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Preface

The 4th International Conference on the Industry 4.0 Model for Advanced
Manufacturing, Industry 4.0 and Internet of Things for Manufacturing—AMP
2019, will be held at the Faculty of Mechanical Engineering, University of
Belgrade, Belgrade, Serbia, from June 5 to 7, 2018. It is organized by the Faculty of
Mechanical Engineering, University of Belgrade, and Belgrade Chamber of
Commerce and Industry. This year’s conference attracted more than 250 partici-
pants, including academics, practitioners, and scientists from 22 countries, who
contributed 32 keynotes on plenary and workshop sessions.

The previous conferences on the Industry 4.0 model for advanced manufacturing
—AMP were:

1. First International Conference USA-EU-Japan-Serbia Manufacturing Summit,
Belgrade, May 31 — June 2, 2016, Serbia (AMP Conference 2016), with main
topic: Advanced Manufacturing Program—Industry 4.0 model for Serbia (AMP
Conference 2017).

2. Second International Conference USA-EU-Japan-Serbia Manufacturing
Summit, Belgrade, June 7-9, 2017, Serbia—Smart And Intelligent Products
(AMP Conference 2017).

3. Third International Conference USA-EU-Japan-Serbia Manufacturing Summit,
Belgrade, June 5-7, 2018, Serbia—Industry 4.0 for SMEs (AMP Conference
2018).

The main objective of these conferences is to bring together leading world
experts to discuss the challenges and opportunities of the new Industry 4.0 model of
manufacturing. Our hope is that such an event will assist in the development and
growth of new innovative manufacturing industries in Serbia, producing smart
products with intelligent characteristics, and relying on modern, new manufacturing
processes and systems.

The conference is hosted by the Faculty of Mechanical Engineering of the
University of Belgrade. Belgrade is the capital city of Serbia, located at the scenic
confluence of two major European rivers, with a uniquely remarkable and turbulent
history, and a vibrant cultural and entertainment scene. University of Belgrade has a
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long tradition of academic excellence, where great minds from Nikola Tesla and
Mihajlo (Michael) Pupin to Milutin Milankovic held lectures or were faculty. Its
engineering still remains exceptionally respected in Europe, with its alumni scat-
tered in top universities around the globe. Faculty of Mechanical Engineering in
Belgrade is the largest such school in southeastern Europe and one of the largest in
Europe.

Main topics of interest for this conference include:

Industry 4.0 model framework

Design of smart and Intelligent products

Innovative design and development of intelligent products
Internet of Things for manufacturing

Big data challenges, data integrity, accuracy, and authenticity
Cloud computing, cloud-based products, cloud manufacturing
Cyber-physical manufacturing

Manufacturing automation in the Industry 4.0 model
Manufacturing systems and enterprise models for Industry 4.0
Advanced manufacturing

Engineering education for Industry 4.0

What we can to do?

Road map for AM based on 14.0 model in Serbia.

We acknowledge the outstanding contributions of the following colleagues and
friends for the conference establishment and development as follows:

Conference Founder and Chair

Prof. Dr. Jun Ni, Department of Mechanical Engineering, University of Michigan,
Ann Arbor, MI, USA.

Conference Co-chairs

—

Prof. Dr. Yoram Koren, University of Michigan, Ann Arbor, Michigan, USA.

2. Prof. Dr. Laszlo Monostori, SZTAKI, TU Budapest, Budapest, Hungary.

3. Prof. S. Jack Hu, University of Michigan, Ann Arbor, Michigan, USA—for
North America region.

4. Prof. Dr. Dragan Djurdjanovic (Conference founder), Department of
Mechanical Engineering, The University of Texas at Austin, TX, USA.

5. Prof. Dr. Vidosav Majstorovic (Conference founder), Faculty of Mechanical

Engineering, University of Belgrade, Belgrade, Serbia.
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6. Prof. Dr. Kornel FEhmann, Department of Mechanical Engineering,
Northwestern University, Evanston, IL, USA—for North America region.

7. Prof. Dr. Wilfried Shin, TU Vienna, Wien—for EU region.

8. Prof. Dr. Yashiro Takaya, Osaka University, Osaka, Japan—for Far East region.

International Program Committee

Prof. Dr. D. Aleksandric, MEF, Belgrade, Serbia; Dr. A. Archenti, KTH Royal
Institute of Technology, Stockholm, Sweden; Prof. Dr. E. Budak, Sabanci
University, Istanbul, Turkey; Dr. J. Caldeira, INESC TEC, Porto, Portugal;
Prof. Dr. E. Carpanzano, Institute of Systems and Technologies for Sustainable
Production, Switzerland; Prof. Dr. E. Chlebus, TU Wroclaw, Wroclaw, Poland;
Prof. Marcello Colledani, Politecnico di Milano, Milano, Italy; Prof.
Dr. G. Constatntin, TU Bucharest, Romania; Prof. Dr. N. Durakbasa, TU Vienna,
Austria; Prof. Dr. L. M. Galantucci, Politecnico di Bari, Bari, Italy;
Prof. H. Hohonoki, Japan; Prof. Dr. S. J. Hu, University of Michigan, Ann Arbor,
Michigan, USA; Dr. L. Jalba, Microelectronica S.A., Romania;
Prof. Dr. J. Jedrzejewski, Wroclaw University of Science and Technology, Poland;
Prof. Dr. F. Jovane, Politecnico di Milano, Italy; Prof. Dr. A. Jovovi¢, University of
Belgrade, Belgrade; Dr. O. S. Ganiyusufoglu, Chairman of Shenyang Machine Tool
(Group) Co., Ltd., China; Prof. Dr. D. Kiritsis, Ecole Polytechnique Fédérale de
Lausanne STI-IGM-LICP, Switzerland; Prof. Dr. S. Krile, University of Dubrovnik,
Maritime Department, Dubrovnik, Croatia; Prof. Dr. Y. Koren, University of
Michigan, Ann Arbor, Michigan, USA; Prof. Dr. D. Kozak, Vice-Rector,
University of Osijek, Osijek, Croatia; Prof. Dr. D. Kramar, University of Ljubljana,
Slovenia; Prof. Dr. B. Iung, Lorraine University, Nancy, France; Prof.
Dr. G. Lanza, Karlsruhe Institute of Technology, Germany; Prof. J. Lee, University
of Cincinnati, Cincinnati, USA; Prof. Dr. L. Zhongqin, President, Shanghai Jiao
Tong University, Shanghai, China; Prof. Dr. Xi Lifeng, Vice President, Shanghai
Jiao Tong University, Shanghai, China; Prof. Dr. M. Macchi, Politecnico di Milano,
Italy; Prof. Dr. V. Majstorovic, BU — FME, Belgrade, Serbia; Prof. Dr. R. Mitrovi¢,
University Belgrade; Prof. Dr. P. Monka, TU Presov, Slovakia; Prof.
Dr. L, Monostori, TU Budapest, Hungary; Prof. Dr. G. Moroni, Politecnico di
Milano, Milano, Italy; Prof. Dr. D. Mourtzis, University of Patras, Rio—Patras,
Greece; Prof. Dr. J. Ni, MEF — Ann Arbor, Michigan, USA; Dr Augusta Paci,
CNR, Rome, Italy; Prof. Dr. M. Piska, TU Brno, Czech Republic; Prof.
Dr. V. Patoglu, Faculty of Engineering and Natural Sciences, Sabanci University,
Istanbul, Turkey; Prof. Dr. Y. Takaya, University of Osaka, Japan; Prof.
Dr. T. Tolio, Politecnico di Milano, Milano, Italy; Prof. Dr. D. Duri¢in, BU—
Faculty of Economics, Belgrade, Serbia; Prof. Dr. D. Purdanovi¢, The University
of Texas at Austin, Austin, USA; Prof. Dr. A. Shih, Department of Mechanical
Engineering, University of Michigan, Ann Arbor, USA; Prof. Dr. G. Seliger,
Production Center Berlin Institute of Machine Tools, Berlin, Germany;
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Prof. Dr. S. V. Sreenivasan, UT Austin, USA; Prof. Dr. M. Zimmermann,
Technische Universitdt Miinchen, Germany; Prof. Dr. J. Vancza, TU Budapest,
Hungary; Prof. Dr. L. Wang, KTH Stockholm, Sweden.

Organizing Committee

Dr. Slavenko Stojadinovic, Chair, Assistant Professor, FME—University of
Belgrade, Serbia; Nemanja Gligorijevi¢, FME, Belgrade; Nemanja Lukovic FME,
Belgrade.

AMP 2019 Conference can be regarded as a leading global conference in the
area of modern manufacturing to several of its special dimensions: (i) It presented a
spectrum of scientific and practical advancements in the field of advanced manu-
facturing (cyber-physical manufacturing, Industry 4.0), and (ii) it offered practical
applications and solutions for various problems in the world of modern
manufacturing.

The conference planning, preparation, and realization required engagement of a
number of persons and organizations. We express our gratitude to all of them,
especially to:

Founder, Chair, Co-Chair, and Conference International Program Committee
members,

All authors, especially the authors that prepared keynote papers, thus con-
tributing to the high scientific and professional level of the conference,

All members of the International Program Committee for the review of the
papers and chairing the Conference Sessions,

Springer and Mr. Pierpaolo Riva for publishing AMP conference proceedings
within the edition Lecture Notes in Mechanical Engineering,

Ministry of Education, Science and Technological Development of the Republic
of Serbia for the support in the conference, and

Chamber of Commerce and Industry Serbia, Belgrade; and Conference
Co-Organizer.

We wish to express my special gratitude to all colleagues at the Faculty of
Mechanical Engineering, University of Belgrade, for their invested efforts that
enabled preparation and realization of the AMP Conference in the possible best
manner, especially to Nemanja Lukovic for the arrangement of proceedings.

March 2019 Laszlo Monostori
Conference Chair

Vidosav D. Majstorovic
S. Jack Hu

Dragan Djurdjanovic
Conference Co-chairs
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Nano - Precision Systems for Overlay
in Advanced Lithography Processes

P. Ajay and S. V. Sreenivasan®?
NASCENT Center, The University of Texas at Austin, Austin, TX 78758, USA
sv. sreeni@mail. utexas. edu

Abstract. Improvement in lithographic overlay has been a key enabler of
Moore’s law. Overlay control has improved from above 300 nm (30) in early
lithographic systems, to close to 2 nm (30) in state-of-the-art photolithography
systems as well as in the emerging area of nanoimprint lithography systems. In
this article, we survey the innovations which led to these incredibly precise
overlay capabilities in modern patterning systems.

Keywords: Nano production * Lithography - Processes

1 Introduction

Transistor scaling, predicted by Moore’s law [1], has been enabled by sustained
innovation in semiconductor lithography. In this article, we will survey this progress
through the lens of lithographic overlay. While resolution has been the primary metric
of progress in lithography, layer-to-layer overlay' has been equally critical in enabling
lithographic scaling. This is a consequence of the fact that semiconductor devices,
composed of transistors and many layers of metals and dielectrics, can only be fabri-
cated in a layer-by-layer manner. These layers need to be integrated precisely on top of
each other to realize a functioning device”. The precision of layer-to-layer overlay
required is a function of the size of features being overlaid - generally close to 30% of
the lithographic half-pitch, and as low as 7% of the half-pitch (in 22 nm imaging node
with double-patterning [4], for instance)’. This level of precision is unprecedented in
high-throughput industrial systems and has been the product of years of advancement
and incorporation of new technologies into overlay control.

In this article, we will focus primarily on developments from 1980 onwards.
Additionally, we will focus on commercial high-throughput patterning technologies -
photolithography and next-generation lithography - primarily, nano-imprint lithography.

' A detailed coverage of overlay theory can be found in Levinson’s monograph on lithography [2].
2 Lithographic overlay is critical in maintaining device yield. See Chapter 6 of Levinson’s monograph
[2]. For an exemplar chart of overlay-limited yield, see Fig. 3 in reference [3].

* This corresponds to an overlay precision of better than 2 nm (30) over the area of a 26 mm-by-
33 mm lithographic die.

The original version of this chapter was revised: The incorrect legends of the figures 2, 3,4, 5, 6 and 7
have been corrected. The correction to this chapter is available at https://doi.org/10.1007/978-3-030-
18180-2_18

© Springer Nature Switzerland AG 2019
L. Monostori et al. (Eds.): AMP 2019, LNME, pp. 1-11, 2019.
https://doi.org/10.1007/978-3-030-18180-2_1
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For the purpose of this survey, we will divide the evolution of overlay control into three
broad eras (Fig. 1):

1. Photolithography systems utilizing direct-referencing overlay metrology - Pre-1990

2. Photolithography systems utilizing indirect-referencing overlay metrology - 1990s
and onwards

3. Overlay control in next-generation lithography - 2010 and onwards

2 Photolithography Systems Utilizing Direct - Referencing
Overlay Metrology - Pre - 1990

Early photolithography tools were of the contact printing type. These used high-NA
microscope optics for observing alignment marks placed on both the wafer and the
photomask. Alignment was off-axis (from the exposure optics) and was performed
manually. Both wafer and mask had to be brought in focus separately, prior to the
actual patterning, to determine their positions in relation to the microscope optics.
Stage drift post-alignment, and optical axis misalignment were common error sources
in these systems. The best overlay achievable was generally in the 300 nm (3c5) range
[5]. Alignment metrology at oblique angles, using scattered light, was explored to
perform alignment during exposure, thereby avoiding errors due to stage drift [6].
This allowed alignment detectivity close to 10 nm, however the system was extremely
sensitive to process variations.

Contact printing
with high-NA
microscope optics

for alignment Photolithography
1000 with direct
Projecti referencing
- rojection overlay metrology
lithography o
with TTL
metrology

Grid-plate metrology in 193nm
immersion lithography with
multiple-patterning L . .
Projection lithography (including
100 ———— 193nm immersion) with six-axis 1

Photolith h
interferometric alignment otolithography

with indirect

/E\ r referencing
= overlay metrology
[}
8
E J-FIL B
2 w0
g \
~
Next Generation
EUV

Lithography

1 10 100

36 Overlay (nm)
Fig. 1. Evolution of overlay control correlated with resolution. Here, NA stands for numerical

aperture, TTL stands for through-the-lens, J-FIL stands for Jet-and-Flash Imprint Lithography
and EUV stands for Extreme Ultraviolet Lithography
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Projection-based photolithography systems supplanted contact printers commer-
cially in the 80s. With sub-micron design rules, this was the time around which overlay
became relevant in place of simple alignment®. Early systems used automated off-axis
overlay methods, similar to the ones used in contact printing, along with compensation
methods for stage drift [7]. Overlay systems soon switched over to on-axis, through-
the-lens (TTL) alignment detection [8—13]. As the name suggests, the alignment beam
(s) were routed through the same lens stack that was used for pattern exposure (Fig. 2).
This permitted alignment during exposure, eliminating detrimental effects due to stage
drift, substrate thermal distortions, etc.

ALIGNMENT ALIGNMENT
DETECTOR DETECTOR

RETICLE

RED ALIGNMENT

RED ALIGNMENT
LASER LASER

'
IGNMENT PROCEDURE "
]

:I | <rr\\ CTION LENS
1 1 ___~ |PROJE

INTERFEROMETER

Fig. 2. Exemplar through-the-lens overlay system described in van den Brink et al. (reprinted
with permission from [9])

These systems also frequently used phase gratings, which were insensitive to
process variations, instead of box-and-cross-type marks. In combination with inter-
ferometric stages, TTL alignment allowed these systems to achieve better than 0.15 um
(30) overlay, under a large variety of process conditions.

4 Alignment refers to superposition of a few (strategically-placed) marks on the mask and substrate,
whereas overlay refers to superposition of the entire patterned area on the substrate and the mask.
Good alignment does not necessarily ensure good overlay, however good overlay necessarily implies
good alignment.
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While through-the-lens (TTL) systems were widely used in the 80s and 90s, they
were eventually phased out. Projection optics for excimer lasers were designed to
operate optimally with sub-pm wavelength spreads. This meant that TTL alignment
systems, which shared this same optics, either had to operate at the exposure (actinic)
wavelengths - which was non-ideal since resist layers are highly absorptive at the
exposure wavelength [14] or operate at a different wavelength and have additional
optics to correct for the inevitable chromatic aberrations. This made the design of both
the alignment and exposure optics quite challenging. Eventually, this and other con-
cerns ended up outweighing the benefits of TTL.

3 Photolithography Systems Utilizing Indirect-Referencing
Overlay Metrology - 1990s and Onwards

All systems described until now used direct-referencing of mask and wafer to deter-
mine overlay. While these systems have obvious advantages in terms of accuracy of
overlay measurement, they generally result in reduced throughput (in addition to the
other concerns described previously) —

“(1) Throughput is reduced because the required data acquisition of the wafer to reticle image
marker measurement at every field cost extra time.

(2) Marker placement connected to each field costs wafer surface in case of large markers, or
accuracy in case of small markers.” [15]

Indirect-referencing systems were able to supplant direct-referencing systems, with
the implementation of six-axis interferometric metrology (see Fig. 3) [15].

3 AXES Y INTERFEROMETER

WAFER CHUCK
BLOCKMIRROR

BEAM-

SPLITTER LEVEL

ACTUATOR

3 AXES X INTERFEROMETE|
z
bz
y x
Px

Fig. 3. Exemplar six-axis interferometric system described in van den Brink et al. (reprinted
with permission from [15])

ELECTRIC LINEAR
X-MOTOR AIRFOOT
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Since interferometers can only measure the position of mirrors mounted on the
wafer chuck, and not the position of the wafer itself, prior versions which used reduced
number of interferometer arms, either had to use stages that were extremely accurate in
the theta axes, or were prone to abbe errors [16]. However, with six-axis interferometric
metrology, along with thermally stable wafer chucks and mirrors made of ultra-low
expansion materials, it became possible to outperform direct-referencing systems.

As lithography progressed from exposure at 365 nm, to 248 nm, to 193 nm, to
193 nm immersion, and then to immersion-lithography-with-multiple-patterning, the
basic framework of 6-axis interferometric metrology remained largely unchanged’. The
next evolutionary jump occurred with the development of grid-plate based stage
metrology - to support the extremely tight overlay budgets required for litho-based
multiple-pattering [4, 19]°. Classical interferometers, with their long beam-arms, are
susceptible to measurement errors due to refractive index variations in the air. Since,
advanced photolithography systems have several sub-systems that do not function well
in vacuum (advanced air-bearing stages, water immersion, convective temperature
control systems, etc.), there is no easy way to get rid of air in the process chamber’. The
interferometer measurement problem is further aggravated by the fact that the air is
constantly being churned by the wafer stage, which moves at high speeds to maintain
high throughput. Conventional interferometer metrology, in the presence of turbulent
air, was found to be limited to ~ 1 nm measurement errors. This was a problem, since
the net overlay budget was ~ 2.5 nm. Grid-plate metrology were adopted to solve this

timesignal (s) filtered @ 40Hz

XT : Interferometer metrology

— o5/ | | Interferometer noise X: 0.9 nm 3o |
® 00" A RN
c |
2 2
@ 0.5

-1 \7‘

0 0.05 01 015 02 025 03 035 04 045
NXT : Grid plate metrology timesignal (s) filtered @ 1000Hz
10— 1 1 1 | | |

[ ondplaste | 08F -~

<15mm 06

stage

Encoder noise X : 0.22 nm 3¢ E

T
e e e B e B

L L s L L L L L L
01 02 03 04 05 06 07 08 09 1

Fig. 4. Comparison between conventional interferometer metrology and grid-plate metrology
(reprinted with permission from [4])

3 Of course, each transition presented its own specific challenges, and auxiliary systems had to be
added to supplement the basic 6-axis framework. In immersion lithography for instance, overlay
error due to evaporative cooling of the immersion fluid was a significant challenge. Advanced design
of the immersion nozzle [17], and active thermal control of the substrate [18], were used to improve

overlay in immersion systems.

S For instance, litho-based double-patterning at 38 nm half-pitch and beyond, required overlay

accuracy of ~7% of the half-pitch.

)

Some of these issues have eventually been addressed in the development of the EUV lithography
system which operates in vacuum.
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problem. By utilizing significantly shorter beam-paths in the vertical direction, grid-
plate metrology essentially eliminated the issues associated with air turbulence. Details
regarding the design of these can be found in Castenmiller et al. [4].

