
Citation: Garzia, F. The Fellini

Museum of Rimini in Italy and the

Genetic Algorithms-Based Method to

Optimize the Design of an Integrated

System Network and Installations.

Heritage 2022, 5, 1310–1329.

https://doi.org/10.3390/

heritage5020068

Academic Editor: Nicola Masini

Received: 27 March 2022

Accepted: 13 June 2022

Published: 20 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

heritage

Article

The Fellini Museum of Rimini in Italy and the Genetic
Algorithms-Based Method to Optimize the Design of an
Integrated System Network and Installations
Fabio Garzia 1,2,3

1 Safety & Security Engineering Group–DICMA, SAPIENZA–University of Rome, 00184 Rome, Italy;
fabio.garzia@uniroma1.it

2 Wessex Institute of Technology, Ashurst Lodge, Ashurst, Southampton SO40 7AA, UK
3 European Academy of Sciences and Arts, A-5020 Salzburg, Austria

Abstract: The Fellini Museum is an exhibition hall dedicated to the Rimini film director Federico
Fellini, included by the Ministry of Culture of Italy among the great national cultural projects. It was
inaugurated on 19 August 2021, and it is the first worldwide exhibition hall dedicated to the famous
film director. The museum, intended as a widespread museum center, is divided into three separate
places in the historic center of Rimini: Sismondo Castle (built at the behest of Sigismondo Malatesta,
at that time Lord of Rimini and Fano, starting from 1437 AD), Fulgor Palace and Malatesta square.
The goal of the present paper is double. In the first part, as a case study, the innovative integrated
system and installations planned for the optimal functioning and management of the Fellini Museum
of Rimini in Italy is illustrated, showing its related complexity, due to its extension and articulation
through different environments and due to the respect for architectural/historical heritage. In the
second part, as dedicated and linked research, a proper Genetic Algorithms-based method, studied
and applied for the optimization of the design of the wired network of the integrated system, the
electrical power network and the air conditioning network is illustrated. It guarantees a decrease of
realization costs, considering also the typical vincula and restrictions of already existing historical
buildings, such as the considered one.

Keywords: Fellini Museum; integrated systems; museum security and safety; smart museum; smart
cultural heritage; genetic algorithms

1. Introduction

Museums represent important cultural heritage sites generally hosted in new buildings
created on purpose or adapting already existing historical buildings where possible. In
either case, it is necessary to guarantee the security of the infrastructure, its artifacts and
the people involved. This includes: (i) ensuring the safety, security and comfort of visitors
and personnel, (ii) preserving works of art in the museums, and (iii) managing physical
installations such as the electrical power, lighting, and air-conditioning of the cultural sites
required for their conservation, and energy consumption. Such considerations contribute
to the inclusivity of people with special needs, children, and the elderly when it comes to
the usability and experience aspects of facilities provided within these sites.

From these points of view, technology and integrated technological systems (ITSs)
represent powerful tools [1–9], and in particular, the IoT (Internet of Things)/IoE (Internet
of Everything) is used to achieve an integral control of the whole museum, as well as to
provide advanced functionalities for different purposes [10–17].

The use of technology and ITS needs a communication system that includes both
wireless and wired networks. The latter could present an issue in an already existing
historical building due to the architectonic and aesthetic restrictions. Similar problems
occur in the design and the realization of installations such as the electrical power and the
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air conditioning units. For these reasons, it is very important to find a way to optimize
the design of the communication and electrical networks as well as the air-conditioning
systems which involves ensuring an optimal set of physical resources required and their
specific placement on the site for performance efficiency. They represent a typical nonlinear
and multiple objectives problem for which the concept of Genetic Algorithms is likely to
provide the best set of solutions.

The goal of the present paper is double and listed in the following:

• In the first part, as a case study, the innovative integrated system and installations
planned for the optimal functioning and management of the Fellini Museum of Rimini
in Italy is illustrated. It brings out its related complexity in the process of its extension
of a historical heritage site to a museum holding artefacts that need to be preserved
under different environments when open to the public.

• In the second part, as a dedicated and linked research area, an appropriate Genetic
Algorithms (GAs)-based method [18–26] is studied and applied for the optimization
of the design of the wired network of the integrated system, the electrical power
network, and the air conditioning network. The work of the second part illustrates
its capability to guarantee a decrease in the realization costs, subject to meeting the
extreme constraints in the conservation of such historical buildings.

In the context of this work, the following references are made:

• “People” refers to security and safety personnel, control personnel, maintenance
personnel, visitors, etc.

• “Devices” refers to actuators, sensors, mobile terminals, wearable devices, etc.
• “Operators” refers to the operator personnel of the control room, security personnel,

safety personnel, maintenance personnel, police, fire brigades, civil protection, etc.
• Security, safety, and emergency, in loose terms, are referred to as the “security” of

people and physical/non-physical resources.
• Risk of security/safety/control, in loose terms, is referred to as “risk”.
• Firewall, intrusion and anti-virus tools, in loose terms, are referred to as “cyber-security tools”.

