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The key role of information and communication technologies (ICT) to improve manufacturing productivity
within the paradigm of factory of the future is often proved. These tools are used in a wide range of product
lifecycle activities, from the early design phase to product recycling. Generally, the assistance tools are mainly
dedicated to the management board and fewer initiatives focus on the operational needs of the worker at the
shop-floor level.

This paper proposes a context-aware knowledge-based system dedicated to support the actors of the factory
by the right information at the right time and in the appropriate format regarding their context of work and level
of expertise. Particularly, specific assistance functionalities are dedicated to the workers in charge of the ma-
chine configuration and the realization of manufacturing operations. PGD-based (Proper Generalized
Decomposition) algorithms are used for real time simulation of industrial processes and machine configuration.
At the conceptual level, a semantic model is proposedas key enablersfor the structuration of the knowledge-

based system.

1. Introduction

In their recent research review, Esmaeilian, Behdad, and Wang
(2016) highlights more than 40 technological, societal and informa-
tional pillars for the factory of the future. Among these elements, in-
formation and communication technologies and knowledge asset take a
great interest in the new strategies and offer high potential of innova-
tion Wu, Greer, Rosen, and Schaefer (2013). This is because human
capital is the driving force for production efficiency and optimization
(Mavrikios et al., 2011). However, although their role is indisputable,
the actors of the factory are capable of making mistakes that, no matter
what their origin, have a direct influence on the cost of non-quality
(CNQ) and delays (Schiffauerova and Thomson, 2006). Some studies
have demonstrated that human-caused CNQ is due to three main rea-
sons: lack of appropriate guidelines, gaps in training, and the unavail-
ability of documentation in production lines (Benhabib and Ghomrassi,
2004). Furthermore, the heterogeneity of data and information makes
their integration and management very complex (Zhong, Newman,
Huang, & Lan, 2016). Managers aiming to face today’s competitiveness
are continuously seeking to help their employees to efficiently

accomplish their jobs. This goalcould be achievedby promoting a
human-centered visions and roadmaps as key pillars of the factory of
the future (FoF) (Longo, Nicoletti, & Padovano, 2017).

In this context, the concept of “Digital Factory Assistant” (DFA) is
proposed under the ARTUR (in French: AtelieR du fuTUR, translated as
shop-floor of the future in English) project as a framework for intensive
knowledge reuse dedicated to assist factory workers in their daily ac-
tivities. The aim is also to improve the operational process efficiency
through a set of decision-making support for problem solving and re-
action against various events and operational constraints.

Indeed, to deal with different working situations, actors have to be
aware of important elements in the situation and to interpret it cor-
rectly according to their task of interest (Hasan, Bernard, Ciccotelli, &
Martin, 2003). Being constantly aware of all these elements is a difficult
task for the workers and may lead to a cognitive overload. Based on
contextual knowledge reuse, high-speed simulation and advanced vi-
sualization techniques, the aim of the DFA framework is to provide
proactive support for different manufacturing tasks. As an extension of
classical decisions support systems that mainly focus on the delivery of
key indicators and risk notifications, the proposed framework aims to
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centralize the knowledge asset in the factory and enables each actor to
access the useful knowledge according to his/her working situation and
real operational need. That said, the decision-making support built
under the proposed framework will considerthe user’s profile by for-
matting the appropriate information in a consistent way so as to allow
him well understanding and easier use of the available knowledge
(Dhuieb, Laroche, & Bernard, 2013).

The remaining of the paper is organized as follow. Section 2 dis-
cusses the main innovations within the paradigm of factory of the fu-
ture. A state-of-the-art of different knowledge based and decision-
making support systems used in the manufacturing field is given. The
choice of these systems was based on two main criteria: the application
scope and the consideration of the concept of context as enabler of the
systems. The motivations of the proposed intelligent assistant system
are explained at the end of this section while the characteristics of this
framework are detailed in Section 4 from conceptual and technical
points of view. Section 5 concentrates on the problem of multi-physics
simulation as key assistance functionality proposed by the Framework.
This aspect is illustrated through an implementation scenario allowing
users to access contextually to the simulation models in real time
condition. In Section 6, the advantages and limits of the proposed
system are discussed based on feedback from first application in in-
dustrial context and a comparison with some existing tools. Conclusion
and perspectives of future developments are given at the end.

2. Motivations: Towards a new generation of assistant systems in
factory

2.1. Visions of the factory of the future

Complementary visions contribute to the initiative of the factory of
the future (Golec, 2015). According to Westkdmper and Walter (2014),
the factory of the future requires holistic production systems with
learning capabilities integrated into the entire product lifecycle, from
the design and initial configurations to after-sales services. In parti-
cular, the smart factory aims to enhance the control and the optimi-
zation of factory processes based on advanced ICT tools (Lucke,
Constantinescu, & Westkamper, 2008). For instance, the vision for a
smart factory developed in the work of Zuehlke (2010) aims to build the
concept of the “Factory of Things” where the factory implements in-
telligent objects interacting together to exchange information about
their states. This vision is inspired by the “Internet of Things” concept
developed in computer science (Lee, 2017).

