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1.

Introduction

In the current economic climate, it is very important that the manufacturers
have inﬂuence on each other so that the possibilities of competition between
them are high. This is why an additional support in ﬁnding potential partners
and forecasting a future state of the market (predicting trends of demand and
prices) becomes necessary.
For this class of problems, an application utilising the agent approach seems
to be useful. In this approach it may be assumed that entities have their own
autonomy or even that cooperating companies provide each other with selected
information. Additionally, using the agent approach it may be possible to analyse diﬀerent solutions for decision and interaction problems.
These are, for example, negotiation, auction and bargaining protocols, planning machine learning, and working with partial knowledge algorithms. A lot of
research is presently being carried out in the domain of multi-agent systems concerning the modelling and optimisation of supply chains. They will be outlined
in the next section.
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It seems to us that an important feature of a system for modelling and optimising supply chains should be its ﬂexibility, while systems already developed
have focused mostly on solving speciﬁc problems. The goals of our work concern
creation of special agent methodology and models destined to solve a wide range
of logistic problems. This is also related to the construction of supply chains.
To optimise activities, we applied diﬀerent approaches, for example, prediction
values of diﬀerent parameters describing the state of simulation or classiﬁcation
of situation patterns. In this work, we concentrate on the analysis of results
obtained after simulation of diﬀerent scenarios selected for diﬀerent choices of
decision parameters.
Other issues include diﬀerent methodologies for developing multi-agent systems. The development of software is a complex process, charged by the risk of
making mistakes in each of the diﬀerent stages. There are various methodologies of software development, where the choice depends on the speciﬁcs of the
projects to be realized.
Methodologies of multi-agent system development may be analysed from the
point of view of two aspects: As a method for building general purpose software,
or as a method for building systems fulﬁlling special functions of multi-agent
systems. In Bergenti, Gleizes and Zambonelli (2004) a comparison between the
component approach and agent approach is presented. Attention is given to the
possibilities resulting from applying concepts present in multi-agent systems,
in the software engineering process. This concerns, in particular, a possibility
of using goals to represent the results obtained after agents/components which
were called up, have acted.
There is a great deal of methodologies for developing multi-agent systems
(Bergenti, Gleizes and Zambonelli, 2004), especially focusing on the phases of
analysis and designing and - sometimes - also validation. Some solutions allow
a direct passage from the design speciﬁcation to the implementation phase as
a result of code generation. The popular methodologies of MAS development
are GAIA (Wooldridge, CityplaceJennings and Kinny, 2000), together with extending methodologies - GAIAv2 and ROADMAP, see Cernuzzi et al. (2004),
Tropos (Mylopoulos and Castro, 2000), MASE (DeLoach, Wood and Sparkman,
2001), ADELFIE (DeLoach, 2004), and Prometheus (Padgham and Winikoﬀ,
2004).
These methodologies embrace diﬀerent steps of the software development
process. The majority of them (GAIA, Tropos, MASE) in the ﬁrst stages are
based on the identiﬁcation of roles played by elements of the system, together
with their description, containing performed actions, behaviour patterns, used
and modiﬁed data, and deﬁned goals, often with their hierarchy with superior
and partial goals. Concerning these elements, particular agents are deﬁned
which play given roles, have interactions between them and provide the services
oﬀered by the system (GAIA).
It is also worth mentioning the AUML (The Fipa. . . , 2008), which is an
extension of UML by elements useful for stages of analysis and design of multi-
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agent systems. These are: extension of sequence diagrams that have as their
goal a better presentation of the speciﬁcs of interactions performed with the
use of agent interaction protocols and introduction of new elements for class
diagrams. A method of presentation oﬀered by AUML might be used by the
aforementioned methodologies (for example GAIA).
Methodology designers have been trying to give methodologies universal features, while when solving problems of designed MAS (multi-agent systems),
oriented at a speciﬁc scope of application, it often turned out that general
methodologies contain elements useless in a given case or conversely, do not
contain special features, which are required. In this paper we present a methodology of proceeding, adapted to a development for models of supply chains,
which take into consideration aspects characteristic for this domain.
Our approach diﬀers from the methodologies referred to. The basic elements
are not roles but agents, described by performed actions, goals, used resources
and organisational resources.
The second section of the paper contains an overview of application of the
multi-agent approach for modelling and optimisation of supply-chains. In the
third section proposals of the formal principles of construction of multi-agent
environment, oriented at simulation analysis of a given class of supply chains
and activities in the production sphere are presented. In the fourth section,
we inserted given types of agents, representing distinguished activities of the
production process to the abstract structure of the multi-agent systems. The
ﬁfth section contains some realisation details and examples of results obtained
using the realized environment.

2.

