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Abstract: Cyber-Physical Systems (CPS) are systems of collaborating computational entitieswhich arein
intensive connection with the surrounding physical world and its on-going processes, providing and us-
ing, at the same time, data-accessing and data-processing services available on the internet. Cyber-
Physical Manufacturing Systems (CPMSs), relying on the newest and foreseeabl e further devel opments of
computer science, information and communication technologies on the one hand, and of manufacturing
science and technology, on the other hand, may lead to the 4th Industrial Revolution, frequently noted as
Industry 4.0. CPMS consist of autonomous and cooper ative elements and sub-systems that are getting in-
to connection with each other in situation dependent ways, on and across all levels of production, from
processes through machines up to production and logistics networks. Modeling their operation and also
forecasting their emergent behavior raise a series of basic and application-oriented research tasks, not to
mention the control of any level of these systems. The fundamental question is to explore the relations of
autonomy, cooperation, optimization and responsiveness. Integration of analytical and simulation-based
approaches can be projected to become more significant than ever. One must face the challenges of oper-
ating sensor networks, handling big bulks of data, aswell as the questions of information retrieval, repre-
sentation, and interpretation, with special emphasis on security aspects. Novel modes of man-machine
communication are to be realized in the course of establishing CPMS. The main goals of the paper are to
discuss those approaches and milestones pointing towards the realization of Cyber-Physical Manufactur-
ing Systems as well as to highlight some future R&D opportunities, especially in manufacturing metrolo-

gy area.
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1. INTRODUCTION?

Today's business structure is much more complex an

dynamic than ever before. Market demands of thasnd
try's rapid changes in new products, which is diyec
reflected in the factory. On the other hand, digition
and information technology (IT) technologies pravid
new, unimagined possibilities, engineers in thédfief
design and planning. The two approaches have laddo
concepts that have since emerged: digital factory a
digital manufacturing. They enable to improve tingie

neering product development and create a new era i

business and manufacturing, the sustainability raf of
the most important factors of business [1]. Targetsin
front of the digital factory are: to improve theh&ology
of manufacturing, reduce costs of planning, imprthe
quality of production/products, and increase tleibil-
ity of the new demands of customers and markets [2]

(CPMSs), will be to evolve along five paths, Fig.[3]:

i) On — demand manufacturing: Fast change demand
rom internet based customers requires mass-customi
products. The increasing trend to last-minute pasek
and online deals requires from European manufestire
be able to deliver products rapidly and on-demamd t
customers. This will only be achievable throughxitiée
automation and effective collaboration between Bapp
and customers; (ii) Optimal (and sustainable) macwuf
turing: Producing products with superior qualityyvie
ifonmental consciousness, high security and dutgbili
competitively priced. Envisaging product lifecyatean-
agement for optimal and interoperable product aesig
including value added after-sales services and-balok
models; (iii) Human - centric manufacturing: Moving
away from a production-centric towards a human+ient
activity with great emphasis on generating corei@dbr

Developed and implement "advanced manufacturing’humans and better integration with life, e.g. pin
as a base for Cyber — Physical Manufacturing Systemand cites. Future factories have to be more accatatmo
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ing towards the needs of the European workforce and
facilitate real-time manufacturing based on machiata
and simulation, (iv) Innovative: From laboratoryotm-
type to full scale production — thereby giving catifors
a chance to overtake European enterprises thrquegds
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and (v) Green: Manufacturing 2020 needs focusdthini form features and tolerances that could be use&tiAD-
tives to reduce energy footprints on shop floord am CAPP-CAM-CNC-CAI chain [5, 6].
crease awareness of end-of-life (EoL) product use. Continuously integrated product design, factory and
The digital manufacturing concept could address mafrocess planning as well as factory operation and
jority of the mentioned challenges, and it focusashe ~ maintenance: (i) modeling, simulation, optimizatiand
improved automation and digitisation of the plampin Visualization of products, factories and processek,
design, manufacturing, inspection, management, andNetworking and distribution of data, models, toalsd
other activities in production system in a widenxt. ~ computer resources with the support of grid tecbgieks.
The digital model of a product could be used tousie ~ We have next benefits: reduction of time, loweriofg
and analyse the manufacturing processes, productiof0sts and increase of throughput and quality.
planning scenarios, as well as machining/tool path,

