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Populärvetenskaplig Sammanfattning  

 

Titel:  En användarvänlig strategi för att tillämpa multiagentteknologi för 
Plug & Produce 

Nyckelord:  Multiagentsystem, Plug & Produce, Processplaner, Planering 

Denna avhandling presenterar metoder för att förenkla användningen av multi-
agent-system för Plug & Produce. Efterfrågan på kundanpassade produkter och 
lågvolymproduktion ökar ständigt. Industrin har under många år använt sig av 
dedikerade tillverkningssystem som gör det både svårt och dyrt att anpassa sig till 
nya produktdesigner. Istället tvingas fabriker att antälla onödigt många operatörer 
för vissa arbetsuppgifter där det krävs hög flexibilitet och snabb anpassning till 
nya produktdesigner. Flera lösningar har föreslagits under åren för att skapa 
flexibla automatiseringssystem som automatiskt hanterar snabb omställning till 
nya produkter. Ett koncept som heter Plug & Produce handlar om att skapa 
system där nya typer av resurser och produkter kan kopplas in i systemet på ett 
fåtal minuter snarare än dagar i traditionella system. För att implementera Plug & 
Produce kan multi-agent-system användas, där varje resurs och produkt får sin 
egen styrning. Agenterna kan sedan kommunicera med varandra för att nå de mål 
som satts upp för tillverkningen av produkterna. Tanken är att systemet 
automatiskt hanterar anpassningen till nya produkter. Idag är dock användningen 
av sådana system extremt begränsad i industrin. En av anledningarna är 
avsaknaden av mogna multi-agent-system som är lätta att använda och där 
komplexiteten hos det underliggande agensystemet kan döljas från användaren. 
Detta är ett stort problem eftersom multi-agent-system tenderar att vara mer 
komplexa än traditionella system. Därför fokuserar denna avhandling på att 
förenkla användningen av multi-agent-system genom att föreslå olika metoder 
som kan underlätta användandet av multi-agent-tekniken för Plug & Produce i 
industrin.
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This thesis presents methods for simplifying the use of multi-agent systems in 
Plug & Produce. The demand for customized products and low volume 
production is constantly increasing. The industry has for many years used 
dedicated manufacturing systems where it is difficult and expensive to adapt to 
new product designs. Instead, factories are forced to use human workers for 
certain tasks that demand high flexibility and rapid adaption for new product 
designs. Several solutions have been proposed over the years to create highly 
flexible automation systems that automatically handles rapid adaption for new 
products. A concept called Plug & Produce aims at creating a system where 
resources and parts can be added in minutes rather than days in dedicated systems. 
One promising solution for implementing Plug & Produce is the distributed 
approach called multi-agent systems, where each resource and part get its own 
controller that communicates with each other to reach manufacturing goals. The 
idea is that the system automatically handles the adaption for new products. 
However, still today the use of such systems is extremely limited in the industry. 
One reason is the lack of mature multi-agent systems that are easy to use and that 
hides the complexity of the underlying agent system from the users. This is a huge 
problem since these systems tend to be more complex than traditional 
approaches. Thus, this thesis focuses on simplifying the use of multi-agent 
systems by proposing various methods for bringing the multi-agent technology 
for Plug & Produce closer to the industry. 
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1 Introduction 

This chapter introduces the research aims of this work and examines its 
importance to the industry. This is done by giving the background information 
followed by the research question, methodology, contribution, and scope. 

1.1 Background 
When dedicated manufacturing (DM) was introduced to the industry more than 
one hundred years ago, it replaced manual workshops. Products were 
standardized so that machines, humans and product flows could be optimized. 
This vastly reduced production costs and increased production volume. The 
drawback was that it became expensive to change the product design. This 
became a problem since new models of various products is constantly developed 
in order to compete with their competitors. This results in a continuously 
increasing demand for customized production and low volume production. For 
instance, the mobile phone market expects new phone models to enter the market 
frequently. No buyer wants to pay full price for an old model. This puts high 
requirements on the factories that manufacture these products. With dedicated 
manufacturing systems it is difficult and expensive to adapt to new designs. This 
has forced many factories to still use human workers today. The result is that 
factories move to countries with lower wages. A trend that has emerged in 
research is to develop flexible systems that adapt to new product designs with 
minimal costs [1]. However, there is still a lack of flexible and reconfigurable 
manufacturing systems that can handle this customized production with 
significant product modifications [2]. 

Today, the automation in industries typically includes several resources, such as 
Computer Numerical Control (CNC), industrial robots and Human Machine 
Interfaces (HMI). These are typically connected via a central controller such as a 
Programmable Logic Controller (PLC). Adjusting such systems to manage new 
product types commonly includes reprogramming and physical layout changes. 
Thus, each new product type, introduced to the system, generates costs related to 
reprogramming and layout changes. The physical flexibility can be solved by 
standardizing process modules that are connected to the system similarly to Plug 
& Play on computers. However, to make these resources integrated into the 
ongoing production is a completely different issue. This requires the system to 
understand when and how to use the new modules. This typically requires 
extensive reprogramming in PLC’s that can take several months. The reason is 



 

x 
 

3.6 Process plans ...................................................................... 28 

3.7 Agent communication .......................................................... 30 

3.8 Agent life cycle ..................................................................... 31 

3.9 Agent configuration tool ....................................................... 34 

4 Experimental Work ....................................................... 37 

4.1 Experiment A ....................................................................... 37 

4.2 Experiment B ....................................................................... 39 

4.3 Experiment C ....................................................................... 40 

5 Conclusions .................................................................. 42 

6 Discussion and future work ........................................ 43 

7 Summary of Appended Papers ................................... 44 

8 References .................................................................... 46 
 

 

Appended Publications 

Paper A. Goal-Oriented Process Plans in a Multi-Agent System for 
Plug & Produce 
 

Paper B. Identification of resources and parts in a Plug and Produce 
system using OPC UA 

 
Paper C. A conceptual model for multi-agent communication 

applied on a Plug & Produce system 
 

Paper D. User-Friendly Multi-Agent Configuration Tool for Plug & 
Produce 

 

 

 

INTRODUCTION  

1 
 

1 Introduction 

This chapter introduces the research aims of this work and examines its 
importance to the industry. This is done by giving the background information 
followed by the research question, methodology, contribution, and scope. 

1.1 Background 
When dedicated manufacturing (DM) was introduced to the industry more than 
one hundred years ago, it replaced manual workshops. Products were 
standardized so that machines, humans and product flows could be optimized. 
This vastly reduced production costs and increased production volume. The 
drawback was that it became expensive to change the product design. This 
became a problem since new models of various products is constantly developed 
in order to compete with their competitors. This results in a continuously 
increasing demand for customized production and low volume production. For 
instance, the mobile phone market expects new phone models to enter the market 
frequently. No buyer wants to pay full price for an old model. This puts high 
requirements on the factories that manufacture these products. With dedicated 
manufacturing systems it is difficult and expensive to adapt to new designs. This 
has forced many factories to still use human workers today. The result is that 
factories move to countries with lower wages. A trend that has emerged in 
research is to develop flexible systems that adapt to new product designs with 
minimal costs [1]. However, there is still a lack of flexible and reconfigurable 
manufacturing systems that can handle this customized production with 
significant product modifications [2]. 

Today, the automation in industries typically includes several resources, such as 
Computer Numerical Control (CNC), industrial robots and Human Machine 
Interfaces (HMI). These are typically connected via a central controller such as a 
Programmable Logic Controller (PLC). Adjusting such systems to manage new 
product types commonly includes reprogramming and physical layout changes. 
Thus, each new product type, introduced to the system, generates costs related to 
reprogramming and layout changes. The physical flexibility can be solved by 
standardizing process modules that are connected to the system similarly to Plug 
& Play on computers. However, to make these resources integrated into the 
ongoing production is a completely different issue. This requires the system to 
understand when and how to use the new modules. This typically requires 
extensive reprogramming in PLC’s that can take several months. The reason is 



INTRODUCTION 
 

2 
 

that when making changes to these systems, personnel are forced to understand 
most of the code in the manufacturing system, due to strong dependencies 
between the logic controlling each resource and part [3].  This makes it almost 
impossible today to automate customized production and low volume 
production, even when the physical layout is standardized and flexible [4]. Thus, 
it is important to develop new control strategies that can handle various products 
and resources with a low amount of reprogramming [5].  

Reconfigurability and flexibility have been the focus of research for several years 
to make manufacturing systems better at adapting fast to new product types [6]. 
Flexible Manufacturing Systems (FMS) was firstly introduced in the 1980s [7]. 
Later in the 1990s, Reconfigurable Manufacturing Systems (RMS) was introduced 
[8]. Both FMS and RMS aim at being able to handle products with short life cycles. 
However, these systems still require extensive manual work, such as programming 
when it comes to adding new types of products or resources since they focus on 
flexibility using dedicated resources. A new concept called Plug & Produce aims 
at solving that, by creating systems that can automatically integrate new products 
and resources in the production automatically. One way to design such a system 
is to use a multi-agent system where each resource and part gets its own controller 
software running independently, i.e., a distributed system. 

In this thesis, a part is defined as a single piece needed for building a product, 
while a resource is something that can assist in the manufacturing. A multi-agent 
system consists of several agents communicating with each other to reach 
production goals [9]. In this way, the control logic is spread out on multiple agents 
with no code dependencies between each other. This is handled by using strictly 
standardized communication where agents give each other requests rather than 
function calls. This means that even if a needed resource is unavailable, the system 
could handle this by rescheduling. Note that the distributed approach completely 
removes the need for a central controller such as a PLC used in traditional 
automation. The resource agents present services called skills, that are used by the 
part agents in the system. In this way, no single agent has a central role in the 
system. Each agent is separate. Hence, it is possible to design them offline without 
any knowledge about other agents or physical resources. Today, numerous multi-
agent systems aiming at manufacturing systems exist in research. An example is 
the one Krothapalli et al. [10] presented where parts and resources are agents that 
communicate with each other. Parts have goals to go through specific processes. 
However, today there are still no examples of multi-agent systems running in the 
industry [11], [12]. The main reason seems to be that there are no simple 
configuration tools for the manufacturing industry, that hides the complexity of 
the agent technology [11], [13]. A configuration tool for Plug & Produce should 
provide the functionality to prepare a manufacturing system for production by 
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defining its behaviour on a high level. This will replace the traditional rewriting of 
programming code for each new situation that arises in the manufacturing system. 
It is also important to design a Plug & Produce framework that can be used with 
already existing resources in the industry [14], [15]. This will make the transition 
to these new systems smoother. 

In this thesis, a Configurable Multi-agent System (C-MAS) is developed based on 
multi-agent technology. This framework helps to simplify the industrial 
implementation of Plug & Produce systems used for manufacturing. Even if some 
code might still be needed for resources local logic and behaviours, no knowledge 
about other resources internal logic is needed. This clear separation between 
agents simplifies the work on designing each resource. In C-MAS, agents always 
interact through clearly defined interfaces that must be compatible to connect and 
collaborate. Once the interfaces are defined and local behaviours created, the 
communication and collaboration among agents are automatically solved by 
algorithms in the C-MAS framework. The adoption time for preparing a system 
for new products and resources can be divided into hardware installation time 
(hardware time) and the time spent on programming and configuring the system 
(software time). The hardware time is solved by using standardly sized process 
modules and connectors, that are described in other work as increasing the 
mechatronic compatibility [16], [17]. Modular approaches for manufacturing 
systems have been implemented in other works such as [18]. To decrease the 
software time, it is important to look at limiting the configuration and 
programming of resources [19]. This work aims at limiting the software time 
needed for adopting a manufacturing system for new products and resources. To 
decrease the software time, the C-MAS was developed specifically for use with 
manufacturing systems. By using the C-MAS framework, manufacturing system 
resources can be installed and removed in terms of minutes, rather than days or 
weeks in traditional approaches. Changes in product design will many times 
require no programming or changes to the manufacturing system. Instead, a new 
process plan is simply designed and deployed to the system. 

1.2 Research Questions 

To create the multi-agent framework described earlier in this introduction, three 
research questions have been formulated. The first research questions (RQ1) 
considers how multi-agent systems should be designed to quickly adapt to new 
products and resources introduced to the system. The second research question 
(RQ2) asks how agents should be designed to reduce manual reprogramming. The 
aim is that the system should instead be configured on a high level, where 
descriptions are simplified, thus easier to understand and faster to modify. The 
third research question (RQ3) regards the design patterns of multi-agent systems. 
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An agent system is often designed for specific scenarios, thus limited. This 
question asks how to add new agent behaviours that were not considered when 
designing the multi-agent system, thus not possible to add through configurations. 

The research questions are: 

RQ1. How can a multi-agent system be designed, in order to decrease the 
software time in a Plug & Produce system? 

RQ2. When introducing new products and resources, how can functionality for 
agent collaboration and reasoning be reused, in order to decrease 
reprogramming time? 

RQ3. How can a general design pattern be formulated, describing how to 
develop and add new functionality in a multi-agent system for Plug & Produce? 

1.3 Research Methodology 
In this section, the method for each research question is listed with explanations 
about each step needed to reach the contributions of this paper. 

For research question 1 (RQ1) the following steps are performed: 

• Investigate current approaches for Plug & Produce. 

• Explore existing multi-agent systems. 

• Identify what is missing in those approaches. 

• Give design suggestions. 

For research question 2 (RQ2) the following steps are performed: 

• Explore configuration and programming. 

• Design a configurable multi-agent system. 

• Build and evaluate the designed system. 

For research question 3 (RQ3) the following steps are performed: 

• Define what is required to be part of the design patterns. 

• Present a conceptual model showing how multi-agent system 
communication for Plug & Produce should be designed. 
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1.4 Contributions 
The contributions are: 

C1. Give design suggestions for Plug & Produce that can help to decrease the 
adaption time for preparing a system to new products and resources. This is 
presented in the appended Paper A. 

C2. Develop and evaluate a reconfigurable Plug & Produce system based on 
multi-agent technology. This is presented in Paper B and Paper D. 

C3. Formulate a conceptual model that describes how multi-agent systems for 
Plug & Produce should communicate. This is presented in Paper C. 

1.5 Scope and Limitation 

The C-MAS framework presented in this licentiate thesis is general and could be 
used for many types of systems. However, the experiments conducted in this 
work are limited to manufacturing systems.  
 
Requirements for real-time communication between agents are not investigated. 
It is instead assumed that scenarios requiring real-time communication are 
considered as a whole agent, i.e., a laser welding robot may be represented by one 
single agent, instead of dividing it into several resources, such as a camera, weld 
gun and robot. 
 
Using multi-agent technology can improve the handling of disturbances since the 
agents automatically reschedule whenever this happens. However, this has not 
been a focus in this thesis, so the investigation about this is limited. 
 
This thesis is organized as follows: In Section 2, the supporting concepts are 
presented, including an introduction to multi-agent systems. Section 3 presents 
the proposed solutions. Section 4 goes through the experiments, conducted on 
the proposed solutions. Section 5 gives the conclusions. Section 6 presents a 
discussion and gives suggestions for further work. Section 7 gives a summary of 
the appended papers. 
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2 Supporting concepts 

An introduction to the knowledge required for understanding the designed C-
MAS framework is given in this chapter. 