The rest of the paper is organized as follows: in Section 2, the Fellini Museum of Rimini,
in Italy, is illustrated; in Section 3, the integrated system and installations of the museum is
illustrated; in Section 4, the genetic algorithm-based optimization/design technique for
integrated systems and installations is illustrated; Section 5 provides the analysis of the
results of the GAs-based algorithm proposed; Section 6 provides a discussion.

2. The Fellini Museum of Rimini in Italy

The Fellini Museum is an exhibition hall dedicated to the Rimini film director Federico
Fellini, included by the Ministry of Culture of Italy among the great national cultural
projects [27]. In December 2016, the Ministry of Cultural Heritage of Italy allocated a
budget for the creation of the museum, which is part of the “Great Projects of Cultural
Heritage 2017–2018” project. The museum was inaugurated on 19 August 2021, and it is
the first worldwide exhibition hall dedicated to the famous film director who won five
Academy Awards (four for Best Foreign Language Film and one in recognition of his
place as one of the screen’s master storytellers), was nominated 12 times for Academy
Awards, and won the greatest number of Academy Awards for Best Foreign Language Film
in history [28–37].

The museum is physically widespread and divided into three separate places in the
historic center of Rimini: (i) Sismondo Castle, built at the behest of Sigismondo Pandolfo
Malatesta, at the time Lord of Rimini and Fano, starting from 1437 A.D and designed by
Filippo Brunelleschi, (ii) Fulgor Palace, also called Valloni Palace, an eighteenth-century
building that hosts on the ground floor the mythical cinema immortalized in Fellini’s film
Amarcord, and (iii) Malatesta square. Both the Sismondo Castle and the Fulgor Palace have
been redesigned with immersive multimedia facilities to provide an enhanced and highly
interactive visitors’ experience.
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As shown in Figure 1, the museum path is laid out to start from Sismondo Castle along
a path that includes the projection of rare films and the display of scenographic objects
from Federico Fellini’s films.
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Figure 1. Map of Fellini’s Museum where Sismondi Castel (A), Malatesta square (B), and Fulgor
Palace (C) are shown.

One room is dedicated to a diary in which the director wrote down his dreams, giving
them shape and color. Another room of swings is dedicated to history, the thousand faces of
Fellini’s wife Giulietta Masina, considered one of the best Italian actresses of her generation.
She left an indelible mark on the history of Italian cinema, above all thanks to her great
interpretations in Fellini’s films.

At Fulgor Palace, there are screenings in a continuous cycle taken from his films,
and also a documentation center, an archive, a study and consultation space, as well as
a bookshop.

The Malatesta square is set up for a lighting display that provides a visual treat for
visitors whilst at the same time, the lighting is designed carefully to prevent damage to the
artefacts. In addition, there is a fountain that recreates the fog effect of the film Amarcord.
It surrounds Sismondo Castle, and the whole complex has been renamed “the square of
dreams”. It is a wide urban area, with green portions, arenas for exhibits, installations, and
a vast expanse of water with powerful nebulizers, completed by the ancient moat of the
castle with a large circular bench. This articulated scenario, as in the finale of Fellini’s film
8 1

2 , is meant to be a hymn to life, to solidarity, to the desire to be together.
Thus, we can see that each room caters to provide facilities so that a visitor can build

their own visit in an immersive manner from a multitude of choice. For example, Fellini’s
themed rooms have specific themes such as circus, dream environments, and the like, from
which visitors can build their own visit depending on their interests. Similarly, they can
choose the continuous films in Fulgor Palace.

All the spaces of the museum have to be considered as a unique environment where,
to go from Sismondo Castle to Fulgor Palace, it is necessary to walk through Malatesta
square. Some pictures of the museum are shown in Figures 2 and 3.
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The Fellini Museum is a vibrant festival of the greatest legacy he left: the belief that
“everything is imagined”, able to restore anything that cinema has wished to be since its
beginning and that Fellini’s films communicate completely: wonder, imagination, live
exhibits, delight. It is a museum capable of interpreting the Rimini director’s cinema not as
a production finalized in itself, but as a fundamental element for combining tradition with
contemporaneity [27].
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3. Description of Integrated System and Installations

The integrated system is aimed at supporting security, safety, and all of the functional-
ities necessary to the management of the museum [1–17]. This section considers the design
process in realizing a fully integrated system characterized by flexibility, scalability, and
modularity, so that it is possible to adapt it to the typical needs of museums.

In [39,40], we considered a multidisciplinary model for security and safety manage-
ment (IMMSSM) for the considered museum that includes:

• Risks assessment (qualitative, semi-quantitative, quantitative, and blended comprising
human factors) to assess all the possible hazards [41–53].

• Impact assessment to assess the impact of the individuated hazards.
• Risks reduction. Risks reduction can be executed by means of essential Operative

Tools (OTs), embodied by:

# Countermeasures: physical/logical technology, and physical/logical barri-
ers [54].

# Security policies and procedures, including the human factor [55].

• Residue risks management. Residual risk management can be executed by means of
important tools, supported by OTs embodied by: emergency management, service
and business continuity, and disaster recovery.

The IMMSSM system is used as a use-case that eventually is designed towards a
Smart Museum (IoT/IoE-SM). The design approach considers the inclusion of IoT/IoE
technologies not only within the museum sections but is also extended to the surrounding
open areas.

