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Abstract

This paper presents our approach to enterprise systemic digital twins, that is to say digital twins of
industrial processes based on a systemic approach, and the semantic fundamentals of the formal
system specification language Z (Sigma), which synthesizes systemic, stochastic, object-oriented,
synchronous and parallel modeling paradigms, on which it relies. We especially propose a standard
methodology for designing, constructing and validating a systemic digital twin, which is illustrated in
details on a case study, namely the industrial transformation of a port. We provide a short conclusion
highlighting the key business benefits that are obtained in this way, the most important one being a
facilitated development and evolutive maintenance for a systemic digital twin.

Keywords

Design, Digital twin, Formal language, Model-Based Systems Engineering, Simulation, System.

1 Corresponding author — Address: Systemic Intelligence Group — 10, rue de Penthiévre — 75008 Paris — France — Email:
daniel.krob@systemic-intelligence.net

2 Address: Norges teknisk-naturvitenskapelige universitet, Fakultet for ingenigrvitenskap — Verkstedteknisk, P307,
Glgshaugen — Richard Birkelands vei 2B — 7491 Trondheim — Norway — email: antoine.rauzy@ntnu.no



mailto:daniel.krob@systemic-intelligence.net
mailto:antoine.rauzy@ntnu.no

0. Introduction

In a globalized and highly competitive economic environment, the reduction of time-to-market and
the improvement of the performance of design & manufacturing processes for complex industrial
products have led, under the founding impetus of Grieves and Vickers [1-2-3], to the emergence and
progressive dissemination throughout industry over the last twenty years, of sophisticated digital
tools, called digital twins [4-5-6], in order to more effectively equip industrial activities and assist in
optimal decision-making in industrial contexts [7-8]. A vast research movement has therefore emerged
and developed significantly over the last ten years around digital twins for industry, with objective to
properly establish their conceptual foundations [2-7-8-9], to propose methodological frameworks for
their design [7-8-10] and to specify their scope of industrial application [11-12-13].

Let us now recall that a digital twin is a virtual representation of a technical or socio-technical system,
synchronized with the actual system through data exchanges, that serves as the digital counterpart of
a concrete product — when the system of interest is such a product — or of a business process —when
the system of interest is an enterprise — which can be used to simulate, analyze, predict or optimize
the evolution of the considered industrial system among time. Note that an enterprise shall be taken
here in the meaning of enterprise architecture [14], which refers to any set of hardware, software
and/or human resources, put altogether to achieve some common mission. This is a quite large
concept which captures in practice any part of a company.

Today, digital twins are integrated digital tools that allow continuous improvement of a given product
or process from a global and end-to-end perspective. In practice, they mainly belong to the family of,
either computer aided design tools (CAD), focusing on geometrical representations of a system, or
model-based systems engineering tools (MBSE), dealing with functional-oriented models of a system.
But, these approaches are not providing the full potential of a “real” digital twin: first of all, simulation
and predictive capabilities of CAD and MBSE tools are still poor, which limits their business benefits;
moreover, it is also difficult to connect the geometrical & functional representations of a system (see
Figure 1), since these two paradigms were just not thought to work together, which leads to siloed
geometrical & functional digital twins, at the opposite of the idea underlying this concept.

Figure 1 — Geometric and functional representations of a given system, here an electrical toothbrush

We think that this situation is mainly coming from the fact that geometry is usually the starting point
of the current digital twin approaches among the industry. Geometry is indeed well suited to support
physical simulations related to various types of physical interactions with a given system. But geometry
is quite badly adapted when one wants to deal with cost, quality, delay and/or technical or business
performances of a system, that can be much more easily addressed by a functional approach, which
moreover could also be an entry point to physical simulations based on geometrical representations.



This explains why our approach to enterprise digital twins, as presented here, is based on functional
modeling fundamentals since we do believe that this is the only right way to deal with digital twins.

However, most of the current functional-based tools are not satisfactory at all from a digital twin
perspective, since they just lack simulation capabilities. This is fundamentally due to the fact that these
tools are based on purely syntactic descriptions of a system, without any underlying formal semantics,
as defined in mathematics [15]: one indeed knows since a long time that simulating in an unambiguous
way a syntactic description of a system requires a mathematical equivalence between a denotational
and an operational semantics for such a system [15]. The lack of such semantic foundations jeopardizes
most of the existing functional-oriented approaches towards digital twins. This is why we decided to
avoid this problem by choosing an underlying S2ML + X formal approach which has already proved its
value in the system safety domain [16-17], to deal with functional digital twins, though not visible from
the end-user in order to remain as pragmatic as possible, exactly as software programmers do not have
to know (formal) semantics of programming languages [15] to do software programming.

We also think that it is also crucial, especially when dealing with enterprise digital twins which is the
specific focus covered by this paper and by the Z approach that we are developing, to take uncertainty
into account as a core feature of any enterprise. Any variable naturally associated with an enterprise,
for instance the time required to manufacture a product or the number of products produced per year,
has indeed not a fixed value, but shall rather be considered as a random variable with some specific
probability distribution (see for instance Figure 2). This explains why we chose a stochastic modeling
approach for our enterprise digital twins which can be seen as an adaptation in this new context of the
classical similar approaches used in system safety [18] as already mentioned.
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Figure 2 — Example of a Normal probabilistic modeling of the number of products sold per year by an industrial company
(each blue bar corresponding to a different type of product of a same family)

The above discussion on uncertainties leads to two fundamental features of an enterprise digital twin,
as we envisioned it. First, it consists not only of a model of the considered system, or a series of models,
but also of operational data. In this last matter, we propose here a Bayesian approach: at first, data
may be scarce or relying on expert judgement for the most part. These preliminary data can then be
refined by feedbacks from experience, resulting from system operations. The digital twin also aims at
being continuously improved along the life cycle of a given industrial system: strictly speaking, it learns
from operations. Artificial intelligence techniques can be especially used to support the extraction of
relevant indicators as well as, more technically, during simulations. In a second direction, a digital twin
does not aim at predicting “the” actual future of the system. Rather, it is a way to explore its possible
evolutions. With that respect, we believe that decision making in complex socio-technical systems has
much to do with risk analysis: decision makers need to assess possible scenarios of evolution (at least
the main ones), to evaluate their likelihood and their potential impacts on enterprise operations, and



eventually make decisions with such digital twin-based information. A digital twin is then an advanced

tool to support strategic decisions making, and to adjust a business strategy according to the dynamic
evolution of the considered system environment.

This paper intends therefore to present our approach to digital twins which integrates all core features
that we just sketched here above. It is organized in three main sections, which are respectively
dedicated to the specific principles of the so-called systemic digital twin approach that we are
following, the fundamentals of the formal system specific language X on which it relies, and to the
description of the systemic digital twin design, construction and validation process that we propose,
followed by a short conclusion highlighting the key benefits that are obtained in this way.

1. Principles of systemic digital twins

We already discussed some key features of our digital twin philosophy, that is to say the functional-
based approach with formal fundamentals and the stochastic modeling paradigm that we propose. A
last key feature of our approach is the systemic vision on which it relies, as popularized by Sterman
[19] in the context of enterprise modeling [14], that we shall now present.

1.1 Systemic digital twins

As already stated, we are indeed specifically proposing a systemic digital twin approach for enterprise
modeling and simuling, a core concept that can be traced back to our seminal paper dedicated to the
systemic modeling, simulation & optimization of the covid-19 crisis response [20]. This means that,
contrarily to many digital twin toolsets, we are not interested by principle to construct a perfect
detailed digital clone of a given industrial enterprise: we rather want to propose adequate digital
tooling to allow deciders to take their most important strategic and/or operational decisions, for
instance choosing the optimal way of working for engineering, supply chain sourcing & procurement,
manufacturing, maintenance & services or industrial operations, which can usually not be optimized
locally, but request a global end-to-end approach.

This is why we are speaking of systemic digital twins, since to address these typical issues, one needs
to take a systemic approach, as classically proposed by systems engineering (see [21-22-23-24]), but
applied here in enterprise contexts rather than in product development contexts. As already stated,

such an approach was especially proposed by the MIT group of Sterman, as synthesized in his famous
textbook on business dynamics [19] (see for instance Figure 3).