The German thoughts about the factory of the future are expressed
in the concept of industry 4.0 (Kagermann, Helbig, Hellinger, &
Wabhlster, 2013). This concept encloses technologies and industrial
processes allowing all the physical and virtual actors of the production
system to interact in the same environment. According to this vision,
the next industrial revolution will be distinguished by the general-
ization of sensors and intelligent agents with the aim of communicating
with other machines, products, processes, humans, etc. The main ob-
jectives are to rapidly detect any production variation, anticipate the
dysfunction and accelerate the research for new solutions and alter-
natives.

The importance of giving more emphasis to the role of the human
being as a key driver for better factory performance has been pointed
out by many visions and roadmaps about the factory of the future.
Mainly, (Westkdmper and Walter, 2014) discussed the next human-
centered production systems and how the human being will work
jointly with digital objects in the factory. Knowledge engineering tools
and methods are one of the key enablers supporting this issue
(Quintana-Amate, Bermell-Garcia, Tiwari, & Turner, 2017).

2.2. Emerging ICT trends for future manufacturing systems

The importance of information systems (IS) in industry has been

highlighted from the last three decades and several propositions have
been made along this period (Collins & Parks, 1991). In Toro, Sanin,
Vaquero, Posada, and Szczerbicki (2007) for example, a framework
were developed for the exploitation of embedded knowledge in in-
dustrial maintenance. The proposed framework is based on a shared
ontology designed to model and support pervasive computing appli-
cations called SOUPA (Standard Ontology for Ubiquitous and Pervasive
Applications). The UDKE (User, Device, Knowledge and Experience) is a
conceptual model of the maintenance support tool that combines
knowledge, user experience and Augmented Reality techniques. Even
though the system relies on SOUPA ontology known by its ability to
handle contextual information, nothing is mentioned in this work about
handling different situations that a maintenance agent may encounter
in real life. In another study, decision support system architecture was
proposed by Klein, Thomas, Morel, and El Haouzi (2008) in order to
improve product flow control. The novelty in their work was to con-
tinuously feed the decision support system by Kanban cards that pro-
vide additional shop-floor information. The aim was to give the deci-
sion-maker a consistent view of the shop-floor. While in Kong,
Hodgson, and Nahavandi (2000), an intelligent decision support system
was developed to support the task allocation and reallocation, local
queue management and production resource management in the metal
forming process.

The CARMMI framework outlined in the work of Espindola et al.
(2013) provides a support to operators during maintenance tasks
through mixed reality. The presented framework allows the acquisition
and presentation of different CAx data with the aim of predicting
breakdowns that may occur in industrial equipment. Kwon, Choi, Lee,
and Yoo (2004) has developed a framework called ubiDSS. ubiDSS is a
framework of multi-agent and context-aware-based proactive decision
support system. The architecture of this framework is composed of a
number of subsystems: context subsystem, dialogue subsystem,
knowledge subsystem, model management subsystem, and a database
management subsystem. Even though the application field of the
ubiDSS system is not applied in the manufacturing domain, it gives very
interesting lessons on the interactions between the components of such
a framework.

Recently, the new generation of IS embeds intelligence and com-
munication features to provide assistance tailored to specific business
process such as for maintenance and machine configuration (Ruschel,
Santos, & Loures, 2017). As explained by Satyanarayanan (2001), our
Society has moved progressively from a Distributed System to pervasive
and ambient computing (Syvanen, 2005). The first two states have been
observed but the last and third one is coming (Cliquet, 2010) (see
Fig. 1).

Distributed systems allow remote communication and access to
shared information inside wide networks while preserving security and
data availability issues via encryption, authentication and backup
technologies. Mobile systems propose advance communication facilities
that ensure continuity of services independent from geographical lo-
cation. To enhance their efficiency, these tools are based on limited
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Fig. 1. From distributed systems to ubiquitous systems:everyday life VS factory.



resources and offer summarized interfaces to be adapted to various
environments. Ubiquitous systems are the category of systems that take
in consideration the context of user through some measurements and
personalization of profile (Lyytinen and Yoo, 2002). This concept is
introduced in 1991 by Weiser (1991) to describe a computer vision
which provides assistance without anyone noticing its presence. Addi-
tional technologies like virtual and augmented reality (Nee, Ong,
Chryssolouris, & Mourtzis, 2012) are now an emerging field in industry
and contribute to its evolution. The aim is to enhance the real life
sensation of the user when interacting with the decision system.

