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Abstract

The modular designs in recent times use various technologies along with multiple models. The
effective utilization of the multiple models requires proper integration for them to work
together as a cohesive system. This requirement calls for the development of intelligent models
and tools that can be used for the development of intelligent modular products. The design of
modular intelligent products requires to consider dynamically and holistically customer
requirements, product functions, solutions, process or service constraints, and their fuzziness.
This paper proposes using holonic fuzzy agents to fulfil the properties of intelligent models
and the functional requirements of modular design. The set of fuzzy functions agents and their
corresponding fuzzy solutions agents are found from the customization of the Product Service
System in the sub-network fuzzy function agent— fuzzy solution agent. Then, from the attractor
agent recognition, the fuzzy function and fuzzy solution agents interact to form the holonic
fuzzy module agents. Holonic structure’s fundamental property is also followed by
communication. The flexibility and agility of the software agent make holonic structure of
intelligent modules adaptable. An application illustrates the proposed intelligent modular
design.

Article Highlights
e The formalization of holonic modules and corresponding intelligent models are proposed.
e Anintelligent module holon is created around structurally stable elements called attractors.
e Anintelligent module holon emerges in the network of requirement fuzzy agents—function
fuzzy agents —solution fuzzy agents—constraints fuzzy agents
e The dynamic of intelligent module holon depend on the dynamics of conflict between agent
attractors.

Keywords: Modularity, Modular Design, Intelligent Design, Holonic Agents, Product
Platform, Product Variety
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1 Introduction

Development of a sustainable and intelligent design requires modularity to be an integral part
of the design. The use of modularity in product design covers technical and business aspects
from quantitative as well as qualitative angles. The human cognitive abilities are considered to
be roots of modularity [1].

A product is termed as modular when its components and sub-modules can be combined
seamlessly [2]. The modules are required to work independently and should not be dependent
on other modules. A product consists of several components that are connected to work as a
whole unit. The lack of connectivity between its components defines the modularity [3]. The
similar interconnected physical components are encapsulated to form the modules. The flow
of information between components of modules allows it to meet functional requirements. The
modules are characterized by minimal interaction with external components and maximum
interaction between components within the module. The functionality of the module is limited
to predefined scenarios that control its functionality using interface and connections. The
functionality of the modules can be controlled using three ways: (a) the interface between
various components within the module, (b) the interconnection with nonadjacent components
within the product, and (c) the behaviour of components as a bridge between other components
via interfaces.

The intelligent products are aimed to provide flexibility in design to the architects and
system designers. The methodology used in the design of intelligent products is important.
Handling of modularity and its management require the use of intelligent multidisciplinary
collaborative and distributed platforms. This challenge can be best met using multi-agent
paradigm and provide innovative technologies that can handle the dynamic environment.

Holon, consisting of interrelated semi-autonomous modules, is an advantageous way of
modelling modular intelligent systems. Each interrelated semi-autonomous modules in Holon
has a hierarchical structure ending with elementary modules. Concerning the holon, the concept
of the attractor is used to deal with the form and stability of the module [4]. An attractor is a
stable element or a stable group of elements toward which a module formation tends to evolve.
This paper uses product functions or physical product solutions as attractors. Thus, the
functions and solutions of a product are identified. It means that functions and solutions are
designed as entities capable of exhibiting intelligent behaviour. The function agents interact
with the solution agents to form holarchic function-solution sub-communities, called holonic
modules with the holonic structure. Intelligent holonic modules are emerged subnetworks of
holonic fuzzy agents.

The paper is organized as follows: in the second section, the state of art analyses and
discusses the modular design in relation to different aspects. In the third section, a holonic
fuzzy agent modelling is presented. In the fourth section, the proposed holonic fuzzy agent
model for intelligent holonic modules formation is outlined. In the fifth section, the application
of the proposed model is shown. Finally, conclusions and perspectives of this research study
are presented.

2 Modular Design: the State of Art

In this section, the research related to modular design is analyzed and discussed with regard to
four perspectives: (1) Technologies, (2) Product Service System, (3) Artificial Intelligence and
(4) Industrial Applications.

2.1 Modular design and Technologies

The modular design of a product specifies the functions, properties, and interfaces of the
constituents. The use of standard interface allows parts to be interchangeable, which reduces
the overall cost of combining the modular constituents.



The information is partitioned into three categories to achieve modularity [5]:
Architecture, Interfaces, and Standards. The module’s architecture provides module functions
and specifications. The modules interaction is defined by the interface. The modules
conformity to design specifications is ensured by conducting standard tests. The rule-based
scheme is used for the generation of modular product architecture by defining a function to the
modulus physical components. The module interfaces are crucial for proper utilization of
modules. Modular products attributes include [2, 6]: commonality of modules, combinability of
modules, function binding, interface standardization, loose coupling of components.

The processes mentioned below are used for modular design [6]: (1) the identification of
product architecture and reusable components from existing products, (2) the agglomeration
and adaptation of singular building blocks into modules to derive a new design, and (3)
assessment of product performance and cost.

Researchers have suggested various modular design strategies such as Functional
Modeling [7], Axiomatic Design [8], Design Structure Matrix [9], Modular Function
Deployment [10]. Variant Mode and Effects Analysis (VMEA) [11] can be used along with
the architecture development process [12]. Comparison of modular design methods in
application areas such as product generation, product variety, and product lifecycle reveals that
selection of the method to be used requires taking into account various issues.

