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Abstract. The paper presents synthetically the main methagikdofor production systems
optimization. There are presented: Six Sigma, Theafr Constraints, Toyota Production
System, Lean Manufacturing, Agile Manufacturing &mart manufacturing. The comparative
study analyzes the goal, the main focus, the obsgepvoblems, the methodology, the desired
outcome, the primary, but also the secondary effaod some critics for each methodology.
Based on such an analysis, managers can choosgtih@zation methodology that best suits
the organization's strategic goals, technologeatl, and organizational culture.

1. Introduction

We live in an increasingly dynamic world, charaided by global competition and unprecedented
scientific, technological and informational devetgnt. The products are becoming more
sophisticated, their life cycles are getting smak@d consumers are becoming more and more
demanding. In this context, companies are subfeatdreasing external pressures. They can remain
on the market only by developing new, more competitproducts, by gaining new markets,
expanding, designing new technologies and optimgi#e existing ones.

The benefit of the companies can be achieved bgcling new, more attractive products in
accordance with the specific requirements of ttetaruers and sold them at a competitive cost, but
also by lowering the production costs.

Lowering production costs can only be achieved ptintizing the production systems. Several
methodologies were designed to optimize productidme classic ones are Six Sigma, Theory of
Constraint and Toyota Production System. The Toymaufacturing system has been implemented,
adapted and developed in the Western world as #an IManufacturing methodology and later in
Agile Manufacturing. Now days, the Smart Manufaittgrconcept has been developed, which is
consistent with Industry 4.0.

The paper aims to present these production optimizasystems and to highlight some of their
characteristics, but also to analyse them compa&fgti underlining the type of organization and
culture in which it is useful to implement eachtloém.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1
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2. Production optimization methodologies

2.1.Six Sigma

Six Sigma is seen as a set of statistical toolsparational philosophy of management, a business
culture, but is generally regarded as a well-stn@xt continuous improvement methodology to reduce
process variability and remove waste within busnaecesses [1].

Six Sigma can be implemented through two methodesodMAIC (Design, Measure, Analyse,
Improve, Control) and DFSS (Design for Six SigmBMAIC is generally used for process
improvement, in companies with stagnant markettatively less competition, when focusing on cost
reduction and DFSS in companies with strong magtetvth and competitive position, for new
development of product and services, used in théesb of new product development that focuses on
quality from the very beginning [1]. Literature pemts many variations of both.

The basic DMAIC tools include flowcharts, check elise Pareto diagrams, cause/effect diagrams,
scatter diagrams, histograms (corresponding too¥eBelt level of competence) and more advanced
statistical tools for process control as regressioralysis (with indicator variables, curvilinear
regression and logistic regression), hypothesiintgscontrol charts and Design of Experiments
(corresponding to Black-Belt level). DFSS suppletagnincludes innovation tools such as the theory
of creative problem solving and axiomatic desigh [2

There are many benefits that can be derived fraratoption of Six Sigma. The most frequently
cited are the reduction and prevention of defectdchv affect the quality of both products and
processes. Six Sigma is used to find and elimittaeroot causes of the problem and to reduce the
variability in the process, in order to prevented#$. It can improve product development cycles and
process design and also can short product leads timgereducing the cycle time of the overall
manufacturing process.

2.2. Theory of Constraints
The Theory of Constraints (TOC) is focused on mglarofit — both in the short term and in the long
term [3]. It is a methodology for identifying theost important limiting factor (the constraint) that
stands at one moment, in the way of achieving thjarozation goal. Then, it offers a methodology for
constraint improving, until it is no longer the ltimg factor [4].
The methodology consists in a set of tools [5]:

= Throughput Accounting (a method for measuring pemfnce and guiding management

decisions);

= The Five Focusing Steps (a methodology for idemiify\and eliminating constraints);

= The Thinking Processes (tools for analysing andlvesy problems).
Because TOC is focused on making money, any asadyaits with the accounting analysis. Four key
parameters are measured: Net Profit, Return orstmant, Productivity, and Investment Turns.

