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Abstract. The fourth industrial revolution involves morengplexity. This research effort focuses on
decision-making in helicopter engine maintenant¢wifies. Such a decision-making task is difficult

and relies on a variety of experts who only hawtigdeknowledge and incomplete situation aware-
ness, due to the great diversity of everyday ofmrak practices. In this paper, we propose a digita
twin multi-agent approach to collaborative decisioaking in prescriptive maintenance.
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Introduction

The current context of the fourth industrial rewadn (Maynard et al., 2015) is as promising as it i

a source of complexity. In complex industrial preges, such as maintenance of helicopter engines,
our field of study, each stakeholder owns only & pbnecessary information, knowledge, skills and
knowhow, which induces only a set of partial vielmshandling current situations. Consequently,
decision-making quality and effectiveness are ingxhc

The decision-making process is based on persopalese, techniques and tools that are easily un-
derstood in their immediate environment (i.e., teggisuch as department or team). Unfortunately,
sometimes goals and benchmarks are different witams and/or departments; therefore, mutual
understanding and collaboration can be difficult.

Endsley defines situational awareness (SA) as pgoreof the elements of an environment in a
volume of time and space, understanding of theammg and projection of their state into the near
future (Endsley, 1995). SA is recognized as a mague in such a context.

Many techniques are used to support cognitive tast@mpanies like knowledge management (KM)
(Aries et al., 2008) or machine learning (ML).

Even if techniques currently used locally look Saittory, their expansion at the level of the entir
company requires more systemic socio-cognitive tasllyses toward improving collective perfor-
mance.

This is the reason why this study is based on te stathe art and a field study leading to a first
proposal for a digital twin model to support dems by integrating companywide knowledge.

State of the art

Cognitive science

Cognitive science and cognition refer to high-leledin activities such as perception, memory, or
abstract reasoning (Vignaux, 1991). Understandognitive issues is crucial in an industrial envi-
ronment. Transdisciplinary research for cognitingieeering (Boy, 2003), or “cognitique” in France
(Lespinet-Najib, 2013) intents to adapt technoltgyhe human rather than the opposite, to better
assist people, by combining knowledge about humi@tinology and the relationships between
them.

Three main intellectual fields of cognitive scieraze currently studied:

» Cognitivism which is based on the hypothesis tlogndion is a manipulation of symbols ena-
bling the adaptation of solutions to current sitwa (Pylyshyn, 1986). KM is an example of
industrial application of this field.

» Connectionism which is based on the assumptiorcthgatition is the emergence of global states
(expected responses) of networks of single elem@otsh as neurons) (Hebb, 2005). ML is a
successful example of connectionism field for tamksh as image or natural language recogni-
tion.

The “society of mind” (Minsky, 1986) which correspts to a hybridization of cognitivism and con-
nectionism. Different cognitive functions are penfi@d by various agents (an agent has a function)
which know how to solve a type of small-scale peoil For a larger scale problem, several agents
linked together will be needed, this group of agédotms an agency. If we look at different levels,
each internal agent organization can be seen ageacy itself. Consequently, cognition can be seen
as a working society. This type of operation enatdesolve more complex and unforeseen problems.



Decision-support and multi-agent system

Minsky's theory of human cognition implementati@a lto multi-agent systems (MAS) that enable
us to model and simulate collective intelligencixela colony of ants, a school of fish or a flodk o
birds, individuals interacting in their environmeare autonomous, at least partially. But relatively
simple rules these agents individually follow léadery sophisticated organizations at the colNecti
level.

The efficiency of cognitive tasks, and more prdgisiecision is of strategic importance in industry
(Villeneuve et al., 2016). As the company can lenses a system of systems (Popper et al., 2016),
a MAS representation can allow the integratiorhef company’s knowledge (Merlo, 2003).

Maintenance

The above notions of cognitive science enable uerd towards a flexible approach necessary in
complex contexts (Boy, 2021). This is intendeddpplication to maintenance of a fleet of helicopter
engines, that is to say aimed at maintaining thewpierational condition and/or at repairing them.
Our work in progress focuses on the identificattbthe right levels of maintenance maturity.