To sum up, many systems and frameworks applied to different
working environments in the factory were found. Most of the research
works are oriented towards specific applications. Except for (Kong
et al., 2000), fewer research works has tried to assist factory stake-
holders at machine level where the information is less available but
essential in the achievement of manufacturing tasks. Looking to the
actual maturity on the usage of information and communication tech-
nologies, even in the “ordinary life”, it is assumed that the factory of the
future must follow this tendency and demonstrate a great implication
on the adoption of such technologies.

2.3. Evolution of decision support systems

Decision Support Systems (DSS) are kind of information systems
provided with a high capability of reasoning to provide their users with
a set of appropriate information (Schonberger and Kopfer, 2011). In
Shim et al. (2002), DSS are defined as “a set of computer technology
solutions that can be used to support complex decision making and problem
solving”. Even though multiple definitions of DSS can be found in lit-
erature, they share a common vision: DSS attempt to automate several
tasks of the decision making process (Biiyiikozkan and Cifci, 2011) in
order to provide users with a set of possible solutions regarding his/her
problem. In final, the decision is selected, accepted or modified or re-
fused by the Human.

Since their appearance, DSS has evolved in a significant way thanks
to the side-by-side evolution made in information and communication
technologies. This evolution has resulted in the appearance of a web-
based technologies (Boreisha and Myronovych, 2008), Mobile solutions
(Wen, Chen, & Pao, 2008), and the ubiquitous DSS (Kwon, Yoo, & Suh,
2005). Fig. 2, illustrates the relation between the portability of the DSS
and the network type used in the implementation. As we can see, types
of DSS have moved from individual DSS to a new category of DSS,
based on the ubiquitous computing vision, in which context awareness
(Carneiro, Laranjeira, Marreiros, Freitas, & Santos, 2012; Dhuieb,
Laroche, & Bernard, 2016) takes an important place in order to an-
ticipate the user’s needs in a particular situation and act proactively to
provide appropriate assistance.

Context awareness provide a clearer understanding of the way ex-
perts integrate knowledge during problem solving, and thus provide
common grounds for decision-making and knowledge sharing (Anya,

Portability
High

Ubuiquitous DSS
MobileDSS

Individual @

DSS

Low

Standalone Fixed LAN Fixed WAN  Wireless LAN/WAN ~ Workspace

Fig. 2. Evolution of DSS: an Illustration based on Kwon et al. (2005).

Tawfik, Nagar, & Amin, 2010). Thanks to these capacities, a context-
aware decision support system utilizes contextual information in the
problem solving process to provide personalized service with minimum
of explicit interaction between human and computer (Chen & Chen,
2010). It provides people by accurate information on their environment
and assists experts making plans and monitoring their daily activities
(Fadzillah, Azlina, Omar, Abidin, & Zaleha, 2013; Ngai et al., 2011).

2.4. Synthesis

The main idea of ubiquitous computing based DSS is to apply the
vision of Weiser (1991) with the aim of ensuring a higher level of in-
formation availability and proactivity. Embedding ubiquitous facilities
can resolve the problem of user workload when manipulating several
information systems and requiring real time assistance. However, even
this concept is old, it is still an interesting scientific challenge that until
now has not been sufficiently exploited by the industrial engineering
research communities. Particularly, the usage of this kind of systems is
limited because of the need of advanced technologies and the manip-
ulation of large amount of data. Actually, recent developments on big
data collection and analysis as well as interoperability with information
systems make the challenge reachable. This constitutes the first moti-
vation of this research work: how a smart combination of recent tech-
nologies can contribute to the improvement of business processes? The
second motivation is leaded by the application domain: industrial en-
vironment especially dedicated to the workers who generally are not
familiar with such kind of applications and require more consideration
of their level of expertise.

As a synthesis of the state of the art, the ubiquitous computing
paradigm came with interesting concepts that the industrial community
and the visions of the factory of the future can benefit from. Table 1
compares the proposed digital factory assistant with other systems and
frameworks cited in the second section. The comparison is based on
different points of view.

e Situation perception: indicate if the system proposes some connec-
tions to sensors, information systems and other facilities to real time
capturing of new events in the situation.

e User assistance: through real time notifications and warnings or

offline procedures and reports to prevent risks of task failure or

security problems.

Collaboration facilities: indicates if the system is able to support

information sharing and situation awareness as well as coordination

rules.

e MMI (Man Machine Interaction): or how the system support

Knowledge restitution and presentation, which is a very important

aspect that affect the efficiency of any DSS.

Contextual access: indicates if the system allows users accessing to

content and functionalities based on their current objectives and

status of their activities.

® Legacy tools interoperability: does the system use some connections

to legacy tools to extract knowledge, perform computing or realize

some offline simulations.

Application domain: gives information about the genericity level of

the solution depending on the variety of business domains.