2.1 Plug & Produce 
Plug & Produce was firstly introduced in [20]. It aims at dividing a manufacturing 
system into process modules that can be connected while production is 
continuing. The idea is to be able to reconfigure a manufacturing cell layout in 
minutes rather than days in traditional approaches. A common approach in 
research is to use standardly sized process modules and standard connectors. This 
has been done previously in [16], [17], [18]. However, to reach actual Plug & 
Produce the system also needs to detect each connected module and integrating 
them into the ongoing production. This can be compared with a conventional 
computational cluster, where computer nodes are added simply by connecting 
them with power and ethernet. Software’s and settings are then automatically 
downloaded to each detected node, this includes installing the complete operating 
system on them. Thus, any standard computer connected to the network is 
converted to a computational node that starts to receive tasks and replies with the 
calculated results. A similar approach is required in Plug & Produce systems. To 
design such a flexible manufacturing system there is a huge requirement for 
defining standardized communication interfaces on each process module in the 
system. 

The concept of Plug & Produce can also be compared to the concept of Plug and 
Play, where connected resources are matched with a driver stored in the host 
computer. Similarly, the proposed C-MAS framework detects process modules 
using the Agent Handling System (AHS) and selects a correct agent configuration 
from a centrally stored database. The configuration is chosen based on the 
information given by the connected module. This is similar to the approach of 
selecting a driver when connecting a plug and play device such as a USB keyboard 
to a computer. The main difference is that Plug & Play only connects the device, 
making it available to the system. In Plug & Produce, the device instead becomes 
integrated into the ongoing production. The C-MAS is in this thesis used to 
achieve this integration. 

In a Plug & Produce system the processes modules and products are assumed to 
be changed over time, making it difficult to use a central static control approach. 
Thus, a multi-agent system approach has been used for the C-MAS framework 
presented in this thesis. 
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2.2 Agent Technology 
Agents can be instructed on a high-level instead of writing low-level programs for 
defining the behaviours of the system [21]. Sometimes, goals are defined for 
agents, that they want to reach. The agents then communicate with each other in 
order to reach those goals. In Figure 1 this is illustrated with a simplified example. 

 

Figure 1: Plug & Produce communication illustrated with English as the agent 
communication language. 

Agents can be physical like a robot [22] or logical like a service for path planning. 
Agents are commonly thought of as pieces of autonomous software [23]. 
Wooldridge et al. [24] described in 1995 that agency can be described with weak 
or strong notation. According to the weak notation agents have the following 
properties: 

• Autonomy: agents handle their decisions without being directly 
controlled by other external programs or humans. 

• Reactivity: agents react to the environment, 
• Pro-activeness: agents take initiatives to reach their goals 
• Social ability: agents can interact with each other using an agent 

communication language. 

The strong notation of agency also includes cognitive behaviours with beliefs, 
desires, and intentions [25].  

It is common to divide agents into two types: reactive agents and belief-desire 
intention agents. Reactive agents perceive their environment and take action to 
change it. This can be implemented by defining a finite state machine [26]. For 
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the second type, a software model exists, the Belief-Desire-Intention (BDI) 
model, firstly proposed in [27]. Beliefs are the knowledge that an agent has about 
the world. This knowledge is not necessarily true according to other agents; thus 
it’s called beliefs. Desires are, for example, goals that the agent wants to reach. 
Intentions can, for example, be plans defining sequences of actions in the format 
of recipes rather than complex code. 

2.2.1 Agent-oriented programming 

Agent-oriented programming (AOP) is a programming paradigm where each 
distinguishable object of a program is created as agents that communicate with 
each other. This can be compared with object-oriented programming where the 
software is constructed of objects having more complex dependencies for each 
other. Examples of AOP languages are AgentSpeak [28], the Goal-Oriented 
Agent Language (GOAL) [29] and SARL [30].   

In agent-oriented programming, agents are commonly created by defining a class 
in a programming language. At a first look, this might just seem to be object-
oriented programming; and in some sense that observation might be correct. 
However, the main contribution of the agent definition is to make the objects 
independent, commonly running in separate threads or hardware. Agents have 
clearly defined interfaces for communication between them making it easier to 
add and remove them from a system. This is not the case in most object-oriented 
programs, where objects have strong dependencies for each other through their 
states and variables.  

2.2.2 Multi-agent systems 

A multi-agent system is a collection of multiple agents. Each agent is a software 
that runs independently and perceives its environment using its inputs and reacts 
to it through its outputs, see Figure 2. Agents commonly have their own goals, 
such as getting soft edges or changing colour to blue, implying that some 
machining and painting must be performed. 

 

Figure 2: An agent sensing and reacting to its environment. 

When several agents are connected, they form a multi-agent system as shown in 
Figure 3. In such a system, all agents collaborate using an agent communication 
language in order to reach manufacturing goals. 

Sensing
Reacting

Agent
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Figure 3: When multiple agents connect to each other in a network, they form a multi-
agent system. 

Agents are commonly divided into passive, active and cognitive agents. Passive 
agents are only acting when others interact with them. This implies that they 
typically have no goals. In contrast, an active agent has goals to reach, such as 
changing its own state. Cognitive agents perform more advanced reasoning than 
active agents. 

In 1997 the Foundation for Intelligent Physical Agents (FIPA) presented an agent 
specification including the Agent Management Specification [31]. This was later 
updated to the current version in 2002 [32]. These specifications from FIPA 
describes how an agent network should be designed, including communication 
protocols and agent languages. It also includes specifications on how agents 
should be designed. FIPA is today one of the most used agent standards.  It 
defines an Agent Platform (AP), where an Agent Management System (AMS), 
Message Transport Service (MTS) and a Directory Facilitator (DF) can be used 
[32]. The AMS register agents, making them available for communication in the 
agent network. The MTS takes care of the message transportation between agents 
[33]. The DF is a “yellow pages” service where agents publish their skills. Agents 
can search the DF to find out which agent has the skills needed to reach a goal. 
According to FIPA, the DF is not mandatory, agents are permitted to contact 
each other directly.  

In this thesis, the C-MAS framework was developed specifically for 
manufacturing systems. This includes an Agent Handling System (AHS), similar 
to the AMS but with some differences in the design.  

2.2.3 Multi-agent frameworks 

Agents can be implemented directly in any programming language. However, 
using an agent framework will drastically reduce the time to develop a new agent 
system. Agent frameworks commonly connect all agents through a 
communication channel and handle the publishing of agent skills, making them 
visible to other agents.  

Agent

Agent

Agent
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There exist many agent frameworks, such as the Smart Python Agent 
Development Environment (SPADE) [34], the Cognitive Agent Architecture 
(Cougaar) [35], the Magentix platform [36], and the Java Agent Development 
Framework (JADE) [37]. 

The most used agent framework that implements the FIPA standards is JADE 
[37]. This framework has built-in support to create containers in separate 
computers, where agents can be instantiated. These containers are connected with 
a communication channel, making it possible for agents in different computers to 
communicate without knowing the addresses of each other. There must exist one 
main container that hosts the AMS and DF. When instantiating a new agent, it 
must know the address of the main container. In JADE, the agents are mainly 
written in Java code by defining behaviours such as cyclic and one-shot 
behaviours. Since JADE is a general framework for agents, it is not adapted for 
manufacturing systems and lack supporting tools for such scenarios. Thus, JADE 
still requires experienced designers and skilled programmers with high knowledge 
about the agent technology used.  

The C-MAS framework presented in this thesis was instead developed specifically 
for manufacturing systems and includes supporting configuration tools, 
communication, and negotiation in order to decrease the amount of time spent 
on programming.  

2.3 Agent Communication 

Agents need to communicate with each other. This can be implemented through 
a standardised communication language. Two existing languages for agent 
communication are the Knowledge Query Manipulation Language (KQML) and 
the Agent Communication Language (ACL). KQML was developed in the early 
1990s as part of the DARPA Knowledge Sharing Effort [38]. ACL was developed 
by the Foundation for Intelligent Physical Agents (FIPA), that is an IEEE 
organization, developing standards for multi-agent systems [39]. In 1997 a 
collection of specifications was published named FIPA97 that includes the FIPA 
ACL. In 2002 an updated version was published including an updated ACL [40].  
 
Both KQML and ACL are speech act based. Speech acts are expressions by 
individual agents that involves an action to take place. For example, if one agent 
asks another agent to perform something, then this is considered a speech act.  
 
In Table 1, the ACL message structure for FIPA ACL is shown, consisting of 13 
different parameters. As described in [41], the performative is the speech act 
name, the language is the language to express the content of the message, the 
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ontology is the ontology name and gives meaning to the symbols of the 
expression, and the content is the actual message. 

Table 1. FIPA ACL message acts in FIPA 2002. 

Parameter Description 

performative The type of communicative act (speech act) 

sender The sender of the message 

receiver The receiver of the message 

reply-to Receiver of replies 

content Message content 

language Language of the content 

encoding Encoding of the content 

ontology Used to understand the meaning of the message 

protocol Interaction protocol 

conversation-id Id of the conversation. 

reply-with Used for the In-reply-to message 

in-reply-to Replies with a reply-with content 

reply-by Deadline for reply 

 

FIPA defines a Contract Net protocol [42] as a definition of how two agents 
communicate. It describes how an “initiator” can make a call to a “participant”, 
asking it to give a proposal. The participant replies with a refusal or proposal. The 
initiator then rejects or accepts the proposal response. Finally, the participant 
informs the initiator of what has been achieved. 

In FIPA 2002, speech acts are referred to as communicative acts and are 
presented in their Communicative Act Library (CAL). It includes 22 different 
communicative acts shown in Table 2. Note that these describe general 
communication without any specific considerations for manufacturing systems. 

Table 2. Communicative acts in FIPA 2002. 

Communicative act Description 

Accept proposal Accept a submitted proposal 

Agree Agree to perform some action 

Cancel Cancel an action 

Call For Proposal Request proposals 

Confirm Confirms a proposition 

Disconfirm Disconfirm a proposition 

Failure Inform that action failed 
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must know the address of the main container. In JADE, the agents are mainly 
written in Java code by defining behaviours such as cyclic and one-shot 
behaviours. Since JADE is a general framework for agents, it is not adapted for 
manufacturing systems and lack supporting tools for such scenarios. Thus, JADE 
still requires experienced designers and skilled programmers with high knowledge 
about the agent technology used.  

The C-MAS framework presented in this thesis was instead developed specifically 
for manufacturing systems and includes supporting configuration tools, 
communication, and negotiation in order to decrease the amount of time spent 
on programming.  

2.3 Agent Communication 

Agents need to communicate with each other. This can be implemented through 
a standardised communication language. Two existing languages for agent 
communication are the Knowledge Query Manipulation Language (KQML) and 
the Agent Communication Language (ACL). KQML was developed in the early 
1990s as part of the DARPA Knowledge Sharing Effort [38]. ACL was developed 
by the Foundation for Intelligent Physical Agents (FIPA), that is an IEEE 
organization, developing standards for multi-agent systems [39]. In 1997 a 
collection of specifications was published named FIPA97 that includes the FIPA 
ACL. In 2002 an updated version was published including an updated ACL [40].  
 
Both KQML and ACL are speech act based. Speech acts are expressions by 
individual agents that involves an action to take place. For example, if one agent 
asks another agent to perform something, then this is considered a speech act.  
 
In Table 1, the ACL message structure for FIPA ACL is shown, consisting of 13 
different parameters. As described in [41], the performative is the speech act 
name, the language is the language to express the content of the message, the 
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ontology is the ontology name and gives meaning to the symbols of the 
expression, and the content is the actual message. 

Table 1. FIPA ACL message acts in FIPA 2002. 

Parameter Description 

performative The type of communicative act (speech act) 

sender The sender of the message 

receiver The receiver of the message 

reply-to Receiver of replies 

content Message content 

language Language of the content 

encoding Encoding of the content 

ontology Used to understand the meaning of the message 

protocol Interaction protocol 

conversation-id Id of the conversation. 

reply-with Used for the In-reply-to message 

in-reply-to Replies with a reply-with content 

reply-by Deadline for reply 

 

FIPA defines a Contract Net protocol [42] as a definition of how two agents 
communicate. It describes how an “initiator” can make a call to a “participant”, 
asking it to give a proposal. The participant replies with a refusal or proposal. The 
initiator then rejects or accepts the proposal response. Finally, the participant 
informs the initiator of what has been achieved. 

In FIPA 2002, speech acts are referred to as communicative acts and are 
presented in their Communicative Act Library (CAL). It includes 22 different 
communicative acts shown in Table 2. Note that these describe general 
communication without any specific considerations for manufacturing systems. 

Table 2. Communicative acts in FIPA 2002. 

Communicative act Description 

Accept proposal Accept a submitted proposal 

Agree Agree to perform some action 

Cancel Cancel an action 

Call For Proposal Request proposals 

Confirm Confirms a proposition 

Disconfirm Disconfirm a proposition 

Failure Inform that action failed 
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Inform Inform about a proposition being true 

Inform If Inform if a proposition is true 

Inform Ref Asks for the value of the expression 

Not Understood Did not understand the message 

Propagate Asks agents to forward this message 

Propose Send a proposal 

Proxy Ask the agent to act as a proxy 

Query If Ask the agent if the proposition is true 

Query Ref Ask for an object 

Refuse Refuse to perform the action 

Reject Proposal Rejecting a given proposal 

Request Request agent to perform an action 

Request When Request when the proposition is true 

Request Whenever Always run when the proposition is true 

Subscribe Let the other agent send updated data 

 

Hence, the FIPA standards are general for any kind of agent system, giving no 
help for the specific problems in manufacturing systems.  

2.4 Planning 
In multi-agent systems, planning is of importance. This section goes through three 
different types of planning activities: (1) STRIPS that finds a way to reach a goal 
set for an agent, (2) Single-Query path planning that generates collision-free paths 
for industrial robots, and (3) pathfinding algorithms that can find the shortest 
route through a manufacturing system. These are all important tools for making 
a Plug & Produce system since they give the possibility to automate additional 
steps that would otherwise be performed manually. STRIPS help to simplify how 
process plans are defined. Paths for robots would have to be developed and tested 
manually if not using automated path planning. Pathfinding algorithms helps to 
automatically optimize product flows.   

2.4.1 STRIPS Algorithm 

The Stanford Research Institute Problem Solver (STRIPS) is an automated 
planner developed in 1971 [43]. STRIPS use an initial state, a goal state and a set 
of actions with pre and postconditions. The idea is that the search is beginning at 
the goal state, looking for what action must be performed in order to reach the 
precondition. This is repeated until it finds a chain, connecting the initial state 
with the goals state. Consider the example in the following list with four different 

SUPPORTING CONCEPTS 
 

13 
 

actions, where a humanoid robot wants to reach the goal state “Door unlocked” 
from the initial state “Door locked”: 

1. Find keys  
a. Precondition: Door locked 
b. Postcondition: Found keys 

2. Pick keys 
a. Precondition: Found keys 
b. Postcondition: Have keys 

3. Put keys in the door 
a. Precondition: Have keys 
b. Postcondition: Keys in the door 

4. Unlock door 
a. Precondition: Keys in the door 
b. Postcondition: Door unlocked 

More actions can be added, giving parallel possibilities to reach the goal state. The 
actions can be designed separately, manually by a user, in order to make sure that 
they are performed correctly. Giving the acting agent enough actions, it can solve 
many tasks given to it. The STRIPS algorithm is highly relevant to multi-agent 
systems since it gives each agent autonomous properties that help it to plan how 
to reach goals by itself, without any central controller telling the agents what to 
do. 

2.4.2 Path planning 

The C-MAS cannot solve everything by itself since it is only a platform for 
developing agent systems. All required data such as geometries, positions and 
process plans have to be given to the agents. For example, an industrial robot, i.e. 
6-axis arm based, need to have a collision-free path for moving in robot cells as 
shown in [44]. If a robot is supposed to be autonomous and without the need for 
manual reprogramming, it must be possible for the robot to find paths on-
demand automatically. Otherwise, these must be pre-programmed manually for 
each possible scenario. One approach is to use a path planner that can be used 
online when the manufacturing system is running. Example of suitable planers is 
RRT and RRT-connect [45] due to their ability to efficiently find solutions. An 
improved planner called RRT* has also been developed that tends to find shorter 
paths than RRT. 

