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Abstract 
Title: A Systems Engineering Approach for Plant Layout Management & Optimization 

Author: Abdulelah Saeed Algarni 

Major Advisor: Aldo Fabregas Ariza, Ph.D. 

The basis of this paper was to investigate the system engineering 

applications on petro-chemical facilities layout designs.  This work aims to 

facilitate and introduce the application of Facility Layout Problems to industrial 

case studies based on system engineering methodologies and performance 

measurements.  Additionally, an effort was made to present a state-of-the-art 

literature review of industrial layout problems that exhibits scarcity of system 

engineering role in the design and implementations of industrial Facility Layout 

Problems.  Facility Layout is one of the demanding large-scale optimization 

problems.  Upon the completion of this report, we found a great sense of vitality of 

system engineering approach together with necessity for more involvement in the 

total facilities layout life cycle stages.  
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1. Chapter 1 
Introduction 

The report provides its readership with a problem-oriented access to the 

process, methods, techniques and tools in the field of facilities layout planning and 

design.  The audience will be presented with background information in facilities 

layout field, reviewing problem formulations and models along with the state-of-

the-art algorithms and solutions techniques.  

The first part of this introduction review will introduce a brief background 

on the topic of facilities layout problem. The two case studies will illuminate the 

usefulness and importance of such topic, though the development of such use cases 

will be averted later on to be elaborated in the main thesis work.  
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1.1. Background & Motivation 

Over 25% of U.S. businesses investments (a trillion dollars per year for last 

five years in the last decade) was spent on new structures, as per the U.S Census.  

In addition, planning for new facilities has cost around 8% of US annual GNP since 

1995. (Tompkins, 2010, p. 9).  For industrial facilities organization, accurate and 

detailed intelligence about the performance, development, operation and costs of its 

facilities layout is a strategic asset.  Typical design period for facilities spans 5-10 

years with space requirement being the dominant factors in the design 

specifications.  (Tompkins, 2010, p. 119).  Controlling the risks, costs, and defects 

of services, products, and projects are becoming an essential part of today's global 

competition management strategies.  Industrial facilities impose large-scale 

magnitude of such risks and costs during the whole facilities lifecycles.   The 

organization is responsible for all the incurred costs for facilities lifecycle phases 

including design, construction, operation, and maintenance.  In order to control 

such costs and improve its profits, the organization must be able to control and 

sustain the facilities layout to carry out its business to the maximum efficiency.  In 

addition, with environmental, health, safety and energy constraints, it becomes 

important that designing facilities layout should take into considerations : 

Sustainability engineering, Resilience engineering, Security engineering, Safety 

engineering, Value engineering, Reliability, Maintainability, Availability, Logistic 

engineering, supply chain management, PHS&T (i.e. Packaging, handling, storage, 

and transportation), waste management, ...etc. 
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Apart from designing and developing of a system as in the case of industrial 

facility layout, System Engineering applies well-proven tools and methodologies 

across the system lifecycles that ensure proper integration of all involved tasks 

including project, design, and operation-related functions with efficient cost 

management and high-quality process.  It is worth mentioning that there are several 

literature reviews related to the layout problems, and the most general and recent 

one was back in 2007, the rest are either specific layout surveys or older reviews.  

(Drira, Pierreval, & Hajri-Gabouj, 2007).  We are motivated to undertake this 

exploratory study by complete unified study for the subject of facilities layout from 

System Engineering perspective.  Alternative layout arrangements do raise several 

questions like:  

 What is the appropriate techniques and methodologies to be used by 

organizations for facilities layout problem? 

 What is the recommended algorithms or modeling for the facilities 

layout planning? Moreover, why? 

 How can such techniques help in case of new facilities vs. existing 

facilities modernizations petition? 

The answers to such questions may help organizations to make better 

decisions about layout planning and management.  
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1.2. Purpose & Focus 

In recent years, many contemporary capital projects have had cost overruns 

and poor plant performance.  In this study, we aimed at how organizations can 

apply the system engineering approach and the ways they seek to enhance overall 

facilities layout while maintaining the costs and schedules baselines.  The purpose 

of this report is to promote the process of system engineering approach to facilities 

layout management and to apply layout optimization on industrial cases.  

We begin with the assumption that organizations have considerations for all 

concerning and competitive goals and objectives that result in different layouts 

scenarios producing different optimization index values.  In other words, we 

assume with some degree of confidence, that organizations have interests in layout 

rearrangements for higher design and operation efficiency.  Using the oil & gas 

industrial facilities as a case study, this research will explore the innovative 

possibility to harness the benefits of the system engineering approach specifically 

on the facilities layout design.  Our focus is on the case of lifecycles of design and 

management of equipment and machines layouts in an industrial plant.  The 

findings are based on systematic approach along with modeling of different real-

world scenarios.  
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1.3. Definition of the Problem 

Plant layout deals with the arrangement of the physical facilities inside the 

plant site. Such problems are also known as Facilities Layout Problems (FLP) 

(Drira et al., 2007, p. 255).  Layout problems cover several subproblems including 

but not limited to space allocation, internetworking, optimization, and decision 

support system among others.  The problems related to plant layout are generally 

observed because of the various developments that occur simultaneously. These 

developments include the adoption of the new standards of safety, changes in the 

design of the product, the decision to set up a new plant, introducing a new product, 

withdrawing the various obsolete facilities, etc.  Facility layout design has been a 

complex problem facing wide industrial sectors for the last decades. By some 

estimations, Up to 50% of operating costs are due to facility material handling. 

(Tompkins, 2010, p. 10). 

Plant layout is very complex in nature; because it involves concepts relating 

to such fields as engineering, architecture, economics and business management.  

Understanding the significance of layout and its association with operational costs 

among others, applying a well-established system-wide engineering methodology 

becomes of compelling importance to tackle such expanding complexity  
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1.4. Assumptions, Limitations & Scope 

In our initial literature review being reported here, we analyzed the trends of 

layout problems from System Engineering perspective.  We indicated the directions 

of layout problems issues and solutions methodologies.  We focused our literature 

investigations to the physical industrial facilities and related fields.   Also, this 

study limits to the layout and location issues with occasional indications of related 

issues like material handling systems, transportations, office environment hygiene, 

etc.   Facilities layout deals with micro-elements while its location deals with 

macro-elements.  (Tompkins, 2010, p. 7). 

In this treatise, our case studies will be restricted to static facility layout 

excluding dynamic aspects of facility layout since we feel promoting SE to static 

layout will pave the road for future investigation in the dynamic ones.  We should 

indicate that congestion in material handling and transportation, as well as 

capacitated facilities cases, are not taken into account. In addition, only 

deterministic requirements and specifications are being investigated in those case 

studies.  In such situations, we are inclined to deal at large with a single-floor 

facilities, known as planner layout or two-dimensional space layout.  Most of US 

facilities are single-floor facilities.  (Tompkins, 2010, p. 351)  
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1.5. Scope 

Facilities layout exhibits the constituent of any projects namely, scope or 

objectives, timeline or schedule, and budgets.  We are presenting here the published 

academic works, excluding commercial packages due to lack of full access to most 

of the packages in order to fairly represent them.   In addition, most of the literature 

algorithms are off-line algorithms, and we will maintain the same trend.   

In our efforts here, we evaluate the resulted layout based on initial standard 

requirements and specifications for specific defined goals and objectives.  Such 

goals might be evaluated with different weightings based on particular industry.  

Such variations can be explored with simulations of the results presented in this 

report. 

1.6. Case Study 

The System Engineering framework approach is exhibited for two industrial 

cases.  

1.6.1. Case 1 

The layout of oil refineries and gas plant with distillation columns will be 

adopted as a case study to demonstrate the proposed layout approach.  
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Typical plant structures are shown in Figure 1,   while the process flow 

diagram is shown in Figure 2.   For instance, in the gas distillation process, light 

ends mixes of natural gas liquids are separated to butane, propane, and ethane in 

this sequential order or reverse. The process involves refinement of overhead 

gasses in order to reach certain gas composition purity. Heat exchanger equipment 

(bottom reboilers and overhead finned fans with chilling compressors) are used to 

control the heat.    

