threar < 51 1o Orderings{plan)
or Promaotion: add "8 < S-threar” 1o Credenings(plan);
il noticonsistent(plan)) then return fail;
end
cnd

* Partial Order Planning Example:-

o Shopping problem: “pet milk, banana, dnll and bring them back home™

o assumplion
11Go action “can travel the two locations™
2ino need money

Fggfg




initial state : operator start

OplACTION: Start, EFFECT: At Home) A Sells{HWS, Drill) » Sells(SM. Milk),

Sells{SM_Banana))
goal state : Finish

OplACTION:Finish, PRECOND:Have(Drill) ~ Have{Milk) » Have{ Banana)
» At{Home))
actions:

OplACTION: Go{there). PRECOND: Al here), EFFECT: At{there) ~ —Atfherel)
Op(ACTION: Buy(x).PRECOND:AL(s1ore) ~ Sells{storex ) EFFECT:Have(x))

There are many possible ways in which the initial plan elaborated

0
0

one choice : three Buy actions for three preconditions of Finish action
second choice:sells precondition of Buy

= Bold arrows:causal links, protechion of precondition

* Light arrows:ordering constraints

Starl

AlfHome) Selis(SM,Banana) | Sells{SM.Milk) Sells(HWS,Drill}

Have(Drill) Have(Milk) | Have{Banana) AlfHome)

Finish

Figure 116 The initial plan for the shopping problem.

The following diagram shows the,

i
0

partial plan that achieves three of four preconditions of finish
Refining the partial plan by adding casual links to achieve the sells preconditions of
the buy steps

Pa 10







Stari

Alis) Sellils I AdizkSells e i) Atieh Seflade B amnnar)

BuviDrill) BuviMilk) Buyvibananas)

Finish

ANSEA SR AR Ans 255 _Baganady

Buyv(Drill) Buy{Milk) Buy(bananas)

o cousal links ; protected links
o cousal link is protected by ensuring that threats are ordered o come before or after the
protected link

o demotion : placed before
promotion : placed after

53
/ -
8y 5 5y
R |
e e c
si sﬂ SE‘
\ -
|[e
fa) (b} {c)
- =
Figore 1110 Prowcung causal links, In {a), the step 85 threatens o comditeon ¢ that is established
by 5 and protecied by the cansal link from 5 10 53, In {b), 55 has been demoted to come before
51, and in (¢) it has been promoted o come after 53,
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The following diagram shows the partial plan that achieves At Precondition of the three buy
conditions

e )

Gol(SND

Seellsihi Bananng)

Buy{Drill) BuyiMilk} Buyv{bananas)

Hawe (Dl Mage : a1 A0 Honwe)

The following diagram shows the solution of this problem,

Slari

AtqHLneh

GolHWS)

\

.!.Iilﬂ"r'!_l:ﬁ:ll.r-l]ﬁ\"ﬂl}llﬂ'l

Buyx{Drill)

AHS)

ANSAD Sell e SALAEIE w.m-nmthm

Buvibananas)
ANEM) et

-

= — - gy =

HaveiDnll) Have M ulk). arvanag) Al Home)
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o The following are the Knowledge enginecering for plan,
o  Moethodology for solving problems with the planning approach
(1) Decide what to talk about
(2) Decide on a vocabulary of conditions, operators, and ohjects
(3) Encode operators for the domain
(41 Encode a deseription of the specific problem instance
(5) pose problems 1o the planner and get hack plins
¢ [ex) The blocks world
o (1) what o talk about
= cubic blocks sitting on a table
» one block on top of another
= A robol arm pick up 2 block and moves it o another position
o (2} Vocabulary
= ohjecis:blocks and table
On(b.x) : bis on x
*  Movelbxy) imoveb formx to y
—exist x On{x,b) or ¥x ~On{x.b) : precondition
clear(x)
o (3Wperators
Ep{ﬁﬂ'l'[ﬁH;anﬂ b.x.v),
PRECOND:On(b,x) A Clear(h) A Clear(y),
EFFECT:On(b.y) » Clear(x) A =On({b.x) ~=Clear(y))
Op(ACTION:MoveToTable(b,x),
PRECOND:On(b,x) » Clear(h),
EFFECT:On{b, Table) » Clear{x) A —Onib,x))

3.3 Planming Graph:-
o  Planning graphs are an efficient way to create a representation of a planning problem that can
be used 10
o Achieve better heuristic estimates
o Directly construct plans
Planning graphs only work for propositional problems.
o  Planning graphs consists of a seq of levels that correspond 1o time steps in the plan.
o Level 0 is the initial state.

o Each level consists of a sct of literals and a set of actions that represent what mighr be
possible at that swep in the plan
o Might be 15 the key to efficiency
o Records only a restricted subset of pessible negative inleractions among actions.
* [Each level consists of
o Literals = all those that could be true ot that time step, depending upon the actions
exccuted at preceding time steps,
o Actions = all those actions that confd’ have their preconditions satisfied at that time
step, depending on which of the literals actually hold,
*  [For Example:-

Init{ Have{Cake))
Goal{ Have(Cake) » Eaten{Cake))
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Action] Eat{Cakej,
PRECOND: Huave{Cake)
EFFECT: “Have{Cake) ~ Eaten{Cake))
Action{ Bake{Cake),
PRECOND: = Have{Cake)
EFFECT: Have{Cake))
*  Sieps to create planning graph for the example,
o Create level O from initial problem state,

Sﬂ ‘A‘ﬂ S'l

Have(Cake)

— Eaten(Cake)

G

o Add all applicable actions.
o Add all effects to the next state.