4 Opverlay Control in Next - Generation Lithography - 2010
and Onwards

Photolithography, with numerous clever tricks, has been able to support scaling at the
level of Moore’ law for the last five decades. However, it has become increasingly
difficult to support scaling beyond 22 nm half-pitch. Multiple patterning, although
widely used, is expensive, requires complex processing steps [20], and is not well
suited for non-periodic patterns. Next-generation lithography technologies are being
explored to supplant conventional photolithography and continue transistor scaling.
Some of these, such as Extreme Ultraviolet Lithography, are direct extensions of
conventional photolithography, whereas others, such as directed self-assembly and
nano-imprint lithography [22] use novel mechanisms for pattern creation. No one
technique has yet emerged as successor to 193 nm immersion lithography, and chal-
lenges remain with all three of the primary contenders - EUV [21, 22], DSA [23] and
NIL [22]. In this section, we will look at these emerging technologies through the lens
of overlay.

1. Overlay Control in Extreme Ultraviolet Lithography (EUV)
Unlike litho-based multiple-patterning, overlay no longer defines the CD of the
most critical layers in EUV. Therefore, the overlay spec is relaxed compared to
multiple-patterning [4], and existing overlay techniques can be used. For instance,
the overlay required at ~20 nm half-pitch using EUV is ~4 nm (35), compared to
~2 nm (3c) using double-patterning. The primary challenge with maintaining
overlay in EUV is compensating for the heating of the reticle, optics and substrate
(essentially everything) in the EUV beam path. For instance, EUV masks are
generally made to be reflective to reduce light absorption and must be planarized to
a high degree to prevent image distortions [24].

2. Overlay Control in Directed Self-Assembly (DSA)
DSA is primarily envisaged as a pattern multiplication technique at advanced device
layers. As a bottom-up approach to patterning, DSA, in and of itself, doesn’t really
permit much in the way of overlay control. Overlay in DSA is primarily driven by
the overlay of the directing top-down patterns.

3. Overlay Control in Nano Imprint Lithography (NIL)
Nanoimprint lithography [25] is essentially a micro-molding technique for the
resist. It involves a template which has patterns physically etched into it. This
template presses down onto a liquid resist, which takes the shape of the patterns in
the template. The resist is then cured, using UV light or heat. The template is
subsequently removed, and the resist pattern can be transferred into the wafer using
conventional etch processes. Early NIL systems used a combination of heat and
pressure to cure a thermoplastic material, which precluded nano-precision align-
ment in these systems. Jet-and-Flash Lithography (J-FIL), which is a form of NIL,
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uses room temperature curing of programmably-dispensed low-viscosity resists [26]
(Fig. 5). It is inherently suited to the problem of nano-precision overlay, and in
recent times, has been able to achieve excellent overlay performance. In the sub-
sequent paragraphs, we will discuss these developments in some detail.

1 Inkjet Dispense 2: Align Template 3: Bow Template to Initiate 4: Relax Bow, Complete 5: Controlled Delamination to
of Resist Drops to Resist Drops Contact in the Middle Capillary Fill, UV Flash Separate Without Shear
Template
— T — M [ W 1
- mmnoon oan v Lt STl e,

Fig. 5. Outline of the steps in Jet-and-Flash Imprint Lithography [22]

Overlay systems for J-FIL have been designed with two key characteristics of the
process in mind -

1. Unlike projection lithography, there are no intermediate lenses in J-FIL to morph
the template patterns. To correct overlay errors in J-FIL, the template and substrate
themselves have to be morphed. This forms the basis for the magnification and scale
control system [27] (Fig. 6), and of thermal actuation-based [28-30] overlay cor-
rection in J-FIL.

2. Since the template makes physical contact with the imprint resist during pattern
transfer, at the nanoscale both template and wafer can move in relation to their
respective chucks. Thus, only direct-referencing based overlay metrology can be
used in J-FIL. Current J-FIL systems use an interferometric spatial-phase imaging
system [22] (Fig. 7).

Safetystops

Delrinpads
Mechanism Frame
MSCsfingers with
flexure joints

Loadcells

Universal
joint

Imprint Mask

Fig. 6. Isometric view of the magnification and scale control system. The imprint mask is shown
in the middle, with 16 surrounding fingers which deform the mask in a controlled manner.
(reprinted with permission from [27])
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Fig. 7. Schematic showing the Interferometric Moiré¢ Alignment Technology (I-MAT)

2 5nm

B Conditions

FPA-1200 Nz2C
NIL-NIL Test Mask
;'*.*f :(r:*.::t:tf.”‘  + 12 measure points/field
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. -

,,.: : 'x'., 3 5:*.:':::&3 84 fields/wafer

« 3 wafers

Ave.+30 2.2 2.4

Fig. 8. Single machine overlay (SMO) based on an FPA-1200 NZ2C imprint system. SMO of
better than 2.5 nm (mean +3c) was achieved in both x and y directions [31]
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In the process sequence shown in Fig. 4, overlay correction is performed from Step
2 through Step 4. As the template is brought close to the substrate, coarse alignment is
first done. Once the template has been brought in contact with the liquid resist, in-liquid
alignment using the magnification and control system is performed.

The most recent results have demonstrated that, using the methods described above,
overlay performance of better than 2.5 nm (mean + 3c) can be achieved in both x and
y directions, see Fig. 8 [31].

5 Conclusion

Improvement in lithographic overlay has gone hand-in-hand with patterning resolution
to enable Moore’s law scaling over the last 50 years. In this article, the evolution of
overlay control in semiconductor lithography has been discussed. Beginning with
simple manual alignment systems for contact printing, overlay control in pho-
tolithography has evolved into intricate grid-plate metrology systems. Next-generation
lithography technologies like J-FIL have brought their own novel constraints into the
picture and have led to the development of novel systems like the magnification and
scale control system. As feature sizes shrink further and lithography becomes more
sophisticated, improvements in overlay control will not only remain an integral part of
semiconductor lithography, but will likely be even more important in advanced
nanofabrication for semiconductor fabrication.
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Abstract. Coordinate metrology is an essential part of a product life-cycle
management, since it guarantees the quality of component used in industrial
processes. Nevertheless, nowadays industry environment is complex and full of
players, which are correlated or even dependent one to another. Manufacturers
use hardware and software to support their industrial process; these assets are
provided by different companies, specialized in each specific segment, so there
is the need to manage the communication between them. Usually, Coordinate
Measurement Machines (CMM), together with their related metrology software
and CAD/CAM/CAE/CAIP (Computer-Aided Design, Computer-Aided Man-
ufacturing, Computer-Aided Engineering, Computer-Aided Inspection Plan-
ning) software, are developed by different companies. Moreover, the urge to
integrate data into a Product Life-cycle Management (PLM) system is
increasing; it allows to have a comprehensive control on the product, improve
performances and develop strategies. Starting from these necessities, interop-
erability becomes a topic of interest and important point of arrival in manu-
facturing; specifically, the focus of this paper is on interoperability Issues in
coordinate metrology.

1 Introduction

The dimensional and geometrical measurement process is not just analyzing the
dimensions and tolerances of manufactured components. The product design specifi-
cation must be considered in planning the measurement process; the measurement
process must be carried out to obtain appropriate measurement data; the measurement
data must be analyzed, and the related results reported in order to accept or reject the
component and provide feedback to the manufacturing process behind. In mechanical
industry, dimensional metrology data are closely tied to a company’s product quality
and to its performance assessment efforts; this information has to be easily shared with
production scheduling, design, purchasing, and the other manufacturing company
functions. Many software applications, including those incorporated in machine tools,
support these processes, but the entire measuring system is most effective if software
applications are seamlessly integrated together with the information interfaces. Indeed,
in an ideal situation, a manufacturer should be able to acquire and store any type of
measurement information in the same format, regardless of the type of equipment used
to acquire it.

Dimensional metrology interoperability is defined as “the ability of two system
components to communicate correctly and completely with each other with minimal
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cost to either component user or component vendor, where the two components can
come from any vendor worldwide” [26, 27]. Component-to-component interoperability
using open standards reduces training costs, allows best-in-class component choices
and provides a more innovative and competitive technology provider environment. The
main challenge to achieve dimensional metrology interoperability is the specification of
a minimum set of information exchange standards to cover the information exchanges
required that will also enable integration for the full range of software applications
available.

1.1 Elements of a Dimensional Metrology System

For a better understanding of the interoperability issue in dimensional metrologys, it is
important to comprehend the main elements of a typical dimensional metrology system.
The process can be divided into four major interacting elements: product definition,
measurement process planning, measurement process execution, and analysis and
reporting of quality data.

Product definition is the process in which a part is designed using CAD software
based on customer requirements. In this step, all relevant information must be indicated
to permit the generation of a downstream measurement process; such information must
include part geometry, features, tolerances, and part characteristics such as surface
finish, reflectance, and material properties. Subsequently, the measurement process
planning activity produces the inspection plan to measure the part so that its func-
tionality is ensured. Then, the measurement process execution is carried out; this step
can be complicated, since it must support not only the huge number of different types
of measurement equipments, but also an almost limitless number of ways in which the
inspection of a part component can be conducted. Corrective actions may be required
on the measurement process plan upstream in order to make the plan executable on the
chosen measurement equipment; for example, there may be the need for a translation of
the measurement process plan into some format compatible with the available equip-
ment. Following this phase, there is the analysis and reporting activity. Its most
important functions are receiving input from measurement process execution and
product definition activities, to analyze the data in terms of product requirements, to
perform a statistical analysis of the results, present them in a report, and archive it.

Each of these four activities can be broken down into sub-activities; some of them
involve only software modules, and some involve both software modules and
dimensional measuring equipment hardware. The information communicated between
these software modules is where the interoperability is achieved or not. It is a matter of
the assumed syntax and semantics of the information passed from one sub-activity to
another. In today manufacturing systems, a comprehensive software is the combination
of several modules. The production definition software includes a CAD software
module, allowing definition of part geometry and associated GPS/GD&T; the mea-
surement process definition software includes solid modeling, inspection planning, and
inspection programming modules; the measurement process execution software
includes math computing, inspection instruction execution and probe instruction exe-
cution modules; the report and analysis software includes solid modeling, math com-
puting, and reporting and analysis modules. For interoperable dimensional metrology,
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clear and unambiguous metrology information is needed to flow across each of these
interfaces. This is best achieved through the definition and worldwide implementation
of information interface standards.

1.2 Interoperability Issues

Interoperability issues exist within each of the four pillars of a dimensional metrology
system and are going to be discussed. In the product definition section, the part must be
decomposed into geometric features to support automatic dimensional metrology plan
generation. Then, dimensions and tolerances must be assigned to a geometric feature or
set of features; datum features must be defined adequately for both manufacturing and
inspection. Product Manufacturing Information (PMI) must be included in the model.
All this information must be defined completely and accurately in a CAD data model.
The existing issues in the product definition activity are summarized as follows:

1. CAD data including GPS/GD&T information does not flow seamlessly to down-
stream processes when components are not from the same vendor.

2. GPS/GD&T data not semantically associated with individual feature in the CAD
model makes impossible to automate inspection process plan generation.

3. There are divergences in the interpretation of ISO GPS and ASME GD&T
standards.

4. There is no CAD product implementation of PMI information using non-proprietary
standards.

However, ISO develops exchange standards, and among them ISO 10303, infor-
mally known as STEP, “Standard for the Exchange of Product model data”. Its AP242
[19] merges two most widely used STEP standards: AP203 [17] (“Configuration
Controlled 3D Design”) and AP214 [16] (“Core data for automotive mechanical design
processes”). It allows interoperability of PMI in both graphic and semantic represen-
tation. PMI graphic representation captures the information displayed by breaking
down the annotations and symbols into basic geometry; this approach is the only one
independent from representation, and it is not machine-interpretable. PMI semantic
representation describes the exchange of reusable, associative PMI in a STEP file. This
information is by itself not visible in the 3D model, but a CAD system importing this
file can use the representation data to re-create the visible PMI. The representation
approach also aims at passing PMI data on to downstream applications, such as CAM.
Representation, simply stated, is machine-readable/interpretable.

The generation of measurement process plans is closely related to machining
planning. Process planning for both machining and inspection can be generally divided
into macro planning and micro planning. In the macro planning, decision about what to
measure and when to measure are taken based on the choices of machine tools and
assigned manufacturing tolerances; in the micro process planning, detailed machine
tools commands, inspection commands, motion commands, reporting and analysis
commands are generated and passed onto a vast diversity of measurement equipment.
Most of the measurement process plan generation is expected to provide device-
dependent support for the myriad of inspection devices available for process execution.
It is impossible for medium and large manufacturing companies to employ only one
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type of inspection device. The top interoperability issues in the industry are the
following:

1. The lack of comprehensive non-shape information available from the product
definition activity.

2. The lack of a standard data model able to represent semantic GPS/GD&T and PMI
with CAD geometry model.

3. The lack of an extensible interface standard that can catch and exchange mea-
surement process planning knowledge and the associated norms.

DMIS (Dimensional Measuring Interface Standard) [18] is the only standard that
defines measurement instruction data within the measurement process definition
activity. It is a language for controlling measuring equipment that includes an input and
an output language. Part of the DMIS input language defines feature, tolerances,
sensors, etc.; the output language serves both as a log of action commands and settings
and a report of results, with actual and nominal point data, features, and tolerances.
However, it does not define complete measuring equipment resources, which are
necessary for the effectiveness of DMIS. CMM machine type and configurations are
defined in ISO 10360-1 [12]. A standard data model in compliance with these standards
needs to be developed and validated so that industry can develop implementations in
software modules.

Once a measurement plan is generated, it must be properly run through the mea-
surement execution process. The most important functions of this step include
acceptance of input from the measurement process plan and usage of the input to
provide clear instructions to a great number and type of measurement equipment.
However, interoperability here is hindered once again by the lack of standardization;
the need for interoperable software products that execute the manufacturing and
measurement process in a highly automated and equipment-independent way is crucial
to the enterprise survival. Especially in large corporations, a single-vendor solution is
impractical when not impossible; even at the job-shop level, it can restrict the ability to
choose best-in-class equipment for a particular application or it may require redundant
training on a new software. Nevertheless, standardization for the detailed equipment
commands is still missing. There are two publicly available specifications: DMIS Part 2
and [++DME [9] Interface Specification. The former has not known implementations,
the latter is not yet ubiquitous for either CMM software or CMM systems.

Lastly, measurement data analysis and reporting systems are responsible for
gathering results, analyzing workpiece inspection data, realizing statistical reports and
proposing process improvements. The main interoperability issues are due to the lack
of definition of how measurement results and statistics can be used to improve the
manufacturing process, the lack of a uniform model for traceability, and the lack of a
standard format for measurement data and single part report. DML was developed to
store and standardize measurement result data and had moderate usage mainly in North
America; however, several problems have been found by industrial users and further
development and consolidation is needed. A format for CMM measurement result is
defined within DMIS, and has benefited from some usage, wherever DMIS is used.
STEP AP219 [14] was defined to cover all important metrology information, including
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measurement results; it has too limited definitions, though. A harmonization among the
three mentioned standards is essential for a standardized measurement data format.

Figure 1 shows the current state of interoperability in dimensional metrology, with
its flows and obstacles. There is in particular one interoperability issue which has an
adverse effect on every aspect of the dimensional metrology process: GPS/GD&T and
PMI information are still not properly associated to CAD data. When components
come from different vendors, it represents an obstacle to the seamless flow of
GPS/GD&T and PMI information to the downstream processes. To overcome the
problem, vendors, end users, and standardization organizations must work together to
fix political and cultural issues first. End users have the power to play a leading role in
the matter by demanding standards-based hardware and software. On the other side,
standardization organizations need to gather sufficient information from major
dimensional metrology vendors to establish their business and organizational objec-
tives. In the end, vendors need to realize the possibility of economic incentive to offer
standard-based products; the more progressive vendors try to get in on the ground floor
of new developments in these areas so that they are ahead of their competitor.

The benefits of standardization can be summarized as follows:

e FElimination of time, costs, and resources involved in data integration tasks.

e Redirection of savings to value-added activities, enhancements, etc. Also, solution
providers and metrology manufacturers can redirect more energy to new
developments.

e Communication between metrology solution and other solutions, making both more
useful.

More focus on core business on the manufacturers’ side.
Independence from proprietary schemas that require separate technical support.

Although benefits are clear, companies also need the political will to work with
others and consider the larger picture. There is no direct participation by vendors, who
wait to see if a given standard will reach critical mass and establish some level of
adoption. Standards exist, but value is provided by its usage. Figure 3 represents a
future vision of dimensional metrology systems.

2 Product Life-Cycle Management

Product Life-cycle Management (PLM) is an information management system that can
integrate data, processes, business systems and people in an extended enterprise.
A PLM software allows to manage information throughout the entire life-cycle of a
product efficiently and cost-effectively from conception, design and manufacture
through service and disposal. Thus, the PLM is a management model based on
informatics solutions that support the collaborative creation, form the management, to
the diffusion and the usage of the overall knowledge associated to a product, with the
objective of better managing product-related data and information that, without a PLM
solution, cannot be efficiently exploited during the entire product life-cycle because
they are not easily recoverable or are lost in the overall process. A PLM is considered
an enabling technology for Industry 4.0 and the Smart Factory, because of the more
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transparent collaboration allowed and the unique access to data and documents for all

company departments.

A PLM is composed by different modules which contribute and collaborate to the
product development. Usually they can be categorized as in Fig. 2. The implementation
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of one or more modules in a PLM system depends on the integration degree that the
company wants the productive process has.

2.1 Product Data Management in Dimensional Metrology

The main idea behind PDM (Product Data Management) is to link all product-related
information to the product itself. Nevertheless, in many companies, not all documents
are integrated in the product data management, remaining therefore independent and
disconnected without converging with the others. In the area of dimensional metrology,
the PDM information is of most interest. It is within this pillar of the PLM system that
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product nominal and tolerance information is kept. The company product knowledge is
contained mainly in its CAD models and relative documents and data. Inside drawings
all specifications of a product are included. Some of them, if not respected, have a great
impact on the final product quality and functionality. Due to their critical nature, they
are the ones to focus on during design and manufacturing. Just one unique label should
be assigned to each of these characteristics, so to be traced and marked during the
production process.

Closing the gap between product definition and actual manufacturing activities
within the enterprise is one of the key priorities in digital manufacturing. As a result, all
specifications and related variation information flow must propagate from design to
production and be implemented using closed-loop and bidirectional relationships.
Historically, production data have not been collected and fed back to up-stream phases.
Measurement and metrology information and knowledge (e.g. dimension and error
data, process capability data, process FMEA knowledge) need to be integrated with
product and process design, particularly in assembly design.

This idea of integration is what stands at the basis of the PLM software, even if in a
broader perspective: the concept is that if all product related data are stored in a unique
PLM data base where all information are always updated and coherent internally and
among different functions, the company should gain in efficiency and productivity
while breaking intra-function barriers (as the one between engineering and production),
and avoiding functional information misalignment and data repetitions. Information is
no longer synchronized, but basically all units work on the same data, whose modi-
fications are immediately visible to every other part of the company.

The creation of a PLM comprehensive data model to represent product life-cycle
information is complex due to the heterogeneity of entities integrated inside the PLM:
people, data, process, knowledge and systems together.

2.2 Product and Manufacturing Information

The PDM module includes different sub-modules among which CAD (Computer-aided
Design) and inspection are the core of dimensional metrology.

A CAD file is the 3D model of the part to be produced. It substitutes the 2D
drawings, even though, in the recent past, the latter were often still included in the
documentation because needed for data set utilization. 2D drawings had been used as a
mean of defining a finished product through a standard symbolism that could be
therefore universally interpreted. In the past, the manufacturing process needed both
2D information, contained in the 2D drawings, and the 3D form. Therefore, 2D
drawings were the downstream communication channel for production requirements. In
such an environment of 3D part decoupled by its related information, in 2D drawings,
required information were multiple and duplication and interpretations errors, together
with revision inconsistencies, could lead to costly mistakes that quickly translated into
lower productivity and quality. Moreover, this working approach slowed the product
developing cycle: a simple change in the product definition not only required updated
3D digital data, but also necessitated numerous engineering changes to all 2D docu-
mentation associated with the product. This way the lead time for implementing a
product change grew with the extent of its associated data.
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When the concept of Product and Manufacturing Information came up, the need of
2D drawings was removed. Product and Manufacturing Information (PMI), is any
attribute embedded in 3D CAD files and Collaborative Product Development systems,
necessary for manufacturing product components and assemblies. PMI annotations are
created on the 3D CAD model, associated to geometric features (edges and faces). This
information can be used by a number of downstream processes, extending the digital
thread past production all the way through inspection; as outlined by ASME Digital
Product Definition Data Practices, the manufacturing industry as a whole is moving
towards a standardized approach to automating and digitizing the process of taking a
product from design to production. The increasing adoption of digital manufacturing
technologies and more powerful software will lead to a greater need for Model-based
Definition (MBD) and strengthen the link between design, production and inspection.

