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Abstract— Agent-based systems have become a very attractiveorder to pursue his/her goals. Practical reasoning ingotwe
approach for dealing with the complexity of modern software processes: (1jleliberation to decidewhat states of affairs
applications and have proved to be useful and successful in to achieve; and (2Jneans-ends reasoningp decidehow to

some industrial domains. However, engineering such systems is . . . .
still a challenge due to the lack of effective tools and actual achieve these states of affairs. In such a theory intentoas

implementations of very interesting and fascinating theories and important, as they influence the selection of the actions to
models. In this area the so-called intentional stance of systemsperform.
can be very helpful to efficiently predict, explain, and define the  |n spite of the well-established and fascinating theory
behaviour of complex systems, without havmg to understand how underlying the BDI model, the development of this agent
they actually work, but explaining them in terms of some mental - . . . o
qualities or attitudes, rather than in terms of their physical or grchltecture_lnvolves SeYera' _Issues regarding the efticie
design stance. implementation of the deliberation process and the meads-e
In this paper we present the PRACTIONIST framework, that  reasoning [4].
supports the development of PRACTIcal reasONIng sySTems  The most-known BDI agent abstract architecture is the
according to the BDI model of agency, which uses some mental p,caqyral Reasoning System (PRS), developed by Georgeff
attitudes such as beliefs, desires, and intentions to describe . .
and specify the behaviour of system components. We adopt and Lansky [5]. Some concrete implementations of PRS
a goal-oriented approach and a clear separation between the have been developed, such as dMARS [6], developed at the
deliberation and the means-ends reasoning, and consequentlyAustralian Al Institute, the UM-PRS implemented in C++ at
between the states of affairs to pursue and the way to do it. the University of Michigan [7], and a Java version of PRS
Moreover, PRACTIONIST_aIIows developers to implement agents 5iied JAM [8]. Finally, it is worth mentioning JACK [9],
able to reason about their beliefs and the other agents’ beliefs, .. . . .
expressed by modal logic formulas. which is a commercially avallgble programming languagé tha
extends the Java language with BDI features.
However in several BDI implementations, mental states,
|. INTRODUCTION deliberation, and means-ends reasoning somewhat ditfar fr
Several authors (e.g. McCharty [1]) have argued that their original meaning. As an example, often executing glan
certain situations, the so-called intentional stance [2$y®- are considered as intentions. But we believe that intestion
tems can aid to efficiently predict, explain, or define theshould be related to ends, while plans should be related to
behaviour, without having to understand how they actualiyeans to achieve such ends.
work. Therefore, some systems may be better explained inin this paper we present the PRACTIONIST framework, that
terms of mental qualities or attitudes, rather than in teains supports the development of PRACTIcal reasONIng sySTems
conventional physical phenomena or design artifacts. according to the BDI model of agency. We wanted to stress
In the context of the development of intentional systems, tlthe separation between the deliberation process and thesmea
agent-oriented approach plays a central role, due to thie vasds reasoning in PRACTIONIST agents. Thus, plans are
number of theories and models that have been developed recipes to achieve the intentions, rather than intentibest
twenty years. One of the most interesting and attractivetageselves. Here the abstraction of goal is used to formally defin
models is the Belief-Desire-Intention (BDI) architect®}, both desires and intentions during the deliberation phase.
which suggests that the development of agents should rely Time explicit representation of agents’ potential objexgiyi.e.
the specification of some mental states, i.e. beliefs, @gsind goals) and the relations among them provides PRACTIONIST
intentions, which are very intuitive for people to undensta agents with the ability to figure out if such objectives are
Indeed, beliefs represent information the agent has alheut impossible, achieved, incompatible with one another, and s
world; desires represent state of affairs the agent wisbesfaorth [10]. This supports commitment strategies to ageints’
bring about and intentions are desires that it has committedtentions. Moreover, PRACTIONIST agents are able to reason
achieving. about their beliefs and the other agents’ (including huans
The BDI model of agency derives from the philosophicdieliefs.
tradition of practical reasoning, which states that anynage It should be noted that some useful intentional agent petter
decides, moment by moment, which actions to perform man directly and actually be implemented with the PRAC-