Multi-agent systems and supply-chain management

We can ﬁnd in the literature various models of multi-agent systems for supplychain management and for modelling supply chain elements, especially for companies and their various departments.
A wider overview of the diﬀerent solutions can be found in Shen and Norrie
(1999) and Moyaux, Chaib-draa and D’Amours (2006). In the former, groups
of systems are recognised that concern enterprise integration and supply chain
management, manufacturing planning, scheduling and control and holonic manufacturing systems. In the latter, a concept of supply chains, elements that make
it up, analysed diﬀerent forms of cooperation between elements that are parts
of the supply chains are deﬁned and examples of multi-agent systems for supply
chain management are given.
Examples of multi-agent systems for supply chain management are presented. They are then described considering the researched problem, the applied
approach, number of agents and roles played by them. From this overview, one
can notice that agents are applied to supply chain management, its construction and coordination. They are used to prevent the Bullwhip eﬀect (Kimbrough, Wu and Zhong, 2001), increase ﬂexibility, for a better choice of busi-
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ness partners and to simulate the emerging global cooperation from local competition. Approaches applied are the evolutionary algorithms for optimisation,
agent-mediators, contract-driven coordination, diﬀerent coordination policies,
and analysis of diﬀerent auction protocols. In the comparison presented here,
companies are usually presented by single agents, and only sometimes by more
agents.
In Swaminathan, Smith and Sadeh (1998) an environment for modelling the
dynamics of supply chains is presented. It consists of structural elements responsible for production and transport and control elements. The production
elements contain production agents: Retailer (delivers goods to Customers),
Distribution Centre (between Plant and Retailer) and External Suppliers and
transport elements contain Transport Agents (represented by transport vehicles).
The control elements contain Inventory Management (Centralised and Decentralised), Demand Management (Market Elements, Prediction Elements),
Supply Management (determines times and conditions of the delivery goods),
Flow Management (loading of elements, routing of elements) and Information
Management (information immediately and periodically accessible).
An important aspect, having an inﬂuence on the progress of research on
application of multi-agent approach to modelling and management of supply
chains, is competition in the framework of Trading Agent Competition SCM
(Trading Agent Competition, 2008). In this competition agents participate,
trying to build optimal supply chains. The quality criterion used is the amount
of wealth gained at the end of the game. The rules of the game are described in
Collins et al. (2007), embracing deﬁnitions of suppliers, customers and interfaces
for companies, which are represented by agents deﬁned by players.
The following aspects of functioning are deﬁned for agents-companies: production (relations between ﬁnal products and components, required production
time and production power), delivery (time needed for the delivery of products
in response to requests), storing (taking into consideration inventory costs), and
ﬁnance (interest charges at the bank for the positive or negative state of the account). For suppliers, conditions are deﬁned for the choice of handling requests
to be realized, allocation of production power for requests, which may be only
partially fulﬁlled or requests, which should be realized as soon as possible, daily
production value, available production power, reputation and its inﬂuence on
the agent decisions and the method of determining prices.
The customers are deﬁned by a supply given by the kind of product, quantity,
quality, realisation time, maximum price and value of the penalty for the delay.
In the literature, models of agents-companies are presented, especially the
ones having succeeded in the competition, their structures and algorithms used.
One can distinguish two kinds of architectures of agent-companies: loosely coupled agents, composed of several sub-agents responsible for diﬀerent aspects
of a company functioning, or stronger coupled agents, which have a modular
architecture.
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For example, in He et al. (2006), the SouthamptonSCM agent is described,
composed of three agents: Customer Agent (determines choice of customer request which should be served), Component Agent (determines strategy of components ordering, tracks and predicts prices) and Factory Agent (responsible for
the production process according to Customer requests, with some additional
products produced in the goal of maximising the utility of the company).
In Benisch et al. (2004) an agent with modular structure is presented, composed of a Modelling Module (describes other agents), Bidding Module, Scheduling Module, Delivery Module, Component Inventory with Procurement Module
and Factory with Product Inventory. In Pardoe and Stone (2007) the TacTex06
agent is presented, consisting of the following essential modules: Supplier Model,
Supply Manager, Demand Manager, Demand Model as well as OﬀerAcceptancePredictor.
Agent Mieux (Benisch et al., 2006) has emphasis on the strict coordination
between bidding, buying components and planning with the intention of being
able to adapt quickly to changes on the market. Its components are: Strategy
Module (determines a part of the predicted demand, which the agent should try
to fulﬁl by its oﬀer, and determines when given products related to given requests
are produced), Scheduling Module (manages a predicted production plan within
a time frame of a few days), Bidding Module (determining a willingness of
gaining a bidding for the given bidding price), and Procurement Module.

3.

Methodological aspects

From a functional point of view, a problem of multi-agent system design may
be considered in a variety of ways and it seems that the following dual characteristics can be pointed out:
• design of the system, whose role will be included in cooperation with the
existing real system for the goal of recognising its features, improving its
functionality or supporting the decision process,
• the design of the multi-agent system that works in a virtual computational
environment and that has to provide information concerning the functioning of a certain real system to make it possible to ascertain a more precise
recognition/searching process currently happening in it and existing relations, which form the basis of improvement of its functioning, assessment
of decision strategies or the necessary analysis of the risk of anomalies and
critical situations appearing as well as methods of reacting in response to
them.
It is worth noting that although functionality of designed multi-agent systems diﬀers as to the above-mentioned aspects, the process of design and of its
partial realisation contains a lot of common elements. So, in both cases it is
necessary:
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• to possess some “a priori” knowledge about the real life process for which
a multi-agent system was designed;
• to create a concept of roles realised by particular agents taking into consideration certain features of the environment (real or virtual) where they
have to function;
• to design agents appropriate for the tasks, which are assigned to them;
• to design a hardware and software infrastructure which makes it possible
to realise a designed system.
An important diﬀerence for these cases is the fact that in the ﬁrst case a
multi-agent system is adjusted to the existing environment and the structure
of the real process and in the second case there exists a signiﬁcant freedom in
shaping the environment of agents. Additionally, the problem of monitoring
and, in consequence, exchanging and the initial processing of data should be
solved in a diﬀerent manner.
In the second case, a problem of designing the model, which not only supports decision processes, but also simulation of the real system becomes a key
problem. In some cases, a good choice may be to join together both functionalities, that is, to develop a virtual agent model which cooperates with an
agent-oriented real system.
The analysis carried out in this work is aimed mostly at the second case of
the use of multi-agent systems, that is, a construction of a model which makes it
possible to carry out research on the behaviour of a real system under diﬀerent
conditions of its functioning and diﬀerent strategies of agents of which it is built.
The general model of a system is constituted by the equation
Sys ≡ hAg, Env, Res, Com, Orgi

(1)

where:
Ag – set of agents,
Env – environment,
Res – resources accessible in the environment,
Com – communication,
Org – organisation, which determines relations between the agents and
between the agents and the environment.
External agent models will be analysed at system level, making it possible to
adjust rules, common relations, and relations with the environment.
Ai ≡ hXi , Ti , Ri i, Ai ∈ Ag
where:
Xi = {xi1 , xi2 , . . . , xin } – set of actions (activities) of agent Ai ,
Ti = {ti1 , ti2 , . . . , tim } – goals of agent Ai ,
i
Ri = {r1i , r2i , . . . , rm
} – resources of agent Ai , Ri ⊆ Res.