3. ARTUR Platform: Functional architecture and related
foundations

Looking at the actual industrial problematics and considering the
recommendations of the state of the art, this section aims to set up the
key elements of the proposed decision making platform by representing
the functional architecture and describing the main scientific founda-
tions behind the proposed functions.



Tablel

Comparison between the DFA system and other DSS.

Application domain

Legacy tools
connection

MMI Contextual
access

Collaboration facilities

Real time

Situation perception

Description

System/framework

assistance

Industrial maintenance — Can be mapped

to different domains

Supported

Mixed reality Not supported

Supported Not supported

Not supported

Intelligent system for breakdowns

CARMMI (Espindola et al.,

Desktop interface

prediction and industrial machines

monitoring.

2013)

Industrial maintenance

Not supported

Supported

Mobile interface
Augmented reality

Not supported

Not supported

Considered but not
implemented

Knowledge based system for

industrial maintenance

UDKE (Toro et al., 2007)

Product recommendation for customers
— Can be mapped to different domains

Product flow control

Supported Not supported Mobile interface Supported Supported

Not supported

Framework of ubiquitous decision

support systems

UbiDSS (Kwon et al.,

2004)
Simulation-based (Klein

Supported

Supported Supported Not supported Web interface Not supported

Decision support system for product

flow control

et al., 2008)
(Kong et al., 2000)

Metal forming process

Supported

Not supported

Not indicated

Not supported

Supported Supported

Intelligent decision support system

for metal forming industry

Manufacturing operations — Can be
mapped to different domains

Virtual/Augmented  Supported Supported

Considered but not
implemented

Supported

Supported

Ubiquitous decision-making

assistant system

DFA

reality

Mobile/desktop

interface

3.1. Functional architecture

Analyzing and managing requirements of heterogeneous stake-
holders is a key step to guarantee successful software project (Violante,
Vezzetti, & Alemanni, 2017). The analysis of the current needs of the
operational actors in a factory points out three fundamental require-
ments to be respected by the assistant system: the multi-scale knowl-
edge structuring approach, the ubiquitous knowledge access and the
real time assistance. The first feature is because the expertise level is
different from one worker to another and it is needed to adapt the
knowledge restitution according to the user profile. The second feature
highlights the fact that efficient decision making assistant should take
in consideration the problem to resolve but also the current working
situation of the decider that can impact his actions. Finally, real time
assistance because that the worker is at the operational level face to the
machine and need to react rapidly to some events. Real time simulation
is preferred for this topic. Other aspects related to the virtual en-
gineering based assistance in the ARTUR project are beyond the scope
of this paper. However, some illustrations on how virtual engineering
tools can be linked to PLM systems through the DFA framework are
explained in Dhuieb, Belkadi, Laroche, and Bernard (2014).

The aim of the DFA system is to provide the worker at the pro-
duction line by a set of useful information at the right moment when
he//she is facing the machine. Concretely, the core functionalities are
the followings:

® Providing the right formal procedures for the configuration of the
machine and the selection of the process parameters.

e Capitalizing and sharing the best practices as applied usually by the
experts when resolving some operational but redundant problems.

® Real time simulation to assist the user analyzing the effect of dif-
ferent machine/process configurations on the form of the resulted
product.

e Knowledge transformation and adaptation for optimal restitution
according to the level of expertise of the workers and his/her con-
text of work.

That said, the development of these functionalities requires solid
scientific foundations but pragmatics from an industrial point of view.
The next sections describe this kernel aspect.

3.2. Multi-scale knowledge structuring approach

In this work, we propose an approach in order to structure the
knowledge set into multiple scales as a conceptual foundations sup-
porting efficient knowledge restitution. The idea of expertise break-
down into different levels can be found in the model of Dreyfus and
Dreyfus (2000) who proposes to organize the skills that anyone can
acquire into five stages: novice, advanced beginner, competent, profi-
cient and expert.

In this work, three knowledge restitution levels are distinguished.
Each one translates a completeness level of an activity domain in the
factory. With respect to the multi-scale structuring hypothesis, the
knowledge base can be organized in three completeness levels: KB=
{Kij,i€{1...n},j€{1...3}}. It is intended to store and to formalize the
same knowledge within different representation. The knowledge K; is a
triplet K; < P;|Pr;|R; > where P;, Pr;and R; represent respectively the
knowledge set of the product, the process and the resources used.
Therefore, a knowledge base that encompasses these knowledge frag-
ments can be represented by the set KB = {K;, i € {1...n}}. This de-
composition is inspired from models found in the literature mainly
UEML (Vernadat, 2002) and FBS PPRE (Labrousse, 2004). The in-
tegration of knowledge into the ubiquitous decision-making assistant
system is done by formalizing expert knowledge and by accessing to the
existing information systems (ERP, PLM, MES, etc.). Thus, the foun-
dation of the multi-scale structure is to reduce the information overload



by giving the beginner, intermediate and expert workers only the ap-
propriate amount of knowledge on the suitable format.

