sustainability

Multi-Ob,

Multi-Attribu
Optimisation fo
Sustainable Deve pm nt
Decision Aiding

Edited by

Edmundas Kazimieras Zavadskas, Jurgita Antucheviciené
and Samarjit Kar
Printed Edition of the Special Issue Published in Sustainability

=4
www.mdpi.com/journal/sustainability rM\D\Py




Multi-Objective and Multi-Attribute
Optimisation for Sustainable
Development Decision Aiding






Multi-Objective and Multi-Attribute
Optimisation for Sustainable
Development Decision Aiding

Special Issue Editors

Edmundas Kazimieras Zavadskas
Jurgita Antucheviciené
Samarjit Kar

MDPI e Basel o Beijing ¢ Wuhan e Barcelona e Belgrade



Special Issue Editors

Edmundas Kazimieras Zavadskas Jurgita Antucheviciené
Vilnius Gediminas Technical University Vilnius Gediminas Technical University
Lithuania Lithuania

Samarjit Kar
National Institute of Technology Durgapur
India

Editorial Office

MDPI

St. Alban-Anlage 66
4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal
Sustainability (ISSN 2071-1050) from 2018 to 2019 (available at: https://www.mdpi.com/
journal/sustainability /special_issues /Multi-Objective_Multi- Attribute_Optimisation_Sustainable_

Development_Decision_Aiding)

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Article Number,
Page Range.

ISBN 978-3-03921-142-5 (Pbk)
ISBN 978-3-03921-143-2 (PDF)

© 2019 by the authors. Articles in this book are Open Access and distributed under the Creative
Commons Attribution (CC BY) license, which allows users to download, copy and build upon
published articles, as long as the author and publisher are properly credited, which ensures maximum
dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons
license CC BY-NC-ND.




Contents

About the Special Issue Editors . . . . . ... ... ... ... .. ... .. . L. vii

Edmundas Kazimieras Zavadskas, Jurgita Antucheviciene and Samarjit Kar

Multi-Objective and  Multi-Attribute ~ Optimization for Sustainable Development
Decision Aiding

Reprinted from: Sustainability 2019, 11, 3069, d0i:10.3390/sul1113069 . . . . . ... ... ... .. 1

Aijun Liu, Haiyang Liu, Sang-Bing Tsai, Hui Lu, Xiao Zhang and Jiangtao Wang

Using a Hybrid Model on Joint Scheduling of Berths and Quay Cranes—From a
Sustainable Perspective

Reprinted from: Sustainability 2018, 10, 1959, d0i:10.3390/sul10061959 . . . . ... ... ... ... 7

Suwin Sleesongsom and Sujin Bureerat

Vibration Suppression of a Single-Cylinder Engine by Means of Multi-objective
Evolutionary Optimisation

Reprinted from: Sustainability 2018, 10, 2067, d0i:10.3390/sul10062067 . . . . ... ... ... ... 22

Wojciech Drozd and Agnieszka Lesniak
Ecological Wall Systems as an Element of Sustainable Development—Cost Issues
Reprinted from: Sustainability 2018, 10, 2234, d0i:10.3390/su10072234 . . . . ... ... ... ... 41

R. Krishankumar, K. S. Ravichandran, J. Premaladha, Samarjit Kar,

Edmundas Kazimieras Zavadskas and Jurgita Antucheviciene

A Decision Framework under a Linguistic Hesitant Fuzzy Set for Solving Multi-Criteria Group
Decision Making Problems

Reprinted from: Sustainability 2018, 10, 2608, d0i:10.3390/sul0082608 . . . . . .. ... ... ... 56

Hongbo Li, Zhe Xu and Wenchao Wei
Bi-Objective Scheduling Optimization for Discrete Time/Cost Trade-Off in Projects
Reprinted from: Sustainability 2018, 10, 2802, d0i:10.3390/sul0082802 . . . . . .. .. ... .. .. 77

Zeljko Stevi¢, Dragan Pamucar, Marko Suboti¢, Jurgita Antuchevi¢iene and

Edmundas Kazimieras Zavadskas

The Location Selection for Roundabout Construction Using Rough BWM-Rough WASPAS
Approach Based on a New Rough Hamy Aggregator

Reprinted from: Sustainability 2018, 10, 2817, d0i:10.3390/su10082817 . . . . ... ... ... ... 92

Radostaw Winiczenko, Krzysztof Gérnicki, Agnieszka Kaleta,

Monika Janaszek-Marikowska, Aneta Choiniska and Jedrzej Trajer

Apple Cubes Drying and Rehydration. Multiobjective Optimization of the Processes

Reprinted from: Sustainability 2018, 10, 4126, d0i:10.3390/su10114126 . . . . ... ... ... ... 119

Abteen Ijadi Maghsoodi, Arta Ijadi Maghsoodi, Amir Mosavi, Timon Rabczuk and
Edmundas Kazimieras Zavadskas

Renewable Energy Technology Selection Problem Using Integrated H-SWARA-MULTIMOORA
Approach

Reprinted from: Sustainability 2018, 10, 4481, d0i:10.3390/su10124481 . . . . . ... ... ... .. 131

Li Wang, Huan Shi and Lu Gan

Healthcare Facility Location-Allocation Optimization for China’s Developing Cities Utilizing a
Multi-Objective Decision Support Approach

Reprinted from: Sustainability 2018, 10, 4580, d0i:10.3390/su10124580 . . . . ... ... ... ... 149



Weizhang Liang, Suizhi Luo and Guoyan Zhao

Evaluation of Cleaner Production for Gold Mines Employing a Hybrid Multi-Criteria Decision
Making Approach

Reprinted from: Sustainability 2019, 11, 146, d0i:10.3390/sul11010146 . . . . . . .. ... ... ...

Aarti Singh, Sushil, Samarjit Kar and Dragan Pamucar
Stakeholder Role for Developing a Conceptual Framework of Sustainability in Organization
Reprinted from: Sustainability 2019, 11, 208, d0i:10.3390/su11010208 . . . . . ... ... ... ...

Miroslaw Smieszek, Magdalena Dobrzanska and Pawel Dobrzanski
Rzeszow as a City Taking Steps Towards Developing Sustainable Public Transport
Reprinted from: Sustainability 2019, 11, 402, d0i:10.3390/sul11020402 . . . . . . ... ... ... ..

Zenonas Turskis, Nikolaj Goranin, Assel Nurusheva and Seilkhan Boranbayev

A Fuzzy WASPAS-Based Approach to Determine Critical Information Infrastructures of EU
Sustainable Development

Reprinted from: Sustainability 2019, 11, 424, d0i:10.3390/sul11020424 . . . . . . ... ... ... ..

Alireza Chalekaee, Zenonas Turskis, Mostafa Khanzadi, Gholamreza Ghodrati Amiri and
Violeta KerSuliené

A New Hybrid MCDM Model with Grey Numbers for the Construction Delay Change
Response Problem

Reprinted from: Sustainability 2019, 11, 776, d0i:10.3390/sul1030776 . . . . . ... ... ... ...

Malgorzata Fedorczak-Cisak, Alicja Kowalska-Koczwara, Krzysztof Nering, Filip Pachla,
Elzbieta Radziszewska-Zielina, Grzegorz Sladowski, Tadeusz Tatara and Barttomiej Ziarko
Evaluation of the Criteria for Selecting Proposed Variants of Utility Functions in the Adaptation
of Historic Regional Architecture

Reprinted from: Sustainability 2019, 11, 1094, d0i:10.3390/su11041094 . . . . ... ... ... ...

Katarzyna Nosal Hoy, Katarzyna Solecka and Andrzej Szarata

The Application of the Multiple Criteria Decision Aid to Assess Transport Policy Measures
Focusing on Innovation

Reprinted from: Sustainability 2019, 11, 1472, d0i:10.3390/sul1051472 . . . . ... ... ... ...

Zaher Mundher Yaseen, Mohammad Ehteram, Md. Shabbir Hossain, Chow Ming
Fai, Suhana Binti Koting, Nuruol Syuhadaa Mohd, Wan Zurina Binti Jaafar, Haitham
Abdulmohsin Afan, Lai Sai Hin, Nuratiah Zaini, Ali Najah Ahmed and Ahmed El-Shafie

A Novel Hybrid Evolutionary Data-Intelligence Algorithm for Irrigation and Power Production
Management: Application to Multi-Purpose Reservoir Systems

Reprinted from: Sustainability 2019, 11, 1953, d0i:10.3390/sul1071953 . . . . . .. ... ... ...

Seyit Ali Erdogan, Jonas Saparauskas and Zenonas Turskis

A Multi-Criteria Decision-Making Model to Choose the Best Option for Sustainable
Construction Management

Reprinted from: Sustainability 2019, 11, 2239, d0i:10.3390/sul1082239 . . . . ... ... ... ...

Galina Shevchenko, Leonas Ustinovichius and Dariusz Walasek

The Evaluation of the Contractor’s Risk in Implementing the Investment Projects in
Construction by Using the Verbal Analysis Methods

Reprinted from: Sustainability 2019, 11, 2660, d0i:10.3390/sul1092660 . . . . . .. ... ... ...

vi



About the Special Issue Editors

Edmundas Kazimieras Zavadskas, PhD, DSc, is Professor at the Department of Construction
Management and Real Estate, Chief Research Fellow at the Laboratory of Operational Research,
Research Institute of Sustainable Construction, Vilnius Gediminas Technical University, Lithuania.
He received his PhD in Building Structures (1973) and Dr Sc. (1987) in Building Technology and
Management. He is a member of the Lithuanian and several foreign Academies of Sciences, Doctore
Honoris Causa from Poznan, Saint Petersburg, and Kiev Universities, the Honorary International
Chair Professor in the National Taipei University of Technology. Awarded by the International
Association of Grey System and Uncertain Analysis (GSUA) for his huge input in Grey System field,
Zavadskas has been elected to Honorary Fellowship of International Association of Grey System
and Uncertain Analysis, a part of IEEE (2016), awarded by “Neutrosophic Science—International
Association” for distinguished achievements in neutrosophics, and has been conferred an honorary
membership (2016), and awarded the Thomson Reuters certificate for as a most highly cited
scientist (2014). A highly cited researcher in the field of Cross-Field (2018), Zavadskas is recognized
for exceptional research performance demonstrated by the production of multiple highly cited
papers that rank in the top 1% by citations for field and year in the Web of Science. Zavadskas’
main research interests include multi-criteria decision-making, operations research, decision support
systems, multiple-criteria optimization in construction technology and management. With
over 470 publications in Clarivate Analytics Web of Science, h-index = 55, a number of
monographs in Lithuanian, English, German, and Russian, Zavadskas is also Editor-in-Chief of
the journals Technological and Economic Development of Economy and Journal of Civil
Engineering and Management, as well as Guest Editor of over 10 Special Issues related to

decision making in engineering and management.

Jurgita Antucheviciené, PhD, is Professor at the Department of Construction Management and
Real Estate at Vilnius Gediminas Technical University, Lithuania. She received her PhD in Civil
Engineering in 2005. Her research interests include multiple-criteria decision-making theory and
applications, sustainable development, construction technology and management. With over 90
publications in Clarivate Analytics Web of Science, h-index = 23, Antucheviciene is a member
of IEEE SMC, Systems Science and Engineering Technical Committee—Grey Systems, and of
two EURO Working Groups: Multicriteria Decision Aiding (EWG—MCDA) and Operations
Research in Sustainable Development and Civil Engineering (EWG—ORSDCE). She is also Deputy
Editor-in-Chief of Journal of Civil Engineering and Management and an Editorial Board member
of Applied Soft Computing and Sustainability journals. Antucheviciene has served as Guest Editor
of several Special Issues: “Decision Making Methods and Applications in Civil Engineering” (2015)
and “Mathematical Models for Dealing with Risk in Engineering” (2016) in Mathematical Problems
in Engineering, “Managing Information Uncertainty and Complexity in Decision-Making” (2017)
in Complexity, “Civil Engineering and Symmetry” and “Solution Models based on Symmetric and
Asymmetric Information” (2018) in Symmetry, “Sustainability in Construction Engineering” (2018)
in Sustainability, as well as “Multiple-Criteria Decision-Making (MCDM) Techniques for Business
Processes Information Management” (2018) in Information.

vii



Samarjit Kar, PhD, is Professor and HOD in the Department of Mathematics, National Institute of
Technology Durgapur, India. He received his PhD degree in Inventory Management in Uncertain
Environment from Vidyasagar University, India, in 2001. His current research interests include
operations research and optimization, soft computing, uncertainty theory, and financial modeling.
He has published over 120 referred articles in international journals and authored five edited
book volumes in Springer. His articles have been cited more than 2900 times on Google Scholar
and have appeared in prestigious journals including European Journal of Operational Research,
Interface, Computers and Operations Research, Annals of Operations Research, International Journal
of Production Economics, IEEE Transactions on Fuzzy Systems, IEEE Transactions on Circuits and
Systems for Video Technology, Information Sciences, Expert Systems with Applications, Applied Soft
Computing, Applied Mathematical Modeling, Computers and Operations Research, Computers and
Industrial Engineering, Applied Mathematics and Computation, Computers and Mathematics with
Applications, and Soft Computing. Kar is serving as Guest Editor of IEEE Transaction on Fuzzy
Systems and Sustainability (MDPI).

viii









a“r sustainability m\p\py

Editorial
Multi-Objective and Multi-Attribute Optimization
for Sustainable Development Decision Aiding

Edmundas Kazimieras Zavadskas 12, Jurgita Antucheviciene ** and Samarjit Kar 3

1 Department of Construction Management and Real Estate, Vilnius Gediminas Technical University,

Sauletekio al. 11, Vilnius LT-10223, Lithuania; edmundas.zavadskas@vgtu.lt

Institute of Sustainable Construction, Vilnius Gediminas Technical University, Sauletekio al. 11,
Vilnius LT-10223, Lithuania

Department of Mathematics, National Institute of Technology Durgapur, Durgapur 713209,
West Bengal, India; dr.samarjitkar@gmail.com

*  Correspondence: jurgita.antucheviciene@vgtu.lt; Tel.: +370-5-274-5233

Received: 23 May 2019; Accepted: 27 May 2019; Published: 31 May 2019

Abstract: Optimization is considered as a decision-making process to get the most out of available
resources for the best attainable results. Many real-world problems are multi-objective or multi-
attribute problems that naturally involve several competing objectives that are required to be optimized
simultaneously, while respecting some constraints or selecting among feasible discrete alternatives.
In this Special Issue, 19 research papers co-authored by 88 researchers from 14 different countries
explore aspects of multi-objective or multi-attribute modelling and optimization in crisp or uncertain
environments by suggesting multiple-attribute decision-making (MADM) and multi-objective
decision-making (MODM) approaches. The papers elaborate the approaches on the state-of-the-art
case studies in selected areas of applications related to sustainable development decision aiding in
engineering and management, including construction, transportation, infrastructure development,
production, and organization management.