Net Profit = Throughput — Operating Expenses
Return on Investment = Net Profit / Investment
Productivity = Throughput / Operating Expenses
Investment Turns = Throughput / Investment

The optimization functions are focused on (in oraérpriority): Throughput maximisation,
Investment minimisation and Operating Expenses mmgadtion. The maximum focus is on
Throughput maximisation (increasing sales) and ¢gssutting expenses (Investment and Operating
Expenses). After this analysis, it's important fodf the biggest constraint, which includes the
symptom and the real problems).

For solving the constraint, a method consistindg-me Focusing Steps is proposed:

= |dentify the current constraint - a single partttoé process limits the rate at which the goal is

achieved);
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= Exploit - Make quick improvements to increase thaghput of the constraint using existing
resources (make the most with your available ress)r
= Subordinate - Review all other activities in theqass to ensure that they are aligned with and
truly support the needs of the constraint;
= Elevate - If the constraint still exists, furthatians can be taken to eliminate the problem from
being the constraint. In some cases, capital invest may be required,;
= Repeat - The Five Focusing Steps opens a continogusvement cycle.
A Thinking Processes is proposed to be used on éecisional step. This process is based on the
answers to the following three questions: What sdedbe changed? What should it be changed to?
What actions will cause the change?
The method can be applied in all the subsystemasnodrganization and not just in the production
system.

2.3. Toyota production system
Toyota production system (TPS) is an integratedbsiechnical system, developed by Toyota. Its aim
is production cost cutting through removal of waste
Fourteen principles underlying the TPS are orgahizdour sections [6]:

= Long-Term Philosophy;

= The Right Process Will Produce the Right Results;

= Add Value to the Organization by Developing Youpple;

= Continuously Solving Root Problems Drives Orgariial Learning.
Toyota has developed two very important producttrategies: Just-in-time production and Jidoka
The Just-in-time production is a method to whicé fpinoduction lead time is considerable shortened
by producing the necessary parts at the necessagyand having on hand only the minimum stock
necessary to hold the processes together".

The term Jidoka means to stop the equipment oratipar whenever an abnormal or defective
condition arises.

This production optimisation method was developgedhie specific Japanese culture which has
some characteristics different from that held l®/Buropean and American workers.

The Japanese features include: group conscioussesse of equality, desire to improve, and
diligence born from a long history of' a homogersemce, high degree of ability resulting from highe
education brought by desire to improve, centrirgrttaily living around work [7].

2.4. Lean manufacturing
Lean manufacturing includes the principles of TayBtoduction System. The concept was presented
in the international best-selling book “The Machifieat Changed the World” by James P. Womack,
Daniel Jones, and Daniel Roos [8]. Womack and Jpr@gded five lean principles: value, the value
stream, flow, pull, and perfection, described ia thllowing way:
= Value is defined by the ultimate customer;
= The value stream is the set of all the specifieviiels required to bring a specific product
through the internal value chain;
= Flow is about making the value-creating steps flow;
= Pull refers to using a pull schedule; and
= Perfection is concerned with making improvementmtiouous effort.
Additionally, besides Toyota's reducing waste psgyoean manufacturing explicitly declares its
following goals [9]:
= In order to remain competitive on the market, a gpany must understand its customers’ needs
and design products and processes to meet thaecedons and requirements;
= Reducing lead time is a very effective way to etiaie waste;
= Reducing total costs can be achieved by produanhgto customer demand.
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Lean is seen by many authors as a generalizatitimeof oyota Production System into other culture
(the American and occidental one) and industricser@ are some elements over which Lean
Manufacturing has a higher focus (than TPS) [9].
= Focus on maximizing profit by reducing productiarsts. "Value curve analysis" promises to
directly tie lean improvements to bottom-line penfiance measurements.
= The development of new tools for improving prodoctiactivity and a higher focus on those
tools developed by Toyota. To assess the statdheofsystem under review, value stream
mapping and a series of key performance indicgiiPds) have been developed. More attention
is paid to work standardization. However, the imstents have their limits and only one
instrument cannot solve the problems themselves.
= "Change agents" have been trained in the Toyot#éersydo push improvements in the
production system. In Lean Manufacturing the emgghimson developing the specialist, while
the supervisor skill level is expected to somehewedbp over time on his own.
= The Lean concept has become a cult in the Weshainy situations; a greater importance is
given for tools than for solving the problems.
Some specialists consider that TPS is more pragnaetil better responds to the needs of actual
businesses, while some Lean parameters (Maximisso®er Value, Perfect Processes, Perfect
Value), does not reflect the real needs of an adiusiness. The analysis of companies that have
successfully implemented Lean Manufacturing shotkati[10]:
= Successful lean plants are characterized by afapecganizational culture. They show a
higher institutional collectivism, future orientai, a humane orientation, and a lower level of
assertiveness.
= Hard lean practices (lean technical and analytwals) are order-qualifier activities for lean
plants.
= Soft lean practices should be considered as sicateder-winner factors. Examples are:
small group problem solving, employees’ trainingrkess to perform multiple tasks, supplier
partnerships, customer involvement, and continimmgsovement.
= Greater use of soft (rather than hard) Lean Manufexg practices differentiates successful
lean plants.
This results show that the TPS focus on humangnmrtant and successful even when Lean
Manufacturing System is implemented.

