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Manufacturing companies are continuously facing the challenge of operating their manufacturing processes and systems in order to deliver the required
production rates of high quality products, while minimizing the use of resources. "Production Quality" is proposed in this paper as a new paradigm
aiming at going beyond traditional six-sigma approaches. This new paradigm is extremely relevant in technology intensive and emerging strategic
manufacturing sectors, such as aeronautics, automotive, energy, medical technology, micro-manufacturing, electronics and mechatronics. Traditional six-
sigma techniques show strong limitations in highly changeable production contexts, characterized by small batch productions, customized, or even one-
of-a-kind products, and in-line product inspections. Innovative and integrated quality, production logistics and maintenance design, management and
control methods as well as advanced technological enablers have a key role to achieve the overall "Production Quality" goal. This paper revises problems,

methods and tools to support this paradigm and highlights the main challenges and opportunities for manufacturing industries in this context.

Manufacturing System, Production Quality, Maintenance Management

1. Introduction, motivation and objectives

Product quality and delivery reliability are key factors for success
in the manufacturing industry. Moreover, the increasing
emphasis on sustainable production requires maintaining the
resource efficiency and effectiveness along the product, process
and production system life cycle [274]. Quality, production
planning and maintenance are fundamental functions for
achieving these goals. They have been widely analyzed in the
literature over the past several decades. The Production Planning
field has developed methods for reducing work in progress
(WIP), while meeting desired production rate levels. The
Statistical Quality Control (SQC) field has introduced optimized
tools for monitoring the behavior of processes to achieve the
desired product quality. The Maintenance Management field has
derived policies for preserving the efficiency of degrading
resources over time by offering pro-active and predictive
capabilities [112]. Traditionally, all these fields have been treated
by scientists and industrialists almost in isolation. Yet it is clear
that equipment availability, product quality and system
productivity are strongly interrelated. As a matter of fact, quality,
maintenance and production planning strongly interact and
jointly determine those aspects of a company's success that are
related to “production quality”, i.e. the company’s ability to timely
deliver the desired quantities of products that are conforming to
the customer expectations, while keeping resource utilization to a
minimum level.

For example, low WIP improves the ability of identifying quality
problems in the system at an earlier stage but at the same time
makes maintenance actions more critical to the system. More
inspections make it possible to better assess the degradation
state of the resources yet also increase the system lead-time.
Frequent maintenance of resources tends to improve part quality,
but reduces the operational time of the machines in the system,
which affects the overall production.

It is clear, then, that the mutual relations among quality,
production planning and maintenance control should not be
underestimated while configuring and managing the
manufacturing system as a whole. Important practical questions,
such as “Which is the expected system effective production rate if
the time to preventive maintenance of one machine is reduced?”
and “Which is the effect of increasing the inspection frequency of
one product feature on the overall production yield of the
system?” remain unsolved. This lack of understanding results in
sub-performing unbalanced systemic solutions that tend to
privilege one of the aspects while penalizing the overall
manufacturing system efficiency.

The key questions that this paper addresses can be formulated
as follows: “Which are the main industrial problems related to the
achievement of “production quality” targets?” “Which tools can
support the joint consideration of quality, production logistics
and resource maintenance in manufacturing system design and
operation?” and “Which are the main technical achievements and
insights brought by the use of these tools in industry?”

Recently, several production paradigms have been proposed
that are strongly related to and have an impact on “production
quality”. These paradigms have considerably reshaped the
boundaries within which the three aspects interact.
Reconfigurability [134], flexibility [278], changeability [309] and
co-evolution [280] stress the importance of aiming at a strong
coordination between the dynamics of the system life cycle and
the dynamics of the product and process life cycles. Takata et. al.
[274] introduce the notion of “life cycle maintenance” to be in
phase with such requirements. Yet, if a system evolves with faster
and faster dynamics, new challenges arise for “production
quality”. In particular, the long-term performance of the system
becomes less important, while “production quality” performance
during system ramp-up assumes fundamental relevance [86].
Moreover, small-lot production becomes more frequent than
mass production. Therefore, a new “production quality” paradigm
is needed for mass customization [60] and mass personalization



[282], for open architecture products [135] and for high product
variety manufacturing [79]. Available concepts and programs,
such as Six-Sigma, Just In Time, Continuous Improvement, Total
Quality Management, Toyota Production System and World Class
Manufacturing, are not designed for such dynamically changing
contexts. A new integrated concept of production quality needs to
be developed to meet this aim.

Another industrial trend that has been recently investigated
and framed [81] is the increase of the complexity of
manufacturing systems, in terms of hardware, software and
management rules. Complexity strongly undermines the
achievement of the desired production quality performance.
Complex systems are typically characterized by alternative
process plans [208], multiple parallel resources, part type
dependent routings, and late variant differentiation [102]. The
resulting challenge lies in the additional burden placed on
diagnosis, root-cause analysis, and error budgeting.

In response to these innovative aspects of manufacturing
systems, multiple in-line technologies for data gathering and
performance monitoring have emerged. A considerable amount of
data is typically made available on modern shop floors by multi-
sensor technologies [304]. However, most of the time this
information is treated only locally and is not spread among
different company functions nor among partners within a
production network. For example, it is not infrequent for a quality
management department to ignore the reliability statistics of the
machines on the shop floor [152]. This behavior makes it hard to
correlate disruptive phenomena taking place at shop floor level
with the product quality and to gather insights in the behavior of
the system as a whole. It would be necessary to move from
isolated engineering practices to more integrated ones such as
advocated by System Engineering initiative [105]. Therefore,
these data are not fully exploited and translated into a business
competitive advantage for the company.

The impact of complexity on production quality is even more
significant when considering the production network level. For
example, except for the period of the deep economic crisis 2009-
2010, the number of recalls has been constantly increasing also
due the lack of inter-organizational quality systems [61]. Product
recalls indicate that manufacturing companies are particularly
vulnerable to ensure quality when they source via a global supply
chain with poor visibility [164]. Global automotive warranties are
estimated at USD 40 billion per year, i.e., a 3-5% loss in sales [89].
Low priced production often leads to quality problems, and
outsourcing leads to a shift in knowledge concerning techniques
and processes. Thus, technical failures are more likely to occur
due to communication failures among the different parties
engaged in the supply chain and to missing definitions for
technical interfaces. Since most of the flaws that eventually cause
failures are introduced in the production phase, early failure
analysis can avert high recall costs and loss of image.

Legislation that limits industrial waste production, increases
target product recyclability rates and places the manufacturer at
the center of the end-of-life treatment process through the
Extended Product Responsibility (EPR) principle is an additional
driver that strongly influences the production quality paradigm by
penalizing the generation of defects and waste in manufacturing.
Moreover, sustainability issues related to energy efficient
production [76] have to be taken into account while designing
and operating the system as a whole for a desired output
production quality-related performance target.

To promote intense and coordinated research activities aimed
at developing innovative technological and methodological
solutions to the aforementioned challenges, industrial
organization and funding bodies have recently launched several
actions. For example, at European level, the Factories of the
Future (FoF) Public Private Partnership has included the topic

“Zero Defect Manufacturing” as a priority in its FoF 2020
Roadmap. Moreover, under the FP7 call on “Zero Defect
Manufacturing” four projects have been funded boosting cross-
sectorial research and aiming at achieving the largest possible
target impact for the developed technologies. These activities
share the objective of supporting the development of a
knowledge-based manufacturing and quality control culture
within the EU. Similar activities have also been promoted in the
USA within the Advanced Manufacturing Partnership (AMP).

This paper provides an overview and a framework of the
industrial practices, scientific methodologies, and enabling
technologies to profitably manage the production quality targets
in advanced manufacturing industries. It also identifies key open
research and practical issues that need to be addressed by the
research community. The paper is structured as follows: the next
paragraph presents a set of real cases that demonstrate the
industrial motivation to the problem. Section 2 proposes a new
system dynamics model for highlighting the relevant quality,
maintenance and production logistics interactions. Section 3 and
section 4 discuss, respectively, the state-of-the art methods and
tools and the enabling technologies supporting the “production
quality” paradigm. Finally, section 5 describes the most promising
future research topics in this area.

1.1 Industrial motivation

In order to highlight the main practical implications related to the
interactions among quality, production logistics and maintenance
and to point out how these challenges are currently tackled by
companies, a comprehensive set of real industrial examples have
been collected. These case studies have been gathered by
analysing existing publications, running industrial projects, both
publically and privately funded, and by gathering authors
expertise. They include both traditional production sectors such
as the automotive and electronics sector and emerging sectors of
certain interest for the worldwide manufacturing context,
including the production of medical devices as well as the green
energy production industry. Moreover, they include a reasonably
wide spectrum of manufacturing processes, such as machining,
assembly and forming, at both macro and micro scales, and on
both metallic and non-metallic workpieces.

The industrial cases support the following considerations:

* The interaction among quality, production logistics and
maintenance aspects is a complex issue to be managed.

* This problem involves different companies and different
departments within each company. The coordination and
cooperation among them in achieving a right balance between
these conflicting goals is seen as a key issue for success.

* Depending on the specific product and market context,
companies tend to prioritize one of the aspects. Finding the
right balance boosts the long-term company profitability.

* The increasing complexity of products, processes, and systems
is one of the major challenges for production quality.

* Emerging ICT and inspection technologies as well as
cooperation based on risk-sharing contracts are seen as
fundamental enablers to meet production quality targets.

* Emerging production paradigms, such as reconfigurability and
flexibility, pose new challenges for production quality.

* Industrial companies are experiencing a trend toward
increased investments in their ability to profitably drive
production quality trade-offs.

1.2 Analysis of real cases
The first example refers to the production of batteries for electric

vehicles in the electric mobility industry. The e-mobility industry
is expected to reach its target production by 2020.
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Figure 2. Electric Drive produced at Bosch (a) and Planet Carrier
produced at Gamesa (b).

As demand is still limited, manufacturers are putting great
emphasis on quality improvement. Dominating technologies to be
adopted for the production and inspection of batteries are still
lacking [143]. Error propagation is the major cause for defects.
Different quality tests take place such as electric test, stacking
test, leaking test, and temperature tests. However, not all the root
causes for defects are known since the quality management is still
in a learning phase. Therefore, a specific procedure is adopted to
manage the ramp-up during the introduction of new technologies
in the plant. The quality planning process starts with the
identification of critical product characteristics to be used to
determine the product quality level. First, new production and
inspection technologies are temporarily integrated off-line in the
factory to avoid interference with the cycle time of the main line
during the ramp-up phase (Figure 1). In this phase, technology
improvement practices are implemented and knowledge of the
process behavior is gathered. Once the process is made stable, the
technologies are developed as on-line integrated operations. In
this context (German BMBF Project “ProBat” [149]), the main
relevant questions are “where to integrate the measurement,
with which technologies and which strategies? What are the
consequences of these choices on the quality and production
logistics performance?”. Only by integrating quality management
in factory planning can these implications be captured.

The needs for in-line inspection in multi-stage manufacturing
processes are also addressed in the following real-life example
related to the production of electrical engines for the automotive
industry at Bosch (Figure 2(a)). This real case is one of the
demonstrators in the MuProD FP7 EU-funded project [200]. The
proposed example is specifically related to the assembly line of
electrical drives. This is a multi-stage system typically involving
20-30 process stages. Three main flows are found, the first
dedicated to the assembly of the magnetic rotor, the second
related to the assembly of the stator and the last related to the
coupling of stator and rotor to produce the complete engine.

State-of-the-art inspection technologies facilitate assessing the
quality of the engine by end-of-line testing of several product
features, the most important being the magnetic torque of the

rotor. However, in order to better understand the causes for
deviations and to allow process control and improvement at early
process stages, innovative inspection technologies need to be
developed and distributed in the upstream rotor assembly
process stages. The rotor is composed of a set of magnets
assembled on the surface of multiple laminated stacks. These
stacks are then axially assembled to produce the rotor. The
number of assembled stacks determines the specific product type.

Knowing the effect of stack magnetization on the rotor magnetic
intensity and, ultimately, on the final engine torque is a major
issue in this manufacturing process. This would allow
characterizing the correlation between production stages,
consequently controlling the upstream stack assembly strategy to
obtain the desired engine quality levels. Another challenge is to
determine ad-hoc assembly strategies that can prevent the
propagation of defects from the early stages to the final assembly
stage. In MuProD, one of the considered options exploits the
quality correlation between the stage where the stacks are
magnetized and the stage where the rotor is assembled. A
defective stack can be turned into a good quality rotor if the
assembly angle is suitably compensated at the downstream stage.

The second considered solution is to integrate selective and
adaptive assembly strategies in the rotor assembly system [126].
Selective assembly entails on-line part inspection, clustering
parts into bins according to specific key quality characteristic
values and subsequent matching only from coupled classes
according to some predetermined matching criterion. This
approach makes possible to change a product quality problem
into a system design and operation problem. In the case of rotor
assembly the introduction of selective assembly can increase
production quality significantly by reducing scrap and
incrementing the yield of the system.