The integration of holistic lifecycle characteristics of a product’s architecture is a critical
issue [13]. The product architecture depends on its configuration and modularity [14]. The life
cycle design must take into account the product architecture. However, the theoretical
foundation required for developing modular product architecture is missing. The industry has
considered it as intellectual knowledge instead of the scientific-engineering issue. The
modularity concept is also followed while designing a family of products and platform-based
product development [15]. Use of modular design in the platform is of special interest in an
industrial environment. The platform provides the engineered base for the development of new
products using standardized subsystems, modules, and components. The platform includes the
basic architecture and the interfaces to the optional items to make an end product different from
others. The holistic view of modular design necessitates the inclusion of backend and front-
end issues including product family, product portfolio, manufacturing and production,
platform-based product family design, and supply chain management [16].

The current trend is to use tools like product configurators for the development of the
modular design [17]. Using interaction and mutual integrations, these tools provide optimal
functionality. The product configurator, a commercial and multifunctional tool, also interfaces
between delivery and sales in an enterprise environment. The configurator tool ensures
compliance with the specifications defined for the model. The product logic based on rules and
limitations is implemented using the configurator. The customer provides his requirement
through the user interface, and then the product meeting his requirement is selected. After due
diligence on validity and cost analysis of models to be used, the bill of material is drawn. The
integration of product configuration is required with other IT systems such as CAX
technologies, Product Lifecycle Management (PLM), and Enterprise Resource Planning
(ERP). However, management and synchronization of configuration data with the above
mentioned IT applications require proper attention to the deployment of integrated product
configuration.

In recent Product Data Management (PDM) systems, the modular product’s structure is
mapped to a common structure [15, 18]. PDM system database manages optional items like
other items in master records along with their attributes. The management of an article depends
on the bill of quantities required. The PDM systems handle the changes in product structure
using order neutral BOMs along with varying and optional positions. This methodology allows
the creation of explicit BOMs required for production and benefits product development.



However, managing large variants of the products makes data management complicated and
require more risk tolerance. These issues are taken care of by using the variant manager module
in modern PDM systems. The base module manages data such as parts, processes, and
structures, and explicit variants are managed using configuration and clone modules. The report
generation module is used for generation of reports as and when required.

2.2 Modularity and Product Service System

The modularity, from a management perspective, can be taken as a strategy for efficient design
of complex products, procedures, and services that bring rationalization in the system. The
modularity may be taken as a product development methodology that is used from several
product designs [19, 20].

For products with very distinctive features, modularity is not required as creativeness is
necessary for taking care of specialized haptics, styling or colours. As the number of products
requiring distinctive features is small, the modular design is not cost-effective. Only a holistic
controlling approach for the integration of product variants can lead to monetary benefits [21].
The holistic approach allows assessment and holistic management of modular product families
using Modularity-Balanced-Score-Card (M-BSC). The modular product development also
requires to take into account perspectives for the integration of development, production,
marketing sales, and services. The costing of modular products can be done by looking at the
cost of generic modules used for product development.

The mass customization uses modular design to create complex product and service
offerings on-demand to meet specific customers requirement [22]. Mass customization is an
amalgamation of mass production and customization. Two approaches used for mass
customization are mass and craft (single-piece) production. The mass production uses
standardization and scale of economies to create cost-effective products. The craft production,
on the other hand, uses a high level of customization to meet the specific requirement of
customers.

Creation of customized products calls for using specifically created components along
with standardized and configurable modules. This requires identifying a fixed and a variable
area of product structure. The variable area is then used for customization. Generally,
configuration systems are used for product customization. Mass customization of product
design requires the use of generic conceptual procedures [23]. These generic conceptual
procedures require business processes analysis and redesign, company’s product portfolio
analysis and modelling, configuration software selection, software programming, and
implementation as well as the further configuration system development towards Product-
Service System (PSS).

2.3 Modular design and Artificial Intelligence

Artificial intelligent allows the creation of efficient computing techniques. Evolutionary
algorithms are used to identify separable modules and simultaneously optimize the number of
modules [24], product configuration based on modules [25], as well as consideration of the
product lifecycle [26].

The use of multi-objective grouping genetic algorithm (MOGGA) can create several
alternative product modularizations [27]. In this ambit, it is shown that modules could be
identified using neural network algorithms [28]. Complex uncertain problems with inherently
distributed global knowledge shared among several agents can be solved using the agent
paradigm [29]. The flexibility of the agent-based system due to their distribution and
decentralization allows them to be used in an industrial environment [30]. Multi-agent systems
have been found useful in modelling and simulation of adaptive or self-adaptive systems such
as emergence and self-organization [31]. Use of the reactive and autonomous agents allow



updating and use information from other agents as well as their environment. The product
design configuration uses fuzziness in early-stage [32, 33] of the product lifecycle design [32,
33]. Fuzzy agents optimize and model information fuzziness model, knowledge fuzziness, and
interaction fuzziness in distributed and collaborative design [34]. Fuzzy agents process
fuzziness information after receiving them and interact within a multiagent system. A fuzzy
agent can find out its interest with another fuzzy agent. The use of configuration grammars
allows formalization of configurations structural problems [35] and implementation is done in
grammar-based multi-agent platform [36]. The decision required in modular product
collaborative design can also be supported by agent-based systems with a large knowledge base
[37].