(2)
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Moreover, the eﬀect of applying a sequence of actions is estimated through a
quality function of reaching a given goal:
Fi (tik ) = Fitk (xij (n)),

n = 1, ..., N,

tik ∈ Ti , xij ∈ Xi

(3)

where:
xij (n) – action of agent i at the n-th stage of its functioning,
N – planning horizon.
An overall estimation of the functioning of the agent may be determined, for
example, as a weighted sum of given evaluations for partial goals, tik ∈ Ti .
A description of the environment (Env) depends signiﬁcantly upon the features of the modelled real system, which is why representing it in the general
form encounters diﬃculties. For an analysis it seems to be useful to express an
environment as follows:
Env ≡ hE, Y : Y → Resi

(4)

where:
E – a metric/graph space which represents a structure of possible activities, realised by agents:
E = (Ag × Ag) → {0, 1}

(5)

Y – a relation mapping a location in a space E expressing an accessibility
of resources Res
Y = (Ag × R) → {0, 1}.

(6)

Resources will be described by:
Res ≡ hR, Y −1 i

(7)

where:
R = {R1 , R2 , . . . , Rn } – types of resources available in the system,
Y −1 – a relation inverse to Y , assigning locations in the environment to
resources.
Similarly, communication may be described by:
Com ≡ hZ, Ci

(8)

where:
C = {C1 , C2 , . . . , Cl } – communication means accessible in the system,
Z – a relation assigning a given communication means to agents, that is
Z = (C × Ag) → {0, 1}.

(9)
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Construction of a description of the organisation (Org) of a multi-agent
system plays an important role. Here it is also possible to build a wide variety
of formalisms, adjusted to the speciﬁcity of an analysed system. For a class of
processes analysed in the next sections of the paper, it is proposed to accept
that the organisation is represented as a triple:
Org ≡ hB(Res), D(Com), M (Ag)i

(10)

where
B(Res) – a relation deﬁning conditions of access to resources,
D(Com) – a relation deﬁning conditions of access to communication,
M (Ag) – a set (collection) of mutual relations between agents.
Then:
B(Res) = {(R1 , W1 ), ..., (Rr , Wr )}

(11)

where:
(Ri , Wi ) – deﬁnes a condition of access to resource i
Similarly:
D(Com) = {(C1 , V1 ), ..., (Cl , Vl )}

(12)

where:
(Cj , Vj ) – determines access conditions to communication means j.
Interpretation of access conditions (Wi , Vj ) depends on a given analysed
task. For example, (Rk , Wi ) may deﬁne a quantity of the k-th resource made
available to agents during one stage of the process (i.e. for the execution of
one action). Similarly, (Ck , Vj ) may determine a preferred size or frequency of
messages sent using a given communication method.
Relations between agents may be described as follows:
M (Ag) ≡ (Ag × Ag) → M

(13)

that is, by a mapping of a set of pairs (Ai , Aj ) to a set of possible mutual
relations. This may be written also as follows:
M (Ai , Aj ) → mij

(14)

where mij ∈ M , mij - a mutual relation between agents Ai and Aj .
Among the possible relations (mij ) one can distinguish, as characteristic
ones: equivalence, domination (partial and complete), co-dependency (cooperation, competition), and antagonism.
Equivalence may be deﬁned as:
Ai ↔ Aj ≡ (Ai ↔ Aj ) → (Xi = Xj ) ∧ (Ti = Tj )

(15)
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and, following (3):
Fitk (xik (n)) = Fjtk (xjk (n)), ∀tk ∈ Ti = Tk .

(16)

It means that a consequence of (16) is the application of the same estimations
of the functioning of agents Ai , Aj for each goal tk .
The relation of domination is described by the expression:
Ad > Ai ≡ (Ad > Ai ) → ∃tik ∈ Ti : Fitk (xij (n), xdl (n)), xij ∈ Xi , xdl ∈ Xd . (17)
It means that the eﬀect of the actions of the i-th agent depends not only on
its own but also of the arbitrarily enforced actions of the dominant agent (Ad ).
The full dominance concerns all goals of agent Ai
Ad >> Ai → ∀tik ∈ Ti : Fitk (xij , xdk ).

(18)

Relation of co-dependency may be described similarly to (17), but such a relation has a mutual character, which means that actions of Ai , Aj have inﬂuence
on the evaluation of activities of each of them.
Taking additionally into consideration the concordance or divergence of goals
of the pair of agents (Ai , Aj ) one can introduce the following formulations concerning cooperation, competition and antagonism.
Co-dependency may be described in few variants:
cooperation:
Ai ♦Aj →

∃(tik , tjm )

:



Fitk (xij , xjm )
Fjtn (xij , xjk )

(19)

which means that such a pair of goals of agents Ai and Aj exists, for which their
evaluation depend on the actions of both agents.
competition:
Ai ∼ Aj → ∃(tik = tjm ) : Fjtk (xij , xjk )

(20)

which means that a pair of goals of agents (Ai , Aj ) exists, for which there is a
set of identical quality coeﬃcients, dependent on the actions of both agents.
antagonism:
ti

j

ti

j

Ai ⊕ Aj → ∃(tik , tjl ) : Fkn = −F tm

(21)

full antagonism:
Ai ⊗ Aj → ∀(tik , tjl ) : Fkn = −F tm .

(22)

In the latter cases a direct contradiction of interests exists for at least one pair
of goals (antagonism) or all the goals (full antagonism).
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Relations between agents, mentioned above, make it possible to deﬁne precisely the strategies for activities appropriate for them and to assess the functioning of the whole system. An occurrence of given relations also has an inﬂuence
on a method of deﬁning a global criterion of quality of the system functioning,
which may be expressed in the form:
(23)

G(S) ≡ G(X, R, T )
where:
X = (X1 , X2 , . . . , Xn ) – space of agent action,
R = (R1 , . . . , Rm ) – resources of the system,
T – a global goal of system functioning.

