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Abstract: Developing and implementing a model-checker dedicated to caatitimmmitment logic with
user interface are urgent requirements for determining whether agempéy cwith their commitments
protocols.
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Recently, the numbesf multi-agent applications has grown rapidly, along with opportunitietevelop
commonly understood agent communication languages (ACLs) and effitiali-agent interaction
protocolsto let agentsto talk with each other and decide what informationexchange or actioto
perform. Social commitment the formof contractual obligations from one ageatanother have been
advocated to define formal semantics for ACL messageSocial commitments also provide powerful
representation for modeling and reasoning about multi-agent interguidocols without restricting
agents autonomy and flexibility. They also provide natural waysharacterize degree$ autonomyard
interdependency without getting bogged doimnlow-level details. Thus, the agent communication
research community has agreed that any formal semantics for AGlagesswithin heterogeneous systems
must be supportedby high-level abstractions rather than reasoning algets’ mental states (e.g.,
beliefs)3

Previous proposals for multi-agent commitment protocols bamsidered the semantio§ conditional
commitments—a natural and universal franeé social commitment-and howto check their compliance
with protocol specification$.The basic ideaf conditional commitmentis that the debtor agestinonly
committo the creditor agenti{ what’s also calleda commitment consequence) when specific antecedents
are ma—for instance, the seller commits the buyerto ship the requested gooisthe buyer sends the
agreed payment. However, such proposhis’t capture somef the subtleties that arise concrete
applicationsin which commitments (typically representing contracts) have impiciéxplicit temporal
orderings and emphasize the existenfeat least one optiorio satisfy their assigned condition&n
important aspeodf social commitmentss that theycanbe manipulated through a set actions** Such
manipulations provide the primary wdg evolve changesn social commitment states and define
commitment life cycle? A commitment carbe presentin one stateat a time and continueis that state
until an actionis carried outon it. Such actions are typically classified into two-party actions (such as
Discharge (or Fulfill) and Violate) and three-party actions l{sas Delegate and Assigrior instance,
when a commitment consequerisérue (that is, the seller delivers the requested goods), the commitment
is fulfilled.

Current semantic models for fulfilling commitments neverthelesse ha spurious paradox resulting
from the counterintuitive assumption thahe commitment shoulde active whenit comes timeto its
fulfillment.”*> Suppose, for example, that a customer comtitgve $00to a merchantAs soonasthat
moneyis transferredo the merchant’s account, the commitmeig immediately fulfilled.By considering



this assumption, the commitmetat sending $00 is still active, but it would be ridiculous to force the
customer to send the money again. Technically, sucdissumption violates a principigat’s commonly
acceptedn the literature®:® when a commitmeris fulfilled, it shouldno longer be active, meaning that the
fulfillment action result$n a state where the actigcemmitmentis marked as resolved.

Here, we distinguish a subtypef conditional commitments called strong commitments. Classical
commitments are those that damactivated eveliif the antecedent will nevée satisfied (see Example 1
below), whereas strong commitments are only activated whan’s a possibility of satisfying the
antecedents (see Example 2 belowg proposean operational framework for conditional commitments
that’s expressive and rich enough accommodate practical business scenaBesause it’s unknown in
advance whether a party will fulfill its commitment, checking whetther commitments violated is
significant, especiallyasinteracting agents are heterogenedusour framework, whemhere’s no way to
fulfill strong (or classical) commitments, the commitmentiolated. Indeed, the companion contribution
of this article liesn developing a symbolic algorithto solve the problenof model-checking conditional
commitments and their fulfilmentsr violations. (Model checkings a formal and fully automatic
verification techniqueat design time that increases confidence isystem’s safety, efficiency, and
robustnesg) This type of model-checking algorithia entirely missingn the literature and would help
designers detect and eliminate design ersarthat commitment protocol&@ setof commitment action
meaningon which agents agree) comply with specifications before any interastiamnsat runtime.

Real-World Challenges

To describe our motivation for distinguishing conditional commitmesta particular subsetf classical
conditional commitmentsywe use situational examples that arisepractical application®f online or
offline business contracte/e present formalizationsf these examples later.

