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Manufacturing automation is an industrial field of application in which agent-

based concepts are of a high relevance. Flexibility in engineering, quick and 

easy adaptation and evaluation of the systems are key issues in the domain and 

can significantly be improved using the paradigm of multi-agent systems. The 

approach of agent technology is very suitable to conceive assistant systems or 

control architectures which can be used throughout the engineering and the op-

eration of automated manufacturing systems. This article presents an overview 

of the research undertaken the past years which has yielded workable concepts 

for typical use cases of the industry. 
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1 Introduction 

Manufacturing automation has been a key driver to increasing productivity of fac-

tories for many years. So-called Smart Factories of the future might have capabilities 

to react to changes in products or product variants. These Smart factories can produce 

newly developed products quickly as they allow for an easy adjustment of the auto-

mated manufacturing equipment, which reduces time to market of new products. 

Utilizing manufacturing automation provides high quality processes such as ma-

chining, assembly, packaging etc. 

A key success factor of automated manufacturing systems is the capability to dy-

namically adjust to the requirements of production for new products or variants and 

production volumes. However manually adjusting the automation is time consuming 

if conducted by human operators and results in high costs.  

New architectures of manufacturing automation systems are required to implement 

a Smart Factory. Though there is a wide variety of automation research, which can be 

deployed, there is a need for efficient automation architectures in engineering, com-

missioning and test processes. 



One of the promising technologies is the multi-agent Technology which is becom-

ing increasingly attractive for the software and hardware developments in manufac-

turing automation. Multi-agent systems promise to solve architectural problems that 

are difficult or impossible for monolithic systems to cope with. Agents are an ap-

proach for intelligence and decentralized problem solving leading to superior system 

architectures. In comparison to the conventional control methods used in automation, 

the multi-agent technology can be more effective, flexible and easier to adjust. 

The concept of multi-agent systems dates back to about four decades and many ap-

proaches have been made to deploy the technology in automation of manufacturing. 

First traces of the concept of agent systems were outlined in the Science fiction tales 

on Artificial Intelligence around the 1960s. A prime example is “A Space Odyssey” 

written by Arthur C. Clarke with concise visions of men-machine interaction, intelli-

gence and sentience.  

Research was conducted from the 1980s onwards, in the newly rising field of com-

puter science and artificial intelligence where multi-agent systems were viewed as 

concepts for problem solving. 

The past 20 years has seen agents and multi-agent systems in research yielding so-

lutions which are deployed in industrial applications such as supply chain manage-

ment, supervisory control of plants or manufacturing automation. Due to the broad 

nature of the agent concept, there are many interpretations of what exactly a multi-

agent system is and what the core questions are.  

Agent technology evolves from the relevant research conferences, technical com-

mittees of IEEE and VDI/VDE and multiple university textbooks that shape the do-

main. 

 

1.1 The Concepts of Agent Technology 

The agents act independently within their scope of actions to pursue prescribed 

goals. They can interact with each other and cooperate through negotiations in order 

to achieve these goals.  

According to the VDI/VDE Guideline 2653 [12] the terminology is as following: 

“An agent is an encapsulated (hardware / software) entity with specified objectives. 

An agent endeavors to reach these objectives through its autonomous behavior, in 

interaction with its environment and with other agents. A multi-agent system is the 

interaction of a set of agents to fulfil one or more tasks. Runtime environments and 

platforms for technical agents are a possible basis for realizing multi-agent systems. 

However, they themselves are not multi-agent systems”. 

 

http://en.wikipedia.org/wiki/Monolithic_system


 
 

Fig. 1: Attributes of multi-agent systems  

 

The behavior of a multi-agent system is determined at run-time by the dynamic co-

operation of the individual agents [1]. The systems are often deploying different types 

of agents and those systems are referred to as multi-agent systems. 

Fig. 1 presents the attributes of a multi-agent system which can be considered as an 

autonomous software entity.  

 

According to the VDI/VDE Guideline 2653 [12] the properties of a multi-agent 

system are: 

“Scope of action: The scope of action limits the application of the capabilities of 

an agent. Accordingly, the degree of flexibility of a technical agent is determined by a 

given scope of action. 

Autonomy: Attribute of an agent which allows it to control its internal state and its 

behavior. Through autonomy, an agent acts and makes decisions based on its local 

knowledge and activities. 

Encapsulation: Attribute of an agent which allows it to control the access to its in-

dividual constituents which are not visible externally. State, behavior, strategies and 

objective represent the individual constituents that are encapsulated within an agent.  