spection and resource utilisation scenarios. 2. CYBER - PHYSICAL MANUFACTURING
For a manufacturing system with typical machining SYSTEMS (CPMSs)
operations, factory-wide knowledge integration iiesgi Cyber-physical systems (CPSs) are enabling technol-

an integrated CAD-CAPP-CAM-CNC-CAI and integra- ogies which bring the virtual and physical worldgéth-
tion with other production-related information s/sis  er to create a truly networked world in which itiggnt
such as enterprise resource planning (ERP), maiwfac objects communicate and interact with each othégr [7
ing execution system (MES), advanced planning andlogether with the internet and the data and sesvice
scheduling (APS), etc. A standard for the exchaoge available online, embedded systems join to formecyb
product data model (STEP), along with a STEP compli physical systems. CPSs also are a paradigm frostiregi
ant numerical control (STEP-NC), has been develdped business and market models, as revolutionary neli-ap
enable integration and exchange of design and raanuf cations, service providers and value chains beconse
turing numerical data. STEP is based on featutentgle  sible [5-7].

ogy, and it provides a neutral and interoperabien&t of The merging of the virtual and the physical worlds
product data, independent of any system and seifabl through CPSs and the resulting fusion of manufawgur
transfer, processing and communication among @iffer processes and business processes are leadingyttte wa
systems. Feature technology provides us to aseoett new industrial age best defined by the INDUSTRIE 4.
only geometric and topological information, butoals project's “smart factory” concept, Fig. 2. [6].
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Fig. 2. CPSs — Basic facts [7].

The deployment of CPSs in manufacturing systems3. OUR RESEARCH IN THE FIELD OF CYBER-

gives birth to the “smart factory”. Smart factoryog-
ucts, resources and processes are characterizE® 9y;
providing significant real-time quality, time, rasce,
and cost advantages in comparison with classic faanu
turing systems [6]. The smart factory is designecbed-
ing to sustainable and service-oriented businessipes.
These insist upon adaptability, flexibility,
adaptability and learning characteristics, faulerance,
and risk management.

High levels of automation come as standard in t

smart factory: this being made possible by a flexib

network of CPSs - based manufacturing systems whi
to a large extent, automatically supervise manufauog

processes. Flexible manufacturing systems which ar

able to respond in almost real-time conditionsvalia-
house manufacturing processes to be radically dgein
[6]. Manufacturing advantages are not limited solel
one-off manufacturing conditions, but can also p#-o
mized according to a global network of adaptive seif-
organizing manufacturing units belonging to moranth
one operator.

Smart factory manufacture brings with it numerous
advantages over conventional manufacture, as examp
[5-7]: (i) CPS - optimized manufacturing processes:

smart factory “units” are able to determine andnidg
their field(s) of activity, configuration optionid manu-
facture conditions as well as communicate indepethge
and wirelessly with other units; (ii) Optimized iaatlual
customer product manufacturing via intelligent cdep
tion of ideal production system which factors aatou
product properties, costs, logistics, securityjalslity,
time, and sustainability considerations; (iii) Res®
efficient production; and (iv) Tailored adjustmetdsthe
human workforce so that the machine adapts to the
man work cycle.

This approach as a manufacturing revolution in germ
of both innovation and cost and time savings ara th

creation of a “bottom-up” manufacturing value creat
model whose networking capacity creates new ancem
market opportunities.

self-

PHYSICAL MANUFACTURING METROLOGY
MODEL (CPM 3

In our Laboratory for Production Metrology and
TQM on Mechanical Engineering Faculty, Belgrade,
now we have following researches areas: (i) Digital
Manufacturing — Towards Cloud Manufacturing (base
for CPMs), (ii) Intelligent model for Inspectiondfining
on CMM as part of CPM concept, and (iii) CPMS —
heCPQM our approach. In this paper we shall show some
research results for third direction.
ch Digital quality, as a key technology for CPMs repre
sents virtual simulation of digital inspection ingidal
gompany, based on a global model of interoperatud-p
ucts (GMIP). GMIP represents the integration CAD-
CAM-CAI models in the digital environment. The es-
sence of of this research is solved the concepteifol-
ogy integration into GIMP for the CMM inspectioraph
ning, based on Cyber-Physical Manufacturing Metyglo
Model (CPM) [10, 11].