So Ao S
Have(Cake)
—1Have(Cake)
Eat(Cake)
Eaten(Cake)
— Eaten(Cake)

o Add persistence actions (inaction = no-ops) 1o map all hiterals in state §; 1o ste 5.
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S{] A['.' 31

Have(Cake) = Have(Cake)
—Have({Cake)
Eat(Cake)
Eaten(Cake)
— Eaten{Cake) = — Eaten(Cake)

o ldentify mutnal exelusions between actions and literals based on potential conflicts,

Sﬂ Aﬂ 81

Have(Cake) =y ~ Have(Cake)
- —Have(Cake)"
Eat(Cake)
Eaten(Cake)
— Eaten({Cake) = — Eaten(Cake)

o Mutual Exelusion:-

o A mutex relation holds between two actions when:
®  fnconsixtend offects: one action negates the effect of another.
fterference: one of the effects of one action is the negation of a precondition
of the other.
Competing needs: one of the preconditions of one achion 15 mutually exclusive
with the precondition of the other.
o A mutex relation holds between two literals when;
= one is the negation of the other OR
» gach possible action pair that could achicve the literals is mutex (inconsistent
support ),
o Level 8 contains all literals that could result from picking any subset of actions in Ag
o Conflicts between literals that can not occur together
{ns a consequence of the selection action) are
represented by mutex links,

o 51 defines multiple states and the mutex links are the constraints that define this set of E
states. ﬁl

m
=




S{] A['.' 31

Have(Cake) = Have(Cake) -
) ' —Have(Cake)"
Eat(Cake)
) . Eaten(Cake)
— Eaten(Cake) = — Eaten(Cake)

*  [Repeat process until graph levels off:
o two consecutive levels are identical, or
o contain the snme amount of lterals
{explanation follows later)

S, A, S, A, S:

Bake{Cake)
Have|Caka) !  HaweiCaka) X B HaveCaks .
' < Have{Cake) =S — Have{Caka)
k| e
\  Eaten(Caks) .~ = Eaten/Cake)
Eaten{Cate) = —Eaten|Caka) B —Esten(Caks)
s Infigure

o rectangle denotes actions

o small square denotes persistence actions

o straight lines denotes preconditions and effects
o curved lines denotes mutex links

131 Planning Graphs for Heuristic Estimation:-

o PGS provide information about the problem
o PGosarelaxed problem.

o A literal that does not appear in the final level of the graph cannot be achieved by any

plan.
= Hin)=om
o Level Cost; First level in which a goal appears
*  Very low estimale, since several actions can occur
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*  [mprovement: restrict (o one action per level using sertad AG (add mutex links
between every pair of aetions, except persistence actions),

o Cost of 4 conjunction of goals

o Max-level: maximum first level of any of the goals

o Sume-level: sum of first levels of all the goals

o Set-level: First level in which all goals appear without being mutex
*  The following s the GraphPlan Algorithm,
o [Extract o solution directly from the PG

function GRAPHPLAN{probfem) return sofution or failure
graph + INITIAL-PLANNING-GRAPH{probfem)
groaly 4= GOALS[probfem]
lnop dao
il gowls all non-mutex in last level of graph then do
solution +— EXTRACT-SOLUTION(graph, goals, LENGTH{graphi)
il sofurion # failure then return sofition
else if NO-SOLUTION-POSSIBLE{(grapfr) then return failure
graph +— EXPAND-GRAPH(graph, problem)
Initially the plan consist of 5 literals from the initial state and the CWA literals (50),
Add actions whose preconditions are satisfied by EXPAND-GRAPH (A0)
Also add persistence actions and mutex relations,
Add the effects at level 51
Repeat until goal 15 in level 5i
EXPAND-GRAPH also looks for mutex relations
o Inconsistent effects
»  E.p Remove{Spare, Trunk) and LeaveOwverMNight due 1o A Spare.Ground)
and not At{Spare, Ground)
o Interference
=  E.g Remove(Flat, Axle) and LeaveOverNight Ai(Flat, Axle) as PRECOND
and not Al(Flat,Axle) as EFFECT
o Competing needs
*  E.pg PutOn{Spare Axle) and Remove(Flat, Axle) due 1o At(Flat. Axle) and not
AtFlar, Axle)
o Inconsistent support
*  E.p in 82, At(Spare.Axle) and AuFlatAxle)