Goal-orientation: Attribute of an agent which allows it to orientate its behavior to 

one or more objectives, which it attempts to accomplish. 

Reactivity: The capability of an agent to sense the environment and to react ac-

cordingly. 

Persistence: The capability of an agent to keep its internal state during its lifecy-

cle. 

Interaction: The capability of an agent to interact with other agents, in order to 

accomplish individual objectives or to manage dependencies among each other. The 

basis for the interactions among agents is a shared semantic, an underlying organiza-

tional context and a common terminology model, which are together referred to as 

ontology.” 

 

The basic concepts of agents are embossed by the autonomy of the agent and can 

encapsulate itself. Furthermore an agent retains its internal state during its lifecycle. 



The communication schema of agents is sophisticated. They can for example nego-

tiate with each other and are interactive. 

In addition, agents are persistent as they have an ongoing control flow and are ac-

tive and reactive. They can proactively demonstrate self-initiative, sense their envi-

ronment and react to it in a goal oriented manner. 

Agents can act according to predefined goals and adapt appropriately. 

The systematic distribution of functionalities and knowledge in autonomous units 

controlled by agents, leads to a low structural coupling between system elements and 

multi-agent systems. 

 

1.2 Architectures of Multi-Agent Systems 

Agents require interaction and communication with other agents. Therefore they 

require knowledge about the existence of other agents in their neighborhood; they 

need a communication infrastructure, a messaging protocol and some sort of a dic-

tionary of services provided by all agents. 

 

There are different ways on how such a structure could be implemented in a multi-

agent system for industrial automation. The commonly used structure is the FIPA 

reference model described in Fig. 2, a standard architecture of multi-agents systems. 

 

 
 

Fig. 2: Reference model of agent systems  

This standard was conceived by the FIPA, the Foundation of Intelligent Physical 

Agents, Geneva, Switzerland in 1996 to 2002 (see www.fipa.org), this standard is 

heavily deployed in the community. An overview to the application impact and agent 

technologies in use can be found in [14]. 

According to that reference model, multi-agent systems have an interface to the mes-

sage transport system to communicate with other agents. The communication infra-

structure of the message transport system is standardized. With the help of an agent 

management system, agents are able to locate other agents to interact. For that pur-

pose agents are listed in so-called “white pages” with their addresses. This administra-

tion is done by the agents themselves. They register or deregister themselves in the 

“white pages” depending on whether they are activated or deactivated. 

http://www.fipa.org/


The so-called directory facilitator provides information of services offered by the 

agents similar to the “yellow pages”. 

The communication infrastructure is standardized for the Message Transport System 

which aids agents in interacting among themselves. 

The architecture of the multi-agent system can be based on the FIPA standard or any 

other concept as there is a lot of flexibility in the definition of the architecture due to 

the inherent flexibility of agent technology. However, the major weakness of the 

agent technology lies in the multiple task control. The runtime behavior is partially 

unpredictable due to the parallel nature of the executed tasks. This means that the 

behavior of a multi-agent system cannot be determined a priori as the decision making 

process is distributed and a result of the interaction of autonomous agents. In manu-

facturing automation this uncertainty is not acceptable for many industrial applica-

tions for reasons of safety and security. For such applications multi-agent systems are 

used in the engineering phase to conceive a control paradigm which is thereafter ana-

lyzed and implemented using conventional technologies. 

 

2 Areas of Application in Manufacturing Automation 

The sector of manufacturing automation is huge and entails a large number of applica-

tion domains in various industries. This means agent technology is not limited to one 

field but has multiple means of usages. 

 

Basically there are three identifiable areas: 

 the engineering and planning of automated systems, focusing on the creation of 

the manufacturing systems; 

 the manufacturing operations where an automation system produces goods; 

 the phase of evaluation of systems in which the functions of an automated manu-

facturing system are tested. 

 

These areas are elucidated below, highlighting the various cases of agent technology 

in manufacturing automation. 

 

2.1 Engineering and Planning of Automated Systems assisted by Agents 

Manufacturing systems of today are exposed to volatile markets with changing re-

quirements for the products produced. Automatic manufacturing systems need to be 

created quickly with limited effort or retrofitted based on existing installations.  

The required flexibility is attainable with the help of modular design, adaptive auto-

mation and intelligent planning systems. Methodologies of engineering and planning 

are required to accommodate complexity and flexibility.  