Figure 1. Petrochemical Plant (Secl, 2006) 
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Figure 2. Refinery Process Flow Diagram (Mbeychok, 2007) 

1.6.2. Case 2 

The layout of control systems and instrumentation in a typical industrial 

facilities. Such problem can involve the design of control rooms, control systems 

cabinets, control systems network topologies, or plant-wide instrumentation 

locations.   In the second case, we will focus our investigating on the 

instrumentation Junction Boxes locations allocation which is also known as a set 

covering problem or total covering problem.  See example of such case in Figure 3. 
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Figure 3. Instrumentation of a pump with tank (Con-struct, 2012) 

1.7. Objectives 

Most technical aspects of FLP has been active research area since the 

1960s. (Liggett, 2000, p. 198).  Our primary goal in this report is to manifest the 

application of plant layout techniques and optimization in a real world industrial 

cases to obtain viable solutions and improvements.  Nowadays, new algorithms and 

improved optimization techniques allow us to get optimization solutions to large 

world-class problems.   In this contribution two industrial cases are addressed, 

equipment layout and instrumentation locations. 
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In addition, part of our goals in this paper is to be a first step for 

understanding such potentiality and draft a conceptual design for the development 

of Facility Layout Problem System Engineering (FLPSE) framework and tools.  

The purpose here is to take further consideration in the integration of the System 

Engineering approach with the FLP to result in a constructive composite.  For such 

reason, we chose the phrase “layout management” to encompass the layout 

planning, strategy and design processes.  

The research goals summarized as:  

1.7.1. Objective 1 

A showcase of an application of facilities layout planning and optimization 

for real-world petrochemical industrial cases is presented.  In addition, performance 

metrics for facilities layout will be explored and characterized for optimization and 

efficiency layout purposes.  

1.7.2. Objective 2 

In order to adapt System Engineering in facilities layout planning, this 

paper's objective is to build a bridge between facilities layout design and system 

engineering approach and techniques; and hence, to lay the foundations for a 

modern facilities layout System Engineering applications.   We introduce a 

planning framework that unifies facilities layout planning and management with 

System Engineering framework.   
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Our long-term goal is to promote and derive a better integration for 

applying System Engineering framework to the facility layout problems.  The result 

of such outcome would then pave the road to attempt developing model based 

System Engineering MBSE in FLP.  

1.8. Methodology and Sample 

We introduced a literature review and survey for most of the layout-related 

publications in the last decade.   Essential concepts of facilities layout problems 

were explained.  We then analyzed the research trends in layout problems in 

general.    Such findings had been analyzed for trends, limitations, applications 

areas, etc.  Literature review findings will direct our basis for the layout 

implementations methods to be recommended in the later chapters. 

This survey had covered over (100) peer-reviewed articles and publications.  

Application fields include abstract problems, chemical industry, warehousing, 

power plants, etc.  Traditional algorithms and models include heuristics, 

metaheuristics, and artificial intelligence.  Significant limitations of most situations 

where: problem formulations, exact solutions, real word constraints, and other 

facilities fields like scheduling and production planning.  Also, any use of System 

Engineering approach or tools had been reported for each article under the study.  



13 

 

1.9. Expected Contributions 

Effective FLP Layout planning and optimization can mitigate potential risks 

through the development of detailed and specific layout model and scope 

definition.  Additionally, a review of the literature related to the application of SE 

for FLPs does not appear to have been documented and is a contribution of this 

research. The author believes that organizations find great value in utilizing the SE 

framework for the FLP.  

1.10. Organization of Thesis and Report 

This thesis is organized into four chapters.  It also includes appendices that 

provide information on terminologies, algorithms, as well as a detailed list of 

survey articles used for literature review statistics. 

Chapter 1 includes an introduction to the research topic, research objectives, 

and case studies definitions. Chapter 2 provides a semi-comprehensive survey on 

published works in the last decade to date related to the general facilities layout 

problem topics.  The thesis System Engineering methodology for FLP is addressed 

in Chapter 3 with illustrations of the implementation of layout models on the case 

studies where results are presented.  Finally, Chapter 4 closes with our conclusions, 

recommendations, and future research suggestions. 



14 

 

1.11. Terms, Acronyms and Abbreviations 

Several vocabularies are describing the common aspect of the facility layout 

problem domain. Some of such words are used exchangeable with different 

groupings and relative combinations of these words:  

1. [industrial OR factory OR plant OR facility OR floor OR building 

OR space OR ” ”] +  

2. [Layout] +  

3. [design OR plan OR planning OR strategy OR problem OR “ “] +  

4. [optimization OR allocation OR model OR management OR 

algorithm OR “ “]  

For instance, Facility Layout Problem (a.k.a. FLP) might frequently be 

used. However, we see the most central keyword that captures the essence of the 

problem is the word “LAYOUT.”  In this report, we will employ the several 

terminologies; we refer the reader to the front matter and Appendix A for a list of 

all acronyms, abbreviations, and definitions used.  
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2. Chapter 2  
Literature Review 

The purpose of this literature review is to establish the importance of the 

facilities layout topic in System Engineering field. Also, this literature is to provide 

a background review to help apprehend the layout problem’s domain. Also, this 

study is to establish and develop knowledge with recent and up-to-date researches.  

Facility Layouts have been researched for more than a half-century  (Benjaafar, 

Heragu, & Irani, 2002).   

This chapter provides a preview of the research on facilities layout through 

system engineering approach.  Since few has been published on the treatise of FLP 

System Engineering, we will aim to analyses and treat the traditional engineering 

approach of FLP via System Engineering approach.  In general, we envision more 

adoption of system engineering approach in FLP domain that would yield gains in 

the facilities planning, projects, and management.  The main body of this literature 

review is presented in the second half of this chapter.   
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First, the search strategy for this literature is explained. Then, the System 

Engineering approach is illustrated with the focus of its applicability to the 

facilities layout problem. After that, a brief introduction to Material Handling 

System and its relationship with the layout problems.  The layout problem is then 

thoroughly described and analyzed with the respect to its formulation models, 

solution methodologies, and algorithms implementations. Likewise, the evaluation 

of layout solutions will be presented to be the basis of performance metrics. In 

addition, the main contribution of this chapter will be expressed as summarizing 

table and trending graphics of past research criteria (which is the unique aspect of 

this literature review) in the light of applying the System Engineering framework 

on all the facility layout life cycles. The rest of this part will discuss the findings 

and results and then finalize with the conclusion of the literature review.  

2.1. Overview 

The subject of FLP is rich in the literature, and several reviews have been 

published during the last century and at the turn of this century; at this stage, it 

must be clear that this chapter's goal is not to provide complete coverage to all FLP 

related publications nor to provide very narrower reviews either.  The main aim 

here is to distil the most proven models, solutions, and algorithms as well as to 

foretell the future trends.  This literature review will provide the reader with an 

adequate insight into recent research trends concerning the layout problem and the 

current state of knowledge.   
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The intent here is to make a merged overview of System Engineering and 

facilities layout concepts that seeks to consolidate typical layout problems 

approaches into a Systems Engineering framework. The theme of this literature 

study will be a combination of chronological (i.e. nearly the last decade), 

methodological (such as approaches and System Engineering framework), and 

conceptual aspects (namely, layout problem models, solutions, and algorithms). 

As far as we know, this study is the most recent survey which is focusing on 

the approach and framework used for modeling and solving specifically System 

Engineering approach, and at the same time is not restricted to any layout type 

problem; yet is not entirely exhaustive (Drira et al., 2007).  Tompkins addressed the 

facility planning at large as an integral activity of Supply Chain management 

excellence framework. (Tompkins, 2010, p. 8).   

We visualize Facilities layout as an integrated domain of any manufacturing 

system as shown in Figure 4.  Each domain is a separate field that interacts with the 

other domains. Facilities layout consists predominantly of space allocation, coupled 

with networking, transportation, material handling systems, activities scheduling, 

and resource allocations. 
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Figure 4 Subsystems of Facility Planning & Management 

Competition over resources and their capacities, type and volume of 

manufacturing production, as well as material handling systems affects the layout 

design and vice versa (Keller & Buscher, 2015, p. 642).  There are strong 

interrelations between facilities planning and other disciplines such as supply chain 

management, operations management, production planning and control and 

logistics.  In such situation, we can see a competitive arena for all type of resources 

such as: financial, materials, energy, human, space, and time.  Decisions for layout 

arrangement of machines, equipment, offices, or departments will impact the flow 

patterns of materials, people, and information.  The impact will have its imprint on 

the jobs sequences, and the schedule of tasks, assignments and workloads for the 

human, offices, and equipment. 
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These subsystems’ interactions are inseparable since flows and schedules 

are dependent on the types of the layout while at the same time, the layout will be 

dependent on flow and schedule of activities either technical, operational activities 

or business workflow.  Hence, driving layout to optimality based on the proposed 

activities schedules and flow types and frequencies might lead to sub-optimality in 

operational schedule or flow and vice versa.  Such problem is known as a multi-

level or hierarchical optimization (or bi-level in this case) in which the constraints 

of the upper objective functions are other lower optimization problems which in 

turns have constraints as other optimization problems or as the initial optimization 

problems. 

