N

N
N

HAL

open science

On Families of Systems Architecture

Julien Cagzalas, Jérome Gui, Daniel Krob, Loic Le Sauce

» To cite this version:

Julien Cazalas, Jérome Gui, Daniel Krob, Loic Le Sauce.
Conference on Systems Engineering Research 2024, INCOSE, Mar 2024, TUCSON, ARIZONA, United

States. hal-04349337

HAL Id: hal-04349337
https://hal.science/hal-04349337
Submitted on 17 Dec 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Public Domain

On Families of Systems Architecture.


https://hal.science/hal-04349337
https://hal.archives-ouvertes.fr

2023 Conference on Systems Engineering Research

On Families of Systems Architecture

Julien Cazalas?, Jérdme Gui?, Daniel Krob®?, Loic Le Sauce®*

a Center of Excellence on Systems Architecture, Management, Economy & Strategy (CESAMES), 10 rue de Penthiévre, Paris 75008, France
b INCOSE Fellow

Abstract

Architected families of systems (or equivalently product lines) are key industrial assets: they enable companies implementing this
approach both to differentiate their products and address fragmented markets, but also to pool common elements and thus reduce
cost & time-to-market of their products. This paper presents a structured methodology for architecting families of systems, valid
for systems in general (i.e. hybrid multi-physical systems mixing software and hardware dimensions); and enabling, via relevant
variability indicators, to evaluate and optimize the variability of a family of systems. This paper also presents a variant of this
methodology for high-volume families of systems, based on statistical analyses. For these two methodological variants, we present
successful actual deployment results on aeronautical, defense and high-tech case studies.
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1. Introduction

Companies in the industrial, software or service domains are today faced with increasingly fragmented markets
where each market segment is characterized, on the one hand, by a high level of specificity expected by customers on
functionality, performance, look & feel, etc. of each product and, on the other hand, by increasingly severe
competition. In this context, the value of any product or service is linked to its ability to be adapted in order to precisely
meet each customer need. This leads to a difficult industrial challenge: the introduction of diversity indeed often
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increases costs and delays in design, manufacturing, sales and support; so, how can we succeed in industrially
producing products that must be increasingly adapted to each customer, i.e. how can we industrialize tailor-made
products?

The objective of a product line — this term designating a family of products, grouped according to one or more
common criteria — is to design & manufacture highly customizable products meeting customer needs, in order to
differentiate from the competition, while remaining competitive in terms of cost and time to market. Behind this
industrial and economic problem lies a scientific problem which boils down to the following statement : on the one
hand, how to model a family of systems (we prefer to use this term to begin to abstract the underlying business problem)
and, on the other hand, how to build a modelling & design methodology adapted to families of systems, based on
rigorous principles.

The challenges of such an industrial and scientific problem are huge because most of complex systems
manufacturers (e.g. in aeronautics, automotive, defense, energy, railway, etc.) face difficult issues in managing the
diversity of their product families and its consequences in terms of recurring & non-recurring cost, time-to-market,
etc., which are becoming more and more significant in a context of globalization and exacerbated competition. This
problem has therefore already generated a dedicated research stream which is structured around the following main
research themes:

Modeling of software system families: the corresponding literature focuses on (1) formalizing the distinction
between domain & application engineering [19], (2) defining reusable modular software architecture patterns such as
the MVC (Model-View—Controller) or the micro-services architecture patterns [5], (3) designing automatized
software configurators based on the concept of "feature™, which refers to a property visible from the end-users (see
[1] and [13] for more details) and (4) describing good practices of software development organizations operating in a
product family mode, based essentially on empirical observations [5]. This research topic is rich and active, but we
can nevertheless see that it is only limited to families of software-dominant systems, excluding general hybrid multi-
physical systems. Due to the structural differences between software systems and systems in full generality (software
systems being only a “simple” particular case from the point of view of general systems theory), it is notably
impossible to reuse this work identically when we approach the design of general families of systems.

Modularity of general families of systems, i.e., multi-physical hybrid systems mixing software and hardware
dimensions: the existing literature focuses here on specific themes, such as (1) modularity and decoupling between
the constituent subsystems of a family of systems: in this respect, we can especially cite [2], [3] and [23], which
endeavored to define interface patterns between modules, but also the conceptualization of the notion of modularity,
based on Design Structure Matrices (DSM), as defined in [14] or [20], (2) optimization of system families (see for
instance [8], [16], [21] or [22]), (3) design of manufacturing systems dedicated to families of systems, using techniques
such as delayed differentiation and mass customization, taking into account the impacts of a product line in terms of
industrial organization and cost (see [10], [11], [12], [17] or [22]) and (4) study & analysis of ad hoc industrial cases
(see [4], [6], [9] or [18]) which do present industrial examples of deployment of product families, but without
identifying generic methodologies.

