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Abstract. In this paper we introduce a new formalism to represent ragjént
systems where resources can be exchanged among diffessmis dy maximiz-
ing the utility of the agents conforming the systems. In &ddito introduce a
formalism to specify agents, we provide a formal framewarkeist whether an
implementatiorconformsto the specification of an agent of the system.

1 Introduction

Computational collective intelligence has as its main ofije to extract information
from the knowledge of the components of a group that couldeaixtracted by taking
this knowledge in an isolated way. A very simple examplerasted from [15], is that
if one agent knows tha < b and another one knows thlat< a, then we can extract
from the system a new piece of informatian= b. We can use a similar approach in
multi-agent systems where agents can compete to obtainreso If we do this in a
collaborative, collective way, all the agents can profit. &ample, let us consider that
a seller is willing to sell a certain item by at leasthoney units while a buyer is willing
to pay at mostn money units for this item. By putting together this inforioat we
know that a deal can be reached as long as the selling priedvigbmn andm money
units. Multi-agent systems have been clearly identifiedreesaf the fields of applica-
tion of computational collective intelligence. Actualtitey have been used in different
application domains, in particular, outside purely conapcience problems. One of
the areas where research and development activities havepaeticularly increasing,
maybe due to its financial applications, is in e-commercéesys where agents are in
charge of some of the computations that users would haverforpeotherwise (see,
for example, [5, 10, 21,12, 22, 3]).

Formal methods are a powerful tool that allows the analysikdation and verifi-
cation of systems in general and of e-commerce systems fitylar. In fact, due to
the complexity of current systems, it is very important t@ asformal approach al-
ready in the early development stages since the soonerrihes ef the system under
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development are detected the less harm, in particular iretaopnterms, is done. In the
context of multi-agent systems, formal methods can be usedfress the high-level
requirements of agents. These requirements can be defirembiromic terms. Basi-
cally, the high-level objective of an e-commerce agentgst‘what the user said he
wants and when he wants’it et us note thatvhat the user wantscludes not only

what goods or services he wants but also other conditior$, as when and how to
pay for the obtained goods and services, and these otheitiomsdnust be included
in the specification of the system. There have been alreagtyaigroposals to formal-
ize multi-agent systems and to use existing formal methattsmtheir scope (see, for
example, [19,18,8,1, 16, 11]).

We have emphasized the importance of formal methods tofgplei behavior of
the system. However, it is even more important to ensuretkigaturrent implemen-
tation of the system is correct. In this line, testing [14,i2]one of the most extended
techniques to critically evaluate the quality of systentaditionally, since the famous
Dijkstra aphorism Program testing can be used to show the presence of bugsebert n
to show their abseng¢desting and formal methods have been seen as rivals. Hawev
during the last years there is a trend to consider them aslooetary techniques that
can profit from each other. In fact, work on formal testingusrently very active (see,
for example, [20,7,9, 23, 6]). The idea is that we have a fomadel of the system (a
specification) and we check the correctness of the systeertest by applying exper-
iments: We match the results of these experiments with Wigespecification says and
decide whether we have found an error. Fortunately, andgtigere formal methods
play an important role, having a formal description of thsteyn allows to automatize
most of the testing phases (see [24] for an overview of difietools for formal testing).

The initial point of the work reported in this paper can berfdun one formalism
previously developed within our research group [17, 13k Tdea underlying the orig-
inal framework, calledutility state machiness to specify the high-level behavior of
autonomous e-commerce agents participating in a multidagyestem and formally test
the implemented agents with respect to the existing spatidits. In this formalism,
the user’s preferences are defined by meangitify functionsassociating a numeri-
cal value to each possible set of resources that the systetnacke. After using utility
state machines to describe several existing systems we thantheir internal inherent
structure sometimes complicates the task of formally dagjisiome types of specifica-
tion. The problem that we found is that utility state mackiaee based ofinite state
machineswhere a strict alternation between inputs and outputs brikept. However,
there are frequent situations where several inputs candpeeséially applied without
receiving an output, or where an output can be spontanepradiyiced without needing
a preceding input. Therefore, we have decided to considara expressive formalism
where the alternation between inputs and outputs is notesdo This slightly compli-
cates the semantic framework. In particular, we need taidecthe notion ofjuiescence
to characterize states of the systems that cannot produpatsuWe have also to re-
define the notion of test and how to apply tests to systemsh®mrantrary, we have
reduced some of the complexity associated with our previimusalism. Most notably,
we formerly considered that agents could hdebtsthat can be compensated with fu-
ture exchanges. For example, an agent could offer a valaggrthan the one given by