2.2.1 PMI Classification
The typology of a PMI is determined by the information type it contains, thus, PMI can
be of a very different nature:

e Text comments: usually clarifying notes for the author himself or for facilitating the
understanding, or simply for communicating something to the manufacturer.
Material definition: definition the characteristics of the material that should be used.
Surface finish: definition of the nature of a surface.

Geometric tolerances: allowance for a specific variation of the geometry of the part.
Dimensional tolerances: allowance for a specific variation of the size of the part.

2.2.2 PMI Benefits

In order to fully appreciate the perks of PMI, just consider that a simple dimensional or
GD&T error can cost a company thousand or even hundreds of thousands of dollars if
incorrect parts are produced. Recent studies found that companies using PMI and MBD
spent significantly less time on engineering documentation each week, had fewer
emergencies each month, and had fewer cases of parts not properly fitting together each
month (Lifecycle Insights study on Quantifying the Value of Model Based Definitions).

e Enables product teams to incorporate product and process information during the
design phase: design cycle shortens, there are better communications, fewer errors,
streamlined design/manufacturing processes and faster change management.

e Removes Drawings from the supplier communication chain and replaces with
persistent, associated 3D product data that can be deployed across multiple
life-cycle processes and used anywhere.

e Reduces cost by ensuring that design intent is completely captured and associated to
the model.

e Reduces rework associated with inaccurate or incomplete manufacturing
information.

e Reduces manufacturing errors caused by manual translations and enforces “char-
acteristic accountability” for the final product definition.
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e Increases productivity and quality by documenting the information once and
reusing it everywhere, with no more need for redundant data for downstream
applications.

e Supports concurrent engineering by facilitating the documentation of models earlier
in the design process.

2.2.3 PMI and Inspection

From the discussion in the first part of this chapter, is quite clear the importance that
PMI covers in the manufacturing fields, since it links the product design directly to
producers’ requirements, avoiding inefficiencies and mistakes.

Nevertheless, they can change also the dimensional measurement process.
Before PMI, quality control was done starting from the design specifications on 2D
drawings. But since PMI are attributes of the 3D model features, the part program can
be generated directly from the CAD, where all information needed are stored already.
Therefore, what is obtained is a tolerances-based inspection, where the machine
measures only model features a tolerance PMI is associated to.

Moreover, quality control usually was a way to verify that the realized part was
compliant with the design specifications. With the introduction of PMI concept, also
the inspection acquires a more integrated meaning: since a PMI is not linked just to the
design but also to the manufacturing fields, the conformance or not conformance stated
by the inspection program has a broader character: the quality assessed is more credible
because it is not related only to what was designed, but, coming from PMI, it is the
quality measure of different integrated processes.

3 Standard Languages

In the last years, information technology is playing a more and more fundamental role
in the manufacturing enterprise. Effective information sharing and exchange are a
critical issue in product life cycle management, and, in particular, for interoperable
dimensional metrology, clear and unequivocal metrology information needs to flow
across all the process steps. Formal information modeling languages that unambigu-
ously outline information requirements together with unambiguous specifications for
modeled data enable the development and integration of a networked and consistent
computer environment.

Information modeling is a technique for specifying the data requirements that are
needed within the application domain: it is a representation of concepts, relationships,
constraints, rules, and operations to specify data semantics for a chosen domain of
discourse.

There are different methods for developing an information model: the entity-
relationship (ER) approach, the functional modeling approach, and the object-oriented
(O-0) approach. The ER approach deals with the application of the concepts of entities
and relationship in describing information requirements; its basic constructs are the
entity type, the relationship type and the attribute type, and it uses a graphical notation
technique. The focus of functional modeling technique is specifying and decomposing
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system functionalities, by representing the flow of information from one process to
another with data-flow diagrams. Lastly, the O-O approach identifies in blocks objects
from the application domain, and then operations and functions; it provides easier
modeling of complex objects, better extensibility and easier integrability of O-O
database models and O-O programming code. Each information model has a specific
emphasis that represents the viewpoint of the organization; choosing the appropriate
methodology is a decision that must be taken at the beginning of the modeling work.
A good-quality information model should be complete, sharable, stable, extensible,
well-structured, precise, and unambiguous; its main contents are scope, information
requirements, and a specification.

Information modeling needs a formal syntax able to capture data semantics and
constraints: this is what an information modeling language does. Some of the most
commonly used are UML, IDEF1X, EXPRESS and XML Schema.

UML [6] specifies, visualizes, constructs and documents the artifacts, rather than
processes or software systems. It is a graphical application based on the object-oriented
paradigm. UML organizes a model in a number of views for different aspects of a
system; the contents are described in diagrams.

IDEF1X [21] is an extended version of IDEF (Integration Definition for informa-
tion modeling). It was developed for designing relational databases with a syntax
intended to support the semantic constructs necessary in developing a conceptual
schema. It is most useful for logical database design after the information requirements
are known and the decision to implement a relational database has been taken.
EXPRESS is created as ISO 10303-11 [13] for formally specifying the information
requirements of a product data model. The language is part of a suite of standards
known as STEP (Standard for the Exchange of Product model data). EXPRESS is a
textual representation and it has also a graphical representation available, EXPRESS-G.
It is based on several programming languages (Ada, Algol, C, C++, Euler, Modula-2,
Pascal, SQL) and on the O-O approach. It is designed as a language for communicating
information concerning data; it consists of language elements that allow an unam-
biguous object definition and specification of constraints on the defined object.
EXPRESS maintains separate information modeling task with programming or data-
base design tasks, and it is not specific for a system.

XML [2] schemas serve as design tools establishing a structure where implemen-
tations can be built. It can be used to express the set of rules to which an XML
document must conform to be considered valid according to that schema.

There are multiple standards and specifications for each element of dimensional
metrology system. Different information modeling languages are also chosen for dif-
ferent standards, which may also include interoperability issues.

3.1 Product Data Models and Standards

For the product definition process, end-users can choose from a wide variety of CAD
vendors. Each type requires a different mindset for the customer to use it and to design
virtual components. Moreover, each of the commercial CAD systems has its own
proprietary data format, hampering the data exchange between different CAD software



Interoperability in Coordinate Metrology 23

systems. This imposes one of the key-interoperability issues among computer-
integrated manufacturing systems.

STEP is developed by ISO Technical Committee as ISO 10303 [10] and it is
intended to support data exchange, data sharing and data archiving. For data exchange,
STEP defines the form of product data to be transferred between two applications; each
application holds its own copy in the preferred form. The data conforming to STEP is
transitory and defined only with the aim of exchange. STEP supports data sharing by
providing access to a single copy of the same product data by more than one appli-
cation, potentially at the same time. The structural elements of STEP may be used to
support the development of the archived product data itself: archiving requires that the
data to be exchanged is kept for use at some other time. Another essential concept for
the STEP architecture is that the content of the standard is to be completely driven by
industrial requirements.

STEP consists of many integrated resources, application protocols and parts. Before
discussing design data modeling in STEP application protocols, an overview of STEP
architecture is given.

1. Components of STEP: decomposition of the standard into several series of parts,
which contains one or more type of ISO 10303 parts.

2. Description methods: common mechanism for specifying the data constructs of
STEP. They include the formal data specification language developed for STEP,
EXPRESS.

3. Implementation methods: standard implementation techniques for the information
structures specified by application protocols. Each of them specifies how descripted
data constructs are mapped to that implementation method.

4. Conformance testing.

Data specification.

6. A STEP file.

9,1

Application protocols are the implementable data specifications of STEP. AP 203,
AP 214 and AP 242 will be described in their functions and scopes [16, 17, 19].

STEP Application Protocol 203 (Configuration Controlled 3D Designs of
Mechanical Parts and Assemblies) provides the data structures for the exchange of
configuration-controlled 3D design of mechanical parts and assemblies. AP 203 edition
1 has quite complete definitions of product design information; however, it does not
provide semantic association between GD&T and design geometry, requirement ful-
filled by edition 2.

STEP Application Protocol 214 was developed for the exchange of information
between the application that supports the development process of the mechanical
aspects of automated vehicles. In addition to AP 203, it offers information for process
plan and configuration control, references, kinematic structures, tolerance data and data
related to the documentation of design change process, approval, security, classifica-
tion. However, it did not receive main acceptance among CAD vendors.

STEP Application Protocol 242 (“Managed Model Based 3D Engineering”) is a
convergent AP from AP 203 and AP 214, especially motivated by the needs of long-
term archiving of CAD data. Its strength is the completion to PMI, allowing the
definition and exchange of “machine-readable” representation of tolerances. AP 242
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strengthens manufacturing acceptance and support by establishing a single universal
brand and introduces new capabilities common to many industry sectors, such as
tessellation (allowing STEP to efficiently support a light visualization) composite
structures, domain of PDM, product data quality and mechatronics.

4 Computer-Aided Inspection Planning

Measurement process planning, here defined also as CAIP (Computer-Aided Inspec-
tion Planning) [5, 8, 22, 23, 25], is an integral part of the design and manufacturing
activities: it defines what characteristics of a product are to be inspected, where and
when. The overall CAIP activity is normally divided into high-level and low-level
process planning. High-level process planning describes the measurement scope, a
dimensional measurement equipment (DME) list, a sequence of high-level measure-
ment operations, that includes the accessibility of features to be inspected, the probes
and the orientation of the part. On the other hand, the low-level process planning
activity decides the number of measurement points, their allocation, measurement
paths, and addresses the generation of an executable code. The efforts towards inter-
operability studied in this work are addressed to inspection operations performed on
CMMs.

The low-level process plan activity is closely associated with the chosen mea-
surement devices; hence, there is a significant overlap between low-level measurement
process planning and measurement execution activities. Even though CMMs are quite
flexible, sometimes the measurement devices offer limited low-level measurement
process plan capabilities. It is the exchange of information on high-level that is
opposing the interoperability barrier.

4.1 High-Level Dimensional Metrology Process Planning

Standard organizations are aware of interoperability issues and have made several
efforts in developing a suitable data model for the exchange of high-level measurement
process plans. These data models include HIPP data model for AP 238 and the QMP
model data.

Dimensional measurement information is defined in AP 238 [15], also known as
STEP-NC, since it is the application of STEP methods to Numerical Control machines.
Tolerance data are formalized in the Geometric and Dimensional Tolerancing (GD&T)
model developed for AP 203 and AP 214: this allows an application program to pass
the data from a feature, to the faces in that feature, to the design tolerances on those
faces, to the datum defining tolerances, to the plane defining datum, etc. Nonetheless,
the incompleteness of the inspection-based data model and the need to harmonize
STEP-NC with some specification like DMIS and I+DME were recognized. NIST
(National Institute of Standards and Technology) developed a new AP 238 ARM
model for the High-level Inspection Process Planning (HIPP). ARM stands for
Application Reference Model and it is a model of the data needed for a particular
application. AP 238 ARM combined the information requirement models for
machining defined by previous standards and was also upgraded with product data
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management information necessary to align the inspection feature descriptions with the
STEP manufacturing application protocols and link to data. The objectives of HIPP
data model include:

e Standard means of transmitting high-level metrology objectives from one part to
another (e.g. from automotive manufacturer to a supplier).

e Standard means of embodying a detailed high-level metrology process plan that can
be translated into a machine in a language like DMIS or can be executed directly by
a smart machine controller.

e Executable model suited to the machining models so that it is feasible to write
process plans that include both machining and dimensional measurement on the
same machine.

HIPP brought a harmonized dimensional measurement feature definition from
major dimensional metrology data models, even if dimensional measurements features
are half associative in the HIPP data model: associativity to manufacturing features
should be added.

DMSC (Dimensional Metrology Standards Consortium) introduced a Quality
Information Framework (QIF) [3] to develop a set of four standards to address the
major aspects of manufacturing quality systems: Quality Measurement Plan (QMP),
Measurement Resource Information (MRI), Measurement Execution Program (MEP),
and Quality Measurement Results (QMR). The QIF project is intended to develop a
common vocabulary and data definitions for the entire set of quality management
systems. It captures the natural structure of information flow related to part geometry:
from the initial description and supplemental information all the way to the statistical
analysis of inspection results for multiple workpieces. At each step along the way, the
necessary information is captured in a standard format, allowing flexibility in choosing
tools for the next step. The standard format is defined using XML. In detail, the scope
of QMP is defined as “the pre-requisite for the science-based downstream generation
and execution of integrated measurement processes and for the fullest utilization of
acquired measurement data”. Its purposes are:

e Consolidate existing standard and specifications related to the quality measurement
process planning activity.

e Define the unique facets of QMP within QIF.

e Ensure the flexibility and scalability of the QMP data model to support additional
data genres.

To sum up, these standard efforts have made relevant achievements in defining core
information for high-level measurement plan. Some information is fairly exhaustive,
such as dimensional measurement feature definitions and GPS/GD&T definitions, even
if the most pressing issues include developing non-proprietary data formats for
CAD + PMI data downstream to inspection process planning and adequate data model
to include quality requirements from the production point of view. QIF process is an
effort in this direction, with the purpose of consolidating the standardization work and
develop a neutral data library for the aspects of quality measurement systems, included
the data model for high-level measurement plans.
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4.2 Low-Level Dimensional Metrology Process Planning and Execution

The interoperability issue in low-level dimensional process plan creation and execution
becomes relevant in large enterprise-level corporations, where a single-vendor solution
is unfeasible. An equipment-independent data format for representing both high and
low-level measurement processes is necessary and critical for big corporations;
nonetheless, there is not such standardization in the industry.

Low-level dimensional process plans are embedded in programs that can be exe-
cuted by the controller of a CMM. There is only one standard language for such
programs: Dimensional Measuring Interface Standard (DMIS). The semantics of the
standard and the syntax for programs are given in DMIS Part 1, whereas Part 2 puts the
semantics of Part 1 into a collection of objects interfaces that provides interoperability
between DMIS client applications, a DMIS server, a DMIS mathematics module and a
DMIS equipment module. There are distinct interfaces between CAD/CAM/CAE
software that define the program and the metrology software that controls the machine,
and between the latter and the machine itself. The two software systems are generally
built by different companies and run on different computers. Their interface usually
consists of dynamically generated messages that are sent back and forth over a com-
munication system, through DMIS. The interface between the metrology software and
the CMM is the [++DME Interface Specification. This last interface can also directly
connect CAD/CAM/CAE software with the machine.

There are great deals to be gained by using a standard messaging specification
between a CMM program execution system and the equipment controller. If two
different execution system run the same language, it may be possible to execute a given
program on either one. This allows a CMM user with multiple CMMs to use the same
program for different machines and gives to the CMM buyer flexibility in his choice.
Moreover, if a standard is used, different execution systems can be plugged in the same
CMM hardware, and different hardware can be controlled by the same execution
system.

An overview of DMIS and I++DME Interface Specification is given below.

DMIS is a large statement-based language. The DMIS specification actually
describes both a language for writing executable programs and a language for writing
output reports about what was done during the execution and the related results. The
programming language will be outlined in this section, whereas the output language
will be addressed in the next one, talking about quality data analysis and reporting.

The specification for DMIS programming language divides statements into 18
types, compressed here into seven: program, geometry, metrology, equipment, motion,
miscellaneous and output (covered in the section below).

Programs consist primarily of one-line statement, each of which tells the executing
statement to do something; they can declare and use variables, may be constructed by
combining several files, and are executed in the order in which they occur.

Geometries are treated as features, defined as ideal (“nominal”) forms; once
defined, a feature can be measured or constructed. All DMIS features represent points,
curves or surfaces in three dimensions.

Metrology statements in DMIS provide tolerances, datums and coordinate systems,
measurement uncertainty, simultaneous requirements and key characteristics.
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The core of DMIS programming is a single-arm CMM. This includes articulated
arm as well as cartesian machines. DMIS is developed for using a sensor that is a touch
trigger probe or a scanning probe. Motion can be in free space or for measuring specific
points or points along a scanning path. DMIS offers different modes to do this.

In order to solve the dimensional equipment interoperability problem, major
European automakers supported the development of [++DME (I++ Dimensional
Measuring Equipment Interface Specification). Its goal is to allow automakers, and any
other manufacturers, to select the best software and equipment for their objectives and
budgets and ensure that they work together seamlessly out of the box.

I++DME is a messaging protocol between measurement plan executors and mea-
surement equipment. It uses TCP/IP sockets as the communication mechanism and
defines a message set and a client-server architecture. Clients are measurement plan
executors, and servers represent the equipment that carries out the measurements. For
instance, a client could read DMIS measurement plans generated by an upstream
application, interpret the DMIS statements, send [++DME messages to the measuring
equipment, accumulate the measurement results that return as [++DME messages from
the server, and give as output a DMIS or DML report. An I++DME test suite has also
been developed by NIST to enable testing of conformance to the specification. Despite
this, in a real implementation, I++DME files are not used. I++DME files are only used
for testing purpose.

4.3 Quality Data Analysis and Reporting

The quality data analysis and reporting activity is a fundamental element of dimen-
sional metrology. To face the essential need for quality management, the traditional
reaction has been the creation of local quality measurement structures designed for
users’ specific needs: this prevented the accurate and clear flow of quality measure-
ments information from each new data source: therefore, the need for a standard format
emerged. The proposals are STEP AP 219, QMD, DML, and DMIS output data.

ISO 10303 AP 219 [14] specifies an application protocol for the exchange of
information resulting from the inspection of solid parts: its focus is the analysis and
reporting activity for dimensional inspection. It is the first and only standard trying to
provide semantic associations between tolerances, measurement features, dimensional
measurement results and analysis. It also connects the measurement process with
features, later connected to other manufacturing information from different APs.
Nevertheless, AP 219 is inadequate in providing complete definitions of dimensional
measurement features, results and analysis methods, and its storing model is too
complicated to see obvious advantages. Moreover, portions of AP 219 (primarily
features, tolerance and datum definitions) overlap with DMIS, and harmonization is
still missing.

QMD (Quality Measurements Data) XML [4] Schema intends to provide a data
structure for the exchange of data between different applications that serve quality
control efforts in the manufacturing industry. It describes a non-proprietary and open
standard for variable, attribute and binary quality measurements. It does not define any
process, but only the quality measurement export format.
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DML (Dimensional Markup Language) [7] is an XML format definition conceived
for the needs of dimensional results for discrete manufacturing. The goal of DML is to
haul the results between applications that generate or use dimensional information.
Compared to QMD, DML is able to carry more information on dimensional mea-
surement resource, devices, cloud points and raw data. Nonetheless, features and tol-
erances defined in DML have not been fully validated and they overlap with those
defined in DMIS and STEP AP 219; also, some of the information defined in DML
overlaps with the one defined in QMD. Although DML is the first standard effort in
standardizing dimensional measurement result data, several problems have been found
by industrial users.

The DMIS output has several levels of control. One selects one or more destination
types for the output and the language to use for it. The most important output is the
results of the measurement: this applies specially to features and tolerances. In order to
provide a standardized measurement data format, harmonization between DMIS, AP
219 and DML is essential.

5 Case Study

To understand the current industrial state of the interoperability in metrology, a case
study has been analyzed involving commercial software packages. To avoid disclosure,
the two packages considered will be referred to as “CAM software” (CAMSW) and
“CMM software” (CMMSW).

The global idea of the process is to develop a part solid model together with its PMI
on the CAMSW, pass the information to the CMMSW which can operate a CMM to
perform the measurement, and then send back the measurement results to the CAMSW,
so that they can be stored in the PLM system'. This return of the measurement
information to the CAMSW is required by the lack of direct integration of the
CMMSW into the PLM. Interoperability issues arise then in the transmission of the
information from the CAMSW to the CMMSW and vice versa.

The aim of the study is to investigate which information can be shared by the
software packages, using different data format for the transmission of the information.
Different reference solid models have been considered to perform this test.

e The standard specimen defined in ISO 10791-7:1998 [11] for the test of machining
centers (Fig. 4). This part has been considered for all those PMI typical of prismatic
parts.

e An impeller blade (Fig. 5). This parts is representative of free form parts and their
typical PMIL.

e All the simple parts described as examples in ISO 1101 [20]. These simple parts
have been considered to cover all the possible geometric tolerances from the same
ISO 1101 standard, and to check the behavior of the software when in the simplest
cases.