Init Supply Line Supplies Init Inventory +__ Inventory

Received Coverage
Supply Line [

> v 00

Orders Placed
Rate

Acquisition Rate

Rate ‘\
+ B +
@ Q Desired
Shgm;ent
M@ty Gontrol ate
Acquisition Lag Pl Fulﬁrlldn?;nt‘/ A S
Inventory Maxlmum Ratio o
B Adjustment Shipment ____—%"
Ad]ustmentfor + T|me ate
sunnly Line Control Supply Lme - :
Acquisition Migimum Tahle for Order
rder Customer
Deslred Ad]ustm entfrom Profﬁ"sgmg Fulfillm ent Order Rate
Supply Line Inventory
Supply Line o+
Adjustment Time Desired ‘;\ Safe

Desired
Inventory
Coverage

Inventory Cos\fgrcag R

Orders Placed

Expected

Desired Order Rate

Ac quisition Rate_ +

- Backlog

Change Rate

Init Expected Time to Average o
Order Rate Crder Rate Init Customer

Orders Backloa

Figure 3 — Example of a systemic model, here for modeling a supply-chain strategy, proposed by Sterman [19]



While the philosophy of our systemic digital twin approach is the same than Sterman’s one, the main
difference with this last approach stands in the underlying mathematical modeling of the enterprise
system behaviors. Sterman uses only differential equations in this matter, when we do not think that
it is a good choice for two main reasons: the first one is that enterprises are fundamentally discrete
events systems whose behaviors are badly captured by continuous modeling, the second one is that
differential equations are generally speaking very sensitive to small variations of initial conditions and
so they are not the best tool to simulate accurately complex enterprise behaviors. This is why we
choose here a discrete approach to enterprise modeling since it seems both more realistic and more
accurate in terms of simulation. Note also that, technically, discrete event simulations are also much
less computational resources consuming than solving differential equations as it makes it possible to
let the time progress with long jumps rather than with small time intervals. Finally, it is much simpler
to develop good semantic fundamentals with this approach since classical frameworks and results [15]
can then be more easily adapted in such a framework.

1.2 WorldLab and Z (Sigma)

Itis now time to introduce WorldLab and X (Sigma) which are the software tools on which our systemic
digital twin approach is based in practice. First of all, WorldLab is the name of the software
environment that we are using for managing systemic digital twins. It can be seen as equivalent to a
software engineering workshop for enterprise models instead of software programs. WorldLab indeed
allows both to model an enterprise, based on the specific  system modeling language that we will
introduce soon, and to generate automatically the associated systemic digital twin — based on a
compiling approach — that can imulate & analyze the underlying X-based enterprise models.

The WorldLab technology has two facets dedicated to two types of users: 1) WorldLab Workshop is
first a systemic modeling & simulation workshop where an expert engineer can model an industrial
system, taking into account its functional behavior and its data, with our formal system specification
language X and develop the associated systemic digital twin, 2) WorldLab Player, automatically
generated with WorldLab Workshop, is secondly the experimentation interface which offers a concrete
systemic digital twin to the business users which can, with this business tool, simulate an industrial
system, evaluate business indicators and compare & optimize industrial scenarios for the modeled
system (see Figure 4). WorldLab shall therefore be seen as a tool suite dedicated to build systemic
digital twins. At this point, note also that WorldLab is based on the same core principles than the 20-
year-old AltaRica model-based safety technology (see [17-18]) from which it inherits both a number of
key features and its industrial robustness.
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Figure 4 — The two sides of WorldLab: WorldLab Workshop (on the left) and WorldLab Player (on the right)

The core part of WorldLab is of course the X language which is presented in details in the next section
of this paper (see also [25]). We shall point out here that Z is a modeling language especially dedicated
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to systems dynamics, i.e., to the simulation of dynamic evolution of technical and socio-technical
systems, with a special focus on enterprises. Although it involves several concepts borrowed from
object-oriented programming languages such as C++ or Python, and prototype-oriented programming
languages such as JavaScript, Z differs from these languages in two fundamental respects:

o first, it is used to design models and not programs: once designed, models can be assessed by
means of various tools, notably by means of step-by-step or stochastic simulation;

e second, conversely to programming languages, it embeds the notion of time and distinguishes
instructions that take no time, and processes that take an explicitly specified time.

In this last matter, £ was also inspired by synchronous languages which are managing sequences of
data among time [26]. The main difference however comes from the fact that £ can manage random
variables distributed according to explicit probability distributions and also time series associated with
arbitrary time slots. Note moreover that, eventually, a model in X describes a set of processes running
in parallel, and modifying data structures that represent the state of the system under study. This last
property especially allows to model deformable systems whose structure may evolve along time.

One shall finally point out the main core difference between programming and our modeling approach:
even if Z looks like a programming language, it is fundamentally different, the main difference coming
from a pragmatic requirement which does not exist in programming: the key point when designing a
model in X is indeed to capture reality as well as possible, which is totally specific to modeling and
moreover cannot be really formalized. Modeling remains indeed an art ...

1.3 Systemic digital twin development process

Developing the systemic digital twin of an enterprise with the support of WorldLab and X can be
achieved through a standard process that we shall now quickly present and that will be discussed more
in details in a forthcoming section (see Figure 5).

MBSE model of an
industrial system

2™ model of an Systemic digital twin of
industrial system an industrial system

Figure 5 — Overview of the systemic digital twin development process

This systemic digital twin development process has three main phases, respectively focused on
designing, constructing, and validating a systemic digital twin associated with a given enterprise,
whose contents are sketched here below:

e Phase 1 —design: this first phase intends to prepare the core foundations on which a systemic
digital twin shall be built: it starts by clarifying the business issues that the targeted systemic
digital twin intends to solve, which is key since this initial step will provide the core orientation
to give to a systemic digital twin, followed by identifying the enterprise system scope that shall
be analyzed through a functional systemic enterprise model, that will be later be translated in
the X language, when totally stabilized;



e Phase 2 —construction: the second phase consists then in technically developing a model using
the Z language within the WorldLab platform: one shall here use the material provided by the
first phase in order to specify the key systemic variables & data that will be manipulated in Z;
in a second step, one shall develop the model in X for the considered enterprise, which form
the kernel of the systemic digital twin, before creating the relevant enterprise decision-support
dashboards & alerts that shall help to solve the initially identified business problems;

e Phase 3 — validation: the last phase is finally a business phase where one shall validate the
systemic digital twin by creating & simulating representative enterprise evolution scenarios,
then analyzing the associated simulation results & alerts provided by the systemic digital twin
and proposing on that basis relevant business recommendations. At the very end, a last step
is dedicated to installing the systemic digital twin as an operational tool in the organization,
leading to continuous business improvement through regular evolution scenario creations and
associated simulations, analyses & alerts, and possibly revisions of the underlying £ model.

A synthetic presentation of this process can also be found in Figure 5. Note finally that section 3 is
eventually dedicated to a step-by-step detailed visit of this process on a case study, which explains why
we are not eliciting it more in details here.

1.4 Systemic digital twins in practice

To conclude this section, let us highlight how systemic digital twins are currently applied in practice to
enhance decision-making processes in complex industrial operations. It is important to note that
systemic digital twins are not primarily designed for real-time decision-making, unlike many existing
digital twins. Instead, they serve as tools to support strategic or operational decisions within business
time, meaning that they align with the standard business flow of an industrial company’s governance
and decision-making processes.

The first key point is of course virtual-real interaction, which we achieve here through a configuration
mechanism. Using a systemic digital twin, industrial architects can indeed define industrial scenarios
via a scenario configurator, which allows them to set and select a range of free parameters related to
an industrial system of interest. They can then simulate & evaluate these scenarios against predefined
key performance indicators (KPIs). This process enables industrial architects to understand how the
real system behaves and evolves over time under the considered scenarios. As a result, they can refine
or modify the scenarios to identify more relevant options aligned with specific business objectives. In
many concrete cases, this mode of interaction is entirely sufficient for industrial purposes: industrial
stakeholders often do indeed not seek the “optimal” scenario, which, in any case, may be meaningless
due to the multi-criteria nature of such optimization problems. Instead, they aim for a relevant and
reasonably effective scenario based on given business indicators.

