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Abstract. The emergence of Industry 4.0 leads to the optimization of all the in-

dustrial operations management. Maintenance is a key operation function, since 

it contributes significantly to the business performance. However, the definition 

and conceptualization of Condition-based Predictive Maintenance (CPM) in the 

frame of Industry 4.0 is not clear yet. In the current paper, we: (i) explicitly de-

fine CPM in the frame of Industry 4.0 (alternatively referred as Proactive 

Maintenance); (ii) develop a unified approach for its implementation; and, (iii) 

provide a conceptual architecture for associated information systems. 
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1 Introduction 

Industry 4.0 indicates the flexibility that exists in value-creating networks which 

enables machines and plants to adapt their behavior to changing orders and operating 

conditions through self-optimization and reconfiguration. To do this, they perceive 

information, derive findings and change their behavior accordingly. At the same time, 

they store knowledge gained from experience with the aim to implement distributed 

and interconnected production facilities in future smart factories [1]. Industry 4.0 

combines computer science with electrical and mechanical engineering and is consid-

ered to be a revolution on a business level and an evolution on a technological level. 

Maintenance is a key operation function, since it is related to all the manufacturing 

processes and focuses not only on avoiding the equipment breakdown but also on 

improving business performance in terms of productivity, quality and logistics man-

agement [2,3]. Existing maintenance strategies can broadly be distinguished to three 

categories: (a) Breakdown Maintenance; (b) Time-based Preventive Maintenance; (c) 

Condition-based Predictive Maintenance (CPM) [2]. Since products have become 

more and more complex due to the evolution of technology, the costs of time-based 

preventive maintenance have increased and CPM has evolved as a novel lever for 

maintenance management [4]. However, there is not a clear classification in literature, 

while CPM in the context of Industry 4.0 has not been concretely defined. Currently, 

even large manufacturing companies have not developed a complete CPM strategy 

and appropriate sensor-driven, real-time systems in order to utilize its benefits [2]. 



Existing CPM solutions suffer from several limitations: (i) Most of them focus on 

product maintenance, i.e. on the service stage of the Product Lifecycle Management 

(PLM) (e.g. warranty failures) and not on industrial maintenance, i.e. on the manufac-

turing stage of the PLM; (ii) They are mainly based upon physical, domain-specific 

models that are not easily extensible for other equipment or for other industries; (iii) 

They rarely exploit big data processing infrastructures for real-time, sensor data, since 

they usually use batches of data, while the level of data analytics maturity is usually 

low; (iv) Each one of them focuses on a specific aspect of CPM (e.g. condition moni-

toring, diagnostics, etc.) instead of having a unified approach for covering all the 

phases and industrial operations-related aspects.  

The objectives of the current paper are: (i) to explicitly define CPM in the frame of 

Industry 4.0; (ii) to develop a unified approach for its implementation; and, (iii) to 

provide a generic reference conceptual architecture for the development of associated 

information systems. The rest of the paper is organized as follows. Section 2 discusses 

the literature review. Section 3 includes the definition of CPM in the frame of Indus-

try 4.0, i.e. Proactive Maintenance. Section 4 outlines a unified approach for Proactive 

Maintenance implementation, while Section 5 presents a generic reference conceptual 

architecture. Section 6 concludes the paper and discusses the future work. 

2 Literature Review 

2.1 Condition-based Predictive Maintenance and E-maintenance 

CPM is an evolving maintenance strategy that is increasingly gathering the interest 

of modern manufacturing companies by utilizing the capabilities of condition moni-

toring. Condition monitoring is usually realized with equipment-installed sensors, 

which have the capability of measuring with high frequency a multitude of parameters 

[5] leading to processing and storage of a huge amount of data. Big data pose chal-

lenges to the subsequent processing pipeline of data analysis, knowledge extraction 

and decision making [2]. The classical industrial view of CPM is mainly focused on 

the use of condition monitoring techniques such as vibration analysis, thermography, 

acoustic emission or tribology [5]. The recent developments of maintenance manage-

ment lead to a physical understanding of a system’s useful life and health state predic-

tion through dynamic pattern recognition in various available data sources. Despite 

the plethora of CPM frameworks existing both in the academic and the industrial 

realms, there is still a large gap for effective implementation of CPM extensively in 

industry, mainly due to complexity of these solutions and their life cycle [4].  

