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Abstract: This paper presents the development of the Agent.Enterprise
system, which consists of five multi-agent systems from the manufacturing
logistics domain. Consequently, the development process has to take the
distributed structure of the involved projects into account. The maturity of
the technical foundations for multi-agent systems and the support by
development tools, infrastructure services and development methods leads
to an increasing number of existing multi-agent systems and entails the
need to couple them into large multi-multi-agent systems. The
Agent.Enterprise development process combines aspects from established
agent-oriented development with new concepts designed to interlink multiagent systems. The structure of the coupled multi-agent systems is
designed to inherently meet the requirements of distributed supply chains
where information for integrated production planning and control is not
available within the whole supply chain. This functionality is an integral
part of the Agent.Enterprise System. As a consequence, the system is able
to handle severe disturbances at supplier sites while dealing with highly
customized and complex products.
Keywords: Multi-agent systems, Agent-oriented software engineering, Distributed
planning
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Introduction

Multi-agent systems (MAS) perfectly suit the demands for global flexibility, cooperation and at the same time local autonomy. Compared to existing SCM systems, the
successful integration of numerous MAS that perform both inter- and intra-

organizational planning and execution tasks is an innovation, which could lead to an
improvement in the design of SCM systems.
The technical foundation for the development of large multi-multi-agent systems
(MMAS) is provided by the growing success of the FIPA-standard [FIPA] for MAS and
its compliant frameworks, e.g. JADE [BPR01], and the availability of an open service
infrastructure, such as Agentcities [Agentcities]. Unfortunately, there is no guidance on
how such systems should be built, since the existing agent-oriented development
methods are focused on isolated MAS. Therefore, we present an approach for building
MMAS that originate from the German priority research program 1083 “Intelligent
Agents in Real-World Business Applications” where five projects from the
manufacturing logistics domain integrate their MAS prototypes in one large MMAS
called Agent.Enterprise [Frey03b].
Outline. Our Agent.Enterprise approach is presented in Section 2 together with the
application domain and the Gateway-Agent Concept, which sets up some basic
conditions for the approach. In Section 3 we show some characteristics of the resulting
prototype. Finally, Section 4 draws some conclusions.
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The Agent.Enterprise Approach

The Agent.Enterprise initiative is a platform which has as its goal to integrate recent
research results and join forces in order to build up a networked, agent-based application
scenario for the manufacturing domain [Frey03b]. In order to address the difficulties
caused by the distributed structure of the involved projects, we developed a concept
based on well-known methodologies of agent-oriented software engineering.
Over the last years, the need for applicable and broadly accepted development methods
for multi-agent systems resulted in a large number of efforts undertaken to overcome this
problem. Various methods exist, which support at least one of the established
development phases (analysis, design, implementation, and deployment) with
representations of varying formal accuracy and semantic foundations, e.g. Gaia
[WJK00], PASSI [CP02], MASSIVE [Lind01], MaSE [WD01], AUML [OVB01].
The majority of the mentioned methods focuses exclusively on building a single (most
often closed) MAS and thus, does not consider the development or integration of
MMAS. Nevertheless, it can be expected, that the development process for MAS and
MMAS will have some joint properties. The following subsections outline how we
developed the Agent.Enterprise MMAS and present some underlying design decisions.
(For a more detailed discussion of our approach and a comparison to some of the
mentioned methods see [Sto04].)