Example 1. Consider e NetBill protocol modeled by using event calcutu§ocial commitments
conventionally letus flexibly specify this protocol, enablings to begin an interaction in one of the
following ways: a merchant commite presentan offer without receiving a request from a customer (as
happens for advertisifiy a merchantancommitto deliver some goods for trial without asking a customer
to accept the pricepr a customer commit® accept the price quote before the merchant proposes one,
mimicking the customeés trustin the fact that the merchant will maéa offer.

Because interacting agents are indeed heterogeneous, them® grearantees about hovhey’re
implemented (hence the question about distinguishing malicious agéupgose the customer has some
reasons to trust the merchant: What happens when the meichéling but practically unabléo present
the offer? This example shows the need for imposing adexhprdering between the acquisitio
consequence and the antecedefit commitments. To achieve such a temporal ordering, strong
commitmentcanmodel the conditional commitment of the customer acceptingrite guotelt won’t be
active untilthere’s atleast one possibilitin the agent modeb receive thanerchant’s offer.

We alsopresent classical commitmends top of strong commitments (recall that strong commitments
are a subsaeif classical commitments withn additional constraintjo preserve the flexibility providedy
social commitment approaches aondcapture the semantics definled previous proposaldn this context,

a weak commitmeris a classical commitment thah’t strong. Informally, a weak commitment is actifre
the antecedent never hold$or example, a weak commitmeranbe usedto model the commitment about
presenting the offeif the merchant knows that the antecedent will nbeaatisfied (that ishere’s no way

for the customer to send the requésthe following example gives additional incentive for introducing
strong commitments.

Example 2. A pharmacst strongly commitgo provide medicine onlyf the patient shows a prescription

for that medicine and pays fitr® Notice that such antecedents are always possible.
Weakcommitmentsaren’t suitable for modeling the contractual business scenario discusEedriple

2, because it is ridiculous to commitfimvide the medicine without showing prescription and paying for

it. Consequently, strong commitments are extremely necessamdftsessing the weak commitment

shortcoming of committing without satisfying the antecedent. In fact,gstommitments often give more

confidencein termsof their fulfillments than classical commitments, which denweak. For instance,



when both payment and prescription are present, the fulfillmegredof the pharmacis commitmentto
provide the requested mediciiserery high.

Proposed Framework

Our proposed framework for conditional commitments encompabkees differentbut integrated parts:
logical, algorithmic, and implementation (see Figure 1).

Logical part Algorithmic part Implementation part
Classical Extending Extending the Verification
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Figure 1. The main componerdbthe proposed framework: logical, algorithmic, and implementation. The
logical component extends CTL with commitment and fulfillment modalities. Owrittigh enriches the
standard CTL algorithm with symbolic algorithms for new modalitiesl amplements on the top of
MCMAS. The algorithm returns true or false.

Logical Language

Interaction between autonomous and heterogeneous intelligent agethis quintessential aspeof
building open and effective multi-agent systems (MASs). Agents taanegotiate deals (such as prife
goods and delivery terms), exchange information, and cooperate witho#gerto satisfy the individual
and social goals that theyn’t achieve alone because of a ladkresourcesor knowledge. Munindar P.
Singh introduced four crucial criterito a well-defined semantics for ACL messagesermsof social
commitments:

o formality (using logicsto define a formal semanticsf agent message® eliminate the
possibilityof ambiguityin their meaning);

e declarative (focusingn what social interactions and protocols doeavoid over constraining
interactionspy specifyinghowinteractions shoulte accomplished);

o meaningfulness (focusingn message content and meaning, a1oé message’s representation
asatoken); and

o verifiability (verifying if anagents acting accordingo the semantics).

These criteria are defined from the perspectifeagent communication; we introduce additional
commitment-oriented criteriasfollows:

e commitment modeling (specifying how the commitminfiormally modeled, for examplas
afluent and temporal modality);

e commitment semantics (defining a formal semantics for the camenit basedon its
modeling); and

o verification method (specifying the technique be usedto verify the complianceof
commitments and commitment protocols with specifications (model etggakonitoring, and
so on. Such a criterion can help designers select a tool mastmbir own needs.

