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Abstract

We study the extension of relational multiagent systems
(RMASSs), where agents manipulate full-fledged relational
databases, with data types and facets equipped with domain-
specific, rigid relations (such as total orders). Specificale
focus on design-time verification of RMASs against rich first
order temporal properties expressed in a variant of firdeior
u-calculus with quantification across states. We build on pre
vious decidability results under the “state-bounded” agsu
tion, i.e., in each single state only a bounded number of data
objects is stored in the agent databases, while unboundedly
many can be encountered over time. We recast this condition,
showing decidability in presence of dense, linear ordard, a
facets defined on top of them. Our approach is based on the
construction of a finite-state, sound and complete abstract

of the original system, in which dense linear orders arerrefo
mulated as non-rigid relations working on the active domain
of the system only. We also show undecidability when includ-
ing a data type equipped with the successor relation.

1 Introduction

We study relational multiagent systems(RMASS),

taking inspiration from the recently defined frame-
work of data-aware commitment-based multia-
gent systems (DACMASSs) | (Chopraand Singh 2013;

Montali, Calvanese, and De Giacomo 2014). Broadly
speaking, an RMAS is constituted by agents that maintain
data in an internal full-fledged relational database, and
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rigid relations (such as total orders), and might be special
ized through the use dacets(ISO/IEC 11404:2007 2007,
Savkovic and Calvanese 2012).

The focus of this work is on design-time verification
of RMASs against rich first-order temporal properties,
allowing for quantification across states. By considering
only a countably infinite domain with equality, it has
been shown in|[(Belardinelli, Lomuscio, and Patrizi 2012;
Bagheri Hariri et al. 2013; Montali, Calvanese, and De Giac@014)
that decidability of verification holds for variants of first
order temporal logics under the assumption that the system
is “state-bounded”, i.e., unboundedly many data objects
can be encountered over time, provided that in each single
state only a bounded number of them is stored in the agent
databases (Bagheri Hariri et al. 2014). We recast this con-
dition by considering different options for the data types.
Specifically, by exploiting an encoding of two-counter
machines, we show that decidability of verification even
of propositional reachability properties is lost when orfie o
the data types is equipped with the successor relation. Our
main technical result is showing decidability for a variant
of first-orderpu-calculus in presence of dense, linear orders,
and facets defined on top of them. In this case, we provide
an explicit technique to construct a finite-state, sound
and complete abstraction of the original system, in which
dense linear orders are reformulated as non-rigid relgtion
working on the active domain of the system only. Notably,
this allows us to model and verify state-bounded RMASs

apply proactive and reactive rules to update their own data, that include coordination mechanisms such as ticket-based
and exchange messages with other agents. Messages havenutual exclusion protocols.

an associated payload, which is used to move data from
one agent to another. Notably, when updating their internal
database, agents may also inject fresh data into the system
by invoking external services. This abstraction serves as

2 Relational Multiagent Systems
'RMASSs are data-aware multiagent systems constituted by

a metaphor for any kind of interaction with the external
world, such as invocation of web services, or interaction
with humans.

From the data perspective, previous research has mainly
focused on a single, countably infinite data domain, whose

elements can only be compared for equality and inequality.
This assumption is highly restrictive, since data typesiuse
in applications are typically equipped with domain-spegcifi
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agents that exchange and update data. Beside generic,agents
an RMAS is equipped with a so-calléastitutional agent
which exists from the initial system state, and can be con-
tacted by the other agents as a sort of “white-page” agent,
i.e., to: (i) get information about the system as a whole;
(i) obtain names of other agents so as to establish an in-
teraction with them; andii) create and remove agents.

Ata surface level, RMASs and DACMASSs share many as-
pects. There are however two key differences in the way they
model data. On the one hand, while DACMASSs consider
only a single, abstract data domain equipped with equality


http://arxiv.org/abs/1411.4516v1
{calvanese,montali}@inf.unibz.it
giorgio.delzanno@unige.it

only, in RMASs data are typed and enriched with domain-
specific relations. This deeply impacts the modeling power
of the system (see Sectigh 3). On the other hand, while
agents in DACMASSs operate with incomplete knowledge

about the data, and use a description logic ontology as a

semantic interface for queries, RMASs employ standard re-
lational technology for storage and querying servicessThi
is done to simplify the treatment and isolate the core issues

turn, given substitutio = [x/d], relationF, o = ¢(z) is
inductively defined as follows:

F,o = true
F,o0 = R(V)o if R(¥)oistrueinT
F.o = —p(x) it F,op~ o(x)

Fool=ei(x)Apa(z)if Foo = pi(z) andF,o = @2(z)
Notice that abase facethat simply ranges over all data
objects of a data type can be encoded wiile as its facet

that arise when incorporating data types and facets, but we formula. In particular, we usd ' = ((A, {=}), true) and

believe our results can be transferred to DACMASS as well.
An RMASX is a tuple(T, F, Ao 7, S, M, G, I), where:

(1) 7 is afinite set oflata types(2) F is a finite set ofacets

overT; (3) Ao, is the initial data domain ak’; (4) S is a

finite set of F-typed service calls(5) M is a finite set of

F-typed relationglenoting messages with payload; (B)s

a finite set of F-typed agent specificationand (7)! is the

F-typed specification of thimstitutional agent

2.1 Data Types and Their Facets

Data types and facets provide the backbone for modeling
real-world objects manipulated by the RMAS agentslata
type T is a pair(Ap, Rr), where Ar is an infinite sét,
andRr is a set of relation schemas. Each relation schema
R/n € Ry with nameR and arityn is associated with an
n-ary predicateR” C AZ. Given a set] of data types,

we denote byR+ all domain-specific relations mentioned
in 7. Similarly, A+ groups all the (pairwise disjoint) data
domains of the data typesih. The interaction between data
types is orthogonal to our work and is left for the future.

Example 2.1. We consider the following, well-known data
domains, whose relations retain the usual meaning:

e Dense total orders such &9, {<,=}) and(R, {<,=}).

e Total orders with successor, likéZ, {<,=,succ}). =

We assume that every RMAS has two special
datatypes: (i) (A,{=}) for agent namesthat, as in
mobile calculi, behave as pure namés (Needham|1989;
Montanari and Pistore 2005) and can only be tested for
(in)equality.(ii) (B, {=}) for agent specification namésee
Sectior 2.4).

Facets are introduced to restrict data typedaget I is
a pair (T, p(z)) whereT = (Ap,Rr) is a data type, and
() is a monadidacet formulabuilt as:

p(x) := true | P(0) | ~p(z) | o1(2) V @2(z)

whereP(?) is a relation whose schema belong$e, and
whose termg/ are either variable: or data objects in\r.
We use the standard abbreviatidalse andp: () A g2 (z).
Given a sefF of facets, we us&® » andA » as a shortcut for
R+ and A respectively, wherd is the set of data types
on which facets inF are defined.

Given afacet F' = (T, ¢(x)) with T = (Ar,Rr), a
data objectl belongs toF if: (i) d € Ar; (ii) ¢(x) holds
in F' under substitutiorz:/d], written F, [x/d] & ¢(z). In

!Being infinite does not lead to a loss of generality, thanks to
the notion of facet defined below.

BF = ((B,{=}), true) to refer to two base facets for agent
and specification names respectively.

Example 2.2. An Enumeratiorsy, ..., s, over string val-
ues can be modeled as fa¢éf, {=1}), Vic(1,. ) T = s1).
This also accounts for the type of boofean, which can be
captured byBool = ((S,{=}),z = “t” Vo = “f”). |
Example 2.3. ((R,{>,=}),(z > 0A 18 > z) V x > 65)
denotes ages of junior or senior people. ]

Facets are used as relation types. Given &set facets,
an F-typed relation schem® is a pair(R/n, Fr), where
R/n is a relation schema with nanie¢and arityn, andFr
is ann-tuple (Fy,. .., F,) of facets inF.

An F-typed database scherfiais a finite set ofF-typed
relation schemas, such that no two typed relatior3 ghare
the same name.

In the following, we denote théth component ofR as
RJ[i], and writeTYPEp(R[i]) to indicate the type associated
by D to R]i]. We also denote the tuple of types associated by
D to all components oR asTYPEp(R). To simplify read-
ability, we also seldomly use notatidR(F, ..., F,) as a
shortcut forR = (R/n, (F1,..., F,)).

Obviously, since relations are typed, it is important
to define when their tuples agree with their facets. Let
R = (R/n,Fg) be a relation schema. We say that a fact
R(o4,...,0,) conforms toR if for everyi € {1,...,n},
we have thab; belongs toF;. Let 7 be a set of facets, and
D be anF-typed database schema. A database instédnce
conforms taD if every tupleR(o;, . .., 0,) € I conformsto
its corresponding relation schemkac D.

2.2 Initial Data Domain

Giving a data typd’ = (Ar, Rr), we isolate dinite sub-
setAgr C Ap of initial data objectsfor 7. This subset
explicitly enumerates those data objects that can be used in
the initial states of the agent specifications (cf. Sedtidh,2
plus specific “control data objects” that are explicitly men
tioned in the agent specifications themselves, and conse-
quently contribute to determine the possible executions.

We extend this notion to cover also those objects used in
the definition of facets. Giving a facét = (T', p(z)) with
T = (Ap,Ryr), the set ofinitial data objectsfor F' is a
finite subset ofA that contains all data objects explicitly
mentioned inp(z). Theinitial data domainof an RMAS
with setF of facets, writtenAq r, is then defined as the
(disjoint) union of initial data objects for each facetin

2.3 Typed Service Calls

Typed service calls provide an abstract mechanism for
agents to incorporate new data objects when updating their



own databases. As argued in (Bagheri Hariri et al. 2013;
Montali, Calvanese, and De Giacomo 2014;

Bagheri Hariri et al. 2014), this is crucial to make the
system “open” to the external world, and accounts for
a variety of interaction modes, such as interaction with
services or humans. We exploit this mechanism to model in
particular the agent ability to inject new data according to
internal decisions taken by the agent itself, but still exa

to its specification.

Given a setF of facets, anF-typed servicef is a triple
(£/n, Fir, Fouty where(i) f/n is a function schema with
namef and arityn; (i) 7 is ann-tuple (Fy, ..., F,) of
facets inF representing thinput typesof the service call;
(i) Foutis a facet inF representing theutput facebf the
service call. As for typed relations, i there are no two
typed services that share the same name. Intuitively, when
invoked with a tuple of ground data objects belonging to
their input facets, the service non-deterministicallyures
a data object that belongs to the output facet.

Example 2.4. Service getPrice
(getPrice/0, {SF'}, PF) gets a string inSF = ((S, {
1), true) referring to a product, and returns a rational price
PF ={(Q{<,=}),z>0). u
Example 2.5. Given facetAF = ((A, {=}), true), service
getN = (getN/0, (), AF) returns agent names. ]

2.4 Agent Specifications

In RMASSs, agent specifications consist of three main com-
ponents. The first is the data component, whose intensional

partis a typed database schema with constraints; every agen

adopting the same specification starts with the same initial
extensional data, but during the execution it autonomously
evoles by interacting with other agents and services. The
second is a proactive behavior, constituted by a set of
condition-action communicative rules that determine Wwhic

6. A andi/ are sets ofipdate actionandupdate rulesde-
fined below.

When clear from the context, we use the name of a com-
ponent with superscript the name of the specification to ex-
tract that component from the specification tuple. For exam-
ple,D" denotes the database schema above.

Communicative rules. These rules are used to determine
which messages with payload are enabled to be sent by the
agentto other agents, depending on the current configaratio
of the agent database. When multiple ground messages with
payload are enabled, the agent nondeterministically @®os
one of them, according to an internal, black-box policy.

A communicative rulés a rule of the form

Q(t, %) enablesM (%) to t

where:(i) Q is a domain-independent FO query ofand
R, whose terms are variablesandZ, as well as data ob-
jects inAg #; (i) M(Z) is a message, i.e., a typed relation
whose schema belongs.td.

Let F be a set facets) a F-typed database schema,a
database instance that conform&tpandQ(x1,...,2,) a
FO query oveD andR r that uses only constants ik, r.
Theanswerans (Q, D) to @ overD is the set of assignments
6 from the free variables of () to data objects i\ _r, such
thatD = Q6. We treatQ6 as a boolean query, and we say
ans(Q0, D) = true ifand only if D = Q6.

In the following, we use the special quarwe(z) as a
shortcut for the query that returns all data objects in thre cu
rent active domain that belong to data typeGiven schema
D, such a query can be easily expressed as the union of con-
junctive queries checking whethebelongs to a component
of some relation irD, such that the component has type
In this respect, notice that any query can be relativizetld¢o t
active domain throughive atoms.