A second key point is optimization guidance. While the most common practical approach to industrial
optimization with systemic digital twins involves comparing pre-defined industrial scenarios against
given performance indicators, as explained in the previous paragraph, systemic digital twins can also
be used to solve optimization problems in a more rigorous manner. Specifically, one can define an
optimization objective, typically, achieving a set of business goals at a specific point in time, and then
use the systemic digital twin in reverse to address the inverse problem: determining the values of the
free parameters required to meet the business goals at the specified time. Such an inverse problem
can be solved using classical dynamic programming methods, with the systemic digital twin serving as
a "black box" that provides the behavior of the underlying real system. The critical observation here is
that, through our industrial collaborations, we found that most practical industrial optimization
problems are framed in precisely this “inverse problem” way.



2. The system specification language 2

2.1  Why creating a system specification formal language?

In order to understand better the motivation of the creation of a specific system specification formal
language, let us first recall that any language can always be analyzed from three syntactic, semantic
and pragmatic perspectives. Syntax refers to the nature of the elementary symbols managed by the
language, when semantics refers to the meaning of sequences of such symbols and pragmatics to the
possible practical usages of these symbols in a given operational context.

One can now use this analysis grid to compare the three main types of system specification languages
that can be found in practice (see Table 1), that is to say:

1. Unformal languages, such as natural languages, which are used in practice by most of
engineers to specify a system, with unfortunately a poor level of rigor and no real semantics,
leading to many possible meanings & interpretations of a given system specification and to the
impossibility of simulating such unformal system specifications;

2. Pseudo-formal languages, based on graphical descriptions and meta-models, such as BPMN,
SysML or UML, and now widely used by systems engineers within the model-based systems
engineering (MBSE) approach: they have a better level of rigor, but which is still weak due to
the absence of formal semantics that leads to structural interoperability & simulation issues;

3. Formal languages, such as any programming language [31] or AltaRica [31], based on sound
mathematical fundamentals which equips them with a formal semantics, but unfortunately
not very used by systems engineers, at the exception of the safety domain: they especially
support simulation due to their high level of rigor which suppresses specification ambiguity.

Our grid of analysis can indeed be typically applied to these three kinds of languages:

e Natural languages: consider for instance the Greek language, where a syntax could consist in
the sequence {wa of three Greek letters, whose semantics is “animals” and which is a word
that can be pragmatically used in any conversation about animals,

e Pseudo-formal languages: consider for example here the model-based systems engineering
graphical description language SysML, where a syntax could be formed by an oval containing
the letters “Operations”, whose semantics is the operational lifecycle phase of a system and
that can for instance be pragmatically used to do lifecycle-oriented system design,

e Formal languages, i.e., languages with a sound mathematical semantics: let us consider here
the example of a programming language such as Pascal, where a syntax could be formed of
the sequence “X := X+1” of symbols, whose semantics is provided by the predicate, in the
meaning of mathematical logic, “X = X0 - X = X0+1” which expresses the fact that the variable
X will have the value X0+1 after processing of the considered sequence of symbols, if it initially
had the value X0, which can be pragmatically used by developing for instance a user-oriented
software application.

This being recalled, the key point to stress here is that only formal languages can really be simulated
without ambiguity, since being able to simulate a specification language means that there is only one
—and only one —interpretation for each part of a given specification. As a consequence, the X modeling
language, which is a formal language fully dedicated to industrial system specification on which relies
our systemic digital twin approach, naturally supports simulation of the systems that it models.
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Table 1 — Comparing the three main types of specification languages

This is the key property that motivated the introduction of a new system specification formal language
such as 2. Note finally that its scope of application is specifically dedicated to industrial systems within
their manufacturing, operation and maintenance phases where the system behavior can be typically
described through a discrete-event approach.

2.2 I follows the S2ML+X paradigm

Let us first recall that any system model has always to describe both the structure and the behavior of
a system. The S2ML+X paradigm, introduced by Batteux et alii in [16], consists then in claiming that a
system modeling (formal) language shall consist in the combination of a mathematical framework
dedicated to the description of the behavior of the system of interest and of a structuring paradigm,
reflecting the generic principles of organization of any system, which is used to organize the model.
This paradigm was abstracted from the safety-oriented language AltaRica developed by Rauzy [17] in
the last decades and can be synthesized by the “equation”: System Models = Structures + Behaviors.

This approach considers that structures are largely independent of any concrete system: they can thus
be described through a generic systems structure description language S2ML [16-18]. On the other
hand, behaviors can be mathematically modeled in many different ways (e.g. through continuous or
discrete modeling), the choice of the relevant mathematical framework (X) depending on the nature
of the system of interest. The previous “equation” transforms then in terms of specification languages
into the new “equation” stating that any system specification language can be expressed according to
a S2ML + X paradigm, which is also the case for the system specification language 2 that we used to
support automatic generation of systemic digital twins of industrial enterprises.

In this last matter, we shall first introduce the key generic constructions of the Systems Structure
Modeling Language (S2ML) invented by Rauzy (see [16], i.e., port, connection, container, composition,
aggregation, prototyping/cloning, class/instantiation and inheritance, as described in Figure 6. We
refer to [27], for all details on the S2ML structural modeling language.

For our system specification formal language %, which is at the very core of our systemic digital twin
approach, the “X” of the Sys2ML + X paradigm is then the functional framework for a system, proposed
by Krob in [28], applied only with a discrete time scale.

To this aim, let us first recall that a time scale T is a totally ordered set with a unique minimal element
— usually denoted to — and where each element t € T has a (unique) least upper bound within the time
scale, called its successor and denoted t+ within T. Up to rescaling, two types of time scales are key in
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practice: discrete time scales where t+ =t + 1 and continuous time scales where t+ =t + dt where dt
stands for an infinitesimal quantity. Discrete time scales model event-oriented systems (such as
software or manufacturing systems which are regulated by a discrete clock) when continuous time
scales are used to model physical continuous phenomena.
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Figure 6 — The key generic constructions of the Systems Structure Modeling Language (S2ML)

One can now formally define a system in this framework, on one hand, by an input set X, an output set
Y and a set of internal variables Q, and, on the other hand, by the following two kinds of behavioral
functions that link these systemic variables among a given time scale T:

e an external behavioral function that produces an output y(t+) € Y at each moment of timet € T,
depending on the current input x(t) € X and internal state q(t) € Q of the system;
e aninternal behavioral function that results in the evolution g(t+) € Q of the internal state of the

system at each moment of time t € T, under the action of an input x(t) € X on the system.

This last definition underlies the classical symbolic representation of a system as depicted in Figure 7
that we already used among the structural constructions elicited in Figure 6.

SYSTEM S
Inputs: —> Outputs:
x(t) eX Internal states: E— y(t) ey
a(t) e Q >

Figure 7 — Symbolic representation of a system

2.3 The core features of 2

We are now in position to describe the 2’ modeling language which allows first naturally to specify the
hierarchical structure and the behaviors, i.e., the business processes, of a given industrial system.
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On one hand, system structures are specified in 2™ in a quite intuitive way. The fact that a system can
be a part of another system within an hierarchy of systems, is captured through the keyword system
in Z, and the associated system system .... end end construction, which expresses that a system can
contain another system, in the X meaning, as illustrated in the below example:

1 World

2 Supplier

3 rawMaterial ( = 0);
4

5 Producer

6 order ( = 0);

7 rawMaterial ( = 0);
8 product ( = 0);

9

10 Consumer

11 order ( = 0);

12 product ( = 0);

13

14

Note that the variables associated with a system are value holders that are used to describe the state
of the system or to model stocks or flows managed by a system.

On the other hand, system behaviors are specified in X through the keyword activity which models a
functional behavior, or equivalently a business process in our enterprise modeling context, associated
with a given system. To specify an activity associated with a given system, one needs to explicitly define
the logical condition that triggers a given activity, what shall be done when the activity starts and when
the activity stops and what is the duration —in a certain unit of time that has to be fixed by the modeling
engineer and used all along the £ model — of the activity, using respectively to these different purposes
the keywords “trigger”, “start”, “completion” and “duration”, as illustrated on the next example that
continues the previous one. We specified here the activity that renews the stock of raw material of the
supplier of our world by asking that it begins only when the stock of raw material is less that 1,000
units and that one is not already renewing it, by stating that one is renewing at the start of the activity
and that the stock of raw material was increased on 100 units, while renewing is finished, at the end
of activity, and finally by defining the duration of the activity which is 30 units of time:

1 World.Supplier

2 rawMaterial ( = 0);

3 renewing ( = )7

4

5

6 World.Supplier.RenewRawMaterialStock
7

8 rawMaterial <= 1000 renewing ;
9

10 renewing = ;

11 {

12 renewing = ;

13 rawMaterial += 100 ;

14 }

15

16 30 ;

17

11



Note also the classical object-oriented mechanism that allows to specify in X the positioning of a given
system in the system hierarchy and the allocation of an activity to a given system.