2.1

The Development of Agent.Enterprise

Unlike GAIA, PASSI, MASSIVE and other agent-oriented development methods the
Agent.Enterprise concept focuses on a distributed and weakly coupled development
process, while minimizing the time required for face-to-face communication.
Consequently, the initial design period is comparatively short and restricted to the
constitution of the speech acts and the interaction protocol design.
The results of the analysis and design process are consolidated in functionally restricted
prototypes, which constitute a test bed for the components of the evolving MMAS. The
projects substitute their prototypes with gateway-agents in order to connect their
applications to the common scenario. This requires a process of repeated cycles of
redesign, implementation, and tests. Figure 2.1 depicts our development approach, while
a detailed description can be found in the following subsections.
Role Definition and Assignment
The focus of the related research was taken as the major criterion to assign a specific
functionality within the supply chain to the various participating projects. The roles
assumed by a project will now be assigned in respect to its functionality. Yet, the next
step is to bring life to the roles.
Use Case Specification
A first approximation of the use case specification is made by a simple role-playing
technique. One member of the scientific staff of each participating projects takes over
the role of her MAS and writes down its informational requirements. Following this,
cards are handed out. The sender writes down the contents of the message as well as the
receiver, therefore each card represents a single act of communication. Starting with the
initiator of an order, in other words the customer, the whole supply chain is acted out
until finally the last card announces the delivery of the order from the OEM to the
customer. As a result of this role-playing technique, the communication acts between the
projects’ MAS as well as the required information are specified informally and have to
be formalized.
Speech Act Design
After defining the roles for each participating MAS, it is necessary to ensure that highlevel communication between the systems is possible. However, a language barrier for
the communication exists due to the heterogeneity of knowledge representation and
semantics in the individual systems. Consequently, we introduce the so-called GatewayAgent Concept, which is outlined in the next subsection. This concept defines a virtual
MAS where the agents are scattered across a number of agent platforms such that an
ontology can specify the semantics of the conversations. While using ontological
expressions as a means of communication, we chose to agree on a shared ontology for
the communication between the gateway-agents, while future work may include
semantic mediation based on a common terminology.

Fig. 2.1. The Agent.Enterprise development process

The task of ontological modeling is performed using the method described in [NM01],
which was supported by an ontology modeling tool. There is a number of tools, which
support ontology-modeling, ranging from Protégé [Gen02], OilEd [Bech01] to WebOnto
[Do98], of which Protégé proved to be the best suited for the task of ontology modeling
in a multi-agent environment. The Protégé-plug-in Beangenerator [Aart02] offers the
functionality to generate code for the modeled ontology that is applicable with the JADE
agent platform, which is used in several projects as development framework.
A starting point for the ontology modeling is to identify the actions of the agents, which
are requested from their communication partner. They are directly derived from the
assigned functionalities and specify which tasks are to be performed. At this point, the
ontological concepts defining the artifacts to be dealt with in the agent actions can be
specified, like e.g. the products to be manufactured. After modeling all the details for the
supply chain, the concepts required for the supervision of all participating MAS are
designed.
Interaction Protocol Design
The next step in the overall design process is to define the dynamics of the
conversations, i.e. which interaction protocols will be used for communication. The
informal specification of interactions resulting from the card role-play is mapped to
corresponding FIPA interaction protocols. As a result, the behavior of each gatewayagent for each MAS is specified as far as communication between the gateways is
concerned. The final step of the coupling process is to realize communication between
the gateway-agent and the underlying MAS.
(Distributed) Implementation
Based on the distributed structure of our research program, the development process
takes into account long periods of independent development. Inspired by the concepts of
Extreme Programming [Beck99], the process starts with the implementation of
functionally restricted prototypes executing a simplified test case. These prototypes
serve two purposes. On the one hand a consolidation of speech acts and interaction
protocols is enforced. On the other hand, a test bed for autonomous development
emerges. The implementation of these prototypes is closely bound to test-sessions and
frequently requires a redesign of the speech acts and/or interaction protocols. The
outcome of this work is a set of test modules and an exchange of experience within the
covering research program. A simplification of the central projects’ functions in the
‘Dummy Gateway Implementation Cycle’ could prove to be a downside of our
approach. This fact might result in a setting where some aspects of the interaction
protocols could not be sufficiently tested.
Subsequent to the completion of the prototypes, each project integrates its fully
functional application into the test bed. Sometimes a project has to debug prototypes of
other projects. Explicit phases for consolidation are not necessary due to the strictly
defined responsibilities for each prototype.

2.2

The Gateway-Agent Concept

Integration of complex systems requires agreements of architectural and technical nature
in order to avoid a time-consuming struggle with implementation details. For
Agent.Enterprise two central design decisions are subsumed in the so-called GatewayAgent Concept. This is illustrated in Figure 2.2.
Firstly, the agreement upon the use of FIPA-compliant platforms avoids many of the
communication-related obstacles and allows for concentrating on domain aspects. The
second decision is that every individual MAS to be integrated should be represented by a
single agent, that comprises all roles of its corresponding MAS, and provides them to the
resulting MMAS.