An approach to achieving flexible engineering and planning processes is a structured 

approach with processes which can be decoupled as much as possible and thereafter, 

executed concurrently. 

 

The agent-based concept allows mechanisms to improve the planning process and 

provide tools to make it faster, more efficient and flexible due to the decentralized 

nature of the agent paradigm. 

This paradigm is based on the concept of agents representing sub-systems or parts to 

support the planning of an automated system. Each agent has encapsulated engineer-

ing knowledge, follows planning goals and negotiates with the neighboring compo-

nent agents, thereby automatically generating planning proposals. 

 

In the following, some examples for agent-based engineering systems are given: 

 Rauscher et al [2] uses a multi-agent system in the early design phase of a mecha-

tronic design. Each model is represented by an agent holding specific knowledge 

about that model. So-called consistency rules are expressed in ontologies where 

attributes between the models during the design are monitored and violations 

alerted. 

 Kratzer et al. [3] presents a similar approach to support the design of mechanic 

components by validating the current design against requirements and boundary 

conditions. Non-conformance designs are revealed and solutions are proposed to 

the designers.  

 Tompkin [6] describes the deployment of multi-agent systems in a knowledge-

based engineering process resulting in the reduction of the planning complexity.  

 

The value of agent technology in engineering is to assist the expert by taking over the 

tedious and time consuming steps of the planning procedure as well as computer aid-

ed proposals of solutions or alternatives for decision making. 

 

Example: Engineering based on Sub-systems supported by Agents 

A concept of designing complex closed-loop control systems is shown in Figure 3. 

The independent design of decentralized open-loop control systems with multiple 

inputs and outputs and strong linkages between them is difficult to execute. This 

agent-based approach allows for the creation of simple controllers for the sub-

processes. Each of these controllers is part of an agent with its own objectives and a 

set of actions. The agents interact with each other to get an optimal solution for the 

desired feedback-loop control problem [2].  

 



 
 

Fig. 3: Example of an agent-based design of a complex feedback control system  

Consider a warehouse in which different parcels have to be stored. The manufac-

turing automation system has to take care of various system elements such as the 

parcels, conveyor belts, cages, separation devices, storage units, operator units etc. 

A conventional logic control system would require a complex central program to 

control all the individual units. An approach based on agent technology would look 

into required services and define a “service agent” and “coordination agents”. For 

instance a service agent would be defined for each of the major systems functions of a 

warehouse which are: initialization, store goods, retrieve goods, separate parts, check 

occupancy. 

The resulting structure of the agent system is based on those services and decou-

ples the overall control and reduces the complexity of the software. 

Example of Agent based Product Design using Components 

Consider a scenario where the engineering is based on a set of pre-engineered compo-

nents or modules. Here the blue-print of the manufacturing automation system can be 

decomposed. Each of these components or modules can be represented by an agent in 

a computer aided planning system which administrate the design kit. 

 

The agents can utilize their autonomy acting as virtual surrogates to form the net-

works of modules dynamically as well as the overall system. Once certain engineering 

or planning rules are implemented into the knowledge base of the system, the agents 

can take over the planning partially, by interacting between each other, selecting, 

configuring and connecting system components by proposing new alternatives and 

solutions. 

 

Figure 4 illustrates an agent-based concept of an automated consistency check in a 

computer aided design process. Each part of the assembly which has to be designed is 

represented by one so-called “part agent”. This agent acquires any changes made to 

the part by its designer and shares this information with other agents. 



These “device agents” identify newly designed parts and their dependencies on 

each other. Thereafter the so-called “aspect agents” checks for consistency with re-

gards to issues, such as costs, geometry or materials. If the consistency check is de-

clined, potential alternatives will be investigated and presented to the designer. 

 

 

Fig. 4: Design support based on agent technology 

The deployment of predefined rules and the modeling of resources allow a bottom-

up planning based on dialog to form a design. See [3] for further reading. 

More complex design tasks such as mechatronic systems consisting of mechanics, 

electronics and software need an automated consistency check. This is of particular 

interest in order to define changes, identify the impact of changes and automatically 

check the design.  

 

2.2 Agents in Manufacturing Operation 

During the operation phase, the automated manufacturing systems produce goods 

and materials. There are various use-cases which can typically benefit from the agent 

technology e.g. the process planning over the course of time can be optimized by 

agents making the system more efficient. This becomes even more relevant once un-

foreseen events such as failure of machine or shortage of supply materials occur and 

the plan needs to be updated on the fly during production.  

