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Abstract Presently, modular designs use various tech-
nologies accompanied by multiple models. Although no
integral solution is known, a plethora of approaches is used
to resolve this trans disciplinary challenge, often by using
local intelligence. However, the effective utilization of
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 prod-
ucts. Modular design based on these intelligent models and
tools is called intelligent modular design. Intelligent
modular design requires to be considered both dynamically
and holistically by combining customer requirements,
product functions, solutions, service specifications, and
their fuzziness in order to structure a product into intelli-
gent modules. This paper proposes the use of holonic fuzzy
agents to fulfill both the properties of intelligent models
and the requirements of intelligent modular design. The set
of fuzzy function agents and their corresponding fuzzy
solution agents are found from customization of the pro-
duct-service system in the fuzzy function agent-fuzzy
solution agent sub-network. On the basis of attractor agent
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recognition, the fuzzy function and fuzzy solution agents
interact to form the holonic fuzzy module agents. Self-
embedding of holonic fuzzy module agents, which is the
fundamental property of the holonic structure, is also
characterized by vertical and horizontal communication.
The flexibility and agility of the software agent make the
holonic structure of intelligent modules adaptable. An
application illustrates the proposed intelligent modular
design.
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1 Introduction

Modularity must be an integral part of the development of a
sustainable and intelligent design. The use of modularity in
product design includes its technical and business aspects
from both quantitative and qualitative angles. Human
cognitive abilities are considered to be the roots of mod-
ularity [1].

A product consists of several components that are con-
nected to work as a whole unit. A product is deemed
modular when its components and sub-modules can be
combined seamlessly [2]. At the same time, each module is
also required to work independently of the other modules,
and the lack of connectivity between its components
defines the modularity [3]. Similar interconnected physical
components are encapsulated to form the modules. The
flow of energy, material and information between compo-
nents of modules allows them to meet functional require-
ments. The modules are characterized by the minimal
interaction with external components and the maximum
interaction between components within the module. The
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functionality of the module is limited to predefined sce-
narios that control its functionality using interface and
connections, and can be controlled in three ways: the
interface between various components within the module,
the interconnection with nonadjacent components within
the product, and the behavior of components as a bridge
between other components via interfaces.

With regard to product architecture, there are principally
two types of design: integral design and modular design.
Integral design defines a product structure where the
functions of the product are fulfilled by a range of indi-
vidual parts with a one-to-one arrangement. A consequence
of this is the lack of stability of the structure: any change to
parts tends to affect most parts around them. This has
implications for assembly, maintenance, servicing, and
reusability. In contrast to integral design, the challenge of
modular design lies in the definition of a product archi-
tecture that consists of several modules where the functions
of the product are distributed among singular modules that
provide their specific function (e.g., power unit) and are
reusable in different products. Compatibility, interfaces
(where modules interact), and integration are the most
important impact factors in creating a successful modular
design. Because there is no known universal solution, this
multidisciplinary task needs to be solved for each modular
product.

Modular product design can be broken down into three
different and potentially complementary activities: design
of modules, identification of modules and design with
modules (see Fig. 1) [4]. The design of modules comprises
the definition of functional carriers and interfaces that build
a module (e.g., a drive unit). Identifying modules repre-
sents an “ex post approach” to clustering existing func-
tional carriers into modules afterwards. Design with
modules or “construction kit design” comprises the design
of a product using existing modules.

Product architecture consists of some hierarchical
levels, adding a useful dimension to modularity analysis.

=
5 S
) —
8 5 g
o] 3.;
5 | 88
=3 5::
S s
o s}
. g
$—
S
=
S
s

Fig. 1 Modular product design approaches [4]
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Designing product architecture that maximizes its overall
modularity over these levels of the product structure is one
solution [5].

Intelligent products aim to provide flexibility in design
to the architects and system designers. The methodology
used in the design of intelligent products is important. The
handling of modularity and its management requires
intelligent multidisciplinary collaboration and distributed
platforms. This challenge can be the best met by using the
multiagent paradigm and providing innovative technolo-
gies that can handle the dynamic environment.

A holon, consisting of interrelated semi-autonomous
modules, is an advantageous way of modeling modular
intelligent systems. Each interrelated semi-autonomous
module in a holon has a hierarchical structure ending with
elementary modules. The concept of the attractor specific
to a holon is used to deal with the form and stability of the
module [6]. An attractor is a stable element or group of
elements toward which a module formation tends to
evolve. This study uses product functions or physical
product solutions as attractors. Thus, the functions and
solutions of a product are identified. This means that
functions and solutions are designed as entities capable of
exhibiting intelligent behavior. 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 sub
networks of holonic fuzzy agents.

This paper is organized as follows: Sect. 2 analyzes the
state-of-the-art of modular design from different perspec-
tives; Sect. 3 presents the formal model for holonic mod-
ules; Sect. 4 presents the formation of holonic modules
with holonic fuzzy agents; Sect. 5 demonstrates the
application of the proposed model; and Sect. 6 summarizes
this research study’s conclusions and perspectives.

Design of modules
Ex ante:design groups of functional carriers and define interfaces

Identifying modules
Ex post:clustering existing functional carriers into modules

Design with modules
Designing a product out of existing modules:“construction kit”design



Intelligent modular design with holonic fuzzy agents

83

2 Modular design: the state-of-the-art

In this section, we present recent trends and shortcomings
in modular design research by examining four perspec-
tives: technologies, product-service system, artificial
intelligence and industrial applications.

2.1 Modular design and technologies

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

The information is partitioned into three categories to
achieve modularity [7]: architecture, interfaces and stan-
dards. The modules’ architecture provides module func-
tions and specifications, and their interaction is defined by
the interface. The modules’ conformity to design specifi-
cations is ensured by conducting standard tests. The rule-
based scheme is used for the generation of modular product
architecture by defining functions corresponding to the
physical components of the module. The module interfaces
are crucial for proper utilization of modules. Modular
product attributes include commonality of modules, com-
binability of modules, function binding, interface stan-
dardization and loose coupling of components [2, 8].

The processes mentioned below are used for modular
design [8]: identification of product architecture and reu-
sable components from existing products, agglomeration
and adaptation of singular building blocks into modules to
derive a new design, and assessment of product perfor-
mance and cost.

Researchers have suggested various modular design
strategies such as functional modeling [9], axiomatic
design [10], design structure matrix [11], and modular
function deployment [12]. Variant mode and effects anal-
ysis (VMEA) [13] can also be used, along with the archi-
tecture development process [14]. Comparison of modular
design methods in application areas such as product gen-
eration, product variety, and product lifecycle reveals that
selection of the method to be used requires taking a variety
of issues into account.

The integration of the holistic lifecycle characteristics of
a product’s architecture is a critical issue [15]. The product
architecture depends on its configuration and modularity
[16]. The lifecycle design must take into account the pro-
duct architecture. However, because the industry has con-
sidered it as intellectual knowledge instead of a scientific-
engineering issue, the theoretical foundation required for
developing modular product architecture is missing. The
modularity concept is also followed while designing a

family of products and platform-based product develop-
ment [17]. 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. To enable the development of a unique end
product, the platform includes the basic architecture and
interfaces of the optional items. A platform requires criteria
on and identification of new platform elements, which are
termed design assets. These are introduced as a means to
enable diverse types of resources to be reused by a com-
pany and provide a pragmatic way to bridge the gap
between the physical products and the knowledge, tools,
and methods needed to realize them [18]. The holistic view
of modular design necessitates the inclusion of both back-
end and front-end issues, including product family, product
portfolio, manufacturing and production, platform-based
product family design, and supply chain management [19].