E-maintenance refers to the convergence of emerging information and communica-

tion technologies with systems which take into account the resources, services and 

management to enable decision making in a proactive way [3] and thus, to enhance 

and extend the CPM framework [4]. E-maintenance incorporates emerging technolo-

gies capable of optimizing maintenance-related workflows and integrating business 

performance with other components of e-enterprise [4]. The development of e-

maintenance systems can be distinguished in two chronological periods which have 



different characteristics. The first wave of appearance, development and deployment 

of e-maintenance concepts and prototypes was during the period 2003-2008 (see e.g. 

[6-8]). The second wave of e-maintenance paradigms has appeared in 2014 due to the 

emerging opportunities of the Industrial Internet of Things (IIoT), big data infrastruc-

tures and communication devices, but also due to the increasing financial pressures 

leading to a significant demand of eliminating maintenance costs (see e.g. [9-10]).  

2.2 Industrial Internet of Things, Big Data and Proactive Event Processing 

A CPM strategy implementation requires a complete methodology as well as ap-

propriate information systems capable of processing information captured by sensors 

in order to provide added value insights [2]. It can take advantage of IIoT advances 

for handling failure uncertainty, since the stochastic nature of the equipment degrada-

tion process leads to high uncertainty in decision making [11]. Since the manufactur-

ing domain is driven by events gathered through sensors, there is the need for event 

monitoring and big data processing information systems [12]. Modern manufacturing 

companies have started to collect and store operations-related data or even utilize 

technological infrastructures and information systems for monitoring various parame-

ters that are known to affect equipment condition and detecting early warning signals 

that machines or systems are degrading or in danger of breakdown [2]. However, the 

strategic value of data analysis in the modern dynamic manufacturing enterprises 

should be increased by augmenting the level of data analytics maturity, through effi-

ciently processing of real-time big data and supporting multi-directional knowledge 

flows, in order to enable the maintenance strategy transformation.  

Proactivity in terms of information systems is driven by predictions, leading to in-

creased situation awareness and decision making capabilities ahead of time. Proactive 

computing extends the reactive pattern known as ‘Sense-and-Respond’ [13] or ‘De-

tect-and-Act’ [14] to a novel pattern which consists of four phases [15]: Detect, Pre-

dict, Decide, Act. This proactive principle can be the base for a unified CPM frame-

work and for its implementation with an appropriate information system by mapping 

the maintenance and other industrial operations (e.g. warehouse management, produc-

tion planning, quality improvement) to these phases.  

3 Definition of Proactive Maintenance 

CPM in the frame of Industry 4.0 should be clearly defined taking into account the 

state-of-the-art theories, concepts and technologies in order to pave the way for the 

complete transformation of manufacturing enterprises from reactive to proactive. We 

argue that Proactive Maintenance indicates the CPM in the frame of Industry 4.0 in 

the sense that it brings together maintenance management and proactivity in terms of 

information systems. Proactive Maintenance has a managerial and a technological 

perspective. From a managerial point of view, its implementation requires the identi-

fication of the need for a different maintenance strategy through feasibility studies 

[16] as well as the radical change of maintenance-related business processes and op-



erations in all the enterprise organizational levels (operational, management, strate-

gic). From a technological point of view, it requires appropriate technologies and 

information systems for effectively supporting the Industry 4.0 principles. Therefore, 

Proactive Maintenance should include the following characteristics: 

 IoT-based Condition Monitoring. Condition monitoring is applied with sensors 

at a component, machine or production process level. The decisions about their 

type and their distribution (placement) are affected by the manufacturing system 

examined. These hardware and/or software sensors generate huge amounts of real-

time data (big data) in the context of IIoT which are further processed through ap-

propriate infrastructures. The term “predictive maintenance” that is often used does 

not necessarily include real-time condition monitoring through sensors.  

