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Abstract 

Manufacturers and service providers are called to design, plan and operate globalized manufacturing networks, addressing to challenges such as 
ever-decreasing lifecycles and increased product complexity. These factors, caused primarily by mass customisation and demand volatility, 
generate a number of issues related to the design and planning of manufacturing systems and networks, which are not holistically tackled in 
industrial and academic practices. The mapping of production performance requirements to process and production planning requires 
automated closed-loop control systems, which current systems fail to deliver. Technology-based business approaches are an enabler for 
increased enterprise performance. Towards that end, the issues discussed in this paper focus on challenges in the design and planning of 
manufacturing networks in a mass customization and personalization landscape. The development of methods and tools for supporting the 
dynamic configuration and optimal routing of manufacturing networks and facilities under cost, time, complexity and environmental constraints 
to support product-service personalization are promoted. 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 

The changes in the economic, political and technological 
landscape during the last thirty years, have drastically affected 
manufacturing. The traditional localized and centralized 
manufacturing transformed into a globalized and decentralized 
paradigm. Stable markets, at the same time, become highly 
volatile and unpredictable [1]. The role of customer changed 
from that of a product buyer to an integrated entity in the 
product design and development.  

Currently, manufacturers and service providers are 
presented with challenges such as reduced product life cycles, 
increased product, service and system complexity, and 
immense pressure from global competition [2]. These 
challenges are partly generated by the highly volatile demand 
and exploding product variety introduced by the mass 
customisation and product personalisation paradigms. Their 
impact on the design and operation of modern globalized 

manufacturing networks is evident [3]. Consequently they also 
heavily affect the operation of individual facilities.  

The emergence of new materials, new forms of production 
and key enabling technologies make new diversified product 
features and processes feasible, as well as allow the 
interconnection between IT systems, humans and engineering 
/ manufacturing phases.  

The management of the co-evolution of product, process 
and production on a strategic and operational level is a huge 
challenge however, the manufacturing domain in general lacks 
of unified solution approaches [4].  

Towards this end, technology-based business approaches 
comprise a major enabler for the realization of robust 
manufacturing systems and networks that offer high-value 
value-added, user-oriented products and services. Design, 
planning and control support systems with inherent robustness 
are necessary in order for companies to withstand the 
antagonism through sustainable practices.  
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1.1. Review Methodology 

The review approach is based on a search among academic 
journals, articles and books, primarily in the Scopus and 
Google Scholar databases, using as keywords the main fields 
of interest, namely: evolution of manufacturing paradigms, 
issues of mass customization and personalization 
environments, the role of simulation for manufacturing, 
methods and technologies related to product and production 
complexity, inventory management and capacity planning, 
among others.  

Academic peer-reviewed publications related to the above 
fields were selected, ranging over a period of 30 years, from 
1984 to 2014, with only a few notable exceptions.  

Sciences that were included in the search were: 
engineering, management, business, and mathematics. The 
review was carried out in three stages: (a) search in scientific 
databases (Scopus and Google Scholar) with relevant 
keywords, (b) identification of relevant papers by abstract 
reading and (c) full-text reading and grouping into research 
topics.  

Indicatively, the frequency of results from a search with the 
keywords “mass customization” or “product personalization” 
in the abstract, title and keywords of the article as obtained 
from the Scopus database, is depicted in Fig. 1. This figure 
also visualizes the increase of interest on these topics by the 
scientific community. 
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Fig. 1. Frequency of appearance of the keywords “mass customization” and 
“personalization” in the abstract, title and keywords of the article (obtained 

from Scopus) 

2. State of the Art: Challenges and Practices 

Globalization in manufacturing activities, apart from its 
apparent advantages, introduces a set challenges. On one 
hand, a globalized market offers opportunities for expanding 
the sphere of influence of a company, widening its customer 
base and production capacity. Information and 
Communication Technologies (ICT) and the Internet has 
played a significant role to that [5]. On the other hand, 
regional particularities greatly complicate the transportation 
logistics and the identification of optimum product volume 
procurement, among other. Indicatively, the difficulty in 

forecasting product demand, was highlighted as early as in 
1986 by the following observation from Intel labs: when 
investigating the match between actual call off and the actual 
forecast, estimated that supply and demand were in 
equilibrium for only 35 minutes in the period between 1976 to 
1986 [6][7].  

Enterprises started locating their main production facilities 
in countries with favourable legislation and low cost of human 
labour [8], thus, the management of the supply chain became 
extremely complex, owing primarily to the fact that a great 
number of business partners have to mutually cooperate in 
order to carry out a project, while being driven by 
opportunistic behaviour. Thus, manufacturing networks need 
to properly coordinate, collaborate and communicate in order 
to survive [9].  