We also make use to the anonymous variabléd'signify
an existentially quantified variable not used elsewhere.

messages can be emitted by the agent, together with their Update actions These are parametric actions used to update

actual payload and target agent. The third is a reactive be-
havior, constituted by ECA-like update rules that detesmin

the agent current database instance, possibly injecting ne
data objects by interacting with typed services.

how the agent updates its own data when a certain message An update actioris a pair(@, ape.), where:(i) @ is the

with payload is received from or sent to another agent.
Given a setF of facets with initial data domai\y », an

F-typed agent specificatiasa tuple(n, D,T', Dy, C, A, U),

where:

1. n € BNAy r is thespecification nameavhich is assumed

to be also part of the initial data domain.

2. D is an F-typed database schema. We assume that the
schema is always equipped with a special unary relation
MyName, whose unique component is typed with,
and that is used to keep track of the global name associ-
ated to the agentin the system.

. I'' is a finite set of database constraints of&ri.e., of
domain-independentfirst-order formulae ofeandR #,
using only constants from r.

. Dy is theinitial agent statei.e., a database instance that
conforms taD, satisfies all constraints in, and uses only
constants fronDg.

5. Cis a set otommunicative ruleglefined below.

action schema.e., a typed relation accounting for the action
name and for the number of action parameters, together with
their typesi(ii) aspec is the action specification and has the
form «(p) : {e1,...,en}, where{es,...,e,} are update
effects. Each update effects has the form

Q(PB, ) ~ add A, del D

where(i) @ is a domain-independent FO query o¢2iand
Rr, whose terms are parametgfsvariables?, and data
objects inAy r; (i) A is a set of “add” facts oveD that
include as terms: free variabl@sof @, parameterg and
termsf (&, p), with f in S; (jii) D is a set of “delete” facts
that include as terms free variabléand parametels.

An update action is applied by grounding its parameagers
with data object®. This results in partially grounding each
of its effects. The effects are then applied in parallel aker
agent database, as follows. For each partially grounded ef-
fectQ(o, ) ~ add A, del D, Q(3, %) is evaluated over the



current database and for each obtained ang\wére fully
ground factsA@ (resp.,D#) are obtained. All the ground
facts inD@ are deleted from the agent database. Fact®in
instead, could contain (ground) typed service calls. Is thi
case, every service call is issued, obtaining back a (plgssib
fresh) data object belonging to the output facet of the ser-
vice. The instantiated facts iA¢ obtained by replacing the
ground service calls with the corresponding results ane the
added to the current database, giving priority to additions

Update rules. These are conditional, ECA-like rules used
by the agent to invoke an update action on its own data when
a message with payload is exchanged with another agent.

An update rules a rule of the form
e (on-sendjn M (Z) to t if Q(71) then a(yz), with ¢ U

Jo CZU{t}, or
e (on-receivepn M (Z) from s if Q(y1) then a(ys), with

Y1 Ut CZU{s},
where:(i) M (Z) is a message, i.e., a typed relation whose
schema belongs ta1; (ii) @ is a FO query oveD, whose
terms are variableg, and data objects ithg r; (i) o is an
update action itd, whose parameters are bound to variables
Y.
Institutional Agent Specification. In an RMAS, anin-
stitutional agent is dedicated to the management of
the system as a whole. Differently from DACMASs
(Montali, Calvanese, and De Giacomo 2014), we do not as-
sume here that the institutional agent has full visibilify o

the messages exchanged by all agents acting into the sys-

tem. It is simply an agent that is always active in the system
and whose namenst in the following, is known by every
other agent. Still, we assume that the institutional agest h
special duties, such as in particular handling the creatfon

agents and their removal from the system, and maintainance

of agent-related information, like the set of names fonacti
agents, together with their specifications.

Technically, the institutional agent specification
is a standard agent specification namespec, par-
tially grounded as follows. To keep track of agents
and their specifications,D; contains three dedicated
typed relations: (i) (Agent/1,{AF)), to store agent
names;(ii) (Spec/1,(BF)), to store specification names;
(i) (hasSpec/2,(AF, BF)), to store the relationship be-

creating and removing other agents. This can be encoded
by readapting (Montali, Calvanese, and De Giacomo 2014).
Details are given in the online appendix.

Agent creation/removal. Two actions are employed by the
institutional agent to insert or remove an agent into/frbm t
system. Their respective action schemasne®/AG(BF)
and REMAG(AF). As for creation,inst employs the ser-
vice call introduced in Example_2.5 to introduce a name
into the Agent relation, attaching to it the specification name
passed as input. However, some additional modeling effort
is needed so as to ensure that the introduced name is indeed
Spec(getN(), s)

new:
Agent(a) ~ add{ OldAg(a)}

Intuitively, apart from adding the new agent and attaching
the corresponding specification, the action updates the two
accessory agent relatiori®/dAd and FreshAg, which are
assumed to be part @*sPe¢, ensuring that in the next state
OldAd contains the set of agent names that were presentin
the immediately preceding state, and thatshAg contains

the newly injected name. Freshness can then be guaranteed
by adding a dedicated constraintltéspec:

Va.OldAg(a) A FreshAg(a) — false

OldAg(a) ~ del {OldAg(a)}
FreshAg(a) ~ del { FreshAg(a)}
FreshAg(getN()),

NEWAG(s) : true ~ add{Agent(getN())7

Removal of an agent is instead simply modelled as:

f

Update rules that employ these special actions obviously de
pend on the domain, by including specific on-send and on-
receive rulesirf.

Agent(a),

REMAG(a) : {hasSpec(a&) ~ del{hasSpec(a 5)

2.5 Well-Formed Specifications

In an RMAS, every piece of information is typed. This im-
mediately calls for a suitable notion well-formednesthat
checks the compatibility of types in all agent specificagion
Intuitively, an RMAS X is well-formed if: (1) every query

tween agents and their specifications. Given these spe- gpnearing int' consistently use variables, that is, if a vari-

cial relations, inst can also play the role ofagent

registry, supporting agents in finding names of other
agents to communicate with. Additional system-level
relations, such as agent roles, duties, commitments
(Montali, Calvanese, and De Giacomo 2014), can be in-
sterted intoD;,s; depending on the specific domain un-
der study. To properly enforce thdtasSpec/2 relates

able appears multiple components, they all have the same
data type; (2) every proactive rule instantiates the messag
payload with compatible data objects, and the destination
agent with an agent name; (3) every reactive rule correctly
relates the data types of the message payload with those of
the query and of the update action; (4) each action effect
uses parameters in a compatible way with the action type;

agent to specification names, foreign keys can be added 10 (5y each action effect instantiates the facts in the head in a

Iiseec Futhermore, we properly initializ®/'*t as follows:

(i) Agent(inst) € Dy**; (i) Spec(s;) € D,F° for every
agent specification that is part of the RMAS, i.e., for specifi
cation name spec and all specification names mentioned in
G; (iii) hasSpec(inst, instSpec) € D,*°. Obviously,inst
may have other initial data, and specific rules and actiofis. O
particular interest is the possibility fanst of dynamically

compatible way with their types; (6) each service call cor-
rectly binds its inputs and output.

We now formalize this intuition. LefF be a set facets,
andD be aF-typed database schema. ligthe a FO query
overD andR r that uses only constants iy, ». We say
that@ is D-compatibleif: (i) whenever a data object from
Ay, 7 appears in componefi] inside®, then it belongs to



TYPEp(R[i]); (i) whenever the same variableappears in
two componentsR; [i1] and Rz[iz], thenTYPER (R [i1]) =
TYPEp (Raliz]).

By definition of compatibility, each free variable ofZ
compatible query is associated to a single facet/data type.
This allows us to characterize the “output types” of a query,
that is, the types associated to its free variables (andehenc
also the types of its answer components). Givetratyped
database schenfaand a well-formed FO quer§(Z) over
D and R that uses only constants ify, r, the output-
type ofz, € & according toQ, written OUT-TYPEg(z;),
is the unique data type itF to which z; is associated
by @, whereT is the set of data types on which is
defined. We extend the notion of output-type to a tuple
of variables®’ (Xiy...,xp) C Fwithl < ¢ <
k < n, writing OUT-TYPEg(Z’) as a shortcut for the tu-
ple (OUT-TYPEg(x;), ..., OUT-TYPEg(z)). We also write
OUT-TYPE(QR), as a shortcut foouT-TYPEg(Z). Notice
that, when applied to an atomic query, this notion corre-
sponds exactly to the typing of the corresponding relation,
according to its schema.

Given an RMASX = (T, F,Ag 7, S, M,G,I) and an
agent specificatioN” = (n, D,T', Dy,C, A,U) in G U {I},
we say that:

e C is well-formed if each of its communicative
rules Q(¢,¥) enables M(Z) to t is such that
(i) OUT-TYPEQ(t) A (i.e., Q bindst to an agent
name), andii) OUT-TYPE(Q) = TYPEMm (M) (i.e., the
payload is instantiated b in a compatible way with the
types of messagk/).

A is well-formedif each of its actions is well-formed. We

say in turn that actiof@, asp..) is well-formedif every

effectQ(p, &) ~» add A, del D in ape. is such that:

— @ is D-compatible.

— Whenever a parameteris mentioned in@, the type
to whichp is assigned bpuT-TYPE(Q) is the same to
which p is assigned by.

— For everyn-ary typed relation? € D, every factF of

R appearingimD, and foreach € {1,...,n}: (i) ifthe

i-th position of F' contains a data object, then such data

object belongs to the domain ofyPEp (R[i]); (ii) if

the i-th position of F' contains a variablg € Z, then

OUT-TYPEg(y) = TYPEp(R]i]).

For everyn-ary typed relatiom? € D, every factF of

R appearingimd, and foreachi € {1,...,n}: (i) if the

i-th position of F' contains a data object, then such data

object belongs to the domain ofyPep (R[i]); (ii) if

the i-th position of F' contains a variablg € Z, then

OUT-TYPEQ(y) = TYPEp(R]i]); (iii) if the i-th posi-

tion of F' contains &-ary service callf () with  C &

and (f /k, F'", Fot) € S, then OUT-TYPEQ(Y) =

Fmand Fout = TYPEp (R]i]).

U is well-formed if all its update rules are well-

formed. We discuss the case of on-send rules -

the definition of well-formedness is identical for on-
receive rules. An on-send rule i of the form

on M (Z) totif Q(y1) thena(ys), with 1 Ugs C FU{t},

is well-formed if the following conditions hold:(i) if

t € yi, thenoUT-TYPEQ(t) = A; (i) if ¢ appears in

the i-th component ofn, then@ assigns typeA to its

i-th parameter(iii) for each variabler € ¥ N g1, such

thatx appears in thé-th component of\/, we have that

TYPEM (M [i]) = OUT-TYPEg(x); (iv) for each variable

x € ¥ N e, such thate appears in the-th component of

M and in thej-th component ofy, we have thaty assigns

typeTYPEA (M [i]) to its j-th parameter.
o N itself iswell-formedif C, A andi{ are all well-formed.
Finally, we say that the entire RMAS is well-formedif all
agents specifications iU {7} are well-formed.

It is easy to see that checking whether an RMAS is well-
formed requires linear time in the size of the specification.

From now on, we always assume that RMASs are well-
formed. It is important to notice that well-formedness does
not guarantee that the restrictions imposed by facets are al
ways satisfied, but only that the agent specification consis-
tently use data types. Consistency with facets is managed at
runtime, by dynamically handling facet violations (cf. Sec
tion[4).

3 Modeling with RMAS

We briefly show how RMASs can be easily accommo-
date complex data-aware interaction protocols, leverag-
ing on data types. We take inspiration from ticket-based
mutual exclusion protocols (Bultan, Gerber, and Pugh 1999;
Baier and Katoen 2008). This can be used, in our setting, to
guarantee the possibility for an agent to engage in a com-
plex, critical interaction with the institutional agent.

Another interesting example, namely how to model
a form of contract net protocolin RMASSs, is pro-
vided in Section[3]2. The interested reader can also
refer to (Montali, Calvanese, and De Giacomo 2014) for
commitment-based interactions.

From now on, we assume that interaction in RMAS is
synchronous. This assumption is without loss of generality
since message queues for asynchronous communication can
be modelled as special typed relations in the agent datstbase

Theorem 3.1. Asynchronous RMASs based on message
queues can be simulated by synchronous RMASSs.

Proof. We consider a form of reliable, asynchronous com-
munication based on message buffers. In particular, the
model works as follows:

Messages sent by an agent to itself are processed immedi-
ately (in fact, there is no effective communication in this
case).

Whenever a sender agent emits a message with payload
targeting another agent, the message is atomically in-
serted into a message buffer attached to the target agent.
The target agent asynchronously reacts to the message
by extracting it from the buffer (this could happen much
later).

