Social Laws in Alternating Time
Wiebe van der Hoek

Depatment of Computer Science
University of Liverpool
Liverpool, UK

with Mark Roberts, Michael Wooldridge (Liverpool)

WvdH



Coordination In MAS

managinginterdependenciepetweenactions

design:
1. on-line
(a) dynamicallycoordinate (co-leaning, copying)
(b) emergenceat run-time
(c) exible
2. 0lne
(a) engineemechanismsat design-time
(b) hardwiring a regimefor useat run-time
(c) reducingcomputationalcosts
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Social Laws Paradigm

primarily o ine design

scacial law  setof rules

with goal or objective(' ) of somedesirablebehaviour
shouldconstrainthe behaviourof the agents

by forbidding ( ) perfaming actionsin certain caseg harms)
Shoham,Tennenholtz,Moses(1992{ )
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Key contrib utions

Alternating-time Temyporal Logic (ATL) asframework
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Key contrib utions

Alternating-time Temyporal Logic (ATL) asframework

demonstratethat
(1) e ectiveness(is the objective’ satis ed through ?)
(2) feasiblility (is there a constraintsuchthat ' ?)
(3) synthesig nd thelaw for' , if any)

can be adequatelydealt with in ATL

more exggessive as expensiveas Shoham-Ennenholtz
sacial laws in which legality of actionscan be expgessed

add deontic operatas to the object language(other work with
Wooldridgeand Jamroga)

WvdH
{ p.4



Branc hing Temporal Logic

Natural to view the possiblecomputationsof a systemas a
tree linea In the past, branchinginto the future.

Branchingcarespmndsto di erent ways in which
non-determinisncan be resolved.
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A Branc hing time model

t0

1 Pqr
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Computation Tree Logic: CTL

A popula branchingtemporal logicis CTL.
Extendspropositionallogic with

~ path quantiers A, E

- tensemodalities 9,} , [], U

= In vanillacTL everytensemodality is immediately
proceededby a path quanti er
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vanilla cTL

Possiblecombinationsof theseare restricted as follows:

A9 \on all paths,' istrue next

A} \on all paths,’ is eventuallytrue
ALl \on all paths,"' Is alwaystrue

A U \on all paths,' Is true until

E 9 \on somepath,' Istrue next

E} \on somepath, ' Is eventuallytrue
EL \on somepath, ' is alwaystrue

E' U \on somepath, ' is true until
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Example 1
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P, Q. r
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Example 2

sO

P, Q. r
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Example 3

sO

1 P.q.r
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Example 4

sO

P, Q. r
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Computational Properties of cTL

Proof problemfor cTL:

GivenctL formulae' , canwe prove from' ?
Time complexiy: ExpPTIME-complete.

(So directly proving propertiescTL Is very hard)

Model checkingproblemfor ¢TL:

GivenmodelM = hS,R, 1, states 2 S, andformula' , iIs
IS true at state g in M?

Time complexiy: O(jMJ.J' |)

(So model checkingpropertiesof systemsusingcCTL IS

(compaatively) easy. .)
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Model Checking

IS an (automated) veri cation technique

givena nite setof statesS

» an elevato, a railway (cross-road),a communication
protocaol, ...

and a temporal property '

~ safety: bad things will neverhappen' A

~ liveness: somethinggood will eventuallyoccur' A}

exhaustivelycheckwhether' istrue of S

WvdH
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Model Checking as Planning

exhaustivelycheckwhether' istrue of S
If YES:that's ne

If NO: reado trace of states

- If bad: iImprove the system
\mo del checkingas diagnosis"
cf. S A [ Jgood

- If desired:.usethe trace asa plan

\mo del checkingas planning"
cf. S 6 A[ |bad
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Alternating-time Temporal Logic

In 1997, Alur, Henzinger& Kupfermanproposeda natural
variation of ¢t known as Alternating-time Temjporal Logic

(ATL).
Branchingusedto model evolutionof a systemcontrolledby a
set of agents which cana ect the future by making choices

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 ¢t known as Alternating-time Temjporal Logic
(ATL).

