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Executive Summary 

Multi -stage manufacturing, typical in important industrial sectors, is inherently a complex process. 

The application of the zero defect manufacturing (ZDM) philosophy, together with recent 

technological advances in cyber-physical systems (CPS), presents significant challenges and 

opportunities for the implementation of new methodologies towards the continuous system 

improvement.  

Uijt!efmjwfsbcmf!dpoubjot!uif!pvudpnf!pg!Ubtl!3/2-!foujumfe!ƮNvlti-Bhfou!Bsdijufduvsf!TqfdjgjdbujpoƯ-!

which addresses the complete specification of the multi -agent architecture, as part of the cyber-

physical system, which supports the implementation of ZDM strategies in multi -stage 

manufacturing environments, taking i nto account the requirements in WP 1. The main assumption 

is not to develop the system architecture from scratch but instead to consider the results from 

previous successful R&D projects in the field of distributed automation control systems. For this 

purpose, the designed MAS CPS is based on the GRACE MAS [1] architecture, and extended taking 

into consideration the multi -stage architecture and ZDM principles. This MAS architecture 

comprises a society of distributed, autonomous and cooperative intelligent agents representing the 

production components disposed along the multi -stage manufacturing system, allowing the 

distributed data collection and the balancing of the da ta analysis for monitoring and adaptation 

among cloud and edge layers, to enable the earlier detection of process and product variability, and 

the generation of new optimized knowledge by correlating the aggregated data.  

The document describes the identifi cation of agents, their roles, functions and behaviours, as well 

as the way these agents are distributed in two layers, i.e. cloud and edge, the roles of uif!bhfoutƫ 

data analysis in each layer, and finally the way the overall system emerges from the interaction 

among individual agents. The designed system architecture was instantiat ed into three industrial  

cases, being also analysed its alignment with the Industry 4.0 principles and the existing multi -stage 

frameworks.  

This deliverable document provides input information for T2.2, T2.3 and posterior WPs. 
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1. Introduction  

1.1 Contextualization  

Nowadays, the modern and competitive companies must be able to track rapid technological 

changes while carrying out the manufacture of products with complex features, which commonly 

requires the assembly of a large number of components. Moreover, the dynamic nature of today's 

manufacturing environments compels organizations to an incessant reassessment in an effort to 

respond to continuous challenges in the field of manufacturing management.  

Multi -stage manufacturing systems [2], which are typical in important industrial sectors, such as 

automotive, household appliance and semiconductor manufacturing, are inherently complex. 

Among other characteristics, it is common to have multiple stages with mixed sequential and/or 

parallel configurations, feedback/feedforward loops, and mixed data types that arise from multiple 

processes. In this context, the applicatio n of the zero defect manufacturing (ZDM) philosophy  [3], 

together with recent technological advances in CPS, namely Internet of Things (IoT), big data, and 

advanced data analytics, presents significant challenges and opportunities to develop new 

methodologies aiming at the continuous improvement of process efficienc y and product quality. 

In the actual European manufacturing context, the development of advanced technology and the 

following up -take by the industry is of strategic importance. This technological improvement  aims 

to boost competitiveness while targeting s everal aspects of the manufacture processes such as 

reduce waste and costs, and increase processes efficiency and quality tracking. In this context, the 

EU H2020 GO0D MAN (aGent Oriented Zero Defect Multi-stage mANufacturing) project (see 

http://go0dman -project.eu/) aims to integrate and combine process and quality control for multi -

stage manufacturing systems using a distributed system architecture built upon an agent -based 

CPS and smart inspection tools designed to support ZDM strategies.  

In this approach, the multi-agent system (MAS) [4] infra-structure, combined with data analytics, 

provides real-time and early identification of deviations allowing to prevent the occurrence of defects 

at a single stage and their propagation to downstream processes, enabling the global system to be 

predictive, by early detecting faults, and proactive, by self-adapting to different conditions.  

This approach is aligned with Industry 4.0 trends, contributing for achieving a dynamic and 

continuous system improvement in multi -stage manufacturing environments, addressed by the ZDM 

philosophy. 