" It is worth noting that the CAMSW manufacturer declares that its software can operate a CMM
directly, avoiding the interoperability issue. This scenario has not been analyzed.
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Fig. 4. 1SO 10791-7:1998 standard part for machining center test, and its PMI in 3D annotation

Fig. 5. An impeller blade, and its PMI in 3D annotation
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5.1 From the CAMSW to the CMMSW

Both the CAMSW and the CMMSW can generate inspection plans (part programs) for
CMMs. In the case of the CMMSW, as it is also the control software of the CMM, the
inspection plan is immediately operated on the CMM itself. In the case of the
CAMSW, the inspection plan must be exported as part program and then loaded by the
CMMSW which can operate the CMM. This situation opens two possible scenarios.

5.1.1 First Scenario: The CMMSW Generates the Inspection Plan

This scenario is the most common in industry, as the vast experience of CMMSW
software developers in measurement (who are often the CMM manufacturers as well)
has made CMMSW specialized systems for inspection plan development, and most
CMM operators are trained in the use of the CMMSW for developing the inspection
plan.

In this scenario, the solid model together with the PMI is developed on the
CAMSW, then it is exported in some file format, and loaded by the CMMSW, which
can then generate the inspection plan (Fig. 6). The standard file format for the trans-
mission of the solid model plus PMI is the STEP AP 242.

CAM SOFTWARE @ CMM SOFTWARE
Product definition CAD + PMI | Inspection plan
CAD + PMI generation

Measured data

2

Fig. 6. First scenario: the CMMSW generates the inspection strategy.

The results obtained varied. While the ISO 10791-7 part was correctly exported
from the CAMSW and imported into the CMMSW, in the case of the impeller blade
the CMMSW failed in importing correctly the line profile tolerance, which is converted
into a surface profile tolerance. Similar problems have been faced for all those
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tolerances in which a profile must be extracted from a surface, given a specific datum
(line profile, straightness, roundness, etc.). This problem in general shows up when an
intersection plane, as defined in ISO 1101 §13, is found. The 3D annotation of
intersection planes, although required for all those tolerances based on the extraction of
profiles from surfaces, has been introduced only in the 2012 revision of the ISO 1101
standard. Although STEP AP 242 is capable of representing it, software developers are
still working on how to manage it. Minor issues have also been found in the correct
identification of datum features.

For sake of completeness, as the considered CMMSW is capable of loading the
CAMSW proprietary solid model format, the possibility of transferring information
through this format as been investigated as well. The obtained results were similar to
those obtained using the STEP AP 242 format.

5.1.2 Second Scenario: The CAMSW Generates the Inspection Plan
This scenario is currently seldom seen, as only recently CAMSW has gained the
capability of generating inspection plans, and as such the experience of the operators in
this field is limited.

In the second scenario, the CAMSW generates an inspection plan that is exported
in a part program file. The part program is then loaded in the CMMSW which operates
the CMM (Fig. 7).

CAM SOFTWARE CMM SOFTWARE

Product definition
CAD + PMI

l
Inspection plan Part program
generation

Measured data

1

Fig. 7. Second scenario: the CAMSW generates the inspection strategy.
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The only format available for the export of the part program is the standard DMIS.
It is worth noting that, although most CMMs are capable of measuring in scanning
probing, DMIS, in its standard form, and in particular in the form handled by the
CAMSW, can handle only discrete points probing, which limits the possible inspection
strategies.

The result of this scenario is, in general, a failure. Although the inspection strategy
is correctly transferred from the CAMSW to the CMMSW (i.e. the CMM will be
commanded to probe the expected points), the definition of the geometric features and
the geometric tolerances are not correctly transferred. In particular, the geometric
parameters see their parameters altered (they are translated by some amount). The
geometric tolerance are not transferred, with the sole exception of position tolerances.

Currently we are not able to state whether the problem is in the DMIS export form
the CAMSW or import into the CMMSW. The generated DMIS are semantically cor-
rect, but this does not mean the geometric features and tolerances are correctly repre-
sented. It is possible to state that currently this scenario cannot be considered feasible.

5.2 From the CMMSW to the CAMSW

Once the measurement has been performed by the CMM, the measurement results
obtained are in most cases not yet integrated in the company PLM software, as usually
the CMMSW is not integrated. To integrate the measurement results into the PLM, the
possibility of sending back the measurement results to the CAMSW, which is inte-
grated in the CMMSW, has been investigated.

Only DMIS can be chosen as file format to be generated by the CMMSW including
the measurement results and then loaded into the CAMSW. However, the CAMSW
failed in parsing the DMIS files generated by the CMMSW. This is consistent with the
results obtained when testing the generated DMIS files with the NIST DMIS test suite
[1], which reports a number of syntax error in the file. As such interoperability is
currently impossible.

6 Conclusion

Interoperability is a requirement in an Industry 4.0 context. In the field of metrology,
the tools are partially available: neutral languages have been defined to represent solid
models, PMI, and measurement result. However, the implementation in commercial
software is still poor, and requires improvements. If passing the information from CAM
software to CMM software is possible, even if with some limitations, the inverse
passage for the measurement results, which would allow the inclusion of quality data
into the PLM system, is still almost unfeasible.

As a conclusion, it is possible to say that, perfect interoperability, still far from
being reached, implies the necessity of a standard language that should be the only way
of communication and interpretation from both sides. Indeed, having the same standard
managing both information flows, would be a significant step towards interoperability.
This idea is what lays at the basis of the “digital twin” concept. Digital twin is a new
approach, perfectly inserted inside Industry 4.0 environment, that consists in creating a



Interoperability in Coordinate Metrology 33

bit model of the product under realization, on which it is possible to make tests, as wear
or duration, without the need of physical prototypes. Only at the end, bits are converted
into atoms. Often, a final product is the assembly of components produced by different
companies. If all companies of the supply chain create the digital twin of the com-
ponent (bit model), each of them can consign it to the downstream company, which
assembles its own model with the one received. At the end of the chain, the final digital
twin is obtained and, after tests are passed, all companies can physically produce the
part they have to. Shifting this idea inside dimensional metrology environment [24],
PMI and machining information are information that enrich the CAD model through
STEP language. It is the same of having different components of an object assembled
together: the different digital twins can be integrated. What is still missing is a language
that can represent inspection strategy and results as CAD + PMI are, or vice versa. In
the considered case study there are STEP representing CAD + PMI information on one
side, and DMIS representing inspection strategy and results on the other side. Thus, a
solution toward interoperability could be enhancing one of the two standard languages,
so that it can represent all information needed and therefore it can be used as the digital
twin representation language. Should one of these be realized, every software would
receive from the other a digital twin, represented by a language that it can decode.
Considering for example the case of STEP enhancing, the CMMSW would receive
from the CAMSW the CAD + PMI, in the form of a digital twin represented by
STEP. At this point, the software could add its information on the digital twin in STEP
(e.g. the CMMSW adds an inspection program and relative results) and resend it to the
CAMSW, which, in turn, could insert additional information (e.g. measurement
analysis), and then store the overall digital twin in an integrated database. This, in the
end, would mean a perfect integration and the optimal achievement of interoperability
in dimensional metrology system.
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Abstract. The context in which manufacturing companies are operating is
more and more dynamic. Technological and digital innovations are continuously
pushing manufacturing systems to change and adapt to new conditions.
Therefore, traditional planning strategies tend to be inadequate because both the
context and short - term targets are continuously changing. Indeed, one of the
goals of manufacturing companies is to keep manufacturing systems efficiently
running, and reduce and control the impact of disruptive events, that may
originate from different sources, not always known or well defined. In order to
do so, manufacturing systems should be kept relatively close to the current
optimal condition, while, at the same time, taking into account information
about future possible events, which may require new optimal conditions. In fact,
the reaction time to the change must be short, in order to remain competitive in
the market. In addition companies to be competitive should lead the introduction
of changes therefore they have to be both reactive and proactive. From this
analysis, the new paradigm of ‘pit - stop manufacturing’ is introduced, in which
the overall goal is to dynamically keep the manufacturing system close to an
improvement trajectory, instead of statically optimizing the system. It is shown
how the ‘pit - stop manufacturing’ deals with various aspects of current man-
ufacturing systems, therefore providing novel research questions and challenges.

Keywords: Manufacturing systems - Industry 4.0 - Control + Variability

1 Introduction

The context in which manufacturing companies are operating is more and more
dynamic. Technological and digital innovations are continuously pushing manufac-
turing systems to change and adapt to always new conditions, in order to remain
competitive [1-3]. Indeed, manufacturing systems can be seen as racing cars: in car
races, though the overall goal is to be as fast as possible, the winning team is the one
capable of mastering a strategic approach and use and minimize the impact of pit -
stops during the race, by grounding on team cooperation, advanced technological
solutions and information exploitation. Similarly, in manufacturing systems, the ability
to timely deliver the desired quantities of products that are conforming to the customer
expectations, strongly depends on how the manufacturing system is capable to deal
with unpredicted events such as machine failures, delays, lack of material [4, 17, 21].

Strategies for manufacturing system improvement involve decisions at different
levels having impact on different time horizons. For example, if a machine breaks
down, short term production planning should adapt immediately, while maintenance
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should focus on the reduction of the repair time, in order to bring back the system to its
full operational mode. On a medium term, increasing the reliability of the machine, by
means of technological actions on the machine, may entail specific investments.
Alternatively, the implementation of advanced maintenance policies, such as condition-
based maintenance or predictive maintenance could be considered. This last option
however requires additional information coming from data sources such as sensors.
Therefore, decisions should be taken on the redesign of the sensory networks (i.e.: how
many sensors should be installed? What is the acquisition frequency? How much data
should be stored? [16]) However, by the time the decision has been taken, the context
could have already changed, therefore the optimal decision needs to be continuously
redesigned.

1.1 Why °‘Pit - Stop Manufacturing’

In order to answer to the situation presented above, a new paradigm is introduced, ‘pit -
stop manufacturing’. Pit - stop manufacturing aims at considering manufacturing
systems as continuously changing and evolving objects, for which optimal targets
change accordingly. Therefore, the overall goal becomes to be able to react to
unpredicted and disruptive events or to take disruptive decisions by acting on different
decision levels and exploiting innovative technologies, novel modeling techniques and
advanced digital tools:

— On the short term, keep the system running, by performing the required actions in
the best possible way;

— On the medium term, develop control strategies to minimize the impact of disruptive
events and stoppages on the system;

— On the long term, understand and translate into decisions the information about the
changing context in order to proactively change and remain competitive.

Indeed, this resembles what happens for racing cars. People involved on the routine
operations, such as pilots, mechanics, telemetrists in the control room, should be well
prepared and highly skilled to perform their tasks at best. In fact, in the end they are the
ones performing the concrete job that allows the system to keep on running. Then, the
off-line efforts should be on the optimization of these operations, by providing the best
possible conditions to operate.

Therefore, manufacturing systems should be characterized by agility and mutability.
On the one hand, agility represents the ability to act quickly and easily, both mentally
and physically. Therefore, agile manufacturing systems are characterized by short
reaction time to disruptions [21], as well as a good control structure. On the other hand,
mutability represents the ability to change. For manufacturing systems, mutability can be
considered the ability to adapt to new and changing situations, by having the intuition
about what to do even if it had not been done before.

Agility and mutability enlarge the concepts of flexibility and reconfigurability by
including control actions. In fact, a manufacturing system can be flexible, but until the
flexibility is not used properly, it cannot be considered agile. Similarly reconfigurability
allows the system to change but only when system design and redesign is available
mutability can be attained.
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Fig. 1. Graphical representation of the key drivers for manufacturing systems in pit - stop
manufacturing

1.2 Agility by Learning and Mutability by Modeling

Increasing the ability of being agile can be attained by practicing more and more when
doing something. This means that, grounding on the experience and a solid control
design, agility is reached by reiteratively learning how to perform the same action
better and better. Indeed, data-driven techniques such as neural networks, reinforce-
ment learning, genetic algorithms consists in learning from a defined data set how to
optimally perform an action chosen in a predefined solution space [5]. The more data is
available, the more the network can be easily trained to do what it is designed for.
Moreover, the more the network is trained, the more it learns how to perform better its
task. For instance, neural networks for image recognition after a preliminary training
phase, they become quite efficient at recognizing predefined features in pictures.
However, if a picture with a new feature is presented, the neural network assigns that
feature to the most similar one among the set which is already known. The only way to
have a correct identification is to train the neural network again by adding to the
solution space the new feature. This happens because data-driven methodologies work
well when the solution space is already known. By grounding on available data and
available feedback about implemented actions, data-driven methodologies are capable
to efficiently identify the best action in the known solution space.

However, when dealing with continuously changing conditions, it may happen that
a decision has to be taken, in a new situation, for which no data is available [1]. This
means that the problem moves out of the known solution space, for which the behavior
of the variables involved in the decision has not been registered yet, and therefore there
are not known feedbacks. As explained above, this is a fair common situation in in
manufacturing systems, that are in the need to proactively change in order to remain
competitive.

Hence, abstraction becomes a key factor when looking for the ability to change and
adapt. In fact, models can support this situation, because they provide decisional
support by formalizing existing knowledge in structures that are valid even out of the
validation space. Indeed, model-based methods allow what-if analysis, as well as
evaluation of situations which have never been observed in practice. Therefore, the use
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of models to proactively take tactical and strategical decisions represents a key char-
acteristics of competitive manufacturing systems. Obviously, developing a model, such
as a performance evaluation model of manufacturing systems, or a process control
model, requires some efforts. Nevertheless, the main advantage is represented by the
fact that, if the model has been well-developed, can give suggestions even out of the
validation space, i.e. it is general.

1.3 Factors Considered by Pit - Stop Manufacturing

In the following, three factors that are relevant for the definition of pit - stop manu-
facturing strategies are presented.

1.3.1 Variability as a Central Issue
Manufacturing systems are characterized by intrinsic variability. Variability comes
from different sources at different levels of the system [1, 31]. Therefore, it has an
impact on different time horizons. If variability did not exist, the management of
manufacturing systems would have been based on plan, rather than control. With plan,
we mean the timed set of actions that are decided in advance in order to make the
system operating, whereas with control, we mean the set of actions that need to be done
based on some system condition in order to keep the system operating.

Variability cannot be completely deleted from manufacturing systems. Therefore,
the goal is to reduce it as much as possible the variability, and to find the best strategies
to cope with it.

1.3.2 Information Uncertainty

Information is not always certain. On the contrary, in most of the cases information is
available with some level of uncertainty. When information comes from data sources as
sensors, the efforts can be put in determining which piece of information is the most
relevant one for the considered problem [8]. For instance, when dealing with the
definition of maintenance strategies [32], precise information about the degradation of
machines could be useful. On the other hand, other types of information do exist and
play a relevant role in the overall manufacturing strategy, such as non-structured
information about the changing context, weak signals from situations that require
intuition in order to be understood, expertise and previous knowledge.

1.3.3 The Role of Humans

Manufacturing systems without people is still a quite un-realistic situation. Indeed,
even if manufacturing systems are more and more automated, and capable of self-
managing, i.e. self-detection and solving of failures, the probability of occurrence of
unpredicted events remains always relatively high, due to the variability descending by
the physics of the system. Therefore, though humans might represent a relevant source
of randomness within the system, they are capable, if well - trained, to react, and to
solve, issues that have not been completely identified, or that they have never happened
before [1].
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1.4 A Real Case from an Italian SME

In the following, a real case from an Italian SME is presented. Indeed, it is a repre-
sentative case for manufacturing analysis, and the factors presented above can be
noticed. Therefore, it serves as example for the validity of the paradigm of pit - stop
manufacturing, since all considerations made above do apply to it.

Cosberg SpA is an Italian company leader in the automation sector. Cosberg makes
assembly machines and assembly systems to automate the production of a great variety
of products ranging from furniture fittings, to braking —systems for cars and motor-
cycles, to gears for wrist-watches, and more. More than 50% of the turnover of the
company comes from export all over the world, warranting unique solutions and a
tailor-made product for each customer.

The collaboration between the company and customers is very strong, and often
they develop together strategies for the plant improvement. Therefore, usually Cosberg
operates on ‘brown-field design’. Once the manufacturing line has been designed, there
is a continuous process of optimization of the current line configuration with respect to
its efficiency (reduction of time losses due to maintenance, reduction of set-up time for
product changes, increase of product quality by selective inspection, root-cause anal-
ysis for most frequent failures) where Cosberg supports the customer, and operators are
actively part of the improvement plan by suggesting actions. At the same time,
reconfiguration actions are planned, tested and then implemented on the customer’s
line.

In fact, the manufacturing line is continuously evolving. For instance, the manu-
facturing line in Fig. 3, designed for the assembly of drawer slides of ready-to-
assembly kitchen drawers depicted in Fig. 2, used to have hydro - pneumatic actuators,
well known for being reliable but slow.

Fig. 2. Drawer slide for ready-to-assembly kitchen furniture

Therefore, the management of the operating line has been optimized taking into
account the current cycle time. At the same time Cosberg and the customer jointly
worked on the implementation of electrical actuators, that allow a better control as well
as a shorter cycle time than the hydro-pneumatic ones. Indeed, the optimization that
had been carried out for the previous line configuration had to be reviewed, in order to
consider new — and better — performance goals.
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Fig. 3. Drawer slides manufacturing line as example of modular automated line provided by
Cosberg

2 Challenges for Research Guidelines

2.1 Design of Manufacturing Systems

Traditionally, the design of manufacturing systems includes a set of decisions
involving the elements of a manufacturing system, such as layout, machines, buffers,
handling systems [15, 24]. Now, an additional element should be considered: sensors
and data management. The data acquisition and management can be seen as ‘a system
within the system’. Its design involves questions similar to the design of a traditional
manufacturing system: how many sensors? Which layout? How much storage capacity
[34]? Indeed, the data management system has a direct influence on the uncertainty of
the gathered information.

Moreover, the design of manufacturing systems cannot avoid to take into account
considerations about the control of manufacturing systems. Not only manufacturing
systems should be flexible, but also agile. Similarly, the design of manufacturing
systems should take into account its necessary and unavoidable evolution and
requirements to adapt to new situations [22] and therefore be mutable.

2.2 Ramp - Up Management

In a continuously changing context, the ramp-up of a manufacturing system should be
as short as possible. Ramp-up represents a challenge for manufacturing companies
because they have to deal with disruptions coming from various and unknown sources
[7]. Indeed, after a change, the manufacturing system is not well-known and therefore
optimization is done with respect to partial information rather than complete knowledge
or sufficient data [33]. Therefore during this phase, the problem becomes to prioritize
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certain actions to maximize the production gains, and trying to reduce and control the
variability coming from different sources. Effective strategies combine proactive and
reactive actions: proactive strategy includes the anticipation of potential problems
during the design phase, reactive strategy includes the ramp-up management by data
gathering, bottleneck identification and analysis, system modeling and improvement.

2.3 Integrated Control Policies of Logistics, Maintenance and Quality

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 con-
forming to the customer expectations, while keeping resource utilization to a minimum
level [4]. What are the relevant information needed to take integrated decisions? For
instance, both maintenance and quality policies are based on the identification of
process degradation patterns, and therefore on the same set of data. Current perfor-
mance evaluation models are capable to deal with logistics, maintenance and quality.
The design of control policies, however, should be directly integrated within the design
of the manufacturing system [18, 29], so that agility exploits system flexibility to its full
potential.

2.4 Robust Model - Based Strategies

Dealing with model - based strategies implies the estimation of model parameters from
real data. However, data might be insufficient, especially in the ramp-up phase, or
completely absent. Moreover, models may consider restrictive assumptions. In order to
implement model-based strategies in reality, robustness should be investigated and
analyzed, with respect to the uncertainty of the information [8]. Indeed, if there is no
awareness of uncertainty, control strategies may be useless or even counterproductive
[9]. Robustness helps also when dealing with variability: if a control strategy is robust
with respect to variability of system conditions, not only agility has been pursued, but
also mutability.

2.5 Key Enabling Technologies (KET)

The following Key Enabling Technologies (KET) allow a successful development of
the afore-listed research challenges in the framework of pit-stop manufacturing. They
represent existing technologies that still have a consistent margin of improvement and
advancement.

2.5.1 Big Data

Data come from different sources in great amount. For instance, data are not only
measures, but also images, or sounds. Data can be clustered according to classification,
see for instance the 3 V’s model [2]. However, what is the value of the data? In order to
define the value, we have to go through the identification of the meaning of the data,
and then of the information [19, 27]. Interpretation plays a relevant role. Therefore, a
relevant question when dealing with Big Data is whether it is possible to formalize the
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interpretation with the goal of an effective extraction of knowledge from the data.
Indeed, Big Data are necessary for data-driven techniques that prove to be useful when
aiming at agility, and also the knowledge extraction becomes essential when aiming at
mutability.