A key specificity of X is then that stochastic behaviors can be captured in X. This can be done in two
different ways, either via random variables manipulated by activities or via random activity durations.
In this matter, one can express in X such stochastic behaviors, either through exact probabilistic laws,
such as Normal laws, uniform laws, exponential laws, etc., or through empirical distributions, i.e.,
experimental timed sequences. These mechanisms are illustrated in the below example, continuing
the previous ones, where the amount of products consumed by the ConsumeProduct activity of the
consumer follows an uniform law between 1 and 2.5 products, when the duration of the consumption
follows a normal law with 10 units of time as mean and 1.5 units of time as standard deviation:

1 World.Consumer.ConsumeProduct
2

3 product >= 1000 consuming ;
4

5 consuming = ;

6 {

7 consuming = ;

8 product -= (1,2.5);
9 }

10

11 (10,1.5) ;

12

Stochastic simulations can be especially monitored within X in two different ways, either through
observers which are updated continuously during the execution of a X model, or through indicators
that are computed from observers, at certain moments of time, typically when the execution of the
simulation of a given model is complete, as illustrated in the below examples that continues the
previous examples, where we specified two observers, the first one being a numerical observer that
provides the level of raw material produced by the producer and the second one being a Boolean
observer that tells us whether this last level of raw material is under 30 units of raw material:

1 World.Producer

2

3 rawMaterial ( = 0);

4

5 levelRawMaterial = rawMaterial ;

6

7 lowLevelRawMaterial = rawMaterial <= 30 ;
8

9

In order to manage systemic scenarios, one can also especially define parameters in . Each parameter
corresponds indeed to a value that can be modified by the end-user: defining a systemic scenario
consists then just in defining the values of a given set of parameters, which can be done through a
specific generic user interface, automatically created by the WorldLab platform when a given Z model
is compiled. This parametrization mechanism is illustrated in the below example, continuing again the
previous examples, where the renewRawMaterialStock activity of the supplier is now parametrized
with three parameters, all initialized with an initial value corresponding to the one used in our initial
example, corresponding respectively to the renewal threshold, amount and duration:
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1 World.Supplier

2 renewalThreshold = 1000 ;

3 renewalAmount = 100 ;

4 renewalDuration = 30 ;

5 rawMaterial ( = 0);

6 renewing ( = ) 7

7

8

9 World.Supplier.renewRawMaterialStock
10

11 rawMaterial <= renewalThreshold renewing ;
12

13 renewing = ;

14 {

15 renewing = ;

16 rawMaterial += renewalAmount ;

17 }

18

19 renewalDuration ;

20

Last, but not least, Z also allows to manage deformable systems, that is to say systems whose structure
or behaviors change among time (see [29] for more details). One may also point out that Z is directly
connected to a XML-like language, called WIDL, for WorldLab Interface Description Language, which
allows to specify the end-user interface of a systemic digital twin and to connect the business indicators
& alerts defined in a ¥ model that are to be shown to the business users during the use of a systemic
digital twin generated with the WorldLab platform (see [30] for more details).

2.4 Comparison with other digital twin design & development approaches

Due to its unicity, the Z-based approach for developing a systemic digital twin can be easily compared
to the other existing methods for designing a digital twin.

In this matter, let us first recall that the existing digital twin frameworks [1, 4, 7, 13] do not provide
practical detailed step-by-step methods for concretely developing a given digital twin for industrial
operations, but only general development guidelines. The same comment applies for the modeling
frameworks that were proposed along time to support the development of a digital twin [32,33,34,35].
In the same way, one may also note that the ISO/IEC 30173 digital twin standard [36] remains quite
generic and rather dedicated to a clarification of the core digital twin concepts & terminology.

The same analysis works moreover also for the more specialized literature dedicated to the topics of
evolutive maintenance and validation of an industrial digital twin [37,38,39,40]. This literature indeed
deals mainly again with general good practices on these issues, but not with practical step-by-step
specific methods, like the one we propose in this paper.

The approaches that are the closest to our own formal approach, since they are proposing methods
for automatic generation of digital twins, can be found in [41,42]. They are however quite rare among
the digital twin literature and very different from our Z-based approach, due to their radically different
mathematical fundamentals. We must indeed recall that X is based on mathematical semantics and
logics, as explained in the previous subsection 2.1, which is not the case for these other approaches
which are just using classical graph theory as mathematical fundamentals.

The analysis of the existing digital twin design & development literature shows therefore that our X-
based approach is still quite unique.
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3. Developing a systemic digital twin with X in practice

We shall now show how to design, construct and validate in practice a systemic digital twin with
WorldLab and Z, through a case study that was constructed by abstracting and simplifying an actual
industrial case on which we worked. We indeed wanted here to be both realistic and not too complex,
in order to remain simple, without being simplistic. In this matter, let us therefore introduce the port
case study that we shall follow in this section in order to illustrate our approach.

Due to environmental regulations, our port has to replace an old coal traffic by a new container traffic
(see Figure 8), which has a huge impact on the port infrastructures since coal and containers require
totally different logistics, namely train and truck logistics. One shall therefore identify and secure the
investments that have to be done by the port in order to adapt it to the new traffic and to manage the
decreasing of the old traffic.

Coal traffic Container traffic
Figure 8 — The transformation of the considered port

These elements of context being recalled, let us now see how an associated systemic digital twin can
be developed according to a standard methodology, initially skteched in [31], whose main elementary
steps within its three design, construction and validation phases are illustrated in the below Figure 9,
in order to support the port industrial transformation.

Phase 1: design - designing the systemic digital twin

Step 1.1: clarifying the Step 1.2: modeling the Step 1.3: identifying the
business problem to solve enterprise of interest data to consider

Phase 2: construction - constructing the systemic digital twin

Step 2.1: specifying the Step 2.2: developing the Step 2.3: defining
systemic digital twin enterprise modelin Z the user interface

Phase 3: validation - validating the systemic digital twin

Step 3.1: identifying the business Step 3.2: evaluating & comparing
scenarios of each use case the considered business scenarios

Figure 9 — Our standard methodology for developing a systemic digital twin
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3.1 Phase 1: design — designing the systemic digital twin

The very first phase towards a systemic digital twin for the considered port is the design phase. Its
purpose is to scope the future systemic digital twin by constructing a first informal model of the port
of interest, which shall be challenged & validated before going to the next £ modeling phase. The key
point to have in mind is that one cannot go to the formal modeling phase before having stabilized our
understanding of the port’s transformation. Since the resulting system model will fundamentally be
unstable during this phase, we are therefore using here an unformal system modeling approach which
is well adapted to this situation.

In order to move towards a systemic digital twin for an industrial system, this very first phase is an
initiation phase that intends understanding the relevant scope of interest. It concretely consists in fully
understanding the problem(s) to be solved and the relevant scopes from strategic, business & technical
and data perspectives. One shall indeed never construct a systemic digital twin for the pleasure of
constructing a systemic digital twin: it shall always answer to a specific business problem whose
business specificities shall normally highly guide the design of the systemic digital twin.

3.1.1.  Step 1.1: clarifying the business problem to solve

In order to construct a systemic digital twin, the very first activity consists now in eliciting the business
strategy which supports its construction by finding the answers to the following questions:

e What are the business objectives to achieve?

e What are the strategic or operational decisions that one wants to make and in which context?

e What are the key performance indicators (KPIs) that one wants to improve/monitor?

The above table elicits for instance the business strategy of the port that we are considering in our
case study with respect to its coal-to-container transformation.

Key questions

Business strategy of the port
to answer &y P

The main business objective of the port is to secure its investments, as required from

What are the business
objectives to achieve?

switching from a coal-dominant to a container-dominant traffic, by verifying that the “to-be”
port infrastructures will be resilient against the strong increase in container volumes which is
expected from now to 2035.

What are the
strategic or
operational decisions
that one wants to
make and in which
context?

Since the container traffic shall be managed by trucks that shall leave the port either by road,
or by train, the key decisions that the port has to take are of two kinds:

1) How to transform & optimize the existing infrastructures of the container terminal in order
to face the expected increasing of the container traffic?