 

1.2 Objective of the deliverable  

This deliverable contains the outdpnf!pg!Ubtl!3/2-!foujumfe!ƮNvmuj-Bhfou!Bsdijufduvsf!TqfdjgjdbujpoƯ-!

which addresses the complete specification of the multi -agent architecture, as part of the cyber-

physical system, that supports the implementation of ZDM strategies in multi -stage manufacturing 

environments, taking into account the requirements in WP 1. Particularly, the document describes 

the identification of agents, their roles, functions and behaviours, as well as the way these agents 

are distributed in two layers, i.e. cloud and edge, the roles of  uif!bhfoutƫ data analysis in each layer, 

and finally the way that the overall system performance emerges from the interaction among 

individual agents 

The main assumption is not to develop the system architecture from scratch but instead to co nsider 

the results from previous successful R&D projects in the field of distributed automation control 
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systems. For this purpose, the designed MAS CPS is based on the GRACE MAS [1] architecture, and 

comprises a society of distributed, autonomous and cooperative intelligent agents representing the 

production components disposed along the multi -stage manufacturing system.  

As illustrated in Figure 1, this task considers the requirements defined in Task 1.1 [5], the 

methodology towards ZDM defined in  Task 1.2, the ZDM strategies defined in Task 1.3,  and the 

results from the GRACE project as inputs to address the established main objective. 

 

Figure 1 - Interconnection of the Task 2.1 with other WPs.  

The definition of the multi -agent architecture will follow the IEEE FIPA (Foundation for Intelligent 

Physical Agents) specifications (see http:www.fipa.org/), which is a standard in the field of multi -

agent systems. 

1.3 Structure of the deliverable  

The document is divided into 8 chapters. After this brief introduction, Chapter 2 overviews the 

multistage production and zero -defect manufacturing concepts, particularly highlighting the 

challenges of applying ZDM in multi-stage manufacturing systems. Chapter 3 presents the 

specification  of the multi -agent cyber-physical system architecture to implement the ZDM 

strategies, particularly describing the system architecture principles, the internal architecture of a 

generic GO0D MAN agent, the behaviour of the identified types of agents and the distribution of data 

analysis by edge and cloud levels. Chapter 4 presents the interaction patterns among the distributed 

agents to implement the ZDM strategies and Chapter 5 describes the technological specification of 

the system Architecture regarding  the interfaces, namely the interface between agents and physical 

devices for the data collection, the interface between agents and data analysis and knowledge 

generation tools, and the user interface mock-ups for some types of agents.  Chapter 6 describes the 

mapping of the generic system architecture into three industrial use cases, namely those coming 

from the three end users partners; Chapter 7 makes a reflexion on the alignment of the MAS 

architecture with the 4th industrial revolution to face ZDM multi stage environments. Finally, Chapter 

8 presents some concluding remarks.  
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2. Multistage Production and Zero -defect Manufacturing  

As the name suggests, zero-defect manufacturing aims to achieve a steady -state production with 

no defects at the end of the manufacturing process. This concept encompasses a large number of 

mechanisms that can be used to guarantee and maintain a manufacturing system without defects. 

If a company is able to achieve a production profile with (near) zero defects, then an increase in the 

profits and customers satisfaction  is expected. The former is accomplished by eliminating the costs 

associated to scrap production and rework and the latter by providing to the customer steady quality 

products. 

At the present time, the ZDM paradigm is an open question to debate since, as usually described, 

attaining a zero-defect production seems an unrealistic task. However, the ZDM concept must be 

analysed within distinct frames of reference according to the type of manufacturing process. In a 

single stage manufacturing, the ZDM paradigm must be observed at steady-state production. The 

tool must be able to promote adaptability and fast recover in the presence of disturbances such as 

machine malfunction or degradation and differences in the incoming raw  material. In multi -stage 

production, attaining a ZDM is even more complex since now it is necessary to be able to track and 

foresee eventual small disturbances in each manufacture station that can lead, at the final 

production process, to a deviation sometimes large, in the product quality standards. This can be 

done by continuously monitor  and correlate the relevant state variables scattered along the 

production stages and, through proactive methods and computational intelligence algorithms, to 

reduce quality variability by anticipative reaction to foreseen defects.  

2.1 Multistage Manufacturing Systems  

One of the most fundamental problems in manufacturing management concerns the formulation of 

the required process steps that will lead to the assembly of comple x products. Within this type of 

manufacturing systems, complex tasks are fractioned into a set of elemental and atomic activities. 

Each one of those activities must be carried out during a particular stage of the production process, 

and should occur according to a precise sequence. Due to the fact that this manufacturing process 

requires the aggregation of product components that takes place at distinct stages, this type of 

manufacture paradigm is commonly referred as multi -stage production.  

Multi -stage based production processes are at the core of all the modern manufacturing facilities. 

This is true due to the inherently hierarchical structure of the majority of the target product. For 

example, the production of a book, a toy or any electronic device. For any of those objects, its 

production can be viewed as resulting from a sequence of intermediate in course products 

generated by each of the production stages. Notice that those stages can physically occur in distinct 

facilities, spread across different bus iness partners and each intermediate product having its own 

multi -stage stream.  