2.5.2 Modularity

Modularity is the degree to which a system’s components may be separated and
recombined, often with the benefit of variety in use. Modularity is useful at all levels in
manufacturing systems: in product design, modularity allows an effective and sus-
tainable management of the product lifecycle [10, 11]; in manufacturing system design
[23, 30], it supports easier configuration and reconfiguration decisions [20], hence
leading to the agility of reacting to disruptive events. Moreover, modularity is directly
linked to the development and use of models, and therefore to aim at mutability.

2.5.3 Cyber - Physical Systems

Cyber - Physical Production Systems (CPPS), rely on the latest, and the foreseeable
further developments of computer science, information and communication technolo-
gies on one hand, and of manufacturing science and technology [6]. Information
coming from different sources at different levels are used to close the control loop and
take decisions on different time horizons [25, 26]. Indeed, manufacturing systems
should be kept as close as possible to an operational trajectory. Therefore, the archi-
tecture of the control system [28], that starts at physical level up to the system level,
should be coherent to the decisions that are going to be taken and the information flow
that is relevant for the control loop.

3 Examples from Ongoing Projects

In the following, three examples are presented in which considerations presented above
for pit-stop manufacturing do apply. The three projects have different background and
come from different scenes: the first one is a European project focused on zero-defect
manufacturing solutions for manufacturing systems, the second one is a huge European
project focusing on the overall supply chain of semiconductors, and the third one is an
Italian initiative for Industry4.0 that has put the basis for the paradigm of pit-stop
manufacturing.

3.1 ForZDM: Integrated Zero - Defect Manufacturing Solution for High
Value Multi-stage Manufacturing Systems

The H2020 ForZDM project “Integrated Zero - Defect Manufacturing Solution for
High Value Adding Multi-stage Manufacturing Systems” was launched to propose a
new production quality system specifically targeted to small lot, large variant pro-
ductions, subject to frequent reconfigurations [12]. The key architecture of the system
proposed in the project is represented in Fig. 4. At lower level, a multi-sensor data
gathering system is implemented, enabling to collect process variables, part quality,
machine state, and part tracking information as well as codified and un-codified human
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feedback, through intuitive and user-friendly Human-Machine Interfaces (HMIs). This
heterogeneous data set is collected and organized into a data management platform, that
prepares data for higher level analyses. At middle layer, a set of data-analytics methods
and tools are implemented, targeted to the identification of (i) correlations among the
observed heterogeneous variables, (ii) correlations among different system stages, and
(iii) non-ideal part variation patterns along the system stages. These models can be used
to design specific model-based control systems to be implemented at shop floor levels.
Moreover, at higher level, an analytic system-level model is implemented, with the goal
to identify priorities of intervention, dynamic bottlenecks, and to verify that local
improvement actions that are detrimental for the overall production quality perfor-
mance are avoided. Within the ForZDM project, this architecture has been being
developed, tested and validated in three complex application domains, dealing with the
production of engine shafts in the aeronautics industry, the production of axles in the
railway industry, and the production of micro-catheters in the medical technology
industry.
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Fig. 4. Reference architecture for short - run production quality improvement proposed within
the ForZDM EU project

3.2 Productive4.0: ECSEL Project

The semiconductor sector is undergoing one of the fastest market growths. Demand is
increasing and market forecasts are optimistic. New markets are emerging and product
portfolios are broadening significantly. Dynamic supply chains are developing with
increasing number of customers, products, suppliers and manufacturing partnerships.
Up to now due to modeling complexity and computation time constraints, disjoint
systems are used for local supply chain control and optimization. For efficient control,
these complex semiconductor supply chains require a global approach for simulation
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and optimization. In the ECSEL project Productive4.0, novel model aggregation
approaches are introduced by means of innovative hierarchical modeling concepts.
Bosch Semiconductor provides one of the use-cases. The overall goal in the Bosch use-
case is the coupling of disaggregated analytical and simulation models to systemati-
cally improve overall model validity [13]. This requires a deep analysis of which data
are available and significant at which level (Production Unit, Plant and Supply Chain
levels). Moreover, it means investigating how data and information should pass from
one level to another in order to bring value to the overall control model. Indeed, the
model-based approach has been chosen by the partners in order to develop a general
digitalization strategy that can adapt to changing conditions (Fig. 5).
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Fig. 5. Hierarchical architecture of the productive4.0 planning model.

3.3 The Italian Initiative: Lighthouse Plants

A Lighthouse Plant (LHP) is an infrastructure that aims at creating a reference pro-
duction plant, owned by a company and operating in a stable industrial environment,
based on key enabling technologies whose benefit was previously demonstrated (e.g. in
Lab-scale or Industrial-scale pilot plants). The aim of the LHP is twofold: on the one
hand, to demonstrate on a long-term basis novel technologies in operation, thus sup-
porting the continuous uptake by industry; on the other hand, to trigger the develop-
ment of industrial research and innovation activities to continuously improve
manufacturing solutions according to the progress of technology [14].

LHPs are conceived as evolving systems and are realized ex-novo or based on an
existing plant deeply revisited, where collaborative research and innovation, partially
funded by public institutions, is carried out by the owner of the plant together with
universities, research centers, and technology providers. The results of research and
innovation activities are meant to be readily integrated into the plant.
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The LHPs concept as presented in the previous section has been defined by Italian
Cluster Intelligent Factories (CFI) to further boost the National Plan Enterprise 4.0
designed by the Ministry of Economic Development in Italy (MISE) in 2017. This plan
included incentives for super- and hyper - depreciation as a way to support the
implementation of advanced technologies in Italian manufacturing companies (Fig. 6).

=

ACCIAIO_4.0
Piano Industria 4.0 tenova® M ory

Ughthouse Plant . Cluster Fabbrica iIntelligente
Ansakdo Energla 4.0 vision fobbrica®

(a) Plant for production of gas and steam
turbines (b) Plant for steel working

HITACHI

Inspire the Next

ABB ltalia Lighthouse Project

(c) Plant for electrification sector (d) Plant for production of railway vehicles

Fig. 6. Lighthouse plants approved by MISE: (a) Ansaldo Energia, (b) ORI Martin and Tenova,
(c) ABB, (d) Hitachi

4 Conclusion

This work introduces a novel paradigm for manufacturing, named pit-stop manufac-
turing. Pit-stop manufacturing sees manufacturing systems as continuously changing
and evolving objects. The reasons for the evolution are manifold: on the one hand,
manufacturing systems are pushed to continuously proactively improve in order to
remain competitive, on the other hand disruptive events may happen that force the
manufacturing system to adapt. Therefore, control should be included into the design
and management of manufacturing systems as capability to be considered for an
effective manufacturing strategy. Two characteristics are defined as relevant for pit-stop
manufacturing: agility and mutability, where the first one represents the ability to act
quickly and easily, and the second one represents the ability to evolve and to adapt to
new and changing situations.

Model - based strategies are presented as the right approach to address the eval-
uation of situations out of the existing solution space, rather than data-driven
methodologies that perform well for given conditions. Indeed, the factors having an
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impact on the definition of such strategies are represented by variability, uncertainty in
information and the relevant role of human.

Research challenges and relative Key Enabling Technologies are provided, and
research guidelines depicted with respect to the proposed paradigm of pit-stop man-
ufacturing. Some examples from on-going projects illustrating the main points of pit-
stop manufacturing show the validity of the proposed paradigm, that aims at repre-
senting a novel approach for solid and successful manufacturing strategies.

Acknowledgments. The authors would like to acknowledge the invention of the concept of pit
- stop manufacturing’ in practical industrial application by Mr. Gianluigi Viscardi, CEO of
Cosberg SpA.
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Abstract. The paper deals with a design of codes structure for Information
system working on principles of Industry 4.0. There are also describe the base
aspects of information system related to the requirements for computer aided
process plans design in the manuscript. The higher efficiency of processing big
amount of data requires to make the code inside of a software application clear
and therefore as simple as possible. On the other hand, it has to include all the
information about the subject that is being coded. Within the proposed infor-
mation system as such coded objects can be not only the manufactured com-
ponents, but also the manufacturing facilities and operations needed to process
the product (manufacturing operations, transport, handling, ...). In the article is
explained a proposed method of coding of individual types of objects along with
a demonstration of code structure that is well-processable and identifiable with
computer support.

Keywords: Information system - Classification - Code - Industry 4.0

1 Introduction

In One of the most toilsome and time-consuming phase of manufacturing process is the
Process planning. It contains many of partial tasks and it has great impact on new
product development time and on the cost decreasing, what expresses in the product
price. It influences not only economics and time aspects of the manufacturing, but also
the precision and quality of parts, too. The analyses of technical-engineering activities
in process planning show that most of these activities have routine character, and only a
little part of them has intuitive character. It is possible these monotonous and mentally
labored works to effective, to speed up, to make objective by means of algorithmizing
and sequential computer aid, and so to respond on varied conditions not only customer,
but to manufacturing, too. There are many types of software or information systems for
computer aid of process planning in the world, but every of them have their advantages
and disadvantages.

The idea of using computers in the process planning activity was discussed by
Niebel (1965) [1]. Other early investigations on the feasibility of automated process
planning can be found in Scheck (1966) [3] and Berra and Barash (1968) [2].

Many industries also started research efforts in this direction in the late 1960s and
early 1970s. Early attempts to automate process planning consisted primarily of
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building computer-assisted systems for report generation, storage, and retrieval of
plans. A database system with a standard form editor is what many early systems
encompassed. Formatting of plans was performed automatically by a system. Process
planners simply filled in the details. The storage and retrieval of plans are based on part
number, part name, or project ID. When used effectively, these systems can save up to
40% of a process planner’s time. A typical example can be found in Lockheed’s CAP
system (1981). An example of a modern version is Pro/ Process for Manufacturing
(launched in 1996 and since discontinued). Such a system can by no means perform the
process- planning tasks; rather, it helps reduce the clerical work required of the process
planner [4, 5].

2 Some Aspects of Information System - State of the Art

Basic current problems of production companies from the view of production infor-
mation systems (IS) can be covered by their requirements: availability for usage in
wide areas of production approach, simple implementation in entrepreneurial sur-
roundings, modular concept for covering all necessary areas, reliable and secure data
formats and structures, possibility of flexible bilateral data sharing, possibility of a
trouble-free extension of IS, securing the possibility of a relatively fast transfer to
higher level of IS and reasonable price. Generally, production companies can use for
selection of production software all variations between two extremes: Complex systems
or Independent solution for every application field of enterprise activity. First one is for
many small enterprises inaccessible by reason of system complexity, fixed structure,
expensive price, large and complicated adaptation, time-consuming maintenance etc.
Second of them generally dispose only by flat possibility of interconnection to other
information systems.

The statistical studies show that European micro companies constitute a substantial
part of the European market as they comprise 92% (17.82 million business units) of the
overall number of companies and employ 39% of the employees. Small and medium
size companies together comprise 7.5% of the overall number and employ 30.3% of the
employees. The rest ((0.2% production unites and 30.2% employees)) is covered by
large companies [6]. Other results of this same study show that micro companies have
the disposal of a free potential of 20% of the productivity and 15% profitability. These
are very important characteristics which describe a distinct ability of the dynamic
growth production and the possibility of effective evaluation of micro company
instruments basically ‘over a night’.

The procuration of suitable integrated CAPP system can be for little and some
middle plants expensive, sometimes inaccessible investment with the long recoupment
period. On the other hand, also for these plants it is fundamental to be the manufac-
turing information saved digestedly and to be used in various forms (for example for
the generation of technological information or NC programs) with the possibility to
successive complement, editing and modification of necessary data. Considering
requirements of Industry 4.0, the specifications of this type of enterprise units imply
diametrically different demands on information systems from the normal setting of IS
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appropriate for large and medium size companies. The first very important is a data
storage security. Next requests for IS are [7]:

e the system has to be able to work with the possibility of the user view on the
production process from several angles,

e enterprise subject should be limited when launching new products to the production
process as little as possible,
it should be applicable for a wide range of business,
it should be modular.

Basic problems that authors deal with in the research related to the development of
Manufacturing Information System (MIS) are:

Autonomous reasoning for wide variety of technological approaches,
Flexible structure of data for optimizing procedures,

e Arrangement for obtain of advantages of both extreme - Complex systems vs.
Independent solutions,

e Integration, association and connectivity of MIS with environs of specialized sys-
tems (CAD/CAM, salaries, financing, materials, accounting ...),

e Very good possibility of data sharing by external applications and co-operators.

The presented research is focused on a new computer aided process plan philos-
ophy and data structure conjunction for wide spectrum of technological approaches that
Industry 4.0 brings. New designed information system aids the multivariant creation of
process plans with the optimization according to the selected criteria, the creation of
technological documentation and NC programs on the basis of hybrid approach,
compendious production data holding and its processing with time and cost manu-
facturing savings. The basic Menu of new system is shown in the Fig. 1.

The system was built on the basis of the following technological approaches:

e Individual technology,
e Type technology,
e Group technology.

THE CREATION OF TECHNOLOGICAL

DOCUMENTATION AND NC DATA WITH THE
OF HYBRID APPROAGH AT THE T

THE PROCESS
THE OBJECT PLAN CREATION
DEFINITION

THE PRINTING
COMBINATION

Fig. 1. The basic application Menu
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The Individual approach includes the creating of manufacturing documentation for
each component individual without the possibilities to use the same repeated operations
for certain set of manufacturing objects (from parts through subassemblies and
assemblies to final products). It can be said that his approach is not connected with
standardization of technological processes and with the activities linked with them.

The term Type technological process represents the specific technological process
for group of parts with the equivalent technological characteristics. This process is
suitable for specific group of parts and defines the type and the sequence of main
technological operations. The important term for Type technology is the Type Rep-
resentative. It’s real or abstract object of manufacturing, which technological process
contains all basic and auxiliary operations existed in this group of parts. The typifi-
cation of technological processes can be realized by two methods that are varying in the
usage and in the objects of classification. They are:

e Typification of technological processes as the series of technological operations, by
means of which all parts of the specified group can be made.

e Typification of the items within technological processes. By means of such pro-
cesses the specified operations, occurred on the dedicated group of parts, can be
realized.

The following steps are typical at the typification of technological processes:

parts’ classification (or the elementary surfaces),

projection of the Type technological process (operation),
specification of individual technological process phases,
development of technological process for the Type representative,
transmission of Type technological instruction to specific part.

ARl e

The sequence of works on the typification is started by development of a design-
technological classification list of parts. The importance of the classification list lies in
the analysis of part basis and technological processes, which are used currently in the
company or which will be used in a future.

The last type of technological processes standardization is Group technology. It is
manufacturing philosophy and strategy that assists a company in understanding what it
manufactures and how those products are then manufactured. In manufacturing engi-
neering, Group technology focuses on similar machining operations, similar tooling,
machine setup procedures and similar methods for transporting and storing materials.
By identifying similarities in manufacturing (machines, tooling, process sequences,
etc.), similar workpieces parts (geometric shape and size) can be grouped into distinct
families and processed together in dedicated workcell. Some parts may look similar to
each other, but because of differences in materials, tolerances or other production
requirements, they have different manufacturing conditions and so don’t create
“manufacturing family of parts™ [8].

In contrast to Type technological processes, the Group process is always specific
and it serves as technical instruction to realize individual operations. The approaches to
Group technology are today based on the fact that all technical and organizational
evolutions inside specific manufacturing unit contain activities or data with some
degree of similarity. So, they can be combined with the groups for which common
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solutions and methods are used. The methodological tools for the sorting parts are
different classification and coding systems.

3 Classification and Coding System Within IS for 14.0

The objects in machine engineering as are the parts, machines, equipment and other; it
is possible to model on the various stages with various goals. These objects can be
represented by models (physical, simulation, computer, mathematical and other). Every
of these objects it is possible to consider as system, which consists of other features,
respectively as the feature that is part of some system [9].

The mathematical model represents the substantial object properties expressed by
the numbers or symbols. In regard to a large number of parameters that are variable in
consequence of the varied manufacturing process conditions, it is most suitable to use
the type of code at which are the starting positions reserved for the characteristic
properties of the object [10]. Other positions are attached to the attribute part of code
according to the need to define the classification of the object. On the basis of this
structure, it is possible to consider manufacturing system as a set, which is unification
of subsets, also marked as subsystems (Fig. 2).

The created system can be expressed by the relation [11]:

MS=SUEUO, (1)

where MS - manufacturing system, S - Segment, O - Operation, E - Equipment.

N\
N\ Segment /" /
/

A Operation

Process plan

Fig. 2. Mathematical model of the manufacturing system

The Subsystem Segment

The basis of subsystem “Segment” is the classification code for the segment descrip-
tion, which represents the start point of whole system. The suggested coding system
keeps the space for the process plans creating not only for cutting technology but also
for other technologies.
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The codes cover the following characteristics:

the geometrical shape,

the class of part,

the manufacturing characteristics,
the class of dimensions.

The example of the selected surface coding system with the possibility to manu-
facture surfaces by individual technological operations is shown on the Fig. 3 [11].
Numbers 0 or 1 describes the true or false of this manufacturability.

The technological
The surface t g
o
esurfacetype 3y | s
ESIEIEIS| 8|5
EHEEEEE
lexternal _smooth o1j1/1/1]0f1]0]|0
step 02(1/1/1|/0f0|0|O
shaped developed 03|]11,1/0]|0/0|0
lundeveloped 04|11, 1/0]|0/0]0
Rotary intemal semi-enclosed _[smooth 05(1/1/1|1]0|0]0
surfaces
06(1 1 1[1[0]0|0
developed 07|11/ 1{1]0/0]0
I lundeveloped 08/1/1 . 1/0]0|0/|0
passed 0911/ 1{1]1/0]0
10{1 1/1|1(0/0|0
developed 11j1/1 1|1/0/0|0
lundeveloped 12[1/1/1]0[0|0]|0

Fig. 3. The example of the surface coding [11]

During the creation of software application, it was suggested several manners of the
segment classification, for example according to the types of surfaces that didn’t
comply from the view of the classification complexity. The example of generated code
and its structure are shown in Figs. 4 and 5 [11].

1. 2. 3. 4. 5. 6. 7. 8.
o The heat The surface
The type of The shape.‘.c.i:aractenstzcs The row. product treatment on the part
the segment The material o ", The general i H
Th.f codes The p(:ramelers The fize The standard tolerance The surface

i . ‘ . e
o a1 [lss 55 123 [[aoos Jjpovo Jlaoss [loormk Ja |z |[s2

: : 01
02

Fig. 4. Structure of individual code parts in subsystem Segment [11]

In this code, for example, the 4-th part of code describes the raw product size. This
part of code is created by 4 positions. The first position is defined by alphabet letter,
which determined the kind of raw product (for example into the group “A” fall the
sheets, steel strips...). The second, third and fourth position give the standard sequence
for specific kind of raw product in database module. It is possible for the plant to
register till 1000 standards for one kind of raw product.
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Sequenae‘ characteristics code code meaning
format
Segment type
(defines the level of
1. segment complexity from 0 1. segment type
the part to finished
product)
1. basic shape
Shape of part A0 2. specification of
2. shape
Segment dimensions 000x000x000
1. kind of material
N 2. material
Material
3. (STN - include additional A000 }s.eq\fance .
digits) 3. 1?=1de material
kind
1. kind of raw
product
Row product size 2000 2. dimension
(e.g-: L 25x25x4) 3. }:equencg in
4. J specific kind
4. of row product
1. kind of material
Row product standard 2. dimension
(STN - include additional A000 3. }sequence in
digits) 4. specific kind
of material
1. order of
2. } general
3. tolerances,
General tolerances of size and
5. geometry and dimensions 000aA geometry sign
(e.g.: ISO 2768) 4. general size
tolerance
5. general gecmetry
tolerance
1. mode of part heat
6. Heat treatment A tteat_me:t
1. mode of surface
7. Surface treatment treatment
Surfaces complex
8. Type of surface 00 segment forming

Fig. 5. Structure of individual code parts in subsystem Segment [11]

The coding of segment in this software application goes out from the assumption
that the data registered in this module will next be used at the creation of technological
or drawing documentation and the parameters already once defined will be possible to
record by another database module. Segment code can to appear too difficult at the first
sight, but its creation is very simply at the work in user interface and it is aided by
already partially charged by data bank. New code is formed by 8 parts. Basic char-
acteristics of individual parts are shown in the Fig. 4.