MAS A
(e.g. PPC)
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MAS B
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Fig. 2.2. The Gateway-Agent Concept

Thus, the interacting gateway-agents build up a virtual MAS. Together, these decisions
can be seen as a specific MMAS architecture, which subsumes aspects of various wellknown software patterns [Gam95].
-

Façade pattern: The gateway-agents provide a unified interface to their MAS as
a subsystem, comprising different roles and their respective functionality.

-

Wrapper pattern (called Adaptor in [Gam95]): The gateway agents translate
between internal formats and behavior of their corresponding MAS and the
common representation in the virtual MAS.

-

Bridge pattern: The different types of the gateway agents provide abstract
interfaces decoupled from the implementation of their MAS. In the next section
we give an example of three MAS that play the role of a supplier in a supply
chain scenario. In the virtual MAS they all are represented by the same type of
gateway agent while their implementation is completely different and
independent.

There are many advantages of the Gateway-Agent Concept, e.g., only the gatewayagents must be available and externally visible for the other MAS during operation. In

the earlier implementation phases developers can put their effort on the gateway-agent,
when debugging the interoperability between the different MAS. Also, there is no
restriction in the centralization of different roles of a MAS into a single gateway-agent.
This is due to the fact that different functionalities of this agent can be redirected to
several other agents in the MAS, which are represented by the gateway-agent.
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The Agent.Enterprise System

The Agent.Enterprise System is the result of successfully applying the presented concept
in the manufacturing domain. In the following subsection the MMAS is detailed to better
understand the benefits of coupling MAS.

3.1

Scenario

The complexity of managing supply chains results in many different interdependent
tasks such as planning, executing and controlling of production, transportation and
warehousing processes. As a consequence, different MAS specializing on certain tasks
have to interact with each other. The basic scenario focuses on production processes,
whereas aspects of transportation can be integrated. Table 3.1 provides an overview of
the various functionalities of the involved MAS.

Main Functionality

Project/MAS

Negotiations between enterprises

DISPOWEB

Integrated process planning and scheduling (with focus on
discrete manufacturing)

IntaPS

Production planning and controlling (with focus on assembling KRASH
industries)
Production planning and controlling (with focus on batch
production)

FABMAS

Operational tracking of orders including suborders in supply
chains

ATT*

Analysis of historical tracking information (tracing)

SCC*

* ATT and SCC conducted in one project [ATT/SCC]
Table 3.1. Overview of individual MAS functionalities

A typical supply chain management cycle of distributed global planning as a part of the
supply chain activities is shown in Figure 3.1. After generating an initial plan of orders
and suborders comprising prices and points in time of delivery, software agents located
at the different supply chain partners carry on negotiations. Thereby, they optimize the
costs and the due delivery dates (see Figure 3.1, •).
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Fig. 3.1. MAS interaction in the integrated SCM architecture

These optimized delivery plans are used on the intra-organizational level to coordinate
the production of goods on each stage of the supply chain in detail. Three different MAS
[FABMAS] [KRASH] [IntaPS] are concerned with varying aspects of production
planning (‚). They require the input from DISPOWEB agents and generate detailed
plans for their production facilities [DISPOWEB].

These plans are the initial input for a controlling system, which is developed in the
ATT/SCC project. This MAS monitors orders on every stage of the supply chain using a
distributed architecture in order to proactively detect events that endanger the planned
fulfillment. In case of such an event, e.g. a disruption in a production cycle, the ATT
system informs the related partner enterprises about the event (ƒ). This information can
be used to trigger the re-scheduling of plans on an enterprise level („) or, in case of
major events, even in the re-negotiation of contracts on the inter-enterprise level of the
DISPOWEB system (…). An overview of activities and corresponding actors in the
supply chain are given in Table 3.2.
Nr. Activity (Actor)
• Negotiate initial plan of production between supply chain partners
(DISPOWEB).
‚ Operational assembly planning (KRASH).
Production planning for e.g. mechanical parts (IntaPS).
Production planning for e.g. electronic parts (FABMAS).
ƒ Monitoring of orders and related suborders (ATT).
Trigger internal planning systems in case of minor critical events (ATT).
Next à „
Trigger re-planning by DISPOWEB agents in case of a severe critical event
(ATT). Next à …
Controlling information is forwarded to trusted third party SCC-system
(ATT/SCC).
„ Internal rescheduling in reaction to a critical event (KRASH, IntaPS,
FABMAS). Next à ƒ
… Renegotiate plan of production between supply chain partners due to severe
critical event (DISPOWEB). Next à ‚
Table 3.2. Activities and actors

In addition to the operational monitoring of orders, the ATT system communicates
results of negotiations to a trusted-third-party service called the SCC-MAS. This agent
system analyzes the history of orders and their related sub-orders. SCC is able to identify
patterns in the supply chain and order types that typically lead to problems during
fulfillment. This information is used as an input to enhance the tracking functionality of
the ATT systems, as well as an input for the DISPOWEB agents to enhance their
negotiation strategies, e.g. charging lower prices from suppliers with bad performance.

