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-Abstract

Abstract

The ability to adaptively control manufacturing equipment, both in local and distributed

environments, is becoming increasingly more important for many manufacturing companies.

One important reason for this is that manufacturing companies are facing increasing levels
of changes, variations and uncertainty, caused by both internal and external factors, which
can negatively impact their performance. Frequently changmgsumerrequirements and
market demands usually lead to variations in manufacturing quantities, product design and
shorter product lifecycles. Variations in manufacturing capability and functionality, such as
equipment breakdowns, missing/worn/broken tools and dslaglso contribute to a high

level of uncertainty. The result is unpredictable manufacturing system performance, with an
increased number of unforeseen events occurring in these systems. Events which are difficult

for traditional planning and control systes to satisfactorily manage.

For manufacturing scenarios such as these, the use otirralmanufacturing information
and intelligence is necessary to enable manufacturing activities to be performed according
to actual manufacturing conditions and requinents, and not according to a pre
determined process plan. Therefore, there is a need for an estemén control approach to

facilitate adaptive decisiomaking and dynamic control capabilities.

Another reason driving the move for adaptive control of mi@wturing equipment is the
trend of increasing globalization, which forces manufacturing industry to focus on more cost
effective manufacturing systems and collaboration withjtobal supply chainsand
manufacturing networksCloud Manufacturing is evolgras a new manufacturing paradigm

to match this trend.enablingthe mutuallyadvantageousharing of resources, knowledge
and information between distributed companies and manufacturing units. One of the crucial
objectives for Cloud Manufacturing is theordinated planning, control and execution of
discrete manufacturing operations in collaborative and networked environments. Therefore,
there is also a need that such an ewvelniven control approach supports the control of

distributed manufacturing equipnrg.

The aim of this res®ch study is to definand verify anovel and comprehensive method for

adaptive control of manufacturing equipment in cloud environments.
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-Abstract

Thepresented research follows theeBigh Science Research methodology. From a review of
research literature, problems regarding adaptive manufacturing equipment control have
been identified. A control approach, building on a structure of exriven Manufacturing
Feature Function Blocks, supported by an Information Framework, has been formdratd
Function Block structure is constructed to generate 4tegak control instructions, triggered

by events from the manufacturing environment. The Information Framework uses the
concept of Ontologies and The Semantic Wéb enable description and matahg of
manufacturing resource capabilities and manufacturing task requests in distributed
environments, e.g. within Cloud Manufacturing. The suggested control approach has been
designed and instantiated, implemented as prototype systems for both localiatribdted
manufacturing scenarios, in both real and virtual applications. In these systems;drixant
Assembly Feature Function Blocks for adaptive control of robotic assembly tasks have been
used to demonstrate the applicability of the control apprba@ heutility and performance

of these prototype systems have been tested, verified and evaluated for different assembly

scenarios.

The proposed control approach has many promisingracteristicgor use withinboth local
and distributed environments, such @eud environments. The biggest advantage compared
to traditional control is that the required control is created at fiime according to actual

manufacturing conditions

The biggest obstacle for being ajgpble to its full extent is manufacturing equipment
controlled by proprietary control systems, with native control languadestake the full
advantage ofthe IECFunction Block control approach, controllers which can interface,

interpret and executéhese FunctionBlocks directly, are necessary.
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-Introduction

1 Introduction

This PhDdissertationintroduces a novelmethod for adaptive manufacturing equipment
control in cloud environments presenting the construct of a control concepthich
encompasses the complete manufagng control structure from supervisorycontrol on a
cloud level, dowrto localgeneration andexecution ofequipment control athe shop floor
and machine controller levelin this researchimplementations of this method has been
focusedon robotic assemblgpplicationsor concept validation and evaluatioAs such, the

presented methods supmrted by different implementations andneapplication scenario

The studyhasinitially beeninspiredby a numberof initiativesand challenges appeagnin
the manufacturing industryFurther on,it has also been driveby new manufacturing
capabilitiesfacilitated byevolving technologiesand conceptssuch asinternet of Things
CloudManufacturing Service architecture§emantic Webetc., widening andextendingthe
researchscope i.e.from local to distributedmanufacturing applicationsrom shopfloor to

Cloudperspectivesand from direcequipmentcontrol to EquipmentControlasa-Service.
The major enabling concepfor the presented contromethod presentedare:

- The concept okventdriven Function Blocks, as defined in IEC 6148€, 2005)an
IEC standard for distributed industrial processes and contredsys TheseFunction
Blocks are used toenable manufacturing system adaptability, as they ocaale
process plans able to adapt to environmental variations and changes in dynamic shop
floors.

- The concept oProductManufacturing Fatures

- The concept of Cloud Manufacturing and CldahufacturingServices.

- The concept of Ontologies and the Semakitieb.

Both complete systenframework andcontrol structure, and enabling technologies are
presented andliscussed, as well &xo comprehensive casdwlies withimplementatiors,
and an application scenarialso presenting a supporting systanformation framework.
Prototype control syiems have been designed, implemedtand evaluated according to the
research problems statedlogetherwith the study ofevent-driven Function Blocks and
Product Feature technologies, Cloud Manufacturing, Ontologies an&éinantic Web, this

constitutes the foundation for the performed research on adaptive control of manufacturing
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-Introduction

equipment in cloud environments. As such, the research addresses outstanding issues within

the manufacturing domain, indicated indhreviwed reearch litterature.

In the followingsectiors,the background and motivation of the researsfudy presented in
this dissertationare described The researclkaims and objectivesand the applied research
methodologyare presented, after whicthe chapter isconcluded by a presentation tie

organistion ofthe dissertation.

1.1 Research background and context

The backgroundnd influencedo this research arelescribed in the followingectiors:

1.1.1 Challenges facing the manufacturing industry : (a brief overview)

To improve and to adopt to new challenges the evolution of manufactwimdyits processes

is continuous, iteratively going from concept development to the introduction of new
technologies, tools, methods and standards for the effective, economical, amairatde
production of products. Contemporary manufacturing is considered to be an integrated
concept at all company levels, from discrete manufacturing resources such as equipment,
machines and personnel, to complete production systems as well as thre bosiness level

operation.

1.1.1.1 Contemporary Manufacturing

To better understand contemporary manufacturing challenges and influences, a historical
perspective on the recent developments of industrial manufacturing and its paradigms is
informative. Understanding past and present manufacturing and its limitationd an
shortcomings will facilitate an understanding and help foreseeing of what is to come. The
prevailing manufacturing paradigm plays a key role for the competitiveness of manufacturing
industries. To exceed the traditional mass production paradigm, thelagears have seen

a range of initiatives and implementations in advanced manufacturing, with new paradigms
such as mass customisation as well as intelligent, holonic, reconfigurable, lean, agile,
networked, distributed, grid and sustainable manufacturifg. M. Bi & Wang, 2013; Lee,
Baines, Tjahjono, & Greenough, 2006; Nambiar, 200l@)se initiatives consider notlgrihe
technical aspects but economic and social factors as well, and lately also environmental
issues play an increasingly important role. Research has progressed in areas ranging from
modelling, analysing, and designing manufacturing systems, to thetigHeplanning,
operation and control of them. Important objectives are optimisation of productivity, system

flexibility, quality, cost, service and environmental considerations. Recently, research
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covering the collaboration and resoursiaring in all pas of the product development life

cycle has shown a growing interest. With new opportunities arising from improvements

within modern information and communication technology, service and information driven
manufacturing has become a focused research tapit already made some progress within
collaborative and distributed manufacturing, e.g. Cloud Manufactudmgpther example of

the developing manufacturing domain is the futdrdN2 2 SOG ¢ LY Rdza i NBE n ®dn é :
German Federal Governme(i. Zhou, Taigang, & Lifeng, 2015)is part of a higlech

strategy for the upcoming state ohetworked production, for realising completely
automated production of mainly small batches. The vision is a structured, modular Smart
factory, and the concept postulates that all manufacturing equipment, such as: machine

tools, robots, handling systemsubalso raw materials and products, are equipped with
communication interfaces for a continuous exchange of data, transforming the
YIydzZFl OGdzNAy 3 &aeadsSy G2 ¢ a4/ &o6SNItKeaarolt {e&
is then possible from a distribuel T infrastructure, e.g. a cloud environmé@riffor, Grer,

Wollman, & Burns, 2017)

There are many reasons and driving factors behind the significant changes in contemporary
manufacturing. Beside the rapid development of advanced manufacturing, computer and
information technologies, intense global competditi as well as economic and resource
globalisation, are now a reality. Historically, the modern manufacturing focus has changed
from enlarging production scale in the 60s, to cost reduction in the 70s, from product quality
in the 80s shifting to rapid maek response in the 90s, and lately focusing on service,
information and knowledge. It is particularly the introduction of computer and information
technologies and the rapid development of the Internet technologies that the last years have
sped up the devepment of manufacturindB. H. Li, Zhang, & Chai, 2Q1Dhis have led to

new and challenging requirements regarding the management and control of distributed and
collaborative resource sharing in cloud environments. T8sie of adaptively handling

variations is also a major concern for manufacturing control.

1.1.1.2 Uncertainty in manufacturing systems

Many manufacturing systems are facing the challenge of handling an increasing amount of
uncertainty, which inflict unpredictedvents to be dealt with in different manufacturing
Aa0SYINA2ad ¢KSasS S@gSyida 2FdSy NBadNAROG GKS

unforeseen conditions and variations of both external and internal system nature.
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Many external variations are caused by shorter productdifeles. In combination with
changing manufacturing requirementkie to increasing international competition among
producers,market demands are dynamically changing as a resuttootinuously moe
frequently changing customer requirementéariations and trends in customer demand may
effect issues like product design, product mix, delivery dates, manufacturing quantitigs, etc
(Monostori et al.,, 2010; Valilai & Houshmand, 2018ompanies in the jokhop
manufacturing environmets are particularly exposed to high levels of uncertainty, as their
production is made up of a large variety of products, often in small batch sizes and big
product mixes. For them, performing effectively and reaching high productivity goals is an
everydy challenge (L. Wang, Holm, & Adamson, 201Qnternally, variations in
manufacturing capability and functionalitgaused by equipment breakdowns, job delays,
tools being worn, broken or missing, fixture shortages, express orders, etccaaistbute

to the levels of uncertainty

Conditions like thee result in unpredictable manufacturing system performance, with an
increased number of unforeseen events occurring in these systems. These events are often
not possible to handle efficiently by traditional planning and control sysieiXu, Wang, &
Newman, 2011) Most process plans generated using existing CAPP systentgedrto
specific resourcesuch agobots, CNGmachines, toolsetc. (Lihui Wang, Feng, Cai, & Jin,
2007) As such, these plans are inflexible, unportable, and not responsive to unexpected
changes. If a manufacturing resource becomes unavailable, this will require the dedicated
process plan to beevised, as well as the q@rogramming of manufacturing equipment.
Typical automated manufacturing operations, like machining and robotic assembly
operations,are often timeconsuming and tedious to program, involving the creation of
predefined control cde for specific machines, robots, tasks and products. If an unforeseen
change occurs, depending on the severity and nature of the cause of the change, the control
code generated often has to be adjusted or totally recreated to generate the correct

equipmert behaviouror functionality.

The ability to landle influences of uncertaintgquires both flexibility and adaptability to be
competitive(Boutellier, Gassmann, & von Zedtwitz, 20@Bganges in demand and variations

in production capbility and functionality, requires adaptive, dynamic and flexible tools and
functions for planning and controlling the manufacturing process, for arriving as closely as
possible at an optimal performance. Successfully handling manufacturing uncertainty

requires both adaptive rtime decisioamaking and effective execution of these decisions.
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1.1.1.3 Globalisation, collaborative work ing and resource sharing

The growing global&ion in manufacturing is driving a continuously more competitive
market, in which prodat life-cycles are getting shorter while product variety and
customisation is increasing. Business collaborations and outsourcing of manufacturing
activities and processes also adds to a very dynamic manufacturing environment, making
adaptability an impomnt and necessary property for being competitive. Surviving in an
increasing globalisation, manufacturing companies are focusing on adopting more cost
effective manufacturing systems to remain competitf¥@alilai & Houshmand, 2013Jo be

able to be competitive on a global marketplace, meeting and satisfying dynamic customer
demands, collaboration within global supply chains and manufacturing networks for critical
and complex manufacturing activities such as design and manufactisiog high interest

for many companies. Sharing resources, knowledge and information between geographically
distributed manufacturing entities can make them more agile and-efisttive, with higher
NBA2dz2NOSQ dziiAf Aal (A 2y hawisvnRoenad foiiad pafticipargsy LIS G A
So there are many strong drivers for collaborative manufacturing and the proliferation of the
many advantages and possibilities of resource shdfiiigg, Yu, & Sun, 2012)he orgoing
manufacturing trend of focusing on solely performing core manufacturing activities, relying
on company specific competences, while-sourcing related and supporting activitiés all

in line with the ideas of the evolving resource sharing paradigm. For some companies, critical
manufacturing resources are limited and too costly, while other companies may possess
spare manufacturing capacity, knowledge and competefae lower he overall cost for
manufacturing, companies may provide and share their resources to increase the resource
utilization rate, with companies with lack and need of these resources. Globalisation is
therefore a major driver for collaborative work, and theaee severalrecently emerged
information technologes, which combined enable sess collaboration activities, for all

the phases of productealelopment. Cloud Computing one of these core technologies,
offering computing resources as services in a eoient payasyou-go mode. The concept

of offering computer resources as services can be adopted in manufacturing, with
manufacturing resources being offered as different servides, Desigrasa-Service
Machinirg-asa-Service Assemblyasa-Service,etc., (X. Xu, 2012)Examples of other
contributing and enabling technologies are: InterreétThings SemantidVeb, enbedded

systems, and virtualisation technologies.
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The success of many internatiomabnufacturingenterprises relies on the distribution of
their manufacturing capacities over the globe. With a worldwide integration of their
distributed product devedlpment processes antanufacturingoperations, they are already
realising and taking advantage of the many benefits of resource sharing and collaborative
manufacturing activities (Valilai & Houshmand, 2013)However, the majority of
manufacturing companies are small, aimdcontrast to SMEs, international enterprises and
bigger companies often have a greater capability of adjusting to evolving manufacturing
conditions and changing requirements due to theshmuse competences, knowledge and
resources. Sthis approach fo competitiveness has not been in reach for the majority of
SMEs, mostly due to technological limitatiofts resource sharing and lack of partner
networks.Some of the major challenges emerging that many SME manufacturing companies

are facing today aré~. Bo, Zhang, & Nee, 2011)
Core Technologies

Many SMEs are in the origihequipment manufacturingranch, being labour intensive and

in the low end of the value chain. Staff education levels are also often lower than those in big
enterprises. Without exgrtise knowledge and competence about, and access to, core
technologies such as; design, product development, manufacturing management,

simulation, etc., their abilities for making higher profits are severely hampered.
Expensive and Complexsyistems

With digitalisation of manufacturing an array of different software and informationesyst
have appeared (ERP, PDBADCAM CAPP, etc.), which companies need to use for being
effective and competitive. These inflict high costs, and problems concerningatitay

maintenance, education and data sharing.
Complex Product Designs

The process of designing new products has become much more complicated. Considering all
phases of the product lifeycle when developing a new product, requires the use and
cooperati of a variety of highly complex and advanced applications, software, services and
knowledge structures. khouse access to all these resources and capabilities is not available

for many SME companies.
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Lack of Followup Service

The business scope does netcompass followp service, which is a crucial necessity
catalysing in increased trading opportunities and additional value creation. If problems with
products sold cannot be solved, this can decrease customer loyalty and harm the esteem and

reputation o the company.
High Sukcontracting Costs

The development of many SMEs is often hindered by higkcentracting costs, which often
constitutes a significant part of the total cost for the development of a new product: Sub
contracting is becoming increagily necessary for many SMEs, as product development

becomes more advanced and complex.
al OKAY 3 al ydzFl OGdzNAYy3 hNRSNARA ¢AGK wSazdz2NOSa

SMEs often have difficulties in accomplishing manufacturing orders due to the lack of
advanced equiment with certain required properties. Or the opposite, companies that have
this equipment but lack manufacturing missions and orders. This is a resource matching

problem between resource providers and resource consumers.
Lack of Resource and Capabilinaihg Mode

Sharing of resources and capabilities is one of the key virtues of collaborative manufacturing.
To be successful in all manufacturing activities, the ability of sharing computing, data and
information resources, applications and services, eogpt and application systems is
mandatory. A companwide sharing approach for full connectivity, remote access, and

interoperability for all resources is then required.

These challenges point to problems and difficulties for SMEs to be competitiveswlelg
relying on their ifdhouse resources and capabilities. To succeed, they must be able to respond
rapidly to dynamically changing market demands, driven by an increasing international
competition among producers, combined with continuously more fredlyechanging
customer requirementsA resource sharing manufacturing mechanism, supporting services
for scalable and economical resource sharing and coordinated collaboration, would solve

many of these problems, and give especially SMEs a much more ctivepetige.
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As masgroduction is often relocated to lowvage countries or regions, the focus for many
manufacturers from other regions is therefore shifting towards providing customised and
highrvalue products to rapidly satisfy diverse customer demanddiexing a unique
competitive advantage. This shift in manufacturing orientation, from mass production to
mass customisation in resource sharing collaborative networks, increases the complexity of
realisng adaptive control for such distributed and collastive realtime environments
dramatically (Meier, Seidelmann, & Mezgér, 2010)jhe level ofcomplexity will become
significantly higher, athe nature of a distributed manufacturg environment presents a
higher degree of uncertaintiesvariations and unforeseen events may be inflicted by all
LI NGAOALI GAYy3 O2YLI YASEQ AYGESNYyLE FyR SEGSNY
missions. Therefore, a prominent property far adaptive and distributed control structure

is the dynamic coordination and distribution of decisimakingto both global and local
environment instancegMonostori et al., 2010)This would enable adaptive system control

as adjustments to any changesot leastfor shop floor run-time variations. Therefore
dynamic, adaptive and distributable decisioraking must be a key virtue for such a control

system.

1.1.1.4 Summary

Summarising manufacturing challenges described in this chapter, two facfonsajor

importance are identified for manufacturing companies to be petitive:

- The ablity to participate in distributed resource sharing and collaborative
manufacturing activities.

- The ablity to adaptively handle unpredicted events in their manufacturing systems.

To satisfy these prime challenges, an adaptive, edentn control structure for distributed

and collaborative manufacting environmentss required

1.1.2 Adaptability and Event-driven Function B locks

This Chapter describethe eventdriven Function Bck technology,defined by the
international standard IEC 61498n introduction to the standard and its architecture and
models is given, as well azamples ofts useand implementationsn different industrial

control applications.

The ability to efficiently adjust to changing conditions, adaptabiktan inportant property

of a manufacturingcontrol system(Groover, 2016) To successfully handlanpredictable
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events negativelyaffecting the performance of a manufacturingystem requires both
adaptive and distributedrun-time decisioamaking but alsoeffective execution of these
decisions.One approach to limit the negative influence of uncertainty and unpredictable
behaviouron manufacturing performance is to use rdahe manufactumng information.
Using reatime system information for both planning and control of a manufacturing system
means that the time span between decisioraking and actual execution can be narrowed
down to a minimum, facilitating more correct decisions as well as decreasing possible
negative impact of uncertaintyJsing actual events withia distributed control systento
trigger the dynamic gesration of the required controlctivities would make possiel
adaptive decisiormaking and dynamic control capabilities, as an important and valuable

built-in control system poperty to handle uncertainty

The concept of evendriven Function Blocks supports this approachit asables the use of
onlineinformation for dynamicand distributed decisiormaking, as well as dynamic control
capabilities that are able to handle, in a responsive and adaptive way, different kinds of
uncertainty. Applyingsuch Function Blocks forthe control of manufactuing equpment
impliesgiving the control systemmore intelligence and autonomy to better handle and adapt

to changes, for a morsuccessful fulfillment of thenanufacturing objectivegMonostori et

al., 2010)

1.1.2.1 Introduction to IEC 61499

Eventdriven Function Blocks are initially defined in the IEC 61499 stafidZd2005)which
explains the usage, development and implementation of Function Blocks in distributed
industrial process measurement and control systems, in a compenéented appoach.
The standard describes generic modding approach for distributed control applications
enabling interoperability, reeonfigurability and portability for distributed control systems,
facilitated through evendriven Function Block$EC 61499 was developed jointly from the
existing concepts ahe Function Block Diagraim the PLC language standard IEC 613,31
and standardistion work concerning Fieldbus, after the need for a common model for the
application of software modules catleFunction Blocks had beenised. Function Block
Diagrams were initially introduced in IEC 61131to solve problems with textual
programming, ladder diagranad the reuse of common tasks. contrast to IEC 61131, the
primary purpose of IE61499 is notthat of a programming methodology, but instead it

describesa system architecturegnd providesa setof models to describe distributed control
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systems using evertriven Function Blocks in a reahe execution environmenfLewis,
2001; Vyatkin, 2011; Zoitl, 28).

The standard supports intelligence to be ceetralisel and wrapped in software
components, which can be distributed in a system control netwarkeventdriven Function
Blockbased control system caherefore be applied to control various indusht systems as
well as be used for higlkevel process planninghe control approach is flexible and versatile
as t can be designed tdandle both execution control, process monitoring and the

scheduling of dynamic resourcésewis, 2001)

The IEC 61499 Function Block is defined as an #tniggered component with inputs and
outputs for events as well as data, with algorithms, internal variables controlled by the
Execution Control CharThe execution of its algorithms, triggered by argvinput events,
determines the Enction Block behaviour. Enction Block algorithms will read data from
incoming input data when executingnd then producenew output data. The completion
and availability of the output data will then be announced by outpugnts. The algorithm
execution and scheduling is controlled by teecution Control Chara finite state machine
with different states, transitions and actionBunction Bocks are intended t@ncapsulatea
software solution for a dedicated task, usioge or several algorithmg\s such, they can
encapsulate generic functionality which can be used in different control scendyos.
combining FunctionIBcks into networks, completeontrol applications with an aggregated

higherlevelfunctionality carbe realised

1.1.2.2 |EC 61499 Architecture and Models
The IEC 6149%tandard defines maels which together support the development ofa
Function Blockontrol system architecturéor distributedindustrial processe§ he standard

includesthe following five models

System model
Device model
Resource model

Application model

= =4 =4 =4 =

Function Bock model
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1.1.2.2.1 The §stem model

The System wudelis the top level and constitutes a collectionagvices such agontrollers,
sensors, actuatorgtc. Thesedevices areonneded to the controlled processes systens,
and communicate with each otherto, jointly or alone, executeone or more control
applications Thesecontrolapplicationamaybe distributed to several cooperating devices or
to a single deviceandthe system model can include one or several control applications
(Figure ). Control applications are made up of a network of various FunctionkB and
whenthese are compiled and downloaded int@antrol system, the Functionl&ck network
will be distibuted to different devices Dedicated communication Function Blocks then
provide services foiinformation sharing between distributed FunctiooBks, and also for
interfacing control system hardwar&he level of intelligence qrocessing capacity thaan

be the included in thesystemdevices determines the level of performance for distributed
control. As the control is split ahdistributed to several devices, no single one of these

devices can be regaed as the main controller.

Communication Network

I | /—‘—\

Device 1 l l Device 2 ] ‘ Device 3 | Device 4 Device 5

Application 1

Application 2

Application 3

[ Controlled Process ]

Figure 1.1IEC 6149%/stem nodel

(Figure used with the permission from Magnus Holm)

1.1.2.2.2 The Device model

The Device modeldescribes devicesvhich can be seen dsinctional unis, i.e physical
production control system unis, such ascomputeis, microcanputers, PLG intelligent
sensos or actuatoss, embedded chips, etcEach suchdevicemay include one or several
computationally independentesources responsible for executinthe applications which

maybe distributed onto one or several resources, in one or sevdealces Eachdevice has
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gottwo interfaces: a Bcess interfae and a Communication interface. The Process interface
holdsinputs and outputs to enabliteraction with the controlled processi.e. Hardware
I/O-WriterdReaders) and the @mmunication interfaceprovides data and information

exchangebetweeninternal resources and othateviceg(Figure 2.

Communication Interface

Resource A Resource B Resource C

Application 1 Application 2

Subapplication Subapplication

3:1 3:2

Process Interface

Figure 2.1IEC 6149®evice model

(Figure used with the permission from Magnus Holm)

1.1.2.2.3 The Resource model

TheResourcemodelresides in a device and every device baid one or severakesources.
Applications are hosted by the resourcasd each resource can host parts of, or complete,
applicatiors. The Resource can be regarded asm@atainer for Finction Block allocation and

a functional unit thatexecutesthe Function Blocks. This is performedby accepting events
and dat from the Process and/oroBimunication interfaces, proceisg data and/or events,
and returring data andbr events to the Process and/oro@munication interfaces, as
spedfied by the applications ilising the resourceThe Process interface handles all requests
concerning reading and writing the local devices” inputs and outputs, while the
GCommuniation interface enables the exchange of data witmé&tion Blocks in remote
resourcesThesdnterfaces, in combination with an internal scheduling function, support the

execution of the Functionl8ck network within eaclhesource.
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Communication Interface

Scheduling function

Process Interface

Figure 3.1IEC 6149®Resource model

(Figure used with the permission from Magnus Holm)

The applications whictesidein a resurce,local applicatiosor separateparts ofdistributed
applicatiors,are made up of a set of interconnected FunctidodRs Thesd-unction Blocks
are linked togetherconnectedby their data and event connectionmsto a network Figure
3). The schedirg functioncontrols the event flowwithin the Function Blockietwork and
the execution of he internal algorithms of each FunctiotoBk, to seare their correctorder
of execution To facilitatecommunicationwith other resources, dedicated Servicaterface
Function Bocks are usedThe IEC 61499 standard defineveyal types osuch Function
Blocks.

1.1.2.2.4 The Application model

The IEC 61499 standard defines an application as a network of interconnected Function
Blocks linkedtogether by their event and data connectirin practie, an application is the
composition of a set of Functiondgksinto a network requied to control a specifiprocess,
system, or task, e.g.a separate machine, an automatic assembly cell orcampkte
production systemThe overall functionalitgf an agplication can be dividenhto distributed
sub-applications, each holding a separate part of filmectionality of the applicationAs such,

an application can either be downloaded into a single reseuor split between several

resources and multiple devices.
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1.1.2.2.5 The Function Bock model

The Function Bck modelis the lowest level of the IEC 61499 architectarel theformal
descriptiors of the data structureand theembedded algorithmsf these EinctionBlocks are
the core of the standardn IEC 61498everal forms of Function Blocks are defined, each with
a dedicated function and purpos&@he mainFunction Bock features (Figure 4 can be

summarised afollows (Lewis, 2001)

1 Each Function Blodipe hasa type name and a unique instance name. These should
always be shown whetfie Function Block igraphically represented.

1 Each Function IBck has a set of event inputsgceiving events from other
Function Bocksthrough event connections.

1 Each FunctiorBlock hasone or more event outputsto passon events toother
Function Blocks

9 Each FunctionlBck has a set of data inputsllowing datavalues to be received from
other Function Blocks,

I Each Function Block hasset of data outputsallowingdata values produced within
the Function Bck tobe passedn to other Function Blocks,

9 Each FunctionIBck has a set of internal variablasretain data between algorithm
invocations,

1 Thebehaviourof a Function Blocls defined hyits internal algorithms an&xecution
Control Chartfinite state informatior). Usingdifferent Function Block statesakious
strategies care used to define which algorithm to execute in response to particular

events.
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Instance name
B 1 EO1l—
g 2 Execution EO 2.

® ~ | Control Chart -

Type name
——— D1 Internal DO_1lF——
_
Algorithms
|

® ® @
\/

Resource capabilities
(scheduling, communications
and process mapping)

Figure 4.1EC 6149%unction Block model

(Figure used with the permission from Magnus Holm)

The structure and composition of tHexecution Control Chadefine the behaviour of the
Function Block, by describing the relations for how the internal algorithms are triggered.
When input events are emived, the Execution Control Charinitiates the algorithm
execution which, dependingn the data input values and the internal variablgenerates

new data output values and aassociated output eventThe capabilities of the hosting
resource, i.e. sclduling, communication and process mapping, support theious
processedor Function Block executioheFunction Bockexecution follows theaumbered

sequencen Figure 4, and is described betow

1. Incoming values from other Function Blocks or from thetadled process are

available at thedata inputs
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2. An incoming event from asther Function Bloclor from the controlled process
declareghe availability of newdata input values

3. The Executio Control Charthanges stateccording to its transition conditionand
signals taheNB 8 2 dZNDS Q& & OKSRdzZ SNJ (i2 SESQOdziS GKS

4. Theexecution of the selected algorithm is stedl.

5. The algorithmprocesses input values, and in some cases also internal variables, to
create new aitput values whiclare written tothe dataoutputs.

6. After algorithmexecutioncompletion the resource scheduler is notifi¢iolat output
values are available

7. Theresource scheduler sigrsathe Exeution Control Chart to generate an output
event

8. An output eventis created by the Execution Control Chart to annoutice
availabilityof newoutput data.This output event is a signal to other linked Function

Blocks that they canow use output values generated by this Function Block

Below isan example of the behaviour and functionality offaxecution Control Charivhich

is governed by transition conditionshe Basic Functionl&k inFigure 6has four states

which can also be seen in its Execution Control Chart in FiguB8 ART, INIT, RUN and
UPDATEEach of these stas, except for START, has got an action (ALG_X) and an output

event associated to it (EO_When a state becomes active it will perform its action and then

set the associated output event. Only one staté t& active at a time and at staump the

START state is activd/hen aninput event arives the transition conditions determines

which state will become active. The transition conditions can be seai to the arrows

connecting the states ahe Executin Control Charin Figure 5¢ KS NB i dzNy Ay 3 S @
indicates that the state transition condition is true, leading the system back to START state

after completion otthe actions imany of theother states.
This is the behaviouwvhen an event arrives &l_2:

1 Activestateis changed from START to RUN since the transition condition EI_2 is true.
1 The associated action is performed, executing algorithm ALG_2ipaakting the
data outputs and internal variables.

1 Theassociatecevent output EO_2is triggeed.
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1 Activestateis returned to STARSIncestate transition condition is trué & m € 0

The Function Block then remains idle to the next input event is received. If the Elelis

triggered there are twopossible behavioural alternative$f the data iput DI_1 = Othe

transition condition for the state INIT is true, but if DI_1 thg transition condition for the
state UPDATE is truAfter executing lie related algorithms and triggerirgyent outputsof

the selected statethe active state of the Eecution Control Chart isnce agairset to the

STARTtate.

INIT |ALG1| EQ1

El1& DI 1=0
1 El1&Dl 1=1

START 1 _UPDATIALG3| EQ2

RUN |ALG2| EQ2

Figure 5.Execution Control Chart

(Figure used with the permission from Magnus Holm)

The IEC 61499 standard defines three different forms of FBs for creating functionality:

1. Basic Function BlocksFor low level atomic control functionalityRepresents eusable

functionality.A Basic Function Blogkigure § can only beexecuted in a single resource.

2. Composite Function Block$-or creating higher levels of control functionalitycomplex
control applicationsthrough a network aggregation of several Basic and/or lower level
Composite Function Blockgo one A Composite Function Blogkigure 6)loes not have an
Execution Control Chart or internal variables, and cannot be hligé&d over several devices

or resources.
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3. Subapplicatiors ¢ A special form ba Composite Functionl@&k for providing a reusable
functionality of an applicatiothat can be dstributed. A sukapplication may constitute a
decomposition of another, moreomplexsub-application orapplication. A sulapplication

cannot be executed on its own.

. . Composite Function Block
Basic Function Block P

Ell EQ1
El2 EO2— |
DI 1 u = DO 1
D12 U Algorithms DO 2

g¢8¢¢

Internal
variabels

Figure 6.Basic FunctionlBck (left) Composite Functionl8ck (right).

(Figure used with the permission from Magnus Holm)

A Basic Function Block is graphically made up of a head on top and a body beneath, as shown
in Figure 6. The head captures the dynatméhaviourby receiving event inputs (EI) and
producing event outputs (EO), while the body captures the functionalityebgiving data

inputsand generating data outputs

Basic EnctionBlocks Composite &nctionBlocks and Sukapplications can all be combined

in a distributed EnctionBlocknetwork to arrange complex control applications. Their event

and data interfaces withen be interconnected in a network ofifiction Blocks to control

the propagation of different signals through theirfetion Block control network, for the

fulfilment of the desired functionality of the application. The flow of events and data are

realisal in the network where onetictionBlockQ a 2 dzii LJdzia 2F S@Syida | yR
to other RunctionBlockda Q S @Sy (i | yIRe ewehtsiand dats digdals &vitbpropagate

this way through the Function Block network to fulfill the functionality of ttntrol

application.Eventdriven Function Blocks thus alldive dynamic creation ofanufacturing
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equipment control codeadapted to the actuashop floorconditions as it may bbased on

monitored realtime information

1.1.2.3 |IEC 61499 Applications

Research laout the use and implementaih of eventdriven Function Blocks in different
applications has been ongoirigr a whilg at least sincehe late 1990sLiterature reviews
show that a variety of approaches usiwgchFunction Blocks have been proposed. However,
even though the first version of the IEC 61499 standard was publish€@® 2 will still be
some years beforé will be as widely adopted by the manufacturing industry as IEC 61131
(Strémman, Sierla, & Koskinen, 2005; Thramboulidis, 2007, 2068¢ms thathe majority

of IEC 61498pplications are limited to lovevel process control for PL®@ghich are not able

to handle issues o&daptivity anduncertainty regarding process planniagd execution

control for complex machining or robotic operatioinshighlevel manufacturing systems.

A rather common EmnctionBlockapplication is the system design of autonomous distributed
systems with intelligent control components. Early research on usimgtion Blocks
describesholonic control(Lihui Wang, Brennan, Balasubramanian, & Norrie, 20883t
generation manufacturing systems will require agility, flexibility and feldtrance and
these re@uirements can be satigfdl by the emerging evendriven Function Block approach
and its reaktime control architectue for distributed contral Other examples of how IEC
61499 has been studied and discussedthe research literatureare: an automatic
verification of industrial control systems based on function block technolagitker &
Kramer, 2002)the development of an architecture fdunction Block-oriented engineering
support systemgThramboulidis & Tranoris, 200&hd reconfigurable concurrentuRction
Blockmodelsandtheir implementatiors using reatime JavgBrennan, Zhang, Xu, & Norrie,
2002)

Researclon implementatiors of IEC 61499 iprocess control systems asdsofound. The
implementation of a reatime distributed control model using a Jalased platform is
introduced by(Olsen, Wang, Ramir&errano, & Brennan, 2005yhere a control application
is distributed across two devicesigported by a MANAGERIietionBlock, able of providing
management services for devices. Riale execution of IEC 61499 applications, describing
the execution elements within a device and different scheduling and implementation
approaches is presented lfZoitl, Grabmair, Auinger, & Sunder, 20083 well as critique

against ad solutions for,ambiguities concerning execution in the standard, leading to
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different executionbehaviourof elements on different control devices, §8trasser, Zoitl,
Christensen, & Sunder, 201Mhedevelopment, implementation and use of an IEC 61499
FunctionBlocklibrary for embedded closelbop control is presented and demonstrated by
(Strasser, Auinger, & Zoitl, 20021) a real experiment: the control of a challenging seesaw

problem.

Targeting the issue of manufacturing eguient contro| various applications for e.g. CNC
machines and robots have been debed. An open, layered CNEB architecture,
simplifying the design of CNC machine controllers, is demonstratélllibpat, Vyatkin Xu,
Wong, & AlBayaa, 2009; Minhat, Xu, & Vyatkin, 2008)e architecture is based on STNEP
(STandard for the Exchange of Product model d&daNumerical ControljlSO, 2007as the

input data model and IEC 61499 as itselepment platform.The STERC model provides

data on the machining operation to be executedl.prototype system with a PC controlled
3-axis CNC vertical milling machine has been used to test the proposed architecture, and to
prove that kinction Block technology can be used for the development of open and
distributed CNC systems. The actual control has been achieved by interfacing the three
stepper motors of the machine through the parallel port of the PC, through an EMC controller
and through a motor comol unit that drives the motors. With this setup, only a signal for
direction and a single pulse are needed to move the noine step in any direction. A
CompositeFunction Block controls the motors by generating an output sequence on the

parallel port.

Targetingthe absence of a CN&ntroller that is able to directly execute STR@ models,

an adaptable CNC system based on SNERnNd Function Blocks was propogEd Wang,

Xu, & Tedford, 2007)It addresses the issue of porting STNEP data to different CNC
O2yUNRffSNEZ-and2t S§¥EOF By DI&L Y HAAGE vompliknE 202SC
CNC system withunction Blocks incorporated are: to make product data interchangeable,

to enable information flow seamlessly and to have a system that is independent of CAD/CAM
a2aldsSyao Layidtd kK $XNIYE tLILIY INCERcadérSeads ddta front éht
STEMCsupporting system and encodes it intarfetion Blocks. AFunction Block mapping
system is then used to translatkd STEMRIC code into native CN@achiningG and M codes,
which are executed by an executing ssiystem. One advantage with this system i<t tifne
current CNC machine configurations do not have to be modified. From a controller

perspective, machine specific G and M codes can still be used.
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An enhanced STENRC compliant CNC controller is presentedXbyHuang (2010)n order to
adapt the controller to a reconfigurable environment, an extended SNERlata model
describing machining data from the viewpoint of product family is applied, as wéhea
Function Block device element model of IEC 61499. The approach is demonstrated on a XY
table and linear module in an FMS platforoontrolled by a PC with a motion control card.

In Doukas, Thramboulidis, and Koveos (2086)approach applying IEC 61499 Function
Blocks for robotic arm motion control is presented, using at&ifed control for issuing
motion commands to the robot. The motidehaviourfor different variable PID parameters
and sampling periods are examined to prove the correctness of the design and the
implementation of the control applicatiorin aliterature review(Vyatkin, 2011jocusing on

how IEC 61498an enablalistributed and intelligent automatiorthe authorconcludeghat

the standardfacilitates control systems which mdpe automatically generated directly from

the design docurmntation using intgrated design methodologies. Thigview also
concludes thathe standard sbenefits for design of control systems, compared to other
technologies used for automation control, have been well proven by system integwétbrs

experienceof IEC 6199 implementations

The concept of combing IEC 61499 Function Blocks and Manufacturing Fedinmeslise
event-driven adaptability for process planning andexecution control for complex

manufacturingtasks, such asobotic assemblyoperations is described in l@apter 3

1.1.3 Distributed Manufacturing

The increasing globalization is a trend which forces manufacturing industry of today to focus
on more costeffective manufacturing systems and collaboration witgiabal supply chains

and manufacturing networksCloud Manufacturings evolving as a new manufacturing
paradigm to match this trendenablingthe mutually advantageoussharing of resources,
knowledge and information between distributed cpamies and manufacturing units.
Combiningrecently emerged technologies, such as Internet of Things, Cloud Computing,
Semantic Web, servieariented technologies, virtualisation and advanced Riginformance
computing technologies, with advanced manufacturing models and information
technologiesjt providesa framework for collaboration withimomplex and critical tasks,
such as manufacturing and desigrhis will lead to the flexible usage of different globally
distributed, serviceoriented manufacturing systems and resourcemicreasing the
compg- YASAaQ | 0Af A (mpetelnd a godaOnd&etpladedzt £ & O2
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One major manufacturing challenge for manufacturing companies to be competitive,

identified in section 1.1.1 was:

- The ability to participate in distributed resource sharing and collaborative

manufacturing activities.

This relates tdhe developing trend within the maufacturingshop floordomain of moving
manufacturing activities into cloud environments, as scalablejemand and payer-usage
cloud serviceswhich is bothtimely and economidly attractive It is envisioned that
companies in all sectors of manufacturing will be able to package their resources and know
hows in the Cloud, making them conveniently available for oth&sesources, e.g.
manufacturing software tools, applicationsndwledge and fabrication capabilities and
equipment, will then be made accessible to presumptieasumers on a worldwide basis.
This will radically change traditional manufacturing, as borderless, distributed and
collaborative manufacturing missions betere volatile, best suited groups of partners will

impose a multitude of advantages.