2.5. Agile Manufacturing

Global competition, new technology, customized sohs and new product introduction are the forces
that drive companies to become more and more dynand competitive. In this context, after 2000,
Agile Manufacturing emerged as a new concept ofpaong optimization, concept which starts from
and completes Lean Manufacturing.

Agile manufacturers place equal importance on latst and responsiveness, being focused on
quickly respond to the changing requirements oftciitomers [11].

Agile Manufacturing is characterized by customeuggier integrated processes for product design,
manufacturing, marketing, and support servicesedjuires enriching of the customer; cooperating
with competitors; organizing to manage change, daicgy and complexity; mobilizing people and
information [12].

The latest researches [13] focused on the systemidysis of the external environment of
companies and on the major role of the big dat&ammework of the expected relationship between
market turbulence, enablers of agile manufactugogipetitive objectives and performance outcomes
gives a new, more complete meaning to this typmariufacturing.

= Actual Big data and Business analytics, is cap#bleffer huge information. The variety and

volume of big data, processed and interpreted firdausiness analytics (regression modelling,
decision trees, Bayesian statistics, neural netsyo8upport Vector Machine, and nearest
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neighbour algorithms, statistics to forecast fuewvents based on what has occurred in the past)
have a high predictive power.
= Some authors consider that the enablers of agileufaaturing are: organisation, people,
technology and planning [14]. Other authors fownd big areas: technologies, employee
empowerment, customer focus, supplier relationshgpdlexible manufacturing system and
organizational culture [15]. The enablers of agilenufacturing are supported by application of
the most advanced manufacturing concepts and tihes, such as Computer-Integrated
Manufacturing/Services, Manufacturing/Service @&t Enterprise Integration, Rapid
Prototyping, New Product Development, CAD/CAM, Slation, Multimedia and MRP I
Business Process Reengineering, Systems Design Qpetations and Supply Chain
Management, Enterprise Resource Planning, SAP,Br@ce etc.

= Competitive objectives consist of the set of valdebvered to customers, which are: low-cost,
quality, speed, dependability, product customizatiolume flexibility and leadership in new
technology products.

= Performance indicators allow the measuring oftthsiness success — both financial and non-

financial. The most popular financial measures sakes turnover, net profit, market share,
proportion of sales turnover from new products tamer loyalty based on repeat orders and
performance relative to competitors. The measusintpe non-financial indicators represents a
big provocation for every company.

Many authors try to develop technological modetgliese new, agile manufacturing systems.

A solution is the reconfigurable manufacturing syst which allows flexibility not only in
producing a variety of parts, but also in chanding system itself. This system tends to claim six
capabilities: modularity, integrability, customizat, convertibility, scalability and diagnosability
Such a system will be created using basic procesdules (hardware and software) that will be
rearranged quickly and reliab]$6].