These criteria eliminate all the existing candidates for ACL semanticg asimditional commitments.



For example, the neighborhood semantics introdirc@te study still isn’t verifiable becausere needto
either findan equivalent semantics using standard Kripke structowreievelop a completely new model-
checking algorithm from scratch for the nonclassic neighborhagid; both issues are still open problems.
Furthermore, the algorithm fahis semantics’ advocated linear temporal logic fransge exponentialin
terms of formula size and linear terms of model siz& Event calculus semanticsising first-order logic
(FOL), quite common and expressiwe practice,is undecidable-that is, we can’t develop a model-
checking algorithm that works for all kindsf formulae). Moreover, safety and liveness properties
commitment protocols, generally expressed using temporal operadais be expressedn the FOL?
Fluents-based semantiowaives the real semantio§ commitmentgbecause they’re simply abstracteds
fluents), and temporal logic-based semantics (if appledcommitmentsas simple tokens)isn’t
meaningful. We argue thatn approach formalizedby extending the standard computation tree logic
(CTL), where commitments are modal operators with groundednéuitive semantics, can meet afithe
requirements listed earlier. Indeed, CTL balances between expressiwnkserification efficiency
(whichis linearin both formula and model sizg).

In the logical part of our frameworkye develop a branching-time temporal logic, CTlthat enriches
CTL with modalities for conditional commitments and their fulfillments.

Definition 1. Given a sebf atomic proposition&\P, the syntavof CTLY is definedasfollows:

pi=pl—g| v | EXp|EGg|E(pU ¢) | Com| Ful
Com:: =CC(i, ], ¢ @) | SCC(, |, ¢, §)
Ful :: =FU(CC(, j, ¢, #)) | FUS(SCC(i |, ¢, ¢)).

where pe AP is anatomic proposition; Es the existential quantifieon paths; XG, and U are CTL path
modal connectives standing fonext,” “globally,” and “until,” respectively; théBoolean connectives.
andv are defined and read the usual way; and Com and Ful stand for conditional commignaamd their
fulfillment modalities, respectively.

In this logic, a (strong) conditional commitment (SCG(iy, ¢)) CC(i, j, v, ¢) is readas “agent i
(strongly) commits toward agent j that when the antecedeniy holds? or equivalently from
communication perspectivas i is (strongly) conveying informatiog to j after receiving informationy.”
The antecedeny and consequencgin the contexiof commitment modaliticanbe any arbitrary CTE
formula, so they wouldbe commitmentsas well. FUS(SCC(ij, v, ¢)) FUu(CC(i, j, v, ¢)) is readas “the
(strong) conditional commitment (SCCfi v, ¢)) CC(i, j, v, ¢) is fulfilled.” Other Boolean connectives
and temporal modalitiesan be definedin termsof the aforementioned connectives and modaliéiss
usual—for exampleg — w2 — ¢V, d= w2 ¢ > wA w— ¢, EFp 2 E(T U ¢); AXp 2 - EX— ¢ and
AGp 2 — EF — ¢, where—, =, F and T 2 (p v — p) stand for implication, equivalence, eventually, and
unconditionally true, respectivelyWe now use CTE to formalize the business scenarinEExample las
follows:

@) = AG(SCC(Mer, Cus,T, presentQuotg
¢ = AG(SCC(Cus, Mer,T, E (—requestQuot&) —requestQuote acceptQuote presentQuide
¢ = AG(SCC(Mer, Cus|T, E (—acceptQuotd) —acceptQuote. deliverGoods))),

where ¢, means that the merchant proactively presents a quote even wikkiogt requestedby the
customer;$, meansthere’s a possibility for the customéo accept the price quote without requestitng
and ¢; states that there exists a path during which the merchant can cuntraliver the goods without

asking the customer to accept the priceirfes trial offer). The business scenario mentioimBExample 2
would be formalizedasfollows:

¢4 = AG(SCC(PhaPat,(showPrescriptiom sendPayment), EF deliverMedicine)),



which means that the pharmacist strongly comrotsleliver medicine onhif the patient shows the
prescription and sends the paymeiib.keep CTL/ propositional, other commitment actions, missimg
our previous work! are abstracteds predicate propositions, which hoinl social states precisely after
performingagents’ local actionsunderlying the assumption saying thatagent performs one local action
ata time.