With the notions introduced we may start describing the functioning of
the multi-agent system and processes (local and global) related to it. The
functioning of an agent is described by its strategy:
Str Ai ≡ {xij (n)},

xij ∈ Xi ,

(24)

n = 1, ..., N

where:
xij (n) – j-th action of agent Ai in the successive stages n ∈ {1, . . . , N } of
system functioning,
N – an accepted planning horizon.
The following action, and in consequence, the whole strategy, are selected
by the agent on the basis of its decision algorithm:
Alg Ai ≡ Alg [Ti (n), Xi (n), Fi (ti ), ResAi (n)],

Ti (n) ∈ Ti .

(25)

Most often Alg may be used to search for extrema:
Alg Ai ≡

max [Fi (n) | ti ∈ Ti ],

xi (n)∈Xi

RAi (n) ∈ ResAi

(26)

where:
RAi (n) – resources available for Ai in a stage n,
Fi (n)– quality function of goal realisation ti .

4.

Agent model of system for the management and optimisation of supply chains

Using the elements of the general model of multi-agent system, presented in
the previous section, description of the multi-agent system for modelling and
optimisation of supply chains was done. This system is modelling the behaviour
of a company, market (represented by Agent Market) and customer (represented
by Agent Customer).
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The company is represented by several agents such as: Seller (responsible
for selling of ﬁnal goods), Buyer (responsible for buying components), Inventory Manager (performs management of the stocks), Producer (performs the
production process), Strategy Planner (responsible for determining the strategy
of the company functioning). All agents, being the parts of the company, are
subordinate to the Strategy Planner agent, determining strategies and modifying the goal functions of agents. However, the agents also have a high degree of
autonomy. Because of the possible appearance of unpredicted situations and the
knowledge possessed, both partial and uncertain, the agents may be forced to
react, including a change in their goals and plans, within the given constraints.
Fig. 1 shows relations of co-dependency between agents, and Fig. 2 — relations of antagonism and domination.

...

...

Seller

Buyer

Customer

Company
Company

Market

Company
Strategy Planner
Buyer

Inventory Manager

Seller

Producer

Figure 1. Relations between agents: co-dependency
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Antagonism
Domination

...

...
Seller

Seller

Buyer

Buyer

Company

Customer

Company
Customer

Company

Buyer

Seller
Strategy Planner

Inventory Manager

Producer

Figure 2. Relations between agents: antagonism and domination

4.1.

Agent Customer

Agent Customer (Cust ) represents a ﬁnal customer, ordering goods produced
by the company. It cooperates with Agent Market, eﬀecting contracts of buying/selling and Agent Seller, making the ﬁnal products available.
Actions. Agent Customer performs the following actions
Xi = {SD, GIBC, GG, CG}

(27)

where:
• SD (send demands) – announces a demand for goods to Agent Market,
• GIBC (get info about buying contract) – receipt of information regarding
an established contract of buying from Agent Market,
• GG (get goods) – receipt of goods transferred by a given Agent Seller
• CG (consume goods) – consumption of possessed goods according to the
function deﬁned for the agent.
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Possessed resources. Agent possesses diﬀerent kinds of ﬁnal products producti ,
not yet consumed, and ﬁnancial means:
Ri = {money, product1 , . . . , productn }
Goals. Goals Ti = {G-UTIL}, where G-UTIL is the utility function of agents.
The value of G-UTIL is determined by values of resources possessed by agent
currently and previously consumed.
F (G-UTIL) =

n
X

αn−t ut (Ri )

(28)

t=0

where t – time, n – current time, ut (Ri ) – function, evaluating the quality of
the conﬁguration of resources owned in a given time, α – coeﬃcient, 0 < α < 1.
Relations between agents. Agent Customer is in the relation of co-dependency with Agent Seller and Agent Market, and in antagonism with other agents:
Agent Customer and Agent Buyer.
4.2.

Agent Market

Market (Mar ) associates requests of buy and sell coming from agents Buyer,
Customer and Seller.
Actions. Actions of Agent Market:
Xi = (RCVSO, RCVBO, DICB, DICS)

(29)

where:
• RCVSO – receives a sale oﬀer;
• RCVBO – receives a buying declaration;
• DICB – delivers a list of associated orders of buying/selling to a Buyer/
Customer,
• DICS – delivers a list of associated orders of buying/selling to a Seller.
Goals. Goals are deﬁned as follows: Ti = {Fi (G-MAXGT), Fi (G-MAXMT)},
where:
• G-MAXGT – try to obtain maximum possible goods transfer,
• G-MAXMT – try to obtain maximum possible money transfer.
and Fi (G-MAXGT) may be expressed as a sum of the all exchanged goods and
Fi (G-MAXMT) as a sum of the all exchanged ﬁnancial means.
Relations between agents. Agent Market is in the relation of co-dependency
with Agent Sellers, Agent Buyers and Agent Customers.
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Agent Seller

Agent Seller (Sel ) sells goods on the market. To do this, the agent submits
oﬀers to the market and after conﬁrmation of transaction obtains goods from
the storehouse handled by Inventory Manager Agent and hands them over to
the Buyer or Customer Agent.
Actions. Agent has a following set of actions
Xi = (PSELL, GGOODS, SGOODS, ECOND),