The third example refers to the manufacturing of small-lot large
parts (i.e., planet carriers) for windmill gear boxes in the wind
power sector at Gamesa (Figure 2(b)) [200]. The continuously
increasing demand for energy is leading to the manufacturing of
eolic towers that are able to produce more power. These towers
demand larger components and require new and lighter
materials for easier assembly. The machining of components such
as the planet carrier is critical, since very small product features
have to be machined at very tight tolerance requirements [93]
(normally tenth of microns on dimensional and geometrical
features) on very large parts (outer diameters up to 2500mm,
weight up to 7000kg). The production system adopted in the
reference case is composed of parallel machining centres
dedicated to roughing and finishing operations. The causes of
defects are related to the input casted material, part deformation
due to fixturing, tool wear, vibrations, etc. In order to achieve
such highly demanding manufacturing goals, the company makes
use of a hybrid inspection procedure. The first part of the lot is
extensively measured at the CMM for compensating possible
deteriorations by machining parameter adjustment. Then, the lot
production is started. For each processed feature, extensive in-
process part verification is carried out to avoid the generation of
any possible type of defect, due to the high value of casting parts.
However, these continuous machining, measuring and
adjustment loops interfere with the cycle time and the
productivity of the plant. Therefore, this is an example where the
solution adopted by the company is strongly polarized on quality
performance, with negative consequences for production logistics
performance. This approach is also evident in other sectors, such
as the production of critical mechanical components, i.e. engines,
in the aeronautic industry.

A fourth example is related to the production of customized
micro-intravascular catheters as high value medical products for
the ageing society in the medical technology sector, as at ENKI
S.r.lin Italy (Figure 3).
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Figure 3. Multi-lumen and multi-layer catheters for medical applications.

Medical technology is one of the most innovative industry in the
world, with an increase of 15% in turnover since 2005. As
opposed to the previous case, this example shows a completely
different manufacturing context that is related to micro-
machining and micro-forming operations and one-of-a-kind
customized products. These types of catheters have applications
in oncology, angiology, angiography and angioplasty, where the
demand for customized single-use products is increasing to solve
sterilization problems and to reduce the risk of contamination
inherent in multiple-use products. Over the last years, a trend
towards miniaturization of these devices is in place. The
successful achievement of this goal will facilitate the use of these
catheters in smaller arteries, thus having a great impact on the
number of curable diseases and ultimately saving lives.

These micro-catheters are composed mainly of a micro-tube
and, depending on the specific application, an injection moulded
part that makes it possible to carry out the surgery. The micro-
tubes can be either single lumen or multi-lumen facilitating the
transportation of multiple substances to the zone of interest, as
well as single layer or multi-layer for high-pressure resistance.
The manufacturing process is composed of four main phases: (i)
material compound preparation and control, (ii) micro-machining
of the extrusion die (micro-milling, micro-Electrical Discharge
Machining - EDM) for each specific part type, (iii) micro-extrusion
of the micro-tubes and (iv) final micro-catheter assembly. The
major causes of defects are related to defects in die production
that cause defects in the micro-tubes and geometrical defects
generated within the micro-extrusion process.

The above defects lead to an extremely high defect rates (up to
70% in standard production). These defects are certified mainly
by 100% micro-tube inspection at the end of the line, which is
manually driven and expensive. This high defect rate also
undermines the possibility of robust production scheduling and is
translated directly into service level issues. Moreover, this huge
amount of generated scrap results in a massive waste flow, which
is an additional cost for the company that must pay for its
treatment. This example shows how in the context of high
process variability, poor controllability and automatic inspection,
as well as relatively low material value, the company strategy
may be highly polarized on productivity performance, thus
penalizing process control and first-time-right quality strategies.

Another example is related to the recently designed engine
block production line at Scania CV AB, Sweden. Scania is a
worldwide manufacturer of trucks and buses. All Swedish
production was recently moved to Sodertalje. A serial production
line layout with multiple parallel machining processes per stage
has been designed with the goal of producing different engine
block types in the same system at a very high production rate. As
a result, some 400 product paths are possible while considering
all possible routing alternatives in the system. The adoption of
parallel processes increases the reliability of the system, thus

making it possible to reach increased productivity targets.
Nevertheless, this poses additional challenges regarding quality
control and part deviation verification with respect to serial
system layouts. Indeed, multiple product paths generate a mixing
effect, loss of process signature and loss of FIFO rules, thus
reducing traceability in the system, i.e., the ability to connect a
defect with the process that generated it. Moreover, in the
presence of end-of-line inspections, long delays in quality
feedback are generated. This clearly reduces the ability to close a
reactive quality control loop but increases the total production
rate of the system. Therefore, in order to increase the visibility of
quality and process deviations, in-line inspection points need to
be distributed that will have a positive impact on quality and a
negative impact on production logistics performance. This
example proves that manufacturing system design affects product
quality and that product inspection design affects the production
logistics performance of the system.

The assessment of customer perception of products in multi-
stage manufacturing systems is one of the main challenges of
production and quality engineering and the main topic of the
BMW Group case study [244], [248]. This real case study is also
demonstration scenario of the Cluster of Excellence ‘Integrative
Production Technology for High-Wage Countries’ [240]. The
vehicle acoustics is a product feature that is important to the
customer perception of the product quality. It has very complex
and multifaceted mechanisms that generate structure-borne
sound, which is then transferred to the interior of the vehicle via
the car body. When the noise reaches a particular level inside the
car, it may be perceived by the customer as annoying. The
technical analysis shows that the rear axle drive has a
pronounced effect on the acoustics within the vehicle (see Fig. 4).

In order to ensure this customer requirement, advanced tools
for inspection planning and quality control methods in multi-
stage production systems are required. The manufacturing of rear
axle drives, is characterized by many variants, which are
produced at medium lot sizes (~10,000 units). Different
manufacturing processes are used for different variants. The
frequent change in variants leads to a high planning effort for the
necessary adaptation of the manufacturing processes. The
analyzed process chain is shown in Fig. 5. The main challenges in
this multi-stage production line are:

* Measurement of the acoustic perception of the customer;

* Parameterization of the customer specification for in-line
process inspection;

* Challenging assembly concept from FIFO production towards a
tolerance optimized assembly concept.

Requirements for the vehicle:

- Sportiness

- Dynamic

- Light construction
- Effectiveness

= Stiff bodywork
= Less damping
= Low insulation
= High degree of efficiency

—~———

Requirements for the gear set:

- Minimal stimulated vibrations

- Optimal contact pattern

- Low gear loss

- Optimal adjustment specific to vehicle

e

Controlled parameters of the gear set:

— Acoustics
— Resistance
— Efficiency

Sa—

Figure 4. List of requirements on the Hypoid gear sets for passenger
vehicle axle drives of standard design.
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Figure 5. The BMW production process, characterized by many sensitive
tolerances with complex dependencies.

In order to close the loop between customer perception,
inspection planning and quality control, first of all perceived
quality methods for the measurement of customer perception
regarding the acoustics of the rear axle are needed. By identifying
the relevant process parameters in a dynamic in-line inspection
the acoustic behavior can be then forecasted. Even when inline-
inspections are installed and all processes are stable deviations in
the multi-stage production system can cause critical acoustic
behavior after the differential assembly. Hence, advanced
tolerance-oriented part matching tools could forecast the acoustic
fit of the gear wheel and ring gear pair, assembled to the gear set.
This means both expanding any unnecessarily tight tolerances to
save costs and defining the critical tolerances more precisely to
ensure the desired functionality of the end product. In order to
reduce scrap rates the concept of just-in-sequence production has
to be extended to a tolerance-oriented production control
principle, where production and quality control are integrated.
The production quality paradigm in contexts characterized by
deteriorating products, such as fresh food or yoghurt, is
addressed next. Food production is pervaded by strict
requirements on hygiene and delivery precision. The production
plants have to quickly respond to the market demands and
current order situation. A typical production sequence for
yoghurt includes mixing/standardizing of milk, pasteurization,
fermentation, cooling, addition of fruit additives and packaging.
The production planning involves very complex problems due to
the maximum allowed storage time before packaging. If the time
the product flows in the system exceeds this limit, it has to be
scrapped. Changeovers are typically sequence-dependent
(increasing fat level is preferred giving shorter set-ups) and up to
25 products variants may be produced in the same system, with
different processing times. In these plants the primary objective
is to control the production of the different products for reducing
the changeover number (typically 100/week) and time (typically
20hours/week). Secondly, the objective is the reduction of the
product scraps (typically around 10%) due to obsolescence of
inventory by achieving a better synchronization of the process
phases, an effective joint control of the tank sizes (buffers) and
the product quality. The removal of this bottlenecks and the
reduction of WIP is a priority for these industries. Therefore,
inventory management and line balancing play a fundamental
role in achieving the production quality targets.

In automotive paint shops [120], to ensure high paint quality,
multiple inspection stations are usually allocated along the
cleaning and painting processes. Vehicles failed in inspection will
be repaired or repainted before moving to the next station.
Therefore, to improve the performance of paint shops, reducing
quality failure rates while keeping the production rate within the
target is of significant importance. An automotive paint shop
typically consists of the following major processes. In the pre-
treatment section, each vehicle body is submerged in a phosphate
liquid to get a layer of coat on the surface of the steel. In the next
ELPO process (electro coat paint operation) the body of the
vehicle is covered with a special substance to protect it from

corrosion. Then, the body needs to be heated and baked in the
ELPO oven, and finally sanded to finish the ELPO process.
Afterwards, there is an intermediate stage where the pre-
treatment quality is inspected. The vehicle is then moved to the
sand section followed by seal inspection. The next is the painting
section that starts by spraying primer on the vehicle, which
improves the adherence of the paint to the vehicle body.
Afterwards, base coat and clear coat are performed. Then, the
body of the vehicle needs to be baked. After this process, the final
inspection (finesse) and, in case a defect is detected, the repair
processes are applied. Here, defects, such as scratch, dirt, dent
will be identified and fixed. After repair, these vehicles are sent to
the next operations. In automotive paint shops, imperfect dirt
cleaning in the upstream sanding operations will result in more
paint defects in downstream colour coatings. Therefore, the stage
correlation and the management of defects through part re-
processing are the main issues to be addressed at system level.
Production quality is of significant importance also in the
semiconductor industry and, specifically, in wafer fabrication. A
semiconductor manufacturing process has the following
characteristics. The production is performed through multiple
stages. Some of these stages work in batches, including the slicing
process, lapping, and polishing. Multiple parallel processors are
commonly adopted to achieve the required production rate. Each
product may undergo several re-entry loops in the system. The
production yield is generally very low (around 50%) and the
requirements on due-date performance are very strict. The flow
time is extremely high thus mining the reactiveness of the quality
control system. High priority lots typically share the production
resources with low priority lots, thus generating non-FIFO
production sequences. In this context, the complexity is the major
barrier for production quality.

1.3 The “Production Quality” paradigm

In the literature as well as in the industrial practice there are
many different Key Performance Indicators (KPIs), or
performance measures, that individually relate to quality,
production logistics and maintenance. In the following, the most
widely adopted KPIs at system level are considered. In
manufacturing systems they are complex non-linear functions of
single process or single stage KPIs. Typical system level
production logistics KPIs include:

* The production rate, i.e. the number of parts produced in a given
time (also called throughput). It is usually measured in terms of
Jobs Per Hour (JPH);

* The total inventory, or WIP, i.e. the total amount of parts flowing
in a system;

* The flow time, i.e. the time required for parts to cross the
system.

* The interdeparture time, i.e. the time between consecutive
deliveries of output products.

These performance measures can be considered in the long term

or in the short term. Moreover, the first moment (mean) or higher

moments of these measures can be taken into account. The
consideration of higher moments in the short term can be used,
for instance, to evaluate the so-called due-date performance. For
example, the service level of a system, which is the probability of

delivering a lot of a certain size X before its fixed deadline T, is a

due-date performance. From a “quality-oriented” point of view,

typical KPIs of interest are:

* The system yield, or quality buy rate, i.e. the number of
conforming parts delivered by the system over the number of
conforming parts going into that system, in a specified period of
time. In case of 100% conforming input flow, it is simply the
fraction of good parts delivered by a system;



* The first-time quality, or first-time right rate, or first-pass yield,
i.e. the good job ratio of all the first-time processed jobs;

* The defect rate, ie. the fraction of non-conforming jobs
delivered by the system;

From a maintenance point of view, typical system KPIs include:

* The system availability, i.e. the time a system is capable of being
operational in a given total time.

This analysis shows a fundamental lack of a clear taxonomy for

integrated quality, production logistics and maintenance

performance measures [141], [122]. An attempt towards the

formalization of a taxonomy has been recently proposed in [239].

Moreover, the Total Quality Management (TQM) and Total

Productive Maintenance (TPM) paradigms have proposed

integrated KPIs to evaluate the effectiveness of the

implementation of a specific improvement plan in industrial
contexts. Although TQM and TPM share a lot of similarities, are in
fact considered as two different approaches in the literature. TQM
attempts to increase the quality of goods, services and
concomitant customer satisfaction by raising awareness of
quality concerns across the organization. Total Productive

Maintenance (TPM) is a system of maintaining and improving the

integrity of production machines that add business value to the

organization. These methodologies suggest that the most
relevant integrated performance measure is:

* The effective throughput, or the net throughput, also called OEE
(Overall Equipment Effectiveness), that is the number of
conforming parts produced by the system in a given time.

