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Systemic Intelligence in a nutshell
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Systemic Intelligence is part of CESAMES group, a spin-off of the industrial chair “Engineering of complex systems” of Ecole Polytechnique
which is specialized in systems architecting & engineering, a domain that proposes modeling & simulation techniques that aims at better
mastering industrial complexity. We disseminated innovative methods & tools in this area for the last 10 years within various industries
(aeronautics, automotive, construction, defense, energy, high tech, railway, space), mainly in China, France, Germany and Japan.
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Systemic Intelligence - The scientific pillars of systemic digital twins

SYSTEMS AND INDUSTRIAL ENGINEERING SERIES
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Model-based Systems
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A Guided Tour of the Systemic Modeling Language X

Daniel Krob and Antoine Rauzy

February 22, 2022 Zkﬁ

‘ Sigma
and a method for describing and studying the dynamics of complex technical
systems and their environment. [t makes it possible to implement computer
v “what-if”
scenarios and to apply optimization techniques. In a word. the framework we propose here supports
the design of systemic digital twins of complex technical systems.

This article aims both at providing a guided tour of the £ modeling framework and at illustrating
its use by means of examples.

Abstr

L is both a lan

and socio-technic
simulations, to assess key performance indicators by means of these simulations, to pl

1 Introduction

Our world runs on increasingly complex technical systems. Engineers face a critical challenge in
designing, managing, and optimizing these systems. One of the key issues is that traditional development
methods, based on local optimization and silo-ed engineering disciplines do not suffice anymore (de
Weck. Roos, and Mag
echnical, ¢

e 2011). One needs a holistic perspective on systems and their environment,

ranizational, economical, environmental and r

encompassing latory opportunities and

constraints. Systems engineering aims at providing concepts, methods and tools to support such an
approach (Walden et al. 2015),

To tackle the complexity of systems, engineers more and more on computer models and simulations.
By designing these digital twins of the systems. they pursue two main objectives: first, to better understand
the systems and to ensure that stakeholders share a common understanding of the problems at stake:
second, 1o assess key performance indicators without having to perform physical experiments, which
would be too costly. or simply impossible

Models are already pervasive in most of the engineering disciplines like mechanical, electrical, or

reliability e ring. As of today, their introduction into systems e £oing process

and the subject of active researches and developments. Modeling technologies to be applied are still

debated. One of the main difficulties is to capture the key features of the system under study while staying
at the suitable level of abstraction. Another difficulty is to integrate in the models the heterogencous
characteristics of systems.

The £ modeling framework aims at providing a generic, mathematically sound and computationally
efficient, solution to these difficulties. It relies on two pillars. First, one describes the architecture of the
system under study. i.e. the system is decomposed into subsystems. These subsystems can be themselves
further decomposed until the suitable granularity is reached. The state of each subsystem is described by
means of discrete (symbolic) and continuous variables. Second, one describes activities performed by
subsystems. Activities are guarded, i.e. they are performed when a certain condition on the state of the
system is satisfied. They take time. This time may be deterministic or stochastic. Finally, they modify
twice the state of the system. First at their beginning. to book the resources they need. Second at their
completion, to release these resources and to describe their effect on the state of the system. Activities can

not only modify the values of variables, but also create, move and delete components
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Our systemic digital twins rely on three main innovative pillars: 1) the CESAM system architecting method used
in the design phase, 2) the new systemic specification language ™ used in the beginning of the development
phase, 3) the WorldLab™ platform that supports the end of the development phase and the use phase.