Another solution is the Cooperative ManufacturiBgstem, which significantly depends on the
existence of a collaborative/cooperative robot ¢thlA cobot is usually a Light-Weight Robot which
is capable of operating safely with the human cokewnin a shared work environment. There is a
slight difference between the definition of colladtion and cooperation in robotics. In cooperative
robotics, both the worker and the robot are periiognasks over the same product in the same shared
workspace but not simultaneously. Collaborativeotms has a similar definition, except that the
worker and the robot are performing a simultangasgk. Gathering the worker and the cobot in the
same manufacturing workcell can provide an easy @mehp method to flexibly customize the
production. Moreover, to adapt with the productdemands in the real time of production, without
the need to stop or to modify the production openst[17].

Analysing comparatively Lean Manufacturing and Adilanufacturing, we can see that both use a
number of common practices such as waste elimimatigetup time reduction, continuous
improvement, 5S and other quality improvement tools

There are, however, strategic differences betwkernvwo. Lean Manufacturing is associated with
resource efficiency and high performance, and tggilvith capabilities addressing customer
requirements. A turbulent environment influencesaboption of agile manufacturing.

A complex analysis was done by Hallgren [18]. Bletin and agile manufacturing can be seen as
responses to increasing competitive intensity énitldlustry. The analysis started from the threpma
routes to competitiveness: cost leadership, diffigéon, and focus.

= A cost-leadership strategy means that the compamegy is to offer products that are

equivalent to those offered by competitors, butereificiently than competitors. Cost leaders
would emphasize cost reduction and firms striveethuce waste and so, to become the low-cost
producer. A cost-leadership strategy is well algyngith lean manufacturing operations
capabilities and cost performance.
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= |n a differentiation strategy, the objective iscteate a product or service that is, or is perckeive
to be, unique by customers. To fulfil this strategile manufacturing is the solution because it
offers high level of flexibility, delivery speed a@meliability as well as quality conformance.
= The focus strategy is targeted towards one or manket segments of the company’s markets.
Within a focus strategy, the firm can choose eithecost leadership or a differentiation
approach.
Lean Manufacturing requires elimination of all f&rmof waste, including time, and it requires the
implementation of a level schedule, while Agile Méacturing requires the use of market knowledge
and a virtual corporation to exploit profitable opjunities in a volatile market place [19].

2.6. Smart manufacturing

There is no generally accepted definition of Smahufacturing. According to the National Institute
of Standards and Technology (NIST) Smart Manufaoturis a fully integrated, collaborative
manufacturing system that responds in real timenéet changing demands and conditions in the
factory, in the supply network and in customer s@@].

Smart Manufacturing is an emerging form of produrttintegrating manufacturing assets of today
and tomorrow with sensors, computing platforms, @amication technology, control, simulation,
data intensive modelling and predictive engineeringtilises the concepts of cyber-physical sysem
spearheaded by the internet of things, cloud comgutservice-oriented computing, artificial
intelligence and data science. Once implementedgeticoncepts and technologies would make Smart
Manufacturing the hallmark of the next industrigd¢olution [20].

The main pillars of smart manufacturing are [2@L]f
= intelligent products (Smart products are uniquelgntifiable, may be located at all times and
know their own production and testing history, eutr status and alternative requirements
needed to achieve their targets);

= manufacturing technology and processes (Additiveufecturing, hybrids of traditional and

additive processes, laser and net-shape manufagturéw generation of low cost robots, new
smarter manufacturing equipment equipped with gesraod software capabilities, new ‘cyber’
jobs rather than traditional jobs, sharing manuwfiacy and transportation resources across
manufacturing chains etc.);

= materials (Smart materials as shape memory alfoygtionally graded materials, materials

which include organic-based materials and biomalteriThe importance of recovering materials
from products at the end of their lifecycle wilchease);
= data (Greater collection of data from diverse seswrdhe data will be used to develop any
application, including predictive models which all@xtraction of past and new knowledge
related to manufacturing. There is a great needdtecting useful KPIs for any manufacturing
process. MESA Association is working with ISO olan-level assessment standards by
defining KPIs by providing commonly accepted pariance measures (ISO 2011; 2014). NIST
Engineering Laboratory, in a joint effort with tMESA metrics group, is developing a method
and models for selecting KPIs appropriate for argnuafacturing process. The standardized
method should simplify the KPI selection processlevimaintaining the reliability and validity
of measurements [22]);