A Rapidly exploring random tree (RRT) is used for finding a collision-free path 
through a space with obstacles, such as a robot cell [46]. It searches a space by 
building a random tree from the start point until it reaches its target point.  
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actions can be designed separately, manually by a user, in order to make sure that 
they are performed correctly. Giving the acting agent enough actions, it can solve 
many tasks given to it. The STRIPS algorithm is highly relevant to multi-agent 
systems since it gives each agent autonomous properties that help it to plan how 
to reach goals by itself, without any central controller telling the agents what to 
do. 

2.4.2 Path planning 

The C-MAS cannot solve everything by itself since it is only a platform for 
developing agent systems. All required data such as geometries, positions and 
process plans have to be given to the agents. For example, an industrial robot, i.e. 
6-axis arm based, need to have a collision-free path for moving in robot cells as 
shown in [44]. If a robot is supposed to be autonomous and without the need for 
manual reprogramming, it must be possible for the robot to find paths on-
demand automatically. Otherwise, these must be pre-programmed manually for 
each possible scenario. One approach is to use a path planner that can be used 
online when the manufacturing system is running. Example of suitable planers is 
RRT and RRT-connect [45] due to their ability to efficiently find solutions. An 
improved planner called RRT* has also been developed that tends to find shorter 
paths than RRT. 

A Rapidly exploring random tree (RRT) is used for finding a collision-free path 
through a space with obstacles, such as a robot cell [46]. It searches a space by 
building a random tree from the start point until it reaches its target point.  
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Figure 4: Rapidly exploring random tree (RRT), with start and target positions. 

RRT-connect is based on RRT and is instead using a bidirectional search, starting 
in both the start and target positions. It then generates random points until the 
two threes meet, see Figure 5.  

 

Figure 5: The RRT-Connect algorithm, with start and target positions. 

Using these types of path planners, industrial robots in manufacturing systems 
can become completely autonomous. This will enable them to handle new types 
of products instantaneously. However, it puts a requirement on having a 
completely accurate simulation of the robot cell with CAD objects that are 
accurate enough. The planner algorithms need this simulation to make the paths 
collision-free. One famous library that has implemented RRT-Connect and many 
other planners is the Open Motion Planning Library (OMPL). This library is not 
containing any collision detection since it has no 3D representation of the world. 
One software that adds that layer is the MoveIt software that is a part of the 
Robot Operating System (ROS), that uses OMPL.   

The problem with such simulation software’s is that their simulations typically are 
updated manually by humans. This includes designing CAD models in external 
software, importing them, and setting their positions in the simulation. It is 
acceptable that CAD models need to be designed by humans, in order to make 
sure that they are accurate enough. However, the positioning of the CAD models 
in the simulation should be based on the actual state of the online robot cell and 
that is an impossible work for humans in a Plug & Produce system where modules 
are moving around constantly, see Figure 6. This is just too costly for humans to 
perform in terms of working hours. Additionally, some dynamic obstacles such 
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as operators moving inside the robot cell and tools forgotten inside can’t be 
created manually in CAD software, due to the random nature of these objects. 
Thus, the cell should be scanned using a vision system to find these obstacles. 
These can be automatically added to the simulation by generating many small 
cubes to approximate the shape of the real obstacles. Hence, two approaches are 
needed to work concurrently for automatically updating the obstacles in the 
simulation: 1) Automatically placing existing CAD objects and 2) generating 
approximated shapes based on online sensor data. 

 

Figure 6: Top view of a robot cell, containing one industrial robot in the centre 
and obstacles in 3D, between the Start and Target positions. 

2.4.3 Pathfinding algorithms 

Pathfinding refers to finding the shortest route from one node to another in a set 
of nodes. This is relevant when each part agent plans its transportation through 
the manufacturing system. Dijkstra defined an algorithm already in 1959 [47], 
where the shortest route between two nodes can be found. Since that time, 
extensions have been created such as the A* agorithm. In Figure 7, the shortest 
route is found between a start node 𝐴𝐴 and a target node 𝐸𝐸. This shortest route is 
marked with blue colour. Each line has an integer cost for travelling. 

The problem becomes much more complex when multiple agents should find 
collision-free routes, while at the same time minimizing a cost function. Example 
of cost functions might be the length of the route of all agents or the total 
makespan.  
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Figure 7: Dijkstra's algorithm, where the blue marked line is the shortest path between 
the start and target positions. 

For an agent to use such an algorithm they require the knowledge about its 
environment. It needs to know where each other node, i.e., resource buffer exists 
and what the travelling costs are. This can be done by letting the agents ask other 
agents about their position and reachability. For transportation, an industrial 
robot might need to first run a short simulation before answering, see Figure 8. 

 

Figure 8: Industrial robot reachability example for checking if they can reach the point 
marked in the figure. 

This is time-consuming and can take several seconds to perform. Thus, it is 
desirable to store these simulations for later use if the same types of parts are 
going to ask the same questions again. Additionally, the agent can store the 
successful routes through the system, trying to use them for the next part that 
enters the system. In this way, the system will be slow at the beginning and speed 
up after some parts have gone through the system. It is also possible to do this in 
simulation first to let the agents find each other before deploying them to the 
online environment in the physical manufacturing system. Then the agents already 
will be “trained” before entering the online manufacturing system.  
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3 Proposed solutions 

In this chapter, a single manufacturing scenario is used to make it easier to follow 
the explanations of the developed framework. This chapter goes through the 
agent design together with a formal definition of agents. It introduces the 
manufacturing scenario and describes how the agent configurations are designed. 
The agent strategies, that defines how agents behave are described, together with 
the introduction of process plans that control how processes are used. Finally, the 
agent communication is described together with the agent life cycle management, 
that controls how agents are instantiated and given their behaviours.  

3.1 Agent design 
Agents can be seen as components of a cyber-physical system. Each agent is a 
cyber component running in a cloud service and is connected to a related physical 
component in the real world. In the C-MAS framework, all agents use the same 
basic classes and are given their individual behaviours through a configuration 
called the global configuration. When an agent is instantiated, it becomes an 
individual object in the cloud and is also given a local configuration. The local 
configuration contains all the unique parameters that are not shared with other 
agents of the same type, i.e, that are using the same global configuration.  

 

Figure 9: Ontology diagram, showing the agent configuration classes and their 
relationships to each other. 

 

All configurations for one agent (local and global) are arranged according to the 
configuration classes presented in Figure 9. Two types of agents exist, parts and 
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resources. The difference is that parts have goals that they want to reach in the 
manufacturing system using available resources. 

In order to reach a goal, process plans are defined as recipes rather than programs. 
To run a process plan, several variables and skills are required to exist in the agent 
network. These requirements are in this thesis noted as demands. Agents interact 
by connecting to each other through interfaces. An agent can have multiple 
interfaces that define its compatibility with other agents. Skills are always 
presented to other agents through interfaces. This is done in order to determine 
if their interfaces are compatible. Agents have variables that are accessible from 
all interfaces within the agent. Variables can also be local on individual interfaces. 
Skills describe functionalities that an agent can perform and is executed by 
running a process plan specifically written for that skill. Process plans might 
generate further demands for additional agents (including required skills and 
variables). This creates a chain of connected collaborating agents. An example of 
a chain is a gripper that transports a part where the gripper is connected to an 
industrial robot. These three physical components can be controlled by separate 
agents, connected in a chain of interfaces when interacting. Compatibility is 
checked by comparing the generated demands with the interfaces in the agent 
network, in order to find a compatible agent. 

In the multi-agent system, a single agent 𝑎𝑎, belongs to the set of all agents 𝐴𝐴, i.e., 
𝑎𝑎 𝑎 𝐴𝐴. Typical agents in manufacturing systems represent physical components 
such as gripper, part, buffer, and robot. The set of agents 𝐴𝐴 contain all parts 𝑃𝑃 
and resources 𝑅𝑅, where 𝐴𝐴 = 𝑅𝑅 𝑅�  𝑃𝑃. A single part is noted as 𝑝𝑝 𝑎 𝑃𝑃 and a single 
resource is noted as 𝑟𝑟 𝑎 𝑅𝑅. The parts and resources can be described as: 

𝑝𝑝 = 〈𝐺𝐺�, 𝐼𝐼�,𝑉𝑉�〉 
𝑟𝑟 = 〈𝐼𝐼�  , V�〉 

Parts and resources have different behaviours called strategies. Parts are active 
with goals that they try to reach, while resources are more passive and wait for 
parts to give them requests. However, once a resource gets a job to perform, they 
will gather information about their surroundings and take the initiative to request 
further assistance from other resources. A goal for parts can, for instance, be to 
get soft edges. Goals can be described quantitatively, meaning they have attached 
arguments such as speed or size, making small changes to the consequence of 
reaching the goal. The set of all goals in the global configuration is 𝐺𝐺, where a 
single goal is noted as: 

𝑔𝑔 𝑎 𝐺𝐺� 
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𝐺𝐺� ⊆ 𝐺𝐺 
The set 𝐺𝐺� contains all goals for one part 𝑝𝑝. A part can have several goals, and 
each of them describes some manufacturing result that the part desires to reach, 
e.g., to paint a part with blue colour, i.e., 𝑔𝑔 = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃. In order to reach a 
goal, a process plan is needed. A process plan defines at a high level how to reach 
a specific goal. This description is written like a recipe, rather than low-level code. 
A process plan translates one goal into a sequence of skills that can be executed 
on resources in the agent network. When a part agent is given a goal, it must find 
a suitable process plan that is available. Hence, it will go through all process plans 
in the global configuration until one is found where all demands are fulfilled, i.e., 
all needed resources are available with compatible interfaces. It is also possible to 
compare all process plans and to select the one with the lowest cost, based on the 
currently installed resources as described in Paper A. A single process plan is 
noted as:  

𝜋𝜋 𝜋 𝜋𝜋 

where the set of all process plans is: 

𝜋𝜋 =  𝜋𝜋�  ∪�   𝜋𝜋�  

The set Π�  contains all process plans for reaching goals in 𝐺𝐺 and Π� is the set of 
all process plans for executing skills in 𝑆𝑆. A single process plan 𝜋𝜋� solves the goal 
𝑔𝑔 that can exist on any part 𝑝𝑝. On the other hand, the process plan 𝜋𝜋� is only 
written for a specific skill 𝑠𝑠 existing on a specific resource type that has that skill. 
A process plan 𝜋𝜋 defines a sequence of skills (𝑠𝑠�, 𝑠𝑠�, … , 𝑠𝑠��). Further, a process 
plan is defined as a finite state automaton: 

𝜋𝜋 = 〈𝑄𝑄, 𝑆𝑆, 𝛿𝛿, 𝑞𝑞�,𝑄𝑄�  〉 
where 𝑄𝑄 is the set of states, 𝑆𝑆 is the set of skills, 𝛿𝛿 is the transition function, 𝑞𝑞� 𝜋
 𝑄𝑄 is the initial state, and 𝑄𝑄� ⊆  𝑄𝑄 is the set of acceptable final states. Figure 10 
shows the states for a process plan with five skills 1-5, where the initial state is 𝑞𝑞� 
and the final state is 𝑞𝑞�. 

 

 

Figure 10: Process plan with five skills, where the initial state is 𝑞𝑞� and final state is 
𝑞𝑞�. 

𝑠𝑠� 𝑞𝑞�𝑠𝑠� 𝑠𝑠� 𝑠𝑠� 𝑠𝑠�𝑞𝑞� 𝑞𝑞� 𝑞𝑞� 𝑞𝑞� 𝑞𝑞�
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resources. The difference is that parts have goals that they want to reach in the 
manufacturing system using available resources. 

In order to reach a goal, process plans are defined as recipes rather than programs. 
To run a process plan, several variables and skills are required to exist in the agent 
network. These requirements are in this thesis noted as demands. Agents interact 
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if their interfaces are compatible. Agents have variables that are accessible from 
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generate further demands for additional agents (including required skills and 
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In the multi-agent system, a single agent 𝑎𝑎, belongs to the set of all agents 𝐴𝐴, i.e., 
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and resources 𝑅𝑅, where 𝐴𝐴 = 𝑅𝑅 𝑅�  𝑃𝑃. A single part is noted as 𝑝𝑝 𝑎 𝑃𝑃 and a single 
resource is noted as 𝑟𝑟 𝑎 𝑅𝑅. The parts and resources can be described as: 

𝑝𝑝 = 〈𝐺𝐺�, 𝐼𝐼�,𝑉𝑉�〉 
𝑟𝑟 = 〈𝐼𝐼�  , V�〉 

Parts and resources have different behaviours called strategies. Parts are active 
with goals that they try to reach, while resources are more passive and wait for 
parts to give them requests. However, once a resource gets a job to perform, they 
will gather information about their surroundings and take the initiative to request 
further assistance from other resources. A goal for parts can, for instance, be to 
get soft edges. Goals can be described quantitatively, meaning they have attached 
arguments such as speed or size, making small changes to the consequence of 
reaching the goal. The set of all goals in the global configuration is 𝐺𝐺, where a 
single goal is noted as: 

𝑔𝑔 𝑎 𝐺𝐺� 
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𝐺𝐺� ⊆ 𝐺𝐺 
The set 𝐺𝐺� contains all goals for one part 𝑝𝑝. A part can have several goals, and 
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goal, a process plan is needed. A process plan defines at a high level how to reach 
a specific goal. This description is written like a recipe, rather than low-level code. 
A process plan translates one goal into a sequence of skills that can be executed 
on resources in the agent network. When a part agent is given a goal, it must find 
a suitable process plan that is available. Hence, it will go through all process plans 
in the global configuration until one is found where all demands are fulfilled, i.e., 
all needed resources are available with compatible interfaces. It is also possible to 
compare all process plans and to select the one with the lowest cost, based on the 
currently installed resources as described in Paper A. A single process plan is 
noted as:  

𝜋𝜋 𝜋 𝜋𝜋 

where the set of all process plans is: 

𝜋𝜋 =  𝜋𝜋�  ∪�   𝜋𝜋�  

The set Π�  contains all process plans for reaching goals in 𝐺𝐺 and Π� is the set of 
all process plans for executing skills in 𝑆𝑆. A single process plan 𝜋𝜋� solves the goal 
𝑔𝑔 that can exist on any part 𝑝𝑝. On the other hand, the process plan 𝜋𝜋� is only 
written for a specific skill 𝑠𝑠 existing on a specific resource type that has that skill. 
A process plan 𝜋𝜋 defines a sequence of skills (𝑠𝑠�, 𝑠𝑠�, … , 𝑠𝑠��). Further, a process 
plan is defined as a finite state automaton: 

𝜋𝜋 = 〈𝑄𝑄, 𝑆𝑆, 𝛿𝛿, 𝑞𝑞�,𝑄𝑄�  〉 
where 𝑄𝑄 is the set of states, 𝑆𝑆 is the set of skills, 𝛿𝛿 is the transition function, 𝑞𝑞� 𝜋
 𝑄𝑄 is the initial state, and 𝑄𝑄� ⊆  𝑄𝑄 is the set of acceptable final states. Figure 10 
shows the states for a process plan with five skills 1-5, where the initial state is 𝑞𝑞� 
and the final state is 𝑞𝑞�. 

 

 

Figure 10: Process plan with five skills, where the initial state is 𝑞𝑞� and final state is 
𝑞𝑞�. 