Example 3. By performing the Cancel local actitwy Mer at local state )., to withdraw its commitment
SCC(Mer, Cus, sendPayment, deliverGoods) holdihgocial state s, the predicate proposition p =
Cancel(Mer SCC (Mer, CussendPayment, deliverGogdisvill hold in the accessible state s'.

Beforewe introduce the logical model M to interpret CTlformulae,we briefly describe the extended
versionof the interpreted system formalisme developed previously? This formalismin fact provides a
standard framework for modeling and reasorindundamental classeg MASs, suchassynchronous and
asynchronous. Specifically, suppose a MaSomposeaf a set Agt= {1, ..., n} of n agents, wherein each
agent ie Agt is characterizedy a countable set;lof local states, a countable set ;Aat possible local
actions, a local protocoPr : L — 2** that’s a function producing the sef enabled actionat a given
local state, and a local evolution function, whistdefinedby 7;: L; x Act; — L;. The agent$n Agt act
within an “environment” (€), which in turn canbe modeled with the set,|l set Act, protocol Pr,, and
evolution functionz,. The environment eanbe seemasa special agent becauseaptures any information
that might not pertaito a specific agentn principle, we can view a commitment protoeshnagent e.

Definition 2. We represent the instantaneous configuraticell agentsn the systenata given timeby the
social state having (n + 1)-tupde= (I, |4, ..., 1,,), where each element& L, and } € L; represents a local

stateof agent e anof agent j respectively. Thus, the sef all social states G L, x L; x ... x L, is the
Cartesian produdif all local state®f n + 1 agets.

The notation (g) represents the local statbagent iin social state g. The social evolution functien
definedasfollows: t: G x ACT — G, with ACT= Act, x Act; x ... x Act,, whereeachcomponent a&= ACT
is a “joint action]” which is a tupleof actions (one foeachagent).To account for communication that
occurs during MAS executiomye associate witleachi e Agt a set Varof at most n— 1 local variablego
represent communication channels through which messages are sentamd rdde valuef a variablex
in the set Var at local state;(g) is denotedby 1*(g). The ideais that, for two agents i and tp
communicate, they should share a communication channel, vigpresentedy a shared variable
between them (that is, Viam Var; = @). For the variablex e Var; n Var;, 1*(g) =1(g") means the values
of xin 1*(g) foriandin I¥(g") for j are the samédt’s worth noticing that shared variables only motivate
the existencef channelr pipes for communication, not the establishmer@ommunication itself.

Definition 3. A model of communicative conditional commitmeritsa tuple M = §, R, {~;,; | (i, ) €

Agt?}, 1, \} , where:

e Scl,xL;x...xL,isa sebf social states for the system.

e R, c Sx Sis a total transition relation definday (s, s) € R, iff there exists a joint action fa
a) ... a,) € ACT such thatr (s, a,, a; ... 8,) =S"

e Foreachpair (i, j) € Agt?, ~i—»j € Sx Sis a serial social accessibility relation defirgds~;_,;
s'iff the following four conditions are true:

li(s) = I(s).

(s,8) e R.

3. Var nVar =@ andv x eVar nVar we havel’(s) = I*(s) ; an

nNoe

Vy eVar,—Var we have) ¢ ¥ I ¢ )



e | < Sis a setf initial social states for the system.
V: Ap —» 25 is a valuation function.

The model M conceptualizes tinasa tree-like structure in which nodes corresptmthe statesf the
system being considered, and branches represent all chioitks future that agents have when they
participatein protocols (he pasis linear). Concretely, the underlying abstract time donvaM is discrete
such that the present moment referghe current state, the next moment correspaodbe immediate
successor staten a given path, and a transition represents a social interaction between aggnts
correspondgo the advancef a single time unit. Wean unwind the model M into a sef computation
paths to interpret a CFLformula. A pathr = sy, 5|, ... in M is aninfinite sequencef reachable social
statedn S such tha¥i > 0, (s, s+1)e R.