 Event-driven Architecture. Event processing is used to process massive primitive 

events and get valuable high level information from them by continuously monitor-

ing the event flow. Therefore, through the event triggers, event-driven infrastruc-

tures are able to handle big data in a scalable and efficient way.  

 Prognosis Lifecycle. Prognostic lifecycle covers all the maintenance phases, 

through which information is processed; from signal processing and diagnostics till 

prognostics and maintenance decision making along with continuous improvement 

during actions implementation. Predictions about the future equipment condition, 

on the basis of which mitigating actions can be applied ahead of time, constitute 

the backbone of CPM. They can be realized with associated predictive event pro-

cessing agents. The term “Condition Based Maintenance” that is usually used does 

not necessarily include predictions, since it may refer to (near) real-time diagnostic 

outcomes, i.e. detection of the current condition. 

 Proactive Computing. Proactive event processing makes it possible to anticipate 

potential issues during process execution and thereby enables proactive process 

management, i.e. to decide and act on the basis of real-time predictions. The proac-

tive event-driven applications are subjected to the proactive principle. A proactive 

situation includes a future event, a predictive pattern, the probability distribution 

function of the event occurrence, a list of mitigating actions and costs (e.g. the cost 

of the future event, the costs of actions as function of implementation time) [15]. 

 E-maintenance Support. The e-maintenance concept is linked to the CPM 

framework, since it provides the communication and technological background for 

real-time data processing and information exposure to the users and thus, it can 

support all the phases of the proactive principle. E-maintenance applications and 

platforms can facilitate proactivity and further advance to a greater value with the 

development of Cyber-Physical Systems, while they are able to utilize an event-

driven architecture for scalable sensor-generated big data processing. 

 Interaction with other Industrial Operations. Since, every change in industrial 

operations affects the others, CPM should be considered along with its interactions 

with the other operations. A reduction in production, quality and inventory costs is 

considered as one of the most important indirect benefits of CPM [11]. For in-

stance, due to the available real-time prognostic information, predictive mainte-

nance actions along with quality improvement and production activities can be 

recommended and spare parts can be ordered just in time. 



4 A Unified Approach for Proactive Maintenance 

The proposed unified approach combines and extends existing CPM approaches 

[2]. It aims to frame and conceptualize Proactive Maintenance in order to enable 

manufacturing companies to fully exploit the availability of huge amounts of real-

time and historical data with respect to the implementation of Proactive Maintenance 

by advancing their data analytics maturity. Unification can be achieved by bringing 

together approaches, tools and services each one of which implements a different 

phase of the Proactive Maintenance framework in order to effectively support differ-

ent enterprise management layers, i.e. operational, management, strategic. Moreover, 

it enables data aggregation and interpretation as well as information sharing through-

out the whole organization, both horizontally and vertically. 

The systematic representation of any Proactive Maintenance solution allows its ap-

plication in the production process of any manufacturing company regardless their 

processes, products and physical model used, while additional aspects (e.g. company 

policies) can be addressed with context-awareness. The proposed framework aims to 

cover the whole prognostic lifecycle along with their interactions with quality man-

agement, production planning and logistics decisions. The overall unified approach 

for Proactive Maintenance is depicted graphically in Fig. 1. Each conceptual block 

should incorporate an e-maintenance service or tool implementing appropriate meth-

ods and algorithms. The conceptual blocks are communicated among them through 

events. The event-driven approach enables the combination of model-based, 

knowledge-based and data-driven algorithms and methods existing in each conceptual 

block provided that each one is able to provide the required output that the next one 

requires. The scope of each conceptual block is explained below:  

 Signal Processing: It consists of the “Data Acquisition” and “Data Manipulation” 

steps, being performed in a modular way utilizing new emerging technologies. It 

should be able to connect and acquire data from heterogeneous data sources and in-

tegrate them for further processing.  

 Diagnosis: It consists of the “State Detection” and “Health Assessment” steps. It 

may include real-time model-based, knowledge-based and/or data-driven methods, 

embedded in appropriate and continuously processing software in order to recog-

nize the presence of an unusual state with respect to a model of ‘normal’ behavior.  