3.2

Benchmarking

Manufacturing systems have to provide flexibility and robustness to stay competitive.
Multi-agent systems are expected to be more flexible than monolithic systems. In
addition, special mechanisms integrated into the SCM reference model ensure the
reliability of the MAS. Three features assert the flexibility and reliability of the supply
chain.
1.

Flexibility of the SCM is achieved by a distributed structure of optimization
algorithms.

2.

Proactive tracking and tracing methods are integrated into the reference model.

3.

The distributed local shop floor PPC algorithms must be robust.

The first and the second feature have been discussed in the preceding subsection (3.1).
The robustness of the shop floor planning systems is the basis for higher-level reliability
of the SCM system.
On this intra-organizational level KRASH, IntaPS and FABMAS offer MAS-based PPC
functionality. In the scope of the presented supply chain reference model, the shop floor
MAS architectures match the requirements defined above. The statement that MAS are
more flexible and robust than traditional planning systems can be verified using realistic
benchmarking scenarios. The throughput times of productions orders were analyzed,
whereas both the medium throughput time and its standard deviation were checked. The
planning process was performed by a reactive MAS approach on one hand and a
common OR algorithm on the other hand.
The evaluation shows, that the suitability of the PPC MAS depends on the frequency of
disturbances. Nevertheless the standard deviation for the MAS was permanently lower
throughout the whole evaluation process. Figure 3.2 shows a scaled comparison factor
representing the probability of the MAS, respectively the OR algorithm to perform
better. Values larger than 0 represent scenarios where the MAS is superior to the OR
approach. It is obvious that this statement is valid for this example. The results even
improve when the planning complexity of the scenario is increased (equals a decreasing
lot size in this example). For further information concerning the OR algorithm and the
evaluation process refer to [Frey03a].
Constant (or nearly constant with at least a small standard deviation) and thus
predictable throughput times are a prerequisite for high quality results of the
DISPOWEB planning MAS. Along with the ATT-MAS, this robustness on the
operational level takes care of the overall robustness of the integrated SCM architecture.
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Figure 3.2. Suitability of a MAS approach with respect to the standard deviation of the

throughput time
A potential disadvantage of the architecture is the increased communication and cooperation effort. This question has to be investigated in the next phase of the priority
research program by testing the implemented MAS using realistic test case scenarios.
One instantiation of a benchmark scenario is available at http://www.isfrankfurt.de/tractor. The chosen supply chain represents a tractor manufacturer and its
suppliers. The transfer of the results to a broad spectrum of applications is possible due
to the closeness of the test case to the automotive industry.

4

Conclusion

This paper presents our approach to couple MAS by combining and applying aspects
from well-known agent-oriented development methods. Consequently, it accounts for
the special needs that arise from the nature of MAS integration and the technical system
architecture agreements. Moreover, its design fits the needs for distributed development.
The existence of sufficiently specified concepts does not require additional conceptual
effort since these concepts are applicable for most steps in our proposed development
process. Nevertheless, the introduced technical concept, called Gateway-Agents,
accelerates the implementation by forcing necessary agreements on technical standards.
The concept is presented in this paper as an integral part of the Agent.Enterprise
development.
The resulting MMAS covers services in the range of supply chain scheduling, shop floor
production planning and control, and proactive tracking and tracing services and
represents a large-scale adaptable research prototype that guarantees the reliability of
overall supply chain processes. The reference architecture and its interfaces and

gateways are tested on the basis of a test case scenario. The goal of the evaluation is to
prove the feasibility of the approach and gather first insights and results.
The objective of the participating projects in the Agent.Enterprise initiative is the
enhancement of the existing work to a demonstration and evaluation platform, which
supports the presentation and benchmarking of the subprojects.
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