The evolvindCloud Manufacturingoncept will increase opportunities for outsourcing and
new joint ventues both locally and globallgX. Xu, 2012)but the level of complexity
regarding manufacturing control will become significantly highdtoving towards
distributed manufacturig in new,collaborative and volatile partnerships will increase the
importance of effective and dynamic planning, coordination and execution of manufacturing
activities. Didributed Process Planningvill be required for these muktollaborative
manufactuing environments, especially for those scenarios in which dynamically configured
groups of dispersed resource providers are cooperating in manufacturing missions. Without
an effective approach combining both planning, control and execultiased on both ipbal

and local conditionsthe forecasted advantages @floud Manufacturingvill be severely

restricted(F. Tao, Zhang, Venkatesh, Luo, & Cheng, 2011)

Cloud Manufacturings often related to, and compared with, other advanced netwarke
manufacturing concepts, e.g. Networked, Interseised, Distributed, and Grid
Manufacturing(L. Zleng, Jiang, Qiao, & Xi, 20104 Xheng, Chen, & Lu, 20@®arker, 2007;

F. Tao, Hu, & Zhang, 201There are, however, some major differences. These networked
concepts focus on a single manufacturing tastl #re integration of distributed resources

for undertaking the task. They do not have a centralised operation management of the

services, choice of different operation modes and embedded access to physical

Page?22



-Introduction

manufacturing equipment, applications and capdigidi, which are prerequisites for a
seamless, stable and quality transaction of manufacturing resource services. Having little
coordination between the resource service provider and the resource service consumer,
these concepts are sigigantly less effeive (X. Xu, 2012)Iin contrast to these concepts,
Cloud Manufacturingalso promises elasticity, flexibility and adaptability through the on
demand provisioning of manufacturing resources as services, enabling the fundamental and
necessary features such as convenient scalability anehpsigu-go of re®urces sharedJ.

T. Zhou, Yang, Wang, K., & Mo, 2011)

Cloud Manufacturing has been tliecus for a great deal of research interest and suggested
applications during recent years, by both indudtdad academic communities, antany of

its anticipated core virtues and enabling technolodiase been describedifter surveying

a vast array bavailable publications comprehensive review of issues related to adaptive
and distributed control of manufacturing equipmemwithin Cloud Manufacturing is

presentedin Chapter 2

1.1.4 Semantic Web and ontology technologies

Product andmanufacturingresource data is often handled by heterogeneous information
systems and stored in different systems at the facilitiesiahufacturing resourcproviders

and thoseconsumersequestingthe performing ofamanufacturingask. Using an ontology
based approach, the contents of different data sources can be retrieved and represented

a semantically uniform description With ontology extraction, information regarding
resources or products can be structured and formalised local ontologies. In addition,
through the use of semantic augmentation and querying, as well as matching to global

manufacturing ontologies, new information may be inferred.

To support theFunction Bloclbasedcloud control approach described in th€hapter 6,

enabling thematching ofmanufacturingtaskrequests withproviderNB & 2 dzZNDOSa Q Ol LJ 6
reference information models of these are required. Building on the concept of product
Manufacturing Featurg, a unified information framework describingarmufacturing tasks

FYR YIFydzFlI OGdzNAYy3 NBa2dzNDSaQ OF LI oAfAGASE 7T
outlined in Chapter 3 For description oproduct manufacturing tasks, a featwenriched

product data model is presented, and for manufacturing ré¢édiS a Q OF LI 6 Af AGA S &
level capability model. Together, these two models facilitate manufacturing resource

discovery, and the matching of manufacturing resources to requested tBekstructured
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and formalised semantic model representations, iempéntation through ontologies and the

Semantic Web is described.

1.2 Motivation

Based on the research background, the need of a manufactequigpment control approach
for distributed manufacturing environments, such akud environments, capable of
handling collaborative manufacturing missions as well as uncertaiatg variations

appearingwithin manufacturing, is identified as the target of thésearchstudy.
Thisresearch study is therefore focusing on the combination asel of:

- manufacturing featurébased andeventdriven Function Bcks for adaptive
manufacturingequipmentcontrol,
- a Function Blockcontrol structure for manufacturing equipment in distributed

environments, such as cloud environments.

1.3 Aim and objectives

The aimand noveltyof this regarchstudy has been to design and formulatgemethod for
adaptive control of manufacturing equipment in cloud environmengmabled by the
combination of evendriven Function Blocks and Manufacturing Featuidss involves the
creafon of acomplete control system framework anmstructure, and to defineits required
system modules, their relationships and interactidnssucha system hierarchyandto
define the completesystem functionality and usag@&he focus ofipplication has ben to
formulate a control system for robotic assembly operationgthin cloud environments,
which will performcontroller-level decisions based on retithe constraints, controlling the
robot by producing highevel robotspecific control instructions. Thgoal is to enable
adaptability of the control system against um@@nty in collaborative reaorld

manufacturing

The following research objectives have been identified, based on the research background

and the overall aim:

1. Through diterature review,determine the appcability of the evendriven Function
Block technol@y for adaptive and distributedontrol of manufacturing equipment
in cloud environment¢Chapter 2)

2. Design and formulata framework for adaptive control of manufacturing equipment

in cloud environmentsincluding a supporting information framewof&hapter 3)
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3. Design, mplement, analyseand evaluatethe framework for control in a local
manufacturingenvironment (Chapter 4).

4. Design, mplement, analyseand evaluatethe framework for adative control in a
distributed (LAN manufacturing environment with both real and virtual
manufacturing applicationfChapter 5.

5. Design analyseand evaluatethe framework for adaptivecontrol in a cloud

environment,includingManufacturing Equipment Contralsa-Service(Chapter 6)

1.3.1 Research Scope and limitations
The scope of adaptivityonsidered in this researchtudyNB £ | 1Sa G2 GKS &dead$s
adapt to changes, made possible by an adaptive and distributed caystém.Realising

adaptivity through the application of iffierent hardware architectural perspectives or

physical reconfigurations of manufacturing equipment, such as CNC machines and robots

are not considered.

The proposed Manufacturing FeatuFeinctionBlockcontrol construct is generic and can be
used for diffeent manufacturing applicationsHowever, n this research studyarious
robotic assembly applicatiorigve been usetb demonstrate and evaluate the applicability

of the construct Robotic assembly ia highly relevant issuavithin the manufacturing
domain.Assembly operations are often a big part of the total manufacturing process and as
such make up for, in average, 50 % of the total manufacturing (Naf, Wilhelm, &
Warnecke, 2012and between 25; 60 % of the total manufacturing cos{&. Bi, Wang, &
Lang, 2007)Another relevant aspect is thabbotic assembly operationsften aretedious

and timeconsuming to program, involving thereation of predefined control code for

specfic robots, tasks and products.

Scheduling and process plannigtivities for the proposed control construgs not

addressed, being beyond the scope of this research study.

1.4 Research methodology
"All progressd born of inquiry. Doubt is often better than overconfidence, for it leads to

inquiry, and inquiry leads to inventior'Hudson Maxim.

The definitions foresearchare many and varying in both scope and perspectives, but most
often describe a common aim: to seek knowledigés defined rather succinctly yreswell

(2008)I a a dorécess ofteps used to collect and anatysnformation to ircrease our
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understanding of a topic or issue. It consists of three steps: pose a question, collect data to
yas SN GKS ljdzSadAz2ys FyR LINBaSyd +Fy FyagSNI i

Research methodology is a systematic approachpinforming research andolving a
research problem. It should formulate the various steps that a researcher needs to adopt in
studying the research problemajong with the logic behind these steg®esearch methods
may be understood as all those methods and techniques used for performingftaeedt

research steps

There are two basic approaches to researgbalitative approach and theguantitative
approach(Robson, 2011)The qualitative approach to research concerns the subjective
assessment of opinions, attitudes and behaviour, which makes the research a function of the
researcher’s insights and impressions. The generated resultsftarenonnumerical, e.g. in

the form of words either in a norquantitative form or in a form which is not subjected to
rigorous @lantitative analysis. d€us group interviewsprojective techniques and depth
interviews areoften used as research methads ontrast, the quantitative approach
involves the generation of data in quantitative form which can be subjected to rigorous

quantitative analysis in a formal and rigorous fashion.

This research study presents a framework for a manufactsystem”ontrol structure, for

the adaptivecontrol of manufacturing equipment in dynamic, distributed and collaborative
cloud environmentslt mainly corerns quantitative methods and processes with the aim to
define and implement a networked evedtiven Function Block contrstructure, for which

the utility may be evaluated. The need for such a control structure has been identified in the
literature review, and the constructiorand evaluatiorof such an artefaatould be performed

following aproper research methodology along with appropriate research methods

For the research study presented in this dissertation, fesign Science Research
methodologyhas been useds the overall methodical framework basihe methodology
adheres to the statements byA. R. Hevner, March, Park, & Ram, 2GD4) [désigriscience
addres research through the building and evaluationasfefacts designed to meet the
ARSY (A TASR loydR ASgichifia resgascs $héuld be evaluated in the light of its
practical implications They also emphasize the importance of artefact utdisythe goal for
the design science research methodolpgyndalso the major evaluation criterid&igure 7

depicts a model of this research methodology, describing the anticipated knowledge flow,
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process steps and associated outpytxiginally developed Y (Takeda, Veerkamp, &

Yoshikawa, 1990)

Knowledge flow Process steps Outputs
Initial knowledge _ ) -———n
External < Identlfy problem : Proposal |
recipients % |
)
v | TentativeI
Knowledge Suggestion | design
Contribution J _ 1

Artefact

o 0
(=) =
3 ©
o o

5
= 17)
e) c
c o
X o

measure

[ Development ]
[ Evaluation j Performance

Results and

Conclusion
Knowledge transfer

Figure 7.The Design Science Research Process Model

The process model includes the following 5 process steps:

1. The process is initiated by Probledehtification togain an understanding of the
problem and togeneratea proposal, here based on literature reviews and-weaild
industrial manufacturing problems.

2. In the next process step, Suggestion, an initial solution to the identified problem is
put forward in a éntative design.

3. The tentative design is then implemented in the Developmenbcess step,
generating an artefact as an outpufn artefactin design scienceesearchis
regarded as something purposefully createdaddress an important orgarstonal
problem Different definitions have been articulated, aAd R. Hevner et al. (2004)

define artefactsas either constructgvocabulary and symbols used to define

Page?27



-Introduction

problems and solibns) models (abstractions and representationsmethods
(algorithms and practicespr instantiationgimplemented and prototype systems)
The artefacts desigrd and presented during this research studye mainly
instantiations,which can be regarded agperationalisations of constructs, models
and methods.The following citation is expositivéor such artefactsa Artefacts
constructed in design science research are rarelygiaivn information systems that

are used in practice. Instead, artefacts dreovations that define the ideas,
practices, technical capabilities, and products through which the analysis, design,
implementation, and use of information systems can be effectively and efficiently
I OO 2 Y LX(ThiehAtAsR1997)

4. The performance measures dfaartefact is determined ithe following Evaluation
step.

5. If the artefact performance measuresoi the evaluation process arpidged as
satisfactory, the final process step Conclusion is reached. This step includes the
documentationof the research and its findings, often in a report, but also the active
knowledge transferof research contributiorto stakeholders within academy and

industry.

If problems or changes are identified during the researatess, these should be fed back
to the initial Problem Identification process step, in an iterativedagpe cycleif necessary
Thework content for eahb process stepay differ, and depends on the research problem or

questions(Johannesson & Perjons, 2014)

As theresearch objectivem this research study target relile manufacturing systemd,has

not beenpossible to tesand evaluatehe proposed control structure in real manufacturing
situations, due to potentiatisk of manufacturing disturbances. Insteagdse studies with
prototype demonstrators have beemsed Such ademorstrator emulates the desired
manufacturing scenariand enables testing and performanesaluationsof the artefact
instantiations without disturbing the real manufacturing systetdsing case studies as a
research method allows for contextual conditions to be included and for contemporary

events to be examine(lrin, 2003)

During the research study, data was collected from the following sowrsiag the described

research methods
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9 Literature review of existing research to establish an understanding of challenges
facing manufacturing industry, and &xplore the requirements for its adaptation,
regarding manufacturing equipment control, within cloud environments such as
Cloud Manufacturing (Chapters 1, 2 and beginning of Chapter 3)

1 Evaluations of the manufacturing equipment control structure proposed in Chapter

3, usingdemonstratorcase studies (Chapters 4, 5 &)d

In Figure 8the Chapters of the dissertatioare mapped tahe different research process

steps from Figure 7.

Disserntation Chapters Research proces:

Adaptive Control of Manufacturing Equipment i N
Cloud Environments Development
Chapter3 —

Figure 8.Research proess mapped to Dissertatiom&pters
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The essence of design science research is that contribution springs from &ilitythe
evaluation of the result of the design science research proased in this research study

the followingquestionsshouldtherefore be answered(A. R. Hevner et al., 2004)

1 What utility does the new artefact provide?

1 What demonstrates the utility?

To answer these queisins and ér evaluating thecompletedesign science researghocess,
a set of guidelines have been proposedAyHevner & Chatterjee, 2010; A. R. Hevner et al.,
2004) These guidelines are presented in Chapter 7 and used for evaluating and discussing

the conducted research

1.5 Research contributions

This dissertation presents the following reseaccimtributions:

- A novel method for realising adaptive contaflmanufacturing equipmenin cloud
environments.A proposedcontrol structurerepresents an innovative method of
how to combine already existing techniques. IEC 61499 Function Blocksd
Manufacturing Features,with new enabling technologies, such as Cloud
Manufacturing, cloud services, Internet of Technologies, etc. These are further
combined with an approach for the organisation and structuring of planning and
control capabilities into sepate manufacturing control units, located in different

levels of the nanufacturing control structure.

- AFeaturebased Information mework whichpresents a novel approach of how to
YIFGOK YIydzZFlF QlGdzZNAy3 GFal NBIldzSaising 640K
reference information models. Building on the concept of product Manufacturing
Features, a unified information framework describing manufacturing tasks and
YIEydzFl QGdzNAYy I NB&2dNDSAQ Gaturd perdpectivé 5 Sa T NJ
constructed For description of product manufacturing tasks, a featemeiched
LINR RdzOG RIFGF Y2RStf Aa LINBaSyiSR: FyR F2N
feature-level capability model. Together, these two models facilitate manufacturing

resource discovery el the matching of manufacturing resources to requested tasks.
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1.6 Thesis organis ation

The thesis is orgased according to the ections described below.

1.6.1 Chapter 2: Cloud Manufacturing and cloud environments
This Chapter presents a comprehensive reviewhefconcept of Cloud Manufacturingnd
cloud environmentswhichintroducea new ereaof technology that wilchange the life of the

manufacturing industry.
Part of the work in Chapter 2 has previously been published in:

Adamson, G., Wang, L., Holm, M. M®ore, P. (2017). Cloud manufactugyiq a
critical review of recentlevelopment and future trendsinternational Journal of
Computer Integrated Manufacturing, @05), 347380.
doi:10.1080/0951192X.2015.103170

Adamson, G., Wang, L., & Holm, M. (2013). Btete of the Art of Cloud
Manufacturing and Future Trends. (55461), VO02T002A004. doi:10.1115/MSEC2013
1123

1.6.2 Chapter 3: Event-driv en adaptability using IEC 61499 Function Blocks and
Manufacturing Features
This chapter introduces a method for adaptive, mtvdriven and featurebased control for
manufacturing equipment in distributed and collaborative manufacturing environments, i.e.
cloud environments,capabké of instantly generatingcontrol in response to prevailing
requirements and conditiondt presentsa framework in which aeventdriven IEC 61499
Function Block control structure, in combination with Manufacturing Features, is used for
manufacturing equipment control, as well as using Manufacturing Features for detailing
YIydzFF O dzNR y 3 it éné pedtllicSriaQuia@ringllpimperties, to facilitate
resource composition and matching to manufacturing task requésts.control approach is
generic and can be applied for different manufacturagplications, but is in the following

sections desdbed for robot assembly applications.
Part of the work irChapter3 has previously been published in:

Adamson, G., Holm, M., & Wang, L. (20E2entDriven Adaptability using IEC 61499
in Manufacturing Systemd$Paper presented at the The 5th International Swedish
Production Symposium, SPS128 &November 2012, Linképing, Sweden, Linkbping.
http://urn.kb.se/resolve?urn=urn:nbn:se:his:divé&089
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Adamson, G., Holm, M., Wang, L., & Moore, P. (204@3ptive Assembly Feature
Based Function Block Control of Robotic Assembly Operafiaper presented at

the 13th Mechatronics Forum International Conference, Johannes Kepler University,
Linz, MondaySeptember 17, 2012 to Wednesday, September 19, 2012.

Adamson, G., Wang, L., Holm, M., & Moore, P. (20Hjction Block Approach for
Adaptive Robotic Control in Virtual and Real Environm@&aper presented at the
Proceedings of the 14th Mechatrosiéorum International Conference.

1.6.3 Chapter 4: Function Block control of a production cell

In order to test and evaluat¢he capability of manufacturing equipment control for the
Featurebased Function Block control methdéscribed in Chapter &, case stdy with the
control of machining, assembly and material handling operatimna small production cell

demonstrator has been undertaken.
Part of the work irChapterd4 has previously been published in:

Adamson, G., Holm, M., & Wang, L. (20E2gntDrivenAdaptability using IEC 61499
in Manufacturing Systemdaper presented at the The 5th International Swedish
Production Symposium, SPS128 &November 2012, Linkdping, Sweden, Linkbping.
http://urn.kb.se/resolve?urn=urn:nbn:se:his:div&)89

Adamson, G., Holm, M., Wang, L., & Moore, P. (204@ptive Assembly Feature
Based Function Block Control of Robotic Assembly Operafiaper presented at
the 13th Mechatronics Forum Internation@bnference, Johannes Kepler University,
Linz, Monday, September 17, 2012 to Wednesday, September 19, 2012.

1.6.4 Chapter 5: Function Block control of real and virtual assembly cell s in
distributed environment
In order to further test and evaluatthe capability of theFeaturebased Function Block
control methodto realise adaptive manufacturing equipment contralcase study with the
control of assemblpperationsin a small assembly cell demonstrator has been undertaken.
When setting the scope of thicase studythe focus has been to be able to evaluate the
control systems capability to effectively adapt to varyagsembly conditions through the
dynamicgeneration of robot control codér both real and virtual assembly environments

as well aperforming distributedequipment control.

Part of the work irChapters has previously been published in:

Page32


http://urn.kb.se/resolve?urn=urn:nbn:se:his:diva-7089

-Introduction

1.6.5

Adamson, G., Wang, L., Holm, M., & Moore, P. (20Hmiction Block Approach for
Adaptive Robotic Control in Virtual and Real Environm@&aper preented at the
Proceedings of the 14th Mechatronics Forum International Conference.

Chapter 6: Robot Control -as-a-Service for Adaptive Robotic Assembly in a

Cloud Environment

Following the presentation foadaptive control of manufacturing geipment in cloud

environmentsn Chapter3, and theoutcomes of the case study implementations in Chapters

4 and 5, this chapter presenéscomprehensive assembly application scenario for Assembly

FeatureFunction Block based control in a cloud environment.

Part of thework inChapter6 has previously been published in:

Adamson, G., Wang, L., & Holm, M. (201Bhe state of the art of cloud
manufacturing and future trend$?aper presented at the ASME 2013 international
manufacturing science and engineering conference collocated with the 41st North
American manufacturing research conference.

Adamson, G., Wang, L., Holm, M., & Moore, P. (2014a). Adaptive Robotic Control in
Cloud Environments. Paper presented at the 24th International Conference on
Flexible Automation and Intelligent Manufacturing, FAIM 2014, San Antonio, Texas,
USA, May 223, Lancaster, Pennsylvania, USA.
http://urn.kb.se/resolve?urn=urn:nbn:se:his:dix@877

Adamson, G., Wang, L., Holm, M., & Moore, P. (2015). Adaptive Robot Control as a
Service in Cloud Manufacturing. (56833), VO02T004A020. doi:10.1115/MSEC2015
9479

Adamson, G., HolmM., Moore, P., & Wang, L. (2016). A cloud service control
approach for distributed and adaptive equipment control in cloud environments.
Procedia CIRP, 4844649.

Adamson, G., Wang, L., Holm, M., & Moore, P. (2016a). FeRased Adaptive
Manufacturing Equipment Control for Cloud Environments. (49903), VO02T004A019.
doi:10.1115/MSEC2018771

Adamson, G., Wang, L., & Moore, P. (2017). Fedtased control and information
framework for adaptive and distributed manufacturing in cyber plalsgystems.
Journal of Manufacturing Systems, (Rart 2), 308315.
doi:https://doi.org/10.1016/j.jmsy.2016.12.003
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Adamson, G., Wang, L., Holm, M., & Moore, P. (2017). Cloud manufactuaing
critical review of recent development and future trendsternational Journal of
Computer Integrated Manufacturing, @805), 347380.
doi:10.1080/0951192X.2015.1031704

1.6.6 Chapter 7: Discussions, conclusions and future work
In this apter, the results from theapplied deign science research process usedhin
dissertation are discussed, and overall conclusions and suggestions of future work are

presented.
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2 Cloud Manufacturing and Cloud Environments
In this haptera literature review is presented, addressihg maintopicsrelevantto Cloud
Manufacturing andadaptive and distributed control of manufacturing equipmemtcloud

environments.

2.1 Inthe Cloud

Formany years the Internelhas beenan unequalled infrasticture for collaborative tasks
and activities and information sharingncludingwithin the manufacturing domain. It offers
new means and opportunities to perform manufacturing, leadioghew manufacturing
paradigns. Furthermore,the term cloud has been used as a staatbne concept and
metaphor for the public Internet, as a communication network for delivery of a wide variety
of servicesHowever,cloud may also refer to tasks that involve any data communications
network, i.e. a vide area networklike the Internet but shared by a defined group of users, or
a private, local area networkvithin a unique company oorganistion (Vaquero, Rodero
Merino, Caceres, & Lindner, 2008)

2.2 Cloud Environments

The Cloudenvironmentconcept has been used for a while regarding Cloud Computing
environments, with different cloud platforms and services being available using a network of
remote servers hosted othe Internet to manage, process and store data. In such Cloud
environments, |resources (computing resources, services, storage, servers, applications)
are provided as services, easily and globally accessibltam@dardi®d manner through the

use of sende oriented architecturesServices are offered by providers according tumber

of fundamental models, of wbh Softwareasa-Service, Platforras-a-Service and

Infrastructureasa-Serviceare the most commaoifVenters & Whitley2012)

Benefits of using these services are many compared to using logpieorise implemented
IT-resources with high investment and hégcle maintenance costs, e.g. readily accessible
information with remote access capabilities, usage scalabilitg anlimited capacity
upgrades forservicesused, processing power and storage space, automatically updated
systems following the latest standards, as well as both short term and long term financial
savings. Users can focus on their core business instéad-twouse IT infrastructure,
competence or knowledge, and will be able to respond faster to market demands as they can

seamlessly increase capacity, enhance functionality or add additional services on demand.

Page35



- CloudManufacturing andCloudEnvironments

Taking this concept and its many advantageth&manufacturing domain, Cloud Computing
is the backbone forealisgng a new manufacturing paradigm, Cloud Manufacturing, in which
manufacturing resources, similar to-ld@sources, are made available as manufacturing

serviceqValilai & Houshmand, 2013)

2.3 Cloud Manufactiring

Technological progress in Information andn@ounication Technologhas induced new
opportunities for the manufacturing industry, &oud Manufacturings emerging as a new
paradigm in the manufacturing community. The term and the complete concept were first
introduced by(B. H. Li, Zhang, Wang, & Chai, 2009 the core ideas, about dufacturing
asa-Serviced SNBE I £ NBI R& LINB & S(@didBaR& Jelyiek,iLgoGjovévent & wm dd
Fd GKFEG dAYS GKS 02y OSLIiQa 7T dzZ hforha®dn &ndd Al £ &
Canmunication Technologyools and applications enabling distributed manufacturing
collaboration, as networked internetnabled resource sharing, was stdl tome. Being a
highly complex manufacturing approach for implementation, still requiring extensive work
and research in a variety of disciplines for its realisatidmy@Manufacturingholds the key

to the necessary and basic task of resource shalting.strongly believed that it will realise

a new and effective approach for performing networked and distributed, collaborative
manufacturing businesses. In a Manufacturing Cloud, providers can make available
manufacturing resources, for consumers to bugdause. (Providers may also act as
consumers, and vice versa.) Here, Cloud refers to Internet as a communication network, for
distributed storage and delivery of services. The core conce@tafd Manufacturings the
seamless and convenientealisation @ad provisioning of all types of distributed
manufacturing resources as service, for all phases of the product developmesydiés thus
realising the idea of lsinufacturingas-a-Service The cgabilities ofCloud Manufacturingre
intended to support theserviceisation of the whole manufacturing product development
life-cycle, covering a wide spectrum of Cloud services, from analysis of markets and customer
requirements, resource planning, product design, simulation, sugipéyn control,
manufacturing and manageent, maintenance, all the way to services for product -efid

life activities(B. HLi, Zhang, Wang, et al., 2010his is possible through the implementation

of Cloud Computingas well as servieeriented technologies and other supporting
technologies, making possible the flexible sharing and collaboration of distributed
manufacturng resources encapsulated into Cloud servi¢ée. working principle is for cloud

providers to effectively organise and encapsulate manufacturing resources and capabilities
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and make them available as services to cloud consumers in an operator run Manimgctu

Cloud, as depicted in Figuge

() Cloud Operator

Manufz;cturing
Cloud

”Pool of Manufacturing
Services”

V|rtl‘1a1|sat|9n Invoking Services
& Encapsulation ‘
< :
VI Knowledge
2Nt ciiling JESOUICES Product Development
& Capabilities Life-cycle
. L
U\ B L]
117 |/
Resource Provider Resource Consumer

Figure 9.Cloud Manufacturing Concept

By the use of Internet of Thingdechnologies, embedded systemRadio Frequency
Identification sensor networks, GPS, etc., manufacturing resources and abilities can be
intelligently seised and connected to the Internet, as well as remotely controlled and
managed. After being virtualised and encapsulated into different Cloud services by the
providers, they can be searched, accessed, invoked and deployed by consumers, who can
combine and ggregate services from different providers and Clouds, creatiegnaorary
virtual manufacturing environment or solution for specific manufacturing tasks or needs.
Following this concept, companies could obtain various manufacturing services from the
Internet as conveniently as obtaining water and electricity in dailyllif§/u & Yang, 201Qb)

This means that completely heterogeneous manufacturing reseumzn be shared by
different users, for simple tasks as well as for complex worldwide collaborative

manufacturing missions.

The development ofCloud Manufacturingcan be seen as a progression from the sole

adoption of Cloud Computingfacilities and fundbns, to the overall adoption of all
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manufacturing resources as services, realising the manufacturing verstdouaf Computing
(Dazhong Wu, Matthew John Greer, David W. Rosen, & Dirk Schaefer, 2013; X. Xu, 2012; Z.
Zhou, Liu, & Xu, 2011As withinCloud Computingdifferent delivery models o€loud
Manufacturingcan be developed, to support the integration of virtual, imgéble and
physical resources, e.G@AD applications and manufacturing capabilities and equipment, as
services. Infastructure, platform and software applications can then be offered as services

in Cloud Manufacturingall referring to a specific phase of the manufacturingdifele, i.e.

Designasa-Service Manufacturingas-a-Service etc.

It is evident thaCloudManufacturingand cloud services will be a major driver of productivity

for the manufacturing industry in the near futu¢¥. Xu, 20128mall to midsized businesses

will benefitespeciallyfrom the ability to use applications and solutions that used to be too
complex or expensive, as designed for use by larger enterprises. THaspay-go solutions,

with low st for usage and maintenance, eliminate economic barriers such as extensive
investments for I&ystems, and manufacturing equipment rapidly depreciating. By
subscribing to a service, many of the costlypramise related expenses, like software,
hardwareand maintenance, can be reduced or even eliminated. Apart from the cost aspect,
there are many other advantages, e.g. rapid implementation and upgrades in the Cloud with
new features and functions, licensing scalability regarding number of users and aicope
application functionality and capability, enhanced ease of use and secure and standardised
integration to partners and service providers. The best match and mix of resources can be
used, no matter of their physical localisation, leading to the reatinadf concepts like DAMA
(Design Anywhere, Manufacture Anywhe(eleinrichs, 2005; Manenti, 2011; Venkatesh et
al., 2005) No matter of size, companies may utilise the advantages of econdisgale,
making them much more competitive. A group of smaller companies can cooperate and
virtually act as a big enterprise. On the other hand, utilisation cambesased, as spare

capacity can be made available for others to buy and use.

Since the concept aZloud Manufacturingvas first introduced a couple of years ago, there
has been a growing interest in the academic and industrial communities, with ailgtead
increasing number of research publications as well as research initi§gfdesnson, Wang,

& Holm, 2013; Adamson, Wang, Holm, & Moore, 20A4arge number of articles have been
published, many of which describe a wide spectrum of useful and promising effects that the
use of Cloud Manufacturingcould realise and generatddowever, there is not yet any

standardised definition o€loud Manufacturingor reports on completely developeG@loud
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Manufacturingsystems. Although the concept @floud Manufacturings quite new, the
concepts of distributed, networked and virtual maaafuring have been around for a while
(X. Xu, 2012)n adopting, combining and extending these newly emetgelnologies with
existing advanced manufacturing models and information technologies, this compatidg

serviceoriented manufacturing model could be realis@gel Tao, L. Zhang, et al., 2011)

In the followingsectiors, specific areas of interest @floud Manufacturingre described, and

outstanding research issues and future direci@nd trends are identified and discussed

2.3.1 Cloud Manufacturing Drivers
Driving the development ofloud Manufacturingre a number of foreseen positive effects

of varying nature, many of them of extra importance for SMEs, such as:

2.3.1.1 Economy

To increasaeitilisation of manufacturing resources and capabilities through outsourcing.

2.3.1.2 Agility
Adaptive and rapid response to changing customer demands through the ability to invoke

different combinations of manufacturing and product design services.

2.3.1.3 Scalability
As demand for throughput and utilisation vary, up and down scaling of required
manufacturing tasks is easily achievable through the addition, removal or modification of

necessary man ufacturing resources.

2.3.1.4 Resource sharing
Convenient resource sharing in a flde payasyougo mode ensures the exchange of

services between manufacturing service providers and consumers.

2.3.1.5 Information sharing

There is a vast, increasing amount of data for the manufacturing activities, in different
formats and information systemd. ik envisioned thaCloud Manufacturingould facilitate

the management and sharing of this information within and between the systert$ooid

Manufacturingusers.

In (Y. Liu, Zhang, Tao, & Wang, 20th®) evolution ofCloud Manufacturings described by
enterprises willingness to partate, measured in relation tategree of manufacturing task

saturation cost of joining andinitial condition(number of enterprises offering resources). It
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is found that the proportion of participants relies closely to these three conditions,tasth

saturation having the biggest influence.

2.3.2 Cloud Manufacturing Definitions

Although no international standard for its definiti@xists researchers and members of the
manufacturing community have a quite clear view of w@ktud Manufacturingneansand
canfacilitate. The needs and requirements driving its development and implementation, the
services and solutions it would make available and perform, and the concepts and
technologies it could build upon are reaching a much higher degree of consensus and
agreament. So far, a variety of descriptions and definitions<Céfud Manufacturingexist,
evolved and created from different perspectives and backgrounds, from both academic and
industry communities, national and international. The first definitions date fyeer 2010,

and many are showing great similarities in emphasising manufacturing services and resource
sharing as typical properties @floud ManufacturindB. H. Li et al., 2011; B. H. Zjang,
Wang, et al., 2010; F. Tao, L. Zhang, et al., 2011; F. L. Tao, Zhang, Gouo, Luo, & Ren, 2011; L.
Zhang, Luo, Tao, Ren, & Guo, 2010; Z. Zhou et al.,.20ahy describe cooperation and
collaboration by networlbased rsource and capability sharing in the form of services

between different Cloud users (consumers, providers, operators), as the main idea/concept.

Examples of quite typical definitions are:

0A model for enabling ubiquitous, convenient,-demand network acess to a
shared pool of configurable manufacturing resources (e.g., manufacturing
software tools, manufacturing equipment, and manufacturing capabilities) that
can be rapidly provisioned and released with minimal management effort or
service provider intdr O (i AQR XupZ012)

¢Cloud manufacturing is a@ntegrated supporting environment both for the

share and itegration of resources in enterprise. It provides virtual

manufacturing resources pools, which shields the heterogeneousness and the

regional distribution of resources by the way of virtualization. Cloud

manufacturing provides a cooperative work environrhér manufacturing

enterprisesds YR AYRAGARdzZEta FyR Syl oflSWu 6KS 0O22L
& Yang, 2010a)
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G! ySgo Y2RSt 2F Yl ydzFl OGdzNAy3a aASNBAOSaz A
allows users access to a catale@f standardigd services and meet the needs

of your business, in a flexible and adaptive form, in case of unforeseen demand

2NJ LISE] 62N] f2FR&S LI & A (MAciaP§rdzeBerAaz NJ O2 y & dzY

Martinez, Marcoslorquera, Lorenzo Fonseca, & Ferrandiz Colmeiro, 2012)

¢CloudBased Design and Manufacturing refers to a prodeatisation model

that enablescollective open innovation and rapid product development with
minimum costs through a social networking and negotiation platform between
service providers and consumers. It is a type of parallel and distributed system
consisting of a collection of inteonnected physical and virtuadid service

pools of design and manufacturing resources (e.g., parts, assemblies,
CAD/CAM tools) as well as intelligent search capabilities for design and

manufacturing solution® 0. Wu, Thames, Rosen, & Schaefer, 2012)

a / fd #Maaufacturing is a networked manufacturing model in which locally

and globally distributed manufacturing resources for the complete product
life-cycle are made available by providers for satisfying consumer demands,
and are centrally organised and coriteml as manufacturing Cloud services.

The model supports unified interaction between service providers and
consumers, for trading and usage of configurable resources/services, as well as
dynamic and flexible cooperation and collaboration in mpértner

manufacturing missions. Distinct characteristics for the use of services are that
they are scalable, sold on demand, and fully managed by the

LINE @ XARenbidm, dVang, Holm, et al., 2017)

Summarising a number of different suggestions, descriptions and definitions, it is obvious

that the interest, acceptance and activities withtioud Manufacturingre widespread and
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highly active, and that there is a need for an international standardised definiti@ionfd
Manufacturing making possible its realisation as a worldwide manufacturing
implementation. Such a definition would also work as guidance for further necessary
research initiatives concerning enabling technologies and concepts. The problems with the
absence of an interational standard have been seen in the fast emerg@itgud Computing
market. Overecentyears, this resulted in a variety of heterogeneous and less interoperable
Cloud infrastructures, causing huge problems for Cloud users in selecting their begt fittin
Cloud provider(sjJrad, Tao, & Streit, 2012; L. Wu & Buyya, 2(R@ferably, adefinition
should be solution and implementation neutral, not defining or explaining core or enabling
technologies,as these or their designations may changdaims of possible effects on
productivity, utilisation, agility, economy, environmentceould also beomitted as neither

of these seem relevant in a definition.

2.3.3 Cloud Manufacturing Participants

There are mainly three types of participants or users i@laud Manufacturingsystem:
someone with a manufacturing demand, someone with resoutcesatisfy this demand, or

parts of it, and someone in between, orchestrating the organisation of demands and
available resources, for a successful match between demands and resources. These
participants have been given different names in some of the psafs, but the following are

the most commonly used (Rice 9):

ConsumerPurchases and consumes available manufacturing services in the Cloud from
providers, after supplying engineering requirements to the Cloud operator. Pays for service

utilisation basd on either usage time rates or subscription fees.

Provider: Provides and sells manufacturing resources and capabilities as services, for
O2yadzYSNEQ LINPRdAzOG RS@St 2LIVSy i deyclé 9MNIA OS a
manufacturing process can be provideHBrocesses the consumer requests based on

manufacturing information from the operator and/or consumer.

Operator: Responsible for the operation and management of Blwud Manufacturing
system. Delivers required support and functions to providers and coesiand maintains

the services and technologies required to run the system. Responsible for finding, combining,
controlling and coordinating the required services for fulfilling consumer requirements. May

charge both consumers and providers for this sarvic
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In the centerof Figure 9 Knowledgerefers to required knowledge support necessary for
crucial Cloud Manufacturingactivities, such as: perceptionpnnection, virtualisation and
encapsulation ofmanufacturing resources and capabilities, Cloud serdescription,
matching, searching, aggregation, and composition, optimal allocation and scheduling of

activities and services, etc.

2.3.4 Cloud Manufacturing Resources and Services

Cloud Manufacturing being serviceoriented rather than productioforiented, a
manufacturing activity is regarded as a service, being requested or provided. A service is the
providing of one or a combination of many resources, and different manufacturing resources
support manufacturing activities through the whole product -lifgcle. Sora different

resource classifications with minor differences exist, but most agree to that there are two
different types of manufacturing resources which can be provisioned and consur@éalich
Manufacturing physical manufacturing resources and manufacir capabilities
0a2YSGAYSaA |faz2 NBNEMHMMBERS&Xu220133. Zhdng & Xud, B0A2% 4 ¢ 0
Physical resources can be either hard (such as manufacturing equipment, computers,
networks, servers, materials, facilities for transportation and storage, etc.) or soft (e.qg.
applications, product degh and simulation software, analysis tools, models, data, standards,
human resources such as personnel of different professions and their knowledge, skill and
experience, etc.). Manufacturing capabilities are intangible and dynamic recourses which
represei 'y 2NBFYyAal GA2yQa OFLIoAftAGE 2F dzy RSN
competence, using physical resources (e.g. performing product designs, simulations,
manufacturing, management, maintenance, communication, etc.). It is the manufacturing
capabilities that determine if the requirements can be achieved by the manufacturing
resources during product development. Both manufacturing resources and capabilities are
virtualised and encapsulated as manufacturing Cloud services, which adentend,
confiqurable and sed2y i AyYSR aASNBAOSasz G2 FdZ FAf | GO
software, applications and infrastructures can thus be realised as servic&oud
Manufacturing in a similar manner as computing resources are being provisioned in differen

structures in @ud Computing

2.3.5 Cloud Manufacturing Architectures
Many attempts are also made to define more or less compRtaid Manufacturingystems,
describingtypical concepts, characteristics, architectures and enabling technologies. Some

morecomprehensive and complete proposals are availab{Bitiuag, Li, Yin, & Zhao, 2013;
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B. H. Li, Zhang, & Chai, 2010; B. H. Li et al., 2011; B. H. Li, Zhang, Wang, et al., 2010; B. Lv,
2012; MaciaPerez, BerndMartinez, Marcoslorquera, Lorenzonseca, & Ferrandiz
Colmeiro, 2012; Macia Pérez et al., 2012; NinguZBbang, Yin, & Ni, 2011; F. Tao, L. Zhang,

et al.,, 2011; F. L. Tao et al., 2011; Valilai & Houshmand, 2013; D. Wu et al., 2012; Xiaofei,
Lanshun, Dechen, & Lartigau, 2013; X. Xu, 2012; F. Zhang & Xue, 2012; Lin Zhang et al., 2012;
Z. N. Zhang & Zhong, 28 J. T. Zhou et al., 2011; Z. Zhou et al., 2011)

Some proposed architectures have 4 layers, more detailed have up to 12 layersriiimg n
and content of the different layers also differ between the proposed architectures.
Summarising propose@loud Manufacturingoncept architectures, typicalarchitectureis

presented in Figure 10 consists of the following laye(8. Huang et al., 2013)

Interface Layer
Publishing of requests and requirements,
browsing of services.

CONSUMERS

Application Layer
Dedicated Manufacturing Applications.