On a manufacturing facility level, the impact of supply 
chain uncertainties and market fluctuations is also heavy. The 
design and engineering analysis of a complex manufacturing 
system is a hard task and its operation becomes even harder 
when flexibility and re-configurability parameters must be 
incorporated [10]. The process is iterative and can be 
separated into smaller task of manageable complexity. 
Resource requirements, resource layout, material flow and 
buffer capacity are some of these tasks [11]. Even when 
decomposed and relaxed through, production planning, 
assembly line balancing and sequencing are challenging tasks 
[12].  

Especially in the context of production for mass 
customization businesses, issues such as task-sequence 
dependent inter-task times between product families are 
usually ignored, leading to inexact and in many cases non-
feasible planning and scheduling. Even rebalancing strategies 
for serial lines with no other interdependencies is a difficult 
task, with ample room for improvement in order for the 
inconsistencies between process planning and line balancing 
to be minimized [13].  

From a technological perspective, the increased penetration 
of ICT in all aspects of product and production life-cycle 
enable a ubiquitous environment for the acquisition, 
processing and distribution of information. With the 
introduction in manufacturing of the concepts of Cyber-
Physical Systems (CPS) and Internet of Things (IoT) [14], 
new horizons are presented for improving awareness, 
diagnosis, prognosis and control.  

Also, the relatively new paradigm of agent-based 
computation provides great potential for realising desirable 
characteristics in production, such as autonomy, 
responsiveness, distributiveness and openness [15]. 

2.1. Evolution of Manufacturing Paradigms 

Historically, manufacturing paradigms, driven by the 
change of the environment in which they operate, change in 
character and evolve in patterns over time (Fig. 2). The 
various patterns witnessed up to now can be roughly 
correlated to movements between three stages: (i) craft shops 
that employ skilled artisans, (ii) long-linked industrial systems 
using rigid automation and (iii) post-industrial enterprises 
characterised by flexible resources and information intensive 
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intellectual work [16]. The most prevailing manufacturing 
paradigms are in chronological order of appearance: Craft 
Production, American Production, Mass Production, Lean 
Production, Mass Customisation and Global Manufacturing. 
Apart from American Production, all other paradigms are still 
“operational” today in different industrial sectors [1]. 

Research nowadays focuses on strategies and methods for 
managing product, process and production systems 
development capable of supporting lean production, mass 
customization and systems for product personalization.  

Lean production is an integrated socio-technical system, 
whose main objective is to eliminate waste by concurrently 
reducing or minimizing supplier, customer, and internal 
variability [17]. Specific industry types may benefit from a 
combined implementation of agile and lean practices in their 
organisation [18]. However, a point in the production 
procedure should be defined, where these concepts can be 
easily decoupled according to the incoming demand. This can 
lead to improved overall performance and profitability of the 
factory.  

Mass customization emerged as a new production 
paradigm in the late 1980s in order to respond to consumer 
demands for product variety and appears as an alternative to 
differentiate companies in a highly competitive and 
segmented market [19][20][21]. This paradigm aims at 
producing goods and services catering to individual 
customer’s selections with near mass production volume and 
cost efficiency. The tools of mass customisation can 
substantially enable product personalisation [22]. 

Personalised production aims at the procurement of truly 
unique products, through the tight integration of the customer 
in the design process. However, to make personalized 
production a cost effective reality, several enabling 
technologies and features must be developed, such as: 
methods and tools for understanding and capturing 
consumers’ needs and preferences, design by non-designers 
techniques, cyber-physical systems for collaboration, on-
demand manufacturing and assembly systems, process, 
product, volume and production flexibility [9] among other. 

Manufacturing experienced notable changes and 
transitions, attributed to the pressure from social and political 

Fig. 2. The evolution of Manufacturing Paradigms (Adapted from [1]) 
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situations and advances in technology. By studying these 
transitions, it is noticeable that the factory systems and 
technologies have been evolving in two directions. Firstly, 
they increased the versatility of the allowable products variety 
that they produced. This resulted in numerous production 
innovations, design technology advances and evolution in 
management techniques. Secondly, companies have extended 
factories like tools and techniques. Factories emerged from 
firms that introduced a series of product and process 
innovations that made possible the efficient replication of a 
limited number of designs in massive quantities. This tactic is 
widely known as economies of scale [23]. Factory systems 
replaced craft modes of production as firms learned how to 
rationalise and product designs as well as standardize 
production itself [24]. Although factory organisations 
provided higher worker and capital productivity, their 
structure made it difficult to introduce new products or 
processes quickly and economically, or to meet the demands 
of customers with distinctive tastes; factory-oriented design 
and production systems have never completely replaced 
craftsmanship or job shops even if the new technologies 
continue to appear. The result, in both manufacturing and 
design has been a shift from simple economies of scale, as in 
the conventional mass production of a limited number of 
products, to economies of scope and integration [25]. It is 
clear that mass-production factories or their analogies, are not 
appropriate for all types of products or competitive strategies. 
Moreover, they have traditionally worked best for limited 
numbers of variants suited to mass replication and mass 
consumption. The craft approach offers a less efficient 
process at least for commodity products but remains 
necessary for technologies that are still new or emerging and 
continues to serve specific market niches, such as for tailoring 
products for individual needs and luxury or traditional items. 