Branchingusedto model evolutionof a systemcontrolledby a
set of agents which cana ect the future by making choices

The particular future that will emergedependson
combinationof choicesthat agentsmake.

ATL = logic + time + games+ coalitions

1. temporal layer: basedon cTL

2. strategiclayer: maxmin

3. coalitionallayer: coalition logic
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Cooperation Modalities

Path quanti ers A, E are replacedby cooperation modalities

Gl
means
\group G cancooperateto ensurethat ' "
or

\ G havea collectivestrategyto force

Note that:
Wi IS sameas A

M 11 Issameas E

WvdH
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Example ATL Formulae

wvdhii } bored-audience
wvdh hasa strategy for ensuringthat the audiences
eventuallybored

‘hhwvdhi [ ]excited

wvdh hasno strategyfor ensuringthat the audiences always
excited

hhLogii } excited” :hhGamii} excited”

hLog [ 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 checlershavebeenimplemented:MOCHA.)

WvdH
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Semantic Structures: AATSs

hQ1q01Ag1AC11:::1ACn1 y 7 ) I

Q Isa nite, non-empy set of states

dJo 2 Q isthe initial state;

Ag = f1,:::,ng iIs asetof agents Ac; Is a set of actions
c Acy | [ Ac,! 29 is an action preconditionfunction;
. Q (A Ac,) ! Q isa (partial) systemtransition
function;

IS a set of atomic propositions

. Q! 2 isaninterpretation function.
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Controller Example
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<reject,set0> <re'ect,set9>
<reject setl> <reject setl>
<accept,set0> <accept,setl>

<accept,setl>

@ @

x=0 <accept,set0> x=1
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Controller Example

<reject,set0> <reject,set0>
<reject,setl> <reiect setl>
<accept,set0> <accept,setl>

<accept,setl>

@ @

x=0 <accept,set0> x=1
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x=0 qo

<reject,set0>
<reject,setl>
<accept,set0> <accept,setl>
x=1

*=0 00 %,

<reject,set0 <reject,set0>
<reject,setl> <reject,setl:
<accept,set0 <acogptsetl> <accepl/set0> <accept,se
x=0

000 0% GO0 GG
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Controller Example

=0 g

<reject,set()>
<reject,setl> <acowat setl>
<reject,set0> <reject,set0> <accept,set0>
<reject setl> <reject,setl> x=1

<accept,set0> <actept,set1> x=0 0, d.q
<accept,setl> i 1

O /) <reject,set()> <reject,set0>
— <reject,setl> / _ <reject,set]>
t,set]> < t,fet0>
<accept,set()> aceqprse acceprye <accept,set.
-~ 0~ x=0

x=0_  <accepisel>  x=1 Tad% G4 d4%  GaG

(x=0! Hsii 9x=0" (x=1"! Hsii 9x = 1)
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Controller Example

I
x=0
o
<reject,set0>
<reject,setl> <actspt setl>
<reject,set0> <reject,set0> <accept,set0>
<reject,setl> <reject,setl> x=1
<accept,set0> <accept,setl> x=0 0,0, a0,
1
O <accept,setl> <reject,set0 <reject,set0>
— <reject,setl>, <reject,setl:
@ <acceptsetoy/ < pt,set1> <accept/éet0> <acceptse
x=0 W x=1 x=0 x=0
Pt - %% D% ! 4% G .
X= X=

(x=0! Hsii 9x=0" (x=1"! Hsii 9x = 1)
the servercanenfacethe valueof x to remainthe samein the next
step
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Controller Example

-
x=0
Qo
<reject,set0>
<reject,setl> <actspt setl>
<reject,set()> <reject,set()> <accept,set0>
<<re]ect,tsett10>> <<re]ect,tsettll>> 0 x=1
accept,se accept,se X=
z p Ses seh

<accept,setl>

O <reject,set0 <reject,set0>

— <reject,setl> <reject,setl:

<accept,set0 <acogptsetl> <accepl/set0> <accept,se
-~ 0~ x=0

X=0  acepsersx=1 Tad% G4 d4%  GaG

(x=0! Hsii 9x=0" (x=1"! Hsii 9x = 1)
x=0! :hhcii} x=1
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Controller Example

B
x=0
o5
<reject,set0>
<reject,setl> <actspt setl>
<reject,set0> <reject,set0> <accept,set0>
<reject setl> <reject,setl> x=1
<accept,set0> <accept,setl> x=0 q.9 9.9
1
O <accept’set1> <reject,set0 <reject,set0>
— <reject,setl>, <reject,setl:
@ <acceptsetoy/ < pt,set1> <accept/éet0> <acceptse
x=0 W x=1 x=0 x=0
B Pt B Qododo  YoYods . Qodido Y41 .
X= X=

(x=0! Hsii 9x=0" (x=1"! Hsii 9x = 1)

x=0! :hhcii} x=1
c cannotchangethe valuefrom O to 1 on his own, evenin multiple
steps
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Controller Example

<reject,set0>
<reject,setl>
<accept,set0>

<accept,setl>

/\

x=0

(X

WvdH

0!

0!
0!

V\_/

<accept,set0>

<reject,set0>
ect,setl>

<re
ept,setl>

<ac

x=1

x=0 qo

<reject,set0>
<reject,setl>
<accept,set0> <accept,setl>
x=1

*=0 00 %,

<reject,set0 <reject,set0>

<reject,setl>/ _ S < S\<reject,setl:

<accept,set0 acogpt,setl accept/set0 <accept,se
x=0

000 0% GO0 GG

sii Ox = 0)~ (x = 1! fsii 9x = 1)

hheii } x
hhsii } x

1
1
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Controller Example

x=0 qo

<reject,set()>
<reject,setl> ol set]>
<reject,set0> <reject,set0> <accept,set(>
<reject,setl> w=1

<reject,setl>
<accept,set0> <accept,setl> x=0 0,0, .9,

<accept,setl>

O /) <reject,set()> <reject,set0>
— <reject,setl> / _ <reject,set]>
t,set]> < t,fet0>
<accept,set()> aceqprse acceprye <accept,set.
-~ 0~ x=0

x=0_  <accepisel>  x=1 Tad% G4 d4%  GaG

(x=0! Hsii 9x=0" (x=1"! Hsii 9x = 1)
x=0! :hhcii} x=1
x=0! :hhsii} x=1

s cannot changethe valueon his own either
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Controller Example

<reject,set0>
<reject,setl>
<accept,setl>

<reject,set0>
<reject,setl>
<accept,set0>

<accept,setl>

@ @

x=0 <accept,set0> x=1

(x = 0!
X=0]
X=0]
Xx=0!
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hheii} x =1
hhsii} x=1
s, cii} x=1

hsii 9x = 0)~ (x = 1!

x=0 qo

<reject,set0>
<reject,setl>
<accept,set0> <accept,setl>
x=1

*=0 00 %,

<reject,set0 <reject,set0>

<reject,setl>/ _ S < S\<reject,setl:

<accept,set0 acogpt,setl accept/set0 <accept,se
x=0

000 0% GO0 GG

hsii 9x = 1)
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Controller Example

=0 g

<reject,set0>
<reject,setl> <actent.setl>
<reject,set()> <reject,set()> <accept,set0>
<réject,setl> <réject,setl> 1

<accept,set()> <accept,setl> x=0 g *=
oo G0
<accept,setl>

O <reject,set0 <reject,set0>
— <reject,setl> <reject,setl:
<accept,set0 <acogptsetl> <accepl/set0> <accept,se

x=0 <accept,set()> x=1 x=0 qoqoqo qoq0q1: ) qoqlqo qulqi |

(x=0! Hsii 9x=0" (x=1"! Hsii 9x = 1)
x=0! :hhcii} x=1
x=0! :hhsii} x=1
x=0! Mscii} x=1
snand ¢ can cooperateto changethe valuee ectively
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Truth De nition