We consider two variations of this general model: one in
which the buffer is ordered (i.e., it is a queue), and one
in which the buffer is just a set of messages. Both models
are interesting, because they reflect different assurmgption
on the asynchronous communication model. In fact, the



first guarantees that the order in which messages are pro-the arity of relationmsg(i). We make use of the fol-
cessed by the target follows the order in which messages lowing three specific types{i) the Bool facet (cf. Ex-
where emitted (possibly by different agents). We call this ample [2.2), (i) the RF facet, defined as{((R,{=,<

communication modebasynchronous, orderedAO for 1), true), and (iii) the facetAF for agent names. Specif-
short), and use acronym AO-RMAS for an RMAS adopt- ically, we type componenfi/Buffer[1] (the relation pri-
ing the AO communication model. Contrariwise, the sec- mary key) with RF. For each: ¢ {1,...,|M|}, we

ond model accommodates the situation in which the order i-1 ;
in which messages are received (i.e., processed) by a tar-type component/Bufjer [2 + Zj_:1 (24 a;)| with Bool,
get agent does not necessarily reflect the order in which and component/Buffer [3 + 23;11(2 + aj)} with AF,
such messages were emitted. We call this communication
modelasynchronous, disordergd\D for short), and use
acronym AD-RMAS for an RMAS adopting the AD com-
munication model. i

We prove that these asynchronous communication models MBuffer {3 +21(24a) + k} to be the same as the

can be both accommodated by a synchronous RMAS that type of componentusg(i)[k].

empl_o_ys accessory data structures in the agent schemas, Unary relationsVewd and Oldi are respectively used

specifically tailored to buffer messages and decouple the , siore newly created or already existing message identi-

Zgr;neisn?ion of a message from its processing by the target figrs, Their unique component is consequently typed with
: RF.

Given an  AD-RMAS/AO-RMAS X = Let us now consider the database constraints. We set
(T, F,Do,7,8,M,G,I), we convert it into a standard,  p — T {®,,,,74}, whered,,. /4 is a constraint ensuring

where a; is the arity of msg(i). Furthermore, for each
i € {1,...,|M|} and for everyk € {1,...,a;} (a; be-
ing the arity of msg(i)), we set the type of component

synchronous RMASY, = (T, 7, Ao 7, Ss, My, Gs, L), that new message identifiers do not clash with already exist-
where M, and S just extendM and S with an addi- ing identifiers, and whose specific shape depend on whether
tional message/service as illustrated below, and where

STVIL i the original RMAS is asynchronous ordered or unordered.
each agent specificatioV' = (n,D,T, Dy,C, A,U) in In particular:

G U {I} becomes a correspo_nding agent specif.ication e if X is an AD-RMAS, thenb
N = (n,Ds, T, Dy, Cs, As,Us) In G U {I,}, according o _ , _ .
to the translation mechanism illustrated in the following Vidy, ido.NewM (idy) A OldM (ido) — ido # idy
(notice that we are interested here in the correctness of the (whereid, # id,, is an abbreviation for(id, = id,,)).
encoding, not in its efficient implementation; effectiveywa o if X' is an AO-RMAS, therP ¢, nrs4 IS
gl;lgizlilﬁéngstgiégeilgflatlon can be provided by using this Vidy, idy. NewM (idy) A OlM (id,) — idy < idy
Let us first focus on the database schema of the agent In fact, for an ordered RMAS, a newly created message
specification. We sé®, = DU{MBuffer, NewM, OldM }, must be enqueued after all pending messages that were

where MBuffer is a global buffer tracking incoming mes- enqueued before. _ .
sages that have been received by the agent but still needs e now focus on the behavior &f;, that is, on how the
to be (asynchronously) processed, wilew and OldM rules of/\f are translated into correspondmg ru}esl\fgl SO
are unary accessory relations used to manage the generatio s to fsmulatehthe asynchronou_s ctpmmun(;calltlgn model on
of new identifiers for messages to be enqueued. The man- (;]p of a sync ron(.)ust.commu.nlcatlor& mo el. thlnce asyn-
agement of such identifiers closely resembles name manage-c1'0NoUs communication requires to decouple the emission
ment as discussed for the institutional agent. of a message from the reaction of the target agﬂ!pomy
Specifically, MBuffer contains a numeric primary key maintains the on-send r_ules of replgcmg the on-receive
and internaliz’es the payload schemas of all message r'ela_rules with other on-receive rules. This new on-receivegule
tions in M, plus an additional component to track the sender are orga_mzed n two groups. _The first group of rules IS Just
agent and a boolean component indicating whether the pay- gs?fd ttl) Insert mlessfage re;ewed from/\(jlthe;/{agents into the
' X —_— : uffer. In particular, for eache {1,..., , Us contains
load has a valid content. A tuple M Buffer contains a mes- i { MU
. o arule of the form
sage identifier and sets exactly one of such boolean compo- ~ _ ~
nents totrue, leaving the otherfalse. This indicates what is on M; (&) from s if ~MyName(s) then BUFFERy, (7, 5)

the type of the buffered message, and that the correspond-where M; is the name of relatiomsg (i), and BUFFy,, is
ing payload/sender components contain the actual messagea specific update action iA,, dedicated to insert the pay-

payload and sender agents, whereas all other payloadfsendejoad and sender agent of a messadginto the buffer. In
components contain meaningless values. For this latter as- particular,8UrF,, (X, s) is defined as:

pect, we assume, without loss of generality, that all data OldM (m) ~ del{ OldM (m)}

types are equipped with amdefined data object.
Technically, we fix an ordering ovevt, that is, a bijection NewM (m) Wﬁel{ﬁ?gggg}(’))
CWw.

msg: {1, [M[} — M true - add { MBuffer (getRN(),

i ion; 1 ...7“t”7p7><,
and fix the functionindex = msg~. We set the ar- L
i-th component

ity of MBuffer to 1 + M2 + a;), where a; is MBuffer(m,,...,_) ~ add{ OldM (m)}

newMsg IS

)



where getRN is a service that returns aRF
data object, and in the addition of the tuple
MBuffer(getRN(), ..., “t”,p,X,...), attributes“t”, p, X
are inserted in those positions corresponding to the boolea

component, sender agent component, and payload com-

ponents dedicated tosg(i), while all the other boolean
components are set t&”, and all remaining components
are set toindef.

The processing of a buffered message is triggered by a
special communicative rule that is contained’intogether
with all the original rules irC. The purpose of the commu-
nicative rule is to extract a message from the buffer, trig-
gering the agent to process it whenever the original specifi-
cation contained on-receive rules dedicated to this. This i
done by self-sending a messagetM Specifically:

e If X is an AD-RMAS, the message extraction rule is:
MyName(a)
A MBuffer(m, _,...,_) enablesnextM (m)to a

Indeed, for a disordered RMAS, the order in which mes-
sages are received is non-deterministic. This rule mimics
such a nondeterminism, since the agent nondeterministi-
cally picks one of the buffered messages.

If X is an AO-RMAS, the message extraction rule is:

MyName(a) N MBuffer(m,_,...,.)
A=(Fma. MBuffer(ma, _,...,) Amg < m)
enablesnextM (m) to a

Indeed, for an ordered RMAS, messages are determinis-
tically received according to the order in which they have
been sent. This rule mimics such a determinism by follow-
ing a FIFO policy, picking the first message in the queue.
Recall that, for AO-RMAS, whenever a new message is
inserted into the queue, its primary key is greater than the
primary keys of already enqueued messages.

The last dimension to be covered is the agent reaction to a

message to be processed. This is done by suitably reformu-

lating the original on-receive rules presentdnSpecifically,

for each on-receive rule

on M (Z) from sif Q(71) then a(ys)

inU, with 73 Uga C # U {s}, U, contains a corresponding
on-receive rule (which, by construction af;, is triggered
only by the agent itself)

on neztM (m) from a
if MyName(a) A ®ar(m, 91, y2) A Q%) then a(m, §2)

where®,,(m, s, &) is a query that(i) checks whether the
identifierm points to a tuple in the buffer that actually refers
to a message of typd/ (this can be done by checking
whether the boolean componentin positiadez (M) is set

to “t”); (ii) if so, extracts the sender of messaggeand its
payload¥. Technically, the query is simply formulated as:

®pr(m, s, &) = MBuffer(m,_, ..., 2
index (M )-th component

A final, additional update rule that always triggers when a
nextM message is received is needed to properly update the
buffer, by removing the processed message:

on nextM (m) from a if MyName(a) then REMOVEM (m)

—

“t7 s, T, ..
~—

where:
REMOVEM(m) : { MBuffer(m, Z) ~~ del{ MBuffer(m, Z)}}

By putting everything together, if we project away the ac-
cessory relationg/Buffer, OldM and NewM, we obtain

that the asynchronous execution semantic& afnder both

the ordered and disordered assumption exactly corresponds
to that of X; under the standard synchronous semantics, as
precisely defined in Figuig 1. O

The proof of Theorerf 311 already gives a glimpse about
the modelling power of RMASs equipped with ordered
types. We next discuss how these features can be exploited
to easily capture mutual exclusion protocols based on tick-
ets.

3.1 Ticket-Based Mutual Exclusion Protocols

The idea behind ticket-based mutual exclusion protocols is
that, when a process wants to access a critical sectionsit mu
get a ticket, and wait until its turn arrives. We model ticket
using the base fac&F = ((R, {<, =}), true) for real num-
bers, and exploit the domain-specific relatiario compare
agent tickets. In our formulation, the critical section sists

of a (possibly complex) interaction with thest, excluding

the possibility for other agents to concurrently engagéaén t
same kind of interaction withnst.

We focus on the realization dfst, in such a way that mu-
tual exclusion is guaranteed no matter how the other agents
behave. First of allinst gives top priority to handle ticket
requests by the agents. A ticket request is issued by another
agent using a 0-ary messagsKTICKET. Agentinst re-
acts by invoking a ticket generation action, provided that
the sender agent is not already owner of a ticket, and the
Assigned relation is empty (see below):

on ASKTICKET() from a
if =HasTicket(a,_) N ~Assigned(_, ) then GENTICKET(a)

Action GENTICKET takes as input an agent name, and uses a
typed serviceget Ticket = (getTicket /0,0, RF) to get

a numerical ticket. The result is stored in the temporaig-rel
tion Assigned, tracing that the ticket has been assigned but
the corresponding agent still needs to be informed.

GENTICKET(a) : {true ~ add{ Assigned(a, getTicket())}}

To guarantee that every agent will have the possibility ef en
gaging the critical interaction witimst, every time a ticket

is assigned to an ageirist must ensure that such agent will
be servedafter those already possessing a ticket. This is
enforced through the following database constraint, which
leverages on the domain-specific relatisffior tickets:

Vinew, t-Assigned(_, tnew) A HasTicket(L,t) = tnew >t
An assigned ticket must be sent to the requestor agent:
Assigned(t, a) enablesGIVETICKET(¢) to a

to whichinst itself reacts by moving the tuple from the tem-
porary relationd ssigned to hasTicket:

oNn GIVETICKET(¢) to a if true then BINDTICKET(a, t)

true ~~ del { Assigned(a,t)} }

BINDTICKET(a, 1) : {true ~» add{ hasTicket(a,t)}



Now, letcMsG be a critical message. To engage in the crit-
ical interaction withinst triggered by messageMsg, the
agent provides the payload and the ticket. Agesit posi-
tively react to the request provided that the ticket indemd ¢

responds to the agent, and that the ticket is now to be served o

(i.e., it is smaller than any other ticket):

on cMsG(p, t) from a
if hasTicket(a,t) A —(3a’,t".hasTicket(a',t') ANt > ')
then cAcT(a, p)

This pattern can be replicated for any other critical intera
tion. Additional, state relations can be added to discelin
the orderings among critical message exchanges.

3.2 Contract Net

We show how the classical contract net protocol
(Smith 1980) can be easily accommodated in our
framework. This can be considered as an example of a
“price-based” protocol, and therefore indirectly showsvho
different kinds of auctions could be modelled as well, as,
e.g., done in(Belardinelli 2014).

An RMAS that incorporates the contract net protocol con-
tains two agent specifications (that can be obviously en-

the subject of an instance of the contract net protocol.

StateF = ((S,{=}),z = “todo” Vx = “assigned” V

x = “done”) is an enumerative facet used to track the

state of each task — the three states are self-explanatory.

Contacted(AF, SF) lists those agents that have been al-

ready contacted for a given task.

e PropPrice(AF, SF, PF) lists those agents that answered
to a proposal with a certain price.

o AssignedTo(AF,SF, PF) lists those tasks that have
been assigned to an agent for a given price.