& & & & & &

= [InS2, the goal literals exist and are not mutex with any other
o Solution might exist and EXTRACT-SOLUTION will try 1o find it
o EXTRACT-SOLUTION can use Boolean CSP 10 solve the problem or a search process:

o Initial state = last level of PG and goal goals of planning problem

o Actions = select any set of non-conflicting actions that cover the goals in the state
o Goal = reach level 50 such that all goals are sansfied

o Cost = | for cach action.
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222 Termination of GraphPlan:-

*  Termination? YES
o PG pre monotonically increasing or decreasing:

o Literals increase monotomically: - Once a literal appears at a given level, it will appear mt
all subsequent levels. This is because of the persistence actions; Once a literal shows
up, persistence actions cause it to say forever.

o Actions increase monotonically:- Once a literal appears ata given level, it will appear m
all subszequent levels. This is a consequence of literals increasing: if the preconditions
of an action appear ot one level, they will appear at subsequent levels, and thus will the
action

o Mutexes decrease monotomically:- If two actions are mutex at a given level A., then they
will also be mutex for all previous levels at which they both appear.

& Because of these properties and because there is a finite number of actions and literals, every PG
will eventually level off

3.4 Planning and Acting in the Real World:

# [n which we see how more expressive representation and more interactive agent architectures
lead to planners that are useful in the real world,
o  [Planners that are used in the real world for tasks such as scheduling,
o Hubble Space Telescope Observations
o Operating factories
o handling the logistics for military campaigns

JA40 Time, Schedules and Resources:

Time 15 the essence in the general family of appheations called Job Shop Scheduling.

=  Such a tasks require completing a set of jobs, each of which consists of o sequence of actions,
where each action has a given duration and might require some resources,

# The problem is to determine a schedule that minimizes the total time required to complete all
the jobs, while respecting the resource constraints.

r-_J:uLEmmnl:ﬁtn.lh]lumm_mnhlmm.nﬂhmumﬁm

it (chassis{C1) A chassis(C2)




A Engine (E1,C1,30) A Engine (E2.C2,60)
A Wheels (W1.C1L30) A Wheels (W2.C2.15))
Gioal (Done(C1) A Done(C2))

Action (AddEnging{¢,c.m).
PRECOND: Engine{e,c,d) ~ chassis{c) A — Engineln{c),
EFFECT: EngincInic) » Duration (d})
Action (AddWheels{w.c),
PRECOND: Wheels{w.c.d) » chassis{c),
EFFECT: WheelsOn{c) ~ Duration (d))
Action {Inspectic).
PRECOND: Engineln{c) » WheelsOn (€] » chassis (c),

EFFECT: Done (¢) » Duration{ 10))

The above table shows the Job Shop scheduling problem for assembling two cars,

The notation Duration {d) means that an action takes d minutes 10 execute.

Engine(E1,C1,30) means that E1 is an Engine that fits into ¢hassis C1 and takes 30 minutes
to Install

The problem can be solved by POP (Partial order planning).

We must now determine when each action should begin and end.

The following diagram shows the solution for the above problem

To find the stant and end times of cach action apply the Critical Path Method CPM,

The critical path is the one that is the longest and upon which the other parts of the process
cannot be shorter than.

@ & & & @
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o Al the top, the solution 15 given as a partial order plan.
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= The duration of each action is given at the bottom of each rectangle, with the ecarliest and

latest start time listed as [ES, LS] in the upper lefi.

The difference between these two numbers is the slack of an action

Action with zero slack are on the critical path, shown with bold arrows.

At the bottom of the fhigure the same solution & shown as meline.

Grev rectangles represent time intervals during which an action may be executed, provided

that the ordering constraints are respected.

The unoccupied portion of a grey rectangle indicates the slack.

e The following formula serve as a definition for ES and LS and also as the outline of a
dynamic programming algorithm to compute them:

EX(Sarn) =0
ES(8)=max . ES(A)+ Duration| A)
LE(Finisity = ES{ Finish)
LS(A) =min. L5(8)— Duration A)
*  The complexity of the critical path algorithm is just O{Nb).
o where N is the number of actions and b is the branching factor.

Scheduling with resource constraints:

& Real scheduling problems are complicated by the presence of constrainls on resources.
+  Consider the above example with some resources,
The fallowing table < he jab. sl Pt sy AR e il
PESOLITCES,
It (chassis{C1) A chassis{(C2)
~ Engine (E1,C1,30) » Engine (E2.C2,60)
A Wheels (W1,C1,30) A Wheels (W2,C2,15)
» EngineHoists (17 A~ WheelStations (1) » Inspectors (2))
Goal (Done(C1) o Done(C2))

Action (AddEngine(e,c.m).
PRECOND: Engine(e.c.d) » chassis{c) A — Enginelnic),
EFFECT: Engincln({c) » Duration {d)
RESOURCE: EngincHoists (1))
Action {AddWheels{w.c),
PRECOND: Wheels{w.c.dy ~ chassisc),
EFFECT: WheelsOn{c) ~ Duration (d).
RESOURCE: WheelStations (1))
Action {Inspectic).
PRECOND: Engineln{c) » WheelsOn (¢} ~ chassis (),
EFFECT: Done (¢} ~ Duration( 10,

RESOURCE: Tnspectors (T7)

& The available resources are on engine assembly station, one wheel assembly station. and two
inspectors.