Agents can also assist in retrofitting during production e.g. to manufacture a new 

slightly different product. 

 



Example of Agent based Scheduling 

In Figure 5 the concept of an agent-based scheduling for manufacturing systems is 

displayed. In this example the overall system can be optimized using different types 

of agents. See also [8]. 

 

 
 

Fig. 5: Production optimization with multiple goal optimizations 

For this purpose each order is represented by a “job agent”. Job agents are appoint-

ed to orders and represent them. These agents try to optimize their order. They nego-

tiate with “machine agents”, which stand for an individual machine of the manufac-

turing system. The optimization target of a machine agent is to achieve the occupancy 

of redundant resources. 

The decomposition of an order into machine jobs and the scheduling of the indi-

vidual machines are done by means of the agents.  

With the help of this concept, the schedule can be identified using a multilevel op-

timization structure taking the resource utilization and order constrains into conclu-

sion. This approach is particularly flexible once unforeseen events occur, such as 

machine failures or supply shortage. The manufacturing system can automatically and 

dynamically adapt to a revised schedule.  

Example of Agent for Self-management of Automation Systems  

Manufacturing Automation systems become more flexible once they entail Self-X 

functionality. Self-healing, self-optimization or self-configuration provides function-

ality to reconfigure manufacturing during operation without modifications or retrofit. 

Agents implement the execution and coordination of such self-x functions. 

Self-managing of automated systems consist of an operative automated system, a 

self-management interface and a self-management system as displayed in Fig. 6.  

The self-management interface captures information out of the automated system. 

 



 
 

Fig. 6: Control loop in the self-management of automated systems 

 

Often error occurs in an automated system causing a total system breakdown. Self-

managing automated systems have the ability to react to these errors and try to handle 

them without losing the desired functionality of the system. 

The self-management system uses the agent paradigm and ontologies to determine 

automatically if there are any actions necessary and which of them should be execut-

ed. These actions will be forwarded to the self-management Interface and then exe-

cuted in the automated system. 

The agent-based concept allows the autonomous execution of self-recovery and 

self-configuration processes in the automated system. The idea is to encapsulate the 

self-management functionality inside agents. Those agents are autonomous and can 

interact with the automation system and the operator to achieve a certain functional 

task. 

These self-x functionalities will be provided through the agent-based self-

management system where traceability and reproducibility are important require-

ments.  

The self-management functionality depends strongly on the specific process of 

manufacturing automation. However, the roles of the agents can be generically de-

fined.  

A set of agents, the “self-management agents” takes charge of each individual 

function. Those agents are very specific to the details of the realization and focus on 

the individual process functionality which is to be self-managed. The agent captures 

the information, analyses it using a rule based approach and triggers a specific action. 

Both analysis as well as the decision for specific action can be supported by 

knowledge based processing approaches such as fuzzy logic. Additionally a “coordi-

nation agent” is deployed to synchronize the actions of the self-management agents.  

Consider an elevator which has redundant sensors to detect the floor. The position 

at floor is detected with multiple sensors, say four sensors. If one of the sensors fails 

during operation the elevator would detect that issue using an internal model of the 



elevator. The self-management agent would identify the requirement to override the 

signal of the faulty sensor and take appropriate action to continue the operation as 

three out of four sensors are still operational. The self-management agent however 

would not directly interfere with the programmable logic controller (PLC), but would 

communicate with the coordination agent, which double-checks the self-healing case 

and launches the right reconfiguration program sequence in the PLC. 

The advantage of the systems architecture of the multi-agent system is the structure 

of the control loop and the stepwise course of action. The system inquires the appro-

priated action after the capturing of information. Once the course of potential action is 

identified the system assess and decides for one course of action. Following this con-

cept the self-management and self-healing follows a clear architecture conceived due 

to agent technology. See [13] for further reading. 

 

2.3 Agents for Evaluation and Test of Automated Manufacturing Systems 

One of the major parts of the creation process of an automation system is the eval-

uation or test phase. It is essential to prove the compliance of a manufacturing auto-

mation system with the quality requirements of the engineering and planning process.  

The planning of the system evaluation, the specification, execution and test is usu-

ally a process which accompanies the whole development. System evaluation and 

testing are embedded in the system's lifecycle.  

During its lifetime, a system is usually altered or retrofitted to adapt to new re-

quirements and boundary conditions. Tests on the system have to be conducted regu-

larly as any modification adds to the risk of introducing faults. 

