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1.1 Introduction / Motivation 

A current trend in manufacturing is the deployment of modular, distributed and 

intelligent control systems that introduce adaptation facing unexpected 

deviations and failures, namely in terms of production conditions and product 

demand fluctuation. The integration of quality and process control allows the 

implementation of dynamic self-adaptation procedures and feedback control 

loops to address a large variety of disturbances and changes in process 

parameters and variables, aiming to improve the production efficiency and the 

product quality. 

Multi-agent systems (MAS) technology (Wooldridge 2002)(Leitão et al. 2013) 

is suitable to face this challenge, offering an alternative way to design these 

adaptive systems, based on the decentralization of functions over distributed 

autonomous and cooperative agents, providing modularity, flexibility, 

adaptation and robustness. In spite of the potential benefits of the MAS 

technology, the number of deployed agent-based solutions in industrial 

environments, reported in the literature, are few, as  illustrated in (Leitão et al. 

2013) [colocar aqui referencia ao Pechoucek & Marik]. 

This chapter describes the development, installation and operation of a multi-

agent system, designated as GRACE, integrating quality and process control to 

operate in a real home appliance production line, producing laundry washing 



 2 

machines, owned by Whirlpool and located in Naples, Italy. The use of the 

MAS technology acts as the intelligent and distributed infra-structure to 

support the implementation of real-time monitoring and feedback control loops 

that apply dynamic self-adaptation and optimization mechanisms to adjust the 

process and product variables. The agent-based solution was developed using 

the JADE (Java Agent DEvelopment Framework) framework and successfully 

installed in the industrial factory plant, contributing for demonstrating the 

effective applicability and benefits of the MAS technology, namely in terms of 

production efficiency and product quality. 

1.2 Application Overview 

1.2.1 Problem description 

The problem addressed in this work considers a washing machine production 

line, composed of several workstations arranged in a sequential order, and 

linked together by conveyors. Each individual workstation performs one 

operation in the product being produced, which can be from different types: 

processing (e.g. bearing insertion, seal insertion or pulley screwing), quality 

control (e.g. visual inspection, vibration analysis or functional tests inspection) 

or manual operation (e.g. cable and electronics assembly). The quality control 

stations are distributed along the production line to verify the product quality 

conformity. As an example, the functional tests station comprises 6 boxes to 

perform a fixed plan of functional tests to all washing machines produced in the 

production line, which lasts 6 minutes for each one. A simplified vision of the 

production line is illustrated in Fig. 1. 

 

Fig. 1. Layout of the production line. 

The objective is the integration of the process and quality control levels, 

creating feedback control loops to allow the adaptation of production 

parameters, improving the product quality and the process performance, e.g. 
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problems, skipping unnecessary tests along the line and customizing the final 

product. 

An important assumption in this work is to maintain the existing low-level 

control in the shop floor, which already uses the state-of-the-art industrial 

control based on Programmable Logic Controllers (PLCs) running IEC 61131-

3 control programs, and introduce the MAS solution at a higher control level to 

provide intelligence and adaptation. 

1.2.2 Agent-based architecture 

The designed agent-based system, illustrated in Fig. 2, comprises a society of 

autonomous and cooperative agents representing the manufacturing 

components disposed along the production line. These agents may represent a 

physical resource, e.g., a processing or a quality control station, or a logic 

activity, e.g. an order. 

 

Fig. 2. Multi-agent System Architecture for the Production Line. 

Several types of agents were identified, according to the process to control and 

to their specialization, namely (Leitão & Rodrigues 2011): 
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They possess the process plan to produce the product and interact with the 
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• Resource Agents (RA): representing the resources disposed along the 

production line, namely processing stations, quality control stations and 
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operations performed, namely Machine Agents (MA), associated to 
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processing machines, such as welding robots or screwing stations, and 

Quality Control Agents (QCA), associated to quality control stations. 

• Independent Meta Agents (IMA): acting at strategic level, taking 

advantage of their global perspective, to provide global optimization to the 

production system. In opposite to PA and RA agents, which are placed at 

the operational execution level and are mandatory, the IMA agents are 

positioned in a higher strategic level and are not mandatory (i.e. the 

system can continue working without them, however losing some 

optimization). 

The GRACE agent-based solution follows the ADACOR principles (Leitão & 

Restivo 2006), namely using a Petri nets methodology to specify the system 

behaviour. In this way, the behaviour of each individual agent is modelled by 

using the Petri nets formalism (Murata 1989), taking advantage of the well-

founded mathematical theory that allows to design the control system 

behaviour, but also to validate the system specifications, supporting the design-

implementation path. In this work, the modelling phase is illustrated by 

modelling the behaviour of the RA agent, which Petri nets behavioural model is 

illustrated in Fig. 3. 