(30)

where:
• PSELL (propose sell) – sends a proposal of goods sale to Agent Market,
the proposal depends on the current state of the stock, goals and the
situation on the market,
• GGOODS (get goods) – gets goods from warehouse,
• SGOODS (send goods) – sends goods to a purchaser – Agent Buyer of
another Company or Customer,
• ECOND (estimate condition) – determines (considering current goals,
state of stocks and state of the market) what transaction conditions are
possible,
• SETGOALS (set goals) – sets conﬁguration of goals taking into consideration information obtained from Strategy Planner.
Resources possessed by Agent Seller are the ﬁnal goods in the warehouse:
Ri = {f inalproduct1, ..., f inalproductm }.
Goals. Set of goals of agent Ti = {G − SG, G − M G} contains the following
elements:
• G−SG (sell goods) – sends ﬁnal goods owned by the company, a constraint
is minimal selling prices set by the Agent Strategy Planner,
• G − M G (maximise gain) – sends goods in such a way that gains are
maximised.
Relations between agents. Agent Seller is in the following kinds of relations:
• domination – the agent is dominated by the Strategy Planner, which sets
it goals,
• antagonism – goals of the agents are opposite to the goals of Agent Sellers
of other companies,
• co-dependency
– Agent Customers and Buyers – number of goods sold and realisation
of goals depends on the agents Buyer and Customer which submit
their needs for the goods,
– Producer – delivers ﬁnal products to warehouse, which determines
the number of goods which may be sold,
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– Inventory Manager – determines the number of ordered components
and in consequence the number of produced ﬁnal products.

4.4.

Agent Buyer

Buyer (Buy) – places orders for goods needed, in interactions with the market role, and, after a transaction of buying, it places goods in the warehouse
managed by InventoryManager.
Actions The actions associated with the agent
Xi = (WILBUY, SENDORD, CONFTR, GETG, SETG)

(31)

where:
• WILBUY (estimates willingness of buying) – calculates a willingness of
buying of goods depending on the directives set by Strategy Planner, information about the market state, proposed price and needs notiﬁed by
Inventory Manager.
• SENDORD (places orders) – sends buying oﬀer to Market,
• CONFTR (conﬁrm transaction) – conﬁrms the conclusion of the transaction,
• GETG (get goods from seller) – gets goods from the agent Seller,
• SETG (set goals) – sets conﬁguration of goals on the basis of information
obtained from Strategy Planner. The purchase may be urgent (a production stoppage - so there is a risk it will happen) or ordinary (the need to
replenish stocks to a desired level).
Resources possessed by the agent: Ri = {money} – includes the quota of
money reserved to be at the disposal of the agent, purchased goods are transferred directly to the warehouse.
Goals. Goals of agent Ti = {getcomponents(time)} consist of purchasing the
deﬁned number of goods in given times (time). The quality of goal realisation
depends on the number of purchased goods compared to the number needed
and potential delays of component arrival: Fi = {quantities(t), delays(t)}.
Relations between agents. Agent Buyer is in a co-dependency relation with
the following types of agents:
• Agents Sellers of other companies,
• Inventory Manager, which decides the number of goods required.
It is also dominated by Strategy Planner, which determines the prices the agent
should be willing to pay for given times of goods delivery and given degree of
urgency of purchasing goods, and in relation of antagonism with Agents Buyers
of other Companies and Agents Customers.
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4.5.

Agent InventoryManager

InventoryManager (InM ) informs Buyer, which components should be bought
and predicts demand.
Actions. Actions performed by the agent are:
Xi = (PREDDEM, SENDNEEDS, EST-COSTS, SETG)

(32)

where:
• PREDDEM – predicts future demand and on this basis determines current
required purchases,
• SENDNEEDS – sends needs to agent Buyer for purchase of given goods,
taking into consideration the number of elements, delivery time and urgency of order.
• EST-COSTS – predicts storage costs, inﬂuencing preferred inventory levels,
• SETG – sets conﬁguration of goals considering information obtained from
Strategy Planner.
Resources. The resources owned by these agents are the components and ﬁnal
products stored in the warehouse:
Ri = {component1 , . . . , componentn , f inal−product1, . . . , f inal−productm }.
Goals. The goals of agent Ti embrace the following aspects: to guarantee
the preferred levels of stock (components and ﬁnal products) in the storehouse and conform to the strategies chosen by Strategy Planner and existing
stocking costs Ti = {get-components, limit-costs, service-products}, Fi = {costs,
preferred-number-of-comp, preferred-number-of-products}.
Relations between agents. Agent Inventory Manager is dominated by Strategy Planner, which chooses its strategy and is dependent (in relation of codependency) upon following agents:
• Buyer – its activities inﬂuence the number of purchased components,
• Seller – its activities inﬂuence the number of the ﬁnal products sold,
• Producer – delivers ﬁnal products to the warehouse.
4.6.

Agent Producer

Producer (P rd) – performs a production process; on the basis of available actions
and resources (components, production lines) possessed performs production of
output goods, which are being sold by Seller.
Actions of the agent are as follows:
Xi = (OEDPROD, PRODUCE, GETCOMP, PUTPROD)
where:

(33)
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• ORDPROD – deﬁnes conducted production,
• PRODUCE – performs the production of ﬁnal goods from input components,
• GETCOMP – gets components from the storehouse,
• PUTPROD – delivers ﬁnal product to the storehouse.
Resources. The agent has the following kind of resources at its disposal: Ri =
{production_lines, products, components}
Goals. Goals Ti of agent concerns the carrying out of production according to
speciﬁcations obtained:
Ti = {produce-according-specification(quantity, time, it quality)}
Fi = {fulfil-needed-requests}.
Relations between agents. Agent is dominated by Agent Strategy Planner,
which determines production strategy, and in the co-dependency relation with
the following types of agents:
• Agent Seller – number of sold elements inﬂuences production level,
• Agent Buyer – number of bought components inﬂuences production capacity.
4.7.