= predictive engineering, (Traditionally, data wased for analysis, monitoring and control;
Predictive engineering offers a new paradigm ofstacting high-fidelity models with both
limited-scope models (e.g. behavior of a supplyirghand those that involve multiple systems
(e.g. models that integrate productivity, producialgy, energy and transport) to support
decisions concerning future production and marketl¢ions);

= sustainability (The goals of sustainability effontdéll be materials, manufacturing processes,

energy and pollutants attributed to manufacturjng.)

= resource sharing and networking (Manufacturinggsoming more digital and virtual, much

of the creative and decision-making activities widke place in the digital space. Smart
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manufacturing will share manufacturing equipmenfivgare, expertise and most importantly,
the collaborative modeling and creativity spacetdvial handling and transport of materials,
components, products and people as well as theepbnaf vehicle connectivity will be
important factors in evolving the spatial configisa of manufacturing on a regional and
global scale. Application of the principles similar those of Facebook and Wikipedia to
various areas of manufacturing will be realizedoataly in the next decades. [20].

Decision making is extremely important in smart ofaeturing. The steps of a data-driven model for

the decision making process based on a generalgsatiption of decision making was developed The

steps are [23]:

= “Scope,” refers to defining the boundaries and geyformance indicators (KPIs) and metrics

needed to address the goal of the decision;

= “|dentify” determines the data and information ne@do support the calculation of KPIs and

metrics within the boundaries of analysis;

= “Collect” requires using tools and methods to gathe identified data and information from

the system of interest;

= “Transmit” requires using tools and methods to mthe collected data and information from

the system of interest to where it may be analysed,;

= “Analyse” is the calculation of the identified KP&nd metrics from the collected data and

information using appropriate methodologies;

= “Share” refers to accessing previously generated, daowledge, and resources to reduce the

cost, expertise, time, and training needed to geéaerew intelligence through analysis;

= “Retrieve” is the storing and accessing of generateelligence quickly and accurately without

losing knowledge to support future decisions.
The development of a Reference Architecture is raportant framework which will allow the
development of Smart companies, and their recordigan over their lifecycle period. Several
Reference Architectures were developed through teginning with Cimosa, Pera Aris, and later
Geram, Togaf etc.

In concordance with the actual needs of the Smahuwhacturing, the Reference Architectural
Model Industrie 4.0, abbreviated RAMI 4.0 was depeld. This model consists of a three dimensional
coordinate system that describes all crucial aspand standards of Industrie 4.0. The complex
interrelations of a Smart company can be brokenndowo smaller and simpler clusters. It also
provides a framework for understanding where curstandards can be used [24].

Another Reference Architecture is the Line Inforimat System Architecture, (LISA), an
innovative, yet simple architecture and designgpattfor rapid integration of smart services into
existing factory infrastructure. LISA is an eveand service-based information system architecture
that is used to integrate devices and services, @fled the Tweeting Factory. Simple messages
(tweets) from all kinds of devices are sent out siadsformed into high-level knowledge that is used
by smart services for online monitoring, contrgdtimization, and reconfiguration [21].

When speaking about optimisation in Smart Manufaugy all the paradigms discussed before can
be used. This includes Six Sigma, TOC, TPS, LeagileA Sustainable, Digital, and Cloud
manufacturing. Smart manufacturing can enable éspéthese paradigms for all manufacturers from
small businesses to large enterprises [25].

3. Compar ative analysis of the main production optimization methodologies
Each optimization starts from information that sesig that something is going wrong in the
organization and an improvement should be made.