 

Fig. 3. Behaviour of the RA agent using the Petri nets formalism. 
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Identification) reader. This activity, i.e. the timed transition t9, can be expanded 

into a more refined Petri nets model containing the details about the executed 

functions, as illustrated in Fig. 4. During the execution of the operation activity, 

the agent may adjust the operation parameters, by applying self-adaptation 

procedures according to its local knowledge, and triggers the execution of the 

operation by sending a command to the resource (i.e. the physical equipment or 

operator). At the end of the processing or testing operation, the gathered data is 

analysed, and the results are sent to the PA and IMA agents, to be used in 

future adaptation procedures. 

 

Fig. 4. Sub-Petri nets model for the activity “Executes operation”. 

In parallel to this behaviour, the agent may receive information of the execution 

of the previous operations, sent by QCAs after executing inspection tests, 

which will support the improvement of its performance in the future (e.g., by 
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in the local database for posterior usage. 
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behavioural) and quantitative (performance/simulation) analysis, not only to 

prove that the model is free of errors, but also to test if it performs the desired 

specifications. As example, the results from the analysis of the behavioural 

properties of the RA Petri nets model are illustrated in Fig. 5. From this 

analysis it is possible to verify that the model is bounded, safe (e.g. meaning 

that it is only possible to execute only one operation at each time), reversible 

and is absent of deadlocks. 
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Fig. 5. Behavioural analysis of the RA Petri nets model. 

A similar procedure was applied to formally specify the dynamic behaviour of 

the others agents belonging to the system.  

1.2.3 Cooperation patterns and ontology 

The overall control system for the entire production line emerges from the 

cooperation among the distributed, autonomous agents, coordinating their 

actions according to the agents’ goals. Of particular importance are the 

cooperation patterns aiming the integration of process and quality control, 

closing the control loops and implementing self-adaptation procedures. 

Examples are the dynamic adaptation of the functional tests plan, the 

customization of the on-board electronic controller and the generation of 

warnings in any point of the production line in case the desired quality is not 

possible to be achieved anymore.  

Fig. 6 illustrates one example of these interaction diagrams, showing the 

interaction among the agents during the process of adaptation of the functional 

tests plan. Note that near the end of the production line, a quality control station 

is devoted to perform a set of functional tests to the produced washing 

machines. The knowledge of the historical production data allows to customize 

the plan of tests by removing unnecessary tests, adjusting others or customizing 

the messages to the operators.   
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Fig. 6. Cooperation pattern for the adaptation of the functional tests plan. 

Along the production line, the PA agent is receiving feedback information 

related to the results of the execution of the processing and inspection 

operations, respectively from MA and QCA agents. When the PA arrives to the 

functional tests station, it executes a self-adaptation procedure to customize the 

plan of tests for this particular washing machine, correlating the historical 

production data of the washing machine. In parallel, the PA can request support 

from IMA agents, which based on their wider perspective can provide advises 

for the execution of the self-adaptation procedure. 

The interaction among individual agents is crucial in MAS applications, 

requiring that the agents can understand themselves to share knowledge, using 

a proper agent communication language and a proper knowledge 

representation. Of special importance is the establishment of a common 

understanding among the agents, since the exchange of shared knowledge 

becomes difficult if each agent has its own knowledge structure representation. 

The solution is to use ontologies [colocar aqui link para a referencia para 

Gruber] to define a common understanding among distributed entities, defining 

the vocabulary and the semantics of the knowledge used in the communication 

between distributed agents.  

In this work, an ontology was designed and implemented considering the 

particularities of the home appliance domain and the integration of process and 

quality control levels. This ontology formalizes the structure of the knowledge, 

namely the concepts, the predicates (relation between the concepts) and the 

terms (attributes of each concept), as illustrated in Fig. 7 (Leitao et al. 2012). 
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Fig. 7. GRACE ontology schema. 

The GRACE ontology schema was edited and validated using the Protégé 

framework (Protégé 2014), which supports the Web Ontology Language 

(OWL) (W3C 2004) and has an easy connection with agent development 

frameworks, such as JADE. 