Feature-based technology and STEP standard could
be considered as a main integrator in terms ofrigpkhe
pngineering and manufacturing domain within various
CAXx systems. To specify the part data represemtdtio
a specific application, STEP (ISO 10303) uses Ayl
tion Protocols (AP) [13]. Beside STEP APs, thedo#
ing standards and interfaces are important for GAl.
vendor-independent Dimensional Measuring Interface
Standard (DMIS) provides the bidirectional commanic
tion of inspection data between systems and ingpect
equipment, and is frequently used with CMMs. lins
termediate format between a CAD system and a CMM’s
native proprietary language. Dimensional Markup -Lan
h guage (DML) translates the measurement data from
CMMs into a standardised file that could be usedifta
analysis and reporting. |++ DME-Interface provides
communications protocol, syntax and semantics for
command and response across the interface, prgvalin
low level inspection instructions for driving CMM4&2,

13, 15, 16], Fig. 3.
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Fig. 3. CMM interoperability model [13].
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Fig. 5. Bottom of thetool for wind turbine with inspection plan.
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=[5 File Header

@ Part Name : MOULD TURBIM BLADE

@ Revision wumber : 1
@ serial Mumber @ 1
@ Statistics Count = 1
=1z, STARTUR = Start Alignment
@ Id : STARTURP
@ RrReference 1d
@ alignment List : YES
=g Manuals/Doc Mode
@ Mode @ MANUAL
= Fly mode
@ Fly mode : oN
@ Radius Type : 3
Dimension Format
[ settings
#-[] Headings
= FELoad Probe - TE20T420
@ Filename TEZOT420

SR 11 AUB0 AC e TI1p;
@ Id :
@ TipI:o0
@ Tip1:0
@ Tipk : 1
@ Theoretical angle : 0O

= Manual/DCC Mode
@ mMode @ DCC
o132 SCMl = Section scan
=3 Method Information
@ Id : scul
@ Thickness : 0
@ Edge Thickness : 0
@ Learn Mode @ NORMAL
@ Homs Mode @ MASTER
@ Auto Clear Plane : MO
@ single Point : O
@ Tolerance : 1
@ show petails : vES
@ Display Hits : o
@ AUTO MOve @ NO
@ Auto Mowve Distance : 0
@ selected only : NO
@ Use Best FIiT : NO
@ Probe Compensation : YES
@ CAD Compensation : NO
=[] Hit Information
@ Hit Type : SURFACE
@ Initial Hits : 0
@ Fermanent Hits : 0
=[] Technigue
@ scan Technigue <l> :
@ scan Technigue <2> : BODY
@ Axis <l» @ x
@ Axis <2» @ ¥
@ Increment <1> : 1
@ Increment <2= : 0
@ Location : 100
=[] vectors
Scan Cut vector I
Scan Cut vector J
S<an Cut wector Ko
scan Intial vector I
scan Intial vectaor 3
scan Intial vector K
Scan Plane vector
Plane wector
scan Plane wvector
scan End vector I
scan End vectaor J
scan end vector K
Scan Direction vector I : -
Scan Direction vector 1 : 0

o
1
o

PR LH

000000000 OOOOOCD
w
o
w
3
OO D

scan Direction vector K : -0.

=[] Boundary Points
=-Fa 1
@ Id : SChl
@ Coordinate Type : CARTESIAN
@ Relative Measure Feature
@ Relative Measure Feature ¥
@ Relative Measure Feature 2
@ noms Mode @ MASTER
@ surface Thickness Type : THEO_THICKMESS
@ Thickness
@ Auto Clear Plane : MO
@ AUTD Wrist @ nNO
@ Graphic analysis : NO
@ Capture View Type : NO
@ Feature Locator BMP : NO
@ Feature Locator BMP File
@ Feature Locator WAV :
@ Feature Locator wAav File
@ FeaTture Locator Text :