This type of manufacture system strategy raises problems at several distinct levels. Some of them 

are related to production planning and scheduling and others to quality and process control and 

process improvement. Simultaneously determining the production planning and defining all the 

scheduling tasks in a multi -stage manufacturing system, and frequently multi -product, environment 

is a very complex task since it is necessary to handle several disturbances such as demand 

 variability and machine breakdown. Production planning and scheduling activities help 

considerably in reducing operational costs, improving customer response time, increase product 

availability while managing demand variability and targeting competitiveness in price.  
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Quality control is another key issue in today's industrial operation model. Achieving the goal of tight 

quality control along the production process stream is a very complex task in the context of m ulti-

stage production models. This is true since it is necessary to measure the quality along several 

checkpoints in the production line. Moreover, one must be able to infer on how the faults in each 

stage will propagate along the downstream stages. This l atter inference can be done by means of 

mathematical models of the multi -stage process. As a matter of fact, modelling of multi -stage 

production systems is fundamental in both quality control and decision making. For example, in [6] 

Markov chain are used to model multi -stage manufacturing process with inspection and reworking. 

In [7] the propagation of faults along a multi -stage process, due to fixture location errors, is 

addressed using a discrete state-space model formulation. In [8] a multi-objective dynamic 

programming tool is proposed in the context of a multi -stage semiconductor process. Additionally, 

other techniques have also been explored, e.g., in [9] queuing theory was applied to a multi-stage 

process of plastic cover battery production. Moreover, the use of mixed integer models and 

computational intelligence methods applied  to multi -stage processes can be found in [10]. 

On any manufacturing process, information is a key factor. Accurate and actual information is 

fundamental to keep the production process within the required quality and planning set -points. 

Information build -up requires measured data availability and suitable data analysis. Information is 

gathered in several points along the production chain. Moreover, at each monitoring point, a broad 

range of variables are recorded. Even if it is technologically possible to obtain all those measures, 

the problem is now on how to translate them into useful information. On one hand, the huge amount 

of generated data that must be crunched and on the other way this data will be used to steer the 

process.  

In this context, big data analytics has been gradually penetrating in the production process. It can 

be used to identify the productive activities and the overhead raising activities. Fault prediction and 

preventive maintenance is also an actual aim for big data analytics. Using fault prediction 

algorithms, it  is possible to schedule maintenance tasks prior to possibly severe failures. Those 

algorithms are derived from exploiting the correlation between faults and operational parameters. 

Obtaining those correlations is a very actual and challenging task. Several academic works, in this 

line of research, have been appearing in the literature. For example in [11] the authors used predictive 

analytics on big data aiming the improvement of a steel producing company processes. More 

recently, in [12], the authors propose and implement a manufacturing big data solution for active 

preventive maintenance in manufacturing environments.  

2.2 Zero Defect Manufacturing  

Zero defect manufacturing is a philosophy that emphasizes the idea of "do things right at the first 

time". The idea is that with this philosophy, companies may increase profits both by eliminating the 

cost of failure and by increasing revenues through increased customer satisfaction. Modern 

companies are driven by rapid technological changes and the production of complex products with 

a large number of components often increase the probability of have defective processes and 

products. While methods such as Six Sigma and Lean, are excellent to target strategic goals, 

statistical tools and data collection and analysis are indicators that may improve quality standards.  

To achieve ZDM not only statistical methods, but also steps that can benefit the process 

optimization, new cost-efficient tools for quality monitoring, multivariate and correlated data, less 

waste of material and improved productivity need to be developed [13]. In summary, ZDM concept 

can be applied to improve quality standards and reduce quality variability in multi -stage 
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manufacturing processes. Nevertheless, it requires a proactive approach: if we wait for flaws to 

emerge, we are too late. 

According to Shi and Zhou [14] the majority of the existing quality control and improvement 

methodologies for multi -stage systems were built upon quantitative modelling of the systems, and 

can be grouped into two sets. The first one includes monitoring and diagnosis methodologies and 

the second includes quality-oriented design optimisation.  

In quality control and continuous improvement, it is critical to monitor the system to detect process 

changes and diagnose the process up!efufsnjof!uif!dibohftƫ!sppu!dbvtft/!Tubujtujdbm!Qspdftt!

Control (SPC) is, in practice, the main technique used for quality process monitoring. However, the 

use of SPC techniques in multi-stage systems should take the stage-wise interactions into 

consideration instead of treat the multi -stage system as whole in order to reduce false alarm rate 

(i.e. a change is detected at a specific stage, but the change is due to a change at a preceding stage). 