its utility function for an item if he could include this iteas part of a future deal that
would compensate the transitory lost. Even though this Erg wmteresting characteris-
tic, it complicated too much the underlying semantic moahel aur experience shows
that this feature was not used very often. In this paper wedinice a new formalism,
calledUtility Input-Output Labeled Transition Systdm short, UIOLTS) that includes
these enhancements. We have already used our new framewforkrially specify an
agent participating in the 2008 edition of the Supply Chaenlslgement Game [4] but,
due to space limitations, we could not include it in the paper

In order to formally establish the conformance of a systehenntest with respect
to a specification, we define two different implementatidatiens. The first one takes
into account only the sequence of inputs and outputs pratlbgahe system. While
this notion would be enough to establish what a correct systén terms of what the
system does, it can overlook some faults due to the way ressare exchanged. Thus,
we introduce a second implementation relation that alssidens the set of resources
that the system has after an action is executed.

The rest of the paper is structured as follows. In Section Zveduce our model.
In Section 3 we define our implementation relations. In &cti we give the notion
of test and how to apply tests to implementations under Eésally, in Section 5 se
present our conclusions and some lines for future work.

2 Modelling e-commerce agents by using UIOLTSs

In this section we present our language to formally definentsgend introduce some
notions that can be used for their ulterior analysis. lively, a UIOLTS is a labeled
transition system where we introduce some new featuresfioedagent behaviors in
an appropriate way. The first new element that we introduaesis of variables, where
each variable represents the amount of the resource thaystem owns. In addition,
we associate a utility function to each state of the systems itility function can be
used to decide whether the agent accepts an exchange ofeespuoposed by another
agent. Intuitively, given a utility functiom we have thau(X) < u(y) means that the
basket of resources represented/liy preferred tx.

Definition 1. We consideR . = {x € R|x > 0}. We will usually denote vectors &"
(forn>2) byx y,v... Givenx € R", x; denotes its i-th component. We extend to vectors
some usual arithmetic operations. ¥y € R". We define the addition of vectotsind

y, denoted b +Yy, simply asxy +yi,...,X+Yn). We writex <y ifforall 1 <i<n

we have x< ;.

We will suppose that there existn0 different kinds of resources. Baskets of re-
sources are defined as vectars R'}.. Therefore, x=r denotes that we own r units of
the i-th resource. A utility function is a function R} — R. In microeconomic theory
there are some restrictions that are usually imposed oftyfiinctions (mainly, strict
monotonicity, convexity, and continuity).

As we indicated in the introduction, we consider two diffargypes of actions that
a system can perform. On the one hand, output actions aiaténitby the system and
cannot be refused by the environment. We consider that tiferpeance of an output



action can cost resources to the system. In addition, tHenpeance of an output action
will usually have an associated condition to decide whethersystem performs it or
not. On the other hand, input actions are initiated by thérenment and cannot be re-
fused by the system (that is, we consider that our systenis@ureenabledl In contrast
with output actions, the performance of an input action cangase the resources of the
agent that performs it (that is, it receives a transfer obueses from the environment
to paythe agent for the performance of the action). Let us remaakwinat we call in
this informal description thenvironmentan refer to a centralizer overviewing the ac-
tivities of the different agents or to another agent thatiséneceives actions to/from our
agent. In addition to these two types of actions we need d tipe that we introduce
for technical reasons. It is possible to have a state whereytbtem patiently waits for
an input action and it cannot execute any output action far&m combination of the
existing resources. These states are cajld@dscentIn order to represent quiescence,
we include a special action, denoted &yand special transitions labeled by this same
0 action.