Because the semantio§ CTLY state formulae extends the standard semaoti€TL, we present only
the semanticef commitments and their fulfillments.

Definition 4. Given model M, the satisfactiasf a CTL¢/ formula ¢ in social state s, denotéy (M, ) E ¢
is recursively defined as follows

e M9 ECC] v giffvs' e Sst s ,;sand (M, s)= y, we have (M, §'F ¢,

e (M, 9 ESCC( jv, ) if f1)Is'e Ss.t. g,;s" and (M, §'= y; and 2) (M, s} CC(i, |, v,
$),

e (M, 9 =FUCC(,j, v, 9) if fIs'e Ss.t. s~ sand (M, 9'= CC(i, j, v, ¢) and (M, s)= ¢
A= CC(, |, v, ¢), and

e (M, s) E FUS(SCC(j, jy, 9)) if fIs'e Ss.t. s~,; sand (M, §'= SCC(i, j,y, $) and (M, s)
Ewy A= SCC(, j,v, ¢).

The state formul&C(i, j, w, ¢) is satisfiedin model Mat s iff the consequencg holdsin every state
satisfyingy and accessible vig_,;. The semanticsf the strong commitment SCC(i,y, ¢) is similar, but
we add condition 1s'e Ss.t. s,;s'and (M, § = y) to ensure thaat least one accessible state satisfies
antecedeniy. The state formul&u(CC(i, j, v, ¢)) is satisfiedin model Mat s iff s satisfies the consequence
¢ and the negationf the commitmenCC(j, j, v, ¢), and there exists a staesatisfying the commitment
from which sis “seen” via~;_, .

The idea behind this semantisgo say that a commitmeis fulfilled whenwe reachanaccessible state
from the commitment staia which the consequence holds and the commitment becmmresger active.
The semanticef the strong fulfillment FUS(SCC(i, j, ¢)) is similar, but the focuss on checking the
satisfiability of antecedenty. This is because-from the semanticof the strong commitmentwe
guarantee that whenever holdsin an accessible state, then consequegpi¢®ldsas well. The proposed
semantics solves the fulfillment paradex,where the commitmenis still active whenit’s fulfilled.
Terminating commitment after being fulfilled stated explicitlyin the operational semantics introduced

elsewherée:® Furthermorepur logic doesn’t includean additional operator for violation; instead, violation
canbe expresseasfollows:

= AG (CCLi, J, v, §) = EF FU(SCA, j, v, ¢))) = EF(SCCL, J, v, #) A AG(=FUS(SCCL, J, v, phi)))),

where¢ shouldbereplacedby Sif the commitmenis strong and removed otherwise. The violation comes
out when, after having the conditional commitment, the fulfillmésisn’t occur in all state®f every
possible computatiorBy considering social commitments and their actions, our language aésigners

to characterize the practical business scenarios that are suffaigeibly model business protocols and
models. Following recent literatufe;onditional commitmenis a first-class citizein our framework, and
unconditional commitment cadre obtainedasabbreviation: C(i, jg) £ CC(i, j, T, ¢).

Symbolic Algorithm for CTL¢
In the algorithmic part of our frameworlye develop a new symbolic algorithto directly address the
problemof model-checking CT¥, where the sef4] of states satisfying the formulabeing checked are



represented symbolically. Suchn algorithm particularly extends the standard symbolic algorithm
dedicatedo CTL with five algorithms: one for each new modality ane dor the accessibility relation.
We adopt symbolic approaches because they need less memorythiata-based approaches, and their
algorithms are applietb Boolean functions, ndb Kripke structures.