The current trend is to use tools like product configu-
rators for the development of the modular design [20].
Using interaction and mutual integrations, these tools
provide optimal functionality. The product configurator, a
multifunctional commercial tool, also interfaces with
delivery and sales in an enterprise environment. The con-
figurator tool ensures compliance with the specifications
defined for the model and, using the configurator, the
product logic, based on rules and limitations, is imple-
mented. The customer provides his/her requirement
through the user interface, and then, the product that meets
his requirement is selected. After analysis of the validity
and cost of the chosen models, the bill of materials (BOM)
is drawn up. The integration of product configuration with
other IT systems, such as computer-aided technologies
(CAT), product life cycle management (PLM), and enter-
prise resource planning (ERP), is required. However, the
management and synchronization of configuration data
with the above-mentioned IT applications require proper
attention to be paid to the deployment of integrated product
configuration.

In recent product data management (PDM) systems, the
modular product’s structure is mapped onto a common
structure [17, 21]. The PDM systems’ database manages
optional items, such as other items in the master records
and their attributes. The management of an article depends
on the bill of quantities required. Thereafter, using order
neutral BOMs along with varying and optional positions,
the PDM systems handle changes in product structure. This
methodology allows for the creation of the explicit BOMs
required for production and also benefits product devel-
opment. However, managing large variants of the products
makes data management complicated and requires more
risk tolerance. These issues are taken care of by using the
variant manager module in modern PDM systems. The
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base module manages data such as parts, processes,
structures, and explicit variants are managed using con-
figuration and clone modules. The report generation mod-
ule is used for generation of reports as and when they are
required.

2.2 Modularity and product-service system

From a management perspective, the modularity can be
taken as a strategy for the efficient design of complex
products, procedures, and services because it brings
rationalization into the system. The modularity may be
taken as a product development methodology that is used
for several product designs [22, 23].

For products with very distinctive features, modularity is
not required because creativity is necessary to produce
specialized haptics, stylings, or colors. However, because
the number of products requiring distinctive features is
small, the modular design is not cost-effective. By contrast,
productivity gains by the implementation of product
modularity at a bus manufacturer are significant: an
increase of 18.40% in the efficiency indexes of the com-
pany’s products engineering and a 63.50% increase in the
total factor productivity index (TFPI) [24]. Only a holistic
controlling approach for the integration of product variants
can lead to monetary benefits. Using a modularity-bal-
anced-score-card (M-BSC), the holistic approach allows
assessment and holistic management of modular product
families. The modular product development also requires
taking 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 customer requirements [25]. Mass customization is
an amalgamation of mass production and customization.
The two approaches used for mass customization are mass
and craft (single piece) production. On the one hand, mass
production uses standardization and scales of economies to
create cost-effective products. Craft production, on the
other hand, uses a high level of customization to meet
specific customer requirements.

The creation of customized products calls for using
specifically created components along with standardized
and configurable modules. This requires identifying a fixed
and variable area of the product structure. Then, the vari-
able area is used for customization. Generally, configura-
tion systems are used for product customization. Mass
customization of product design requires the use of generic
conceptual procedures [26]. These generic conceptual
procedures require business process analysis and redesign,
company product portfolio analysis and modeling,
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configuration software selection, software programming,
and the implementation as well as further configuration of
system development toward product-service system (PSS).

2.3 Modular design and artificial intelligence

Artificial intelligence allows the creation of efficient
computing techniques. Evolutionary algorithms are used to
identify separable modules and, simultaneously, to opti-
mize the number of modules [27]. At the same time, they
minimize the variation in complexity allocation to indi-
vidual modules [28], product configuration based on
modules [29], and consideration of the product lifecycle
[30].

The use of a multi-objective grouping genetic algorithm
can create several alternative product modularizations [31].
Likewise, it is shown that modules could be identified
using neural network algorithms [32]. The agent paradigm
can be used to solve complex uncertain problems with
inherently distributed global knowledge shared among
several agents [33]. Owing to its distribution and decen-
tralization, the flexibility of the agent-based system allows
it to be used in an industrial environment [34]. Multiagent
systems have been found to be useful in modeling and
simulation of adaptive or self-adaptive systems such as
emergence and self-organization [35]. The use of reactive
and autonomous agents allows for updating and use of
information from other agents and their environment.

Product design configuration uses fuzziness in the early-
stage of the product lifecycle design [36, 37]. Fuzzy agents
optimize and model the fuzziness information model,
fuzziness knowledge, and fuzziness interaction in dis-
tributed and collaborative design [38]. In order to be of
interest to each other, the fuzzy agents process fuzziness
information after receiving it and then interact within a
multiagent system. The use of configuration grammars
allows the formalization of configuration structural prob-
lems [39] and implementation is done in a grammar-based,
multiagent platform [40]. The decision required in modular
product collaborative design can also be supported by
agent-based systems with a large knowledge base [41].

2.4 Modularity in industrial applications

Dilemmas, doubts, and uncertainties emerge during mod-
ular design; for example, which of the following is the right
method to apply for modularization: function-based mod-
ularization, component-based modularization, or function-
component modularization. These choices present dilem-
mas for engineers in product modularization [42].

An analysis of engine blocks modular design shows that
it derives from functional knowledge and its proper
restructuring by the designer [42]. The modularization
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approaches for conventional products versus 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 [43]. The ideal module size
required for a particular product can be determined using
the following four steps: design, technical feasibility,
economic viability and tool development. Small module
size facilitates manufacturing and logistics. In the case of
an airplane, for example, the increase in the number of
modules leads to arise in fuel consumption because a
higher number of interfaces is required between the mod-
ules. The predicted lifecycle costs provide a proper mea-
sure for determining the ideal module size while the
minimization of total lifecycle costs leads to global opti-
mization. Eco-modular product architecture also con-
tributes to enhancing product recovery processes through
recycling and reusing modules without full disassembly at
the component or material levels. This leads to less con-
sumption of natural resources and less landfill damage to
the environment [44].