Quality-oriented design optimisation methodologies also ai m quality improvement and reduction of 

inspection cost. The design problems can be grouped in:  

(i) Quality inspection strategies design problems  

(ii) Process parameters design problems.  

The aim of designing a quality inspection strategy is to optimise the allocation of the inspection 

resources and determine the optimal parameters for quality assurance and the aim of process 

parameters design is to adjust the process design itself to improve the robustness and accuracy of 

the process. These two design problems are essentially engineering optimization problems and 

pose significant challenges and, at the same time, research opportunities for multi -stage 

manufacturing systems.  

2.3 Challenge of Applying ZDM in Multi -stage Manufacturing  

Performance improvement is the ultimate objective of operations and process management. 

Continuous improvement, as the name implies, adopts an approach to improving performance which 

assumes many small incremental improvement steps. An important element within some 

improvement approaches is the use of a never-ending process of repeatedly questioning and re-

questioning the detailed working of a process or activity (see Figure 2). 
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Figure 2 - Continuous improvement cycle for ZDM.  

Usually, continuous improvement is made by using a repeated and cyclical questioning based on 

two well adopted models: PDCA (Plan-Do-Check-Act) cycle and DMAIC (Define-Measures-Analyse-

Improvement-Control) Six-Sigma cycle [15]. By applying continuously these cycles, improvement 

becomes part of all performed activities [16]/!Ufdiojrvft!pgufo!tffo!bt!Ʈjnqspwfnfou!ufdiojrvftƯ!

aiming ZDM include scatter diagrams, flow charts, cause-effect, Pareto diagrams, and why-why 

analysis. 

The majority of the existing methodologies towards ZDM are concentrated on the quality of final 

product instead of considering all the existing activities a nd/or stages within the manufacturing 

system. However, to achieve ZDM in a multi-stage manufacturing system, it is mandatory to consider 

all the complex data relationships within a specific stage and between different stages.  Having this 

in mind, the requirements for implementing ZDM strategies in multi -stage environments are the 

following:  

¶ Distributed continuous collection of data coming from operators, equipment, in course 

products or final products for each stage.  

¶ Continuous data analysis within the stage and among stages to support the real time 

monitoring to evaluate equipment, product and process, as well as the real-time adaptation 

of process and inspection parameters aiming a t system improvement.  

¶ Continuous global data analysis to support knowledge generation aiming at optimisation, 

root cause analysis, fault diagnosis and/or fault prognosis.  

The adoption of these requirements may support better decisions allowing to detect and prevent the 

occurrence of failures and reducing waste , reaching ZDM performance and improving the 

productivity of a company.  



 

Page 16 of 70 
Deliverable 2.1 Multi-Agent Architecture Specification  

Multi -stage manufacturing is characterized by its distributed nature, which makes even more 

difficult the efficient operation of traditional rigid and monolithic control structures, since they are 

not, any longer, able to respond and adapt close to real time and efficiently to condition changes or 

process deviations. In a ZDM strategy context, the use of a MAS CPS infra-structure completely 

matches this distributed nature, and supports the early detection  of anomalies and properly 

implement mitigation actions for preventing the defect generation and propagation to downstream 

stages and to reduce waste. 

These dynamic monitoring mechanisms for the real -time and early detection of events should be 

complemented with global data analytics and simulation aiming to extract new knowledge and 

optimisation strategies supporting the analysis and control steps of the DMAIC cycle.  

2.4 GO0D MAN ZDM Generic Framework 

In order to provide an intelligent platform capa ble of targeting Zero-Defect Manufacturing even in 

existing legacy systems, GO0D MAN focuses on the combination of the latest ICT advancements 

encompassed in the concept of Industry 4.0, including both Edge and Cloud Computing, the Internet 

of Things and Big Data Analytics. 

To this end, a generic framework was designed with the purpose of guiding both the architecture 

design and implementation stages of the GO0D NBO![EN!bqqspbdi!uispvhipvu!uif!qspkfduƫt!

lifecycle. This framework is based on a set of core design and functionality principles, namely:  

¶ The Integration of the Physical and Software Elements  Ƨ Through the application of a Cyber-

Physical System, GO0D NBOƫt!sfbm-time computation layer should be capable of extracting 

data from the shop-floor and reason on it in order to assess possible deviations and act 

accordingly, thus preventing the propagation of defects downstream in a multistage 

manufacturing environment.  

¶ Seamless Data Exchange between Heterogeneous Components Ƨ The employment of a 

common data representation and exchange format in crucial to ensure the interoperability of 

the heterogeneous components comprising the GO0D MAN platform.  