Grounding on this background knowledge, the production quality

paradigm can be formulated in the following terms:

“Production Quality” is the discipline that combines quality,
production logistics, and maintenance methods and tools to
maintain the throughput and the service level of conforming parts
under control and to improve them over time, with minimal waste
of resources and materials.

2. Quality, production, and maintenance “Interaction Model”

Several empirical studies have discussed the interaction among
quality, production logistics and maintenance in manufacturing
systems. For example, in [27] a survey approach is used to
identify potential correlations between the application of JIT and
TQM lean practices in the automotive and electronic industries.
The main result of this analysis is that those companies that are
more successful in limiting their inventory and in better
organizing their production through JIT policies also achieve
better quality performance and apply more effective defect
reduction programs. This positive correlation highlights the need
for a deeper understanding of the interaction dynamics between
these relevant aspects in manufacturing.

2.1 The “Interaction Model”

The complex dynamics of the interactions among quality,
production logistics and maintenance requires considerable
effort to be modelled and understood. This activity is important
to identify and explain the many existing trade-offs. The literature
includes models developed to capture and explain the dynamics
of this interaction. Among these, a very powerful set of tools is
business and system dynamics Causal Loop Diagrams (CLD).
These tools have been proposed for modelling complex
interactions between quantitative and qualitative variables in a
number of complex business management problems. Their
application to the analysis of the interactions between quality,
maintenance and productivity performance indicators is reported
in [117], [230], and [270]. The main goal of these models is to
identify all possible interactions among variables and decisions in

order to support the definition and implementation of continuous
improvement programs that do not fail to meet the goals due to
unexpected interactions. Understanding the relevant interactions
then makes it possible to avoid local improvements that
deteriorate the global performance due to neglected impacts. CLD
charts are diagrams in which the relevant variables of a problem
are listed and connected by directed arrows. In this format, A
pointing at B with a positive arrow means that, given that
everything else is fixed, an increase of variable A causes B to
increase more than it would normally. A pointing at B with a
negative arrow means that, given that everything else is fixed, an
increase of variable A causes B to decrease more than it would
normally. Only direct and easily explicable cause-effect
connections have to be reported. CLD are very powerful tools for
finding existing control loops in complex, multidisciplinary and
dynamic contexts and in making them explicit.

Although they have been widely used for consulting activities
and for policy making, state-of-the-art CLD models do not focus
on the production system design and operational levels but
rather try to see the problem more generally from a managerial
point of view. For example, the implications of continuous
improvement programs that take into consideration worker
motivation, learning cycles and company emphasis achieving
performance targets, have been investigated. One of the
highlighted loops is the following: More defects reduce net
process throughput (effective throughput in our notation). This in
turn increases the actual versus target throughput gap. This
negative performance increases worker effort, which positively
affects gross process throughput (total throughput). This in turn
has a positive impact on net process throughput. This
reinforcement loop is called the “Work Harder” loop.

Although this dynamics plays a relevant role in the achievement
of satisfactory “production quality” performance, the goal of this
keynote paper is to consider manufacturing and shop floor
related aspects. Therefore, a new interaction model is needed
with the specific goal of answering the following question: “What
are the cause-effect relations explaining the mutual interactions
among quality, maintenance and production logistics in
manufacturing systems?” Based on the real-life examples
provided in the previous section, in this paper an interaction
model is developed and proposed. The main objective of the
proposed model is to define and characterize all major sources of
interactions affecting production quality at the shop floor level.
These interactions are consistent with the Functional Enterprise-
Control Model as proposed by the IEC/ISO 62264 standard [111].

The aggregated representation of the model is reported in
Figure 6. This simple graph shows that bi-directional mutual
cause-effect relations can be found among quality, maintenance
and production logistics. A more comprehensive definition of
these links in manufacturing systems is provided in the detailed
CLD model depicted in Figure 7. The red, blue and green regions
refer to variables related to production logistics, quality control
and maintenance, respectively. The links of greatest interest in
this paper are represented by those arrows that cross regions of
different colours.

Figure 6. High-level representation of the “Interaction Model”.
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For example, following the arrows in Figure 7, increasing the WIP,
in turn increases both the total throughput and the lead-time of
the system. The increase in lead-time, however, also causes
quality-related phenomena. Indeed, it reduces the observability
of the critical product quality feature in the system, which in turn
reduces the ability to detect a potentially generated defect within
a short time. This directly translates into the propagation of more
defects between the processing stages in the system and a waste
of production capacity in processing parts that are already
defective. A loss of capacity leads to a loss of total throughput.
This example of balancing loop highlights the importance of this
approach. If the effects of the WIP increase on the product quality
were overlooked, quality and production logistics would be
treated in isolation and erroneous design and management
decisions could easily be made.

Focusing on maintenance and production logistics interactions,
a second link made explicit by the diagram in Figure 7 is
explained in the following. Equipment condition-based
preventive maintenance is typically supported by sensorial data
collected from the field while the equipment is operational. If
these data are properly analysed, they can be used to make
inferences about the degradation state of the equipment. If the
sampling frequency of this monitoring system is increased, the
ability to detect the equipment degradation state increases. This
increases the chances that an undesired degradation state will be
correctly identified and preventive maintenance practices will be
promptly activated, thus increasing equipment reliability,
decreasing the frequency of unexpected random failures and
ultimately decreasing corrective maintenance interventions. This
maintenance-related loop also has an impact on system logistics.
Indeed, less corrective maintenance generates less unplanned
equipment downtime, while more preventive maintenance causes
an increase in planned equipment maintenance interventions.
Theses both reduce the production rate of the system. If this
interaction is overlooked, overall myopic decisions can be taken.

In the following, the relevant phenomena characterizing two of
the real cases investigated in section 1.2 are framed within the
“Interaction Model”. These few examples show that real cases can
be mapped within this “Interaction Model”. With reference to the
Gamesa case, the high workpiece inspection effort leads to high
observability of the product quality characteristics. This
positively affects the ability to detect and correct defects as soon
as they are generated. This is beneficial for the system yield but
detrimental for the total throughput, as the production resources
are used to re-process parts and correct defects. The high
inspection effort also leads to high inspection time and,
consequently, low total throughput. With reference to the ENKI

case, the wide mix of personalized parts and the small lot sizes
lead to extensive set-ups. Set-ups are detrimental for the total
throughput and for process deviations, thus leading to consistent
generation of defects. In addition, the poor process data gathering
undermines the possibility to observe the equipment degradation
state, thus making preventive maintenance hard to be
implemented. This, in turn, leads to short planned equipment
downtimes, thus high total throughput, but also to consistent
process deviations, thus high defect generation and low yield.

As these few examples show, the proposed “Interaction Model”
can be used by scientists to identify relevant unexplored
problems that need to be further investigated, as well as by
practitioners to motivate and gather insights on unexplained
phenomena on the boundaries of these three areas. In this paper,
this model will be used as a reference framework to structurally
explore the topics already addressed in the literature and to
highlight promising research areas for the future.

2.2 Using the “Interaction Model” to classify the scientific literature

Production
Logistics

Quality
Control

Figure 8. Paper distributions within the “Interaction Model”.

About 300 papers, mostly from leading international journals,
have been classified and framed within the “Interaction Model”
(Figure 8). Specifically, the papers have been clustered according
to two-dimensional axes. The first axis relates to the specific
“phase” in the paper where the interaction is addressed. More
specifically, the design and planning phase and the operational,
control and the management phase have been taken into account.
The second axis relates to the type of interaction addressed.
According to the proposed interaction model, possible
interactions are quality-production logistics interaction,
production logistics-maintenance interaction, quality-
maintenance interactions, and complete interaction among
quality, production logistics and maintenance. In Figure 8, the
bullets represent the cluster of papers addressing common
problems as framed within the interaction model. The size of the
bullet represents the population magnitude of the cluster. Most of
the contributions cover areas related to the interaction among
quality and production logistics, while only a few contributions
address problems under a fully integrated view.

3. Problems and methodologies

3.1 Design and planning phase

In the following sections, the existing literature addressing the
links between quality, productivity and maintenance in the design
phase are revised. The focus is mainly on system and process
related design decisions while product and tolerance design
decisions, in spite of being important factors within the
production quality target, are not explicitly considered in order to
avoid deviations from the main scope on this paper. For a recent
review on the link between product design and quality see [180].



3.1.1 Impact of manufacturing system design on quality

There are many aspects that demonstrate that the production
system architecture affects the production quality performance, as
highlighted in [109] based on the analysis carried out in General
Motors. This review has been updated in [107], where recent
works focusing on this specific link have been framed.

In mass production systems the simulation works proposed in
[25] and [165] contributed to the assessment of a fundamental
principle: while changing the system architecture the fraction of
conforming products may drastically drop. A similar result was
achieved by [136]. The authors compared six alternative
configurations, including serial and parallel lines, and hybrid
configurations, in terms of multiple performance measures,
including the system capability to produce parts with limited
variations and the expected availability. The authors show that
serial lines perform better than parallel lines in terms of
dimensional variation of products, because there is only one
possible path in the part flow and the mixing effect is avoided. The
mixing effect means that multiple processing stages show
different degradation patterns and actual capabilities and this
phenomenon increases the variability in the key quality
characteristics of the output products. The mixing effect in
parallel machine lines has been further studied in [233]. The
authors analyzed by simulation the consequence of the mixing
effect on the ability of performing a root cause analysis at the
inspection points in the system. Other undesired phenomena,
such as possible job order loss and sampling frequency mismatch,
have also been identified in parallel processes. In [38], [94] and
[189] it was shown that U-shaped lines may perform better than
serial lines in terms of quality of the released output. The reason
is that the operators assisting the line can visually detect quality
problems in the system earlier than in serial lines and,
consequently, can react more promptly to these defects.

The impact of buffers on production quality has also been
analyzed in the literature. The Lean Production area has shown
that the reduction of inventory has a positive impact on product
quality, since quality defects are identified earlier and are not
propagated throughout the system stages [310]. As a matter of
fact, “Toyota Production System” (TPS) advocates see in-process
stocks as waste (muda), which often hides production problems.
However, from the “Manufacturing System Engineering” area it is
known that the production rate of the system is positively
affected by the presence of buffers, since they decouple the
behaviour of the unreliable machines [65]. This trade-off has
been studied analytically in [52] and [131] from an integrated
quality-logistics point of view. The authors found cases in which
the effective throughput is maximized for a given buffer capacity.
This behavior is due to the coupling of two contrasting effects, in
the presence of remote or ubiquitous inspections, where a product
feature manufactured at a certain processing stage is inspected at
a monitoring station located further downstream in the line. One
effect is the positive impact of the buffer capacity on the total
throughput of the system. The other effect is due to the delay of
the quality information feedback when remote inspection is
performed. Processed parts do not instantaneously reach the
inspection point, but are stored in the inventory queue before
being measured. Large buffers between the monitored station
and the inspection point increase the time parts spend in this
portion of system. This causes long reaction time in identifying
out of control conditions and decreases the system yield. This
behavior generates interesting considerations on the joint design
of buffers and quality control parameters in manufacturing lines
[51]. Nada et. al. [201] developed a comprehensive framework to
address the aforementioned issue during the design phase of
manufacturing systems. A Configurator Capability Indicator (CCI)

is developed, by using hierarchical fuzzy inference, to select the
most proper architectural parameters of the system, under
production quality considerations.

The design of in-process buffers has a relevant impact on the
product quality also in those industries producing perishable or
deteriorating  components and products. The quality
characteristics of perishable products deteriorate over time. For
example, as commented in section 1.2, in food industry there is a
maximum storage time before packaging. The product has to be
scrapped if the time spent in the system overpasses a certain
fixed limit. This problem has been addressed in [169]. A project to
determine cost-efficient ways of speeding up the croissant
processing lines of Chipita International Inc. is reported. The
installation of a properly sized in-process buffer led to a
reduction in failure impact on product quality and an increase of
the system efficiency. In [168] the authors focused on the
production rate of asynchronous production lines in which
machines are subject to failures. If the failure of a machine is long
enough, the material under processing in the upstream machines
must be scrapped by the system. In [295] a transient analysis is
proposed to design the size of the buffers needed in dairy filling
and packaging lines. The distribution of the flow time in
unreliable multi-stage manufacturing systems was evaluated in
[260]. This method can support the design of buffers for
achieving a certain accepted scrap rate in perishable good
production. In [272] an inventory model for perishable products
with random perishability and alternating production rate is
proposed. As shown in these works, buffers should be designed
by using an integrated “production quality” oriented approach.

In machining and assembly operations it has been shown that the
design decisions concerning the system operating speed are
strongly correlated to the product quality [214]. Improving the
machines’ processing rate has a positive impact on the system
production rate, but may negatively affects the system yield. For
example, in robotic assembly the quality of the production
process is related to the robot repeatability and the output rate is
related to the robot speed. Robot repeatability deteriorates with
the robot speed [129]. This behavior has been investigated in
[186]. The authors modeled multi-stage systems with quality-
quantity coupling machines. In these machines, the correlation
between efficiency and yield is made explicit through an analytic
relation. The method supports the design of the optimal
processing speed of the machines in the system and has been
applied to an automotive case study [12].