=  The notation RESOURCE: means that the resource ris used during execution of an action,
but becomes free again when the action s complete.

o  The following dingram shows the solution to the job shop scheduling wath resources.

=
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The lefi hand margin lists the three resources
Actions are shown aligned honzontally wath the resources they consume.
There are two possible schedules, depending on which assembly uses the engine station first,
One simple but popular heuristic is the minimum skack algorithm.
it schedules actions ina greedy fashion.
Om epch meration, it considers the unscheduled actions that have had all their predecessors
scheduled and schedules the one with the least slack for the carliest possible start.
It then updates the ES and LS times for cach affected action and repeats,
The heuristies is based on the same principle as the most-constrained variable heuristic in
constraint satisfaction.

3.4.2 Hierarchical Task Network Planning:

*  Une of the most pervasive ideas for dealing with complexit y is Hierarchical Decompaosition.
The key benefit of hierarchical structure structure is that, at cach level of the hierarchy is
reduced to a small number of activities at the next lower level

o So that the computational cost of finding the correct way to armange those activities for the
current problem is small.

A planning method based on Hierarchical Task Networks or HTNs.

& This approach we take combines ideas from both partial-order planning and the area known
as “HTN planming”.

o In HTN planning. the imtial plan, which describes the problem, is viewed as very high-level
description of what is to be done. For Example: - Building a House.

o Plans are refined by applying a sction decompositions,

* Each action decompositions reduces a high-level action to a partially ordered set of lower-
level actions

3421 Representing action decompositions:

*«  The following dingram shows the decomposition of a Building a house action.
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Hire
Buildiar
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e Inpure HTN planning, plans are generated only by suceessive action decompositions.
Therefore the HTN views planning as a process of making an activity description more conerete,
rather than a process of constructing an activity description, starting from the empty activity.

* The action decompositions are represented as, action decompositions methods are stored in a
plan library

*  From which they are extracted and instantiated to fit the necds of the plan being constructed.

o Each method is an expression of the form Decompose (a, d).

& |1 means that an action a can be decomposed into the plan d. which is represented as a partial
ordered plan.

o The following table shows the notion descriptions for the house-building problem and a
detatled decomposition for the BuildHouse action.

*  The start action of the decomposition supplics all those preconditions of actions in the plan
that are not supplied by other actions, such a things called external preconditions.

In our example external preconditions are land and money.,

=  Similarly. the external effects, which are the preconditions of Finish, are all those effects of

actions in the plan that are not negated by other actions.

Action (BuylLand, PRECOND: Money, EFFECT: Land » — Money)
Action (GetLoan, PRECOND: GoodCredit, EFFECT:Money » Morigage)
Action {BuildHouse, PRECOND: Land, EFFECT: House)

Action (GetPermit, PRECOND: Land, EFFECT: Permit)

Action (HireBuilder, EFFECT: Contract)

Action (Construction, PRECOND: Permit » Contract, EFFECT: HouseBuilt A = Permit)

Action (PayBuilder, PRECOND: Money A HouseBuilt, EFFECT: — Money A~ House » — Contract)

Decompose (BuilldHouse,
Plan (Steps @ (81: GetPernut, 52: HireBuilder, 53: Construction, 54: PayBuilder}
ORDERINGS: (Start: S1¢ 83 « 54 Finish, Start- 82 + 83},
Links: {Start Lad 51, Stort Mopgs 54, 5lpgmi 53, 52 Conipp 53, 53 jiapseiigiin 54,
5S4 oy Finish, 84 = sumey Finish) ))

o Decomposition should be a correet implementation of the action.
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A plan library could contain several decompositions for any given high-level action.
Decomposition should be a correct plan, but it could have additional preconditions and
effects beyond those stated in the high-level action description.

The precondition of the high-level notion should be the intersection of the external
preconditions of its decomposition.

In which two other forms of information hiding should be noted as,

First the high-level deseription completely ignores all intermal effects of the decompositions
Second the high-level description does not specify the intervals “inside™ the activity during
which the high-level preconditions are effects must hold.

Information hiding of this kind is essential if hierarchical planning is to reduce complexity.

3422 Muodifying the planner for decomposition:

Start Construction

In this we will see how to modify the Partial Order Planning (o incorporate HTN planning.

We con do that by modifyving the POP successor function to allow decomposition methods to be
applicd to the current partial plan P,

The new successor plans are formed by first selecting some non-primitive action a’ in P and then,
for any Decompose (o, d) method from the plan library such that a and o’ unify with substitution
B, replacing a” with d" = SUBST (0, d)

The following diagram shows the decompaosition of a high-level action within an existing plan.
Where The BuildHouse action is replaced by the decompesition from the above example.

The external precondition land is supplied by the existing cousal link from BuyLand.

The external precondition Money remains open after the decomposition step, so we add a
new action, GetLoan.

To be more precise follow the below steps,

o First the action a” 18 removed from P.Then for each step 5 in the decomposition d°

o Second step is to hook up the ordering constraints for a” in the onginal plan to the
steps in d”.