Definition 2. A Utility Input Output Labeled Transition System, in shofOUTS, is a
tuple M= (S, s, L, T,U,V) where

— Sisthe set of states, beings S the initial state.

— V is an n-tuple of resources belonging ta RNMe denote byy the initial tuple of
values associated with these resources.

— L is the set of actions. The set of actions is partitioned thtee pairwise disjoint
sets L= L, ULoU {0} where

e L, is the set of inputs. Elements qfadre preceded by the symisdl

e Lo isthe set of outputs. Elements @f &re preceded by the symHol

e O is a special action that represents quiescence.

— T is the set of transitions. The set of transitons is pantiéid into three pairwise
disjoint sets T= Ty U To U T5 where

e T isthe setof inputtransitions. An input transition is giv®ra tuple(s, 7, X, 1)
where s= S is the initial state,s€ S is the final stat&ji € L, is an input action,
andx € R' is the increase in the set of resources. Since the systeno Hses t
input-enabled, we require that for allsS and? € L, there exisk and g such
that(s,?,X,51) € T,.

e Tp is the set of output transitions. An output transition isegivby a tuple
(s,'0,2,C,s1) where sc S is the initial state, s€ S is the final statdo € Lo,
ze R is the decrease in the set of resources, ardR] — {true,false}
is a predicate on the set of resources.

e In addition, for each situation where a state cannot perf@moutput action
we add a transition representing quiescence. This tramsig a loop and does
not need/receive resources to be performed. Thatss-T(s,8,0,Cs,S)|s €
SACs= A(stozcC,s)cTo "CACs #* false}. Let us remark that\ 0 = true.

- U:S— (R? — Ry) is a function associating a utility function to each statesin

In order to record the current situation of an agent we as#igurationsthat is,
pairs where we keep the current state of the system and then¢camount of available
resources.



thiscuit (0,1,0),b > 0

!juice,(0,0,1),0 >0

Fig. 1. Example of UIOLTS: A vending machine

Definition 3. Let M be a UIOLTS. A configuration of M is a pds,v) where s is the
current state and is the current value of V. We denote by COWj the set of possible
configurations of M.

In order to explain the main concepts of our framework, weaisenple running
example.

Example 1.We consider a simple vending machine that sells biscuitaamage juice.
The price of each of the items is one coin. This machine asdepir actions: Insert
coin and press three different buttons, one for biscuits, fon orange juice and one
for returning the money. In the initial state, after recegya coin the machine waits for
the user to press a button. If the pressed button is the rbtutan the coin is returned
and the machine returns to the initial state. If the usergg®esther button then if the
machine has units of this product left, then it providestitgowise, it returns to the state
to wait the user presses other button. Thus, the set of ingigns for this machine
is Li = {?money?p_orange ?p_biscuit, ?p_return} while the set of output actions is
Lo = {!orange!biscuit !noprod !return}. The tuple of resources has three variables
V = (m,b,0) that contain the amount of money), biscuitsp), and bottles of orange
juice (0) currently in the machine. The utility function in each sttakes a very simple
form:U(s)(V) = m+ b+ othat represents that every resource in the machine has the
same value, meaning that the machinedsially happywith one coin or with one unit
of a product.

If we consider that at the beginning of the day the machinelBdsottles of orange
juice, 10 packages of biscuits and it does not have moneynitie configuration of
the system will besy = (s0, (0,10, 10)).

In Figure 1 we graphically describe the system transitibmerder to increase read-
ability, we have omitted trailing transitions labeled &and transitions that have to be
added to obtain an input-enabled machine (for examplerémsition(sy, ?p_biscuit,

(0,0,0),%0))-

Now we can define the concatenation of several transitiommafgent to capture
the different evolutions of a system from a configurationriother one. These evolu-
tions can be produced either by executing an input or an ¢aigtion or by offering
aexchange of resourceAs we will see, exchanges of resources have low priority and



will be allowed only if no output can be performed. The idethiat if we can perform
an output with the existing resources, then we do not neexditamge resources.