The link between mix flexibility and quality in flexible machining
systems has also received attention in the literature. A taxonomy
for flexible manufacturing systems is proposed in [278]. A
flexibility evaluation toolbox in modern manufacturing systems is
addressed in [91]. Moreover, a method for assessing the flexibility
of a manufacturing system, in an uncertain market environment,
under lifecycle considerations is developed in [7]. Part mix
flexibility provides to a system the ability of processing different
part types with relatively limited set-up times and changeover
costs. The level of flexibility of a system affects the product
quality [161]. There are few examples showing that system
flexibility is positively correlated with product quality [232]. In
[303] the author argues that flexible modular assembly systems
support the achievement of higher product quality. However,
increased flexibility can also deteriorate quality. For example,
consider a flexible automotive paint shop [298]. When shifting
between different part batches characterized by different colors a
certain amount of defective parts that need to be reworked is
produced in the transient period since the color is contaminated
by the one used for the previous batch. This phenomenon is
clearly strongly affected by decisions concerning the set-up times
and the job sequencing (see section 3.2.5).



Market Demand:

1 Part Family
Volume & Mix il

N
System-Level Process Planner
= Feature

Library of
Machine
modules

In-Process

Reconfigurable
Machine Tools
and controls

= Machine Tool Selection for Part Family

: . ; —
= Task Allocation & Line Balancing (\‘

= Configuration Design

= Reconfiguration planning

lSeveral Potential Configurations

Performance Evaluation

= Buffer Design & Analysis

= Productivity Analysis
= Part Quality Analysis

Economic Modeling _Recg;fsltgel::'able

Figure 9. Integrated approach for quality oriented design of RMSs [101].

= Convertibility Metrics

The effect of the design of reconfigurable systems on the
production logistics and quality performance has also received
attention in the past. [23], [101] presented an approach for
designing system reconfiguration options according to a multi-
criteria decision making framework (Figure 9). Starting from the
analysis of the product feature and demand requirements, and
from a database of available equipment modules a system-level
tool generates different potential reconfiguration alternatives.
Their KPIs are evaluated within a simulation environment and
dominant solutions are selected. [80] proposed a framework to
study the relation between maintainability and quality in
changeable manufacturing systems.

The impact of complexity in manufacturing and assembly systems
on several performance measures including quality and
production logistics metrics has been revised in [81], [144].
Moreover, in [103] the impact of different plant complexity
sources on product quality was investigated based on the analysis
of real data from an automotive company. The results prove that
there exists a negative correlation between the number of chassis
produced in the plant and quality. Although system complexity
has many dimensions, product variety seems to be the most
important factor affecting production quality performance. In fact,
the number of product variants decreases the ability of learning
from repetitive operations and increases the probability of
human errors. The link between assembly system design for
product variety and performance was explored in [102]. Many
papers address the issue of quality and human induced errors in
mixed-model assembly systems [325]. Mixed-model assembly
systems were recognized as enablers for mass customization
manufacturing. However, highly proactive and knowledgeable
workforce is needed to effectively implement mixed-model
systems in industry. In [2] the quality and productivity
performance of mixed-model assembly systems under human
errors was evaluated. In [271] it was reported that about 20% of
the defects in the Fuji Xerox China photocopy machine assembly
systems was connected to operators errors. It was the second
cause for defects in the analysed plant. Product and process
related complexity metrics were proposed to tackle this problem.
The link between complexity and performance measures in
mixed-model assembly was also algebraically analysed in [1].
312 Impact of process planning on quality

Manufacturing process planning is among the most knowledge
intensive decision-making activities undertaken in factories. In
this activity the product information is mapped on to the
available information for the various existing manufacturing
resources to determine a plan of action to convert the raw
material into the final product. Process planning is normally
carried out by a specific human resource and depends on
individual experience. Methodologies supporting process

planners have been deeply analyzed since the 80s [42] and, over
the last 10 years, a significant number of software tools focusing
on Computer-Aided Process Planning (CAPP) approaches have
been developed [293]. CAPP systems use, among others, artificial
intelligence methods to enable human operators to select the
most appropriate operations for manufacturing. Currently the
knowledge used within this activity has been based on nominal
models of manufacturing resources [40], [313]. While the
nominal information pertaining to manufacturing resource is
static and does not change over time, the capabilities of physical
resources do, due to wearing of mechanical components and
tools. Capability profiling [203] is a method for recording these
changes in the various capabilities of manufacturing resources.
With capability profiling techniques, it is possible to optimize the
generation of the process plan to develop solutions that are
appropriate for the actual available hardware and software
rather than the nominal values. Capability profiles are generated
by combining the nominal resource models with actual values
obtained from sensors on the shop floor and predictive models.

In a production environment of resources with mixed capability
profiles and varying reliability, both process planners and
schedulers tend to give priority to machines with more advanced
and unfailing services. All in all, this results in an uneven,
distorted load of these resources: while they are busy all the time,
others are idling. The throughput of such so-called flexible job
shops can, however, substantially be improved if products are
manufactured via alternative routings. [208] presents a CAPP
method that, departing from the geometric product model and
the description of machining resources, generates a portfolio of
process plans with the objective to maximize the throughput. The
model is open to include quality related constraints, too. Next,
efficient load balancing and operation sequencing methods are
applied to schedule flexible job shops by using the alternative
routings (i.e., process plans) for producing the same product. The
method that maximized a workshop’s throughput proved to be
robust and applicable even in large-scale industrial scenarios
[209]. The generation of alternative process plans is also the main
objective of the Network Part Program (NPP) approach [87] and
of non-linear process planning, in general. Non-linear process
planning goes beyond the static and strictly sequential nature of
traditional process plans that are often carried out without
considering the manufacturing system information [139]. The
idea of network part program is to delete non-technological
constraints from among the operations, transforming the
sequential part program into a network of operations, each one
characterized by a set of G-M instructions. For instance, the part
program for the machining of a pallet can be easily built and re-
built according to the workpieces that are really mounted on the
fixture as a consequence of changes in demand mix and quantity
[218]. In case of unavailable resources part programs can be
easily adjusted and eventually split on different machine tools.

A first attempt to develop NPP on industrial scale was led in the
[talian national project NetPP [21] where the approach was
limited to the production of pallets mounting one single part type
on one work area. Non-linear process planning able to support
the configuration of multi-fixtures (pallet) with different parts
has been later developed [217] for managing small batches and a
high number of product variants. Currently, 12 installations of the
NPP are available in Europe. A process planning approach based
on network part program has been developed in the DEMAT EU
project [64] for a manufacturing system composed of ultra-light,
eco-compatible and energy efficient machine tools. Other
European projects, such as ENEPLAN [83], analyse and propose
non-linear process planning techniques for hybrid processes,
such as milling, turning and laser cutting. One of the key
challenges while applying the NPP in industry is the need for



specific procedures to provide a quality certification of the entire

Network Part Program, considering all the process path

alternatives, instead of only certifying one specific part program,

as typically done with the traditional G-code part programs.

3.1.3 Inspection planning in multi-stage systems

Inspection planning deals with the definition of the part quality

inspections in the production system and with the definition of

the multi-sensor system for process monitoring. Both
technologies serve as data gathering systems to feed SQC,

Statistical Process Control (SPC) and Condition Based Maintenance

(CBM) procedures with useful information to perform a machine

and process state diagnosis and the implementation of corrective

or preventive actions to restore in-control manufacturing system
behavior. This diagnosis-oriented strategy focuses on the near-
zero level of defect generation. Here, the part quality inspection
plans feed product quality assurance and the consequent
activation of defect management strategies, including scrap,
rework and repair. These strategies allow smoothing the defect
propagation throughout process stages and to the final customer.

A review of the most advanced automatic inspection and process

data gathering technologies is provided in Section 4. The use of

these technologies for complex product validation is revised in

[180]. While product inspection allocation techniques have been

revised since the 80’ [225], less attention has been given to

process sensor distribution strategies. Concerning part inspection
planning, two major tasks have to be solved:

* Inspection characteristics identification and analysis. The
necessary inspection characteristics have to be identified and
analysed at each process stage.

* Inspection process conception and allocation. According to the
identified and analyzed inspection characteristics, inspection
strategies have to be developed, which define the test
procedures, cases and resources and align the inspection steps
to the test sequence in multi-stage production systems.

The first task is essential for the overall success of inspection
planning, since all characteristics which are neglected might
cause fatal damages to tools, personnel, products or customers
and, on the contrary, unreasonable inspections cause inefficient
test steps and increased process complexity. A common
consequence of wrong characteristics identification in the
planning phase is the occurrence of No-Fault-Found failures made
visible during the use phase of the product [220], [221], [179].
These are in-tolerance failures due to unexplored interactions
during the process/inspection planning phases, performed
without taking into consideration process capability profiles.
Hence, [242] introduced the concept of perceived quality, which
provides methodologies to identify and measure customer
demands, and add the requirements from different product
stakeholders in order to develop a holistic product and system
specification [11], [243]. The risk assessed specifications are the
input for the second major task of inspection planning, i.e. the
inspection strategy planning and execution. This phase entails:

* Determination of the point in time of inspection (when?).

* Determination of the proper technologies for inspection (how?).
* Determination of the inspection extend (how much?).

* Determination of the inspection location (where?).

* Determination of the inspection personnel (who?).

* Selection of the inspection equipment (whereby?).

Although heavy interdependencies between the inspection
planning steps do exist [246], scientific approaches mainly focus
on the optimization of single inspection planning tasks. These
works mainly address the inspection extend problem, against
economical KPIs using statistical methods [82] [125]. [287]
derives an algorithm for the cost-optimal inspection extend,

place, type and amount of inspection stations. The lack of a
holistic consideration of all inspection planning tasks was
addressed by Schmitt et al. [250] where the model was extended
to calculate business cases based on the risk attitude of the
inspection management. With this idea, the optimal solution is
the one that maximizes the decision maker’s value of benefit.
Concerning the area of sensors allocation for process monitoring
only few recent contributions are available. In a manufacturing
process, sensor distribution involves the determination of: (i) the
workstations at which to place the sensing devices; (ii) the
number of sensors required at individual stations; (iii) the
location of sensors within individual stations. Three major types
of problems have been considered in the literature [178]: (i) for a
given number of sensors, find the optimal sensor locations; (ii)
find the minimal number of sensors as well as the corresponding
locations; and (iii) given the distribution of q sensors, where to
distribute additional s sensors. These formulations lead to a
constrained non-linear optimization problem [108], [71]. [302]
proposed a two-level hierarchical approach to solve problems (i)
and (ii) simultaneously.

Part quality inspection and process sensor planning have a strong
impact on the production logistics performance of the
manufacturing system. It has been shown by [238] that, for a
production line with 15 machines, the effective production rate of
the system if inspection stations are poorly allocated can be 15%
lower than the one corresponding to a good allocation of the
same number of inspection stations. As investigated in [55] three
fundamental phenomena determine this effect. Firstly, if a critical
product feature is remotely monitored, a quality information
feedback delay is generated. If dedicated inspection stages are
designed, i.e. each critical product quality characteristic is
measured by a dedicated inspection device, local monitoring
should be adopted. However, in order to save equipment costs
and to increase the inspection system life-cycle, reconfigurable
and flexible inspection technologies have been recently proposed
[137], [15] which are able to adapt to and to measure a set of
product features. In this case, remote monitoring is inevitable.
Secondly, the part inspection interferes with the cycle time of the
system, while process monitoring activities typically don't.
Therefore, a more extensive product inspection provides more
accurate information about the product quality but decreases the
total production rate of the system. Thirdly, as it will be discussed
in section 3.2.3, the implementation of defect management
strategies affects the system dynamics and its performance. An
algorithm to allocate inspection stations in order to maximize the
throughput of conforming parts, considering the effect of these
three phenomena under predetermined inspection technologies
and tasks, has been proposed in [188]. Moreover the concept of
quality bottleneck in a system in addition to the traditionally
investigated productivity bottleneck concept has been formulated
in [296]. A quality bottleneck is a stage in a multi-stage system
that more severely affects the system yield [185]. Identifying
quality and productivity bottlenecks is an important activity for
prioritizing sensor and part quality inspection distribution.
However, more extensive research on inspection and sensor
planning for production quality targets should be developed,
jointly taking into account all the aforementioned aspects.