¢ Third and final step is to hook up casual links.

Money Land House

Start Buy Land Build Housa Fimish

Land
Money Buy Land Get Permit House

Pay

Builder Finish

Get Loan Hide Builder

GoodCredi Money

o This completes the additions required for generating decompaositions in the context of the

POP Planner.
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3.4.3 Planning and Acting in Non-deterministic domains:

o So far we have considered only clussical planning domains that are fully observable, static
and deterministic,
* [Furthermore we have assumed that the action deseriptions are correct and complete.
o Agents have to deal with both incomplete and incorreet information.
* [ncompleteness arises because the world 15 partmlly observable, non-deterministic or both,
* Incorreciness arises because the world does not necessarily match my model of the world.
*  The possibility of having complete or correet knowledge depends on how much
indeterminacy there in the world.
«  Bounded indeterminacy actions can have unpredictable effects, but the possible effects can
be listed in the action description axioms,
* Unbounded indeterminacy the set of possible preconditions or effects either is unknown or
15 to0 large to be enumerated completely.
o Unbounded indeterminacy 15 closely related to the gqualification prablem.
There are four planning methods for handling indeterminacy.
The following planning methods are suitable for bounded indeterminacy.
o Bensorléses Planning:-
*  Also called as Confront Planning
*  This method constructs standard, sequential plans that are to be executed
withoul pereeption.
*  This algorithm must ensure that the plan achieves the goal in all possible
circumstances, regardless of the true initial state and the actual action outcomes.
* [t relies on coercion = the idea that the world can be forced into a given state even
when the agent has only partial information about the current state,
=  Coercion is not always possible,

o Conditional Planning:-
= Also called as Contingency planning
* This method constructing  a conditional plan with different branches for the
different contingencies that could anse,
® The agent plans first and then executes the plan was produced.
® The agents find owt which part of the plan to execute by including sensing
actions in the plan to test for the appropriate conditions.
o The following planning methods are suitable for Unbounded indeterminacy,
o Execution Monitoring and Replanning:-
® |n this, the agent con use any of the preceding planning technigues o construct
a plan.
® [t also uses Execution Monitoring to judge whether the plan has a provision
for the actual current situation or need to be revised.
= Replanning occurs when something goes wrong.
= In this the agent can handle unbounded indeterminacy.
o Continuous Planming:-
= |tis designed 1o persist over a lifetime,
® [t can handle unexpected circumstances in the environment, even af these
oceur while the agent is in the middle of constructing a plan.

—
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® [t can also handle the abandonment of goals and the ereation of additional
goals by goal formubation.

3.4.4 Conditional Planning:-

o  Conditional planning is a way to deal with uncertainty by checking what is actually
happening in the environment at predetermined points in the plan.

«  Conditional planning is simplest 1o explam for fully observable environments

* The partially observable case is more difficult to expluin in this conditional planning.

3441 Conditional planning in fully observable environments:

o Full observability means that the agent always knows the current state,
= P in fully observable environments (FOE)

o
0
o

o

initial state ; the robot inthe right square of a clean world;
the environment is fully observable: At ACTeanl ACTeanR,
The goal state : the robot in the left square of a clean world,
= Vacuum world with actions Lefi, Righi, and Suck
*  Disjunctive effects: Action (Left, PRECOND : AR, EFFECT : Atl. ~ — AtR)
»  Modified Disjunctive effects : Action (Left, FRECOND : AR, EFFECT : AL
v AIR)
»  Conditional effects: Action{Suck, Precond: , Effect: {when AtL; CleanlL) ©
{when AR; CleanR)
Action (Left, Precond: AtR, Effect: AtL v (AtL * when CleanL; !Clearnl.)
Conditional steps for creating conditional plans:
if test then planA else plani
e.g., if AL ClepnL then Right else Suck
The search tree for the vacuum world is shown in the following figure

F [ s «| o |
els of theseareh tree for VAT fﬁﬂp

State nodes are OR nodes where some action must be chosen.




o Chance nodes, shown as circles, are AND nodes where every outcome must be
hondled, as indicated by the arc linking the outgoing branches.

o The solution 15 shown as bald lines in the tree.
#__ The following table shows the recursive depth first algorithm for AND-0OR graph search.
function AND-OR-GRAPH-SEARCH(problem) returns o condiftonal plan, or failure
OR-SEARCH(INITIAL-STATE[ problem). problem, [ ])

function OR-SEARCH(stale, problem, path) veturns a conditional plan, or foilure
il GOAL-TEST| problem |( state ) then return the empty plan
if srare 18 o0 parh then return failure
for each action, state-sef in SUCCESSORS| problem |(slate) do
plan = AND-SEARCH(state_set, problem, [stare| path])
if plan # failnre then return [acrion| plan]
return failnre

function AND-SEARCH(stale_set, problem, path) veturns @ conditional plan, or failure
for each =; in sfate-s¢t do
plan, «—OR-SEARCH(s,, problem. parh}
il plan =failure then return failure
return [if sy then plan, elseifl 5 then plan, else .. if 5, then plan -, else plan ]

*  The following figure shows the part of the scarch graph,
o clearly there are no longer any acvelic solutions, and AND-OR-GRAPH-SEARCH would return
with failure, there is however a, evelic solution, which is keep trying Left until it works.

wie hiive shown

o All solutions for this problem are cyelic plans,
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e  The cyclic solution is as follows,

[Ly : Left, if ALK then L, else if Cleanl then [] else Suck]

Conditional Planning in partially observable environments

o |n the initial state of a partinlly observable planning problem, the agemt knows only a certain
amount about the actual state,

# The simplest way to model this situation is to say that the initial state belongs to a statelset

o  The state set is a way of describing the agents initial belief state.