Keywords: multiple-attribute decision-making (MADM); multi-objective decision-making (MODM);
optimization; engineering; management; sustainable development

1. Introduction

Sustainable decision-making has a direct impact on the economy, the environment, and society.
Researchers are continuously trying to adopt it in their research domain, mainly in the field of financial
modeling, supply chain, healthcare system, transport system, construction management, business
intelligence, etc. However, most of the real-life problems that we encountered in these domains
were not limited to single criterion decision-making problems. Therefore, many researchers are
motivated to develop some new models in these areas under a multi-criteria/multi-objective decision-
making framework.

Some authors (Zimmermann [1]; Chen and Hwang [2]) have divided multi-criteria decision making
(MCDM)) into two categories: (1) multi-attribute decision making (MADM), which concentrates on
problems with discrete decision spaces; and (2) multi-objective decision making (MODM) problems,
which naturally involve several competing objectives that are required to be optimized simultaneously.
From a practical viewpoint, MADM is associated with problems where the number of alternatives are
predetermined. The decision maker (DM) is to select/prioritize/rank a finite number of courses of action.
Alternatively, MODM is associated with problems in which the alternatives have been non-predetermined.

It is often said that the only certain thing about the data involved in real world decision-making
problems is uncertainty. This uncertainty is caused by many reasons, as the available data are not

Sustainability 2019, 11, 3069; doi:10.3390/su11113069 1 www.mdpi.com/journal/sustainability
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always exact or precise, there is insufficient data and linguistic information, there is a lack of evidence,
decision makers’ judgments are subjective and vague, statistical analysis is imperfect, etc.

Over past few decades, many researchers developed a number of theories/tools/techniques to deal
with real-life uncertainty problems. Fuzzy set (Zadeh [3]), Dempster Shafer theory (Shafer [4]), rough
set (Pawlak [5]), intuitionistic fuzzy sets (Atanassov [6]), grey set (Deng [7]), and hybrid sets (Liu [8]) are
among the most successful approaches that efficiently handle uncertainty in decision-making problems.
These techniques have been successfully applied by many researchers in the context of uncertain
environments addressing mathematical, theoretical, and behavioral aspects of real-life applications.

Yet, the literature is still promising in the above-mentioned domains, and many research gaps
remain. Consequently, we have introduced this Special Issue to identify the underlying research themes
and suggest directions for future research. Thus, the purpose of this Special Issue is to propose a research
agenda for multiple-attribute decision-making (MADM) and multi-objective decision-making (MODM)
approaches for sustainable engineering and management decisions in crisp or uncertain environments.

2. Contributions

The Special Issue collects 19 original research papers. The papers contribute to multi-objective
and multi-attribute optimization by offering multiple-attribute decision-making (MADM) and multi-
objective decision-making (MODM) approaches for sustainable engineering and management decisions
in crisp or uncertain environments.

The topics of the Special Issue attracted attention of a wide scientific community: 88 scientists
from 14 countries contributed to the Issue. Distribution of papers according to countries is presented
in Figure 1.

= Poland

= China
§ Lithuania
Malaysia

m India

= [ran

m Serbia

Figure 1. Number of publications from different countries.

The largest number of Authors were from Poland (23 authors). China and Lithuania contributed
almost equally, with 15 and 14 authors, respectively. Next came Malaysia, with 10 authors. Seven
contributors were from India, six from Iran, and three from Serbia. Authors from the following seven
countries contributed from 1 to 2 papers: Vietnam, Kazakhstan, Germany, Saudi Arabia, Hungary,
Bosnia and Herzegovina, and Thailand.

As international collectives prepared almost a half of papers, the distribution of papers according
to authors’ affiliations is presented in Table 1.

Authors and co-authors from Lithuania contributed seven papers, mostly in international
collectives in collaboration with Iran, Kazakhstan, Poland, India, Serbia, Bosnia and Herzegovina,
Germany, Hungary, and Saudi Arabia. Authors from Poland contributed six papers, but only to
a single international publication with Lithuanian co-authors. Authors from China prepared four
papers without international collaboration. Two papers involve cooperation of authors from three
countries: Serbia, Bosnia and Herzegovina, and Lithuania, as well as Vietnam, Iran, and Malaysia.
A single paper united researchers from five countries from Europa and Asia: Germany, Hungary,
Lithuania, Iran, and Saudi Arabia.
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Table 1. Publications by countries.

Countries Number of Papers

Poland
China
Thailand
Lithuania
Iran-Lithuania
Kazakhstan-Lithuania
Poland-Lithuania
India-Lithuania
Serbia-Bosnia and Herzegovina-Lithuania
Germany-Hungary-Saudi Arabia-Iran-Lithuania
Vietnam-Iran-Malaysia

o

= R R e e R s

Distribution of papers according to research areas is presented in Figure 2.

The publications explore aspects of multi-objective or multi-attribute modelling and optimization
in crisp or uncertain environments by suggesting multiple-attribute decision-making (MADM) and
multi-objective decision-making (MODM) approaches, or several other optimization tools. MADM
optimization area attracted slightly more attention; 10 papers contributed to the area, while MODM
optimization was explored in six papers.

The papers elaborate usual or extended optimization approaches on the state-of-the-art case
studies related to sustainable development decision aiding in engineering and management, including
construction, transportation, infrastructure development, production, and organization management.
All the mentioned application areas gained almost some attention; from two to six papers contributed
to each area.

Optimization for Engineering
and Management

19 papers l

Construction | Production
| 6papers | | 4papers |
Transport __| Organization
management
| 3papers | | 4papers |
Infrastructure

MADM MODM Other methods
optimization optimization

| 6 papers | I 3 papers |

Figure 2. Research areas of publications.
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The most numerous application areas can be considered construction engineering (five papers).
MADM and MODM approaches to support sustainable decisions can be applied in the area.

Two papers analyze construction project management. One paper suggests sustainable construction
project management model aimed at practical use; therefore, a rather well known analytic hierarchy
process (AHP) method is applied. A comprehensive set of criteria is developed, and a Turkish case study
is presented. The other paper is aimed at evaluating contractors risk of investment project in construction.
The originality of the paper is based on a fact that a special case of MADM-verbal analysis is suggested,
while usual risk valuation methods are more often applied in the literature [9,10].

Energy efficiency and comfort of use of buildings is another topical issue in the literature [11,12].
Adaption of historic regional architecture in terms of energy efficiency and comfort of use of buildings
is analyzed in one paper of the current Issue. A set of assessment criteria is proposed, and the new
utility functions considered. The example of historic building located in Zakopane, Poland is presented.

Ecological wall systems as a significant component of sustainable construction are analyzed.
Three variants of ecological walls made from local materials are suggested, and their cost calculation is
provided. You can find similar topics in other publications, related to design of sustainable facades [13],
roofs [14], or floors [15].

Construction delay problems considering sustainable environment requirements are analyzed.
The authors develop a new model that combines several different MCDM methods under uncertainty:
a Step-wise Weight Assessment Ratio Analysis (SWARA), the Technique for Order Preference by
Similarity to Ideal Solution with Grey numbers in Minkowski Space (TOPSIS-GM), Additive Ratio
ASsessment with Grey numbers (ARAS-G) techniques, and Geometric Mean. A case study of the
housing industry is a market of Mashad, Iran.

A topical problem of location selection in construction is solved in [16,17]. The authors of
one paper prepare a hierarchical programming model and design a bi-level multi-objective particle
swarm optimization (BLMOPSO) algorithm to deal with the healthcare facility location decisions. The
suggested approach can be applied for various facilities location decisions. The next paper related
to location selection analyzes traffic infrastructure and an optimal roundabout location. MADM
problem is solved in an uncertain environment; therefore, application of rough set theory is suggested.
Rough Best-Worst Method (Rough BWM) and Rough-Weighted Aggregated Sum Product Assessment
(Rough WASPAS) methods are applied. The input to methodological novelty of the approach lays in
developing a Rough Hamy aggregator.

The other paper related to transportation suggests applying MADM methods for assessing
transport policy in terms of innovation. The authors of the paper demonstrate the application of a
simple additive weighting (SAW) method to evaluate policy measures in surface transportation.

Public transport problems and development of sustainable public transport are discussed.
Development of the city increases transport problems related to emission of pollutant, travel time, etc.
The paper analysis actions and measures taken for development of sustainable transportation in
Rzeszow, Poland.

Several papers analyze infrastructure problems as water or energy supply. A hybrid MODM
method for water resource management is presented. The researchers implement hybrid novel meta-
heuristic algorithms: the bat algorithm (BA) and particle swarm optimization (PSO). They are applied
for power production and irrigation supply problems.

In another paper, renewable energy technology selection is solved by applying hybrid optimization:
Step-Wise Weight Assessment Ratio Analysis approach with a hierarchical arrangement (H-SWARA)
and Multi-Objective Optimization on the basis of Ratio Analysis plus the full MULTIplicative form
(MULTIMOORA). An Iranian case study is presented.

A hybrid MADM approach is also applied for assessing cleaner production in gold mine. At first,
crisp numbers and probabilistic linguistic term sets (PLTSs) are simultaneously applied to evaluate
quantitative and qualitative information, and expert method based on PLTSs is used to calculate criteria
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relative significance. Next, an extended Tomada de Decisao Interativa Multicritério (TODIM) method
with hybrid values is suggested to rank the alternatives.

A hybrid MODM model is developed for optimization of the traffic path in port scheduling.
The model is built and solved by an improved non-dominated sorting genetic algorithm II (NSGA-II).
A case study of scheduling of berths and quay cranes is presented.

Multi-objective evolutionary optimization for the passive vibration suppression of a single-
cylindrical engine is presented. A hybrid of multi-objective population-based incremental learning,
and differential evolution (RPBIL-DE) is adapted.

Multi-objective optimization of processes of apple cubes drying and rehydration are analyzed.
To simulate and optimize parameters of drying and rehydration processes, hybrid methods of artificial
neural network (ANN) and multi-objective genetic algorithm (MOGA) are developed.

One more hybrid approach for scheduling optimization in projects is developed. Two algorithms
are suggested: the first one is based on the non-dominated sorting genetic algorithm II (NSGA-II) with
a special critical path-based crossover operator, and the second algorithm is a steepest descent heuristic
that solves the discrete time/cost trade-off problem with different deadlines.

Sustainable organizations are analyzed [18-21]. Total interpretive structural modeling (TISM) has
been applied for identifying the links among the sustainability factors in organizations. The paper,
submitted to the Special Issue, presents the fourth dimension of sustainability involving stakeholders
besides three usual dimensions of economy, natural environment, and social environment.

Hospital evaluation problem is analyzed. As decision-makers are faced with qualitative criteria,
a linguistic hesitant fuzzy set (LHES) is adopted. A new aggregation operator—simple linguistic
hesitant fuzzy weighted geometry (SLHFWG)—is proposed under the LHFS context. Criteria relative
significances are estimated using a newly proposed linguistic hesitant fuzzy statistical variance (LHFSV)
method, and alternatives are ranked using the new linguistic hesitant fuzzy VIKOR (visekriterijumska
optimizacijai kompromisno resenje) under the LHFS context (LHFVIKOR) method.

A topical question of critical information infrastructures of European Union sustainable
development is discussed. Integrated MADM techniques under uncertainty involving fuzzy Weighted
Aggregated Sum Product ASsessment (WASPAS-F) and analytic hierarchy process (AHP) methods are
suggested to be applied.

3. Conclusions

The scope of the Special Issue raised the interest of numerous researchers; papers involving
88 researchers from 14 countries were published.

Papers contribute to sustainable development by offering crisp or uncertain multiple-attribute
decision-making (MADM) and multi-objective decision-making (MODM) approaches.

The main topics of papers published in the Special Issue mainly cover five research areas in
engineering and management, including construction, transportation, infrastructure development,
production, and organization management.

Author Contributions: All authors contributed equally to this work.

Acknowledgments: Authors express their gratitude to the journal Sustainability for offering an academic platform
for researchers to contribute and exchange their recent findings in sustainable construction.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: In response to the problem of the unfair distribution of berths and quay cranes, as well
as the optimization of the traffic path in port scheduling, a berth-crane joint scheduling model is
proposed. Firstly, a ship is coded according to its geographical location and its arrival time in the
form 0, 1. Then, the shortest port time, the minimum system cost, and the minimum unfairness
are taken into account with the status quo of the port. Thus, a multi-objective joint scheduling
model is established and solved by an improved NSGA-II algorithm. Finally, a practical example is
given to verify the validity of the proposed method, the stable and the convergent of the proposed
method are proved by many times computer simulations. The novelty of this paper is that we
have taken psychological factors of fairness as well as social factors of sustainable development into
consideration, and proposed an improved NSGA-II algorithm with random repair operator and
self-adaptive operator to solve the multi-objective decision problem on joint scheduling of berths and
quay crane.

Keywords: port scheduling; berth-quay crane joint scheduling; optimization study; hybrid
mathematical model; multi-objective decision-making (MODM); sustainability

1. Introduction

With the acceleration of economic globalization, the marine transport industry is growing rapidly.
In the current doldrums of the international shipping market, the prices for ship repairs are not picking
up, so the ship repair business should consider how to reduce costs and to improve corporate profits.
Due to the limited resources of berths in a harbor, it is the key to maximizing the efficiency of
the allocation of resources and efficiently allocating resources when undertaking multiple ships.
The optimal allocation of port resources is an important guarantee for the sustainable development of
marine transportation industry, involves the optimal operation of berths, and the rational allocation of
quay cranes.

The optimization of ship berth scheduling is of much significance and practical value to improving
the efficiency of a shipyard. At present, the theoretical research on the optimal dispatching of
berths at a shipyard has become a hot spot. Many scholars have studied the port-scheduling
problem from the sustainable perspective. Kang et al. [1] constructed environmental technology,
process quality improvement, monitoring and upgrading, communication cooperation, and actively
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participates in the five factor analysis model, which was committed to the sustainability of port
operation as a descriptive and diagnostic management tool. Han et al. [2] considered the rational
utilization of resources and the sustainable development of port operation and management,
and then proposed a multi-objective optimization model to minimize the consumption of resources
and the minimum moving distance of the shore bridge. From the perspective of environmental
sustainability, Hu et al. [3] established a nonlinear multi-objective mixed integer programming model,
which considered the fuel consumption and the emission of ships, and analyzed the effects of
the wharf cranes number on the port operation cost, the fuel consumption of ships, and the
emission of pollution gas. Di et al. [4] systematically reviewed the literature on environmental
sustainability of green ports; the Balanced Scorecard and Tableau de Bord are identified and proposed
as managerial accounting instruments for assessing, monitoring, measuring, controlling, and reporting
the organizational processes. In addition, some scholars have discussed the comprehensive evaluation
of green port [5-7] and the sustainable development of the port from the perspective of supply chain
sustainability [8-12].