Modular design uses knowledge-based technologies
integrated with numerical technologies. PDM and 3D-CAD
systems are used for designing and documenting plant
designs when machines have more than 10 000 parts [20].
The design is customized according to customer and mar-
ket requirements, the technical feasibility of the product,
business requirements, and manufacturing ability. In other
words, the design should not reduce the offering or have
unnecessary complexity. A web-based product configurator
can be used for the proper product, whereas knowledge-
based engineering (KBE) and CAD models are used for
product presentation. The KBE and CAD models are
highly adaptable, and the product configurator is used to
provide the product variant required by the user. The
configurator communicates directly with various sections,
including internal systems (e.g., ERP, customer relation-
ship management (CRM) and PDM) without involving the
CAD system. This methodology enables the generation of
bottom-up relationship knowledge and use of the ERP
object list for setting up assembly plans. For example, CNC
machine design [45] or components’ design in the auto-
mobile sector [46] use product configuration with KBE.
Original equipment manufacturers (OEMs) in the auto-
motive sector have been using configuration technologies
and tools for a long time. However, both PLM- and ERP-
based standard applications do not provide the functional-
ity required for product configuration. The ERP system
provides tools for business operations, whereas the PLM
system provides tools for product development. By sup-
porting both designing and off-the-shelf solutions, the
design platform (DP) approach provides a coherent envi-
ronment for heterogeneous and transdisciplinary design

resources to be used in product development. For example,
it can be used at an automotive supplier to support the
development of customized solutions when traditional
modularity or platform scalability do not suffice [47]. A
computer tool has been developed to support the creation
and visualization of the DP. The support tool has a con-
nection to a PDM database to link the platform model to
the various kinds of engineering assets needed or intended
to support variant creation.

2.5 Modularity and further development

Modular product design removes system-based interde-
pendency hurdles, providing a rational and coherent design
process that takes care of constraints and technical
requirements at the beginning of the process. Because
judging the relationship between effectiveness and level of
modularity is an open-ended issue, modularity assessment
provides ways to increase the effectiveness of modularity.

A flexible product that has good adaptability requires
extra effort in its design and manufacturing. The design
and development of intelligent systems require modules to
have adaptability and suitability that can enable integration
with different types of large systems. An intelligent product
maximizes the design space for system designers and
architects. As modular products are upgradable they
facilitate the approaches of systems engineering [48].

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 coop-
eration and communication with each other. Self-sustain-
able models and products can be designed using these
approaches.

Thus, the design of intelligent products necessitates the
use of intelligent modules. The intelligent modules should
overcome the distinction of the continuous-discontinuous
traditional modular formation problem. In order to do that,
the development of intelligent modular products requires
intelligent models and intelligent tools. The modular
design based on these intelligent models and tools is the
intelligent modular design. The modularity and variant
management can be handled nicely using intelligent col-
laborative and distributed platforms.

The holonic and multiagent model has demonstrated the
potential to take up this challenge and provide innovative
technologies that can tackle the challenges involved in
modular product development. Furthermore, intelligent
modular design dynamically and holistically considers:
customer requirements, product functions, solutions, pro-
cess or service specifications, their fuzziness, and structures
the product into intelligent modules. This study uses
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holonic fuzzy agents to satisfy the properties of intelligent
models and the requirements of modular design.

3 Formal model for holonic modules

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

3.1 Equations for holonic modules

A product is described by engineers using its decomposi-
tions. The decompositions of a product can be defined in
many ways and depend on the information that requires
highlighting [49]. The structural or functional properties of
a product are part of its description and allow the decom-
position 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 [6]. The
module’s decomposition ability, together with the holon
definition, outlines its complete property. The double
heading indicates the inclusion of the holons in the hol-
archy, which is a typical vertical arrangement. The mod-
ules in nested hierarchical order and progressive
accumulation can be represented by a holarchy. Owing to
their being self-completeness, holons are considered as a
unit, but they can also be part of a larger system.

Many applications, including holonic systems design
[50], holonic manufacturing [51-53], manufacturing con-
trol and scheduling [54, 55], holonic assembly [56, 57], and
product design [58], use the concept of the holon.

Three cases of holonic modularization can be distin-
guished: physical solution (or component) based modu-
larization, function-based modularization, and 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

Gk=0_ (k=0 Gk=0 (1)
where §¥=0 is the initial vector (k = 0) representing the

2V and C°

Y n

fuzzy physical solutions §¥=0 = {s? 89,
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is the initial matrix representing the fuzzy affinity rela-
tionship between physical solutions.

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

) (51’?:0,?5:0) can be defined. The fuzzy relationship

J
JP <§f:0, sjﬁzo) represented by the matrix C¥=° is charac-

terized by the membership function p, (s‘]’.‘:o, sj‘.,:o>, which

takes values between 0 and 1. In practice, the affinity
relationship between solutions may be either apparent or
unclear. Hence, the designer could use an intermediate
degree between 1 and 0 to quantify it. The network, called
a fuzzy structural network, represents the affinity rela-

tionship 7 (sf:o, sjﬁzo) and is characterized by the fuzzi-

ness. The holonic decomposition of the fuzzy structural
network, corresponding to the holonic decomposition of
the matrix C*=° into sub-matrixes, will yield the holonic
decomposition of the product into fuzzy structural module
holons

ok _ ok gk
S; = G;S;, (2)

where Sjk is the fuzzy solution holon j corresponding to the
level k > 0 of the holarchy of fuzzy holon solutions;

SE={SL S S L ME=(SE S CE) s a fuzzy

structural holon module with C'J’-‘ : SJ’-‘ — Sj’?.

The second case concerns the equation governing the
fuzzy set of functions and their relationships. Functions and
their inter-relationships that involve decomposition and
dependency can be represented by the functional structure
of a product. This dependency can be written as

Fr=0 — B=Ofik=0. (3)

where F*=0 is the initial vector representing the fuzzy
functions F*=0 = {0, /0, - f0} of the level k > 0 of the

holarchy of fuzzy holon functions; B is the matrix
representing the dependency relationship between fuzzy
functions.

The degree of interaction characterizes the product’s

fuzzy functions set F*=. These interactions can be defined
by a fuzzy relationship J5 (137‘:0, ]37,‘:0) represented by the

matrix B*=. In this instance, the membership function

value of 1 for membership confirms identification of the
relationship between product functions by the designer,
whereas a value of 0 indicates lack of identification. When
a functional network takes characteristics of fuzziness, it is
termed a fuzzy functional network. The fuzzy functional
network’s  holonic  decomposition is a  holonic

T > can have a value between O and 1. The
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decomposition of the matrix B~ into sub-matrixes. This
decomposition provides holonic decomposition of the
product into fuzzy functional module holons

F; = B\F} (4)

]’

where F]’.‘ is the fuzzy function holon j corresponding to the
level kK > 0 of the holarchy of fuzzy holon functions;

Fi = {FCUF B L and M) = (PP B) s a
fuzzy functional holon module with EJ’F : I:’Jk — I:’jk

The third case is related to equations defining fuzzy
functions and their relationship with fuzzy physical solu-
tions. Mapping is done to move to the physical domain
from the functional domain. The mapping between the

functional domain and the physical solution is given by the
expression

FE0_4k=0§k=0 (5)

where F*= is the initial vector representing the fuzzy
functions F*=={f?.£),---,f2} of the level k = 0 of the
holarchy of fuzzy holon functions; $=° is the initial vector
representing the fuzzy physical solutions
Sk=0— ={59.53,---,5%} and A*=0 s the initial design matrix
representing the mapping between fuzzy functions and
fuzzy physical solutions.