We have now all the ingredients to model the behavioral
rules of the initiator agent. First of all, the initiator agean
issue a call-for-proposal for any task in theodo” state,
directed towards an eligible agent. This is captured by the
communicative rule:

Task(t, “todo”) A Agent(a)
A ®gi(a,t) A ~Contacted(a,t) enablescfp(t) to a

whered,,,;(a, t) is a boolean query that checks whethés

a suitable agent for executintgand that does so by possi-
bly involving additional relations maintained by the iaitbr
agent for this specific purpose. An agent is considered-eligi
ble if it is suitable and has not been already contacted for th

riched and extended on a per-domain basis): the specifica- gg|ected task.

tion of aninitiator agent, and the specification ofartici-
pantagent. The first specification is embodied by an agent
that is interested in delegating the execution of a task o an

other agent, so as to achieve a desired goal. The second spec-

ification is embodied by agents that have the capabilitiels an

the interest in executing the task, provided that they gelt ba

areward.

The system employs the following FIPA-like messages:

e ¢fp(SF) (from the initiator to participants) — a call-for-
proposal related to the execution of the provided task (for
simplicity, we use strings to represent tasks, and we as-
sume that the task name is used also a®mversation
identifier);

e propose(SF, PF) (from a participant to the initiator),
with PF as in Examplé_2]4 — a proposal to execute the
task indicated in the first parameter, for the price indidate
in the second parameter;

e reject(SF) (from the initiator to a participant) — rejection
of all proposals for the specified task;

e accept(SF, PF) (from the initiator to a participant) — ac-
ceptance of a proposal;

e inform(SF) (from a participant to the initiator) — notifi-
cation that the task has been executed.

o failure(SF) (from a participant to the initiator) — notifi-
cation that the task execution failed.

Let us focus on the realization of the protocol from the
point of view of inst, which acts as the initiator. We first
introduce the relations used inst to run the protocol:

o Agent(AF) lists the (names of) agents known to the ini-
tiator agent; if the initiator agent imst, then it already
holds all agents present in the system, otherwise the ini-
tiator agent can engage in a preliminary interaction with
inst and/or other agents to collect such names.

o Tusk(SF, StateF) lists the task names that the initiator

The initiator agent reacts to this message by indicating
that agent: has been contacted for task

on ¢fp(t) to a if true then MARK CONTACTED(a, t)
where
MARK CONTACTED(a, t) : {true ~» add{ Contacted(a, t)}}

When a proposer agent sends back a proposal, the initiator
agent stores it into th&rop Price relation:

on propose(t, p) from s if true then SETPROPOSAL(s, ¢, p)
where
SETPROPOSAL(s, t,p) : {true ~+ add{ PropPrice(s, t, p)}}

Notice that this formalization seamlessly enables the same
agent to make different proposals for the same task, but can
be easily modified so as to account for the situation where
only one proposal per agent can be accepted.

The presence of at least one registered proposal enables
the initiator to assign the task to some agent, provided that
such an agent made the best proposal, i.e., that with the low-
est price. Notice that the initiator is free to choagleento
accept, and can decide to contact further agents before actu
ally selecting the best proposal.

PropPrice(a,t,p) A =(Ip2.PropPrice(_,t,p2) A pa < p)
enablesaccept(t,p) to a

When the initiator decides to actually accept the best pffer
it reacts by tracking to which agent the task has been as-
signed (and with wich price), taking also care of properly
updating the task state, as well as to clean HrepPrice
relation. This is done through two different rules. The task
assignment is handled by rule

agent is interested to assign, i.e., those that can become on accept(t, p) t0 a if true then MARKASSIGNED(a, ¢, p)



whereMARKASSIGNED(a, t, p) :

true ~ add { AssignedTo(a,t,p)}
PropPrice(a,t,p,) ~ del {PropPrice(a,t,p,)}

}

on accept(t, p) t0 a if true then SETSTATE(¢, “assigned”)

The task state update is instead managed by rule

where SETSTATE(t, state) is a generic state-update action
formalized as follows:

Task(t, oldstate) ~ del { Task(t,oldstate)}
add { Task(t, state)}

The acceptance of an offer enables the initiator to send a
rejection to all the agents that made an offer but were not
selected:

PropPrice(a,t, ) N —(AssignedTo(a,t,_))
enablesreject(t) to a

To track that a rejection has been sent, the initiator reacts
the rejection message by removing all proposals registered
for the corresponding agent and task:

on reject(t) to a if true then REMPROPHa, t)
whereREMPROPYa, t) :
{PropPrice(a,t, p) ~» del{ PropPrice(a,t,p)} }

Finally, an assigned task is marked‘@ne” whenever the
corresponding agent informs the initiator that the task has
been executed, or brought back to therdo” state if the
agent signals a failure. These two cases are respectively ha
dled by the two on-receive rules

on inform(t) from a
if AssignedTo(a,t,_)then SETSTATE(¢, “done”)

and

on inform(t) from a
if AssignedTo(a,t,_) then SETSTATE(t, “todo”)

which reuse the actioBe TSTATE as defined above. The case
of a failure allows the initiator agent to restart a contraet
protocol for the non-executed task.

4 \ferification

We now focus on the verification of RMASs against rich
first-order temporal properties. The execution semanfics o
RMAS X = (T, F, Ao, 7, S, M,G,I)is captured by ae-
lational transition systeni y (A1,Dx, %, s0,db, —),
where:(i) Dy is the union of typed schemas in the specifi-
cations ofG and/; (ii) X is a possibly infinite sets dftates
(i) so € X is theinitial state (iv) db is a function that,
given a states € X and the name of an agent active is,
returns the database afin states, written s.db(n), which
must beDsPec--conformant, wherespec, is the name of
nspecification adopted hy. (v) — C ¥ x X is a transition
relation between states.

The full T » construction starting from the initial state is
given in Figurd1l. We report the main steps in the following.
The initial statesq is constructed by assigning.db(inst)

to the initial database instand2:***° of I, and the initial

database of each agent mentionedii*** taking from its
specification. The construction then proceeds by mutual in-
duction overX and —, repeating the following steps for-
ever: (1) A states is picked fromX. (2) An active agent
a is nondeterministically picked selecting its hame from
s.db(inst). (3) The communicative rules afare evaluated,
extracting all enabled messages with their ground payloads
and destination agents. (4) An enabled messages is nonde-
terministically picked. (5) The on-send/on-receive rubés
the two involved agents are triggered, fetching all actions
to be applied. (6) The actions are applied over the respec-
tive databases. If there are service calls involved, they ar
nondeterminstically substituted with resulting data otge
consistently with the service output facets. (7) Each agent
updates its own database provided that the database result-
ing from the parallel application of the actions is complatib
with the schema and satisfies all constraints. Otherwise the
old database is maintained, so as to model a sort of “trans-
action rollback”. (8) If one of the involved agentsiist and
the update leads to the introduction of a new agent into the
system, it database is initialized in accordance to its-spec
ification. (9) The global state so obtained is declared to be
successor of the state picked at step 1.

Interestingly,Y y is in generalnfinite-branchingbecause
of the substitution of service calls with their results, anfd
nite runs because of the storage of such data objects in time.

The MLS Verification Logic. To specify sophisti-
cated properties over RMASs we employ thd'_g

logic. This logic combines the salient features of
those introduced in [ (BagheriHaririetal. 2013) and
(Montali, Calvanese, and De Giacomo 2014)JL§> sup-

ports the full yu-calculus to predicate over the system
dynamics. Recall that theu-calculus is virtually the
most expressive temporal logics: it subsumes LTL and
CTL*. To query possibly different agent databasgls?
adopts FO queries extended with location arguments
(Montali, Calvanese, and De Giacomo 2014), which are
dynamically bound to agents. Furthermore, to track the
temporal evolution of data objectst_p@ adopts a controlled
form of FO quantification across time: quantification is
limited to those objects thgiersistin the system:

D= Q| @ |21 AD2 | Tz LIVET(2) AR | Z | pZ.D |
w3 LVEL, () A )@ | Ay LIVER, () Ao

where(@), is a (possibly open) FO query with location ar-
guments, in which the only constants that may appear are
those inAy r, andZ is a second order predicate variable
(of arity 0). Furthermore, the following assumption holds:
in the () andH cases, the variables, ..., x,, are exactly
the free variables ob, once we substitute to each bounded
predicate variableZ in @ its bounding formula:Z.®’. We
adopt the usual abbreviations, including.® for greatest
fixpoints. Notice that the usage ofve can be safely substi-
tuted by an atomic positive query.

The semantics oft® is defined over a relational
transition system similarly to the semantics pf, in
(Bagheri Hariri et al. 2013). The most peculiar aspect is



1: procedure BUILD-TS(X)
2: input: RMAS X = (T, F, Ao, 7, S, M, G, I), output: Transition systen x = (Ar, 3, so, —)

3:

4.
5:
6:
7
8

ASo := {(n, spec,) | hasSpec(n, spec,) € D™} > Initial agents with their specifications
for all (n,spec,) € ASo doso.db(n) := D" > Specify the initial state by extracting the initial DBs frdtre agent specs
Y= {so},—>:=10
while truedo
pick s € & > Nondepickterministically pick a state
CurAS = {(n, spec,) | hasSpec(a, spec,) € s.db(inst)} > Get currently active agents with their specifications
pick (a, spec,) € CurAS > Nondeterministically pick an active agestelected as “sender”
EMsg := GET-MSGYC**% s.db(a), CurAS) > Get the enabled messages with target agents

if EMsg # () then

pick (M (5),b) € EMsg, with (b, spec,) € CurAS > Pick a message+target agent and trigger message exchahgeaations
ACT.:=0,ACTy =0 > Get the actions with actual parameters to be applied éydb
for all matching on-send rule®n M (Z) to ¢ if Q(t, Z) then o(t, £)” in U= do
if ans(Q(b,3), s.db(a)) anda(b, 3) conforms tow € A* then ACT, := ACT, U a(b, )
for all matching on-receive rule®n M (Z) from s if Q(s, Z) then a(s, )” in U**> do
if ans(Q(a,3), s.db(b)) anda(a, 3) conforms tow € A° then ACT: := ACTy U a(a, )
(ToDel?, ToAdd?) := GET-FACTS(X, s.db(a), ACT,), {ToDel®, ToAdd®) := GET-FACTY X, 5.db(b), ACT%)
DB; := (s.db(a) \ ToDel*) U ToAdd} > Calculate newa’s DB, still with service calls to be issued
DB? := (s.db(b) \ ToDel®) U ToAdd? > Calculate nevb’s DB, still with service calls to be issued
if for eachf(3) € cALLS(DB2 U DB®) with f = (f/n, 7', F°“!) € S, & conforms taF*™ then > Check service input types
pick o € {0 | (i) 0 is a total function(ii) 6 : SCalls — A, (iii) for eachf(s), f(5)6 conforms toF*** }

DB?,., = DB%c, DB®,,, := DB%c > Obtain new candidate DBs by substituting service calls vétults
if DB?,,., conforms taD®*) A (DB3,,,,; satisfied™®) then DB. := DB2,,, > Updatea’s DB
elseDB, := s.db(a) > Rollbacka's DB

if DB®,,., conforms toD®) A (DB®,,., satisfied™®) then DBy, := DB®,,., > Updateb’s DB
elseDBy := s.db(b) > Rollbackb’s DB
pick fresh state’ > Create new state
NewAS =0 > Determine the (possibly changed) set of active agents aiddpecs

if a = inst then NewAS := {(n, spec,) | hasSpec(n, spec,) € DB,}

31 else ifb = inst then NewAS := {(n, spec,) | hasSpec(n, spec,) € DBy}

32: elseNewAS := CurAS > No change iiinst is not involved in the interaction or must reject the update
33: for all (n,spec,) € NewAS do > Do the update for each active agent
34: if n = athens’.db(n) := DB, > Case of sender agent
35: else ifn = bthen s’.db(n) := DBy > Case of target agent
36: elseifn ¢ CurAS then > Case of newly created agent
37 s'.db(n) := D™ U {MyName(n)} >n's initial DB gets the initial data fixed by its specificatiguius its name
38: elses’.db(n) := s.db(n) > Default case: persisting agent not affected by the intemact
39: if 35" € ¥ s.t.s”.db(inst) = s’.db(inst) and for eachn, -) € CurAS, s”.db(n) = s’.db(n) then

40: — == U{(s,s") > State already exists: connecto that state
41: elseX =X U{s'}, = := = U (s,s) > Add and connect new state
42: function GET-MSGHC,DB,CurAS) > Evaluate communicative rulgson DB DB, and return the enabled messages with targets
43: EMsg:=0

44:  for all communicative rule$Q(t, ) enablesM (Z) to t” in C do

45: forall 0 € ans(Q@, DB) do > 0 provides an actual payload and target agent
46 if t0 € {n| (n,.) € CurAS} and M (%)6 conforms toM € M then > 0 is well-typed and has an active agent as target
a7 EMsg := EMsg U (M (Z,t)0,t0) > Add the ground event and target agent to the set of enabledseve
48 return EMsg

49: function GET-FACTS(X, DB, ACT) > Applies actionsA CT on DB DB, and returns facts to be added and deleted
50: ToAdd, := 0; ToDel := 0 > ToAdd s: facts with embedded service calls, to be addBabel: facts to be deleted
51: for all instantiated actions(v) € ACT do

52: for all effects“Q(p, ¥) ~» add A, del D” in the definition ofa do

53: forall 6 € ans(Q(¥,Z), D) do > Get an answer from the left-hand side
54: ToAdds := ToAdds U A0[p/7] > Get facts to add (with embedded service calls)
55: ToDel := ToDel U DO[p/v] > Get facts to delete
56: return {(ToDel, ToAdds) > Recall: facts to be added still contain service calls - toliesstuted with actual results

Figure 1: Procedure for constructing a transition systeseueing the execution semantics of an RMAS; given arsef facts,
CALLS(F) returns the ground service calls containedin



constituted byQ,, which allows one to dynamically inspect

the databases maintained by active agents. In particjar,

is a standard (typed) FO query, whose atoms have the form

R(Z)@Qa, whereR is a (typed) relation, and denotes an

agent name. The evaluation of the atomic qu&ff)Qa

over a relational transition systei with substitutiord re-
turns those statesof T such that:

e aflis an active agent i, thatis,Agent(af) € s.db(inst);

e the atomic queryR(Z)0 evaluates totrue in the
database instance that agertt has in states, i.e.,
ans(R(Z)0, s.db(ad)) = true.