For confidentiality reasons, only a generic set of security measures are considered in
this work. Some of the objectives of the integrated system are as follows:

• Guarantee the highest degree of security and safety to people and physical and
nonphysical assets.

• Guarantee minimal energy consumption.
• Guarantee maximum easiness of operation by means of local and remote automation

systems.
• Reduce the maintenance expenses.
• Guarantee the highest degree of reliability, flexibility, and resilience.
• Guarantee the highest degree of modularity and expandability, together with IoT/IoE

facilities.

To meet the above objectives, the following devices and installations were required
and implemented:

• A Building Management System (BMS) which utilizes two detached wired networks
and Wi-Fi networks to provide a separation between the security, safety, and con-
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trol services of the infrastructure versus the visitors’ services. It also provides a
separation between the physical and logical devices that ensures the security of
the telecommunications [54].

• Structured cabling.
• Intrusion detection installation.
• Access control installation.
• Video surveillance installation.
• Fire detection installation.
• Electrical installation.
• Lighting installation.
• Air conditioning installation.
• Public address installation.

With reference to Figure 4, the system that supports the IMMSSM is divided into
the following physical segments for operational purpose. First of all, it is divided by two
separate backbone networks: namely, one for the purpose of administration and the other
for the purpose of visitors. The network configurations are as follows:
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(a) Protected Room Network

• A Protected Room (PR#1) comprising a server for supervision, control, security, safety,
and also serving as a redundant server.

• A Control Room comprising a set of fixed consoles used by security personnel.
• A set of mobile terminals used by security and maintenance personnel from different

mobile devices including mobile phones, tabs, and desktops.
• A set of devices for supervision, control, security, and safety named “field elements”.
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• A firewall (FW#1) that protects communication between the server and the wired
network.

• A set of communication networks including satellites, cellular, and modems are
connected through a firewall (FW#2) to this administrative network.

(b) Visitor’s Network
To the visitors’ network, the following are connected:

• A Protected Room (PR#2) with a server which serves visitors’ facilities as well as acting
as a redundant server for this segment. This server has a firewall protection system
(FW#3) for any intrusion and virus detection.

• A set of visitors’ electronic gadgets including mobile phones, tabs, and desktops.
• A second firewall (FW#5) connects a modem and the network.

(c) Interconnection
Yet another firewall (FW#4) that connects the above two wired networks.
The system is characterized by a great level of modularity, which permits adding,

whenever necessary, any device, installation, subsystem, etc., that need to be integrated
in the IoT/IoE system. It is characterized by a general framework that merges all the best
practices and technologies used up till now [1–17] to reach the desired objectives. The
framework of the system is illustrated in Figure 4.

The system is created using a dual ring wired optical fiber backbone network to
guarantee a physical and logical split between the integrated system facilities and visitors’
facilities. The distinct wired networks serve up the distinct access points that guarantee
Wi-Fi facilities to security, safety, and control personnel and visitors, improving the security
degree of the transmission and the defense of the system against cyber-attacks [54].

A multidisciplinary approach was utilized to design the integrated system, taking care
also of the human factor and psychological aspects [55] of security and risk personnel and
visitors [39,40]. These aspects are not illustrated due to the restricted space available.

The IoT/IoE based system, thanks to its framework utilizing wired and wireless net-
works, is capable of linking people, devices, data/information/knowledge and procedures,
actual and futures, ensuring a high level of modularity and expandability, seeing them as
“IoT/IoE objects” (IoT/IoE-Os). The system is capable of connecting with all the IoT/IoE-
Os, indicating every hazardous or critical condition, immediately, by means of any sort of
transmission way.

A suitable privacy-conforming app, created for the location, is set up by security
personnel, which visitors can access on their mobile devices on arrival or prior to their
arrival at the location. This app allows the use of all the facilities designed for different user
profiles such as: ordinary/augmented reality information, security and safety information,
positioning facilities valuable for emergency administration, VoIP facilities for normal,
security and safety, and emergency telecommunication with the associated personnel, etc.
It also allows the system to handle the mobile devices as part of the IoT/IoE-Os to achieve
the exact and required set of objectives of the museums. Thanks to the app, it is possible to
detect people utilizing both the GPS of mobile devices and the Wi-Fi positioning capacity of
the system that runs well even at underground locations where the GPS signal is sheltered
or inadequate. In this manner, it is possible to collect information related to location
statistics typically used for visiting itineraries, permanency time, etc. It facilitates handling
an emergency by communicating immediately with security personnel, if required, utilizing
the text and VoIP functionalities of the app.

With the help of cyber-security tools, the integrated system is equipped with all the
defenses required to block cyber-attacks, utilizing a firewall, the intrusion detection system,
and anti-virus tools. The IoT/IoE redounded server is suitably sheltered while it handles all
the IoT/IoE facilities. For protection motives [54], the IoT/IoE visitor facilities are hosted
by a distinct redounded server linked, in a protected manner, to the IoT/IoE server. In this
manner, the central IoT/IoE server does not permit visitor access, decreasing the chance
of cyber-attacks against it. The primary server has access to the visitors’ server and the
visitors’ networks in a protected manner through cyber-security tools.
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The system is also equipped with a trustworthy and resilient remote telecommunica-
tion system utilizing satellite and cellular networks that can communicate under disastrous
situations such as earthquake, flood, fire, etc.