In practice, space requirements for Boolean functions dhatbe easily encodedn ordered binary
decision diagrams (OBDDs) are exponentially smaller than for explicit Kripletsie representationin
a nutshell, given model M an@TL¢ formula ¢, the problemof model-checking CTY is determining
whether Mis a model forg (that is,V s € |, we have (M, 5 ¢). Specifically, our symbolic algorithm (see
Algorithm 1) takes model M and CTFLformula ¢ asinput and returnghe set[¢] of statesn M satisfying
¢. The algorithm operates recursivedy the structureof ¢ and builds the sefd] of states using the
following operationson sets: complementation, union, and existential quantification. Lirtess1call the
standard CTL algorithmsheé algorithm then proceed® call our subalgorithms (lines @ 10), which
compute the sebf states satisfying the (strong) commitments and their fulfilmebtge to space
constraints, we won’t present those subalgorithms here.

Agorithm 1. SMC ¢, M): the setfg]

1 ¢ is  An atomic formula: return V(4);

2 ¢ is i return  S—SMC(¢;, M);

3 4 is 41V return ~ SMC(g;, M) U SMC(¢, M);
4 4 is EXgp: return  SMCgx(¢1, M);

5 ¢ is E(@Ugp) return  SMCgu(¢1, 4, M);

6 ¢ is EGd: return  SMCgg(¢1, M);

7 ¢ is  CCli. ], g1, ) return  SMC..(i, ], ¢1. ¢, M);

8 ¢ is  SCC(i. . 1. &) return  SMCy.c(i, . ¢1, 42, M);

9 4 is  FUulCC(i, |, 41, 4)): return  SMCy, (i, ], ¢1, 2, M);

10 ¢ is  FUS(EC( |, 41, #)): return  SMCyy (iv ], 61, 42, M).

Implementation and Experimental Results

We fully implemented the model-checking technigue’ve presentedn top of the MCMAS symbolic
model checket! developedo automatically verify MASs formalized using interpreted systems. @nch
implementationisn’t an obvious task, nor is it triviakve first needto extend the ISPL (the input language
of MCMAS) with the shared and unshared variables needed for agent communisatial accessibility
relation), and then add five developed subalgorithms along with wibéificationsof interest. We chose
MCMAS becauseit supports the semantiasf interpreted systems and CTL and performs OBDD
operatimsvia the efficient CUDD library.

The extended versionf MCMAS features a user interface (basmd Eclipse; see Figure 2) that
supports a wide rangef features suclsediting and tracking the modeled system, expressing properties,
adding new agents, checking syntax, and starting verification. Morebeaksto its embeddingn a Java
archive, such a user interfacan be seamlessly integrated with other applications that need model-
checking commitmentsr other domain properties.
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Figure 2. The Usr Interfaceof the developed model checkéFhe numbered circle 1 illustrates our
MCMAS plug-in in Eclipse, while other numbered circles 2, 3, 4, 5n8,7arefer the features supported by
our User Interface for editing and tracking the modeled system, expressperties, adding new agents,
checking syntax, and starting verification, respectively.

To experimentally tesbur algorithm’s effectivenesswe adoped an electronic commerce protocol,
NetBill, that’s specifically designed for selling and delivering low-priced informationdgoover the
Internet. The protocol regulates interactions between two agents (mekédiaaind customer Cus) and
starts when Cus requests a quote for some desired good. Tistisdollowed by Mer’s reply with a
price guote asan offer. Cus can then either reject the offer, and the protooeksto the initial statepr
accept the offer, which means Cus comrtotsend paymenit Mer delivers the requested gootfsCus
accepts the received offer, it has two choices: futfilcommitmentoy sending paymertb Mer, or violate
its commitment, moving the protoctd the failure state. When Mer receives paymirdpmmitsto send a
receiptto Cus.In a way similarto Cus’s choices, Mer can fulfilits commitmentby sending a receifgb
Cus and then movin the acceptance state. Conversely, Cus could send payment ifequlested goods,
but Mer never committo sending a receiptn this case, Mer violates its commitment, and the protocol
movesto the initial state.