Fig. 6. STEP loaded in coordinate system for inspection.
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=3
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@
w
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1154

<Current Alignment:
<current Alignment:
<Current Aligrment:

= 2
D. » Boundary Point <2> : 16.
@ ¥ Boundary Point <2» : 100
@ Z Boundary Point <z> @ 2.7
s
=-tp Basic scan

=-gmMethod Information
@ Method Type : LINE
@ Homs Mode @ MASTER
@ Learn Mode @ MORMAL
@ Theoretical start x : 54.8
@ Theoretical start ¥ : 100
@ Theoretical start z : 3.87
@ Theoretical End x : 16.204
@ Theoretical end ¥ : 100
@ Theoretical end 2 : 2.7253
@ Thickness : 0
@ Display Hits [ile]
@ show petails YES
@ number of Hits : 41
@ control Points @ 0

=-[J vectors
@ Scan Rlane vector I : 0.86
@ scan Plane vector 1 : 0
@ Scan Plane vector K @ -0.4
@ sScan Direction wector I
@ Scan Direction vector 1 :
@ scan pirection vector K :
@ scan Intial vector I @ -0.
@ sScan Intial vector 2 -0
@ Scan Intial vector K @ 0.9
@ scan End vector I : 0.4972

@ scan end vector 2 0. 0206
@ sScan End Vector K 0. 8674
@ Scan Cut vector I ]
@ Scan Cut vector 3 1
@ Scan Cut vector K a

=-[Q Hit Information
@ Hit Type : SURFACE
@ Initial Hits : 0
@ Permanent Hits : 0
@ Spacer @ 2.34
=[O Filter values
@ Filter Type : DISTANCE
@ Increment
=1 Boundary Conditions
Boundary Type : PLANE
Theoretical x : 16.2042
Theoretical v : 100
Theoretical z : 2.7254
Scan Plane vector I : 0.36
Scan Plane vector 1 : 0
scan Plane vector K : -0.4
Scan eEnd vector I @ 0.49274
Scan End vector J : 0
Scan End vector K : 0.8675
crossing Total @ 1
[dcontrol Points
3 5CH2 = Section Scan
3 Method Infarmation
g nit nformation
[ Technigue
[Qwvectors
[1 Boundary Points
i Basic scan
SCHM3 = Section scan
[amMethod Information
[AQHit tnformation
3 Technigue
[ vectors
[ Boundary Points
tn Basic scan
SCH4 = section scan
[ method Information
[aHit Information
[ Technigue
] vectors
] Boundary pPoints
tn Basic scan
SCHS = Section Scan
3 method Infarmation
[ Hit Information
[ Technigue
[Q wvectors
[ Boundary Foints
& Basic scan
SCHE = Section Scan
#-[JMethod Information
#-JHit Information
#-] Technigue
#-] vectars
#-[ Boundary points
#-tp Basic scan
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Fig. 7. DMIS file for inspection turbine blade.
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Fig. 4. shows the working process with the integra-
tion of design, production and coordinate inspertio
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Computer aided manufacturing (CAM) or Computer REFERENCES

aided inspection (CAl) is executed in a separatéfpa
that consists the original geometry of the parf.[Chly
this way it is possible to make changes on theirmalg
geometry that can reflect on some of the engingerin 2]
activities.

Part file CAD/CAM is usually obtained as STEP [3]

(1]

AP203 or AP214. It represents the basis for thpgmee  [4]
tion of manufacturing technology. At the same time
geometry inspection is being prepared so that veheart  [5]
is manufactured, its inspection can be implememted (6]
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4. CONCLUSIONS

In the above presented of SPMSs for quality as & CA[12]

model, it is important to consider the newly depeld
AP242 that is designed to improve the interopeitgliih

STEP, support model-based GD&T and allows for CMM
programming based on the inspection features. AP24213]
enables 3D product manufacturing information (PMI) [14]
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exchange along the supply chain. This could beao&p
mount importance for SMEs, since it could allowgesa

of lower cost software based on standard interfacesgie).

which should lead to a cost reduction [13]. On dkteer
hand this concept (CPM3), will integrated in CPMSs
model in our future researches [11].
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