3.1. The Building Management System

The BMS is intended as a distributed intelligence framework, administered by a main
system hosted on a dedicated redounded server. The distributed intelligence framework
is a fault-tolerant system which enables modules to operate in a fail-safe mode against a
security attack. This is possible with suitable smart units such as sensors, field automation
servers, I/O modules, gateways, and software/hardware interfaces that come together
towards a resilient system without interruption.

The BMS is composed of an open platform that can be connected with any kind of
IoT/IoE applications. Furthermore, the data from alarms, videos, actions, trimming, graphs,
etc., can be read, edited, and handled depending on the operator profile based on their
security credentials. It can be managed via fixed consoles positioned in the control room
or via mobile devices connected via GUIs that can be customized by the operators. These
options can be retrieved from any console or mobile device from a remote environment.
The BMS can control every type of device and installation linked to its wired or wireless
network and security and safety of people and physical/non-physical resources, as it is
also capable of managing emergency conditions.

The main system, hosted as a dedicated server, is placed in a suitable sheltered area
and it collects and stores all of the information related to the location. This configuration
permits an easy and direct access by operators and monitors self-governing applications. Its
modular structure allows adding newer such applications in the future. Using innovative
functionalities, it can generate any report.

After an initial risk assessment related to the IMMSSM [39–53] was made, the de-
sign and implementation of a safe and reliable architecture was introduced into the sys-
tem. This includes placement of sensors for intrusion detection, access control, and video
surveillance. These modules were integrated to deliver an innovative, interconnected, and
trustworthy system.

The Building Management System (BMS) was then extended as appropriate to meet
the future needs of the museum, guaranteeing:

• the highest degree of security and safety to people and physical/non-physical resources.
• a simple and detailed management of the museum by personnel, with the provision

of fixed consoles or mobile devices for their use.
• the complete operation of all the components, appliances, and systems.
• the optimal use and the decrease of energy expenditures.
• an optimal reduction of maintenance costs.
• the highest degree of trustworthiness, resistance, and flexibility.

3.2. The Intrusion Detection, Access Control and Video Surveillance Systems

The Intrusion Detection System, the Access Control System, and the Video Surveillance
System are aimed at guaranteeing the highest degree of security. They are extended to all
internal and external parts of the museum that are exposed to the threats individuated and
evaluated by means of the initial risk assessment.

3.3. The Electrical and Air Conditioning Installations

In addition to the data wired network, the two other main installations considered
are the electrical installation and air conditioning installation. The electrical installation
is composed of a series of switchboards, whose position is fixed due to the architectural
restrictions, that powers the different devices, high efficiency lamps, plugs, etc.

The air conditioning installation is composed of a series of fan coils and main air ducts
that ensures the correct temperature and relative humidity degree, guaranteeing comfort
to visitors and cultural heritage preservation. It represents a vital installation due to the
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presence of several multimedia devices and projectors which produce a certain amount of
heat that must be properly controlled to always guarantee the correct temperature.

Care was given to soundproofing all over the museum, due to the presence of multi-
media devices and related loudspeakers. It is therefore necessary to limit sound emission
only where it is exactly necessary, allowing visitors to enjoy the sound experience where
needed and avoid any undesired noise pollution.

4. The Genetic Algorithm-Based Optimization/Design Technique for Integrated
Systems and Installations

GAs have been used for the optimization of a wired data network [16,56–59], wire-
less communication [60–63], IoT applications [64–67], electronics circuit [68–70], power
electronics [71,72], general power distribution [73–77], air conditioning [78–81], but not
specifically for optimizing the design of a wired network, electrical power network, and air
conditioning network as a multiple-objectives function of a GA, which represents the scope
of the second part of the present paper.

Other possible optimization techniques useful for the considered problem include
Particle Swarm (PS) [82,83], Simulated Annealing (SA) [84,85], Tabu Search (TS) [86,87],
Ant Colony (AC) [88,89], etc., but they are not considered here as they do not represent the
main scope of the present paper.

The use of technology and ITS needs a proper communication system that in some
cases can also be wired, which could present an issue in an already existing historical
building due to the architectonic and aesthetic restrictions and vincula. The same problem
manifests in the design and the realization of other installations such as the electrical power
and the air conditioning ones. For this reason, it is very important to find a way to optimize
these networks and, since this represents a typical nonlinear and multigoal problem, GAs
are found to be very useful when properly utilized.

GAs provide the great benefit of evolving their behavior to match with the behavior of
the final users, using a mechanism that is very similar to the one used by nature. Different
genetic algorithms can be utilized to reach the desired target, each characterized by specific
features. GAs use the natural processes of evolution and genetic recombination. Thanks to
their versatility, they can be utilized in various application fields.

GAs are particularly useful when the goal is to find an approximate global minimum in
a high-dimension, multi-modal function domain, in a near-optimal manner. Unlike most op-
timization methods, they can easily handle discontinuous and non-differentiable functions.