Agent Strategy Planner

The Agent Strategy Planner manages other agents, representing parts of the
company and the conﬁguration of their goals, choice of the production strategy
(associated with the preferred level of stocks) and choice of the price ranges
oﬀered during buying and selling.
Actions are deﬁned as follows:
Xi = (SPROD, SSTORAGE, SBUY, SSELL)

(34)

where
• SPROD – sets production strategy,
• SSTORAGE – sets storage strategy,
• SBUY – sets components purchasing strategy,
• SSELL – sets ﬁnal goods selling strategy.
Resources. The agent is in the direct possession of ﬁnancial means Ri =
{money}.
Goals. The goals of agent are described as follows:
Ti = {G-MAXPROF (t), PREST (t, AgSet, prest-constr)}

(35)

where G-MAXPROF (t) is maximisation of the possessed ﬁnancial means in the
given time horizon t, Fi (G-MAXPROF) is a function of prediction of ﬁnancial

166

E. NAWARECKI, J. KOŹLAK

means in the given time t′ ≤ t, and PREST (t, AgSet, prest-constr) means that in
the given time range the value of evaluation of prestige by Ai regarding agents
Aj ∈ AgSet will not drop below the values prest-constr. The agent calculates
prestige of other agents, which has inﬂuence on actions regarding them, here
the agent Ai tries to estimate how it is perceived by other agents.
Relations between agents. The agent dominates other types of agents in
the company (Seller, Buyer, Inventory Manager, Producer). It is also in the
co-dependency relation with agents Customer and Market, and in relation of
antagonism with other companies (assuming limited market absorption).

5.
5.1.

Description of realisation and selected results
Realisation

In the framework of research already carried out there have been several pilot implementations of environments for modelling and optimisation of supply
chains performed by our group. (Koźlak, Dobrowolski and Nawarecki, 2007,
and Koźlak et al., 2007). The concept of one of them and the two pilot realisations based on it will be described here. The systems were programmed in Java
language with the support of the agent platform JADE (Jade, 2008).
The company objective was to maximise proﬁt. Various decision parameters, describing the conﬁguration of the production processes speciﬁed particular activities: For the given production lines the following were taken into
consideration: production capacity, quality, maintenance costs. For buying of
components, the parameters used were: mark-up, cost and time of realisation,
quality of products and prestige of contractor. For the selling process: prestige,
ordered quantity and time taken to realise the request.
The choice of the optimal decision parameters is done using simulation of
scenarios. An agent generates a population of individuals with given decision
parameters and performs simulation with an assumed time span starting from
the current state of the market with ﬁxed parameters of clients and other producers that do not change their strategies. Using an evolutionary algorithm,
the best set of decision parameters (estimated by the wealth of a company) is
selected and the simulation for these parameters is performed.
5.2.

Systems architecture

In the framework of the study, two pilot systems were implemented, with functionalities based on the presented model. The ﬁrst one focused on elements
related to the decision making process of agent-company and parameters inﬂuencing it, description and conﬁguration of production capacities, and optimisation of these parameters with the use of heuristic algorithms (for example evolutionary algorithms), Koźlak, Dobrowolski and Nawarecki (2007). The second
system focused on the application of a market–mediator agent for concluding
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transactions and setting conditions, as well as research resulting from applying diﬀerent stock management strategies (like ATO and MTO). Fig. 3 shows
dependencies between agents.

BaseAgent

Coordinator

Market

Simulator

Data

Client

Producer

Figure 3. Classes of agents

The tasks of agents presented in Fig. 3 are as follows:
Base Agent – oﬀers basic functions used by each agent,
Data Agent – responsible for picking conﬁguration data from database and storing statistics about running of the system,
Coordinator Agen – registers created agents and provides information about
oﬀers of companies for given kinds of goods,
Simulator Agent – responsible for the synchronisation of activities, veriﬁcation
of whether the system is ready to pass to the next step and move into
simulation steps (steps representing consecutive days),
Market Agent – responsible for leading the negotiation process between agents
by ordering and oﬀering goods, and for determining the outcome of negotiation,
Agent Client – represents a customer,
Agent Company – represents the whole company.
One can note that the model is realised on a more general level than the
one presented in the model described in Section 4. We decided that in the
pilot realisation, the choice of such a level of generality is justiﬁed, because it
facilitates the interpretation of results. In the next versions of the system, we
are planning the realisation conform to the presented model.
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Selected results

The choice of results is motivated by presentation of diﬀerent features of the
implemented system, whose fundamental elements were given in the previous
section.
Below, three experiments are presented, which show:
• inﬂuence of production capacity of some companies on the wealth of all
companies,
• the determination of the wealth obtained as a result of the evolutionary
optimisation,
• the change of customer preferences and its inﬂuence on the advantages of
using given production strategies by the companies
The model presented is highly conﬁgurable, with the possibility to set many
parameters related to the description of goods, production lines, prediction algorithms, decision schemes of agents. Because of the high level of detail, the
majority of these parameters are not provided in this work.

5.3.1.

Inﬂuence of the increase of production capacity

We shall now focus on a change of the company proﬁt after the increase of production capacity of some companies. The tests were performed for 12 agents
that produced element types A, B, C, D, and E (see technology tree in Fig. 4).
There were two agents, each producing technologies A, B, C, D, and four agents
producing product E. In each round, orders were sent to producers, and it was
assumed that the quantity of the requested goods was higher than the production capacity of the agent. Each agent had diﬀerently conﬁgured parameters
describing production processes and negotiations. For example, in the initial
conﬁguration: agent E0 had a low production capacity but a more advantageous oﬀer, E1 has a high level of prestige and a production strategy which ﬁts
within the market needs, E2 relatively low production power, low production
quality, average cost and low mark-up, E3 the highest production capacity, high
quality and high line maintenance costs. The best results among the agents of
this type were obtained by agent E1, followed by E0, E2 and E3.
An initial analysis (Fig. 5) shows a low proﬁtability of companies.
The reason of this situation is the small productivity of companies D0 and
D1, which are not able to deliver a suﬃcient quantity of components D, for
which there is a very high demand (the ratio of components C to D is equal 1
to 3). To conﬁrm this, for the next tests an increase was applied of both the
production capacities of companies D0 and D1 (D0: from 26 to 170, D1: from
43 to 100) and of the acceptable percentage of exceeding them (D0: from 20%
to 70%, D1 from 31% to 80%), while other parameters remained ﬁxed. The
results of Fig. 5 conﬁrm this proposition.
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Figure 5. Proﬁtability for a case in increased production capacity

5.3.2.