The Subsystem Operation
On the basis of suitable code definition for subsystem Structure of operation it is
possible to determinate three stages [11, 12]:

e class of the machining,
e type of the machining,
e process of the machining.

It is possible to specify the concrete machining operation by means of these three
stages. The example of the Structure of operation coding is shown on the Fig. 6, which
shows the code meaning.
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1.code digit 2.code digit 3.code digit
The class of the The type of the The process of the
machining machining machining
0 rotary machining autont. Lathe work without thread thread cutting internal
1 Jacing lathe work without thread-cutting thread cutting external
2 drilling and boring grinding thread milling internal
3 manual work, generally treading thread milling external
4 surface treatment autom. lathe work with thread thread rolling internal
5 inspection, checking lathe work with thread thread rolling external
6 heat treatment gear cutting thread grinding internal
7 nown-cutting processes vacant thread grinding external
8 metal joining vacant worm machining
9 casting, etc. vacant other

Fig. 6. The example of the Structure of operation coding [11]

Inside the created software application also other technologies are considered and
so this subsystem is expanded to the stages [13]:

e technology,
e technological class,
¢ technological type,

e technological process.

The Subsystem Equipment

The term “Equipment” is, in this case, used for the cover of wide spectrum of various
product equipment, such as [11, 12]:

e production spaces (the halls, workshops, ...)
equipment for the energy production and energy distribution

machining equipment

tools
jigs and fixtures
machines

conveying devices

machining equipment
equipment for the workshops of manual operations
equipment of assembly plants
measuring and testing equipment

equipment for storage
other devices (for example computer techniques, ...

The subsystem “Equipment” represents very large, rugged and heterogeneous
structure of individual objects. Therefore, it was used at the suggestion of the coding

the hybrid type of code.
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Machining equipment can be divided for example as following:

Machines

The machines it possible to divide from various aspects, the most advantageous is the
classification on the basis of used technology. In this case we can speak for example
about the machines for:

e Machining

— turning,

— milling,

— drilling and boring,
— machining centres
— other.

Moulding,

Casting,

Welding,

Assembly and other.

Tools
Tools are very important part of production process. For exact coding it is necessary to
regard:

technological operation that the tools are able to execute,
technological and geometrical limitation,

maximal and minimal values of the working parameters,
type of the work holding,

environment, which can be tools used in.

Jigs and Fixtures
It is needed to determinate at the coding of jigs and fixtures:

e devices, which can be used on,
e maximal and minimal values of the working parameters,
e environment, which can be jigs and fixtures used in.

Accessory Equipment

The accessory equipment is often essential and necessary for a flow of some operation.
It was possible to choose the hybrid type of code in regard to the ambiguity of its used
definition (for example the same medium can be sometimes used as the cooling mixture
and some other time as oil).

4 Conclusion

Process planning acts as a bridge between design and manufacturing by translating
design specification into manufacturing process detail. Hence, in general, process
planning is a production organization activity that transforms a product design into a set
of instruction (sequence, machine tool setup etc.) to manufacture machined part



Design of the Codes Structure for Information System 57

economically and competitively. The information provided in design includes dimen-
sional specification (geometric shape and its feature) and technical specification (tol-
erance, surface finish etc.). CAPP is the application of computer to assist the human
process planer in the process planning function. In its lowest form it will reduce the time
and effort required to prepare process plans and provide more consistent process plan. In
its most advanced state, it will provide the automated interface between CAD and CAM
and in the process achieve the complete integration with in CAD/CAM) [14].

The suggestion of new philosophy and the development of new software product
for the creation of multivariant process plans is the intent of submitted project. This
approach enables to increase effectivity already at the beginning of its design and to
improve the process of technological documentation creation without of the influence
on its complexity. Generated codes within designed software application has been built
in modular way to allow flexible adapt data structure to user specific conditions and to
satisfy the specification of simple implementation into already existing information
structure of the plant. The output data of the system will be able to utilize not only for
the generating of technological documentation but also to the processing of details for
manufacturing, store, economic and wage records, thereinafter for the creating and
archiving of NC programs and for the data registration, too. It is assumed the practical
verification of the final product in real conditions of manufacturing plants.

Acknowledgments. The present contribution has been prepared with direct support of Ministry
of Education, Science, Research and Sport of Slovak Republic through the projects KEGA
007TUKE-4/2018 and VEGA 1/0795/19.
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Abstract. Machine Tools are mother machines. They are necessary for the cre-
ation of any product. There is a correlation between machine tool capabilities and
industrial achievements. The history shows that new innovative designs of
machine tools led to remarkable technical as well as monetary results. Digitaliza-
tion is changing our daily life in all aspects. A new “On demand economy” is
coming up. No more an economy based on fixed plans is essential but an economy
which is reactive to changes in daily life on time. Consequently also new
production systems and machines are necessary for making it possible to adapt
to new demands. This new era requires as well changes in machine tool design for
taking benefit of the possibilities forwarded by digitalization. A paradigm change is
necessary. In this paper a systematic review of machine tool developments will be
given and requirements on up to date machine tools will be worked out. Finally,
some examples for potential future design ideas will be presented.

Keywords: Machine tools - Digitalization - Reconfigurable -
On demand economy *+ Paradigm shift

1 Introduction

Machine tools have an essential role for every industry. They are mother machines and
are at the first stage of the manufacturing of a product [1]. Basis of a strong national
industry is a powerful machine tool industry. Thanks to capabilities of machine tools
industrial performance can be affected.

On the other hand there is also a correlation between mechanical design of machine
tools and surrounding game changing technologies. The invention of numerical con-
trols (NC) and their utilization in machine tools increased the capabilities tremendously
thus contributing to higher productivity and flexibility [2].

Digitalization is the current game changer. The impact of it is huge in many
respects. Thanks to it global production networks is reality [3]. But it also changes
individual demands as well as industrial demands. Digitalization changed the funda-
mental plan economy to an “on demand economy” [4].

This kind of economy is changing the whole way of production as well as work-life
balance. This unstoppable transformation requires also new types of production units
and manufacturing systems.
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2 Review and State of the Art of Machine Tools

The invention of NCs had remarkable impact on the capabilities of machine tools. The
implementation of NCs enabled the designers to create new designs of machine tools
and year by year to include additional functions. Figure 1, [2].

Productivity
Efficiency B i
en poche making
Flexibility developments
stagnating
Technological Innovations -
1950 1960 1970 1980 1990 2000 2010 2015

Fig. 1. Technological innovations after invention of numerical controls (NC) [2]

Thanks to NCs it was possible to drive each axis of a machine by individual motor
thus being able to control more than two or three axis what was the case in conven-
tional machine tools. This broadened the view of developers how to view the pro-
duction process. Analyzing the value chain in a production process it was realized that
additional operations could be included in a machine tool thus reducing the number of
machines, reducing the number of setups. Consequently the lead time for an order
could be reduced [5].

The inclusion of additional operations into one machine increased the productivity
but also the flexibility of a machine tool. It was possible to use the enriched capabilities
for frequently changing orders.

After NC technology maturely was applied in machine tools, handling of work
pieces, loading, unloading was automated by industrial robots [6]. Initial industrial
applications delivered encouraging results. Consequently automation of work piece
handling was pushed forward throughout several industries. Step by step additional
manual operations and setup operations such as tool changing, check changing, chuck
jaw changing were automated [7].

The powerful the controls became the more processing functions could be added to
a single machine. A lathe could execute much more operations than just turning.
Milling, boring, gear cutting and grinding operations as well as measuring enabled the
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full machining of a workpiece in one setup. So the productivity and flexibility in the
production of a user could jump up.

After having included almost all cutting operations in a single machine tool it was
realized that the impact on productivity and flexibility was diminishing. Further step
was to include laser technology. This opened new fields for the utilization of a machine
tool, but huge timely and financial efforts was necessary for achieving some minor
benefit.

Furthermore the increasing functions of a machine tool led to higher complexity of
them. More functions meant also higher sensitivity. The high sophisticated production
units had also high price. Any idle time or setup time was very costly. Highly educated
and skilled operators were looked for efficient use of machines.

In 80ies after the declaration of Sustainable Development Goals (SDGs) [8] by
United Nations additional efforts were done for creating environment friendly machine
tools. These efforts delivered remarkable discoveries what could be improved in terms
of energy efficiency and environment protection [9]. The results contributed to cost
savings at user’ sight. The contribution to productivity was limited.

3 Game Changer Digitalization

The Needles to emphasize, digitalization opened a new chapter in many means. The
affect of digitalization encircled not only the single machine tool, but also entire
production environment.

Digitalization eliminated the distances, locations and time differences in our
thoughts. It enabled mankind to break the walls in his thinking, in his imaginations.
A great door was opened for engineers to enter a new world of ingenuity and creativity.

Regardless the size of machine tool, regardless its capabilities it could be consid-
ered purely as a unit in an ICT environment. But this unit could communicate with
other stakeholders of a production process regardless where they are and regardless
time constraints.

Digitalization changed also total production philosophy of enterprizes. It gave path
to globalization. Instead of focusing on main base for production companies could
consider more suitable places for producing their goods, they could produce at places
where their main customers are located and they could go to markets where they realize
more markets potential.

The profile of the individual demands is also changed. The easy connectivity and
the flexibility in production initiated an “On Demand Economy” which has impact in
many areas of individual and business life resulting in a board product and service
range. Companies must be ready to identify market demands, to flexibly produce a unit
and to deliver it at a time when the customer requests it.

This is a totally different state of the art than the times when people could select a
product out of a published catalogue with a certain delivery time.

Digitalization became also a key political issue for governments. They realized the
potential as a game changer and supported the local academic and industrial activities
with individual specific titles. In Germany the new era was identified as the fourth
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industrial revolution. Consequently the focus on digitalization was named as Industry
4.0 which has a well acceptance all over the world [10].

Thanks to connectivity of machines and even its components suppliers are able to
receive extensive field data. Analyzing these data manufacturer can gain valuable
knowledge about the performance of their machines as well as about the manner of the
customers using the machine. This transparency could lead to a more fruitful com-
munication between user and manufacturer. Furthermore new business models could
be created, Fig. 2.

Realizing Intelligent Integration of Industrial Information through the Internet

Machine status
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Machine equipped with Smart i5 control
and sensors

+ Information about usage of machine usﬁ, I

\wsyMG '\m > ‘OtherCustomers

+ Services: Maintainance, tooling, progr.

* Improving of machines to customers needs
Fig. 2. Integration of a machine tool in the digital world [2]

The deeper utilization of the big data collected from the field will lead to artificial
intelligence (AI) which is expected to become a further game changer in future.

Connectivity thanks to digitalization will upgrade developing and emerging
countries to areas at the same eye level on communication aspect. This could speed up
their development and probably they could become important basis for new production
networks [11].

4 Impact of Digitalization on Manufacturing Systems

After benefits by technology have diminished Industry 4.0 was supposed to become the
new source for productivity and flexibility. Several estimations are made what kind of
effects Industry 4.0 could have in an entire production process. These estimations are
not yet proven by extensive feedback from the field. On the other hand on academic
field new formula are necessary for measuring the effects of digitalization on pro-
ductivity as well as on GDP [12, 13].

One of the reasons why the impact of Industry 4.0 couldn’t be quantified sub-
stancially yet could be lack of manufacturing systems matching with the advantages
delivered by Industry 4.0. Digitalization will be considered as an essential game
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changer but there is no corresponding change in manufacturing philosophy. Breaking
down the philosophy to individual machines there is also no game changing design of
machine tools.

As to manufacturing strategies Global Production Networks were created thanks to
connectivity by digitalization. Key point for establishing these kind of strategies was
organizational point of view. New footprint was set up based on existing machine tool
designs. The classification of manufacturing systems was based on variety and volume,
Fig. 3, [14].
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Fig. 3. Classification of manufacturing systems [14]

Regardless the connectivity it is obvious that machine tool industry does not deliver
design concepts yet which could be considered as game changer as well. A paradigm
change is taking place at academic level, [15]. Figure 4 shows attempts to classify
manufacturing systems following new up-to-date and future oriented criteria.
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Fig. 4. Evolution of manufacturing systems [15]
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In the past the term “Reconfigurability” was used for a machine tool of which the
modules could be put together following the manufacturing operations [16]. Final stage
of a reconfigurable machine tool could be a high sophisticated, complex and sensitive
unit. It is a rather engineering dominated approach.

An “On Demand Economy” which could extend even to an individualization of a
product requires machine tools which are able to immediately respond to changes of
market demands. This attribute cannot be achieved by state of the art design of machine
tools. Following characteristics should be fulfilled: Simple, maintenance friendly,
affordable, reliable and timely to market. The company of the author uses the strategic
brand name “SMART” taking the initial characters of the five attributes, Fig. 5, [17].
Considering the industrialization of developing and emerging countries as well as their
improving digitalization SMART machines represent not only the proper aids for On
Demand Economy but also for the mentioned category of countries the suitable
machine tools for their economic development. So far a big market could be forecasted
for machines fulfilling SMART criteria.

Global Product Focus in Future Syme

Technical level

High Complexity

High
End

Simple

Maintenance friendly

Affordable
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Timely to market and profit
Iéﬁ‘g Simple Structure

Fig. 5. SMART - future attributes for a machine tool [14]

For immediate response to changing demands simplicity is essential. Simplicity of
single machine tools enables manufacturing systems to easy reconfigurability, a more
market oriented attribute.

Simplicity means a reverse of state of the art of machine tool design in developed
countries. Instead of including several operations in a single machine for every oper-
ation an individual module will be put. For every kind of manufacturing operation a
module can be used. Module can be created for turning, boring, milling, gear cutting,
grinding, laser operations and even for simple assembly work. Figure 6 shows a
module for turning. Figure 7 shows a system comprising several modules. Like the
elements of a chain modules can be put together depending of market demand.



A Critical Evaluation of Current Machine Tool Designs 65

Fig. 6. A module of CATENA system for turning operation [18]
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Fig. 7. Adaptable production system following CATENA principle [18]

The solution shown here has been realized as a prototype in Germany. The project
was funded by the German Government within the program ZIM [18]. The machine is
named as CATENA which means a chain in Latin language.

Indeed, the manufacturing system will be considered as a chain of modules for
fulfilling a manufacturing order. The elements of the chain can be put together
depending on operations and units. Changing the job or the volume the chain can be
adapted easily.

CATENA fulfills all first four attributes of SMART thus leading to quick response
to market demand and fulfilling the fifth attribute Timely to Market. Breaking down a
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manufacturing process into individual operations and allocating them to single modules
represents a fundamental paradigm change in machine tool industry as well as in entire
manufacturing. For transferring parts from module to module conveyor system with
individual grippers will be used. The automatic transfer of work pieces is part of total
CATENA philosophy. All set up operations at modules can be executed parallel to
running process so that the changeover to a new manufacturing order is only the
replacement or reorder of modules. Thanks to standardized electrical and mechanical
interfaces the change over time could be kept within few minutes.

Last but not least CATENA could be an enabler of future Smart Factories thanks to
its attributes derived from SMART. Various new business models can also be realized.

The utilization of reconfigurable manufacturing systems such as CATENA requires
fundamental change in engineering. After having applied the current way of engi-
neering over centuries it may be a matter of generations to switching to new philos-
ophy. The characteristics of the markets of the future could accelerate the realization of
reconfigurable manufacturing systems following CATENA philosophy.

5 Conclusion

The paper elaborates the development of machine tools since the introduction of
numerical controls. The innovations were dominated by technological considerations.
Key point was how to enhance the sophistication of a machine tool so that complex
parts could be produced with single chucking without additional setups.

Digitalization changed the market attitude of individuals as well as companies. The
current century is dominated by On Demand Economy. This new market characteristic
requires easy adaptable, so called reconfigurable manufacturing systems. In the paper
the necessity of a paradigm change will be worked out. SMART machines following
CATENA philosophy will be introduced.

The new approaches could also initiate further improvements in developing and
emerging countries thus contributing to Sustainable Development Goals (SDGs) of
United Nations.
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Abstract. This paper is a development of the study of hardness of workpiece
surface layer, case of C45 steel orthogonal cutting, as function of cutting regime
parameters and forces and geometry of the cutting tool [1]. The size of the
experimental data imposed an extended use of computer assisted statistical
applications. The influence of cutting parameters and radius of the cutting tool
on hartness was modeled with all variables and their interactions, seven factors,
based on a multivariate regression function. The model with three factors was a
sinthetic application for this dependence and we established that the mainly
influence on hardness is due to the factor radius of tool, which explained reli-
ability. The dependence of hardness from cutting forces, modeled with a
bivariate copula, proved a strong dependence of the variable HV.

Keywords: Hardness - Experimental design - ANOVA

1 Introduction

The Big Data generated by Cyber Manufacturing Systems [3] should be analytically
processed and managed by Cyber-Physical Manufacturing or Cyber Physical Systems
with functional entities, like intelligent data management, analytics and computational
capability, which construct the cyber space. The extended use of computers and
software supposes the application of the advanced statistics, as example in manufac-
turing [7]. The present paper applies on a large scale such tools in the study of hardness
of workpiece surface layer, in steel orthogonal cutting, as function of cutting regime
parameters and forces and geometry of the cutting tool.

2 A Preliminary Data Analysis

For a preliminary statistical evaluation of the experimental data it was chosen a random
sample [1]. It is important to study the hypothetical dependence of the hardness from
the three factors: cutting speed, depth of cut and tool radius, each at two levels
(Table 1). In the Table 2 it is described an orthogonal design of experiments [5]. In the
Fig. 1 it is illustrated main effects and interactions of the chosen factors [14]. It is
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obvious that the factor radius has the biggest influence on hardness and, in a less
measure, the factor depth of cut.

Table 1. The levels of the three factors

Factor name | Factor letter | Low setting | High setting
Cutting speed | ve 15 60
Depth of cut |ap 0.1 0.4
Radius r 0.1 0.4

Table 2. The orthogonal design of experiments

O'i‘é’;r ve ap v axB | AxC | BxC |AaxBxC| Hv
1 & 15 0.1 0.1 1 1 1 | 268
2] 8 15 0.1 0.4 1 = =1 1 307
3 1 15 0.4 0.1 =] 1 =1 1 286
a a 15 0.4 0.4 =] = 1 = 315
s| 2 50 0.1 0.1 = 1 1 1 277
6 s 60 0.1 0.4 =] 1 =1 =] 276
7 3 60 0.4 0.1 1 =1 =) = 201
8| 7 60 0.4 0.4 1 1 1 1 316
30 1 23.000

20.000

o] .
9.000
7.000
0 T T y

10 { -4.000 -

A B C AxB AxC BxC AxBxC

Fig. 1. Main effects and interactions

As example, using [14] it was detailed the case of the interaction between the
cutting speed and the depth of cut (Fig. 2), showing a small interaction.

z 310 -
A x B Interaction 305 | s
300 4 3015 I—'—'_——_. :
B LO B HI 295 4
1 268 288 290 A —
A LO 2 307 315 285 - 2875 _._BHI
Avg 287.5| 301.5 280 -
1 277 291 275 - 276.5
A HI 2 276 316 270 -
Avg 276.5| 303. 265 -
260
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Fig. 2. Interaction A x B
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3 A Regressional Data Model

It was supposed that the hardness depends of three factors, each with two levels, for a
total of eight experiments. For the three factors the smallest factorial design has 2°
treatments, with three degrees of freedom of main effect, three degrees of freedom for
two-interaction factors and one three-interaction factors (Table 3).

Table 3. The values of the regression factors

Velap |[r |vc*ap|vc*r|ap *r|vc*ap *r| HV
15/0.1]/0.1|1.5 1.5 0.01 |0.15 268
15/0.1/04/|15 6 0.04 |0.6 307
15/04/0.1|6 1.5 0.04 |0.6 286
1504|046 6 0.16 |24 315
60 [0.1]/0.1]6 6 0.01 |0.6 277
60 |0.1/04|6 24 004 |24 276
60 0.4 ]0.1|24 6 0.04 |24 291
60 0404 |24 24 0.16 |9.6 316

For this design an adequate model would be:
X = m+o+ B+ +ofy oy + By + oy +wi, (1)

where o, B}, v, 2By, oy, BVt By are real effects (for example o; = (m — m;) and the
indices 1, j and I run up to the number of levels of factors.
The following function should be determinate from the experimental data:

HV = a+bv, +ca, +dr +ev, + fvea, + ga,r +hveapr, (2)

where the coefficients a, b, c, d, e, f, g, h will be calculated [8].
The numerical equation is:

HV = 238.7 + 0.62v, + 88.9a, + 198.9r — 1.185ver — 3.8 vea,
— 244 4a,r + 89 v apr. (3)

The interpretation of the obtained parameters is: the growth with one unit of v,
implies a increasing with 0.6148 of the HV, while the growth with one unit of r implies
a increasing with 198.9 of the HV, etc. We see that the variable r is the most significant
factor. Therefore it will insist on the dependence of HV by r.