TIONIST framework (refer to [11] for details). In other ward —
in our framework we wanted to solve some of most commc , f\ge,m'spemf'c °°,mp°ne"ts
design problems at the agent level, by providing some built- (o | — w : —
solutions that programmers can easily adopt when devejop cleRese model [[! | Ao |l | Liprary |
their agents.
Our definitive intention is to define a complete set of tool I Agent-Envirenment Interaction
to efficiently and effectively develop complex and adaptiv spocific _
distributed software applications based on a more flexibte a™Fece Perceptors I Agent Effectors [l action
robust architecture of intentional components than the o
underlying other BDI-based platforms.
Thus, the PRACTIONIST framework is part of a suite
of tools we have been developing, which also includes Perception o | PRACTIONIST o|  Action
methodology (consisting of a UML-based modelling langyag Handling [t [oorseton | D'SPtching
a development process, some techniques and guidelines
design and implement BDI agent-based systems according Means.
the PRACTIONIST model and a design and development tc t?i‘lgﬁ'ﬁiﬂ Detieration | | ends || Planring | | oy Ziton
supporting such a methodology. The methodology and the t
are out of the scope of this paper, that mainly focuses on t Core Services
PRACTIONIST framework. PRACTIONIST Agent

This paper is organized as follows: in section Il a genera
overview of the framework is given; section |1l describes thrig. 1. PRACTIONIST Agent Architecture.
model of beliefs in PRACTIONIST agents; then the delib-
eration process (section IV) and the means-ends reasoning
(section V) are presented; and finally the development of twidnis includes théelief Logic(as described in section Ill), the
real-world applications is briefly discussed (section VI).  Deliberation mechanisms that produce agent intentions, the

way the agent makedleans-ends Reasoning figure out the
1. PRACTIONIST FRAMEWORK means (i.e. plans) to achieve its intentions, and the stijimor

The PRACTIONIST framework supplies the support fof '€ 2ctual execution of such plans. _ _
developing BDI agentsi) endowed with a symbolic repre- Moreover, agents are endowed with to dynamically build

sentation about their belief§ij) able to proactively deliberate pla(?s f?.et.PIar)nm@.t F:cnt?]”y thsmmanage.mentf of tperieptors
about their intentions, (iii) capable of performing reaeti anThe ;ac ors 1S Ifarl ot the ag 'tr:ihsegllgzglr:gseruS?ru;e. i
behaviours, andiv) provided with the ability to plan their € framework aiso comes wi € gen

activities in order to pursue some objectives. Introspgction Tool (PAIT), a visual integra'ted monitoriagd
PRACTIONIST has been designed on top of JADE, ebugging tool, which supports the analysis of the aget#te s

widespread platform compliant to the FIPApecifications, _ur|r|19 |tts e?ecgtlé)nt.) In tp;]artlcula:, ,the P’f‘llT (tﬁn dbe Sﬂ.'&fmb
that provides some core services, such as a communicat] pp 2y, test and debug the agents: mental atlitu eslem '
support, interaction protocals, life-cycle managementd a 9€Sires: and intentions) and their execution flow, in terfns o

so forth. Therefore, the PRACTIONIST agents are execut@&t've pehawours. Each of these co mponents can be observed
 run-time through a set of specific tabs (see figure 2).

within JADE containers and the main cycle is implemente . . \
y P All the collected and displayed information could be saved

by means of a JADE cyclic behaviour. ia a file, providing programmers with the possibility to perh
As shown in figure 1, PRACTIONIST agents are structure ! . . .
whn I Tgu 9 vetu off-line analysis. Moreover, the PAIT provides a dedidat

in two main layers: the framework defines the execution Iog%n ; )
and provides some built-in services implementing such mogarea fgr log messages inserted in the agent source code,
while the top layer includes the specific agent components SCOI’d.Ing to the Log4j approach. It should be aIso' noted
be defined in order to satisfy specific application requingisie t at_ this feature Of_ PAIT.'S very useful yvhen dev_eloplng and
Therefore, a developer who wants to design a PRACTIORES!NY ag,entg, as it provides the user with a real-timesjraip
IST agent has to specifff) the Goalsthe agent could pursue of agents’ attitudes.
and the relations among them (i.e. the Goal Modgi), the
means (a set of plans, i.e. tf¥an Library) to pursue such Il. BELIEFS
goals or to react to the stimuli coming from the environment, Since agents’ information about the world is usually in-
(iii) the Perceptorsto receive such stimuli(iv) the Actions complete or incorrect, due to uncertainty and problems with
the agent could perform and the correspondiifgctors and perceptions and communication in dynamic and possibly un-
(v) the set of beliefs and ruleBélief Basg to model the predictable environments, the BDI model refers lieliefs
information about both its internal state and the exterraldv instead of knowledge. Indeed beliefs are not necessatidy tr
Then the framework provides the required built-in serviceshile knowledgeusually refers to something that is true [12].
that define the computational model of PRACTIONIST agent8ccording to this, an agent may believe true something that i