Total comprehensive optimization of FLP would involve multi-level 

optimization of all resources, space, time, materials, etc.  Figure 4. Shows most 

influential resources on the facilities planning.  Each resource allocation and 

formulations are full-fledged optimization field.  For example, scheduling of 

activities and job sequences are concerning the time resource, while space resource 

is handled by packing, storage, layout and locations problems. Such complexity 

drives us to foresee System Engineering as a strong candidate approach to handle 

such complexity.  Our research her is limited to the layout case and meanwhile 

recognizes the interdependence of other resources on the whole facilities planning.  

Recognition of such dependency will be in the form of choosing mathematical 

programming (seen in later chapters) as a modeling schemes since it allows other 

researchers to integrate their resource constraints into our model and vice versa.   
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2.2. Conceptual Framework 

Our approach is mainly information prominent with occasional author-

prominent for significant contributions to the field of facilities layout planning. 

This literature review is not meant to be a fully exhaustive survey, yet it spans a 

long-term of published works on the subject of layout planning. Latest FLP survey 

indicates a constant progress of publishing researches related to layout planning in 

several fields.  

We look, through literature review and based on system engineering 

prominent tools, techniques, and life-cycles, to assert the general approach that 

researchers use to plan and manage facilities layouts. 

2.3. Search Strategy 

Facilities layouts start with modeling of the problem, mathematical 

formulations, solutions approach, algorithms design, simulations and evaluations.  

During the articles analysis, this literature review will investigate the spectrum of 

such articles based on the several characteristics which will be summarized in a 

table (Sec. 2.7). Those characteristics include: modeling and formulation, 

constraints, solutions, algorithms, application areas, frameworks, and System 

Engineering tools.    
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In our research methodology here in this literature review, we introduce a 

latest analysis about the layout problems in approximately the last decade. First, we 

will present the System Engineering framework and approach in general. We will 

also briefly indicate the key stages in the System Engineering lifecycles. Then, we 

will selectively exemplify several System Engineering tools and techniques that are 

being used or being suggested to be used for the facilities layout management. 

Second, we will portray the selection criteria for the published articles subject to 

this survey. Third, we illustrate the layout problems including the problem 

modeling, solution approaches, algorithm used, and performance metrics. Fourth, 

information collected from the articles will be presented in a tabular format for 

further analysis in the next section. After that, the limitations of approaches being 

used in such published works will be analogized to the System Engineering 

framework. Finally, the literature review conclusion will be presented.  

2.4. Criteria for Selection 

This literature review will highlight the most important works over the last 

decade that have treated FPL-related issues. Hence, any System Engineering 

methodologies & Tools will be highlighted whenever used or presented in all the 

papers under this study.   
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The findings are based on peer-reviewed articles of a major publishers for 

nearly the last decade, since 2000, on the subjects of facilities layout.  We are 

presenting what we observe as a representative and diversified subset of layout 

problem that has been published to date.   Note that the survey study will not 

discuss the details of all listed publications instead will highlight major trends and 

efforts in such publications.  

2.4.1. The Research Methodology 

This will be the quantitative part of the literature review that is based on 

analyzing the data collected from the academic articles. We hope to show the 

research trends in this field (FLP) and how much degree the System Engineering 

has ever been adopted. Since this literature will gather such data, any previous 

surveys or literature review works will be excluded allowing only the original 

works to be included in the study, except for reference or related information.  

For the publications to be considered in this study, each publication must be 

strongly related to sizable physical facilities and must contain at least two of the 

following Layout elements:  

 Layout model  

 Solutions methods  

 Algorithms  

 Framework  
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2.4.2. Data Collection Techniques & Process 

In their survey, the authors (Drira et al.) have listed many factors 

determining the aspects of representing FLP and then categorized such factors in a 

tree graph.  among such factors are : "manufacturing systems, facility shapes, 

layout configurations devices, flow movement, material handling systems, layout 

evolution, layout formulations, type of data, objectives, constraints, resolution 

approaches".   We adapted most of such factors into tables summarizing the data 

collection. (Drira et al., 2007, pp. 256–257).  

For each publication, we will indicate the following data:  

 Problem model formulation  

 Objectives  

 Constraints 

 Layout representation 

 Material handling layout type 

 Facility production layout type 

 Mathematical model formulation 

 Layout evolution 

 Solution categories and methods.  
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 Algorithm categories and methods.  

 Application area.  

 Metrics.  

 Framework.  

 System Engineering Tools & Technique if any.  

The analysis for data to be collected from the published works is generally 

quantitative in nature.   Once the review studies will be completed, the data will be 

transcribed and organized.  General trends in number of publications with respect 

to several data type mentioned earlier will be reported for the target period.  Also, 

Trends in chronological order will be sketched; such trends will be reported 

annually.  
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2.5. System Engineering Approach 

Traditional engineering approach has been used with facility layout 

planning which includes: problem definition, problem analysis, space requirements, 

alternative evaluations, solutions approved, and then design implementation. 

(Tompkins, 2010, pp. 14–15).  Other approaches for facilities layout include 

Facilities Planning Process with 10 steps and Wining Facilities Planning Process 

with 12 steps. (Tompkins, 2010, p. 18).  Facilities layout planning and management 

is a complex area involving several engineering and technical management 

disciplines.  Resource requirements, as space, time, energy, materials, and finance, 

by such disciplines invite more competition and more conflicts.  Complex systems 

such as facilities layout imposes heavy strain on the traditional management and 

engineering design approaches (See Figure 4). 

On the other hand, System Engineering evolves as a comprehensive and 

integrated approach to handle such complexity. (Yasseri, 2014, p. 93).  Systems 

Engineering discipline covers two perspectives: managerial and technical. The 

managerial part is concerned about the enterprise strategy and the whole system 

lifecycles costs and projects implementations, while the technical part is concerned 

with the process of planning, designing operation and efficiency of the system. 

(Tiusanen, 2015, p. 1764).  For complex systems, the process of logistics, team 

management, requirements, reliabilities, risk management, optimization and 

performance metrics gets more intricate. System Engineering is equipped with 

theories and foundations to cover and handle such situations.  Also, System 

Engineering utilizes the modeling and simulations tools to sustain the system 

development stages in the whole lifecycles (Tiusanen, 2015, p. 1765). 
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2.5.1. System Engineering Paradigm 

System Engineer is a large-scale integrated process that delivers: concept of 

operation, requirements documents, functions and design details, verification and 

validation processes, trade-off studies, sensitivity analysis, among others (Bahill & 

Gissing, 1998, p. 516).  Bahill summarized the System Engineering process model 

as SIMILAR (Bahill & Gissing, 1998, pp. 516–517):  

 State the Problem  

 Investigate Alternatives  

 Model the System  

 Integrate  

 Launch the System  

 Assess Performance  

 Re-evaluate.  

See Figure 5. 
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Figure 5 SIMILAR Process 

Due to long-term life cycles of the facilities and the substantial impact of 

early plans during the design stage, adoption of System Engineering approach is 

essential to the success of the manufacturing facilities owing such success to its 

cost-effective management of the design complexity parameters. Systems 

Engineering is a field of Engineering that has a long history of application to 

complex technical systems ("Systems Engineering Approach," 2012, p. 19).  

System Engineering process aims to help to bring sophisticated and functioning 

facilities into being.  
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2.5.2. System Engineering Lifecycles 

The System Engineering life cycle process is meant to embrace the internal 

lifecycles of the product, project or service throughout the whole system lifecycle. 

Such system lifecycles include the conceptual design, system design, and 

subsystem or component design. The system lifecycle includes four lifecycles: 

product or service, production, support and then decomposition lifecycles 

(Blanchard & Fabrycky, 2011, pp. 29–31).  System Engineering’s Key life-cycle 

stages as per INCOSE System Engineering Handbook include concept, 

requirements, development, implementation, operation, maintenance, and 

retirement. Such lifecycle stages are consistent with the international System 

Engineering standards ISO/IEC 15288: (Walden, Roedler, Forsberg, Hamelin, & 

Shortell, 2015, p. 2). 