Cloud Service Layer

User System Task
management ||[management || decomposition

| Description | ’Registration‘ ’ Publication ‘

|Searching‘ ‘Composition ’ ’Access|

‘Scheduling‘ ‘ Invocation | ’ Monitoring ‘

Security layer
Knowledge layer
Communication layer

|Optima| allocation‘ |Bil|ing‘ | Evaluation \

CLOUD MANUFACTURING PLATFORM

Virtualisation Layer
Virtualisation and service encapsulation

Perception Layer
Perception, connection, communication

Resource Layer
Physical manufacturing resources/
manufacturing capabilities

PROVIDERS

Figure 10.CloudManufacturing Conept Architecture
(based orn(F. Tao, L. Zhang, et al014)
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Resource layer: Different manufacturing resources and capabilities, for the complete
manufacturing lifecycle, supplied by different providers.

Perception layerResponsible for sensing the physical manufacturing resources and
capabilities, enalihg them to be interfaced into the wider network, and processing
the related information and data.

Virtualisation layerfor virtualisation of manufacturing resources and capabilities,
and encapsulation into Cloud services.

Cloud service layer (Core middiare): Handles management of system, services,
resources, tasks, etc. Activities for services such as: access, invocation, description,
publication, registry, matching, composition, monitoring, scheduling, charging, etc.
Application layer: Depending on ghparticipating providers and their offered
manufacturing Cloud services, dedicated manufacturing application systems can be
aggregated, i.e. Manufacturing, Collaborative supply chain, Collaborative design,
Simulation, ERP, etc. Consumers can browse acesadhese different application
systems for manual/automatic service configurations. A manufacturing resource
provider can let consumers select from different possible part properties and pre
determined manufacturing constraints (sizes, materials, toleesnetc.).

Interface layer: Provides consumers with an interface for browsing available services
and publishing their requirements and requests. Manual selection and combination
of available resources/services, or automatic Cloud generated suggestdidislu

Supporting layers:

Knowledge; Provides knowledge needed in the different layers, i.e. for virtualisation
and encapsulation of resources, manufacturing domain knowledge, process

knowledge, etc.

Security¢ Provides strategies, mechanisms, functiomsl architecture forCloud

Manufacturingsystem security.

Communicatiorg Provides the communication environment for users, operations,

resources, services, etc. in tldoud Manufacturingystem.
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Finally, it is important to understand thaloud Manufactting is not a replacement of
preceding advanced manufacturing paradigms, but rather a combination and evolution of
those. The inclusion and usage@ibud Computingnd serviceoriented technologies makes
Cloud Manufacturingan effective paradigm for future manufacturing activities in a
worldwide distributed, resourcsharing, customecentred, green and dynamic

manufacturing environment.

2.3.6 Research Areas and Technologies

The future development o€loud Manufacturingvill facemany challenges in key enabling
technologies and concepts. Besides the integration technologie€lofid Computing
Internet of Things Semantic Web, high performance computing, and embedded systems,
several important technical issues must be solved sughkmowledge based resource
Clouding, Cloud management engines, collaboration betwé&doud Manufacturing
applications, and visualisation and user interface in Cloud environn{Bntd. Li, Zhang, &
Chai, 2010)These wouldnakeit possible to offer a personalisedanufacturingservices
through several processes, e.g. order decomposition into tasks, the selection of one or
several providers to perform them, the scheduling of the whakmufacturingprocess, etc.

In the followving, technologies and research content for realis@igud Manufacturingare
presented. There is a wide scope of technologies required, and some of these can be seen as
core technologies, while others are of a more general nature as enabling and supgportin
technologies. The focus here is on the core technologies, critical for the development of
Cloud Manufacturingbut some of the other most common and characteristic enabling

technologies are also described.

2.3.6.1 Cloud Computing and Service-Orientation

The indision of Cloud Computingas a core enabling technology is one of the major
differences betweerCloud Manufacturingand other advanced networked manufacturing
paradigms, as it makes possible to provision manufacturing activities as services in a
distributed environment. The aim o€loud Computings to provide convenient, scalable
access to IT services and computing resoultesfers ordemand and strategic outsourcing,
providing Ifresources as a standard commodity, delivering -temé access to softway,
application development and infrastructur8ince the appearance of the concept@bud
Computing a variety of different descriptions and definitions have been brought forward.

The NISTMell & Grance, 2011definition states:
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oCloudcomputing is a model for enabling ubiquitous, convenientdemand
network access to a shared pool of configurable computing resources (e.g.,
networks, servers, storage, applications, and services) that can be rapidly
provisioned and released with minirn@anagement effort oservice provider
AYGSNI OGA2y Xdé

Within Cloud ComputinglT-resources are provided as different services for users, as Cloud
services. This means that companies can outsource their IT applications and infrastructures
on a practical and economical ba@smbrust et al., 2010; Buyya, 2009; Vaquero et al., 2008;
Venters & Whitley, 2012)laking this concept all the way, completalEpartments could be
outsourced, with I9personnel instead becoming Cloud adergt A Cloud service is
differentiated from traditional hosting by three distinct characteristics: it is sold on demand
(typically by usage time or subscription); it is elastic (a user can at any given time decide how
much of a service he wants); and theopider is fully managing the service (the user only
needs a computer and access to the Internet). The three most common servicgéhare
Naseem, Ahmad, & Khan, 2012; B. H. Li, Zhang, & Chai, 2010; Marston, Li, Bandyopadhyay,
Zhang, & Ghalsasi, 2011; Mell & Grance, 2011)

T Softwareas-a-Service

lfaz2 1y26y | & a&aZhe applicatidh o2sygftwareSsroffefdd asta
service, in which the application runs in the Cloud, and the need to install and run
the application on the client computer is eliminated. The user interacts with the
software product and hardware infrastructuprovidedthrough a frontend portal.
Accessibility from any location, bundled maintenance and rapid scalability are strong
benefits, but security concerns may be an issue for users who require high security
and control, as the provider is in charge of ttdamain. Examples range from
personal applications such as Weased email, Facebook and Twitter, to enterprise
level applications such as database processing, inventory control, Google Apps and

Netsuite(Marston et al., 2011)

T Platformas-a-Service

The patform is provided as a service, which can enable the development and

deployment of applications without the complexity and cost of buying and managing
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the required hardware and software layers. While traditional application
development requires the necsary hardware, operating system, database,
middleware, Web servers, etc., working witHafform-asa-Service only the
1y26fSR3IAS 2F K2g¢g (2 AYyGS3aANIGS GKSY Aa NBJ
D223fS LI 9y3AAYS | yR ! éflicesug QldexamBes bfi A 2 y | -

Platform-as-a-Service

1 Infrastructureas-a-Service

The storage and computing capabilities are provided as a service. This includes
servers, datacenter space, software and network equipment. Organisations with in

house IT expertise can require the necessary infrastructure Inbrastructureasa-
Serviceproviders. One popular usage is for hosting websites. Other examples are

wk O1aLl OS / t 2dzR { SNIIS Nhand Blagtic CangueiCloydo & G 2

computing platform.

(There is overlap betweenSoftwareasa-Service Patform-asa-Service and
Infrastructure-asa-Service and depending on the perspective (manager, system
administrator, developer) the same service can be categorised into any of these

three.)

In addition to these services for-t€sources, service orientation has the capability to
industrialise IT, enabling the exploitation by enterprises in much the same way that industrial
manufacturing technology has been exploitdBadmanabhan & Kamath, 2012All
manufacturing resources and capabilities for the enproduct development lifeycle can

be realised and offered in the Cloud as Infrastructure, Platform or Softwarecesry
Everythingasa-Service), e.g. Bhufacturingas-a-Service Designas-a-Service Simulation

and Expementation-asa-Service Managmentasa-Service etc. For computeaided
product development,Cloud Computings already being adopted by the manufacturing
society, as companies are replacing theihouse Computefided Desigisoftware licenses
with ComputerAided Desigisoftware as a Cloud servi@@. Schaefer, 2011Companies like
Autodesk offer virtually infinite computing power, access anytime and anywhere, shared
insight into data, and more flexible, controllable and predictable costs when using their
ComputerAided Desigrasa-Service Cloud applicatigAutoDesk, 2017)Examples of other

possible applications in@oud Manufacturingystem buildingon computeraided software
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resources, such as parametrigtual design, virtual processing and virtual exhibition are
described in(P. Wang & Diao, 2013JheCloud Computingechnology offers osdlemand
acess to the distributed resources, and caters for a dynamic provisioning of virtual hardware
and scalable applications to better match usage, being-efisttive by using a transparent
easy payasyou-go pricing mode{B. H. Li, Zhang, & Chai, 2010; B. H. Li, Zhang, Wang, et al.,
2010; Mezgér, 2011; F. Tao, Cheng, Zhang, Luo, & Ren, 2011; L. Zhang et aBu2010)
compared toCloud Computingwhich mainly deals with IT infrastructures and software,
implementing and realisinGloud Manufacturings a much more demanuly and wider task

as it, in addition to manufacturing product development related software, also includes an
array of physical manufacturing equipment and devices which need to be deployed in the

Cloud.

2.3.6.2 Resource and Service Issues

To be able to provision amufacturing resources as services in the Cloud, they need to be
virtualised and encapsulateGuo, Zhang, Tao, Ren, & Luo, 201@&@r capturing the
necessary information of manufacturing resoescand capabilities, and enhancing the
performance of discovery and resource sharing, the investigation of effective virtualisation
methods are of great importance. Critical issues in this are manufacturing resource modelling
and manufacturing service deagation. There also needs to be effective methods for finding,
accessing, combining, scheduling and managing these resources. So far, this seems to be the

major research area withi@loud Manufacturingnd includes the following issues:

2.3.6.3 Resource, Capability and Service Description, Publication, Discovery and
Access
A model for describing manufacturing equipment resources is providédhiao, Liu, Xu, &
Gao, 2013) They describe manufacturing capability of machinery equipment from two
aspects: static functional capability and dynamic production caipabilsing an ontology
methodology to model this. Both these aspects are of great importanceClmud
Manufacturingusers. Functional capabilities are inherent and stationary, and describe what
kind of work a machine can perform, while production capahitflects, during a given time,
the performance of that machine. Functional capability tells if a request can be performed,
while dynamic production capability tells when it can be performed. The use of predefined
Manufacturing Service Descriptiofemplates for customised products development in a
Manufacturingas-a-Service environment is proposed irfRauschecker et al., 2011)he

Manufacturing Service Descriptiozontains product information, its manufacturingervice
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and its customisation limitations and are developed by a Manufacturingc@eDescription

Language

Based on the maimManufacturing Sesice Descriptiorrequirements, theManufacturing
Sewice Description Languades been developed to be able toeate a formal semantic
description of both productelated and manufacturing technology aspects(Anthur Lan

Kuan Yip, Jagadeesan, Corney, Qin, & Rauschecker, th@Ltpncept is taken one step
further, introducing a frontend system for integration to thanufacturingas-a-Service
environment, facilitating configuration and specification of customised products. The front
end components are displayed as part of amegrated webbased portal to support
collaborative development, and can be accessed by both service consumers and providers.
For consumers there is a Customideroduct Advisory Systethat is used for browsing of
available products and configuration gfexific needs. It also supports the definition of new
product designs. For providers there is an Infrastructure Management that is used to define
specific manufacturing services and configure dynamic virtual production lingscthur L.

K. Yip, Corney, Jagadeesan, & Qin, 2i8yoncept is realised in a case study with a product
configurator for the customisation of a solar and lighting facade module. Two scenarios are
demonstrated: one where a customised facade module specification is automatically
generated from the combinatioB ¥ RAFFSNBYy (i aSNBAOS&as FyR 2yS

automatically respond to dynamically updated manufacturing service descriptions is shown.

{AyOS &aSYFryGdAO KSGSNR3ISySAdGe Aa F  YI 22Nl LI
manufacturing serge capabilities are represented in an unambiguous, computer
understandable form based on ontologi&eng, 2012)By utilising powerful representation

and reasoning abiies of Semantic Web technology, successful matching between request
RSEAONALIIAZ2YyaE SEGNI OGSR FNRY GKS YI ydzF I O dzN&A
of existing manufacturing services, is possible. In order to create an intelligent ngatchi

process between supply and demand i€Clud Manufacturingnvironment, an ontology

method to realise unified modelling and semantic description of manufacturing
requirements and resources is presentedlin J. Tai, Hu, Chen, & Huang, 20i8a 4step

process, the manufacturing resources and demand attributes and characteristics are
analysed, using a proposed ontology semantic similarity algorithm. After a comprehensive
evaluation of matching results, the output of the process is a soligtdbf best matches

between demand and supply. To realise a mapping from manufacturing requirement,

manufacturing service to manufacturing resource dynamically and hierarchidlg, Yang,
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Liu, & Hou, 2013introduces the Cloud Workflow int€loud Manufacturingproposing a
conceptual model of mukagent business collaboration. Inclad manufacturing service
consuner, provider and operator, the model defines three critical stages: collaborative
business process modelling and verification of Cloud workflow, model instantiation with
modelling and clustering of manufacturing services, amatlel execution with the optimal

matching of manufacturing service supplies and requirements.

In (W. Wang & Liu, 2012 resource discovery mechanism is put forward. It combines
Semantic Web services with OMBL(an ontology for describing Semantic Web services)
techniques and gives manufacturing resources classification and charactenisticsZhang

et al., 2010) a metamodel for describing manufacturing capability is reported, which can
support efficent and intelligent running o€loud Manufacturingystems. MultiGranular
access control, considered to be an important foundation which guarantees the safety,
validity and availability of €loud Manufacturingystem, is discussed €. Li, Shang, Hu, &
Zhu, 2011)A Mult-Granularity Access Contrisl established, based on thetibute-Based
Access ControlThe concept is verified and performance analysed, showing a high level of
efficiency. For the integration of machining manufacturing resources, the modelling and
realisation of processing actions are investigafgéd Li, Zhao, Gu, & Zhao, 2Q11An
architecture for the reasoning of process belwawrs is constructed, and process actions are
carried out according to the minimwmachiningcost and the shortesprocessingtime
principles. The developed approach will act as a processing actions service for supporting
process engineers. A concept fealising the formal descriptioof Manufacturing Capability
using a multdimensional information model oManufacturing Capabilitybased on
knowledge, is described {IY. Luo, Zhang, Zhang, & Tao, 20AZnodel describing this is also
provided. In(Xiang & Hu, 20125 resourceaccess architecture based amdrnet of Things

is described. Several key issues, such as classification of resource inforatatisses and

access processes, are also discussed.

A deviceaware system focusing on manufacturing equipment resources and their static and
dynamic properties is proposed i@iming, Zhiping, & Rongbo, 2012jentification of
manufacturing equipment resources, required operation data and its classification into static
and dynamic properties, rediime information collection, transmission and processing is
described, stressing that the key technologyCédud Manufacturingystemss to accurately

get access to, and control, retitne devices.
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2.3.6.4 Resource and Capability Virtualisation and Encapsulation

In (Song, Song, & Zheng, 2012)e application of virtualisation technology i@loud
Manufacturingis discussed in general terms. A method for virtualisation of both hardware
and software resources is preded in(C. Q. Li, Hu, & Wang, 201t)builds on the use of a
property document describop all relevant information of resources. A fdayer resource
virtualisation model is discussed (in. Wu, 2011)Through virtualisation, an insulation layer
is established between mafacturing resources and applications, to eliminate application
resource dependencies. A resource encapsulation methodCloud Manufacturingis
describedC. Q. Li, Hu, Wang, & Zhu, 2Q11EDDL (Electronic Device Description Language).
A flow chart is presented for the encapsulation process and the resourodsecaisited by
web service based on OVF (Open Virtualisation Formaipan standardor packaging and

distributing virtual appliances) encapsulation of resource attribute.

A two-phase method is described ifN. Liu, Li, & Wang, 201%pr transforming
manufacturing resources into Cloud services. Manufacturing resource features are first
comprehensively analysed, and a virtual specification is established for describing
heterogeneous manufacturing resources in an isomorphic manner. By extracting
characteristics of resources, an algorithm is proposed for resources partitioning according to
manufacturing capabilities. The classification and modelling of virtual resources is made in
(C. Hu, Xu, Cao, & Fu, 20ctors affecting the classification are analysed, and a conceptual
classification is given. Factors which influence the result of task assignment, i.e. logistics,
granularity, human activity, etc.are also studied and demonstrated. Based on this, a

modelling process and a roughodel of a virtual resource tuilt.

In (Mokhtar & Houshmand, 2010)an approach is presented for how design and
manufacturing resources can be encapsulated and how a Globeic&drayer may be
developed. For effective virtualisation of manufacturing resources and capabilities, a multi
granularity manufacturing resource model which manages manufacturing resources based
on manufacturing capabilities is described (M. Liu& X. Li, 2012)As manufacturing
resources are changeable during the process of collaborative manufacturing, while
manufacturing capabilities are relatively continual, this decoupling of manufacturing
resources from manufacturing Cloud services wouldpsut a scalable and flexible Cloud
service. This approach would also make possible locating manufacturing resources based on
multi-granularity manufacturing capabilities and related constraints, as such supporting

automatic and dynamic Cloud servicesd@covery and composition. (€hunsheng Hu, Xu,
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Cao, & Zhang, 2018)e effect of granularity factor on manufacturing resource virtualisation

is described. Manufacturing resource @fd RSNA Yy SSR (G2 RSAONAROGS Ay
functionality in different granularity levels, and resource consumers need to choose a proper

task decomposition level (granularity level) to get maximum benefits in relation to their
manufacturing missias Before the virtualisation of resources, the granularity levels, the
resource categories in each granularity level, and the virtual models of each kind of resource,

need to be well defined for a specifttoud Manufacturinglatform. A complete descripin

of this is also presented.

Requirements, and an architecture for virtualising manufacturing capabilities in the Cloud, is
discussed inX. Wang & Xu, 2014The relationships between resources, capabilities and
services are described, and an approach for capability virtualisation, from distributed
resources to robust services, is proposed. A tHeger @pplication, Virtual Service,
Manufacturing CapabilifyCloud Manufacturingrchitecture with aSmart Cloud Manager

controlling mechanism is also presented.

2.3.6.5 Resource Service Composition and Integration

Effective service composition will be of the greatest importangesfrvice consumers, as
this will enable them to focus on their core business and outsource other activities in the
Cloud. The task is demanding and complex, finding and combining a mix of services, which
may be heterogeneous and delivered by different yaders. The use of manufacturing
service descriptions for flexible integration of production facilities is described in
(Rauschecker & St6, 2012) for realising the application of dhufacturingasa-Service The

work aims at the development of a system that coordinates the manufacturing of complex
configurable products across various production facilities and locations, and also etwables
make the limitations and capabilities of the production network explicitly available during
the complete product specification process. (lBuo, Zhang, Tao, Ren, & Luo, 2010b; Lin
Zhang, Guo, Ta Luo, & Si, 2010}he definition and classification of fléxity in Resource
Service Compositiois described and a flexible management architecture Rasource
Service @mpositionis introduced. The purpose is to be able to handle dynamic changes
occurred duringResource Serviceo@position as well as optimal selection &fesource
Service @mpositionbased on flexibility. The lifeycle ofResource Serviceo@positionis
classified into 4 phaseBesigningDeploying Executingand Postprocessing, and flexibility

is considered forTask Flow, Resource servicgo$S and Correlation Major uncertain

dynamic changing factors are described and optimal selection of RSC based on QoS and
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flexibility is compared. Adaptivesource Serviceofposition through quantitative

evaluations by the use of the measurement method of flexibility, is also suggested.

A Cloud Manufacturingntegrating service mode based on Cleagknt, in order to control

and coordinateCloud Manufacturingerminal node efficiently, is presented {diang, Ma,
Zhang, & Xie, 2012By analysing the type and compositionmeénufacturing resources,
combined with agent technology, the concept could enable the exploitation of all kinds of
potential manufacturing resources and capabilities fully. Four decision algorithms fangudgi
composable correlationsetween Cloud servigeare evaluated iiGuo, Zhang, Tao, Ren, &
Luo, 2011) The formalised description fmomposable arrelationsis presented as well as

the judging activity based on a bipartite graph. The efficiency of these algorithms is
demonstrated in a case study. Considering existing correlations among Cloud services, a
framework for correlation relationship minirigr Cloud service composition is demonstrated

in (Guo, Zhang, & Tao, 201Tjhe key issues are discedsand four function modules for
mining these correlations are analysed. To support decision making on when to outsource
product manufacture and to what extent and mix, a moljective optimisation formulation

is proposed, for computing an operationatica(B. Zheng, Gao, & Wang, 201Phis enables

the determinationof which products to make and which to outsource. The approach is

verified in a test case.

Sharing of software resources @Gloud Manufacturings described ir{Xilong, Zhongxiao, &
Linfeng, 2011)A platform supporting software publishing and software using is presented,
with a supply agent service for softveaproviders and an online using service for software
users. The approach builds on the virtualisation technologglotid ComputingDifferent
aspects of collaborative resource sharing and integration are discusgBthmet al., 2012)

and an approach is proposed in which resources, information and knowledge for the
manufacturing process is described by abundant semantics. Using a uniform representation
of heterogeneous information, the heterogeneity of manufacturing resources can be

systematically shielded.

The issue for Cloud services consumers of finding the best fitting Cloud provider or service
has been prominent in the fast growi@ioud Computingharket,which contains a mixed set

of heterogeneous and not always interoperable Cloud platforms/infrastructures. The
absence of common Cloud standards has hampered the interoperability between different
LINE GARSNAEXZ 2F0Sy NBa&dzZ A i Has dpghediu@ the/mragkdlJort 2 O
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intermediate broker service@ettey & van der Meulen, 200®pecialized in finding the best
userprovider matching, given a set of governing prerequisites and conditions,Sevite

level agreementgJrad et al., 2012)Servicelevel agreements a formal contract between
service providers and service consumers that should guarantee the achievement of the
consumer® & SNIIA OS | d4L.fWu & Buyyd, RQDTdis rhaichirg) gfi@n includes

the selection and combination of service providers as well as the definition of their
collaboration and integration into providing a unified service to the user. This task would be

too complex for the consumer to successfully perform by himself.

2.3.6.6 Resource ard Service Scheduling

A scheduling methodology for production services is presentéldartigau, Nie, Xu, Zhan, &
Mou, 2012) Order decomposition into tasks, the setien of one or several service providers

to perform them, and the scheduling of the whole manufacturing process is considered. In
(Chunqguan Li, Yang, Shang, Hu, & Zhu, 2@I&source scheduling framework is proposed.
On the basis obtochastic advanced Petri net, Queue Balancing Cutetrategy is put
forward as a solutiorio the issue of request dispatching. The scheduling of collaborative
design tasks is described (baili, Zhang, & Ta@011) presenting a new immune genetic
algorithm. Improved searching diversity based on immune strategy, but also adaptive
adjustment for probabilities of crossover and mutation with low time complexity, are

achieved with this concept.

2.3.7 Platform Management

After analysing the characteristics and design principles of the management and control
platform facing theCloud Manufacturingservices, the required system design function is
proposed(Xinyu & Weijia, 2011) Aspects of system cost, convenience of service usage,
system security and service are considered and the approach is verified in a case study. A
model for optmal allocation of computing resources for manufacturing task<loud
Manufacturingis described irfLaili, Tao, Zhang, & R&f11) in which computing resources

are allocated to different tasks according to various demands of manufacturing tasks. The
issue of resource service transactions is discuss€d Bheng et al., 201@here revenue,

time and reliability are considered for resource service provider, resource service consumer
and resouce service agent. With the characteristics of different Cloud services, considering
the multi-layer of logistics, information flow and capital flow, the transactions on hardware
class, softwarelass, productlass and capabilitglass are respectively ayaed in(Ying

Cheng et al., 2012 he detailed transaction flow between provider, operator and consumer
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is also providd. For the management of product information Gloud Manufacturinga
system with a 8ayer architecture is propose@i, Mo, Wang, & Zhao, 2013Jhe feasibility
and validity of the approach has been verified in a prototype system, including modules for:

user management, system management and product information management.

2.3.8 Knowledge and Data Management

All information, descriptions, algorithms, rules, strategies and data which sugpottd
Manufacturing can be considered as knowledge, and knowledge engineering and
management are crucial for maki@oud Manufacturingble © solve problems intelligently.
Fundamental activities which need knowledge support are: virtualisation, encapsulation and
descriptions of resources, capabilities and services, intelligent task decomposition with
searching and optimal composition of recegrservices, and planning and scheduling for the
coordinated execution of sutasks and manufacturing equipment. (Miwen Zhang & Jin,
2012)a comprehensive approach for knowledge management, for group enter@iised
Manufacturingis presented. A model framewio of knowledge management, basexh
Knowledgeasa-Service is described, for implementing both tactic and explicit knowledge

sharing and reuse within a group of enterprises.

A 6level architecture of a knowledge management systenClioud Manufacturinpas been
developed, embodying all the required activities from retrieving source knowledge to
publishing knowledge as a service. Methods for acquisition, storage, retrieval, innovation and
publishing of knowledge are also included. After studying the ddpacies of knowledge in
Cloud Manufacturinga 4layer knowledge lifeycle management system framework is
presented(A. Hu, Zhang, Tao, & Hu, 2018)a knowledge storage layer, knowledge is stored

in the perspectives of: domain, reasoning, task and description. A logical reasoning layer with
a semantic reasting engine can interface the stored knowledge when searching for problem
solutions. An application interface layer provides two types of interfaces for users and
system: &Knowledge Operatioimterface for basic knowledge operations, an&r@owledge
Applcation interface for knowledge reasoning for submitted tasks. A srachine
interaction layer is also included for operating the knowledge base, and submitting and

monitoring tasks.

To deal with distributed knowledge and heterogeneity, delimiting the isigaof knowledge
in a Cloud Manufacturingenvironment, a serviceriented knowledge fusion architecture

supporting design activities is presented(ih Liu & B. Li, 2012)n ontologybased design
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knowledge organisath model for extracting, describing and indexing of distributed
resources into theCloud Manufacturinglatform is proposed. For the fusion of knowledge,

a conceptual model includin&ervice analysi&nowledge matchindg<nowledge integration

and Ontologybased fusionis used. In the European research projagttual Factory
Framework aiming at developing an integrated environment to enable the interoperability
between software tools supporting the factory processes along all the phases @& agdié,

a Mrtual Factory Data Modeklas proposedTerkaj, Pedrielli, & Sacco, 201R)provides a
common definition of the shared data among the software applications connected to the
framework, using a shared metanguage. ThéVirtual Factory Data Modelhas been
developed using Semantic Web technologies, because of their ability in representing formal

semantics, and efficiently modelling and managing distributed data.

2.3.9 Cloud Manufacturing Concepts

Many of the published articles aboG@iow Manufacturingoresent architectures, platforms,

models, frameworks or applications fG@toud Manufacturingoncepts. Some describe more
completeCloud Manufacturingystems while others present discreBdoud Manufacturing
technologies or parts. For thease of overview and presentation, these are presented in

Table 1 with short descriptions. It does not seem to be a clear and stringent distinguishing

and use of the concepts of architecture, platform, framework or modélerefore the
presentation of diferent Cloud ManufacturingD2 y OSLJia Ay ¢+ ofS wm TF2¢
naming conventions. Short descriptions of presented applicateme also included in Table

1.

Table 1.CloudManufacturing architectures, platforms, frameworks, models and applications

Classifiction Description/Specification Referencs

) 4-layer (Manufacturing Resource, Virtual Service, Global Servic (X. Xu, 2012)
Architecture o
Application layers).
10layer (Resource, Perception, Resource virtualisation, C (F. Tao, Y. Chen
service, Application, Portal Enterprise cooperation, Knowle etal., 2011)

Cloud security and Wider Internet layers).

(B. H. Li, Zhang,
Chai, 2010; C. €

5-layer (Physical, Virtualised resource, Service (Core Middlew
Li, C. Y. Hu, Y.V

Application andJser layers). W |
ang, et al.

2011)
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5-layer (Resource, Perception, Service, Middleware and Applic

layers).

SMECMfgSP. SMé&riented 12layer
G2LIGA2YLEEE YR

service platform, witl

GNBIljdzA NEBRE £ I
Cloud service broker architecture.

6-layer, describing Resource Access (Physical, Perce
Communication Sub, Access and virtualisationiddleware,

Communication and Application layers).

Flexible management of resource service compasijtwith modules

for function, monitoring and coordination.

Software resourcesharing. Platform (@b interface) and Applicatio

software server layers.

Detailed 4layer (Physical, Connection, Virtual and Ser

application layers).

6-layer (Physical, Resouroeiented interface, Virtual resource, Co

services, Servieeriented interface and Application layers).

Using semantic descriptions and pederpeer network for

advertisement, discovery and composition of @lservices.

3-layer (Interaction, Functional and Data layers).

Product Design Knowledge Integration. 4 layers, incl. Knowiadc

a-Service (KaaS).

5-layer cooperatiororiented CMfg system (Manufacturing resour:
Resource management and implementation, Cooperation platfc

CMfg Portal and Supported cooperation pattern layers).

Describing the use of Manufacturing Service Descriptions (MSI

a Manufacturingas-a-Service Environment.

Manufacturingasa-Service frontend for consumers/providers t

specify manufacturing demands and services.

Cloud Integration Architecture, based on Cloud computing and :

(Lin Zhang et al.
2012)

(B. Huang et al.,
2013)

(Jrad et al., 2012

(Xiang & Hu,
2012)

(Lin Zhang et al.
2010)

(Xilong et al.,
2011)

(Beisheng Lv,
2012)

(Ning et al., 2011

(Z. N. Zhang &
Zhong, 2012)

(I. Liu & Jiang,
2012)

(Bohlouli,
Holland, & Fathi,
2011)

(D.Y. Tai & Xu,
2012)

(Rauschecker et
al., 2011)

(Arthur Lan Kuar
Yip et al., 2011)

(F. Zhang & Xue
2012)
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Platform

6-layer arditecture focusing on product information sharii
(Application, Interface, Service, Management, Virtualisation

Resource layers) and Cloud security module.

Business architecture @loud Manufacturingincluding 8 platforms
Data Management, Whole lifeycle BOM, Manufacturing resour:
and capacity management, Manufacturing execution,-

procurement, sales, aftesales service, and quality management.

4-layer (Core service, System service, Business serviceClaod
Manufacturingsub-system) SaaS solution 6foud Manufacturingn

automotive industry.

6-layer (knowledge source, acquisition, storage, retrieval, innove

and publishing) knowledge management system.

4-layer (manufacturing resource, systerirtualisation, service an

application layers), applied to factory automation.

(Ai et al., 2013)

(Jin, 2013)

(Jin, 2013)

(Yiwen Zhang &
Jin, 2012)

(Jeong & Hong,
2013)

Interoperable Clouébased Manufacturing System (ICMS);l&8er (Xi Vincent Wang ¢

(User Cloud/ Application Layer, Smart Cloud Manager/Virtual Se Xun W. Xu, 2013)

Layer, and Manufacturing Cloud/Manufacturing Capability Laye

Knowledge Fusion Architecture supporting knowledgelakdity in
collaborative design activities(Building on the architectur

proposed by [5].)

XMLAYMOD, supporting distributed manufacturing collabora
and data integration based on ISO 10303 (STE®).structures and

procedures. Case study provided.)

Distributed Interoperable Manufacturing Platform (DIM
Integrative CAX environment. Integrates software suites base

the requests and tasks from users.

Multi-user oriented, servickbased, commercighvailable CMfc
(Cloud Manufacturingplatform.

Integrated service platform based on CAgent.

Collaborative manufacturing resoursharing, based on Clot
services.

System function o€loud Manufacturingervices management ar

control.

(N. Liu & X. Li,
2012)

(Valilai &
Houshmand,
2013)

(X. Xu, 2012)

(Lin Zhang et al.
2012)

(Jiang et al.,

2012)

(Ding etal., 2012)

(Yang & Li, 2011
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Framework

Model

Describing relations between Manufacturing, Business and Res:
Clouds.

6-layer, supported by Service Platform and Standard, Security

Management functions.

For discoering matching manufacturing resources, using G3\dnd

UDDI.

For correlation relationship mining of Cloud services.

Describes a processute for scheduling tasks.

Cloud Manufacturing Resource Scheduling (CMRS). 1
decomposition, matching static properties of resources hv

requirements of tasks.

Process framework of OACR (Optinfdlocation of Computin

Resources).

Three layerCloud Manufacturingvirtualisation framework (man
resour@ layer, virtual description layer and service encapsula

layer)

Manufacturing collaboration framework with servicand Web
oriented architectures with SaaS for combining internal operati
with supply chain cooperain, also realising collaboration wi

customers.

4-layer Lifecycle Knowledge Management System (knowle
storage layer, logical reasoning layer, application interface layer

man-machine interaction layer)

Application model describing how user reqteare processed fc

generating a solution.

Application model of Cloud Manufacturing

Manufacturing resourceharing.

Cloudbased Design and Manufacturing (CBDM). Reference n
with Cloud consumer, provider, broker and carridviodel of

example services available to Cloud consumer.

(M. Wang, Zhou,
& Jing2012)

(Z. Zhou et al.,
2011)

(W. Wang & Liu,
2012)

(Guo, Zhang, &
Tao, 2011)

(Lartigau, Nie, Xt
etal., 2012)

(Chunquan Li et
al., 2012)

(Laili, Tao, et al.,
2011)

(N. Liu & X. Li,
2012)

(Y.K.Lu,C.Y.L
&B. C. Ju, 2012

(A. Hu et al.,
2013)

(B. H. Li, Zhang,
Chai, 2010)

(Xiaofei et al.,

2013)

(Z. Zhou et al.,
2011)

(D.Wu et al.,
2012)
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Application

Cloud Manufacturingunning model with 7 phases (Task descript
and definition, Modelling and analysis, Service search and m
evaluation, Service selection and

Service composi

Implementation and process control, System and user evaluatic

Multi-dimensional information model of manufacturing capability

4-layer resource virtualisation model (Mafacturing resources

Concrete web service, Logical service and Application layers).

Modelling process and model of virtual resource.

Integration and sharing of manufacturing resources.

Principal model o€loud Manufacturing

Multi-view model combining Resource, Function, Information

Process views.

Function view and Running view fGloud Manufacturingystem.

Cloud design service,-I8vel 8view model (Service interactiol
Service state, Service management, Service attribute and Se
description levels. User appraisal, Service state, Accessot
Permission management, QoS, Functional, Basic and S

resource Vviews).

Cost constitution view o€loud Mangacturingservice platform.

DICIS (Distributed Infrastructure with Centralized Interfa
System), describing how the CBDM concept can be realised. Hi
Communication and Manufacturing Process assets (both virtua
physical resources) in the DI are interconnected with users

management through the CIS.

Networked modelling & simulation platform, COSO&P. Servic

scheduling, Resouregharing and Collaboration simulatio

Collaborative design of virtual productg.

BISTOP (Build Ideal Solution With IT). Application prototype
validating SMEEMfgSP.

(F. Tao, Y. Chen
et al,, 2011)

(Y. Luo etal.,
2012)

(L. Wu, 2011)

(C.Huetal.,
2012)

(Ding et al., 2012

(Lartigau, Nie, Xt
etal., 2012)

(Beisheng Lv,
2012)

(Y. L. Luo, Zhan(

He, Ren, & Tao,
2011)

(I. Liu & Jiang,
2012)

(Y.Cheng et al.,
2011)

(Dirk Schaefer et
al., 2012)

(Z. Zhou et al.,
2011)

(B. Huang et al.,
2013)
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Maas infrastructure with servicgescription structure in a case fi (Rauschecker &
manufacturing of facade elements (ManuCloud). Stohr, 2012)
Cloud services monitarg system for heat treatment furnace. (Yang & Li, 2011

2.3.10 Connotations and Characteristics

To analyse the connotation and characteristics @bud Manufacturinga multiview
approach is described, with perspectives from network, function and running prf¢eks

Luo et al., 2011)This also makes it easier to compare differences and ascendancies to other
advanced manufacturing concepts, such as agile manufagiunetworked manufacturing

and grid manufacturing.

2.3.11 Collaborative Work

Distributed manufacturing has been a paradigm since the necessity and advantages of
collaboration in manufacturing activities was realised, mainly to fuli& product
development chaimequirements. In this chain, the customer demands push the design, the
design drives the manufacturing, and the manufacturing further pushes the final shipment
(Valilai & Houshmand, 2013)

2.3.11.1 Cloud Manufacturing Collaboration

A Cloudbased framework for manufacturing cddaration, which combines existing-in
house systems and Cloud applications, is describ€d-i. Lu, CY. Liu, & BC. Ju, 2012)t
enables all manufacturers in a value chain to work together and collaborate with their
demanding customes. Combining existing systems and Cloud technologies enables the
manufacturers to connect thouse systems with customer applications, and to integrate
internal manufacturing functions with trading partners within the supply chain, via the Cloud.
ACloudManufacturingsolution for national collaboration in the Chinese automotive industry

is proposed inJin, 2013) A business architecture f&loud Manufactting is introduced,
F20dzaAy3a 2y dadzyATASRE F2NINBTFESOGAY3I | INER dzLJ
holds platforms for: data management, lifgcle BOM, manufacturing resource and capacity
management, manufacturing executionpeocurement sales and aftesales services, and
quality management. A solution for selecting virtual enterprise collaboration partners is
provided in(L. Zhang et al., 2010As largescale partner selection i€loud Manufacturing

will become a serious obstacle for realising dynamic virtual enterprises, mainly due to the
large number of participating enterprises that the klareshold and freeaccess mode will

generate, a model with a threphase partner selection strategy is pwoinivard. Using hard
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(time, cost, quality) and soft (compatibility, agility, coordination) evaluation indicators, the
three phases apply different screening methods for arriving at a solution with optimal

combination of partners for different tasks.

Coopergion within Cloud Manufacturingbased on supply and demand networks of
enterprises with multifunction and opening characteristics is introduce(DinY. Tai & Xu,
2012) The detailed patterns and mechanisms of resowiented cooperation, service
oriented cooperation, and innovatieoriented cooperation are studied and al&yer of a
cooperationoriented Cloud Manufacturingsystem is preseted. To support collaborative
work, business process interoperability is studiedLartigau, Nie, Zhan, Xu, & Mou, 2012)

A new Business Processodiél is presented, defining the business communication,
transactions and execution processes occurring i€leud Manufacturingenvironment,
between the Cloud platform, consumers and providers. Data and constraints involved in
order processing decompositioare also identified andofmulated. A platformenabling
distributed manufacturing agents collaboration inCdoud Manufacturingenvironment is
presented in(Valilai & Houshmand, 2013)n this serviceriented approachdistributed
collaboration of computernided software systems is possible, maintaining manufacturing
data integration based on the 1ISO 10303 (STEP) standard, utilising the capabilities of the
standard to support XML data structures. The functionality of the platform is demonstrated
in a case study for disbuted product development. Differentomputeraided software
packages collaborate in a setup with product design, process planning and CNC machining,

where manufacturing agents are diverse and geographically distributed.

2.3.11.2 Collaborative Design

A semantiebased modelling method of the Cloud design service together wittheaed and
8-view conceptual model is proposed (h Liu & Jiang, 2012)Jhrough the analysis of the
needs and features of the Cloud design service, modelling this service combining method
with dynamic generation of a workflow model is introduced to improve the dynamics and
flexibility. Knowledge integration of collaborativeqatuct design irCloud Manufacturings
presented in(Bohlouli et al., 2011)Supporting a sustainable and innovative product design
and development, a Cloud architecture with four layers is presented, in wiiotvIgdge
asa-rviceis included. Distributedhanufacturingagents' collaboration anthanufacturing
data integrity play a major role in globadanufacturingenterprises' success. There are
number of works, conducted to enable the distributethnufacturingagents to collaborate

with each other. To achieve thmanufacturingdata integrity through a varigtof different
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manufacturingprocesses, avoiding possible interoperability problems within the CAX chain,
numbers of solutions have been proposed, among which one of the successful solutions is to
use I1SO 10303 (STEP) stand&do et al., 2010a; Nassehi, Newman, Xu, & Rosso Jr, 2008;
Newman & Nassehi, 2007; Valilai & Houshmand, 2013; Venkatesh et al., ZA35)vould

cater for a seamles cooperation and integration of systems with different native

languages/standards.