2.4 Modularity in Industrial applications

Dilemmas, doubts and uncertainties, are emerging during modular design. What is the right
method to apply for modularization?: a) function based modularization, b) component-based
modularization or c¢) function-component modularization. These represent one of the most
common situations in which engineers experience dilemmas in product modularization [38]

An analysis of engine blocks modular design shows that the functional knowledge and its
proper restructuring by the designer derive the modular design [38]. The modularization
approaches for conventional products and that for large-scale products are dealt with
differently. However, the large scale modules can be subdivided into small scale modular
design so that these modules can be used for both small scale and large scale products [39].
Ideal module size required can be determined using the following four steps: design, technical
feasibility, economic viability, and tool development. The small modules size is found to
facilitate manufacturing and logistics. In case of an aeroplane, the increase in the number of
modules leads to a rise in fuel consumption due to a higher number of interfaces required
between the modules. The predicted lifecycle costs provide a proper measure of determining
ideal module size. The minimization of total life-cycle costs leads to global optimization.

The modular design uses knowledge-based technologies integrated with numerical
technologies. PADM and 3D-CAD systems are used for designing and documenting the plant
designs where machines with more than 10,000 parts are there [17]. The design is customized
as per customer and market requirements, the technical feasibility of the product, business
requirements, and manufacturing ability. The design should not reduce the offering and have
unnecessary complexity. Web-based product configurator can be used for the proper product,
while KBE and CAD models are used for product presentation. The KBE and CAD models are
highly adaptable, and product configurator is used to provide the required product variant
required by the user. The configurator communicates directly with various sections, including
internal systems (ERP, CRM, PDM) without involving CAD system. This methodology
enables the generation of bottom-up relationship knowledge and use of ERP object list for
setting up assembly plans. CNN machine design [40] or components’ design in the automobile
sector [41] use product configuration with KBE. OEMs in the automotive sector have been
using configuration technologies and tools for a long time. However, both PLM and ERP based
standard applications do not provide the functionality required for product configuration. ERP
system provides tools for business operations, whereas the PLM system provides tools from
product development.

2.5 Modularity and Further Development

The modular product design removes system-based interdependency hurdles. The modular
design requires a rational and coherent design process that takes care of constrains and
technical requirement at the beginning of the process. Modularity assessment includes ways to



increase the effectiveness of modularity. Judging the relationship between effectiveness and
level of modularity is an open-ended issue.

The design of a flexible product that has good adaptability needs extra efforts in its design
and manufacturing. The design and development of intelligent systems require modules to have
adaptability and suitability to allow integration with different types of large systems. An
intelligent product maximizes the design space for system designers and architects.

The current trend in modular design uses technologies such as product configurators,
advanced CAD systems, PDM systems, and agent-based systems in an integrated form. The
intelligent models, tools, and products require holistic and intelligent engineering approaches
for cooperation and communication between them. The self-sustainable models and products
can be designed using these approaches. Thus, the design of intelligent products necessitates
the use of intelligent modules. The development of intelligent modular products requires
intelligent models and intelligent tools. The modularity and variant management can be
handled nicely using intelligent collaborative and distributed platforms. The holonic and multi-
agent model has shown the potential to take up this challenge and provide innovative
technologies that can tackle dynamic involved in modular product development. The paper
looks into this issue.

3 Modular design through holonic fuzzy agent

Mathematically, the search for the holonic module is transformed into the search for holonic
decomposition of networks. We assume a module is a holon in an uncertain environment.
Based on this assumption, equations for holonic modules and holonic fuzzy agent modelling
are presented.

3.1 Equations for Holonic modules

A product is described using its decompositions by engineers. The decompositions of a product
can be defined in many ways and depend on the information that requires highlighting [42].
The structural or functional properties of a product are part of its description and allow the
decomposition of its properties. A new set of decomposition can be created by adding new
engineering properties.

The decomposition of product properties defines the module. Thus, a module can be
considered as a whole that is a part of a vaster module, which at the same time contains sub-
modules, of which it is composed, and which provides its structural and functional meaning
[4]. The module’s decomposition ability together with the definition of holon defines its
complete property. The double-heading indicates the inclusion of holon in the holarchy, which
is a typical vertical arrangement. The modules in nested hierarchical order and progressive
accumulation can be represented by holarchy. Holons are considered a unit due to their being
self-complete, but they can be part of a larger system.

Many applications such as holonic systems design [43], holonic manufacturing [44-46],
manufacturing control and scheduling [47, 48], holonic assembly [49, 50], and product design
[51] use the concept of holon.

Three cases of holonic modularization can be distinguished: a) physical solution (or
component) based modularization, a) function based modularization and c¢) function-physical
solution based modularization.

The first case concerns the equation governing the fuzzy set of physical solutions and their

relationships. Given the fuzzy set of physical solutions [S], the fuzzy relationship between the

elements of [S] can be characterized by different degrees of affinity. This dependency can be
written as:



ERNCINEN
where: [S”‘ZO} is the initial vector (k=0) representing the fuzzy physical solutions $*=° =

~ k=0
{59,59,...8%} and [CJ is the initial matrix representing the fuzzy affinity relationship

between physical solutions.
To describe the affinity relationship between physical solutions, a fuzzy relationship

between physical solutions 9?{1(§'j‘=°,§'j‘,=°) can be defined. The fuzzy relationship

~ ~k=0
R, (§}‘:° ,§'j<,:°) represented by the matrix [C] , Is characterized by the membership function

