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Multi-Agent Systems

Sept. 2000, Bahia Blanca
University Nacional del Sur

e Last two weeks in September

e Tentative Dates: Tuesday, Sept. 19th, Thursday, Sept. 21st, Friday, Sept. 22nd,
Tuesday, Sept. 26th, Thursday, Sept. 28th, Friday, Sept. 29th.

e Time: From 4—6 pm, unless otherwise indicated.

Lecture Course is on theoretical issues, emphasis on mathematical-|ogical
foundations.

Overview 1



Jirgen Dix Multi-Agent Systems (6 Lectures), Sept. 2000, Bahia Blanca

Overview

1. Introduction, Terminology

2. Three Basic Architectures

3. Logic Based Architectures

4. Distributed Decision Making

5. Contract Nets, Coalition Formation
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Chapter 3. Logic Based Architectures

3.1 Sentential Logic
3.2 Situation Calculus
3.3 Problems

3.4 A Solution to the Frame Problem?
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Symbolic Al: Symbolic representation, e.g. sentential or first order logic. Using
deduction.Agent as a theorem prover

Traditional: Theory about agents. Implementation as stepwise process (Software
Engineering) over many abstractions.

Symbolic Al: View the theory itself agxecutable specification
Internal stateKnowledge Bas@B), often simply calledD (databasg.

o [SeeeS— P|,

o Next:DxP—D|
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1.  function action(A : D) : A

2. begin

3. for each a € A do

4. if A+, Do(a) then
5. return a

6. end-if

7. end-for

8. for each a € A do

9. if A/, ~Do(a) then
10. return a

11. end-if

12. end-for

13. return null

14. end function action
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3.1 Sentential Logic SL

The Wumpus-World in SL

S SSS S o~
‘ ~~ Breeze —
4 > Stench > =
B -~
~~ Breeze —
“ssSes %
3  Stench > PIT
Vg
~/Gold\ \~
S SSSS _ -
! ~~ Breeze —
2 Stench > PR
~ -~
~~ Breeze — ~~ Breeze —
1 S —~— S —~—
START
1 2 3 4

3.1 Sentential Logic

54



Chapter 3: Logic Based Architectures

Multi-Agent Systems (6 Lectures), Sept. 2000, Bahia Blanca

Al = Agent

14 2.4 34 44
1,3 2,3 3,3 4,3
1,2 2,2 3,2 4,2
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B = Breeze

G = Glitter, Gold
OK = Safe square
P =Pit

S =Stench
V = Visited
W  =Wumpus

3.1 Sentential Logic
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Defining the language:
S  stinks
Bi | Is cold
Pitij Isapit
Glij glitters
W j  contains Wumpus
General Knowledge:
-S1 — (Wi A-Wio2 AW 1)
-S1 — (Wi A-Wo 1  A-Wo o AW 1)
S22 — (Wi AW A—-Woo AW 3)

S22 — (WizsAWi2 AWe o AW )

3.1 Sentential Logic
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Knowledge after the 3rd move:

S 1AS1AS 2A B A-B21 AB1 2
Can we deduce that the Wumpus is in1,3)?

Yes, with any reasonable calculus.
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But we want much more&or a given situation find thbest suited action

That does not work in SL. We can only check for each action, whether it
should be executed or not. Even for this we need additional axioms:

Additional axioms:

A1 1 AEastAWS 4 — —=Forward
A1 NEastAGrube; — —Forward
A NGl j —  Takesog
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3.2 The Situation Calculus

How can we represent a dynamic, changing world?
How can we formalize the wumpus world in it?

function KB-AGENT( percept) returnsan action
static: KB, aknowledge base
t, a counter, initially O, indicating time

TELL(KB, MAKE-PERCEPT-SENTENCE( percept, t))
action + Ask(KB, MAKE-ACTION-QUERY (1))
TELL(KB, MAKE-ACTION-SENTENCE(action, t))
te—t+1

return action
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|dea: To describe actions and their effects consistently, we represent thejworld
as a sequence of situations (snapshots of the world).