For a better analysis it should calculate the correlation matrix of the chosen factors.
The results are presented in the Table 4.
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Table 4. Correlation matrix with interactions

ve ap r vc ¥ap|vc*r |ap *r|vc*ap *r HV
Ve 1
ap -0.167 | 1
T —-0.167 | -0.167 | 1

ve * ap 0.575 |0.575 |-0.34]|1
ve *r 0.575 |—0.34 |0.575{0.0246 |1

ap *r —0.34 [0.575 ]0.575 |0.0246 |0.0246 |1
ve *ap *1]0.445 |0.445 |0.445|0.59 059 1059 |1
HV -0.39 (0477 ]0.586 |0.0676 |—0.154|0.78 |0.36 1

It is clear that r, a, have the biggest correlation values with HV, and therefore their
interaction, ap * r, too. The correlation matrix of these three factors is illustrated in
Table 5.

Table 5. Reduced matrix correlation

ap r ap *r HV
ap 1
r 0 1

ap * r]0.650945 | 0.650945 | 1
HV  |0.574485 | 0.660658 | 0.848884 | 1

It follows regression analysis: HV versus ap, r, ap * r (Table 6).

Table 6. The results of analysis of variance

Source DF | Adj SS | Adj MS | F-value | P-value
Regression |3 | 1890 | 630 4.72 0.084
a, 1 9412 |94.12 |0.71 0.448
r 1 |141.24 | 141.24 | 1.06 0.362
a, *r 1 |32 32 0.24 0.650
Error 4 |534 133.5

Total 7 | 12424

The model summary gives the following values:
S = 11.5542; R-sq = 77.97%; R-sq(adj) = 61.45%; R-sq(pred) = 11.88%.  (3)

The regression coefficients are: constant 261.7, a, = 52.9;1 = 54.4; a, * r = 89 and
the regression equation is:
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HV = 261.7 4 52.9a, + 54.4r + 89a,r (4)

This equation confirms the major influence of the selected factors, but the main
variable remains the radius r.

4 Analysis of Hardness’s Dependence from Tool Radius

The above calculi proved that the factor radius has the main effect on the hardness.
Therefore it is proposed a practical model as following: the dependence of HV only of
the independence variable r, an easier way to estimate the hardness variation.

In the beginning of this paragraph it will analyzed if it exists significant differences
between the 4 levels of the factor radius with one-way ANOVA method. In this case
the null hypothesis is:

Hozm1:m2:m3:m4 (5)
versus the alternative hypothesis:

H,: It exists minimal two different averages, m; # m;, 1, j = 1, 2, 3, 4,1 # j (Table 7).

Table 7. The results ANOVA for different radius levels

Anova: Single factor
SUMMARY
Groups Count | Sum | Average | Variance
r=0 6 1607 |267.8 |49.3
r=0.1 12 33772814 154.6
r=02 10 2976 1297.6 |315.8
r=04 12 3651 304.25 |824.2
ANOVA
Source of variation | SS daf |MS F P-value | F crit
Between groups 6844 | 3 |2281.2 |5.92 0.00215 | 2.866
Within groups 13856 |36 | 384.9
Total 20700 | 39
Because:
Fempiric = 5.926713 > 2.866266 = Fgical (6)

and simultaneously
P-value = 0.00215 <0.05 = «, (7)

thus there is a strong evidence that the levels of radius are different influences on
hardness.
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It results that alternative hypothesis is not rejected with a 0.95 confidence level.
With other words, the measure of hardness depends of the value of the radius. In the
Fig. 3 are given the experimental values of the independence variable, radius, r, and
values of the dependence variable, hardness, HV.

9,
r HV
0 | 267.75
I : 0.1 | 281.29
0.2 | 297.61
0.4 | 304.34
Fig. 3. Fitted curve and values of r&HV
The fitted curve is a parabola:
y = a+br+cr? (8)

The obtained function for the experimental data has the expression:
y = 266.8159 + 194.6705r — 250.20451> 9)

The goodness of fit is represented by the high value of R? = 0.9869 — 1, which
gives the ideal fit. With other words the explained variation by the parabola represents
98.69% to the total variation. Simultaneously p-value = 0.1144 > 0.05 = a proved the
goodness of fit.

The root - mean - square of the residuals has a small value, SE = 3.266, and thus
the regression curve explains much of the variation.

The 0.95 - confidence intervals for the coefficients are:

263.6869 <a<269.9449,
154.9505 <b <234.3905, (10)
—342.3045 <c < — 158.1045.

5 Hardness’s Copula as Function on Cutting Forces

To study the dependence of hardness from cutting forces it was taken a sample of size
20 treatments from the experience design [1] (Table 8), with the values of the main
components of the cutting force F, Fy and of the dependence variable HV. The chosen
model for the link between forces is the bivariate Nataf copula [2, 4], because their
Pearson correlation coefficient has a big value, p = 0.875401.
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Table 8. Experimental values of forces and hardness

Fy 482 506 817 1599 676 685 637 757
Fz 891 776 1853 | 3448 1359 | 1347 992 937
HV 262 271 276 269 257 272 260 287

FempHV 0.11 0.274 | 0.405 | 0.228 | 0.054 | 0.298 | 0.082 | 0.709
Bi(Fy,Fz) | 0.086 | 0.080 | 0.243 | 0.724 | 0.162 | 0.163 | 0.119 | 0.128

Fy 1091 | 1866 | 1300 | 1457 | 1596 | 2760 | 1362 | 1284
Fz 2440 | 3109 | 1438 | 1328 | 2821 | 3563 | 1880 | 1757
HV 278 285 290 292 290 311 286 280

FempHV | 0.461 | 0.658 | 0.778 | 0.819 | 0.778 | 0.988 | 0.684 | 0.518
Bi(Fy,Fz) | 0.407 | 0.822 | 0.296 | 0.265 | 0.7 | 0.953 | 0.441 | 0.391

Fy 846 819 1620 | 2379
Fz 1206 | 997 | 3005 | 3487
HV 267 267 201 296

FempHV | 0.187 | 0.187 | 0.799 | 0.885
Bi(Fy,Fz) | 0.183 | 0.144 | 0.724 | 0.936

As a necessary preliminary condition was first tested the normal distribution of the
force components and of their bivariate distribution with Lilliefors (Kolmogorov-
Smirnov) test [12]. For F:

D = 0.17474, p-value = 0.1321 > 0.05 = o, (11)
For F,:
D = 0.18837, p-value = 0.07457 > 0.05 = «, (12)

It is obvious that the forces should be modeled by normal distributions. The
hypothesis of the normality for the bivariate copula [6] was proved with Mardia test.

Similarly was tested the normality of HV values (row 3 in Table 8).

The results of the calculi of the values of the binormal distribution [9], copula
function, are given in row 4 of the Table 8.

The concordance between values of the empirical distribution function of the
hardness, FempHV, and the values of the bivariate copula, Bi(Fy, Fz), (rows 4 and 5 in
Table 8) was analyzed with different correlation coefficients [10, 11]:
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e Pearson correlation coefficient r = 0.6647 p-value = 0.0014
e Spearman correlation coefficient rg = p(tho) = 0.6764 p-value = 0.0011
e Kendall correlation coefficient t = 0.5185 p-value = 0.0015.

Similarly was calculated the Pearson correlation coefficient for pairs Fy, and HV
(0.823688), and F, HV (0.594773). It is confirmed the strong dependence between the
force, Fy, perpendicular on the surface, and hardness, what permits the estimation of
hardness based on the values of the force. Another remarkable result is the stronger link
between the copula values, Bi(Fy, Fz), and of the force F (r = 0.94). An illustration of
this concordance is reproduced [13] in the Fig. 7. The bivariate kernel density plot is
illustrated in the Fig. 4. In the Figs. 5 and 6, respectively, are ploted the empirical
values of the functions HV(Fy, Fz), respectively C(Fy, Fz).

Copula

500 1000 1500 2000 2500 3000

Fy

Fig. 4. Bivariate kernel density plot

Fig. 5. The values of the HV(Fy, Fz) Fig. 6. The values of the C(Fy, Fz)
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Fig. 7. Responce surface of the Bi(Fy, Fz)

6 Conclusion

This paper has presented a sequel of the article [1] with statistical processing of the
experimental data. The dependence of hardness of piece surface layer from cutting
regime parameters and forces, and geometry of the cutting tool is the kernel of the
study. The size of experimental data requires an extended use of computer assisted
statistical applications. In the beginning it was applied a model with all variables and
interactions, seven factors. At the first glance seems that a,, r, a, * r are statistical
significant with more influence of radius. The model used is a linear regression function
with these three factors. It is clear that the dominant factor is the radius too. As
consequence, it was applied a quadratic model with variable r and it was concluded that
this factor indeed is dominant. A bivariate copula modeled the concordance between
hardness and cutting forces. The correlation coefficient of the empirical disarranged
values of the hardness distribution function and the values of obtained copula function,
r = 0.6647, proved a good concordance.
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Abstract. Since 2011, when Industry 4.0 has entered the scene, national pro-
grams for its development and application in national industries have been
launched around the world. In the meantime, this Program has begun to develop
in different countries, until now thirty seven worldwide. Industry 4.0 is Program
initiated by German Government and industry as a new model of automatization
of manufacturing technologies. Cyber-Physical System (CPS) is the key element
of Industry 4.0. In this paper, a detailed analysis of the current level of devel-
opment of the Industry 4.0 program has been made in globe. Also, overview of
the Industry 4.0 program in Serbia is given as well.

Keywords: Industry 4.0 : Programs * Analysis

1 Introduction

In the currently rapidly changing industrialized world, globalization, product cus-
tomization and automation are playing an imposing role in the development of the
manufacturing industry. The manufacturing industry is on the top of the Industry 4.0,
bringing with it advanced technologies and techniques that will change the products,
processes and supply chains involved in every aspect of industry. This technology
ushers in even greater connectivity that will allow manufacturers to maintain their
competitive edge in a rapidly changing world, and respond flexibly and quickly to
customers’ requirements [1].

Industry 4.0 in manufacturing sector, there are three areas where it will support
[2, 3]: (a) smart supply chains — greater coordination and real time flow of information
across supply chains and relationships allows better tracking of assets and inventory
and integrated business planning and manufacturing. This unlocks new ownership and
collaboration models across supply chains; (b) smart manufacturing — the use of data
analytics and new manufacturing techniques and technologies (such as autonomous
robots, multi-purpose manufacturing lines and augmented reality) helps to improve
yield and speed up manufacturing. This allows new business models to be pursued such
as mass customization, and (c) smart products — rapid innovation and a faster time to
market is enabled by data collected from products along with user feedback, whether
direct or collected via social sentiment on the internet. This data also allows remote
diagnostics and predictive maintenance.

Industry 4.0 is the information-intensive transformation of manufacturing and other
industries in a connected environment of data, people, processes, services, systems and
Internet of Things (IoT) - enabled industrial assets with the generation, leverage and
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utilization of actionable information as a way and means to realize smart industry and
ecosystems of industrial innovation and collaboration.

Industry 4.0, a German strategic initiative, is aimed at creating intelligent factories
where manufacturing technologies are upgraded and transformed by cyber-physical
systems (CPSs), the 10T, and cloud computing [4-6].

This paper has three parts: basics of concept Industry 4.0, 14.0 programs worldwide
- comparative analysis and 14.0 program for Serbia.

2 Industry 4.0 Framework and Basic Pillars

Original definition of Industry 4.0 is:

“Industry 4.0 is a German-government-sponsored vision for advanced manufacturing. The
underlying concept of Industry 4.0 is to connect embedded systems and smart manufacturing
facilities to generate a digital convergence between industry, business and internal functions
and processes. Industry 4.0 refers to a fourth industrial revolution (following water/steam
power, mass manufacturing and automation through IT and robotics) and introduces the
concept of “cyber-physical systems” to differentiate this new evolutionary phase from the
electronic automation that has gone before” [7].

This definition contains several key words, and the most important is — advanced
manufacturing. This means that advanced manufacturing is the basis for the fourth
industrial revolution, with industrial manufacturing being integrated into digital tech-
nologies on the Internet. Industry 4.0 is the original German term. In the same context,
the following terms are used worldwide: a smart factory, a factory of the future,
intelligent manufacturing.

Industry 4.0 defines a methodology to generate a transformation from machine
dominant manufacturing to digital manufacturing, by Cyber Physical Systems (CPS),
cloud system, Big data and data mining, Machine to Machine (M2M) interfaces,
Enterprise Resource Planning (ERP) and business intelligence, IoT, Augmented reality,
simulation, Virtual Manufacturing and intelligent robotics, but also includes some
additional features such as; facilitating system monitoring and diagnostics, the system
is environmentally friendly and sustainable through resource saving behaviors, more
efficiency systems [8].

Today, eight years after the official presentation of the German Industry 4.0 con-
cept, we can talk about the two most important aspects of this model: practice and
research. The first aspect is characterized by 37 national programs around the world,
which is thoroughly analyzed in Sect. 3.

The nine pillars and forty two elements of Industry 4.0 will transform isolated and
optimized manufacturing cells into a fully integrated, automated, and optimized
manufacturing flow and the same time leads to greater efficiency and change in tra-
ditional manufacturing relationships among suppliers, producers, and customers as well
as between human and machine [6, 8].
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2.1 Cyber Physical Systems (CPS)

CPS has been defined as the systems in which natural and human made systems
(physical space) are tightly integrated with computation, communication and control
systems (cyber space) [5]. Decentralization and autonomous behaviour of the manu-
facturing process are key characteristics of CPS. The continuous interchanging of data
is carried out by linking CPSs intelligently with the help of cloud systems in real time,
and digital shadow (digital twins) of manufacturing is defined as the representation of
physical object in virtual world [9]. Used by proper sensors in CPS should find out the
failure occurring in machines and automatically prepare for fault repair actions, and
also finds the optimum utilization of each work station with the help of cycle time
required for the operation performed on that station. For control, the 5C structure uses
cloud computing to communicate with the machines (machine with machine or human
with machine) [1, 5]. In Industry 4.0 model we have the increased connectivity and use
of standard communications protocols, which the need to protect critical elements of
industrial and manufacturing systems from cyber security threats increases dramati-
cally. As a result, secure, reliable communications as well as sophisticated identity and
access management of machines and users are essential [7].

2.2 The Industrial Internet of Things (IloT)

The Internet of Things (IoT) is a novel paradigm that is rapidly gaining ground in the
scenario of modern wireless telecommunications. The basic idea of this concept is the
pervasive presence around us of a variety of things or objects — such as Radio —
Frequency IDentification (RFID) tags, sensors, actuators, mobile phones, etc. — which,
through unique addressing schemes, are able to interact with each other and cooperate
with their neighbors to reach common goals [10]. By IoT a worldwide network of
interconnected and uniform addressed objects that communicate via standard protocols.
Today we have several approaches IoT should also know as Internet of Everything
(IoE) which consists of Internet of Service (IoS), Internet of Manufacturing Services
(IoMS), Internet of People (IoP), an embedded system and Integration of Information
and Communication technology (IICT) [7]. In Industry 4.0 model usually we used term
— IIoT. Context, omnipresence and optimization are the three key features of IoT in
which context refers the possibility of advanced object interaction with an existing
environment and immediate response if anything changes, omnipresence provide
information of location, physical or atmospheric conditions of an object and opti-
mization illustrates the facts that today’s objects are more than just connection to
network of human operators at human-machine interface. The value chain should be
intelligent, agile and networked by integrating physical objects, human factors, intel-
ligent machines, smart sensors, manufacturing process and lines together across the
boundaries of organization [11]. Near Field Communications (NFC) and Wireless
Sensor and Actuator Networks (WSAN) together with RFID are recognized as “the
atomic components that will link the real world with the digital world”.
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2.3 The Cloud Computing

It is a general term that refers to delivering computational services through visualized
and scalable resources over the Internet [12]. Based on recommendations from the
National Institute of Standards and Technology (NIST), an ideal cloud should have five
characteristics: on-demand self-service, broad network access, resource pooling, rapid
elasticity, and measured service. This cloud model is composed of four deployment
models public, private, community, and hybrid and three delivery models “software as
a service,” “platform as a service,” and “infrastructure as a service” [13]. Organizations
of all types and sizes are adopting cloud computing to increase their capacity with a
minimum budget and without investing in licensing new software, incorporating new
infrastructure, or training new personnel [7]. Cloud manufacturing refers to an
advanced manufacturing model under the support of cloud computing, the IoT, vir-
tualization, and service-oriented technologies, which transforms manufacturing
resources into services that can be comprehensively shared and circulated [8]. In
Industry 4.0 model, organization needs increased data sharing across the companies
and supply chains, achieving the reaction times in milliseconds or even faster.

2.4 Big Data and Analytics (BDA)

Big data typically stems from various channels, including sensors, devices, video/
audio, networks, log files, transactional applications, the web, and social media feeds
[7]. The collection and comprehensive evaluation of data from many different sources
manufacturing equipment and systems as well as enterprise and customer-management
systems will become standard to support real-time decision making. Therefore, for
organizations and manufacturers with an abundance of operational and shop-floor data,
advanced analytics techniques are critical for uncovering hidden patterns, unknown
correlations, market trends, customer preferences, and other useful business informa-
tion. In most industries, putting customer relationship management (CRM) data into
analytics is considered to be an effective way to enhance customer engagement and
satisfaction [14]. Moreover, a deeper analysis of various data from machines and
processes can realize the productivity and competitiveness of organizations. In the
manufacturing flow of biopharmaceutical production, have hundreds of variables must
be monitored to guarantee the accuracy, quality, and yield.

2.5 System Integration: Horizontal and Vertical System Integration

Integration and self-optimization are the two major mechanisms used in industrial
organization by Industry 4.0 model [1]. The paradigm of Industry 4.0 is essentially
outlined by three dimensions of integration: (a) horizontal integration across the entire
value creation network, (b) vertical integration and networked manufacturing systems
(c) end-to-end engineering across the entire product life cycle [9]. The full digital
integration and automation of manufacturing processes in the vertical and horizontal
dimension implies as well an automation of communication and cooperation especially
along standardized processes [11].
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2.6 Simulation

In this case used more extensively in plant operations to leverage real-time data to
mirror the physical world in a virtual model, which can include machines, products,
and humans, thereby driving down machine setup times and increasing quality [2]. 3D
simulations can be created for virtual commissioning and for simulation of cycle times,
energy consumption or ergonomic aspects of a manufacturing facility. Uses of simu-
lations of manufacturing processes can not only shorten the down times and changes it
but also reduce the manufacturing failures during the start-up phase [5]. Decision
making quality can possibly be improved by easy and fast way with the help of
simulations, also.

2.7 Autonomous Robots

In Industry 4.0 concept robots are becoming more intelligent, autonomous, flexible,
and cooperative, interact with one another and work safely side by side with humans
and learn from them [7]. An autonomous robot is used to perform autonomous man-
ufacturing method more precisely and also work in the places where human workers
are restricted to work. Also, autonomous robots can complete given task precisely and
intelligently within the given time limit and also focus on safety, flexibility, versatility
and collaboratively [15].

2.8 Additive Manufacturing

With Industry 4.0, additive-manufacturing methods will be widely used to produce
small batches of customized products that offer construction advantages, such as
complex, lightweight designs. High-performance, decentralized additive manufacturing
systems will reduce transport distances and stock on hand [7]. The manufacturing
should be faster and cheaper with the use of additive manufacturing technologies like
fused deposition method (FDM), selective laser melting (SLM), and selective laser
sintering (SLS) [16]. Decreasing product life cycles in combination with the growing
demand of customized products asks for the further transformation towards organiza-
tion structures which lead to increased complexity [7].

2.9 Augmented Reality

Augmented-reality-based systems support a variety of services, such as selecting parts
in a warehouse and sending repair instructions over mobile devices. Industry can use of
augmented reality to provide workers with real- time information to improve decision
making and work procedures by augmented reality glass. Workers may receive repair
instructions on how to replace a particular part as they are looking at the actual system
needing repair [7].