M, (§'j‘:°,§'j‘f°) which takes values between 0 and 1. In practice, the affinity relationship

between solutions may sometimes be apparent or unclear. Hence, the designer could use an

intermediate degree between 1 and O to quantify it. The network, called a fuzzy structural
ak=0 zk=0

network, represents the affinity relationship Sﬁl(sj Sy ) and is characterized by the

fuzziness. The holonic decomposition of the fuzzy structural network, corresponding to the
k=0

holonic decomposition of the matrix [C] into sub-matrixes, will yield the holonic

decomposition of the product into fuzzy structural module holons:
Sk <k ck
Sy ]=[cr (st ]

where Sj" is the fuzzy solution holon j corresponding to the level k>0 to the holarchy of fuzzy
holon solutions; § = { S¥7%, ..., Sk}, M) = (SF, §F, C) is a fuzzy structural holon module
with CX: Sk & Sk,

The second case concerns the equation governing the fuzzy set of functions and their
relationships. Functions and their interrelationships that involve decomposition and

dependency, can be represented by the functional structure of a product. This dependency can
be written as:

[P [8] [P

where: [Ifk:o] is the initial vector representing the fuzzy functions F*=° =

3.2)

3.3)

{f2, 2, ... i} of the level k>0 of the holarchy of fuzzy holon functions; [é]kzo is the matrix
representing the dependency relationship between fuzzy functions.
The degree of interaction characterizes the product’s fuzzy functions set [Ifk:o]. These

interactions can be defined by a fuzzy relationship %, ( fi=0,f j'fzo) represented by the matrix

[B]™. In this, the membership function 4 (57, 7£=°) can have a value between 0 and 1.

The value 1 of membership confirms the identification of the relationship between product
functions by the designer whereas value 0 negates the identification. When a functional
network takes characteristics of fuzziness, it is termed as a fuzzy functional network. The fuzzy

. . .- . . .- . ~ k=
functional network’s holonic decomposition is holonic decomposition of the matrix [B] °



into sub-matrixes. This decomposition provides holonic decomposition of the product into
fuzzy functional module holons:

HECIG
where F‘j" is the fuzzy function holon j corresponding to the level k>0 to the holarchy of fuzzy
holon functions; F* = {Ff*, .., B}, Mf = (FS EN BF) is a fuzzy functional holon
module with  Bf: F* & F~.

The third case is related to equations defining functions of fuzzy sets and their relationship
with related fuzzy solutions. Mapping is done to go to the physical domain from the functional

domain. The mapping between a functional domain and the physical solution is given by the
expression:

(P-4 [5]

where: [Ifk:o] is the initial vector representing the fuzzy functions F*=° =

(3.4)

(3.9)

{f2, 2, ... £3} of the level k = 0 of the holarchy of fuzzy holon functions; [ékzo] is the

e ~k=0
initial vector representing the fuzzy physical solutions §%=° = {59,59,...5%}, [A] is the

initial design matrix representing the mapping between fuzzy functions and fuzzy solutions.
The set of functions of each product can be taken care of using various physical solutions
sets. Alternatively, the set of functions of each product can be partially taken care of using
physical solutions sets. This shows that the mapping between the fuzzy set of alternative
physical solutions and the fuzzy set of functions is also fuzzy in nature. The fuzzy matrix

~k=0 L
[A] represents a fuzzy relationship 9%3(fik=°,§'j‘=°). The fuzzy relationship provides

relations between the fuzzy set of functions F*=° = {f?, 2, .. £} and the fuzzy set of
physical solutions §%=° = {59,59,..59} . The corresponding membership function
Mz, ( fk=0 ,§'j":°) defined in [0, 1] provides the extent to which a product’s function can be met

using alternative physical solutions set. The membership function g ( ﬂk:°,§',—‘f°) provides

designer’s view of product functions available using a set of alternative physical solutions. In
this manner, the fuzzy relationship between product functions and related physical solutions
provides designer’s perspective. The fuzzy functional-structural network is a function-solution
network developed using fuzziness.

The fuzzy functional-structural network’s holonic decomposition generates fuzzy
functional-structural module holons:

=k Ak Sk
[FiJ=[AF]LsT]
where Fj"‘ is the fuzzy function holon j corresponding to the level k>0 of the holarchy of fuzzy
function holon; Ff = { F¥7%, ..., E¥*}; §Fis the fuzzy solution holon j corresponding to the

level k>0 to the holarchy of fuzzy holon solutions S} = { S¥7%, ..., §k=1}; M} = (FF, SF, AF)
is a fuzzy functional-structural module holon with ~ A¥: £F & SF.

(3.6)



3.2 Holonic fuzzy agent modelling

The adaptive systems modelling and simulation takes care of many features including: several
heterogeneous interacting products, unpredictable emergence, complicated transition laws,
multiple scales, ill-defined boundaries, combinatorial explosion, adaptivity to changing
environments, sensitive dependence on initial conditions, co-evolving subsystems, multilevel
or non-equilibrium dynamics, and interaction and self-organization of autonomous agents [52].
For our work, we have focused on the following three properties out of many complex adaptive
systems characteristics outlined above:

e Self-organization property. An organization is formed by distributing a set of
elements in a hierarchical level. A self-organizing system dynamically adjusts this
structure as per the requirement, and this property is base for module formation.

e Nonlinearity property. A complex system’s response and behaviour are not fixed
and are governed by the feedback loops and nonlinear relationships present. The
response of the system to these linear or non-linear behaviours determines the
nonlinear property of the module. This nonlinear property is necessary for the
modules and is handled by the reactivity of the module’s holonic fuzzy agents.

e Emerging behaviour property. From nonlinear interactions in complex systems and
their self-organized or chaotic structures, behaviours emerge; this property will be
fundamental for holonic fuzzy agents’ generation and finally module formation.