Example 4.1. Consider the protocol in Secti@h 3, assuming

thatinst uses a unary typed relatianCritical to store the

agent that is currently in the critical interaction. Given:

First(a) = 3t.hasTicketQinst(a, t)A

—3a’, t'.hasTicketQinst(a’,t') Na' #a ANt <t,

vZ.(VYa.AgentQinst(a) A First(a) —

Y. (inCriticalQinst(a) V (AgentQinst(a) A (4)Y)) A HZ
models that when an agent is “first”, there will be a run in
which it persists into the system until it enters the critica
interaction. ]

5 Decidability of Verification
We now study different aspects of the followingrifica-
tion problem given a closedLL? property® and an RMAS
X, check whethe® holds over the relational transition sys-
tem Yy, written T » = ®. Unsurprisingly, this problem in
general is undecidable. In a recent series of works, verifica

tion of data-aware dynamic systems has been studied under

the notion ofstate-boundedne¢Bagheri Hariri et al. 2014),
which, in the context of RMASSs, can be phrased as follows.
An RMAS X is state-bounded, for every states of T «, the

number of data objects stored in each agent database does

not exceed a pre-defined bound.

As shown in previous work, state-boundedness still
allows one to model systems that encounter infinitely
many different data objects (and, possibly, even agents)
along their runs, provided that they do not accumulate
in the same state. In our setting, this means that in-
finitely many different agents can interact, provided that
at each time point only a bounded number of them is
active (Montali, Calvanese, and De Giacomo 2014). Simi-
larly, from Theoreni 311 we obtain that when an RMAS is

state-bounded, asynchronous communication can be mod-

elled only by putting a threshold on the size of each message
gueue.

(Montali, Calvanese, and De Giacomo 2014) have shown
that verification of state-bounded DACMAS:S is decidable.
We study now how data types impact on this.

Compilation of Facets. Facets can be eliminated, getting a
shallow-typedRMAS, i.e., one using base facets only.

Theorem 5.1. For every RMASY, there exists a corre-
sponding shallow-typed RMA® such that, for everyur_;@
property®, we haveXl' y |= @ ifand only if Y 5 = &.

Proof. Let X = (T,F,Ao, 7, S, M,G,I). We construct
X=(T,T, AO_]]—‘,éiM,é,j} as follows:

e 7T is the set of base facets constructed starting from the
typesinT.

S and M, are obtained frons and M by substituting

the facet attached to each component with the correspond-
ing base facet: whenever a componentis originally typed

with facet(T, p(z)) € F, the corresponding component

is typed with the base facéT’, true) € 7.

S and M, are obtained frons and M by substituting

the facet attached to each component with the correspond-
ing base facet: whenever a componentis originally typed

with facet(T, p(z)) € F, the corresponding component

is typed with the base facéT’, true) € 7.

Each agent specificatioN” = (n,D,T', Dy, C, A,U) in

A~

GU{I} becomes a corresponding agent specificatios
(n, D, f, Dy, 5, Aﬁ) in éu{f}. The database scherfa
transformsD similarly to howS ar@/ﬂtransforrrﬁ and
M for everyn-ary typed relationR € D, a correspond-
ing n-ary relationR is included inD, such that, for every
i € {1,...,n}, TYPE5(R'[i]) = (T, true) if and only
if TYPEp(R]i]) = (T, »(x)). In addition, for every typed
service callf (T, p1()), ..., (T, on(z))) in S, D con-
tains a relationlnput ;((T1, p1()), . .., (Tn, pn(2))),
whose use is explained below.

The other elements o ensure that the type checks/of
are properly recreated in the form of special queries and
constraints. In particular:

— For every communicative rulel(¢, &) enablesM (&)

to £ in C, with |#| = n, C contains the corresponding
rule
Q(t, ) A A o(z;) enablesM (&)
7;6{17""77’}7<Ti7§0i(m)>:TYPEM(M[i])

This guarantees that the filter criterion applied on lines
[45147 of Figuré 1l is properly reconstructed, so that

andX’ produce the same sets of enabled messages.

A similar approach is applied to the update rule#/in
incorporating into each condition the facet expressions
of the facets attached to the corresponding action com-
ponents, in such a way that the filter criterion applied
on linedIb and 17 of Figuké 1 is properly reconstructed.

This ensures that and.X produce the same sets of in-
stantiated actions.

— Actions A need to be translated by ensuring that the
types of relations irD and those of the service call in-
put/outputs inS are properly checked. The typing of
relation components is guaranteed by augmenting the
setI” of constraints. Specifically, beside all the original
constraints in, for eachn-ary typed relation? in D

and everyi € {1,...,n}, we insert intol’ a dedicated
constraint
Vi Ry Ty ) = i)

where ¢; is the facet formula ofrYPEp(R]i]). This
technique guarantees th&tand X equivalently eval-
uate the conditions on lin¢s124 and 26 of Figuretl (



always satisfies the conformance test, and lifts the orig-
inal conformance test of’ as a test on the satisfaction

5.1 RMASs with the Successor Relation
We now show that including at least one data type with the

of database constraints, expressed in the second con-gyccessor relation compromises decidability:

junct of lined2# anfd 26). Finally, the tests expressed on
lines[21 and 22 of Figurel 1, which respectively check
whether the service calls involved in an action appli-
cation have inputs and outpus conforming to their re-
spective facets, is reformulated using the technique il-
lustrated in the following. For every actiam € A,

A contains an actio@’, constructed by properly ma-
nipulating the set of facts in thedd-set. Specifically,
for each effect Q(p,Z) ~~ add A,del D" in the
specification ofa, o/ contains a corresponding effect
“Q(p, Z) ~ add A’,del D", where:

A" = AU{Input ;(7)|F € A andf(Z) appears irf'}
{Output ;(f(%))|F € A andf(Z) appears in'}

Intuitively, A" adds a fact for relatiodnput ;/n and

a fact for relationOutput /1 for everyn-ary service
call f appearing inA4, in such a way that the contect
of these two facts respectively correspond to the input
and output of. Since it is not important that such facts
are persisted in the agent database, but it is only im-
portant that they are present after the action is applied,
the specification of each action i also contains the
following effects:

{Input ;,(Z) ~ del{ Input ; (2)} | fi € S}

The conformance with the service input facets can then
be reformulated similarly to the case of relations in
D, that is, by further augmenting the sBtof con-
straints. Specifically, for each-ary service calff =
(f/n, Fin, Fout) in S, we insert two dedicated con-

straints inl":
1. by denoting withy; the facet formula of the-th
component ofF"”,
Vo, . xn dnput (21, ., ) — /\ wi(z;)
ie{l,...,n}

2. by denotwing with) the facet formula of"°?,
V. Output ¢ (x) — ()

This mechanism lifts the checks applied féron lines

21 and 22 of FigurEl1 (which is trivially true fot) as
additional constraint checks on lines 24 26, where
the satisfaction of database constraints is tested.

Theorem 5.2. Verification of a propositional reachability
property over state-bounded, shallow-typed RMASSs that use
a single data type equipped with the successor relation is
undecidable, even when the RMAS contains a single agent
that uses unary relations only.

Proof. The proof is by reduction from the halting problem
of two-counter machines. gounteris a memory register
that stores a (non-negative) integer. Notice that the proof
works in the same way even if we substitiewith Q or
R, provided that they are equipped with the successor rela-
tion.

Given two positive integers, m € N7, anm-counter
machine® with counters:y, .. ., ¢,, is a program constituted
by a (humbered) sequencerofnstructions:

1: CMDy; 2:CMDsy; n : HALT;

where then-th instruction indicates that halts, while for

everyk € {1,...,n — 1}, instructionk : CMD;, has one of

the two following forms:

e (increment commantbr counteri) CMD;, = INC(4, k'),
with ¢ € {1,...,m} andk’" € {1,...,n}, which in-
creases the countey of one unit, and then jumps to in-
struction numbet’:

k:c;:=c;+1; GOTO K/,

¢ (conditional decrement commafat counter) CMD; =
CDEC(i, k', k"), with i« € {1,...,m} and ¥, k" €
{1,...,n}, which tests whether the value of counter
is zero. If so, it jumps to instructiok’; otherwise, it de-
creases counteéiof one unit, and then jumps to instruction
k"

k: if¢,==0 thenGOTO k/;
else{c; :=¢; — 1; GOTO k”; }

An input for anm-counter machine is am-tuple of values
(dy,...,dn) (such thatd; € N), used to initialize its coun-
ters. Given ann-counter machin€ and an input/ of size
m, we say that’ halts on input! if the execution of€ with
counter initial values set by eventually reaches the last,
HALT command.

It is well-known that checking whether a 2-counter ma-
chine halts on a given input is undecidable (Minsky 1967),
and that undecidability still holds when checking whether
the 2-counter machine halts on ingat 0).

We show how to encode a 2-counter machine into
a state-bounded, shallow-typed RMAS containing a

The translatAion mechanism ensures that the execution Se-sing|e agent Specification that work over unary re-

mantics of X suitably reconstructs that ot i.e., if we
project away the accessory relations used for the servite ca
inputs, we have thdr 5 is equivalent toY . O

As a consequence of Theordml5.1, we have that, for
shallow-typed RMASS, the transition system construction
can be simplified as shown in tB&1LD-TS-SHALLOW pro-
cedure of Figurgl2.

lations only. Specifically, given a 2-counter machine

¢ with n instructions, we construct RMASYy

{AT, ZT},{AF,ZF},{0,...,k}, {input}, {go}, 0, I¢),

wherek = maxz{2,n}, and:

e AT = (A, {=}) is the agent type (just used to keep track
of theinst name),ZT = (Z, {<, =, succ}) is the integer
type (but, as specified abové can be seamlessly substi-
tuted byQ or R).