Generally, ship berth scheduling is proved to be an NP (Non-deterministic Polynomial) problem
with multiple objectives and multi-faceted factors that affect each other [13], thus it is also a
multi-objective decision-making (MODM) problem and the MODM method can be applied to solve
specific sustainability problems [14-18]. The research on berth scheduling can be summarized
by the following three aspects (Figure 1): (I) Terminal berth scheduling optimization model and
algorithm research. Golias et al. [19] established a two-objective optimization mathematical model
to minimize the average time and range of a ship’s total service and proposed a heuristic algorithm
to solve the problem of robust berth scheduling. To solve the problem of berth and yard allocation,
Robenek et al. [20] proposed an exact algorithm that was based on the branch and price framework
to solve the integration problem, and used the mixed integer programming method; (2) Study of the
theory and method of berth disturbance recovery. Xu et al. [21] studied the location and time costs
of berth deviations based on the theory of interference management and established the interference
management model. The multi-objective genetic algorithm was used to solve the model and to
obtain a more efficient berth allocation plan; (3) Simulations of terminal berth dispatching systems.
Taking into account the randomness of the discharge/loading operations, Legato et al. [22] constructed
a strategy-based mathematical programming model and an operational-level simulation model
using an event-based Monte Carlo simulator to study the Berth Allocation Decision Problem (BAP).
To minimize ship loading and unloading times, Al-Dhaheri et al. [23] considered the transit times
between the terminals and the yards during the entire container loading and unloading process,
then proposed a stochastic mixed integer programming model for the Quay Cranes Scheduling
Problem (QCSP), and established a container scheduling simulation model that was based on a genetic
algorithm to reveal the dynamics and uncertainty. In general, research on scheduling optimization
models and algorithms is the basis of the study of the problem of berth scheduling, which has
stimulated the interest of many scholars.

The remainder of this paper is organized as follows. Section 2 is the review of the literature about
berth scheduling. Section 3 describes the problem and offers several hypotheses. Section 4 explains the
berth and the quay crane joint dispatching model. Section 5 demonstrates a numerical example and
compares the results of different algorithms. Finally, Section 6 presents the conclusions.
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Figure 1. The main research topics of berth optimization scheduling.

2. Literature Review

A growing consensus recognizes the need to shift society products and services towards more
sustainable models [24-27]. In recent years, green ports have become the mainstream of sustainable
development of the global ports. The competition among container terminals becomes more and
more fierce, and almost all of the container terminals bear the pressure to attract more customers.
How to rationally scheduling port resources to improve the service level of container terminals
and improve customer satisfaction has aroused wide attention of scholars at home and abroad.
This review of the literature about port scheduling covers the scheduling models first, and then
the optimization algorithms.

To maximize the berth throughput and reliability of berth scheduling, Robenek et al. [20] proposed
a mixed integer programming model based on branch and price framework to solve the two key
optimization problems of berth distribution and distribution of cargo ports in bulk cargo ports.
Xu et al. [28] proposed an expression for solving the berth scheduling problem by introducing
a delayed buffer concept to simulate the ship’s delay and the uncertainty of the processing time.
However, this expression is assumed under the continuous berth space hypothesis, but not for discrete
berths. When considering the uncertainties of ship arrival and running times, Zhen et al. [29] explored
the uncertainty in the port scheduling problem and constructed a two-stage decision model. Then,
he conducted some computational analysis of the performance of the berth allocation process in
an uncertain environment. The author used the rescheduling strategy to deal with the initial plan,
but the reality of the environment did not match because the proposed model was too complex.
Monaco et al. [30] transformed the discrete berth problem into a dynamic scheduling problem and
obtained the best scheme by using an improved Lagrangian heuristic algorithm. Lee et al. [31]
formally described the discrete berth and the quay crane scheduling problem by mixing the integer
programming model. To solve the berth allocation problem of a multi-user container terminal,
Imai et al. [32] introduced the Lagrangian slack variable when solving the minimum waiting time
of a ship and turned the static berth scheduling problem into a dynamic berth scheduling problem.
Han et al. [33] used the probability density function to represent the uncertainty of the arrival and the
processing time of a ship. This method does not require the probability distribution of the arrival and
processing times of a ship, but it does not comprehensively consider the optimization objectives, while
only a few people take the impact of unfair psychological factors into account.

Regarding optimization algorithms, Kim et al. [34] proposed a simulated annealing method
for solving the problem of additional costs incurred when a ship is at an inappropriate location
and resolved the problem of port fines that were incurred when detained ships depart later than
scheduled. Hsu [35] when combined with improved particle swarm optimization and event based
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heuristic algorithm, a hybrid particle swarm optimization (HPSO) algorithm is proposed to solve
the problem of discrete and dynamic berth and wharf crane distribution. To solve the problem of
berth allocation, Oliveira et al. [36] proposed a hybrid clustering search method that was based on a
simulated annealing algorithm to improve the terminal space distribution logistics by reducing the
total service time of each ship. To solve the problem of discrete and dynamic berth allocation, more
specifically, to allocate the discrete berth positions of ships while minimizing both the total waiting
and processing times of all ships, Ting et al. [37] proposed a particle swarm optimization solution that
effectively improves the efficiency of the solution and reduces the computational time. To make berths
more flexible, Imai et al. [38] proposed a dynamic scheduling problem of jagged berths, studied the
problem of berth scheduling with realistic constraints, and introduced a heuristic algorithm to solve
the problem of continuous berth allocation. Finally, a large number of experiments have shown this
heuristic algorithm to be superior and proven the feasibility of using a genetic algorithm to solve berth
scheduling in a dynamic environment. Umang et al. [39] used precise and heuristic algorithms for
berth allocation in discrete ports. Lee et al. [31] proposed an improved genetic algorithm in order to
obtain an approximate optimal solution.

The problem of port scheduling is already complex and uncertain, and there has been little research
on unfair psychological factors, proposed models are very different from how ports actually work.
Therefore, based on the actual work processes of ports, this paper constructs a multi-objective
mathematical model with five objective functions, and proposes a port berth-shore bridge joint
dispatching method to deal with the problem of berth scheduling and the rational distribution of berths.
Then, the model is solved by using a fast and unpredictable improved genetic algorithm (NSGA-II),
which was based on Pareto optimality.

3. Problem Description and Assumptions

The joint scheduling of berths and shore bridges can be described as follows. Assume that A is
a collection of ships at a port, M is the port berth collection, a is the ship number, and i is the berth
number, wherea € A,a =1,2,...,kandi € M,i =1,2,...,m. A ship arrives at a port, then moves
to the best working berth (each vessel has one or more best working berths to enable the system to
achieve a multi-objective Pareto optimality), discharges, and finally leaves the port. If there is no
free berth when the ship arrives, then there will be a certain waiting time. After the ship has been
unloaded, there must be a certain staying time for the loading of goods. For loading or unloading a
ship, there needs to be a reasonable distribution of shore bridges, because it is necessary to have the
equitable allocation and the highest utilization of shore bridge resources [32,33].

The main content of this paper is about the joint optimization of the berth-shore bridges of a port.
The diagram of the joint operation of berths-store bridges is shown in Figure 2. Suppose that Berths 1,
2,3, and 4 are available to Ship 3, which enters the port as Ship 2 is loading/unloading in Berth 1.
Ship 3 has two options, one of which is to enter Berth 1 for loading/unloading after Ship 2 has left,
while the other option is to find the best available working berth.

Loading and
unloading operations

Figure 2. Schematic diagram of the joint operation of berths.
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As shown in Figure 3, the time during which a ship is parked at the port is mainly composed of
waiting for a particular berth to become available (waiting time), moving to the best working berth
(moving time), and time for loading/unloading of the ship.

waiting time Moving time Loading and unloading of goods time
— -~ — —— —
L [ |
Arrive port Leave port

Figure 3. Composition of the time that ships spend in port.

Since the distances among the berths are short, the shift and waiting times can be ignored. It is:

=t +13 (1)
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=2 2

2= 2
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to =1t + 14 (5)

to is the actual time in port for ship g, t; is the waiting time, ¢, is the remaining unloading time of
the previous vessel before ship g, t} is the unloading time, f5 is the stay time mainly for loading, and t4
is the total loading and unloading time of the system. Formula (1) represents the required time for
ship a to wait for the loading/unloading of the previous ship (remaining unloading and stay time).
Formulas (2) and (3) are the unloading times of the ship. Formula (4) represents the required time to
load and unload cargo (unloading and stay time) of ship 4. Formula (5) is the actual formula for the
calculation of ship a in port.

The problem of berth allocation that is discussed in this chapter is based on the following
assumptions: (1) Each ship has an ideal berth for unloading and loading; (2) Each berth formulate
a minimum and maximum number of distributable shore bridges; (3) Due to the short distances
among berths, the moving time is negligible compared to the waiting time; (4) The subsequent
migration distance of the ship can be obtained directly (the distances among the berths is
approximated instead); (5) The costs of use and labor service of the same berth’s shore bridge are
the same, but those for different berths are not necessarily the same; (6) The water depth of each berth
can meet the requirements of any ship’s docking; (7) Each berth serves only one ship at a time; and,
(8) The stay time of each ship is the same.

4. Construction of Joint Scheduling Model of the Port and Quay Cranes

According to the actual production characteristics of shipyard terminals, this paper creatively
considers the influencing factors of customer unfairness and establishes a multi-objective mathematical
model with the objective of shortest time in port, minimum system cost, and minimum unfairness.
The parameters and meanings that are associated with the model are shown in Table 1.

11
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Table 1. Model-related parameters and meaning.

Symbol Meaning
i Berth number
j The jth ship is served at a berth
m Number of berths
fa The ath ship’s departure time
Sa The ath ship’s arrivals time
Lg The length of ath ship (m)
Iy The migration distance of ath ship
1 The cost coefficient of ship migration (yuan/m)
c Berth labor service cost coefficient (yuan/one)
c3 Cost coefficient of each berth bridge used (yuan/one)
Q; Service cost of the ith berth (yuan/day)
Ugi Decision variables: if the ship at berth i, the value is 1, or 0
Vap Decision variables: only when berth & and berth 8 are selected at the same time, the value is 1; otherwise, 0.
a,p Indicates any two berths
i The cost of the ith berth bridge (yuan/one)
T The number of shore bridges required by each ship at the ith berth (one)
L Total length of port (m)
n; The total number of berths allocated by the ith berth (one)
w; The total amount of ship loading and unloading at the ith berth (t)
u The maximum number of quarries allowed for each berth
u The minimum number of quarries to be allocated to each berth
LB; The length of the ith berth (m)
v The loading and unloading speed of shore bridge (t/min)

4.1. Model Building
(1) Minimum stay time in port: fj.

The optimized time in port for a ship is the difference between the departure and arrival times.

k
fi :minZ(fa*Sa) (6)
a=1

(2) Minimum system cost: f,

The total cost, including shifting process cost (mainly related to the shifting distance), artificial
services costs, such as berth maintenance and use of quay crane (including the manufacture, operation,
and maintenance), of the system is incurred while a ship is in port.

k m m
for= clminz I+ czminz Qg + C3min2 pilillgi 7)
a=1 i=1 i=1

(3) Minimum unfairness: f3

According to the theory of justice in management, only when the ratio of pay and effort is equal
to the proportion of the pay and effort of others will fairness be produced. Similarly, we believe that
it is necessary to consider the ratio of the loading and unloading quantity and the number of the
matched quay crane in the distribution, so as to minimize the sense of the unfairness of the customers.
Therefore:

2
fr=min,| Y {w“ - ”’} Vs ®)

1<a<p<m ng o

wherea =1,2,..., m—1,=2,3,...,m.

12



Sustainability 2018, 10, 1959

Based on the above analysis, a multi-objective optimization model is constructed, as follows:

k
fi=min Y (fa —saq)

a=1
k m m
f2 = cymin Zl la + szin_zl Qittgi + C3min121 Pitillaj ©9)
a= i= i=
2
. wg Wy
= min £ Yl oy
f3 \/1<a§5<m [n;; Ny } ap
Constraint conditions:
fa—354>0 (10)
la < L; (11)
m
Y Li<L (12)
i=1
u<n <u (13)
rij < (14)
i=12....m j=12,...,N; (15)

Formula (10) means that the arrival time of ship a is less than its departure time. Formula (11)
means that the length of ship a is less than the length of the berth where it parks. Formula (12) means
that the total length of the berth is less than the total length of the quay. Formula (13) signifies the
quantity constraint of the quay bridge that is allocated by each berth. Formula (14) means that the
number of quay cranes used by every ship on berth i cannot exceed the total number of cranes allocated
to the berth.

4.2. Algorithm Flow and Steps for Problem-Solving

The algorithm flow of the improved NSGA-II algorithm is based on random repair and
self-adaptive operators, as shown in Figure 4.

The steps for the solution are as follows:

(1) According to the objective function and constraints, the initial population is generated
randomly. The population size is set as P, then the individual ships are coded with the three-tier
coding form as 0, 1. The first tier represents the berth. The corresponding code is 1 if the ship stays in
the berth; otherwise, the code is 0. The second tier is the number of berths that is matched to the berth.
The third is the service sequence, which indicates how many vessels are served at the berth. As shown
in Figure 5, the order indicates the first ship to be served by the third on Berth 1, on which Bridges 2, 3,
and 5 are selected.

(2) Improvement strategy.

(® Random repair operator. To prevent the duplication of individuals in the genetic process,
gene repair was performed on individuals that did not meet the principle of mutual exclusion in
the population.

(@ Self-adaptive operator

Gmax — G
Pm = Pmmin + (Pmmax - Pmmin) X % (16)
max
Gmax — G
Pe = Pein + (pcmax - pcmin) X ( mGax ) (17)
max

(3) According to Equation (9), calculate target fitness.

13
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(4) Use fast non-dominated sorting and crowding comparison operators (Formula (18)).
To evaluate the fitness of the parent, the first filial generation is generated by genetic manipulation,
such as selection, crossover, and mutation, while genetic repair is performed with the random
repair operator.

T
do =Y ([f41 = 7)) (1s)
t=1

where fA+! represents the (A + 1)th objective function value of the tth individual. Similarly, fA~!
represents the fth objective function value of the (A — 1)th individual.

(5) The termination condition judgment. If the maximum evolution generation is reached, then the
evolutionary is terminated. Otherwise, the evolution generation increases one.

(6) The parent and progeny populations are combined to form a new combined population with
a scale of 2P. The fast, non-dominated sorting algorithm and the crowding comparison operator are
used to evaluate all of the individuals in the merged population. The best individuals are chosen as
the parent population of the iteration to achieve elite protection.