Ihttp:/iwww.fipa.org 2http://logging.apache.org/log4;
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For anyy € F, a PRACTIONIST agenty may express or
eeeeeeeeeeee infer three distinct belief states:

ls e Bel(a, p): the agenty believes thatp is true;

e Bel(a,—p): the agentx believes thatp is false;

o Ubif(a,p) = —Bel(a,¢) A 7Bel(a, ~p): the agenta
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- 5 In PRACTIONIST it is also possible to defimested beliefs
(Dr:;nrebwa@fnn:nm@AtErNEgnszAWDBB/JADE) SUCh aSBel(Oé, B@l(ﬂ7 SO)) and Ube(Oé, Bel(ﬂ7 ﬁgp))' WhICh
b(‘SDEEthSab\ESb\D:M block2 block3 block4d blockd blocks block? hlocks blocks block10)))) respectively mean that the agmtbelieves that the age'ﬁ
believes that is true and the agent does not have any belief
i?BEEHS e L about the fact that the ageﬁtbelieves thai;o is false
72 BERUG fmptes otsor i oo b Each PRACTIONIST agent is endowed with a Prolog belief
Dol s o e b base, where beliefs are asserted, removed, or entailedgtnro
92 DEBUG: -- Querying (what_block itoMove hlock10 :maveTo (Variable :Name Yhere)) -] . . . -
inference on the basis of KD45 rules and user-defined belief
Fig. 2. The PRACTIONIST Agent Introspection Tool (PAIT). rules. Therefore, in any moment the agent's belief set is

composed of the beliefs that have been both directly askerte
and inferred by means of rules and the other built-in thearem
false from the other agents’ (including humans’) point @wi Currently the PRACTIONIST framework supports two prolog
In other words we want to provide agents with a subjectivangines, i.e. SWI-Proldgand a customization of TuProldg
window upon the world.
In PRACTIONIST, beliefs can be about either propositions IV. DELIBERATION PROCESS
ggrﬁgiznzegifssér:ge%thaesr \;vop:?osp;oas?tigge(gtg;n%i); %e!i\g?/v%rgn%tln this section we describe the structure of PRACTIONIST
Paris”). It may also believe that some agent (it could bdf)tsegoal model and how an agent uses it during the deliberation

believes something (e.g. "the agent John believes that itplhase, In order to select intentions to achieve.
L - g &g g SThe PRACTIONIST framework adopts a goal-oriented ap-
snowing in Paris”).

In the PRACTIONIST framework beliefs are expresse roach to deyelop I.SDI agents and stresses the separation b e

through the modal operator ween the dellbergtlon process and the means-endg regsonin
with the abstraction of goal used to formally define both

Bel(, ¢) desires and intentions during the deliberation phase.eftwer
PRACTIONIST agents can be programmed in terms of goals,
which then will be related to either desires or intentions
according to whether some specific conditions are satisfied
or not.

Unlike some available BDI agent platforms, the PRAC-
TIONIST framework supports the explicit representationl an

2;?(; dofolrraglgsvkgceqll)ofwx)inetct.;b?wi]/;eries@éﬁ’rzgigt:rg ;%I(‘)I implementation of goals with their properties and reladion
ging 1o, P y ' This provides the ability to reason about them, in terms of

and O and ¢ are respectively the classical modal operators . " " . . . . . .
v - elievingif goals are impossible, achieved, incompatible with
of necessitatiorand possibility.