The source of the information may be differentndy come from customers, from suppliers, from
competitors or from various departments of the camyp Information can be narrative or more
precise. The values of some financial or producpanameters, or some durations can be known.
Companies can have data histories for some paresr@tenore complex data bases.
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Table 1. Comparative analysis of the main production ojztation methodologies.
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Achieve stabl Quickly responc  real time to
; to customer changing
and predictabl Cost
Make more . needs and  demands and
process resul reduction, Perfect o
Goal b -~ money now an o market changescondition in the
y reducing . Productivity value . : )
in the future . while still factory, in the
process improvement -
S controlling costs supply network
variation . X
and quality. and in customer
needs.
All the
System problems faced
Focus Problems constraint Human Flow Market by the
organization
Net Profit,
Return on 7 wastes, Customer needs
Observed Quality Investment, Value stream . KPls
. 7 wastes in a turbulent
problems problems  Productivity, map, benchmarks
market
Investment KPls
Turns
DMAIC Identify Modular_produc The_aglle,
. 7 design reconfigurable
(Design, constraint, . , .
) Specify value, Information and wireless
Measure, Exploit :
. _— Identify the technology factory,
Analyze, constraint, Just in time, ; .
i ) value stream, High level of Manufacturing
Methodology Improve, Subordinate  Jidoka, .
. Flow, planning system
Control), process, Kaizen :
Pull, Corporate architecture,
Elevate . )
. ; Perfection partners Collaborative
DFSS (Desigi  constraint led f .
for Six Sigma) Repeat cycle Knowledge manufacturing ,
culture Big data
Enable rapid,
. agile, and cost-
Desired C_ustomer High plant C_ustomer Maximize High level of effective
satisfaction - satisfaction - customer .
outcome . performance . customer value . . production of
Survival Survival satisfaction X
complex, first-to-
market products
Uniform : . Very
Primary process outpu Fast Reduce Reduce waste, Differentiated differentiated
X . products
effect improved throughput waste Reduce lead time products,
: Reduce cost
quality Low cost
Reduce lead ImS;m/ > Improved Fast
Reduce waste time, Reduce N Y, pro Fast throughput
Secondary Reduce lea quality, throughput
Fast waste, . Very small lead
effect time, Fast Improved ;
throughput Improved h h i time
uality Fast throughput quality,
q throughput
Autocratic ~ Statistical ol - Very high level
Process Statistical or . of technology,
o . culture — system . High level of T
Criticism improved -~ ; system analysis Integration in a
. minimal workei analysis not technology,
independently . not valued reference
input valued

architecture
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Companies' objectives may also be very differeheré are companies that have a stable market
and their aim is only to reduce production costseré are also companies that operate on a very
dynamic, competitive market and have to diverdifgit production. There are companies with simple
organizational structure, others supported by stighied computer systems.

The cultures of companies are in turn very differéfhese can be autocratic, bureaucratic,
consultative, participative or even highly partaipe.

The educational level of the workers depends onirtdastry type, on the national educational
system and on the companies’ effort to educatétingan resource.

The decision for choosing an optimization prograpeahds on all these factors.

The previous presentation as well as the ideastated in Table 1 can suggest to the managers,
what would be the appropriate methodology for @gisituation.

Some ideas can be underlined:

= In companies where there are quality issues andta listory, it's helpful to implement Six
sigma; If the company face with a stagnant marketlatively less competition, then DMAIC
methodology is useful. When the market is moreadyic and the competition is strong, the
DFSS is necesarry because of the need of quatity the very beginning;

In autocratic companies it is indicated to use TOC,;

In companies where the educational level is hightaere is a culture of work, TPS is useful,

In companies that value the visual information, . &manufacturing is suggested;

For companies that are active in very dynamic asmdpetitive markets, Agile Manufacturing
will be applied.

But, with any methodology going on, some more aspe&dl be improved, even if they have not been
targeted from the beginning. In table 1, the prireard the secondary effects of each methodology are
underlined.

Smart manufacturing is still a vision that will patoly become true sooner than we expect, for large,
medium and small businesses. The common framewdrkstandard reference architectures,
standardized KPIs, and other Industrie 4.0 faesitivill enable companies to optimize their business
in a more dynamic way.

4. Conclusions

The paper analyzed the main aspects of the praduopitimization methodologies developed to date.

There were highlighted the main aspects that magmtdifferent one from the other, but also the

common aspects. This comparative analysis is jb&ganning that deserves to be developed in order
to support management, in decision making activitie
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