2.3.12 Security

Corporate information often contains sensitive data of customers, consumers and
employees, business knalmow and intellectual propertiegMokhtar & Houshmand, 2010;
Ryan, 2011)Securing sensitive data and the ubiquitous availability of requested applications
in the Cloud is of major concern for potential users of Cloud services. Manifestations of these
concerns regularly appeain many existingCloud Computingservices, as a profound
unwillingness and anxiety of letting sensitive and important data escape outside the
boundaries of the physical company premiées 2 LI2 A8 3 | 20SY a1 A HAMA®
2012) The service modelsdfBware-asa-Service Ratform-asa-Serviceand hfrastructure
asa-Servicg require different levels of security in a Cloud environmémftastructureasa-
Servicds the base of alCloud Computingervices, withPlatform-asa-Servicebuilt upon it

and Sftware-asa-Servicein turn built uponPlatform-asa-Service Just as cabilities are

inherited, so are the information security issues and r{gksXu, 2012)

However, today most&aS business and manufacturing applications that vendors offer are
hosted in ISO27001 and SAS 70 Type Il certifiedodaiteers withServicelevel agreements
offered for most applications of 99% and ab@®eliseshan, 2012patacenters that provide
these services are highly spalised in the fields of security, backup and recovery and have
extensive IT resources to be able to offer and fulfil such high service level commitments. Not
many SMEs, with relatively smaltrBsources, are able to equal and maintain this level of

securty. (Many of the proposed concepts in Table 1 also include security functionalities.)

2.3.13 Simulation

A Cloud simulation technology based on a platform of CE&&3H (COSIM Cloud Simulation
Platform) was developed {iB. H. Li, Zhang, & Chai, 2010; Z. Zhou et al., 20h&y primarily
been applied in the design of a mutlisciplinary virtual prototype of a flight vehicle. It can

also be used for simulation of resource shgrimigration of multigranularity resources,
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fault tolerance, etc. A prototype of Cloud service platform for complex product design and

simulation was also developed (b. Zhang et al., 2010)

2.3.14 Cost and Price Management

The most typical characteristic @loud Manufacturings the scalable usage of @emand
resources and services with a pasgyou-go approach. IifY. Cheng et al., 2011he cost of
services is studied from three different cost aspects: Cloud serviegylife, manufacturing
service providers and th€loud Manufacturingervice platform. Withrespect to the service
cost constituted, a mukview model of cost is proposed. For effectively assessing different
aspects ofCloud Manufacturinga fuzzy group programming decisioraking method has
been developed ir{Jia, Feng, Tan, & An, 201Zhe approach uses an analytical evidential
reasoning algorithm to solve problems cadseby fuzzy linguistic expressions,
defected/incomplete information and conflicts amon@loud Manufacturingproviders.
Multiple constraints and multiple objective optimisation models have been constructed for
minimisation of manufacturing cost, maximisatiafi consumer satisfaction degree and
manufacturing service implementation difficulty. After the aggregation of group fuzzy
information from the Cloud Manufacturingrovider, an agreement result of collaborative

decision can be derived.
2.3.15 Enabling, Supporting and Application Technologies

2.3.15.1 Internet of Things

Integrates and connects physical objects (things) into an information network, making
possible to exchange information about themselves and their environméntan be used

to make manufacturing resoues universally available and accessifBandyopadhyay &
Sen, 2011; 3dng & Hu, 2012)nternet of Thingsis quickly growing in line with RH(R. Xu,
2012)and sensor technolags, and will promote interconnection between thin(®. H. Li,

Zhang, & Chai, 2010)

2.3.15.2 Embedded System Technology
The rapid development of embedded system technology enables, togetherméimét of
Things smart and cormenient access of manufacturing resources, e.g. physical terminal

devices, for status retrieval and contr@Heath, 2002; B. H. Li, Zhang, & Chai, 2010)

2.3.15.3 Semantic Web
A technology which facilitates knowledg@sed intelligent computatioand enables users

to search and share data and information more easily by allowing the data from different
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sources to be processed directly by machifi@srnersLee, 1998; Matrtin et al., 2007; D. Wu

et al., 2012) As the amount and complexity of product design and manufacturing data is
increasing, methods and tools to represent this i€laud Manufacturingenvironment is
required (Eck & Schaefer, 2011; D. Y. Tai & Xu, 2012; Zha & Sriram, 380@)ntic Web
provides a common framework that allows data to be represented and reused across
applications, enterprises, and community boundaries, which promotes teeotiglifferent
common formats for data exchange. It is a collaborative effort led by wiide Web

Consortiumwith participation from a large number of reaechers and industrial partners

2.3.15.4 Communication Standardisation

Communication with and between shop floor equipment, making computers and machines
GGk t1¢é G2 S €kwndides NiE makyauseltheigddib droprietary language.
As the core idea o€loud Manufacturings the sharing of resources and collabdrat
manufacturing, the need for communication standards should have a high priority. An open
and royalty free (nosproprietary) communication standard based on tBetensible Markup
Language which supports machin-machine communications and promote
interoperability between existing technologies, has been develofdd@Connect, 2017)
Many different approaches of using STEE as a communication languapetween
applications in the computeaided softwarechain, and between equipment and systems for
planning and scheduling have been descrilfdssehi et al., 2008; Newman & Nassehi,
2007; Valilai & Houshmand, 2013; Xi Vincent Wang & Xun W Xu, 2013; Venkatesh et al., 2005;
X. Xu et al., 2011)A serviceriented implementation in a distributed manufacturing system

is presented inValilai & Houshmand, 2013Jhe OPC Foundation creates and maintains
standards for open connectivity aidustrial automationdevices and systen(&oundation,
2017) The standards spédgithe communication of industrial process data betweemsors

controllers software systemsetc.

2.3.16 On-going Research Areas within Cloud Manufacturing

In Table 2on-going research areas withidloud Manufacturingire summarised. The graph
represents the main topics of the reviewed articles, as many also describe generic concepts
and parts ofCloud Manufacturing Research within enabling, supporting and application
technologies is not included. The figure gives a good picture of the present focus of research,

and also points oudreas which need more attention.
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Table 2.Cloud Manufacturing Research Areas

2.3.17 Cloud Manufacturing Research Initiatives

The interest of theCloud Manufacturingconcept and its potential effects is rapidly
increasing, and a lot of research initiatives are active, with both academic and industrial
participants in local, national and inteational projects of varying size and scope. The bigger
research initiatives focus on th€loud Manufacturingoncept as a whole, looking at the
higher level concepts, architectures, implementations and realisation issues, while other
initiatives focus oreritical, individual issues, necessary for the implementation of different
parts ofCloud ManufacturingA variety of names and abbreviations for describingGlaud
Manufacturingconcept and its components exists, as many research initiatives establishes
their own Cloud Manufacturinglesignations. Numerous publications describe much of the
on-going research, and many of these are covered inrthigew. As could be expected (as
the core concept ofCloud Manufacturings resource sharing), the focus of maessearch
initiatives are related to manufacturing resources: how they can be virtualised and
encapsulated into services in the Cloud platform, how they can be searched and combined
for fulfilling customer tasks, how to find optimal solutions, etc. Theeagch withinCloud
Manufacturinghas only been ongoing for a couple of years, but ideas are getting more
detailed, and implementations of parts of the concept are now getting realised and

evaluated.

Some of the proposed concepts ifiable 1describe a morecomplete solution for

implementingCloud ManufacturingThese originate from some of the research initiatives
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which seem to be the most active and comprehensive witbioud ManufacturingTheir
researchcontribution is far too extensive to be described detail, but a summary of the
characteristics and unique properties of their work is presented below, introduced with their

Cloud Manufacturinglesignation:

2.3.17.1 CMfg

NationalChinese research initiative (Beihang University, Beijing), often referred to fissthe
source and inventor of th€loud Manufacturingnaming 2010B. H. Li, Zhang, & Chai, 2010;
B. H. Li, Zhang, Wang, et al., 2010; Lin Zhang et al., ZIMI®) presents an application model
of Cloud Manufacturing describing Cloud Manufacturingplatform activities in the
propagation from user request to the return of a solution. Also proposedayé&r Cloud
Manufacturing architecture with: Physical layefor provider resources and capabilities,
Virtualised resource layéor virtualising resources and encapsulate themeasises Service
layer for Cloud Manufacturingcore functions such as: service management deployment,
registration, searching, matching, composition, scheduling, monitoring, cost and pricing and
billing, etc.,Application layeffor requests within specifimanufacturing applications, and
User layemwith interfacesfor both consumers requests and provider input/registration of
resources. To demonstrate the feasibility of the CMfg concept, a Cloud based application
Cloud simudtion ¢ based on theCloud Simlation Ratform has been demonstrated, in which
the collaborative work in the muHdisciplinary design of a virtual flight vehicle prototype is
simulated. Further detailed in(F. Tao, L. Zhang, et al., 20hhd in Small Manufacturing
Enterpriseoriented Cloud Manufacturing Service Platform, withlager architecture(B.
Huang et al., 2013and inMfgCloud(Ren, Zhang, Zhao, & Chai, 2013)

2.3.17.2 OGmanufacturing

A research group at University of Auckland, New Zealand, presented a public Cloud
infrastructure, the ICMS (Interoperable Clebdsed Manufacturing SystenXi Vincent
Wang & Xun W. Xu, 2013; Xi Vincent Wan{un W Xu, 2013)t is a thredayer architecture,

with service methodologies for supporting two types of users; customer user and enterprise
user. Standardised data models for Cloud services and relevant features are also developed
and described. Tharchitecture consists of: &mart Cloud Managefor assisting and
supervising the interaction between consumers and providerdJsgr Cloudfor the
consumers and their requests andvianufacturing Cloudor providers and their resources,
capabilities andervicesA distinction is rade between customer users and enterprise iser

customer usersare defined as customers/organisations requesting a -cmitained
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production task, whileenterprise uses are organisations/enterprises seeking additional
capabiliies and support to fulfil bigger and more demanding production tasks in
collaboration with temporary partners and their servic&fe concept is evaluated in some

OFaS addzRASaz: 2yS GKSNE O2yadzySNEQ NBIljdzSaia
servicesrom different providers, one showing how detailed conditions in consumer requests

Oy 6S YIGOKSR (2 LINPOARSNBERQ aSNWBAOSa ol asSR

2.3.17.3 Cloud-Based Design and Manufacturing (CBDM)

A research group at Georgia Institute of Technology, Georgia, hE¥Apresented a
conceptual reference moddbr their interpretation ofCloud ManufacturingDirk Schaefer

et al., 2012) It builds on the concepts @loud Computingwith manufacturing resources
being available as different servicebor the implementationthey have proposed a
Distributed Infrastructure with Centlized Interfacing Systenmodel. The Distribied
Infrastructureis composed of three asset groupdufnan consumers, producers, managers,
Communicationcommunication network (internet), network security and two interfaces for
O2YYdzyAOlI GAYy3d 6AGK GKS KdzYty FyR YidydzFl Od
Manufacturing procesdHardwareand Sftwareresources.) Th€entralized Interfac8ystem
enables the system to function as a whole. Workflow for distributed and collaborative design
and manufacturing in a local and distant user scenario is describetevemgineers are able

to simultaneously cooperate using a CAD software, iofvare-asa-Servicemode.

2.3.17.4 Cloud-Based Manufacturing -as-a-Service Environment

ManuCloud, a European project funded by the European Commission, with 8 consortium
members from acdemy and industry, from four 4 different EU member states (Austria,
Germany, Hungary, United KingdofiWanuCloud, 2017; Meier et al., 2010he objective of
the ManuQoud project is the development of a servodented IT environment to support
the transition from mass production to personalised, custorogented and eceefficient
manufacturing. A conceptual architecture with a freerid system and linufacturingasa-
Service Infrastructure to support Cloudased manufacturing of customized products has
been proposed. The frorénd is deployed as part of an integrated weased portal to
support collaborative development, and consists af@stomizd Product Advisor§ystem
and interfaces forlinfrastructure Management A Manufacturing Serice Description
Languageprovides a formal description of both production and produstated information,
and is used for the integration of the froehd and the Manufacturingasa-Service

environment. UsingManufacturing Servie Descriptionsthe concept has been proved in
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some business cases, one with distributed production and customer specification of small

series, highvalue products.

2.3.17.5 GetCM

In a National/ KAy SaS NBaSINOK AYAGAIFIGADBS 0b2NIKgSa
Beijing Institute of Technology, Beijily). Wang et al., 2012)resents theGetCM Paradigm.

It includes 5 partsResource Cloudith manufacturing resources expressed in the form of
Cloud servicesBusiness Cloudith businessoriented Cloud services, enabling business
process sharingManufacturing Cloudwith manufacturing procsses encapsulated into
manufacturing Cloud services, which performs a manufacturing process by invoking the
relative resources and business servic€ud Manufacturing Infrastructurand Public
Platformwhich holds the basic physical aothanistional gructures and services faloud
Manufacturing They also propose al&yer framework forealisng their paradigm, where

one layer provides a semantic reference basis for semantic description of resources,
capabilities and services, so that their contemn be clearly understood in different

computer programs.
2.3.18 Future Directions and Trends

2.3.18.1 Cloud Manufacturing Platforms

It is envisioned that depending on safety, security and utilisation perspectives, there will be
different Cloud Manufacturinglatforms coexisting, such aBubli¢ Private Communityand
Hybridplatforms(B. Huang et al., 2013)

1 Private

Similar to the public platform but managed within a company or organisation for the
costeffective coordinated utilisation and sharing of-hinuse resources, e.qg.

reducing the need foduplicate equipment, expensive software or services. Provides
better security and control over data, services and resources, which might be

distributed in different departments, branch companies, etc. locally and/or globally.

1 Community

Managed and usedyba group of companies or organisations, sharing specific
requirements (e.g. extra high security or manufacturing requirements) or a common

hightlevel manufacturing task or mission (e.g. aerospace industry).
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T Public

Provided for any service provider or comnser by a thirdparty operator for
facilitating optimal sharing and allocation of manufacturing resources and
capabilities for the complete manufacturing liégcle of product development. The
available services are owned by and distributed in differenmganies and
organisations, and the work of differemonsumes may be mixed when being
processed by provided service infrastructures in the Cloud. Providers benefit from
selling idle manufacturing resources and capabilittesisumes from being able to

buy only what is temporarily required, and the operator from charging a service fee

from both providers and@onsumes. Mostly used by SME companies.
1 Hybrid

A combination of a private and a public platform. Busiradical services and
sensitive data are g unpublished, while services that are not critical are published
for others to share and use. Complexity of determining how to combine and allocate
tasks and services may initially lead to unconditional, simpler applications, not

requiring synchronisatio.

2.3.18.2 Competitiveness through Innovative Manufacturing

With the introduction of Cloud Manufacturingan environment will be realised where
manufacturing companies have access to the same manufacturing resources, no matter the
size or location of the companustomers can reach manufacturers across the planet and
select the best offeringsThen, being the biggest, or internationally distributed, company
would no longer give the most competitive edge, but rather being the most agile to
innovatively use all thesresources for successfully meeting worldwide customer demands.
The manufacturing industry of today is traditionally supported by hierarchical supply chains
for completing specific manufacturing demands. These supply chains often encompass many
different layers of suppliers, and are rigid by nature, and tied to specific delivery patterns by
long term contracts. As such they are limitations for successfully satisfying rapidly changing
consumer demands. I€loud Manufacturingsupply chains will be volatileemporarily
configured and existing for unigue and dynamic manufacturing tasks, and as such, highly
Tt SEAGES o6& ylGdNBod . &SR 2y O02yadzySNBEQ &LIS
supply chains are realised through the dynamic compositiahefivailable Cloud services

which, as a combination, will best fulfill these objectives. To innovatively use available

Pager1l



- CloudManufacturing andCloudEnvironments

resources, capabilities and collaboration networks in an agile approach to best meet rapidly
changing customer and market demands wik la strong driver for manufacturing

competitiveness.

2.3.18.3 New Scenarios for Cooperation and Collaboration

Customeg¢Manufacturer cooperation.

l'a Odzad2YSNkSYR dzaSNEQ RSYlFYyR&a gAff 0SS Y2NE
companies, it will be possible todarporate them more in the design process of products.
Customised products for customer individualisation will then be realised idesmn

activities.
Manufacturing collaboration.

In Cloud Manufacturingsupply chains will be volatile, temporarily configd and existing

for unique and dynamic manufacturing tasks, and as such, highly flexible by nature. Based on
O2yadzYSNEQ &LISOAFTAO 1S& 202S00AQ0Sas APSd 0O2:
through the dynamic composition of the availabll@@ services which, as a combination,

will best fulfil these objectives. This will lead to new manufacturing scenarios with different

mixes of collaborating parties.

2.3.18.4 Cloud Service Brokers

Many new business opportunities will follow the introduction@itud Manufacturing The

issue for Cloud services customers to find the best fitting Cloud provider or combination of
services will open up the market for intermediate broker services, specialised in finding the
best usefprovider matching, given a set of gaming prerequisites and conditions, as in
servicelevel agreementgJrad et al., 2012; MWWu & Buyya, 20105ervices brokers and their
services can appear in different contexts. They can be delivered through technology as
software, applications, platforms or suites of technologies that enhance the base services
available through the Cloud. They can appearkaiSt a4 SNIJA OS LINEP OA RSN A
I @FAfFofS adzZJRNIAYy3I FdzyOlAazya (2 GKS dzaSNJI
location, facilitating issues like administration of service levels or local managéméntTao

et al.,, 2011) They can also exist as a true in the Cloud brokerage service business,
independent of prowders and users, providing a service with a higher value to the user, by
making it more specific, i.e. by combining and aggregating multiple services into one or more

new services or enhancing the security. This way, a brokerage service can make ikesasier,
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costly, more secure and more productive for companies/users to find, integrate and consume

Cloud services, particularly when these services are originally delivered by different services
providers. In some companies, there may be the scenario thahwine IFdepartment loses

software and systems to manage, the natueablution for its role may be to become a
ASNIBAOS ONR{ISNI F2NJ KS O2YLI yeQa dzaS FyR Ay

2.3.18.5 Trading with Production Capacity

As many companies would like secure their future supply of production capacity on a
longer term basis, there could be a scenario with trading of manufacturing services and
resources, almost as with any other commodity. Consumers could negotiate with providers
about certain amounts diuture resource availability and usage, and if redundant at a later
time, sell these rights to other consumers, or back to the original provider. This trading could
also be purely speculative, as an innovative concept to earn a profit from varying qnices
resources and their usage, following access and demand. This trading would mainly deal with
access to resources of a finite supply, as physical manufacturing equipment and human

labour.

2.3.18.6 RealWorld Connectivity

There has been a lot of focus on the need fand proposals of, collaboratively performed
and shared product development activities. Embedded systems, smart sensors and
automation controllers now populate industrial applications, but are often used in local and
isolated environments, within the himdaries of single manufacturing facilitiesternet of
Thingswill help push the trend to global, secure, seamless artirbtional interaction with
realworld objects and systems in a variety of applications, not only within the scope of

manufacturing

The product manufacturing processes (machining, assembly, etc.) will see new applications
where hardwarein-the-loop manufacturing equipment, by the use of sensor feedback and
remote monitoring, will make possible a variety of collaborative and distaartufacturing
activities. By this ability to share hardware resources, manufacturers will finally be able to
fully realise the capabilities of Chiachines, robots, servomotors, and other computer
controlled flexible devices. Since the introduction of CMHGuipment for machining,
assembling, material handling, etc. has had the ability to change their behaviour on the fly.
The variable setting the pace has always been process control, and ultimately, the demands

of the consumerln Cloud Manufacturingthisvaluable information will be instantly available
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to manufacturersfor immediate product developmentaind manufacturing processes,
through the unprecedented speed of digital connections between providers and consumers

in a networked environment.

Future diretions of Cloud Manufacturingwill include innovative and adaptive process
planning services, knowleddmsed and ordemand quick operation simulation services,
resource utilisation and availability monitoring services, setup planning and optimisation
senices, dynamic and redilme scheduling services, and energy and resource usage
estimation services. New services, such as R&ERENningasa-Service Assemly-
Planningasa-Service Maintenanceasa-Serviceand Equiprent-Controlasa-Service will

be passible(LaSelle, 2011; L. Wang, 2008; Lihui Wang, Ma, & Feng,. 20ELhardware

providers will still be responsible for executing the manufacturing tasks and ensuring the
quality, but external control and execution as a service will be possible. If a manufacturing
equipment provider does not possess the best or enough competence amiafion for

generating the required planning and control, for optimally fulfilling a collaborative
manufacturing task or mission, these services can be available in the Cloud. A machine can
then be available as either a hard resource requiring exterfdlidd OSa T2 NJ ©2 y (i NP f
O2y iNRtfSReé YIydzZFlI OldzNAy3 OFLIoAfAGE o0& GKS

2.3.18.7 Sustainability

The sharing of resources will not only lead to lower costs and higher productivity and
utilisation for individual companies, but also to a more efiiee use of resources in a global
perspective. Issues such as sustainability, energy consumption, waste reduction and other
environmental factors will therefore find a better and more effective representation within
Cloud Manufacturingespecially due tdits collaborative nature. Consumers will be able to
select and combine different objectiveslary performance indicators.e. cost, time, quality,

sustainability, etc.

2.3.19 Outstanding Cloud Manufacturing Research Issues

When a new manufacturing paradigm is the rise, there will inevitably be some research
areas, concepts and technologies that are less well represented than others. Even though
research withinCloud Manufacturinghas been ongoing for some years, and is rapidly
increasing, there are still atlof studies required before th€loud Manufacturingoncept

can be realised to its full extent. The research areas are widespread and numerous, with

different perspectives and issues for consumers, providers and operators. Some research
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initiatives also boose to focus on, and descrili@oud Manufacturingn relation to their own
research interests and backgrounds, sometimes resulting in somewhat biased descriptions
of Cloud ManufacturingSolving issues of both soft and hard nature remains, even though
many of the hard issues, like core and enabling technologies, have reached a rather high
degree of maturity, as used i€loud ComputingThe concept oCloud Manufacturing
promises many advantages compared to existranufacturing paradigms, and its evabr

and implementations is driven by strong arguments. The most probable scenario is that we
will see the upcoming of a variety Gloud Manufacturinglatforms, many of which will be

providing similar, or the same, resources and thus competing with etdeh.o

The first complete manufacturing Clouds will probably be realised based on national research
initiatives and local enterprise interests. This may later lead to i@feud interoperability
problems, and sueptimised manufacturing solutions withinegarate Clouds, in the
perspective of using the most suitable resources available on a worldwide basis. These
problems could be due to the usage of different procedures (i.e. user agreements, billing
routines), techniques (i.e. knowledge and service manegd) and standards (i.e. for
communication, distributed control, data representation). Vendor {ogldue to proprietary
technologies, inefficient processes or contract constraints is then a risk, and if providers are
present in differentCloud Manufactting platforms, coordination and scheduling of their
resources may also be problematic. This is not optimal and interoperability issues between
different manufacturing Clouds may hinder the exploration of tBleud Manufacturing

O2y OSLIiQa Fdztf LROISYGAlFf o

The Cloud Manufacturingevolution will be a stejoy-step progression from systems using
some of the proposed services and technologies, to more complete implementations. It is
realistic that we will first see the upcoming of a variety ehouse, enterprise dedicated,
Private @uds Being realised within an enterprise, the implementation will not be as
complex as for a Public Clquds the enterprise does not need to cooperate with other
SYGSNIINRAASAa 2N adzy |y 2 ¢ yhéuse Htardadds, Oidteifaces iR~ O y
procedures Community Cloudsnanaged and used by a group of enterprises with similar
unique requirements will come neXdrawing on the knowledge and experiences made from
Private and Community Clouds, thiparty run Public and Hybrid Cloudsll follow later, as

the requirements for these are much more complex and encompassing. To be able to initially
attract resource providers and consumers to these Clouds, Cloud Operators must be able to

offer attractive incentives, mainly regarding ease of operation, cost andriy.
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An international definition and standard fo€loud Manufacturingwould facilitate its
development and implementation and generate better manufacturing solutions. It is also of
importance in an environmental perspective, @oud Manufacturings the most effective
approach for worlewide sustainable manufacturing, enabling the most effective use and

combination of resources for fulfilling customer demands.

For the ongoing development ofCloud ManufacturingCloud Manufacturingconcepts,
technologes and standards need to be defined and decided upon. Besides the core and
enabling technologies, several crucial technical issues remain to be solved, such as: how to
bring a diverse base of resources and capabilities to the Cloud as services (kneveselde
resource Clouding), how the overall control and management of Clouds should be realised,
including the central task of service composition (Cloud management engines), collaboration
between Cloud Manufacturingapplications, open communication standardiistributed
control and coordination of manufacturing equipment, and user interfaces in Cloud
environments. One of the major challenges is the implementation description of physical
equipment, Hardwareasa-Service A standard or technique for consistéytdescribing
equipment and its functionality, behaviour, structure, etc., is requitethlementation of
applications and knowledge is better provided for using establisBémud Computing
techniques, such asofiware-asa-Service Hatform-asa-Service and Infrastructureasa-
Service Numerous research initiatives are under way, and many of these are dealing with
the above mentioned issue§ome critical research issues which are missing or not fully
explored in the literaturdhave been identified. They@described in the following, without

consideration of their relevance regarding possible impact or importance:

2.3.19.1 International Definition of Cloud Manufacturing

An international definition is necessary for a unified view and progression of the successful
development and implementation dZloud ManufacturingAs described in Table 1, a huge
variety of different architectures, platforms, models, frameworks and aggiions for
implementation of Cloud Manufacturinghave been proposed. These concepts have
differences as well as similarities, and vary in respect of detail, complexity and scope.
Together with &Cloud Manufacturinglefinition, an implementation descriptiofor aCloud

Manufacturingenvironment is required for realisation, and demonstration, of its potential.
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2.3.19.2 Standardi sation

Closely related to a definition @loud Manufacturingand supporting its realisation, is the
standardisation of core and enablingctenologies, as well as procedures and methods for

the complete operation o€loud Manufacturingystems.This is of extra importance in the
perspective of intefoperability issues for collaborative tasks between different Clouds. Open
standards and commuéill G A2y LINRPG202f &3 &dzLlLB2 NI AY 3 & LI dAa
to-machine communication in wordide manufacturing networks, should be a prioritised

research area.

2.3.19.3 Intelligent, Globally and Locally Distributed, Monitoring and Control

Systems
As Cloud Manufacturing will support dynamic cooperation and collaboration in
manufacturing tasks within and between geographically distributed users, the need for
control systems that can perform and coordinate these tasks is an uttermost prerequisite. To
be able b optimally schedule and allocate manufacturing resources such as physical
equipment, monitoring systems based on wireless, smart sensor networks will be necessary
to keep track of manufacturing redime information. The effectiveness o€loud
Manufacturing systems will to a large extent be defined by the properties and abilities of
these control systems, which should be able to handle optimal service composition, planning,
scheduling and execution of equipment in a distributed Cloud environment. Theglsuill
need to handle long distance communication regarding time, security and data volume
constraints, as well as int@onnectivity between a huge variety of technologically disparate
and globally dispersed manufacturing resources. From high level catamomanufacturing
tasks down to shop floor control, from automatic selection and composition of services,
down to automatic rurtime generation of control code for unique computer controlled
manufacturing equipment, automation in these systems needsbé& combined with
integrated intelligence to generate optimal solutions. This will be a necessity for handling
volatile and dynamic manufacturing scenarios, unpredicted changes and new products, and
to minimise the need for human intervention. As such, th&tributed control systems in a

Cloud Manufacturingnvironment need to be intelligent, agile and flexible:

1 Intelligent: To be able to automatically generate the optimal service compositions
and equipment control instructions required for completing aagk.
1 Agile: To quickly respond and adapt to changes in @leud Manufacturing

environment and customer demands.
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1 Flexible: To be able to select alternative control solutions, and service configurations

and combinations from different providers, for reafigitasks and demands.

A major problem within control of manufacturing equipment is portability and
interoperability, as theshop floos are populated with manufacturing equipment controlled
by proprietary control systems. The inability of interfacing r&attontrollers hampers
distributed control solutions and enforces the continuous use of equipment specific
programming codes, likeative robot languages for industrial robotnd G and M codes for

CNC machines.

2.3.19.4 Knowledge and Information Management and Sharing

With resource sharing also come the encompassing task of information, data and knowledge
sharing. For effective sharing and reuse of knowledge, a strategy for knowledge management
is necessary, enabling the identification, creation, representatisiribution and adoption

of experiences and insights in an organisat{@iavi & Leidner, 2001; Yiwen Zhang & Jin,
2012) These sources of knowledge might either be embodied in individuals or embedded in
organisational processes or practice. Decentraliseesystems, with isaited island
applications, mean that knowledge is often hard to find and to orgaKisewledge support

is necessary for intelligently performing many cru€ilud Manufacturingctivities, such as:
perception, connection, virtualisation and encapsulatwinmanufacturing resources and
capabilities, Cloud service description, matching, searching, aggregation, and composition,
optimal allocation, scheduling and control of activities and servicesTetthnologies such

as data mining for intelligently procsisng large amounts of data, and Semantic Web, which
promotes common data formats, allowing data to be shared and reused between different

services, applications, and enterprises, will need to be used for effective data management.

2.3.19.5 Business Models

Cloud Mamifacturingwill require the development of new business models, supporting the
collaborative nature of this approach, with networked partners cooperating in distributed
value chains. Traditionally hierarchical business models will not be able to stay ttdbrape

as Internetenabled mass collaboration with access to wawide manufacturing resources
and competence will dramatically improve agility and innovativity, generating an enhanced
ability for rapidly satisfying customer deman@sichs, 2008; Dazhong Wu, Matthew J Greer,
David W Rosen, & Dirk Schaefer, 20013)ese models need to support value creation and

sharing in collaborative value chains, enabling amgpealing to the participation in
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dynamically configured and temporary existing manufacturing entities. The determination of
the valueadding of each part, when a combination of resources from different providers
collaboratively manufactures a customer prexd, will need to be defined in these new

business models.

2.3.19.6 Intellectual Property

Intellectual propertyrights and ownership of information and data is another big issue, as
the once quite clear boundaries between who produced and who uses data will sommewha
diminish in the sharing of applications, services and resources @lard Manufacturing
environment. In the interactions in a volatile and collaborative valoain, between three
different parts, consumer, operator and provider, may all be claiminggnty rights(Parker,
2007) Both background rights, which a company brings to a collaboration task, and
foreground rights, resulted from the collaborative task, need proper frameworks for

negotiations and agreements concerning their future ownership, usage and protection.

2.3.19.7 Distri buted Manufacturing Simulation

To be able to validate the performance of different possible temporary manufacturing
scenarios, for finding optimal service combinations, will be a key driver for moviGp twl
Manufacturing Estimating critical performanceaetrics such as: cycle times, throughput,

equipment utilisation, etc., according to customer requirements, will be will be a key issue.

2.3.19.8 Populating the Cloud

To attract companies t€loud Manufacturingthere are mainly three major concerns which
will signficantly influence their willingness for Cloud participati@ecurity Costand Cloud
Adoptionissues. These issues are crucial@wud Manufacturingealisation and success,
and if not satisfactory solved, thevolution and progress dofloud Manufactting will be

slow:
1 Security:

Even though there are many technological measures for handling and securing data
and privacy concerns, many companies hesitate to move to the Cloud. Since Cloud
services have been growing rapidly the last years, many of tla¢ikEsyes are yet to

be resolved. Today, many Cloud operators usedatermined and standardised
user agreements, as well as satntractors, when establishing legal contracts and

bindings with their customers. National laws may also be in conflict widsd
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agreements, and Cloud operators may be forced to disclose information which may
be sensitive for their customersExperiences of security issues with@ioud
Computing imply that further research is required before presumptive Cloud

customers can baufly confident to join.

Cost:

The scalable usage of @emand resources and servicesGloud Manufacturing

with a payasyou-go approach, is very attractive for most companies. Nevertheless,
gquantitative and robust cost measurements models and methodgh® estimation

of cost savings are required, for justifying a moveCloud ManufacturingAs a
O2YLI yeQa /f2dzR R2LIIAZ2Y AYyAGALFLff& oGAff
project, economic incentives and opportunities must be both appealing andgess

to determine.

Product cost determination at the design phase is of extra interest, as the major
product development costs are determined here, and research in collaborative

economics foCloud Manufacturingroduct development is missing.

Cloud adopbn:

One important area of research relates to the skills necessary to manage Cloud
adoption within a company. Before starting to move services outside the company,
it is absolutely necessary for the company to have a-dafihed Cloud strategy.
Otherwise, theanticipated Cloud benefits may well be hampered by the mess
created inside the company. What kinds of architectural skill sets are required to link
internal processes with the Cloud, and what sort of contract management skills are
necessary to maximise ¢hefficiency of Cloud contract$=r the success dtloud
Manufacturing companies should have a good foundation on internal integration of
information and processes. Therefore, there is a relatively high entrance standard to
implementCloud Manufacturingpr the majority of manufacturing companigglany

of the supporting technologies have reached a sufficient level of maturity, but there
are still numerous issues regarding organisation and implementation to be
addressed. Confidence, through guaranteed perfance, will be a crucial

cornerstone for widespread acceptance and usag€lotid Manufacturingystems,
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but the fear of vendor lock in may also make companies hesitate about Cloud

adoption.

2.3.19.9 Cloud Manufacturing Equipment Control

One of the major researdssues for realising th€loud Manufacturingnvironment is how

to access and control physical manufacturing equipment used in collaborative and
distributed manufacturing missions. High level manufacturing tasks need to be divided and
distributed as suliasks to the shop floors of different collaborating manufacturing
companies, where they should be coordinated and executed based otimeainformation

from both cloudbased and local sources. Therefore, a method for distributed-tnes
monitoring and emote control in aCloud Manufacturingenvironment requires a shared
standardied closedoop control approach, which supports distributed control based on

both global and local parameters and conditions.

2.4 Summary

The interest ofCloud Manufacturings stealily increasing. Proactive companies searching
methods to continuously improve the quality of their manufacturing sohg and looking
for Cloudbased technologies for accelerating their performances will as e@kud
Manufacturing adopters have a sigfitant advantage over competitors, thanks to the
increases in productivity and lower cog&oductivity gains will then be driven by distributed

resourcesharing and better utiligtion of information technology.

The concept ofCloud Manufacturingeriousy challenges traditional hierarchical business
models, as the ability of globaéid mass collaboration offers a much higher level of creativity
and agility as expertise support in all phases of product development can be shared and
accessed. This by fautweighsi KS A YLJ Ol 2 Fhoube experise Joryb&irga Ay
successful, rd will set new standard$or manufacturing competitivenesd.arge, global
enterprises have already started out on the track @bud Manufacturingby applying
resource sharingParticularly for SME€loud Manufacturingvill be able to revolutionise

their way of working, as they will benefit from the ability to use resources that used to be
too complex, difficult or expensive, as designed for use by larger enterprises. Thiskell

them more effective and competitive as it allows them to focus and specialise on their core
manufacturing activities, while retrieving necessary supporting resources frontltned

Being small will no longer hamper them in handling bigger projastgroups of companies

can team up in th€loudto form bigger virtual enterprises, in which each of them performs
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individual specialised tasks and activities, in new collaibaaroduct development chains
and opportunitiesSmall and fast networked SM&dl be able to dramatically increase their

competitiveness in relation to slow and big single enterprises.

Cloud Manufacturingntroduces a new era of technology that will totatlizgange the life of

the manufacturing industrylt moves away from using ehe-premise IT infrastructures,
knowledge structures and loAgrm dedicated physical resources to support highel
manufacturing applications, into th€loudwhere lower cost, tdor-made resources are
available in a pagsyougo concept. The concept seems to include all the necessary pre
requisites for a comprehensive and dramatic change in the way manufacturing activities are
performed. Covering all the different phases of ireduct mamfacturing developmenlife-

cycle from analyses of demands and requirements of markets and customers, over product
design and manufacture, to product ewmdHlife activities,its potential promises many
benefits and improvements. As sychholds the promise of the new, modern collaborative
and resourcesharing manufacturing paradigm, for effective asdstainable worlevide
manufacturing However, a cornerstone in realising Cloud Manufacturing is the ability to
access and adaptively control, manufacturing resources used in saohaborative and

distributed manufacturing missions
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3 Adaptive Control of Manufacturing Equipment in Cloud

Environments
Simmarising the findings from Chapter 1, regardiogallenges facingnanufactuing
industry, two factorsof major importance were identified for manufacturing companies to

be competitive:

- The ability for manufacturing companies to participate in resource sharing and
collaborative manufacturing activities.
- The ability formanufacturing companies to adaptively handle unpredicted events in

their manufacturing systems.

In aCloud Manufacturingnvironment, which involves a disparate multitude of participating
and cooperating resource providers and resource types, the quanfitynpredictable
variations that could disturb and cause negative impacts is dramatically increased. As
manufacturing equipmentcontrol prograns are often created for specific machinasd
scenaris, program portability is usually lowraditional plannindComputer-Aided Process
Planning and control systemare often not able to handle dareseen changes efficient{X.

Xu et al., 2011) Therefore, planning, scheduling and control of physical manufacturing
equipment in distributed environments will be crucial for the successful realisati@hooid
Manufacturing The major limitations usg traditional ComputerAided Process Planning
tools within distributed environmentssuch as Cloud Manufacturiraye their centralised
decision making, static system struot and offline data handlindX. Xu et al., 2011Yhis
delimits their ability to adappre-made process plans tshop floorrun-time variations To

cope with the negtive impacts of uncertainty effectivend to handle lhe volatile nature

2F YIydzFlF QG dzZNAy 3 NB&A2dzZNDSEQ ChadyNekufastdiggd |+ Y R
platform, requiresan adaptive control approach that cadjust to unplanned changes and
variations and be distributed to differenproviders, resourcesnd levels of thesystem
(Monostori et al., 2010)An effective control system should thus possessnabuilt property

of being able to react to, and handle, different kinds of uncertainties, by performing dynamic
decisionmaking.Effective process planreation andexecution therefore requirgeaktime
monitoring ofall involved manufacturing resources, tonstantly andaccurately determine
their dynamicavailabilityand operational status/ithout control based on both global and

local environmental conditions fothe coordination andexecution of distributed and
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cooperating manufacturing resources, the successful implementatiarf Cloud

Manufacturingwill not be possible

This chapter intrduces a method for adaptive, evedtiven and featurebased control for
manufacturing equipment in distributed and collaborative manufacturing environments,
capabé of instantly generatingcontrol in response to prevailingrequirements and
conditions It presents a framework in which agventdriven IEC 6149%unction Block
control structure, in combination with Manufacturing Features, is used for manufacturing
equipment control, as well as using Manufacturing Features for detailing manufacturing
NB a 2 dapnbildi€® and product manufacturing properties, to facilitate resource
composition and matching to manufacturing task requestse control approach is generic
and can be applied for different manufacturiagplications, but is in the following sect®n

described for robot assembly applications.

In the subsequent three chapters (4, 5, and 6), the concept of adaptive control of robotic
assembly tasks in different scenarios is presented. The framework is further detailed and
evaluated in both local, disbuted, real and virtual assembly scenarios, demonstrated
through the use of Assembly Feattifenction Blocks for automated robotic assembly tasks.
The control concept is demonstrated in a research study evolutionary perspective, going
from the local contol of a realshop floorrobot in Giapter 4, to distributed LAN controff

real and virtual robots int@pter 5, to a full sale Cloud control approach im&pter 6.

3.1 Introduction

An effective approacto solving many of thenanufacturing issueslentified n the literature
review, is to apply &ature-based manufacturing. This approach, which stems from a product
perspective, since it builds on the product manufacturing feature concept, is a viable and
effective method for adaptie and distributed manufactung since Featurebased
manufacturing can be realised throudfine application of differentanufacturing services.