(7) Return to Step (3).

initialize the

population

alculation

Fast non dominated sorting and L New generation
crowding comparison operator | population
* andom repair Adaptive A
Selection, crossover, operator operator
and mutation Elite strategy
* -
Random selection of The ]:ﬁren;gnefge with
individual a in a population € o S:)”"g
4
No
Non repetition
ene duplication? a=P
.- Yes
repetition

A new generation of

Evolution generation
population after repair increases one

T 7'y

Random selection of a duplicate
gene for single point mutation

(]
berth ' quay crane ' Service order

Ship a

Figure 5. Coding pattern.
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5. Case Study

In the container freight port in city Z of China, there are only four discrete berths and 15 quay
cranes. The efficiency of the quay crane is 30 t/min, and the ship’s stay time (mainly loading) is 30 min.
The port is busy, the waiting times are long, there is an unreasonable number of quay cranes under
different berths causing a serious waste of resources, and unfairness occurs regarding berth-shore
bridges, causing customer and employee dissatisfaction. To better solve the above problems, the data
recorded from the ship to the port in the day of the port (as shown in Tables 2-5) are simulated. By using
the method that is given in this paper, the population size of the improved NSGA-II algorithm is set
to 200 individuals and the maximum iteration number is set to 200 times, pmin = 0.1, Pumax = 0.5,
Pemin = 0.3, pemax = 0.8. The simulation was run on Windows 2007 MATLAB 2016b software and
compared to GA and standard (original) NSGA-II. The results are shown in Figures 6-10. In GA and
standard NSGA-II, the cross-probability is set to 0.8 and the mutation probability is set to 0.1.

Table 2. Relevant data of an international container port in city Z.

Ship Number Arrival Time Departure Time Hull Length/m Freight Capacity/t

1 00:19 05:30 100 11,531
2 02:17 04:30 62 17,390
3 02:43 03:30 45 18,158
4 03:10 04:30 46 7650
5 06:39 09:00 72 8500
6 07:45 11:15 83 20,400
7 08:05 11:00 99 29,172
8 08:37 11:30 100 25,616
9 09:10 10:30 53 11,320
10 10:26 18:00 164 16,092
11 10:41 12:30 81 17,843
12 11:07 12:00 57 13,015
13 11:31 16:00 97 19,800
14 12:06 16:00 130 21,825
15 13:13 19:00 125 26,338

Table 3. Berth-related data.

Berth Length/m Minimum Number of Maximum Number of
Quay Crane Quay Crane
1 200 2 5
2 200 2 5
3 300 1 5
4 260 2 5

Table 4. Shifting distances among different berths.

Berth 1 2 3 4
1 - 700 970 1350
2 700 - 270 650
3 970 270 - 380
4 1350 650 380 -

15
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Table 5. Related parameters.

Parameters Related Data
C1 0.3
cr 0.55
c3 0.65
L 1500 m
Q1 270 yuan/day
Q 220 yuan/day
Qs 260 yuan/day
Qs 210 yuan/day
Py 200 yuan/one
P, 240 yuan/ one
P 197 yuan/one
Py 230 yuan/one

Using the improved NSGA-II and standard NSGA-II algorithms for the simulation, the shortest
arrival time of the ship is obtained, as shown in Figures 6 and 7. As the number of iterations increases,
the shortest time converges to a constant minimum value in port time.

1 Minimum stay time in port
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Figure 6. The improved NSGA-II in port time convergence curve.
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Figure 7. The original NSGA-II in port time convergence curve.

At the same time, in the GA algorithm, we let the fitness function f = f1 + f5 + f3. The result is
shown in Figure 8.
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Figure 8. GA algorithm output convergence curve.

The comparative diagrams of the outputs of the proposed adaptive improved NSGA-II method
and the original NSGA-II are shown in Figures 9-11.
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As can be seen from Figures 6-8, the improved NSGA-II method, though declining in
convergence rate, has been greatly improved in terms of optimization objectives. For example, for the
shortest time in port, the proposed method converges at 2720 and the calculation result of the general
(Original) NSGA-II is 3060. In order to illustrate the solution performance of our proposed method
is stable, 20 times simulations on Windows 2007 MATLAB 2016b software were run. As far as the
objective function f; is concerned, the statistical data and results show that there are 17 times of
the improved NSGA-II method converge to 2720 + 20, and the other three times are in the range of
2720 =+ 50, which proves that the solution performance of our method is stable.

As can be seen from the comparison of Figures 9-11, the non-inferior solution set obtained by the
proposed method is more likely to fall into the local optimum and the quality of the solution has also
been greatly improved. When considering that the berths should be maximized and utilized, only the
five groups of non-inferior solutions that were obtained by this method are listed below. The results of
the joint allocation of berth-shore quays by GA are shown in Table 6.

Table 6. Five sets of non-inferior solutions.

Ship Parking Berth (Matching Number of Quayside)
1 1(5) 2(5) 2(5) 3(4) 1(5)
2 1(5) 2(5) 2(5) 3(4) 1(5)
3 2(5) 1(5) 1(5) 3(4) 2(4)
4 1(5) 2(5) 3(4) 1(5) 1(5)
5 1(5) 1(5) 3(4) 1(5) 1(5)
6 2(5) 2(5) 2(5) 1(5) 1(5)
7 3(4) 3(4) 1(5) 2(5) 3(4)
8 3(4) 2(5) 2(5) 2(5) 2(4)
9 1(5) 1(5) 3(4) 1(5) 1(5)
10 2(5) 1(5) 1(5) 1(5) 1(5)
11 1(5) 2(5) 3(4) 3(4) 2(4)
12 1(5) 3(4) 1(5) 1(5) 1(5)
13 1(5) 1(5) 1(5) 1(5) 1(5)
14 2(5) 3(4) 2(5) 1(5) 3(4)
15 2(5) 1(5) 3(4) 2(5) 1(5)

From Tables 6 and 7, we can see that the method proposed in this paper can make the berths more
effective (this paper considers three berths but only two berths are obtained by GA), while considering
the comprehensive optimization of each objective. The shore bridge distribution is more balanced
and reasonable.
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Table 7. Joint-distribution of various ships obtained by GA.

Ship  Parking Berth (Matching Number of Quayside) =~ Ship  Parking Berth (Matching Number of Quayside)

1 1(5) 9 1(5)
2 1(5) 10 2(5)
3 1(5) 11 1(5)
4 2(5) 12 2(5)
5 1(5) 13 2(5)
6 2(5) 14 1(5)
7 2(5) 15 1(5)
8 2(5)

6. Conclusions

To solve the problem of long waiting times for ships, the serious waste of resources that are
caused by the unreasonable matching of the quayside and the unfair allocation of wharfs to berths,
this paper discusses the joint scheduling problem of berthing and shore quays, and makes the following
main contributions.

(1) A multi-objective mathematical model with the shortest time in port, minimum system
total cost, and minimum inequity is constructed to provide a multi-objective optimization solution to
the port problem.

(2) The introduction of random repair and adaptive operators to improve NSGA-II can effectively
avoid falling into the local optimal and premature convergence problems, while improving the
understanding of the search performance to ensure the diversity of the population.

(3) By comparing the results with the original NSGA-II and the GA algorithms with the actual
example of a port terminal, the feasibility and effectiveness of the proposed method have been verified.

This paper proposes a joint berth-shore quay scheduling model to solve the problem of matching
dock berths and shore quaysides by adopting the improved NSGA-II with random repair and
adaptive operators. A Pareto frontier was obtained. Five sets of representative Pareto non-inferior
solutions were selected in order to provide decision-making support to shipyard managers.
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Abstract: This paper presents a new design strategy for the passive vibration suppression of
a single-cylindrical engine (SCE) through multi-objective evolutionary optimisation. The vibration
causes machine damages and human pain, which are unsustainable problemsthat need to be
alleviated. Mathematical forced vibration analyses of a single-cylinder engine, including dynamic
pressure force due to ignition combustion, are presented. A multi-objective design problem is set
to find the shape and size variables of the crank and connecting rod of the engine. The objective
functions consist of the minimisation of the crank and connecting rod mass, and the minimisation
of vibration response while the SCE is subject to inertial force and pressure force. Moreover, design
constraints include crank and rod safety. The design problem is tackled by using an adaptation
of a hybrid of multi-objective population-based incremental learning and differential evolution
(RPBIL-DE). The optimum results found that the proposed design strategy is a powerful tool for the
vibration suppression of SCE.

Keywords: vibration suppression; single-cylinder engine; multi-objective evolutionary algorithms;
dynamic analysis; crank—slider

1. Introduction

A single-cylinder engine (SCE) is one of the most widely used engines, especially in motorcycles,
which are the most popular two-wheel automotive in this world. It is also included in a variety
of applications particularly for agricultural proposes such as the driving pump, walking tractor,
lawnmower, etc. In contrast with the applications, the vibration of this engine is the main problem
at present. Two causes of vibration are from moving links in a crank—slider mechanism and ignition
pressure due to combustion process. These can be a cause of machine damages, human discomfort,
and user-accumulated fatigue and pain. SCE vibration can be alleviated in two ways i.e., balancing
and isolation.

Balancing a SCE can be classified as active and passive balancing [1]. Active balancing is a method
for reducing shaking force and moment by introducing dummy pistons and geared revolving counter
weights, etc. Passive balancing, on the other hand, is a method used to reduce shaking force and
moment by the addition or removal of mass from various portions of the moving links.

Research work toward this area has been continually made. Lowen et al. [2] summarised the
techniques for the force and moment balancing of linkages. Zhang and Chen [3] have applied vibration
suppression of a four-bar linkage by using the weighted sum method, which is a means to convert
multi-objective optimisation to become a problem with one design objective. The counterweights’
mass parameters were set as design variables in this passive balancing. Snyman et al. [4] have applied
an unconstrained optimisation problem to minimise the transmission of engine vibration due to inertial

Sustainability 2018, 10, 2067; doi:10.3390/su10062067 22 www.mdpi.com/journal/sustainability
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forces to the supporting structure where the case study is a mounted four-cylinder V-engine rotating
at idling speed by an active balancing method. The individual balancing masses and associated phase
angles of counter rotating balancing masses were chosen as design variables. Chiou et al. [5] proposed
an optimum design in which disk counterweights were added to reduce shaking force and moment
of the drag-link drive of mechanical presses. Sleesongsom [6] proposed applying multi-objective
optimisation to reduce the engine mount translation and rotation displacements of SCE where the
normalised normal constraint method [7], in combination with sequential quadratic programming,
is an optimiser. The use of finite element analysis and optimisation codes for connecting rod [8],
crankshaft [9], and piston design [10] has been conducted. In addition, the finite element technique
has been used to optimise the crankshaft parameters of a single-cylinder motorcycle engine to reduce
vibration without considering the gas pressure force inside the combustion chamber [11].

The second vibration suppression technique for the engine is vibration isolation. The challenge
for designers and engineers is how to properly select vibration isolators in order to minimise the force
transmission to the engine base [11-13] and the powertrain mounting system [14,15]. Further work
focuses on optimisation of engine mounting systems and blocks can be found in References [16-23],
while the literature of using meta-heuristic algorithms (MHs) or evolutionary algorithms (EAs) for
engine mounting and engine part design can be seen further in Reference [24].

Both methods has been studied and used in industry, but the new design technique still lacks
development. Recent works of automotive technology have focused on designing the motor of
an electric vehicle (EV) to increase its efficiency and reduce vibration [25]. This kind of automotive uses
an electric motor as a power or hybrid with the traditional engine. This research focuses on optimising
the flux-weakening performance and reducing the vibration of an Interior permanent magnet (IPM)
motor for EVs using the evolutionary algorithm (EA), which focuses on the source of vibration similar
to our present research. Furthermore, this kind of designing problem is multi-objective optimisation,
but the authors compromise it to be a single objective. So, in the present research, we focus on using
a multi-objective evolutionary algorithm (MOEA) to alleviate the vibration of a single-cylinder engine.

This research proposes a new design strategy for the vibration suppression of a single-cylinder
engine using a multi-objective evolutionary algorithm (MOEA). In this design, design variables
including the shape and sizing parameters of the engine are proposed to suppress the inertia force and
pressure force, which are the main vibration causes of this kind of engine. The MOEA optimiser is the
hybrid of multi-objective population-based incremental learning and differential evolution (RPBIL-DE).
The new design technique can reduce the vibrations that cause machine damages, human discomfort,
and user-accumulated fatigue and pain, which can lead to sustainable development.

2. Single-Cylinder Engine Model

Herein, vibration analysis of a single-cylinder engine system is simplified for ease in the
computation of an optimisation process. The kinematic and dynamic force analyses of a crank-slider
with external ignition forces are carried out, while the obtained reactions will be used as external forces
for the engine box and mounting system.

2.1. Kinematic and Kinetic Analyses

Figure 1 shows a crank-slider with the crank radius R and connecting rod L. The parameters 6,
and 63 are the angular positions of links 2 and 3, respectively, while x is the position vector of the
piston. Given that 65, 65, and 6, are known input variables, we can have the relation:

Rsin(6y) = Lsin(63) @
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A1

Figure 1. Single-cylinder engine model.

Having determined the first and second-order derivatives of Equation (1) with respect to time ¢
and rearranged the derivative equations, the parameters 63 and 03 can be obtained as:

63 = arcsin(Rsin(6,)/L)
03 = [R6, cos(6>)]/ [L cos(63)] 2)
05 {L93 sin(63) + R[Gz cos(6,) — 92 sin(6,)] }/ [Lcos(63)]

The position of the piston can be written as:
x = Rcos 6, + Lcos(63) 3)
The velocity and acceleration of the piston can then be determined by differentiating Equation (3):

X = 7R92 sin 92 - Lég, sin(93) (4)
= fR[éz cos 65 + B, sin 6] — L[9§ cos(63) + 03 sin(63)]

For the kinematic analysis of a crank-slider, if we have the input values of 65, 92, and éz, the angular
position, velocity, and acceleration of link 3, as well as the position, velocity, and acceleration of piston
4, can be computed using Equations (1)—(4).

For dynamic force analysis in this paper, the crank-slider system is thought of as being
kinematically driven by input angular velocity and acceleration at the input link 2. The kinematic
analysis can be accomplished as previously detailed. A free-body diagram of a crank-slider at
a particular motion phase is shown in Figure 2. The piston is subject to external forces due to gas
pressure P, while the moment M, is applied at link 2, so as to meet its prescribed motion. The force
analysis can be computed using the following system of equations:

[A{F} = {RHS} ®)
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Where:
[ Iy Iy 022 021 021 ]
[ —10,/Gyy  TOy/Gopx ] [ ~TB/Gyy TB/Gyx } 0152 0 1
A— 022 —Iho by 021 0251
012 [ "B/Gsy TB/Gax } [ —TC/Gsy TC/Gax ] 0 0
0
0252 0252 —Iyo { 1 } 0251
F = {F1p,xF12,yF30,:F32,yFa3 xFa3,yF14, Mo}
mpac,
IGZD‘Z
and: RHS = mzag,
IG3063
maac — Fp

Fj; is the constrained force acting at body i by body j, m; is the mass of body i, I; is the moment of
inertia with respect to the axis at the centroid of body i, r; /; is the relative position vector of point i
with respect to point j, and ac and ag; are the acceleration vector of link 4 (piston) and the centre of
gravity i in the x-y coordinates, respectively. The gas pressure P (kPa) in one cycle for some engine has
been proposed by Asadi et al. [8] as follows:

101.3 0<6<m
7.53x 121 <6, <2m
P= 2950 2m < 6, <13/67 (kPa) (6)
298y~ 121 9/4m < 0, <37
101.3 3w <6, <4

Where x in above equation is in Equation (3).
The external force Fp due to gas pressure can be computed by:

Fp = (P — Pam)Ap @)

Where Patm is atmosphere pressure (kPa) and Ay, is the piston area (m?).