As a consequence, we did not really find in the literature — to the best of our knowledge — a structured method for
designing general families of systems. Such a methodology shall ideally be end-to-end, generic and applicable to all
types — both multi-physical and software — families of systems, based on indicators for measuring variability, and
cover as well the scope of large-scale systems that pose specific problems of modular statistical analysis.

Note finally that we constructed five years ago an initial version of a families of systems architecture methodology,
that relied on a classical top-down system approach: identifying stakeholders needs, then deriving system functions
& requirements, and then defining the modular architecture of the family of systems. This approach was tested in the
field and prove to be a failure, due to combinatorial explosion of manipulated concepts and the lack of applicability
of certain proposed concepts. The central objective of our paper is to present a reconceptualized version of this
methodology
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2. Our systems architecture framework for families of systems
2.1. Our conceptual framework for families of systems architecture

Let us first present the general framework in which our work is integrated. To this end, we shall recall that a formal
system S is fundamentally defined by sets of inputs, outputs and states, a time scale and two evolution functional
equations expressing the fact that the system S produces an output and changes of state under a given input at each
moment within its time scale (see [15] for more details).

Relying on Cousot and Cousot's theory of abstract interpretation (cf. [7]), we can then formally model a family of
systems, by defining the notion of family of formal systems as follows:

Definition — Families of formal systems: Let F = (S;)i-1.n a set of formal systems (in the sense of the CESAM
framework; see [15]). Then we will say that F is a family of formal systems, as soon as one can find a formal system
forming an abstraction, in the sense of abstract interpretation (cf. [7]), of all the systems of the considered family F.

In other words, F is a family of formal systems if there is an abstraction application o (in the meaning of abstract
interpretation, [7]) sending each system S; of the family F to a single system S that abstracts all systems of F and if
there is also a concretization application y; (again, in the meaning of abstract interpretation, [7]) to obtain each system
S; from S (this mechanism captures the pragmatic notion of product configuration). In such an approach, the difficulty
is twofold since one needs 1) to find the right abstraction-concretization mechanisms to model a given family of
systems, 2) to adapt a systems architecture process to the system that abstracts all the systems of the considered family
of systems.

One of the key points of our approach is also to place ourselves in a conceptual framework where the abstractions
used to represent families of systems have an architectural meaning, in this case based on a flexible modular

Mechanism for modularizing
and streamlining existing
architectures
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Figure 1 — The notion of family of system Product N
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architecture approach. This consists in
considering that a family of systems is always
built on top of a platform formed by a set of
components that are common to all the systems
of the family (in green in Figure 2). A system
of the family is then obtained by adding to this
platform a first set of standard modules (in
yellow in Figure 2), that are themselves still

common to a subfamily of the family
considered, then finally a set of completely
specific modules (in red in Figure 2). This
gives raise to the symbolic representation of
the entire family of systems provided in Figure
2.

Specific components for Product N+2

customisation Product N+1

Figure 2 — Symbolic representation of a family of system
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Most industrial systems managed in diversity are made according to such an architectural pattern: almost all
automotive vehicles are now built according to such a logic with a platform common to many types of cars, then a
first set of modules to obtain a given type of silhouette and finally a set of customized modules bearing the final
differentiation offered to the customer. Many consumer products — ranging from do-it-yourself devices to yogurts —
are also built according to the same principle.

2.2. Our systems architecture conceptual framework for families of systems

We begin here by quickly presenting the core principles that guide our framework dedicated to the architecture of
families of systems.

2.2.1. Principle 1: Analyze the modeling of families of systems as a process of modularization and rationalization of
existing systems architectures

As a first structuring principle, our systems architecture framework for families of systems relies on a bottom-up
approach (contrary to our first method, founded on a needs-driven top-down approach), fundamentally based on
modularizing and rationalizing a set of existing systems architectures that form the core input of our systems
architecture method for systems families, as illustrated in Figure 1.

2.2.2. Principle n°2: Position the product breakdown structure as a pivot of the abstract modeling of a family of
systems

Let us define the logical breakdown of a family of systems — called Product Breakdown Structure 150 % (PBS 150
%) — as an abstract breakdown that provides the hierarchical identification and structuring of all the components
necessary to generate all the products of the considered family of systems. Note that this logical breakdown is not the
breakdown of a particular system, but an abstract breakdown that works for all the systems of a given family of
systems (see Figure 7 and Figure 8 for examples).