By using the concept of manufacturing services, in a similar maortiie use of services
within Cloud ©mputing, manufacturing resources arghpabilities can be provided in
distributed environments, e.g. Cloud Manufacturing which device network capabilities,
such asInternet of Things may enable access for controlling distributed manufacturing
equipment. Through the use of FeatuteasedlEC 6149%®vent-driven Function Blockas
smart and distributable decision modules, riime manufacturingoperations in a Cloud

Manufacturing environment may be contrel and executed, in order to meet prevailing

Page84



- Adaptive Control of Manufacturing EquipmeéntCloud Environments

manufacturing conditions and requirement®eveloped foradaptive anddistributed
manufacturing equipment control, these modules can be combintalcontrol networkgo
satisfy different levels of control needs, and ultimatedglise theidea of Manufacturingas

a-ServicgHerterich, Uebernickel, & Brenner, 2015; L. Wu & Yang, 2010b)

In section 3.2 the concept of Manufacturing Featurds described, together witlthe

perspective of using Manufacturing Features planning and control of manufacturing
equipment & 6Sftf & F2NJ RSEAONRLIi A2y & InBeEtion N8R RdzO (i &
adaptive control through the use of Maradturing Featurd-undion Blocks is presented, and

in section3.4 a Function BlockbasedCloud control sucture is described

3.2 Manufacturing Features for products, resources, planning and

control
The useof Manufacturing Feature has many advantages in mdacturing, asit can be
applied for differentand cooperativgpurposes. Central in this research stuslya combined
approach for use dflanufacturing Featurg, established from a produatesource, planning

and controlperspective, Figure 11

Manufacturing Task Manufacturing Resource
Product and Process Information Capabilities with parameters

\

MANUFACTURING
FEATURES

Perform Manufacturing
Planning, Control, Execution

Figure 11.Combined use of Manufacturing Features
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3.2.1 Manufacturing Features

Featurebased @scriptors, and the concept of Manufacturingatures have been used in

both product design and manufacturing for many years for identifying the relationships
between product fatures and the manufacturing operations required for creating these.

¢CKS TSI {ddz2NBE (SOKYy 2 f(8han& RnderS,498ahyolves the defthitioin dzNB & £
of product designs through the combination of the necesddanufacturng Featuredor
NBIFfAdAAY3d (GKS LINPRdAzOG® ¢KS 2LJJ2aAidSvahINe OS3aa
Holland & Bronsvoort, 2000)n which existing product designs are examined and evaluated

by identifying the necessaManufacturing Featureand operations for manufacting the

product.

Different categories dflanufacturing Eatures can be realised by identifying, classifying and
mappingdiscrete lowlevel or atomic manufacturing operations required for the creation of
unique product featuresTheseManufacturing Featuresan bestored in separatdeature
libraries, ande re-used for creating higher levels of manufacturing functionality or complete
manufacturing applications, by selecting and combining appropritanufacturing
Features Different manufacturing domains ogire different features, e.g. Machining
Featuresfor machining tasks and the creatimf unique product designs, and Assembly
Featuresfor product assembly tasks. A higHevel manufacturing task is made up of a
sequence of different lowelevel basic manufacturing operations, eSjde, Face, Stdp
machining(Tapoglou et al., 2015; L Wang, Jin, & Feng, 2808)Place, Insert, Movén
assemblyLihui Wang, Keshavarzmanesh, & Feng, 20dith can all be defined asmarate
Manufacturing Eatures.Manufacturing resources may provide capabilities for performing
one or more Manufacturing Features and a specific Manufactugadure may be available

from differentmanufacturingresources, and used in different manufaghg tasks
The concept oManufacturing Featureprovidesgreat flexibility as it cabe used to

- detail the product model and the manufacturing task

- describe generic capabiliseof manufacturing resources,

- support and simplifynanufacturing planningndcontrol,incl.programming and the
run-time generation and executionof control instructions for manufacturing

resources

UsingManufacturing Featuretodescribe both products and resourcesécessaryor their

discovery andthe matching between mamfacturing task requests and available
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manufacturing resources-or resourcedlanufacturing Featurefor different manufacturing
R2YlFAya |NB dzaSR (2 RSaAaONROGS (G(KS NB&az2dsaNOSQ3
operations as product features, througlorabinations and aggregations of manufacturing

NEB a 2 dzNDO S aifles anhdizgrapértieg ¥itb fmanufacturingcapabilities For product
manufacturing tasksManufacturing Feature are used to describe how they are to be
manufactured By combining these desptions of manufacturing resources capabilities and

product manufacturing requirements, a supporting Information Framework, for discovery

and matchingof manufacturing resources to products, can be realidgidnufacturing

Features can also be used to deserhow a manufacturing task should be performed, and

different types of manufacturing tasks can be defined by different categories of

Manufacturing Features

The use of Manufacturing Features for performing manufacturing tasks is described in
section 3.22, and the use of Manufacturing Features fogalisng a Featurdased
Information Framework, detailing manufacturing resource capabilities and product
manufacturing tasks, is presented section 3.2.3 In section 3.2.4 a short summary of

Featurebasedmanufacturing is given.

3.2.2 Assembly Features

Manufacturingprocesses are completed by a specific combinatibmanufacturing tasks
which can be defined by a set of Manufacturing Featuvgih industrial robots ready to
take the next step in mastering manufacturing tasks, a novel approach to introduce adaptive
robot control, but also to reduce the prograning effort, is neededThis is achieved by
applying Manufacturing Features as robotntkv-how" and using them as a higher
abstraction level of robot control instructions during programming, control and execution.
An assembly task defines the work to be performed to assemble something Fore
specificdescription of thedetails anduseof Manufacturing Featurg, a robotic assembly task

is selectel and therefore the concept of Assembly Featuieslescribed in more detaiA
robotic assembly task is performed by a robot or a robot ceditation, and may comprise
e.g. to assemble twarts to a component osub-assemblyor to assemble variety of
components into a compte car engine, as described ih&pter 6 Here, robotic assembly
relates to the manipulation of components (parts and agsemblies) for the creation of
assembled prodcts, andAssembly Featuseare used toencode the assembly method
between connected component&n Assemblydature contains the detailed knoWwow of

how to perform an atomic or lovevel assembly operatignand all unique assembly
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operations can be identified and mappedAssembly Featuse and collected in an Assembly
Featurelibrary to facilitate theirreuse in a varietyf different assembly task®\ssembly
Features may be classified in many wégtamidullah & Irfan, 2006epending on criteria
such as: number of connecting form features, type of attachment, mating relatiorsiiip,

or hard relationships, etc., bum this research study only required assembly operations are
corsidered.Assuch,typical basiassembly operations e.¢nsert Screwand Place(Figure

12) are reali:ed as Assembly Featuresvhich are mainly used forcoordination of
parametrised motiongVan Holland & Bronsvoort, 2000xcept for motions, there are also
various actions which need to be performedthin assembly tasksincluding: signal
processing, program logic, decistoraking,and communicationDepending on required
functionality, Assembly Featuseare controlled by various input parameters, e.g. motion
modes, target locations, velocities, tolerances, tdok,l signal IDs and values, elc.a
complex robotic assembly task, @&gsience of different basic assembly operations is
necessary to complete the tasBy groupinglifferent Assembly Featuss the coordination
and control of a set of robot motions and actions is possibbleomplete such an assembly
task Thus, his approab reduces the creation of complete assembly applications to the

combination ofdifferent predefined Assembly Features.

Page38



- Adaptive Control of Manufacturing EquipmeéntCloud Environments

INSERTING

@ =05
ik

RIVETING

7\
N

==

b
Q a
= n =
(@] = w
3 @% o)
o |
|
[ Diameters,
L*}T’l miii'é'.’d'i,’fm
Wil ._l,
(O] b a
= y
= 2 L 2 | K
. $ 2 B
a : o
w (8]
& ﬁ 7 j
o T
= J =
d 4
Z l
<
5 ! d .
o) [ S — |
=
< i
-
m t i
) | !
a b
a /
€
%) B Gluing
5 b .
T e *— e
= (4 T
(@) T ] 1 - R &
Welding

Figure 12. Basic Assembly Features

As an example of this approactet combination of the twoAssembly FeatusePik and
Insertto define picking and insertion of a pin into a hole, as part ofrapde assembly task

(Figurel3), isshown inFigurel4.
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Part y

Base Component™ x

Figure 13. Assembly task

Feature Pick Feature Insert:
Move p1  Approach the pin Move ps  Move the pin over the hole
Move p;  Move over the pin Move ps  Approach the hole at a given angle
Grasp Grasp the pin Move ps  Prepare for insertion
Move p;  Lift the pin vertically Move p;  Insert the pin into the hole
Release Let go of the pin
Moveps  Move end-effector away from the hole

Robot tool

Point 3 Point 4
A 4
Pin insertion length Point 5 & 8
1
Safety | L B Y/ £
height Point 1
Point 6
" ?'\0
. -~ J‘Q__

Point 2 Sz_’% 01 , X Yo

e | Fixture ||
" - X!

r\e,aée“ 0.0 Assembly station

e

Figure 14. Stepwise assembly sequence fassembly § I (1 dzNBa at AO1é FyR dalL

The twoAssembly Featueeare realised as a sequence of robot movements and actions, the
movements following a series pfpositions of the robd (G 22f Qa ¢ 2RFa /TS2YNDIS N,
robot path generation can be calculated once the locations (positionsoaiedtations) of

the hole and pin are known, as well as the trajectory of the inserting operation. These
calculations are performed yunction Bloclembedded algorithms, as describedsiection

1.1.2 Coordinatesof objects to be assembled can also beetiged from sensosystems, e.g.

a laser scanner.
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In order to use Manufacturing Features for adaptive manufacturing equipment control, an
executional mechanism is required, which is capable of automatically generating the
required equipment control instructions. By combining Manufacturing Features wéhtev
driven Function Blocks of the IEC 61499 standard, a Manufacturing Féatmcgon Block
control unit is created, as described in thection3.3. By usingsuch a control approach for
robotic assembly, applyirgyentdrivenAssembly Featur&unction Bbckcontrol, the native

robot controller language can be automatically generated and executed in an adaptive and

dynamic mannefor the assembly task described above

3.2.3 Feature-based Information framework

To support thé=unction Bloclbasedcloudcontrolapproach described int@pter6, enabling

the matching ofmanufacturingaskrequests withproviderNB & 2 dzZNOS&a Q OF LI 6 At A {
information models of these are required. Building on the concept of prodliactufacturing

Features, a unified information ramework describing manufacturing tasks and
YIEydzZFlF OGdzNAYy 3 NBaz2dzNOSaQ OFLIoAfAGASE FNRBY |
For description oproduct manufacturing tasks, a featuenriched product data model is

presented, and for manufactyfid NB a 2 dzNDSa Q Olevellcapdbiitk mioded a = | 1
Together, these two models facilitate manufacturing resource discovery, and the matching

of manufacturing resources to requested taskmr structured and formalised semantic

model representatios, implementation through ontologies and the Semantic Web is

described.

3.2.3.1 Feature-enriched Product Data Model

A product data model expressing the required manufacturing processes and requirements
for product creation would greatly facilitate the automatedscbvery and matching to
possible manufacturing resources. This is especially true in distributed manufacturing
environments, in which the complete manufacturing information may not be locally
@ AfrofSd C2tt2gAy3a (KS 7TESH deSdh&EROdeng, 2t 2 3 &
1988)the product data model can be enriched with the necessary information regarding
Manufacturing Featurefor manufacturing the product. This method for furtitgtailing the
product model is the starting point faa combined approackor adaptiveManufacturing
FeatureFunction Blockenabled manufacturing equipment control and effective resource
request matchingpermeatedfrom a product perspective. A manufactng task request
implies product manufacturing within one or more manufacturing domains. An assembly task

request thus relates to product assembly. For this request, the requissgmbly Featuse
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and their order of precedence need to be specified. Assgmeblated parameters and
constraints also need to be included in association with eAskembly FeatureThis
specification is preferably performed during the product design stage, but feature extraction
methods can also be used to add this informatiortte product data model at a later stage
(X. Liu, Li, Wang, &akig, 2014)

An Assembly dature-enriched product data model is showin Figure 15. To simplify
understanding the model is limited in focusing on the data entries mainly associated with the
FSIGdZNBE O2y OS LI & ¢ KS at I NanSitlide NDdata e, T A OF G A
representing various feature parameters and constraints such as: motion type, target frame,
velocity, reach, tolerance, weight, force, etc. Some of these may be optional as not all are
relevant to everjManufacturing Featurdn the matching procedure between manufacturing

tasks and resources, both feature types and their associated parameiirdefine the

search outcome.

fesseeen SEMBSIEREIES
e SRR

Product name Node parent 1D Sub-assembly
Part

'FK BOM ID Node name

'FK Component ID Component

'FK Assembly Feature ID Component ID
Component Name
Compenent Handling

Assembly Feature Component Category

BOM ID

'FK Component Type

Assembly Feature ID

Preceding Assembly Feature 1D

Assembly Feature Precedence
Parameter Specifications
Assembly Feature Precedence 1D

Preceding Feature 1D

Figure 15. Assembly featureenriched product data model

3.2.3.2 Feature-Level Manufacturing Resource Capability Model

3.2.3.2.1 Manufacturing resource capability
As many manufacturing enterprises are becoming globally distributed production systems,
the traditional use of rigid supply chains is transforming to the use of dynamic supply

networks that can better respond to change ckly and are more cosfficient. Being a
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manufacturing version of Cloud Computing, Cloud Manufacturing extends the philosophy of

Gd9 OSNasaKENBAOSe o0& RS@GSt2LIAYy3I ySs aSNBAOS
Resourceasa{ SNIIA OS¢ | y R CéapabilitfadaF{ SNIBINRS/EIP ¢ KS Y AY
within Cloud Manufacturing is to perform business transactions on manufacturing services

which are composed of distributed manufacturing resources, owned by service providers.

Supply networks are then dynamicalbreated for these collaborative manufacturing

missions. In this process, a key factor is the communication of manufacturing resource
capabilities, e.g. functionality, production processes, capacity, cost, quality, etc. between
participating resource provats and consumers. For the creation of these volatile
manufacturing supply chains, the availability of interoperable and accurate manufacturing
capability information of all supply chain participants is required. A unified reference model

for describing mgf dzF I OG dzZNA Yy 3 NBaA2dzNDOSaQ OF LI oAt AGASE A
are the most fundamental elements that collaboratively satisfy a certain manufacturing task

request.

A major problemcurrently is that capability information models are often deveéu as

NB & 2 dzNDO S propNeag neu8lis\kading to many accuracy amdroperability issues
(Kulvatunyou, Lee, Ivezic, & Peng, 2015; W. Xu et al., ZDi&3e models typically use their
own semantic representation and structure and often include unstructured, and also
conflicting and ambiguous dataDiffering representations for expressing production
requirements, as well as differing taxonomies for categorising manufactresaurces are
commonly used. As a result of this,diversity of interoperability issues arise related to
resource sharindeading to incomplete osub-optimised manufacturing solutions, for which
the most suitable resources are sometimes not ugdt largest obstacle to assembly igil

and effective manufacturingupply chains in distributednvironments igthe absence of a
agreed reference capability moddihe often intricate process of matching a manufacturing
task request to manufacturing resources is performed manually, and therefore tend to be
inefficient as the presence of manufacturing data is superfluous andtésa@tationships
complex. Lack of agreed interpretation to terms used in the manufacturing domain further
magnifies this problem. Therefore, an information model for description of resources and

their capabilities is required, as well as a language famipgementation.

3.2.3.2.2 Manufacturing Resource Capability Models
Models for the description of manufacturing capability often have different perspectives and

cover different levels of capability. The capabilitymadst interest for this research study is
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the fundional capability of manufacturing equipment, which describes what manufacturing
operations the equipment is able to perform. Many other aspects of capability are of course
also of interest in the matching of tasks and resources. Resource properties secsta
quality, availability, delivery times, resource location, consumer ratings, etc. may also be
expressed in manufacturing capability models. The functional capability answers the
jdzSadAz2y 2F agKIGE GKS NIB a2 dzND &ityOnhile othéS NJF 2 NI
OF LI 0AfAl&8 RSAONALIIAZ2YA | yagSNR G(KS [jdzSadArzy
such, capability models often include more than the functional resource properties, and
describe both static and dynamic information. A manufigicty machine model with four
different capability attributes are presented Wyingfeng Zhang, Xi, Li, & Sun, 20T%)e
modelcomprised the following attributedBasi¢ Function Realtime status andEvaluation

A cell level model for more complex manufacturing tasks is also described, featuring:
Description Status Evaluatio, andResourcénformation. The use of condition information

for dynamic modeling of manufacturing equipment capability is describe@\byXu et al.,
2015) The unified description model presented includes three fundamental ontologies: fo
basic information, manufacturing function, and manufacturing processes. Basic information
and manufacturing function describes static information and characteristics, while
manufacturing processes describes the manufacturing conditions and the dynamic
cgpabilities. On the basis of the mapping relationship between thetigad condition data

and the model of the manufacturing equipment capability ontology, the knowledge structure
is able to update in redlme. A 5level manufacturing system capability ol supported by

the formal ontology Manufacturing Sace Description Languade presented byAmeri,
Urbanovsky, & McArthur, 2012Jhe model compriseSuppier, Shop Machine Device and
ProcessEach level is described by an ontological model which enables the capabilities of the
higher level entities, e.g. machine tools and shop floor, to be inferred through aggregation of
devicelevel capabilities. Thewlso describe manufacturing capabilities in the following

dimensionsTechnologicalOperationa) Geometri¢ Quality, Relationa) andStochastic

From a review of some proposed capability models, it is apparent that models often differ in
information scope the representation of static and dynamic information, and number of
capability levels, often referred to as granularity levels. It is obvious that the lack of a unified
standard for manufacturing vocabulary and definitions, in combination with the védge

of manufacturing resources and their applicability in different processes and industrial
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scenarios, is reflected in disparate capability models. Discussions regarding appropriate

granularity levels for the most effective tassource matching are saze.

3.2.3.2.3 Feature-level Capability Model

The level of granularity in manufacturing capability descriptions plays an important role from
the perspective of discovering, combining and matching of resources in response to a
manufacturing task. In the wide spanwarious levels of capability descriptions complexity,
two extremes exist: the lovevel discrete functional capability of a single manufacturing
resource, e.g. the moving of a robot joint, and the highel capability of an enterprise, e.qg.

the manufactumg of a complete car engine. Between these two extremes, a variety of
approaches for representing manufacturing capability exists, differing in complexity and
number of levels. In some respects, there are advantages with this partitioning of
manufacturingcapability into different levels, but it may also be challenged. Using-delost
capability description approach enables identification of numerous matching resources for a
manufacturing task, and from the perspective of resource allocation flexibdityaller
granularity levels would be preferred. Searching for a machining resource to perform some
rudimentary machining operations would then result in an immense set of possible
resources. However to the contrary, the search for a car engine manufagttesource
would probably return a fairly restricted set of resourcésManufacturing Featurevel

capability partitioning couldiacilitate and speed up the search for suitable resources.

The number of matching resources for a unique manufactutask request would be

RN} &GAOFft& NBRAZOSR AT | Yl ydzFl Ol daNdicjed NI & 2 d:
to the limited number ofpre-defined product Manufacturing Features. The concept of
Manufacturing Featurdevel capability can also be used for déking the capabilities of
combinations of resources and their functionalities, e.g. possible assembly operations

realised through the combination of a robot and a gripper tool.

From a resource perspective, a Manufacturing Feature is a combination ahafacturing
NBa2dNDOSaQ OFLIoAfAGASEAY YR RSaAONAROSE (GKS t
feature, within a certain manufacturing domain (machining, assembly, etc.). From conceptual
functionalities, it is possible to identify typical maaofuring properties and atomic
manufacturing operatiog for matching against different categories of Manufacturing

Features as capabilities.

A featurelevel capability model for the robotic assembly domain is presented in Figure 16.
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Manufacturing Resources Functionalities Properties Assembly Features Parametrized Operations
and Constraints

rgets, Velocity, Reach,

Robot Motion Move Linear —___| /Tal
A Precision, Weight,

Move Joint [ INSERT ‘ .
Move Circular / ] Workobject
Communication Analogue, Digital, Bus\ 7 /’Signal ID, Signal Value
4
Logic Program Flow, N__\. IF, FOR, WHILE
Calculations I A+B
Gripper Grasp Open, Close < /‘/Dimension, Velocity, Force
Screwdriver Screw Right, Left 761—-" /  Velocity, Torgue
& £
Laser Scanner Perception Detect: Object, Frame, i Resolution, Distance
Quality

Figure 16. Featurelevel asembly resource capability model

Four manufacturing resoces and their associated functionalities, degdilby functional
properties and their defining parameters and constrajintiefinesa higher conceptual
Assembly Featureapability leve(For reasons oflarity, all possible relations have not been
graphically represented, and only a subset ohikble properties are included.Xhis
modeling approacthusrepresents capability ddlanufacturing Featuredefined by specific
parameters and constraints. Hera manufacturing operation is the detailing of a property
with related parameters within existing constraints. The feature(s) related to a specific
resource and its properties can be explicitly defined by the resource provider or implicitly
inferred froman ontological descriptiofiXia, Gao, Wang, Li, & Chao, 20F)r defining
features, standardised feature templates can be used, describing the required set of unique
operations for each feature, e.tnsert Figure 14Followng this capability model anigvel

of granularity a quicker assembly task request anenufacturingresource matching can be
performed on anAssembly Featurevel. As a first step in the matching procedure, task
decomposition and parametdeature identification are used, followed by a featdevel
resource search. The featusmriched prodict data model will be the primary defining
source for setting the search conditions in this process. When available resources for the
requested manufacturing task have been found, a second search can be performed among
these, now focusing on other resoercapabilities other than the functional ones, e.g.
requirements regarding cost, availabilityuality, etc. The outcome would provide the set of
resources which best matches the manufacturing request, and from which the final resource

selection can be mad
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For effective search and inference capabilities, a rtayter ontology is an effective language

to implement the proposed information framework, which is outlined in the next section.

3.2.3.3 Semantic Ontology Information Representation

A Cloud Manufacturingrevironment maycomprise of a large variety of different distributed

and heterogeneous manufacturing resourcas resource providers can offer services based
on hard, soft and capability manufacturing resourcesach which may hold unique
manufacturing cagbilities. To improve the quality and efficiency déscription,discovery

and matching, Semantic Web and ontology technologies can be used to describe both
manufacturingresources and taskdn the Semantic Web, information is structured and
linked throudn the standard rules of grammar and language structure, so semantics meaning
can be expressed. The majority of interoperability issues could be solved by annotating the
manufacturingresource capability and taskinformation usingstandardied and shared
ontologies.Such a unified ontology framework is required &iandardied information
exchange, knowledge management and seamless cooperdiiween collaborating
providers and consumers and their invoked servi€astologies provide a solid mechanism

to represent real world objects andre particularly important to provide computers with
explicit definitions of relevant domain knowledge representations, as well as reasoning
capabilities for reviewing knowledge to infer additional informatiaa well aso allow high

level interoperability between system@&uarino, 1998; Staab & Studer, 2013; Yen, Zhu,
Bastani, Huang, & Zhou, 2016)

An alternative method for establishing the proposed resource and product information
models, in case they do not already exist, is to use an ontdlaggd information
representation ad retrieval approach, as described K)ia et al., 2015)Product and
resource data is often handled by heterogeneous information systems and stored in different
systems at the faciligis of providers and those requesting a task. Using an ontdlaggd
approach, the contents of different data sources can be retrieved and represented
semantically. With ontology extraction, information regarding resources or products can be
structured andformalised into local ontologies. In addition, through the use of semantic
augmentation and querying, as well as matching to global manufacturing ontologes, n

information may be inferred.

It is not feasiblé¢o develop a sole, complete Cloud Manufacturorgology, since different

manufacturershave different requirements. A mullayer ontology structure is therefore
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realistic, for constructing dedicated ontologies for different levels of manufacturing
applications and situations. The major problem when developing an ontology, to cover all
aspects of a certain manufacturing domain, is to get everybody to agree to a shared
understanding, interpretation and denomination of all objects, entities and their
relationships. In reality there are often different interpretations and definitions prevailing for
many typical and common manufacturing concepts. Ontology development is therefore not
really an information technology problem, but rather more of a domain conserssue. To
support the implementation of the proposed Manufacturing Featbesed information
models, a multlayer ontology structure, including ontologies for manufacturing teses,

products and features, anequired.

3.2.4 Summary

Through the use of Feate-based manufacturing, a combined approach for planning and
control of manufacturing operations, as well as detailing manufacturing resources and tasks,
is possibleManufacturing Features can be used to describe the capabilities of manufacturing
resour@s and todetail the product model and the manufacturing task, instantiatang
supporting Information Framework for discovery and matchingufable manufacturing
resources tarequestedproductsto manufacture UsingManufacturing Featureso enable
manuacturing planning and control, with rdime generation and execution of control
instructions for manufacturing resources ihe main focus of the Featurebased

manufacturingoresented in this researcstudy.

An eventdriven and distributable control appach for manufacturing equipmentapabé
of instantly generatingcontrol in response to prevailingequirements and conditionss
described in the followingectiors. It is constructed from the combination of evadriven

IEC 61499 Function Blocks and toacept of Manufacturing Features.

3.3 Event-driv en adaptability using IEC 61499 Function Blocks and

Manufacturing Features
Traditional computerised control of manufacturing equipment is rigid regarding structure,
content, and adaptability to changes, asusually relies on controllers executing pre
determined control programs. The preparation and programming of many automated
manufacturing tasks, e.g. robot assembly operations, are -toresuming and require
experienced and skilled robot programmers. Thieoftedious programming work, eline

or off-line, comprises the creation of control code for specific robots, operations and
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products. In the case of an unforeseen assembly change or variation, the predefined robot
program may have to be changed, and stimes completely recreated. The extent of
control code regeneration then depends on the effects and influences of the change. As a
robot control program is often created for a specific assembly segnarogram portability

is usuallylow. As Cloud Manufaturing environmens often involve many cooperating
manufacturingresource providers, the number gburces fowvariations and unpredictable
eventsthat could disturb and negativelaffect these control programess a consequence

increased.

Being exposetb so many variations, these manufacturing environments would need to be
able to rapidly and automatically adapt to changes, to avoid the undesired effects of
unpredictable events. An adaptive and distributed control system, using intelligence and real
time manufacturing information, could enable dynamic decisitaking and control
capabilities in response to prevailing requirements and conditi@m&l as such reaéisa
manufacturing system able to successfully cope with unforeseen variations. The
development and increasing use of the Internet of Things facilitate the widespread use of a
multitude of internetconnected sensors, generating massive amounts of manufacturing
data. Using data alytics associated with big datthis could be the basier creating the

next generation of manufacturing control. But to more effectively utilize this increasing
amount of available data, a transition from tiriéggered manufacturing control systems, to
eventtriggered, is advantageous. A tiaigggered approach build®n a deterministic,
planned system behaviour, based on estimated demand and known manufacturing
scenarios. Unforeseen randomness is not catered for, as the deterministic approach builds
on a predictable demand and a stable manufacturing system withoutreséen variations

With sensor feedback ahaneventtriggered approach, the system behaviour can adopt to
actual, prevailing manufacturing conditions, for a more efficient and flexible manufacturing,

in which adaptive decisiemaking is possible.

In the bllowing sectios, such a control approach feventdriven adaptability, combining

IEC 61499 Function Blocks and Manufacturing Features, is described.

3.3.1 Manufacturing Feature -Function Blocks
To practicallymplement the concept oManufacturing Feature forthe adaptive control 6
manufacturing equipmentan implementation approach for the planning arnxkeution of

Manufacturing Features is necessary. For tlas, executional mechanispcapable of
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automatically generating the required equipment control instructions is requiRehlisng

the full potential of IE 61499 Function Blogkthe inclusion of Manufacturing Features

makes possible an adaptive and flexible control approach for different faaturing
applications.By combining the distributed rutime decisiommaking properties of event
RNA@GSY CdzyOQiAzy .f201aKepéK2FKSEI YdaF dzOk OaNazMAE y
possible to create the executable manufacturing control system asiaManufacturing
FeatureFunction Block.Furthermore, by mapping the desired functional behaviour of
Manufacturing Features to the algorithms of the Function Blocks, this unit provides the
encapsulation of manufacturing feature functionality, as welldat transfer, the event

driven process and execution control.

Through this mapping of individual Manufacturing Features to separate Function Blocks,
unique functionality is embedded into these Function Blocks” algorithms, creating function
specific Manufaturing Feature=unction Blocks. The algorithms are thus designed to create
the desired Manufacturing Feature functionality, therefore, when triggered, they will
dynamically generate the manufacturing control instructions required to perform such a
basic nanufacturing operation, e.dnsertfor a robotic assembly taskhis assembly scenario

is demonstrated ifrigure 14in which the targets and the trajectory of the Assembly Feature
Insertcan be calculated by embedded algorithms of an Assembly FeRtuation Block,
Fgure18.

In Figure 17a Machining Featur&unction Block is presenteds an example of a

Manufacturing Featurdé-unction Block

Feature type Function Block Execution Control Chart
El_Init - ] EO_Init
4-Side Pocket E1_Run o Execution Control EO_Rdy /
El_Upd a N S
a ! 4-side pocket RUN
\/ Internal Algorithms
Tool_ID o ALG_INI ®——— FB_Exe 1
Oper g ALG_RUN
ALG UPDATE
Pos * UPDATE
| !
Internal variables [ALG_UPDATE [EO_Rdy]

Figure 17.Machining Featurd-unction Block
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The figure preserst ad-side Pocket Machining Featurd-unction Block, with input and
output connections together with its associatalfjorithms Feature typgleft) and Execution

Control Char{right).

TheManufacturing Featurd-unction Bloclkcontrol constructis generic and can be used for
different manufacturing applications, ever, in the followingsectionit is described for
robotic assembly applicationgs described withisection3.2.2 the focus of this research

study is on the use of Manufacturing Features for assembly task8ssembly Features.

3.3.2 Assembly Feature -Function Blocks

Creating robot assembly functionality includsstting typical robot parameters such as;
targets and paths, robot move modepdl Centre Point speed, level of accuracy, db
reference frame/workobjectd use, etc. For successfully performitige required robot
operations, reatime generationof correct control instructions is necessary, therefore
adaptive robot control requires redime monitoring of the status of the robot and its
working ervironment, and its procesgrerequisites The Assembly FeaturEunction Block
algorithms are constructed to realise the specifissembly Featuréunctionality, which
means that they will dynamically generate the required robot control instructions to perform
a basic assembly operation, eRjacing Inserting Screwingetc., Figure 14) TheAssembly
FeatureFunction Block based contradystenis adaptivity property derives from the
Assembly FeaturEunctionBlock Q | 0 Af A& (2 | R2dza (i asteiByi NJ 2 dzi |
conditions, as te algorithms are triggered ireattime by arriving input eventférom the
robot and itsenvironment. Followig the defined behaviar in the Execution Control Chart
the values of available retime data inputs will be read and the control instructions
automatically geerated by the executed algorithms, as Assembly Fedfumection Blocks

data outputs.

Demonstrding this concept, a combination of an extedriven IEC 61499 Basic Function Block
with the Assembly Featurénsert instantiating anAssembly Featur&unction Block, is

depicted inFigure 18with its associated Execution Control Chart showigure 19
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ELINI — , H F—— EO_INI
_ Inserting 0
30 BlRun ] AF-FB L EO_RUNRDY| £
ca k)
2 | ELUPD — L] ECC C3
El ESR — B EO_ESS
INI_LINFO —{_— - FB_INFO 0
50 L . €0
T AT —{ | Internal Algorithms AT g g,
= Q —
%} ALG_INI
AC_UPD — H ALG, RUN FB_EXE ¢
ALG_UPDATE
ALG_MON
A A A A l
y \ 4 \ 4 \ 4 @
Internal
Variables / @

Figure 18. Graphical definition of amsertAssembly FeaturEunction Bock

ThisAssembly FeaturEunction Blockolds a set of algorithms for thgeneration of run

time adaptedrobot control instuctions to realise the required assembly operatiombe
functionality and behaviouof the construct is in the following described in detail for the
InsertAssembly Featurebut all the Asembly Features iRigurel2 can be similarly mapped

to individual Assembly Featufeunction Blocks.dehAssembly Featur@unction Blockwill

then be knowledgeable of how to realise the associated assembly operations to fulfill the
functionality of the unique Assembly Feature. The functionality is thus achieved through the
embedded algorithmsyhich aredesigne to produce theequiredassembly operationThe
overall Assembly Featwfeunction Bloclbehaviour is defined in the finite state machine of
the Execution Control Charfollowing the sequence of: read the values of data inputs,
sequencing and execution of the algorithmend publishing contioinstructions as data
outputs. The Execution Control Chasbntrols thebehaviour as it specifies theelationship
between the events and algorithmsn other words, an arrivinghput event triggers an

algorithm according to th&ecution Control Chart
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The depicted Assembly FeaturBunction Blockn Figurel8 containsthe 4 eventdriven
algorithms:ALG_INI, ALG_RUN, ALG_UPRATELG_MONeach of which can perform the

following functionality:

- ALG_INI:

For initialization of thé=unction BlockRetrieves initial@tion information from the
data inputINI_INFQo be able to perform robot control instruction creatiom\fter
reading information such athe location of necessary objects, robot ID, component
information, access dirdion, path parameters such as travel mode, target location,
travel speed, accuracy, tool, etc.,gererates the robot control code abe output
data FB INFOThis information can be used in a preliminary test run of the control
code in a simulation modelf the real robot system, for verification of functionality

and estimation of assembly time.

- ALG_RUN:
Runs the generated control coda the data outpufB EXHEo perform the assembly
operation of theAssembly Featur&unction BlockReads estimated assembly time
from data inputATand produces accumulated assembly times on the data output
AT. Due to the fact that robot controllers do not recognise thésssembly Feature
Function Block, the control commands prepared by the ALG It be translated
to the native codes of a specific robot at runtime before executfbmthis research,
a front-end application server with an IEC61499 enabledtime environment is
chosen to run theFunction Block, whereas theé~unction Bloclgererated native
robot control instructiors are transmitted to the robot controller for immediate

execution)

- ALG_UPDATE:
Generates updated assembly conditions by reading the data iAgutUPDWhen
required by changed redime conditions oupdatedrequirements,jt produces new

control code that overrides thby ALG_INauto-generatedcode
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- ALG_MON:

Monitors the assembly parameters and conditions and produéesction Block

execution status on the data outpB EXEIt runs in parallel of other algorithms

when triggered to avoid interruption to normal operations.

The following input data is available to the Assemblgitiie-Function Block irrigure18,

when the associatedput event is triggered (Tablg:3

Table 3.

Assembly FeaturEunction Block Event and Ddtguts

INPUT EVENT

INPUT DATA

El_INI: Assembly Featur€unction Block

initialisation requested.

INI_INFO (Initialisation information):

- Coordinates of the components to assem
- Robot/ Tool | D6 s .

- Access direction.

- Component dimensions and weights.

El_RUN: Start Assembly Featwféunction

Block control execution.

AT (Assembly time):

- Estimated assembly time, e.g. frg

simulation run.

El_UPD (Update): New

parameters/conditions available.

AC-UPD (Assembly Condition Update):

- Runtime updated assembly conditions

El_ESR (Execution Status Requdftom
leval) Start

monitor execution, assembly paramet

higher  planning/control

and conditions.

The following output data is available from the Assembly Feafurection Blockn Figure

18, when the associated dput event is triggered (Table)4
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Table 4.

Assembly FeaturEunction Block Event and Dafautputs

OUTPUT EVENT

OUTPUT DATA

EO_INI:

Block initialisation performed.

Assembly  FeaturEunction

FB_INFO (Function Block Information):

- Selected Tool | D6 s .
- Path/trajectoy of tool for selected robot ID.

- Control related assembly parameters,

travel speed, required force, accuracy.

- Native robot control code/instructions.

EO_RUNRDY: Assembly Feature
Function Block control executiol
available.

AT (Assembly Time):
- Accumubted assembly time from ongoir
execution, or estimated e.g. from simulati

run.

FB_EXE (Function Block Execution):
- Function Block generated assembly cont

code/ instructions.

EO_ESS (Execution Status Sent (to higl

planning/control  level)):  Monitoring

available

AT (Assembly time):
- Accumulated assembly time from ongoi

execution.

FB_EXE (Function Block Execution status)
- For monitoring of Function Block executig

and assemblgonditions.

The Execution Control ChgRigurel9) for the described Assembly Feattif@inction Block
has Sdifferent states: START (Black box), INI, RUN, UPDATE and MON.
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INl  — ALG_INI

EO_INI

RUN | ALG_RUN |EO_RUNRDY

UPDATE — ALG_UPDATE

MON | ALG_MON| EO_ESS

Figure 19. Execution Control Chart for Assembgature-FBin Figurel8

Here, each stat@as onealgorithmassociated to it. (In this example, only one algorithm is

associated with each state. However, states can hold many algorithhes4 &lgorithms in
the Execution Control Chadre defined in theAssembly Featur&unction BlockWhen a
state becomes activiethrough the presence of its associated input evEnicept START)s
algorithm is triggeredo execute. When it hafinished, an output event is triggereahich
announces the availability of a new data outpuighich are the resultef the algorithm

execution The Output events in thExecution Control Chaarealsodefined in theAssembly

FeatureFunction Block

The 4 input events defined in thessembly FeaturEunction Bloclkare used agransition

conditionsfor activating the sates in the Execution Control Chart, builyone at a time So

when an input event is received, the associated staiecording to the Execution Control

Chartbecomes active and its algorithm is executédk S & m €

%

iKS

i NI y&A

indicates that when the execution of an algorithm is completed the state changes bidnek to

statea { ¢! we¢ € ®
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3.3.3 Combining Assembly Feature-Function Block s for creating assembly
control applications
WhenAssemblyFeatureFunction Block have been created, they can be stored in a common
Assembly FeaturEunction BlocHibrary, for later reusein the generation of new robotic
assembly tasks. Complex assembly applications can then be controlled by combining
different Assembly Featur&unction Block into a Composite Function Block control
application While basicAssembly FeaturEunction Block can define the functional
relationships between events, datand algorithms for individual Assemblyedtures
fabrication, heir combination into arAssembly Featur&unction Blockietwork can form a
Composite Function Block representing a high level assembly task. Such a Composite
Function Block may consist of sevefdsembly Featur€unction Block and/or other
Composite Fuetion Blocks with partially sequenced connections via event and data inputs
and outputs. The event flow among the includeghction Block also determines theorder
of execution, i.e. thassembly sequenc€&igure 2Ghows a Composite Function Block, whe
the sequence among three paralkssembly Featur&unction Blockis facilitated at runtime

by anEvent SwitcH-unction Block

% E J ¢
| Feature
| 2 I

Feature Feature Feature
L ] *,
1 3 5 ¢
342 L|
Feature
4

Figure 20. Gomposite FBApplication with dynamisequence adjustment
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lfan assembla S1j dzSy OS 2 F S othehthreéeAssemblyFeatares24 tieEvent T 2 NJ
SwitchFunction Blochvill fire events accordingly to appropriafessembly FeaturEunction

Blocls for feature fabrications in the order of432. It thus adds flakility for the Composite
Function Bock to dynamically adjust the assembly sequence of-eritical Assembly
Features Figure 21shows the graphical definition of tHevent SwitcH-unction Blockwhere

the only data inpuis ROUTE, carrying tldgnamically selected assembly sequence string.
The input event EP is the request to parse the ROUTE string, and the EO_P event outputs

will trigger the activation of the selected Assembly Feattomction Block.

ELINI ———— ——— EO_INI
ELP — Event - EO_P,
Switch
FB — EO_P2
éeé
EO_P,
EO_DONE
Internal Algorithm

ROUTE L] ALG_INI

ALG_SWITCH

Figure 21.Event SwitcHrunction Blok

The data iput ROUTES used as a reserved port for controllerel operation planning to do

the local optimisation of the assembly sequence. Once the final sequence becomes explicit
for those parallel features, a string of integer numbers indicating the sequer@plied to

the port. The function of event switching is realised by an internal algorithm ALG_SWITCH,
which parses the input data string and triggers one execution event at a time until the entire
string is exhaust An acceptable string must only inciudon-repetitive numbers,e.g.