2) How to size a new rail-road terminal that shall manage a part of the traffic induced by the
future development of the container traffic?

What are the key
performance
indicators (KPls)
that one wants to
improve/monitor?

e KPI#1: amount of new port infrastructures (cranes, gates, reach stackers) which are
required by the transformation of the port

e KPI #2: customer quality of service (queuing time, volume of managed containers)

e  KPI #3: level of pollution induced by the new port infrastructures

Table 2 — Elicitation of the business strategy of the port of our case study
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3.1.2 Step 1.2: modeling the enterprise of interest

The second activity of the initiation phase of the construction of a systemic digital twin consists in
modeling the industrial system of interest, which can be achieved through a series of inter-related
modeling steps, consisting in defining respectively the system breakdown, the functional interactions
managed by the system of interest and finally its use cases, i.e., in eliciting its structural, functional and
operational architecture, according to the CESAM methodology [23], applied however here in a reverse
way since we are not designing a future system, but analyzing an existing one.

In the context of the considered port transformation, the first modeling step is a structural modeling
step consisting in a system breakdown analysis that leads to the system breakdown structure which is
illustrated in Figure 10. One can see there the complete structural breakdown of the perimeter of
interest—called here “World” —that synthesis all the systems involved/impacted by the transformation
of the port that we considered. This system breakdown splits in two parts:

e The port which can broken down in four subsystems:

o Theinternal road infrastructure of the port used by the trucks that are transporting by road
the containers managed by the port,

o A container terminal where the containers managed by the port are coming & leaving by
sea through a specific cargo logistic, stored in a container storage park and coming & leaving
by road through trucks that enter in the container terminal by the terminal access,

o A number of existing & forecasted new warehouses, where trucks are bringing & taking
containers in order their goods to be stored there,

o A new expected rail-road terminal consisting in train & truck logistic facilities and in a stock
of reach-stackers (specific machines used for moving containers between trains and trucks).
e Three external systems, that is to say:

o The natural environment that will be especially impacted by the pollution produced by the
increasing of the truck traffic induced by the growth of the container traffic,

o The sea from / to where are coming / leaving the ships that transport the containers that
are managed by our port,

o Two external road & rail infrastructures, respectively used by the trucks and railways that
are involved in the management of the container traffic of the port.

World
System of
. External Sea I\fatural Port y:
infrastructures environment interest
External road External rail ‘ | |
infrastructure | |infrastructure
Internal road Container Rail-road
- q i Warehouses
\ ~ | infrastructure terminal terminal
External systems Cargo Train Truck Existing
logistic logistic logistic wareghouses
Terminal Container Reach tracker New
Access storage park stocks wareghouses

Figure 10 — System breakdown structure of our port industrial environment
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Knowing the system breakdown structure of the system of interest, we can move to the next functional
modeling step that deals with a functional interactions analysis, aiming at identifying the structuring
flows and interactions that do exist within the various systems forming the environment of the system
of interest, and the core activities performed by these systems. It results in a functional interaction
diagram, that synthesizes all the interactions existing between the key subsystems of the system of
interest and its external systems, and also highlights the key activities achieved by these subsystems.

Natural
environment

Pollution
Port
| Externalroad
l Receive / Send trains [
Container Internal road Rail-road
Sea A " > !
terminal infrastructure terminal
Receive / send I
containers
Warehouses External rail
+— Ship traffic infrastructure
+— Truck traffic Store / Destock +— Train traffic

Figure 11 — Functional interactions involved in the considered port industrial environment

In the context of our port transformation, this new functional interactions analysis leads to the
functional interaction diagram illustrated in Figure 11. This new diagram highlights the main functional
chain involved in our case study, that is to say the fact that the container traffic is triggered by the sea
from / to where are coming / going the ships that are transporting the containers and handled by the
port and by external road & railway infrastructures. It especially shows that the port internal container
two-way traffic is managed through a container terminal, connected to the sea and to the ship traffic,
where containers are therefore received and sent, and an internal road infrastructure for trucks, which
connects the container terminal to the external road infrastructure, but also to a rail-road terminal,
itself connected to the external rail infrastructure, where trains are received and sent, and to internal
warehouses that can be seen as temporary buffers where the goods contained in the containers are
stored and destocked among time. Note finally that we also put there a specific stress on the pollution
flow that goes from the port to the natural environment.

The last system modeling step is an operational modeling step that consists in formalizing the business
strategy in terms of use cases of the system of interest that shall be modeled, simulated & analyzed
with a systemic digital twin in a next phase.

In the context of our port transformation case study, these use cases are for instance the following:

e Use case 1 - Sizing of the unloading cranes fleet within the container terminal — The increasing of
the container traffic will require to add new unloading cranes to the port, which is a very expensive
investment that has to be finely planed. How much new cranes are therefore required and when
shall they be put in service?

e Use case 2 — Optimization of the truck access to the container terminal — The increasing of the
container traffic will increase the truck traffic on the port. How shall one thus reorganize the truck
traffic management in order to optimize the in/out access of trucks to the container terminal and
to provide an optimal quality of service to the trucks?
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e Use case 3 — Optimization of rail-road terminal infrastructure — The increasing of the container
traffic will require a new rail-road terminal within the port. How shall one therefore organize
optimally this new terminal at the interface between trucks and railways in terms of specific
loading/unloading machines?

As a synthesis, we shall therefore remind that the key deliverables of the modelling activity are:

e Structural modeling: the system breakdown structure of the perimeter of interest,
e Functional modeling: the functional interactions diagram of the system of interest,

e Operational modeling: the use cases to analyse.

3.1.3 Step 1.3:identifying the data to consider

To identify the data that one needs to consider for constructing a systemic digital twin of a given
system of interest, one needs to go back to the functional interactions analysis that provides the main
flows to take into account, each flow reflecting in a corresponding set of data.

In our port case study, all these flows are especially triggered by the import / export container flow
which is associated with the ship traffic. In other words, each container managed by the port, either
comes initially from a ship or ends finally on a ship, meanwhile being, either transported by a truck or
a train, or stored temporarily in a warehouse. According to this analysis, two main types of data,
respectively associated with the pushed imported container flow coming from the sea and the pulled
exported container flow going to the sea, are required to achieve the core of a systemic digital twin
for the port that we are considering, that is to say:

1) the existing & expected volumes of imported & exported container flows managed by the
container terminal,

2) the distribution among time of these volumes within the various systems involved in the
perimeter of interest.

The below Figure 12 illustrates the corresponding data that have to be identified.

| % External road
|

Container

import | infrastructure i1+2+i3 = 100
fl | 49 i2=1i4+5
ow H 100 % Conten i6= i3+
! Sea on :a_lner Warehouses
! terminal
E 5% External rail
—

| infrastructure
i o1% External road
| infrastructure ol+o2+03 =100
i 02 = o4+0b
| o4% ofi =ad+a5

Warehouses

o5 %
Rail-road
terminal

Figure 12 — The key data associated with the container flows managed by our port
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External rail
infrastructure

Additional data is also required to estimate the level of pollution produced by the container traffic
managed by the port of our case study. Note that this data can typically be obtained by understanding
the proportionality relationship existing between the volume of containers managed by the port
among time and such an observable which may be of the data of our model.
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The below table synthesizes then all the data required to construct a systemic digital twin of our system
of interest for our port case study.

Flow Data to consider
Container . Volumes of sea-managed imported containers per unit of time
import flow . Relative volumes managed within the container import network
Container *  Volumes of sea-managed exported containers per unit of time
export flows . Relative volumes managed within the container export network
Pollution e Volume of pollution produced per managed container per year

Table 3 — Data to consider in order to construct a systemic digital twin for the considered port

3.2 Phase 2: construction — constructing the systemic digital twin

In order to construct a systemic digital twin for an industrial system, the second phase consists in first
specifying finely the systemic digital twin, based on the material coming from the design phase, which
starts by defining the simulation model architecture and ends by achieving a data analysis in order to
understand the specific data that will be used by the simulation model, before developing — using the
WorldLab™ platform — the concrete systemic digital twin of the system of interest, based on the
material coming from the previous specification step which consists in implementing the core £ model
on which relies the systemic digital twin and its user interface through a WIDL specification.