𝑠𝑠� 𝑞𝑞�𝑠𝑠� 𝑠𝑠� 𝑠𝑠� 𝑠𝑠�𝑞𝑞� 𝑞𝑞� 𝑞𝑞� 𝑞𝑞� 𝑞𝑞�



PROPOSED SOLUTIONS 
 

20 
 

 

Agents have several interfaces, where one interface is noted as 𝑖𝑖𝑖𝑖 𝑖 𝑖𝑖, i.e., 𝑖𝑖 is the 
set of all interfaces in the global configuration. An interface is defined by the tuple: 

𝑖𝑖𝑖𝑖 = 〈𝑆𝑆�� ,𝑉𝑉��〉 

where all skills on that interface are noted as 𝑆𝑆�� ⊆ 𝑆𝑆, and all variables on the 
interface are 𝑉𝑉�� ⊆ 𝑉𝑉. A single variable is noted as 𝑣𝑣 and belongs to an interface 
or to an agent. A variable can, for instance, be a path for grinding or a coordinate 
for picking up a part. A single skill is noted as 𝑠𝑠 𝑖 𝑆𝑆, where 𝑆𝑆 contains all skills in 
the global configuration. A skill is defined as:  

𝑠𝑠 =  〈𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 ,𝜋𝜋�〉 
where the 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 is the variable name and 𝜋𝜋� is a specific process plan written for 
executing the specific skill. 

Available resources are not known at the planning stage when process plans are 
created. Instead, the needed resources are defined by declaring an abstract 
interface, noted as: 

𝑢𝑢 𝑖 𝑢𝑢 = �𝑢𝑢�,𝑢𝑢�, … ,𝑢𝑢��� 
Each abstract interface 𝑢𝑢 declared in a process plan is mapped to a real resource 
interface 𝑖𝑖𝑖𝑖 at runtime before a process plan can be executed. This is done by an 
interface mapping algorithm, presented in Paper A. This algorithm generates 
demands 𝑑𝑑� 𝑖  𝐷𝐷 = �𝑑𝑑�,𝑑𝑑�, … ,𝑑𝑑���, where 𝑑𝑑� is defined as: 

𝑑𝑑�  = �𝑆𝑆�,𝑉𝑉�� 
Hence, the demand 𝑑𝑑� defines the requirements that one agent has for another 
agent’s interface.  Note that both 𝑑𝑑� and 𝑖𝑖𝑖𝑖 defines skills and variables. Thus, 𝑖𝑖𝑖𝑖 
has to have all skills and variables that are defined in 𝑑𝑑� in order to be compatible. 
The agent that uses the process plan will look in the agent network to find one 
interface that can be used. Demands are described more in Section 3.6 Process 
plans. 

3.2 Global configurations 
As described earlier, all agents use the same basic code and are given their 
behaviours through a configuration called global configuration. When instantiated 
the agent is also given a local configuration that is based on the actual values of 
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input data to the agent, such as sensors data from its physical component or 
information from other agents. 

The idea is to create a standardized agent code where only two types of agents 
exist, the part and the resource. This code never changes and is general for most 
manufacturing scenarios. Specific hardware-close code will still exist, such as the 
controller for an industrial robot or a PLC for reading a sensor. The agents handle 
all communication among resources and parts in the system. It represents the 
hardware or in some case a software. To do this, the agent needs to know what 
services, i.e., skills it offers and what goals it has. Together with this, all variable 
data and interfaces have to be defined. The configuration should contain enough 
information for the agent to know how it should behave. Global configurations 
are written offline in a user-friendly configuration tool. They are later uploaded 
to a configuration database, where all agents global configurations are stored. 
Many users can log in and work simultaneously with the configurations. Further, 
configurations can automatically be deployed to an online manufacturing system. 
This is done by copying the developed configurations to another configuration 
database existing in the manufacturing system, used online. Next time a resource 
or part gets an agent instantiated, they will use the updated global configuration. 
By separating the offline and online configuration database, it is possible to test 
the new configurations together with a simulated manufacturing cell before 
deploying to the online manufacturing system.  

3.3 Manufacturing cell 

A physical Plug & Produce demonstrator was developed together with a virtual 
simulation for use with the experiments described in this thesis. The idea is to 
divide the manufacturing cell into several process modules, that can be connected 
fast without affecting other resources. Modules could be stored for later use or 
moved to another cell in the factory, see Figure 11.  

 

Figure 11: Three different modules existing in the manufacturing cell. 
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These modules are connected in a cell layout with 10 different slots for 
connection, as shown in Figure 12. An industrial robot is placed in the centre of 
the cell, to be able to reach all process modules and assist with transportation. 

 

Figure 12: Manufacturing cell, used for the experiments in this thesis. 

 

Each module is connected to the slots by standardized connectors including 
power air and ethernet, as shown in Figure 13. To handle the safety, laser scanners 
were installed that can detect humans as they get close to the cell. It was designed 
to make the robot slow down when a human is close to the cell and stops if you 
go inside. However, if the robot is working on the opposite side and has no 
possibility to harm you, then it continues to work. In theory, this makes it possible 
to change a process module while the system is running.  

Each process module was given a Programmable Logic Controller (PLC), running 
an OPC UA server, that presents all sensor values to the network. This can be 
used by the cyber components (agents) to communicate with the process module. 

PROPOSED SOLUTIONS 
 

23 
 

 

Figure 13: Photo taken from the docking stations for the process modules. 

3.4 Manufacturing scenario 

This scenario describes how a part 𝑝𝑝 is transported from a buffer 𝑟𝑟� to a paint 
station 𝑟𝑟�. This is done by using a gripper 𝑟𝑟� that is attached to a robot 𝑟𝑟�, see 
Figure 14. Similar scenarios have been presented in the appended papers. 
However, note that the scenario presented in this section has slightly different 
configuration parameters. This scenario will be used throughout this thesis to 
make examples. 

 

Figure 14: Scenario for transporting a part 𝑝𝑝 from buffer 𝑟𝑟� to a painting station 𝑟𝑟� . 

In Table 3, the configuration values for the scenario is shown, where the column: 
Agent refers to the agent that the configuration value belongs to, the Interface is 
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the interface that the configuration value belongs to, the Data type describes what 
the data is and the Name is the name of the configuration value. The part has one 
goal 𝑔𝑔 = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃, that can be solved by the process plan 𝜋𝜋�. The description 
“Input:” in the table is noting that a variable is not configurated with any value 
on startup of the system. Instead, this is an input signal on an interface, that will 
get data from another agent. 

Table 3. Configuration values for the scenario. 

Agent Name Description Data type Interface 

 𝜋𝜋� Solves PaintBlue Process Plan  
𝑝𝑝 𝑃𝑃𝑖𝑖� BufferInterface Interface  
𝑝𝑝 𝑣𝑣� BaseLocation Variable 𝑃𝑃𝑖𝑖� 
𝑝𝑝 𝑃𝑃𝑖𝑖� GripInterface Interface  
𝑝𝑝 𝑣𝑣� GripLocation Variable 𝑃𝑃𝑖𝑖� 
𝑝𝑝 𝑔𝑔 PaintBlue Goal  
𝑟𝑟� 𝑃𝑃𝑖𝑖� BufferInterface Interface  
𝑟𝑟� 𝑣𝑣� BufferLocation Variable 𝑃𝑃𝑖𝑖� 
𝑟𝑟� 𝑠𝑠� Buffer Skill 𝑃𝑃𝑖𝑖� 
𝑟𝑟� 𝑃𝑃𝑖𝑖� BufferInterface Interface  
𝑟𝑟� 𝑣𝑣� BufferLocation Variable 𝑃𝑃𝑖𝑖� 
𝑟𝑟� 𝑠𝑠� Paint Skill 𝑃𝑃𝑖𝑖� 
𝑟𝑟� 𝑃𝑃𝑖𝑖� GripInterface Interface  
𝑟𝑟� 𝑠𝑠� Transport Skill 𝑃𝑃𝑖𝑖� 
𝑟𝑟� 𝑣𝑣� Input: pickAt Variable 𝑃𝑃𝑖𝑖� 
𝑟𝑟� 𝑣𝑣� Input: placeAt Variable 𝑃𝑃𝑖𝑖� 
𝑟𝑟� 𝑣𝑣� ToolData Variable 𝑃𝑃𝑖𝑖� 
𝑟𝑟� 𝑃𝑃𝑖𝑖� ToolInterface Interface  
𝑟𝑟� 𝑣𝑣� BaseLocation Variable 𝑃𝑃𝑖𝑖� 
𝑟𝑟� 𝑃𝑃𝑖𝑖� ToolInterface Interface  
𝑟𝑟� 𝑠𝑠� MoveTool Skill 𝑃𝑃𝑖𝑖� 
𝑟𝑟� 𝑠𝑠� CloseTool Skill 𝑃𝑃𝑖𝑖� 
𝑟𝑟� 𝑠𝑠� OpenTool Skill 𝑃𝑃𝑖𝑖� 
𝑟𝑟� 𝑣𝑣�� Input: to Variable 𝑃𝑃𝑖𝑖� 
𝑟𝑟� 𝑣𝑣�� Input: tool Variable 𝑃𝑃𝑖𝑖� 

 

In Figure 15, the variables for locations 1-4 is shown, as defined in Table 3. These 
are needed for the agents to know where the interfaces are located. The variables 
are defined relative to the local agent's coordinate system and are translated into 
a common reference frame (world coordinates) when communicated from one 
agent to another.  
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Figure 15: Variables for locations 1-5. 

Figure 16 shows the interfaces 1-7 defined in Table 3. The red lines show how 
interfaces can be connected to each other.  

 

Figure 16: Interface connections are shown with red lines for interfaces 1-7. 

3.5 Interfaces 
When variables are communicated between agents they are first translated into 
world coordinates. If 𝑝𝑝 want to give its variable 𝑣𝑣� to 𝑟𝑟� it needs to find out where 
it is located in the world. Since 𝑝𝑝 know that 𝑖𝑖𝑖𝑖� and 𝑖𝑖𝑖𝑖� are connected (see Figure 
16) it is known that 𝑣𝑣� and 𝑣𝑣� are located in the same world coordinate (see Figure 
15). Thus, 𝑝𝑝 asks 𝑟𝑟� to give its 𝑣𝑣� in world coordinates to 𝑝𝑝. Each agent has this 
functionality to translate coordinates. If 𝑟𝑟� is connected to further agents this will 
continue in a chain of connected agents translating down to a common reference 
frame. The idea is that everything needs to be attached to some common physical 
component, like the manufacturing cell. In this scenario 𝑟𝑟� and 𝑟𝑟� are attached to 
the same manufacturing cell and their world positions defined as variables on the 
respective agents. When 𝑝𝑝 gets the world position of 𝑣𝑣� it will have enough data 
to find the world position of 𝑣𝑣�. This is then communicatied to 𝑟𝑟�. Since the robot 
𝑟𝑟� is attached to the same manufacturing cell it has a common reference shared 
with 𝑟𝑟� and 𝑟𝑟�. To simplify the scenarios global configuration, the resource 𝑟𝑟�, 𝑟𝑟� 
and 𝑟𝑟� are not attached to anything. Instead they have their variables 𝑣𝑣�,𝑣𝑣� 
described in the robots coordinate system. However, let's go through how it 
would look if the modules were removable.  

𝑟𝑟� 
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𝑟𝑟�

𝑣𝑣�

𝑣𝑣�
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the interface that the configuration value belongs to, the Data type describes what 
the data is and the Name is the name of the configuration value. The part has one 
goal 𝑔𝑔 = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃, that can be solved by the process plan 𝜋𝜋�. The description 
“Input:” in the table is noting that a variable is not configurated with any value 
on startup of the system. Instead, this is an input signal on an interface, that will 
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Table 3. Configuration values for the scenario. 

Agent Name Description Data type Interface 

 𝜋𝜋� Solves PaintBlue Process Plan  
𝑝𝑝 𝑃𝑃𝑖𝑖� BufferInterface Interface  
𝑝𝑝 𝑣𝑣� BaseLocation Variable 𝑃𝑃𝑖𝑖� 
𝑝𝑝 𝑃𝑃𝑖𝑖� GripInterface Interface  
𝑝𝑝 𝑣𝑣� GripLocation Variable 𝑃𝑃𝑖𝑖� 
𝑝𝑝 𝑔𝑔 PaintBlue Goal  
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𝑟𝑟� 𝑠𝑠� Buffer Skill 𝑃𝑃𝑖𝑖� 
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𝑟𝑟� 𝑠𝑠� Paint Skill 𝑃𝑃𝑖𝑖� 
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𝑟𝑟� 𝑣𝑣� Input: pickAt Variable 𝑃𝑃𝑖𝑖� 
𝑟𝑟� 𝑣𝑣� Input: placeAt Variable 𝑃𝑃𝑖𝑖� 
𝑟𝑟� 𝑣𝑣� ToolData Variable 𝑃𝑃𝑖𝑖� 
𝑟𝑟� 𝑃𝑃𝑖𝑖� ToolInterface Interface  
𝑟𝑟� 𝑣𝑣� BaseLocation Variable 𝑃𝑃𝑖𝑖� 
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𝑟𝑟� 𝑠𝑠� CloseTool Skill 𝑃𝑃𝑖𝑖� 
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In Figure 15, the variables for locations 1-4 is shown, as defined in Table 3. These 
are needed for the agents to know where the interfaces are located. The variables 
are defined relative to the local agent's coordinate system and are translated into 
a common reference frame (world coordinates) when communicated from one 
agent to another.  
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Figure 15: Variables for locations 1-5. 

Figure 16 shows the interfaces 1-7 defined in Table 3. The red lines show how 
interfaces can be connected to each other.  

 

Figure 16: Interface connections are shown with red lines for interfaces 1-7. 

3.5 Interfaces 
When variables are communicated between agents they are first translated into 
world coordinates. If 𝑝𝑝 want to give its variable 𝑣𝑣� to 𝑟𝑟� it needs to find out where 
it is located in the world. Since 𝑝𝑝 know that 𝑖𝑖𝑖𝑖� and 𝑖𝑖𝑖𝑖� are connected (see Figure 
16) it is known that 𝑣𝑣� and 𝑣𝑣� are located in the same world coordinate (see Figure 
15). Thus, 𝑝𝑝 asks 𝑟𝑟� to give its 𝑣𝑣� in world coordinates to 𝑝𝑝. Each agent has this 
functionality to translate coordinates. If 𝑟𝑟� is connected to further agents this will 
continue in a chain of connected agents translating down to a common reference 
frame. The idea is that everything needs to be attached to some common physical 
component, like the manufacturing cell. In this scenario 𝑟𝑟� and 𝑟𝑟� are attached to 
the same manufacturing cell and their world positions defined as variables on the 
respective agents. When 𝑝𝑝 gets the world position of 𝑣𝑣� it will have enough data 
to find the world position of 𝑣𝑣�. This is then communicatied to 𝑟𝑟�. Since the robot 
𝑟𝑟� is attached to the same manufacturing cell it has a common reference shared 
with 𝑟𝑟� and 𝑟𝑟�. To simplify the scenarios global configuration, the resource 𝑟𝑟�, 𝑟𝑟� 
and 𝑟𝑟� are not attached to anything. Instead they have their variables 𝑣𝑣�,𝑣𝑣� 
described in the robots coordinate system. However, let's go through how it 
would look if the modules were removable.  
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In case the module and robot were removable they might be configured with 
interfaces like the one in Figure 17. 

 

Figure 17: Example of two process modules: one with a part placed on top of it, and 
another with a robot that can interact with its neighbouring modules. 

Here the process modules are connected to a manufacturing cell. Interfaces 20-
23 are only used for this brief example in Figure 17 and not specified in the 
scenario in Table 3. The part 𝑝𝑝 can tell the robot 𝑟𝑟� where it is in world 
coordinates, since 𝑝𝑝 is attached to a buffer that is connected to the same cell that 
the robot is installed in. The interfaces 𝑖𝑖𝑖𝑖�� and 𝑖𝑖𝑖𝑖�� has related variables defining 
their position. Both of them are defined in the same coordinate system. Thus, the 
robot and the part can figure out where they are in the cells coordinate system, 
i.e., world positions. 