GivenS=nh, , Q, 4+,:::, n, , |
S,qgF Mii 9" i thereexistsa setof strategiesF , one for
eacha 2 , suchthat for all 2 out(qg, F ), we have
S, [1IF "
SSgmhiunl)" 1 9F,8 2 out(q,F ) S, [ulF " for
allu 2 N;
SSgFmi" U 1 9F,8 2 out(q,F ) thereexists
someu 2 N suchthat S, [ulF ,andforall0 v < u,

we havesS, [V]|F ' ;

WvdH
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Formal De nition

A scocial law is a pair
¢, )
IS an ATL formula calledthe objectiveof the law

: Acag ! 29 is a behaviouralconstraint

WvdH
{ p.23



Formal De nition

A scocial law is a pair

IS an ATL formula calledthe objectiveof the law

Examples:

WvdH

statesof a airs: p

hGii 9

hGii }

N

N

2Q is a behaviouralconstraint

nGii 9:

i

hGii 9" U mGCii 9
(I

)

mGSii} ;')
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Behavioural Constraints

Behaviouralconstraintsare requiredto be \reasonable" (every
agentmust be ableto do something.

Implement In AATS S - eliminatefrom S all transitions
forbiddenhby

Implementationof is an update on AATSS, resultingin new
AATS

AATS obtainedfrom S by implementing denotedby Sy

WvdH
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Implementing Behavioural Constraints

Sy = hQ,q0Ag,Act,:::,Ac, % %, i,

where:

1.8 2Ac, %)= ()n ()

2.8092 Q,8] 2 Jag,
g Aa,)) =
< (d,]) If (q,]) 2 dom and8i 2 Ag,q 62 (j;)
- unde ned otherwise

3. All other componentsof Sy areasin S.

Sy canbe computedin time polynomialin sizeof S,

WvdH
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Formal De nition

A scocial law is a pair
¢, )
IS an ATL formula calledthe objectiveof the law

: Acag ! 29 is a behaviouralconstraint
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Formal De nition

A scocial law is a pair
¢, )

IS an ATL formula calledthe objectiveof the law

: Acag ! 29 is a behaviouralconstraint

Wesa that (', )iseectiveinS, ol

Sy ,qofF hi

WvdH
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Update Properties

Consideruniversaland existentialsublanguagesf ATL, denoted
LY andL ®:

L " = pj:p) N ] _ ]

i 9 i} | Hi i i U
L © = plj:p) N ) _ ]

MAgii 9 j thAgii} | IhAgii i hAgii U
wherep 2

WvdH
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Properties of Updates

Supposewe haveaATs S, a behaviouralconstraint , a state g In
S, andformulae 2 LY, 2 L°. Then:

1. Sy IsAATsS (closurg
2.(Sy )y =Sy (ildempotence)

3. Implementationpreservesiniversalproperties
f S,gF thenSy ,qgF

4. Existential propertiesare anti-preserved’
fSy ,qF thenS,qfF

WvdH
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Effective Social Laws

WvdH

A scciallaw (", ) Iseective in S if

Sy ,qoF i

That Is, if after implementingit, the objectiveis guaanteed
to hold.

Thus, the E ectivenessProblemis:

GivenS and (' , ) overS, calculateSy andcheck
whetherthi [ ' .

Impliese ectivenessproblemmay be solvedin time
polynomialin the sizeof S and"' .
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A Case Study: The Train Controller

//_

))

tunnel

T T

O
O

eastbound westbound

train train

\_ J
\ /
(a) Overall structure of the train sytem (b) Train states and transitions
WvdH

{ p.3C



Example Social Laws

Obviousrequirement:trains don't crash: O = : (ing  Inw)
Considerthe behaviouralconstraint ; suchthat:

~ whenboth agentsare waiting to enter the tunnel, the
eastloundtrain is preventedfrom moving;

 whenonetrain is alreadyin the tunnel and the otheris
waiting, then the other is preventedfrom moving.