Systemic digital twins for mastering complex industrial operations & strategy
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Systemic Intelligence - Our academic & professional network
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Our network is especially animated through the academic & professional events that we are regularly organizing in
France and Asia, the most important one being the international conference on Complex Systems Design & Management
(CSD&M), that we already organized each year in Beijing, Paris and Singapore during the last 12 years.
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Systemic Intelligence - The starting point of our journey
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Handling the COVID-19 crisis: Toward an agile model-based
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* Institute for Data, Systems and Society,
Massachusetts Institute of Technology, Abstract
Comiidgn, Mpssachinalts The COVID-19 pandemic has caught many nations by surprise and has already caused A
2 Center of Excellence on Systems 9
ArchitactureMansgement Economy & millions of infections and hundreds of thousands of deaths worldwide. It has also Feed JGCkS
Strategy (CESAMES), Paris, France. exposed a deep crisis in modeling and exposed a lack of systems thinking by focusing
? Tsinghua University, Befjing, China mainly on only the short term and thinking of this event as only a health crisis. In this
* National University of Singapore, Singapore paper, authors from several of the key countries involved in COVID-19 propose a holis-
:"Mh"r"m"::“ ot Schus & tic systems model that blem from a of b includ- . v
echnolgy, Trondheim, Norway g e natial s e sk i, wid SlvorIE St Health supplies
Comespondence We model the crisis theoretically as a feedback control problem with delay, and par- >
N tial controlability and observability. Using a quantitative model of the human popula- Cured Health system
A\ev.\ue.C)thOd]: MA02139, USA. tion allows us to test different assumptions such as detection threshold, delay to take
Fraiitnasieteh action, fraction of the infected, effecti and length of .
strategies, and impact of earlier lifting of soci; ing restr PrOdUCtS & %’1
scenario is subject to 1000+ Monte-Carlo simulations and yields both expected and se erCe S <
surprising results. For example, we through S
th i ict ie longer than 60days may able g
. . to suppress lethality below 1% and yield the best health outcomes, but cause economic v
ystems Engineering P G et ’”feffjd
We conclude by Command, Control, and Com- people
beSt pa pe r 2020 munications (C4) information system and enterprise architecture for COVID-19 with Natural 4_
-t d d atleach level. resources
KEYWORDS Workingforce
Decision Systems Thinking Coronavirus
Dead
1 | INTRODUCTION ceptual i ink about the crisi ple peop/e
system which led the global community to use inadequate modeling .
The COVID-19 crisis (see Refs. 1 and 2) took many by surprise. Globally, We ineeringis a first-in-class can- Coronavirus
most of the nations were underprepared. Moreover, they reacted in didate to provide such tools. The COVID-19 crisis should be seen as a ‘ '
iite dif i it control problem with delay and uncertainty that requires a model-based
by the various dynamics per country in terms of confirmed deaths agile and multilayered systems engineering approach.
due to COVID-19 per million inhabitants (see Refs. 3. 4, and 5 and The COVID-19 crisis has a striking extent, both in time and space.
Figure 1). In this paper, we argue that one of the root causes of this Itis going to have impact during an unknown, but probably prolonged
unpreparedness and difference in reaction is due to the lack of con- period of 18 months or longer, affecting all activities on Earth, which
Systems Ergineering. 2020;1-15. wileyonlinelibrary com/journal/sys © 2020 Wiley Periodicals LLC I 1

A seminal paper where we proposed a systemic digital twin approach for modeling the world in the covid-19 crisis context
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The context: industry has to manage more & more complexity (1/2)

L% ] Political Social s
ey Forces Forces 2y 2
Technological Legislative
@ Forces Forces s

Complex supply chains

@ | Complex environment
Vd

Complex industrial systems

Modern industries are permanently dealing with many complex internal & external interdependent systems. They shall of
course manage complex operational systems such as their supply chain, their production systems, their distribution systems,
their customer operations, their maintenance systems, etc., but they must also take into consideration complex economical,

political, social, technological, legal and environmental constraints from a tactical and strategic perspective.
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The context: industry has to manage more & more complexity (2/2)

Product Global economy

Industrial company Economic sector

Industrial optimization can moreover be approached at several systemic scales: that of the product, that of the
industrial company that designs it, that of the associated economic sector and that of the economy as a whole, and
each has its own difficulties. Managing and integrating smoothly these different scales appear to be a key difficulty.