Gy

N Mo

Figure 2. Free-body diagram of a crank-slider.
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2.2. Engine Vibration System

A mounted engine system will be modeled as a simple spring-mass system with the rigid mass
having six degrees of freedom. Linear spring behavior is assumed as shown in Figure 3, while force
and displacement relation can be written as:

F =k(r—ry) = kér (8)

Where k is spring stiffness, 1y is the position of the unstretched spring, r is the position vector of the
spring under the force F, and Jr is a spring translational vector.

& E

\——
=

—

»
>

Figure 3. Spring displacement vector in three-dimensional spaces.

A rigid body attached with a number of linear springs is given in Figure 4. From the figure,
the position vector of the i-th spring can be expressed with respect to the centroid position as:

Ij =T+ I )

Where 1; is the position vector of spring I, r. is the position vector of the mass centre, and r,; is the
potion vector of spring i with respect to the centroid.
When the body is in motion, the derivation of the vectors in Equation (9) can be written as:

Or; = O0rc + Ory; (10)

Figure 4. Vector position of spring position relative tothe center of mass.
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As the centroid and the i-th point are at the same body, we can have:
Or; = Orc + 00 X 14 (11)

Where 46 is the vector of rotation displacements of the body. The translation and rotation vectors can
be defined as:

Ux 0y
ore = iy ,00 = Gy (12)
Uy 0,

Where u; is the translation in i-th direction and 6 is the angular displacement in the i-th axis. The rigid body
has six degrees of freedom, as shown in Figure 5. By substituting Equation (12) into Equation (11), we have:

Ux
u
Uy + Oyreiz — Oarciy 1 00 0 Teiz  —Teiy uy
or; = Uy + ezrci,x — exrci,z = 010 —Tiz 0 Teix 92 =Td (13)
U, + erci,y — erci'x 0 0 1 Teiy —Teix 0 9;
0

Where T, is called a transformation matrix for the i-th spring and d is the displacement vector of the
body. As a result, elastic potential energy of the i-th spring is:

1 1 1
u; = EkiériT or = EdT(k,»TiT T))d = EdTKid (14)

If the spring-mass system has 7 linear springs, the total elastic potential energy can be computed as:
1 7(& 1.7
u:id Y K; d:Ed Kd (15)
i=1

Where K is the stiffness matrix of the system. The kinetic energy or the work due to inertial forces can
be computed as:

T T 1.T .
T = 1m5r35r6+159 160 = -d Md (16)
2 2 2
Where:

m 0 0 0 0 0

0 m 0 0 0 0

m 0 0 0 m 0 0 0
_ _ 17
M {o 1} 0 0 0 Ly —Ly —Ls (17)

0 0 0 —Ip Iy ~—Ip

O 0 0 —sz _Izy IZZ

m is body mass, and I is the matrix of moments of inertia. Adding the work done by external forces to
the system, a vibration model of a three-dimensional (3D) spring-mass system can be expressed as:

Md +Kd = F (18)
Damping can be added to the model using a proportional damping matrix or a Reylize

damping i.e.,
C=aM + K (19)
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Where « and B are the proportional damping constants to be specified. The dynamic model then
becomes: ) »
Md + Cd + Kd = F(t) (20)

In this work, numerical solutions of the system of differential equations in Equation (20) can be
carried out by using Newmark’s integration technique [26].

X

Figure 5. Degree of freedom of rigid body in three-dimensional spaces.

3. Hybrid RPBIL-DE for Multi-Objective Optimisation

The multi-objective design problems of trusses [27,28] and mechanisms [29,30] have been
solved with the hybridisation of real-code population-based incremental learning and differential
evolution (RPBIL-DE). This optimizer is found to be one of the high-performance multi-objective
optimisers, and is therefore selected to solve our problem in this study. The algorithm is extended from
References [31,32] by integrating into it the differential evolution (DE) operators in the main procedure
of real-code population-based incremental learning (RPBIL), leading to a hybrid algorithm [27].
This technique is developed to avoid a premature convergence searching of RPBIL due to the
probability of matrix updating relying on the current best solution. The mutation and crossover
of DE are incorporated into a RPBIL procedure. This hybridisation has been proved that it can increase
the population diversity for multi-objective optimisation. Additionally, the non-dominated solutions
can be chosen using a clustering technique that is detailed in Reference [33]. The RPBIL-DE and DE
operator partsare shown in Algorithm 1, where F is a scaling factor, p. is a crossover probability, and CR
is the probability of selecting an element of an offspring ¢ in binomial crossover.
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Algorithm 1. Multi-objective RPBIL-DE [27].

Input: Ng(number of generation), Np (population size), nj(number of subinterval), Np(number of trays), objective
function name (fun), Pareto archive size (N4)

Output: xbest’ fbest

Initialisation: P;;= 1/n; for each tray, where P;; is a probability matrix

Main steps

: Generate a real-code population X from the probability trays and find f = fun(X)

: Find a Pareto archive A

1: Fori=1to Ng

2: Separate the non-dominated solutions into N7 groups using a clustering technique, and find the centroid rg
of each group

3: Update each tray P;; based on 1

4: Generate a real-code population X from the probability trays

5: For j =1 to Np recombine X and A using DE operators

5.1: Select p from A randomly

5.2: Select q and r from X randomly, q # r

5.3: Calculate ¢ = p + F(q —r) (DE/best/1/bin)

5.4: Set ¢; into its bound constraints.

5.5: If rand <p,, perform crossover

55.1: Fork=1ton

5.5.2: If rand <CR, yy = ci

5.5.3: Otherwise, y; = px

5.5.4: End

6: End

7: New real-code populationis Y ={yy, ..., yj, ..., ynp} and find f = fun(Y)

8: Find non-dominated solutions from YUA and replace the members in A with these solutions

9: If the number of archive members is larger than N, remove some of the members using a clustering
technique

10: End

For more details of RPBIL-DE, see Reference [27].

4. Design Problems

A simplified forced vibration model is used in this study instead of the more complicated model
as presented in Reference [34]. Figure 6 displays the vibration model of a mounted single-cylinder
engine where the mass matrix (including mass and moments of inertia) and the mass centre of the
engine system are set to be constant. The engine box is attached to the ground by using four liner
springs as shown. The origin of the reference rectangular coordinates is located at the engine box mass
centre. For a computational procedure, forces and moments due to the moving links of a crank-slider
are computed separately. Then, the dynamic force vector is obtained as:

Fy
F, Py x
E, By + Fn
F(t) = — 3y Y 21
(t) M, 0 (21)
M,y Ro/g X Fo1 + Reyg X Fyg
M;
x
Where RC/G = RO/G -+ 0
0
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The parameters according to the kinematic, force, and vibration analyses are given in Table 1.
The external force due to pressure inside the cylinder followed Equation (6). The fidelity of the
optimisation result in the next section is affected by the pressure force and inertia force, which will
be studied in the next section. International System of Units (SI) are used unless otherwise specified.
Figure 7 displays the top and front views of the crank. The parameters used to define the crank
dimensions and shape are f¢, Ip, Rc1, Rea, Ry, rc, and ¢. If the values of those parameters are known,
the mass centre and moment of inertia of the crank can be calculated. Figure 8 shows the connecting
rod where nine design parameters are used to define the shape and dimensions of the rod as I, I, by,
by, Ry, Ry, t, 1p1, and rpy. It should be noted that the crank and rod are created for design demonstration
in this paper. For practical applications, their shapes may be defined differently. From Figures 7 and 8,
Ip =11, and Ry = Ry, so 14 parameters are assigned as elements of a design vector as x = {Rc1, Rea, 7c,
Ry, ¢, Ip, tc, Ry, p1, 'p2, I, t, by, and bz}T.

JAaN

Figure 6. A single-cylinder engine and its engine box.

Table 1. System parameters.

Parameters Symbols Quantities
Total engine mass m 14.528 kg
Piston mass my 0.2kg
Moment of inertia Lx, Ly, Izz, Ly, Lz, Iz 0.0768, 0.0640, 0.0812, 0,0, 0 kg—m2
Centre of gravity Rg [O,O,O]T m
Crank shaft centre Ro/q [—0.760, —0.0232, 0.0100]" m
Mount stiffness k 4 x 10° N/m
Crank length R 0.1m
Connecting rod length L 0.3m
Material density o 7850 kg/m?
Piston diameter d 100 mm
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Figure 7. Model of crank and design parameters.
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Figure 8. Model of the connecting rod and design parameters.

The multi-objective design problem for this work is posed to find a design variable vector x
such that:

Min: £ = {f1(x),f20)}T @2)
Subject to:
OCrank < Oall

ORod < Tall
ARod = 1

rp1 = Tp2 +0.005 m
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I > by +0.005 m
b1 > by +0.02m
Tp1 = Tp2 + 0.005 m
h>Dh
Ry > 7p1 +0.002 m
rc1 > Ry +0.002 m
Rc1 > 101 +0.002 m
R > Ry +0.002 m
x < x < Xt

Where 0¢cank is the maximum stress on the crank, o, is an allowable stress, and orpq is the maximum
stress on the connecting rod. The bound constraints are set as x' = {0.03, 0.05, 0.015, 0.01, 7t/6, 0.03,
0.01, 0.03, 0.02, 0.01, 0.02, 0.002, 0.02, and 0.01}T, and x* = {0.045, 0.09, 0.04, 0.03, 7, 0.05, 0.03, 0.05, 0.03,
0.03, 0.04, 0.005, 0.04, and 0.03}T. The buckling factor for the rod Agyq is defined as the ratio of critical
load to applied load. The first three design constraints are set for structural safety, while the other
constraints are assigned for manufacturing tolerances and practicality. The objective functions used in
this study are set as f = {t/rms + Orms, mass}T. The root mean squares (RMS) of the vibration translations
(ttrms) and rotations (6;ms) over the period t€ [0, fmax] can be computed as:

1
Upms = \/?/ (u3+ug + u2)dt (23)

and:
1
Oms =\ 7 / (6262 + 62)dt (24)

In the function evaluation process, with the given input design vector x being decoded, the shape
and sizing parameters are repaired to meet constraints 4-12, and the inertial properties of the crank
and rod can then be computed (the rest of constraints will be handled by using the non-dominated
sorting scheme [35]. Then kinematic and dynamic force analyses are carried out as detailed in Section 2.
A simple finite element model using a three-dimensional (3D) beam element is applied to determine
the maximum stresses on the crank and rod. A buckling factor is also calculated in the cases of the rod.
Also, the obtained dynamic forces are used as external excitation for the vibration model of the engine.
Having obtained a dynamic response, the objective functions can then be computed.

Three multi-objective optimisation problems with the same design objectives and constraints but
different engine rotational speeds are posed as:

OPT1: min {ttyms + Orms, mass}, constant crank angular speed 1000 rpm
OPT2: min {utyms + Orms, mass}, constant crank angular speed 1500 rpm
OPT3: min {ttrms + Orms, Mass}, constant crank angular speed 2000 rpm

The RPBIL-DE is used to tackle each design problem, with 10 runs starting with the same
initial population. The population size is set to be 100, while the total number of iterations is
150. The crank and connecting rod are made of alloy steel AISI 4140H with a Young’s modulus of
211.65 GPa, oyt = 417.1 MPa, and density of 7850 kg/ m?3. For each finite element analysis, the maximum
compressive force over the period of time [0, tmax] will be used for buckling calculation.
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5. Pressure Force and Inertia Force Validation

The gas pressure force and inertia force exert on the engine box similar to an external force.
The fidelity of the both forces is very important in the vibration analysis of the single-cylinder engine,
which we will do by considering the forces versus the crank angle. The gas pressure force, inertia
force, and total force in one cycle is coded by using MATLAB commercial software over the interval
[0, tmax], as shown in Figures 9-11 at 1000 rpm. The maximum gas pressure force exerted on the piston
head occurred at the maximum torque, but the maximum tensile force occurred during the maximum
revolution speed [8]. Figure 9 shows that the maximum gas pressure force is 22,374 N, which occurs
in the combustion process. The inertial force due to the slider-crank mechanism in the x direction is
show in Figure 10; meanwhile, the maximum inertia in positive direction is 1141N, while the negative
inertia force is 2286 N. Figure 11 shows the total force due to the gas pressure force and inertia force
that give the maximum gas pressure force as 20,364 N, while the maximum tensile force is 2867 N.
All of the diagrams indicate similar trends to the work by Reference [8], while the magnitude of all of
the forces are different, as a result of the differences in the system parameters.

x 10
25 T T T T T T

Gas Pressure Force(N)
T
1

051 ‘ \ J

05 r c c c c c
0 2 4 6 8 10 12 14

Crank Angle(rad)
Figure 9. Gas pressure force versus crank angle at 1000 rpm.

1500 T T T T T T

1000 N /A .

500 | / \ |

Inertia Force(N)

-1000 - | \ E
500 | N E

-2000 - \ o/ e

2500 r r r r r r
0 2 4 6 8 10 12 14

Crank Angle(rad)

Figure 10. Inertia force due to crank slider versus crank angle at 1000 rpm.
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Figure 11. Total force due to gas pressure force and inertia force versus crank angle at 1000 rpm.

6. Design Results

We implemented the RPBIL-DE for solving the design problems, ran 10 OPT1-3 runs, and chose
the best front based on the hypervolume indicator of each design problem. According to its definition,
the larger the hypervolume, the better the Pareto front. Figures 12-14 show the best front at each engine
speed. The results from minimising vibrations (RMS) and the mass of the single cylinder engine (kg)
at the engine speed of 1000 rpm are in the ranges of [0.06402 0.06402] and [2.688 4.998] kg, respectively.
The vibration and engine mass at the engine speed of 1500 rpm are in the ranges of [0.06252 0.06252]
and [2.688 4.986] kg. At the engine speed of 2000 rpm, the results are in the ranges of [0.06012 0.06012]
and [2.688 4.957] kg for vibration magnitude and engine mass, respectively. Some selected design
solutions of each design problem in Figures 12-14 and the corresponding crank-sliders of each front
are illustrated in Figures 15-17.

Dynamic analyses of the crank-sliders in Figures 15-17 are carried out, and the results are shown
in Figures 18-23. Figures 18, 20 and 22 display the components of the translational displacements of
the six engines, while Figures 19, 21 and 23 display the components of the rotational displacements of
the six engines. From our design results, when focusing on vibration amplitude, it is found that our
technique can control the vibration amplitude to oscillate in a small strip throughout the Pareto front,

while the changing of mass is in accordance with the shape design parameters of the moving parts of
a single cylinder.

Pareto front of OPT1
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=2

B

B

fz’ Engine mass

. . . . . :
0064 0064 0064 0064 0064 0064  0.064
f1 , Vibration amplitude

Figure 12. The best Pareto front of OPT1.
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Figure 13. The best Pareto front of OPT2.
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Figure 14. The best Pareto front of OPT3.