1. Concept and Trade Studies = S 

2. Requirements = I 

3. Design and development = M 

4. Implementation and optimization = I 

5. Operation = L 

6. Maintenance = A 

7. Retirement = R  
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2.5.3. System Engineering Tools & Techniques 

Systems Tools are primarily concerned with generating and managing 

information. Systems Engineering requires a toolbox of “Systems Tools” that will 

allow the team to understand customer requirements, explore design options, 

optimize designs, make designs robust, validate the design and realize system 

designs. The quality of applying System Engineering solution is highly related to 

the successful utilization of System Engineering tools and techniques (Blanchard 

& Fabrycky, 2011, p. 117).  The tools and techniques proposed in this section find 

possibly useful applications on FPL domain. Holistic and collective use of several 

tools and techniques will enhance the pursued FPLSE (Facilities Layout Problem 

System Engineering) optimality. FLPSE developer needs to know those tools to 

decide which ones to use for a higher quality result. The FLPSE developer can refer 

to the reference section at the end of this report for more details explanation of the 

tools and techniques mentioned here.  
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Figure 6 System Engineering Tools & Technique largely adapted from 

National Aeronautics and Space Administration, Goldberg (1994) 

We have summarized well-known tools and techniques in System 

Engineering that have ever been used for each stage of FLP life cycles, see Figure 

6.  In addition, here are some examples of system tools that have been used during 

different stages of FLP.  Trade study like "make-or-buy" analysis are common 

during the facilities planning specifically during the product and process design. 

(Tompkins, 2010, p. 37).  QFD is used to ensure product design will meet the 

customers’ needs (Tompkins, 2010, p. 33).  AHP has been used by many to 

combine and balance different objectives and goals for optimizing FLP. (Drira et 

al., 2007, p. 261).  Checklists have been used with material handling systems. 

(Tompkins, 2010, p. 181).  Special AHP has been used for evaluating the 

production layout. (Bing, Shaowei, Shan, & Gang, 2009, p. 437) 
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2.6. Material Handling Systems 

A material system is an integrated system involving such activities as 

handling, storing, and controlling of materials.  The primary objective of using a 

material handling system (MTS) is to ensure that the material in the right amount is 

safely delivered to the desired destination at the right time with minimum cost.  A 

material handling system ensures the delivery of material to the appropriate 

locations. (Drira et al., 2007, p. 256).  Up to 70% of production costs are due to 

material handling costs. (Tompkins, 2010, p. 176).   

We cannot eliminate nor ignore the interrelationship with MTS.  However, 

we will limit any discussion to a bare minimum and only include the direct impact 

elements of MTS on the layout as much as possible without rendering the problem 

into pure theoretical or unrealistic example. 

During the facility design, the question arises of which comes first material 

handling systems or facilities layout (Tompkins, 2010, p. 293) Layout, and material 

handling systems are inter-dependent design problems. (Drira et al., 2007, p. 256).  

Material handling system and facilities layout problem are highly integrated. 

(Tompkins, 2010, p. 175).   



32 

 

The simultaneous or concurrent design of layout and MTS is preferred; 

however, this will lead to the bi-level optimization problem. (Kheirkhah, Navidi, & 

Messi Bidgoli, 2015, p. 396).  Since manufacturing is a value-added operation and 

move materials around does not add any value, the simple rule for material 

handling is the less (cost, time, labor, etc.) the better.  Layout setup will determine 

the pattern of the flow materials, and the physical inter-relationship of activities. 

(Tompkins, 2010, p. 292). Handling systems deal with different types of handling 

such as materials, personnel, information and equipment with materials being the 

most widely treated aspect. (Tompkins, 2010, p. 7).  Different design basis result 

into diverse performance for different objectives (Asef-Vaziri & Laporte, 2005, 

p. 5). 

2.7. Layout Problem (LP) 

Figure 7 Layout Problem Theoretical context 
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The placement of the facilities in the plant area, often referred to as 

‘‘facility layout problem’’ (Drira et al., 2007, p. 255).  Tompkins defined the 

facility planning as “determines how an activity’s fixed assets best support 

achieving the activity’s objective” with "facility location refers to its placement 

with respect to customers, suppliers, and other interfacing facilities." (Tompkins, 

2010, p. 6).  Another definition is “Facility layout is the planning, designing, and 

physical arrangement of processing and support areas within a facility”. The main 

concern of the layout is to achieve the operation goals while optimizing the 

resource utilization. Complexity rises from such competing goals and intersecting 

constraints. Layout planning starts with location, then outline layout (called block 

or macro units), then detail layout (called populated units), then implementation 

and finally operation. See Figure 8 and Figure 9. 
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Figure 8 Facilities Layout Problems in (Continuous representation) block plan 

with eight entities 
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Figure 9 Facilities Layout Problems in (Discrete representation) block plan 

with eight entities 
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The layout design reflects the strategies of the manufacturing facility. 

Capacity requirements, material flows, and relationship activities are essential 

elements forming the layout requirements. After that the affinity specifications are 

determined. Configuration network diagrams are next stage in the planning process. 

Finally, the layout sketch alternatives are developed and then weighted factor 

analysis and evaluation process is conducted. (Kjell B. Zandin, 2001). Definitions 

of facilities layout problem can be incorporated to : optimization problems with 

objective to arrange relative locations of industrial facilities in more efficient non-

overlapping planar of unequal, rectangular areas inside total available space, taking 

account for interactions with material handling systems, and aiming to (Drira et al., 

2007, p. 256):  

 minimize materials transportation costs,  

 minimize distance-based metrics, and 

 minimize the total material handling, and slack area costs 
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Facilities layout deals with micro-elements while its location deals with 

macro-elements. (Tompkins, 2010, p. 7).  Aisle structures and drop-off / pick-up 

points are features that added to the block layout to produce a detailed layout.  

(Singh & Sharma, 2006, p. 425).  Layout planning is strategic decision where 

expansion should be taken into account when planning and projects.  Typical 

design period for facilities spans 5-10 years with space requirement being the 

dominant factors in the design specifications. (Tompkins, 2010, p. 119).  The 

planning process for facility layout produces a facility master plan document which 

contains, plot plan, layout plan, vision, mission, goals and philosophy. The process 

is iterative during the lifecycle development of the facility (Tompkins, 2010, 

p. 808).  Minimizing the transportation costs for all type of flows in Industrial 

facilities such as air, water, air, waste, gas, information, and personnel, becomes of 

crucial importance during the lifecycles of construction (capital expenditures) and 

during operation (operational expenditures).  The main outcome of facility layout 

design is scaled plan of the physical entities in spatial dimensions and coordinates. 

Optimization of the FLP is based on several objectives with respect to relative 

entities positions. Materials flow and handling constitute around 70% of the 

operational cost (Foulds & Hamacher, 2001, pp. 975–976).  Costs saving due to 

efficient facilities planning can reach up to 30 percent annually.   (Singh & Sharma, 

2006, p. 425).  Moatari, et al, introduced a methodology for facilities layout 

integration model.  The proposed model take into consideration the occupational 

health and safety for facilities layout planning by incorporating tools for risk 

estimation. (Moatari-Kazerouni, Chinniah, & Agard, 2014).  In their articles, Jain, 

et al, presented latest survey on general facility planning and layout with future 

provision of 3D formulation of facilities layout, capacitated facilities and 

congestion, fuzzy formulations of input data, and multi-objective functions. (Jain, 
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Khare, & Mishra, 2013).  Moslemipour, et al, elaborated on their paper about 

flexible manufacturing system (FMS) specifically on dynamic and robust layouts, 

and the use of intelligent approach as a resolution. (Moslemipour, Lee, & Rilling, 

2012, p. 11).   

In the industrial context, the layout problem is thought of as a hierarchy 

model of subsystems. (Barsegar, p. 16).  The subject of Facilities Layout Problem 

is rich in the literature and hence several general and narrower reviews that has 

been published in this field.  In the literature of FLP, starting from more than 

couple of decades ago, over dozen survey articles have been published, with the 

most recent and non-topic-specific survey was on 2007; thereby requiring the need 

for an up-to-date review.  This thesis article (A Survey of Metaheuristics for 

Facility Layout Problems) presents a through and survey and evaluation for 

metaheuristics algorithms used for FLP.   (Barsegar, p. 1).  This thesis present 

several categories of block layouts FLP heuristics like: QAP, GT, MIP...etc.  Also, 

the author present different FLP model extensions like stochastic, multi-criteria, 

and dynamic layouts with special cases representations such as loop, cellular and 

machine layouts.. (Barsegar, p. 17).   
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One of the recent surveys in the field of facilities layout which is specific on 

loop based layout and material handling is by Asef-Vazair, (2005).  Such article 

emphasize the design sequence starting with (loop) material handling before facility 

layout (cell location problem, CLP). (Asef-Vaziri & Laporte, 2005, p. 1).  In their 

survey paper, Keller & Buscher, presented the latest literature review with respect 

to Single Row Layout Problem (SRLP).  Single row reflect the main design feature 

of the material handling system. This paper reviewed 82 papers published since 

2000 in this subject.  The majority of research have shown a deterministic input 

type, static layout, and mixed-integer programming models, and predetermined 

MHS.  The article recommended to pursue research in cases of uncertainty in input 