Determine “both sgquares are clean™ with loeal dint sensing

o the vacuum agent is AR and knows about R, how about L?

= The following graph shows part of the AND-OR graph for the alternate double Murphy
vaccum world,

» Inwhich Dirt con sometimes be left behind when the agent leaves a clean square

*  The agem cannot sense dirt in other squares.
o Sets of full state desoriptions

a  f AR ACleanR A Cleant), (AR A CleianR A —Cleant.) |}
* Logical sentences that capture exactly the set of possible worlds in the belief siate,

o AR A Cleank
* Knowledge propositions describing the agent's knowledge

K(ALR) A K(CleanR)

o closed-world assumption - if a knowledge proposition does not appear in the list, it is
pssumed folse,

=  Now we need 1o decide how sensing works,
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®  There are two choices here,
o Automatic sensing:- Which means that at every time step the agent gets all the
variable percepls
o Active sensing:- Which means the percepts are obtained only by executing specific
sensory actions such as
= CheckDvir
»  CheckLocation

Aciionfleft, PRECOND: AtR,
EFFECT: K(AtL) A-K (AR) A when CleanR: —K{CleanR) A
when Cleanl: K ¢ Cleanl) A
when — Cleand.: Ki— CleanlL)) .

Action(CheckDirt, EFFECT:
when AtLA\Cleanl: KiCleanl) A
when Al A —~Cleanl.: K (~CleanL) A
wihten AR A CleanR: KiCleanR) N
when AR A\ ~CleanR: Ki—-CleanR))

344.2 Exccution Monitoring and Replanning:

* An excculion monitoring agent checks its percepts 1o see whether everything is going to
according plan.

«  Murphy's law tells us that even the best-laid plans of mice, men and conditional planning
agents frequently Tl

*  The problem is unbounded indeterminacy — some unanticipated circumstances will always
arise for which the agents action description are incorrect.

# Therefore, execution monitoring is a necessity in realistic environmenis,
we will consider two Kinds of execution monitoring,

o Simple, but weak form called action monitoring = wherehy the agent checks the
environment to verify that the next action will work.
o more complex, but more effective form called plan monitoring = in which the agent
verifics the entire remaining plan,

* A replanning agent knows whit to do when something unexpected happens, call a planner
again to come up with a new plan to reach the goal.

o  To avoid spending oo much time planning, this 8 usually done by trying 1o repair the old
plan — 1o find a way from the current unexpected siate back onto the plan

*  Together Execution Monitoring and replanning form a general strtegy that can be applied
to both fully and partially observable environments

# [t can be applied to a variety of planning representations as stale-space, partial-order and
conditional plons.

o The following table shows a simple approach 1o state-space planning.

& The plonning agent starts with a goal and creates an initinl plan 1o achieve i,

* The agent then starts excouting actions one by one.

e The replanning agent keeps track of both the remaining unexpected plan segment plan and

the complete original plan whaole-plan
* [ uses action monitoring: before carrying out the next action of plan, the agent examings its
percepts to see whether any preconditions of the plan have unexpectedly become unsatisfied.
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o [l they have, the agent will try 1o get back on track by replanning a sequence of actions that
should take it back 1o some point in the whole-plan,

&  The following table has an agent that does action monitoring and replanning

o It uses a complete state-space planning algorithm called PLANNER as a subroutine.

o [fthe preconditions of the next action are not met, the agent loops through the possible point
p in whole-plan, trying 1o find one that PLANNER can plan a path to.
This path is called repair.

= [f PLANNER succeeds in finding a repair, the agent appends repair and the tail of the plan
after p, to create the new plan.

—» The agent then retumns the first stepoin the plan

Function REEPLANNING-AGENT(percept] returns an action
Statie: KB, a Knowledge base (includes action deseriptions])
Plan, a plan, mitially []
Whaole-plan, a plan, imually []
Cioal, a goal

TELLIKB.MAKE-PERCEPT-SENTENCE(percept.t))
Current + STATE-DESCRIPTION(KB. )
If plan = |[] the

whole-plan « plan «— PLANNER{current.goal. KB)
IFPRECONDITIONS{FIRST(plan)) not currently true in KB then

Canilidates + SORT{whole-plan, ordered by distance to current)

Find state 5 in candidates such that
Failure repair + PLANNER{current,s.KB)
Continuation + the tail of whole-plan starting st s

Whole-plan « plan e APPENDrepair, continuation)

Return POP{plan)

The following disgram shows the schematic illustration of the process.
The illusiration of process is also called as Plan Monitoring.