As you see, the discovery of new technologies has made industry development from
the early adoption of mechanical systems, to today’s highly automated
manufacturing/assembly lines, in order to be responsive and adaptive to current dynamic
market requirements and demands. Challenges like embedment, predictability,
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flexibility and robustness to unexpected conditions [17]. In summary there are some
challenges and fundamental issues occurs during the implementation of industry 4.0 in
the current manufacturing industries are given as:

e Modularized and Flexible Physical Objects: When processing a product, equipment
for machining or testing should be grouped and worked together for distributed
decision making [17]. So there is a need of creating modularized and smart con-
veying unit that can dynamically reconfigure the manufacturing routes.

o System Modelling and Analysis: In system modelling, to reduce dynamical equa-
tions and conclude appropriate control model, systems should be modelled as self-
organized manufacturing system [17]. The research is still going on for complex
system.

e Manufacturing Specific Big Data and Analytics: It is a challenge to ensure high
quality and integrity of the data recorded from manufacturing system. The anno-
tations of the data entities are very diverse and it is an increasing challenge to
incorporate diverse data repositories with different semantics for advanced data
analytics [2].

e Intelligent Decision-Making and Negotiation Mechanism: In smart manufacturing
system needs more autonomy and sociality capabilities as key factors of self-
organized systems whereas the today’s system have 3C Capabilities i.e. lack of
autonomy in the systems [17].

e High Speed IWN Protocols: The IWN network used today can’t provide enough
bandwidth for heavy communication and transfer of high volume of data but it is
superior to the weird network in manufacturing environment [17].

e Cyber Security Data: With the increased connectivity and use of standard com-
munications protocols that come with Industry 4.0, the need to protect critical
industrial systems and manufacturing lines and system data from cyber security
threats increases dramatically [18].

e Investment Issues and Aspect: Investment issue is rather general issue for most of
new technology based initiatives in manufacturing. The significant investment is
required for implementing industry 4.0 is an SME initially. The implementation of
all the pillar of industry 4.0 requires huge amount of investment for an industry
[19].

As the implementation of the industry 4.0 increases new research streams should be
discovered like transparent and organized supply chain and industrial management,
data collection from the manufacturing lines and optimization of that data for the use of
effective machines, energy saving, optimized maintenance scheduling and increasing
product and process quality.

3 Industry 4.0 Initiatives Worldwide

This naturally requires a philosophical change in setting up new manufacturing facil-
ities and leads to a new manufacturing vision to be based on Industry 4.0 basic
concepts including intelligence, products, communication, and information network. In
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[20] clearly outlines this progress and suggests the following recommendation for
better transformation towards Industry 4.0 application:

e Starting point is the “vision”. Industry 4.0 is a part of smart networked world and
the philosophy includes novel business, new social infrastructures and real time
enabled Cyber Physical System platforms. These factors should definitely be taken
into account in generating the road maps for digital transformation.

e Second point is so called the “dual strategy approach”. Since leading supplier
strategy and leading market strategy are becoming important day by day, the
manufacturing strategy is said to be based on these two.

e Third point is the capability of the companies to outline their “requirements”. Firms
should determine their needs by an in-depth analysis and see their strong and weak
points.

e Fourth point is determining the “priority areas”. A ranking should be made to
strengthen the weak spots. All problems must be resolved in sequence with the
available resources and the time schedule given. Managing complex systems,
delivering infrastructure for industry, safety and security factors, regularity frame-
work is to be the main body of road map for implementing Industry 4.0.

In this chapter we show the 14.0 programs worldwide - comparative analysis.

3.1 Programs of Industry 4.0 in EU Members
Members of EU - 14.0 Programs Facts and Figures can be defined as:

e Total Countries — 18 (from the 27 members), support by Government/Ministries.

e Leaders by developing and application Program (Germany, Italy, France, Spain,
Sweden).

e Total budgets for all countries — 2014/2019, app 34 b Euros.

e Policy Industry 4.0 is overarching framework strategy, of the research, innovation
and industrial policies, especially for manufacturing.

e Focus on delivering next-generation technologies (Italy, Sweden), developing new
products and improving industrial processes (Germany, Holland), providing support
to SMEs for innovation and commercialisation (France and Spain) feature amongst
the prominent goals.

e Sectoral focus — no, Internet of Things (IoT)/Cyber - Physical Systems (CPS) are
the most common technology focus areas.

e While the major national 14.0 policies significantly rely on public funding.

e Results and outcomes: France, more than 800 company loans and 3400 diagnoses
have been realized; the Swedish P2030 funded 30 projects with participation of over
150 businesses; the German 4.0 initiative, the transformation of research into
practical applications and the creation of the platform’s reference architecture with
150 members.

e While the majority of this collaborations is between different actors and across
various governance levels.

e Last but not least, the initiative of public authorities in pushing forward the 14.0
policies is also among the key drivers (Table 1).
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Table 1. Established programs for 14.0 in EU for 18 Member States - state of March 2018.

Country Launched / Target Concepts and Approach The heart Funding
Responsibl. diences focus areas of the model
measures
Launched in Companies; Norms and Creating a App 100 App 500 m
] 2014/ research standards; common Enterprises. euros per
1.Austria / Ministry for | organisations; Research, national year, support
Industrie Transport, universities; development model of of public and
4.0 Innovation policy- and innovation; industry private
Osterrieich . . 4.0 and
Produktion and makers at Qualification loiti sector.
Technology. | national and and skills for exploit its
der Zukunft . . benefits
/ Plattform regional Industry 4.0; for
Industrie level; trade Regional everybod,
4.0 for unions; strategies; The Bort}t]om Y-
Intelligent employees” | human in the up.
Production associations digital factory;
mart logistics.
[12] Smart logist
Launched in Companies; A strong Transform | Manufactu | No dedicated
2013/ The research innovation and manufactu ring funding
L design ring companies scheme;
Government | organisations; competence; companies from all several
of Belgium universities. Customer into economic public grants
2.Belgium / orientation and “Factories sectors, in available;
The Made networking; of the particular participating
Energy - and Future’. SMEs. companies
Different — ;
material- Bottom — need to cover
Factories of efficient up. a share of
the Future technologies; participation
(2] Creative human costs.
o potential.
Launched Strategy for Sustainable Bottom-up | Funded 30 €25 million
I . by new production, approach. projects, offered by
BB | VINNOVA, | industrializati flexible Industry involved VINNOVA
Sweden’s on. The manufacturing and over 150 for 2013-
18.Swed innovation Swedish processes, research businesses, 2018 period
: v>'e en agency, and Production virtual stakeholde setup a complemente
“Produkti industry, on Academy, production, rs with an PhD d by approx.
r§030,,10n 2013. representing human-centered emphasis school and €25 million
12 ten production, _on obtained from
[1.2]. universities, d d innovation, 50% indust
Swerea IVE, pro. uct‘an research > : industry.
an industry production- and C‘:)S_ ry
research based services, industrial i .
group. and integrated chal!enges 1nancing.
production and mn
production production.
development.

Source: [1] https://ec.europa.eu/growth/tools-databases/dem/monitor/category/national-initiatives;
[2] https://ec.europa.eu/futurium/en/implementing-digitising-european-industry-actions/national-

initiatives-digitising-industry.


https://ec.europa.eu/growth/tools-databases/dem/monitor/category/national-initiatives
https://ec.europa.eu/futurium/en/implementing-digitising-european-industry-actions/national-initiatives-digitising-industry
https://ec.europa.eu/futurium/en/implementing-digitising-european-industry-actions/national-initiatives-digitising-industry
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3.2 Programs of Industry 4.0 in Non-members EU
Non - members of EU - 14.0 Programs Facts and Figures can be defined as:

Total countries with 14.0 Program in practice from Europe — 21 (18 + 3).
The UK’s national initiative to business, industry and research organizations.
Developing large scale projects (LSP).

Developing cross center capability and competence.

Creating collaborative relationships with universities.

Manufacturing sector businesses - SMEs or large companies.

€203 million budget in 2015/2016 (Table 2).

3.3 Programs of Industry 4.0 in America and Africa
Facts and Figures for 14.0 program in these geographical areas can be defined as:

e Total Countries number — six (North America - 2, Central America -1, South

America - 2, Africa - 1).

e Jeader: USA.
e Industry 4.0 platform, big companies in the USA initiate the start:

— in March 2014 AT&T, Cisco, General Electric, IBM and Intel founded the
Industrial Internet Consortium (IIC) in order to coordinate the priorities for the
industrial Internet, and to enable the technical applications required for this,

— meanwhile 250 companies have joined the movement, including some from
Germany, and

— the aim of the Industrial Internet Consortium is to bring together “operational
systems”.

e Industrial Internet Consortium and Platform Industry 4.0 are collaboration for

Interoperability, based on:

— RAMI 4.0, the focus is on manufacturing in depth and IIRA crosses multiple
application domain,

— industry as a whole and must work across domains; manufactured goods are one
of those domains, and

— interoperability by Vertical — Horizontal approach.

e Support for programs by Governments/Ministries (Tables 3 and 4).
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Table 2. Programs for 14.0 in non-EU countries - state of March 2018.

Country Launched / Target
Responsibl Ji 5)
The UK’s Business,
k\‘ V‘ national industry and
'A m initiative to research
increase the organisations.

UK/ The competitivene
High Value ss and value
Manufacturin added of its
g Catapult manufacturing
(HVMC) industry,
[1]. Established on
2012.
Swiss
[2.4]

0=

Norway
[3:4]

Concepts Approach The heart of Funding
and focus the measures model
areas
Developing Improve the Manufacturin €203
large scale competitivene g sector million
projects ss of UK businesses - budget in
(LSP) to businesses by SME:s or 2015/2016.
transform providing large
major novel and companies -
manufacturin effective and research
g markets technology organisations
and supply solutions including
chains; across the private and
Developing manufacturing public
cross centre sector. organisations.
capability
and
competence;
Creating
collaborative
relationships
with
universities.

The unique national Program for 14.0 just defined.

Faculties, research organizations, large companies and
consulting organizations work on individual projects to
implement the [4.0 model in practice.

In [2] was show a neutral and independent initiative for a smart
Swiss and promotes sustainability the digital economics
dvelopment in Swiss, established 2016.

Since 2016, an international Conference on Industry 4.0 is
being organized.

The unique national Program for I4.0 just defined.

Faculties, research organizations, large companies and
consulting organizations work on individual projects to
implement the 14.0 model in practice.

Since 2017, an international Conference on Industry 4.0 is

being organized.
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Source: [1] https://ec.europa.eu/futurium/en/implementing-digitising-european-industry-actions/
national-initiatives-digitising-industry; [2] https://www.digitaleschweiz.ch/; [3] https://ec.europa.
eu/digital-single-market/en/scoreboard/norway; [4] https://www.oecd-ilibrary.org/science-and-

technology/oecd-science-technology-and-innovation-outlook/.


https://ec.europa.eu/futurium/en/implementing-digitising-european-industry-actions/national-initiatives-digitising-industry
https://ec.europa.eu/futurium/en/implementing-digitising-european-industry-actions/national-initiatives-digitising-industry
https://www.digitaleschweiz.ch/
https://ec.europa.eu/digital-single-market/en/scoreboard/norway
https://ec.europa.eu/digital-single-market/en/scoreboard/norway
https://www.oecd-ilibrary.org/science-and-technology/oecd-science-technology-and-innovation-outlook/
https://www.oecd-ilibrary.org/science-and-technology/oecd-science-technology-and-innovation-outlook/
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Table 3. Programs of 14.0 in North/Central America — state of March 2018.

Country Basic facts and figures

Big companies in the USA triggered the start: In March 2014
AT&T, Cisco, General Electric, IBM and Intel founded the

= Industrial Internet Consortium (IIC) in order to coordinate the
USA priorities for the industrial Internet, and to enable the technical
[1.2] applications required for this, and meanwhile 250 companies

have joined the movement.

The White House released the quadrennial Strategy for American
Leadership in Advanced Manufacturing, which describes how
Federal agencies, state and local government, the full spectrum of
educational institutions, large and small private industry, large
and small investors and, most importantly, our citizenry can
achieve a national vision of U.S in 14.0.

Digital Manufacturing & Design Innovation Institute (DMDII),
whose mission is to “establish a state-of-the-art proving ground
for digital manufacturing and design that links IT tools,
standards, models, sensors, controls, practices, and skills, and
transitions these tools to the US design & manufacturing
industrial base for full-scale application on 14.0 .

The National Research Council-Industrial Research Assistance
Program (NRC-IRAP) is Canada’s premier innovation assistance
program for small and medium-sized enterprises (SMEs).

I*I The Canada-Germany Industry 4.0 Partnering Mission in Berlin,
Germany from February 26 to March 2, 2018. The Canadian
delegation, consisting of small and medium-sized enterprises
(3] (SMEs) & academic researchers active in the development or
deployment of Industry 4.0 technologies will join leading players
in German Industry 4.0 adoption.

The aim is to establish collaborative applied research and
development opportunities in Industry 4.0 sectors between
Canadian and German companies and their academic partners,
leading to future economic benefits for Canada-Germany.

In 2019 and 2021, Mexico will build up two hyper-flexible
manufacturing clusters. The clusters will develop an 14.0
framework and a Manufacturing Operating System.

l&. a. 14.0 cluster framework - A general framework must be
developed in order to support the creation of a hyper-flexible
Mexico [4] manufacturing operating systems, this will be the platform for
systems integration and applications development. These clusters
should be supported according to the regional productive
vocations and using the current infrastructure and capabilities, as
well as the existing projects and collaboration mechanisms which
include: price clubs; supply information systems; shared
infrastructure; and technology packages; among others.

b. Innovation Campus replication for 14.0 - ldentifying regions
that fulfill the requirements to reply the innovation campus model
developed by Continental and Volkswagen in Mexico whose
main objective is to establish a collaborative environment
between the academy and the private sector to develop innovation
projects in Industry 4.0.

Source: [1] https://www.manufacturing.gov; [2] https://dmdii.uilabs.org/; [3] https://
remapnetwork.org/2018/02/12/canada-germany-industry-4-0-partnering-mission/; [4] https:/
www.clusterinstitute.com/.


https://www.manufacturing.gov
https://dmdii.uilabs.org/
https://remapnetwork.org/2018/02/12/canada-germany-industry-4-0-partnering-mission/
https://remapnetwork.org/2018/02/12/canada-germany-industry-4-0-partnering-mission/
https://www.clusterinstitute.com/
https://www.clusterinstitute.com/
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Table 4. Programs of 14.0 in South America and Africa — state of March 2018.

Country Basic facts and figures
In 2018. year, 8 out of 10 Argentine businessmen believe that

-~ digitizing their companies is critical aspect to carry out their
e innovation processes, however less than half (43%) have a team
Argentina dedicated to digital innovation. In this complex scenario,
[1] Argentina has the unique opportunity to boost its digital

transformation with the realization of strategic Program. For this
reason, Chamber of Commerce Argentina organizes Alliance of
the Industry 4.0 as Forum that will convene national and
international experts.

A main focus on the gradual technological integration of state-of-
the-art digital systems, and activities on cross-cutting issues such
as digitization, smart technologies and business models within the
framework of Industry 4.0 Program in Argentina.

The Brazilian government in March 2018 to start implementing a
E national 14.0/I0T plan, according to the country’s Ministry of
Science, Technology, Innovation, and Communications.

Brazil The plan seeks to advance Brazil’s 14.0/ToT ambitions across the
(2] four verticals of smart cities, agriculture, manufacturing, and
healthcare.

Increasing awareness of the benefits of Industry 4.0 and creating a
strategy for implementation of 4.0 technologies will help drive the
success of Industry 4.0 in Brazilian manufacturing.

F South Africa, the Trade and industry Chamber and Commerce
- starting with the Manufacturing Indaba 2018 to be set amidst the

S?'{th exciting backdrop of Industry 4.0 which aims to open a gateway
A[gl]ca of opportunities for existing and prospective manufacturers in the
SA.

More than a quarter (27%) of the industrial companies in SA have
rated their level of digitization as high, and this value is expected
to rise to 64% within the next five years.

Source: [1] http://www.ahkargentina.com.ar/eventos/foro-industria-40/; [2] https://
internetofbusiness.com/brazil-national-iot-strategy/; [3] https://www.itweb.co.za/content/
01Jr5qxEX8ZvKdWL.


http://www.ahkargentina.com.ar/eventos/foro-industria-40/
https://internetofbusiness.com/brazil-national-iot-strategy/
https://internetofbusiness.com/brazil-national-iot-strategy/
https://www.itweb.co.za/content/o1Jr5qxEX8ZvKdWL
https://www.itweb.co.za/content/o1Jr5qxEX8ZvKdWL
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3.4 Programs of Industry 4.0 in Asia, Australia and New Zealand
For 14.0 program in these geographical areas can be defined as:

Total Counties numbers: 8 (Asia) +2 (Australia and NZ).

Those Support by Governments/Ministries.

Leaders in application and context are: Japan, China and Australia.

Japan realize its “Super Smart Society 5.0” strategy, the Japanese government

initiated the “5™ Science and Technology Basic Plan” in 2015-2020, to support

Japan’s manufacturing sector.

e The Japanese government has Plan for promote the development of technologies for
10T, big data analytics, high-speed processing device, Al (artificial intelligence),
networking, edge-computing and cyber security.

e The Chinese government started the “Made in China 2025 (MIC 2025) Strategy
together with the “Internet Plus” plan, which priorities ten fields in the manufac-
turing sector.

e The MIC 2025 initiative also includes ten key sectors that receive special attention:

Next generation IT; High-end numerical control machinery and robotics; Aerospace

and aviation equipment; Maritime engineering equipment and high-tech maritime

vessel manufacturing; Advanced rail equipment; Energy-saving vehicles and NEVs;

Electrical equipment.

In conclusion we can say that 37 countries in the world have a National Program for
Industry 4.0 of 192 countries, UN members (Europe - 21, America - 5, Africa - 1, Asia
- 8, and Australia/NZ - 2) (Tables 5 and 6).

3.5 Programs of Industry 4.0 Initiatives on Global Level
On global level, until 2016, we have joint activities regarding Industry 4.0 initiative, as:

e World Economic Forum — Davos, Swiss [21]:

— The World Economic Forum, in collaboration with McKinsey and Company,
has identified 16 “Manufacturing Lighthouses”; production sites which are
world leaders in the successful adoption and integration of the cutting-edge
technologies of the Fourth Industrial Revolution.

Big data decision-making
Democratized technology on the shop floor
Agile working mode
Minimal incremental cost to add use-cases
New business models
IoT architecture built for scale-up
Capability-building through acquiring new skills
Workforce engagement

e International Center for Industry 4.0 [22]:

— Global network of Industrie 4.0 Digital Capability Center, Aachen (Germany,
Singapore, China, the US and Italy.

e Alliancie:

— Germany - Austria, G - Hungary, G - Holland, G - Brasil, G - Argentina, G -

South Africa, G - Malaysia, G - Australia.
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Table 5. Programs of 14.0 in Asia — state of March 2018.

Country Basic facts and figures

Japan realize its “Super Smart Society” strategy, the Japanese
. government initiated the “5" Science and Technology Basic
Plan” in 2015-2020, to support Japan’s manufacturing sector.
The Japanese government by Plan promote the development of
Japan technologies for loT, big data analytics, high-speed processing
[1] device, Al (artificial intelligence), networking, edge-computing
and cyber security as the “fundamental technologies necessary
to build the super smart society service platform™, as well as
such technologies as those for robotics, sensor and human
interface as the “fundamental technologies that are Japan’s

strengths, which form the core of new value creation.”

To accelerate industrialization in Chinese manufacturing, in
2015, the Chinese government started the “Made in China
20257 (MIC 2025) Strategy together with the “Internet Plus”
plan, which priorities ten fields in the manufacturing sector. In
. March 2015, Premier Li Keqiang formally announced the
China "Made in China 2025' ("MIC 2025”) initiative which aligned
(2] with the 13th Five Year Plan ("FYP”), Internet Plus and
outbound focused policy of the Belt & Road Initiative ("BRI”)
is centred on reforming and modernising China's manufacturing
sector. Influenced by the Industry 4.0 roadmap set out by
Germany in 2013, Premier Li commented at the official
announcement that '"Made in China 2025' will "upgrade China
from a manufacturer of quantity to a manufacturer of quality”.
This roadmap has been established to build a thriving

innovation led economy through to 2025 and beyond.

///.‘$ To ensure competitiveness and continuous innovations in South
Ny Korea’s manufacturing sector, in 2014 the South Korean
government started the “Innovation in Manufacturing 3.0”
South initiative.Officially launched in June 2014, the Manufacturing
Korea Industry Innovation 3.0 strategy is part of the Park Geun-hye
(3] adminis