Naturally, even if the trends dictate a shift towards 
personalized product requirements, it should always be 
considered that forms of production such as mass production 
cannot be abandoned for commodities and general purpose 
products, raw materials and equipment. After all, paradigms 
are shaped to serve specific market and economical situations. 

A categorization of the different production concepts based 
on the indicators: system re-configurability, demand volatility 
and product complexity is depicted in Fig. 3.  

Today, issues introduced by the shift of business models 
towards online purchasing and customisation [26], must be 
tackled in cost-efficient and sustainable ways in order for 
companies to maintain their competitiveness and create value 
[27]. To respond to consumer demand for higher product 
variety, manufacturers started to offer increased numbers of 
product “options”, or variants of their standard product [29]. 
Mass customization (MC) is a production strategy focused on 
the broad provision of personalized products and services, 
mostly through modularized product/service design, flexible 
processes, and integration between supply chain members 
[20][21]. MC targets Economies of Scope through market 
segmentation, by designing variants according to a product 
family architecture and allowing customers to choose between 
design combinations [13].  
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Fig. 3. Characterisation of production paradigms based on market demand, 
product complexity and flexibility  

At the same time however, MC must achieve Economies of 
Scale, in a degree compared to that of mass production, due to 
the fact that it addresses a mass market. Another significant 
objective for companies operating in an MC landscape is the 
achievement of Economies of Integration in order to improve 
the performance in the dimension of costs [25]. On the other 
hand, personalized production aims to please individual 
customer needs through their direct integration in the design 
of products. The major differences between the prominent 
paradigms of mass production, mass customization and 
personalization are depicted in Fig. 4.  
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Fig. 4. Differences between production paradigms (Adapted from [13]) 

2.2. Impact of Mass Customization and Product 
Personalization on Contemporary Manufacturing 

A research conducted in the U.K. related to automotive 
products revealed that 61% of the customers wanted their 
vehicle to be delivered within 14 days [30], whereas 
consumers from North America responded that they could 
wait no longer than 3 weeks for their car, even if it is custom 
built [31]. Such studies point out the importance of 
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responsiveness and pro-activeness for manufacturers in 
product and production design.  

During the last fifteen years the number of online purchases 
has increased and recent surveys show, that 89% of the buyers 
prefer shopping online to in-store shopping [32]. Web-based 
and e-Commerce systems have been implemented, and have 
proved to be very effective in capturing the pulse of the 
market [33]. These web-based toolkits aim at providing a set 
of user-friendly design tools that allow trial-and-error 
experimentation processes, and deliver immediate simulated 
feedback on the outcome of design ideas. Once a satisfactory 
design is found, the product specifications can be transferred 
into the firm's production system, and the custom product is 
subsequently produced and delivered to the customer [34].  

The incorporation of the customers’ unique tastes in the 
product design phase is a fairly new approach to the 
established ways of achieving product variety and entails 
significant reorganisation, reconfiguration and adaptation 
efforts for the company’s production system. Variety is 
normally realised at different stages of a product lifecycle. It 
can be realised during design, assembly, at the stage of sales, 
and through adjustments at the usage phase. Moreover, variety 
can be realised during the fabrication process e.g. through 
rapid prototyping [35].  

Still online 2D and 3D configurators do not solve practical 
issues such as the assembly process of these unique variants. 
Although proposed approaches include e-Assembly systems 
for collaborative assembly representation [36] and web-based 
collaboration systems [37], the research in this area needs to 
be expanded in order to provide tools for assembly 
representation and product variant customization. An 
additional constraint is that globalized design and 
manufacturing often require the variants for local markets to 
be generated by regional design teams, which use different 
assembly software and supply bases [13]. 

3. Modern Manufacturing Network Design and Planning 
along the Manufacturing Network Life-cycle 

A modern manufacturing network is composed of 
cooperating OEM plants, suppliers and dealers that produce 
and deliver final products to the market [38]. An example of 
an automotive manufacturing network focused on product 
assembly is depicted in Fig. 5. The automotive sector is a 
typical industry that relies on globalised value-adding 
networks. This section gives an overview on aspects of 
manufacturing networks design and planning. The topics 
discussed consist of: partner selection, supply chain 
coordination, initial network configuration, manufacturing 
network complexity, inventory management, capacity 
planning, warehousing, dynamic process planning and 
monitoring and control. These topics are in line with the 
lifecycle phases of a manufacturing network as reported in 
[39], and a relative search in scientific databases yields results 
that can be grouped into these life-cycle phases.  