3.5.1 Interface matching 

Interfaces have to match in order to connect to each other. As described earlier, 
agents have multiple interfaces, and interfaces have multiple skills. Each interface 
has defined inputs that describe needed variables in order to execute any of the 
presented skills on that interface. The interfaces explained in this section are 
defined in Table 3.  

In Figure 18, the part and the gripper has compatible interfaces, since the outputs 
from the part match the inputs on the gripper, the required skill: Transport exists 
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on the grippers interface and there were no required variables. Additionally, we 
can see that they are physically compatible since they both share the same 
interface type. 

 

Figure 18: Example, with part and gripper having compatible interfaces since signals 
and skills are matching. 

Some interfaces have variables that can be accessed by other agents as read-only,  
by making a request for its current value. In Figure 19, the part checks its 
compatibility against a paint station. There are no required input or output signals, 
the skill paint is existing on the paint station and the BufferLocation that the part 
needs for transportation is publicly available on the paint station. 

 

Figure 19: Example, with a part and paint station having compatible interfaces. 

In Figure 20, the interface connection between the gripper and robot is shown. 
The gripper presents two output signals: To, that is the destination for travel and 
Tool, that is the tool data for the gripper. Three skills are required and found on 
the robots ToolInterface 𝑖𝑖𝑖𝑖�. 

 

Figure 20: Gripper and robot connecting through an interface. 

Interface type: GripInterface 𝑖𝑖𝑖𝑖�
Outputs: pickAt, PlaceAt 
Required Skills : Transport
Required variables:

Part Gripper

Interface type: GripInterface 𝑖𝑖𝑖𝑖�
Inputs: pickAt 𝑣𝑣�, PlaceAt 𝑣𝑣�
Skills: Transport 𝑠𝑠�
Public variables:

Demand 𝑑𝑑�

Interface type: BufferInterface 𝑖𝑖𝑖𝑖�
Outputs:
Required Skills: Paint
Required variables: BufferLocation

Part Paint station
Interface type: BufferInterface 𝑖𝑖𝑖𝑖�
Inputs: 
Skills: Paint 𝑠𝑠�
Public variables: BufferLocation 𝑣𝑣�

Demand 𝑑𝑑�

Demand 𝑑𝑑�
Interface type: ToolInterface 𝑖𝑖𝑖𝑖�
Outputs: To,tool 
Required Skills : OpenTool,
MoveTool,CloseTool
Required variables:

Gripper Robot

Interface type: ToolInterface 𝑖𝑖𝑖𝑖�
Inputs: To 𝑣𝑣��,tool 𝑣𝑣��
Skills: OpenTool 𝑠𝑠�,
MoveTool 𝑠𝑠�,CloseTool 𝑠𝑠�
Public variables:
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In case the module and robot were removable they might be configured with 
interfaces like the one in Figure 17. 

 

Figure 17: Example of two process modules: one with a part placed on top of it, and 
another with a robot that can interact with its neighbouring modules. 

Here the process modules are connected to a manufacturing cell. Interfaces 20-
23 are only used for this brief example in Figure 17 and not specified in the 
scenario in Table 3. The part 𝑝𝑝 can tell the robot 𝑟𝑟� where it is in world 
coordinates, since 𝑝𝑝 is attached to a buffer that is connected to the same cell that 
the robot is installed in. The interfaces 𝑖𝑖𝑖𝑖�� and 𝑖𝑖𝑖𝑖�� has related variables defining 
their position. Both of them are defined in the same coordinate system. Thus, the 
robot and the part can figure out where they are in the cells coordinate system, 
i.e., world positions. 

3.5.1 Interface matching 

Interfaces have to match in order to connect to each other. As described earlier, 
agents have multiple interfaces, and interfaces have multiple skills. Each interface 
has defined inputs that describe needed variables in order to execute any of the 
presented skills on that interface. The interfaces explained in this section are 
defined in Table 3.  

In Figure 18, the part and the gripper has compatible interfaces, since the outputs 
from the part match the inputs on the gripper, the required skill: Transport exists 
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on the grippers interface and there were no required variables. Additionally, we 
can see that they are physically compatible since they both share the same 
interface type. 

 

Figure 18: Example, with part and gripper having compatible interfaces since signals 
and skills are matching. 

Some interfaces have variables that can be accessed by other agents as read-only,  
by making a request for its current value. In Figure 19, the part checks its 
compatibility against a paint station. There are no required input or output signals, 
the skill paint is existing on the paint station and the BufferLocation that the part 
needs for transportation is publicly available on the paint station. 

 

Figure 19: Example, with a part and paint station having compatible interfaces. 

In Figure 20, the interface connection between the gripper and robot is shown. 
The gripper presents two output signals: To, that is the destination for travel and 
Tool, that is the tool data for the gripper. Three skills are required and found on 
the robots ToolInterface 𝑖𝑖𝑖𝑖�. 

 

Figure 20: Gripper and robot connecting through an interface. 

Interface type: GripInterface 𝑖𝑖𝑖𝑖�
Outputs: pickAt, PlaceAt 
Required Skills : Transport
Required variables:

Part Gripper

Interface type: GripInterface 𝑖𝑖𝑖𝑖�
Inputs: pickAt 𝑣𝑣�, PlaceAt 𝑣𝑣�
Skills: Transport 𝑠𝑠�
Public variables:

Demand 𝑑𝑑�

Interface type: BufferInterface 𝑖𝑖𝑖𝑖�
Outputs:
Required Skills: Paint
Required variables: BufferLocation

Part Paint station
Interface type: BufferInterface 𝑖𝑖𝑖𝑖�
Inputs: 
Skills: Paint 𝑠𝑠�
Public variables: BufferLocation 𝑣𝑣�

Demand 𝑑𝑑�

Demand 𝑑𝑑�
Interface type: ToolInterface 𝑖𝑖𝑖𝑖�
Outputs: To,tool 
Required Skills : OpenTool,
MoveTool,CloseTool
Required variables:

Gripper Robot

Interface type: ToolInterface 𝑖𝑖𝑖𝑖�
Inputs: To 𝑣𝑣��,tool 𝑣𝑣��
Skills: OpenTool 𝑠𝑠�,
MoveTool 𝑠𝑠�,CloseTool 𝑠𝑠�
Public variables:
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In the global configuration, there exist nothing called output signals, required 
skills, or required variables. These are generated automatically from the process 
plans like 𝜋𝜋� or 𝜋𝜋�� . This is done in order to further decrease the number of 
manual configurations that have to be created. It would, of course, be possible to 
manually define these on each interface, but there is currently no need. Instead, 
interfaces are only configured in the global configuration as services that other 
interfaces connect to.  

3.6 Process plans 
Process plans can either be automatically generated or manually designed by a 
human. It is difficult, if not impossible today, for computer software to know how 
to design a successful process. This is knowledge that today is based on human 
experience [48], [49]. If a system would have to try over and over again it might 
find a solution by using tools such as machine learning. However, this is today 
difficult to achieve on a high-level process plan and is more suitable for specific 
problems.  

A process plan is written like a recipe and specifies a sequence of skills. Figure 21 
shows a process plan 𝜋𝜋� that uses a robot gripper and a painting station. In Figure 
22 the plan 𝜋𝜋��  for the gripper’s skill Transport 𝑠𝑠� is shown. The gripper has 
further interaction with a robot as described in the skills process plan in Figure 
22.  

 

Figure 21: Process plan for solving the goal PaintBlue. 

 

Figure 22: A process plan that is written specifically to execute the skill Transport for 
the gripper. 

𝝅𝝅𝒈𝒈
a.Transport: 

picAt=GripLocation, 
placeAt=b.BufferLocation;

b.Paint;

𝝅𝝅𝒔𝒔𝟑𝟑
c.OpenTool;
c.MoveTool: To=pickAt, tool=ToolData;
c.CloseTool;
c.MoveTool: To=placeAt, tool=ToolData;
c.OpenTool;
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In 𝜋𝜋�  two skills are used: Transport and Paint. The letters 𝑎𝑎 and 𝑏𝑏 in front of 
these skills are used to show that these skills need to run on different resources. 
The letters are called abstract interfaces since they represent undefined interfaces 
needed on some resource in the manufacturing system. If the letter 𝑎𝑎 would be 
used for both skills, that would mean that we are looking for an agent having an 
interface with both Transport and Paint skills, which is not the case in this 
scenario. In  Figure 22 the plan 𝜋𝜋��  for solving a skill 𝑠𝑠� is defined. This plan is 
specifically written for solving 𝑠𝑠� on a gripper, that should be attached to an 
industrial robot. The skills OpenTool, MoveTool, and CloseTool exists on the 
industrial robot in the same manufacturing cell. Here, the gripper carries its own 
tool data, and forwards the input signals pickAt and placeAt positions to the 
robot, by assigning them to the variable: To. 

The required skills and variables are declared directly in the process plan, such as 
𝑏𝑏.BufferLocation in Figure 21, that implies that resource 𝑏𝑏 needs to have a 
BufferLocation variable presented publicly. This variable is then used to give a 
value to the output signal: placeAt. The same concept is used for the output signal 
pickAt, that takes a local variable GripLocation, that has to exist on the part 
executing this process plan, otherwise, it is not compatible with this plan. 

The connections between process plans create a tree of connected interfaces as 
shown in Figure 23. Here, the Part 𝑝𝑝 has the goal 𝑔𝑔, solved by 𝜋𝜋�. The process 
plan 𝜋𝜋� generates certain demands 𝑑𝑑� for an interface 𝑎𝑎 in the agent network and 
finds the matching interface 𝑖𝑖𝑖𝑖� on the gripper. Additionally, interface 𝑏𝑏 described 
in 𝜋𝜋� generates the demand 𝑑𝑑�. Thus, the part finds the painter resource with 
interface 𝑖𝑖𝑖𝑖�. The gripper has a process plan 𝜋𝜋�� with further demands 𝑑𝑑� and 
finds the robot on 𝑖𝑖𝑖𝑖�. 

 

Figure 23: A plan 𝜋𝜋� is checked for availability in the agent network.  
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In the global configuration, there exist nothing called output signals, required 
skills, or required variables. These are generated automatically from the process 
plans like 𝜋𝜋� or 𝜋𝜋�� . This is done in order to further decrease the number of 
manual configurations that have to be created. It would, of course, be possible to 
manually define these on each interface, but there is currently no need. Instead, 
interfaces are only configured in the global configuration as services that other 
interfaces connect to.  

3.6 Process plans 
Process plans can either be automatically generated or manually designed by a 
human. It is difficult, if not impossible today, for computer software to know how 
to design a successful process. This is knowledge that today is based on human 
experience [48], [49]. If a system would have to try over and over again it might 
find a solution by using tools such as machine learning. However, this is today 
difficult to achieve on a high-level process plan and is more suitable for specific 
problems.  

A process plan is written like a recipe and specifies a sequence of skills. Figure 21 
shows a process plan 𝜋𝜋� that uses a robot gripper and a painting station. In Figure 
22 the plan 𝜋𝜋��  for the gripper’s skill Transport 𝑠𝑠� is shown. The gripper has 
further interaction with a robot as described in the skills process plan in Figure 
22.  

 

Figure 21: Process plan for solving the goal PaintBlue. 

 

Figure 22: A process plan that is written specifically to execute the skill Transport for 
the gripper. 

𝝅𝝅𝒈𝒈
a.Transport: 

picAt=GripLocation, 
placeAt=b.BufferLocation;

b.Paint;

𝝅𝝅𝒔𝒔𝟑𝟑
c.OpenTool;
c.MoveTool: To=pickAt, tool=ToolData;
c.CloseTool;
c.MoveTool: To=placeAt, tool=ToolData;
c.OpenTool;
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executing this process plan, otherwise, it is not compatible with this plan. 

The connections between process plans create a tree of connected interfaces as 
shown in Figure 23. Here, the Part 𝑝𝑝 has the goal 𝑔𝑔, solved by 𝜋𝜋�. The process 
plan 𝜋𝜋� generates certain demands 𝑑𝑑� for an interface 𝑎𝑎 in the agent network and 
finds the matching interface 𝑖𝑖𝑖𝑖� on the gripper. Additionally, interface 𝑏𝑏 described 
in 𝜋𝜋� generates the demand 𝑑𝑑�. Thus, the part finds the painter resource with 
interface 𝑖𝑖𝑖𝑖�. The gripper has a process plan 𝜋𝜋�� with further demands 𝑑𝑑� and 
finds the robot on 𝑖𝑖𝑖𝑖�. 

 

Figure 23: A plan 𝜋𝜋� is checked for availability in the agent network.  

𝑖𝑖𝑖𝑖�

Level 1

𝑑𝑑� 𝑑𝑑�

Level 2

𝑑𝑑�

Level 0

𝜋𝜋�� 𝑔𝑔 𝑖𝑖𝑖𝑖�

𝑖𝑖𝑖𝑖�

𝜋𝜋�
Part Gripper

Painter

Robot



PROPOSED SOLUTIONS 
 

30 
 

3.7 Agent communication 
In the scenario presented earlier in this thesis, there are five agents that need to 
communicate, as shown in Figure 24. Each red line indicates a connection 
between two agents interfaces. 

 

Figure 24: Layout for how the agents communicate. 

Agents need to share a common language for communication, such as the FIPA 
ACL introduced earlier. FIPA describes a set of communicative acts (co-acts), 
such as Inform, Request and Agree. However, as described earlier, these are 
designed generally for all types of systems and lack specific support for 
manufacturing systems, such as booking resources and starting a process. Thus, 
it was found in Paper C that it is possible to define another layer with specialized 
co-acts designed for the specific type of scenario considered. 

The naming of configuration values such as skills, variables, and interfaces has to 
be standardized in the global configuration among the several agents. Two agents 
must share a common understanding of what these values are used for. For 
example, two variables Pick and Place both have the same data type, but clearly 
different meaning. This has to be understood by all agents using these variables. 
In order to manage this, it is desirable to have a configuration tool that guides the 
user and gives warnings in case of problems. If resources share a common 
semantics for global configuration values, then it is possible to move a resource 
to another manufacturing cell or even to another company, assuming they are 
using the same semantic standard. 

In Paper C a conceptual model was defined with four layers 1-4. It describes the 
different layers of communication that should exist in a multi-agent system. Layer 
one and two already exist in agent frameworks such as JADE, where layer two 
would be FIPA ACL. However, any agent communication language could fit into 
this layer. 

𝑝𝑝 𝑟𝑟�
𝑟𝑟�

𝑟𝑟�
𝑟𝑟�
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Figure 25: Conceptual model for agent communication. 

The first layer (1) describes the basic communication protocol and the setup of 
the agent network. Layer two (2) describes the general communication 
functionalities between agents. Layer three (3) describes the special 
communication. In this thesis scenario, it is specialized for manufacturing 
systems. Layer four (4) is the reconfigurable layer where the global configurations 
are created. The idea is that most manual work is done in layer four where no 
programming is needed. 

 

3.8 Agent life cycle 
Agents are considered to be cyber-components while the physical resources or 
parts are the physical components. Many times, these need to be connected by a 
communication channel. In this work, that was done using the OPC UA protocol 
over Ethernet. OPC UA is a platform-independent communication protocol that 
was developed by the OPC Foundation to be used in industrial automation [50]. 

In Figure 26, an example of synchronizing a robot agent (cyber component) with 
its physical component is illustrated. Here, an OPC UA server is placed at the 
robot, that the data hub can connect to. 
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Figure 25: Conceptual model for agent communication. 