Our second principle positions then the PBS 150 % as the central structure around which all abstract design actions,
such as variability analyses or statistical analyses, relatively to a family of systems will be carried out, as presented
more in details in the sequel of this paper.

2.2.3. Principle n°3: Assess the variability of a family of systems with a standard indicator
Our third key principle is to
assess the variability of a family

The componentis ...

H Variabili .

of systems with a standard ani® | optional

indicator which measures the Standard: same of all systems of the family o In addition to (all)

level of variability of each Variant discrete: a finite number of components fevel of variabilly.
L X vD components may

abstract Component of a given are present in the systems family be optional or

- . Variant continuous: the component is generated ve 0 ¥ mandatory

family of systems according to by parametrization

the anaIyS|s gl’ld that consists in Customised: The component is specifically

C|assifying each such System generated (ad hoc) for each system in the family

component involved within the

considered family of systems Figure 3 — Variability assessment indicators

into a standard, variant discrete,

variant continuous or customized component, as proposed in Figure 3. This indicator makes it possible to quickly
assess the variability of an existing family of systems, i.e. typically the design heritage of an enterprise, and to measure
the variability of a target family of systems.

2.2.4. The meta-model of our family of systems architecture framework

Finally, the meta-model of our families of systems architecture framework is presented in Figure 4. It shows the
key concepts of our methodology, including elements external to a given family of systems (environment,
stakeholders, needs, market segments, etc.), elements associated with the internal architecture of the family of systems
(PBS, modules, components, etc.), elements relating to variability modeling (variant drivers, features, variability
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assessment, etc.) and finally elements relating to the corresponding industrial system modeling (assembly,
workstation, etc.).

o | n is structured in 1
Market . Stakeholder Environment
is made
up of
1] tsmade 1 1 h
up of exchanges exchanges
n 1
Market segment External 1 System family
interface n
1,
n expresses is chara-
allocates to cterized by
is
refined PBS 150%
in
n n n
Need Requirement allocates to is made
n n f
nallocates to upo
Deri- = :
i Module Internal
vesintol exchanges d
n interface
n
n n
allocates to
expresses
ismade n
n n_ upof N exchanges
isassem- 5
Feature model n 1 Feature n Composant Assembly bled b Workstation
chara- n n is made 1 Y
i 1]
is stru- cterizes up of n 1
ctured in n
chara- measures ' is stru- " | lsmade
cterizes n cturedin 1 up of
Variability Variability Variability Component market Industrial
driver model n 1 driver " assessment segment system
is stru- measures
ctured in
1 1
1| ischara-

n cterized by

[Statistical variability|
data

Figure 4 — The meta-model of our framework for families of systems architecture

3. Our methodology for architecting a family of systems

The methodology for architecting a family of systems, presented in this section, was experimentally prototyped &
validated on two industrial projects: (1) a commercial aircraft power and data distribution system (DEWIS system),
(2) a software-intensive defense system (mission preparation & control system). On case (2), the deployment of our
methodology especially allowed to increase the reuse rate of "off-the-shelf" modules from approximately 7 % to 91
%

Our core result is therefore a field-robust methodology for modeling families of systems, fully aligned with the

framework presented in section 2. It consists in five main steps, as depicted in Figure 5, that are described more in
details here below.

Step 2:
Step 1: definition B Step 3:

Step 0: scoping of
the family of
systems

of “as-is”

——— reference views of ———

the family of
systems

modularization /
rationalization of
the family of
systems at module
level

Figure 5 — Main steps of our methodology for modeling families of systems

—— ionalization of the ————

modularization/rat

family of systems
at system level

Step 4:
specification of
the “to-be”
product line
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3.1. Step 0: scoping of the family of systems

sub-segment
Segment 2
High

]

Sub-segment
HL

Sub-segment
w3

Segment
Medium

Sub-segment
w2

Sub-segment
M1

BUY PRRUD T RBUBI BB

Figure 6 — Example of market segmentation addressed by a family of
systems

instance or to the business model of the family of systems.

Aninitial scoping step consists in clarifying the scope
of the considered system family (see also [18]), both
from a technical point of view (elicitation of the set of
concerned components) and from a market point of view
(elicitation of the concerned market segments). The aim
of this first fundamental step is to define as precisely as
possible which family of systems is in question, in order
to avoid any ambiguity on this subject later on. We refer
to Figure 7 for a concrete example of market
segmentation.