Definition 4. Let M= (S s,L,T,U,V) be a UIOLTS. M can evolve from the configu-
ration c= (s,V) to the configuration’c= (s',v') according to one of these options

1. If there is an input transitiorfs, 7, X, s;) then this transition can be executed. The
new configurationis’s=s; and v = v+Xx.

2. Ifthereis an output transitiofs,!0,C, z,s;) such that Gv) holds then the transition
can be executed. The new configuratiorfis s, andv =v— z. _

3. Letus consider the transition associated with quieseans:(s, 8,Cs,0,s). If Cs(V)
holds, that is, no output transition is currently availapfleen this transition can be
executed. The new configurationis=ss andv' = v. _

4. Letus consider again the transition associated with sggace at s, thati$s, 9,Cs, 0, ).
If Cs(V) holds, then we can offer an exchange. We represent an exeltgre pair
(&,y) wherey = (y1,¥2,...Yn) is the variation of the set of resources. Therefore,
yi < 0 indicates a decrease of the resource i while-y0 represents an increase
of the resource i. M can do an exchan@eXx) if U (s,v) < U(s,v+X). If another
agent is accepting the exchange, the new configuratidndsssandv’' = v+y.

We denote an evolution from the configuration ¢ to the condigom ¢ by the tuple
(c,(a,y),c') where ac LU{&} andy € R". We denote by Evolutio(id,c) the set of
evolutions of M from the configuration ¢ and by Evolutigvs the set of evolutions of
M from (sp, Vo), the initial configuration.

A trace of M is a finite list of evolutions. Tradds,c) denotes the set of traces
of M from the configuration ¢ and Trac@d) denotes the set of traces of M from the
initial configuration @. LetI=ey, ey, ...,en be a trace of M with e= (ci, (a,%),Ci+1)-
The observable trace associated to | is a tripte, 0,c,1) whereo is the sequence
of actions obtained fromiaay, ..., am by removing all occurrence &. We sometimes

represent this observable trace als:e% Cnt1-

Example 2.When the machine described in Example 1 is in its initial qunfation, a
user can insert one coin and the machine accept this actiter. this action, the new
configuration of the machine i&;,(1,10,10)). Now the user, who wants a pack of
biscuits, press the biscuit button and the new configurasigss, (1,10,10)) because
by performing this action the set or resources does not éhadnghis configuration, the
machine performs the output actidpidcuit and the user can take his pack. The new
configuration of the machine {so, (1,9, 10)).

Let us suppose that after a set of interactions our machisedshed the config-
uration(sp, (15,5,0)). In this situation, the person in charge of the machine wblad
to refill it and take as many coins as new items he adds. Thisracan be represented
as a exchange of resources. The tuple that represents ihgoraof the resources is
(—15,5,10). After this exchange the new configuratior{ss, (0,10, 10)).

One of the traces corresponding to our vending machine is

(co, (?money(1,0,0)),c1), (c1, (?p-biscuit, (0,0,0)),c,), (cz2, (biscuit, (0,1,0)),c3),
(c3,(&,(—1,1,0)),c4).

while the associated observable tracécis (?money?p_biscuit, !biscuit), cs).



3 Implementation relations for UIOLTSs

In this section we introduce our implementation relatidregt formally establish when
an implementation is correct with respect to a specificafiomur context, the notion
of correctness has several possible definitions. For exampérson may consider that
an implementatioth of a systenSis good if the number of resources always increases
while another one considers that the number of resourcedexzease sometimes.