Due to the above considerations, a suitable GA is designed and tested to plan an
integrated system comprising the wired network, the electrical power network, and the air
conditioning network, with the objectives of minimization of cost of installation.

At this point, some introductory reasonings are necessary to develop a broad method-
ology which can be effective in building the integrated system.

A significant factor to be studied in this type of problem is embodied by the number
of network links, NL. Let ND be the number of devices to be linked. We would like to
optimize NL to reduce, as much as possible, the total cost of links. The worst-case scenario
will allow at most one device with one node, and the total expense of the links remains
fixed as it is determined by the minimum number of devices, ND. A more optimal solution
is given by NDNN and it implies that every device can be linked with all the other nodes if
configured properly. Such a configuration leads to a minimum expense of the network links.
It is therefore clear that to obtain a suitable and optimizable solution, ND ≤ NL ≤ NDNN.

Let us consider these aspects below:
(1) Positioning security devices and communication nodes. Given a specific location

and having completed the risk assessment related to the IMMSSM [39–53], it is required
to determine where to mount the security devices, including intrusion detection sensors,
video cameras, Wi-Fi access points, etc. Similarly, it is required to locate where best to
mount the communication nodes that consist of the wired network communicating with
the associated devices.
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(2) Positioning electrical power devices such as lamps, plugs, etc. Given a specific
location and having evaluated the electrical energy requirements, it is required to determine
where it is to be installed. Similarly, it is required to locate where best to mount the
electrical power nodes (switchboards) that comprise the power network to supply the
associated devices.

(3) Positioning air conditioning units. Given a specific site and having evaluated
the heat needs in winter and the cooling needs in summer, it is required to determine
where to install the fan coils. Similarly, it is required to locate where best to install the air
conditioning nodes that distribute the thermal fluids which comprise the air conditioning
fluids network to supply the related fan coils.

It is evident that each device is characterized by specific requirements such as band-
width for security devices, power for electrical devices, and thermal power for fan coils.
It is also evident that each node (communication, electrical power, thermal power) is
characterized by a maximum supply capacity.

The GAs encode each parameter of the problem to be optimized into a proper sequence
(where the alphabet used is generally binary) called a gene, and combine the different
genes to constitute a chromosome. A proper set of chromosomes, called a population,
undergoes the Darwinian processes of natural selection, mating and mutation, creating
new generations, until it reaches the final optimal solution under the selective pressure of
the desired fitness function.

Terminologies related to GAs are:

• Population—a subset of possible solutions
• Chromosomes—one of the solutions in the population
• Gene—an element in the chromosome
• Fitness Function—a function using a specific input to arrive at an improved output.
• Genetic operators—the best individuals mate to reproduce an offspring that is better

than the parents. Genetic operators are used to change the genetic composition of the
next generation.

GA steps involved in solving complex optimization problems include (Figure 5):
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Figure 5. Base cycle of a Genetic Algorithm.

(1) Initialization—GAs start with an initial population encoded as random binary
strings that consist of all the probable solutions of a given problem.

The encoding represents a mapping from the parameters space to the chromosomes
space and it transforms the set of parameters, which is generally composed by real numbers,
in a string characterized by a finite length (Figure 6). The parameters are encoded into
genes of the chromosome that allows the GA to evolve independently of the parameters
themselves and therefore, of the solution space.
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Once the chromosomes are created, it is necessary to choose a number of them that
composes the initial population. This number strongly influences the efficiency of the
algorithm in finding the optimal solution: a great number provides a better sampling of the
solution space but slows the convergence. The initial population can be chosen at random
or it can be properly biased according to specific features of the considered problem.

(2) Fitness Evaluation—A fitness function establishes the fitness of all individuals
in the population using a fitness score which indicates a probability of being chosen
for reproduction.

Fitness function, or cost function, or objective function provides a measure of the
goodness of a certain chromosome and therefore, the goodness of an individual within a
population. Since the fitness function acts on the parameters themselves, it is necessary
to decode the genes composing a given chromosome to evaluate the fitness function of a
certain individual of the population.

(3) Reproduction—This stage involves creating a child population using variation
operators to the parent population.

The reproduction takes place using a suitable selection strategy which utilizes the
fitness function to choose a certain number of good candidates. The individuals are
assigned a space of a roulette wheel that is proportional to their fitness: the higher the
fitness, the larger the space assigned on the wheel and the higher the probability is to be
selected at every wheel tournament. The tournament process is repeated until a reproduced
population of N individuals is formed.

Two main operators include:

• Crossover—this operator swaps the genetic information of two randomly chosen
parents to produce a child population of equal size to the parent.

The recombination process selects at random two individuals of the reproduced
population, called parents, crossing them to generate two new individuals called children.
The easiest technique is represented by the single-point crossover, where, if the crossover
probability overcome a fixed threshold, a random location in the parent’s chromosome is
selected and the portion of the chromosome preceding the selected point is copied from
parent A to child A, and from parent B to child B, while the portion of chromosome of
parent A following the random selected point is placed in the corresponding positions in
child B, and vice versa for the remaining portion of the parent B chromosome.