3.3. Ubiquitous knowledge access

In fact, managing access to factory knowledge base depends not
only on the expertise level but also on multiple factors such as the ac-
tivity, the role, etc. These factors constitute the operational context and
should be managed (captured, inferred, stored, etc.) separately from the
knowledge base. The context-awareness is considered as a core feature
of ubiquitous computing (Dhuieb, Laroche, Belkadi, & Alain, 2015). It
relies on a context notion with the aim of increasing the ubiquitous
system capabilities in order to adapt the service they provide to the
situation of the user.

Other communities refer to the context as the working situation
defined in Houssin, Bernard, Martin, Ris, and Cherrier (2006) as “the
existence of relations between users and machines, the two co-oper-
ating together to reach a performance in a given mission”. Situation-
awareness is defined as an intermediate state of the decision-making
process. Endsley (2000) proposed a largely accepted structuring ap-
proach used by situation-aware systems. The situation according to her
can be divided into three complementary levels. The first level is the
perception of the current state of situation elements. The second level
builds a comprehensive picture by interpreting the current situation
according to situation elements being perceived at the first level. The
third level deals with the projection of future actions of the elements in
the environment.

Situation-awareness and more generally the situation can be studied
from many points of view and within different levels:

o The perception level of the situation and how it is linked to the
cognitive ability: According to Belkadi, Bonjour, and Dulmet (2004),
three representation levels of the situation might be distinguished:
The Real situation includes all entities of the environment; The

Observable situation is the sub-set of entities that can be considered
by one actor from the real situation according to his perception
capacities; The useful situation focus on the observed entities judged
as pertinent by the actor in the realization of the task.

The link between the situation and the decision-making process: The
concept of situation plays an important role in the decision process
and the deployment of a specific competency by an actor for the
realization of his mission (Bonjour, Dulmet, & Lhote, 2002).

The link between the situation and the collaborative work: A
number of studies about situation awareness have explored how
technology can be used to improve it in dynamic and knowledge-
intensive environments (Blandford & Wong, 2002) and to support
collaborative work in globally distributed teams (Jang, Steinfield, &
Pfaff, 2002).

Based on the above properties, a context model is proposed as part
of the global knowledge model. Three complementary dimensions are
distinguished in this model: organizational, operational and user-cen-
tric (Fig. 3).

e Operational dimension is to determine, in execution time, in
which processes the worker is involved. The process is broken down
into a set of activities that can, in turn, be divided into a multiple
number of tasks to be assigned to the right persons.

e Organizational dimension intended to determine to which de-
partment does the worker belong and what is his/her exact role in
this organization? Linking expertise domain to process helps iden-
tifying all types of knowledge required in a particular business
process, activity or task.

e User-centric dimension is related to the user profile. It describes
the user according to his/her competency, experience and expertise
domain. Knowledge restitution is then organized according to his/
her profile.
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Taking into account these context dimensions, shows the proposed
context model used to handle contextual information in the DFA fra-
mework.

3.4. High speed simulation with PGD method

In the era of digital manufacturing, simulation is a valuable IT in-
strument for supporting the continuously challenge of improving pro-
duct quality and reducing the cost of non-quality. Offline and online
simulations models have been used at different levels of the manu-
facturing system (Mourtzis, Papakostas, Mavrikios, Makris, &
Alexopoulos, 2015). The application of simulation in the decision-
making process for manufacturing can be categorized into two main
categories: long-term simulation is used in the design and configuration
of the manufacturing system (Truong & Azadivar, 2003). Short-term
simulation is used generally for production system control during the
production (Rao, He, Shao, & Zhang, 2008).

The novelty of the proposal is to dedicate high speed simulation
mainly for real time to analysis of operational operations at work sta-
tion level. Indeed, this is not common for conventional decision support
systems, where simulation is generally dedicated to the actors of the
planning and operational management departments. To answer the real
time constraints, PGD-based (Proper Generalized Decomposition)
method (Dumon, Allery, & Ammar, 2011) is used as a background for
high speed simulation to predict the mechanical transformation of the
product structure during the manufacturing operations. By means, the
worker at the shop floor level can anticipate his/her decision by testing
several combinations of process machine parameters and observing the
results on the product simulated model before acting in a real working
environment.

The Proper Generalized Decomposition (PGD) is a recent metho-
dology of simulation designed to meet both requirements (Chinesta
et al., 2013). The main steps are:

o Identify the process variables that need to be controlled through
simulation for one decision.

o Identify all possible combinations of process variables and related
variation ranges of values.

e Establish a table of conversion that links the Process Variables and
the Physical Variables, that is, those governing the physical beha-
vior of the system.

e Compute a Computational Vademecum (CV) that encloses the phy-
sical behavior of the system for every scenario. This part constitutes
the main scientific interest of PGD.