3.1.4  Quality control planning in multi-stage systems

In multi-stage systems the design of an effective and cost-efficient
quality control strategy is of critical importance. For recent
reviews of quality control planning methods in multi-stage
systems see [262] and [283]. The major challenges that have been
tackled by researchers in this area include multi-stage variational
propagation modelling for quality control, process monitoring,



and root cause identification for multi-stage systems. The first
area will be revised in section 3.2.1. Concerning process
monitoring for multi-stage systems, SPC is the main technique
used in practice for quality and process monitoring. Control
charts are the most commonly adopted tools. However, most
conventional SPC techniques treat the multi-stage system as a
whole and lack the capability to discriminate among changes at
different stages [192]. To overcome this problem, multivariate
control charts based on principal components and partial least
squares analyses seem attractive for multi-stage systems. More
recently, some specific SPC techniques have been developed to
exploit the detailed structure of multi-stage systems to achieve
high detection power and diagnostic capability. For example, an
exponential weighted moving average scheme has been proposed
as a monitoring method for multi-stage systems [312], [326]. In
the SPC area, after a process change is detected, the diagnosis of
root causes is left to human operators. Significant progress has
been made toward intelligent root cause diagnostics. These
methodologies can be roughly classified as (i) statistical-
estimation-based methods [72] and (ii) pattern-matching-based
methods [175]. Both methods are based on mathematical models
that link the system error and the system quality measurements.
As a matter of fact, the majority of available SPC approaches
tackle the quality control planning problem by selecting the
optimal control chart parameters (sampling frequency, sample
size and control limits) with respect to an economic objective
function. Multiple criteria including production logistics and
maintenance performance are usually neglected. According to
[262] the complexity of multi-stage systems requires a holistic
system-level approach for effective quality control. By
intermeshing and linking closed-loop quality control systems at
various levels of the company unambiguous rules for decisions at
engineering and organisational levels emerge (Fig. 10).

The continuous alignment between actual and target state
enables continuous improvement to be institutionalised in the
company. In this direction Wiendahl introduced the characteristic
curves in order to describe production flows based on the
bottleneck theory and theory of constraints (TOC) [307]. The
underlying idea is to jointly perform quality control planning at
the facility and process control levels. In order to improve the
transparency of quality control planning in multi-stage systems,
the method “Quality Value Stream Mapping” [96], can be used to
develop an optimal configuration of quality control along the
process chain [148]. By means of “Quality Value Stream Mapping”
the occurrence of defects, the effective integration of inspection
stations as well as the design of quality control loops can be
systematically visualized, analyzed and improved.
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Figure 10. Cascaded closed-loop quality control systems [249].

3.1.5 Personnel allocation in multi-stage systems

The human factor has a fundamental role in achieving the
required production quality performance of a manufacturing
system [308]. The human element is considered as a key factor in
all the discussed company functions, i.e. production, quality and
maintenance. Root cause analysis and final product verification

still mainly ground on humanly driven operations, also in highly
automated contexts such as the automotive industry. As a matter
of fact, all traditional quality improvement programs, such as the
World Class Manufacturing, ground on the attitude of workers
towards problem solving and waste elimination. Moreover,
corrective and preventive maintenance procedures require highly
skilled personnel to be performed in compliancy with the target
times and cost requirements. Furthermore, complex
manufacturing and assembly tasks still entail manual operations
in almost all industrial sectors. Even the human-robot interaction
paradigm, that is currently under investigation and testing [138],
stresses the importance of the role of humans in advanced
manufacturing systems for performing non-repetitive assembly
tasks. Due to these implications between the workforce
organization and the operational performance of a plant, the
allocation and management of personnel in manufacturing
systems have motivated significant amount of work in the past.
Sterman [270] showed that the production quality strategy fixed
by the company strategic goals may activate virtuous (work
wiser) or vicious (work harder) loops in the behaviour of the
workforce towards these targets, depending on the vision
imposed by the management. From an operational point of view,
the problem of allocating maintenance personnel in complex
multi-stage systems has been investigated. Automated flow lines
where human operators are allocated to cope with machine
breakdowns and other tasks such as inspection, support and
control have been considered. In these systems, machine failures
and consequent repair actions play a dominant effect on the
performance. To cope with machine failures, a repair crew is
usually dedicated to the line. However, in order to save operating
costs, the repair capacity is generally limited and the repair crew
availability can be a performance bottleneck for the whole line. In
other words, when a failure occurs and all operators are busy in
repairing other stations, the machine is forced to wait before a
repair intervention is started, queued with other contingent
maintenance requests. This kind of machine idleness is known in
literature as interference [300] and the related problem is known
as the “Machine Interference Problem” (MIP) [269]. A literature
survey on methods to solve MIPs can be found in [98]. An
advanced approach to iteratively solve this problem has been
proposed in [140]. The author modeled the original system as
two interacting systems the first being the automated flow line
and the second being the repair crew system. This approach has
been applied to a real engine block production line at Scania in
[45], showing great operational benefits for the plant obtained by
optimally allocating repairmen to stations. Moreover, the effect of
mixed workforce skill levels has been analyzed in [48]. In [75] the
problem of distributing an available repair effort in the system,
considering the impact on the system dynamics have been solved
by an analytical approach. Currently, approaches that include
quality considerations in these frameworks are not available.
From a quality point of view, an approach to optimally design SPC
control chart parameters, also considering the limited manpower,
is proposed in [311]. Another area that has received attention in
the last years is the analysis of the impact of the workforce
behavior on the operational performance of the system. In [106]
the impact of workers absenteeism on the performance of
assembly lines is investigated. The authors found that specific
cross-training strategies may reduce the loss of performance due
to absenteeism. However, cross training may reduce quality
[108], [182]. Furthermore, the impact of workforce learning on
the system performance improvement during the ramp-up phase
has been analyzed in [67]. Although preliminary approaches
exist, the analysis of the impact of workforce on the production
quality performance of a manufacturing system is a relatively new
research area where the main challenges is the difficulty in
developing reliable models of the human behavior.



3.1.6 Advanced integrated business models for production quality

Business model innovation is a relatively new concept in the
manufacturing industry. Traditionally, innovation in this sector
was primarily based on technology innovation. In the last decade,
industry competitiveness has been stained by the increasing
turbulence of the market. To face this situation, companies were
motivated to innovate their business models towards the
establishment of long-term relationships with their customers,
and the provision of value-added services beyond the technical
ones [306]. The topic of proposing new business models for
machine tool builders has attracted the attention of researchers
and industrialist only in recent years. The concept of
Reconfigurable Manufacturing Systems [18] paved the way to the
idea of establishing a collaborative relation between producer
and customers to design and manage the system over its life-
cycle. Later in [258] the idea of delivering services for the system
adaptation and enable module re-use for different customers was
proposed. A strategic approach for developing such services has
been suggested [256]. Moreover, a CIRP Collaborative Working
Group - Industrial Product Service Systems (IPSZ) [187] - has
been launched, with the objective of investigating benefits and
operating modes for implementing the product-service idea in
B2B relations. The implementation of such concepts is the core
idea of the EU funded project RobustPlaNet [229]. In this project,
guidelines to select the best business model and collaboration
mechanism depending on the stakeholders’ situation are
proposed. In recent years full-service contracts and reliability
warranties have widely spread in almost all kinds of business,
starting with the aerospace and defence industry. Today
automotive OEMs for instance make contracts with their
equipment suppliers for a period of up to 10 years fixing
maintenance costs and performance figures.

Within the new product-service oriented business models the
suppliers benefit by gathering detailed data on how their
machines perform in real-case application in the global field.
Moreover, if additional warranties on the quality of parts
produced by the equipment are integrated, detailed statistics on
defects and root causes are made available [148]. This is made
possible by remote monitoring systems implemented on the
machines [193]. For example, such a service is provided by Mori-
Seiki when they remotely monitor, and if possible, maintain, their
CNC machine tools via mobile communication networks
worldwide (in 2011, almost 6000 machines). As declared by the
company, this service affects not only the availability of
resources, but also product quality and resource efficiency. In this
context, a company delivering the product-service will be able to
increase the profitability of the business only by considering the
quality, productivity and maintenance aspects under an
integrated view. Indeed, any inefficiency in one of these aspects
may result in a penalty and a value loss in the service provision.
Therefore, the contracts regulating the implementation of these
new business models and the production quality targets should be
designed in a coherent and non-conflicting way.

3.1.7 Supply-chain design for production quality targets

To design a supply chain from a production quality point of view,
a detailed understanding of the failure propagation, the
behaviour of individual nodes in the chain and the overall
tolerance management are required. Within the German AiF
Project iQ.net a multi-agent simulation approach was developed
to find best configurations of networks towards an integrated
quality target systems [19], [146]. A similar problem was
addressed in [196] where the performance and viability of
centralized and decentralized production networks, under heavy
product customization, were investigated.

One of the major challenges in managing production quality in
globalized and highly distributed supply chains is the distribution
of production quality targets to a multitude of suppliers
distributed worldwide, each one having specific process
capabilities and production management strategies and goals
[266]. A significant example is provided by Wiendahl, who
studied the production network of a German company producing
weighing systems [309]. The competitiveness of the company was
based on a solid standardization of the modules composing the
product and a rationalized design of the variant differentiation.
The production quality standards were achieved by
manufacturing high added-value components in production sites
characterized by highly skilled personnel and highly capable
systems and to dedicate to the less capable sites the production of
low technological content parts. This leaning affected the way the
production system was designed in the different sites, requiring
dedicated solutions in the early stages of production and flexible
solutions in the product customization stages.

The problem is even more complex if differentiated products
dedicated to markets with specific, location-dependent
production quality requirements are considered. This is a growing
trend in globalized production networks, due to the rapid
demand growth in BRICS countries. To cope with this challenge
the idea of “frugal products” has been developed [183]. Frugal
product innovation is the process of removing nonessential
features from a durable good, such as a car or phone, in order to
sell it in developing countries. According to [3] in the automotive
industry about 90% of components are globally standardized
while only 10% are adapted to specific market requirements. On
the contrary, in consumer goods, these figures are almost
reversed. Therefore, specific advantages of the location are to be
incorporated into the product and production design processes,
such as site-specific conditions regarding production technologies
and capabilities. From a production quality point of view this
translates into additional burden on the design process. Indeed,
not only the local production process capabilities have to be
considered but also the location-dependent product quality
specifications have to be met. Although several works have
addressed and formalized this challenge [195] approaches to
support decision making in this context have not been developed.
Another relevant phenomenon, which reduces the ability of
meeting production quality targets, is the generation of obsolete
components caused by poor information exchange between
stakeholders in presence of highly customized products and
unexpected change of demand. These obsolete components are
excess inventory for the suppliers, which ultimately result in
parts to be scrapped and recycled. This problem is in the core of
many manufacturer-supplier relations where the parties have
asymmetric information about the demand and cost items and
should share not only the benefits but also the risks of operating
the channel [290]. Advanced technologies and cooperation-
oriented contracts can help reducing the impact of this
phenomenon. For example, in [197] a method of dynamically
querying supply chain partners to provide real time or near real
time information regarding the availability of parts required for
the production of highly customizable products is developed. This
method utilizes Internet-based communication and real time
information from RFID sensors. The feasibility of this approach is
demonstrated with its implementation in a typical automotive
case. The implementation of advanced information technologies
in supply chain for improving product quality is also stressed in
[290] and [313]. [77] surveyed short-term two-echelon supply
channel coordination methods and presented a decentralized
version of the newsvendor model where the parties have the
right incentive for sharing their private information. The decision
on production quantities is in the hand of the supplier whose
rational decision concurs with the overall optimum. Hence, local



decisions based on asymmetric information coordinate the
channel. Further work resulted in a methodology for designing
decentralized coordination protocols for supply chains where
autonomous partners operate in an asymmetric information
setting, under the burden of some uncertainty [78], [288], [289].

3.2 Operational, control and management phase

3.2.1 Multi-stage quality correlation analysis

Modern multi-stage manufacturing processes typically involve
processing and assembly stages whose output quality is
significantly affected by the output quality of preceding stages in
the system [171]. In multi-stage manufacturing processes,
understanding how a defect generated in a specific process stage
propagates to the next process stages and what effect this
propagation has on the final product quality is a complex task.
Two major types of correlations can be found in multi-stage
manufacturing systems:

* Quality correlation: the quality of the product processed at a
given stage is highly dependent on the quality of the output at
specific upstream processes.

* Failure correlation: the propagation of a defect generated in
upstream processes causes machine or tool integrity problems
in downstream processes, such as increased degradation and
tool wear, or sudden tool breakage, or process instability.

The most diffused market available Six-Sigma and SPC software
tools do not analyse stage correlations in multi-stage systems, but
concentrate on single process monitoring, control and
optimization. Engineering methods and advanced Multivariate
Statistical Process Control (MSPC) methods have been proposed
to model and monitor correlations in multi-stage processes.

Of the engineering methods, SOVA (Stream of Variations
Analysis) has been proposed for assembly systems and machining
process-chains [261]. This approach is based on a state-space
representation of the correlation between the product deviations
at consecutive process stages whose structure is driven by
engineering knowledge about the processes and whose
coefficients are tuned by KPC (Key Product Characteristics)
measurements at the different stages [70] (Fig. 11). A detailed
description and review of SOVA model with applications to
quality control for multi-stage manufacturing processes is
presented in [34]. Applications of the SOVA model to predict the
propagation of variation in the assembly are found in [29], and
[28]. The SOVA model has also been used to determine
adjustments in multi-station assembly processes [73].