If the crossover probability is below a fixed threshold, the whole chromosome of parent
A is copied into child A, and the same happens for parent B and child B. The crossover
is useful to rearrange genes to generate better combinations of them and therefore, more
fitting individuals. The recombination process has been demonstrated to be very important
and it has been found that it should be applied with a probability varying between 0.6 and
0.8 to obtain the best results [18–26].
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• Mutation—this operator adds new genetic information to a child population to en-
hance diversification and avoid the common problem of local minima in optimization
techniques. This is achieved by simply flipping some bits in the population.

The mutation is used to survey parts of the solution space that are not represented
by the current population. If the mutation probability overcomes a fixed threshold, an
element in the string composing the chromosome is chosen at random and it is changed
from 1 to 0 or vice versa, depending on its initial value. To attain good results, it has been
demonstrated that mutations must occur with a low probability varying between 0.01
and 0.1 [18–26].

(4) New Generation—A replacement of the old population by a new one with a higher
fitness score ensuring an improved solution has been generated.

(5) Convergence Check—The termination of the process using a stopping criterion,
typically when the fitness threshold has been reached. The corresponding solution forms
the best solution in the population.

The converge check can use different criteria such as the absence of further improve-
ments, the reaching of the desired goal, or the reaching of a fixed maximum number
of generations.

Initially, the devices are placed on the plant. The aim now is to determine to which
of the nodes the devices must be linked. The number of nodes that have to be utilized
is related to the sum of the capacity of the nodes themselves. A good choice consists in
selecting a number of nodes so that the sum of all their capacities is nearly 150% of the total
requirements of the devices. The genetic algorithm will determine the distance between
every device and node and the related cost of their connection.

Afterwards a decision is made on the localization of nodes followed by an estimate on
the distance between every device and every node, and the related cost that depends on the
kind of available connection path. The cost of each such connection can be listed as shown
in Table 1 (named cost/link table or CLT) of dimension ND × NN where ND is the number
of devices and NN is the number of nodes. There are some nodes to which certain devices
cannot be connected due to the sensitivity of the locations of the cultural heritage site.

Table 1. Instance of a cost/link table (CLT). Ci,j embodies the cost of the link between device i and
node j.

Device Node 1 Node 2 . . . . . . Node NN−1 Node NN

Device 1 C1, 1 C1, 2 C1, Nn−1 C1, Nn

Device 2 C2, 1 C1, 2 C1, Nn−1 C1, Nn

. . . . . . . . . . . . ..

Device ND−1 C Nd−1, 1 C Nd−1, 2 C Nd-1, Nn−1 C Nd−1, Nn

Device ND C Nd, 1 C Nd, 2 C Nd, Nn−1 C Nd, Nn

The information related to the requirements of the devices is stored in a proper array
RD whose dimension is ND × 1 while the information related to the capacities of the nodes
and the related costs is stored in a proper array CCN whose dimension is NN × 2.

The data structure for the GA consists of the following:

• The chromosome is composed of a number of genes which is identical to the number
of devices ND. Every gene, associated with a precise link, is encoded as the number of
source devices and the number of destination nodes of the links. The first parameter
varies between 1 and the maximum number of devices ND while the second parameter
varies between 1 and the maximum number of nodes NN.

The number of successfully used nodes is clearly smaller than the maximum number
of nodes. The number of nodes depends on the sum of the requirements of devices
RDtot = Σk,1

ND RDk to be connected and their number ND. If CNmin is the minimum node
capacity between all the considered nodes (that can be the same for all of them, if they are
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characterized by the same features), the minimum number NN
MIN of nodes necessary is

therefore equal to Int ((RDTot/CNmin) + 1) where Int () is the integer operator, which is an
operator that rounds the argument () to the nearest integer towards infinity.

Because of the design vincula imposed by an already existing heritage building, it is
not achievable to get this number and it is necessary to contemplate a suitable multiplicative
coefficient M so that the maximum number of nodes NN

MAX is equal to M NN
MIN. Good

quality outcomes are achieved if M is variable between 1.5 and 2.
To permit the highest efficacy of the genetic process, the device/node links, represented

as a pair of different numbers into the genes, are codified by means of a binary alphabet. If
ND is the number of devices and NN is the number of nodes, the minimum number of bits
required to encode them is Int (log2 (ND) + 1) and Int (log2 (NN) + 1), respectively.

In Table 2, the encoding of the genes and the associated chromosome is indicated.

Table 2. Encoding scheme of the gene.

Gene Considered
Variable

Variability
Interval

Kind of
Variable

Number
of Bits

1
Link 1:

source device,
destination node

1 ÷ ND,
1 ÷ NN,

Integer,
Integer

Int (log2 (ND) + 1),
Int (log2 (NN) + 1).

2
Link 2:

source device,
destination node

1 ÷ ND,
1 ÷ NN,

Integer,
Integer

Int (log2 (ND) + 1),
Int (log2 (NN) + 1).

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ND−1

Link ND−1:
source device,

destination node

1 ÷ ND,
1 ÷ NN,

Integer,
Integer

Int (log2 (ND) + 1),
Int (log2 (NN) + 1).

ND

Link ND:
source device,

destination node

1 ÷ ND,
1 ÷ NN,

Integer,
Integer

Int (log2 (ND) + 1),
Int (log2 (NN) + 1).