At the end of the design phase, the MAS application is ready for being 

implemented and deployed using a proper MAS development framework. 
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The communication between the distributed agents is asynchronous and done 

over Ethernet network using the TCP/IP protocol. The messages exchanged by 

the agents are encoded using the FIPA-ACL communication language, being 

their content formatted according to the FIPA-SL0 language. The meaning of 

the message content is standardized according to the designed GRACE 

ontology. The integration of the GRACE ontology, edited in Protégé, in the 

MAS solution was performed by using the OntologyBeanGenerator plug-in, 

which allows to automatically generate the Java classes from the Protégé tool, 

following the FIPA specifications. The main generated class represents the 

vocabulary and main ontological objects (i.e. concepts and predicates) defined 

in the ontology. The second group of generated Java classes specify the 

structure and semantics of each ontological object defined in the ontology. 

The integration of legacy systems, and particularly the interaction with physical 

devices hosted in the production line, assumes a critical role when deploying 

this kind of systems into industrial environments. As an example, QCA agents 

are associated to quality control functions, namely to the adaptation procedures 

allowing the improvement of the quality control station behaviour and 

consequently of the whole system behaviour. The interconnection between the 

QCA agent and the quality control station (QCS), illustrated in Fig. 8, 

comprises an intelligent part (the agent) and the physical part (the hardware 

device responsible for the inspection tasks), which in this work also embodies a 

measurement system developed in LabView™. 

 

Fig. 8. Interconnection of QCA and QCS by the TCP/IP sockets to exchange information related 

to quality control tests. 

Basically, the QCS application receives the data for the QCA, performs the 

inspection test and sends back the diagnosis result to the QCA. The approach 

used to perform this data exchange between QCA and QCS relies on opening 

two TCP/IP sockets: one for the communication from the QCA to the QCS and 

the other for the communication from the QCS to the QCA. The exchanged 

messages are described in XML (eXtensible Markup Language) to simplify the 

common understanding. 

Several GUIs (Graphical User Interfaces) were developed using the Swing 

toolkit, allowing an easy interaction between the users and the agents. 
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1.3.2 Installation in the factory plant 

The installation of the agent-based solution in the Naples factory required the 

distribution of the plethora of agents by 8 computers disposed along the 

production line, inter-connected by TCP/IP over an Ethernet network, as 

illustrated in Fig. 9. 

 

Fig. 9. Distribution of agents in the installed system at the Naples factory. 

Each individual agent is customized according to its particularities, namely 

role, knowledge, skills and embedded algorithms, by interpreting a XML file 

during the start-up phase.  

Particularly, the algorithms embedded in each agent aims to apply proper self-

adaptation mechanisms, based on data mining and learning techniques, 

according to the scope of the agent. The following algorithms were 

implemented: 

• The RA agents perform, in a continuous and individual manner, an 

analysis of the performance index of the processing/inspection station 

along the time, to detect trends or degradation in its behaviour. This allows 

to detect deviations in advance and to trigger the implementation of 

corrective measures, e.g. the automatic calibration of the tool wear or the 

light source, or to request external maintenance intervention, to mitigate 

the detected deviation. 

• The PA agents perform, in a continuous and individual manner, an 

analysis of the evolution of the quality indexes of each washing machine 

along the production line, being detected deviations to the expected values 

specified for that model. This allows to detect, in real time and at any 

point of the production line, when the desired quality is not possible to be 

achieved anymore and consequently decide to stop the production of the 

washing machine to save time and money (since scraps can be reduced). 
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• Near the end of the production line, the PA agents apply an algorithm to 

adapt the plan of functional tests to be performed in every washing 

machine according to their production historical data, allowing to correlate 

the data properly. This permits to save inspection time and to execute 

more efficient inspections tests. 

• The PA agents apply, at the end of the production line, a method to 

customize the parameters of the electronic controller installed in each 

washing machine to control its behaviour, based on the historical 

production data. This data can be related to the information of the previous 

operations of the washing machine and the information of other washing 

machines from the same model. For this purpose, the calculated 

customized parameters, e.g. the flow rate parameter, are written in the 

EEPROM (Electrically Erasable Programmable Read Only Memory) of 

the on-board controller. 

• The PTA agents, based on the data supplied by PA agents at the end of the 

washing machines production, perform an adaptation of the process plan 

for each machine model, mainly adapting the parameters of individual 

operations. 

 

Fig. 10. Screenshot of the IMA agent, showing the current status of the production line and the 

information about quality indexes for each process and product. 