3.1. Partner Selection 

The building blocks of any manufacturing network are the 
cooperating companies. The significance of the selection of 
partners (supplier, vendors) has been indicated as early as in 
1966 and is stressed in [40]. This decision-making problem is 
highly challenging and often it is broken down into sub-
problems of manageable complexity, such as formulation of 
criteria for the selection, qualification of partners, final 
selection and feedback verification. A comprehensive 
literature review on the issue of partner selection in agile 
manufacturing chains is included in [41].  

3.2. Supply Chain Coordination 

The alignment of the objectives of the different 
collaborating organisations in order to successfully carry out 
projects, optimize system performance and achieve mutual 
profits is indispensable [42]. As an entity, a supply chain 
requires a total systems approach to managing the entire flow 
of information, materials and services in fulfilling customer 
demand [43].  

In general, supply chains are categorized into two 
categories, namely centralised and decentralised [1]. In the 
first, the decisions are taken by a central body, often the 
leading supply chain OEM, whereas in the second, each 
member independently makes its own operational decisions. 
The tools for coordinating partners within such diverse 
paradigms are evidently diverse. While an action plan suffices 
for the coordination of a centralised supply chain, it is 
inadequate with a decentralised one [44]. Further incentives 
have to be provided to the members, so as entice their 
cooperation through e.g. distribution of the benefits of the 
coordination. The need for adaptation to the new requirements 
has led to the definition of a novel framework for autonomous 
logistics processes. The concept of autonomous control 
“describes processes of decentralised decision-making in 
heterarchical structures, and it presumes interacting elements 
in non-deterministic systems, and possess the capability and 
possibility to render decisions independently [45]”.  

Still a serious gap in recent approaches is the lack of 
synergistic methods that combine the benefits found in 
analytical models and simulation models. A potential solution 
was proposed in [46] as a two-step procedure. The initial step 
was the overall analysis of the logistics performance of the 
production system using the logistics operating curves. This 
step identifies the opportunities for performance improvement 
and can act as the input to the second step, which is the 
detailed examination of what-if scenarios through simulation 
and potential performance gains. 

3.3. Initial Manufacturing Network Configuration 

The initial manufacturing network configuration must 
consider the long-term needs of cooperation and often 
determines its success. The problem has been extensively 
addressed in literature using approaches classified in two 
main categories, namely approximation and optimization 
techniques. The first category includes: iterative methods such 
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as artificial intelligence, evolutionary computation, genetic 
algorithms, Tabu search, ant colony optimization, simulated 
annealing and constructive methods (heuristics, dispatch rules 
etc.). The second category includes: enumerative methods 
(Lagrangian relaxation, linear / non-linear integer 
programming) and decomposition methods. Moreover, there 
exist hybrid methods that combine two or more of the 
aforementioned methods [47]. Mixed-integer mathematical 
methods that aim at optimizing a set of performance 
indicators have been proposed [48]. Fuzzy mathematical 
programming techniques have been employed to address the 
planning problems in supply chains [49]. A multi-criteria 
decision making method to support the identification of 
business to business (B2B) collaboration schemes, especially 
for supplier selection was proposed in [50]. A coloured Petri 
Nets approach for providing modelling support to the supply 
chain configuration issue is included in [51]. A dynamic 
optimization mathematical model for multi-objective decision 
making for manufacturing networks that operated in a mass 
customization environment was suggested in [52]. A literature 
review on mathematical programming for planning of supply 
chains is documented in [53] and a report on coordination 
mechanisms for supply chains was compiled in [54]. 

3.4. Manufacturing complexity management 

Complexity is a long studied subject [55] and several 
approaches have been proposed especially for modelling and 
measuring the product and manufacturing complexity. The 
majority of these approaches can be classified in five 
categories, based on the domains that they draw their 
inspiration, the tools and characteristics, namely: information 

theoretic entropic-based [56], time series analysis utilizing 
tools such as: Fourier analysis and non-linear dynamics 
[57][58] and approaches inspired by computational mechanics 
[59], complexity analysis based on axiomatic theory [55], 
methods that attempt to address complexity by defining a 
coding system for machines and products [60][61], and 
methods inspired fluid dynamics, introducing an analogy to 
the Reynolds number for manufacturing systems, in order to 
define the threshold between a steady and a turbulent 
behaviour [62]. Complexity study has attracted great interest 
and studies deal with the emerging aspects of increasing 
complexity of manufacturing activities and the dynamic nature 
of supply chains [63]. The importance of managing the 
complexity in supply chains is evident, as recent studies depict 
that lower manufacturing network complexity is associated 
with reduced costs and overall network performance [64] [38]. 
A complete and comprehensive review of complexity in 
engineering design and manufacturing is presented in [65]. 