1: procedureBUlLD-Ts-SHALLow()A()
2: input: Shallow-typed RMASY = (T, T, Ao, 7, S, M), output: Transition systen' x = (Ar, 3, so, —)

3. ASp:= {(n,spec,) | hasSpec(n, spec,) € D'} > Initial agents with their specifications
4:  forall {n,spec,) € ASy dosg.db(n) := D" > Specify the initial state by extracting the initial DBs frdtre agent specs
5. X :={so},—>:=10
6:  while truedo
7 pick s € & > Nondeterministically pick a state
8 CurAS = {(n, spec,) | hasSpec(a, spec,) € s.db(inst)} > Get currently active agents with their specifications
9: pick (a, spec,) € CurAS > Nondeterministically pick an active agestelected as “sender”
10: EMsg := GET—MSGS(é\SPeca7 s.db(a), CurAS) > Get the enabled messages with target agents
11: if EMsg # () then
12: pick (M (5),b) € EMsg, with (b, spec,) € CurAS > Pick a message+target agent and trigger message exchahgeaations
13: ACT.:=0,ACTy =0 > Get the actions with actual parameters to be applied éydb
14: for all matching on-send rule®n M () to ¢ if Q(t, ) then a(t, Z)” in{****= do
15: if ans(Q(b, ), s.db(a)) then ACT, := ACT. U a(b, )
16: for all matching on-receive ruleé®n M (Z) from s if Q(s, ) then a(s, £)” in U= do
17: if ans(Q(a,d), s.db(b)) then ACTy, := ACTy, U (2, 0)
18: (ToDel?, ToAdd?) := GET-FACTYX, s.db(a), ACTS,), ( ToDel®, ToAdd?) := GET-FACTS(X, s.db(b), ACTs)
19: DB; := (s.db(a) \ ToDel*) U ToAdd} > Calculate newa’s DB, still with service calls to be issued
20: DB? := (s.db(b) \ ToDel®) U ToAdd®, > Calculate nevib's DB, still with service calls to be issued
21: pick o € {6 ] (i) 0 is a total function(ii) 6 : SCalls — A+, (iii) for eachf(3), f(3)6 conforms toF°"*}
22: DB?,,, := DB%c, DB®,,., = DB%c > Obtain new candidate DBs by substituting service calls witults
23: if DB2,,.4 satisfied™® then DB, := DB3,.. > Updatea’s DB
24: elseDB, := s.db(a) > Rollbacka's DB
25: if DB®,,, satisfied™ then DB, := DB, ., > Updateb's DB
26: else DBy, := s.db(b) > Rollbackb’s DB
27: pick fresh states’ > Create new state
28: NewAS := 0 > Determine the (possibly changed) set of active agents aiddpecs
29: if a = inst then NewAS := {(n, spec,) | hasSpec(n, spec,) € DB.}
30: else ifb = inst then NewAS := {(n, spec_) | hasSpec(n, spec,) € DBy}
31: elseNewAS := CurAS > No change iiinst is not involved in the interaction or must reject the update
32: for all (n,spec,) € NewAS do > Do the update for each active agent
33: if n = athens’.db(n) := DB, > Case of sender agent
34: else ifn = bthen s’.db(n) := DBy > Case of target agent
35: else ifn ¢ CurAS then > Case of newly created agent
36: s'.db(n) := DF**™ U { MyName(n)} >n's initial DB gets the initial data fixed by its specificatiguius its name
37: elses’.db(n) := s.db(n) > Default case: persisting agent not affected by the intemact
38: if 3s” € ¥ s.t.s”.db(inst) = s’.db(inst) and for eachn, .) € CurAS, s”.db(n) = s’.db(n) then
39: — == U{(s,s") > State already exists: connecto that state
40: elseX =X U {s'}, = = = U(s,s") > Add and connect new state

Figure 2: Simplification oBuILD-Ts dealing with shallow-typed RMASs

AF andZF are the base facets defined starting fraffi — PC stores the program counter (i.e., the number of the

andZT respectively. instruction to be processed),

input = (input/0, (), ZF) is a O-ary service that re- — Op indicates the nature of the operator to be appléed (

turns integer values. means increment, while means decrement),

go is a message sent kst to itself so as to trigger the — Tuarget indicates the target counter, that is, the counter

processing of the next instruction. to which the operation must be appliet theans the

I is a specification for the institutional agent that mimics first counterp the second),

the program off. — Halted is a proposition indicating that the agent fin-

Specifically,l¢ = (instspec, D¢, T, DIt Cee, A, Ue), ghed the execution (i.e., reached the last instruction of
where: :

_ — _ — e I'¢ contains constraints that encode the semantics of op-
Ci(ZF),C1(ZF), Co(ZF), C5(ZF), erations. In particular:

* D¢ = ( PC(ZF), Op(ZF), Target(ZF), Halted() — Inthe case of increment, the target counter must have a
Agent(AF), MyName(AF)

where:
— (1 and(; store the current values of the two counters,
— C? andC?¥ store their previous values,



current value that is successor of the previous value:

Op(0) A Target(1)

— (Vzp, 2.C1(x) A CY () — succ(z, z,))
Op(0) A Target(2)

— (Vzp, 2.Cao(x) A CY(z) — succ(z, z,))

— In the case of decrement, the opposite holds, i.e., the
target counter must have a current value that is pre-
cedessor of the previous value:

Op(1) A Target(1)

— (Vzp, 2.C1(x) A CY () — succ(zp, x))
Op(1) A Target(2)

— (Vzp, 2.Cao(x) A C¥ () — succ(zp, x))

e The initial database dfist initializes the two counters to
0, and the program counter to the first instruction:

Dt = { Agent(inst), MyName(inst), C1(0), C2(0), PC(1)}

e (¢ contains just a single rule, which enablest to send
a go message to itself if it is not halted:

MyName(a) N —Halted enablesgo() to a

e A¢ contains the following actions:
— SETPC(ZF) updates the program counter to the value
passed as parameter:

PC(x) ~ del {PC(x)}, }
true ~ add{ PC(next)}

SET-PC(next) : {

— SET-OP(ZF, ZF) sets the operation, i.e., the operation
type and the target counter, to the passed parameters:

Op(z) ~ del { Op(z)},
Target(z) ~ del { Target(x)},
true ~~» add{ Op(0)}
true ~ add{ Target(t)}

SET-OP(o, t) :

— U-C(ZF) updates the value of the counter whose index

e Uy constains a set of rules that mirror the instructions of
¢, according from the following translation schema:
— For instructionk : INC(7, k) (with i € {1,2}), we get:

on go if PC(k) then SEFPC(k’)
on go if PC(k) then SET0P(0, i)
on go if PC(k) thenu-c(i)

The first rule handles the update of the program
counter. The second rule indicates that countarust
be subject to operation with codeThe third rule indi-
cates that the instruction require to update the content
of counteri.

— For instructionk : CDEC(s, k', k) (with ¢« € {1,2}),

we get:
on go if PC(k) A C;(0) then SET-PC(k’)
on go if PC(k) A —~C;(0) then SEFPC(k”)
on go if PC'(k) A =C;(0) then SEFOP(1, 1)

on go if PC(k) A -C;(0) thenu-c(i)

The formalization is specular to the case of increment,
with the proviso that the manipuation of the counter is
triggered only if the counter is not

— Forinstructiom : HALT, we simply get:

on go if PC(n) then HALT()

It is now apparent that halts on input{0, 0) if and only if
YTx, E pZ.(Halted) V (=) Z
o

5.2 Densely-Ordered RMASs

Given the previous undecidability result, we focus on dense
orders. Adensely-orderedRMAS only relies on data types
equipped with domain-specific equalityand, possibly, to-

tal dense orders, as well as corresponding facets. For this
class of RMASs, we have:

Theorem 5.3. Verification of closequ’r_;@ properties over

is passed as parameter, and at the same time rememberstate-bounded, densely-ordered RMASs is decidable, and re

the current value moving it to the “previous” counter
relation:

c=1ACY(z) ~ del {C¥(z)}
c=1ACi(z) ~ del {Cy(x)},add{C?(x)}
c=1 ~ add{Cl('n[})ut())}

1
c=2ACH(z)~ del {C}(x)
c=2ACa(z) ~ del {Ca(x)},add{C(x)}
c=2 ~ add{C> (input())}
It is worth noting that the action nondeterministically
updates the content of the first or second counter, de-

pending on the value of the parameter. However, by
considering the constraints modelledIig, only the

u-c(c) :

ducible to conventional, finite-state model checking.

LetX = (T,F,Ao 7, S, M,G,I) be an RMAS, and>
be a cIosedﬂr_;@ property. Notice that, by hypothesig, is
constituted by a séf,, of data types equipped with domain-
specific equality only, and a s&f, of data types equipped
also with a dense total ordef: = 7, W 7,.

The proof is quite involved, so we separate it into several
steps and intermediate lemmas.

The first step consists in reformulating the input RMAS

X into the equivalent, shallow-typed versiof’

(T, T, AO_V;,SA‘, M\>, as defined in the proof of Theorémb. 1.
By Theorem[Gll, we have thaty = @ if and only if

successor state that has picked exactly the successor orY 3 = ©.

precedessor value of the current one will be selected,
depending on what the current operation is.

— STOR() is an action without parameters that just sets the
Halted flag to true:

STOR) : {true ~~ add{ Halted } }

As a second step, we consider the infinite-state transi-
tion systemT 5, and seek a faithful (sound and complete)
finite-state abstraction of it, suitably extending the téghe
in (Bagheri Hariri et al. 2013) so as to consider types, and
dense orders in particular. Since is state-bounded, two
sources of infinity are possibly presentin: and¥ 5:
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: procedureBUlLD-FB-Ts-SHALLow(/’Y)
input: Shallow-typed RMASX = (T, T, Ao, 7, S, M), with T = {T, ..., T2YU{TZ,..., T}, output: TSTx = (A7, %, 50, —)

ASo := {(n, spec,) | hasSpec(n, spec,) € D'} > Initial agents with their specifications
for all (n,spec,) € ASy doso.db(n) := DF° > Specify the initial state by extracting the initial DBs frdtre agent specs
Yi={so}, > :=0
while truedo
pick s € & > Nondeterministically pick a state
CurAS = {(n, spec,) | hasSpec(a, spec,) € s.db(inst)} > Get currently active agents with their specifications
pick (a, spec,) € CurAS > Nondeterministically pick an active agestelected as “sender”
EMsg := GET-MSGYC**% s.db(a), CurAS) > Get the enabled messages with target agents

if EMsg # () then
pick (M (5),b) € EMsg, with (b, spec,) € CurAS > Pick a message+target agent and trigger message exchahgeaations
ACT.:=0,ACTy =0 > Get the actions with actual parameters to be applied éydb
for all matching on-send ruleé®n M (Z) to ¢ if Q(¢, Z) then «(t, £)” in U= do
if ans(Q(b, ), s.db(a)) then ACT, := ACTa U a(b, )
for all matching on-receive rule®on M (Z) from s if Q(s, Z) then a(s, Z)” in U do
if ans(Q(a,d), s.db(b)) then ACTy, := ACTy, U c(a, )
(ToDel?, ToAdd?) := GET-FACTS(X, s.db(a), ACT,), {ToDel®, ToAdd®) := GET-FACTY X, 5.db(b), ACT%)

DB; := (s.db(a) \ ToDel*) U ToAdd} > Calculate newa’s DB, still with service calls to be issued
DB? := (s.db(b) \ ToDel®) U ToAdd®, > Calculate nevib's DB, still with service calls to be issued
for all data typel’ € T do > Fetch the active domain and service calls for each type

{d|de ArNAyr}
ADoms(T) :=U{d | d € Ar N ADOM(s)} ~ R
U{f(3) | f(3) € cALLS(DB2 U DB®) andf = (f/n, F'", F°*) € S with F°“* = (T, true)}
. P, is aT-equality commitment oml Dom, (T}) fori € {1,...,n},
pick 5 € {<P1’ ros P Has e i) #, is aT?-densely ordered commitment ohDom. (T7) for j € {1,...,m}

o := <f(3) — d| f(3) € SCalls andASSIGN-RES. 7 (s,f(3)) =d
{£6) ~a1£©) $7 (s

DB3,., = DB%0,DB",., := DB > Obtain new candidate DBs by substituting service calls watults
if DB2,,.4 satisfied™® then DB, := DB3,.4 > Updatea’s DB
elseDB, := s.db(a) > Rollbacka's DB

if DB®,,, satisfied™ then DBy, := DB%,,, > Updateb’s DB
elseDBy, := s.db(b) > Rollbackb’s DB
pick fresh states’ > Create new state
NewAS :=0 > Determine the (possibly changed) set of active agents aiddpecs

if a = inst then NewAS := {(n, spec,) | hasSpec(n, spec,) € DB.}
else ifb = inst then NewAS := {(n, spec_) | hasSpec(n, spec,) € DBy}

elseNewAS := CurAS > No change iiinst is not involved in the interaction or must reject the update
for all (n,spec,) € NewAS do > Do the update for each active agent
if n = athens’.db(n) := DB, > Case of sender agent
else ifn = bthen s’.db(n) := DBy > Case of target agent
else ifn ¢ CurAS then > Case of newly created agent
s'.db(n) := DF*® U {MyName(n)} >n’s initial DB gets the initial data fixed by its specificatigsius its name
elses’.db(n) := s.db(n) > Default case: persisting agent not affected by the intenact
if 35 € T s.t.s”.db(inst) = s’.db(inst) and for eachn, ) € CurAS, s”.db(n) = s’.db(n) then
— == U{(s,s") > State already exists: connecto that state
elseX =X U{s'}, > :=—U(s,s) > Add and connect new state

Figure 3: Procedure for constructing a transition systea itha finite-branching, faithful abstraction of the traiosi system
constructed bBUILD-TS-SHALLOW

1. infinite branching, that is, presence of a state with in- (i) A 3 is finite-branching;
finitely many successors due to the injection of data (ji) for every closeq:t® property®, Y 5 = @ if and only
through service calls; if As = . P

2. infinite runs, that is, runs that visit infinitely many diff X

ent agent databases.
We can get rid of the infinite-branching i ; by suitably
pruning it:

To produce Ay, we extend the notion ofequal-
ity commitmentexploited in [(Bagheri Hariri et al. 2012;
Bagheri Hariri et al. 2013). Equality commitments are used

Lemma 5.4. For every shallow-typed RMAS, there exists to abstractly describe how the result of a service call re-
a transition system 5 that obeys the following properties: lates through (in)equality to the values present in thevacti



domain of the system, and to those returned by other ser-
vice calls issued in the same moment, without considering
their actual, specific results. Technically, we adapt tHande

tion of equality commitment in (Bagheri Hariri et al. 2012)
to the case of RMASS, taking into account th@}:differ-
ently from DCDSs, data objects are typed, éidsome data
objects could be compared not only with equality, but also
with a domain-specific total, dense relation.