CESAMES
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The issue: operations rely on operational, tactical & strategic decisions

A
-.’\; °
TACTICAL

OPERATIONAL

Optimization of industrial operations rely on many different types of operational, tactical & strategic industrial decisions

Systemic digital twins for mastering complex industrial operations & strategy

What is the optimal global architecture for an industrial system?
What is the optimal design for a new industrial facility?

What is the best way to manage an industrial process?

What is the optimal way to manage an industrial ramp-up?
What is the optimal industrial maintenance strategy to follow?

Examples of strategic industrial decisions

How to optimize my industrial lead time during operations?

How to minimize non quality during industrial operations?

How to optimally reconfigure my industrial production?

How to minimize energy & wastes during industrial operations?

How to decrease environmental footprint during industrial operations?

Examples of operational & tactical industrial decisions

© Systemic Intelligence Group — This material may not be used or reproduced in part or in whole without prior permission.
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The challenge: how to be sure to take the right decisions?

Online activities : the generation gap
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In such complex environments, being able to take the right operational & strategic industrial decisions becomes key!

12 | Modeling & simulation of industrial systems with systemic digital twins

@155

CESAMES
© Systemic Intelligence Group — This material may not be used or reproduced in part or in whole without prior permission.



Examples of industrial case studies (1/2)

Strategic planning of industrial systems

AIRBUS 2 DurKerque

A220 industrial system
strategic planning

Logistic hub strategic planning

Industrial optimization of industrial systems

h\ NORDIC @

mininG RESEAU

£

fives

Automated warehouse design Submarine mining design

New railway signaling
system design

Our systemic digital twin case studies are dealing with strategic planning, that is to say how to manage optimally the evolution of an
industrial system, and with industrial optimization, that is to say how to design / operate / maintain optimally an industrial system.
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Examples of industrial case studies (2/2)

Industrial system of interest Nature of the flows

AIRBUS

O DurKerque
ﬁvesG

A220 extended industrial system
(manufacturing & supply chain)

Dunkirk port logistic hub

Automated logistic warehouse

Mining infrastructure

Railway infrastructure

Aircraft components

Containers & goods

Packs & goods

Minerals

Trains

All these industrial case studies are dealing with complex industrial systems that can be seen

14 | Modeling & simulation of industrial systems with systemic digital twins

as discrete event systems managing various types of flows.
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Systemic digital twin: a functional paradigm (1/2)

Industrial products Industrial processes

v 7 ¥UBR ~xo0 b #

Geometrical
(what can be
seen from
the system)

Systemic
--- digital twins

Functional
(what is
doing the
system)

S S

Example: business model of an airport

Example: functional model of an aircraft

We shall focus here on systemic digital twins which simulate industrial processes of complex industrial systems

@)
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Systemic digital twin: a functional paradigm (2/2)

Jl,
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smart devices Enterprise business processes Building Information Modeling (BIM)

Our digital twin philosophy where enterprise business processes are at the core of a digital twin

We do believe that one must focus on enterprise business processes: a digital twin shall indeed be able to model & simulate the

behavior of an enterprise, starting from operational data and ending by enriching decision dashboards or digital mock-ups, which

put enterprise models at the core of a digital twin. This is why we took an enterprise architecture behavioral approach — based on
formal modeling to support simulation by design — which is our key difference with respect to existing digital twin technology.

Ve
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Our approach: a systemic vision to address enterprise complexity