In PRACTIONIST, predicates can also be represented Bilher g.oals, and so forth. T.h IS1n tur_n supportsdbemitment
s : i Strategiesof agents and their capability to autonomously drop,
specifying the role of their arguments, as follows:

reconsider, replace or pursue goals.
predicate(rolel : elementl, ..., roleN : elementN). Formally, agoal ¢ is defined as follows:

which has two arguments, i.e. the agen{the believer) and
what it believes ¢, the fact). More formally, letF’ be a set
of closed formulas of first-order logic (FOL) ankl the set
of formulas of the modal logitbased onF. Then, the fact
believed by an agent is expressed by elements pkuch

Moreover, we defined a special unification function based g="{0g4, Tg, Vg 1)
on the role of terms within a predicate, instead of their orde ] N ] o
As an example,fatherOf(father : jim,son : bob) and wher.e. og IS .the success conqumrg. is the possibility
fatherO f(son : bob, father : jim) represent the same fact. Pondlt'on stating W.hetherglcan. be aCh'eYed or not, ang
We also assume the KD45 axioms corresponding to a "Welskthe cancel conditionstating in which situations the agent
S5 modal logic” (see [12] for more details), which for anyhould give up to pursue the goal
agenta asserts that: With the aim of defining the goal model of PRACTIONIST
(K) Bel(a, ¢ = ) = (Bel(a, p) = Bel(a, 1)) agents, we first provide the following definitions regarding
* (D) Bel(o/i) — “Bel(a ﬁ@)’w ’ some useful relations among goals:
. (4) Bel(a 7@) — Bel(a éel(a ) « a goalg; is inconsistentwith a goal g, if and only if
’ ’ ' when g; succeeds, thep, fails;

3The syntax of the modal logic is defined by the following rulésy if
¢ € F theny is a formula (that isp € £7); (2) if ¢ is a formula then so are  “http://mww.swi-prolog.org
O (necessarilyp) and o (possibly o). Shitp://tuprolog.alice.unibo.it



« agoalg; entailsa goalgs (or equivalentlygs is entailed

by ¢1) if and only if when g; succeeds, then alsg,
succeeds;

« a goalg; is apreconditionof a goalg if and only if, to

be possible to pursug,, g3 must succeed;

o a goalg; dependson a goalg, if go is precondition of

¢1 and g, must be successful while pursuigg.

When two goals are inconsistent with each other, we car
also specify that one is preferred to the other. In PRACTION-
IST several goals can be pursued in parallel. Thereforeether
is no need to prefer some goal to another goal if they are no
inconsistent with each other.

Thegoal modebf PRACTIONIST agents contains the set of p
goals they could pursue and all above-defined relations gmon 4(
such goals (i.e. inconsistence, entailment, preconditaon
dependence). A more formal definition of the goal model can {
be found in [13].

check if the goal
is possible

check if the goal is
inconsistent with active goals

[ goal inconsistent
AND not preferred |

goal is not possible |

heck if the goal is entailed
by some active goal

synchronize with the
entailing goal

[ goal is not entailed

The goal model is used by PRACTIONIST agents when by any active goal |
reasoning about goals during their deliberation process. F /check about goal [ goal succeeds |
them, desires and intentions are mental attitudes towarals g preconditions