The set of functions of each product can be taken care of
by using various physical solution sets or, alternatively, can
be partially taken care of by using physical solution 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 AK=0 represents a

fuzzy relationship J75 ( }:O,s’j’.‘zo). The fuzzy relationship
provides relations between the fuzzy set of functions
F={0.7,
tions §¥=0= ={s9,9,---

ship function pp, <f7c 0 §t= ) defined in [0, 1] provides the

extent to which a product s function can be met using a set
of alternative physical solutions. The membership function

, fn} and the fuzzy set of physical solu-

ﬂ} The corresponding member-

e, (f7‘ 0,s]: ) provides the designer’s view of available

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

The fuzzy functional-structural network’s holonic
decomposition generates fuzzy functional-structural mod-
ule holons

= Akt (6)

1770

where F' ]k is the fuzzy function holon j corresponding to the
level k >0 of the holarchy of fuzzy function holon;

ij = {F’;_l’ N
corresponding to the level k > 0 of the holarchy of fuzzy
holon ~ solutions ~ §% = {S’l‘”, e jﬁ*l}; and M} =

s }; S§ is the fuzzy solution holon j

(F J",SJI‘,AI‘> is a fuzzy functional-structural module holon

ik pk Gk
w1thAj .Fj <—>Sj.

3.2 Holonic fuzzy agent modeling for holonic
modules

Holonic fuzzy agents are modeled to integrate the behavior
of both fuzzy agents and holonic agents. The holonic fuzzy
agent modeling task for holonic modules involves
answering three questions. The first question is “What is
the model of a fuzzy agent?” Once a model of a fuzzy
agent is proposed, we can ask the second question. How
can a model of the fuzzy agent integrate the properties of
holonic modules represented by Egs. (2), (4) and (6)? A
model of a holonic fuzzy agent is proposed to answer this
question. Finally, the third question is “How can the model
of a holonic fuzzy agent be applied for holonic modules?”.
Models of agentification and holonization are used to
answer this question.

To respond to the first question, a model of fuzzy agent
is adapted from Ref. [33]. The definition of a fuzzy agent-
based system M, is given as

MO{ = <A~,I~>P~a 0~> @A">, (7)

where A, I, P, O, and ®  are 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 orga-
nizations defined for communities of fuzzy agents, and a
set of functions of fuzzy agents’ generation, respectively.

The definition of a fuzzy agent &;, whose behavior is of
feedback loop type <perceive, decide, act> in a fuzzy
context, is given as

% = (P, Pa)> Pria). Ka ) (8)

where @5, Pag) and Pr(s) are function of observation,
function of decision, function of action, and knowledge of
a fuzzy agent ¢;, respectively. 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 below), and dynamic

knowledge (observed events, internal states)
Dz ¢ (Ez Ulg) x Xz — T1(4), 9)

where E;, I, X5, I1(3;) are the finite sets of observed
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events, interactions, states, and perceptions of a fuzzy agent
a;, respectively.

(DA(&’_) : H“*,. X 23;,. — Ai” (10)

where Il5, X4, A; are the finite sets of perceptions, states,
and decisions of a fuzzy agent a;, respectively.

Prg) + Az, X 25 — Ty, (11)
where Ag, 2, I'; are the finite sets of decisions, states,

and actions of a fuzzy agent, respectively.
The definition of a fuzzy interaction #; € I between two
fuzzy agents is given as

fl = <&57 &h ")7C>a (12)
where o is the fuzzy agent source of the fuzzy interaction;

o, is the fuzzy agent destination, and 7, is a fuzzy act of
communication (y, € I and I ={inform, diffuse, ask, reply,
confirm}).

To respond to the second question, we define a model of
a holonic fuzzy agent. A holonic fuzzy agent-based system
should satisfy the holonic decomposition of the product
into fuzzy structural module holons, fuzzy functional
module holons, and fuzzy functional-structural module
holons. Thus, a set H of holonic fuzzy agents, forming a
holonic fuzzy agent-based system, which respects Egs. (2),
(4), (6) and (7), is defined recursively as

(i) Each fuzzy agent & € A, becomes an atomic
holonic fuzzy agent h; of level zero, also noted
H?, where H’ = ({&;}, {%},0) € H;

(i) H*= (Ho,H',R) € H is the holonic fuzzy agent i
of level k, where H' C H is the set of holonic fuzzy
agents that participate in ﬂlk Hy C H' is the non-
empty set of holonic fuzzy agents that represent I-f,k
to the environment and is responsible for coordi-
nating the actions inside I-ilk R defines a fuzzy
relationship inside ﬁf (ie., R specifies the holonic
fuzzy agent organization). Each I-ilk respects
Eq. (8), where K, = K5, U (Ho,H',R).

This new model, integrating fuzzy agent and holonic
concept, respects the following holonic properties.

(i)  Self-organization, self-adaptation, transcendence,
self-efficiency, dynamics, and emergence, which
are intrinsic properties of the multiagent
paradigm;

(i)  Self-similarity, self-preservation, self-expansion,
and robustness, which are intrinsic properties of a
holonic agent paradigm;

(iii)  Utility, self-well-being, and flexibility, which are
intrinsic properties of a fuzzy agent paradigm.
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To respond to the third question, the model of a holonic
fuzzy agent is applied to the problems represented by
Egs. (2), (4), (6) for intelligent holonic modular formation.
In this case, fuzzy functions and fuzzy solutions are fuzzy
agentified

Agentification : F,S,M — Ar,Ag, Ay, (13)
where each fuzzy function of the set F is transformed into a
fuzzy agent ﬁ1,2,»»<,m] € Ap; each fuzzy solution of the set S
is transformed into a fuzzy agent §j;5 .., € Ag, and each
generated module of the set M is defined as a fuzzy agent
I’fl[1727“.’q] S AM

Then, from these three sets of fuzzy agents and con-
sidering Egs. (2), (4), (6), holonic fuzzy agents are
generated

Holonisation :A~p,A~S,A~M — ﬁF;ﬁSaﬁM7 (14)
where FJ’-‘ € Hp, with F;Q S ANP and
F]?‘>' = {F’l“l,uo,l*:;_l}; FZ‘ € Hp with .S:]O € Ag and

ck>1 __ ck—1 ck—1 .
st _{Sl S }

with Fj’-‘ C ﬁp,SZ‘ C Hs, and R;k : F~J]f — SZ-‘.

7 A 7 /rk Gk pk
M} € Ay, Mj = (F},S}.R})

4 Formation of holonic modules with holonic fuzzy
agents

The proposed approach for the formation of holonic
modules occurs in three phases (see Fig. 2).

Phase 1: Modeling of fuzzy agents. In this phase, all the
communities of fuzzy agents and the intra- and inter-
community interactions necessary for the holonic modu-
larity are built. A requirement-function-solution-service
network of fuzzy agents emerges. Clearly, this network is a
fuzzy one.

Phase 2: Customization of the product-service system.
In this phase, the requirement-function-solution-service
network is customized to respond to specific customer
requirements and specifications of different services in the
product lifecycle.

Phase 3: Formation of holonic modules. In this phase,
from the attractor agent recognition, the fuzzy function and
fuzzy solution agents interact to form the holonic fuzzy
module agents.

4.1 Modeling of fuzzy agents

All elements of the model (e.g., functions, solutions, and
modules) are fuzzy agentified and have specific knowledge.