data, dynamic layout, operational requirement collection, asymmetric clearance, 

quick and optimized exact solutions, and hybrid meta-heuristics.  (Keller 

& Buscher, 2015, p. 629).  In this paper (Next Generation Factory Layout), authors 

anticipated the directions for Next Generation Factory Layouts and how that will 

show up in the new Layout planning based on uncertainty of production and 

modularity in design.  Such layouts emphasis on the responsiveness, scope and 

reconfigurability.  Trends in industry with respect to dynamics layout has been 

highlighted. (Benjaafar et al., 2002). Among the FLP formulations and solutions 

that were surveyed by Singh & Sharma are QAP, Graph Theory, and MIP.  Also, 

the authors surveyed solutions methodologies like exact procedure, heuristics, 

metaheuristics and Artificial Intelligence.  The articles shows the trends of FLP in 

the last two decades where emphasis on metaheuristics solutions are becoming 

apparent. (Singh & Sharma, 2006, p. 425).  Tao, Wang et al., compared several 

optimization approaches with emphasis on intelligent ones.   Traditional FLP 

formulations has been described in the article and optimization solutions 

approaches has been explored with comparisons of several intelligent approaches.   
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Also, the authors discussed the future trends and showed new intelligent algorithms 

such as Memetic Algorithm (MA), Artificial Bee Colony (ABC), and Artificial 

Fish Swarm Algorithm (AFSA) are being adapted. (Tao, Wang, Qiao, & Tang, 

2012, p. 502).  In their articles, the authors introduced review on the 

QAP applications in the real world; examples include hospital layout, electronic 

boards wiring, archeology, and economics among others.   The articles illustrated 

the importance of QAP, discussed the solution complexity and then summarized 

the current trends in QAP-related researches.  (KumarBhati & Rasool, 2014, p. 42). 

2.7.1. LP Planning Approach 

Facilities planning strategies results from overall strategic plan and supply 

chain management plans. (Tompkins, 2010, p. 293).  In general, there are three 

types of analytical types for facilities data management: Descriptive (diagnosis, or 

modeling existing and deducing rules), prescriptive (apply rules to existing and 

new), and Predictive (prognosis).  The third type is related to stochastic modeling 

of uncertainty of data input, while most planning approaches use the first two types.  

Layout Problem is a complex field and such complexity invites all types of data 

analytics.  Complexity of LP raises due to its interdependency with other facility 

aspects and with also the variability of its requirements and specifications.  For 

instance, two types of generating alternative layouts are: improvement type and 

construction type.  The first type is to modify or expand present layouts and the 

second type is to develop layout from scratch. (Tompkins, 2010, p. 296).  Physical 

flow and relationship and process workflows comes before layout planning.  Site-

specific conditions and operation-specific activities are important factors in layout 

design process.   
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Among classical procedures for developing plant layouts are Apple's, 

Reed's and Muther's as cited by Tompkins.  The most widely adopted procedure is 

Systematic Layout Planning (SLP) by Muther.  The main ingredient in the SLP is 

the activity relationship chart (ARC).  The SLP procedure is divided into three 

main stages: Analysis, Search, and Selection.  In the analysis stage, based on input 

data, two charts are used to develop the relationship diagram: the From-To chart for 

the flow of materials and activity relationship chart for the activities.  Then, space 

requirements and availability are incorporated into the relationship diagram.  Next, 

at the search stage, constraints (physical and practical limitations) are incorporated 

into the diagram resulting in space relationship diagram.  Such diagram is used to 

generate alternative block layout.  The final stage is to evaluate each alternative 

layout design and recommendations are made. (Tompkins, 2010, pp. 296–302) 

2.7.2. LP Modeling & Formulation 

Quantitative approach is appropriate for accurate evaluations of alternative 

layout due to its objective criteria and accurate figures.  Layout models are formal 

scheme to generate layout with objective criteria for evaluation process. 

(Tompkins, 2010, p. 302).  Most of the layout problems are NP-hard (Drira et al., 

2007, p. 255).  In a factory layout, a department represents the smallest indivisible 

entity (Tompkins, 2010, p. 306).  Space in the layout can take different 

representations including: discrete units, areas and area & shape; which are 

formulated respectively as one-to-one assignments, many-to-one assignments, and 

blocking plan layout (Liggett, 2000, p. 198).   
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Typical problem formulation models are: QAP, Set cover, IP, MIP and 

graph theories. (Barsegar, pp. 16–17).  FLP optimization can be modeled in any 

type of these three formalizations: SLP, simulations, and algorithmic mathematical 

model.  (Tao et al., 2012, p. 502).  One of main models of FLP is QAP (Quadratic 

Assignment Problem) model where the distance is computed by either Euclidean 

norm or Manhattan norm. Graph theory (GT) is another major FL model in which 

sum of activity relationship chart scores of pairs of adjacent facilities is maximized. 

Such model can accommodate irregular-shape facilities. Most basic formulation of 

FLP is on single objective namely minimizing the cost of total transportation or 

flow, there are also the cases for multiple criteria (Foulds & Hamacher, 2001, 

pp. 976–977).  It is common to consider the distance among facilities to be 

rectilinear distance (also known as Manhattan or taxicab distance) which is series 

of orthogonal and straight lines constituting the path.  Other common distance 

model is the Euclidean distance which is a geometric straight-line distance. 

(Tompkins, 2010, pp. 519–520).  The taxicab metric is also known as rectilinear 

distance, snake distance, city block distance, Manhattan distance or Manhattan 

length.  In Taxicab geometry, the distance between two points is the sum of the 

absolute differences of their Cartesian coordinates.  QAP formulation utilizes the 

discrete representation while MIP utilizes the continuous one. (Barsegar, pp. 2–3).  

QAP is a distance-based objective; hence when considering only the constraints 

related to distance objectives, then FLP will be similar to QAP (Tompkins, 2010, 

p. 304) see Table I and Table II.  QAP is a type of combinatorial optimization 

which depends on discrete decision variables.  KumarBhati and Rasool (2014, 

p. 43).  QAP can be reformulated as MIP with extra constraints.  (Singh & Sharma, 

2006, p. 426).  MILP has been used as an extension to the QAP to represent 

continuous layout.  (Singh & Sharma, 2006, p. 426).  
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Table I. Layout Modeling Methods adapted from  (Tompkins, 2010, pp. 308–

341) 

SN Method Layout 

Type 

Grid 

Representation 

Input 

Type 

Optimal Solution 

1 pairwise 

exchange method 

IM D QT / QL L 

2 graph-based 

method 

CO D QT L 

3 CRAFT 1  IM D QT L 

4 BLOCPLAN 2 IM / CO C QT / QL L 

5 MIP 3 IM / CO C QT G 

6 LOGIC 4 IM / CO C QT L 

7 MULTIPLE 5 IM D QT L /  G on its space-filling 

curve 

Note: IM: Improvement, CO: Construction, D: Discrete, C: Continuous, 

QT: Quantitative, QL: Qualitative, L: Locally, G: Globally. 
1 CRAFT: Computerized Relative Allocation of Facilities Technique. 
2 BLOCPLAN: Special algorithm’s name. 
3 MIP: Mixed Integer Programming. 
4 LOGIC: Layout Optimization with Guillotine Induced Cuts. 
5 MULTIPLE: Multi-floor Plant Layout Evaluation 
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Table II Layout Methods’ advantages and disadvantages (Tompkins, 2010, 

pp. 308–341) 

SN Pros Cons 

1 
 Used for both adjacency-based and 

distance-based objective 

 Solution optimality depends on the initial 

layout 

2 
 Often used for adjacency-based 

objective 

 Has roots in graph theory. 

 Distances among entities are not considered 

 Entities dimensions are not specified 

 Original shapes of entities are subject to 

modification to fit the recommended 

adjacency graph. 

3 
 Uses distance-based objective 

 Flexible with entities shapes 

 Model fixed entities 

 MCRAFT will automatically shift 

entities. 

 The cost reduction of adjacency is an 

estimation-based calculation 

 Depends on the initial layout 

 In general, limited to rectangular shapes 

 Final recommendations require adjusting for 

presentation 

 Irregular shapes are introduced. 

 Has difficulty in adapting to fixed entities. 

4 
 Used for both adjacency-based and 

distance-based objectives 

 Entities shapes are rectangular 

 Limited based on the notion of bands. 

 Cannot deal with all type of obstacles. 

 Only works with rectangular entities 

5 
 Uses distance-based objective 

 Highly accurate and flexible 

 Accommodate other objectives, 

goals, and parameters 

 Is demanding to model and solve. 