Different stages have been identified (Nikolaealet2019). We find in ascending order of maturity:

» Descriptive analysis to understand and describevant that occurred;

» Diagnostic analysis to identify the cause of thergy

* Predictive analytics to predict future events;

* Prescriptive analysis to obtain recommendationgherbest possible choices.

The development of the prescriptive level seentsetthe best to improve maintenance efficiency.

The digital twin

We have seen previously that in industry, many ttogntasks can be supported by different tech-
niques and approaches. Their wide diversity canentafficult gaining an exhaustive view of the
actual industrial activity and parameters to beswmgred in decision-making leading to maximize
overall efficiency.

Digital twin (DT) technology is recognized as alttmmanage such a complex system (Grieves et
al., 2017). Defined by NASA as "an integrated mphysics, multi-scale, probabilistic simulation of
an as-built vehicle or system that uses the bestadle structural models, sensors update to mirror
the life of its corresponding flying twin" (Glaessget al., 2012), its definitions evolved in a more
generalist way to “a dynamic representation of gspal system using data, models and intercon-
nected processes to enable access to knowledgesbstates, present and future to manage action
on this system” (Camara Dit Pinto et al., 2021).

Moreover, different levels of data integration hdeen identified by Kritzinger (Krintzinger et al.,
2018). To achieve a dynamic and real-time DT, flatas should be automatic.

State of the art conclusion

It emerged that DT enables bringing collectivelligence to the maintenance activity at the organ-
izational level.

The cognitivist approach enables us to manage leiggi-problems but lacks flexibility. Unexpected
data or a missing rule lead implementations to fail



The connectionist approach enables performingge laumber of cognitive tasks such as recognizing
images, texts or statistical trends but is veryceEdeed. A task that deviates a little from whiag t
program was designed and sized for will defeat it.

These two approaches are effective, each in thafepgameworks for which they have been im-
plemented. It appears that a matrix articulatirgmhwvould be beneficial. Matrix in the biological
sense of the term, that is, the tissue in whichenspecialized structures are incorporated.

To this end, as already cited, Minsky developedroach around his "Society of Mind" (Minsky,
1986).

More flexible, this approach enables us to undedstacomplex industry context involving the ac-
tivity of many actors, humans or machines as an SWiAs is a basis for the design of a DT that
reflects them. By modeling them despite their dsitgrand complexity, we can access predictions
according to the known situation and the decisinade, and thus prescribe recommendations. These
recommendations would be based on a situationaleseas inaccessible to hitherto isolated parties,
that is, without the help of a DT that aims to exgh&nto omniscience.

FIELD STUDY

Observations and 21 semi-structured interviews Wihpartners spread over 9 departments were
conducted in a helicopter engine maintenance coynfmasee how what has been mentioned in the
state of the art applies. A team of engineers argd of fault diagnostics will look for the origoi

a fault reported by a customer and the fastestleast expensive solution for solving the current
case. However, the department responsible for #adtresource management may have relevant
information about the consequences of the chodseiticn For example, the longer-term economic
cost or the impact on service to a related custoiftes is a typical case. Currently, when a depart-
ment feeds on information from another departmierg,made manually or through meetings.

The studied industrial case already deployed sesehations with respect to the following mainte-
nance methods:

» For descriptive maintenance: the collection oftitigata in semi-real time following
each helicopter flight. This data is collected bytmard sensors and the transfer takes
place manually or automatically when the devicarret to its base.

* For diagnostic maintenance: experts identify thet oause of failures using software
based on a Bayesian network. The probability véegbre based mainly on past ex-
perience.

» For predictive maintenance: engine health is moeitoand indicators or alerts based
on thresholds are developed through statisticdlsiseof trends (temperatures, rota-
tion speeds, vibration frequencies...) and artifioi#lligence.