The key point to understand in this matter is the fact that the simulation model, that shall be ultimately
executed, on which relies a systemic digital twin, is of course derived from the system model developed
in the design phase, but also generally quite different. One indeed needs to take here into account
both computing constraints in order to get efficient simulations and specificities of the X language that
are constraining, but also possibly simplifying, the simulation model.

3.2.1 Step 2.1: specifying the systemic digital twin

The very first activity of the specification step consists in defining the architecture of the simulation
model of the system of interest — to be implemented in £ — that shall be at the core of its targeted
systemic digital twin, as ultimately generated by WorldLab.

More specifically, one has to define here, based on the inputs of the design phase, the structure, the
I activities (with their sequencing) and the observers of the perimeter of interest, as they shall be
implemented, since implementation brings its own constraints and is usually not a copy/paste of the
initial system analysis, as already mentioned above. In this matter, the relations between the inputs of
the design phase and their counterparts in terms of simulation model architecture are the following:

e The system breakdown of the system of interest shall first reflect in the systemic structure of
perimeter of interest, using the hierarchical system concept of 2,

e The main activities & interactions within the perimeter of interest provided by its functional
interaction diagram reflect then in the precise definition & sequencing of the Z activities,

e Finally, the key performance indicators associated with the business objectives to fulfil shall
reflect in the definition of observers in the £ meaning.

The crucial part of the specification step consists therefore in identifying the activities — in the X
meaning — and the key resources that they are managing / consuming, as associated with the different
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systems of the perimeter of interest, together with their sequencing within the simulation model. In
this last matter, one shall especially remember that the simulation engine will repeat these activities
for each chosen time step, up to the scheduled end of a simulation. Note also that one already has to
arbitrate here between introducing an activity or using an observer, to model each part of the initial
system model, as defined during the design phase.
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Figure 13 - activities of the simulation model that describes the behaviour of our port case

In our port case, the I activities deal first with the containers, by receiving / sending containers from /
to the sea, transhipping them through the cargo logistics, managing their stocks in the container
storage park and managing the stocks of goods contained in the containers at the level of the
warehouses, secondly with the trucks that are transporting containers by managing their in / out
access in the container terminal access and their road transportation within the port and finally with
railways where one needs to transrail containers. Concerning trucks, we shall suppose that they are
available when required, which allows to abstract them, excepted at the levels of the two “manage
truck infout” and “road-transport containers” activities. We synthesized these activities in the BPMN-
like diagram of Figure 13 where we also highlighted all the resources (containers, cranes, gates, trucks,
goods, reach trackers) that are supporting these different I activities.

To define then the relevant observers to implement, a natural way is to associate one specific observer
with each business Key Performance Indicator (KPI), as initially identified in the design phase, and to
complete these first mandatory observers by additional ones, associated with complementary
information of interest that one may possibly also need to provide.

In our port case, the key performance indicators to manage are the following ones:
* KPI#1: amount of new infrastructures (cranes, gates, reach trackers) required by the port
*  KPI #2: customer quality of service (queuing time, volume of managed containers)
*  KPI #3: level of pollution induced by the new infrastructures

As a consequence, three types of observers —in the £ meaning — shall therefore be defined to measure
these key performance indicators.

The second activity of the specification phase consists then in analysing the business data — which
requires their preliminary capture, that appears in practice to be always a rather complicated activity
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— in order to identify the probabilistic laws, if any, that govern them and the main dimensioning
relationships that are key for implementing a simulation model.

This data analysis activity is highly specific to each application case. In our port case, it consists in
analysing the import / export past & future container volumes, capturing the relative containers
volumes that are managed by its logistic network and identifying the dimensioning factors associated
with the mandatory observers. The corresponding data analysis is elicited here below.

The analysis of imported container volume data in our port showed first that all monthly imported
traffics of a given year are distributed according to Normal laws, whose means & standard deviations
evolve among time in the same way, i.e. proportionally to the port traffic growth, since the observed
ratio between these means & standard deviations remains rather stable.

In this last matter, we shall remember that a Normal law NM{w; o) of mean p and standard deviation o
is a random variable N(u; ), which is characterized by the following probability law:

Y
1 fb exp(—(x—u)?) dx

P(asN(wo)<b)= 7izo Ja 2

whose density has a classical bell-shape. The distribution of monthly container volumes in a given year
follows therefore a Normal law of mean p and standard deviation o if the following approximation
relation is statistically valid:

Cumulated amount of containers from january to month m withinyeary _ p

Total amount of containers for year y ( 1< N(M'. G) =m ) '
This last property can be observed on Figure 14 which gives the historical imported container monthly
volumes for the period 2016 — 2021, as provided by the port management, with indication of the
associated means, standard deviations and mean to standard deviation ratios. Data analysis especially
showed that the different distributions of imported container volumes do follow a Normal law for each
year involved in our set of data, as confirmed by a ¥? test. An example of the fit between the actual
data and their Normal law modelling is shown on Figure 14 for the 2016 imported container volumes,
which can be captured by a Normal law of mean 12,000 and standard deviation 1,500.

Import 2016 2017 2018 2019 2020 2021 il
January 12500 [13750 13750 16000 14000 24750 . _
February 15500 [12250 13250 15000 16000 22250 _ Monthly import trafic in 2016
March 11500 [10750 14750 17500 18500 15250 N
April 11500 |[16250 16750 17500 16000 20250 4 :“;;Eg:::;::de:_;
May 12000 [13750 17250 17000 18000 20250 g anda
June 14000 [14250 15750 15500 13000 20250 B / \ deviation 1,500 that
uly 12000 [11250 13250 19000 21000 21750 / \ models th? import
Augus 12250 [15750 14750 18000 14000 28250 2
September 10500 [13750 13750 13000 18500 18750
October 12000 [13750 19250 17500 12000 20250 1
November 9500 12250 12750 12500 20000 22250
December 12000 [10750 12250 16500 22500 24250 R
;:')

Total 145250 158500 177500 195000 210500 258500
Growth N/A 9% 12% 10%
Mean 12000 13000 15000 16500 17500 + 21500
Standard deviation 1500 2000 2000 2000 3000 3300 Container traffic is measured in TEU (Twenty-foot Equivalent Unit)
Mean/ standard deviation 8 7 8 8 6 6

Covid 2019 cri

isis im SI,:I (Ctrl) ~
Figure 14 — Data analysis of the imported container volumes in our port case

In the same way, the analysis of the exported container volume data for our port showed that the
monthly exported traffics of a given year are also distributed according to Normal laws whose means
& standard deviations evolve among time in the same way, i.e. proportionally to the port traffic
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growth, since observed ratios between these means & standard deviations remain again quite stable,
which synthesizes our data analysis for exported container volumes.

For the future container volumes managed by the considered port, we shall indeed assume that they
will have a constant growth per year up to 2035, symmetrically both for the imported & exported
container traffics, starting from year 2021 baseline, that distributes per month according to the
probabilistic pattern that we identified through the previous historical data analysis. Note that these
values for the future traffic growth may however be considered as parameters of our systemic digital
twin in order to construct various evolution scenarios for our port case study.
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Figure 15 — Distribution of the import & export traffic within the port logistic network

The key point is that the understanding of the probabilistic behaviours in the past, based on historical
data analysis, allows us indeed to model the probabilistic behaviours for the future, that shall be made
according to the probabilistic Normal pattern observed in the past, taking into account the projected
evolution of the future business data. Here, the baseline imported & exported container volumes are
following known Normal laws in 2021, which are used to construct similar Normal laws for the
imported & exported container volumes for any year between 2022 and 2035, by considering that their
means and their standard deviations are obtained by increasing each year their 2021 baseline values
by a multiplicative constant 1+y reflecting the growth y of the traffic per year, which captures both the
observed Normal law pattern in the past and the fact that the observed mean to standard deviation
ratios were rather stable within the historical data.

The historical relative container volumes — which were relatively stable in the past — within the logistic
network of our part are provided in Figure 15. We shall suppose here that these values will not
significantly evolve in the future. Note that the values for the future may however also be considered
as parameters of our systemic digital twin in order to construct evolution scenarios for our port.