This step also has the role of defining the main
indicators to measure the effectiveness of the family of
systems in the long term. These include of course the
variability indicators as defined in section 2, but also
other business indicators such as cost and time-to-
market indicators with respect to a particular system

3.2. Step 1: definition of “as-is” reference views of the family of systems

The objective of step 1 is then to define a series of systems architecture reference views, representing the current
state of the system family. The first of these views is, of course, the PBS 150 % (abstract logical breakdown of the
family of systems) that we already introduced. For example, we give in the below Figure 7 an example of a 150 %
PBS of an actual family of systems coming from one of the two industrial case studies on which our approach was
prototyped. At this stage, we shall also define views derived from these fundamental views: the logical interaction
view (representing in particular the interfaces between the abstract components of a family of systems), the geometric

Figure 7 — Example of a 150 % Product Breakdown Structure of a system family
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view (3D view), as well as the enterprise architecture of the associated industrial system (if the latter is within the
scope of interest of the system family architecture approach, i.e. if it is impacted by it).

3.3. Step 2: modularization / streamlining of the family of systems at module level

The objective of the next step 2 — which is the core of our methodology — is to conduct modularization analyses in
order to streamline the family of systems in question. This is done by assessing the initial variability ("as-is") and
defining the target variability objectives ("to-be"), using the variability assessment indicator that we defined in Section
2. The below Figure 8 shows for instance a 150 % PBS after variability streamlining and the associated variability
measurement.

Modules variabilty I
As-is To-be

Number of modules 59 90
Standard 5% 57%
Variant Continuous 2% 34%

Figure 8 — 150 % PBS after variability streamlining

We also rely on an original technique that we developed, that is to say the analysis of variability drivers, consisting
of systematically evaluating the root causes of variability of an abstract component, in order to separate the "good"
causes (related to customer value, for example) from the "bad" causes (related to an internal increase of complexity,
for example) of variability, in order to eradicate variability not related to a "good" origin. Some of the techniques
used in this step focus on the modularization of the target modular architecture (see [2]) through the use of modular
architecture patterns (see [5]) and the definition of standardized interfaces. Finally, we also integrated statistical
analyses, when relevant, in this step, which we will present in more detail in section 4.

3.4. Step 3: modularization / streamlining of the family of systems at system level

This step in the methodology of architecting a family of systems deals with the process of instantiation of the family
of systems, i.e. the process of concretization (as defined above and illustrated in Figure 1) in the sense of abstract
interpretation [7]. This mechanism is based on an architecture view, called a feature model (see [1] and [13]) which
formally corresponds to a needs to abstract modules matrix.

The "feature model" is the support of the concretization mechanism, in the sense that it works as a decision tree
allowing the selection of a set of properties corresponding to a set of requirements (the features). This requirements
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to abstract modules matrix is part of the overall model of the system family and captures its variability in order to
allow the selection of abstract modular components and their performance (see Figure 9 for an example).
Features selection System-level design Component tuning & design

PLATFORM = STANDARD
Assessment of consistency and feasibility of COMPONENTS

kel chasss & Crasse

features and variation points values e piv=n
Reuse of platform compeonents

MODULES = VARIANT COMPONENTS

F1: Car 1ype SUV  Sadan Compact MBSE VP1: Fuel tank 57 dm-
— - = : i dmd
O Fual exout Reft
F2: Engine Diesal  Gas  EV Variability ﬁi I;i:‘l 5:;"; control Yas
iy 2 5 7 traceahility VP1: Parameter 1 Valua1
F3: Number management EVIAE VP2 Parameter 2 Valug 7
of seats i . I VP3: Parameter 3 Valus 3
185 257 88 Multi-physical .
Fd: Trunk — . . —--"
run - simulation Fine tuning, sei:echon & parameterization of
room PR variant componenis
F&: Autonomy 400 20 800 &
— e CUSTOMISED COMPONENTS
Fé: Speed comtrol Y&s Mo - S~ g oo imooas
— - -- == oo N ;
e e o doors  isigls Design of specific
Specific feawres  To Be Defined T T TTTTS oo ee ool - S Seama poss components

Figure 9 — Principle of a feature model

3.5. Step 4: specification of the “to-be” product line

This fourth and last step produces the specification of the different modules of the target system family by
identifying the system-level requirements, and deriving them at the module and component levels, in order to specify
the performance ranges of the various components & parts that make up the system family. In the special case of
manufactured systems, the modelling and potential re-arrangement of the assembly line is dealt with at this step,
following a delayed differentiation principle (see [10] and [11]).

4. The special case of large volume families: a statistical approach

This final section deals with the definition of a statistical methodology dedicated to the specific case of families of
large series of systems whose interfaces are highly standardized. This particular type of families of systems does not
require architecture modularization, but rather variability streamlining based on statistical data analysis. This
methodology was deployed in a high-tech context and enabled a reduction in the number of references on certain key
components from 50 % to 83 %.