Knowledge of each fuzzy function agent f: € Ap
includes the following.
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Fig. 2 Workflow for modular design through holonic fuzzy agents

(1) A set of fuzzy solution agents A~'S C Ay that have
the capability to satisfy the function agent f;;
(i) A set of fuzzy agents function-specific decision
rules Af;; c
(iii)  Ability to generate a holonic fuzzy function agent

(/)(f:,h; GHF).

Knowledge of each fuzzy solution agent §; € Ag
includes the following.

(i) A set of fuzzy function agents A:’f C A~f that the
solution agent §; can satisfy;
(ii) A set of fuzzy agents solution-specific decision
rules Ag;
(iii)  Ability to generate a holonic fuzzy solution agent:

Knowledge of each fuzzy module agent m; €Ay
includes the following.

Ouput of the phase 3:

® Holonic fuzzy module agents

)

Ability to generate a holonic fuzzy module agent:
(p(l’fl,', hj S Hs)

The building of fuzzy multiagent systems takes into
onsideration the following.

(i) Community-building using fuzzy agents. There are
four communities of fuzzy agents: requirement,
function, solution, and service.

(i) Intra and inter-community interactions between

fuzzy agents: defining interactions between fuzzy
function agents and the fuzzy requirement agents,
defining interactions among fuzzy function agents,
defining interactions between fuzzy solution agents
and fuzzy function agents, defining interactions
between fuzzy solution agents, defining interac-
tions between fuzzy solution agents and fuzzy
constraint agents.

The requirement-function-solution-service network of

fuzzy agents emerges from intra- and inter- actions among

(i) A set AN} C Ap of fuzzy function agents include
the fuzzy module agent m;;
(i) A set A~ls C Ag of fuzzy solution agents included in
the fuzzy module agent m;;
(iii) A set R of the relationship between fuzzy function
agents and fuzzy solution agents (R : A}, — Af);
(iv) A set of fuzzy agents module-specific decision d

rules A;;

fuzzy requirement agents, fuzzy function agents, fuzzy
solution agents, and fuzzy service agents. As a conse-
quence, this network (which is the output of Phase 1) is a
fuzzy one (see Fig. 2).

The expert’s knowledge allows for specification of

interactions between fuzzy agents in four considered

omains: customer requirements, functions, solutions, and

service specifications.
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4.2 Customization of the product-service system

This phase leads to the emergence of a complete cus-
tomized network of fuzzy agents (built in Phase 1) to
respond to specific customer requirements and specifica-
tions of different services in the product lifecycle (see
Fig. 2).

Firstly, fuzzy requirement agents use their model to
work out specific customer requirements and, after that, the
latter is modeled into fuzzy values.

Once the fuzzy set of requirements are available,
including 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. Then, 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 emer-
gence of fuzzy active solutions. Soon after the fuzzy set of
active function agents are defined, the fuzzy solution agents
are activated.

Secondly, the fuzzy service agents use their model to get
the specifications of different services. Then, the service
preferences are transformed into fuzzy values. When the
fuzzy agent solutions interact with the fuzzy service agents,
a new fuzzy set of active solution agents will emerge that
will satisfy considered services’ specifications.

Finally, the fuzzy set of consensual solution agents
emerges as a fuzzy set of active solution agents meeting the
customer requirements and the specifications of the ser-
vices. The fuzzy set of active function agents and the fuzzy
set of consensual solution agents (which are the outputs of
Phase 2) will be used for the formation of holonic modules
(in Phase 3) (see Fig. 2).

4.3 Formation of holonic modules

In holon architecture, self-similarity can be observed in
“horizontal” and “vertical” spaces. Horizontal self-simi-
larity defines the existence of self-similarity between var-
ious 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 intelligent modules within an intelligent mod-
ule. Secondly, our proposal postulates that an intelligent
module holon is created around defined physical elements
such as functions or solutions called attractors.

The attractors are structurally stable elements in the
complete customized network of requirement-function-
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solution-service fuzzy agents. The attractors (fuzzy func-
tion agents or fuzzy solution agents) can be found in the
fuzzy set of active function agents and in the fuzzy set of
consensual solution agents (which are the inputs of Phase
3)(see Fig. 2). Indeed, the fuzzy set of consensual solution
agents are considered stable because they emerge as a
fuzzy set of active solution agents meeting the customer
requirements and the specifications of the services. Simi-
larly, the fuzzy active functions emerge as a fuzzy set of
function agents meeting the customer requirements.
Properties relating to holonic fuzzy module formation
are shown in Table 1. The fuzzy active function or fuzzy
consensual solution can be weighted w; as per the

Table 1 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 fuzzy holonic
function agent and a fuzzy
holonic solution agent

Attractor An attractor is a structurally

stable agent, fuzzy function, or
fuzzy solution toward which a
module tends to evolve
dynamically

An attractor exerts a force of
attraction on either of the other
fuzzy agents

Force of attraction

Condition of attraction The contribution of a fuzzy agent
(fuzzy holonic function or fuzzy
holonic solution) to a module
must be greater than or equal to
an acceptable value of the force
of attraction, called Coefficient
of Attraction Force (CAF). The
CAF varies between 0 and 1

Competition of fuzzy design
modules and condition of
transfer

The contribution of a fuzzy agent
(fuzzy holonic function or fuzzy
holonic solution) to its own
module must be greater than its
contribution to all the other
modules

Equivalent modules The construction of equivalent
modules reposes on the
possibility that a fuzzy agent
(fuzzy holonic function or fuzzy
holonic 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 fuzzy set of
function agents and the fuzzy set

of solution agents
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Table 2 Holonicmodule formation based on holonic function attractors

Algorithm Meaning

(i) Given a set of n fuzzy function holons {F?, -, F0} € Hy;  //initial conditions
Given a set of m fuzzy solution holons {5{), -, 5’,9[] € H;  /initial conditions

Given a set of p fuzzy module holons {Mf M{,’} € Hy; //initial conditions

Each fuzzy function holon agent £¥, do {

(ii) CAF « CAFencours // current CAF = CAFencours, for instance, CAF=1.0
nbXF « 0 // number of fuzzy solution holons that F¥ satisfies = 0
_h «false // F¥ is not included in a fuzzy function holon of higher level
(ii1) While (_h == false) { // while F¥is not included in a fuzzy holon of higher level
Forjin1,--, Card(S¥) //100p to know how much fuzzy solution holons satisfy £}
nbX} — nbX/ + Exchange_1 (Ff,5}) // Exchange to determine nbX ¥
(iv) IF (max (card(X}),nbxk )) then // EF is satisfied by the greatest number of fuzzy solution holons
p(FF, attractor) // FF is an attractor of fuzzy function holons; F has the role of attractor
) generate (Ff*1) // generation of a new fuzzy function holon F}f*! « FF
generate (5:1-'”1) // generation of a new fuzzy solution holon §}+* « §k
(vi) calculate (CAF;, FF, FF+1) // calculation of CAF; « Card(F/*')/Card(FF)
Foriin1,-,Card(SF) //loop to get the list of fuzzy function holons satisfied by the
F, «Exchange 2 (ﬁ Sk ) // fuzzy solution holons that satisfy Ek
(Vii) Forlin1,---, Card(F,) // loop for each fuzzy function holon satisfied by fuzzy solution holons of S‘lx