Finally the last step of the data analysis activity consists in identifying all dimensioning values that are
used by the various observers that were defined in the design phase. In this matter, Table 4 shows for
instance all numerical values, with the corresponding business explanations, that are required to
precisely specify the mandatory observers associated with our port case.
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KPIs

Core dimensioning equations

Other related features

KPI #1: amount of
new industrial
infrastructures
(cranes, gates,
reach trackers)
required by the

port

Amount of cranes
required by the cargo
logistic of the port

A crane can import / export a TEU in 1.5
minutes, plus an hazard following an
uniform law with min and max equal

respectively to 0.5 and 1 minute.

Opening time of the port is
24 hours / 24 per dayon a
basis of 7 days / week.

Amount of gates for the
container terminal
required by port

Access time at the gate is 1.5 minutes per
truck, plus an hazard following an
uniform law with min and max
equal respectively to 0 and 0.5 minute.

1 truck is able to manage
1.5 TEU in average.

Amount of reach
trackers required by the
rail-road terminal of the

port

1 reach tracker manages loading or
unloading of 1 FEU with respect to a train
in 2 minutes, plus an hazard following an

uniform law with min and max equal
resp. to 0.5 and 1 minute.

A train can handle 40 TEU
A train can stop at most 4
hours in the port.

KPI #2: customer
quality of service

(queuing time,
volume of
managed

containers)

Queuing time at the
container terminal
of the port

Access time at the gate is 1.5 minutes per
truck, plus an hazard following an
uniform law with min and max

equal respectively to 0 and 0.5 minute.

Queuing time shall be
always under 1 hour.

Total volume of
containers managed
by the port

Total volume of containers managed by
the port is the sum of all monthly
imported & exported containers.

The container storage park
has a maximal capacity of
15,000 TEU.

KPI #3: level of pollution induced by the new
infrastructures

Volume of pollution is equal to 13.1 tons
per year produced for 1,000 trucks
managed by the port.

1 truck is able to manage 2
TEU in average.

Table 4 — Dimensioning factors associated with the mandatory observers

3.2.2 Step 2.2: developing the enterprise model in

The very first activity of the development of the systemic digital twin of the system of interest consists
in implementing the core Z model on which relies the systemic digital twin, based on the inputs of the
specification phase. Note however that this activity can possibly lead to specification changes when
specification ambiguities are elicited & resolved during implementation.

According to the double structural and behavioral nature of the X language (see the previous section),
the resulting = model is organized in two main parts: the first one — quite short — describes the
hierarchical structure of the perimeter of interest, here called “PortInfrastructureWorld”, when the
second one provides the detailed specification of the business processes — implemented through so-
called activities in £ — managed by the various systems involved in the perimeter of interest. These two
parts are illustrated below. Table 5 presents first the implementation in 2 of the structure of our
perimeter of interest. Note also there the observer “monthlyPollutionToNaturalEnvironment”, which
just expresses the corresponding mathematical relationship, as defined at the end of the specification
phase. Table 6 and Table 7 show then respectively the implementation in Z of one transverse process,
here time management, implemented through a clock that monitors, on a monthly basis, our
simulations, all starting in January 2016 and ending in December 2035, and the implementation of the
container importation / exportation laws, expressing that these laws are based on historical data up
to December 2021 and on a projection formula, depending on the expected annual growth of the
container trafficin our port, from January 2022 up to December 2035, all of these relations being based
on the Normal law-based data analysis of the initial model specification step.
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6 S*

70 * 2. Port Infrastructure World

il *

72 */

13

T system PortInfrastructureWorld

75

76 // Port Infrastructure World parameters

parameter float openingTimePerDay (unit = "Hours")= 24.0;

// Port Infrastructure World variables
State clockState (init = STANDBY);

float clock¥ear (init = 2016, unit = "Year");
int clockMonth (init = 1, unit = "Month"};
int constMinutesPerMonth (init = openingTimePerDay * &0 * 30.4, unit

// Port Infrastructure World global ressources

int importedContainersToExternalRoadInfrastructure (init = 0, unit =
int exportedContainersFromExternalRoadInfrastructure (init = 0, unit
int importedContainersToExternalRailInfrastructure (init = 0, unit =
int exportedContainersFromExternalRailInfrastructure (init = 0, unit

//Volume of pollution is 13.1 tons per year for 1,000 trucks managed
// unit : tons per month
observer monthlyPollutionToNaturalEnvironment = 13.1/12 *

EEBeERERIERREREESEE

= "Minutes");

"TEUM) ;
= "TEU");
"TEUM) ;
= "TEU");

by the port.

main.DunkirkPort.InternalRoadInfrastructure.montlyTrucksTransportMission / 1000;
95
96 // Port Infrastructure World breakdown stucture
97 system Sea ... end
98 system DunkirkPort
99 system ContainerTerminal
100 system CargoLogistic ... end
101 system ContainerStoragePark ... end
102 system TerminalZccess ... end
103 end
104 system Warehouses ... end
105 system RailRoadTerminal ... end
106 system InternalRoadInfrastructure ... end
107 end
108 end
Table 5 — Specifying the structure of the perimeter of interest in 2
110 activity PortInfrastructureWorld.incrementClock
1 trigger:
12 return clockState == STANDBY and not (clockMonth == 12 and clock¥Year == 20353);
13 start:
114 clockState = WORKING;
115 completion: {
116 clockState = STANDBY;
17 if clockMonth < 12 then
118 clockMonth += 1 ;
119 else {
120 clockMonth = 1;
121 clock¥Year += 1;
122 }
123 }
124 duration:
125 return 1;

126 end

Table 6 — Specifying in 2 the clock that manages the simulation time
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180 activity PortInfrastructureWorld.Sea.ImportExportContainers

151 trigger :

152 return importExportContainersState == STANDBY and main.clockState == WORKING;

153 start:{

13 importExportContainersState = WORKING;

155

156 if main.clockYear < 2022 and main.clockMonth==1 then {

157 //ImportedContainer concern

158 meanImportContainerVolumes = empiricalDistribution("data/MeanTmp /olumes.tsv", step, main.clockYear);

159 standardDeviationImportContainerVolumes = empiricalDistribution(” ontainerVolumes.tsv", step, main.clockYear);
160 //ExportedCentainer concern

161 meanExportContainervolumes = empiricalDistribution("data/msanEx umes.tsv", step, main.clockYear);

162 standardDeviationExportContainerVolumes = empiricalDistribution(” ontainerVolumes.tsv", step, main.clockYear);
163 )

164 if main.clockYear »= 2022 and main.clockMonth==1 then {

i3] //ImportedContainer concern

166 meanImportContainerVolumes = round (meanImportContainerVolumes * (1.0 + growthVolumeImportedcontainer/100));

167 standardDeviationImportContainerVolumes = round(standardDeviationImportContainervVolumes * (1.0 + growthVolumeImportedcontainer/100));
168 //ExportedContainer concern

169 meanExportContainerVolumes = round (meanExportContainerVolumes * (1.0 + growthVolumeExportedcontainer/100));

170 standardDeviationExportContainerVolumes = round (standardDeviationExportContainerVolumes * (1.0 + growthVolumeExportedcontainer/100));
171 )

m //ImportsdContainer concern

m importedContainers += round (normalDeviate (meanImportContainerVolumes, standardDeviationImportContainervolumes));

74 //ExportedContainer concern

i exportedContainers += round (normalDeviate (meanExportContainerVolumes, standardDeviationExportContainerVolumes));

175 }

m completion: {

17 importExportContainersState = STANDBY;

m }

180 duration:

181 return importExportContainersDuration;

182 end

Table 7 — Specifying in 5 the container importation / exportation laws

3.2.3 Step 2.3: defining the user interface

The design of the user interface of our systemic digital twin is the next crucial part of the development
process since it consists in defining what shall be seen by the business user when using a systemic
digital twin. The user interface shall indeed reflect the business objectives & associated KPIs and be
able to cover the business use cases that were defined during the initial design phase.