Every chromosome, or individual I, indicating a possible solution of the problem,
is comprised of a binary string which represents the ND links of the devices with the
NN nodes. The overall length of each chromosome, or individual I of the population, is
equivalent to ND * (Int (log2 (ND) + 1) + Int (log2 (NN) + 1)) bits.

At this point, it is needed to do some introductory reasonings to develop a broad
methodology which can be effective and valuable in every kind of situation.

The general fitness function fG(I) (where I represents the general individual or chro-
mosome of the population) for this type of problem is embodied by the totality of the costs
of the various links and nodes which constitute the desired network:

fG(I) = argmin (α Σk,1
ND CLk + β Σk,1

NN CNk Ak) (1)

where
CLk—the cost of network paths between nodes and devices, computed at the initial

design stage,
CNk—cost of, at most, one device being connected to a node,
Ak—binary value depending on whether CNk exists or not.
α and β are two parameters that vary between 0 and 1, so that it is possible to give

more importance to the first term (reduction of links cost) or to the second term (reduction
of number of nodes and therefore, of the related total cost of the nodes) or to both of them
if α and β are equal to 1.

The fitness function represented by Equation (1) can be computed only if the individual
I represents an effective solution, which means that every device is linked to only one
node and that the sum of the requirements of all the devices linked to each node does not
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exceed the maximum capacity of each related node. If this does not happen, it is forced
to be equal to zero, as the individual I does not correspond to an effective solution for the
considered problem.

To attain a normalized fitness function, it is required to compute the maximum expense
Cmax of the network, represented by the sum of the most expensive links CLmax and the
cost of all the nodes CNmax (that means the worst situation where all the nodes are used,
since almost one device is connected to each of them), if it exists. The normalized fitness
function f(I) can therefore be written as:

f(I) = argmin (α Σk,1
ND CLk/CLmax + β Σk,1

NN CNk/CNmax) (2)

The fitness function represented by Equation (2) can be evaluated only if the individual
I represents an acceptable solution, according to the criteria indicated previously. If not,
it is equivalent to zero, as the individual I does not embody an effective solution for the
considered problem.

The initial population is created randomly and, as it is illustrated in the following,
the number of individuals of populations influences the number of generations needed to
get the ultimate optimum solution and hence, the convergence time. Once the population
is recombined and mutated, the fitness function of the population is computed with the
fitness function expressed by Equation (2), considering only suitable individuals I of the
population. The convergence assessment is done, calculating if the difference between
the mean value of fitness functions of the acceptable individuals belonging to the actual
generation and the mean values of the last NG generations is smaller than a definite
percentage rate pstop that can be chosen.

5. Results

The proposed GAs-based technique has been trained on more than 400 real and
random sites, to achieve widespread mean results valid for every kind of site. It was
then applied to the considered test site to achieve an optimal design of an integrated
data network, electrical installation, and air conditioning installation. The GA produces
a fast convergence, as described in the following paragraphs, and attained convergence
assessment parameters NG and pstop equal to 30 and 0.2, respectively. Because of the large
volume of data attained and the number of outcomes that can be obtained from this large
quantity of solution sets, only the most significant outcomes are discussed for brevity.

A significant parameter to be evaluated to obtain considerable data is embodied
by Reduction Ratio (RR), stated by the ratio between the cost of the ultimate optimum
solution Copt of the considered problem and the maximum cost of the network Cmax, which
corresponds to the worst-case scenario. It is clear that RR is equal to 1 if the number of links
NL is equal to ND which indicates that each device can be linked to only one different node
(if the considered context allows it). In this case, the links are set, and the cost of the network
cannot vary. RR can diminish if the number of links NL is greater than ND, achieving
eventually a value equivalent to ND NN, which means that every device can be linked with
all the nodes, and it is conceivable to adjust the links to achieve the minimum cost of the
network. It is thus important to estimate RR as a function of NL when ND ≤ NL ≤ ND NN
(splitting this range into 10 identical parts u equal to (ND NN − ND)/10), for different
values of multiplicative coefficient M, related to NN

MAX = M NN
MIN, as shown in Figure 7.

From Figure 7, it is possible to see how the GAs-based technique is capable of achieving
reductions in the cost with respect to the maximum expense of the network Cmax when NL
rises, since the GA has more links available to achieve its optimization abilities.

Further, it is possible to see that the reduction of the costs depends on the value of
the M coefficient: the greater this coefficient, the greater the cost reduction with respect to
the maximum expense of the network Cmax. This shows that the GA has several optimal
solutions from which we can choose any to reduce the network cost.
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Figure 7. Reduction Ratio (RR), expressed in a percentage, as a function of the number of available
links NL, for diverse values of multiplicative coefficient M, related to NN

MAX = M NN
MIN. u = (ND

NN − ND)/10.

The number of generations required for the GA to achieve the final optimum solu-
tion embodies a significant parameter, together with the initial population, as it provides
information related to the calculation commitment that, once correlated to the calcula-
tion resources used, offers the precise amount of time required to achieve the required
optimal solution.