*  The replanner notices that the preconditions of the first action in plan are not satisfied by the
current stale.

o [t then calls the planner o come up with a new subplan called repair that will get from the
current situation to some state s on whole-plan,
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whole-plan

Before execution, the planner Qﬂl‘l;l.* with o plan, here ealled whole-plan, 10 get from § 1o
(s,
The agem executes the plan until the point Marked E.
Before exccuting the remaining plan. it checks preconditions as usual and finds that it is
actually in state O rather than state E.
It then calls ng planning algorithm o come up wath repair, which 15 a plan o get from O 1w
some point P on the original whole-plan.
The new plan now becomes the concatenation of repair and continuation,
For example:-

o Problem of achieving a chair and table of matching color

Init( Color( Chair, Blue) A Color( Table, Green)

A ContainsColor{ BC, Blue) A PaintCan(BC))
A ContainsColor( RC, Red) A PaintCan(RC)
Goal ( Color( Chair, x ) A Color( Table, x ) )

Action(Paintfobject,color),

PRECOND: HavePamnitfcolor)
EFFecT: Color(object, color))

Action(Openican),

The r:nts PLA Id co Fiw“ the following plan as,

PRECOND: Fumt(?un can) 4 ContainsColor{can,color)
FFECT.: utre aini{ colo

[Start Open(BC'), Paint( Table, Blue),Finish]
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IT: the agent constructs a plan to solve the painting problem by painting the chair and table
red. only enough paint for the chair
Plan monitoring
o  Detect failure by checking the preconditions for success of the entire remaining plan
o Useful when o goal is serendipitously achieved
*  While you're painting the chair, someone comes painting the table with the
same color
o Cut off execution of & doomed plan and don’t continue until the failure actually
ocours
*  While vou're painting the chair, someone comes painting the table with a
different color
If one insists on checking every precondition, it might never get around to actually doing
anything
RP - monitors during excecution

3.4.4.3 Continuous Planning

Continuous planning agent
0 execule some steps ready to be executed
o refine the plan to resolve standard deficiencies
o refine the plan with additional information
o fix the plan according to unexpected changes
" recover from execution emrors
= remove steps that have been made redundan
Goal -=Partial Plan-=Some actions-> Monitoring the world == New Goal
The continuous planning agent monitors the world continuously, updating its world model
from new perecpts even if its deliberations are stll continuing,
For example:-
o use the blocks world domain problem

o The action we will need is Move{x, v}, which moves block x onto block v. provided
that both are ¢lear.

o The following is the action schema,
Action (Movefx, v\
PRECOND: Clearfx) » Clear{y) ~ Onfx .z).
EFFECT: Owfx. v aClearfs) A = Clearfy) A = Onfx, z))
Goal: OnfC, D) » OniD B)
o Srars is used as the label for the current state

o The following seven diagram shows the continuous planning agent approach towards
the goal

¢ Plan and execution
o Steps in execution;

Ordering - MovefT2,8), then Move{C D)
Another agent did Move().8) - change the plan
Remove the redundant step
Make a mistake, so OniC.A)

& 5till one open condition
Planning one more time - Move(C,0)
= Final state; stort == finish

o
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D A B as shows in (4§ il i)
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st T)
= P
o The inffiErp
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The start state is {a).
Al (b), another agent has interfered, putting D on B.

Al (c), the agent has executed Move(C, D) but has failed, dropping C on A instead.
It retries Move{C, D), reaching the goal state (d).

ey Finlah

G
muous planning agent.

o The plan 15 indistinguishable, so far, from that produced by a normal POP.

Start

are dropped, prmj-uuing this plan.
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e Finish
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o After Move(C, D) is executed and removed from the plan, the effects of the Stant step reflect
the fact that C ended up on A instead of the intended D.
& The goal precondition On{C, D) is still open.
Chuwic? cD
i s | Move(C.D)
sad
. Cng [
Start | 500 oo i) | Finksh
CipaC]
o
o The opi Condition is resolved by adding Move(C. D) back in.
Qelidie’dl
OB E)
OnCD; i)
Stat | 207
CoiC
Cioatd
GG}
o After Move(C. D) is executed and dropped from the plan, the remaining open condition
On(C, D is resolved by adding a causal hink from the new start siep.
o Now the plan s completed.
o From this example, we can see that continuous planning is quite similar to POP.
&  Omn each iteration, the algorithm finds something about the plan that needs fixing a so-called
plan-Maw and fixes it
o  The POP algorithm can be seen as a flaw-removal algorithm where the two flaws are open

preconditions and causal conflicts.