Figure 15. Some selected design solutions of OPT1.
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Figure 18. The components of the translational displacements of the six engines in Figure 15.
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Figure 19. The components of the rotational displacements of the six engines in Figure 15.
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Figure 20. The components of the translational displacements of the six engines in Figure 16.
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Figure 21. The components of the rotational displacements of the six engines in Figure 16.
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Figure 22. The components of the translational displacements of the six engines in Figure 17.
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Figure 23. The components of the rotational displacements of the six engines in Figure 17.

7. Conclusions

The vibration suppression of a single-cylinder engine by means of multi-objective evolutionary
optimisation is proposed. Simple kinematic and dynamic force analyses of a single cylinder are
presented. The multi-objective design problems are posed to minimise the mass of the engine
mechanism and vibration amplitudes of the engine system. We implemented RPBIL-DE to solve
the design problems. The obtained design solutions are illustrated and analysed. The computation
results reveal that the proposed design process for forming the moving parts of a single-cylinder
engine is practical. Our technique can control the vibration amplitude to oscillate in a small strip
throughout the Pareto front by optimisation of the moving parts of a single-cylinder engine. With the
use of RPBIL-DE, multiple solutions for decision-making can be obtained within one optimisation run.
Future work will be the use of three-dimensional finite element analysis for calculating the design
constraints. This could be a time-consuming process, which may require a surrogate-assisted MOEA.
Also, different shapes of the crank and connecting rod should be studied.
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Abstract: Building construction based on ecological, locally available, and slightly processed materials
have a positive effect on the environment and local economy. Due to its simplicity, and thus possibility
to erect a building on one’s own and using inexpensive materials, it may potentially become a solution
to satisfy the continuously growing demand for residential buildings. In the paper, three variants
of ecological external walls were proposed: a wall made of clay blocks insulated with mineral
wool boards; a wall made of clay compacted in formwork insulated with mineral wool boards;
and a wooden frame structure filled with straw bales and cladded with fiberboards. The layers of the
walls were chosen in such a manner that the heat transfer coefficient values for the studied variants
are as equal as possible (0.2 W/m?K), thus allowing for a reliable comparative study. The cost
calculation of each variant of walls construction was made. The obtained results allow selection of
a more advantageous solution.

Keywords: ecological building; clay blocks; compacted clay; straw bales; cost calculation

1. Introduction

The basic need of all people is to have their own shelter—a home in which they can feel safe and
well. For thousands of years, men have been using raw materials available in their close vicinity for
construction purposes. Until today, we admire ancient structures that have endured and continue
to delight us with their beauty. At present, buildings should be designed, constructed, operated,
and demolished in accordance with the requirements of sustainable development [1]. This can be
achieved by a responsible choice of the construction site, building materials, and the means of project
implementation, and then by building maintenance and demolition, so as to avoid degradation of the
environment [2]. The construction industry has an important role in the creation of the construction
environment and its impact has to be measured with relation to the way it contributes to air pollution,
land use and contamination, usage of resources, water and materials depletion, water pollution, impact
on human health, and climate change [3,4]. In reference [5], the authors proved that the results of
developing sustainable architecture are based on changing the function of a building from a linear
approach to a closed circulation plan, where a building can evolve from a consumer of energy and
other resources into a virtually self-sufficient unit. Investors include green aspects in their construction
projects more frequently [5-7]. They increasingly desire natural buildings where special attention
is paid to the use of ecological materials (such as straw, wood, and clay), energy saving during
the building process, and the health of residents. These can become an alternative for traditional
buildings [8].

This study concerns building structures made of local and only slightly processed materials,
including straw and clay. The technologies providing for the use of these construction materials are
poorly known and not much popularised. Wall materials used in Poland include: cellular concrete
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produced from aerated cement-lime, lime or cement mortar, ceramic materials including bricks and
hollow blocks, and light expanded clay aggregate concrete blocks. One of the most popular solutions
are ceramic blocks due to their relatively low price, low thermal conductivity, and a relatively short time
of wall masonry. However, in comparison to the materials that are used in natural building, ceramic
hollow bricks are characterized by a higher degree of processing, and thus also lower environmental
compatibility. Buildings based on natural materials are available for everyone, and they meets the
criteria of sustainable development—development in which the environment and people are put
first. This sort of building makes it possible to engage occupants, friends, and other people—who
do not have to possess specialist qualifications—in the construction process. It allows for an aware
response to the demands of sustainable development, including social integration. The simple building
construction technique of straw bales or light clay allows for employing excluded persons, who are
able to build homes for their own needs by themselves.

2. Literature Review

Research in the field of natural building technologies is limited. Among them: in [9], a comparison
of the mechanical performance of structural elements built in three basic techniques—earth block
(adobe) masonry, rammed earth, and cob—is presented. Up to present, few studies are available
concerning the mechanical behavior of straw bales in buildings. Such a study is presented in
reference [10], which aims at investigating the behavior of straw bales and leads to recommendations
for the required bales densities. In reference [11], the viability of straw bale construction has recently
been investigated, in particular, its resistance to moisture. Similarly in reference [12], two options for
the use of straw to fill envelop walls were investigated in the Andean Patagonian region: the direct
use of straw bales, whether in whole or in halves, and the manufacturing of straw—clay blocks. All the
straw options analyzed result in significantly better thermal performance than current choices of fired
bricks or concrete blocks that are commonly used in the region. In turn, in reference [13] a straw bale
house located in Bavaria, Germany was evaluated. The experimental work included compression tests,
moisture content, thermal stability of the bales, and pH. In article [14], authors examined the use and
accuracy of a moisture probe used in the walls of a straw-bale building. This study has confirmed the
use of wood-disc sensors as a robust technique for monitoring moisture content of straw-bale walls.
The measurements from a number of moisture probes placed in the walls of a case study straw-bale
building over a two-year period are presented. Similarly, in article [15], the results were drawn from
a study on moisture monitoring in straw bale construction, including the development of an empirical
equation which relates straw moisture content to surrounding microclimate relative humidity and
temperature. Article [16] mentioned results from a study on the thermal conductivity of some natural
plaster materials that could be used for straw bale buildings.

When analyzing the cost aspects of natural building, please pay attention to a few studies.
In reference [17], the authors present green buildings that provide such financial benefits such as
lower energy, waste, and water costs; lower environmental and emissions costs; lower operational and
maintenance costs; as well as the increased productivity and health that conventional buildings do not
possess. The comparison of traditional and modern buildings in relation to environmentally-efficient
parameters can be found in reference [8,18]. In reference [2], the authors have compared walls form
natural materials (straw-bale technology) with walls constructed in the traditional technology: made
of cellular concrete blocks and of a ceramic air-brick insulated with Styrofoam. The evaluation criteria
were the following: the cost, workload, thermal insulation, and environmental performance of the
variants. The analysis revealed that the best solution for the weights assumed in the criteria was the
brick wall. This solution received the highest global evaluation resulting from the comparison of
the variants in relation to the chosen four criteria. It has to be mentioned that the most important
criterion was the price. The natural variant of walls was the most advantageous from the insulation
and environmental perspective; however, it had the worst parameters concerning cost and workload.
In [19], the authors pay attention to the whole life cost and environmental impact of buildings to
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encourage key stakeholders to make more sustainable choices. In their opinion, a perception that more
energy efficient and environmentally-friendly buildings cost more to build from the outset should
be questioned.

This paper contains an analysis of three types of exterior walls made using natural building
technologies: clay block wall with insulation layer consisting of mineral wool boards; a wall made
of clay compacted in formwork with thermal insulation of mineral wool boards; and a wooden
structure/framework filled with straw bales and covered with fiberboard. Wall layers have been
selected so as to ensure that the values of heat transfer “U” are close to each other, reaching 0.2 W/ m2K.
This selection of layers allowed for making a reliable comparison of wall construction costs. The article
is a continuation of a research study carried out by its authors in this subject matter. In reference [7],
they have presented a comparative study of these walls regarding construction time. In this article
the intended purpose has been to show a comparative study for the same walls regarding their
construction costs. As a matter of fact, studies on low-impact building do not show any schemes to
calculate implementation costs.

3. Selection of an Object for Analysis

The design of a two-storey detached house has been used as an object for carrying out the
calculations and comparative analysis. The number of exterior and interior load-bearing walls, as well
as window openings and door-ways, will be used as an example for comparing construction costs.
Depending on the applied materials, the wall or its individual components will be measured in m® or
m?.

Due to different wall thickness values (depending on the material and technology), the external
dimensions for a non-plastered structure according to the draft model have been used in the
calculations. It means that the dimensions of the analyzed building are the same for each of the

technologies. Therefore, the building is sized 8.20 x 8.60 m.

4. Cost Calculation Method

The detailed cost calculation method was used for building walls cost estimating. This type of
calculation involves determining an estimated price of the construction works, as products of the
volume of unit works, material expenditures and their prices, and the added direct costs and profit,
respectively, including tax on goods and services, according to the formula [20]

Ck:ZL-(TPC-i-Kp]‘-‘rZ]')-FPU (1)

where:

Cy—estimated price of the construction works,
L—volume of specified work quantity units,
n-c—direct costs per work quantity unit,
Kj;—indirect costs per work quantity unit,
Zj—calculated profit per work quantity unit,
P,—tax on goods and services.

The indirect costs, profit, and tax on goods and services are excluded in cost calculations carried
out for the purposes of comparative analysis of selected wall execution variants. It is because they are
usually calculated in percentages from a given basis so they will not affect the results of the comparison.

The direct costs per work quantity unit are calculated according to the formula

n-c = ny-Cr + an‘cmn + ij + Zns‘cs )

where:
n—unit expenditures: labor—n,, materials—n,;, work, equipment and technological transport
facilities—ns,
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c—unit costs of production factors, including: estimated labor rate per hour—c;, unit material purchase
prices—cyu,, unit prices of machine-hours for equipment and means of technological transport—cs,
M,,i—cost of supplementary materials per work quantity unit.

12

The direct costs of the analyzed works are calculated according to the following guidelines:

Unit costs/expenditures of labor, materials, and equipment (1) are taken from the National
Contractors Estimator (KNR) or derived by analogy.

For those natural building works where no adequate catalogues exist, the costs/expenditures are
derived on the basis of the available literature [21,22].

Average prices from ‘Sekocenbud’ pricelist for the fourth quarter of 2017 will be applied as unit
prices of production factors (materials with purchase costs and equipment). The Sekocenbud
is a Polish newsletter which includes quarterly information about the prices of construction
production factors in the Polish construction market. There are material prices, labor prices and
prices of construction equipment lease.

The estimated man-hour rate is 4.00 EUR/m-h.

No cost of rent or providing additional scaffoldings is calculated for the analyzed works.

It is assumed that the clay is obtained from the foundation trenches, thus its cost is EUR 0.00.

It is assumed that the price of chopped straw, which is a thinning addition to the clay mass,
is EUR 0.00.

The cost of straw bales 31 x 41 x 70 cm is assumed to be 0.48 EUR per unit [23].

5. Bill of Quantities of Exterior Load-Bearing Walls of the Analyzed Building

The bill of quantities of exterior walls in the building has been developed taking into account

adequate National Contractors Estimators (KNR). The names of the direct works contain the numbers
of the catalogues being used or the references to items in the literature, if there is no adequate catalogue
item for a given work.

5.1. Walls of Clay Blocks

The first studied structure a wall variant was made of 10 x 25 x 38 cm clay blocks insulated

with mineral wool boards. The structural layer of the wall is 38-cm thick (Figure 1). On the outside,
the wall is insulated with 16 cm-thick mineral wool boards and covered with lime plaster. On the
inside, the wall is covered with a two-layer clay plaster.

' 58 '
[ a
T . Two-layer clay plaster 2cm
P 10x 25 x 38 clay blocks 38 cm
o . Mineral wool 16 cm
< — Outsidelime plaster 2cm
2 38 16

Figure 1. Cross-section of clay block wall. Source: own study.

Table 1 presents the calculations for the exterior walls made using the clay block technology.
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Table 1. Bill of quantities of exterior walls in the clay block technology.

Outside Walls (Own Study. Basis [11])

Level Spec. Qty. [m?] Qty. [m?] Qty. [m®]
Ground floor Walls 8301 70.22 26.68
Openings —12.79
Attic Walls 49,986 43.39 16.49
Openings —6.6
SUM 113.60 43.17
Various Works (Own Study. Basis [11])
Level Qty. [m]
Ground floor 14.00
Attic 56.80
Prefabricated Heads (KNR 202/126/5)
Level Qty. [m]
Ground floor 8.60
Attic 3.00
SUM 11.60
Thermal Insulation of Mineral Wool (KNR 33/2/4(1))
Level Spec. Qty. [m?] Qty. [m?]
Ground floor Walls 97.07 82.84
Openings —14.23
Attic Walls 427 47.67
Openings —6.6
SUM 130.51
Outside Lime Plaster (KNR 202/906/2)
Level Spec. Qty. [m?] Qty. [m?]
Ground floor Walls 9895 84.72
Openings —14.23
Attic Walls 25858 49.26
Openings —6.6
SUM 133.98
Double-Layer Inside Clay Plaster—1 Layer (Own Study. Basis [11])
Level Spec. Qty. [m?] Qty. [m?]
Ground floor Walls 7891 67.56
Openings —11.35
Attic Walls 4876 4216
Openings —6.6
SUM 109.72

Source: own study.

5.2. Walls of Compacted Clay

The second variant solution is the wall made of clay compacted in the formwork whose structural
thickness is 30 cm (Figure 2). The formwork is demountable panels. The remaining wall layers are the
same as in the clay block wall.
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Figure 2. Cross-section of the wall made of clay compacted in formwork. Source: own.

Table 2 presents the calculations for the exterior walls made using the technology of clay rammed
in formwork.

Table 2. Bill of quantities of exterior walls in the technology of clay compacted in formwork.

Outside Walls (Own Study, Basis [11])
Level Spec. Qty. [m?] Qty. [m?] Qty.[m?]
Ground floor Walls 8387 71.08 21.32
Openings —12.79
Attic Walls 2078 4418 13.25
Openings —6.6
SUM 115.26 34.58
Various Works (Own Study, Basis [12])
Component Qty. [m]
Shuttering 32.32
Levelling layer under floor 16.88
beams
Prefabricated Heads (KNR 202/126/5)
Level Qty. [m]
Ground floor 8.60
Attic 3.00
SUM 11.60
Thermal Insulation of Mineral Wool (KNR 33/2/4 (1))
Level Spec. Qty. [m?] Qty. [m?]
Ground floor Walls o707 82.84
Openings —14.23
Attic Walls 54.27 47.67
Openings —6.6
SUM 130.51
Outside Lime Plaster (KNR 202/906/2)
Level Spec. Qty. [m?] Qty. [m?]
Ground floor Walls 9895 84.72
Openings —14.23
Attic Walls 55.86 4926
Openings —6.6
SUM 133.98
Double-Layer Inside Clay Plaster—1 Layer (Own Study, Basis [12])
Level Spec. Qty. [m?] Qty. [m?]
Ground floor Walls 8063 69.28
Openings —11.35
Attic Walls 1981 43.21
Openings —6.6
SUM 112.50
Source: own study.
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5.3. Walls Made Using the *Straw-Bale” Technology

The third variant is the wall made of small 31 x 41 x 70 cm straw bales placed in a wooden frame
structure (Figure 3). The frame structure will be erected in the timber-frame house technology where
the posts are made as frames—so-called ladders. The wooden frame skeleton will be clad on both
sides with 12-mm fiberboard for good adhesion and improved thermal insulation. The wall will have
a lime plaster on the outside and a two-layer clay plaster on the inside.