Optimisation of decision parameters

The results of optimisation of decision parameters with the ﬁxed states of the
environment are presented below. The values of the quality function obtained
by the individuals in the evolutionary algorithm (Fig. 6) and an increase of the
quality of the best individual (Fig. 7), are shown.
We can notice that the value of income obtained by a company with the
strategy being optimised is gradually increasing.
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Figure 6. Quality function values of individuals in the evolutionary algorithm,
the individuals represent companies with given values of decision parameters.
x-axis - quality value, y-axis - simulation time
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Figure 7. Quality function values of the best individuals during simulation:
x-axis - quality value, y-axis - simulation time

5.3.3.

Choice of production strategy

The subsequent experiments (Figs. 8, 9, 10, 11, 12) concerned a change of
the customer preference and its inﬂuence on the advantages of using the given
production strategies by the companies. The two companies producing one kind
of ﬁnished goods are considered.
Diﬀerent production strategies may be suitable for the given parameters
associated with production time of particular components, production costs,
length of time in the warehouse and the variability and time periods of how
long the customers are willing to wait for their delivery. During the experiments we took into account two strategies - ATO (Assembly-to-Order) and
MTO (Make-to-Order). In the ATO strategy, it is assumed that the components for the production of the ﬁnal products are stored in the warehouses in
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Figure 8. Demand for ﬁnal product in weeks

Figure 9. Company A1: Proﬁt, income and expenses in weeks

Figure 10. Company A2: Proﬁt, income and expenses in weeks
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Figure 11. Sale of Company A1 in weeks

Figure 12. Sale of Company A2 in weeks

order to guarantee production continuity, taking into consideration the predicted demand level. For this goal, the elements of the stock level required are
taken into consideration (for example, cycle stock for guaranteeing the realisation of demand at a usual level, and safe stock levels which minimise the danger
that a sudden big order is not fulﬁlled). The ATO strategy gives the possibility
of a speedy realisation of the customer’s requests, however, diﬀerent costs for
maintaining the inventory stock have to be born. The second analysed strategy,
MTO, is based on the principle that the components of the ﬁnal element are
ordered only after the customer request arrives. In this case, the time period
needed to realise the customer request is higher, whereas the costs are lower
due to the lack of storage costs. The risk associated with making the time of
realising customer request longer is that the customer may become discouraged
and give up on the purchase.
Fig. 8 shows the demand for the ﬁnal product. In this ﬁgure time periods
T1 , T2 and T3 are marked, each of them is characterised by diﬀerent behaviour
of customers. In T1 the demand increases until reaching the maximum, in T2
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the demand decreases and in the half of T2 the preferences of the customers
are changed. At the beginning, the low costs of goods are more important
for customers selecting the oﬀers than delivery time, after, the delivery time
becomes more important. In T3 the demand increases again. In ﬁg. 9 and
ﬁg. 10 the evolution of proﬁt, income and expenses for companies A1 and A2
are presented. Proﬁt is calculated as follows: from the income, expenses (costs
of buying components), storage costs and penalties for not fulﬁlled concluded
contracts are deducted. For the clarity of the ﬁgures, storage costs and penalties,
which are much smaller then proﬁts, incomes and expenses, are not presented.
Fig. 11 and Fig. 12 show the levels of sale for both companies.
Company A1 sells goods using ATO strategy and Company A2 uses MTO.
In the period T1 , Company A2 has results better than Company A1, having
a comparable level of sales and lower costs (lack of store costs). The cumulated proﬁt in T1 period equals –22 for company A1 and 79 for company A2,
income: 1195 for company A1 and 1178 for Company A2 and expenses: 1051
for Company A1 and 901 for Company A2.
The results of Company A1 during T2 are similar to the results in the period
T1 (incomes: 1502, expenses 1450, proﬁt: -69), for Company A2 the income and
proﬁts decrease, in high degree because of the change of customer preferences
(incomes: 372, expenses 312, proﬁt: -98). In T3, with customer preferences
less favourable for MTO and the increase of demand for product as well as the
increase of prices demanded by the company A1, the Company A2 (income:952,
expenses:820, proﬁt:117) becomes permanently less competitive than Company
A1 (income: 4038, expenses: 2081, proﬁt:1837) .

6.

Conclusions

The main part of the results contains a proposal of a methodology for constructing multi–agent systems, oriented at the simulation analysis of the supply
chains. The goal is to explicitly present the general rules of behaviour of the
system and its features, which become important for the next steps of system
development, like for example, implementation and evaluation of results. We
applied the proposed methods for modelling and simulation analysis of supply
chains. Agents from this domain were described, using the presented methodology. The approach was used to realise a few pilot simulation setups. Some of
them, with the examples of simulation experiments, are presented in the ﬁnal
part of this paper.
The work carried out aims at speciﬁcation of a universal multi-agent system for modelling supply-chains and solving diﬀerent aspects related to it. It
seems that this goal was achieved to a high degree. The presented speciﬁcations
contain a rather detailed description of the most important elements and pilot
realisations prove the usefulness for solving diﬀerent kinds of problems. Thus,
the experiments have, in particular, shown:
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• inﬂuence of modiﬁcation of some parameters of a company on the results
achieved by it, with consequences being in accordance with predictions,
• optimisation of the decision parameters of the company,
• analysis of inﬂuence of applying diﬀerent strategies of stock management
on the eﬀects achieved by the company, and the inﬂuence of the changes of
the state of the market (described by customer demand and preferences)
on obtained results.
Our long-term intention is to describe the activities of a system and particular agents, as well as to prepare appropriate components in such a manner
that it will be possible to build diﬀerent systems adjusted to the speciﬁcity of
given problems. The results obtained so far constitute a favourable prognostic,
concerning the intended realisation of a system having a utilitarian value.
We are intending to focus on the analysis of the behaviour patterns, classiﬁcation of these behaviours and learning so as to make a company able to
eﬃciently adjust its strategy to the situation on the market.
Subsequent work on the approach is oriented at:
• taking into consideration long-term contracts; agents may negotiate contracts of delivering some amounts of goods with given time intervals; this
should be accounted for in the stage of resource reservation; additionally,
the company should decide, if it is willing to conclude long-term contracts
and under what conditions.
• broader research on diﬀerent methods of prediction of demand, supply and
prices for given goods; this is associated with the choice of production and
storage strategies.
• research on anomalies and critical situations; we are going to focus on
patterns describing states being anomalies or leading to anomalies and
critical situations, predict these situations, prevent them or minimise their
consequences.
Acknowledgements. We would like to thank L. Siwik and former students
of the Department of Computer Science AGH, P. Bogucki, J. Marszałek and
P. Kolarz for their participation in the implementation of pilot systems.