3.5. Inventory Management / Capacity Planning 

Inventories are used by most companies as a buffer 
between supply chain stages to handle uncertainty and volatile 
order demands. Prior to the 90s’, where the main supply chain 
phases, namely procurement, production and distribution were 
regarded in isolation, companies maintained buffers of large 
inventories due to the lack of regulatory mechanisms and 
feedback [66]. Various strategies for inventory planning have 
been reported based on how the underlying (known) demand 
and return processes are modelled over time, thus making a 
distinction between constant, continuous time-varying, and 
discrete time-varying demand and return models [67]. 

Fig. 5. An assembly concept in a globalized manufacturing network from automotive industry 
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Integrated capacity planning methods encompassing stochastic 
dynamic optimization models over volatile planning horizons 
exhibit high performance in the context of mass customization 
and personalization [68]. The DEWIP (Decentralised WIP) 
control mechanism was proposed by [69], focusing on 
establishing control loops between work-centres for adjusting 
the WIP levels dynamically. Its performance was assessed 
against other well received systems such as LOOR, Conwip 
and Polca. 

3.6. Enterprise Resource Planning  

An Enterprise Resource Planning (ERP) system is a suite 
of integrated software applications used to manage 
transactions through company-wide business processes, by 
using a common database, standard procedures and data 
sharing between and within functional areas [70]. Such IT 
systems entail major investments and involve extensive 
efforts and organizational changes in companies that decide to 
employ them. ERP systems are becoming more and more 
prevalent throughout the international business world. 
Nowadays, in most production distribution companies, ERP 
systems are used to support their production and distribution 
activities and they are designed to integrate and partially 
automate financial, resource management, commercial, after-
sale, manufacturing and other business functions in to one 
system around a database [71]. A literature-based and theory-
driven model was developed in order to test the relationship 
between ERP system implementation status and operational 
performance [72]. Moreover, a general-risks taxonomy for 
ERP maintenance is investigated with the use of analytic 
hierarchy process [73]. An objectives-oriented approach with 
one evaluation model and three optimisation models addresses 
key management issues in the implementation of critical 
success strategies (CSSs) to ensure the success of an ERP 
project [74]. In order to deal with the problem of 

independence in risk assessment, an approach using Coloured 
Petri Nets is developed and applied to model risk factors in 
ERP systems [75]. At the heart of currently used closed-loop 
MRPII and ERP production planning systems deployed in 
manufacturing enterprises, lies the fundamental MRP logic 
[11][76]. Still, reported successful implementations of ERP 
systems are limited when considering implementation costs 
and disruptions caused in production [77]. A main reason for 
that is commonly attributed to the fact that MRP-based 
systems do not produce detailed shop-floor schedules, and 
most of them assume infinite production capacity, thus using 
inflated and constant lead times [78]. 

4. The Role of Simulation in Manufacturing  

4.1. The importance of Simulation for the Design and 
Planning of Manufacturing Networks Lifecycle 

A supply chain is the value-adding chain of processes from 
the initial raw materials to the ultimate consumption of the 
finished product spanning across multiple supplier-customer 
links [87]. Robust and flexible system mechanisms are 
required to realize such inter-enterprise collaboration 
environments often enabled by the use of simulation 
technology. Digital Enterprise Technologies (DET) in 
general, represent an established, new synthesis of 
technologies and systems for product and process 
development and life-cycle management on a global basis 
[88]. 

A method to model, simulate and optimize supply chain 
operations by taking into consideration their end-of-life 
operations is used to evaluate the capability of OEMs to 
achieve quantitative performance targets defined by 
environmental impacts and costs of lifecycle [89]. A method 
of examining multi objective re-configurability of an Original 
Equipment Manufacturer supply chain is presented in order to 
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adapt with flexibility dynamically changing environmental 
restrictions and market situations [90]. A discrete-event 
simulation model of a capacitated supply chain is developed 
and a procedure to dynamically adjust the replenishment 
parameters based on re-optimisation during different parts of 
the seasonal demand cycle is explained [91]. A model is 
implemented in the form of Internet enabled software 
framework, offering a set of characteristics, including virtual 
organisation, scheduling and monitoring, in order to support 
cooperation and flexible planning and monitoring across 
extended manufacturing enterprise [42]. Furthermore, the 
evaluation of the performance of automotive manufacturing 
networks under highly diversified product demand is 
succeeded through discrete-event simulation models in [28] 
with the use of multiple conflicting user-defined criteria such 
as lead time, final product cost, flexibility, annual production 
volume and environmental impact due to product 
transportation. Finally, the application of the mesoscopic 
simulation approach to a real-world supply chain example is 
illustrated utilizing the software MesoSim [92][93]. 