¶ Knowledge Management and Data Analytics Ƨ Despite the exponential growth in the volume 

and velocity at which data is generated in manufacturing environments (e.g. embedded 

sensors), a large portion of it remains untapped. GO0D NBOƫt!bqqspbdi!bjnt!up!usbotmbuf!

this data into a business advantage by employing advanced data analysis and knowledge 

management methods on semantically enriched data acquired by the CPS. The generated 

lopxmfehf!dbo!cf!uifo!vtfe!up!jnqspwf!uif!DQTƫ!sfbtpojoh!tztufn-!ifodf!gvsuifs!njujhbujoh!

the occurrence and propagation of defects during production.  

An overview of the complete framework and t he interactions between its elements can be seen in 

Figure 3. 
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Figure 3 - GO0D MAN Zero-Defect Manufacturing framework.  

The proposed framework is divided into two different views, each at its own level of abstraction. At 

the shop-floor level, the Cyber-Physical System encompasses all activities pertaining to the 

acquisition and processing of production data. On the other hand, the Knowledge Management view 

deals with higher-level data analytics and knowledge generation based on the collected historical 

data. Each will be further detailed below.  

Cyber-Physical System View 

The Cyber-Physical System View is composed of three main elements, namely the CPS itself, the 

Plant Topology information and the Dynamic Rules Store. As the name suggests, the CPS acts as 

the core element at the shop-floor level, playing the role of the centrepiece that glues the different 

elements of the framework together, integrating both production and quality control processes.  

Uif!Qmbou!Upqpmphz!ebub!tipvme!cf!bo!joufhsbm!qbsu!pg!uif!tztufnƫt!ebub!npefm-!sfqsftfoujoh!uif!

tztufnƫt!fyjtujoh!dpnqpofout-!their organizational structure and other relevant information such as 

connection interfaces and existing data sources. Through it, the CPS can be instantiated in a way 

uibu!jt!dbqbcmf!pg!wjsuvbmj{joh!fbdi!pg!uif!tztufnƫt!fmfnfout/!Xjui!uijt-!ju!dbo!uifo!tuart the data 

acquisition procedures using classical sensors as well as a combination of smart online inspection 

tools with intelligent software modules.  

This data acquisition process is responsible for feeding new incoming data from the shop -floor not 

only to the reasoning module, but also to a Historical Data Store to be used by the Knowledge 

Management layer. To do so, this system needs to be both flexible and adaptable in order to deal 

with unforeseen disturbances at the shop -floor level in a robust and efficient manner.  

Finally, the CPS is also responsible for the local processing of the collected data, being capable of 

reasoning and following through with rule -based decision making processes, providing an earlier 
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identification of anomalies and potentia l deviations at each stage of production. The basis of this 

behaviour is depicted in Figure 4, in which the arrows indicate the general data flow throughout the 

process. 

 

Figure 4 - CPS' basic rule-based reasoning flow.  

Uiftf!svmft!bsf!dpoubjofe!jo!b!Ezobnjd!Svmf!Tupsf-!boe!tipvme!cf!npefmmfe!vtjoh!uif!tztufnƫt!

common data representation format. The store can be updated dynamica lly during runtime by the 

Knowledge Management layer, if either as a result of the data analysis performed on the historical 

data it is found that certain changes are required to improve overall quality control, or if the CPS 

requests an update from Knowledge Management due to having insufficient or outdated rules.  

Knowledge Management View 

Contrastingly, the Knowledge Management View encompasses the services which operate at the 

cloud level, consisting mainly in the Historical Data Store and Data Analytics components. 

Periodically, or upon request, the Knowledge Management module queries the historical data in 

order to analyse it and check if new knowledge can be generated, possibly updating the rules that 

hpwfso!uif!DQTƫ!sfbtpojoh!nfdibojtnt/ 

The data analysis can be performed in two different contexts. One deals only with the historical 

shop-floor data itself, computing possible trends, seasonality and correlations in the data in order to 

infer possible changes to improve the quality of the multistage manu facturing process. This context 

is centred on big data analytics for machine learning and interpretation on ZDM artefacts.  

The other operates on the management of human-centric knowledge, capturing the domain-specific 

knowledge of domain experts in order to provide legacy-systems with semantically -enriched 

analysis and simulation mechanisms to aid in the assessment of potential future changes, including 

changes to the production process, procedures or the aforementioned CPS rules in the Dynamic Rule 

Store. 

The rest of this deliverable will detail the specification of MAS CPS architecture.  








































































































