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Coor dination in MAS

� managinginterdependenciesbetweenactions

� design:

1. on-line
(a) dynamicallycoordinate (co-learning, copying)
(b) emergenceat run-time
(c) 
exible

2. o�ine
(a) engineermechanismsat design-time
(b) hardwiring a regimefor useat run-time
(c) reducingcomputationalcosts
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Social Laws Paradigm

� primarily o�ine design

� social law � set of rules

� with goal or objective(' ) of somedesirablebehaviour

� shouldconstrainthe behaviourof the agents

� by forbidding (� ) performing actionsin certain cases(norms)

� Shoham,Tennenholtz,Moses(1992 { )
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Key contrib utions

� Alternating-time Temporal Logic (atl) as framework

� demonstratethat
(1) e�ectiveness(is the objective' satis�ed through � ?)
(2) feasibility (is there a constraint suchthat ' ?)
(3) synthesis(�nd the law � for ' , if any)

can be adequatelydealt with in atl

� more expressive, as expensiveas Shoham-Tennenholtz

� social laws in which legality of actionscan be expressed

� add deonticoperators to the object language(other work with
Wooldridgeand Jamroga)
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Branc hing Temporal Logic

� Natural to view the possiblecomputationsof a systemas a
tree linear in the past, branchinginto the future.

� Branchingcorrespondsto di�erent ways in which
non-determinismcan be resolved.

{ p.5



WvdH

A Branc hing time model
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Computation Tree Logic: ctl

� A popular branchingtemporal logic is ctl.

� Extendspropositional logic with

� path quanti�ers A, E

� tensemodalities g, } , , U

� in vanillactl everytensemodality is immediately
proceededby a path quanti�er
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vanilla ctl

Possiblecombinationsof theseare restrictedas follows:

A g' \on all paths, ' is true next

A} ' \on all paths, ' is eventuallytrue

A ' \on all paths, ' is always true

A' U  \on all paths, ' is true until  

E g' \on somepath, ' is true next

E} ' \on somepath, ' is eventuallytrue

E ' \on somepath, ' is always true

E' U  \on somepath, ' is true until  
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Example 1
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Example 2
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Example 3
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Example 4
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Computational Proper ties of ctl

� Proof problemfor ctl:
Givenctl formulae' ,  can we prove  from ' ?
Time complexity: exptime-complete.
(So directly proving propertiesctl is very hard)

� Model checkingproblemfor ctl:
Givenmodel M = hS, R, � i , state s0 2 S, and formula ' , is
' is true at state s0 in M?
Time complexity: O(jM j.j ' j )
(So model checkingpropertiesof systemsusingctl is
(comparatively) easy.. . )
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Model Checking

� is an (automated) veri�cation technique

� givena �nite set of statesS

� an elevator, a railway (cross-road),a communication
protocol, . . .

� and a temporal property '

� safety: `bad things will neverhappen' A :  

� liveness:̀ somethinggood will eventuallyoccur' A}  

� exhaustivelycheckwhether' is true of S
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Model Checking as Planning

exhaustivelycheckwhether' is true of S

� if YES: that's �ne

� if NO: reado� trace of states

� if bad: improve the system
\mo del checkingas diagnosis"
cf. S 6j= A good

� if desired:usethe trace as a plan
\mo del checkingas planning"
cf. S 6j= A bad
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Alternating-time Temporal Logic

� In 1997,Alur, Henzinger& Kupfermanproposeda natural
variation of ctl known as Alternating-time Temporal Logic
(atl).

� Branchingusedto model evolutionof a systemcontrolledby a
set of agents, which can a�ect the future by makingchoices.

� The particular future that will emergedependson
combinationof choicesthat agentsmake.
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Alternating-time Temporal Logic

� In 1997,Alur, Henzinger& Kupfermanproposeda natural
variation of ctl known as Alternating-time Temporal Logic
(atl).

� Branchingusedto model evolutionof a systemcontrolledby a
set of agents, which can a�ect the future by makingchoices.

� The particular future that will emergedependson
combinationof choicesthat agentsmake.

� atl = logic + time + games+ coalitions

1. temporal layer: basedon ctl

2. strategic layer: maxmin

3. coalitional layer: coalition logic
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Cooperation Modalities

� Path quanti�ers A, E are replacedby cooperation modalities:

hhGii '

means
\group G can cooperate to ensurethat ' "
or
\ G havea collectivestrategyto force ' "

� Note that:

hh;i i is sameas A

hh� ii is sameas E
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Example atl Form ulae

� hhwvdhii } bored-audience
wvdh hasa strategyfor ensuringthat the audienceis
eventuallybored

� :h hwvdhii excited
wvdh hasno strategyfor ensuringthat the audienceis always
excited

� :h hLogii } excited^ :h hGamii } excited^
hhLog [ Gamii } excited
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Computational Problems

� Satis�ability problemfor atl:
exptime-complete(van Drimmelen,2003).
Henceno worsethan ctl.