In contrast, advanced MSPC methods are based on elaborating
KPCs measurements to find the parameters of simplified multiple
process statistical models [162]. In other words, they do not a
priori assume any specific structure of this correlation. Both
approaches support only quality correlation modelling, but do not
offer the possibility of eliminating defects at downstream
correlated stages, as a mean to achieve zero defect propagation.
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Figure 11. Main characteristics of the “Stream of Variation Analysis”.

These methods overlook the logistics analysis of the product
flow throughout the process stages. A recent contribution [210]
goes in the direction of overcoming these limitations. The authors
empirically studied the correlation between the occurrence of
machine failures and the quality problems in the produced parts.
The authors concluded that this correlation is the main cause for
quality problems in the analysed semiconductor manufacturing
fab (tsunami effect) and used this result for bottleneck
identification. This paper gives a clear idea of the potential
industrial benefits of methodologies addressing this problem.

Variation modeling in correlated serial-parallel multi-stage
systems has also been studied. The main problem in this context
is the presence of multiple variation propagation modes in the
production run when process routes vary from part to part. For a
practical example, refer to the automotive and semiconductor
cases reported in Section 1.2. If the different multiple process
routes share at least one workstation, the SOVA approach
proposed in [104] is applicable to model variation propagation. If
there are multiple variation propagation modes, only MSPC
approaches can be applied for modeling and monitoring [118].
3.2.2 Integrated methods for production quality prediction
Grounded on manufacturing system engineering background,
integrated models and analysis tools for predicting quality and
productivity performance measures in manufacturing systems
have been proposed. These models integrate product features
and specifications, process out-of-controls, typical logistics
parameters, such as machine failures and limited capacity buffers,
and corrective maintenance into a unique framework. The
representation of a system including these aspects [279] is
presented in Figure 12. Most of the methodological contributions
in this area are focused on serial production lines. The existing
approaches mainly differ in the type of operational and quality
failures and quality control mechanisms they model. In [185] the
performance of systems where quality failures exhibit Bernoulli-
type behavior and no correlation exists between consecutive
parts are analyzed. However, in production systems Markovian-
type out-of-controls, where the quality of parts is dependent on
the machine state, are commonly observed. In [131], an analytical
method to estimate the yield and the total and effective
production rates of asynchronous lines having machines subject
to Markovian quality failures is proposed. When in normal
operating conditions the machine does not produce any defective
item; after transition to the quality failure state occurs, the
machine produces only defective products. The quality control
action is modeled through a transition that forces the machine to
shift to an un-operational state, for the repairing process.
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Figure 12. Representation of a manufacturing / assembly system with
SPC and corrective maintenance [279].
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This transition is considered to be fixed and is taken as input,
therefore no link to specific quality control practices is assumed.
The authors later extended the approach to longer production
lines in [132] by proposing a decomposition approach. In [52]
and [54], approaches to evaluate the performance of synchronous
manufacturing lines, considering quality control actions triggered
by statistical control charts are proposed. The previous binary
quality failure model was replaced by considering multiple
operational states, each one characterized by its specific fraction
of defective parts produced. As in the previous contribution, the
control mechanism is modeled through a transition probability
that takes the machine to an un-operational state. However, this
probability is analytically derived by combining the control chart
and the system parameters. In [41] a queuing model was
proposed to investigate in detail the link between SPC delay and
flow time in a system with inspection stations. The applications of
these methods have led to the identification of interesting
phenomena due to the trade-off between quality and production
logistics performance and to the derivation of design and
operational decisions to exploit this trade-off. As emerges from
this analysis, currently the research integrating production
logistics and quality aspects has only concentrated on first order
performance measures of the system, while due-date
performance measures are neglected. Although manufacturing
system oriented methods for estimating the variance of the
cumulated output have been proposed [49], they do not consider
the implication with the quality performance. A recent review of
these approaches can be found in [275]. The only study on quality
robustness in manufacturing system is proposed in [157] where
Bernoulli production lines are investigated.

3.2.3 System level defect management policies

Defect management policies in manufacturing systems can be
activated after the defect has been detected by part inspection
technologies or visual inspection performed by human operators.
A framework for characterizing defect management policies in
manufacturing systems has been proposed in [44]. These policies
include scrap, in-line rework, off-line rework, repair, and
downgrade. The implementation of these policies affects the
overall system performance in terms of quality, production
logistics and maintenance KPIs. Therefore, the selection of the
most proper defect management policy for each specific defect
type should be taken under an integrated production quality view.
A method to quantitatively predict the production quality
implication of these policies is shown in [44], where the approach
is applied to the electric drive assembly system described in
section 1.2. The impact of scrap policies on the manufacturing
system performance has been widely studied in the literature.
[99] and [97] proposed decomposition methods for the
performance evaluation of multi-stage production lines in which
the fraction of non-conforming parts is scrapped by the system. In
these contributions, the production of non-conformities is a
random event and it is not related to the machine state. [53]
analysed the performance of a manufacturing system with off-line
inspection stations and scrapping of defective items. In this work,
the fraction of defective parts at the scrapping stage is a function
of the rate of occurrence of a process out-of-control, of the system
dynamics and of the sampling frequency at the inspection
stations. In general, scrapping positively affects the system yield
at the cost of reducing the total throughput of a system and of
loosing the workpiece value accumulated until the stage where
scrapping takes place. Scrapping causes waste. Therefore,
suitable waste management policies have to be defined in view of
the zero-waste manufacturing paradigm. Recently, an attractive
option for industrial waste management is the principle of

industrial symbiosis. According to this principle, the waste of a
company is transformed into raw materials for another company.
The EU funded project ZERO-WIN [323] addresses this challenge
and proposes several demonstrators in different sectors including
electronic products, buildings, automotive and consumer goods.
Rework policies have also been extensively investigated. The first
works in this area only considered the implications of rework
with the total production rate of the system, neglecting the
impact on the product quality. In [155] the performance of the
systems with rework are analyzed through an overlapping
decomposition approach. Defective parts are extracted from the
main flow, undergo preparation processes in off-line stages and
then are re-inserted upstream in the line for reprocessing. This
method is applied to a real paint shop in [156]. In [31] a model of
a manufacturing system with multiple rework loops is developed.
More recently, the impact of rework on the quality and
productivity performance has been jointly analysed. In [158] a
method to evaluate first time quality and quality buy rate in a
rework / repair paint shop in the automotive industry is
proposed. This work has been extended to include a model of the
part variations along the process stages [120]. In [20] the authors
analysed the performance of production systems monitored by
on-line SPC and rework of defective products. They considered
for the first time the dependency of the rework probability on the
quality control system parameters and on the machine
deterioration dynamics. The application to a real system in the
white good industry is reported. Product repair has attracted less
attention in the literature. Repair differs from rework since re-
processing is not applied. Repair can be performed manually or
automatically in the same stage where the defect is generated or
downstream at correlated process stages. For example, in [43]
repair strategies for restoring the quality of electric drives are
discussed from a technical feasibility point of view. Product
repair strategies have also been applied in manufacturing
systems producing batteries for electric cars [121].

3.2.4 Integrated production control and quality control strategies
Pull-type production control policies have been developed with
the objective of coordinating different stages in manufacturing
systems to react to actual occurrences of demand rather than
future demand forecasts like in push systems, according to the JIT
principles. These policies include kanban, basestock, CONWIP
policies. For a recent review and a comparison of these policies
see [167]. These mechanisms control part releases at the stages
in order to resolve the trade-off between unsatisfied demand and
holding costs. A pull mechanism explicitly controls the WIP in the
system. Other dynamic production control policies, based on
indirect WIP control activated by workstation processing rate
adjustments, are proposed in [14], [176], [281], and [130]. These
policies have been traditionally compared in terms of production
logistics performance and due-date performance. However, since
the inventory has a relevant impact on quality, as commented in
section 3.1.1, production control policies affect production quality
performance. A comparison between quality and productivity
performance in pull and push systems is discussed in [165]. In
[57] the effective production rate of a CONWIP controlled
production system where machines are monitored by SPC is
analysed. A CONWIP population level that maximizes the effective
throughput was found for any closed-loop system configuration,
including those providing a flatness region in the total production
rate curve. In [55] an optimization method for jointly setting
kanban card levels and the parameters of statistical control charts
has been proposed. The objective is the maximization of an
income function, obtained by combining both production and
quality related costs and the constraint include the satisfaction of



a target production rate of the system. The authors showed that
the optimal solution obtained by the joint approach has an
income that can be 40% higher than the impact obtained by
isolated approaches. Other approaches have tackled the problem
from a quality-oriented perspective. Del Castillo [63] investigated
how the parameters of a statistical control chart affect the service
level of a small production-inventory system with stochastic
demand by proposing a semi-Markov model of the system. In
[259] a production-inventory-inspection system is analysed
modelling a specific portion of a front-end semiconductor facility
comprising an etching tool. The product is defective if the dust
level caused by the etching tool increases a fixed value. An
optimal part release policy from the production station into the
buffer is developed to reduce the number of inspected items
under a given defect risk. In [301] the problem of batch release
control in the semiconductor industry is taken into account. In
detail, incoming parts are selected in order to minimize the
within batch variability. Then, for each specific batch, the
production parameters at the downstream stages are adjusted in
order to reduce the between-batch variability observed at the end
of the line. Selective assembly can be also seen as an integration
of quality and production control. In the literature, quality-
oriented approaches have been developed that study the effect of
the component sorting policy on the assembled product quality
[184]. Other studies investigate the effects of process adaptation
on the performance of selective assembly systems [126]. Process
adaptation means that the nominal value of the key quality
characteristics of the component produced with the more capable
production process can be adjusted according to pre-defined
states of the system, in order to increase the component
matching. Recently, simulation and analytical methods have been
used for predicting the impact of specific adaptation policies on
the production quality performance [174]. An attempt to apply
selective assembly to address the part gap control problem in
automotive remote laser welding applications is done in the EU
project RLW Navigator [228]. Self-optimizing, advanced cognitive
methods have been proposed for tolerance matching problems. A
cognitive architecture for advanced production and quality
control systems was set up by Schmitt et al. [251], [252], [248]
based on the generic human cognitive process model. An
essential requirement upon cognitive architecture is to build a
model of the production processes to be optimised and to be
equipped with learning capability.

3.2.5 Set-up and batching for quality and productivity

In a flexible, multi-product manufacturing system, set-ups are
detrimental for the system production rate as they increase the
system unproductive time. Substantial research has been devoted
to product sequencing considering set-ups [22]. Mathematical
programming [222] and soft computing techniques [90] are
usually used to find the optimal sequence in multi-product
contexts. Recently, a real time control strategy has been proposed
for production control in flexible manufacturing with set-ups
based on an extension of the hedging point policy, called hedging
zone policy [284]. All these works neglect the implications with
product quality. Set-ups are usually considered as detrimental to
product quality, especially in those contexts where a ramp-up
operation is required after the set-up has been performed. This
phenomenon has been studied in [298] where the authors
developed a Markovian approach to predict the fraction of
defective parts produced in a flexible system producing in batch
with set-ups. This work is extended to product sequencing
problems with quality considerations [297]. Methods to identify
the quality bottleneck sequence in flexible manufacturing
systems are developed in [296] and [299] based on data collected

from the shop floor. In [172] an approach to set-up planning for
ensuring the achievement of desired quality specifications is
proposed. A part variation model is developed and dynamic
programming is used for the optimization. The authors showed
that currently adopted experience-based approaches tend to be
conservative and allocate work to the most capable processes,
since a model of the variational patterns is not available. Frequent
machine set-ups among different part types also generate small
production runs (batches) and this may be disruptive for product
quality since process learning through data analysis is prevented
[116]. The area of quality control and process improvement in
small-batch production has been recently investigated. Small
batches can benefit very little from statistical inference built
exclusively on work piece-related dimensional data. Therefore,
correlation and behavioral patterns that link machine-process
related status parameters with more general dimensional and
shape-related metrological parameters are needed [58]. To this
purpose, multi-sensor data fusion has been applied (see section
4.3). Another promising technology to address this problem is
profile monitoring where functional features instead of
dimensional features are monitored [194]. All these methods
have been traditionally evaluated in terms of quality
responsiveness performance. The implications with production
logistics and maintenance are typically neglected. Another non-
negligible implication of set-ups needs to be taken into account. A
higher number of set-ups and lower batch size decrease the WIP.
Therefore, by the decreasing the WIP they positively impact on
product quality, for two reasons. With small batches the quality
information feedback can be propagated with short delays, thus
enabling a more reactive control of the system. Moreover, if goods
are perishable, small lots are beneficial. [30] formulates a mixed-
integer non-linear programming model for optimal lot splitting to
account for possible effects of production run length on product
quality in cellular manufacturing systems. The main idea is that
when a production lot is split into several alternative routes, the
production run in each route will be shortened and this may
result in better product quality. Production planning and lot
sizing with variable and uncertain yield has also been addressed.
Yield decrease causes the need for larger lots to be able to deliver
to the customer the required quantities of conforming items,
given that a certain fraction will be defective [285]. For a review
of first works in this area see [318]. In [36] a lot sizing model with
quality and maintenance considerations is proposed. [236]
developed models for an optimal batch quantity for a
manufacturing system with rework of defects. A closed-form
formula for the system performance is developed and non-linear
optimization techniques are used for deriving the optimal lot size.