& o n H érgpreseytt Bl parallel features needed for switchprgcedure

3.3.4 Adaptive Robot Assembly Control using Assembly Feature -Function Blocks

The construct of the control approach providés ability to dynamically adapb variations

in assembly tasks, such as: changes in product designs, changes in assembly component
locations, performing operations with a different robot toane robot completing the
operations of another robot, etc. In contrast to traditional procepgnning and

programming of manufacturing equipmerdt an early stage in the product development
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process, the required robot control de is here generated automatically and instaniy.
continuously monitoring the status of the robot and its workingiemwment, the data inputs
can be fed with the reaime information of the ongoing assembly tagkhen incoming input
events representing specific requests to generate specific solutioiggierthe execution of
algorithms the corresponding robotic cordl commands will be produce@®ecisiormaking
canthen be performed on the basis of the prevailing status ofdlssemblysystemsituation,
available to the Assembly FeatduFeinction Block through its data inputi will then
generate the correct contratode incl.varying parameters, e.gobot trajectories targets,
requiredforce, travel speedprocess parameters, tools to use, etor a selected resource
to assemble a certain producthisadaptivecontrol approach provides great flexibility since
the functionality mapped into thé&ssembly FeaturEunction Blocknay be able t@enerate
the same assemblyesult when perbrmed by different assemblyesources. For this,
different algorithms are creatednd included in th\ssembly FeaturEunction Blockeach
customised to match specified robots, tools and assembly scenarios. A data input is then used
to reade.g.the ID of the robotat Assembly FeaturBunction Block initialisatigrfor the

selection @ the corresponding algorithms.

However, the level oadaptability is not unrestricted, biitounded by the assemby & & 1 SY Qa
ability to adapt to changes through the functionality of the control system. Architectural
hardware perspectives or different phyalaeconfigurations of manufacturing equipment
such as robots, are not considergdthis researctstudy. The level of control adaptability is
fully dependent on the sophistication of the construction of #eecution Control Chaaind

the Function Bloclalgorithms, as well as the scope of available-teaé information to be
accessed and processdd order to generate control instruction€ontrol approaches may
range from reading robot target information from a single sensor, to be input to Assembly
Feature-Function Bloclalgorithms generating robot move instructions for sertfeature,

to the canplex processing of informatiofrom a network of sensors, actuators and
controllers by algorihm implemented Al technologie# order to analyse andyeneiate
optimal robot path control for a robot operationlt is possible for a\ssembly Feature
Function Blocko generate legacy robot control instructions code to best utilise the legacy
robot tools, before runtime models of the FunctionoBks become the buiin functions of
robot controllers. Assembly FeaturEunction Block could also be linked to external
computational resourcesas applied ifCloud Robotics, for support in calculateg.optimal

robot paths.
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Combining IEC 61499 Ftina Blocks with Manufacturing Features fagalisng adaptive
equipment control solutions has been successfully demonstrated for some different
manufacturing scenariosln (Holm, Adamson, & Wang, 2013; Holm, Adamson, Wang, &
Moore, 2012; Lihui Wang, Hao, & Shen, 2007; L. Wang et al., Rzbbjning Featureare

used for CN@nachining control, and ifAdamson, Holm, & Wang, 2012; Adamson, Holm,
Wang, & Moore, 2012; Lihui Wang, Adamson, Holm, & Moore, 2012; Lihui Wang, Schmidt,

Givehchi, & Adamson, 201Bssembly Features are used for robotic assembly control.

3.3.5 Assembly Feature -Function Block Control Advantages

The Assembly Featwfeunction Block control appach enables system properties such as:
complexity decomposition, Assembly Feature encapsulation, adaptive assembly execution,
and reaidtime process monitoring. Overathe construct yields an agile assembly process

behaviourwith the following advantage

1 Since the Assembly Featdreinction Blocks are evedtiven they can dynamically

react to, and handle, variations that may appear during assembly operations.

1 The Assembly Featwfeunction Block embedded algorithms enable -time
decisionmaking based on monitoring and acting upon retime manufacturing
information. It is thus the actual conditions within the manufacturing system, fed
back to the Assembly FeatuFainction Block control system through a monitoring
system of sensors, which dynamicallgtdte how the manufacturing equipment will
perform the required operations. This enables adjusting to variations and changes,
anddetailed assembly control data are generated by the algorithms at the controller
level. Once a specific robot is chosen, thakmrithms can make decisions on robot

trajectory, motion control, and optimal assembly parameters at-tiume.
9 The required robot control code is generatadtomatically andat rurn-time.

9 Traditional programmingequires skilled and experienced programmeand is often
time-consuming. The use of Assembly Feafdomection Blocks speeds up and
simplifies the robot programming effort, and reduces it more or less to the
appropriate selection and combination of a networked set of predefined Assembly
FeatureFunction Blocks, which a robot can execute one by one to accomplish the
assembly task. The knowledge of how to perform control is hidden in the Assembly
FeatureCdzy Ol A2y .t 2014z S o3 ntelléctudlProperty (i NP f
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9 FRunction Blocks areesource independerdnd can be dizatched to different robots.
As such g@enerated assembly plan can begditched to differentrobots on an as
needed basis.A key virtue in this concept is thahd functionality of Assembly
FeatureFunction Block is gemric, as thefunctionality mapped into thd=unction
Block algorithms will generate the sameesult when performed by different
manufacturing resourcedror this, an Assembly Featdfeinction Block can hold
different algorithms, customized to match diffefenobots. These Assembly Feature
Function Blocksan therefore be reused as building blocks in varyimgbotic
assembly application®Vith traditionalrobot programmingthe created control code
ispredefined for specific robat tasks and products, and o be modified or totally

redefined when a change occurs.

1 The Assembly FeaturEunction Blockbased design of this control pmach is
implementation platform independent. The system on which it can be executed may
be composed of one single device or queed of a network of interconnected
devices. Each device should be equipped with an IEC61499 enabldomeun
environment in order to be considered for the execution of théssembly Feature

Function Blockased control applications.

3.3.6 Summary

The IEC 61499 Function Block concept is highly relevant to distributed process planning and
adaptive manufacturing equipment control in data encapsulation and process plan
execution. The concept of combining/lanufacturing Feature with IEC 6149%unction
Blocks, monitoring and acting upon rediime information enablesan intelligent, agile and
flexible solution for performing collaborative ardistributed manufacturing tasks, which
facilitates the lowlevelshop floorimplementation of Cloud Manufacturin@nce applied to
robotic tasks, the evendriven model of an IEC 61499 Function Block gives a robot system
more intelligence and autonomy to make decisions on how to adapt an assembly plan to the
change of robot configuteon and/or so as to best utiksaspecific resource available at the
time. In contrast to the traditional approachf sendhg data to the robot controllem the

form of predetermined control instructions, a set of evedtiven algorithms, embedded in
Function Blocks will catéor an acptive scenario to handle different typesagsemblyun-

time changesby creating the required controhomentarily.
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To realise control in distributed manufacturing environments, a maiter control structure
incorporatingAssembly FeaturEunction Bloks is neededSuch an approadk described in
the next section in which a ©ud perspective on manufacturing equipment control is

presented.

3.4 Cloud Manufacturing Control Structure

Sincethe introduction of Cloud Computing, with models to offer softwardrastructure,
platforms and applications in the form of services, cloud technology has been extended to
the manufacturing domairfD. Wu, Rosen, Wang, & Schaefer, 2038rious distributed
manufacturing systems have been presen{éd Tao, L. Zhang, et,&011; X. Xu, 2012; Lin
Zhang et al., 2012)offering onrdemand and scalable manufacturing services over the
Internet from a shared pool of distributed manufacturing resour(®@s Wu, Terpenny, &
Schaefer, 2016)These resurces range from facilities, wotdells, machine tools and robots,

to capabilities and software. The use of such manufacturing services within Cloud
Manufacturing is fundamental for distributed manufacturing and also facilitates

collaborative manufacturig missions.

The Manufacturing FeaturEunction Block control approach, described in the former
section has previously been demonstrated in the losabp floor domain, for realising
adaptive control of local robot applicatiofiddamson, Holm, Wang, et al., 20jamson,
Wang, Holm, & Moore, 2014bHowever,the distributable nature of IEC 614%inction
Blocks is an important property for their use in distributed manufacturing environments,
such as within Cloud Manufacturing. Besides different Function Bypestthe IEC 61499
standard also defines the interaction and communication between distributed Function
Blocks. This enables networked Manufacturing FeaRuaction Blocks to be integrated as
manufacturing services in a cloud platform for the plannindg arecution of manufacturing
tasks at different system control levelategrating Assembly Featufainction Blocks in such

a control structure constitutes a cloud service for robot contimiplementing the concept

of Robot Controbsa-Sevice Supportirg Function Blocks of different types are needed in
such control structures for control activities beyond the functionality of Assembly Feature
Function Blocksfo facilitate execution control and enable process monitoring during
function block executionas well as to enable communication between distributed Function
Blocks. These Function Blocks are described as parts of a completeFQlmttbn Block

Control Structuren Chapter6.
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Amongst a multitude of possible cloud control scenarios for a manufagfusaskrequest,

two extreme alernative solutions exist:

- a complete highevel cloud service, for which orserviceprovider performs all
necessary manufacturing tasks, e.gpeovider offering Manufacturing/Assembas
a-Service in a resgoe-serviceMany-to-One mapping,

- alowlevelcloud service approachyr which a combination aferviceproviders each
provide lowlevel services to collaboratiwetomplete the higHevel task. . Rbot
Gontrol-as-a-Srvice together with Robot Softwareasa-Service and Rolot
Hardwareasa-Service a combination of many OR®-One resourceservice
mappings. Robot Hardwareas-a-Serviceimplies that a provider offers the use of a
robot, which could be providedybdedicated manufacturing centseor by providers

offering the sharing ofgare equipment capacity).

Between these two extremes, a multitude of service composition solutions are also possible,
depending on the division of the consumer request into separate services. (As a cloud service
consumer, information abduthe exact composition of services for completing a
manufacturing task could be irrelevant and hidden by the system, especially when automatic

service retrieval and composition is used.)

The aim of this research study is to descréveloud servic@®riented system for adaptive
control of distriuted manufacturing tasks in a Cloud environment. This chagitess the
technological prspective of how aloud service can be realised and implemerited Cloud
Manufacturing platform It is desched for roboticassembly tasks,dwever, the presented
control concept is not restricted to assembly only, but is also applicable ther o
manufacturing applicationdt builds on a twdevel planningand controlstructureseparating
generic data from resourespecific,in which SupervisorZloudPlanningperforms generic
process planning ah Local Operation Planningerforms detailedshop floor operation

planning and executio(Figure 22
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Figure 22.Two-level Function Blockased control structure

Unlike conventionalComputerAided Process Plannigystems, this Function Blotlased
control approach can provide twway information flow. Theshop floor monitoring
information adds value to adaptive process planning and is of vital importanséadprfloor
execution control and yhamic schedulingOnce astatusrequest is sent to the Assembly
FeatureFunction Block that runs on a specific resource, its runiim@mation including
current assembly conditions and job completion rate will be sent back to the requsster
that process plans can be dynamically modified according to the dynamics of the actual

manufacturing process.

The followingsectiors describethe complete controlsystem structure, includingloud
services and moduldsr integratingdistributed manufacturing manageent and execution
in a Cloud Manufacturing environmenin section 3.4.1 Robot Controhsa-Serviceis
described andn section3.4.2 Cloud Service Manageméspresented and illustrated by a
cloud control scenario in which cloud services of differepet/are combined to complete

an assembly task.
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3.4.1 Robot Control -as-a-Service

Compred with conventional centraksl process planning systems, this control approach can
distribute decisioamaking in two steps and at two levels. The Righel process planare
generic and portable to alternative robots, and only need to be generated once. The low
level operation plans are adaptive and optimal to the chosen available robot, and are

generated at runtime to absorb the lastinute change on a dynamic shbp2 2 NJp

TheRobot Controhsa-Servicecontrol procedure idriggered bythe reception ofcompiled
assembly task informatiofitom the Cloud Service Managemenhis launches a sequence of
internal activitiesfor the generation of a Assembly FeaturBunction Blockased control
structure: a Composite Function Block constituting the Assembly Process IRIainis
process, generic and robspecific information a separated into Supervisory Cloud
Planningand Local Operation Planning, to enable éfit and smart é@cisiormaking
Decisionmaking is supported by networked databases, whereas the latest monitoring
information is made available to tHeocal Operation Planningpr instantiating the &nction

Blocks with reattime parameters and conditions, and performiagecution control. This
approach offers a high degree of adaptability to changes, as the planning is performed on

demand, based oreaktime information.

Robot Control-as-a-Service consig of 5 cooperating modules, each germing difierent

tasks, as sen inFigure 23

Robot Control-as-a-Service
( )

Feature Identification Supervisory Cloud
and Sequencing Planning

Status Cloud
APP | )
Environment

Assembly Feature-
Function Block Library

Cloud Robotics Control

.......... L B B NN R - -Teeeeeeseeeeeeeeeeeeeeseseeeeee e
FB Control Real-Time
Network Status Information Local

Local Operation Planning Environment

Figure 23.RobotControlasa-Service
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- Supervisory ClouBlanning(in the cloud)

- Feature Identification and Sequengj (in the cloud)

- Assembly FeaturEunction Blockibrary, (in the cloud)
- CloudRobotics Contrglin the cloud)

- Local OperatiofPlanning (ocal, at the controlled resour¢s))

Thecontrol process includes thillowing steps and activities:

1. Supervisory Cloud Plannirggperformed once for the assembly task requested:

-laasSyote FSIGdzZNBa I NB A RSuyfdiderfkaidhand y R a S|
{SjdzSyOAy3I¢ Y2RdzZ So

- By using pralefined Function Bloskfrom the Assembly Featur&unction Block

Library module, thé&upervisory Cloud Planningeates amAssembly Process Plap

mapping necessarfssembly FeaturEunction Blocginto a sequenced network of

Assembly Featur&unction Block.

The Assembly Process Plameated only contains necessa®ssembly Feature
Function Block and their critical assembly sequence. This entails that it is generic
and not tied to a specific rats. It can therefore be reused as well as ported to
alternative robotic systems.It(is assumed that the activities of thEeature
Identification and Sequencing moduleassembly feature recognition and
sequencingare performed and input to th&upervisoryCloud Planningnodule.

These activities are beyond the scope of this research).

2. TheCloud Robotics Contrahodule receives thé&ssembly Process Pléom the
Supervisory Cloud Planniagd has the following responsibilities:

- Distribute AssemblyFeatureFunction Blockontrol structures to the selected
localshop floos, robot providers,

- CoordinateAssembly Featureunction Block between different providers,

- CoordinateAssembly Featureunction Block operation planningpcally at
each robot povider,
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- Dynamic scheduling of resources and activities included,
- Perform robot initialisations,
- PerformFunction Bloclexecution control (start, stop, pause, resume, etc.)

- Monitor local robot execubn, status and feedback to Supervisory Cloud
Plannirg,

- Update Assembly Process Pl#&ssembly FeaturEunction Blocks in case of

cloud evel change (new/revised plans).

3. Robotlevel operation planning and executipibbocal Operation Planning

- The generidssembly Process Plendetailed through robeteveloperation
planning, ashe embedded algorithms read their data inputs.

- SincelLocal Operation PlannirexecutesAssembly Featur&unction Block one
by one, robotspecific control instructions are created at rtime through
controller-level decisiormaking.

This control approach provides a high degree of adaptability to changes, by
detailing the generidssembly Process PlahLocal Operation Planning
Planning and execution is thus performed on demand, based ctimen
information.

The generatedAssenbly Process Plais generic as it only contains necess&gsembly
FeatureFunction Block and tleir critical assembly sequenck.is therefore not tied to a
specific robot, and can be reused and ported to different alternative robboisinstantiated
and detailed at rurtime through robotlevel operation planningocally at each provideas

the embedded algrithms read their data inputs.

A highlevel functional description of the describ&bbot Controlhsa-Serviceprocedure is
modelled in an IDEF®\0 diagram (Figure 24where the three corenodulesSupervisory

CloudPlanning Cloud Robotics Control and Local Operation Plararidgheir relationships,
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data and information flow, and controlling and enabling mechanisms are included. Enabling

mechanisms are denoted MIM3, representing human, computer, and network.
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»
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Figure 24.IDEFO0 Model of Robot Contrada-Service

3.4.2 Cloud Service Management

The administration and supervisory management of all cloud services is performed by the
Cloud Manufacturingplatform Cloud Service Management module (Figu2é), which is
responsible for servicaliscovery and matchingn which automatic decomposition of
requested manufacturing tasks and compasitof services to completetask is one of the

most attractive propertes of Cloud ManufacturingCloud Service Management is also
responsible fordynamically coordinating manufacturing planning and execution control of
distributed manufacturing resource®ynamically coordinating servicesquires constant
monitoring of runtime conditionsand scheduled activities of all resources, which nalidte

accessible otine.

To perform a manufacturing task, a variety of services in combinations are possitites
research study the focus is on the Itevelcloud service apprach alternative, temphasis
the multiple resource sharing and lkaborative perspectives of Cloud Manufacturirasd

it’s inherent core virtue of creating higher levels of functionality, throughdbeabination
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andcomposition of discrete services, whigli2 3 S KSNJ OFy aASNBS (2 02YL]

level manufacturing task requests.

The Cloud Service Management control procedure is initiated by a manufacturing task
request from a resource consumer. Tieguegs isanaly®d and divided into subasks, and

then distributedto matching manufacturing resources, for a coordinated manufacturing
completion.This is supervised by the Cloud Service Management, which selects and triggers
the necessary services. Cloud service irtgom through the Cloud Service Management is
schematically dejpted in a flowchart in Figure 2%A detailed desqption of this flowchart is

availablein Appendix 1).

Cloud Service Interaction FlowChart
Service Providers Cloud Service Management Service Consumers
Serd Cloud Service w o
i ) ervice . eque: i :
- - Repository. .
Publish Service > 4 < [ R st S
\T:U}lat_e\ Access/Monitoring Template CAUCSL 2EIvice
of Services
Yes
Decomposition Yes
into sub-tasks
L b 1
No No
N Service selection/
o . .
combination No
Proposed
Yes -
Service
A ted ’ Yes
ccer.! Solution(s)
Service
Solution(s) Cloud Service
Scheduling
Generate
Contract
Initiate and
v Control Global
Robot Control Provider Execution
Generate and Distribute
APP.
Activate and coordinate Logistics Service Output
execution. coordination "] Reception
Robot Provider(s)
Control Local <—|— y A
Execution i
QoS Evaluation [« Service
I} Feedback
Service Output l
Delivery i Service
Bi
ang Payment
|
v .
Payment Service
Reciokion »| Transaction
£8 Finished

Figure 25.Cloud Service Interaction Flowchart
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In the illustration of the Cloud Service Managementigure 26 three service providers

participate to jointly deliver the required functionality to complete an assembly task request.

Resource
Consumer

Robot Control
Provider

_,\\

emnyTask
Request }

Cloud Service
‘ /Ass
Management

Feature Identification ‘ ' Supervisory Cloud
and Sequencing Planning

-/ 1

Assembly Feature-

Cloud Robotics Control Function Block Library

FB Control Real-Time I
Network Status Information
l Local Operation Planning Local Operation Planning ,
TR G P G G G — —  — — — e— —
WY
@$, Robot Robot
77| Provider A ‘ ’| Provider B
] ! _

Figure 26.RobotControlasa-Service within Cloud Manufacturing Environment

It is assumed that a robot control provider supplies the robot control capability as Robot
Controlasa-Service, and two providers supply the robot hardwar®abot Hardwareasa-

Service The Robot Contradsa-Service is the instantiation of the Manufadigy Feature

Function Blocks control approach as a distributable service, and its executional control unit

is a Composite Function Block. In this example, the Composite Function Block is an assembly
process plan including the necessary Assembly Fed&ungion Blocks in the correct
sequence to perform the assembly tagkor ease of presentation, Robot Contadsla-

Service is regarded as a resource capability only. It could be further divided into a human
resource capability (how to use the software to dev@ LJ | a3ISYSNAR O£ | aa
Function Block control structure) and Softwaga-Service, with the necessary software for

Assembly Featur&unction Block construction in mind).
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3.4.3 Summary

Through the integration of th&anufacturing Featuré-unction Blockortrol approach into

a cloudbased twelevel planning and control structure, adaptive and distributed
manufacturing equipment control can bealised within Cloud Manufacturing; implemented
in a cloud platform as manufacturing services, e.g. Robot Ceati@Service,
Manufacturing Featurd-unction Blockgerform planning and execution of manufacturing
tasks at different system control levelBhe centralised generation of generic process plans
which, after distribution to selected manufacturing resowscareinstantiated and detailed

at runtime through localoperation planningcaters for adaptive contrdiehaviour

In the subsequent three chapters (4, 5, and 6), the concept of adaptive control of robotic
assembly tasks in different scenarios are prasd. The control approach is further detailed
and evaluated in both local, distributed, real and virtual assembly scenarios, demonstrated
through the use of Assembly Feattifenction Blocks for automated robotic assembly tasks.

The control concept is denmstrated in a research study evolutionary perspective:

- Chapter 4 presents a local control application with a rgahtry robot, in
conjunction with aCNGmilling machine. In this setup, the gantry robot has
served as the material handler and assemblethwasks such as loading and
unloading of products to be machined, as well as assembling parts of different

variants after machiningperations by the CNC machine.

- Chapter 5 presents thadaptive andlistributed control of both virtual and real
robots foran assembly cell application, widssembly of washers onto variants

of shafts

- Chapter 6presentsa full scaleCloud Manufacturing assembly application
scenaridor Assembly FeaturBunction Block based control, with Robot Control

asa-Service.
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4 Function Block Control of a Production Cell

In order to test and evaluate the capability of manufacturing equipment control for the
proposed Featurdvased Funtion Block control method, a case study with the control of
machining, assembly and material handling operations in a small production cell
demonstrator has been undertakewhen setting the scope of this case study, the focus has
been to be able to evalta the control systems capability to effectivdhandle different
production scenaris, as well as performing direct, local equipment control. The functionality
of both Assembly Featuseéunction Blocks for robotic operations, and Machining Feature

FunctionBlocks for machining operations have beested

The applied research method is described in section 4.1, followed by a description of the
demonstrator production cell in sectigh2. Thedetails of the test case @escribedn section
4.3, while the case study evaluation is presented in section 4.4, followedsbynmaryin

section 4.5

4.1 Research method

To be abldo assesshe proposed concepfior manufacturing equipment contra suitable
research method was neede®erforning test cases on production celldemonstrator,
emulating a realvorld productionscenariowas identified as the best possible method
following the Design Science Research methodoldtnerefore, a laboratorproduction cell

demonstrator has been bujltvhich is described in the following section.

4.2 Production cell demonstrator

As robotic assembly has been selected to demonstrate the applicadilitiie proposed
control methoda demonstrator production cellhas been built, including 3-axis gantry
robot. The robotsintegratedwith a small 3axis tabletop CN@milling machindo perform

an industrial machining and assembly process, requiring their coordination and cooperation

to fulfill the task(Figure 27.
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Figure 27.Production cell wittgantry robotand tabletop CNC milling machine

Apart fixture forthe CN@nachine andome auxiliary equipment, such esgazins for raw
material,components and finished produg;and apneumatic vacuuntool for the robot are
also pars of the demonstrator The demonstratorlsoincludesa physicatontrol system
with the following equipment A BeckhoffCX1020PLGsystem with 1/0-modules, CNC
controller, three controllers tocoordinate the operation of the gantry robots three
servomotorspotentiometersfor the positioning meaurement of the servomotors, CeltPC

and a HM. The complete control system is presentedrigure 28
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Figure 28.Demonstrator Control System

(1. BeckhoffCX102@PLGsystem,2. PLC I/@nodules 3. CNeontroller, 4. Controllers for
robot servomotors, 5. Potentiometers for servomotors, 6.-©€ll, 7. HMI).

The demonstrator is able to producgachinedcomponens with the possibility to assemble
the componens into acompletedproduct The ganty robot servesas the material handler
and assembler, with tasks such as loading and unloadingroponentsto be maclined, as

well as assembling componenof different variants after machinirgperations by the CNC

machine.
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4.3 Test case

The purpose of thigest cases toevaluatethe capabilityof the proposedcontrol approach

to effectively handlevarying production conditions as well as performing direct, local
manufacturing equipment controllThe main focus is on proof of concept of the proposed
Manufacturing Featurebased Function Block contrdfgcture as a completeontrol system.

To perform thetest case, d&unction Blockased control structure has been implemented in
the demonstrator production celtontrol system, as networked set of Manufacting
Feature and Service InterfacBunction BlocksAn HMI for the control of the demonstrator

celland the production scenarios has also been created.

To asses the implemented control structufe performance, realistic production scenarios
are created,including machining and assembly operations for the production of different

products.

4.3.1 Products
The following products should be able to produce by the demonstthrTheyare all made

from foam cuboids of the same siz#,the following variants:

With a machined 4ide pocket.

With a machinedi-side pocket wittanother cuboid assembled into itsside pocket.

With an operator selected number of drilled holes.

2 A0K GKS fSOGGSNRE al L{¢ O6F00NBJAI lnko2y T2 NJ

ol

its top surface.

(Pictures of some of the finished products are available in Appendix 2).

4.3.2 Manufacturing Feature -Function Blocks
Fa the creation of the required~eatureFunction Blocks and their aggregation into a
networked Function Block control structure the commercial softwareNXTStudio

(NXTControl, 2012)as been used.
Theproduction scenaris consisof two separate processes:

1. CNGmachining different features using the Machining Featbtaction Blocks
@ 2071F2MNg YA K 2 Ky &illing.NJ a
Figure @ shows the graphil representation of the Compositdachining Feature

Function BlockPocket, with its associated inputs and outputs for events and data.
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Figure 29.CompositeMachining Featuré=unction Blockit 2 O S i ¢
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the associated/lachining Featurd-unctionBlockd t | (i K wilRb® friggered to generate

the required CN@nachine path control. The Machining Featurd-unction Blockfor a
horizontal pocket is shownin Figure 30 It is activated by the input event
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Figure 30.Machining Featurd-unction BlockiPath_Pocket Horizontad
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2. Robotic assembly of components into machined features, using Assembly Feature
Function Blocks. As Assembly Features in this research are defined as operations

mating two objects, the Assembly Features of the robotic operations sequence are:

at fé YO Sadnhdhd base plate in the fixture, and aftaachining ancissembly,

placing the completed componéin the correct finished produstmagazine
& L y aRiNdserting a component into the base plate machined pocket.

Figure 31shows the grapha@ repreentation of the Assembly Featufeunction Block

oPlacé, with its associated inputs and outputs for events and data.

EVENT —H INIT INITO [{+— EVENT
EVEMT —11REQ CMF FHT1— EVENT
EVENT |_TIMER_Z_DOWwWh_CHhC O_TIMER_Z_DOWN_CNC EVENT
EVENT I_TIMER_Z_UP_CNC O_TIMER_Z_UP_CNC EVENT
EVEMT I_TIMER_VACUILIM O_TIMER_WACUIM EVENT
EVEMT |_TIMER_Z_DOWwN_FINSH O_TIMER_Z_DOWwN_FINSH EVENT
EVENT |_TIMER_Z_UUP_FINISH O_TIMER_Z_UP_FINISH EVENT
EVENT START END EVENT
Path_Finish
BOOL al Qo EQOL
REAL Finish_Paos_X PasX REAL
REAL Finish_Pos_Y PasY REAL
REAL CNC_Piece X Z_D0wh REAL
REAL CNC_Piece Y Z_UpP REAL
BOOL END_X VacuumON BOOL
BOOL END_Y WacuumOFF BEOOL
REAL MEUTRAL_X FixtureDFF BOOL
REAL MEUTRAL_Y

Figure 31.Assembly FeaturEunction BloclPLACE

The purpose of this Function Block is to generate the path coordinates which the robot should
moveto. The coordinates of the path’s start and end positions (pick and place positions) are
LINE A RSR RFGF Ay Lz & geaevatakat systerh iSi@sdtionloy R & CA
from HMloperatorinpu® ¢ KS NR o620 al ¥S LI & Aed, fo2nalletieb 9! ¢ w!

robot to move to a safe position at the end of the path, after finishing the placing operations.

0é

The next desired position to move itw a pathis calculated by an algorithm and published as
data outputs, together with the correct outputalues for controlling the fixture and the

vacuum tool.Also, the Assembly FeatuFainction Block is notified by the data inputs
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G9b5y. &

Iy R

received from the robot Controller Futig y

EVENT
EVENT

BOOL
REAL
REAL

G9bs5y, ¢ GKIG
201z
INIT INITD
REQ CNF
END
1 o —
Controllery
al Qo
REAL_POS MOTOR_RIGHT
DESIRED_POSITION MOTOR_LEFT
POS_END

GKS Neroz2id KI &
h dzil LI@zigurer3R. G |

EVENT
EVENT
EVENT

BOOL
REAL
REAL
BOOL

Figure 32.Controller Function Block for Gantry Robot

The Controller Function Block controls tlservanotors and themovements of the Gantry

robot’s threejoints, and as such controls the path the robot tool mavEsecoordinates for

the desired positioa arereceived from thedata outputs of theAssembly Featur&unction

Block in Figure 31The coordinates for theeal (actual) positiors arereceived from the

servomotors’potentiometers through the analogue input module of the P&y&tem.

NE I O
Gt h{y

Basedon the receivedcoordinate values, an algorithm transforms this information into an

output vdue. This value representle required speed of eackervomotor and is based on

the calculated distace tetween the desired andeal positiors, and is sent aé Y 2 {NA MUK (i ¢

2 NJ & ¥ 2Siddipdéd variables depending on the required direction.

The algorithm for controlling the servomotors is presenteéigure 33
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IF (REAL POS» (DESIRED POSITICN+2S))THEN
MOTOR RIGHT:=3; B
MCTCR LEFT:=0;
END_IF:
IF (REAL_FPOS> (DESIRED POSITICN+15)AND
REAL_POCS< (DESIRED_POSITICN+25) ) THEN
MCOTCR RIGHT:=1.8:
MCOTCR LEFT:=0;
END_IF;
IF (REAL POS> (DESIRED POSITICN+10)AND
REAL_POS< (DESIRED POSITION+15) ) THEN
MOTOR_RIGHT:=0.5;
MOTCR_LEFT:=0;
END IF;
IF (REAL POS> (DESIRED PCSITICN+8)AND
REAL_POS< (DESIRED POSITION+10) ) THEN
MOTOR_RIGHT:=0.1:
MCTCR LEFT:=0;
END_IF:
IF (REAL_PCS> (DESIRED PCSITION-1)AND
REAL POS< (DESIRED POSITICN+1))THEN
MOTCR RIGHT:=0;
MOTCR_LEFT:=0;:
END_IF;
IF (REAL POS> (DESIRED PCSITICN-8)AND REAL POS<DESIRED POSITION-
10) THEN
MOTOR_RIGHT:=0;
MOTOR LEFT:=0.1;
END IF;
IF (REAL_POS> (DESIRED POSITION-10)AND (REAL_POS<DESIRED POSITION-
15) ) THEN
MOTCR RIGHT:=0;
MOTCR LEFT:=0.5;
END IF;
IF (REAL_POS> (DESIRED POSITICN-25)AND (REAL POS<DESIRED POSITION-
15) ) THEN
MOTOR_RIGHT:=0;:
MOTCR_LEFT:=1.&;
END IF;
IF (REAL POS< (DESIRED POSITICN-25))THEN
MOTOR_RIGHT:=0;:
MOTOR_LEFT:=3;
END IF;

Figure 33.Algorithm for Robot Servomotor Control

The Execution Control Chart fitle Assembly Featur€ dzy” O (i A 2BJacé infFRuBe| 31isk

depictedin Figure 34Here a predefined sequence of robotic movements is defined, starting

GAGK | Y208

02

G/ bl uk AFS OSA S AlikBich GsHE SAAEAEVET & A

and stop position After the first movement, all other movements are alwggsformed in

the same sequence.
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INT[INTO)

INIT
ART

(CNC_RECETCHF

(END_X=TRU.

REGAND (EN.. DOWN_CNC|CNF

| [END) [ J0_TIMER_Z_ DOV OC
| TIMER

70.
VACUUM_ONJCNF
| [0 TIMER VACUUM
REQAND (EN..
| TIMER_VACULM
UP_CNC]CNF
T [ JoTHER Z P OC

| TIMER Z L.

REQANDEN. FINSH_MIG[CVF
TWERLL- L THER ZD. = DOV EINGHTCHE
["TOTIVER Z DOV FIGH|

|_TIMER_VACLL

| [0_TIMER_VACUM

LP_FINISH|CNF

[ 0_TINER _Z_UP_FINGH

Figure 34.ExecutionControl Chart for Assembly Feattfenction BlockPlace&

4.3.3 Service Interface -Function Blocks

To deal with those issues that cannot be handled by individual Fe&umetion Blocks, such

as interfacing with device controllers, equipment hardware and control panels (HMIs), and
coordinating interfunction block activities, Service InterfaEenctionBlocks are also added

to the control structure. These Function Blocks are defined in the IEC 61499 standard, as
Service Interface typelhey facilitate the execution control of the Featdfeinction Blocks

and enable the obtaining of re@ime information during the algorithms execution.
Connected to the composite networks formed by the Feattiuaction Blocks they collect
information about the current status of the FeatuFeinction Blocks, and also gather
information about production cell status. They inddutheir own internal algorithms for

managing various production cell conditions, e.g. execution status (ES), machining status
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(MS) and unexpected situations (US), and communicate production cell operational status or
unexpected situations, like equipmelnteakdowns or emergency stops, to the operator HMI.
Such aService Interface-Function Block isillustrated in Figure 35 with five algorithms
embedded. Thewre responsiblefor requestingand reporting executionstatus, machining
status,and unexpectedsituations during theexecutionof eachFeature-FunctionBlock Due

to their functionality,Service Interface-Function Block are sometimes called Management

Function Blocks.

El_ESR —— ——— EO_ESR
EILESS — — Service -{ ——— EO_ESS
Interface
EI_MSR FB EO_MSR
EI_MSS —+{ [] EO_MSS
El_USS [ H [ }— EO_uUss
FB_EXE — | ; — FB_EXE
Internal Algorithm
Ms {1 ALG_ES_REQ —{ F— Ms

ALG_ES_SEND
us — ALG_MS_REQ —{ — us
ALG_MS_SEND
ALG_US_SEND

Figure 35.Service Interfacéunction Block

4.3.4 Demonstrator HMI

A basic HMI for the control dhe demonstrator and the production scenarios has been
created which provides the operator with regime information about the ongimg task
(Figure 38 The different production tasks can be sekxtty an operator through this
system interface, and includes settitlge product typeand characteristicspositions and
sizes of the pockets and holes in the base plated quantity to beproduced The
components to be assembled by the gantry robot casodle selectedThe status of the
selected task can be monitored atite task maye paused, changed and resumed from the

HMI.
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[ L]
HOGSKOLAN

| SKOVDE
'

S OFF S OFF S OFF
M DFF M OFF M OFF

Figure 36.Production Cell HMI

4.3.5 Demonstrator p roduction sequence

The production sequence starts by selecting the type and quantitproflucts to be
manufactured, while the CNCawohine tool and the antry robot bothare in safepositions.
Raw materigla base platén the shape oh foam cuboidis moved by the gantry robot from
the base platemagazine using a vacuum tootp the CN@machine.lIt is then machined
according to the selected task, while being secured byptheumatially actuated fixture
The machining operation starts when the proper Machining Feafunection Block is fired
by the Function Block control system. If tim@achining operation is a hot milling of letters

the gantry robot picks the plate from the fixtuedter the machining operatiomave finished
and places it in the appropriaténished productsnagazine If the machining operatiois a
pocket, the gamy robot also performs an assembly operation, where a component is
inserted into the milled pocket, before placing the fisadl product in anothemagazinégor
finished products. The sequence is repeated until aleced products have been finadid
and placed in appropriatenagazing, after which the CNC machine tool and the robot are

returned to their safgositions.
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4.3.6 Robotic assembly sequence

The detailed assembly sequenfog robotic operations is:

- Pick up a base plate from base platagazine

- Placethe base plate in CNC fixture.

- Pick upone component from componertnagazingtwo different variants)

- Wait until the machining of the pocket is finished.

- Assemble the component with the base plate, by insertirig the correct location
of the pocket.

- Pick up the assembled producbm the fixture.

- Place the assembled produia a finished produgmagazine

4.3.7 Demonstrator cell control

Direct equipment control is dynamicgllgenerated through the use of Machining and
Assembly €atures in combination withEC 6149%unction Block. In this case study, the
software NXTStudiois used for bothindividual Function Block and control structure
development, andfor developing and running an HMThe cell level PC is used as
development platform, running thesoftware NXTStudiq in whichthe feature-based IEC
61499 Function BEk control structure is implemeatl. The PLGsystem constitutes the
demonstrator run-time environment, to which the~unction Blockcontrol structure is
downloadedfor reatime executionof the FeatureFunction Block and control ofthe
machining and robotioperations The CN@nachine is cotrolled through its native CNC
controller, andthe Machining Featurd-unctionBlocks in the control steciure communicates
with the CN&ontroller inreaktime using R232. The operations of thegantry robot are
controlled by the Assembly FeatuFeinction Blocks, arttie servamotors of the gantry robot
are controlled directlythrough the PLC I/@odules with potentiometers for position

feedbackThe HMI, which runs on théeltPC, is also implemesd usingNXTStudio

To be able to correctly perform these operations, the required input information that the
control system needs to read during initializatiare the positions of the CN@achine the
fixture, and themagazing, and default system settings for safe positions for the robot and
the CN@nachine (Orientations do not need to be specified in this setup as the structure of
the 3-axis Cartesian gantry robot, without any rotational jointsstriets its operations to
movements in straight paths onlylp start aproductiontask, theoperatoruses the HMI to

input the required informationi.e. the data of a pocket or hole, its position and depth,
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product quantity,and if required, whatomponets to be assembled by the robot into a
finished productAt startup, this information is conveyed to theeatureFunction Block and

their algorithms for eventriven execution of the selected production task.

The assembly sequence is mtetermined in his scenario. If the selection of assembly
sequence would be included as an option, the sequence must be decided before assembly

starts, for possible generation of correct assembly paths.

4.4 Case studyevaluation

The purpose of this case study has been to test and evaluate the proposed Feasec:
Function Block control methodmplemented as an operational Function Block control
system networlfor a production systenilhe testing included ordering the productiohall
four products described in section 4.3.1, using the HMI to detail the production tassts. T
of both Assembly Featusieunction Blocks for robotic operations, and Machining Feature
Function Blocks for machining operatiomgre thus undertakento evaluate thecapability

of the proposedcontrol approachto effectively handle varyingroduction conditionsand
performing direct, local equipment controlhe ability to handle fault detection was also

tested.
The findings of the testundertaken are summarised as follows:

- The pickup positions for base plates and components, the GikiGre and the
magazind X OFy Fff 06S INDPAGNINREE LRAAGAZ2YSR
information is read at system initialization or when changed by theatperand fed

to the FeatureFunction Blocks.

- The pocket where the component should be inserted can be arbitrarily positioned in
GKS o6Fas LI IFG8Qa G2L) adaNFFOS® 51 G Ay Lz a
movement, make up the possible adaptiveattime scenario by the Execution
Control ChartEven after the production has been started, new locations for robot
movements can be fed to the Assembly Featbtaction Block, as the information
is forwarded, through the data inputs, to the algorithmas the Function Block

executes.
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- The number and variants of components to be inserted into pockets by the robot can
vary.The samédnsertAssembly FeaturEunction Block is used for all insertions, and

controlled by its event and data inputs for generating required control instructions.

- Machining FeaturesPocket and Hole are each performed by one composite
Machining Featurd-unction Block-eature dimensions and locations for dynamically
generating the appropriate CN@achining control instructions are fed through their
event and data inputsThe use of algorithms makes it possible dgnamically

execute the CN@achining with the requiregparametersdefined by the operatar

The following findings appfpr all tests:

- All production cell equipment control is generated automatically and dynamically
through the use of eventlriven IEC 61499 Function Blocks in combination with

Machining andAssembly Features. No predefined control instructions are used.

- Fault detection is provided by the Service Interf&aaction Blocks and their
associated algorithms, which interface the process and continuously communicate
production status to th@perator HMI. For example, if the vacuum tool or the fixture

R2y Qi | OGA@I GS 02 NNeiodilfteifaceringtianaBlodkwihiclR S G S O G &

stops the ongoing production task.