Realistic o )

~~~~~ . . Realistic financial
== Regulators ---- competition
market model
.. model
Realistic Lo
Realistic _ . .

natural strategic - Regulations Results Evaluations Competition Realistic

resources model distribution
model Market feedbacks model
Natural

resources

Enterprise strategy definition

Products
&
services

Pollution

P
<«

Prod uct & Product lifecycle
Service management
constituents

Supply chain
management

Enterprise resource planning

Customer needs Realistic

. consumption
supply operational =------commmmmo o P
model model

models ) oy .
An enterprise as a system within its external environment

To address enterprise complexity, our approach is based on an unified enterprise systemic vision that can support operational &
strategic analyses. An enterprise shall here be considered in its whole within its external environment as an unique integrated system
which shall be — as realistically as possible — modeled & simulated by integrating coherently many realistic specialized models.

CESAMES
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Our technology: the WorldLab systemic intelligence workshop (1/2) @

WorldLab

@WorldLab Wizard - o X
File Edit Project Sigma Window Help < > a edgen et y
DB DxB
= L
Projects & X Nautilussigma World La b DurtKER.qgg

v i@ Nautilus 35 - ® 7 . : % .
2 LR 36 | domain State (STANDBY, WORKING) MAIN SYSTEM MINING SUPPORT VESSEL OBSERVERS SCHEDULE HISTORY GLOBAL VIEW NAU >

37 domain Mode {LAUNCHING, OPERATION, RECOVERY, MAINTENANCE} =
@ Nautilussigma 38 |domain Location {HARBOR, SEA, SITE} 8
® SigmaNautilus.mdf 39

StochasticSimulation i s — zs o

»

Task:#10

Croation date : a few
seconds ago

45 system SeaMiningWorld ® Parameters :

8 simulationTime
10000

seed: 1234

simulation | Nautilus

m ... end

Application Output g X

WorldLab ™ Workshop WorldLab ™ Hub

To support our vision, we developed the WorldLab patented technology — built on the proven infrastructure of the AltaRica safety &
reliability analysis tool, developed by Antoine RAUZY during the last 20 years and industrially used in many industrial sectors — which is
a systemic intelligence workshop that offers enterprise systemic modelling and scenario stochastic simulation & evaluation capabilities.

—~\ u
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Our technology: the WorldLab systemic intelligence workshop (2/2)

Simplicity & Maintainability — A systemic digital twin is specified in the object-oriented modeling language ™ which is
quite simple to use to any person with an algorithmic-design background. This choice also allows to easily maintain the

evolution of a systemic digital twin among time which becomes similar to software engineering.

25

Heterogeneity — A systemic digital twin can integrate various heterogeneous features, such as technical functions,

o
Sigma
-z °
= ‘ = maintenance policies, societal behaviors, financial market evolutions, regulatory strategies or meteorologic conditions,
"= into a single unique systemic model, allowing to analyze a given industrial system from all these various perspectives.
Concurrency & Time — This modeling language especially allows to manage concurrent industrial activities and express

explicit durations for timed transformation activities of an industrial system, which is currently not offered by the
existing similar languages.
Hazards — Hazards can be effectively captured in a systemic digital twin: each variable specified in the ™ modeling

language can be a random variable with a specific probability distribution — either explicit or pragmatic — allowing to
capture random quantities & random delays and to manage stochastic simulations for a given industrial system.

Data Abstraction — Operational data are managed through abstraction mechanisms that allow to avoid dealing with
CESAMES

details when they are not mandatory, while focusing on the most important trends captured by the data. This choice
also allows to gain into execution performance when one needs to deal with complex simulations.