To do this, we have to extend each predicate by an additional argument (representing
the situation we are in).

We use a function symbol

result(action, situation)

which represents a term for the situation wich occurs when in situatioation the
actionaction is executedHlistory).

actions: turn _right, turn _left, forward , shoot, grab, release climb.
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S
S~
S
"~~~ s
e
~ Q)
\\ ~—— % \\
\\ at \\
@J s “\ A
\\ E \\ \\ Forward
Bl el
—~— ~ Turn (Right)
el )
S~ [~
\Q\ Forward
S

3.2 Situation Calculus 63



Chapter 3: Logic Based Architectures Multi-Agent Systems (6 Lectures), Sept. 2000, Bahia Blanca

We also need a memory: this is a ternary predicate

At (personlocation situation)

wherepersoncan bewum pusor agentandlocationstands for the current location,
coded as a pair, j|.
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Important axioms are the
“Successor-state Axioms?”

They describe the effects of actions to the situations. Their general form is

true afterwards<——-  anaction made it true
or it is already true and

no action made it false
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Axioms for At (p,l,s):
At(p,l,result(a,s)) <« ((I =locationaheadp,s) A —-Wall(l) Aa=forward)

V(At(p,l,s) A—a=forward))

At(p,l,9) — location.ahead p,s) = locationtoward(l, orient.(p,s))
Wall([x,y]) — (x=0vx=5vy=0vy=5)
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locationtoward
locationtoward
locationtoward

locationtoward

orient.(agentsy) = 90

(xy
(xy
(xy
(

:Xv y y 270) — [Xay_ 1]

,0) = [x+1,y]
,90) = [x,y+1]

1,180) = [x—1,y]

orient.(p,result(a,s)) =d <« ((a=turn _right Ad = modorient.(p,s) —90,360))
V(a=turn left Ad = modorient.(p,s) + 90,360))
V(orient.(p,s) = d A —~(a=turn right Va=turn left))

Heremod(x,y) is a built-in “modulo”-function: each is reduced to a unique value

between 0 ang.

3.2 Situation Calculus
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Axioms for observations, extension by definition:

Percept|stenchb,g,u,c|],s) — Stencls)
Percept|a breezeg,u,c|,s)  — Breezés)
Percept|a, b, glitter,u,c],s) — At_gold(s)
Percept(a,b,g,bumpc|,s) — At _wall(s)
Percept(a,b,g,u,scream,s) — Wumpusdeads)
At(agentl,s) A Breezés) — Breezyl)
At(agentl,s) A Stencls) —  Smellyl)
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Adjacentlq,l;) < dd |y =locationtoward(l,,d)
Smellylq) —  dlp At(wumpuslz,s) A (I =11V Ad jacently, 1))

Percept|nonenoneg,u,c|,s) AAt(agentx,s) AAd jacentx,y) — OK(y)

(At (wumpusx,t) A =Pit(x)) —  OK(y)
At(wumpusly,s) AAdjacentlq,ly) —  Smellyly)
At(Pit,l1,s) AAd jacentls,l2) —  Breezyl)

3.2 Situation Calculus 69



Chapter 3: Logic Based Architectures Multi-Agent Systems (6 Lectures), Sept. 2000, Bahia Blanca

Axioms to describe actions:

Holding(gold, result(grab,s)) — (At_gold(s) v Holding(gold,s))
Holding(gold, result(releases)) — O

Holding(gold, result(turn right,s)) <« Holding(gold,s)
Holding(gold, result(turn _left,s))  « Holding(gold,s)
Holding(gold, result(forward ,s)) ~ Holding(gold,s)

Holding(gold, result(climb,s)) ~ Holding(gold,s)

All effects have to be carefully described.