(O1, 1) Isan e ective sacial law In the trains system.

WvdH
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More Examples

But considerthe sacial law 5, that simply preventsboth
trains from moving (O1, ») Is alsoe ective!

Re ne our original objective:

0 1
(away; ! Hiii } waiting;) A
O,=0. " (waiting; ! Hiii } (iny» Oy) 7 §

2HEWO (i 1 thiii away)
3 forbids trains from lingeringin tunnel, but is otherwisethe
sameas 1. (O,, 3) Ise ective.

WvdH
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The

Feasibility Problem

WvdH

GivenS and a formula’ of ATL representingan
objective,doesthere exista suchthat (" , ) isan
e ective sacial law in S?

This problemis...

NP-completefor arbitrary ATL objectivesformulae.. .
NP-completefor cTL-0bjectives. .

...and evennp-completefor L " objectives!

But it is polynomialfor propositionallogic objectives.
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The Feasibility Problem

GivenS and a formula’ of ATL representingan
objective,doesthere exista suchthat (" , ) isan
e ective sacial law in S?

Theorem Suppose' is a propositionallogic formula (representing
an objective),and S is an AATs. Then

SFE WMAgil [ ]' 1 " Isfeasiblein S

WvdH
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Synthesis

WvdH

GivenS and a formula’ of ATL representingan
objective,exhibit a behaviouralconstraint  suchthat

(" , ) isane ective sccial law in S if sucha constraint
exists,otherwiseanswer \no".

In general,requiressolvingNp-hard optimisation problem.. .
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Feasibility and Synthesis

GivenS and a formula’ of ATL representingan
objective,doesthere exista suchthat (" , ) isan
e ective sacial law in S?

Theorem Suppose' is a propositionallogic formula (representing
an objective),and S is an AATs. Then

SFE WMAgil [ ]' 1 " Isfeasiblein S
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Feasibility and Synthesis
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Feasibility and Synthesis

GivenS and a formula’ of ATL representingan
objective,doesthere exista suchthat (" , ) isan
e ective sacial law in S?

Theorem Suppose' is a propositionallogic formula (representing
an objective),and S is an AATs. Then

SFE WMAgil [ ]' 1 " Isfeasiblein S

Corollary The synthesigroblemfor propositionalobjectivesis in p

Observation The above Theaem is not true for e.g.

= p~ Hiii} :p
WvdH o



Synthesis for ATL Objectives

For ATL objectives,we havea wealer result:

Suppse 2 LY isauniversalaTL formula (representing
an objective),and S is an AATS. Then:;

S F MhAgI Implies Is feasiblein S.

WvdH
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Legality of Actions

agent namereads In writes out
P]_ 7! 1,

Pe 71 «.
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Legality of Actions

agent namereads In writes out
P]_ 7! 1,

Pe 71 «.

agent -controller reads  writes ()
true 7! () = true;

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

agent namereads in[f ( )] i 2 Actjg writes out
()N PLT g

PN P
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Legality of Actions

agent namereads in[f ( )] i 2 Actjg writes out
()N PLT g

PN P

agent -controller reads  writes ()
true 7! () = true;

true 7! () := false.

Propositional' s feasiblein S |

N\
S = hcontrollersi [J(" ~ | ()]
WvdH i2 Ag 2 Ac
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Legality of Actions

agent namereads in[f ( )] i 2 Actjg writes out
()N PLT g

PN P

agent -controller reads  writes ()
true 7! () = true;

true 7! () := false.

e.g.(Os = : (ing ™ inyw)”™ (move)) isfeasiblein S |
S F Whecontrollersi [J(" ~ [ @)
WdH 12 Ag 2 Ac;

{ p.37



Areas of Future Work

Currently working on sccial laws that refer explicitly to legality
of actions

Extendthe framework to incarporate the notion of knowledge

Notion of minimality and simplicity could be investigatedin
the framework

Synthesisof social laws usingalgaithms

WvdH
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