Holonic fuzzy agents can also be modelled to integrate the behaviour of both fuzzy agents
and holonic agents. Let's start by defining a model of fuzzy agent adapted from [29]: the

definition of a fuzzy agent-based system M, is given in (Table 1, Eq. 3.7); the definition of a
fuzzy agent a;, whose behaviour is of feedback loop type <perceive, decide, act> in a fuzzy
context, is given in (Table 1, Eq. 3.8); and the definition of a fuzzy interaction 7 7 between
two fuzzy agents is given in (Table 1, Eq. 3.12).

Table 1. The fuzzy agent model

Elements of model Meaning
1\2& =< Z,;,ﬁ,é,djg > Fuzzy agent-based system where AI,P 5 and (‘D}i are respectively:
(3.7) a set of fuzzy agents, a set of fuzzy interactions between fuzzy agents, a set

of fuzzy roles that fuzzy agents can perform, a set of fuzzy organizations
defined for communities of fuzzy agents, and a set of functions of fuzzy
agents’ generation.

a = <(pn(5i @ aa ) Pra) Kz, > Fuzzy agent where @n(&i) , @A(&i) and CD,—((;i) are respectively:
(3.8) function of observation Erreur ! Source du renvoi introuvable., function

' of decision (5.5), function of action (5.5), and knowledge of a fuzzy agent

a; . This knowledge includes decision rules, objects, characteristics of the

domain (for instance, the geometric and topological attributes),
acquaintances (for instance, a set of fuzzy agents from the same holonic
level, as we describe it below), and dynamic knowledge (observed events,
internal states).

@H(&i) [(Eg Vg )xZ5 > 15  Function of observation where £g, /g, .25 /15, are respectively: the
(3.9) finite sets of observed events, interactions, states, and perceptions of a

fuzzy agent «; .
@A(&i) G xIg - 4 Function of decision where /15,2 45, are respectively the finite sets

(3.10) of perceptions, states, and decisions of a fuzzy agent ézi .




@f@i) g xE TG Function of action where 43,2 ./, are respectively the finite sets of

(3.11) decisions, states, and actions of a fuzzy agent 07i .
=< as,Qr,)c > Fuzzy interaction where @g is the fuzzy agent source of the fuzzy
(3.12) interaction, [ir is the fuzzy agent destination, and 77c is a fuzzy act of

communication ()7c 61: and r ={ inform, diffuse, ask, reply, confirm}).

The model of the fuzzy agent being proposed, a model of holonic fuzzy agent can be
defined. This new model, integrating agent, fuzzy and holonic concepts, respects the following
holonic properties:

o self-organization, self-adaptation, transcendence, self-efficiency, dynamics, and
emergence, are intrinsic properties of the multi-agent paradigm;

o self-similarity, self-preservation, self-expansion, and robustness, are intrinsic properties
of a holonic agent paradigm;

o utility, self-well-being, and flexibility, are intrinsic properties of a fuzzy agent paradigm.

Thus, a set H of holonic fuzzy agents, forming a holonic fuzzy agent-based system
respecting equation Erreur ! Source du renvoi introuvable., is defined recursively as follows:

o each fuzzy agent @ < A , becomes an atomic holonic fuzzy agent f, of level zero, also
noted A?, where A? = ({@,},{@,},0) € H;

o H' =(H, H',R) € H where A’ ¢ H is the set of holonic fuzzy agents that participate
in A/, H, c H'is the non-empty set of holonic fuzzy agents that represent A7 to the
environment and is responsible for coordinating the actions inside Hl’ R defines a fuzzy
relationship inside Hl’ (i.e., R specifies the holonic fuzzy agent organization). Each 17{
respects equation (3.8), where K5 = K& U (Hy, H',R) .

The model of holonic fuzzy agent being defined, we can apply it to the specific problem
of intelligent holonic modular formation. In this case, fuzzy functions and solutions are fuzzy
agentified (3.13). Each fuzzy function of the set F is transformed into a fuzzy agent f[l..m] €
Ap , each fuzzy solution of the set S is transformed into a fuzzy agent Si1.n] € As, and each

generated module of the set M is defined as a fuzzy agent M1.q] € Ay
Lo . (3.13)
Agentification: F,S,M — Ag, A, Ay

Then, from these three sets of fuzzy agents, holonic fuzzy agents are generated (3.14):
(3.14)

Holonisation: Ar, Ag, Ay, — Hp, Hs, Hy,
V\fhere Fr € 2 V\iith F Ejip arld F']"jl = {~I3"'1"‘~1, .:,ﬁp"‘l}; F}‘i € va~witt1 SP E~AS and
‘S:jk>1~: {S{i_l, -..,55_1} : Mj0 €Ay , Mjl = (ij'Sjk'RJk) with ij < H, Sl'k < Hs , and
Rf:Ff o §F.

4 Formation of Holonic modules with holonic fuzzy agents
The proposed approach for the formation of holonic modules performs in three phases:

Phase 1: Modelling of fuzzy agents. In this phase, all the communities of fuzzy agents
necessary for the holonic modularity are built.

Phase 2: Customization of the Product Service System. In this phase, the fuzzy network
between fuzzy functions agent, between solution agent and between fuzzy function agents and
solutions agents are customized to respond to different services in the product life cycle.



Phase 3: Formation of holonic modules. In this phase, from fuzzy consensual solution
agents and their affinities, the optimal configuration emerges.