We define two different implementation relations. The first @s close to the classi-
caliocoimplementation relation [23] where an implementatios correct with respect
to a specificatiors if the output actions executed Byafter a sequence of actions is
performed are a subset of the ones that can be execut&drtyitively, this means that
the implementation does notventactions that the specification did not contemplate.
First, we introduce some auxiliary notation

Definition 5. Let M= (S 5,L,T,U,V) be a UIOLTS, &= (s,X) € Conf(M) a config-
uration of M, ando € L* be a sequence of actions. Then,

cafter 0 = {¢ € Conf(M)[c=% ¢’}

out(c) = {!o€ Lo|351,2C: (s,!0,C,251) € TAC(X)}
U{8|3Cs: (5,8,Cs,0,9) € T ACs(X)}

Intuitively, c after o returns the configuration reached from the configuratibn
the execution of the tracg while out(c) contains the output actions that the system
can execute from the configuration

Definition 6. Let I, S be two UIOLTSs with the same set of actions L. We witted S
if for all sequence of actions € L* we have thabut(l after o) C out(Safter 0).

Example 3.In figure 2 we show three UIOLTSs that model three possibldempnta-
tions of our vending machine where, as before, we have rethibading occurrences
of input actions and od transitions.

Let us consider first the implementatibn In this case, the specification specifies
that after lhoneythe machine does not execute any output actions.

S0, out(S after ?money = {d}. The implementation; indicates that the ma-
chine can execute the output actioeturn after the input actionrdoney Therefore,
out(l after 2money = {!return}. Sinceout(l after 2money ¢ out(Safter money
we conclude thal; ioco Sdoes not hold.

If we consider the implementatida we can check thdb ioco S because the re-
quested sets containment hold. In fact, this machineery good from the owner’s
point of view, since it requests two coins for each of the geBimilarly,l3 ioco S, but
this is a bad implementation because it provides two paakdiscuits per each coin.
This shows the weakness in our framework of an implememagiation concentrating
only on the performed actions.

Our second implementation relation is also based oridbe mechanism but we
take into account both the resources that the system hasamdtions that the system
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Fig. 2. Possible implementations of our vending machine

can execute. In order to define the new relation we need tdinedsgain the setut of
outputs. In this case, our set of outputs has two componéhésoutput action that can
be executed and the set of resources that the system hass®iatabduce an operator
to compare sets of pairs (output, resources).

Definition 7. Let M= (S, %,L,T,U,V) be a UIOLTS and &= (s,x) € Conf(M) be a
configuration of M. Then

out’(c) = {(!0,y) € Lo xR}[351,ZC: (s5,!0,C,Z51) e TAC(X) Ay =X—2}
U{(8,X)|3Cs: (s,8,Cs,0,8) € T ACs(X)}

Given two sets A= {(01,¥1),-..,(0n,¥n)} @and B= {(01,X1),...,(0n,Xn)}, we write
ALC Bifact(A) C act(B) andmin(rec(A, 0)) > maxrec(B,0)), where ActA) = {a|(a,y) €
A} and redA,0) = {r|(o,r) € A}.

The sebut’(c) contains those actions (outputs or quiescence) that caerbmmed
when the system is in configuratioras well as the set of resources obtained after their
performance. Next, we introduce our new implementatioatiah. We consider that
an implementation is correct with respect to a specificati&if the output actions
performed by the implementation in a state are a subset séttiat can be performed
by the specification in this state and the set of resourcemplementation is better
than the set of resources in the specification.

Definition 8. Let |, S be two UIOLTSs with the same set of actions L. We witited S
if for all sequence of actions € L* we have thabut’(l after 0) C out’(Safter 0).

Example 4.Let us consider the specificati@given in Figure 1 and the implementation
I3 given in Figure 2. We have, according to the specificatioat, th

out’(Safter 2moneyp_biscuit) = {(!biscuit, (1,9,10)}



while, according tds, we have that
out’(l after ?monepp_biscuit) = {(!biscuit, (1,8,10)}

We can observe that the set of output actions is the samelirchses but the resources
of the implementation are smaller than the ones of the spatidn. Then, we conclude
thatlz iocor Sdoes not hold.