• The IMA agents perform, in background and continuously, an analysis of 

historical and real-time data, applying data mining techniques to generate 

warning and guidelines to be proposed to PA and RA agents. As an 

example, IMA can complement PA agents, with their wider scope, to 

detect if the desired quality of a washing machine being produced is in 
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risk: a yellow warning is generated if the achievement of the desired 

quality is in risk, and a red warning is generated when it is not possible 

anymore to achieve the desired quality (even if the remaining operations 

will be performed with a performance of 100%). Fig. 10 illustrates a 

screenshot of the IMA agent, being possible to verify that two washing 

machines are marked with yellow colour and one with red colour. 

Other self-adaptation mechanisms were implemented, tested and successfully 

operated in the factory plant, namely the adaptation of individual processes 

based on the data captured, analysed and correlated from posterior 

workstations. 

1.4 Benefits and Assessment 

The multi-agent system deployed in the real industrial production line was 

intensively tested during its operation, being possible to extract some 

quantitative and qualitative benefits. 

1.4.1 Qualitative properties 

The experimental tests showed that the installed agent-based system reaches 

several important qualitative properties: 

• Modularity and flexibility: the use of the MAS principles simplifies the 

development of complex computational software applications by dividing 

the complex problem into simple ones. This allows achieving modularity 

since the system specifications are built for 4 types of agents, i.e. PTA, 

PA, RA and IMA, each one exhibiting a proper behaviour. For the 

installation in the Naples factory, several instances for each type of agent 

were created, each one using the same agent codification and inheriting its 

behaviour but customized for its particularities according to a XML file. 

• Distribution: due to the distributed architecture provided by the MAS 

system, the distribution of large scale systems is easier as agents might be 

distributed by hardware computational resources according to the 

application needs, e.g., geographical dependency or processing 

capabilities. In the installed system, the agents were distributed by several 

PCs disposed along the production line. 

• Run-time and on the fly reconfiguration: in such systems, agents can be 

removed, others can be added or even some modifications can be 

performed in the behaviour of the agents without the need to stop, re-

program and reinitialize the other components (i.e. the system can 

continue running without any perturbation). In the installed system, this is 

illustrated in several ways, e.g. shutting down RA agents (e.g., the one 

associated to the A-Bearing station), adding new RA agents during 

operation (e.g., associated to functional tests boxes) or, changing the 

algorithms embedded in the RA agent associated to the Screwing Upper 

Counterweight station. These functionalities were successfully tested and 

validated (note that in a centralized implementation, this feature is not 

possible). 

• Robustness: in case of an individual node breakdown, the system 

continues running without perturbation (in opposite to the traditional 
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centralized structures where the system collapses). In the installed system, 

this is illustrated by shutting down some RAs, e.g., those related to the 

functional tests stations, or IMA, without affecting the global behaviour of 

the system. 

• Adaptation: the use of distributed control structures allows the run-time 

adaptation, i.e. applying local self-adaptive concepts to adapt the system 

behaviour according to unplanned changes. In the installed system, this 

feature was illustrated by the adaptation of the parameters to execute the 

processing/inspection operations, to customize the sequence plan of the 

functional tests and to customize the flow rate parameter of the on-board 

controller of each washing machine. Also observed in the installed system 

is the fast adaptation of the system to the change of washing machines 

models in the production sequence, and also to the introduction of new 

product models in the production line. 

• Scalability: a main drawback of MAS solutions is usually associated to the 

agent middleware (in this case JADE) and it is related to possible delays or 

congestion in the communication infra-structure due to the growth of the 

exchanged messages (note that the increase of agents implies an increase 

of exchanged messages, not in a linear way, but in a more exponential 

manner). From the achieved experimental results, the increase from 

several agents to approximately 400 agents running simultaneously and 

having physical representation, namely connected to washing machines 

and workstations, some of them exhibiting weighted GUIs, didn’t provoke 

visible degradation at this level. 

• Smooth migration: the use of the MAS technology allows the smooth 

migration from old technologies/systems to new ones. This is illustrated in 

the installed system with the consideration of 12 workstations, from the 

entire production line, to be controlled by the MAS solution; a slowly and 

smoothly integration of the remaining workstations along the production 

line can be performed gradually in the time. 

1.4.2 Quantitative impact 

The installed agent-based system brings some significant improvements in the 

factory plant, namely in terms of: 

• Production efficiency, e.g., due to the adaptation of the process 

parameters, the adaptation of the functional tests for each washing 

machine and the customization of the on-board controller parameters, 

based on the production history. As an example, with this approach, the 

functional test time for each washing machine is reduced by approximately 

20%, which implies an increase of the flow in the production line or in 

alternative the possibility to save one testing box (and consequently save 

investment and energy). 