4.1. Methodology presentation

F2 s Component market segments

Normal Law

Proposed modules per sub-
segment

o
o
(]
[ ]
[ ]
[}
(-]
Quantity of Modules
A |
\
|

° o /
[ Normal Law
L] ° ° o ¥
o |© ° .m
° F1
° -40 -20 0 20 40 60 80
° o L4 Value of modules key characteristics

F1

Distribution of component shipments on a given market segment

Market segmentation of a given component (each versus one of their key characteristics (here F1)

point represents a type of component)

Figure 10 — Overall view of our statistical approach for large volume product families
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This method is deployed in two steps as depicted in Figure 10. The first step consists in (1) Identifying the two
main characteristics F1 and F2 (in a principal component analysis logic) that characterize the technical component
under consideration, (2) breaking down the component market into a series of homogeneous market segments
described in terms of F1 and F2 characteristics, and then (3) verifying that the market segments that were identified
in the previous step are homogeneous (i.e. that the sales distributions on these segments typically follow Normal
distributions according to the most structuring F1 or F2 characteristics).

The second step consists then in identifying a number of reference modules that do cover well the considered
component segment of market: this can for example be done by taking the existing modules that are the most
representative in terms of low, medium and high performances with respect to F1 or F2 characteristics. Classical
statistical tests (e.g. x%) are used to strengthen the analysis of market homogeneity and the choice of reference modules.
This second step is crucial in order to remove unnecessary components that cover the same component market segment
and thus streamline the components diversity of the product family. The key idea is therefore to be able to cover the
complete component market, but only using a limited number of reference modules.

4.2. A concrete deployment example

The method we have just presented was applied to the analysis of a family of high-volume high-tech products (see
Figure 11 for an example of the application of this method to the modular analysis of a component for various segments
of market). It should be noted that the deployment of our method in this situation confronted us with a mathematical
problem, namely the identification of the Normal distribution that best approximates a set of data, which was solved

using optimization techniques.

As-is component diversity
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Figure 11 — A concrete illustration of our statistical methodology for large volume product families

In the context of this latest case study, we were also interested in better understanding the impact of modular
approaches on manufacturing from several angles: optimizing product definition via product configuration
automation, anticipating sales figures via capacity planning techniques, and optimizing standardized module testing
strategies, which can now be achieved based on the underlying modular architecture that easily supports such
optimizations.
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4.3. A step further: development of a product configurator

This last result has also paved the way for the realization of a system family configurator, also called a product
configurator, implementing the concretization process which is a the heart of our definition of a family of systems and
of the "feature model" approach that is part of the step 3.4 above, as already described previously.

Such a configurator takes the values of the characteristics of a target system within a family of systems that are
desired by a customer, and then automatically produces the technical configuration of the system that meets these
characteristics, based on a reference modular architecture. The underlying mechanism of course uses a "desired
characteristics to produced modules" correspondence table, which needs to be made explicit a priori. Here, we have
worked to bring out the functional architecture of such a configurator, and to validate this architecture via rapid - and
disposable - prototyping, the sole purpose of which is to serve as a proof of concept. Figure 12 illustrates the work
accomplished in this respect. It is worth noting that this last activity validates the fact that such an approach allows to
automate part of the engineering work, as long as an underlying modular architecture is used, and thus materializes
the gains of this approach.

Product
| configurator |

Sales team's configuration
display module

! Feature display
module

Customer’s  «

configuration "

display module
conr

identification 1|
data |
generationmodule | |

Feature model
Hierarchy of features as
observed by customers

Industrial system quality model
Description of the industrial system
quality

' ]
| | ERP/PDM |
i interface |y 2
module | ¢

ERP/PDM

~

Product & industrial system

Variation points | .
P architectures

Feature to variation points allocation
matrix
Rules expressing how each feature
derives into variation points

Product diversity tree
Description of the various product
architectures

N B\ — )

Figure 12 — Simplified functional architecture of a system family configurator
5. Conclusion

In this paper, we presented a proposed framework and structured methodology for systems family architecture,
enabling the modeling and optimization of systems family variability in general, as well as a variant of this
methodology applicable to large volume product families. The deployment of this methodology on concrete
application cases has shown that this framework and methodology can be used to pragmatically model systems
families in a variety of industrial sectors, and to achieve significant reductions in variability on the concerned systems
families.

Nevertheless, this paper is only an intermediate step. Future work on this framework and methodology should focus
on the notion of modularization of the systems families concerned, through the modeling and definition of interface
patterns enabling modularity, as well as on the tooling of the methodology, for example through extensions to SysML
modelling tools.
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