 Computationally expensive 

 Only works with rectangular entities 

6 
 Uses distance-based objective 

 Has more capabilities to modify the 

layout of un-adjacent and un-equal-

area entities. 

 Automatically shift entities. 

 Is supersets of BLOCPLAN 

 Has difficulty in adapting to fixed entities. 

 Not suitable for fixed shape entities 

7 
 Uses distance-based objective 

 Model fixed entities 

 Has difficulty in generating fixed shape 

entities. 
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In Graph theory, slicing trees (a.k.a. sliceable floorplans or cut-tree method) 

are used to represent the layout relationship in a tree-graph format, where the end 

nodes represent the facilities while internal nodes represent the division line 

orientation (vertical vs. horizontal).  Slicing tree is a typical formulation that suits 

well for genetic algorithms. (Drira et al., 2007, p. 262).  Graph-based methods 

depend heavily on a mathematical graph's attribute called planarity.  Resulted 

layout alternative graphs are a subset of the relationship diagram which is a non-

planar graph. (Tompkins, 2010, p. 312).  The notion of the maximal planar graph is 

used to develop the adjacency graph. (Tompkins, 2010, p. 312).  There are large 

numbers of research articles about static layout problem. (Drira et al., 2007, 

p. 259).  For dynamic layouts, rearrangement costs of layouts are considered for 

each planning period alongside the static layout objective costs such as material 

handling. (Benjaafar et al., 2002).  Dynamic layouts can be classified into two main 

classes: 1) robust and distributed layouts for the high cost of re-layout, and 2) 

dynamic and reconfigurable layouts for high uncertainty. (Benjaafar et al., 2002).   

Typical Manufacturing layout types are:  

1. Process layout ( job shops/ functional layouts / batch process) 

2. Product layout (flow shops / assembly line / continuous process) 

3. Production line layout Cellular (group / mixed / hybrid) 

4. Fixed location layout (Project layout) 

(Tompkins, 2010, p. 110)  
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Figure 10. Manufacturing Layouts (Tompkins, 2010, p. 98) 

Manufacturing layout is related to the production volumes and the product 

varieties. See Figure 10.  (Tompkins, 2010, pp. 112–113)  

Typical manufacturing layouts such as process or product layouts suffer 

from inflexibility to adapt to production requirements or fluctuation in market 

demands (Benjaafar et al., 2002) see Table III. 
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Table III. Process vs. Product Layouts 

Process Layout Product Layout 

customized product (made-to-order) [i.e. 

during operation can be changed] 

standardized product [i,e. during operation 

cannot be changed] 

functional grouping of activities (dedicated 

areas) 

sequential arrangement of activities 

varied (multi) path / route fixed (single) path / route 

low / fluctuating demand high / stable demand 

general / multi-purpose equipment specific / single purpose equipment 

Fixed cost (CapEx) :low Fixed cost (CapEx) : high 

Variable Cost (OpEx) :high Variable Cost (OpEx) : low 

Labor skills : high / varied Labor skills : limited / specific 

inventory: high inventory: low 

spare requirements: high space requirements: low 

schedule: complex (variable) schedule: routine (fixed) 

e.g. generic computer network e.g. large-scale chemical process 

highly configurable (flexible but inefficient ) highly stable (Efficient but inflexible) 

centralized function areas distributed function areas 

distributed product stage centralized product stages 

 



48 

 

 

2.7.3. LP Constraints & Solution Methodologies 

Space allocation solutions can be categorized into three broad approaches: 

single criterion optimization (such as QAP), graph theory and multi-criteria 

optimization (Liggett, 2000, p. 199).  QAP was first presented as a facility location 

formulation in 1950s by Beckmann and Koopmans  (KumarBhati & Rasool, 2014, 

p. 43).  QAP model constraints presume block plan to be regular in shape that fits a 

network of unit squares and giving no location is occupied by two facilities at the 

same instance. (Foulds & Hamacher, 2001, p. 976).  Also, space-filling curves are a 

way to transfer a two-dimensional space into a linear vector.  The layout problem is 

then transformed into a problem similar to Linear Assignment Problem (LAP). 

(Tompkins, 2010, p. 338).  In realistic situations with facilities or activities of 15 or 

more, QAP becomes infeasible due to a vast number of combinations (Liggett, 

2000, p. 201).  Examples of exact solutions of QAP are Branch & Bound, Dynamic 

Programming, Cutting Plane, and Branch & Cut,  (KumarBhati & Rasool, 2014, 

p. 42).  Solution methodologies can be categorized into the constructive placement 

and the iterative improvements. The second type is dominated by large-scale 

problems where Simulated Annealing and Genetic Algorithm are used (Liggett, 

2000, pp. 201–202).  Exact procedure can solve problem up to size of 16 in an 

acceptable time. (Singh & Sharma, 2006, p. 426).  Exact solutions are 

computationally prohibitive with up to 40 entities can be solved optimally for 

single row FLP cases. (Keller & Buscher, 2015, p. 639).  Hybrid meta-heuristic 

solutions are used to gain the advantages of the individual parents and to avoid 

their drawbacks. (Keller & Buscher, 2015, p. 642) 
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In general, solving optimization problem in a single pass is preferred over 

multi-pass solving techniques. (Tompkins, 2010, p. 353).  Two solution 

methodologies are generally used to solve combinatorial optimization as FLP.  The 

first method is called exact methods like: 'branch and bound', cutting-plane and 

dynamic programming which lead to global optimal solutions.  The second 

approach is an approximate methods like heuristics and metaheuristics that lead to 

local optimal solutions. (Drira et al., 2007, p. 262).  For the approximate solution, 

we have heuristics, metaheuristics, and artificial intelligence.  Heuristics approach 

are solutions to specific problems while metaheuristics are used as a framework for 

general optimization problems.  (KumarBhati & Rasool, 2014, p. 42).  Examples of 

heuristics are Constructions-based, improvement-based solutions.  Examples of 

metaheuristics include Genetic Algorithm (GA), Simulated Annealing (SA), 

Evolutionary Algorithm (EA), Tabu Search (TS), and Scatter Search (SS).  For 

Artificial Intelligence, we have examples of Particle Swarm Optimization (PSO), 

Ant Colony Optimization (ACO), Evolutionary Structural Optimization (ESO), 

Expert Systems (ES), and Neural Networks (NN).   

For real-life applications, there is a wide range of constraints like space 

constraints, resource constraints, physical limitations, production constraints, safety 

constraints, operation, constraints, etc.  In addition, department or space shapes are 

considered among the hard constraints like regular and irregular shapes, fixed-ratio 

shapes, fixed-area shapes, loading and unloading positions, etc.  Space constraints 

include floor-loading limits, ceiling clearance, heat emission, etc (Tompkins, 2010, 

p. 351).  Fixed entities are physical obstacles with zero flow. (Tompkins, 2010, 

p. 351).   
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In MIP, if entities dimensions are treated as known parameters, rectangular 

shape and fixed, the problems will resemble that of packing algorithm; otherwise, 

in cases of non-fix or ratio-based shapes, dimensions will be considered to be parts 

of the decision variables with non-overlapping constraints applied. (Tompkins, 

2010, p. 327).  For practical implementation of MIP and for layout with a large 

number of entities one might be inclined toward using heuristic solutions to get 

satisfactory solutions that are not necessary optimal nonetheless. (Tompkins, 2010, 

p. 330).  Relaxing constraints of linear programming helps avoid nonlinearity and 

increases the chances of having feasible solutions. (Tompkins, 2010, p. 331). 

 

2.7.4. LP Algorithms 

Algorithms provide a formal procedure to develop layout with objective 

criteria for evaluation and optimization. (Tompkins, 2010, p. 302).  Algorithms are 

procedural implementations of the models of the problem, mostly done in computer 

implementations for practicality.   Such algorithms are necessary to evaluate largely 

generated layout alternatives rapidly and help in most of "what-if" analysis. 

(Tompkins, 2010, p. 303).  Generally, algorithms may be categorized based on 

input data type (qualitative, quantitative), objective functions (minimizing flows, 

maximizing adjacency), or primary functions (construction, improvement). 

(Tompkins, 2010, pp. 303–307).   
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Since most FLP problem can be modeled as a combinatorial optimization 

which is mostly NP-hard, that encourages the use of heuristics algorithm to solve 

such instances. Additionally, GT, graph theory, as well as QAP models are NP-

hard where the solutions mostly based on heuristic algorithms with some particular 

cases of planner graphs for GT. Also, integer programming with Lagrangian 

relaxation is used for branch-and-bond algorithms. Due to the complexity of FLP 

problems, some of its heuristic algorithms forming local optima that are far from 

global optimal, meta-heuristics algorithms are also used such as (Simulated 

Annealing, Tabu search, Genetic Algorithms, etc.) see Figure 11.  CRAFT 

(Coordinate Relative Allocation of Facilities Technique) is a heuristics algorithm 

used early in solving FLP, based on QAP. Also, besides CRAFT, CORELAP and 

ALDEP algorithms have been used (Foulds & Hamacher, 2001, p. 976), where they 

the last two have also been used for unequal areas FLP  (Liggett, 2000, p. 205).   