© Systemic Intelligence Group — This material may not be used or reproduced in part or in whole without prior permission.
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A case study of WorldLab™ technology: underwater mining NORDIC
Motivation of the case study h\ mininG

Mineral Processing

1,800 km and Refining Plant
T

ransport of Ore

. via Bulk Carrier
Mining Support Vessel

rnatiO“‘“l

Vertical Riser
A -
Booster Stations ¥

- Tailings
Buffer/Cl r
uffer/Clump % Discho

-

Seafloor A .
Mining 10018 / Scout

Structure of a submarine
mining infrastructure

Seabed robot dedicated to submarine ore collecting

Nordic Mining asked us to identify the best design parameters to choose for a new underwater mine located in the middle
of the North Sea (around 2,000 km far away from the coast) in order to minimize its energetic & environmental footprint,
which can be rephrased as an objective of minimizing its global energy consumption and its wastes during operations

() ki
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A case study of WoridLab™ technology: underwater mining NORDIC
Overview of the case study h\ mininG

Mining Support Vessel

= CT
E Bulk Vessel IL
\ I —— | |

Sea

Harbor

Polymetallic nodules are collected from the seabed by a seabed mining tool.
They are then sent aboard a mining support vessel by a lifting system. On
board the support vessel, they are dried and then transferred to a bulk
carrier. The bulk carrier travels from the port to the mine site and back to the
port to transport the nodules, which are then unloaded in the port.
Lifting System

The system of interest considered here is an underwater mine

The first step is to clarify the business problem to be solved:

Seabed here, minimizing the period of use of the bulk carrier

Mining Tool

[;] Seabed

An application case of WorldLab ™ technology: an underwater mine

N i m

23 | Systemic digital twins for mastering complex industrial operations & strategy i'\;\;z.‘“

CESAMES
© Systemic Intelligence Group — This material may not be used or reproduced in part or in whole without prior permission.



A case study of WorldLab™ technology: underwater mining
The three main steps for developing a systemic digital twin

zs \

s
Slgma WorldLab

1 | system World
system Supplier ... end
system Producer ... end
system Consumer ... end
end

system World.Supplier
int rawMaterial (init = 0);
end

11 | system World.Producer

12 int order(init = 0);

13 int rawMaterial (init = 0);
14 int product (init = 0);

15 |end

Collacter &distribuer
localementles courriers.

Collecter & distribuer
localement escolis

17 | system World.Consumer
18 int product (init = 0);
19 |end

MBSE model of an industrial system System digital twin of an industrial system
2™ model of an industrial system

The methodological framework for the development of a systemic digital twin with 2™ and WorldLab ™

)
(@)
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A case study of WorldLab™ technology: underwater mining
Step 1. design of the systemic digital twin (1/3)

World

Harbor

Sea

Seabed

Bulk vessel

External systems

Underwater mine

&

WorldLab

System of
interest

Seabed mining
tool

Lifting system

System breakdown of the environment of the system of interest

Mining support
vessel
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A case study of WorldLab™ technology: underwater mining
Step 1. design of the systemic digital twin (2/3)

SeaMining
(Underwater mine)

GetNodules
(Mining support
Vessel)

DewaterNodules
(Mining support

ExtractNodules
(Seabed mining
tool)

StoreNodules
(Seabed mining
tool)

LifttUpNodules
(Lifting system)

DeliverQOre

(Mining support

&

WorldLab

BringBackNodules
(Bulk Vessel)

Vessel)
(Mi(;ci):]lecstuOreort (Minr\i’ﬁcz\fr ort UploadNodules CarryNodules DownloadNodules
g supp g supp (Bulk Vessel) (Bulk Vessel) (Bulk Vessel)
Vessel) Vessel)

Functional breakdown of the perimeter of interest (simplified)

.\;\_%'!H
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A case study of WorldLab™ technology: underwater mining @
Step 1: design of the systemic digital twin (3/3) WorldLab