CAF;. [151""] « Exchange_3(ﬁik, FF,$K*1)  // exchange to get the CAF of F¥

IF (CAF;. [F}] = CAFencours) then // F¥ is a stable attractor for the fuzzy function holon
FF+Y « FFy Ff // E[ is included in the new fuzzy function holon F¥+?
inform (F l-k, F lk, ﬁik“) //F, lk is informed of inclusion in the fuzzy function holon ﬁik“
Else inform (ﬁik' ﬁlk, ! ﬁik“) //Flk is informed of not inclusion in the fuzzy function holon ﬁikﬂ
(viil) generate (MK+Y,Ff, FF+1,Sk+1) // generation of the new fuzzy module holon A7¥+1
Else // F¥ is not satisfied by the greatest number of fuzzy solution holons
wait (inform (ﬁ']-k, ﬁik, a)) //77!‘ is waiting for information on possible attraction
IF (a == FF*')then // Ff is attracted by the fuzzy function holon Ff
_h «true // Ff is included in a fuzzy function holon of higher level
(ix) p(FF, attractor) // attractor of F{* is the fuzzy function holon Ff*; Ff has the role of attractor
Else _h « false // F¥ is never included in a fuzzy holon of higher level
(X) lower (CAF) //lower the current CAF (CAF = CAF-¢ &=[0,CAF]

(xi) } End while

} End do
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Fig. 3 Functional architecture and conceptual solution (n=3)

designer’s preference. As such, engineers know the
acceptable value of variables from various sources,
including their own experience. The acceptable intervals
are those where the designer has a positive preference.
While specifying the designer’s preference for the fuzzy set
agents, the a-levels (acceptable levels), which are equal to
or more than the designer’s preferred threshold value, can
be used. For the formation of holonic modules, the con-
tribution of a fuzzy agent (fuzzy function or fuzzy solution)
to a fuzzy module must be greater than or equal to an
acceptable value of the force of attraction called the
coefficient of attraction force (CAF) (see Tables 1 and 2).

The distributed algorithm of holonic module formation
executed by each fuzzy holonic function agent Fj‘ is pre-
sented in Table 2. The main steps of this algorithm are
identified by indices as follows.

(i)  Initial conditions;

(ii)  Coefficient of attraction force;

(i)  Vertical “self-similarity”;

(iv)  Fuzzy attractor identification;

(v)  Attraction of fuzzy solution holons;

(vi)  Attraction of fuzzy function holons;

(vii)  Equivalent fuzzy module holons and transfer;
(viii)  New fuzzy module holons;

(ix)  Fuzzy modules within a fuzzy module; and
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(x)  Evaluation of the end of fuzzy module holons
formation.

5 Application

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

1
Co = ”IO%CD (15)
where kio = %, (16)
0

o the mechanical efficiency of the gearbox.

Most gearboxes are reversible; therefore, in this case,
the input function can be assigned to shaft O, and the
output is assigned to shaft I. Then, the mechanism is called
a velocity multiplier. The output torque is Ct > Cp.

The reduction of the overall bulk is an important
requirement of the gearbox. By splitting the input power P,
into n paths, this requirement is satisfied. It can be written
as
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Fig. 4 Fuzzy relationship between fuzzy function agents and fuzzy solution agents

Py

Py
Po=7h;+"'

P
+7Ii_l+"'+7]n_a (17)
n n

where P; is the input power of the gearbox, Po output
power of the gearbox, #; the mechanical efficiency of each
division of the gearbox.

(18)

(19)

Po = b1,

Withmo=%(m e )

The functional architecture of a parallel gearbox, with
the input of power I (Input) and the output of power
O (Output), is represented in Fig. 3. It shows a parallel
gearbox responding to the functional architecture for n=3.
The input is represented by shaft S;, and the output is

represented by shaft S;g. The gears S5, S4, S7, Ss, So, St

S13, and Sy¢ are used to transmit power from the input shaft
S1 to the output shaft S;g. The gears are assembled on
shafts Sy, Ss, S10, S14 and S;g while the revolute joints S,
Se S11, S15 and S77 between shafts and frame S;¢ guide the
rotation of the shafts.

The set of fuzzy active function agents and their cor-
responding fuzzy consensual solution agents are estab-
lished from the customization of the PSS in the sub-
network of the fuzzy function agent-fuzzy solution agent in
the platform FAPIC [59]. Figure 4 shows the fuzzy rela-
tionship between these fuzzy function and fuzzy solution
agents.

Thereafter, from the attractor agent recognition, these
fuzzy function and fuzzy solution agents interact to form
the holonic fuzzy module agents (see Fig. 5). The different
steps of holonic fuzzy module agents are shown in Table 3.
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Fig. 5 Fuzzy module holon agents where k represents the level, according to the holon model (see Sect. 3.2)

Three levels of holonic fuzzy module agents emerge
during the formation of fuzzy holonic modules. For
instance, in the first level, five complete holonic fuzzy
module agents M|, M}, M}, M} and M} are recognized.
The first fuzzy holonic module agent M% is composed of
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the holonic function agent F’ ! and the fuzzy holonic agent
solution S!, which are related by the fuzzy sub-relationship
R~}. The emerged fuzzy function holon agents are shown in
Fig. 6. Similarly, the emerged fuzzy solution holon agents
are shown in Fig. 7.
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Table 3 Different steps of module holon agent formation

Step Holon agent formation
Fuzzy function and solution agents card( =31; F= {~ Fovofir s f;]}
card S) S=1{5,%,- 919}
Fuzzy holonic modules of level 1 Ml1 = {F = (fw {f197f177f15 f18>f1<)}) S = ($9, {811, 510,5}),R }

le = {Fé = (f12= {fl27f107f87f117f9})7 2= (57, {86, 55,57}) sz}
M; = {F} = (fr: {fa0:Soasfrssfasos 1)+ S5 = (Sis, {815, 514, 516, 510}), B3 }
My = {F} = (fs1. {fr- a1 fs}). Si = (Sis, {55, 518, §17}), R} }
My = {F} = (i, {ﬂ,fivﬂ,fZ}) 85 = (51, {51,52}), Rs}

Mé = {F6 = (fs {fs}) S = ($13, {513, 512, 54, 53 }) R6}

M71 = {F7 = (f307 {fso}) = (0,{0}), R7}

My = {F = (fég,{fig})v = (0,{0}), Ry}

My = {F§ = (f, {1 }), S5 = (0,{0}), RS}

MI]() {F]() - (f207 {fZO} S%() w {0} R{O}

Mll - {Fll - (fl47{fl4}) S%I - m {@} Rll}

M12 - {FIZ = (ﬂ3» {f13}) S}z =(0,{0}) RIZ}

M113 = {F113 = (f;’ {f7} 513 = (0,{0}) Ris}

M,

My = {Fiy = (fo, {fs}

):
): Sia = (0,{0}), Ri,}
):