Figure 11 Class Diagram of Metaheuristic Algorithms Adapted from (Fink, 

Voß, & Woodruff, 2003, p. 517) 
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Simulated Annealing algorithm works with non-improving solutions in a 

random selection to improve the local optimality and help to avoid locking local 

regions of the space solution. (Tompkins, 2010, p. 345).  The application of 

Genetic Algorithms to FLP are increasing recently with various modifications to 

the algorithm parameters. (Tompkins, 2010, p. 350).  In general, SA outperforms 

GA for single solution evaluation (Tompkins, 2010, p. 351).  Other examples of 

layout algorithms as cited by Tompkins include ALDEP, COFAD, CORELAP, 

PLANET, DISCON, FLAC, and SHARE. (Tompkins, 2010, p. 365).  Among 

metaheuristics algorithms are Tabu search, Simulated Annealing, Genetic 

Algorithms, and Ant Colony Algorithms. (Drira et al., 2007, p. 262).  Artificial 

Intelligence algorithms are inspired by naturally occurred behaviors in a swarm of 

biological beings such as ants, bees, and others. (Barsegar, p. 9). 

For a detailed study of metaheuristics and corresponding algorithms, we 

refer the reader to (Luke, 2013), (Gendreau & Potvin, 2010), (Skiena, 2008), (Fink, 

Voß, & Woodruff, 2003), (Voß, 2001), and (Barsegar) 
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2.7.5. LP Evaluation, Performance Measurements & 
Metrics 

Dr. James Harrington once summarized the importance of measurement in 

the ability to control the performance and hence promote improvements and 

optimization. System requirements form the basis on which the quantifiable 

measurement is developed (Arrasmith, 2015, p. 399).  Most of the performance 

measurements can be categorized based on systems design considerations which 

form the highest level of design objectives hierarchy as seen in Figure 12  

(Blanchard & Fabrycky, 2011, p. 41).  In System Engineering, performance metrics 

extend across system lifecycle stages.  

 MOE: stated from the stakeholder perspective, is the indicator of 

success to meet the mission objectives. MOE corresponds to the 

stakeholder requirements and specification and is used mostly during 

system validation  

 MOP: used to quantify the requirement. MOPs corresponds to the 

system specifications and architecture design. MOPs are derived from 

MOEs and used mostly during system verification.  

 TPM: a quantitative value for attributes innate in the system design 

(Blanchard & Fabrycky, 2011, p. 40). TPM measures characteristics of 

a system design attribute that satisfy the technical requirement. TPM 

corresponds to the system details specifications and design. TPMs are 

derived from MOPs.  

There is a difference between metrics and measurements.  Metrics are like 

goals that are used for targeting performance, as a success evaluation objectives, or 

as comparison criteria.  Whereas, measures are quantitative scales of characteristics 

of targeted like direct measurements. 
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Figure 12. System Design Considerations adapted from (Blanchard & 

Fabrycky, 2011, p. 38) 

There are other performance indicators like Project Performance 

Measurement (PPM), Organizational Performance Measurement (OPM), and Key 

Performance Parameters (KPP) (Walden et al., 2015, p. 134).  Examples of MOP: 

Flexibility, Modularity, Upgradability, selective Operability, and environment and 

energy friendliness. (Tompkins, 2010, p. 5). 
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Lin & Sharp have proposed another framework to evaluate the plant layout.  

The framework is a structure of 18 criteria organized into three levels, criteria 

groups, criteria classes and criteria.  Each criteria is expressed with specific weight 

and appropriate rating measurement, then its rating is normalized, then integrated to 

indicate the overall index with respect to other alternatives.  In addition, the paper 

has suggested six types of integration methodologies and argued that they are 

superiors to normal AHP methodology. Space utilization, Clearance, aisle, 

production cost, land cost, building expansion, human safety, and access for 

maintenance are among criteria studied by the article.  (Lin & Sharp, 1999, p. 118).  

Here are some examples of measures in the cases of Facilities Layout; an example 

of Performance indicator is the space utilization efficiency which mostly measured 

by how much usage of the total required space vs. the total available space.  Also, 

an example of Recyclability is the usability of leftover space, which is the 

remaining space after layout design of the total available space of the facility.  In 

addition, such leftover space is a major factor in “Flexibility and Expandability”.  

For human factors and safety, an example would be about the distance between 

human occupants and certain defined danger zones.  Moreover, the facility layout 

design would impact the trend and behavior of human occupants traveling in 

conducting business requirements.  Also, human accessibility into the human-

operated machines would influence the layout by balancing multiple objectives 

including performance efficiency vs. human factors and maintainability. 
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Examples of the system performance measures: (Tompkins, 2010, p. 838) 

𝐴𝑖𝑠𝑙𝑒 𝑠𝑝𝑎𝑐𝑒 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 

=  
𝐶𝑢𝑏𝑒 𝑠𝑝𝑎𝑐𝑒 𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑 𝑏𝑦 𝑎𝑖𝑠𝑙𝑒𝑠

𝑇𝑜𝑡𝑎𝑙 𝑐𝑢𝑏𝑒 𝑠𝑝𝑎𝑐𝑒
 

Equation 1 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑢𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑑𝑒𝑥

=
𝐵𝑇𝑈𝑠 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑝𝑒𝑟 𝑑𝑎𝑦

𝐶𝑢𝑏𝑖𝑐 𝑠𝑝𝑎𝑐𝑒
  

Equation 2 

𝑆𝑡𝑜𝑟𝑎𝑔𝑒 𝑠𝑝𝑎𝑐𝑒 𝑢𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛

=  
𝐶𝑢𝑏𝑒 𝑠𝑝𝑎𝑐𝑒 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑖𝑛 𝑠𝑡𝑜𝑟𝑎𝑔𝑒

𝑇𝑜𝑡𝑎𝑙 𝑐𝑢𝑏𝑒 𝑠𝑝𝑎𝑐𝑒 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑
 

Equation 3 

Also, these measurements are commonly used for layout flow performance 

(such as  Objective function): (Tompkins, 2010, p. 96) 

 Directed flow paths maximization  

 Total flow minimization  

 Costs of flow minimization  
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These are examples of FLP characteristics to be measured for each layout 

design: Flexibility, Modularity, Upgradability, Adaptability, Operability, 

environmental and energy considerations (Tompkins, 2010, p. 5).  Bing has 

developed indicators framework for evaluating the workshop layouts based on 

structures, functions, economy, reconfiguration and man-machine interacting.  

Examples of such layout evaluators include space utilization, dynamics, adjusting 

cost, logistics expanding and operating comfortable.  (Bing et al., 2009, p. 437).  

For specific examples of TPMs with priorities related to FLP see Table IV 

Table IV. Example TPM Priorities table adapted from (Blanchard & 

Fabrycky, 2011, p. 41) 

TPM Numerical Target (Metric) Relative Importance (%) 

Space requirements 3000 square feet (Max) 50 

Distance to offices 100 feet (Min) 32 

Perimeter 600 feet (Max) 6 
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Tompkins suggested three shape measurement and shape control for layout 

evaluation.  Some of such measurement are to avoid irregularity in generated 

shapes, while other only for detection.  The first measurement is based on the value 

of the shape area divided by smallest enclosing rectangle (SER).   The second 

measurement is the ratio of the length of SER over its width.  The third 

measurement is for detection only which generate an index value that indicates the 

irregularity of shapes.  Such measurement is obtained by dividing the ratio of SER 

perimeter to its area.  Such measurement helps with detection of cases with voids 

inside generated shapes. (Tompkins, 2010, pp. 342–344).   