We formalize the protocoby our model M = (SR, {~;; | (i, ]) € Agt?}, I, V}, where the set Agt
includes two agents (CasxdMer) plus an environment agent (e), which we specifically upalttish and
store the protocol itseifh a public repositoryto be accessibléby all participating agentslo verify the
protocol specificationywe used the safety (something bad never happens) and liveness {sgngetbd
will eventually happen) properties formalized using our €TEormally, the safety properys expresses
the bad situatioasCus sends payment, but Mer never strongly comimgending a receipt:

@5 = AG — (paymentn EF SCC (Mer, Cus, receivedPayment, EF regeipt

The liveness property, states thain all paths globallyjf Mer delivers the goods, thehere’s a path
such thain the future of that path Cus will strongly comnatsend payment whahaccepts the delivered
goods:

¢s = AG (deliverGoods—» EF SCC (Cus, Mer, acceptGoods, EF payent

We encoded the protocaelsthe environment agent, customer agent, and merchant agegitvatbrthe
propertiesin our extended ISPL language and then verifiedsing the developed model checkeo.test



our algorithm’s scalability, we reportsix experimentdn Table 1, where the numbef reachable states,
execution timan seconds, and memoiy use are definedsa functionof the numbenf agents. From this
table, the numbeof reachable states reflects that the state space increases exponghtallthe number
of agents increases. However, the memory usage increases merelgnpallyn With regardto the
execution time, the increasm’t exponentiabut faster than the polynomial.

Table 1. Verification results.

No. agents No. states Time (sec) Memory (Mbytes)
3 12 0.019 6

6 144 0.041 9

12 20,736 0.365 13

18 2.98598e 06 1.875 23

24 4.29982e 08 6.892 46

30 6.19174e 40 19.258 66

Figure 3 depicts the verification resuttsthe first experimentn this figure, the properties (formulae)
are evaluated into truer false along with the possibility show a counterexample that demonstrates why
the formulais false.

 Java - The NetilProtoco/Ni§ pie —
File Edit Navigate Search Project Run MCMAS ~Window Help I
i-HEe (%5-0-Q-  HEG- OO P- M IEH GO s (e
i Addagent Content Assist Format source | Check syntax  Explicit interactive mode Symbolic interactive mode  Launch verification
I8 Package Explorer I3 iR m = O|( E] TaskList 22 S|
& | W % 5 - i =2
5% Verification result d-Belelxeld
T The Methil Picsiocal P A b Activate.
|#@ NEB Protocol.ispl Formula1: | AG(! {payment 8& ! EF {SCC (Merchar| TRUE
Formula2:|  AG(deliverGoods -> EF (SCC (Custom:| TRUE
Formula 3: | EG(SCC (Custorner, Merchant, accept(| FALSE |show counte
(© Connect Mylyn o]
Connect to your task and ALM tools
or create a local task.
execution time = 0.019 - gE Outline 32 a Y =0
number of reachable states = 12 -
BDD memaory in use = 6454964 Agent Environment =
**** CUDD modifiable parameters **** Vars
Hard limit for cache size: 5592405 e 1: enumeration
Cache hit threshold for resizing: 30% 1: ati
Garbage collection enabled: yes ¥ enumet }on
Limit for fast unique table growth: 3355443 _Z—l EnumEsEon
Maxir number of vari sifted per ing: 1000 Actions
Maximum number of variable swaps per reordering: 2000000 Protocol
Maximum growth while sifting a variable: 1.2 tem 0
Dy I dering of BDDs enabled: no -
¥ item 1
Default BDD reordering method: 4 i
Dynamic reordering of ZDDs enabled: no Fem 3
Default ZDD reordering method: 4 item 3
Realignment of ZDDs to BDDs enabled: no iten 4
Realianment of RIs tn 7Nk enabled: no T e S
4 r
item 6
NB_Protocolispl | Interactive Mode | Model Checking] e =
1 | Writable | Insert | 62:1

Figure 3 The verification resultsf the NetBill protocol. Tie properties (formulae) are evaluated itrioe
or false along with the possibilitp show a counterexample that demonstrates why the forigatse.



In this article,we argued that the proposed framework for communicative conditimoraimitmentsis
expressive and rich enougth accommodate scenario$ practical utility and remedy some limitatioirs
current semantic models. As future work, we plan to define suitable semmadlels for other commitment
actions (e.g., Cancel, Release and Delegate) and then develop their symbadlicnadg We also plan to
study the computational complexity of the overall model checking algorittenaed by those algorithms.
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