3.2 Situation Calculus 70



Chapter 3: Logic Based Architectures Multi-Agent Systems (6 Lectures), Sept. 2000, Bahia Blanca

Axioms to describe preferences between actions:

Great(a,s) — Action(a,s)
(Good(a,s) A ~3bGreat(b,s)) — Action(a,s)
(Mediuna,s) A ~db (Great(b,s) vV Goodb,s))) — Action(a,s)
At(agent [1,1],s) AHolding(gold,s) —  Great(climb,s)

At_gold(s) A —Holding(gold, s)
At(agentl,s) A —Visitedlocationaheadagents)) A

l

Great(grab,s)

AOK(locationaheadagents)) — Goodforward , s)

Visited(l) — JsAt(agentl,s)

We do not just want to find the gold, we also want to come back alive! There-
fore one needs axioms likeolding(gold,s) — Go_back(s).
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3.3 Problems

There are three very important problems in axiomatizing a dynamically changing
world:

Frame problem: actions usually change very little. But one needs a huge
number of actions to describe invariant properties.

It would be much better taxiomatize only what does not persisand assume
thatnothing else changes

3.3 Problems 72
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Qualification problem: We need to enumerate all conditions under which an
action is successfulE.g.

vx  (Bird (x) A—Penguin(x) A ~Dead(x)A
A—Ostrich (x) A —=Broken_wings(x)A
N...

— Flies(x)
It would be much better to simply assutinieds normally fly .

Ramification problem: How to deal with implicit consequences of actions?
E.g.grab(gold). gold could be radioactive after this action is executed. Then the
actiongrab(gold) is not optimal.
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Programming versus Knowledge Engineering.

Programming Knowledge Engineering
Choose programming language Choose_ogic.

Write program. DefineKnowledge Base
Write compiller. ImplementCalculus.
Execute program. Deduce newacts.
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3.4 A Solution to the Frame Problem?

Successor State Axioms

Where do the successor state axioms come from?
e \We have to ask Which fluents stay invariant?
We distinguish between two sorts of fluents:

relational fluent:

—broken(x,s) A (x#yV —fragile(x,z)) — —broken(x,result(drop(r,y),s))

functional fluent:

color(x,s)= ¢ — color(x,result(drop(r,y),s))=c

How many of such axioms do we need?

3.4 A Solution to the Frame Problem? 75
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We need exactly

2 X #actionsx #fluents

Suppose we are given axioms of the form

—  fluent(x, result(action,s))

— —fluent(x,result(action,s)),

how can we compute the successor state axiamamatically?

Note, that the above set assumes implicitly that all actions can be applied: this
IS an overly optimistic assumption according to the Qualification Proble

3.4 A Solution to the Frame Problem? 76
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Qualification Problem Revisited

We assume a predica@®ssto describe the possibility to apply an action.

Posgpickup(r,x),s) — vVz(—holding(r,z5s) ).

But— is too weak. Can we replace it oy ?

3.4 A Solution to the Frame Problem? 77
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What about

Posgpickup(r,x),s) — Vz(—holding(r,z s) A —heavyx) A nexttdr,Xx,s) ).

We suppose we are given a list of axioms of the form

Posgaction(x),s) «— @aciion(X,S)

where@.ion(X,S) does not contain amgsult-terms.

3.4 A Solution to the Frame Problem? 78
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(1): fragile(x,s) ——  broken(x,result(drop(r,x),s))
(1) : nexttdb,x,s) ——  broken(x,result(explodgb),s))
(2): — —broken(x, result(repair (r,X),s))
We assume these aa#l possibilities forbroken —broken Then(1), (1) are
equivalent to
dr (a=drop(r,x) A fragile(x,s))Vv
db(a = explodgb) A nexttgb,x,s))
.

brokenx, result(a,s)).

(2) is equivalent to

dra = repair(r,x) — —broken(x,result(a,s))

3.4 A Solution to the Frame Problem? 79
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Under which conditions couldébrokern(x,s) andbroken(x, result(a, s)) be both true?