On the ather hand, the continuous planning agent addresses a much broader range of flaws as
follows,
o Missing goals
Crpen precondition
Causal conflicts
Unsupported links
Redundant actions
Unexecuted notions
o Unnecessary historical goal
The following table shows the continuous-POP-Agent_algorithm

o oo a0

Function CONTINUOUS-POP-AGENT (percept) returns an action

Statie: plan, a plan, mitally with just Start, Fimsh

Action 4= NoOp (the defoult)
EFFECTS [Start] = UPDATE(EFFECTS [Start], percept)
REMOVE-FLAW (plan) // possibly updating action

Return action

It has a ¢ycle of “percave, remove flaw act”
It keeps a persistent plan in its KB, and on cach tum it removes one . flaw from the plan,
It then takes an action and repeats the loop.
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It is a continuous partial-order planning agent.
Afler receiving a percept the agent removes flaw from its constantly updated plan and then
relirns an action.

o Often it will take many steps of flaw-removal planning, during which it returns NoOp, before
it is ready 1o take a real action.

3444 Multiagent Planning

o 50 for we have dealt with single-agent environments
o«  Multiagent environments can be cooperative or competitive.
*  For example:-
o the problem is team planning in double tennis.
Plans can be constructed that specify actions for both players on the team
Owur ohjective is 1o construct plans efficiently.
To do this we need requires some form of coordination, possibly achieved by
communication.
a  The following table shows the double tennis problem,

Agents(A, B) declares that there are two agents

Init{ At{A, [Left, Baseline]l}rs At{B, [Right, Net]JA
= Approaching( Ball, [Right, Baseline]))*. Partner(A,B) A Partner(B, A)
Gool( Returned( Ball} A At{agent, [x,Net]))

Action( Hit fagent, Ball),

PRECOND: Approaching[Ball, [x,y]) A4 At(agent, [x,y]) 4
Partner{agent, parmer) A At (parmer, [Xy]) F

EFFECT: Renomed (Ball))

Action| Golagent, [x,¥]). 8 ¥
PRECOND: At (agent, [a,b]), I,!"}'j
EFFECT: At{agent, [xpy)) A — At{agent, [e,b])) L;|

* In the above mble, Two agents are playing together and can be in one of Tour locations asf
Tollows,

o [Left, Baseling]
o [Right, Baseling]
o [Left, Net]
o [Right, Net]
o The ball can be returned i exactly one player is in the right ploce.

Cooperation: Joint goals and plans

= Anagent (A, B) declares that there are two agents, A and B who are participating in the
plan,

# Each action explicitly mentions the agent as a parameter, because we need to keep track of
which agent does whal.

* A solution to a multiogent planning problem is o Joint plan consisting of actions for each
agent
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A joint plan is a solution if the goal will be achieved when cach agent performs its assigned
petlions.
The following plan 15 a solution to the tennis problem
o PLANI:
o A fGofd fRight, Baseline]), His(A, Ball)f
= B [NoOpiB).NoCOpiBi/.
If both agents have the same KB, and if this is the only solution, then everything would be
fine: the agents could cach determine the solution and then jointly execute it
Unfortunately for the agents, there is another plan that satisfies the goal just as well as the
first
o PLAN 2:
= A [Gofd, [Left, Netf), NoOpfd)]
= B [Go (B[ Rightbaselinel ) H itf23, Ball}]
I A chooses plan 2 and B chooses plan 1, then noboady will return the ball.
Conversely, if A chooses | and B chooses 2, then they will probably collide with each other;
no one returns the ball and the net may remain uncovered.
S0 the agents need a mechanism for eoordination to reach the same joint plan

Multibody Planning:

concentrates on the construction of correet joint plans, deferring the coordination issue for the
time being, we call this Multibody planning

Our approach 1o multibody planning will be based on partial-order planning

we will pssume full observability, to keep things simple

There is one additional issue that doesn't arise in the single-agent case: the environment is no
longer truly static,

Because other agents could act while any particular agent is deliberating,

Therefore we need synchronization

We will assume that cach action nkes the same amount of time and that actions at each poimt
in the joint plan are simulianeous.

Al any point in time, each agent s executing exactly one action.

This set of concurrent actions is called a joint action.

For example, Plan 2 for the tennis problem can be represented as this sequence of joint
actlons;

{GolA, [LeftNet])Go( B, [Rightbaseline]))

Cmdin{lﬂﬁﬂ@piﬁ#, Hﬂ.(B, Ba f.”)

The simplest method by which a group of agenls can ensure agreement on & joint plan is to
adopt o convention prior to engaging in joint gctivity.
A convention is any constraimt on the selection of joint plans, beyond the basic constraint that
the joint plan must work if all agents adopt it
For example
o the convention "stick to your side of the coun" would cause the doubles partners to
select plan 2
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o the convention "one player always stays af the net” would lead them to plan |
o [n the absence of an applicable convention, agents con use communication 1o achieve
common knowledge of a feasible join plan
o For example:
o a doubles tennis player could shout "Mine!" or "Yours!" to indicate a preferred joint
plan.

Competition:

=  Not all multiagent environments involve cooperative agents
o Agems with conflicting utility functions are in competition with cach other
o One example: chess-playing. So an agent must
{a) recognize that there are other agents
{b) compute some of the other agent's possible plans
{c) compute how the other agent's plans interact with its own plans
i) decide on the best action in view of these interactions
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