® Post-process the CV output data when it is of a physical nature (e.g.
displacements, stresses) and probably of scarce interest for decision-
maker who prefers practical indicators.

The CV encloses the behavior of the system for every combination of
process (or physical) variables. This causes a combinatorial explosion,
where the number of possible scenarios grows exponentially with the
number of variables. PGD addresses this kind of problems efficiently
because it is based on tensor product representations, also known as
separated representations, which can be understood as a compressed
version of the data. The CV is therefore stored in such a compressed
format. A file format called PXDMF (based on XDMF) has been devel-
oped to handle separated representations (Bordeu, Chinesta, Cueto, &
Leygue, 2013). The PGD algorithm enables the computing of the CV
directly into compressed formats by solving the physics partially de-
scribed by differential equation.

4. ARTUR: Software architecture and graphical interfaces
4.1. Software architecture

As shown in Fig. 4, the generic conceptual architecture of the DFA is
composed of three main layers: Human-Computer Interaction (HCI)
layer, the application layer and the data layer. The human-computer
interaction layer provides different modalities to visualize and exploit
information and assistance provided by the DFA.

The data layer contains the knowledge base and the context base
that stores all useful information about working situations that may
occur in a production line. Some data are collected from other business
information systems through specific Enterprise Service Bus (ESB). This
technique guarantees better interoperability between the DFA and in-
formation systems by means of available service invocation in the ESB

i ente . .
Vlrtual/Au.gm nted Mobile Client HCI Layer
reality

Knowledge Context Management Virtual reality . .

Management Module Module Management Module Application
Layer
. . Simulation Management
Adaptation engine Module

. Knowledge Base @ Context Base Data layer

R Qos

@ Communications protocols

¢

Enterprise Service Bus

P.L.M.

E.R.P.

M.E.S.

Fig. 4. Software architecture supporting ARTUR framework.



(Schmidt, Hutchison, Lambros, & Phippen, 2005). However, the im-
plementation of such end-to-end features depends on how the existing
components communicate with each other.

The application layer is the core elements of the DFA framework. It
receives user requests from the HCI layer, extracts inputs from the data
layer and realizes various reasoning and computations to provide a
given decision. This layer contains five modules:

e Knowledge management module: aims to monitor the knowledge
base according to the multi-scale approach and to fulfill all import/
export operations on it.

e Context management module: deals with the acquisition, inferring
and storing of contextual information, side by side with the adap-
tation engine. These operations allow the DFA to understand the
current situation of the user through a matching with similar si-
tuations.

o Simulation management module: implements high-speed simulation
techniques for the analysis of products’ transformation behavior. It
manages resulted simulation files that can be exploited through a
particular reader deployed on the client side.

4.2. Man-machine interactions

Knowledge restitution is a critical issue for any decision support
system and the profile of the user, his/her level of expertise and his/her
working context should be considered to be sure that the delivered
information is useful. A set of graphical user interfaces (GUI) and mo-
bile applications have been developed as a communication layer of the
DFA to support interactions with variety of actors depending on their
experience levels. These interfaces are developed using HTMLS5 and
JavaScript Bootstrap and was adapted for both personal computer and
mobile operation systems for further facilities of use in every working
situation.

The main graphical user interface is composed of five main func-
tionalities classified In five separate tabs respectively as shown in Fig. 5.
However, every user is supported by a set of functions according to his
profile and his context of work. The related functionalities are displayed
/ hidden accordantly.

e Knowledge management section helps the expert to add information
about new fabrication processes (i.e. manufacturing sequences,

ARTUR - Digital Factory Assistant - V 0.1

certificates, material, resources) and the link to some formal rules
and procedures to be followed when realizing these processes.
Simulation tab allows the administrator or authorized experts to add
new simulation files and to connect the simulation parameters de-
fined in the simulation model to the parameters meta-data to be
used by the operator in the mobile application.

Technical documents section allows the administrator (or author-
ized experts) to update/modify technical documents (like notices,
procedure, component data sheet, etc.) and linked these documents
to the related products or manufacturing according to the knowl-
edge model.

Best practices section allows experts to capitalize their experience
and their suggestion to perform the daily activities or to resolve
some current problems. This kind of knowledge is informal and not
imposed by the company like formal procedures. However, only
experimented actors are authorized to populate this knowledge re-
pository and this requires strong validation steps before making it
available for all actors.

User’s profile administration is used by the administrator to define
user profiles and the related data access strategies. Three levels are
distinguished: novice, intermediate and expert.

The blue interfaces are dedicated to the exploitation of stored
knowledge and information. When the operator connects to his inter-
face he can get directly access to the recent tasks assigned to him with
the reference of the related part. He is also informed by new procedures
and standards in relation with the scope of his work. A set of key words
is coupled with every procedure to help the operator rapid under-
standing of its content (Fig. 6).