The first layer (1) describes the basic communication protocol and the setup of 
the agent network. Layer two (2) describes the general communication 
functionalities between agents. Layer three (3) describes the special 
communication. In this thesis scenario, it is specialized for manufacturing 
systems. Layer four (4) is the reconfigurable layer where the global configurations 
are created. The idea is that most manual work is done in layer four where no 
programming is needed. 

 

3.8 Agent life cycle 
Agents are considered to be cyber-components while the physical resources or 
parts are the physical components. Many times, these need to be connected by a 
communication channel. In this work, that was done using the OPC UA protocol 
over Ethernet. OPC UA is a platform-independent communication protocol that 
was developed by the OPC Foundation to be used in industrial automation [50]. 

In Figure 26, an example of synchronizing a robot agent (cyber component) with 
its physical component is illustrated. Here, an OPC UA server is placed at the 
robot, that the data hub can connect to. 
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Figure 26: The data hub used for synchronizing data between physical components 
and their related cyber components (the agents). 

The data hub is part of the Agent Handling System (AHS), developed and 
presented in Paper B. The AHS is illustrated in Figure 27 and includes four parts: 
the Agent Creator, the DHCP server, the Agent Detector, and the Data HUB. 
DHCP stands for Dynamic Host Configuration Protocol. It is used to 
automatically detect devices in networks and to give them an Internet Protocol 
address (IP address). The figure excludes the robot, to simplify the presentation. 
In the full scenario presented, the robot, gripper, part, paint station and buffer 
station would be included in the AHS. 

 

Figure 27: This figure shows the Agent Handling System and two process modules. 
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In Figure 28, the behaviour of the AHS is described in more detail. It can be 
divided into six different steps: 

1) Detect new devices in the network:  
A unique IP address is assigned to each new device detected in the 
network by the DHCP server. Each address is stored in the AHS. 

2) Establish a connection to the new devices: 
Each IP address is used by the AHS to establish an OPC UA 
connection between the Data HUB and the detected device 

3) Identify possible agents:  
The Agent Detector searches the OPC UA server on each detected 
device, to gather information about what agent type it has.  

4) Get global configuration:  
Based on the agent types detected in step 3, the AHS fetches the 
corresponding global configurations required for instantiating the 
needed agents. 

5) Get local configuration: 
Each local configuration value is fetched by the AHS from the 
physical device and stored. 

6) Instantiate new agent program:   
The Agent Creator instantiates a new agent using the selected global 
and local configurations for each detected device. 

After these steps are performed, the data hub sets up the synchronization between 
the cyber and physical components as shown in Figure 28. 

 

Figure 28: Method for detecting new devices added to the Plug & Produce system. 

Update HUB

Send data

Send data

Get Global Configuration

Instantiate new agent

Detect module

DeviceAHS AgentConfig-DB

Loop n

Identify agents

Connect HUB



PROPOSED SOLUTIONS 
 

32 
 

 

Figure 26: The data hub used for synchronizing data between physical components 
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In Figure 28, the behaviour of the AHS is described in more detail. It can be 
divided into six different steps: 

1) Detect new devices in the network:  
A unique IP address is assigned to each new device detected in the 
network by the DHCP server. Each address is stored in the AHS. 

2) Establish a connection to the new devices: 
Each IP address is used by the AHS to establish an OPC UA 
connection between the Data HUB and the detected device 

3) Identify possible agents:  
The Agent Detector searches the OPC UA server on each detected 
device, to gather information about what agent type it has.  
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6) Instantiate new agent program:   
The Agent Creator instantiates a new agent using the selected global 
and local configurations for each detected device. 
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3.9  Agent configuration tool 
In Paper D, a configuration tool was presented that is used to manually create 
global configurations. The configuration tool presents several different views to 
the user as defined in the following list: 

• Main view:  
• Agent view 
• Interface view 
• Goal view 
• Process plan view 
• Signal view 
• Skill view 
• Variable view 

 

In the main view, agents can be added, removed and edited. Changes to the agents 
are done in the agent view. Additionally, the process plans can be added, removed 
and edited, by opening the process plan view, see Figure 29. 

 

 
Figure 29: Main view, showing five agents and one process plan. 

In the agent view (see Figure 30) we can set the agent name and choose if the 
agent is a resource or part. Variables can be added, removed and edited; this opens 
the variable view. Interfaces can be added, removed and edited; this opens the 
interface view. Goals can be added, removed and edited; this opens the goal view. 
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Figure 30: Agent view for the part, showing variables, interfaces and goals. 

In the interface view (see Figure 31) we can set the interface type. Inputs can be 
added, removed and edited; this opens the inputs view. Variables can be added, 
removed and edited; this opens the variable view. Skills can be added, removed 
and edited; this opens the skill view. 

 
Figure 31: Interface view for the BufferInterface on the Paint station. 
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Figure 30: Agent view for the part, showing variables, interfaces and goals. 

In the interface view (see Figure 31) we can set the interface type. Inputs can be 
added, removed and edited; this opens the inputs view. Variables can be added, 
removed and edited; this opens the variable view. Skills can be added, removed 
and edited; this opens the skill view. 

 
Figure 31: Interface view for the BufferInterface on the Paint station. 
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Further, the following list describes the rest of the views: 

• The goal view is used to set the goal name.  
• The process plan view has the functions to set a plan name, a goal and to 

write the actual process plan.  
• In the signal view, the signal name is added. 
• In the skill view, we can set the skill type and write the process plan for 

the skill.  
• In the variable view, we can set the variable name and its data.  

All data is stored in the global configuration database. The database format 
chosen was a relational database with the structure presented in Figure 32. 

 

 

Figure 32: Entity-relationship (ER) diagram, showing the relational database structure 
for the global configurations. 

EXPERIMENTAL WORK 
 

37 
 

4 Experimental Work 

Each appended paper in this thesis contains experiments that are summarized in 
this chapter. In Paper A, an evaluation was performed to measure the software 
time when using the proposed C-MAS framework. In Paper B, a validation was 
performed of the designed Agent Handling System (AHS). In Paper C, the 
proposed conceptual model for agent communication was evaluated by showing 
how each step in the agent communication works for each configuration value. 
In Paper D, an implementation of the designed configuration tool was presented. 
The configuration tool was evaluated by giving it configurations based on a 
manufacturing scenario. However, this tool is not presented further in this 
chapter. Read more about it in the earlier chapter named: Agent configuration 
tool. 

4.1 Experiment A 
In Paper A, an experiment was presented that aims at measuring the software 
time needed for the C-MAS framework. Four activities in manufacturing systems 
were identified that affects the software time: Activity 1 (A1) is the time it takes 
for preparing goals, Activity 2 (A2) is the time used for creating process plans, 
Activity 3 (A3) is the time it takes to define interfaces and Activity 4 (A4) is the 
time spent on programming. To evaluate these activities four cases 1-4 were 
created. In the following list the cases are explained: 

Case 1 - Creating a new robot cell: When creating a new robot cell, all resources that 
are not previously prepared for the Plug & Produce framework has to be 
programmed (A4) and configured by defining their interfaces (A3), including the 
skills and creating plans (A2) for those skills. Further, goals (A1) must be defined 
for the parts. The programming that must be done is to prepare the new resource 
(physical component) to connect to its agent (cyber component). This can, for 
example, be done by setting up an OPC UA server on each resource with a 
structure that is standardized for all resources in the system.  

Case 2 - Changing, modifying or replacing a part: The part configuration must be 
updated if the part is changed, modified or replaced.  This includes adjusting the 
goals (A1), plans (A2) and their related variables. Thus, no programming is needed 
to adapt the system for new parts. 

Case 3 - Adding a new resource: If a single resource is added to the system it must be 
prepared with plans (A2), interfaces (A3) and programming (A4), similarly, to case 
1. Thus, some programming is still involved. However, the main benefit of not 
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using a centralized approach for the control, is that each resource can be 
developed offline separately, without any considerations for other resources. This 
can be achieved since all communication between resources are moved to a cybers 
space, where this is solved automatically by each agent (cyber component). 

Case 4 - Recycling of production systems: When a manufacturing system is changed or 
moved, it is desirable to reuse resources. Each resource is developed separately 
without any dependencies for other resources. Thus, it is possible to move them 
to new manufacturing cells and to change them by simply altering their 
configurations. These resources would then behave much like a standard USB 
device, that can be connected to any system using the same standard. 

Number of activities: The four cases were evaluated by counting the number of 
activities needed. In Table 4, the number of activities 1-4 for each case is listed. 
We can see that:  

• Case 1 includes adding four new resources. Thus, all four resources must 
be adapted to the framework by programming (A4). Further, one goal 
(A1), one process plan (A2) and 11 interfaces (A3) had to be configured.  

• Case 2 includes modifying one part. This requires one goal (A1) and one 
process plan (A2) to be configured. No interfaces (A3) or programming 
(A4) is needed. 

• Case 3 includes adding one new resource (process module) having one 
skill. This requires programming (A4) to adapt it to the framework. It 
also requires one interface (A3) and one process plan (A2) for the skill. 

• Case 4 includes reusing a process module, that was moved to another 
location. Here, no software time was needed. The total time to physically 
shut down, disconnect and move the module, install it and start it up was 
around one minute. The distance between the locations (before and after 
moving) were a few meters. The moving of the module was done 
manually using a pallet jack. 

Table 4. The number of activities that use software time, compared between cases 1, 
2, 3 and 4. 

Description A1 (Goals) A2 (Plans) A3 (Interface) A4 (Programming) 

Case 1 1 1 11 4 

Case 2 1 1 0 0 

Case 3 0 1 1 1 

Case 4 0 0 0 0 
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  Time for each case: In Table 5, the time needed for each case is shown. This table 
uses percentages, based on the total time to install all four new resources, i.e., 
Case 1, that uses 100% total time. Case 2, 3 and 4 are based on this total time of 
Case 1. Thus, we can see that Case 2 needs only 2% out of the total time that Case 
1 needs, and that Case 3 needs 16 % and Case 4 use 0%.  Each of the activities is 
also specified in this percentage out of the total time used in Case 1. We can see 
that: 

• Case 1 uses less than 1% of its total time to define goals (A1), 1% on 
plans (A2), 57% on interfaces (A3) and 41% on programming (A4). 

• Case 2, also the same amount of time for goals (A1) and plans (A2), while 
no time is needed for interfaces (A3) and programming (A4). 

• Case 3 uses no time for goals, the same time for plans as Case 1, it uses 
5% on interfaces and 10% on programming. 

• Case 4 uses no time for any software related activities. 

 

Table 5. Comparing time between cases 1,2,3 and 4. *Note that the values in each 
case are percentages out of the total time of case 1 (100%). 

Description A1  

% 

A2  

% 

A3  

% 

A4  

% 

Total 

% 

Case 1 <1 1 57 41 100* 

Case 2 <1 1 0 0 2* 

Case 3 0 1 5 10 16* 

Case 4 0 0 0 0 0* 

 

This experiment shows that it is possible to add new products and resources 
within minutes rather than days in traditional approaches. It also shows that the 
preparation offline can be done without knowing what specific resources are 
available in the manufacturing system, thus making the system easier to develop 
offline. 

4.2 Experiment B 

In Paper B, an experiment was performed to evaluate the developed Agent 
Handling System (AHS). The physical version of the robot cell shown in Figure 
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12 was used. In this cell, a process module was prepared with an OPC UA server 
compatible with the AHS. A global configuration for the module was loaded in 
advance to the global configuration database. The detection followed the 
description of the AHS shown earlier in Figure 28. In Figure 33, we can see the 
metal part, placed on the buffer station. 

When the device was connected to the system, its PLC was detected by the AHS. 
An agent was instantiated in cyber space and connected to the physical process 
module through OPC UA. Then, when a metal part was placed on top of the 
module, it was detected by a sensor on that module. This was detected by the 
AHS that instantiated an agent also for that part. This part had one goal, that it 
started to follow, thus requesting transportation from the industrial robot in the 
manufacturing cell. 

 

Figure 33: A metal part is placed on the buffer station in the manufacturing cell. 

 

4.3 Experiment C 

In Paper C, the conceptual model was evaluated by using a manufacturing 
scenario that is similar to the scenario presented earlier in this thesis. However, 
there are some small differences. Paper C presents a list of each communicative 
steps needed for its scenario. To make it easier to follow this experiment, these 
steps have been rewritten to use the configuration values presented in this thesis 
manufacturing scenario.  

The specialized communicative acts that were identified in Paper C are listed in 
Table 6.  
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Table 6. Specialized communicative acts. 

Number Description 

1 Request information 

2 Give information 

3 Book/Unbook skill 

4 Request skill to start 

5 Attach/Detach 

 

The following list describes each communication steps, from the parts 
perspective. This is the communication needed for the manufacturing scenario 
presented earlier in this thesis, based on the findings of the experiment in Paper 
C: 

• (3) 𝑝𝑝 tries to book 𝑟𝑟� if it has a skill 𝑠𝑠� = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃. The part 𝑝𝑝 is compatible 
with the interfaces 𝑃𝑃𝑖𝑖� on 𝑟𝑟� and is therefore booked by 𝑝𝑝. 

• (3) 𝑝𝑝 tries to book 𝑟𝑟� if it has a skill 𝑠𝑠� = 𝑇𝑇𝑟𝑟𝑃𝑃𝑃𝑃𝑠𝑠𝑝𝑝𝑇𝑇𝑟𝑟𝑃𝑃. The part 𝑝𝑝 is 
compatible with the interface 𝑃𝑃𝑖𝑖� on 𝑟𝑟� and is therefore booked by 𝑝𝑝. 

• (1) 𝑝𝑝 is attached to 𝑟𝑟� with 𝑣𝑣� attached to 𝑣𝑣�. Thus, 𝑝𝑝 asks 𝑟𝑟� to give the 
variable 𝑣𝑣�. Resource 𝑟𝑟� translates 𝑣𝑣� to world coordinates before sending it 
to 𝑝𝑝. 

• (1) To find the location for placing, 𝑝𝑝 asks 𝑟𝑟� for the variable 𝑣𝑣�. Resource 
𝑟𝑟� translates 𝑣𝑣� to world coordinates before sending it to 𝑝𝑝.  

• (2) 𝑝𝑝 uses its grip location 𝑣𝑣� to calculate the pick and place location to move 
between 𝑟𝑟� and 𝑟𝑟�. Then these are sent to the gripper 𝑟𝑟�, where they become 
the input signals 𝑣𝑣� and 𝑣𝑣�.  

• (4) 𝑝𝑝 requests that 𝑟𝑟� runs the skill 𝑠𝑠� 
• (3) 𝑝𝑝 unbooks the interface 𝑃𝑃𝑖𝑖� on 𝑟𝑟� 
• (5) 𝑝𝑝 tells 𝑟𝑟� that 𝑝𝑝 is attached to 𝑃𝑃𝑖𝑖� 
• (3) 𝑝𝑝 unbooks the interface 𝑃𝑃𝑖𝑖� on 𝑟𝑟� 
• (4) 𝑝𝑝 requests that 𝑟𝑟� runs the skill 𝑠𝑠� 
 

The experiment shows that it is possible to limit the number of instructions that 
a system needs in order to be adapted for new scenarios, by using specialized 
communicative acts. The reason is that the specialized communicative acts hide 
the complexity of lower layers (1 and 2) in the conceptual model presented in 
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Table 6. Specialized communicative acts. 

Number Description 

1 Request information 

2 Give information 

3 Book/Unbook skill 

4 Request skill to start 

5 Attach/Detach 

 

The following list describes each communication steps, from the parts 
perspective. This is the communication needed for the manufacturing scenario 
presented earlier in this thesis, based on the findings of the experiment in Paper 
C: 

• (3) 𝑝𝑝 tries to book 𝑟𝑟� if it has a skill 𝑠𝑠� = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃. The part 𝑝𝑝 is compatible 
with the interfaces 𝑃𝑃𝑖𝑖� on 𝑟𝑟� and is therefore booked by 𝑝𝑝. 