3.2.6 Maintenance in multi-stage systems

A multi-stage system is a multi-components system built on
different interactions between components by considering that
the states of components influence the states of others. From a
dependability point of view, influences are materialised by the
principle of failure interaction or stochastic dependency [205].
Traditionally, the performance of manufacturing systems under
corrective maintenance operations has been estimated. Corrective
maintenance means that the maintenance activity is only
activated after a failure has been realized. For a review of
methods for throughput estimation in unreliable manufacturing
systems under corrective maintenance see [159]. For a review of
methods focusing on assembly systems see [100]. More recently,
the impact of preventive maintenance policies, including both Age
Based (ABM) and Condition Based (CBM), on the system
productivity performance has been considered [115]. A key issue
in analyzing the impact of preventive maintenance is the



modelling of degradation processes. For instance, degradation
can be due to the wear of tools, fixtures, or machine components.
Degradation is a progressive process that increases the
probability of breakdown over time. A degrading process has
been usually modeled as a homogenous or inhomogeneous
Markov chain with increasing failure rate [320]. In practice, in
order to select the number of operational states and the elements
of the transition rate matrix that better approximate a real
degradation process two approaches can be coupled. Firstly, a
transition from one operational state to another may correspond
to a specific physical event and the states to a specific machine,
component, or tool condition. For example, in [264] a multi-state
degradation model for a friction drilling process subject to tool
wear was developed. Secondly, the states can be thought of in an
abstract way as representing a discretization of the deterioration
process. In this way, generally distributed degradation processes
can be modelled by using acyclic continuous Phase Type (PH)
distributions [213]. Such process and equipment degradation
models have been incorporated in manufacturing lines [47], [316]
and assembly systems [234] in order to approximate the
productivity performance of the entire line. These models have
shown that, in multistage systems, optimal single stage, isolated
maintenance policies can be weak if applied to multi-stage
systems due to the locations of the bottlenecks in the system [10].
In multi-stage systems, when a component is failing, one or
several components can be impacted and require to be
maintained. Indeed inspection or replacement action on one
component can initiate, at the same time, another action on a
“dependent” component, as advocated by Block Replacement
Policy (BRP). In this sense, the downtime to repair a component is
an “opportunity” to maintain other components in the system.
This opportunity is offering an additional solution space to the
conventional planning and scheduling of maintenance activities
for anticipating failures, reducing system unavailability and
maintenance costs (both direct and indirect). Such opportunity
can be detected by prognostics tools, which allow assessing the
degradation state and the performance level of each component,
also taking into account the dependencies and the dynamics of
the whole system [204]. Opportunity is the central concept of
“Opportunistic Maintenance”, initially defined in [181] as
“Opportunistic Replacement and Inspection Policy”. For a recent
review see [24]. Opportunistic Maintenance may entail (i)
grouping several maintenance actions together [69], [100], (ii)
associating a preventive maintenance task to a corrective
maintenance action [16], [237], or (iii) performing a maintenance
action during an opportunity [6], [114], [133], [154].
Opportunistic Maintenance can be implemented only when
technical and economic conditions are satisfied in a way to
achieve optimal maintenance in terms of a balance between
maintenance cost and component/system reliability.

3.2.7 Joint maintenance and production scheduling

The problem of planning maintenance and production operations
in manufacturing systems has been widely addressed by
researchers, mainly in isolation. The survey by Wang discusses
the major contributions of the maintenance policies of
deteriorating systems [294]. These contributions and methods do
not take into account any other system information, such as
inventory levels or the states of the other resources in the system.
Therefore opportunistic maintenance policies cannot be
considered. In the production planning area, machine failures are
usually considered, but without having any control over the
failure occurrence. Indeed, optimal production policies often
model only two-state Markovian failure mechanisms, which
means that component lifetime is exponentially distributed, thus

precluding preventive maintenance with increasing failure rate
from being modelled [319]. Recently, the idea of jointly planning
production and maintenance has received attention in the
literature [39], [267], [268]. The common features of these
studies are that they examine the joint optimal production and
maintenance policy for a machine and an inventory that
decouples the facility with the stochastic market demand. In [33]
the value of the integration of production and maintenance in
planning and scheduling is a 30% reduction in mean job
tardiness. [119] proposed an option-based model for a joint
production and maintenance planning system to avoid backlog in
case of non-deterministic demand. [124] proposed a model for
the optimal maintenance and production planning in re-entrant
lines. Moreover, [317] analysed the benefits of adjusting the
throughput of degrading machines on the maintenance
scheduling efficiency. The idea is that the throughput of a
resource in highly degraded states can be adjusted in order to
control the remaining life before the next maintenance operation.
The authors investigated the joint control of machine
reconfiguration and maintenance in a parallel-serial
manufacturing system by simulation [324]. Other works
addressing  simultaneous planning of production and
maintenance are [5], [35], [92], [211]. This integration is studied
also in [4], [62], [127] with considerations related to
deterioration processes with increasing failure rate. In particular,
in [68] a buffered two stage system where the first stage goes
through degradation was considered. A Markov decision model
was proposed to optimally select the critical state of the first
stage that activates preventive maintenance, for each buffer level.
The rationale is that when the buffer is close to empty,
maintenance should be activated only in very critical degradation
states [145], [286].

3.2.8 Joint maintenance and quality control strategies

In all the previously revised works, degradation only entails and
increased chance of a failure to happen. However, degradation of
a component/system is one of the major factors that cause
defective product output [142]. In that way, one conventional
solution to reduce the number of defective units, is to conduct
preventive maintenance strategy on the component/system to
keep it in acceptable conditions, in phase with requirements
expected on the product quality. Another solution is to sample the
output to screen out the defective units. An innovative way is to
combine these two approaches in order to integrate these two
management practices (e.g. Preventive Maintenance (PM) and
SQC) for finding the optimal policy minimizing the total expected
cost. The combined application of SQC techniques and PM
methods for achieving higher product quality and more effective
use of resources has been investigated at single machine level,
[321], [32]. Later [170] and [265] combined the two approaches,
at system level. In [142] an optimal adaptive control policy for
machine maintenance and product quality control is derived.
Moreover, [215] developed an optimal process control and
maintenance procedure under general deterioration patterns,
and [37] minimized the cost of an integrated systemic approach
to process control and maintenance based on EWMA control
charts by using genetic algorithm. A performance measurement
system for integrated SPC and CBM procedures is proposed in
[122]. These works show that quality control based on product
measurements can be wuseful for enhancing improved
maintenance procedures.

3.2.9 Joint maintenance, production logistics and quality control

The interactions between quality, production logistics and
maintenance have been mainly analysed at managerial, tactical



and strategic levels [147]. Only few recent works have proposed
quantitative tools and methods to address operational issues with
integrated approaches. In [9] a conceptual model for planning
maintenance operations in view of the overall plant effectiveness,
including quality and productivity considerations, and
profitability was proposed. Its application to a Swedish paper-
mill plant showed that an extra profit of about 8 million SEK per
year could be achieved. In [128] a regression model linking
quality and maintenance hours to productivity performance is
proposed for the food industry. The authors show that significant
correlations exist between these aspects. Pandey et al. [216]
proposed an integrated planning model to improve the
performance of a single stage system. Firstly, the selection of the
optimal maintenance interval and process quality control
parameters is jointly performed. Then the optimal preventive
maintenance interval is integrated within the production
planning problem in order to determine the optimal batch
sequence that will minimize penalty-cost incurred due to
schedule delay. The results show that cost savings up to 80% can
be achieved. Radhoui et al. [224] investigated the full integration
of these areas under a different perspective in a single stage
system. They proposed to use the fraction of defective parts
delivered by the system as the monitored variable that can
activate maintenance activities if a fixed threshold is exceed.
Then, a buffer of finite size is located. The parameters of this
control system are jointly optimized. Dhouib et al. [66] proposed
an hedging point policy approach to control a degrading quality
machine, where a security stock of finished products is
maintained in order to respond to demand and to avoid shortages
during maintenance actions. These works extend the approaches
revised in section 3.2.8 to the case of imperfect quality. The only
work integrating all aspects in a multi-stage model has been
proposed by Colledani and Tolio [56]. The authors developed a
model of a multi-stage asynchronous serial line where machines
are subject to deterioration. While going through deteriorated
states, increasing failure rate and decreasing yield are observed.
For this machine, a maintenance action based on SPC or PM or
both can be carried out. The authors showed that in multi-stage
systems, while selecting the optimal maintenance thresholds, the
solutions obtained by neglecting quality deterioration and the
system dynamics are always sub performing in terms of effective
production rate and always overestimate the length of
maintenance cycles. Moreover, the optimal maintenance policy at
one machine is highly affected by the parameters of the other
machines in the system. The benefits in the effective production
rate can be as high as 30%.

4. Enabling technologies

The improvement of production quality targets in industrial
processes requires the development of new and emerging
technologies. This section revises advanced technology and ICT
solutions supporting the production quality target.

4.1 Product inspection technologies

The implementation of the production quality paradigm requires

advanced technologies for on-line data gathering, incorporating:

* 3D flexible part verification through integration of multi-sensor,
multi-resolution systems.

¢ ICT architectures to support in-line inspection and data sharing
at system level.

Manufacturing of complex 3D parts for highly customized small

batch production is creating a strong demand of advanced

inspection systems to characterize the physical aspects of the

produced parts. During the last years, efforts was made to

increase the availability of affordable point-based measurement

systems, capable of acquiring large amounts of data as point
coordinates, with high accuracy. Although very accurate in
measurements, these technologies are very difficult to be
implemented on-line due to the invasive interference with the
process cycle time. To overcome these limitations, 3D inspection
analysis has progressed significantly, where advanced sensors
have evolved from single sensors into multi-sensors [88], [17].
Multi-sensors have several advantages: (i) different inspection
technologies can be used; (ii) the number and type of sensors are
not limited; (iii) diverse data can be added adaptively; and (iv)
multi-scale data can be merged into a single multi-scale model.
Today, sensors are classified as contact and non-contact types
based on the interaction with the inspected part. A typical multi-
sensor configuration includes both contact sensors (e.g. touch
probes) and non-contact sensors (e.g., video cameras, laser
scanners and micro-probes) mounted on the same machine. The
multi-sensor head of the Nikon scanning system [206] is depicted
in Figure 13. Contact and non-contact sensors each have their
own working principles and properties, simultaneously providing
diverse and complementary data that can considerably improve
inspection. Customers continue to demand smaller, faster,
cheaper, easier and more precise metric solutions. Multi-sensors
can meet these demands more effectively than can multiple
single-sensors [173]. Contact sensors usually provide sparse and
very accurate high-resolution (HR) data with long inspection
time, while non-contact sensors [226] provide dense and less
accurate low-resolution (LR) data but can measure thousands of
points per second. Due to their differing accuracies, these two
data sets can be regarded as multi-resolution data. However, the
majority of multi-sensor data is often lost and unutilized.
Therefore, the main challenge lies in how to utilize the LR data
despite its lower accuracy.

The automation of such inspection technologies inline poses
interesting challenges to data acquisition. Large information
volume acquired through multiple advanced sensors will have to
be processed, fused, organised and stored in the data repository
so that it can be used both on-line and off-line, at any stage of the
product life-cycle where it is requested. The use of MTConnect,
the open software standard for data exchange and
communication between manufacturing equipment recently
launched by the Association for Manufacturing Technology [292]
as well as other communication standards [207] can potentially
support this task. Such information-sharing platform would
enable interoperability among (i) the different heterogeneous
sensors distributed in the process chain and among (ii) the data
gathering system and the data processing models and methods
that have been developed for the production quality paradigm.
Moreover, the availability of on-line data gathering technologies
will support the achievement of dynamic inspection planning
decisions, according to the “real” state of the processes and
resources. One of the first attempts in this direction was done by
[227] with the Productivity+ tool. This tool implements process
probing checks and dynamically modifies the inspection process
plan. This solution can support maintenance decision making at
shop floor level. This aspect is a fundamental step towards the
implementation of integrated quality, maintenance and
production logistics tools.

Figure 13. Multi-sensor head: laser scanner (left) and touch probe (right).



4.2 Process monitoring technologies

The production quality paradigm needs technologies to provide
higher degree of machine-condition awareness and advanced
diagnostics and maintenance ability with lower interference with
the system production rate.
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Figure 14. Multi-sensor system for process monitoring.

There are specific machining processes, e.g. precision grinding,
centerless grinding, that may offer superior accuracy and stability
because of their own inherent properties combined with the
possibility to check the machine parameters and to measure the
work piece during machining [305]. When this intimate level of
integration between machining and checking is attainable, it is
usually called “in process” control, to differentiate it as a special
case of in-line control. For a variety of reasons, machining such as
turning or milling do not yet easily afford in-process control,
though they certainly give room to off-process, in-line
measurement. However, still there is chance to monitor machine
critical parameters (e.g. spindle stray vibrations, spindle torque
and axial force, lubricant pressure, tool integrity and in-fly
kinematics, instantaneous power profiles, etc.) as the machining
occurs. A review on techniques for sensor monitoring of
machining operations is presented in [277]. A sensorized turning
machine provided by Marposs s.p.a is represented in Figure 14.
However, correlating process signals and product geometry
metrological data is still a challenge in manufacturing operations.