4.1 Modelling of fuzzy agents
All elements of the model (functions, solutions, modules) are fuzzy agentified and have
specific knowledge.
Knowledge of each fuzzy function agent f; € Ay includes:
o a set of fuzzy solution agents A'sc Ag which have the capability to satisfy the function
agent f;;
o aset of fuzzy agents function-specific decision rules Az;

o ability to generate a holonic fuzzy function agent : (/)( fi,h e He )

Knowledge of each fuzzy solution agent §; € Ay includes:
o a set of fuzzy function agents A’fc /Tf that the solution agent §; can satisfy;

o aset of fuzzy agents solution-specific decision rules A ;

o ability to generate a holonic fuzzy solution agent: (p(§i hj e Hs )

Knowledge of each fuzzy module agent #1; € A,, includes:
o aset A'rc Ap of fuzzy function agents included the fuzzy module agent ;;

o aset A'sc A of fuzzy solution agents included in the fuzzy module agent #i;;

o a set R of the relationship between fuzzy function agents and fuzzy solution agents
(E:A,F d Als);
o aset of fuzzy agents module-specific decision rules Az ;

o ability to generate a holonic fuzzy module agent: (p(rﬁi ,ﬁj e Hg )

The building of fuzzy multi-agent system takes into consideration: (1) communities
building using fuzzy agent, (2) defining interactions between fuzzy function agents and the
fuzzy requirement agents, (3) defining interaction among fuzzy function agents, (4) defining
interactions between fuzzy solution agents and fuzzy function agents and (5) defining
interactions between fuzzy solution agents and fuzzy constraint agents. The expert’s
knowledge in four considered domains: (a) customer requirements, (b) functions, (c) solution
and (d) process or service constraints, allows specifying of interactions between fuzzy agents.

4.2 Customization of the Product Service System

This phase leads to the emergence of a complete customized network of fuzzy agents. Fuzzy
requirement agents use their model to work out customer’s requirement and after that these are
modelled into fuzzy values.

Once the fuzzy set of requirements are available along with the fuzzy relationship between
the fuzzy function agents and fuzzy requirement agents, the fuzzy set of function agents also
called fuzzy active functions appears dynamically. The fuzzy active functions, a subset of fuzzy
function agents, interact between them throughout the design process.

The interaction between the fuzzy set of solution agents and fuzzy set of active function
agents leads to the emergence of fuzzy active solutions. Soon after the fuzzy set of active
function agents are defined, the fuzzy solution agents get activated.

The fuzzy service constraint agents use their model to get the specifications of the services.
The service preferences are then transformed into fuzzy values. When the fuzzy agent solutions



interact with the fuzzy constraint agents, new fuzzy set of active solution agents will emerge
that will satisfy considered services constraints.

Finally, the fuzzy set of consensual solution agents come out as a fuzzy set of active
solution agents meeting constraints of the services and customer requirements.

4.3 Formation of Holonic modules

In holon architecture, self-similarity can be observed in “horizontal” and “vertical” space.
Horizontal self-similarity defines the existence of self-similarity between various
specializations at the fixed level aggregation. Vertical self-similarity defines the existence of
self-similarity between various levels of aggregation so that there is work similarity between
higher and lower levels of holons.

Firstly, our proposal postulates that the intelligent module follows the holon’s structure,
and this requires the creation of an “intelligent module within a module.” Secondly, our
proposal postulates that an intelligent module holon is created around defined physical
elements such as function or solution called attractors.

The attractors are structurally stable elements in the complete customized network of
requirement fuzzy agents —function fuzzy agents —solution fuzzy agents —constraints fuzzy
agents. Properties relating to holonic fuzzy module formation are shown in Table 2.

Table 2. Properties of fuzzy module formation

Properties Meaning

Holon A module is a fuzzy holon

Coupling A holonic module is defined through two basic coupled elements: a holonic
function and a holonic solution

Attractor An attractor is a structurally stable element, function or solution toward
which a module tends dynamically to evolve

Force of attraction An attractor exerts a force of attraction on either of the other elements

Condition of attraction The contribution of an element (function or solution) to a module must be

greater than or equal to an acceptable value of the force of attraction, called
Acceptable Force of Attraction (AFA). The AFA varies between 0 and 1

Competition of fuzzy design modules  The contribution of an element (function or solution) to its own module
and Condition of transfer must be greater than its contribution to all the other modules

Equivalent modules The construction of equivalent module reposes on the possibility that an
element (function or solution) should be able to contribute in an equal way
to several modules

Preferences of designer This property stipulates that a designer can build a preferential relationship
in the set of functions or solutions

The solution or function can be weighted wi as per the designer’s preference. As such
engineers have knowledge of the acceptable value of variables from various sources and their
experience. The acceptable intervals are those where the designer has a positive preference.
While specifying the designer’s preference for the fuzzy set elements, the a-levels (acceptable
levels) which are equal to or more than preferred threshold value by the designers can be used.

The distributed algorithm of holonic module formation executed by each holonic fuzzy
function agent F* is presented in Table 3. The main steps of this algorithm are identified by
indices S;i:

(S0) initial conditions;

(S1) coefficient of attraction force;

(S2) vertical “self-similarity”,

(S3) fuzzy attractor identification;

(S4) attraction of fuzzy solution holons;



(S5) attraction of fuzzy function holons;

(S6) equivalent fuzzy module holons and transfer;

(S7) new fuzzy module holons;

(S8) fuzzy modules within a fuzzy module; and

(S9) evaluation of end of fuzzy module holons formation.