At any moment, the operator can access to the details of the pro-
cedures and technical data through a simple query with the good key
words. He/she can download the related technical documents, adapted
to his /her competency level and profile (Fig. 7).

Similarly, when the operator is concerned by a new task, he can
access via his mobile device to the detailed operations (left side of
Fig. 8). The data about the current operation is provided in the central
section where the operator can inform about the status of the produced
part and any additional remarks. He/she can access to the best practices
related to this operation and notify any problem on his current activity.
Actors concerned with similar problems are directly informed and can
help the operator if possible. At the right side, the history of operations
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Fig. 5. Main GUI for knowledge management administration.
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Fig. 7. Simple access to the procedure data and technical documents.

gives the operator useful knowledge so as he/she can avoid useless
operations and take care about existing defaults resulting from previous
operations.

5. Key function: High speed numerical simulation for real time
assistance

One of the important applications of the DFA is to provide useful
knowledge inferred from offline simulation models. This section de-
scribes how the PGD method is integrated in the DFAto perform high
speed simulation as a key function of the DFA. An application scenario
from an industrial use case is conducted to illustrate the efficiency of
the proposed solution.

1 passe avec refrigeration
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Process steps
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\ )

5.1. Integration of PGD-based simulation in the DFA

The simulation function aims to support contextual accessing to
simulation numerical models for various workstations in the production
line as shown in Fig. 9. The simulation models are realized in offline
and stored in a specific PXDMF file format to be exploited in real time
through a PXDMF reader deployed on the client side.

5.1.1. Proposed contextual workflow for simulation data access
PGD-based simulation files depend on the simulated process itself,
the product reference and the value of simulation parameters chosen by
the user. Fig. 10 describes the context-aware extraction process of si-
mulation data using BPMN (OMG, 2006) formalism that is the most
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Fig. 8. production monitoring interface.
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adapted standard for process modelling. The role of the context man-
agement module is to provide a mechanism to manage all parameters
impacting the process of simulation data extraction. It serves as a hub
between what is happening in a real working environment and the
information and knowledge sets that fulfill the DFA user requests.
The process starts when the user sends a request to simulate the
manufacturing process before acting with the real machine. The context
management module begins with the process of contextual information
acquisition. This process includes automatic context sensing from the
ERP system and physical sensors in addition to other contextual in-
formation that can be filled in by the user (e.g. working order, process
parameters). The next step is to apply inferring rules to the information
set in order to derive additional information to clarify the situation.

Digital factory assistant

Contextual access

{Contextual access

L )
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This inferred information is then compared to other information al-
ready stored in the context database in order to extract the reference of
the current situation of the user.

In case that there is no simulation model satisfying the worker’s
needs, an interactive process is started to support the creation of new
simulation models tailored to the specific problem. As it is shown in
Fig. 11, the worker starts simulation by introducing the references of
part and the manufacturing process (definitions are already available in
the knowledge base). When starting the simulation module, the system
will search for existing simulation models. If no adequate simulation
model is found, the system notifies the problem to the experts who will
define the new case and the related simulation models. After validation
of this model, it will be proposed in the knowledge base.
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Fig. 10. Proposed workflow for simulation data extraction (BPMN).
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5.1.2. Simulation data model

In coherence with the exploitation workflow proposed above, the
model structuring the data manipulated by simulation function is illu-
strated in the UML class diagram of Fig. 12. This model is implemented
as part of the knowledge base dedicated to supports the simulation
management module. The integration with the context meta-model is
achieved through the class “Process”. For each simulation file, a Meta-
document is created to link the file with other meta-data in the
knowledge base. In addition, the “Simulation details” class is linked to
all used simulation Meta-docs to manage the whole list of simulation
parameters and properties.

Each process or part type is linked to a set of categories according to
the desired simulation purposes. Part and process categories are defined
by the process engineering expert following a set of potential properties
(e.g. Medium length, high temperature, etc.). The simulation file is
defined as a combination of one process category and a set of simula-
tion parameters to be instantiated dynamically according to the real
values of process parameters. These values are defined by the worker
during his/her problem solving request.

The association class “Mapping” contains all mapping rules linking
each process parameter and its related simulation parameter. Every
parameter can has one or many instances according to the problem to
solve. The values of the part parameters are stored in the simulation
database manually by the worker or automatically from the parsing of
the material certificate of the related part batch.

5.2. Application of the PGD-based simulation

5.2.1. Method configuration and implementation
The scope of the proposed solution is to analyze the mechanical
transformations behavior of the product during the forming process.

The physics involved in most of Material Forming Processes are classic
and well understood but still difficult to simulate numerically.