Fuzzy holonic modules of level 2 M} ={F} = (F},{Fl}), 1= (S],{S}}).R}}
M; = {F; = (F.{F3}), $ = (5. {$}). B}
M3 = {F3 = (F} {F37F4}) 5= (S5 {85.85:1). &3}
M; = {F = (F3. {F3}), S3 = (S5, {S3}). K2}
Mg = {Fz (F67{F6’F147F1%7F12 F11 Flo»FQ}) Ss = (5% {_S%}),R%}
Mg = {Fg = (F3.{F3}), Sg = (0.{0}), RS}
M; = {F7 = (Fy, {F }) = (0,{0}), B3}
Fuzzy holonic modules of level 3 M; = { F = (F2,{ F2} (571, { NG 1}
M3 ={F; = (F%{Fz}) = (3. {83}). &3}
M3 = {F} = (F§»{F§7F§»F2}) $= (5. {s}). &}
Mj = {F= (Fi{Fz}) (537{57}) R}
M3 = {F5 = (F3, {F3}), 8 = (5, {S3}), B3}
Fuzzy holonic modules of level 4 M} = {F} = (F},{F;, Fg,F3,F4,F3}), St=(83,{5.5.5.5.53}),R}
Fuzzy holonic modules of level 5 M; = {F; = (F},{F}}), S} = (S1,{S1}).K}}

The holarchy of a fuzzy holonic module network with
intra- and inter- actions and final self-organization of fuzzy
function holon agents, fuzzy solution holon agents, and
fuzzy module holon agents is shown in Fig. 8. In this fig-
ure, the colored module indicates the progressive interac-
tions 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
an intelligent module holon depends on the dynamics of
conflict between agent attractors (see Appendix).

6 Discussion

The proposed model for intelligent modular design uses
concepts such as a holon, an attractor, and uncertainty. The
formation of multi-scale modules is facilitated by the holon
and attractor. As shown in Fig. 8, this leads to the forma-
tion of a holarchy of modules, a nested hierarchical order,
where a holarchy is a hierarchy of fuzzy module holons.
Unlike traditional module formation, which is character-
ized principally by the decomposition of the product
structure, this multi-scale formation is adaptable. The fuzzy
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Fig. 6 Fuzzy function holon agents

module holon agents dynamically adjust their structure
according to the customization of the PSSs in the sub-
network of the fuzzy function agent-fuzzy solution agent
and the strength of the attractor. If it is capable of building
a fuzzy module holon, a fuzzy module holon agent is
considered a strong attractor (see Appendix).

Formation of the communication network by the holonic
fuzzy agents removes the distinction between continuous-
discontinuous formations of traditional modules. The
developed network is the intelligent module within an
intelligent module. Indeed, as shown in Fig. 8, this holonic
structure’s fundamental property, self-embedding, is fol-
lowed by communication. Thus, with the use of a holarchic
model, the module formation problem is modernized. The
embedding of a fuzzy module holon is influenced by the
whole fuzzy module holons and also influences it. The
fuzzy module holon, though complete in itself, is part of a
whole fuzzy module holons and consists of many decom-
posed fuzzy module holons. Horizontal self-similarity
defines the existence of self-similarity between various
specializations at the fixed level aggregation (see Fig. 8).
Vertical self-similarity defines the existence of self-simi-
larity between various levels of aggregation so that there is
work similarity between higher and lower levels of holons
(see Fig. 8). Thus, from horizontal and vertical communi-
cation, holonic fuzzy module agents can reconfigure the
systems, either partially or totally.

The suggested model of module holon formation is
influenced by knowledge of product design and PSS.
However, the module formation is not a straightforward
problem as it is riddled with unpredictable changes and

@ Springer

sudden transformations. The dynamic of an intelligent
module holon depends on the dynamics of conflict between
agent attractors. In our model, this is resolved by consid-
ering their strength: the capability of agent attractors to
form attractors.

However, our approach also suggests that modules, as
well as their models, should be designed holistically as
adaptive objects. The agent-based digital twin for the
intelligent modular design for smart product-service sys-
tems should be used to investigate this issue.

7 Conclusions and outlook

The current trend in modular design technologies is to use a
combination of technologies, including product configura-
tors, 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 system development, there-
fore, demands the use of concurrent and holistic engi-
neering approaches. Employing these approaches, the
design of intelligent self-sustainable models and products
is feasible.

This study is focused on modular design using the
concepts of intelligent holons and the integration of
fuzziness with the modeling of holonic fuzzy agents. It
proposes a formal model for holonic modules. Based on the
equations for holonic modules, the holonic fuzzy agents for
holonic modules are modeled. After customization of the
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Fig. 7 Fuzzy solution holon agents
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product-service system in the sub-network of fuzzy func-
tion agent- fuzzy solution agent, the holonic modular
configuration emerges around the strong attractor.

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, dynamism, agility, and, consequently,
its adaptability to the holonic structure.

As the proposed approach suggests, modules, as well as
their models, should be designed holistically, as adaptive
objects; further developments includes the agent-based
digital twin for the intelligent modular design for smart
product-service systems. The study of the dynamic

@ Springer

behavior of intelligent modules in digitalized design net-
work through the analysis of the creation or destruction of
attractors identified and defined in holonic fuzzy module
agents is another problem under investigation.
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Appendix: Fuzzy module holon based on fuzzy
function holon



Intelligent modular design with holonic fuzzy agents

99

[eNeoNeoNeNeoNeNeoNeoNeoNoNeoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNeoNeoNeoNoNeoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNeoNeoNeoNoNoNoNoNoNoNo ol

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

FHEFFFEFH A
# Level of fuzzy module holon = 1 #
[iddddddddddddddddisR s aaaaaaAEEEdDd

Fuzzy Function Matrix Holon

.90 0.90 0.40 0.00 0.00
00 0.00 0.00 0.00 0.00
00 0.00 0.00 0.00 0.00
80 0.90 0.00 0.00 0.00
00 0.00 0.00 0.00 0.00
00 0.00 0.00 0.00 0.00
00 0.80 0.90 0.00 0.00
00 0.00 0.00 0.00 0.00
00 0.00 0.00 0.00 0.00
00 0.00 0.90 0.90 0.90
00 0.00 0.00 0.00 0.00
00 0.00 0.00 0.00 0.00
00 0.00 0.00 0.80 0.00
00 0.00 0.00 0.00 0.00
00 0.00 0.00 0.00 0.00
00 0.00 0.00 0.00 0.00
00 0.00 0.00 0.00 0.00
00 0.00 0.00 0.00 0.00
00 0.00 0.00 0.00 0.00
00 0.00 0.00 0.00 0.00
90 0.00 0.00 0.00 0.00
00 0.00 0.00 0.00 0.00
00 0.00 0.00 0.00 0.00
90 0.00 0.00 0.00 0.80
00 0.00 0.00 0.00 0.00
80 0.90 0.80 0.90 0.80
90 0.00 0.00 0.00 0.00
00 0.00 0.00 0.00 0.00
90 0.00 0.80 0.80 0.90
00 0.00 0.00 0.00 0.00
00 0.00 0.00 0.00 0.00
00 0.00 0.80 0.00 0.90
00 0.00 0.00 0.00 0.00
00 0.00 0.90 0.00 0.00
90 0.00 0.80 0.00 0.80
00 0.00 0.00 0.00 0.00
00 0.00 0.90 0.00 0.00
00 0.00 0.00 0.00 0.00
00 0.00 0.00 0.00 0.00
00 0.00 0.00 0.00 0.00
00 0.00 0.00 0.00 0.00
00 0.00 0.00 0.00 0.00
00 0.00 0.00 0.00 0.00
00 0.00 0.00 0.00 0.00
00 0.00 0.00 0.00 0.00
00 0.00 0.00 0.00 0.00
00 0.00 0.00 0.00 0.00
90 0.00 0.00 0.00 0.00
00 0.00 0.00 0.00 0.00
00 0.00 0.00 0.00 0.00
00 0.80 0.00 0.00 0.90
00 0.00 0.00 0.00 0.00
00 0.00 0.00 0.00 0.00
40 0.90 0.90 0.90 0.90
80 0.80 0.00 0.00 0.00
00 0.00 0.80 0.00 0.80
00 0.80 0.00 0.00 0.80