(1"): —broken(x,s) Abrokern(x,result(a,s)) — 3r(a=drop(r,x) A fragile(x,s)V
db(a = explodgb) A nexttgb, x,s))
(2):  brokenx,s) A —brokenx,result(a,s)) —— dra=repair(r,x)

3.4 A Solution to the Frame Problem? 80
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(1),(1),(2),(1"),(2) are equivalent to theuccessor state axiom

brokenx,result(a,s)) «— dr(a=drop(r,x) A fragile(x,s)) v
db (b = explodgb) A nexttdb, x,s)) Vv

broken(x,s) A =dra=repair(r,X)

This can be generalized, also for functional fluents!

3.4 A Solution to the Frame Problem? 81
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Thus the2 x #actionsx #fluentsmany axioms can be rewritten into only
#fluents

many axioms 2 x #fluentsif we count each equivalence twice). But we also need the
Possaxioms: anothe #actions many.

Altogether, the2 x #actionsx #fluentsare compiled into (modulo a constant factor)

#actionst+#fluents

Some people call this a solution to the frame problem.

3.4 A Solution to the Frame Problem? 82



References Multi-Agent Systems (6 Lectures), Sept. 2000, Bahia Blanca

References

Arisha, K., F. Ozcan, R. Ross, V. S. Subrahmanian, T. Eiter, and S. Kraus (1999,
March/April). IMPACT: A Platform for Collaborating Agent$EEE Intelligent
Systems 1464-72.

Bratman, M., D. Israel, and M. Pollack (1988). Plans and Resource-Bounded
Practical ReasoningCcomputational Intelligence(4), 349—-355.

Dix, J., S. Kraus, and V. Subrahmanian (2001). Temporal agent reasoning.
Artificial Intelligence to appear

Dix, J., M. Nanni, and V. S. Subrahmanian (2000). Probabilistic agent reasoning.
Transactions of Computational Logi¢2).

Dix, J., V. S. Subrahmanian, and G. Pick (2000). Meta Agent Progrdousnal of
Logic Programming 4@L-2), 1-60.

145



References Multi-Agent Systems (6 Lectures), Sept. 2000, Bahia Blanca

Eiter, T., V. Subrahmanian, and G. Pick (1999). Heterogeneous Active Agents, I
SemanticsArtificial Intelligence 1081-2), 179-255.

Eiter, T., V. Subrahmanian, and T. J. Rogers (2000). Heterogeneous Active Agents,
lll: Polynomially Implementable Agent#rtificial Intelligence 1171),
107-167.

Eiter, T. and V. S. Subrahmanian (1999). Heterogeneous Active Agents, Il:
Algorithms and ComplexityArtificial Intelligence 1081-2), 257-307.

Georgeff, M. and A. Lansky (1987). Reactive Reasoning and Planning. In
Proceedings of the Conference of the American Association of Artificial
Intelligence Seattle, WA, pp. 677-682.

Rao, A. S. (1995). Decision Procedures for Propositional Linear-Time
Belief-Desire-Intention Logics. In M. Wooldridge, J.iMer, and M. Tambe

(Eds.),Intelligent Agents Il — Proceedings of the 1995 Workshop on Agent
Theories, Architectures and Languages (ATAL;38Jume 890 ofLNAI, pp.

1-39. Berlin, Germany: Springer-Verlag.

146



References Multi-Agent Systems (6 Lectures), Sept. 2000, Bahia Blanca

Rao, A. S. and M. Georgeff (1991). Modeling Rational Agents within a
BDI-Architecture. In J. F. Allen, R. Fikes, and E. Sandewall (Eds.),
Proceedings of the International Conference on Knowledge Representation
and ReasoningCambridge, MA, pp. 473-484. Morgan Kaufmann.

Rao, A. S. and M. Georgeff (1995, June). Formal models and decision procedures
for multi-agent systems. Technical Report 61, Australian Artificial Intelligence
Institute, Melbourne.

Subrahmanian, V., P. Bonatti, J. Dix, T. Eiter, S. Kraus(")Ecan, and R. Ross
(2000).Heterogenous Active AgentdIT-Press.

Weiss, G. (Ed.) (1999Multiagent System®dIT-Press.

147