• (3) 𝑝𝑝 tries to book 𝑟𝑟� if it has a skill 𝑠𝑠� = 𝑇𝑇𝑟𝑟𝑃𝑃𝑃𝑃𝑠𝑠𝑝𝑝𝑇𝑇𝑟𝑟𝑃𝑃. The part 𝑝𝑝 is 
compatible with the interface 𝑃𝑃𝑖𝑖� on 𝑟𝑟� and is therefore booked by 𝑝𝑝. 

• (1) 𝑝𝑝 is attached to 𝑟𝑟� with 𝑣𝑣� attached to 𝑣𝑣�. Thus, 𝑝𝑝 asks 𝑟𝑟� to give the 
variable 𝑣𝑣�. Resource 𝑟𝑟� translates 𝑣𝑣� to world coordinates before sending it 
to 𝑝𝑝. 

• (1) To find the location for placing, 𝑝𝑝 asks 𝑟𝑟� for the variable 𝑣𝑣�. Resource 
𝑟𝑟� translates 𝑣𝑣� to world coordinates before sending it to 𝑝𝑝.  

• (2) 𝑝𝑝 uses its grip location 𝑣𝑣� to calculate the pick and place location to move 
between 𝑟𝑟� and 𝑟𝑟�. Then these are sent to the gripper 𝑟𝑟�, where they become 
the input signals 𝑣𝑣� and 𝑣𝑣�.  

• (4) 𝑝𝑝 requests that 𝑟𝑟� runs the skill 𝑠𝑠� 
• (3) 𝑝𝑝 unbooks the interface 𝑃𝑃𝑖𝑖� on 𝑟𝑟� 
• (5) 𝑝𝑝 tells 𝑟𝑟� that 𝑝𝑝 is attached to 𝑃𝑃𝑖𝑖� 
• (3) 𝑝𝑝 unbooks the interface 𝑃𝑃𝑖𝑖� on 𝑟𝑟� 
• (4) 𝑝𝑝 requests that 𝑟𝑟� runs the skill 𝑠𝑠� 
 

The experiment shows that it is possible to limit the number of instructions that 
a system needs in order to be adapted for new scenarios, by using specialized 
communicative acts. The reason is that the specialized communicative acts hide 
the complexity of lower layers (1 and 2) in the conceptual model presented in 
Figure 25. 

 



CONCLUSIONS 
 

42 
 

5 Conclusions  

Existing approaches for Plug & Produce and multi-agent systems were 
investigated. It was identified that previous research projects have successfully 
created multi-agent systems that divide control logic into several resource 
modules that can be added quickly to a manufacturing system when needed. The 
agents are commonly developed by manual programming. However, they are still 
flexible once the code is written. The code is easier to understand than 
conventional resources code, due to the low amount of dependencies between 
agents. This reduces the need to understand the complete system complexity 
when designing each resource. On the other hand, it was also identified that those 
systems were currently not used in the real industry. The main reason appeared 
to be the lack of user-friendly configuration tools and the ability to use legacy 
hardware together with the multi-agent system. Thus, a multi-agent system must 
be designed in such a way that it is possible to connect with a user-friendly 
configuration tool. In this thesis, an agent ontology was created, defining the agent 
configuration classes and their relations to each other. These classes are used for 
the configuration tool and each agent. An agent strategy was designed that defines 
a general agent behaviour, thus requiring only one single agent code to be 
developed. This agent code is reused for all agent instances and given its 
behaviours through configuration data. Communication between agents was 
standardized using a conceptual model. Based on that model, it is possible to 
simplify communication in manufacturing systems. Thus, removing the 
requirement for programming. The communication is instead based on 
configuration data, given through a configuration tool. A complete multi-agent 
framework C-MAS was designed and implemented. Additionally, a configuration 
tool was developed, that gives the user form-based views for defining the 
complete manufacturing systems behaviour. 
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6 Discussion and future work 

Using the developed multi-agent framework, it should also be possible to include 
humans as resources. This could be done by instantiating an agent, representing 
the human operator. Each operator could have a human-machine interface 
(HMI), such as a tablet computer or augmented reality glasses. It is also possible 
to have a headset where you talk to your agent by voice recognition and speech 
synthesis. The operator would receive instructions on what to do and have the 
possibility to accept or decline a request. Some requests would likely be declined 
automatically, if not compatible with the operator, to reduce the number of 
requests. The agent for the operator would contain a profile, with all skills and 
required data. Thus, it is possible to make a system where other resources that the 
operator collaborates with is adjusted for the operator. Examples are a table that 
adjusts the height for the operator automatically without any manual request. The 
language used in an HMI could also be adjusted based on the operator's preferred 
settings. This would be handled easily because of how the underlying multi-agent 
framework is designed. If an operator is to use any resources, they need an 
interface connection, between their agents. Thus, the operator's profile data such 
as language or height are shared from the operator’s agent to the connected 
resources. 

This thesis did not consider the optimisation of product flows since the scenarios 
presented did not include such problematics. Product agents have to make an 
executable plan to reach their goals. This takes some time since each resource 
could have to perform a simulation to know if the request is possible. One 
example is an industrial robot, getting a request for transportation by a part. Then 
the robot might have to perform a simulation to know if it can reach the desired 
positions. Thus, it is important to save these results, to be reused for other parts 
with the same goals and agent type. Then the first product entering a production 
system would work rather slowly, while the next products would simply follow 
the path of the first product if the resources were still available. It would then also 
be possible to run the first product through the system in a simulation, before 
deploying the new agent configuration to the online manufacturing system.  
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7 Summary of Appended Papers 
 

Paper A. Goal-Oriented Process Plans in a Multi-Agent System for Plug 
& Produce 

The paper presents a framework for implementing the automation controller for 
Plug & Produce. It is a multi-agent system framework, where resources are 
assigned skills and parts are given goals. The framework solves the negotiation 
among agents to reach the given goals with available resources. This makes it 
possible to work with configurations rather than programming when making 
changes to the manufacturing system. Using the presented framework, it is 
possible to configure a robot gripper and related robot separately as individual 
agents and then to let them find each other by communicating and to set up 
collaboration automatically. 

 

Paper B. Identification of resources and parts in a Plug and Produce 
system using OPC UA 

In this paper, a method is presented and implemented, that solves automated 
detection, identification and configuration of added resources and parts in a Plug 
& Produce system. For each added physical device, a corresponding agent is 
instantiated based on the physical device type. A corresponding agent 
configuration is stored in a database, similar to a device driver in Plug & Play for 
computers. All agents are instantiated in a cloud service running outside the 
manufacturing system. The communication protocol OPC UA is used for 
communication between agents in the cloud and their physical device that they 
are controlling. This enables many industrial devices to be connected to the 
developed system. 

 

Paper C. A conceptual model for multi-agent communication applied on 
a Plug & Produce system 

The paper presents a new conceptual model for multi-agent communication 
applied in Plug & Produce. The conceptual model is an extension of the ideas of 
standardized communication presented by the organization FIPA. The model 
adds an additional abstraction layer where communicative acts designed 
specifically for manufacturing systems can be added. These communicative acts 
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are then reused at a higher layer where the agent configurations are defined. This 
makes it possible to limit the number of choices an engineer must make. 

 

Paper D. User-Friendly Multi-Agent Configuration Tool for Plug & 
Produce 

A lack of user-friendly tools that hide the complexity of multi-agent technology 
in the underlying systems has been identified in previous research. Thus, this 
paper presents a theory and implementation of a configuration tool for multi-
agent systems. The tool is developed as a Human Machine Interface (HMI) and 
aims at being user-friendly. A manufacturing scenario is presented and tested 
using the developed tool. This shows that it is possible to simplify the steps to 
adapt a multi-agent system for new manufacturing scenarios. 
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This paper describes a method together with an implementation for automating the detection, identification and configuration 
of newly added resources and parts in a Plug and Produce system using OPC UA. In a Plug and Produce system, resources and 
parts are usually controlled by agents, forming a multi-agent system of collaborating resources. Hence, when a resource or part is 
connected to the system, a corresponding agent must be instantiated and associated with that specific device. In order to automate 
this, the system needs information about newly connected devices. This information could, for example, be positional data 
describing where the device is connected. Some devices like tools and parts to be processed have no own network connection, 
but still, they should get an agent with correct configuration instantiated.  In this work, OPC UA is used for communication 
between devices and the corresponding agents. All agents and their communication are handled by an Agent Handling System, 
consisting of an OPC UA HUB together with functions for device detection and agent instantiation. The HUB is used for 
transferring data between devices and their agents in the network by OPC UA protocols. When a device is connected to the 
network, it is detected, and a connection is automatically created to the HUB that becomes configured for transmitting data 
between the device and its corresponding agent. 
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1. Introduction 

Today, product lifecycles are decreasing (sometimes down to customized products) [1], resulting in difficulties 
for factories to maintain profitability, due to the cost associated with rapidly changing dedicated manufacturing 
equipment [2]. Instead, a trend now is to design automation systems that are reconfigurable for new products by 
decreasing the time it takes to add new resources to the production. A system that handles this automatically can be 
regarded as a Plug and Produce system and was firstly introduced in [3]. 

Adding a resource or a part, i.e., a device, to a system requires three main activities, 1) physically attaching the 
device to the system, 2) establish a communication to the device (or its representative) and 3) integrating the device 
in the production from a logical point of view. In this paper, activity 1 is handled by dividing resources into process 
modules (see Fig. 1 and Fig. 5), that can be connected to the system through standard connectors containing 
communication, air and power. The production cell at University West, referred to (see Fig. 1 and Fig. 5) and used 
for the implementation in this work has 10 standard connection slots where process modules can be placed. Further, 
an industrial robot is also a fixed part of the cell together with a safety system using laser scanners to protect the 
operators. Using standard modules for sharing hardware has been done before for production systems, e.g., [4], [5].  
In other works, such as [6], [7] this type of design is regarded as increasing the mechatronic compatibility. The 
process module approach in Fig. 1 has been implemented and tested in the physical production cell at University 
West and has proved to solve the physical flexibility. However, to reach Plug and Produce, the modules also need to 
automatically be detected and integrated with the production logically. When adding new devices to a 
communication bus or a network, i.e., activity 2, the network configuration and setup is commonly done manually 
today and is to be considered as static. An example is that industrial automation devices commonly communicate 
with shared variables or memory areas and these must be mapped when a new device is connected.  In this paper, a 
platform-independent communication protocol was preferred, rather than traditional vendor specific industrial 
fieldbuses to reach a general proposal. There exist many platform-independent protocols, however, in this work 
OPC UA is used due to its wide acceptance in the industry for automation. To handle the integration of Plug and 
Produce devices in production, i.e., activity 3, a multi-agent-based solution is preferred, where each resource and 
part has a unique agent representing them. Agents do not necessarily run on the hardware for the devices, it can run 
somewhere else in the production cell, e.g., on a server, a PLC or even in the cloud.  

In this paper, two categories of agents are defined, resource agents and part agents. The agent logic is general 
and can be used to represent any device, i.e., the same software represents all parts and resources in the system. To 
prepare an agent for a specific device, an agent configuration is always needed. One agent configuration may be 
used for instantiating multiple agents, since several devices with identical type can be present in the system, e.g., 
several parts of the same type to be processed. However, each agent is unique through its instance. The agent 
configuration contains data describing the connected device physical and logical properties. This includes 
parameters such as definitions of item position and physical properties like locations for gripping an item or base for 
placing them on a table. 

In this concept, all part agents have goals that they want to reach. A part agent searches the network for 
resources with the correct skills to assist in reaching those goals. When a new resource is connected, it will be 
included in the system and becomes visible to other resources and parts.  For the process module in Fig. 1 (B) four 
agents can be identified: the Cell agent, the Process module agent, the Part 1 agent and the Part 2 agent. In this 
example, the process module is a station for loading/unloading parts. Agents can model their points of interaction 
with other agents by defining interfaces, shown as dots in the picture with a number for the interfaces local id on 
each agent. The interfaces, in this case, defines attachment between agents. For Fig. 1 (B), the interface connections 
are: 

 
1) Part 1 is attached on its interface 1 to the Process module interface 2, 
2) Part 2 is attached on its interface 1 to the Process module interface 3 and, 
3) Process module is attached on its interface 1 to the Cell interface 9 (i.e., slot 9).  

 
Resources and parts need positional data when requesting transportation by the robot in the production cell. 

Their agents can use defined interfaces for calculating its position in the production cell by knowing what it is 
attached to. It is essential that each agent has a correct description of what it is attached to, all the way down to the 
Cell agent which has an absolute position in the world. When a Process module is connected to the production cell, 
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Cell agent which has an absolute position in the world. When a Process module is connected to the production cell, 



  

it needs to determine which slot it is placed in, i.e., which of the Cell interface 1-10 it is attached to. Similarly, Part 
1 and Part 2 needs to detect its position on the Process module. However, the parts in this case have no network 
connection and must therefore rely on sensors on the Process module. 

 

Fig. 1. Simulated production cell with process modules (A) and a close look at one process module that act as a load/unload station (B). An 
industrial robot with a tool changer is located in the middle of the cell in A. 

This paper focuses on activity 2, i.e., a new method for discovering newly added devices in a Plug and Produce 
system and how to automatically configure the network to make those devices part of the OPC UA framework. A 
multi-agent system that handles activity 3 has been developed at University West and was used in the 
implementations described in this paper. This agent system extends a previously developed multi-agent system in 
[8]. When a device is attached to the system, a related agent should be instantiated and given a correct agent 
configuration based on what resource or part it is representing and then set up communication between the physical 
device and its agent. Some of the devices have no direct network connection but still should have a software agent 
instantiated for representing them. 

2. Related work 

Agents were described by Wooldridge et al. [9] in 1995. An agent is some software or hardware perceiving the 
environment and reacting on that. In this paper, parts have production goals to reach. A multi-agent system is a 
group of agents working together. Several researchers have described that the reason for not seeing multi-agent 
systems in production today is because the lack of systems and tools to reconfigure the system without 
understanding the agent-systems complexity [10], [11]. In this paper, this is regarded by focusing on simplifying the 
connection and setup of new resources and parts. 

OPC UA is a platform-independent communication protocol for industrial automation, developed by OPC 
Foundation [12]. It enables the use of service-oriented architecture (SOA), that is a paradigm for designing software 
that is loosely coupled, decreasing the dependencies between the softwares in the network. Additionally, using OPC 
UA, it is possible to model data with object-oriented techniques, which makes communication more sophisticated. 
OPC UA supports client/server communication as well as publish/subscribe. In [13] automatic device discovery is 
investigated for OPC UA communication. They extend the OPC UA built-in Local Discovery Server (LDS) to make 
automatic detection of connected devices on the network. They describe that devices need the IP address to be either 
manually preconfigured or found by detecting the device on the network automatically. They focus on the automatic 
approach and use a DHCP server for giving the IP address to the connected device. Then another discovery server 
independently detects the connected device. Dynamic Host Configuration Protocol (DHCP) is a protocol that can be 
used to dynamically assign IP addresses to any device connected to a network. 

For the work presented in this paper, their solution will not work by itself, since not all devices have a network 
connection, e.g., part or tool. Also, this paper aims at a system that could include other protocols than OPC UA for 
legacy devices not supporting OPC UA. This paper uses the DHCP server directly for detecting the device without 
the need for a discovery server. That makes it possible to detect legacy devices not running OPC UA and connecting 
to them using other protocols if implemented in the system.  