#Fuzzy Function Holons

{f19, f17, f15, f18, fl6}}
{f12, f10, f8, f11, f£f9}}
{f26, £24, £23, £f22, f25}}
{f27, £31, £28}}

{£3,

#CAF= 0.650000
#Fuzzy Solution -
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0.90 0.80
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.80
Fl1.1 = {f19,
Fl.2 = {f12,
F1.3 = {f26,
Fl.4 = (£31,
F1.5 = {f4,
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Fl.6 = {£f5, {f5}}
F1.7 = {£30, {f30}}
F1.8 = {£29, {f29}}

F1.9 = {f21, {f21}}
F1.10 = {£20, {£f20}}

F1.11 = {£f14, {fl4}}
F1.12 = {£f13, {f13}}
F1.13 = {f7, {f7}}

F1.14 = (f6, {f6}}

#Fuzzy Solution Holons
S1.1 = {s9, {sll, sl1l0, s9}}

S1.2 = {s7, {s6, s5, s7}}

S1.3 = {sl6, {sl5, sl4, sl6, sl1l9}}
S1.4 = {sl18, {s8, sl1l8, sl7}}

S1.5 = {sl, {sl, s2}}

S1.6 = {sl1l3, {sl1l3, sl2, s4, s3}}

#Fuzzy Module Holon / Strong Attractor

(M1.1 / £19)
(M1.2 / f12)
(M1.3 / £26)
(M1.4 / £31)
(M1.5 / £f4)

(M1.6 / £5)

(M1.7 / £30)
(M1.8 / £29)
(M1.9 / £21)
(M1.10 / £20)
(M1.11 / f14)
(M1.12 / £13)
(M1.13 / £7)
(M1.14 / £6)

liddddddddddtsaddsddaadddsdmaddadiddii
# Level of fuzzy module holon = 2 #
FHEH AR R

#Fuzzy Solution - Fuzzy Function Matrix Holon

9.3 0.0 0.0 0.9 0.0 0.0 0.0 0.0 0.8
0.0 9.3 0.0 0.9 0.0 0.0 0.8 0.0 0.0
1.6 1.6 10.9 2.5 1.6 0.0 0.0 0.0 0.0
0.0 0.0 0.0 5.6 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 5.3 0.4 0.0 0.0 0.0
2.5 2.5 2.5 0.0 0.8 3.6 0.9 0.9 0.9
#Fuzzy Function Holons

F2.1 = {F1.1, {Fl1.1}}

F2.2 = {F1.2, {Fl1.2}}

F2.3 = {F1.3, {F1.3, F1.4}}

F2.4 = {F1.5, {F1.5}}

F2.5 = {Fl.6, {Fl.6, F1.14, F1.13, F1.12, F1.11, F1.10,
F2.6 = {F1.7, {F1.7}}

F2.7 = {F1.8, {F1.8}}

#Fuzzy Solution Holons

S2.1 = {S1.1, {S1.1}}

2 = {S1.2, {S1.2}}

S2.3 = {S1.3, {S1.3, Sl1.4}}
4 = {S1.5 {S1.5}}

5 = {Sl1.6, {S1.6}}

#Fuzzy Module Holon / Strong Attractor

(M2.1 / F1.1)
(M2.2 / F1.2)
(M2.3 / F1.3)
(M2.4 / F1.5)
(M2.5 / Fl.6)
(M2.6 / F1.7)
(M2.7 / F1.8)

FhEFFF AR
# Level of fuzzy module holon = 3 #
FhEFFFH AR

O OO o oo

0 o oo oo
O OO o oo
[NeoNoNcNoNe]

F1.9}})

O OO O oo

0w o oo oo

O O O o oo

O O wo oo

oo ocoocoo

O O w o oo
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#Fuzzy Solution - Fuzzy Function Matrix Holon
9.3 0.0 0.9 0.0 0.0 0.0 0.8
0.0 9.3 0.9 0.0 0.0 0.0 0.8
1.6 1.6 19.0 0.9 0.9 1.6 0.8
0.0 0.0 0.0 0.0 0.0 5.3 0.4
2.5 2.5 2.5 0.0 0.0 0.8 9.0
#Fuzzy Function Holons

F3.1 = {F2.1, {F2.1}}

F3.2 = {F2.2, {F2.2}}

F3.3 = {F2.3, {F2.3, F2.6, F2.7}}

F3.4 = {F2.4, {F2.4}}

F3.5 = {F2.5, {F2.5}}

#Fuzzy Solution Holons
S3.1 = {S2.1, {S2.1}}

S$3.2 = {s2.2, {S82.2}}
S3.3 = {s2.3, {S2.3}}
S3.4 = {s2.4, {S2.4}}
$3.5 = {s2.5, {S2.5}}

#Fuzzy Module Holon / Strong Attractor

(M3.1 / F2.1)
(M3.2 / F2.2)
(M3.3 / F2.3)
(M3.4 / F2.4)
(M3.5 / F2.5)

[Edddddddsd R Rk E A
# Level of fuzzy module holon = 4 #
HEHHHHE AR

#Fuzzy Solution - Fuzzy Function Matrix Holon
9.3 0.0 0.9 0.0 0.8
0.0 9.3 0.9 0.0 0.8
1.6 1.6 20.8 1.6 0.8
0.0 0.0 0.0 5.3 0.4
2.5 2.5 2.5 0.8 9.0

#Fuzzy Function Holons
F4.1 = {F3.3, {F3.1, F3.2, F3.3, F3.4, F3.5}}

#Fuzzy Solution Holons
S4.1 = {S3.3, {s3.1, sS3.2, S3.3, S3.4, S3.5}}

#Fuzzy Module Holon / Strong Attractor
(M4.1 / F3.3)

FHEFEFEFH A
# Level of fuzzy module holon = 5 #
FHEFEFHH AR
#Fuzzy Solution - Fuzzy Function Matrix Holon

71.40

#Fuzzy Function Holons
F5.1 = {F4.1, {4.1}}

#Fuzzy Solution Holons:
S5.1 = {s4.1, {S4.1}}

#Fuzzy Module Holon / Strong Attractor
(M5.1 / F4.1)
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