4.3 Multi-sensor data fusion technologies.

Multi-sensor data fusion technology is usually applied to
metrology data [304] and signal data [84]. With reference to
metrology data, more frequently companies face the problem of
inspecting Geometric Product Specifications (GPS) of complex
and freeform surfaces [110], rather than simple dimensions.
Currently, a trade-off between resolution and inspection time is
defined per single-sensor processes. Most of the approaches for
data and signals fusion from multi-sensors consider Al-based
tools (e.g., neural networks) that usually need long training times
[166]. Current data fusion approaches lack in the ability of coping
simultaneously with metrology data and signal data, and do not
refer to the correlation between them [59].

Multi-resolution modeling has been explored by a variety of
algorithms over the years [190], [276]. The underlying idea
behind all these algorithms is to adapt the resolution to the
features’ level-of-detail. Multi-resolution methods can be applied
to a variety of engineering problems such as reconstruction of 3D
models from cloud of points [13], [263], reconstruction from 2D
images acquired by Scanning Electrone Microscope (SEM) [235],
and verification of 3D freeform parts with noise. After the 3D
model is reconstructed, it can be analyzed utilizing multi-scale
finite element methods [219] or optimized applying domain
decomposition re-meshing techniques [322].

4.4 Learning technologies and cognitive computing methods.

Since most of the methods revised in section 4 rely on resource
reliability and degradation models obtained from field data,
learning technologies and cognitive computing methods are
relevant for the production quality scope. Intelligent data analysis
and classification methodologies have been proposed in the last
years in order to predict behaviours of machines and processes
and to provide fault diagnosis based on predictor variables. A
comprehensive review of these approaches can be found in [277].
Thus, taking into account the results and the conclusions
achieved from such methods, knowledge extraction and decision
making support tasks can be accomplished with the aim of
reinforcing holistic quality system and suggest actions to be
performed in order to maintain the resources in the system.
There exist several recent techniques to deal with this issue. The
most important include Decision and Regression Trees,
Classification Rules, Fuzzy Models, Genetic Algorithms, Bayesian
Networks, Artificial Neural Networks. Failure detection and
classification are, in general, well established and accomplished
nowadays [199]; however, prognosis procedures based on
multiple conditions are not yet well defined [85].

4.5 E-maintenance technologies.

Internet and tether-free technologies contributed to a transition
from traditional “fail and fix” maintenance practices to a “predict
and prevent” e-maintenance approach [151], [198]. Through e-
Maintenance relevant data, information, knowledge, and
intelligence is made available and usable at the right place, at the
right time for anticipated maintenance decisions. E-Maintenance
is a holistic enterprise process which integrates the principles
already implemented by tele-maintenance [150] into web-
services and collaboration platforms, thus encompassing
traditional synchronisation principles [113]. These systems are
supported by technologies such as wireless communications,
mobile components (e.g. Personal Digital Assistant, SmartPhones,
Graphic tablets, harden laptops), smart sensors, MEMS, Global
Positioning System (GPS), and Web CMMS. E-maintenance is
offering services/processes and tools to monitor the asset
degradation, to diagnose its root cause and to prognosticate its
remaining useful life in order to optimize the asset utilisation in
the facility. The performance assessment and prediction tools can
also be used with links to Product LifeCycle Management (PLM)
applications [291], [95]. For example, [74] proposes the concept
of “Watchdog Agent” as an infrotronics-based prognostics
approach for product performance degradation assessment and
prediction. [315] develops a “Bayesian Belief Network” to
investigate the causal relationship among process variables on
the tool and evaluate their influence on wafer quality in
semiconductor manufacturing.

4.6 Product traceability technology

In complex manufacturing system layouts featuring parallel
machines, non-linear material flows and split-merge stages
tracking the product throughout the process-chain stages and
correlating its features to the specific processes that
manufactured/assembled the product is a priority for improved
maintenance, quality and logistics control. The introduction of
product data into the conventional control system ensures the
arrival of the correct items for manufacturing and to trace the
product (and its subcomponents) through the different stages of
system. Product traceability through RFID technologies has been
proposed as a solution to this problem [253]. With this
technology traceability and quality error management can be



performed. Direct tracking of the items moving through the
system enables accurate status of each item to be maintained in a
suitable data store. This provides correlation information that can
be used with any error that is detected, enabling simpler root
cause analysis and fault diagnostics [256]. Moreover, defect
management policies implemented at shop floor can benefit from
this technology, as specific knowledge of the process sequence
can improve product rework and repair operations.

4.7 Production monitoring technologies

Production monitoring technologies at shop floor level can
support the production quality paradigm by providing the
required set of data about the timed sequences of the states of the
resources in the system to enable the joint production, quality
and maintenance procedures. In [273] the most promising
production monitoring tools are revised. In particular, the ‘andon’
system has been recognized as an important enabler for quality
and maintenance operations. The andon system is one of the
elements that make up the principle of ‘jidoka’. It consists in an
intuitive stage visualization system with a suitable human
machine interface (HMI). Recent works have quantitatively
investigated the impact of andon on production, quality and
maintenance performance [160], showing benefits at system
level. Production monitoring systems can be also support system
performance monitoring [223] and bottleneck identification
[163], which are fundamental tools for production improvement.

4.8 ICT and digital manufacturing technologies

ICT solutions can support the production quality principle by
vertically transferring process, quality control and diagnostics
data at decision making level and vice versa, by achieving
interoperability and integration of multi-scale and heterogeneous
shop floor data and by avoiding defect generation in manual
operations through virtual and augmented reality tools.

As concern the first issue, an ICT architecture to support
visualizing and managing interactions among different quality
and process control loops at shop floor level has been developed
[247]. The concept of the software combines the assessment of a
quality control loop and its step-by-step improvement. The tool
can additionally be used to efficiently guide the user through all
the steps that are required for defining a new quality control loop
to be implemented. A Man, Machine, Maintenance and Economy
(MMME) software tool has been developed and applied to FIAT in
[8]. It enables to vertically connect maintenance data to
production and business data for improved decision making.
Concerning the second requirement, recently knowledge-based
virtual platforms have been developed for enabling data exchange
and interoperability among heterogeneous ICT tools for factory
planning, reconfiguration and management. For example, in the
“Virtual Factory Framework” (VFF) EU funded project the
application of a semantic data model for virtual factories to
support the design of manufacturing systems is proposed [123].
An ontology-based framework can be used to share consistent
design and shop-floor data between different heterogeneous
software tools including, 3D virtual environments, discrete event
simulation models and analytical models, at both process and
system levels. Similarly, Industrie 4.0 is an initiative focused on
“Cyber-Physical Systems” (CPS) with approaches to opportunistic
maintenance, self-sensing and self-configuring components and
plug-and-produce manufacturing.

Concerning the support of complex manual operations,
augmented reality solutions have been proposed for improved
assembly [177] and maintenance tasks [202], [212]. These
technologies proved to be effective in different business cases in

reducing the defect generation during assembly tasks, in limiting
the time, and increasing the capabilities in complex repair and
maintenance operations. Moreover, they have been suitably
applied for operator training programs in manufacturing [153].

5. Future research priorities

The classification of methodologies and the results illustrated in
Sections 3 and 4 have been used to identify regions of the
interaction model where methodologies are still missing and
attention by the research community is required.

Proactive on-line defect repair policies. The traditional belief that
stage correlation raises a problem for control in multi-stage
systems should be drastically changed into an opportunity for
improvement. Indeed, if the result of a downstream process stage
is affected by the incoming product quality, then the downstream
process stage can have an impact on the incoming product
quality, and, if properly controlled, can possibly correct a defect
generated in the upstream stages.

Joint analysis of quality correlations and system dynamics. Quality
variation propagation in correlated multi-stage systems and
production logistics performance of manufacturing systems have
been typically analysed as two independent areas. However, in
correlated multi-stage manufacturing systems, there are chances
of integrating these models to provide a comprehensive and
integrated model of the quality and equipment failure
propagation dynamics at system level.

Preventive maintenance to improve quality robustness. The quality
robustness of a system with machines having out-of-controls
have only been tackled under simple machine reliability models
(single state model). Preventive maintenance not only enables
high service levels but it also affects the quality of the parts
produced. If properly controlled, preventive maintenance
operations can thus reduce the variance of the output, thus
increasing the service level. Therefore models are required to
jointly consider preventive maintenance and quality robustness.

Production quality in complex system architectures. The production
quality problem has been investigated only in relatively simple
manufacturing system architectures. However, modern systems
frequently feature resource by-pass strategies, re-entrant flows,
and process multiple part types in the same system. At present,
only the production flow performance of these systems has been
investigated. Re-entrant lines have been studied in [257], [253]
and [314]. Multiple part types systems have also received
attention [46], as well as systems with split and merge operations
[50]. However, there is a lack of comprehensive models that can
consider production quality issues in complex system
architectures combining many of the features described above.

Production quality in advanced material flow control policies.
Similar to the previous case, there is a need to analyse production
quality in systems with non-FIFO dispatching and sequencing
rules. The advent of agent-based systems [191], intelligent
product principles and autonomous control methods have
proposed real-time decisions for dispatching parts to the
available resources, to increase the system resilience to
disturbances [26], [254], [255]. However, the implications of this
complex management rules on the product quality and on the
degradation of resources is at present almost unexplored.

Multi-level, multi-scale modelling, simulation and analytics for
production quality. Capturing the interactions between the
manufacturing and assembly process layer, where the defects are



generated, and the system layer, where the defects are
propagated, seems to be a promising potential solution to move
towards a balanced design and management of manufacturing
systems for production quality. The coupling of these layers into a
comprehensive modelling platform could support the selection of
process parameters in view of the overall production quality
system performance as well a the selection of the optimal system
architecture and part routing considering different process
capabilities. However, this would require the proper integration
of multi-physics, multi-scale models of manufacturing processes
and systems that are currently designed as isolated tools.

Formalized data structures and interaction mechanisms among
maintenance, quality and production departments. One of the
major challenges to be solved to achieve high production quality is
the lack of formalized data structures integrating product quality,
resource maintenance and productivity areas. These data are
commonly collected in separated databases by departments that
rarely share these data. Moreover, these departments do not
share company control objectives. This situation tends to
generate conflicts among the competing production quality
elements instead of privileging the search for a negotiated, overall
balanced solution. Therefore, the company structure, the
management control systems, and the ICT infrastructure should
be re-designed and aligned, possibly with the help of ontologies,
to reach production quality goals.

Dynamic control of production quality in the system life-cycle. To
achieve a proper co-evolution level between product, process and
system life-cycles, statistics on production quality targets should
be more extensively collected. Moreover, transitions among
different production, quality control strategies should be planned
with an integrated view of the problem. In particular, although
preliminary research has been carried out in this direction, the
transient analysis of production quality performance in
manufacturing systems ramp-up needs to be further investigated
to develop suitable technologies and methodologies to reduce the
costs and times of system ramp-ups.

New strategies and business models for production quality. It is
well known in the manufacturing strategy literature that the
company’s strategy, the business model, and the operational
performance need to be perfectly aligned in order to gain
competitiveness in the market. The new production quality
paradigm needs to be supported by a specific manufacturing
strategy and business model. The alignment between
maintenance and manufacturing strategies has been recently
recognized as a key enabler for competitiveness in modern
manufacturing industries [231]. Traditional quality management
models tend to incorporate the zero-defect vision by maximizing
the overlap of customer demands and delivered product features,
while costs have to be minimized. The potentials of production
quality is in this way heavily reduced via two implied restrictions:
(i) market-sided assumption, i.e. companies cannot decide about
their target production quality level; (ii) organizational-sided
assumption i.e. the companies’ processes contain all the skills to
operate exactly according to the desired product features. A new
model has to allow companies to identify strategic targets and
balance them towards their desired equilibrium.

An entrepreneurially influenced understanding of quality
management should be defined as the immediate and waste-free
fulfilment of customer demands under consideration of the
strategic objectives, the conditions and the actual company’s
resources/skills. In this line, the Aachen Quality Model [241],
[245], Fig. 15, takes strategic objectives, the entrepreneurial
conditions and the company’s capabilities into account.
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6. Concluding remarks

This paper has formalized the basic hypothesis of a new
production quality paradigm for modern, zero-defect oriented,
manufacturing industries. This new paradigm relies on a strong
interaction among production logistics, quality and maintenance
functions. The major interactions among production logistics,
quality and maintenance variables have been formalized and
mapped into a model that can represent a practical tool to
support companies to characterize significant trade-offs in their
plants. The most advanced methodologies and enabling
technologies facilitating the implementation of this new paradigm
in industry have been revised and directions for future research
have been provided. The production quality paradigm represents
a valuable opportunity for modern manufacturing organizations
and, at the same time, a challenge calling for the development of
new advanced knowledge-based manufacturing models and tools.
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