Table 3 Holonic module formation based on holonic function attractors

Algorithm Meaning

(S0)Given a set of n fuzzy function holons {F, ..., E%} € Hg; I/ initial conditions
Given a set of m fuzzy solution holons {59, ..., 53} € Hg; I/ initial conditions
Given a set of p fuzzy module holons {#?, ..., M3} € Hy; // initial conditions

EACH function holon agent F¥ DO {

(S1)CAF « CAFencours /I current CAF = CAFencours , for instance, CAF=1.0
nbX} < 0 /1 number of solution holons that F* satisfies = 0
_h « false Il F¥ is not included in a function holon of higher level
(S2)WHILE (_h == false) { /I while F¥ is not included in a holon of higher level
FOR jin1..Card(S*) /1 loop to know how much solution holons satisfy F*
nbX} < nbX} + Exchange_1(F,5F) I/ Exchange to determinate it
(S3) IF (max(Card()?ix),ani")) THEN Il E¥ is satisfied by the greatest number of solution holons
A; « FF I F¥ is an attractor of function holons
(S4) generate(F+) I/ generation of a new function holon F**1 « X
generate(S¥*) I/ generation of a new solution holon §¥*1 « §¥
(S5) calculate(CAF;, §¥,S¥t1) /I calculation of CAF; « Card(S*')/Card(SF¥)
FOR k in 1.. Card(fi") /I loop to get the list of function holons satisfied by the
Fy < Exchange_2(F¥,57) I solution holons that satisfy F*
(S6) FOR lin 1..Card(E,) /1 loop for each function holon satisfied by solutions of $*

CAF;.[F¥] « Exchange_3(F},F},S¥*") Il exchange to get the CAF of F*
IF (CAF,.[F}] = CAFencours) THEN /I F{is an attractor for the function holon F*

Frl « Frly FY Il F¥ is included in the new function holon F**1
inform(F¥, FX, FX*1) Il B is informed of inclusion in the function holon FF*+1
ELSE inform(F}, FX, | FX*1) Il E¥ is informed of not inclusion in the holon F*+*
(S7) generate( M+, Ay, FX*1, S+ I/ generation of the new module holon #7**
ELSE Il F¥ is not satisfied by the greatest number of solutions
wait(inform(F*, F¥,a)) /1 F¥is waiting for information on possible attraction
IF(a == F/*')THEN Il F* is attracted by the function holon £
_h « true /I F¥ is included in a function holon of higher level
(S67) A« FF Il attractor of F* is the function holon £
ELSE _h « false /1 F¥ is never included in a holon of higher level
(S8) lower(CAF) Il lower the current CAF (CAF = CAF-¢, ¢=/0,CAF]
(S9)} END WHILE
} END DO
5 Application

The gearbox is a mechanism for increasing the engine torque (I = Input) in order to rotate
a receiving member under the effect of a new torque (O = Output) such that:



Co =10 k_CI (5.)
10
where :
(5.2)
0]
- kio =—

- Mo s the mechanical efficiency of the gearbox.

Most gearboxes are reversible. In this case, the input function can be assigned to shaft O,
and the output is assigned to shaft I. The mechanism is then called a velocity multiplier. The

output torque is C; > Cy.
The reduction of the overall bulk is an important requirement of the gearbox. Dividing the
input power P, the gearbox leads to the satisfaction of this requirement. It can be written as:

P P 3
PO :771_|+...77i _|_|_...77n -
n n n
- P, :input power of the gearbox
- Py : output power of the gearbox
- 1}j : the mechanical efficiency of each division of gearbox
(5.4)
Fo =moP
with :
(5.5)

1
Tho =E(771 e T gy

The functional architecture of a parallel gearbox, with the input of power I (Input) and the
output of power O (Output), is represented in Figure 1. It shows a parallel gearbox responding
to the functional architecture for n = 3. The input is represented by shaft 1, and the output is
represented by shaft 18. The gears Ss, Sa, S7, Ss, Se, S12, S13 and Sz are used to transmit the
power from the input of shaft 1 to the output shaft 2. The gears are assembled on shafts S, Ss,
S10, S14 and Sis. The pivot connections Sz, Se, S11, S15 and Si17 between shafts and frame Sio
guide the rotation of the shafts.

5.1 Formation of holonic modules

The set of fuzzy functions agents and their corresponding fuzzy solutions agents are found
from the Customization of the Product Service Systems in the sub-network fuzzy function
agent— fuzzy solution agent in the platform FAPIC [53]. Figure 2 shows the fuzzy relationship
between fuzzy function and fuzzy solution agents.

Then, from the attractor agent recognition, the fuzzy function and fuzzy solution agents
interact to form the holonic fuzzy module agents (Figure 3). The different steps of holonic
fuzzy module agents are shown in Table 4.

Three levels of holonic fuzzy module agents emerged during the formation of fuzzy
holonic modules. For instance, in the first level, five complete holonic fuzzy module agents



M}, M3, M3, M, M2 are recognized. The first fuzzy holonic module agent M1 is composed by
holonic function agent Ff and the fuzzy holonic agent solution S, related by the fuzzy sub-
relationship Ri. The emerged fuzzy function holon agents are shown in Figure 6. Similarly, the
emerged fuzzy solution holon agents are shown in Figure 5.