4 Tests: Definition and application

Essentially, a test is the description of the behavior ofteten an experiment carried
out on an implementation under test. In this experimenttekter serves as a kind of
artificial environment of the implementation. This testendo four different things: It
can accept an output action started by the implementatioaniprovide an input action
to the implementation, it can propose a exchange of ressucrdt can observe the
absence of output actions, so that it can detect quiesc@/toen the tester receives an
output action it checks whether the action belongs to thefsstpected ones (according
to its description); if the action does not belong to thisteet the tester will produce a
fail signal. In addition, each state of a test saves infolonabout the set of resources
that the tested system has if the test reaches this state.

In our framework, a test for a system is modeled by a UIOLT Snslits set of input
actions is the set of output actions of the specification kit of output actions is the
set of input actions of the specification. Also, we includew mctiond that represents
the observation of quiescence. In order to be able to acesgpbdatput from the tested
agent, we consider that tests aput-enabledsince its inputs correspond to outputs of
the tested agent.

Definition 9. LetM= (S, 5,L,T,V), withL=L,ULoU{d}. Atestfor M isa UIOLTS
t=(S,s, L. T"V) where

— S isthe set of states whergs S is the initial state and there are two special states
calledfail andpass with fail # pass. We represent by rés) the information
about resources saved in state s.

— L'is the set of actions. & LoUL, U{8,&} where

Lo is the set of inputs (these are outputs of M).

L, is the set of outputs (these are inputs of M).

6 is a special action that represents the detection of quiesee

¢ is an special action that represents the proposal of an exgha

— Tt is the set of transitions. Each transition is a tuglea,x;s;) where s is the
initial state, g is the final state, & Lo UL, U{6,&} is the label of the transition
andx € R" is the variation in the set of resources.

We define configurations of a test in the same way that we dettireaa for UIOLTSS,
and we thus omit the definition. In Figure 3 we present a testhi® system described
in Figure 1. Given an implementatidrand a test, runningt with | is the parallel ex-
ecution of both taking into account the peculiarities of $pecial action®, 8 andé.
Letc = (s,v) andc’ = (8,V) be configurations of, andc;: = (q, ) andd = (qf,V't)
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Fig. 3. Test for the vending machine.

be configurations of. The rules for the composition operator, denoted [hyare the
following

A) C(@d,q@q,ae L; B) C@dact(@’q’ael‘o
% (ax)
clfa — | cl[a —c|[d
o S.ad D) et Tg
c )
cllec - ol ot e

Definition 10. A test execution of the test t with an implementation | is adraf j[t
leading to one of the statemss orfail of t.

We say that an implementation | passes a test t if all testugixacof t with | go to
apass state of t.

Another definition for passing a test, considering the resssiadministered by the
system, is the following.

Definition 11. An implementation | passea test t if all test execution of t with | go
to apass state s of t and the sebf resources in the configuration of | is greater than
or equal to the set or resources ifsf that the test says the implementation may have if
the test reaches the state s.

The final step is to prove that the application of a certairo$é¢sts has the same
discriminatory power as the implementation relations jmesty defined. Due to space
limitations we cannot include this proof. The idea is to detiests from specifications
using an adaption to our new framework of the algorithm giveld 7].

5 Conclusions and Future work

In this paper we have introduced a new formalism, calledtyfihput Output Labeled
Transition Systems, to specify the behavior of e-commegeats taking partin a multi-
agent system. We have also defined a testing methodolo@d lrmshis formalism, to
test whether an implementation of a specified agent behavésaspecification says
that it behaves. In this theory we have defined two differamgléementation relations
and a notion of test.

This paper is the first step in a long road that we expect toiwoatin the future.
We currently focus on two research lines. The first one isdasetheoretical aspects



and we would like to extend our formalism in order to specifg behavior of agents
that are influenced by the passing of time. The second lineoig mractical since we
would like to apply our formalism to real complex agents.Hiztine, we have already
developed a prototype tool that allows us to do automatiegion of tests, but we
have tostress testhe tool to check how it scales.
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