• Cost reduction, since the earlier identification of defects or quality 

unconformities in the washing machines being produced can lead to a 

reduction of the scraps from 5% to 3%. Additionally, stopping, in advance, 

the production of washing machines that never reach the desired quality, 

contributes to reduce the waste costs and also save production time. 
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• Product quality, since most effective quality control procedures are 

performed along the production line, e.g., using customized testing plans 

in the functional tests area, and since the on-board controller of each 

individual washing machine is customized according to the production 

historical data. 

1.5 Discussion 

The experience gathered from the development and installation of the agent-

based solution in a real industrial production line allowed to learn some 

important lessons. 

The first one is related to the design-deployment path of multi-agent systems. 

The design, debugging and deployment of agent-based systems are a complex 

process, usually performed in an ad-hoc manner. Traditionally, the correctness 

of the design can only be validated after the implementation phase, leading to a 

very time-consuming design-implementation process that presents high rates of 

misunderstanding and mistakes, and, as a consequence, it is very expensive 

(Colombo 1998). The use of a formal methodology, based on the Petri nets 

formalism, allowed a rigorous specification of the proposed solution, and 

posterior validation and simulation during the design phase, ensuring that the 

model represents correctly the specifications of the real system, permitting the 

correction of errors and misunderstandings, and improving the control 

strategies before the implementation phase. 

In these scenarios, the offline tests are important to ensure that errors are 

corrected, but they do not replace the use of online experimentation in the 

industrial production line, since there are situations that arise only in real 

industrial environments. For this reason, it is important to properly balance the 

negative impacts of occupying the production line for testing and the benefits 

of deploying the system in a real environment. 

The second lesson is related to the use of agent development frameworks. In 

fact, the use of an agent development framework simplifies the development of 

MAS solutions, since it provides a set of important functionalities that support 

the development, debug and operation of these systems. However, these 

frameworks, present some drawbacks, namely the existence of a centralized 

node reflecting the DF (Directory Facilitator) service, the system scalability 

and the performance affected by the use of Java synchronized methods (Vrba 

2003), which should be improved in the future.  

A particular problem is the lack of compliance when deploying MAS systems 

to industrial environments, which is mainly a problem of standardization in the 

field. FIPA, which is the main standardization body in the field, made a very 

important job in defining the specifications to develop MAS systems, but 

important issues are currently missing and require further standardization work. 

Examples are protocols that better fits the behaviour of industrial control 

systems, event notification at low control level, and integration with legacy 

systems in a transparent manner. 

The installation in a real factory plant confirmed that real industrial production 

environments are different playgrounds from those found in theoretical, 

simulated and laboratorial ones, presenting very challenging and demanding 
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requirements and technical constraints. As an example, industrial environments 

exhibit strong constraints in terms of communication infrastructure that impose 

additional technical problems to the implementation of MAS solutions. 

The integration with legacy systems, e.g. LabView™ applications and 

processing stations, are very time consuming and usually developed one-of-a-

kind according to the particularities of the hardware/software devices, 

constituting an important task that increases the complexity of the deployment 

process. Additionally, the equipment disposed in such industrial environments 

has usually close and proprietary protocols being difficult to develop the 

required interfaces. 

At last, the successfully installation of the agent-based solution in the real 

industrial production line producing laundry washing machines contributes to 

reduce the scepticism of the industry players to adopt MAS technology, in the 

near future, to solve the emergent problems they are facing. 

1.6 Conclusions 

This chapter describes the use of the MAS technology to develop and install a 

modular and adaptive system, integrating the quality and process control, in a 

real industrial production line producing laundry washing machines. The MAS 

system provides intelligence and adaptation to a rigid production line, allowing 

to improve the product quality and production efficiency. 

For this purpose, it was described the behaviour of individual agents, using the 

Petri nets formalism, the cooperation patterns reflecting the interaction among 

distributed agents that leads to the implementation of the feedback control 

loops, as well as the technical details related to the implementation of the 

agent-based solution using the JADE framework. 

The results achieved from the operation of the agent-based solution in the 

factory plant allowed to summarize a set of benefits, mainly related to the 

production efficiency, reflected in the customization of the plan of functional 

tests and optimization of process parameters, and product quality, reflected in 

the execution of more efficient inspection tests and customization of the on-

board controller of each washing machine. The lessons learned from the 

gathered experience were also described. 

Finally, and summarizing, the installation of the agent-based solution in the real 

industrial production line will contribute for a wider dissemination of the MAS 

technology in industry environments, reducing the scepticism of the industry 

players to adopt the MAS technology. 
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