Consider a data tygg, € 7,, and a se made up of data
objects inAr, and of ground service calls built by applying
a service calf € S to input data objects, such that the return
type off is compatible withT},. A T,,-equality commitment
P on S is a partition ofS, that is, a set of disjoint subsets of
S, calledcells such that the union of the cellsis exactly
S. Each cell contains at most one data object (but arbitrarily
many ground service calls). For aay P, [e]» denotes the
cell to whiche belongs.

The intention of# is to abstractly characterize how the
elements inS are related to each other via the domain-
specific relation=7,, of T;,. In particular,P is used to cap-
ture equality and non-equality commitments on the members
of S in the following sense: for every;,e; € S, we have
ey =1, €2 if and only if [61]7.[ =T, [GQ]H.

Consider now a data typg, € 7,, and a sef5 as before.

A T,-densely ordered commitmeHton S is a pair(P, pos),
where:

e P is aT,-equality commitment ovet;

e pos is an ordering oveP that is compatible wittf, i.e.,
pos is a bijection{1,...,|P|} — P that obeys to the
following property: for everyP;, P, € P, wheneverP,
contains a data objedt € 7" and P, contains a data ob-
jectds in Ar , we havepos(P;) <y pos(P.) if and only
if d; <, do, where<y denotes the total order relation
on natural numbers.

The intention of is to abstractly characterize how the el-
ements inS are related to each other via the domain-specific
relations=r, and<, of T'. Specifically,P covers equality,
while pos accounts for, and orders the members §fin
the following sense: for evemj, e; € S, we haves; <r, ey
if and only if pos([e1]p) <n pos([ez]p).

We now exploit commitments to change theILD-TS
algorithm, shown in Figurél1 and used to constrific}.
In particular, we start from th&s-BUILD-SHALLOW pro-
cedure, and modify the function that nondeterministically
selects the results returned by service calls. First ofaadl,
assume the existence of a pre-defined functi®®IGN-RES,
parameterized by a tuple of commitments, which substitutes
a service call with a corresponding result that is in accor-
dance with the cell to which the service call belongs. In par-
ticular, let7, = {T},..., 7"} and7, = {T}, ..., T/"}.
Let(SL, ..., Sn Sl ... S™) be atuple of sets, each con-
taining data objects from the corresponding type, and pos-
sibly also service calls whose return type matches with that
type.Lety = (P1,...,Pn, H1,...,Hn)beatuple of com-
mitments, where eacfﬁ is a7 -equality commitment built
over S¢, and where eact(; is aT7 -densely ordered com-
mitment built overS?.

Specifically, given a data domaik, we define

Usiv Js)h) —aA

ie{l,...,n} je{l,...,m}

ASSIGN-RES; : ¥ x CALLS(

where, by fixing a state € %, ASSIGN—RES% obeys to the

following properties: ,

e Fori € {1,...,n}, for every service calf(c) € S;, and for
every data objeoﬂ € S.: ASSIGN-RES; (s, f(3)) =q; d iff
(£(®))p; =r; [dlp;-

e For i € {1,...,n} and for every two service calls
f1(01),f2(5) € Si: ASSIGN-RES; (s, f1(d1))
ASSIGN-RES;) (s, f2(03)) iff [f1(01)]p, =r7s [f2(03)]7,-

e Forj € {1,...,m} with H; = (P}, pos;), for every ser-
vice call f(6) € S7 and for every data objeat € S7:
ASSIGN-RES; (s, £(8)) =7 diff [£(8)]p; A =r; [d]ps.

e ForH; = (Pj,pos;) (j € {1,...,m}), and for every two ser-
vice callsfi (01), f2(05) € Si: ASSIGN-RES; (s, f1(01)) =
ASSIGN-RES; (s, f2(63)) iff [f1(01))py =15 [f2(62)] .

e ForH; = (Pj,pos;) (j € {1,...,m}), and for every two
service calldfy (1), f2(63) € S7:

— ASSIGN-RES; (s, f1(01)) =,y ASSIGN-RES; (s, f2(03)) iff

[f1(01)]pr =7y [f2(02)]ps:
- ASSlGN—RE?@ (s,£1(01)) <,y ASSIGN-RES; (s, f2(c3)) iff

pos([£1(61)]p1) <uv pos([£2(63)] ).
Intuitively, this function is used to selecsigle representa-
tive combination of service call results that obey to the-con
straints imposed by a given commitment.

Figure[3 shows the revised version of the algorithm in
Figure[2. Instead of picking any combination of service
call results, th@uILD -FB-TS-SHALLOW algorithm picks an
equality/densely-ordered commitment for each type of the
input RMAS, constructed over the current active domain for
that type, where the current active domain for tyjpés ob-
tained by considering:
¢ the initial data objects fadr’;

e the current data objects far;

e the service calls that must be issued now, and whose re-
turn facet is defined over type.

The combination of service call results for each type is then

obtained by applying the pre-definedsiGN-RESfunction.

Let A; be the transition system obtained by the appli-
cation of theBUILD-FB-TS-SHALLOW procedure over the

shallow-typed RMASY. We first argue that\ 3 is finite-
branching, differently fromY 5, for which the function
GET-CALL-RESmay return infinitely many combinations of
service call results. In fact, given the current active doma
ADom(T) of a typeT, there are only finitely many com-
mitments that can be constructed over that set. More specifi-
cally, whenT is an unordered type their number is bounded
by the Bell number ofADom(T')|, wherease whefi is an
ordered type their number is bounded by the Bell number
of |[ADom(T')|, multiplied by the factorial of A Dom (T

(so as to account for the permutation of data objects). Since
the ASSIGN-RES function assigns a single combination of
results for each commitment, there are only finitely many
combination of service call results, and consequently only

:T{i

T



finitely many successor states of a given state can be present

inAsg.

To show thatY ; and Ay satisfy the same set of
;LLS formulae, one needs to follow step-by-step the proof
of (Bagheri Hariri et al. 2012; Bagheri Hariri et al. 2013),
noticing that the notion of densely-ordered commitment
covers the case of formulae of the formc y, which is the
only one not already tackled by (Bagheri Hariri et al. 2012;
Bagheri Hariri et al. 2013). This concludes the proof of
Lemmdb5.4.

We now observe thal ; may still contain runs visit-
ing infinitely many different states. The third phase of our
proof consequently consists of showing that it is possible
to produce a “folded” folded transition syste@h; that is

finite-state, and such that for every closﬂf property®,
A; E®ifandonly if© 5 = ©.

Before showing how this can be done, we define a vari-
ant of BUILD-FB-TS-SHALLOW that, instead of employing
the domain-specific (rigid) ordering relations, relies @k a
ditional “comparison tables” that are suitably manipulate
state by state. The algorithm is shown in Figure 4. The con-
struction algorithm exploits a specific database (indered i
the state by symbok) to store the projection of the or-
dering relations of types ifY,, where only actively per-

sisting data objects are considered. Such database employs

a relationlessThany, for each densely-ordered data type
T, € T,. In order to make the input RMAS insisting on
such relations instead of the domain-specific ones, we-intro
duce therLATTEN operator, which takes an RMAS or one of
its components, and substitutes every occurrence of a query
of the formz <7, y with the corresponding atomic query
lessThant, (z,y).

Such a database is initialized by computing, for each data
type T¢ € 7,, the transitive closure of the;: relation

on the initial data domain fof}, and by inserting all ex-
tracted pairs into the dedicatégks Thanr: binary relation.

It is then used whenever a query is iSsued over an agent
database, so as to complement it with the explicit listing of
all lessThan relations. Finally, it is updated state-by-state:

e on the one hand by considering the issued service calls,
in accordance with theos relation of the established
densely-ordered commitments (cf. ling 36 in Figure 4);

on the other hand by filtering away those tuples that in-
volve a data object that is not persisting when performing
a transition from the current to the next state (cf. 53

in Figure(4).
Let Ag“t be the transition system produced by

BUILD-FB-TS-SHALLOW-FLAT(X'). We have that:
Lemma 5.5. For every shallow-typed RMAS and every
closedut )’ property®:

Ag = @ifand only ifAZ = FLATTEN(®)

The lemma can be proven by induction on the construc-
tion of the two transition systems, recalling that:
e Every execution step of an RMAS s triggered by issuing
domain-independent queries over the current database of

one of its agents, and therefore comparisons can only be
applied to data objects actively present in that databse.
ML;,@ gueries can only compare data objects that are
present in the current active domain of the system, or that
were present in the immediately previous state. This is
suitably handled, forLATTEN(®), in line[53 of Figuré ¥,
where all comparisons between data objects presentin the
previous or current states are explicitly maintained.

It is also important to observe thAtﬁ?l‘“ does not alter the
state-boundedness af;, because it only adds relations on
data objects that are present in the current or previougsacti
domains, while comparisons between old data objects are
filtered away.

However, the crucial property of the construction of
Af?l‘“, is that apart from data objects present in the ini-
tial data domainthe comparison database is not based on
the domain-specific ordering relations, but is constructed
starting from the picked densely-ordered commitmeass
shown in line[3b of Figurd]4. We combine this cru-
cial property with the inability ofu’r_z@f, due to its per-
sistent nature, of comparing currently active data objects
with objects that were encountered in the past, but are
not active anymore. In particular, we can directly apply
the data recycling technique in (Bagheri Hariri et al. 2012;

Bagheri Hariri et al. 2013), reusing old, forgotten data ob-
jects in place of fresh ones.

Figure[® shows the construction algorithm with recy-
cling of data objects. Le© ; be the transition system
produced by such an algorithm. Due to the fact, argued
before, that during the system construction comparisons
are stored by analyzing densely-ordered commitments, and
not domain-specific ordering relations, correctness is ob-
tained by adapting the proof ih (Bagheri Hariri et al. 2012;
Bagheri Hariri et al. 2013). In particular, we obtain that,
when the original RMAS is state-bounded, then only a
bounded number of new data objects must be inserted be-
fore recycling makes it not necessary anymore to consider
fresh values, that is, before the g&tssive is guaranteed to
contain sufficiently many used but non-active data objects.
This implies that the construction algorithm of Figlite 5 ter
minates, and in turn tha 5 is finite-state, and represents
at the same time a sound and complete abstraction of the
original system.

By putting everything together, we obtain in fact that, for
every state-bounded, densely-ordered RMASand for ev-
ery k. propertyd:

1. ©; can be effectively constructed using the procedure

BUILD-TS-ABSTRACT of Figure[B;

2. O 3 has a finite number of states;
3. Tx = ®ifandonly if © 5 |= FLATTEN(®).
This concludes the proof.

6 Conclusion

RMASSs constitute a very rich modeling framework for data-
aware multiagent systems. The presence of concrete data
types and their facets greatly empowers its modeling ca-
pabilities, making it, e.g., apt to capture mutual exclasio



protocols, asynchronous interactions with bounded qyeues Verification (CAV) volume 8559 of_ecture Notes in Com-
and price-based protocols. Our key result, namely that puter Science334-342. Springer.

densely-order, state-bounded RMASs are verifiable with [Chopra and Singh 2013] Chopra, A. K., and Singh, M. P.
standard model checking techniques, paves the way towardsp13. Multiagent Systems: A Modern Approach to Dis-
concrete verification algorithms for this class of systems tribyted Artificial Intelligence The MIT Press. chapter
(Lomuscio, Qu, and Raimondi 2009; Cavada et al. 2014). In  Agent Communication, 101-141.

this respect, a major obstacle is the exponentiality in the[Deutsch Sui, and Vianu 2007] Deutsch, A.; Sui, L.; and
data slots that can be changed over time, a source of oM Vjianu, V. 2007. Specification and verification of data-

plexity that is inherent in all data-aware dynamic systems driven web anplicai .
. ; : pplications.J. of Computer and System Sci-
(Deutsch, Sui, and Vianu 2007). We intend to attack this by ences73(3):442-474,

proposing data modularization techniques to decompose the
system into smaller components. [ISO/IEC 11404:2007 2007] ISO/IEC 11404:2007. 2007.