374 |
e o
="
—
<_>< Two-layer clay plaster 2cm
% Pororus fiberboard 1.2cm
) :
) Straw bales in wooden framework 31cm
% Pororus fiberboard 1.2cm
_ Outside lime plaster 2cm
—
—
P aitr™
1.2 1.2
31, | 2

Figure 3. Cross-section of the wall made using the straw-bale technology. Source: own study.
Table 3 presents the calculations for the exterior walls made using the ‘straw-bale” technology.

Table 3. Bill of quantities of the exterior walls using the ‘straw-bale” technology.

Framework Structure—Columns of Outside Walls (KNR 21/4001/1)

Level Spec. Qty. [m?] Qty. [m?]
Ground floor Walls 8695 74.16
Openings —12.79
Attic Walls 52.63 46.03
Openings —6.6
SUM 120.19
Framework Structure—Girts and Ground Beams (KNR 21/4002/1) (KNR 21/4002/17 (1))
Component Qty. [m]
Ground beams 67.01
Girts 67.01
Framework Structure—Heads (KNR 21/4003/8)
Level Qty. [m]
Ground floor 60.00
Attic 3.00
SUM 11.60
Thermal Insulation of Straw Bales (Analogy to KNR 202/613/6)
Level Spec. Qty. [m?] Qty. [m?]
Ground floor Walls 86.95 72.72
Openings —14.23
Atic Walls 5263 46.03
Openings —6.6
SUM 118.75
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Table 3. Cont.

Framework Structure—Columns of Outside Walls (KNR 21/4001/1)

Level Spec. Qty. [m?] Qty. [m?]
Covering Framework Structure with Fibreboard Inside and Outside (KNR 21/4004/4 (1))
Level Spec. Qty. [m?] Qty. [m?]
Ground floor Walls 18242 153.96
Openings —28.46
Attic Walls 107.37 94.17
Openings —13.20
SUM 248.13
Outside Lime Plaster (KNR 202/906/2)
Level Spec. Qty. [m?] Qty. [m?]
Ground floor Walls 9895 84.72
Openings —14.23
Attic Walls 55.86 4926
Openings —6.6
SUM 133.98
Double-Layer Inside Clay Plaster—1 Layer
Level Spec. Qty. [m?] Qty. [m?]
Ground floor Walls 8361 72.26
Openings —11.35
X Walls 51.63
Attic 45.03
Openings —6.6
SUM 117.29

Source: own study based on [14].

6. Cost Calculation for the Construction of the Walls in the Analyzed Variants

6.1. Cost Calculation for the Construction of the Clay Block Walls

Own calculation items have been set in order to determine the direct costs for the works involved
in the clay preparation and incorporation, based on the subject literature content [22,23].

The calculation of the costs involved in erecting a division wall made of clay blocks includes
the construction of external load-bearing walls, the making of openings in the walls, the placing of
prefabricated heads, insulation of the walls with mineral wool boards, and applying external and
internal plasterwork (Tables 4-7).

Table 4 presents the calculation of labor cost for the clay block walls.

Table 4. Labor cost for clay block wall.

Meas. Total qty. P“Cni_[:]U R’/ Value [EUR]
m-h 159.00 3.85 614.07
m-h 1.28 3.85 4.93
m-h 322.50 3.85 1241.63
m-h 251.25 3.85 967.31
m-h 124.63 3.85 479.83
m-h 142.06 3.85 546.90

SUM 3854.70

Source: own study.

Table 5 presents the calculation of the material cost for the clay block walls.
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Table 5. Cost of materials for clay block wall.

Price
Item Name Meas. Total qty. [EUR] Value [EUR]
1 Reinforced concrete headckl);zam L19N/150 length 149 pes. 789 733 57.83
2 Clay blocks 10 x 25 x 38 cm m3 43.17 0.00 0.00
3 Raw building clay m? 38.9 0.00 0.00
4 Natural sand m? 9.71 4.96 48.16
5 Mineral wool board Isover PT80 thickness 60 mm m? 140.95 5.57 785.09
6 Mineral wool board Isover PT80 thickness 100 mm m? 140.95 9.55 1346.07
7 Chopped straw kg 272.19 0.00 0.00
8 Regular lime mortar for building m? 0.42 3541 14.87
9 Cement-lime mortar M2 (m.15) m? 3.31 34.21 113.24
10 Cement-lime mortar M7 (m.50) m3 0.09 42.28 3.81
11 Clay mortar m? 2.19 0.00 0.00
Dry adhesive mortar for mineral wool boards, for light
12 insulation—Atlas Rocker W-20 kg 522,04 0-26 135.73
Supplementary outlays 1.00 2.80 2.80
SUM 2507.60
Source: own study.
Table 6 presents the calculation of the equipment cost for the clay block walls.
Table 6. Equipment cost for clay block wall.
Item Name Meas Total Price Value [EUR]
: 9% |[EUR/m-h]
1 Mixing pump 1.1-3.3 m3/h (1) m-h 13.57 6.68 90.65
2 Dropside truck up to 5 t (1) m-h 418 13.75 57.48
3 Electric central mast-type hoist 0.5 t m-h 14.50 1.92 27.84
SUM 175.97

Source: own study.

Table 7 presents the total cost of erecting the clay block walls for the analyzed building.

Table 7. Total cost of erecting clay block wall.

Cost c . o
The Type of Cost [EUR] Participation [%]
The labour 3854.70 60.00
The materials 2507.60 37.00
The equipment 175.97 3.00
SUM 6538.27 100.00

Source: own study.

In order to obtain the average cost of making 1 m? of a division wall of clay blocks, it is required

to divide the total cost by the total area of the walls

o 6538.27 EUR
%7 113,60 m?

where:
Cao-the average cost of making 1 m? of wall.
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6.2. Cost Calculation for the Construction of Compacted Clay Walls

Own calculation items have been set in order to determine the direct costs for the work involved
in clay preparation and incorporation, based on the subject literature content.

Calculation of cost involved in erecting a division wall made of clay compacted in formwork
includes the construction of outside load-bearing walls, the making of openings in the walls, the
placing of prefabricated heads, insulation of the walls with mineral wool boards and applying external
and internal plasterwork (Tables 8-11).

Table 8 presents the calculation of the labor cost for the walls made of clay compacted in formwork.

Table 8. Labor cost for wall made of clay compacted in formwork.

Total Price

Item Name Meas. qty. [EUR/m-h] Value [EUR]

1 Carpenters group I m-h 116.38 3.85 448.06

2 Masons group III m-h 1.28 3.85 4.93

3 Workers group I m-h 235.81 3.85 907.87

4 Workers group II m-h 75.77 3.85 291.71

5 Workers group III m-h 14.87 3.85 57.25

6 Plasterers group II m-h 126.21 3.85 485.91

7 Plasterers group III m-h 142.06 3.85 546.93
SUM 2.739.66

Source: own study.

Table 9 presents the calculation of the cost of materials for the wall made of clay compacted
in formwork.

Table 9. Cost of materials for wall made of clay compacted in formwork.

Total Price

Item Name Meas. aty. [EUR] Value [EUR]
1 Reinforced concrete };T)dc}:ﬁam L19N/150 length pes. 789 733 57.83
2 Edged softwood boards class III, thickness 25 mm m3 4.49 140.33 630.08
3 Clay m3 42.88 0.00 0.00
4 Round nails, bare kg 16.16 1.30 21.01
5 Sand, graining 0—4 mm m3 10.72 9.04 96.91
6 Mineral wool board Isover PT80 thickness 60 mm m? 140.95 5.57 785.09
7 Mineral wood board Isover PT80 thickness 100 mm m? 140.95 8.55 1205.12
8 Flat washers Uls6 pes. 129.28 0.19 24.56
9 Threaded rod for fasﬁ?ér_lfd;%r heavy loads, cl. 4.8 pes. 67.23 276 18555
10 Chopped straw kg 31.81 0.00 0.00
11 Regular lime mortar for building m3 0.42 35.41 14.87
12 Cement-lime mortar M2 (m.15) m? 331 34.21 113.24
13 Cement-lime mortar M7 (m.50) m3 0.09 42.28 3.81
14 Clay mortar m3 2.25 0.00 0.00

Dry adhesive mortar for mineral wool boards, for
15 light insulation—Atlas Rocker W-20 kg 522.04 026 135.73
Supplementary outlays 1.00 45.95 45.95
SUM 3319.75

Source: own study.

Table 10 presents the calculation of the equipment cost for walls made of clay compacted
in formwork.
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Table 10. Equipment cost for wall made of clay compacted in formwork.

Price

Name Qty.  Total qty. [EUR/m-h] Value [EUR]

Mixing pump 1.1-3.3 m3/h 1) m-h 13.57 6.68 90.65
Dragged soil cutter (set) m-h 2.77 1.95 5.40
Dropside truck up to 5 t (1) m-h 4.18 13.75 57.48
Vibratory foot rammer 66-78 kg m-h 32.84 253 83.09

Passenger-cargo hoist 1.0 t m-h 100.32 3.73 374.19
Portable window crane 0.15 t m-h 5.64 1.12 6.31

SUM 617.12

Source: own study.

Table 11 presents the total cost of erecting walls of clay compacted in formwork for the
analyzed building.

Table 11. Total cost of erecting wall of clay compacted in formwork.

The type of cost Cost [EUR] Participation [%]
The labour 2709.66 41.00
The materials 0.75 50.00
The equipment 617.12 9.00
SUM 6646.53 100.00

Source: own study.

In order to obtain the average cost of making 1 m? of a division wall of clay blocks, it is required
to divide the total cost by the total area of the walls
6646.53 EUR EUR
= ————F5 =57.67—% 4
Co=Tis26mz e @
where:
Cao—the average cost of making 1 m? of a wall.

6.3. Cost Calculation for the Construction of Walls Using the ‘Straw-Bale” System

The calculation of direct costs involved in erection of a division wall in the ‘straw-bale’ system
includes building a wooden framework in the ‘Canadian house’ system, filling the framework with
straw bales, covering it on both sides with fibreboard, and applying external and internal plasterwork
(Tables 12-15).

Table 12 presents the calculation of the labor cost for the walls using the ‘straw-bale’ technology.

Table 12. Labor cost for a wall in the ‘straw-bale” technology.

Price

Name Measure Total qty. [EUR/m-h] Value [EUR]
Masons group II m-h 501.64 3.85 1931.31
Masons group III m-h 444.33 3.85 1710.67
Workers group I m-h 16.59 3.85 63.87
Workers group II m-h 47.36 3.85 182.34

Plasterers group II m-h 66.62 3.85 256.49
Plasterers group III m-h 79.76 3.85 307.08
SUM 4451.76

Source: own study.

Table 13 presents calculation of the material costs for the walls made using the ‘straw-bale’ technology.
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Table 13. Cost of materials for a wall in the ‘straw-bale” technology.

Item Name Meas. —l;;’tt;l [I;IJCI:] Value [EUR]
Softwood boards planed on both sides,
1 class II, thickl:;less 28-45 mm m? 340 244.43 831.06
2 Round nails, zinc-coated kg 37.73 1.54 58.10
3 Straw bales 31 x 41 x 70 ps. 413.25 0.48 198.36
4 Plain fibreboard, porous, thickness 125 mm m? 272.94 1.55 423.0
5 Regular lime mortar for building m3 0.42 35.41 14.87
6 Cement-lime mortar M2 (m.15) m? 3.31 34.21 113.24
7 Cement-lime mortar M7 (m.50) m? 0.09 42.28 3.81
8 Clay mortar m3 2.35 0.00 0.00
Supplementary outlays 1.00 24.90 24.90
SUM 1667.40

Source: own study.

Table 14 presents calculation of equipment costs for a wall made using the ‘straw-bale’ technology.

Table 14. Cost of equipment for a wall in the ‘straw-bale” technology.

Total Price
Item Name Meas. aty. [EUR/m-h] Value [EUR]
1 Mixing pump 1.1-3.3 m3/h (1) m-h 13.57 6.68 90.65
2 Dropside truck up to 5 t (1) m-h 8.74 13.75 120.18
3 Electric central mast-type hoist 0.5 t m-h 8.38 1.92 16.09
SUM 226.92

Source: own study.

Table 15 presents the total cost of erecting the walls of the analyzed building using the
‘straw-bale” technology.

Table 15. Total cost of erecting a wall in the ‘straw-bale” technology.

The Type of Cost Cost [EUR] Participation [%]
The labour 451.76 70.00
The materials 1667.40 26.00
The equipment 226.92 4.00
SUM 6346.08 100.00

Source: own study.

In order to obtain the average cost of making 1 m? of a division wall in the ‘straw-bale’ technology,
it is required to divide the total cost by the total area of the walls

_ 6346.08 EUR

EUR
Copo = = 52.80 U

120.19 m? m?2

®)

where:
Cao—the average cost of making 1 m? of wall.

7. Comparison of the Wall Erection Costs in the Analyzed Variants

7.1. Cost of Making 1 m? of Wall

The cost of building 1 m? of wall depends directly on the construction time through labor costs.
Moreover, in the simplest case, the cost is also affected by the type and volume of materials and
construction equipment being used [23]. In general, the cost of erecting 1 m? of wall is one of the most
important factors determining which technology will be chosen to make the division wall.
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The wall made using the ‘straw-bale” technology proved to be the cheapest solution (Figure 4);
as such, the division wall made of clay blocks and clay compacted in framework turned out to be a
less economic solution. The poor result obtained for a clay division wall has been primarily due to
factors including the considerable amount of labor and the more expensive thermal insulation type.
In the case of clay compacted in framework, shuttering makes for an additional cost.
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[EUR/m?] Clay blocks Clay compacted Straw - bale
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Figure 4. Cost of making 1 m? of wall depending on the chosen technology. Source: own study.