Cognitive science applied

Cognitivism: knowledge bases have been identifiegberts are invited to capitalize their knowledge
in these bases but they are not integrated diréatity the activity and thus their updating is not
optimal. However, a Bayesian network (used by diggin team) is fed by probabilistic expert esti-
mates of the links between symptoms and causesgife failures. In this case, it is up-to-date as
this system is used on a regular basis.

Connectionism: recent successful applications epdearning have been observed to sort out large
amounts of feedback documents written by customeratural language to help diagnostics and for
the detection of significant statistical trendglight data in the engine health monitoring team.



Data flows

Some data or information flows tend to be as autechas possible, such as the collection of flight
data via on-board sensors. However, some remaielgnnhanual, such as the transmission of infor-

mation from the support service, comprising an eagiealth monitoring team and a diagnostic team,
to the management of fleets and stocks of resodinceagh regular meetings. This last flow repre-

sents a case of horizontal integration where a @idchelp.

PROPOSAL: THE MULTI-AGENT SYSTEM AS A MEANS OF DIGITAL
TWIN MODELING AND IMPLEMENTATION

It emerged from the state of the art, reaffirmedHzyfield study thereafter, that in cognitive scie,
cognitivism and connectionism have led to efficimatustrial solutions such as knowledge manage-
ment or deep learning respectively. But these swiatcorrespond to very specialized tasks. The
concept of the society of mind, leading to solusignch as MAS, opens up the possibility of model-
ing systems of significant complexity. In helicopémgine maintenance, operators involved, human
or machine, and expertise are very diverse. Eaehatqr can be considered as an agent, and therefore
the company as a MAS. Since each agent is itsgtem, the helicopter engine maintenance activity
can also be seen in other words as a system @msggBoy, 2013) (Boy, 2019).

S
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Figure 1. System of systems (Boy, 2019).

The maintenance activity can be represented bystesyof systems (Fig 1), corresponding to the
physical part of the paired system, whatever ta@gjarity level (part-engine-fleet, individual-team
service etc.). If the physical twin is a systensgétems, so should its digital counterpart. Systems
that constitute the human parts of this systenystiesns have of course cognitive capacities which
enable them to carry out their activity, but we adso find non-human cognitive systems like Al.

The DT should generate multi-agent cognition, thablves holistic or holonic decision-making
processes (i.e., considering all available systetes and information). All agents have a common
goal. Itis currently impossible for each agenbécaware of what other agents are doing in rea.tim
A MAS structure is proposed here to representrthilti-agent cognition.

If we combine the system of systems model withdbiecept of data integration levels previously
seen, it gives a digital system of systems reptasgthe physical system of systems. It is like a
digital MAS, and its data flows connecting digiggents to physical agents depend on the level of
maturity and/or locally-acceptable level of autoimat Non-existent or invisible links within the
physical twin can be established or highlightechimithe DT for exploitation (Fig. 2).
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Figure 2: Twin system of systems and data streaspred by Boy and Krintzinger (Boy, 2019)
(Krintzinger et al., 2018).

Given that:

 The MAS seems to provide flexible solutions adapte@ context which includes
many individuals and evolving practices;

* The most accomplished form of maintenance seers fescriptive maintenance;

 The DT aims to model a physical system and itsrenment to provide situational
awareness;

It appears important to establish as a resear@ctibg a digital twin of the helicopter engines and
MAS of the company for prescriptive maintenance eolthborative decision-making at the organi-
zational level.

CONCLUSION AND FUTURE WORK

This work is focused on a MAS as a means of digital modeling and implementation for support-
ing the coordination of maintenance activities anavide better situational awareness. This should
lead to better decisions (Endsley, 2000) by imprg\bA and adding flexibility. It is necessary to
create a company-wide DT representing involved effettive actors or agents. DT is intended to
prescribe recommendations for each industrial ageptayer by specifying possible actions conse-
guences and taking into account collective knowdealgd preferences dynamically.

Interfaces that enable each agent to become painieasystem will be explored. Finally, we will
continue to involve company’s stakeholders in theigh, in an iterative user-centered design ap-
proach.
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