In our port case, the main business user interface — for managing step-by-step simulation — is shown
in Figure 16. It shall allow the business user to simulate the evolution of the container traffic within
the considered port among time, under various hypotheses such as an yearly container traffic growth
assumption, the capacity of the container storage park measured in TEU, the number of available
cranes for transhipping the containers, the number of access gates for trucks to the container storage
park and the number of reach trackers in the rail-road terminal, which are parameters that the
business user can set — their values can be defined through another dedicated user interface and be
seen on the right-hand side of Figure 16 — in order to define a business scenario to simulate. The
scenario which is simulated in Figure 16 corresponds for instance to the situation where one is using
the existing infrastructures of the port as they are and one can see that they saturate in May 2026,
which means that one shall invest in order to resize them much earlier in the past.
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Figure 16 — The business user interface for the port case (intermediate status of a simulation)

The same simulation shall also show that the existing sizing of the container terminal of our port will
ultimately lead in December 2035 to a complete saturation of all the key infrastructures (i.e., cranes,
storage park, access gates) of the container terminal.
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Figure 17 — The WIDL definition of the user interface of our port case

To achieve such a business interface, one shall especially develop a WIDL model that describes its
structure and its connection with the underlying £ model by specifying the exact locations where one
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shall see a given value computed from the simulation of the model of the system of interest (see Figure
17 for an illustration on our port case).

3.3 Phase 3: validation — validating the systemic digital twin

The last, but not least, phase can now deal with the validation of the systemic digital twin of the system
of interest, as actually implemented, in order to analyze the relevant business use cases and contribute
to the business strategy as defined during the initial design phase. The typical organization of this last
phase consists, for each identified use case, in identifying the business scenarios to analyze and then
evaluating & comparing these business scenarios in order to find the best one. Note also finally that
this validation phase can only be done by discussing & challenging with business users & experts the
business relevance of the results that are provided by the systemic digital twin.

3.3.1 Step 3.1:identifying the business scenarios of each use case

The first step of the validation phase consists in identifying the business scenarios to analyze &
evaluate, based on our systemic digital twin for the perimeter of interest, for each use case that one
shall consider as provided in the initiation phase. This activity reflects in eliciting the parameters — as
implemented in the 2 model of the system of interest — that define these scenarios and choosing the
numerical values that are characterizing each scenario.

To illustrate this new activity, let us consider the use case 2 of our port case study, which deals with
optimization of the truck access to the container terminal, as defined during the design phase. In this
matter, we shall remember that the admission of trucks to the container terminal is a process that was
carried out manually by one gate. This process was suitable for the current flow of containers which is
transported by trucks on roads, but will undoubtedly pose capacity problems in the future. At this level,
the business challenges that the port is facing are especially the following ones:

* Anticipate blocking of terminal access

* Control / limit the impact on air pollution of the increase in the number of trucks that are serving
the container terminal.

* Avoid loss of customers due to poor quality of service

* Avoid forwarding traffic to other ports

Three progressive business scenarios can then be associated with this last use case, under a common
assumption of 15 % annual growth of the container traffic within the considered port:

e Scenario 0 is the baseline scenario where one does nothing, that is to say where one just reuse
the existing infrastructure of the port, consisting in six transshipping cranes, a container
storage park with capacity of 15,000 TEU, one single gate for managing the truck access of the
container terminal and a rail-road terminal with one single reach tracker (to model the current
minimalist situation existing in the port);

e Scenario 1 is an intermediate scenario with ten transshipping cranes, a container storage park
with capacity of 35,000 TEU, five gates for managing the truck access of the container terminal
and a rail-road terminal with five reach trackers;

e Scenario 2 intends finally to be a robust scenario with thirteen transshipping cranes, a
container storage park with capacity of 50,000 TEU, height gates for managing the truck access
of the container terminal and a rail-road terminal with four reach trackers.

The below table synthesizes these three business scenarios that were defined in strong interaction
with the port management that has the underlying business knowledge.
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Parameters Syste_m Scenario 0 Scenario 1 Scenario 2

location

Growth in import-export S 15 % 15 % 15 %

volumes after 2022 ea ° ° °

Cargo

Number of cranes e 6 19 13
logistics

Contallner storage park Container 15,000 35,000 50,000

capacity storage park

Number of gates for the Terminal 1 5 8

container storage part access

Number of reach-stackers Rald-r.oad 1 5 10
terminal

Table 8 — The three scenarios associated with use case 2 that we shall consider

3.3.2 Step 3.2: evaluating & comparing the considered business scenarios

The second and last activity of the validation step consists finally in simulating and comparing the
various scenarios identified during the previous activity, through stochastic simulations consisting in
running a huge number, here 20,000, of stories with Monte-Carlo stochastic simulations, in order to
get relevant statistical values for the key performance indicators of interest that are associated with
our different business scenarios.

In the context of the analysis of the use case 2 associated with our port, the key performance indicator
of interest is the monthly operation rate of the gates of the container terminal. The stochastic
simulation of the baseline scenario 0 consists then for instance in playing 10,000 simulations of the 2
model of the system of interest, as achieved during the development phase, with the following data:

* One single admission gate with 90 seconds processing time at the most restrictive point,
* Each truck transports in average the equivalent of 2 TEU,
*  Truck arrival follows an empirical distribution corresponding to the actual observed data,

*  Future logistic flows are given by the port growth trends.

Such stochastic simulations can be easily managed with WorldLab which offers this important feature
to its users for evaluating key performance indicators on a given Z model.

In our port case, the first corresponding result is then provided in Figure 18 which gives the monthly
operational use of the access gates of the container terminal — on a scale from 0 % to 100 % — for a
period running from 2016 to 2035, integrating the evolution of the container traffic in the port. The
line in dark blue shows here the average value of the monthly operational use of the access gates
during the simulated period, when the zone in light blue corresponds to the maximum likelihood area
of this indicator, defined by minus / plus one standard deviation with respect to the previous average
value, and the two lines in dashed red represent the minimal and maximal values of the indicator of
interest for all simulations. One can therefore immediately see that the access gates do saturate by
early 2025 in this baseline scenario, where existing port infrastructures are reused without any change,
and that first saturations already begin to occur during the 2023-2024 period in extremal cases.
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Figure 18 — Stochastic simulation of the baseline scenario 0

One can then continue to manage with WorldLab the stochastic simulations (see Figure 19) that are
required in order to evaluate in the same way the two other scenarios associated with use case 2 for
our port, as presented in the previous sub-section.

These new stochastic simulations especially show that:
e Inscenario 1, access gate saturation occurs between 2031 to 2035 in 100 % of cases,

e Inscenario 2, access gate saturation may occur between 2034 to 2035, but only for less than
15 % of cases.

To avoid gate saturation (therefore truck waiting time), the most effective solution for 2035 is thus
scenario 2, consisting in adding 7 new access gates, which requires managing the construction of the
corresponding resources, in order to achieve a smooth admission to the container terminal. Note also
that the stochastic simulation shows that saturation may still happen in scenario 2, but only in extremal
situations corresponding to 15 % of the cases: the stochastic simulation shows therefore that there is
a business trade-off to do here between adding more gates —which has a cost — and accepting possible
saturation in a limited number of situations.
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Figure 19 — Stochastic simulations of scenarios 0, 1 and 2
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These final results shall of course be discussed with the port business users, who are in fact the actual
final validators of the results obtained with the systemic digital twin.

4. Conclusion

In this short paper, we tried to present the motivations and the main features of our systemic digital
twin approach, especially focusing on the design, construction and validation processes of such a tool,
which are usually never highlighted in the literature. As one could see, our approach is based on a new
formal system modeling language X which is highly innovative since it synthesizes systemic, stochastic,
object-oriented, synchronous and parallel modeling paradigms which were never unified. We believe
that this core choice brings fundamental benefits, both in terms of accuracy & correctness of the
systemic digital twins developed with our approach, hence of business validity, and ease of evolution
& maintenance, hence of associated operating recurring costs compared to traditional approaches (see
for instance [43-44) since the X approach transforms the maintenance of a system digital twin into the
maintenance of the underlying ¥ model that can be managed using classical principles of software
configuration management and maintenance (see [45-46] for more details).

One shall indeed not think that a systemic digital twin is a frozen tool. Any enterprise is a living body
which permanently adapts, changes and transforms itself, in order to maintain its alignment with its
business environment that evolves at its own independent pace. It is therefore key to integrate over
time these evolutions within the systemic digital twin that was constructed in order to support
continuous business improvements within the enterprise where it was deployed. It is only through
such an intimate and long-term integration between the real business operations and the systemic
digital twin that such a tool will provide the expected business value along time.

There are also of course many other specific aspects of the proposed approach that require further
detail and elaboration. We would however finally like to stress the very crucial importance of systems
architecture when constructing a systemic digital twin since this discipline enables the smooth
integration of the various disciplines that are all providing a piece of the complex puzzle of a given
industrial enterprise reality.
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