The results from the conducted testsdicate thatthe proposed Featurdased Function

Block control methodmplemented agontrol systenfor a production systeryis capable of

1 effectively handling varyingroduction conditions,

1 automatically and dynamicalgenerating angberforming manufacturingequipment

control.

Otherimportant findings found during the design and implemetitan of the demonstrator

production cellis the ease ofpprogram maintenanceind portabilitywhen using Function
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Blocks. If some part of the program needs to be replaced or changed, this doeseutthé
rest of the program.This also means thatew Manufacturing Features can easily be

introduced, as the functional behaviour of a unique Featidomction Block is setontained.

4.5 Summary

By using a demonstrator production cell, this case study hasdstratedthe capability of

the proposedFeaturebased Function Block control approaciihe performance of the
demonstrator celhas been evalted and the results verify the siafactory functionality of

the control approach which hasdemonstratedthe ability to handlechanging production
conditions(Adamson, Holm, & Wang, 2012; Adamson, Holm, Wang, et al., 2012; Holm et al.,
2013; Holm et al., 2012The Fuwgtion Block control structure is fully capable of controlling
the operations of the CN@achine and the gantry robot, monitoring states and variables of
the system to enable a retime manufacturing approach for decisionaking inthe
demonstrator cell as well as managing the communications within the cell (needed for
integrating the CNhachine with the operations of the gantry robot and realising the overall

production task).

The case study shows that both the assembly, machining and matenidlimgoperations

can be defied and executed using Featdbased IEC 61499 Function Blocks. The gantry
robot and the tabletop CN@machine are both directly controlled by the outputs of such
Function Blocks, and no intermediate translation tedsgle is thereforaneeded.The results
also show thathe Function Bloclcontrol system camandle changeshen the production
task is changedvithout anyreprogrammingNo proprietary control instructions are needed
and thenecessarylata input by the operator is mudbss,compared to the reprogramming

required in case of an ordinary device controller.

The major benefit with the proposetbntrol approach is the evertriven nature of the IEC
61499 Function Blocks, in which the Execution Control Chart facilitates detiaking to

adapt to the requirements of the process, based on+éak conditions As suchthe event

driven concept enriche the control structure with a higher intelligence and autonomy,
compared to traditional scabased systemsThe use of IEC 6149@rietion Blocks also
increases the reusability and maintenance of control programs. The Function Blocks can
easily be exchanged and control cagnerating algorithmsan be modified, without having

a negative impact on the functionality of the rest of the control syst&mother benefit is

that the Function Block control structure separateghlevel information, such as the
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production plan from the generation ofow-level device control instructiong his enables
the exchange of prodtion equipment,as well ashe extensiorof system functionalityAnd
since the concept of Featureased IEC 61499 Function Blocks is generic the proposed control

approach may be apjgd to other production scenarios than the awescribed here.

In the following chapter, the applicabilitpf this control approach in a distributed

environment, for both real and virtual robotic assembiy,presented and evaluated.

4.5.1 Acknowledgment
The impementation of the Function Blodkasedcontrol concept in theest casepresented
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like to thank them for their support of this researplogramme
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5 Function Block Control of Real and V irtual Assembly Cell sin

a Distributed Environment
In order to further test and evaluatthe capability of theFeaturebased Function Block
control methodto realise adaptive manufacturing equipment contralcase study with the
control of robotic assemblyoperations in a smalldemonstrator robot cell has been
undertaken.When setting the scope of this case stutlye focus has been tbe able to
evaluate the control systems capability to effectively adapt to vargisgembly conditions
through thedynamicgeneration of robot control coddor both real and virtual assembly
environmentsas well aperforming distributecequipment controlDistribution here implies
control over a network, which can be a local LAN nekwor an Internet network, e.@loud
control applicationgChapter 6)A CelllevelPC/Controller cathereforebein closeproximity
to the controlled application, e.gn the sameroom, or furtheraway, e.g. as for a cloud
application Realtime requirements for the contrahre not included within the scopef this
researchstudy, which addresses the contents, structure and functionality of the proposed

Function Block control appach.

The applied researchnethod is described in section15 followed by a description of the
robotic assembly cell demonstra®min section 5.2Thedetails of the test case is described
in section 5.3, while the case study evaluation is presented itioseb.4, followed by a

summary in section 5.5.

5.1 Research method

To be abldo assesshe proposed concept foadaptivemanufacturing equipment control a
suitable research method was needdeerforming test cases on a robotic assemyl
demonstrator,emulating a realworld assemblscenariowas identified as the best possible
method, following the Design Science Research methodoldgy.the use of virtual
environments for control code verificatiofe.g. offlineprogramming and simulation) is an
establihedand effectivesystem development approachgth realand virtual assembly cell

demonstrators have been developedhich is described in the following sect®n
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5.2 Robotic Assembly Cell Demonstrator s

Arobotic assemblglemonstrator cellMiniCell has been developed to evaluate adaptive
control behaviour of théeature-basedFunction Blockontrol approach The use of virtual
environments for manufacturing system development and equipment control code
generation, together with performing simulationsrfevaluating manufacturing systems’
behaviours and for verification of control solutions, is an effective approach for securing
different system performance measureEherefore, a virtual copy of the demonstrator cell
has also been developd#igure 37. The developed Function Block control systeas ben
implemented and verified iboth the real demonstratocelland its virtual twin(Adamson,
Wang, Holm, & Moore, 2014a; Adamson et al., 2014b; Adamson, Wang, Holm, & Moore,
2015, 2016; Adamson, Wang, & Moore, 20Ihe virtualMiniCellhas been developed in
ABBs sfiware for offlineprogramming and simulation of their industrial roboRgbotStudio

(ABB, 2018)andis acopy of the reaMiniCel| but with virtual robot, controller, tool, and

assembly celtomponents etc.

@ilj’:
==C

NXTStudio FB Development Environment
NXT Studio FB Refime Environment
Communication Interface |

HMI

Figure 37.Function Block Control for real and virtual assembly célisiCel)

MiniCellis asmallrobot cell equipped with an ABB 146bot with a doublegripper toolto
handledifferent componentsThe cell layout is depicted Figure 38 which together with

robot and tool includes the following parts:

- Shaftmagazinewith 6 yellow shafts

- Washemagazinewith 6 brown washers
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- Hnished productsnagazine
- Rework productanagazine
- Waste bin.

- Press Station.

- Measuring Station.

Press
Station

NS
+ | Measuring
- | Station

E—

Figure 38.MiniCelllayout

Thedemonstrator cell is able tproduce assemblegroducts, here consistingof shafts and
washes. The Measuring station may be used to measure and identify progadgants,and

the Rressstation to presdit products.

5.3 Testcase

To perform thigest case, an Assembly Feattifanction Blockased catrol structure has
been construatd for the demonstrator celllThe purpose of this to evaluate thecapability
of the proposed control approachto adaptively control robots in a LAN distributed
environment, and toverify the orrect robotic assembly behavioin a virtual environment,

before the control structure is used to control the sameal robotassembly proces

To assess the implemented control structureesformance, different assembly scenarios
are tesed, to verify an adaptive control behaviour in the virtual demonstrator cell through

the use of a virtual sensor for locating components to be assembled

Pagel40



- Function Block Control of Real anidtival Assembly Cealin a Distributed Environment,

5.3.1 Products

Three different shaft variants are available in the demonstrator cells: OK, Rework and Waste
(Figure 39.

e
Figure 39.Shaft variantand washers
The demonstrator cell should be able to assemble a washer and a shaft, which should then
be pressfitted to each other by the Press Station. Only the OK shaft variant should have the
washer presditted. Therefore, assembled products should be measurethbyMeasuring

Station to determine if correct shafts have been uggdure 4Q.

Figure 40.Mounting washer onto shaft in Measuring Station
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5.3.2 Demonstrator cell assembly sequence

The assemblysequencestarts wth the robot in its safeHomeposition. The complete

assemlty sequence iMiniCellis as follows

Move to safe Home position.

Pick up a shaft from Shaftagazine

Place the shaft in the Measuring Station

Pick up a washer from Washeiagazine

Mount the washer onto the shaft in the Measuring Station

After measuring has been performed:
- If OK shaft, move to Press Station and then to finished prodnatgzine
- If Reworkshaft, move taework productsmagazine
- If Waste shaft, move to Waste bin.

Move to safe Home position.

The assemblgperationstarts when tle proper AssemblifeatureFunction Block is fired by

the Function Block control systef'hen the assemblysequence idinished,the robot is

returned to its safeHome-position

5.3.3 Assembly Feature -Function Blocks

The assembly sequenceonssts of two separate assembly processes, performed by two

different Assembly FeaturEBunction BlocksAs Assembly Features in this reseastiidyare

defined as operations mating two objects, the Assembly Features ofothatic assembly

sequence are:

Gt [ !/ 9éY C2NJ LI IFOAy3 I aKFFaG Ay (GKS
Station, or at other locations.
GLb{9we¢éyY C2NJ Y2dzylAy3ad | o6l AKSNI 2y (2

The sequenced operations of these two Assembly Features are sh&iguie4 1. The roba

operdions in the blue boxesepresent the Assembly Feature PLACE and the operations in

the green boxes represent the Assembly Feature INSERdgram listings available in

Appendix 3).
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MOVE

Move the robot to the initial Position —» Move to target position above the Washer
v "
Move to target position above the Shaft Move to target position on the Washer
— .
Set Open Gripper Set Close GrippgTake Washgr
\ Move to target position above the Washer
Move to target position on the Shaft
— v Move to new target position above the Shaft
Set Close GrippéTake Shajt

Move to target position above the Shaft
—
Move totarget positionabovePosition
E— 4
Move to target position on Position
—Vv
Set Open GrippeRelease Shaft
—Vv
Move to target position above Position —
—Vv

Move the robot to the initial Position |« — — — — — — — — — —— —

Set Open GrippgiRelease Washgr

|
|
|
|
|
|
|
—v INSERT Move to new target position of the Shaft
|
|
i Move to target position above the current positior
|
|
|
|

Figure 41.Assembly Features PLACE and INSERT

The robot also performthe materialhandling in the cellfor which the Assembly Feature
Function Block PLACE is usgtbr these operations it could therefore be considered as a

Material HandlingFunction Bock.)

For the creation of the requiredssemblyFeatureFunction Blocks and theaggregation into
a Function Bloclcontrol structure,the commercialsoftware nxtSTUDIChas been used
(NXTControl, 2012Figure 4Zhows the graphal representation for the Assembly Feature
Cdzy OG A 2y . Vit it hssoiateéd ind and outputs for events and data.

; FB3
{ INIT INITO §
REQ CNF
PLACE
lQI Q0
i |_ObjectPos_phsi0  Olnstl
I I_Objectis Olns@
9 |_Position_plus10 OlnsG
I_Position Olns¥
OlnsS
Olns$
Oinst?
Oins8
Oins8
Olnst10
Olnst11 ¢

Figure 42.Assembly FeaturEunction Block PLACE
¢KS RIFEGEF LAYy R&OGF28E aNBLINE & 2yO0 &1 A 2 iS2 aRIARGE |
represents the location to place the objedthe input endingt LJt dza mné¢ NBLINB A Sy i
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robot approach distance above the object. The eleven data outputs are each used for
delivering the robot control instructions for thiessenbly Featurd®LACEas seen in the blue

boxes inFigure 41

In thiscontrol application, a predefined sequence of robotic movements is defined, starting
and stoppingwith a move toa safe Homd.J2 & A (MAv2 i&robat to the initial positian

After thefirst movement, all other movements are always performed in the same sequence.
Data inputs with necessary position information for each movement, make up the possible
adaptive reaHime scenario defined by aBxecution Control Chart. Defining an Execution
Control Chart with alternative sequences for movements is@bssible, and would cater for

an even greater ability to ag# to changes and different rutime scenarios.

The adaptiity of the AssemblyFeatureFunction Block control system is here repretseiby
the ability to contol different assembly situationsneaning thathe locations for shafts and
washers to be assembled can be arbitrary positioned withiK S N&lanadnorking

envelope.

5.3.4 Assembly cell control

Assembly control is dynamicallyrggated through the use dhe definedAssembly Features

in combination with IEC 61499 Function BlocKse softwarenxtSTUDIGs used for both
Function Block and control structure development, and as prototype system runtime
environment.Due to the fact lhat the robot controlles cannot recognise or execute the
Assembly FeaturEunction Blocks, a frordnd Cellevel PC/Controller is chosen to run the
Function Bloks, whereas the Function Blogkneratal native robot control codeRAPID;
ABB’sproprietary robot language)is transmitted to theselected robot controller for
immediate executionTheCell level PC is usetloth as developmenand runtime platform,
running the software nxtSTUDIQin whichthe featurebased IEC 61499 Functioro&id
control structure is construed. The control structure is capable of controlling the operations
of the robot, monitoring states and varialslef the system to enable a rdime assembly
approach for decisiomaking in the cell, as well as managing the comizations within the

cell (needed for integrating the Measuring Station and the Press Station with the operations

of the robot and realising the overall assembly task).

A set of virtual senso@BB Smart Componeits used in the virtuaMiniCellto enable to
testthe controla @ a0 SYQA | 6 Af A (& Thése sehstr$ dsiethelivaryin@ K| y 3 S a

locations of shafts and washs to be assembled, which ctren appear at random locations
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within the working environment of the robotThe omponent locationinformation s used
as a control instruction robdiarget parameter, and relayed via theunction Blocldata
inputs to the Function Block algorithms, whiethen triggered byappropriate input events
(leeaLphoa2SOGt 2a¢ FighrRa2)candynainizallyiciestes/tide cdrrgtt control

instructions for the robot system.

A basidHMI, which runs on the Cell REigure 43, is also implemerdd usinghxtSTUDICL G Q &
an interface for controlling and momiting the cell, withcommands fooperation start and

stop.

Select Task Select Object Select Position

v v v °

textBox 1
text Box 1

textBox 1

EXIT APPLICATION

Figure 43.Demonstrator cell HMI

Assemblyspecificationincludes setting the assembly task and involved objects to be used,
and selecting their component locatiorlsocations needed for assembly operations can be
selected manually from thelMI in case shafts and washers avebe randomly selected, as

the magazindocations are known. Otherwise, the Smart Component sensors can be selected
to detect the locations of shaft and washer to be assembled, mimicking the behaviour of e.g.
a laser sanner.The progress and status of the selected task can also be monitored via the
HMI.

After verification of the correct assembfynctionality in the virtualMiniCel| the control
structure carthen be usd to control the reaMiniCell locally or in aistributed environment
over a networkconnection. This is possible since the same RAPID control instructions are

used for both virtual and real ABB robot controllers.
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The MiniCell control system is constructedrom three cooperating modulesRobot

SimulatorRobot CellCommunication Servicand Function Blockontrol

Robot Simulatorg Robot Cell

MiniCellis a small assembly cell for assembling washers onto shafts of different variants
available in a real version (Robot Cell) and a virtual cemsion (Robot SimulatorMiniCell
contains an ABB 14@bot equipped with a double gripper tool for handling both shafts and
washers, which areassembled and placed in different locat®orRobotStudiodSmart

Componen{ sensors are used to detect compondatationsin the Robot Simulator

Communication Service

The CommunicatiorService program is a Wows form applicationfor managing the
communication between the Function Block control structure and the selected demonstrator
cell. An ABB ApplicatioPragramming Interfacés creaed (Visual Studio/C#) to set wptwo-

way robot communication interface between thaunction Blockun-time environmentof
nxtSTUDI@nd the robot controller(virtual or rea). Inbetween, socket communication is
used for bridgig the Function Block runtime environment and the selected robot controller.
This setugestablished a connection for reading robot system statusauidalsensor values

(incl. Smart Componersensor values and transferring RAPID instructions to gantroller.

When the program isxecuted its first task is to creata connection with a robot controller.

For this the programinitiates a Function Block which has the task of searching and
connecting to robot controllersither directly comected tothe Cell P@r available on éocal
network. The program scans the network and lists the available controllers” values, such as
IP-address, version and controller name, availability, ifatrisal or virtualrobot systemetc.,

(Figure 44 The operatothen selectsvhich controller to connect to.

When the commurtation has been established to the selecteuhtroller, the program sends
GKS O2YYIl YR & wRihcton BlockKiogtrolthaf dotrbldfode generation can be
initiated. After this, the progam will be runningpassivéy, conveying control instructions
from the Function BlocKontrolto the connected controller, and returnirdemonstratorcell

status information fom the connectedsimulator orreal cell.
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15l CommunicationProtocolService o B2

Scan | Functionality | UDPServer

Scan

IP Availabilty Virtual System name  RobotWare version  Controller name

Figure 44.Communication service program

FunctionBlock Control

Through theoperator HMI robotic assembly tasks can be selected atatted. nxtSTUDIO
was used for Assembly Featdfeinction Blockand Function Blockcontrol structure

construction forassembly controéxecution andfor HMI construction.

Once the program starts, the first step is to connect to@mwmmunication Serviggocedure

When controller communication is established, the next step is to initialise the control
application removing any data that remains or has been stoaed reading assembly task
information from the HMI. After initializatignonline mode is activated and the program

gl AbGa F2N 0KS &w9 ICammunicaidnyS¥rvigédeeddrdN\Bhen thiskh&s

been received the control application reads the aud#acell information and creates the

instantiated Function Bck controlby initializing the Assembly FeatdFeinction Blocks with

GKS | OlGdzr t RIGE @Ff dzSad ¢ KS yConinmkication2Seérvidey R ¢ {
procedureas a natification to initiatelownload to the robot controllerOnce the RAPID data

file from the Assembly Featuseunction Blockas been loaded into the robot controlléhe
odzid2ya at[!,¢ YR a{¢hté INB YIRS @GAarotsS
the assembly taslexecution.When the robot controller is executing a program, it returns

0KS YSaal3S awdzyyiAy3dé (2 GKS O2ydNBE | LILX A O
YySaal3asS & {f ic@mphdénR dodations are changed during execution, the
Communication Semerelays thisinformation back to theFunction BlockControlprogram.

The data inputs of the Assembly FeatdfFeinction Blocks will then be refreshed with these

new locations, to be able to generate the proper control instructions.
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TheMiniCellcontral structureis depicted irFigure45 (programlistingavailable in Appendix
3).

Robot Simulator Robot Cell

Simulator Real Robot Cell

I 1

Virtual/ Real Controller

Communication Service API

A 4 A 4
Search Connection

Communication

| I

Read Sensor Load RAPID Data

I I

UDP

U

UDP

?
l FB Control
:

Sensor Values

D

'

I

RAPID Data

I

FB Control Generation

I

HMI

Figure 45.MiniCellcontrol system

Thesesystem module (except for the real robot celfan all be located in oneomputer, or

as in this case stugdwhereFunction Block Contrahd Communication Servicare placed in
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the front-end Cell PCand the Robot Simulatoin another PCbah connected to a local

network. The reaMiniCellwas also connected to this network.

The assembly sequencepeedeterminedin this assemblyscenario. If the alection ofthe
assembly sequence would be included asaasembly taskption, the assemblysequence
must be decidedbefore assembly starts, for possible generation of correctly sequenced

assembly paths.

5.4 Case studyevaluation

The purpose of this case study has been to test and evaluateapability of theproposed
Featurebasal Function Block control approadh effectively adapt to varyingissembly
conditions through thedynamicgeneration of robot control codéor both realand virtual
assembly environmentss well aperforming distributedrobot control. The use of a virtual
demonstrata cell twin enabled a convenient approach for testing of the Function Block
control structure and the verification of its generated assgmbbntrol behaviour The
testing incluled ordering the assemblyf shafts and washerausing an HMI to detail the
assembly tasksThese components coulae selected taappear atrandom locations within
the working environment of the robot, and virtuaensorswere used to detect these
locations.Tests of the Assembly Featu@edzy OG A 2y . f 2 O1 & toeftedtiveld S ¢
handlesuchvaryingassembly conditionsand performingadaptiverobot control, were thus
undertaken Both the real and the virtal demonstrator cell were connected ,tand

controlled througha local network
The findings of the tests undertaken are summarised as follows:

- The use of the Assembly Feattffanction Block®laceand Insertallows automatic
generation of the required abot control instructions The same behaviour is

achieved for both the real and virtual demonstrator cells.

- Adapting Function Blodsased operation plans to assembly variations is dynamically
run-time generated and programminfyee. No predefined controlnstructions are
sent in advance to the robot controlléFhe adaptive behaviour iererealised from
the ability to access and use actumimponent locations, provided bgedicated
sensors. Compared to manually generating the correct control instructidgren
sucha change occurs, the amount of time saved is difficult to mesggut may be

considered significant. The required time to manually update a control program for
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MiniCellwhen a similar change occurs would be in the estimated region of 15 to 30
minutes. In the event of reoccurring changes, the required time would increase

accordingly.

- Performingtests of thecontrol systemon the virtual demonstrator twinindicates
that robot control code verification in a virtual environment is effective for
evduating different assembly scenarios and control solutiofikis can be used for
evaluating the quality of the generated control regarding robot paths, collisions,
cycle times, as well as customer performance requirements and other manufacturing
parametes. This ability to experiment with different control solutions through
performing virtual simulations is a safe, cheap and quick way for improving different

system performance measures.

- Networked robot control ofhe demonstrator cellgreal and virtual)s performedby
a Function Block control structure ancentralisal system controllerDistribution of

control is one of the main properties and purposes of the IEC 61499 standard.

The results from the amlucted tests indicate that thEeaturebased Function Block control
method, implemented asa control systemfor a robotic assembly cetlemonstrator is

capable of:

1 automatically and dynamically generating and performing manufacturing equipment
control,

1 adaptivdy handling varyingssenbly conditions,

i interfacing a virtual robot systemfor demonstration andverification of control
capabilities,

1 performing distributed control

A runtime generated contrastructuresuch as this enables assembly plans to be dynamically
adjusted in order to handle differersissemblyvariations. This means that even though the
assembly task is started, components for assembly can be moved away from their original
locationsat startup, and the robot system will still be able to successfully complete the

assembly task. Reconfiguration or exchang@sgembly Featur€unction Block will adjust
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thecontrola @ 3G SYQa 0 SKI JdseninNisehatios.aTdzoinpletely deSrid
assemby control structure, the requiredAssembly FeaturEunction Blockfirst need to be

identified, andthen properly sequenced into anséemblyProcessPlan.

5.5 Summary

Byusing a demonstrator assembglland its virtual twin this case study has demonstrated
the adaptivecapability of the propose&eaturebased Function Block control approaéior
creating a robot control system that can adapt and respond totimme changes, IEC 61499
Function Blocks and Assembly Features ased as the key enabling technologigbe
performance of the proposed Function Blea#sed control approach has been evaluated in
experiments controlling the robotlemonstratorassembly celMiniCell (Adamson et al.,
2014a, 2014b) The results verify its satisfactory functionaligs the ability to execute
assembly operations tadaptively control both real and virtualetworked robot systems
with IEC 61499 Assembly Featdenction Blocks has been demonstrated in this test case.
The results show that the control system can easily adapt to changes-titrenwhen the
assembly task is randomly changedthout any reprogramminglocations ofcomponents

G2 6S aaSYyotSR OFly 6S OKIy3aSR: Fa ft2y3 a i

and allowed work space.

A major advantage with this control approach is the evémven nature of the IEC 61499
Function Blocks. The apprdaenables decisicmaking to adapt to the requirements of the
assembly process, based on actual conditions, as opposed to traditional robot control which
relies on sending data to the controller in the form of predetermined equipment specific
control instiuctions. Here, a group of Function Blemkbedded algorithms, triggered to
execute at the right time by events in the assembly cell environment, creates the required
control. This caters for an adaptive scenario to handle different types of uncertaimtées a
run-time changes. Other important advantages are the distributable property of IEC 61499
Function Blocks, as well as portability of functionality between different manufacturing

resources.

Thus far, a major limitation when using Function Blocks for robrgeneration is that
controllers for most manufacturing equipment are legacy controllers, which means they
cannot read and xecute these Function Blocks. For the presentedhonstrdaor cells a
front-end Cell level PC running a Function Block dedicatedime environmentsoftware

was used to overcome this obstacle.
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In the following chapter, the applicability of the Function Block control approactCiowad
Manufacturing assembly applicatioiis presented The control system structuréncluding
cloud ®rvices and modulesor integrating distributed manufacturing managemerand
execution in a cloud environment, is described fal@ud control scenario in which cloud

services of different types are combined to complete an assembly task.
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6 Robot Control -as-a-Service for Adaptive Roboti ¢ Assembly in

a Cloud Environment
Following the presentation foadaptive control of manufacturing geiipment in cloud
environmentsn Chapter3, and theoutcomes of the case study implementationchapters
4 and 5, this chapter presengscomprehensivassembly application scenario for Assembly

FeatureFunction Block based control in a cloud environment.

A control scenario for car engine assembly in a robotic assembly station is described, for

which a Function Block control structure is presented andussad. The control structure is

LI NI 2F (KS-asawSoBaOBeyODRFINRE | LILINEAK RSa0

assembly station may have different configurations regarding the number of robots, but the
same control structure can be used to adiaply control different assembly stationas the
structureis defined to generatgeneric functionality, i.ehe assembly of a car engireome
different scenarios of how the adaptive control behaviour is achieved when variations occur

are also descrilat

As discussed in section 3.4, differetdud servicescenarios for a manufacturing tadquest

exist. In the presented scenaritihe owner ofa robotic assemblytation has requested the
required control as a cloud service, @sw2 0 2 (i -asa2S¢riON&REHiBDUgh a Cloud
Manufacturing environment(A similar scenario could have been that a customer had
requestedan assembly task, for which the Cloud Service Management could have combined
Gw2 o 2 i -asaX ySINNEIGO 8né cloud service provider witiRobot Hardwareasa-
Service from another cloud servicerovider, to offer a combined service to the customer.
l.e. a combination of service providers which each provide lowevel services to
collaborativey complete the higHevel assembly task. Similer the scenario in Figure 26

where three providers are cooperating

In section6.1, a car engin@ssemblyscenario is presented, for which assembly components
are described isection6.2. The assembly task and required Assembly Features are described
in section6.3, while a comprehensive description of the assembly task control is given in
section6.4. A detailed stefpy-step workflow for the assembly task sequence is presented in
sedion 6.5, which is followed bgescriptions ofadaptivity scenarios isection6.6 and a

summary irsection6.7.
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6.1 Assembly Scenario

The assmbly task scenario is based on emgine assemblyOne of the reasons for this is

that Volvo Cars and Volvo GTO hdiave engine factories in Skdvde, in whicharad truck
engires are assembled. In these factories, engines are gradually assembled in dedicated
engine assembly lines, consisting of a number of unique assembly stations, connected by
conveyors. Componentto be assembled are placed on pallets which are transported
through the complete assembly line by the conveyors. The majority of the assembly stations
are fully automated, with robots performing different assembly tasks. Some stations are
manually performe by operators, and some stations are sexatomated in which assembly

operations are performed by both operators and robots.

The assembly scenario presents the control of a virtual engine assembly station which in
many regards mimics the behaviour of theal engine assembly stations at these factories.
Typical assembly operations at one such assembly station are described, but the control
concept could be further extended and used for the complete assembly line. Engine block,
engine cylinder head and pisis are mounted onto pallet fixtures, while other engine
components to baused in the assembly procease fed directly to the assembly stations.
Assembly is performed by mounting components onto/into a base unit, i.e. the engine block,
and solely executeth the zplane, meaning components will be placed/inserted/screwed
onto/into the engine block in a topown vertical direction. The locations of components to

be assembled are prdefined within stations through the use of feeders and pallthis
information is available through the local Assembly Station Data Base, as are the
componens” pick locations, to be fed to the Assembly FeatBtenction Blocks (In most
cases, these components could also be sewkbected at the station). The engine block’s
Base Frame location in the station is therefore known, and a sigtddigered when a pallet

Ad Ay lFaasSvyofe LRaAAGAZ2Y D ! daSyofe CSIFGdNBaQ
Base Frame, in the Assembly Feature description irctisdomerProdwct Data Model. This
information details the locations to place, insert or screw components and is also fed to the
Assembly Featur&unction Blocks. Pallets enter the assembly station on the conveyor one
at a time, and when the station assembly operatiorasdn been performed, the pallet is
forwarded to the next station, as a new pallet enters the station. Figérshows a virtual

assembly station which resembles such a typical assembly line station.
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Figure 46.Engine assembly station

The scenario is described usiagirtual robotic assembhenvironment(RobotStudio: ABBs
software for offlineprogramming and simulation of robot systeymdth ABB Robots, but the
control structure can be used for both real and virtual applications as it generatestibé

control codein ABBs native robot language RAPID, whiakesd for both real and virtual ABB

robot controllers.

6.2 Engine Assembly Components

The following components are included in the engine assembly task:

Engine blockfed to the station on a pallet (Figure 47). éably Features” locations are
defined in the customer’s Product Data Model, in relation to the engine block’s Base Frame
(Figure 48).
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Figure 47.Engine Block

Engine Block Base Frame

Figure 48.Engine Block Base Frame
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Enginecylinderhead:Fed to the station on pallet (Figudé®).

Figure 49.EngineCylinder t¢ad

Pistons:Complete with pin and rod. Fed to the station on pallet,-preunted on piston

fixture (Figureb0).

Figure 50.Piston, and pistons prmounted on piston fixture
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Bolts: Bolts are separately fed to the station and pr®unted in a bokfixture (Figuresl).

Figure 51.Engine head bolt, and bolts praounted in bolt fixture

Components on palletEngine Block, Engirtgylinder Head, Pistarin fixture(Figure52).

Figure 52.Engine components to be assembled
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Engine assembled on pallédEngne assembly completed (Figure)53

Figure 53.Engne assembled on pallet

6.3 Engine Assembly Task

Manufacturingprocesses are performed by a combinatioihvariousmanufacturingtasks.

An assembly task specifies the operations needed to assemble a product, and a robotic
assembly task can hgerformed by oneor more robots in one or a group of cooperating
robot stations/cellsIn its simplest form massembly task may be to assemédy 2 parts to

create a sukassembly or as in this scenario, to assemble the following set of components

into a car engine:

- engine block, engineylinderhead and pistons (suissemblies assembled by other
robot stations)

- bolts (parts from supplier).

Thishigh-level assembltask is realised by a group of pdefined Assembly Featuféunction
Blocks, sequenced in a Compositenction Block, acting as angne Assembly ProcesaR

As each Assembly Feattifenction Blockontains the detailed knoow of how to perform

a lowlevel assembly operatigrhigherlevel assembly taslksgich as engine assembly can be
performed. In thecase of a multrobot station @operatively performinganengine assembly
task, individual robots canperform individual Assembly FeatuFainction Blocks of
CompositeFunction Block However, obots cannotshare the execution of the same

Assembly FeaterFunction Block, i.df one robot reaks down during the executiasf an
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Assembly Featur&unction Blockanother robot cannot complete thidssembly Feature
Function BlockTo ensure safetiy the case two or more robots are cooperating to complete

an asembly task, a control structure functionality is required to make sure that one robot
has finished its operations before the next robot can start. For this a safe Home location can
be used for each robot in combination with the triggering of an outpwgrguo the next

waiting robot, acknowledging thadhe first robot has reached isafe location.
The Assembly Featufeunction Blocks required for this engine assembly task are:

- INSERT insert pistons into the engine block
- PLACED place engineylinderhead onto engine block, and

- SCREWo attach engine cylinder head to engine block with bolts.

The condensed Assembly Feature sequence is depicted in Bijure

Engine Assembly Task

- Feature Sequence
+INSERT
+PLACE
+SCREW

Figure 54.Engine assembly sequence

6.4 Engine Assembly Task Control

During Supervisoryléningin the Cloud, before Assembly task execution can be initiated,
an extended Function Block network is formed, i.e. the Function Block Control Struture.
Assembly Procesddn (Assemble EnginEB) i.e. sequencedore-definedAssembly Feature
Function Blaks is input to thisstructure, in relation to selected assembly ta$hk. deal with
those issues that cannot be handled by individual Assembly FeBturetion Blocks, such as
interfacing with device controllers and control panels (HMIs), coordinatirey-fahction
block activities and communication between distributed Function Blocks, the following

Service Interfag-Function Blocks are also parttbe control structure(Figure 55)
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- Cloud ContreFunction Block: Acts as a manager on the cloud level.
(Corresponds to the Robot Contraéa-{ SNIWA OS Y2Rdz S &/ f 2dzR  w+
Figures 23 and 26).

- Local ContreFunction Block: Acts as a manager on the local level.
(Corresponds to the Robot Contrata-{ SNIIA OS Y2RdzZA S a[ 20Ff hLl
Figues 23 and 26)

- Material Handling~unction Block: Controls the material handling in the Assembly

Station.

- CommunicatiorFunction Block: Acts as interface for communication between

Function Blocks at different levels.

These Function Blocks are all of tBervice Interface type which is defined in the IEC 61499
standard. The control structure also incorporates some assembly task information sources:
Consumer and Assembly Station Data Bases and the Cloud Service Management module

(section 3.4.2).

The Functia Block control structure and its constituents are described in the following

sectiors, together with the structures functionality and behaviour.
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6.4.1 Function Block Control Structure

In Figure 53he main details of the Function Block contstlucture andts connections are

shown, together with its information sources

Cloud Service Management
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High-Level Execution Control
| |
Lo EL_INI EO_INI
El_SIM EO_SIM
EO_MON
Cloud DB =
EI_UPD EO_UPD Cloud Control HMI
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= cLoun
" CONTROL-FB
[ ‘ IN_INFO  CLOUD_INFO
UPD UPD o
FB_EXE FB_MON
Cloud Environment
Local Environment
71 ELLINI EO_INI
EI_RUN EO_RUNRDY
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ELINI EO_INI —1 MH-FB |:A
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EI_ASS_RDY EO_SIM UPD FB_EXE
EI_ASS_OK EO_OK_TO_START
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Figure 55.Function Block Control Structure
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6.4.2 Control Structure Constituents

6.4.2.1 Cloud Control-Function Block

Responsible for managing assembly task cloud level activities, such as: interface to the Cloud
Sewice Management modulepordinate activities between participating service providers,
scheduling of resourcesperform robot initialisations andfunction Block execution control

(start, stop, pause, resume, etcperform assembly task simulation, monittocal task
executon, andin the case of changed task requirements (e.g. change in product design)

update Assembly Procesddp.

6.4.2.2 Local Control-Function Block

Responsible for managing assembly task activities at the Assambly ation level, such
as:local operation planning and Function Block executiorierfacing with Cloud Contrel
Function Block, station device controllers and Hid®rdinationand monitoringof activities
to accomplish the assembly task, conducting local equipment initializattiansmitting
Assembly FeaturEunction Block generated control commands the robot controller,and

passing updates to Function Blsck

The Local Contrdfunction Block is downloaded to a fremd station controller, with an IEC
61499 runtime environnent for execution of Function Blocks. It interfaces the Assembly
Staton through a local networkor access to robot controller and station equipment, e.qg.
conveyor and statio sensors. As shown in Figure 8% Local ContrefFunction Block is also
conneded to the Assemble Engiréunction Block and the Material HandliRgnction Block,
while interfacing and sharg runtime data with the AssemblyaBon. Thidacilitatesruntime
information retrieval from the Assembly Station and communicating this indtion to the

control generatingAssembly Featur&unction Blocks

6.4.2.3 Assemble EngineFunction Block

In this scenario a set of sequenced Assembly Fedturetion Blocks are wrapped in a
CompositeFunction Block, acting & Assembly Procesddn. Itcontairs three Assembly
FeatureFunction Block$o control the robdic task ofassemblinga car engine. At ruiime
execution, each Assembly Feattfanction Block generates detailed operation plans as their
algorithms generate the required robot control instructions. These instructions are
forwarded to the robot controller(s) through theoordinatingLocal ContreFunction Block
After the execution of one Assembly Featdirenction Block, the next is called according to

the sequence defined in thAssembly Procesddd. During assembly operation execution
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process monitoring is crucial faucceshilly completing he assembly taskBased on run
time monitoring data, it is also possible to effectively coordinate resource selection, job
dispatching and process executiofherefore all of the Function Blocks, upon request to

enable monitoring, canonvey status informtion to the Cloud ContreFunction Block.

In the lower part of Figure Sthe graphical representation of thessemble EnginEunction
Blockis depicted.This is the Assembly ProcedarPwhich includes the sequenced set of the

Assembly Featur&unction Bdcks

6.4.2.4 Material Handling -Function Block
Another type of Service Interfadeunction Block, called Material HandliRgnction Block,
(MH-FB) is used as a controller for the conveyor system, controlling the flow and monitoring

the locations of pallets availabin the assembly station.

6.4.2.5 Communication -Function Block

A Conmunication Function Blocks a Service Interfacé-unction Blockthat provides a
construct for information sharing between distributed Functiolodgs It is designed to
facilitate Function Bck execution and process monitoring by providing necessary
communications betweenomputers for planning and control and controllers on shop floors.
It is extended from the Service Interface FunctidocB type defined in IEG1499, and can
provide servicesicluding function blocklispatching and ruitime operationstatus sharing
through a distributedhetwork. Two types of Communication Function Blocks are designed
for effective data exchange:Requestunction Block (RERunction Block) and Response
Functon Block (RSPunction Block). This pair resides in different devices at different
locations and are linked via a socket connecti@GommunicatiorFunction Blocks are not

shown inthe control structureput are situated between cloud and local levels.

6.4.2.6 Cloud Service Management
Responsible for service management, e.g. service composition antekiglcontrol, as part
of the Cloud Manufacturing concept. Coordinating the execution for selected service

providers for a manufacturing task (described in sec8ch2).

6.4.2.7 Consumer Cloud Data Base
Provides thecustomer feature-enriched Product @&ta Model expressing the required

ManufacturingFeatures, process parameteaad requirements for product creation.
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6.4.2.8 Robotic Assembly Station Data Base
Provides statusnformation for the Robotic Assembly Station such as: robot and tool IDs,

component locations, conveyor and station rtime status, etc.

6.4.3 Control Structure Functionality

Before assembly can start, the control structure needs to be initialised with thealactu
assembly task and Assembly Station information. The core of the assembly process control is
the Local ContreFunction Block. At the very beginning, it is being asked to initialise by
receiving an output event from the Cloud Service Management, EOThidl.triggers the
initialisation of the Local Contrélunction Block, as it reads the local Assembly Station
information from the Station Data Base, and the cloud product information from the
Consumer Cloud Data Base. When initialisation is finished, grutomitialisation event is

sent to the Material Handlinfunction Block, which is also initialised by the Station Data
Base. After this, the Assemble EngFumnction Block is similarly initialised, as it is triggered

by EO_MH_RDY to read the compiledudi@nd local information from the Local Control
Function Block. As the EI_ASS_RDY is received from the Assembld-Bngiita Block, the
control structure initialisation process is concluded, which is now prepared to commence the
engine assembly task,teer as simulation mode or actual assembly operations (El_SIM or
El_START activated by operator HMBimulation is performed to verify a correct and
collisionfree robot path kefore real assemblis started (Gapter 5. Other parameters of
interest for hgh-level planning and scheduling, such as cycle time, can also be verified. In this
scenario the Assembly Station provider has uploaded a cloud level simulation model, as part

of the service offered, but the simulation could also be performed on the lecal.

The actual assembly task is started as EO_START triggers the Material Hanuitimn
Block to forward a loaded pallet to the assembly position. After this, the robot control
instructions for the assembly operations are generated by the three AddgFeature
Function Blocks in the Assemble Engtumction Block, which is triggered by El_RB&th
Assembly Featurunction Block generatedetailed operation plans at rutime, asits
algorithms executeThe Local Contrdtunction Block receives thesontrol instructions and

is in charge of conveying these to a robot controller. Depending on the availability of robots,

it can decide which one should be selected.

The Function Blocks on all levels can be updated when assembly conditions change. This

information is conveyed by the EI_UPD event input coupled with the UPD data input. The

Pagel65



- Robot Controlhsa-Service for Adaptive Robotic Assembly in a Cloud Environment

sources for these changes can be both product and station related. Cloud level monitoring of
the ongoing process is also possible, and is initiated by the EI_MON inpitevikee Cloud

ControtFunction Block.