� Model-checkingproblem:
ptime.
(E�cient model checkershavebeenimplemented:MOCHA.)
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Semantic Structures: AATSs

hQ, q0, Ag, Ac1, : : : , Acn, � , � , �, � i

� Q is a �nite, non-empty set of states;

� q0 2 Q is the initial state;

� Ag = f 1, : : : , ng is a set of agents, Aci is a set of actions;

� � : Ac1 [ � � � [ Acn ! 2Q is an action preconditionfunction;

� � : Q � (Ac1 � � � � Acn) ! Q is a (partial) systemtransition
function;

� � is a set of atomic propositions;

� � : Q ! 2� is an interpretation function.

{ p.20
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Contr oller Example
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Truth De�nition

GivenS = h�, �, Q, � 1, : : : , � n, � , � i

� S, q j= hh� ii g' i� there existsa set of strategiesF� , one for
eacha 2 �, suchthat for all � 2 out(q, F� ), we have
S, � [1] j= ' ;

� S, q j= hh� ii ' i� 9 F� , 8 � 2 out(q, F� ): S, � [u] j= ' for
all u 2 IN;

� S, q j= hh� ii ' U  i� 9 F� , 8 � 2 out(q, F� ) there exists
someu 2 IN suchthat S, � [u] j=  , and for all 0 � v < u,
we haveS, � [v] j= ' ;

{ p.22
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Formal De�nition

A social law is a pair

(' , � )

� ' is an atl formula calledthe objectiveof the law

� � : AcAg ! 2Q is a behaviouralconstraint.

{ p.23
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Formal De�nition

A social law is a pair

(' , � )

� ' is an atl formula calledthe objectiveof the law

� � : AcAg ! 2Q is a behaviouralconstraint.

Examples:

� statesof a�airs: p

� hhGii g' ^ hhGii g: '

� hhGii g' U hhGcii g 

� hhGii } ' ^ hhii (' ! hhGcii } : ' )
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Behavioural Constraints

� Behaviouralconstraintsare requiredto be \reasonable"(every
agentmust be able to do something).

� Implement� in aats S - eliminatefrom S all transitions
forbiddenby �

� Implementationof � is an update on aatss, resultingin new
aats

� aats obtainedfrom S by implementing� denotedby S y �

{ p.24
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Implementing Behavioural Constraints

S y � = hQ, q0, Ag, Ac1, : : : , Acn, � 0, � 0, �, � i ,

where:

1. 8� 2 Ac, � 0(� ) = � (� ) n � (� )

2. 8q 2 Q, 8j 2 JAg ,
� 0(q, j ) =8

<

:
� (q, j ) if (q, j ) 2 dom � and 8i 2 Ag, q 62� (ji )

unde�ned otherwise

3. All other componentsof S y � are as in S.

S y � can be computedin time polynomialin sizeof S, � .

{ p.25
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Formal De�nition

A social law is a pair

(' , � )

� ' is an atl formula calledthe objectiveof the law

� � : AcAg ! 2Q is a behaviouralconstraint.
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Formal De�nition

A social law is a pair

(' , � )

� ' is an atl formula calledthe objectiveof the law

� � : AcAg ! 2Q is a behaviouralconstraint.

We say that (' , � ) is e�ective in S, q0 i�

S y � , q0 j= hhii '

{ p.26
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Update Proper ties

Consideruniversaland existentialsublanguagesof atl, denoted
L u and L e:

L u � ::= p j : p j � ^ � j � _ � j

hhii g� j hhii } � j hhii � j hhii � U �

L e � ::= p j : p j � ^ � j � _ � j

hhAgii g� j hhAgii } � j hhAgii � j hhAgii � U �

wherep 2 �.
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Proper ties of Updates

Supposewe haveaats S, a behaviouralconstraint � , a state q in
S, and formulae� 2 L u, � 2 L e. Then:

1. S y � is aats (closure)

2. (S y � ) y � = S y � (idempotence)

3. Implementationpreservesuniversalproperties:
If S, q j= � then S y � , q j= � .

4. Existentialpropertiesare `anti-preserved':
If S y � , q j= � then S, q j= � .

{ p.28
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Effective Social Laws

� A social law (' , � ) is e�ective in S if

S y � , q0 j= hhii '

That is, if after implementingit, the objectiveis guaranteed
to hold.

� Thus, the E�ectivenessProblemis:

GivenS and (' , � ) overS, calculateS y � and check
whetherhhii ' .