4.2. Historical Evolution of Simulation 

Although the term “Monte Carlo method” was coined in 
1947, at the start of the computer era, stochastic sampling 
methods were used long before the evolution of computers 
[79]. It is widely acknowledged that the contemporary 
meaning of simulation originated with the work of Comte de 
Buffon in the 18th century, who developed a Monte Carlo-like 
method and used it to determine the outcome of an experiment 
consisting of repeatedly tossing a needle onto a ruled sheet of 
paper. The aim of the experiment was to calculate the 
probability of the needle crossing one of the lines [80]. About 
a century later, Gosset used a primitive form of manual 
simulation to verify an assumption about the exact form of the 
probability density function for Students t-distribution [81]. In 
the mid-1940s, simulation makes a significant leap with the 
contribution of the first general-purpose electronic computers. 
Ulam, von Neumann and Metropolis use Monte Carlo on 
computers to solve problems concerning neutron diffusion. 
Tochter and Owen develop the General Simulation Program in 
1960, which is the first general purpose simulator to simulate 
an industrial plant that consists of a set of machines, each 
cycling through states as busy, idle, unavailable and tailed 
[82]. During the period 1960-1961, Gordon introduces the 
General Purpose Simulation System (GPSS) [81]. 
Simultaneously, Nygaard and Dahl initiate work on SIMULA 
and they finally release it in 1963 and Kiviat develops the 
General Activity Simulation Program (GASP). Although, a 
significant evolution of simulation is noticed, there are still 
problems concerning model construction and model analysis 
which are mentioned and addressed by [83]. Moreover, Bryant 
initiates parallel simulation [84]. In the beginning of the 
1980s, major breakthroughs take place, military flight 
simulators, naval and submarine simulators are produced and 
NASA develops relatively low-cost VR equipment [85]. In 
early 1990s, real-time simulations and interactive graphics 
become possible due to the increased computer power and 
commercial VR applications become feasible [86]. In 

addition, the development of high-resolution graphics focuses 
on gaming industry surpassing in that way the military 
industry [85]. The historic evolution of simulation is depicted 
in Fig. 5. 

5. Cloud Manufacturing 

Cloud technology and the Internet of Things are major 
trends that will reshape the way enterprises function in the 
years to come [94][95]. A comprehensive definition of cloud 
computing is provided by the National Institute of Standards 
and Technology: “a model for enabling ubiquitous, 
convenient, on-demand network access to a shared pool of 
configurable computing resources (e.g., networks, servers, 
storage, applications, and services) that can be rapidly 
provisioned and released with minimal management effort or 
service provider interaction” [96]. Several applications have 
been reported in recent years where a Cloud infrastructure is 
used to host and expose services related to manufacturing, 
such as: machine availability monitoring [97], collaborative 
and adaptive process planning [98], online tool-path 
programming based on real-time machine monitoring [99], 
manufacturing collaboration and data integration based on the 
STEP standard [100] and collaborative design [101]. This 
technology has recently attracted a lot of attention in the 
European community as strategic agendas are been prepared 
for unleashing the potential of cloud computing in the 
industrial domain [102]. 

The cloud delivery models have been classified into the 
following: (i) Software-as-a-Service, where software is 
licensed on a subscription basis and is centrally hosted on the 
cloud, (ii) Platform-as-a-Service, that provides a computing 
platform and a set of software subsystems or components 
required to perform a task without further external 
dependencies, and (iii) Infrastructure-as-a-Service, which 
outsources the physical equipment used to support computing 
operations, including storage, hardware, servers and 
networking components. The combination of existing services 
for the creation of novel ones, which is called a Cloud mash-
up, is also a promising means of tailoring services to the exact 
needs of the company (Fig. 6). Therefore, everything in the 
cloud can be perceived as a purchasable service, hence the 
notion Everything-as-a-Service (XaaS). 
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Fig. 6. Everything-as-a-Service Cloud Architecture (Adapted from [95]) 
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The benefits of Cloud for manufacturing enterprises are 
numerous. Cloud can offer increased mobility and ubiquitous 
information to an enterprise since the solutions it offers are 
device and location independent. Moreover, computational 
resources are virtualized, scalable and available at the time of 
demand. Therefore, the intensive costs for deploying high-
performance computing resources are avoided. In addition to 
that, purchasing the application using the model Software-as-
a-Service is advantageous for SMEs who cannot afford the 
huge investments that commercial software suites entail 
[103]. 

However, there are some considerations also. A main 
challenge for the adoption of Cloud in manufacturing is the 
lack of awareness on security issues. Companies that utilise 
Cloud solutions are providing some control of their data to an 
external third source [121]. The concerns on security issues 
are evidenced by the fact that the global cloud software 
security market is rapidly growing and it is predicted to reach 
US$ 3 billion by 2018 (Fig. 7).  
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Fig. 7. Global Cloud Security Software Market Forecasts 2010 – 2018 
(Source: TechNavio Analysis 2011 [121], and MindCommerce 2013 [122]) 

This major issue of security can be addressed using 
security concepts and inherently safe architectures, such as 
private Clouds. The security concept will include availability 
of Information Technology (IT) systems, network security, 
software application security, data security and finally 
operational security. Moreover, there is the possibility of 
backlash from entrenched ideas, manufacturing processes and 
models caused by the hesitation for the adoption of innovative 
technology. Finally, the lack of standardisation and regulation 
around Cloud hinders its acceptance by the industry [104]. 