 Prognosis: It includes state prediction of a whole system or components with re-

spect to a mechanical system, e.g. prediction about the time-to-failure and the 

probability distribution function of the failure occurrence, the Remaining Useful 

Life (RUL), the Remaining Life Distribution (RLD). The analysis can be carried 

out by model-based, knowledge-based and/or data-driven algorithms.  

 Maintenance Decision Making: It includes decision making algorithms for taking 

decisions automatically or for providing recommendations ahead of time, on the 

basis of real-time prognostic information and maintenance-related expert 

knowledge. Thus, the optimal mitigating (perfect or imperfect) maintenance ac-

tions and the optimal times for their implementation are derived. The decisions can 

be continuously improved through a Sensor-Enabled Feedback (SEF) mechanism. 



 Maintenance Action Implementation: It includes a real-time feedback mecha-

nism for gathering, storing, aggregating, analyzing and visualizing data and infor-

mation with respect to the actual actions implementation. The actions are imple-

mented based on the generated decisions either automatically or by humans receiv-

ing the recommendations. The sensor-generated data are further processed in order 

to continuously update and improve the diagnostic, prognostic (through FMECA) 

and decision (through SEF) models  and their continuous learning capability. 

 FMECA: Apart from their visualization, in order to further be processed, the ac-

tions-related data and information feed into the Failures Modes Effects and Criti-

cality Analysis (FMECA) mechanism, which incorporates algorithms for the iden-

tification of potentially relevant and critical failures modes. FMECA can be im-

plemented either on a physical model base or on a data analytics base.  

 Industrial Operations Management: It is based upon data and information about 

production planning, logistics management and quality management. They are 

stored in company’s systems (e.g. ERP, MES) and are gathered in order to consider 

the industrial operations affected by maintenance processes (e.g. quality levels, 

production activities, spare parts inventory) and optimize the overall business per-

formance. The data are processed according to the proactive principle and interact 

with the e-maintenance services. Examples of their utilization could be production-

related predictions, joint maintenance and inventory optimization algorithms, 

quality-related constraints in the maintenance utility function optimization, etc.  

 

Fig. 1. The Unified Approach for Proactive Maintenance 

5 Conceptual Architecture of a Proactive Maintenance System 

The conceptual architecture of a Proactive Maintenance intelligent information 

system is shown in Fig. 2. It consists of 3 layers which are further described below: 

 User Interaction Layer. The user interaction layer occupies the top level of the 

architecture and includes a configuration and visualization dashboard that supports 

the configuration of the architecture and the embodiment of the appropriate expert 



knowledge, as well as the visualization of the current and the predicted equipment 

behavior, the generated recommendations, etc. with the use of appropriate graphs. 

 Real-time Processing Layer. The real-time processing layer deals with the con-

tinuous processing of sensor data according to the Proactive Maintenance frame-

work by applying the proactive principle of information systems in both the e-

maintenance and e-operations services, which can interact between them with the 

aim to schedule the maintenance activities together with the production, the quality 

and the logistics ones. 

 Data Layer. The data layer of the architecture includes a Database Abstraction 

Layer and houses a relational database engine where all information needed by the 

other two layers is stored and retrieved. 

 

Fig. 2. The Conceptual Architecture of a Proactive Maintenance System 

6 Conclusions and Future Work 

In the current paper, we explicitly defined CPM in the frame of Industry 4.0, which 

can be referred as Proactive Maintenance, we developed a unified approach for its 

implementation and we provided a generic reference conceptual architecture for the 

development of Proactive Maintenance systems with the aim to maximize the ex-

pected utility of manufacturing firms and to exploit the full potential of predictive 

maintenance management, condition monitoring, sensor-generated big data pro-

cessing, e-maintenance and proactive computing. Regarding our future work, we plan 

to develop a unified Proactive Maintenance information system by using, extending, 

developing and integrating new e-maintenance services and tools addressing the vari-

ous phases of the aforementioned framework for exploiting the full potential of Proac-

tive Maintenance. Then, we aim to validate our approach in industrial environment. 
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