To resolve such kind of problems with the PGD method, a
Newtonian description of the mechanics of an elastic solid is con-
sidered. The equation governing the mechanical behavior can be
written in terms of a partial differential equation that is not reproduced
here for the sake of simplicity. Solving such a differential model implies
solving the displacement field for which the internal forces (stresses)
and external forces (loads, reactions on the supports) are in equili-
brium. The displacement field, denoted by Y, depends on many
Physical Variables, denoted by xi, ---,x,, that may represent boundary
conditions, initial conditions, geometrical parameters, material para-
meters, among others. These Physical Variables are directly related to
Process Variables through a conversion table. PGD computes the dis-
placement field using the following format:

M
Yo x) = ) 3 00) ® @y, (),

m=1
where y,, ---,y, are functions depending on each variable separately
and “®” denotes the tensor product.

We refer to Chinesta et al. (2013) for a review on the PGD algorithm
to construct this kind of separated representation. PGD has also been
successfully applied for stochastic modeling and for solving multi-
dimensional models. As part of the DFA, PGD simulation models are
deployed on handheld devices through mobile interfaces (Fig. 13)
(Aguado et al., 2017).

5.2.2. Illustrative use case application

In order to validate the utility of the proposed framework, experi-
mentation has been realized on one manufacturing process from aero-
nautic industry. This process, stretching frames of aircraft fuselage
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Fig. 12. PGD-based simulation data model (UML Class Diagram).

component, is delicate and requires high precision on its parameters.
For instance, the position of the frame on the machine, the types and
the positions of the grippers attaching the frame as well as the
stretching power and direction applied by the hydraulic cylinder impact
the final deformation of the frame. Also, the process is sensitive to the
materialcharacteristics of the part.

Regarding this case study, the main difficulties concern the need of
accounting for large displacements and extreme deformations, inelastic
material behavior, material transformations (e.g. metallurgical phase
changes) and thermomechanical interactions. Although classic methods
in Computational Mechanics can perform these kinds of simulations,
they may need several days to complete. Days might be shortened to

Fig. 13. Exploring a PGD Computational Vademecum on a smartphone (left) and on a tablet (right).
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Fig. 14. Simulation results as delivered to the assistant user.

hours by combining specific, optimized implementations, and by in-
creasing the computational power.

Several simulations with various combinations of parameters are
realized offline for few part references, including variations on the
material characteristics. The results are stored as PXDMF files in the
simulation database. When selecting the reference of the part and range
of parameters to test, the suitable PXDMF file is extracted and sent to
the reader deployed on the client machine (following the mobile in-
terface shown in Fig. 13). Once the PXDMF simulation file extracted,
the user can change the values of the process parameters: the yield
strength, the curvature, the stretching and auxiliary tools geometry. As
shown in Fig. 14, the user can see directly the impact of his/her ma-
nipulation on the form of the frame (i.e. deformation from the nominal
mold).

6. Conclusions and perspectives

This paper attempts to set a clear vision about the different com-
ponents and features of a decision-making assistant system and mainly
how it can provides context-aware support for workers at the work-
station level. The proposed system highlights the uses of ubiquitous
computing techniques and high speed simulation as key enablers to
implement original smart applications for various working situations in
the industry of the future.

The contribution of this paper is described in three phases; the idea
phase clarified through a conceptual view of the assistant, the design
phase presents the DFA architecture and the usage phase that outlines
the maturation of a solution related to contextually accessing simula-
tion models.

An application scenario was conducted on a real industrial case
from aeronautic domain. The aim was to validate the principle of so-
lution and evaluate the interest of such solution for industrial company.
The solution is still at the prototype level because of all technical and
security constraints linked to the implementation in a factory. Future
work on interoperability and knowledge base population are under
planning to fix these issues.

Indeed, interaction between the human being and the machines,
(more generally the environment) is still underestimated by developers.
Designing an assistant system that must interact with various users and
support their daily works is a tough task and the problem of knowledge
capitalization and acceptability should be studied further. Also, the use
of this framework requires effort from experts to add the useful
knowledge. This can increase user workload and require a new orga-
nization. The validation process is defined to accompany the deploy-
ment of such process. The main constraint encountered in the ubiqui-
tous decision-making assistant system development resides in capturing
and understanding the current situation of the user.

In the future, other application case studies have to be tested in
order to build a sufficiently reliable proof of concept that can handle the
scalability of the industrial environment. Actually, the simulation use
case has been applied on aeronautical field. The extension to other
industrial areas requests new simulation models with adequate para-
meters.

Other disciplines and research fields may take benefit from the work
presented in this paper. For example, the ARTUR framework can be
implied to build contextual recommending systems. Research works on
context-awareness has made a good progress on other fields like med-
icine, transportation, tourism, etc. This work gives useful vision on how
these advancements can be translated into the industrial field. This of
course requests a huge effort that opens several interesting research
perspectives and industrial applications.
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