which are in turn considered as descriptions of objectives.
Thus, "pursuing the goa}” is only a desire if the agent is ™9- 3 The deliberation process.
not yet committed to it, due to some reason. On the other
hand, _”pursumg the g(_)ay” becomes an m_tentl(_)n when theintention. Moreover the agent checks if some dependee goal
agent is committed to it and work_s to a(;h|eve_ It does not succeed. If so, it will desire to pursue it and then
Suppose that an agent starts its deliberation process (égﬁtinue pursuing the goal
figure 3) and generates a gapk= (0,4, 4, v,) as an option. )
Therefore the agemtesires to pursue the goal. But any agent
will not be able to achieve all its desires; thus it checks if
it believes that the goaj is possible(i.e. if it believes that ~ In the PRACTIONIST framework plans represent an im-
7, is true) and nofinconsistentwith active goals (i.e. those Portant container where it is possible to define the actual
goals that the agent is currently committed to), the desire Rehaviours of agents. Each agent may own a declared set of
pursueg will be promoted to arintention Otherwise, in case Plans (theplan library), which specify the activities the agent
of inconsistence among and some active goa's’ the desire téhould undertake in order to achieve its intentions, or lmnd
pursueg will become an intention only if is preferred to all incoming perceptions, or react to changes of its beliefs.
inconsistent active goals, which will in turn be dropped. Several information about plans can be specified (the com-
Therefore, at the end of the deliberation process, a PRARIete list of such slots is reported in table I), in order to
TIONIST agent could either generate a new intention @fovide the agents with the capability to dynamically behav
remain with an impossible desire; it could drop some exgstitvhen selecting and executing plans. Thus, a plan represents
intentions as well. This ability avoids that agents try toque & Possible recipe to manage the trigger event, which in turn
impossible and inconsistent goals (at least from theirpoin May be related to a goal, an external event, or an event which
view). notifies a change of the belief set. How to actually handle a
When a desire to pursue is promoted to an'ntention certain event is reported within the bOdy, which ISaB'lIVIty
before starting the means-ends reasoning, the agent cleckbBat can contain a set afcts such aglesiringto pursue some
it believes that the goaj succeedsthat is, if it believes that 9oal, adding or removing beliefs, sending ACL messages,
the success condition, holds) or if the goalg is entailed doingan action and so forth.
by some of the current active goals (i.e. some other means id hrough the perceptors, a PRACTIONIST agent receives
working to achieve a goal that entails the ggdl If either, Perceptions from the environment and transforms them into
there is no reason to pursue the ggaind the agent does notevent$ which are put into an event qgueue. It also contains
need to make any means-ends reasoning to figure out hownigrnal goal events, which are generated when the desire to
pursue it. pursue a given goal is promoted to an intention and some
Otherwise, before starting the means-ends reasoning,Means-ends reasoning is required to figure out how to achieve
some declared goa]s are precondition mrthe agent will such an intention. The queue also collects events related to
first desire to pursue them and then the ggpal changes in agent's beliefs.
As a default, PRACTIONIST agents adopsiagle-minded ~ For each evente extracted from the queue, the agent
intention commitmenstrategy. Thus, it will continue to main- performs the followingmeans-ends reasoning
tain an intention until it believes that either such an ititan 1) it figures out thepractical plans, which are those plans
has been achieved or it is no longer possible to achieve the whose trigger event matches the selected event;

V. MEANS-ENDS REASONING



TABLE |

THE STRUCTURE OEPRACTIONISTPLANS. deliberation to means-ends reasoning.

If there is no plan to pursue alternative goals, the achieve-

Trigger event| The event (or the set of events) ment of the intention has failed, as the agent has not othgs wa
the plan is supposed to handle. to pursue its intention. Thus, according to agents beliéts,
It represents théntent of the plan. goal waspossible but the agent was no able to pursue it (i.e.

Context | A modal logic formula that, when
believed true by the agent, makes
the planapplicable so that

there are no plans).
It should be noted that the PRACTIONIST framework

the agent can select it. provides agents with the ability to dynamically build plans
Success condition When the agent believes that this pursue a given goal, as soon as no plan of the library is able to
condition holds, the plan ends with pursue it. These planning capabilities are based on a badkwa

success, regardless its execution state.
Cancel condition| When the agent believes that this
condition holds, the plan ends with

search algorithm in the states space [14] implemented in
Prolog. Thus, the issue of pursuing a goal can be viewed as

failure, regardless its execution state. a planning problem where the initial state is represented by
Body | Set of acts that are performed during the agent’s beliefs and the domain is represented by alailab
the execution of the plan. The body actions. The planning component produces a sequence of

defines the actual behaviour of the plg
Invariant | Condition that must remain true
during the execution of the plan.

>

actions to be performed in order to satisfy the goal. These
actions will be part of the body of a dynamically-generated

As soon as it becomes false (at least plan, which temporarily becomes an element of the agent’s
according to the agent’s point of plan library. This plan may be composed by a set of either
view), the agent will try to restore it. abstract or concrete actions, according to whether theg hav
Belief updates| Effects of this plan, in terms of some inputs are specified or not. In abstract actions, inputs

in case of success belief updates in case of plan success.
Belief updates| Effects of this plan, in terms of
in case of failure| belief updates in case of plan failure.

will be initialized with some outputs of previous actions.