� Impliese�ectivenessproblemmay be solvedin time
polynomialin the sizeof S and ' .

{ p.29
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A Case Stud y: The Train Contr oller

away

traintrain
eastbound westbound

waiting

in

movemove

move

idle

idle

idle

(a) Overall structure of the train sytem (b) Train states and transitions

tunnel
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Example Social Laws

� Obviousrequirement:trains don't crash: O1 = : (inE ^ inW )

� Considerthe behaviouralconstraint � 1 suchthat:

� whenboth agentsare waiting to enter the tunnel, the
eastbound train is preventedfrom moving;

� whenone train is alreadyin the tunnel and the other is
waiting, then the other is preventedfrom moving.

� (O1, � 1) is an e�ective social law in the trains system.

{ p.31
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More Examples

� But considerthe social law � 2 that simplypreventsboth
trains from moving: (O1, � 2) is alsoe�ective!

� Re�ne our original objective:

O2 = O1 ^
^

i2f E,W g

0

B
B
@

(awayi ! hhi ii } waitingi ) ^

(waitingi ! hhi ii } (ini ^ O1)) ^

(ini ! hhi ii gawayi )

1

C
C
A

� � 3 forbids trains from lingeringin tunnel, but is otherwisethe
sameas � 1: (O2, � 3) is e�ective.

{ p.32
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The Feasibility Problem

GivenS and a formula ' of atl representingan
objective,doesthere exist a � suchthat (' , � ) is an
e�ective social law in S?

� This problemis.. .
np-completefor arbitrary atl objectivesformulae.. .
np-completefor ctl-objectives.. .
. . . and evennp-completefor L u objectives!

� But it is polynomialfor propositional logic objectives.

{ p.33
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The Feasibility Problem

GivenS and a formula ' of atl representingan
objective,doesthere exist a � suchthat (' , � ) is an
e�ective social law in S?

Theorem Suppose' is a propositional logic formula (representing
an objective),and S is an aats. Then

S j= hhAgii ' i� ' is feasiblein S

{ p.33
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Synthesis

GivenS and a formula ' of atl representingan
objective,exhibit a behaviouralconstraint � suchthat
(' , � ) is an e�ective social law in S if sucha constraint
exists,otherwiseanswer \no".

� In general,requiressolvingnp-hard optimisationproblem.. .
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Feasibility and Synthesis

GivenS and a formula ' of atl representingan
objective,doesthere exist a � suchthat (' , � ) is an
e�ective social law in S?

Theorem Suppose' is a propositional logic formula (representing
an objective),and S is an aats. Then

S j= hhAgii ' i� ' is feasiblein S

Corollary The synthesisproblemfor propositionalobjectivesis in p

Observation The aboveTheorem is not true for e.g.

' = p ^ hhi ii } : p
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Synthesis for ATL Objectives

For atl objectives,we havea weaker result:

Suppose� 2 L u is a universalatl formula (representing
an objective),and S is an aats. Then:

S j= hhAgii � implies� is feasiblein S.
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Legality of Actions

agent namereads in writes out

P1 7! � 1;

� � �

Pk 7! � k .
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Legality of Actions

agent namereads in writes out

P1 7! � 1;

� � �

Pk 7! � k .

agent � -controller reads � writes ` (� )

true 7! ` (� ) := true ;

true 7! ` (� ) := false.
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Legality of Actions

agent namereads in [f ` (� i ) j � i 2 Acti g writes out

` (� 1)0 ^ P1 7! � 1;

� � �

` (� k )0 ^ Pk 7! � k .

agent � -controller reads � writes ` (� )

true 7! ` (� ) := true ;

true 7! ` (� ) := false.

Propositional ' is feasiblein S i�

S� j= hhcontrollersii (' ^ [
^

i2 Ag

_

� 2 Aci

` (� )])
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Legality of Actions

agent namereads in [f ` (� i ) j � i 2 Acti g writes out

` (� 1)0 ^ P1 7! � 1;

� � �

` (� k )0 ^ Pk 7! � k .

agent � -controller reads � writes ` (� )

true 7! ` (� ) := true ;

true 7! ` (� ) := false.

e.g. (O5 = : (inE ^ inW ) ^ ` (moveE )) is feasiblein S i�

S� j= hhcontrollersii (' ^ [
^

i2 Ag

_

� 2 Aci

` (� )])
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Areas of Future Work

� Currentlyworking on social laws that referexplicitly to legality
of actions

� Extendthe framework to incorporate the notion of knowledge

� Notion of minimality and simplicity could be investigatedin
the framework

� Synthesisof social laws usingalgorithms

{ p.38
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