Malz et al. [4, 5] use a multi-agent system to support the evaluation and in particu-

lar the test management of software. The agents prioritize test cases by evaluating 

meta-information like change and fault histories of the tested software system. Those 

agents assign the available test resources to the test cases and trigger the execution. 

 

 



 
 

Fig. 7: Interaction of agents assigned to test objects associates to modules and sub-systems 

 

The concept of an agent-based test management system is presented in Figure 7. 

System components of the automated manufacturing system especially altered soft-

ware, has to be tested before it can be utilized.  

All necessary test cases have to be specified before execution. However, the dura-

tion to run all those test cases taking all variants, input signal combinations, resources 

etc. into considering is typically short and not all cases can be applied in each test 

period. Hence, an optimization plan is necessary, as the test cases should be executed 

according to the relevance and importance keeping the timing to evaluate. 

A “test object agent” represents a single software module of the manufacturing au-

tomation system. This agent considers information like how many changes have been 

made in this module since last testing and how critical and relevant the module is to 

the overall system.  

A “test case agent” represents a single test case: It coordinates the resources of this 

test case and cooperates with other agents to prioritize all test cases and to achieve an 

optimal test plan and usage of test resources. The result of the test management sys-

tem is a prioritized list of all test cases with the calculated priority of each test case. 

Test case selection techniques reduce the test suites by identifying only relevant 

test cases, for example based on changes of the source code. Prioritization techniques 

go one step further and order the test cases by their expected benefit for the test. Un-

like test case selection, a test run that is executed based on prioritized test cases may 



be interrupted at any time but remaining the maximal benefit. Every test case prioriti-

zation technique can also be seen as a selection technique by skipping test cases, 

which have a lower priority and impact than a predefined threshold value. Test case 

prioritization techniques are described in [4].  

 

3 Conclusion  

Currently, the importance of agent-based approaches for developing, operating and 

evaluation / test of industrial systems are increasing. Agent technology has multiple 

advantages especially in areas of software development for automated manufacturing 

systems. For instance decentralized systems, which are distributed over a location, 

modular and exposed to changes of the system structure, are particularly relevant to 

the application of agent technology for two reasons:  

Firstly, not all information of the future requirements is available and known at the 

time of engineering and planning of the automated manufacturing system.  

Secondly, in order to be flexible and effective it has to support dynamic changes of 

the system to ad hoc network sub-systems for maximum optimization. 

 

This paper demonstrates how agent technology can support the manufacturing au-

tomation in the fields of: 

 Engineering and planning of manufacturing automation systems 

 Operation of manufacturing systems and 

 Evaluation and testing of system. 

These application areas demonstrate the importance of agent technology and con-

cepts providing continuous support during the whole lifecycle of the systems. 

 

In the presented examples, agents demonstrated the ability to be autonomous soft-

ware units, which are goal oriented, active, cooperative, flexible and adaptive. 

This makes the agent paradigm a valuable tool for the analysis, engineering and 

implementation of complex manufacturing automation systems.  

Over the past decades many achievements have been made to consolidate the vari-

ous concepts of multi-agent systems. Despite the various research approaches, termi-

nology and definitions are wide synchronized and specified. The multi-agent system 

design methodology has been extensively discussed in the community and set meth-

ods and tools are available which eases the use for non-research experts in the indus-

trial field. Additionally various agent development platforms are in existence and 

criterions for the selection of individual solutions have been intensively discussed in 

the community. 

A lot of research has been done to demonstrate and understand the usage of agent 

Technology use cases of industrial automation of production systems, energy man-

agement modular production plant design and logistics. Some of those cases could be 

reviewed in this paper. More examples are available in the literature which demon-

strate the ability of the approach as for instance in [12] in which ten use cases are 



analyzed with the goal to demonstrate the potential of agent technology. However, 

considering the state-of-the-art and hard facts of industry implemented there is a very 

limited amount of multi-agent system implementation compared to conventional ap-

proaches for industrial control.  

 

The authors believe that this paradigm will be a central concept for many future 

developments of flexible and decentralized networks based on autonomous and coop-

eration units in manufacturing automation. Many of the future cyber-physical system 

developments in manufacturing automation might not utilize the agent platforms of 

the community nor explicitly mention the agent technology but be inspired by the 

design concepts and methodology. This way the complexity of systems can be coped 

effectively making the architecture more flexibility and easier to handle. 
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