6. The Proposed Holistic Framework 

Mass customisation and personalisation are at the centre of 
research and industrial interest. The issues they generate on a 
design, planning and control level, call for robust methods and 
tools. To support manufacturing network design, planning and 
control, a framework that integrates, harmonizes, processes 
and synchronizes the different steps and product related 
information is needed (Fig. 8). The framework will be capable 

of supporting the decision-making procedure on all 
organization levels in an integrated way, ranging from the 
overall management of the manufacturing network, down to 
the shop-floor scheduling. An alignment and coordination 
between supply chain logistics, master production schedules 
with low level shop floor schedules is necessary for short-term 
horizons. The integration of a material planning logic with the 
production planning system is also important. Consideration 
of capacitated production constraints is needed in order to 
reflect realistic system attributes. Moreover, a shared and 
distributed intra-departmentally inventory record will contain 
information related to MRP and ERP variables (e.g. projected 
on hand quantities, scheduled order releases and receipts, 
changes due to stock receipts, stock withdrawals, wastes and 
scrap, corrections imposed by cycle counting, as well as static 
data that describe each item uniquely). Assembly Line 
Balancing (ALB) techniques will be introduced supported by 
assembly sequence algorithms and process planning 
optimisation. 

The measurement of the manufacturing network 
complexity towards handling a variety of market excitations 
and demand fluctuations is a required feature. Complexity 
should be incorporated as a cost criterion in the decision-
making process during the design of manufacturing systems 
and networks. In parallel, a risk assessment engine should 
correlate complexity results and leverage them into tangible 
risk indicators. Complexity can be efficiently channelled 
through the designed network in the less risky and 
unpredictable manner. 
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Fig. 8. The proposed holistic framework 

In parallel, the standardization of data representation for 
manufacturing information such as: the product information 
(BoM, engineering-BoM and manufacturing-BoM [118]), the 
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manufacturing processes (Bill of Processes - BoP) including 
the manufacturing facilities layout, the associated relations 
(Bill of Relations – BoR) and related services (Bill of Services 
– BoS) should be pursued through a shared data model. 
Moreover, the product complexity needs to be assessed based 
on functional product specifications using Design Structure 
Matrices (DSM) [119], which incorporate components (BoM), 
the required manufacturing and assembly processes (BoP) 
including sequences / plans, relationships (BoR), and the 
accompanying services (BoS). The complexity of the product 
in relation to the manufacturing network and service activities 
(impact on delivery time, on cost and effect on the overall 
reliability) will be quantified in will be incorporated in the 
decision making process. Another aspect that will be tackled 
would be the division of strategies for variety management to 
allow the sharing of same parts between different product 
configurations (i.e. families), effectively reducing the number 
of individual parts to be managed.  

The system will be supported by an automated model-
based decision-making method that will identify optimum (or 
near optimum) configurations of manufacturing networks 
capable of serving personalized product-services. The method 
must consider the capabilities of the manufacturing network 
elements (suppliers of different tiers, machining plants, 
assembly plants etc.) and will indicate solutions to the 
warehouse-sizing problem, to the manufacturing plant 
allocation and to the transportation logistics. The decision 
support framework requires interfacing with discrete event 
simulation models of manufacturing networks and assessment 
of multiple conflicting and user-defined performance 
indicators. Classical indicators should always be considered, 
such as production and transportation cost, quality, 
manufacturing and transportation lead time, and other 
indicators of contemporary importance should be integrated, 
such as static and dynamic complexity, reliability, flexibility 
and adaptability. 

Interfacing of legacy software systems and databases for 
seamless data exchange and “collaboration”. CAD/CAM, 
PDM and MPM systems and databases will be interfaced and 
interact with digital mock-ups of the factory and product-
services solutions as well. All data should be stored in 
semantic repositories accompanied with knowledge inference 
mechanisms. The deployment and tight integration of PLM 
tools is also must be considered since they bring an abundance 
of benefits against current manufacturing challenges. Yet 
these benefits are still not appreciated by many industrial 
sectors, such as the automotive, mainly due to the following 
reasons: (i) they are complex as a concept and understanding 
their practical application is difficult, (ii) they lack a holistic 
approach regarding the product lifecycle and its underlying 
production lifecycle and processes, and (iii) the gap between 
research and industrial implementation is discouraging [120]. 

It should be noted here that the components of the proposed 
framework will be offered following a Software-as-a-Service 
delivery method. The framework should act as a Cloud-based 
hub of different solutions, offering web-based accessibility 
through a central “cockpit” and visualization of results 
through common browser technology and handheld devices 
(tablets, smartphones etc.).  