7.2. Share of Individual Components in the Wall Erection Costs

It is worth showing the cost analysis divided into labor, materials, and equipment (Figure 5).
This analysis indicates which component most affects the total cost of the project, and this information
may become an indication for choosing the optimal external wall. For example, when people have
inexpensive manpower or time, thus being able to get involved in works by themselves, a more optimal
solution for them will be to choose a wall type where the labor is the most expensive component.
On the other hand, when they can get discounts or allowances from building materials wholesalers,
it will be more optimal to choose the division wall for which material price is the most decisive factor
in the total construction cost.
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Figure 5. Division of the total wall construction cost into the costs of work/labor, material, and
equipment. Source: own study.
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Among the analyzed exterior wall types, the walls made of compacted clay shows the lowest
labor cost. In case of a clay block division walls, the higher labor cost is primarily generated by the
prolonged process of clay preparation and block formation. The walls made of straw bales in a wooden
framework turned out to be the most expensive solution as regards the labor cost. More precisely,
the whole framework construction determines this high labor cost.

Walls made using the ‘straw-bale” technology proved to be the least expensive divisions as regards
material expenditure. This is chiefly due to the very low purchase cost of the straw bales. In second
place in the category of used materials cost are the walls made of clay blocks. This results from the
assumption that materials including clay and chopped straw are obtained for free. The material cost is
highest in the case of a compacted clay walls, which is connected with the high costs of shuttering made
by the carpenter on site. This cost could be reduced if the shuttering is used at several construction sites.

The equipment cost for the analyzed division walls is comparable, differing only in the case
of the compacted clay wall, where power rammers and a cargo-passenger lift are additionally used.
The system formwork would increase equipment expenditures, but it would also reduce material costs.

8. Conclusions

The paper contains a comparison of construction costs for the exterior walls of a building, erected
using three different technologies. The incurred costs have been estimated in detail despite a lack of
up-to-date studies on the labor input required for individual works, occurring in the case of natural
building technologies.

The purpose of the paper has been to provide a comparative analysis of the costs involved in
erecting the exterior walls of a building based on locally available materials that may be qualified as
natural building materials. This goal has been achieved.

The analyses demonstrated in the paper allow for drawing the following conclusions:

e  The variant of walls made using the ‘straw-bale’” technology has been found to be the most
advantageous among the analyzed natural building solutions. In spite of having the highest
labor cost, this solution has proven to be the least expensive among all the natural building
wall-making technologies.

e The high cost of clay wall variants is mostly generated by the expensive thermo-insulating layer
in the form of mineral wool boards.

e When considering the lowest general cost of labor, the variant of walls made of clay compacted
in formwork has proven to be the best. However, this variant has generated the highest cost of
building equipment.

e The high cost of the variant of wall made of clay compacted in formwork is primarily generated
by the cost of the formwork. If its cost could be spread among several buildings, or if another,
more economic shuttering type could be used, the result obtained by this technology would be
much better and would compete with the variant of wall made of straw in a wooden framework.

e Among the main reasons in favor of natural buildings are the free—or very
inexpensive—building materials.

e The double-layer clay plaster may form an alternative for other types of wall facing used today
inside a building. The cost of such plaster made manually does not exceed the cost of cement-lime
plaster prepared by mechanical means.
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Abstract: With fast-growing interest in sustainable healthcare management, proper selection and
evaluation of hospitals become highly essential. Generally, experts/decision-makers (DMs) prefer
qualitative information for rating objects. Motivated by this idea, in this paper, a linguistic hesitant
fuzzy set (LHFS) is adopted for elicitation of preference information. The LHFS provides qualitative
preferences of DMs as well as reflects their hesitancy, inconsistency, and vagueness. Motivated
by the power of LHFS, in this paper we present a new decision framework that initially presents
some operational laws and properties. Further, a new aggregation operator called simple linguistic
hesitant fuzzy weighted geometry (SLHFWG) is proposed under the LHFS context that uses the
strength of power operators. Some properties of SLHFWG are also investigated. Criteria weights
are estimated using a newly proposed linguistic hesitant fuzzy statistical variance (LHFSV) method,
and objects are ranked using the newly proposed linguistic hesitant fuzzy VIKOR (visekriterijumska
optimizacijai kompromisno resenje) (LHFVIKOR) method, which is an extension of VIKOR under the
LHFS context. The practicality and usefulness of the proposal are demonstrated by using a hospital
evaluation example for sustainable healthcare management. Finally, the strengths and weaknesses of
the proposal are realized by comparison with other methods.

Keywords: group decision making; hesitant fuzzy set; hospital evaluation; linguistic hesitant fuzzy
set and Standard variance

1. Introduction

The WHO (World Health Organization) conducted a survey recently and predicted that by 2050,
seven out of ten people would live in cities [1]. Along with such high demand for city lives, the risks and
hazards also grow. To better circumvent the issue, there is an urgent need for proper and sustainable
healthcare management. The AIMA (All India Management Association) [2] claimed that among various
stages in sustainable healthcare management, the suitable selection of a hospital is highly substantial.
Motivated by this claim, many scholars came up with different methods [3-5] for the proper evaluation
and selection of hospitals. Based on the analysis, it is clear that decision maker(s)(DMs) prefer qualitative
preference information for rating objects and the research on linguistic decision making is an attractive
and hot topic for exploration in the present scenario. Due to factors such as lack of experience, time
pressure, nature of objects, etc., DMs are unable to express their preferences quantitatively. To better
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circumvent this issue, Zadeh [6] introduced the idea of qualitative decision-making, where the preferences
are given as linguistic terms. After the advent of the linguistic term set (LTS) [7], many scholars put
forward different theories and concepts [8-10]. However, in many practical applications, expressing the
viewpoints using the single linguistic term is unreasonable and impractical.

With a view of alleviating such an issue, Rodriguez et al. [11] put forward the concept of a hesitant
fuzzy linguistic term set (HFLTS), which combines a hesitant fuzzy set (HFS) [12] with an LTS, where
multiple terms are used by the DMs for expressing their viewpoints. Later, Rodriguez et al. [13]
presented a study on different fuzzy linguistic models and claimed that HFLTS is a powerful concept
for modeling uncertainty in preference elicitation. Further, motivated by the ability of HFLTS (as
discussed in Reference [13]) in modeling complex linguistic terms, many scholars [14-23] presented
new theories and concepts under the HFLTS context. Though the HFLTS circumvents the issue of LTS,
it is not able to properly reflect the hesitancy and vagueness of the DM. Rodriguez et al. [24] conducted
a survey on HFS along with some of its variants and claimed that HFS is a powerful tool for reflecting
the hesitation of the DM and presented some future directions. Recently, Liao et al. [25] conducted a
deep analysis on HFLTS and presented some challenges and future scope of HFLTS. Attracted by these
surveys, and with a view of alleviating the challenge (discussed above), Meng et al. [26] proposed a
new concept called a linguistic hesitant fuzzy set (LHFS), which addresses the qualitative preferences
of DMs and also reflects the hesitancy and vagueness of the DMs. Inspired by the power of LHFS,
Yu et al. [27] extended the Heronian arithmetic and geometric mean operators for LHFS and applied
the same for the decision-making process. Zhou et al. [28] extended the Hamming distance and
proposed new order relations under an LHFS environment. They also applied the genetic algorithm for
a criteria weight calculation and used evidential reasoning for aggregation. Liu et al. [29] extended the
linear programming technique for the multi-dimensional analysis of preferences (LINMAP) method
for LHFS and used it for solving multi-criteria group decision-making (MCGDM) problems. Further,
Zhu et al. [30] developed a new concept called a comprehensive cloud for unifying LHFSs of different
lengths. They also extended power operators under an LHFS and applied the same for decision-making.
Guan et al. [31] extended different distance and correlation measures under an LHFS environment for
the decision-making process. Recently, Dong et al. [32] extended the popular VIKOR method to an
LHFS environment and applied the same for intelligent transport system selection. Yuan et al. [33]
extended the Choquet integral for LHFS and applied the same for the selection of renewable energy
sources. Meng et al. [34] extended the idea of an LHFS by using interval numbers for membership
values and put forward a new similarity measure for solving decision-making problems.

Based on the review conducted above, it is clear that the LHFS is an attractive concept for
decision-making and the exploration of this concept has just begun. Also from the review, we identify
some potential challenges, which are listed below:

1. The primary challenge encountered is that there is an urgent need for a scientific decision-making
framework under an LHFS to utilize the potential power of an LHFS.

2. Following this, the idea of aggregation of LHFS-based preference information has just begun
and there is a good scope for exploration. The claim by Xu and Liao [35] to produce consistent
aggregated preference information is an interesting challenge to be addressed.

3. Another challenge is the calculation of criteria weights using the systematic procedure for
obtaining sensible weight values.

4. Further, ranking of objects by using LHFS-based preference information is another interesting
challenge to address for better decision-making under uncertain situations. =~ Though
Dong et al. [32] extended the popular VIKOR method to an LHFS, the challenge of using the
method for MCGDM still needs to be addressed.

5. Finally, comprehensive comparison of the proposed framework with other methods for realizing
the strength and weakness of the proposal is an attractive challenge for exploration.
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Motivated by these challenges, some genuine contributions of the proposal are presented in a
nutshell below:

(1) With a view of alleviating the primary challenge, a new decision framework is proposed under
an LHFS context to utilize the potential power of an LHFS.

(2)  Following this, a new aggregation operator called simple linguistic hesitant fuzzy weighted
geometry (SLHFWG) is presented with the view of producing consistent aggregated preference
information by extending the operator discussed in Reference [35] under an LHFS context.
This operator also uses the idea of a power geometry operator for sensible aggregation.
He et al. [36] claimed that “whenever the relationship between the objects and criteria are to be aggregated,
some unduly high and low information may have some bad impact on the aggregation process. In order to
mitigate the effect, support measures are to be used which assign weights to information. This showcases
the urge need for power operators during aggregation”. Motivated by this claim, we set our focus in
this direction.

(3) Further, a new method for criteria weight estimation is presented which is an extension to
standard variance (SV) under an LHFS context. Previous studies on weight estimation have
predominantly used entropy measures [37], optimization models [38-40], analytic hierarchy
process (AHP) [41] method, and decision making trial and evaluation laboratory (DEMATEL) [42],
etc., which often yields unreasonable and irrational weight values. Motivated by this challenge,
we set our proposal towards this direction.

(4)  Also, the popular linguistic hesitant fuzzy visekriterijumska optimizacijai kompromisno resenje
(LHFVIKOR) method is adopted for selecting a suitable hospital from a set of hospitals. This
example is an MCGDM problem that clarifies the practicality and usefulness of the proposed
decision framework and addresses the challenge mentioned by Dong et al. [32].

(5) Finally, the strengths and weaknesses of the proposed framework is realized by comparison with
other methods.

The remainder of the paper is organized as Section 2 for preliminaries, Section 3 for the LHFS
and its basic concepts, where some operational laws and properties are presented, along with a new
aggregation operator, criteria weight estimation method, and ranking method. Following this, in
Section 4, a numerical example for hospital evaluation is demonstrated to realize the practicality and
usefulness of the proposal, Section 5 presents a comparative study of the proposal with other methods,
and finally, Section 6 gives the concluding remarks.

2. Preliminaries

Let us review some basics of LTS, PLTS, and HFS.

Definition 1 [7]: Let S be a linguistic term set that is of the form S = {s4|a = 0,1,...,n}, where n is a
positive integer, and sy and s, are the lower and upper bounds of the term set. The linguistic term s, has the
following properties:

o s, and s, are two linguistic term sets, and the relation s, > sy holds true, if u > v.
e Negation of s, is given by neg(s,) = sy, such that u +v = n.

Definition 2 [12]: Let Y be a reference set, and HES on'Y is a function that maps every element of Y to a subset
[0,1]. Mathematically, it is given by:
E=(yhe(lyeY) ©)

where hg(y) is a set of values in the range [0,1] that represent the membership values of the element y € Y to the
set E.

Definition 3 [12]: Let h, hy, and hy be three hesitant fuzzy elements, where some basic operational laws are
given by,
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h @ hy = Uy en yaem (11 +72 — 1172) @
hy @ hy = Uy, ey yaeiy (1172) ®)
A =Uyen(1-(1-1)") @
W =Uyen (v1), >0 ®)
2
Mmoo Yoiyien(vi —;
s(h) = Uy,en <%>aﬂd v(h) = %l]) where s(/1) is a score function,  (g)

v(h) is the variance function, and m is the length of the hesitant fuzzy element.

Definition 4 [26]: Consider an LTS S of the form S = {su|a = 0,1, ...,n}, then, the LHFS is a set that when
applied to the linguistic terms of S yields a subset with many values in [0,1] and is mathematically defined by:

L(h) = {Lk(hf)‘Lk €S0 <HE<1k=0,1,... #L(k),i=0,1,...,m} @)

where Lk (h{‘ ) is the k™ linguistic term with its corresponding possible membership degrees, #L(h) is the number
of linguistic term(s), and m is the number of possible membership degrees for each linguistic term.

Remark 1: For ease of representation, we represent the linguistic hesitant fuzzy element (LHFE) as (rk, (hiC ) ),

where 1* is the k™ subscript of the linguistic term and (hf ) is the possible membership degrees of s,k € S.

3. Proposed Decision Framework under LHFS Context

3.1. Some Operational Laws and Properties of LHFS

Let us now present some properties and basic operational laws.
Definition 5: Consider an LTSS that is of the form S = {sy|a =0,1,...,n}, then the empty LHFS and full
LHFS is given by:

e  Empty LHFS L(h) = {@};
e  Full LHFS L(h) = S|with possible membership degrees;

Definition  6: Consider an  LHFS  L(h) that is of the form L(h) =
{L () ’L" €8,0 <K <1,k=0,1,... #L(k),i=0,1,...,m}, then the complement of LHFS L () is
given by L°(h) = S — Lk with h¥* = 1 — 1k,

Proposition 1: The complement of a LHFS is involutive.

Proof: If L°(h) = S — L¥, then complement of L°(h) is given by (L°(h)) = S — (S - Lk> with
ke)© k k
(W) =1 (1-H) =t =L(h). 0
Definition 7: Consider an LTS S that is of the form S = {sy|a = 0,1,...,n}, then the lower and upper bounds
of LHFS are given by:
Upper bound of LHFS L™ (k) = max (rk X s (hk>) 8)
Lower bound of LHFS L™ (h) = min (rk X s (hk>) 9)

where s (hk> is the score measure for the k™ instance preference values.
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Definition 8: Consider two LHFS Ly (h) and Ly (h) of the form (rll‘, hli-) and (r’ﬁ, hlgi), then:

La(h) @ Lo(h) = { (5 +75) (1l + Hy — hly ) } = La(h) (10)
L(h) ® La(h) = { (Vir§) (W) } = La() 1)
ALy(h) = {/\xr’{,lf (1—}15‘1)A}, A>0 12)

Whenever the result from Definition 8 goes out of bounds, the procedure suggested in Remark 2 is followed.

Remark 2: From Definition 8, it is clear that sometimes the linguistic part becomes out of bounds and to
transform these terms within the bounds, the procedure discussed in Reference [43] is adapted.

n when rf-‘ >n
=< —n when rf-‘ < -n
Vf otherwise

Since the LTS defined in this paper follows Definition 1, the conditions 1 and 3 will hold true. On the
other hand, when LTS S = {su|a = —n,...,—1,0,1,...,n}, then all thre