  

3. Method for identification and agent instantiation 

This chapter presents a method for automating the previously described activity 2, i.e., discovering added 
devices, automatic configuration of the network and instantiation of the corresponding agent representing the added 
devices. The method describes an Agent Handling System (AHS) that is controlling and interacting with: Agents, 
Devices on the network and the agent configuration database (Config-DB). A device, could, for example, be a 
process module that is connected to the network, carrying several agents without a network connection. The Config-
DB is a database containing all needed agent configurations that are matching devices connected to the network. 
 
The Agent Handling System method can be divided into six main steps and are shown in Fig. 2 and described in the 
following list: 
 

1) Detect new devices in the network:  
       Assign a unique IP address to each new device on the network and store the address in the AHS. 

2) Establish a connection to the new devices: 
Use the new IP address found to establish an OPC UA connection between the new device and the 
OPC UA HUB that is a part of the AHS. 

3) Identify possible agents:  
Use the established connection to identify all resources and parts on the newly attached device and 
save them in an array A. 

4) Get global configuration:  
For each resource and part in A select correct agent configuration from the Config-DB and populate the 
OPC UA HUB with the new configuration values.  

5) Get local configuration: 
For each new resource and part get local configurations from the new device and update the OPC UA 
HUB with local values. 

6) Instantiate new agent program:   
Instantiate a new agent on an available CPU, using the OPC UA HUB with populated configuration 
and specific states created in the previous steps.  

After these six steps are done, a loop starts in the OPC UA HUB that begins to send data between the physical 
devices and their corresponding agents, see Fig. 2. 

Update HUB

Send data

Send data

Get Global Configuration

Instantiate new agent

Detect module

DeviceAHS AgentConfig-DB

Loop n

Identify agents

Connect HUB

 

Fig. 2 Method for adding a network device to the Plug and Produce system by using an Agent Handling System. 
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connection and setup of new resources and parts. 

OPC UA is a platform-independent communication protocol for industrial automation, developed by OPC 
Foundation [12]. It enables the use of service-oriented architecture (SOA), that is a paradigm for designing software 
that is loosely coupled, decreasing the dependencies between the softwares in the network. Additionally, using OPC 
UA, it is possible to model data with object-oriented techniques, which makes communication more sophisticated. 
OPC UA supports client/server communication as well as publish/subscribe. In [13] automatic device discovery is 
investigated for OPC UA communication. They extend the OPC UA built-in Local Discovery Server (LDS) to make 
automatic detection of connected devices on the network. They describe that devices need the IP address to be either 
manually preconfigured or found by detecting the device on the network automatically. They focus on the automatic 
approach and use a DHCP server for giving the IP address to the connected device. Then another discovery server 
independently detects the connected device. Dynamic Host Configuration Protocol (DHCP) is a protocol that can be 
used to dynamically assign IP addresses to any device connected to a network. 

For the work presented in this paper, their solution will not work by itself, since not all devices have a network 
connection, e.g., part or tool. Also, this paper aims at a system that could include other protocols than OPC UA for 
legacy devices not supporting OPC UA. This paper uses the DHCP server directly for detecting the device without 
the need for a discovery server. That makes it possible to detect legacy devices not running OPC UA and connecting 
to them using other protocols if implemented in the system.  

  

3. Method for identification and agent instantiation 

This chapter presents a method for automating the previously described activity 2, i.e., discovering added 
devices, automatic configuration of the network and instantiation of the corresponding agent representing the added 
devices. The method describes an Agent Handling System (AHS) that is controlling and interacting with: Agents, 
Devices on the network and the agent configuration database (Config-DB). A device, could, for example, be a 
process module that is connected to the network, carrying several agents without a network connection. The Config-
DB is a database containing all needed agent configurations that are matching devices connected to the network. 
 
The Agent Handling System method can be divided into six main steps and are shown in Fig. 2 and described in the 
following list: 
 

1) Detect new devices in the network:  
       Assign a unique IP address to each new device on the network and store the address in the AHS. 

2) Establish a connection to the new devices: 
Use the new IP address found to establish an OPC UA connection between the new device and the 
OPC UA HUB that is a part of the AHS. 

3) Identify possible agents:  
Use the established connection to identify all resources and parts on the newly attached device and 
save them in an array A. 

4) Get global configuration:  
For each resource and part in A select correct agent configuration from the Config-DB and populate the 
OPC UA HUB with the new configuration values.  

5) Get local configuration: 
For each new resource and part get local configurations from the new device and update the OPC UA 
HUB with local values. 

6) Instantiate new agent program:   
Instantiate a new agent on an available CPU, using the OPC UA HUB with populated configuration 
and specific states created in the previous steps.  

After these six steps are done, a loop starts in the OPC UA HUB that begins to send data between the physical 
devices and their corresponding agents, see Fig. 2. 
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Fig. 2 Method for adding a network device to the Plug and Produce system by using an Agent Handling System. 



  

4. Implementation 

In the FIPA97 specification [14], an Agent Management System (AMS) is described as required for managing 
the agent's life cycles. Similarly, the Plug and Produce system in this paper has an Agent Handling System (AHS), 
containing an Agent Creator that takes care of agent instantiation.  

4.1. Test scenario 

The AHS consist of an OPC UA HUB, Agent Creator, DHCP server and an Agent Detector.  In Fig. 3, an 
overview of the implemented Plug and Produce system is presented, with one process module (Load Station) 
carrying two devices (Part and Load) and another process module (Motor Station) carrying a device (Motor). The 
AHS connect the three devices, to the agents in the cloud. Using the strategy of having agents decoupled from the 
Agent Handling System and devices, implies that they can be placed anywhere in the network or even in a cloud 
service. This also increases the scalability of the agent concept, which is particularly useful when agents run 
extensive algorithms with a high computational load. A configuration database is also available containing all agents 
global configuration templates, related to device types presented on OPC UA Servers on the two process modules.   
 

 

Fig. 3. Test scenario of the Agent Handling System and process modules. 

The states of all agents in the production cell are mirrored to the OPC UA HUB in the AHS. Hence, the HUB 
contains all configuration data for agents and variables that could have changed value since agent instantiation. Each 
agent in the production cell has a profile in the HUB, created automatically when it is instantiated. The HUB has 
both OPC UA clients and servers available to be used for communication with the agents and devices, since agents 
and devices in the network may have either OPC UA server or client.  Values in the HUB is synchronized between 
the agent and the physical world in real-time, making it necessary to map some variables used for communication 
between agents and their connected devices. Consider the example in Fig. 4 where the Agent 1 for the Part needs a 
motor for a specific process. The Agent 1 request the Agent 2 for the Motor to run the skill StartMotor. The Agent 2 
for the Motor sets the variable = , the physical motor device is mapped to that variable, so that it does 
indeed, start the motor. The Motor device also sends data to its agent, e.g. Status: Running.  
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Fig. 4. Example of a motor syncing variables with its related agent. 

4.2. Method validation 

The method has been implemented and validated in the physical production cell at University West. The 
implementation details of each step in the described method are explained based on the scenario in Fig. 3, that is 
corresponding to the real setup in the production cell. For physically attaching the device to the system, standard 
connectors for the physical connection was used, containing communication, air and power, see Fig. 5.  

 
Step 1) Detect new devices in the network: Both process modules 1 and 2 in the production cell, are equipped with a 
PLC running an OPC UA server. When the PLC is connected to the network using Ethernet, it is detected by the 
DHCP server and assigned an IP address. The DHCP server is designed to notify the Agent Detector (in the AHS) 
that a new device is connected. The IP address of the connected device together with the connection slot number is 
stored for later use in the AHS, to determine at what position it was connected. Hence, the AHS now know that the 
device is attached to the Cell agent. 
 
Step 2) Establish a connection to the new device: The AHS establish an OPC UA connection between the process 
module and the central OPC UA HUB, using the IP addresses assigned by the DHCP. 
 
Step 3) Identify possible agents:  The OPC UA server on each process module presents information about each 
device its representing. For process module 1 in Fig. 3, it presents two devices, the Part and Load. For process 
module 2 there is only one device, the Motor. The Part on the Load Station have no electronics or network 
connection, so it needs to rely on the Load Station to detect it. The PLC on the Load Station is programmed to detect 
the Part when attached to it and present its local configurations on the modules OPC UA server. For each device 
presented on the modules OPC UA server a related agent should be instantiated by the AHS. To do that, the Agent 
Detector in the AHS searches each module discovered in step 1, to determine if that module needs any agents to be 
instantiated. Some devices could be connected for other purposes in the network and they should in this step be 
filtered out. 

One way for the Load Station to detect the Part is to attach a QR code or RFID tag to the device, encoded with 
information that the module can read. Another approach is to predefine holders for loading specific part types to the 
system, then the PLC uses a sensor with Boolean values and is preconfigured with information to put into the OPC 
UA server on the module. In both approaches, the PLC adds the position of the Part to its OPC UA server. Hence, 
the AHS can get the data about where the Part was attached to the process module, (in case that there are several 
slots for placing parts). Hence, if connecting a process module carrying parts already attached to it, then those parts 
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4. Implementation 

In the FIPA97 specification [14], an Agent Management System (AMS) is described as required for managing 
the agent's life cycles. Similarly, the Plug and Produce system in this paper has an Agent Handling System (AHS), 
containing an Agent Creator that takes care of agent instantiation.  

4.1. Test scenario 

The AHS consist of an OPC UA HUB, Agent Creator, DHCP server and an Agent Detector.  In Fig. 3, an 
overview of the implemented Plug and Produce system is presented, with one process module (Load Station) 
carrying two devices (Part and Load) and another process module (Motor Station) carrying a device (Motor). The 
AHS connect the three devices, to the agents in the cloud. Using the strategy of having agents decoupled from the 
Agent Handling System and devices, implies that they can be placed anywhere in the network or even in a cloud 
service. This also increases the scalability of the agent concept, which is particularly useful when agents run 
extensive algorithms with a high computational load. A configuration database is also available containing all agents 
global configuration templates, related to device types presented on OPC UA Servers on the two process modules.   
 

 

Fig. 3. Test scenario of the Agent Handling System and process modules. 

The states of all agents in the production cell are mirrored to the OPC UA HUB in the AHS. Hence, the HUB 
contains all configuration data for agents and variables that could have changed value since agent instantiation. Each 
agent in the production cell has a profile in the HUB, created automatically when it is instantiated. The HUB has 
both OPC UA clients and servers available to be used for communication with the agents and devices, since agents 
and devices in the network may have either OPC UA server or client.  Values in the HUB is synchronized between 
the agent and the physical world in real-time, making it necessary to map some variables used for communication 
between agents and their connected devices. Consider the example in Fig. 4 where the Agent 1 for the Part needs a 
motor for a specific process. The Agent 1 request the Agent 2 for the Motor to run the skill StartMotor. The Agent 2 
for the Motor sets the variable = , the physical motor device is mapped to that variable, so that it does 
indeed, start the motor. The Motor device also sends data to its agent, e.g. Status: Running.  
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Fig. 4. Example of a motor syncing variables with its related agent. 

4.2. Method validation 

The method has been implemented and validated in the physical production cell at University West. The 
implementation details of each step in the described method are explained based on the scenario in Fig. 3, that is 
corresponding to the real setup in the production cell. For physically attaching the device to the system, standard 
connectors for the physical connection was used, containing communication, air and power, see Fig. 5.  
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One way for the Load Station to detect the Part is to attach a QR code or RFID tag to the device, encoded with 
information that the module can read. Another approach is to predefine holders for loading specific part types to the 
system, then the PLC uses a sensor with Boolean values and is preconfigured with information to put into the OPC 
UA server on the module. In both approaches, the PLC adds the position of the Part to its OPC UA server. Hence, 
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will be recognized by the readers and agents instantiated. In this way, parts can be removed and added to the process 
module even when it’s not connected to the production cell.  
 
Step 4) Get global configuration: The agent creator now has all the information it needs and selects the correct 
agent configuration from the database of configurations and populates the OPC UA HUB with the new 
configuration values.  
  
Step 5) Get local configuration: Update the OPC UA HUB with the local values like position fetched from the 
modules earlier. Additional values could be fetched in this step such as specific part identification number, for 
tracking device through the production or any other configuration values that deviate from the global configuration 
in the database. 
 
Step 6) Instantiate new agent program: Configurations uploaded into the HUB needs to have one or more agent 
running somewhere in the network since the HUB only moves data and has no agent logic. The AHS has functions 
for searching the network to find possible servers that can be used for instantiating and hosting agents. 
Configurations in the HUB without any related agent instance is assigned a CPU in the network by the AHS.  The 
configuration is used to create the new agent instance on the selected server. Finally, the agents on the servers start 
to sync data from and to the OPC_UA HUB. The HUB has a function that continuously goes through each agent’s 
profile and synchronizes it with the devices OPC UA servers.  

 

 

 
The six steps described in the method was implemented and tested in the physical production cell. The Part in Fig. 5 
(B) could be detected by the process module and published on its OPC UA server. The AHS instantiated the newly 
added devices and connected them to the OPC UA HUB.  

5. Conclusion 

In this paper, a new method is described that automate the detection, identification and configuration of newly 
added devices, i.e., resources and parts, in a Plug and Produce system. This was done by developing an Agent 
Handling System, that can control and interact with agents, devices and the global configuration database. Each 
device connected to the network in the system has an OPC UA server. Devices without a network connection, such 
as parts and tools can be detected by letting another device, connected to the network (such as process modules) 
present the types of devices that are attached to it. The Agent Handling System has the ability to detect newly added 
devices in the network and searches their OPC UA servers to identify presented devices to choose which agents to 

Fig. 5. Image A shows a process module (Load Station) from GKN Aerospace in the production cell at University West. 
The module has physical docking to the floor and cables containing communication, air and power. Image B shows a 

closer view of the two loading slots for parts. 

  

be instantiated, based on the device types presented. The instantiated agents are then automatically connected to the 
newly attached devices. The method was implemented and tested in the physical production cell at University West, 
focusing on a scenario with two process modules. The implementation had successful results, showing that the 
detection, identification and configuration are possible to automate using the developed Agent Handling System, 
which will decrease the time it takes to connect a new device in a Plug and Produce system. The production cell at 
University West has several laser scanners to protect the operator from robot movements. This made it necessary to 
stop the robot whenever a part or module was added. In future work it would be of interest to consider the safety 
systems in the production cell, to enable the human operator to add parts without interruption the ongoing 
production.  
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A User-Friendly Approach for  
Applying Multi-Agent Technology  
in Plug & Produce Systems
This thesis presents methods for simplifying the use of multi-agent systems in Plug &  
Produce. The demand for customized products and low volume production is constantly 
increasing. The industry has for many years used dedicated manufacturing systems 
where it is difficult and expensive to adapt to new product designs. Instead, factories 
are forced to use human workers for certain tasks that demand high flexibility and rapid 
adaption for new product designs. Several solutions have been proposed over the years 
to create highly flexible automation systems that automatically handles rapid adaption 
for new products. A concept called Plug & Produce aims at creating a system where 
resources and parts can be added in minutes rather than days in dedicated systems. 
One promising solution for implementing Plug & Produce is the distributed approach 
called multi-agent systems, where each resource and part get its own controller that 
communicates with each other to reach manufacturing goals. The idea is that the 
system automatically handles the adaption for new products. However, still today the 
use of such systems is extremely limited in the industry. One reason is the lack of mature 
multi-agent systems that are easy to use and that hides the complexity of the underlying 
agent system from the users. This is a huge problem since these systems tend to be  
more complex than traditional approaches. Thus, this thesis focuses on simplifying the 
use of multi-agent systems by proposing various methods for bringing the multi-agent 
technology for Plug & Produce closer to the industry.
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