Last but not least, the knowledge capturing and exploitation 
is pivotal in the proposed framework. Product, process and 
production information is acquired from production steps and 
is modelled and formalized in order to be exploited by an 
experience reuse mechanism. This mechanism is comprised by 
an ontological model that is queried by the knowledge 
inference engine and allows the retrieval of knowledge and its 
utilization is design and planning phases.  

7. Conclusions and Challenges for the Manufacturing of 
the Future  

Based on the literature review, the following general 
challenges, tightly connected to the big game changers for 
manufacturing, are identified: 
 Challenges on the technological level of ERP systems, 

include delivery of software as a service, mobile 
technology, tightly integrated business intelligence and big 
data analytics [105][106]. 

 Challenges in the field of Product Data Management 
(PDM) are related to the efficiency of these systems with 
regards to studying factors that affect the accessibility of 
product data. For instance, the nature of data in different 
timeframe of a development, the relationship between the 
maturity of the data and the probability of them being 
modified [107]. 

 Limitations of current Computer-Aided Design (CAD) 
tools include: the complexity of menu items or commands, 
restricted active and interactive assistance during design, 
and inadequate human-computer interface design (focused 
on functionality) [108]. 

 To fulfil the needs of modern manufacturing processes, 
computer-aided process planning should be responsive and 
adaptive to the alterations in the production capacity and 
functionality. Nowadays, conventional CAPP systems are 
incapable of adjusting to dynamic operations and a process 
plan, created in advance, is found improper or unusable to 
specific resources [109]. 

 Highlighted challenges for Lifecycle Assessment (LCA) 
are modularisation and standardisation of environmental 
profiles for machine tools, as well as modelling of “hidden 
flows’’ and their incorporation in value stream mapping 
tools [110][111]. 

 Regarding knowledge management and modelling, 
reusable agent-oriented knowledge management 
frameworks, including the description of agent roles, 
interaction forms and knowledge description are missing 
[112]. Moreover, ontologies used for knowledge 
representation have practical limitations. In case an 
ontology is abstract, its applicability and problem solving 
potential may be diminished. On the other hand, in the 
case of very specific ontologies, reasoning and knowledge 
inference capacities are limited [113]. 

 In the turbulent manufacturing environment, a key issue of 
modern Manufacturing Execution Systems is that they 
cannot plan ahead of time. This phenomenon is named 
decision myopia and causes undoubtedly significant 
malfunctions in manufacturing [114]. 
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 On the field of supply chain management, identifying the 
benefits of collaboration is still a big challenge for many. 
The definition of variables, such as the optimum number 
of partners, investment in collaboration and duration of 
partnership, are some of the barriers of healthy 
collaborative arrangements that should be surpassed [115]. 

 Finally, in the field of layout design and material 
simulation, some commercial software can represent 
decoupling data from 3D model and export them in XML 
or HTML format. While this is an export of properties, 
this cannot fully solve the interoperability and 
extensibility issues since the interoperability depends on 
how the different software and users define contents of 
data models [116]. Moreover, while the steady decline in 
computational cost renders the use of simulation very cost-
efficient in terms of hardware requirements, commercial 
simulation software has not kept up with hardware 
improvements. Concerning material flow simulation, it 
can be very time-consuming to build and verify large 
models with standard commercial-off-the-shelf (COTS) 
software. Efficient simulation-model generation will allow 
the user to simplify and accelerate the process of 
producing correct and credible simulation models [117]. 

 A number of issues related to the design of manufacturing 
networks and their management, are still not tackled in a 
holistic integrated manner. The results of individual 
modules often contradict each other because they refer to 
not directly related manufacturing information and context 
(e.g. long term strategic scheduling vs. short term 
operational scheduling). The harmonisation, both on an 
input / output level and to the actual contents of 
information is often a mistreated issue that hinders the 
applicability of tools to real life manufacturing systems. 
Future work directions in this broad research field are 
outlined above. The pursuit for a smoother, more efficient, 
more rewarding and eco-friendly manufacturing is 
ongoing. 
Concluding, it is obvious that enterprises are starting to 

adopt innovative tools and models deriving from virtual, smart 
and digital factory concepts for the design and planning of 
manufacturing networks and individual facilities. But, still 
many of these technologies are still in their infancy, 
expensive, complicated and hard to apply in real industrial 
contexts. Last but not least, the complexity of existing 
frameworks used in the design phases is increased and 
requires high skill and long processing time which, as a result, 
do not facilitate the use of crowdsourcing. Effort is made in 
order to create smart, intelligent and self-learning tools. The 
use of simulation in the framework of network design and 
planning is constantly evolving and spread. In conclusion, 
there is a significant evolution of technologies around 
manufacturing network design and planning but they is still 
undoubtedly a fertile field of research in view of the changing 
market, political, societal, technological and environmental 
changes. 
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