Table 4 Different steps of module holon agent formation

Fuzzy functionand | card(F)=31; F ={fi,fo,fis s fr }
solution agents card(§)=19; § = {5,555, ...510 }

M11={F11=(f6r{ferfwfgrferfwrflpflz})r S~11=(§4r{§4/§5/§6/§7/§19})/ Rll}
M%:{lez(fwl{f13'f14lf15'f16lf17'f187f19})l §3= (39, 189,810, 511, 8121) , R}

Fuzzy holonic M3=1F}=faor {f20s fors Fozs foss faar fas a6 3) 1 3= (513, (313, 814/ 515, $161) , RE)
modules of Mi={Fl=(fr, thi far fsr u}) 0 Si= Gy, (51,52, 8:0) , Ry}
level 1 M§={F51=(f28r {f28rf297f307f31})r §é=(§8l (38, 817}) 4 ﬁg}

ME={F¢=fs, (fs}), Si=(®,10}), R
M}=1F}=for, {f2r}) $73=(0,10}), R}}

Fuzzy holonic M?={F2=(F}, (F}, F},F}, F},Fry), §2=(Si,(581,83,5%,58y), R%)
modules of M3={F2=(F, (Fty), S3=(S%,(S%)), R%)
level 2 M=(F2=(F}, (F}}), $3=(0,(0}), R}
Fuzzy holonic
modules of M3=1F3=(F?, (F%, F2,F2y), $3=(82,(8%, §2)), R%)
level 3

The holarchy of fuzzy holonic module network with in-between interaction and final self-
organization of fuzzy function holon agents, fuzzy solution holon agents, and fuzzy module
holon agents, are shown in Figure 6. In these figures, the coloured module indicates the
progressive interactions of functions and solutions in holonic structures. The holonic structure
depends strongly on the competitive attractors, and their force of attraction. Thus, the dynamic
of intelligent module holon depend on the dynamics of conflict between agent attractors (see
Appendix).
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Figure 2 Fuzzy Relationship between fuzzy function agents and fuzzy solution agents
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6 Discussion

The proposed model for intelligent modular design uses concepts such as holon, attractor,
and uncertainty. The formation of multi-scale modules is facilitated by holon and the attractor.
This multi-scale formation is adaptable, unlike traditional module formation.

Formation of the communication network by the holonic fuzzy agents removes the
distinction between continuous-discontinuous formations of traditional modules. Holonic
structure’s fundamental property is also followed by communication. This leads to the
formation of holarchy of modules, a nested hierarchical order. Holarchy is a hierarchy of fuzzy
module holons.

The module formation problem is modernized with the use of holarchic model. The
embedding of fuzzy module holon in whole fuzzy module holons get influenced by the whole
and also influences it. The fuzzy module holon though complete in itself is part of whole fuzzy
module holons as well as made of many decomposed fuzzy module holons. Horizontal self-
similarity defines the existence of self-similarity between various specializations at the fixed
level aggregation. Vertical self-similarity defines the existence of self-similarity between
various levels of aggregation so that there is work similarity between higher and lower levels
of holons. Thus, from horizontal and vertical communication, holonic fuzzy module agents can
reconfigure the systems either partially or totally.

The suggested model of module holon formation is influenced by the knowledge of
product design and knowledge of PSS. However, the formation of the module is not a straight
forward problem and embattled with unpredictable changes and sudden transformations. The
dynamic of intelligent module holon depend on the dynamics of conflict between agent
attractors.


https://en.wikipedia.org/wiki/Holarchy
https://en.wikipedia.org/wiki/Hierarchy

7 Conclusion

The modular design technologies current trend is to use a combination of technologies
such as product configurators, advanced CAD systems, PDM systems, and agent-based
systems. Thus, intelligent models, intelligent tools, and intelligent modular products requiring
design processes for product configuration are organized intelligently. Intelligent model-tool-
product systems development, therefore, demands the use of concurrent and holistic
engineering approaches. Using these approaches, the design of intelligent self-sustainable
models and products is feasible.

Using the concepts of intelligent holons and integrating the fuzziness in the modelling of
holonic fuzzy agents, this study is focused on the modular design. It is suggested that modules,
as well as their models, should be designed holistically, as adaptive objects.

Fuzzy holonic modules overcome the distinction of the continuous-discontinuous
traditional modular formation problem. Horizontal and vertical communication of fuzzy
holonic modules allows the partial or total reconfiguration of the modular products. The
software agent paradigm brings its reactivity, dynamicity and agility, to the holonic structure,
and thus, its adaptability.

Further developments include the study of the dynamic behaviour of intelligent modules
in digitalized design network via the analysis of the creation or destruction of attractors
identified and defined in holonic fuzzy module agents.
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Appendix - Fuzzy Module Holon based on Fuzzy Function Holon

#ALPHA CUT= 0.300000
#CAF= 0.650000 #In every Level the CAF is the same: &=0

FHEH AR
# Level of fuzzy module holon = 1 #
FHEFHHHH AR R A

#Fuzzy Solution - Fuzzy Function Matrix Holon

#Fuzzy Function Holons
Fl1.1 = {f12, {fe, £7, £8, £f9, f10, fl11, f12}}
2 = {f19, ({f13, f14, f15, fle, £f17, £18, £19}}
3 = {f26, {£f20, £21, f22, f£23, f24, £25, £26}}
Fl.4 = {f4, (fl, f2, £3, f4}}
5 = {£31, {f28, f29, £30, £31}}
6 = {f5, {£f5}}

0.90 0.90 0.90 0.90 0.40 0.00 0.00 0.00 0.00 0.00 0.00 0.
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.
0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.80 0.90 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.
0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.80 0.90 0.00 0.00 0.00 0.00 0.00 0.00 0.
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.
0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.90 0.90 0.90 0.90 0.00 0.80 0.00 0.
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0