As soon as each action is performed, its postconditions are
applied to update the agent’s beliefs. The actual effecthef
overall plan should be the satisfaction of the initial gaale(

. . ends), as the plan is the right means to pursue it.
2) among pr_actlcal plans, the agent detectsatppllcable_z The plan can fail when action preconditions are not satisfied
ones, which are those plan whose context is bellev%d

true, and selects one of them (which is caliegin plar): Ue to some unexpected changes of beliefs or the execution

3) it builds theintended meanscontaining the main plan of some action fails.
meanscor g P It should be noted that since the planning component could
and the other alternative practical plans.

be time-consuming, the developer can disable it. Moreover,

Each new intented means is put within a stack accordifige developer can set the maximum number of actions for
to the following criteria: if the event refers to an intention dynamically-generated plans.

to pursue a goal, it is put on top of the stack containing the
intended means that has generated the commitment to that VI. SOME REAL-WORLD APPLICATIONS

intention; otherwise, a new stack is created with the new |, this section we present some real-world software applica
intented means._Thus, every intended means stack can ru:on_%inS developed with the PRACTIONIST framework, i.e. the
several nested intended means, each able to handle a gi¥eBntract Negotiation Systefor the automatic negotiation of
event, possibly through several alternative plans. electronic contracts between autonomous entities withra mi

For each stack, the main plan of the topmost intended megmgim human intervention, and tfBulletin Board Monitoring
is executed. Meanwhile, both success and cancel condiionssystemwhich monitors a sort of bulletin board on behalf of
the plan are checked, in order to stop the execution (eitfter wWysers in order to discover interesting offers/requestgéads.
success or failure) before its normal completion. The general architecture of theContract Negotiation Sys-

Moreover all intended means stacks amncurrentlyexe- temis decomposed into three high-level componefilsthe
cuted, so that each PRACTIONIST agent can perform sevegilyer subsysteminterfacing with parties playing the role
non-inconsistent activities in parallel. Indeed, everyABR of buyers; (i) the Seller subsysteninterfacing with parties
TIONIST agent will never perform activities or pursue goalplaying the role of sellers; angii) the Negotiation Manager
incompatible with one another, at least according to it&ebel which monitors, supports, and controls the negotiationsezh
and goal model. out within its scope.

In order to be able to recover froplan failuresand try The above-mentioned subsystems were designed as agents
other means to achieve an intention, if an executing main plmteracting among one another and using some artifactsrwith
fails or is no longer appropriate to achieve the intentitlent the negotiation environment. Negotiation agent types. (i.e
the agent selects one of applicabléernative plansvithin the Buyer and Selle) are endowed with some strategies that
same intended means and executes it. let them achieve some given objectives, according to their

If none of the alternative plans is able to successfully pairsbeliefs, representing user preferences and needs as well as
the goalg, the agent takes into consideration the goals thaegotiation state, opportunities, and business rulesief3el
entail g. Thus the agent selects one of them and considersft the Negotiation Manageragent type mainly refer to the
as a desire, processing it in the way described above, framegotiation status.




Obviously goals are used to model agent objectives (efgrmulas. The framework also allows agents to dynamically
achieving an agreement, formalizing a contract, etc.)levhibuild plans in case of no plan available in the library can be
plans are used to implement actual behaviours of the ageatsivated by some selected event.

(e.g. negotiation strategy, evaluation of proposals, chaf Some further work should be done with respect to the
the best proposal, etc.). several issues that a BDI model involves; our intention is to
It should be noted that all phases of eContract negotiationprove the execution flow by adding some functionaliti&e li
were addressed, such as the creation and the dispatchtiafng, new acts, and so forth, that could help in the sudakss

proposals, the evaluation of received proposals, the tispaapplication of our framework in real problems.
of counterproposals and the formalization of agreements ag-inally, we have been developing some other real-world
formal eContracts. applications by using the PRACTIONIST framework, method-

Another application developed by using the PRACTIONIS®logy and design tool. As an example, we are designing and
framework is an automatic system that monitors offers amttveloping a software system for financial risk management a
requests that have been published into a bulletin boardeindd society of PRACTIONIST agents, dealing with the problem
users be informed about interesting ones, on the basis iof thef monitoring huge volumes of information and supporting

preferences and needs. humans in their decision-making in a distributed way.
The general architecture of thHgulletin Board Monitoring
Systenis decomposed into three high-level componefitghe VIIl. A CKNOWLEDGMENT

Distributor subsysteminterfacing with distribution companies
(usually big enterprises) searching for interesting affef
goodsj(ii) theProducer subsystenmterfacing with production
companies (usually small and medium enterprises) seach
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