From a foundational perspective, our work presents con- nformationtechnology: General-Purpose Datatypes (GPD)
nections to [(Belardinelli 2014), which extends the frame- Technical report, ISO/IEC, CH-1211 Geneva 20, Switzer-
work in (Belardinelli, Lomuscio, and Patrizi 2012) with land.
types so as to model and verify auctions. The two settings[Lomuscio, Qu, and Raimondi 2009] Lomuscio, A.; Qu, H.;
are incomparable w.r.t. both the framework and the verifica- and Raimondi, F. 2009. MCMAS: A model checker for the
tion logic, and it would be interesting to study cross-tfans verification of multi-agent systems. Froc. of the 21st Int.

of results between the two settings. Conf. on Computer Aided Verification (CAWplume 5643
of Lecture Notes in Computer Sciené82-688. Springer.
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1: procedure BUILD-FB-TS-SHALLOW-FLAT(X)
2: input: Shallow-typed, RMASYX = (T, 7, Ao.7, S, M), with 7 = {T}, ..., TPy U {T},..., T}
3: output: transition systeml x = (A7, X, so, —)
4: Dy:=0 > Initial DB incorporating the domain-specific relations for data objects i, »
5. forallie{1,...,m}do
6: forall di,dz> € Ao, N Arm do
7: if di <7m d then DS == DU {lessThanTgn (d1,d2)}
8 ASo:= {(n,spec,) | hasSpec(n,spec,) € DI} > Initial agents with their specifications
9: forall (n,spec,) € ASo do so.db(n) := DF°™ > Specify the initial state by extracting the initial DBs frdire agent specs
10:  so.db(<) := Dg > Insert the special less-than DB

11:  X:={so},—>:=0
12:  while truedo

13: pick s € & > Nondeterministically pick a state
14: CurAS = {(n, spec,) | hasSpec(a, spec,) € s.db(inst)} > Get currently active agents with their specifications
15: pick (a, spec,) € CurAS > Nondeterministically pick an active agestelected as “sender”
16: EMsg := GET-MSGS(FLATTEN(C™°*), 5.db(a) U s.db(<), CurAS) > Get the enabled messages with target agents
17: if EMsg # () then
18: pick (M(3),b) € EMsg, with (b, spec,) € CurAS 1> Pick a message-+target agent and trigger message exchahgeaations
19: ACT, =0, ACTy := 10 > Get the actions with actual parameters to be applied &ydb
20: for all matching on-send rulesn M () to ¢ if Q(t, &) then a(t, Z)” in FLATTEN(Z/**°°=) do
21: if ans(Q(b, o), s.db(a) U s.db(<)) then ACT, := ACT, U (b, d)
22: for all matching on-receive ruleé®n M (Z) from s if Q(s, Z) then a(s, £)” in FLATTEN(LA{SP“b) do
23: if ans(Q(a,d), s.db(b) U s.db(<)) then ACT, := ACT, U a(a, 3)
24: (ToDel®, ToAdd?) := GET-FACTS(FLATTEN(X), s.db(a) U s.db(<), ACT.)
25: (ToDel®, ToAdd®) := GET-FACTS(FLATTEN(X), 5.db(b) U s.db(<), ACT)
26: DB3 := (s.db(a) \ ToDel*) U ToAdd3 > Calculate newa’s DB, still with service calls to be issued
27: DB?% := (s.db(b) \ ToDel”) U ToAdd? > Calculate nevib's DB, still with service calls to be issued
28: for all data typel’ € T do > Fetch the active domain and service calls for each type
{d|de ArNAgr}
29: ADom(T) :=U{d |d € Ar NADOM(s)} R
U{f(3) | f(3) € cALLS(DB2 U DB®) andf = (f/n, F'", F°*) € S with F°“* = (T, true)}
) : P; is aT,;-equality commitment o Dom(T,,) fori € {1,...,n},
30: pick 9 € {<P1’ co Py Hom) H; is aT?-densely ordered commitment ehDom.(17) for j € {1,... ,m}}
31 o= {f(a) ++ d | £(3) € SCalls andASSIGN-RES, (s, £(3)) = d}
32: D< =10 > Recalculate théess Than relations by considering the current active domains angitieed commitments
33 forall i € {1,...,m}, with H; = (P}, pos,) do
34: for all di,d, € Pjo do
35: if pos;([di]ps) <n pos;([dz]p:,) then
36: D<:=D<U {lessThan:(di,d2)}
37: DB3,., = DB%0,DB",., := DB%c > Obtain new candidate DBs by substituting service calls vagults
38: if DB2,,.4 satisfieSFLATTEN(fa) then DB, := DB2,,.4 > Updatea’s DB
39: elseDB, := s.db(a) > Rollbacka's DB
40: if DB®,,, satisfiesFLATTEN(I™) then DBy, := DB®,., > Updateb’s DB
41: elseDBy, := s.db(b) > Rollbackb’s DB
42: pick fresh states’ > Create new state
43: NewAS :=0 > Determine the (possibly changed) set of active agents aiddpecs
44: if a = inst then NewAS := {(n, spec,) | hasSpec(n, spec,) € DB.}
45: else ifb = inst then NewAS := {(n, spec_) | hasSpec(n, spec,) € DBy}
46: elseNewAS := CurAS > No change iiinst is not involved in the interaction or must reject the update
47: for all (n,spec,) € NewAS do > Do the update for each active agent
48: if n = athens’.db(n) := DBa > Case of sender agent
49: else ifn = bthen s’.db(n) := DBy > Case of target agent
50: else ifn ¢ CurAS then > Case of newly created agent
51: s'.db(n) := DF*® U {MyName(n)} >n’s initial DB gets the initial data fixed by its specificatigsius its name
52: elses’.db(n) := s.db(n) > Default case: persisting agent not affected by the intenact
53: Ds :={lessThanr,(ds,dz) | lessThant,(d1,d2) € D< andd;,d> € ADOM(s) U ADOM(s")} > Filter lessThan
54: s'.db(<) :== DY > Keep the explicitess Than relation only for persisting objects
55: if 35" € ¥ s.t.s”.db(inst) = s’.db(inst) and for eachn, ) € CurAS, s”.db(n) = s’.db(n) then
56: —:=—=U{(s,s") > State already exists: connecto that state
57: elseX ;=X U {s'}, - == U(s,s) > Add and connect new state

Figure 4: Procedure for constructing a transition systeamithequivalent to that auiLD -FB-TS-SHALLOW, but incorporates
the ordering relations as special database facts



1: procedure BUILD -ABSTRACT-TS(.X)

2: input: Shallow-typed, RMASX = (T, T, Ao, 7, S, M), with T = {T,..., T3y U{Ty,..., T}

3: output: transition system » = (A7, X, so, —)

4: Dy:=10 > Initial DB incorporating the domain-specific relations for data objects i, »

5. forallie{1,...,m}do

6: forall di,d> € Ao, N A7 dO

7: if di <7m d then DS == DU {lessThanTgn (d1,d2)}

8. ASo:= {(n,spec,) | hasSpec(n,spec,) € DI} > Initial agents with their specifications

9: forall (n,spec,) € ASo do so.db(n) := D°™ > Specify the initial state by extracting the initial DBs frdire agent specs
10:  so.db(<) := Dg > Insert the special less-than DB
11:  X:={so},—>:=0
12:  UsedObj := Ao, r > Initialization of the container of used data objects
13:  while truedo
14: pick s € & > Nondeterministically pick a state
15: CurAS = {(n, spec,) | hasSpec(a, spec,) € s.db(inst)} > Get currently active agents with their specifications
16: pick (a, spec,) € CurAS > Nondeterministically pick an active agesitelected as “sender”
17: EMsg := GET-MSGS(FLATTEN(C®*%), s.db(a) U s5.db(<), CurAS) > Get the enabled messages with target agents
18: if EMsg # () then
19: pick (M (5),b) € EMsg, with (b, spec,) € CurAS > Pick a message+target agent and trigger message exchahgeaations
20: ACT.:=0,ACTy =0 > Get the actions with actual parameters to be applied égdb
21: for all matching on-send rule®n M (Z) to ¢ if Q(t, Z) then a(t, £)” in FLATTEN(U®P*°2) do
22: if ans(Q(b,d), s.db(a) U s.db(<)) then ACT, := ACT, U a(b, 3)
23: for all matching on-receive rulg®n M (Z) from s if Q(s, Z) then a(s, Z)” in FLATTEN(U®P*°*) do
24: if ans(Q(a,?d), s.db(b) U s.db(<)) then ACTy, := ACTy U «(a, 0)
25: (ToDel?, ToAddy) := GET-FACTYFLATTEN(X), s.db(a) U s.db(<), ACT)
26: (ToDel®, ToAdd) := GET-FACTS(FLATTEN(X), 5.db(b) U 5.db(<), ACT%)
27: DB; := (s.db(a) \ ToDel*) U ToAdd} > Calculate newa’s DB, still with service calls to be issued
28: DB? := (s.db(b) \ ToDel®) U ToAdd? > Calculate nevb’s DB, still with service calls to be issued
29: for all data typel’ € T do > Fetch the active domain and service calls for each type

{d | de Ar ﬂAoy}'}
30: ADoms(T) :=U{d | d € Ar N ADOM(s)} ~ _ ~
U{f(3) | £(3) € cALLS(DB2 U DB%) andf = (f/n, F'", F°*) € S with F°** = (T, true)}
31: PassiveObj := UsedObj \ ADOM(s) > Calculate passive objects, i.e., data objects used in ttebpanot active now
. . P; is aT;-equality commitment ol Doms (T}.) fori € {1,...,n},

32 pick 5 € {U)l’ v P Hay s Hom) H; is aT?-densely ordered commitment ehDom(T7) for j € {1,...,m}
33: A=At > By default, service calls are substitued with data objedigrarily taken fromA
34: if ‘UPE{PIMPMP{MP, ylec € P [ thereis nad € ec}’ < | PassiveObj| then > Sufficiently many passive objects
35: A := PassiveObj > Pick the fresh results by recycling objectsitassive Obj
36: o= {f(3) — d | £(3) € SCalls andASSIGN-RES; (s, f(5)) = d} > Get fresh or recycled values
37: D< =10 > Recalculate théess Than relations by considering the current active domains angbitieed commitments
38: forall s € {1,...,m}, with H; = (P}, pos,) do
39: for all di,d, € Pjo do
40: if pos;([di]p,) <n pos;([dz]p;,) then
41: D<= := D= U {lessThanri(di,d2)}
42: DB3,., = DB, DB",., := DB > Obtain new candidate DBs by substituting service calls watults
43: if DB?,,, satisfiesFLATTEN(I"®) then DB, := DB, .4 > Updatea’s DB
44: elseDB, := s.db(a) > Rollbacka's DB
45: if DB®,,,, satisfiessLATTEN(T'®) then DBy, := DB®,., > Updateb’s DB
46: else DBy, := s.db(b) > Rollbackb’s DB
47: pick fresh states’ > Create new state
48: NewAS :=0 > Determine the (possibly changed) set of active agents aidgpecs
49: if a = inst then NewAS := {(n, spec,) | hasSpec(n, spec,) € DB.}
50: else ifb = inst then NewAS := {(n, spec_) | hasSpec(n, spec,) € DBy}
51: elseNewAS := CurAS > No change iiinst is not involved in the interaction or must reject the update
52: for all (n,spec,) € NewAS do > Do the update for each active agent
53: if n = athens’.db(n) := DBa > Case of sender agent
54: else ifn = bthen s’.db(n) := DBy > Case of target agent
55: else ifn ¢ CurAS then > Case of newly created agent
56: s'.db(n) := DF*» U {MyName(n)} >n’s initial DB gets the initial data fixed by its specificatigsius its name
57: elses’.db(n) := s.db(n) > Default case: persisting agent not affected by the intenact
58: Ds :={lessThanr,(ds,dz) | lessThant,(d1,d2) € D= andd;,d> € ADOM(s) U ADOM(s")} > Filter lessThan
59: s'.db(<) :== DY > Keep the explicitess Than relation only for persisting objects
60: if 35" € ¥ s.t.s”.db(inst) = s’.db(inst) and for eachn, ) € CurAS, s”.db(n) = s’.db(n) then
61: —:=—=U{(s,s") > State already exists: connecto that state
62: elseX ;=X U{s'}, > == U(s,s) > Add and connect new state

Figure 5: Procedure for constructing a sound and completeaaition of the transition system constructed withgbe_p -FB-
TS-SHALLOW-FLAT procedure, by recycling non-persisting data objects
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