References
Benisch, M., Greenwald,A., Grypari, I., Lederman,R., Naroditsky,V.
and Tschantz, M. (2004) Botticelli: A supply chain management agent.
In: Proceedings of AAMAS’04, New York, USA, 1174-1181.
Benisch, M., Sardinha, A., Andrews, J. and Sadeh, N. (2006) Cmieux:
adaptive strategies for competitive supply chain trading. SIGecom Exch..
6 (1), 1–10.
Bergenti, F., Gleizes, M.-P. and Zambonelli, F., eds. (2004) Methodologies and Software Engineering for Agent Systems. The Agent-Oriented
Software Engineering Handbook. Kluwer Academic Publishers.

Building multi-agent models applied to supply chain management

175

Cernuzzi, L., Juan, T., Sterling, L. and Zambonelli, F. (2004) The gaia methodology. In: F. Bergenti, M.-P. Gleizes and F. Zambonelli, eds.,
Methodologies and Software Engineering for Agent Systems. The AgentOriented Software Engineering Handbook. Kluwer Academic Publishers.
Collins, J., Arunachalam, R., Sadeh, N., Eriksson, J., Finne, N. and
Janson, S. (2007) The supply chain management game for 2007 trading
agent competition. Technical Report CMU-ISRI-07-100.
DeLoach, S.A. (2004) The MaSEe methodology. In: F. Bergenti, M.-P.
Gleizes and F. Zambonelli, eds., Methodologies and Software Engineering
for Agent Systems. The Agent-Oriented Software Engineering Handbook.
Kluwer Academic Publishers.
DeLoach, S.A., Wood, M.F. and Sparkman, C.H. (2001) Multiagent system engineering. International Journal of Software Engineering and Knowledge Engineering 11 (3), 285–312.
He, M., Rogers, A., Luo, X. and Jennings, N.R. (2006) Designing a successful trading agent for supply chain management. In: AAMAS ’06:
Proc. of the 5th international joint conference on Autonomous agents and
multiagent systems. ACM, New York, NY, USA, 1159-1166.
Jade (2008) Java Agent Development Platform. http://jade.tilab.com/.
Kimbrough, S., Wu, D. and Zhong, F. (2001) Computers play the beer
game - can artiﬁcial agents manage supply chains? In: HICSS ’01: Proc.
of the 34th Annual Hawaii International Conference on System Sciences
(HICSS-34), 7, IEEE Computer Society, Washington, DC, USA, 7016.
Koźlak, J., Dobrowolski, G. and Nawarecki, E. (2007) Agent-based modeling of supply chains in critical situations. In: Y. Shi, G. D. van Albada,
J. Dongarra and P. M. A. Sloot, eds., Computational Science - ICCS 2007.
LNCS 4488, Springer-Verlag, Berlin, Heidelberg.
Kozlak, J., Marszalek, J., Siwik, L. and Zygmunt, M. (2007) Selection
of Eﬃcient Production Management Strategies Using the Multi-agent Approach. In: Multi-Agent Systems and Applications V, 5th International
Central and Eastern European Conference on Multi-Agent Systems, CEEMAS 2007, Leipzig, Germany, September 25-27, 2007, Proceedings. LNCS 4696. Springer-Verlag.
Moyaux, Th., Chaib-draa, B. and D’Amours, S. (2006) Supply Chain Management and Multiagent Systems: An Overview. In: B. Chaib-draa and
J. Muller, eds., Multiagent Based Supply Chain Management. Studies in
Computional Intelligence, 28. Springer-Verlag.
Mylopoulos, J. and Castro, J. (2000) Tropos: A framework for requirements-driven software development. In: Information Systems Engineering:
State of the Art and Research Themes, Lecture Notes in Computer Science,
Springer-Verlag.
Padgham, L. and Winikoff, M. (2004) Developing Intelligent Agent Systems: A Practical Guide. Wiley.
Pardoe, D. and Stone, P. (2007) An autonomous agent for supply chain

176

E. NAWARECKI, J. KOŹLAK

management. In: G. Adomavicius and A. Gupta, eds., Handbooks in
Information Systems Series: Business Computing. Elsevier.
Shen, W. and Norrie, D.H. (1999) Agent-based systems for intelligent manufacturing: A state-of-the-art survey. Knowl. Inf. Syst. 1 (2), 129–156.
Swaminathan, J., Smith, S. and Sadeh, N. (1998) Modeling supply chain
dynamics: A multiagent approach. Decision Sciences 29 (3).
The FIPA Agent UML Web Site (2008) http://www.auml.org/.
Trading Agent Competition (2008) TAC SCM Game Description.
http://www.sics.se/tac/.
Wooldridge, M., Jennings, N.R. and Kinny, D. (2000) The gaia methodology for agent-oriented analysis and design. Journal of Autonomous
Agents and Multi-Agent Systems 3, 285–312.