50 %

v

{ CALM W >( MODERATE }4*
) ww L

5%

5%

10 %

i

40 %

Modeling of the state of the sea on site
over a time step of 4 hours

(based on historical data)

[ READY_FOR_OPERATION W

Start operations

>[ OPERATION }

Average maintenance

| \

Service completed Operations completed

Average duration of operations: 240 h
time: 12 hours l

‘ Start maintenance

|

W (if nodule stock is empty) (
MAINTENANCE J: L REQUIRE_MAINTENANCE

Modeling of the operations of the seabed mining tool

‘.\;\_%'E::
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A case study of WorldLab™ technology: underwater mining
Step 2: development of the systemic digital twin

o)

@'WorldLab Wizard — ]
File Edit Project Sigma Window Help
De B DXxB
Projects & x Nautilus.sigma [
~ @ Nautilus 349
~ Sigma 350 activity
SeaMiningWorld.SeaMiningSystem.MiningSupportVessel.CollectingMachine.CollectOre
= Nautilus.sigma 351 trigger:
= sigmaNautilus.mdf 352 return mode==0PERATION and collectionState==STANDBY and
I . main. Sea.Bed.cutOreStock>0;
StochasticSimulation Ze2 start:
354 collectionState = WORKING;
355 completion: {
356 float collectedOre;
357 collectedOre = min (main.Sea.Bed.cutOreStock, collectionRate * collectionShift);
358 main.Sea.Bed.cutOreStock —-= collectedOre;
359 main.Sea.Bed.collectedOreStock += collectedOre;
360 collectionState = STANDBY;
361 }
362 duratiocn:
363 return collectionShift;
364 end
365
366 activity SeaMiningWorld.SeaMiningSystem.MiningSupportVessel.CollectingMachine.Recover
367 trigger:
368 return mode==RECOVERY and maintenanceState==STANDBY and
main.Sea.Surface.favorableWeatherForecastTools;

369 start:
370 maintenanceState = WORKING;
371 completion: |
372 maintenanceState = STANDBY;
373 mode = MAINTENANCE;
374 }
375 duration:
376 return recoveryDuration;
377 end
378

Application Output [

Specification in 2™ of a sub-marine mining exploitation, supported by WorldLab ™ systemic intelligence workshop
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A case study of WoridLab™ technology: underwater mining @
Step 3: use of the systemic digital twin WorldLab

' Sea Mining . (m] X
Model Simulation Help

§ Parameters = o X
= A
Sea.moderateToCalmProbability 05 Variables Observers Schedule
Sea.moderateToRoughProbability 0.1 a
= s | Ore transfer
Sea.roughToCalmProbability 0.05 Value
Sea.roughToModerateProbability 04 = World
Sea.transitionTime 4 h Seabed
fr——— state WORKING
Lo i Cannnt\Vaccel 4 AOuant 10000
95y g5upp santity Kproces weather MODERATE
ingSystem.MiningSupport\ 9P Durati 12 h SeaMiningSystem
SeaMiningSystem.MiningSupportVessel transferCapacity 500 t/h & MiningSupportVessel
SeaMiningS MiningSupportVessel.di ToHarbor 1000 NM dewateringState STANDBY
Canhbin oAt o Toand rriis dSpeed 1720 m/h transferState STANDBY
MG MininnG ! AT o 1800 m/h rawNoduleStock 5009.07
5 = " TR S D dewateredNoduleStock 0
g g width 15 m noduleStock 5009.07
g gs 4\ SeabedMiningTool.collectionEfficiency 0.8 = SeabedMiningTool
95y 95 dMiningTool.storageCapacity 100 t state STANDBY
MiningSy g5 AN T - A 240 h mode OPERATION
M e <, AN T P T 12 h noduleStock 43.9855
il o - B LiftingSystem
i e P R e .
9 goupp LiftingSy liftingCapacity 340 vh state WORKING
SeaMiningSystem.BulkVessel.storageCapacity 55000 t
SeaMiningS B a2 s 135 NM/h v
MiningSystem.BulkVessel.maxi iseSpeedEmpty 15 NM/h
e — Date 8401
ingSystem.BulkVessel.mini iseSpeedWithCargo 15 NM/h
SeaMiningSystem BulkVessel.maxi iseSpeedWithCargo 13 NM/h
SeaMining$; BulkVessel.mini INumberOfTonsToCollectBeforeSailing 0 h Go'to date ‘m
SeaMiningSystem.Harbor.transferCapacity 5000 t/h

Example of a systemic digital twin for a sub-marine mining exploitation which was
constructed with WorldLab ™ systemic intelligence workshop
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4.

5.

Agenda

Systemic Intelligence Group

Modeling & simulation of industrial systems
Systemic digital twins of industrial systems
An illustrative example: a submarine mine

Questions & answers
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Thanks for your questions
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