In Figure 8 the number of generations the GA needs to achieve the end optimum
solution (NGOFS) as a function of number of existing links NL for various values of
individuals I of starting population (where the multiplicative coefficient M, related to
NN

MAX = M NN
MIN, is equal to 1.5) is shown.
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MAX = M NN
MIN, is

equal to 1.5.
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From Figure 8, it is possible to see that, in all the considered situations, the values of
(NGOFS) rises with the growth of the number of links NL. This rise begins from relatively
small starting values but grows up, following diverse slopes, as a function of the number
of individuals of the population (NIP).

The graphs begin from reduced values (≈25) for NIP equal to 100 and begin from
greater values (≈160) for NIP equal to 300.

This performance can be justified according to the following reasoning:

• for smaller values of NL, the number of existing links, and which must be optimized
to generate an optimized final network, is quite limited. This implies that the GA
must run fewer generations and therefore, converge soon to achieve the final optimum
solution, and thus:

1. if NIP is equal to 300, it implies that the GA requires far more generations as it
must handle a bigger number of individuals of population and thus, NGOFS is
relatively high (≈160).

2. if NIP is equal to 100, it implies that the GA must run fewer generations, as it
can handle a smaller number of individuals of the population and thus, NGOFS is
relatively low (≈25).

• for superior values of NL, the number of existing links, and which have to be improved
to generate an optimized final network, is greater. This implies that the GA must run
more to achieve the final optimum solution, and thus:

1. if NIP is equal to 300, it implies that the GA must run fewer generations, as it
must handle a greater number of individuals of the population, which offer a
greater number of more performing solutions at every novel generation of the
evolution development (letting one achieve the final optimum solution earlier)
and consequently, NGOFS is quite small (≈240).

2. If NIP is equal to 100, it implies that the GA must run generations, as it must
handle a smaller number of individuals of the population, which offer a smaller
number of more performing solutions at every novel generation of the evolu-
tion development (letting one achieve the final optimum solution later) and
consequently, NGOFS is quite great (≈520).

The obtained results determine appropriate values of NIP as a function of the number
of links NL (which is information available after the initial design job and therefore, existing
before the beginning of the development of the GA). This acts as a warning signal about
the calculation load in terms of the number of generations that, once correlated to the
calculation means available, offers the precise amount of time required to scope the wanted
final optimum solution.

In Figure 9, the number of generations needed for the GA to achieve the ending
optimum solution NGOFS as a function of the number of available links NL for different
values of the multiplicative coefficient M, related to NN

MAX = M NN
MIN, for a number of

individuals of population (NIP) equal to 100, is shown.
As it is possible to see from Figure 9, and as expected, the multiplicative coefficient M,

related to NN
MAX = M NN

MIN, impacts the number of generations needed to attain the
end solution. The larger the value of M, the lower the number of generations required for
the GA to achieve convergences; its value is greater than 1.5 (or equal) and less than 2.

This supposed behavior is obvious as the number of generations rises with NL, because
the GA requires one to execute a bigger number of processes to discover the optimum
solution. The number of generations to achieve the final optimal solution NGOFS generations
achieves, nevertheless, smaller asymptotic values when M tends to 2, as the GA can utilize a
greater number of nodes to perform its optimization goal and therefore, must execute fewer
evolution processes. On the contrary, NGOFS achieves greater asymptotic values when M
tends to 1.5, as the GA can utilize a smaller number of nodes to perform its optimization
goal and therefore, must execute more evolution processes.

Similar behaviors are attained if different values of NIP are considered.
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(u = (ND NN − ND)/10).

6. Discussion

The proposed algorithm represents a first basic proposal for the optimization of the
data network, the electricity network, and the air conditioning network, taking into account
the constraints existing in historical buildings.

Its limit is represented by wanting to optimize, using the same algorithm, the three
different networks. The method can be further improved by considering three separate GA
systems for each of the tasks, namely, optimizing the communication network, the electrical
network, and the air conditioning network, which are networks characterized by different
functions and use.

It can further be improved by taking into account other parameters specific and
common to the three types of network, which could lead to a higher level of optimization.

Other possible optimization techniques that could be considered for future develop-
ments of the considered problem are represented by Particle Swarm (PS) [82,83], Simulated
Annealing (SA) [84,85], Tabu Search (TS) [86,87], Ant Colony (AC) [88,89], etc., that have
not been considered here as they do not represent the main scope of the present paper.

Anyway, the obtained results have demonstrated the efficiency of the proposed tech-
nique that has been applied to design data network, electrical installation, and air condition-
ing installation of the considered museum, providing optimal results from the cost/benefit
ratio point of view, considering also the goal and the limit of operability indicated above.

7. Conclusions

The innovative integrated systems and installations of the Fellini Museum in Italy
have been presented jointly with the Genetic Algorithms (GAs)-based methodology used
to design them.

In this way, it has been possible to obtain design solutions characterized by an optimal
value of the cost/benefit ratio, considering the complexity of the environment and the need
to respect the typical architectural/historical heritage that must be always considered in
this kind of context.

Thanks to their flexibility, the illustrated GAs-based technique and methods can be
utilized, as a first level of design optimization, in various type of museum or cultural site,



Heritage 2022, 5 1327

to create a smart museum or a smart cultural heritage site by means of a proper IoT/IoE
integrated system.
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