6.5 Assembly Task Sequence

At Assembly Station statp, local contol Function Blocks are initiadid, reading actual
conditions regarding assembly task and Assemlivltid. Information such as Assembly
Feature locatias, robot operational parameters, e.g. target locations, speed, safety levels,
are then read by the Assembly Featdfenction Block’s data inputs. This information is then
used by the algorithms to create a rtime adapted control. A change of the asseyntalsk,

e.g. a change in product design which results in a new location for an Asséeatlye, can

be directly conveyed to the actual AssemblyatureFunction Block through the update
event functionality. This information is then accessed directly fthencustomefs Cloud

Data Base.

In the following description of the sequenced execution of the engine assembly task,
references are given to the Function Blocks in the control structure generating the control,
as well as details of separate task operatigher the first Assembly Feature procedure,
Inserting Pistons, figures describing the assembly task information flow is presented. The
information flow for the other Assembly Features (Place Engine Cylinder Head, and Screw
Bolts) is performed in the sameanner). For ease of understanding in this presentation, all

parameters are not included in tHeeature descriptions.

1. A pallet enters the station, and is detected by staticonveyorsensors: first at
station entry, and next when it has reached the jiefined conveyor assembly

location(Figure 58. Controlled by the Material Handlisgunction Block.
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Figure 56.Pallet at assembly position

2. The pistons are inserted into the engine block. Theotatontrol instructions are

generated by the INSERT Assembly Fedfurection BlockFigure 57

Engine Assembly Task

- Feature Sequence

- INSERT
* Open tool¢ ReleaseVacuum Off
* Move I1 ¢ Above Piston Fixture
* Move I2 ¢ Down to pick locationpPiston Fixture
* Close tool Pick Pistonsvacuum On
* Move BB - Lift Pistons verticall{to safe position
* Move U - Above Engine Block
* Move 5 ¢ Approach Engine Blogkith anglg
* Move 16 ¢ Down to insertion Location
* Move I7 ¢ Insert Pistonglnsertion Depth value
* Open tool¢ Release Piston¥acuum Off
* Move IB ¢ Above Engine Block
* Move 9 ¢ Home

+PLACE

+ SCREW

Figure 57.INSERT Assembly Feature operations

- Piston pick location, I2nitialised orupdatedby Station Data Base (Figures 58 and
59):
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Robotic Assembly
Station

- Feature Sequence
-INSERT
* Open ReleaseVacuum Off
* iston Fixture
*IMove I2 ¢ Down to pick locatiopPiston Fixtur4
* Close toolg Pick Pistonsvacuum On
* Move 13- Lift Pistons verticallfto safe positiof
* Move K4 - Above Engine Block gl
* Move |5 ¢ Approach Engine Blogkith angle e R
* Move 16 ¢ Down to insertion Location Pick Location
* Move I7 ¢ Insert Pistonginsertion Depth value [ Pistons
* Open toolq Release Piston¥acuum Off B
* Move B ¢ Above Engine Block
* Move 9 ¢ Home
+PLACE
+ SCREW

Figure 59.Piston pick location
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- Safety level given by Station Data Base (optigifadjure 60.
Z3

Figure 60.Piston safe location

- INSERTreature location and depthgiven by customefs Cloud Data Base, at
initialisation or updatgFigures 61 and §2Location in relation to engine block Base

Frame (defined in Station Data Base).
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Customer

Cloud DB

Engine Assembl

- Feature Sequence
- INSERT

* Move 2 ¢ Do) pick locatiopPiston Fixture
* Close took Pistonsvacuum On

istons verticalljto safe positioh
ve Engine Block

*IMove I7 ¢ Insert Pistonglnsertion Depth valuy
* Open toolq Release Piston¥acuum Off
* Move 18 ¢ Above Engine Block
* Move 9 ¢ Home
+PLACE
+ SCREW

17:
Insert Location
Pistons

Figure 62.Piston inserting depth value
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3. The enginecylinder head is placed onto the engine blockhe robot control
instructions are generated by the PLAGEembly Featur&unction BlocKFigure
63):

Engine Assembly Task

- Feature Sequence

+INSERT

-PLACE
* Open tool¢ ReleaseGrasp Off
* Move PL ¢ Above Engine Head
* Move P2 ¢ Down to pick locationEngine Head
* Close took Pick Engine HeaGrasp On
* Move FB - Lift Engine Head vertical{o safe position
* Move P4 - Above Engine Block
* Move 5 ¢ Approach placing location Engine Block
* Move F6 ¢ Down to placing location Engine Block
* Open toolg Release Engine Headrasp Off
* Move R ¢ Above Engine Head
* Move PO ¢ Home

+ SCREW

Figure 63.PLACE Assembly Feature operations

- Engine Cylinder Head pick location gilsy station Dat®ase (Figure §4

Figure 64.Engine Cylinder Head pick location
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- Safety level given bstation Data Base (optional) (Figure)65

Figure 65.Engine Cylinder Head safe location

- PLACE location given tystomefs Cloud Data Base (Figuré.@6cation in relation

to engine block Base Frame (defined in Station Data Base).

Figure 66.Engine Cylinder Headdee locatbn onto Engine Block
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4. The bolts are screwed through the engindinderhead, down into the engine block.
The robot controlinstructions are generated by the SCRBW#sembly Feature

Function BlocKFigure 67:

Engine Assembly Task

- Feature Sequence

+INSERT

+PLACE

- SCREW
* Open tool¢ ReleaseVacuum Off
* Move 9 ¢ Approach Bolt Fixture
* Move 2 ¢ Down to pick locatiopBolt Fixture
* Close toolk Pick BoltsVacuum On
* Move SB - Lift vertically(to safe positiof
* Move SI- Move over Engine Head
* Move $ ¢ Approach Engine Heddith angle
* Move $ ¢ Down to insertion location
* Move ¥ ¢ Insert BoltgInsertion Depth valug
* Screw BoltgTorque valug
* Open tool¢ Release Bolid/acuum Off
* Move 8 ¢ Above Engine Head
* Move ® ¢ Home

Figure 67.SCREW Assembly Feature operations

- Bolt picklocation give by station Data Base (Figure) 68

Figure 68.Bolts pick location
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- Safety level given by statidbata Base (optional) (Figures 69 any§i 70

Figure 70.Bolts safe location above Engine Cylinder Head
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- Bolt mounting location gien bycustomefs CloudData Base (Figure ) in reldion

to engine blockBase Frame. Additional parameters for screw process also included,

e.g.bolt torque.

5. Finished engine leaves station as new pallet entergure 72

Controlled by the Material Handlidgunction Block.

=

Figure 72.Pallet exiting as Assembly Station operations are finished
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6.6 Adaptivity scenarios - Handling variations
The sources fopossiblevariatiors in performing the engine assembly are mainly related to

either the engine (Product) or the Assembly Station (Resource):

- Product design change (e.g. a component feature location has been moved):

One example to show the system adaptability to changes during assembly may be the
position change of the Bolt holes in the Engld@inderHead and the Engine Blodkthe

new locationiswithin the capability of the selected robot, an update of the ldoatfromthe
Product Model in theConsumerCloudData Basgor through theCloud ControtFunction
Block,s enough. This can be handlegthe EI_UPD event and its associated UPD &#garge

55). (If Local ©ntrol-Function Block continuously reademponern feature locations from
Cloud ContreFunction Block oiConsumerCloud Data Basechanged locations will be
handled automaticallyif Local ContrelFunction Blockeads all componerfeature locations

at initialisationsonly, as in the describedcenario, update of changed ld@m is necessary

The new locations of the Bolt holes are conveyed to the corresponding Assembly Feature
Assembly Features whose internal algorithms can make relevant changes to the robot control

instructions on the fly.

If the change is not within the available capability, a new resource needs to be selected by

Cloud Service Management.

If there is a change of the number of components, Cl8ugervisory Planning needs to be
performed, for selecting and sequencing the carteset of Assembly Featufféunction
Blocks.

Product process change (e.g. bolt torque has been increased):

If the new assembly process parameters avithin the capability of the selected robot
station, an update of the process parameter fréime ConsumeCloudData Baser through

the ControtFunction Blocks enough.

If not within the available capability, a new resource needs to be selected by Cloud Service

Management.
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- Manufacturing resource variations:

The Function Block control structure can alsodiarsome variations in station equipment.
If there is a resource redundancy within the manufacturing system, sometimes another

resource can be automatically invoked as a replacement for a failing resource.

In the case where two robots are cooperating torgaete an assembly task, and one of them
becomes unavailable (service, breakdown, etc.) the control structure cdiraet control
commands to the available robot. The Assembly Station Data Base holds the record

G! OUAGSkb2d I Ol A Qe LodaRCuitrFrunQién BNk dad defedd Bhich a 2 {
robot ID to convey the control instructions to. This is possibi@ KS G NBLIJX | OAy 3£
capability matches the capability of the unavailable robot, for the actual operational

parameters (reach, weightool, etc.).

To improve this abilityan optional Tool Changeunction Block can also be included in the
control structure. This can be triggered in case of an unavailable or broken tool, and should

include the necessary robot movements and signals foohdbange.

6.7 Summary

The scenario presented summarises the applicability and functionality of the proposed
Function Block based control approach, which has many promising characteristics for use
within both local and distributed environments, such as clongi®nments. The biggest
advantage compared to traditional control is that the required control is created atinum
according to actual manufacturing conditions, facilitating rapid adaptation to the changes in
product design, assembly conditions andesmbly environment. This is because the native
control code of a robot is generated after the Function Blocks in the control structure have
been dispatched to the local robot environment. In other words, when operation planning is
performed, the robot to egcute the operations is known. Using such an Assembly Feature
Function Block based control system also leads to the generation of assembly plans which
are resourceneutral, i.e. can be dispatched to different types of robots for assembly
operations. If theassembly station uses Fanuc robots instead of ABB robots, another set of
robot control instructions can be generated by the Assembly Fedturetion Block, as they

at initialization read the robot ID and select the suitable cgdeerating featurdemplate.

The Function Block control system can therefore enhance the adaptability and flexibility of

an assembly system.
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The next bapter, which concludes thiglissertation discusses and evaluates thiesign
scienceapproach appliedthe results ofthe research studyand presentsonclusions and

proposes some interesting areas of possible future work.
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7 Discussion, condusions and future work

This Chapter discusses thesults and conclusions from the performedsearch study,
presenting a method for adaptive control of manufacturing equipment in cloud
environments. The basis for discussions is the use of «etumented guidelines for
as®essing research followinthe Cesign Science Bsearch methodologyConcluding this
Chapter, overall conclusionom this research studyfollowed bysuggestions fofuture

work, are given.

7.1 Discussions

In Chapter 1 the applied research methodology for tldsearch study, Design Science
Research, was described. dtdresgs research through the building and evaluation of
artefactsdesignedto meet the identifiedneed andits essaceis that contribution springs
from utility. For the evaluation of the redslfromthe design science researchopess, the

followingquestions should therefore be answered:

1 What utility does the new artefact provide?

1 What demonstrates the utility?

A. R. Hevner et al. (200d)esented practical rules for conducting design science research, in
the form of 7 guidelines which describe characteristics of well carried out res€eaible 5.

Their purpose for establishing these guidelines was to tasssarchers to understand the
requirements for effective design science research, and the authors recommend that each of
these guidelines shouldebaddressed in some manner for Design Scierese&ch to be
complete. However, thegnay not allbe given tle same focuss it is up to judgement of the

researcher to determine their scope of applicability.

Table 5. Design Science Research Guidel{deR. Hevner et al., 2004)

Guideline Description

1- Design as anrfefact Design science research must produce a viable artefact in the for
a construct, a model, a method, or an instantiation.

2 ¢ Problem Rlevance The objective of design science research is to develop technol
based solutions timportant and relevant business problems.

3 ¢ Design Kaluation The utility, quality, and efficacy of a design artefact must

rigourously demonstrated via weixecuted evaluation methods.
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4 ¢ Research @ntribution  Effective design science reseanstust provide clear and verifiabl
contributions in the areas of the design artefact, design foundatic
and/or design methodologies.

5 ¢ ResearciRigar Design science research relies upon the application ofur@es
methods, in both the construction ahevaluation of the desigr
artefact.

6 ¢ Design as a Search The search for an effective artefact requires utilising available me

Process to reach desired ends while satisfying laws in the probl
environment.

7 ¢ Communication of Design sciece research must be presented effectively both

Research technologyoriented as well as managemeatiented audiences.

These guidelines are usatthe following sectionfor evaluating and discusgjthis research
study. The sections are all initiated with an introduction to each guidelfobpwed by a

discussion about theslevance to thegresented research

7.1.1 Guideline 1 - Design as an Atefact

The outcome of the Design Science Research prpahssh is a sequence oftadties, should

be a purposeful artefact created to address an importanganistional problem. The
artefact should be thoroughly described to enable its implementation in its intended domain.
Within the Design Science Research methodolagiefacts canbe defined as either
constructs (vocabulary and symbols used to define problems and solutions), models
(abstractions and representations), methods (algorithms and practices), or instantiations

(implemented and prototype system@). Hevner & Chatterjee, 2010)

Furthermore,such artefactsseldomtake the form offull-grown information systemsr
deviceswhichare used in practicdnstead, artefacts demonstraienovations that build on

novelideas,technical capabilities angractices(Denning, 1997)

In this research study, thertefacts constructed areinstantiations,in the form ofevent
driven Functio Block based control structures for adaptive and distributed control of
manufacturing equipmentThe nstantiatiors have been constructetbr the assessment of
the proposed control approachs a completeentity, and have beefmmplemented tested

and evalated in demonstrator test casegeal and virtual, local and distributed), mirkilcg

the behaviour of real manufacturing systems, e.g. robotic assembly operations in a

production cell.
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7.1.2 Guideline 2 - Problem Relevance
The objective of Design Science Research in information systems is to acquire understanding
and knowledge to enable the design and implementatiorinoiovative technologybased

solutions tosolveexisting and relevant problesn
One of the fundamental quésns for Design Science Research is:

1 What utility does the new artefact provide?

The outcome of the research process should therefore be a purposefully created artefact
with a utility to solve the stated problem. But if existing artefacts are already wateqto

handle the problem, then the research process that creates a new artefact is irrelevant.

In this research studya research literature reviewhas beenconduced for problem
identification. The review indicates that the level of manufacturognmplexity will become

significantly higher, with the move tdistributed and collaborative manufacturing
environments, which present a higher degree of uncertaint\ariations and unforeseen
SoSyida Yle GKSy 06S Ay ¥t AOlS Randeaxterhaf variatloltsNIi A OA L
Therefore, a prominent property foan adaptive and distributed manufacturing control

structure is the dynamic coordination and distribution of decigieakingto both global and

local environment instancesThis definessome immrtant challenges for manufacturing

companies to be competitiveTwo factors of major importance have been identifias

research problems

1 The ability to participate in distributed resource sharing and collaborative
manufacturing activities.

1 The ability b adaptively handle unpredicted events in their manufacturing systems.

This implies thatdlynamic, adaptive and distributable decisiorakingmust be a key virtue

for such manufacturingontrol systers. To satisfy these prime challenges, an adaptive,
eventdriven control structure for distributed and collaborative manufacturing environments
is necessarylhe overall aim of this research study has been to design, implement, test and
verify the behaviourof such an artefact, providing the required utilitfhe performance of

the constructed artefact has been verified to fulfill this utility.
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7.1.3 Guideline 3 - Design Evaluation
Evaluation is a crucial ogponent of the research process, atie utility of a desigrartefact
must be demonstrated by usingell executed evaluation method3$heartefact is complete

when it satisfies the requirements and constraints of the problem it was meant to solve.

One of the fundamental questions for Design ScieneseRrch that tle evaluation should

answer is:
1 What demonstrates the utility?

Artefacts can be evaluated in terms of functionality, completeness, consistency, accuracy,
performance, reliability, usability, and other relevant utility attribut&he selection of
evaluationmethods must be matched apppriately with the designed artact and the
desired evaluation criterid/arious methods are possible for theefact evaluationsuch as
Observational, Analytical, Experimental, Testing, and Descriptive metheadis. the
evaluation of the constructed artefact’s utilitp this research studyvarious controlled
demonstrator experiments have been performée.g. the production cellpresented in
Chapter 4 and the robotic assembly cell presented in Chaptd¥ds)the adaptie robotic
assembly scenario in a cloud environment (in Chapter 6), a descriptive evaluation approach

is used.

The evaluatiorindicatethat the proposed eventriven Function Block control structure can
realise an adaptive manufacturing behaviour in botital and distributed, as well as

collaborative environments, such as within Cloud Manufacturing.

7.1.4 Guideline 4 - Research Mntribution

In asgssingresearch contributions, novelty is crucial since the proposedfactemust be
innovative, providing atility for solvingunsolved problem or solving a kwa problem in a
better manner.The essenceof Design Science Reseailishthat contribution springs from
utility. Themethodology describes three versions of research contributiohehich at least
onemust be found irany Design Science Research project: The artefact itself, Foundations,

and MethodologiesMost often, the artefact is theontribution of theresearch performed.

Although the proposed control structure can be seen as a rmagearch contribution in the
form of an artefact, it is in reality the product of a novel method for realising manufacturing
control in cloud environmentsThe proposedcontrol structure actually representsna

innovativemethod of how to combine already isting techniquege.g. IEC 61499 Function
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Blocks)with new enabling technologies, such &boud Manufacturing cloud servies,
Internet of Technologies, etc. These are further combined with an approach for the
organisation andtructuring of planning andontrol @pabilities into separate manufacturing
control units, located in different levels of the manufacturing control structurée

successfully evaluated artefastthereforea proofof-concept for the underlying method

The proposedreaturebased Ifiormation Famework described in sectioB.3.2 is also a

research contribution, which maye regarded as a foundation. It presents a novel approach

of how to match manufacturingask requests withprovider NG & 2 dzZNJO S & Qusityl LJF 0 A f .
reference informaibn models Building on the concept of produbtanufacturing Featurg,

a unified information framework describing manufacturing tasksd manufacturing
NBaz2d2NOSaQ OI LI 6Af A fedtuBedper3pdtBvd cah be EdddtrieBior LINE R dz
description of product manufacturing tasks, a featwenriched product data model is
LINBASYGSRE FYyR F2NJ YI ydzf I Ol dab\klyapabiltyraodetizNDO S & Q
Together, these two models facilitate manufacturing resource discovery, and the matching

of manufacturing resources to requested task=or structured and formalised semantic

model representations, implementation through ontologigslahe Semantic Web is used

During the research process, a number of nesearch questins have arisemvhich may
alsobe regarded as research contriliets. These questionare presented in section 7.3
G Cdzi dzNB  én2ayNdad tB nelv yeBearch initiativesd the further development of

researchundertakenin this research study.

7.1.5 Guideline 5 - Research Rigor

In this context, researchrigour addresses how theesearch is conductedlo securethe
quality of the conducted researdhe useof motivatedand establishednethods should be
applied in both the construction ancevaluation of the designed arfi@ct. A successful
research outcomeherefore often depends on the researcher’'s competent selection of
appropriate techniques to construct an artefact, but also tlaeefulselection of appropriate
methods to evaluate the artiact. The testing and evaluation of the constructed artefact
need tobe performed within a suitable environment, preferably as close as possible to the
anticipated area of applicatiofResearch rigar should also be assessed with respect to the

applicability andyeneralisibility of the artefact.

Astrong advocate fortte research rigar of the conduced research is the use of thee§ign

SienceResearch process anthe addressing of each tfie seven guidelineproposed byA.
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R. Hevner et al. (2004Yhe methodologysupports the methods used for testinghé
evaluating the artefactand he evaluations have focused antefact utility, within realistic
manufacturing systems ansicenarios Experimental and descriptive methods have been
used in a quantitative research approach, which have proved the applicability of the artefact

for the intendedmanufacturing domain.

7.1.6 Guideline 6 - Design as a Search Pocess

Design 8ienceResearchs aniterative process for solving an identified research problem
From testing and evaluating activities, updated or raegign artefact are generateavhich
may be further tested and evaluated in a design cyElés means that researchiqgress is
madeiteratively as the scopand knowledgef the design problem is expanddduring this
design cycle the research scope should be refined and made more redbstitake the
evolvingartefact becomemore relevant for the intende@pplication domainA. Hevner &
Chatterjee, 2010)

During theconductedresearch process, a number of neesearch questions havarisen
which were neitheranticipatednor within the initial focus of this research study. Some of
themhavehelped in broadening the research scope, while othlegse moreaimed atfuture
research projects for the further development of the work in ttgsearch study. These are
presentR Ay aSOUGA2Y T®o aCdzidzNE 62NJ €

Initially, the researchaimwasfocusedon adaptiverobot controlin a local environmentAs a
means to handldocal manufacturing variationsthe use of control based on evedtiven
Function Blocks was first investigatéd/ith the emergencef the concept omanufacturing
cloud services and Cloud Manufacturiffpllowing the established concept of Cloud
Computing) and new ICT technologiagw research questions appeared which changed the
research focus to manufacturing equipment control in cloud environmertiier
establishing adaptive manufacturing control in a local environment, this approach was
further expanded to cloud environment§hecombination of ideasjovel concepts and new
technologies led to anethod for realising such a control structure artefact, which is
presented in this research study¥his was a process which evolved through the iterative
testing and evaluation of the depied artefactand which finally generate@& method and
framework for eventdriven Function Block based control of manufacturing equipment in
cloud environments.The concept of aeaturebased Information ramework for the

matching of manufacturingtaskrequests withproviderNB & 2 dzND S & Qas@lsd thed A £ A (0 A
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product of new research questions which appeared during the described design cycle

process.

7.1.7 Guideline 7 - Communication of R esearch

The results of the Design Science Resesinchild be effectively communicatéd audiences
of both technical andnanagement orientationaccording to the guideline instructiorsor
technologyoriented audiences sufficient detail is needed so that the artefact may be
correctly reproduced, i.e. cotrsicted, implemented and used within théntended
manufacturing domain’srganisitional context.Practitioners would then be able to exploit
the utility offered by the artéact, andother researchers could continuke work, to build a
cumulative knowledgédase for further extension and evaluatiavithin the scope of this
research.-Themanagementoriented audiencesvould beneedngsufficient detail tobe able
to determine if the organistional resources should be engaged @onstructing (o0
purchasing) andusing the artéact within their specific manufacturing domain’s

organistional context(A. R. Hevner et al., 2004)

Being &h.D. dissertatiom some respects delimithe possibility opurposeful and directed
communication of researcfindings to dedicated audience$herefore, this research study

is not directly communicated to either a technical or a managesiénted audience.
However, he conducted research has been ongoing fonadt 8 yearsDuring these years,
research progress and findings have been continuously presented in both research journals
and conference papers, embracing both these categories of audiences, as well as other

audiences.

7.1.8 Concluding discussion

The use ofa well established and applicable research methodology for conducting the
undertaken research study has beemaan to secure a rigwous and valid research process.
The Design Science Research methodologgresents asuitable problem solving process,
based onthe fundamental principlethat solutions of a design problem, as well as
understanding and knowledge, are obtained by artefact design, implementation and
application. For the evaluation of the researcloutcome of this research processthe
fundamental questios of what utility the new research artefact provides and what
demonstrates this utility have been answereduring theongoingresearchprocessthe
evohing artefact has been continuously evaluatagan important part of the research

progress.The validity of the research procedgsself has beenensuredby following the
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guidelines for conducting design science research, presefitd®l Hewer et al. (2004) All
of the seven guidelinggresentedhave been addressedith afocus onproblem relevance,

andartefact deggn,implementation and evaluatian

7.2 Conclusions
With reference tahe researchobjectivesstatedin Chapter 1, the major conclusions that can

be drawnfrom the research study presented this dissertation are summarised as follows:

1. Through diterature review, determine the applicability of the ev@niven Function
Block technology for adaptive and distributed control of manufacturing equipiment

cloud environments

Cloud Manufacturingis a developing collaborative and resouresharing
manufacturing paradigm, introduciragnew era of technology that wibtally change
the domain of manufacturing industry Covering all the phases of the product
manufacturing development lifeycle, itis predicted toset new standards for
manufacturing ompetitiveness.However, a ultimate requirementfor realising
Cloud Manufacturing is the ability eccess, and adaptivetpordinate anccontrol,
manufacturing equipment used in collaborative and distributed Cloud
Manufacturingmissions.Shared, Igh level manufacturing taskfien need to be
divided and distributed as stlasks to the shop floorsof collaborating
manufacturing companies. These staisks should then be coordinated and
executed based on redéime information from both clouebased andocal sources.
Theefore, realisingeaktime monitoringand remote control irCloud Manufacturing
environmens requires a sharedtandardigd closedoop control approach, which
supports distributed control based on both global and leseguirements, caditions
and parameters

The concep of the IEC 6149%tandard supporthis approach, athey enablethe
use of online information for dynamic and distributed decisioaking, as well as
dynamic control capabilities that are able to handle, in a respenaid adaptive
way, different kinds of uncertaintySome of the most prominent properties of the
IEC 61499 standard is distribution, modulardpd portability of functionality
between different manufacturing resource&.majoradvantages the everidriven
nature of the IEC 61499 Function Blocks, which enables decmsi&ing to adapt to

the requirements of the manufacturing process, based on actual conditions.
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The standard supports intelligea to be deentralisel and encapsula&d in software
components,which can be distributed in @loud system control network A
networkedand eventdriven Function Blockased control system can therefore be
applied tocoordinate control of various collaborating manufacturing systems and

resources in a cloud environment.

The control approach is flexible and versatile as it can be designed to handle both
planning and scheduling activitiegprocess monitoringand manufacturing

equipment execution control

Design and formulate methodfor adaptive control of manufacturinggeipment in

cloud environments, including a supporting information framework.

An effective approach to limit the negative influence of uncertainty and
unpredictable behaviour on manufacturing performance is to use rdiahe
manufactuing information.Usirg realtime system information for both planning
and control of a manufacturing system means that the time span between decision
making and actual execution can be narrowed down to a minimum, facilitating more
correct decisions as well as decreading possible negative impact of uncertainty.
Using actual events within distributed control systemto trigger the dynamic
generation of the required control activitiemakes possible adaptive decisien
making and dynamic controhpabilities.

Forrealigng adaptive control of manufacturing equipment in cloud environments
an eventdriven and distributable mukliiayer control approach is required, capable
of instantly generating control in response to prevailing requirements and
conditions.Through the us of Featurebased manufacturinga combined approach
usinglEC 61499 Function Blodks planning and coinol of manufacturing tasks in
cloud environmentsas well asn approach fodetailing manufacturingesources

and tasks, aréormulated

A Featurebased Information Framework is proposed which represents a novel
approach of how tamatch manufacturing task requests with providdd & 2 dzND S a Q
capabilities Building on the concept of product Manufacturing Features, a unified
information framework describing mmafacturing tasks and manufacturing
NBaz2dz2NOSaQ OF LI oAfAGASE FTNRY | aKIFNBR LINEP

description of product manufacturing tasks, a feat@mriched product data model
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model. Together, these twmodelsinstantiatea supporting Information Framework

for discovery and matching of suitable manufacturing resources to requested
manufacturing tasksn cloud environmentsand as such facilita collaborative

manufacturing activities

A novel method for realising manufacturingontrol in cloud environments is
formulated The concept of combining Manufacturing Features with IEC 61499
Function Block enablesan intelligent, agile and flexible solution for performing
automated run-time generation and execution of control instructions for
manufacturing resourcesThrough the integration of the Manufacturing Feature
Function Block control approach into a clebased twalevel planning and control
structure, adaptive and distributed manufacturieguipment controlwithin Cloud
Manufactuing has been realsd. Implementedas manufacturing services, e.g.
Robot Contrehsa-Service, Manufacturing FeatuFaunction Bloks can perform
planning and execution of manufacturing tasks at different system control leAels
centralised generation of generic process plans which, after distribution to selected
manufacturing resources, arn@stantiated and detailed at rutime through local

operation planning, caters for an adaptive contoehaviour

The presented control methoi the main contribution of the conducted research
programme. It was successfullyevaluated in a research study evolutionary
perspective, going from the dal control of a production cell, to adaptive and
distributed control of real and virtual robots, to a full scale Cloud control approach,
incorporating cooperating manufacturing resource providers. This is further

described in the following three sections

Design, implement, analyse and evaluate tireethod for control in a local

manufacturingenvironment

Thecontrol methodformulatedwasimplemented and evaluateih acase study with
the control of ademonstrator production cellThe demonstrator consists of3saxis
gantry robot, integrated with a small 3axis tabletop CN@milling machine to

perform an industrial machining and assembly process, requiring their coordination

Pagel88



-Discussions, conclusions afiuture work-

and cooperation to fulfill the tasklhe networked Function Bloclkcontrol structure
implemented inthe demonstrator control systerwas created from a combination

of control generating Assembly Feattfeinction Blocks and Machining Feature
Function Blocks, supported by Service Interfeoaction BlocksThecase study has
demonstrated the capability of the proposéakaturebased Function Block control
approach

The Function Block control structure is fully capable of controlling the operations of
the CN@nachine and the gantry robot, monitoring states andailes of the system

to enable a reatime manufacturing approach for decisiomaking in the
demonstrator cell, as well as managing the communications within dak
Assembly, machining and material handling operations alhbe construced and
executed using Featurdvased IEC 61499 Function Blocks. The gantry robot and the
table-top CN@machine are both directly controlled by the outpuibsuch Function
Blocks, and no proprietary control instructions are needed.

Summarising he results from thetests undertaken the performance of the
demonstrator cdl has been evaluated and confirm theditisfactory functionality is
achieved fronthe formulatedcontrol approachThe testgndicate that theproposed
Featurebased Function Block control methodmplemented as a control
architecture for a production systemis capable ofeffectively handling varying
production conditions, and automatically and dynamically generating and

performing manufacturing equipment control.

Design, implement, analyse andatyate the method for adaptive control in a
distributed (LAN) manufacturing environment with both real and virtual

manufacturing applications.

The control methodpresentedwas implemented and evaluated a case study with

the control of arobotic demonstrator assembly cell and its virtual twiThe
demonstratorcell, MiniCell,consists of a ABB 14&obot with a double gripper tool

to handle different components to be assembled. The cell also includes components,
component magazines and some auxiliary equipment. The virtual twirtapy of

the real MiniCel|] but with virtual robot, controller, tool, and assembly cell
components The networked Function Blockcontrol structureimplemented aghe

demonstrator control system was created from a combination of control generating
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Assemly FeatureFunction Blockssupported by Service Interfadaunction Blocks.
Through performing experimes controlling the robot demonstrator assembly ¢ell
the case study has demonstrated thdaptivecapability of the proposefreature
based Function Block control approach

The results verifythe ability to execute assembly operations @maptively control
both real and virtual networked robot systenusinglEC 61499 Assembly Feature
Function Bloks They alsshow that the control system can easily adapt to changes
at runtime when the assembly task is randomly changedthout any
reprogramming Through the use of sensors,otations of components to be
l3aSYoft SR Ory 0S8 OKFy3dSRx & ft2y3 a (KS
reach and allowed work space.

Summarising he results from thetests undertaken the performance of the
demonstratorassemblycellshavebeen ewaluated and confirm thathe functionality

of the formulated control approachis appropriate The tests indicate that the
proposed Featurdased Function Block control methdd)plemented as a control
systemfor a robotic assembly cell denstrator,is capable ofautomatically and
dynamically generating and performing manufacturing equipment control,
adaptively handling varyingssembly conditiongnterfacing a virtual robot system
for demonstration and verification of control capabéiiandperforming distributed

control.

Design, analyse and evaluate timethodfor adaptive control in a cloud environment,

including Manufacturing Equipment Contad-a-Service.

Following the proposed approadbr adaptive control of manufacturinggelipment

in cloud environmentsin Chapter 3 and the results of the case study
implementations in chapters 4 and the applicability of thé=unction Bloclcontrol
methodhasbeenevaluated i Cloud Manfacturing assembly application scenario
Acontrol system structurénas been designedncluding cloud services and modules

for integrating distributed manufacturing management and execution in a cloud
environment and isdescribed for a cloud control scenario in whichloud service is
usedto complete a assembly task.

The cloud control scenario for car engine assembly in a local robotic assembly station

is described, for which a Function Block control strucamd the control concept of
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Robot Controhsa-Servicds presented and evaluatedh@ control structure can be
used to adaptively control different assembly stations, as it is defined to generate
generic functionality, i.ethe assembly of a car engirend some different scenarios
are described of how the adaptive control behaviour is ieagbd when variations
occur. The sources fosuchvariatiors mainly relateto either the engine (Product) or
the Assembly Station (Resource).
The adaptivébehaviourof the control system for the following scenaribave been
described irdetail:

- Product design change (e.g. a componeaafure location has been moved)

- Product process change (e.g. bolt torque has been increased)

- Manufacturing resource variatior{g.g.variations in station equipment)

The performance of theloud control structurgoroposedfor a car engine assembly
scenariohas been evaluated anithdicate that satisfactory functionalityhas been
achievedo adaptivelyhandle variations related to both products and manufacturing

resources

Thecloud control scenaripresentedsummarises thepplicability of the Function
Blockbased control approach, whittasshownpromisingcontrol characteristics for
use within both local and distributedanufacturingenvironments Following the IEC
61499 standard, control applications of varying levels @impglexity and
sophistication may be created for adaptive control. Being exkiven Function
Blocksfor which thedynamicbehaviour may be controlledhey havethe capability
to implement thedesired functionality, through featurdefined algorithmswhich
makes them very versatile. The availability of Function Bbased equipment
controllers, with predefined sets of parametrised FeatuFeinction Blocks, would

therefore close the loopf Feature-based manufacturing.
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7.3 Future work

During the research process, a number of new research questiane arisen These
questions may lead to new research initiatives and the further development of the
performed research in this researghudy. Future research withithe presented area for
adaptive control of manufacturing equipment in cloud environmeamtgeds to considethe

following:

1 |IEC 61499 enabled device controllers
A high degree ofmanufacturing equipment populatinghop floos is controlled by
proprietary control systems, with native control languages. This means that they
cannot be directly interfaced yunction Block. This interoperability and portability
issue hampers distributed control solutions and enforces the contisuuse of
equipment specific programming language&s the commands, instructiorsnd
syntax of a dedicated devidanguage has to be used, full flexibility is not available
which reduces the overall functionality when controlledFynction Block. Tareach
the full potential of the presented control approach, devimentrollerswhich can
interface, interpret and executd=C 61498unction Block are necessary. Otherwise,
NBEAaGNAOGSR SEGSNYyILt | O0O0Saa (2 | LINRLNASGI
and internal data through an APl will limit the degree adaptability and
functionality. htermediate solutions such as freanhd computers performing code
translations and Function Block generation of dexspecific control instructions will
then haveto be used, withithe Function Block algorithms programmed to generate
data outputs as equipment specific control instructions, suchnasve robot

languagedor industrial robots, and G and M codes for @N&chines.

i FeatureFunction Block Library
The derelopment of a structured library with Featufaunction Blocks for different
and complexnanufacturing tasks and operations need to be developed, to facilitate
the automatedgeneration of adequate Featwfeunction Block process plariEhe
effective mapping of different atomic manufacturing operations into unique

Manufacturing Featuretherefore needs to be established.
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1 Automated Assembly Procedarihing
AssemblyProcess Rnning establishedrom the design information of a produthe
details on what assembly operations to usgroperlyassemble th&eomponents of
the product in the right orderwhich is of major concern for efficient assemtagks
For an assembly tastie assembly mudirst be decomposed into a group of basic
asembly operations, e.g. placing, inserting, screwing, etc., which are all defined as
unique Assembly Feature$he sequence of assembly and involved components
mustthen be defined.In most cases the assembly sequence can be determined in
advance, based oassembly constraints.
For the automatic generation ofnaAssembly Procesda for a selectechssembly
task, the correctAssemblyFeatureFunction Blocks need to be selected and
sequenced (Process planning for other manufacturing operations are performed
similarly as for assembly operations). These plans are often abiandledynamic
assemblyenvironmens since the execution of an Assembly Process Rladh its
AssemblyFeatureFunction Blocks is based on réiahe manufacturing information

and is therebre able to handle variations in an adaptive manner.

1 Function Blocklgorithm development
It is the generated output data from the Function Block algorithms which is used to
control the robotic operationsFor optimal robot path generation the algorithms
could be constructed tdink to external cloud services offering methofds robot
path calculationssuch as Simulatichased Optimisationlt would then be possible
to find the best solutions for specifimsk requirements e.g. cycle time, energy
consumption, interfacing humans, shortest path, etc. This appreaciid also be

used for the optimal sequencing of assembly operations for complex assembly tasks.

1 Extended manufacturing resource capability models
The supportingFeature-based Information Frameworkpresented enables the
matching ofmanufacturingaskrequests withproviderNB & 2 dzND S & @nd@d LJF 6 A f
suchonly addresses thessue of functional capabilities for manufacturing resources.
Many otheraspects of capability are of course also of interest in the matching of
manufacturingtasks and resources. Resource properties such as cost, quality,
capacity,availability, delivery times, resource locatiaystomerratings, etc. may

also be expressechimanufacturing capability models. The functional capability

Pagel93



-Discussions, conclusions afiuture work-

FyasgSNB (GKS ljdzSaldAazy 2F aoKIFIié GKS NBazdz
OF LI OAGesT 6KAES 2GKSNJ OF LI oAfAlE RSAONRL
respect to resource propertiedVhen a manufacturing task request is published

within a Cloud Manufacturing platform, it ought to be possible for the Consumer to

estimate and compare different proposed service solution on the basis of more

criteria than only the functional capabilities ofamufacturing resourcedMethods

for finding the best service solution in relation to a group of desired resource
propertiesneed to be established. The usesiihulation techniqueso solve such a

multi-objective optimigttion problemcould be one possible approach
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Service Providers

Cloud Service Interaction FlowChart

Cloud Service Management

‘ Publish Service :
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The Cloud Service Interaction Flowchart presentgereric description of the sequenced
activities includedin a Cloud Manufacturingservice interaction.(The designation
G/ 2yadzyYSNE 2NJ &/ dzai2YSNE IINB 020K FNBIjdsSyGf e

ordering the manufacturing task).

1. Service Poviders can publish their offered manufacturing services in the Cloud

Servie Repository, using a standarelis Service Template for detailed service

description.
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10.

11.

12.

Service @nsumes can publish their manufacturing task requests in the Cloud
Service Repositoryusing astandardigd Task RequesTemplate for detailed

manufacturing task description.

The Cloud Service Repository is responsible for storing services, as well as the access

to, and monitoring ofservices and all the service transactions.

Cloud Service Management perforrdecomposition of published manufacturing

tasks, into sudasks.

Cloud Service Management performs selection and composition of published

manufacturing service® match all subtasks of a manufacturing request.

Cloud Service Management performarvice scheduling of all serviceslected for
the requested manufacturing task(Access to Mviders” resource schedules

required). A service proposal solution is sent to the Consumer.

If the service propaa solution $ accepted by thedhsumer, this is forwarded to the

Provider(s).

If the service proposabdution is not accepted by the Consumer, thenGumer can

either exit the process or initiate a nesearch of available services.

If the service propad solutionis accepted by therBvider(s) the process of initiating

the manufacturing process will be started.

If the service proposal solution ot accepted by the ®vider, the Rovider can

either exit the process or initiate a mesearch of available services.

Cloud Service Managemergenerates a manufacturing contract, stadi both

Provider, @nsumer and cloud owner requirements.

Cloud Service Managemeinitiates and contra global execution of included

services.
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13.

14,

15.

16.

17.

18.

19.

In this example, Robdontrolasa-Service is the provided servioghich is initiated
by the Rovider. An Assembly Process Plan is generated for the control of a robotic

assembly proess.

The assembly process is provided aR@bot Hardwareasa-Serviceby another

Provider. The process is executed following tAssembly Process Plan.

When service execution is finished, the service output is delivered.

Cloud Service Managemerwordinates the logistics for service output delivery.

Consumer receives the ordered products.

Consumer givefeedback on the invoked service

Cloud Service Managementvaliates Quality of Serviceafter input from

participatingConsumer andProvider(s). This may be used to establish a quality rating

of the service provider.

20-23. Cloud ServiceManagementgenerates billing documents and after service

payment and reception the service transaction is finished.
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Examples of machined products

Figure 73.Horisontal pocket

Figure 74.Vertical pocket
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