Frequently used optimization objectives are: minimizing flows volume, 

traveling distance, cost or time.  (Singh & Sharma, 2006, p. 426).  Main objectives 

of many types of research are to minimize traveling costs like travel time, travel 

distance or material handling costs. (Drira et al., 2007, p. 261).  Examples of 

metrics and evaluation criteria: work-in-progress, lead times, manufacturing costs, 

and productivity. (Barsegar, p. 15).  Another example of metrics related directly to 

the layout is adjacency score (based on from-to chart = quantitative input) and 

efficiency rating (based on relationship chart = qualitative input). (Tompkins, 2010, 

p. 324).   
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In their paper, Yang & Hung, investigated decision making in the process of 

layout design problem.  Normal and fuzzy Technique of order preference by 

similarity to ideal solution (TOPSIS) have been used as multiple-attributed decision 

making (MADM).  Authors have investigated the multi-objectives criteria such as 

accessibility, maintenance, and flexibility among others.  MADM is close in notion 

to the mathematical goal programming. The used methodologies help provide 

systematic evaluation to alternative layouts which facilitate the decision making 

process; more detailed information can be found in the paper.  (Yang & Hung, 

2007, p. 126).  Performance measurement is an important requirement for decision 

making process in which such measurement steers the design of optimization 

problem.  (Raman, Nagalingam, & Lin, 2009, p. 191).  The paper by Raman treated 

the problem with most of the layout models that aims for only the design stage 

evaluation and hence limits the capability of making decision valid for the facilities 

layouts' whole life cycles.  The authors considered three significant factors that are 

important to calculate the effective performance measurement; those factors were: 

facilities layout flexibility, productive area utilization, and closeness gap.  Case 

study was developed to illustrate the case of performance measurement with 

emphasis on closeness gap (Raman et al., 2009, p. 191). 
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2.8. Data Extraction and Results 

This section will contain the comparison of different works on the topic, 

represented in a tabular form.  This table’s entries (i.e., columns) have been adapted 

from (Drira, Pierreval, & Hajri-Gabouj, 2007), (Keller & Buscher, 2015), and 

(Saravanan & Ganesh Kumar, 2013) tree representation of layout problems. 

Metaheuristics classes and algorithms are generally not mutually exclusive and in 

several cases are hybrid of different categories.   
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Table V Publications FLP formulations (Sample) 

SN 
Title Problem 

Formulation 

Max Problem 

size (n) 

Objective(s) 

pub1 
A robust mathematical model and 

ACO solution for multi-floor discrete 

layout problem with uncertain 
locations and demands 

ABSMODEL 17 Dept.,  

4 materials. , 

2 elevators,  
4 floors 

minimizing the material flows 

among departments 

pub2 
Heuristics for the combined cut order 

planning two-dimensional layout 

problem in the apparel industry 

geometric 

computation 

4 sizes,  

21 Garments, 

255 orders 

minimizing the total fabric 

length 

pub3 
Optimal shipyard facility layout 

planning based on a genetic algorithm 

and stochastic growth algorithm 

QAP 17 Dept.  minimize the material handling 

costs 

pub4 
Optimization of facility layout design 

with ambiguity by an efficient fuzzy 

multivariate approach 

embedded approach 10 machines optimize qualitative indicators 

(accessibility, flexibility, and 

maintenance) 

pub5 
Wind turbine layout optimization with 

multiple hub height wind turbines 

using greedy algorithm 

QAP 20 turbines minimizing cost per unit power 

output 

pub6 
A model for the layout of bike stations 

in public bike-sharing systems 

Total Covering Set 10 zones,  

30 bikes 

minimizing users’ total travel 

time and investment budget 
constraints 

pub7 
A MOEA/D based approach for 

solving robust double row layout 

problem 

ABSMODEL 35 facilities, 

5 periods 

minimize the sum of total 

material handling cost 

pub8 
A New Adaptive Genetic Algorithm 

and Its Application in the Layout 

problem 

NLP 16 objects Minimize the centroid 

transverse deviator of the 

platform. 

pub9 
A new approach for loop machine 

layout problem integrating proximity 

constraints 

NLP 10 machines minimize the sum of flow time 

distances 

pub10 
Appraising redundancy in facility 

layout 
QAP 15 machines minimizes the expected 

material handling cost 

pub11 
Dynamic Facility Layout Problem QAP 60 facilities,  

30 MHD, 
12 periods 

upper level : minimizes the 

total cost of the MHS 
lower level : minimize the total 

cost of dynamic facility layout 

pub12 
Dynamic facility layout problem in 

footwear industry 

QAP 54 locations 

4 periods 

minimize the sum of handling 

and re-layout costs 

pub13 
Facility layout design using a multi-

objective interactive genetic algorithm 

to support the DM 

flexible bay 

structure (FBS) 

12 facilities,  

3 Material flows 

minimizes the material 

handling cost and maximizes 

DM satisfaction 
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pub14 
Functional and distributed layouts and 

their effectiveness on capability-based 
Virtual Cellular Manufacturing 

systems performance 

clustering and 

assignment 

22 Machines Minimizing dissimilarities 

among parts assigned to a 
virtual cell,  

minimizing machines capacity 

shortage in a cell,  
minimizing machine-RE 

capacity shortage in a cell,  

minimizing machines sharing,  
and minimizing load 

unbalances at machines in 

virtual cells. 

pub15 
Fuzzy AHP and fuzzy TOPSIS 

integrated multicriteria decision-

making scheme employing Chinese 

environmental esthetics for facility 
layout design evaluation 

decision Making   analytic methodology 

pub16 
Modeling and Layout Optimization for 

Tapered TSVs 

distributed resistive 

mesh 

  optimize the maximum current 

density and delay in TSVs. 

pub17 
Multi-Agent System for solving 

Dynamic Operating Theater Facility 
Layout Problem 

QAP 88 Activities, 

8 agents,  
12 periods 

minimizing traveling costs and 

minimizing the rearrangement 
costs 

pub18 
Optimization of factory floor layout 

using force-directed graph drawing 

algorithm 

QAP 140 machines minimizing the total cost 

pub19 
Optimization of dynamic operating 

theatre facility layout 

ABSMODEL 17 activities 

(rooms),  

6 periods 

minimize the interdepartmental 

travel costs among facilities 

and to minimize the 

rearrangement costs 

pub20 
Optimizing layout of pumping well in 

irrigation district for groundwater 
sustainable use in northwest China 

    minimize the total consumption 

pub21 
Solving dynamic double row layout 

problem via combining simulated 
annealing and mathematical 

programming 

ABSMODEL 10 facilities, 

8 periods 

minimizing total material flow 

cost and rearrangement cost 

pub22 
Tabu search heuristic for efficiency of 

dynamic facility layout problem 
QAP 30 facilities, 

5 periods 
minimizing material handling 
costs, the rearrangement costs, 

and the installation costs 

pub23 
Unequal-area stochastic facility layout 

problems 

ABSMODEL 20 departments,  

5 products 

minimize the sum of the 

material handling costs 
upper bound of the material 

handling costs 
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Table VI FLP Spcecifications (Sample) 

 

Layout 

Representation 
Layout Parameters Data Layout Evolution 

 

Discrete Continuous 
deterministic 

(certain) 

stochastic 

(uncertain) 
Static Dynamic 

pub1   x x x x x 

pub2   x x   x   

pub3 x   x   x   

pub4   x   x x   

pub5 x   x   x   

pub6 x   x     x 

pub7   x x     x 

pub8   x x   x   

pub9 x   x   x   

pub10 x   x x x   

pub11 x   x     x 

pub12 x   x     x 

pub13   x x   x   

pub14 x   x   x   

pub15   x   x x   

pub16 x   x   x   

pub17 x   x     x 

pub18 x   x     x 

pub19   x x     x 

pub20 x   x   x   

pub21   x x     x 

pub22 x   x     x 

pub23   x   x x   
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Table VII FLP Types (Sample) 

 

Material Handling Layout Type 
Facility Production Layout 

Type 

 

SR DR MR LP OF MF NA PC PD CL FL NA 

pub1           x           x 

pub2             x         x 

pub3             x       x   

pub4             x x         

pub5             x         x 

pub6             x         x 

pub7   x                   x 

pub8             x         x 

pub9       x               x 

pub10             x         x 

pub11             x         x 

pub12             x         x 

pub13     x                 x 

pub14             x     x     

pub15             x         x 

pub16             x         x 

pub17             x         x 

pub18             x         x 

pub19             x         x 

pub20             x         x 

pub21   x                   x 

pub22             x         x 

pub23             x         x 

Note: Single Row: SR, Double Row: DR, Multi Row: MR, Loop: LP, Open Field, OF, Multi Floor: MF, 

Customized: Cu, Not Applicable: NA.  Process Layout: PC, Product Layout: PD, Cellular Layout: CL, Fixed Location 

Layout: FL,  
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Table VIII FLP Mathematical Formulation (Sample) 

 

Mathematical Model Formulation 

 

Mathematical Programming 
Graph 

Theory 
Fuzzy Other 

 
LP QP NLP ILP MILP MINLP SDP MO       

pub1         x x           

pub2                     x 

pub3           x   x       

pub4 x                 x   

pub5                     x 

pub6         x             

pub7           x   x       

pub8           x           

pub9           x           

pub10           x           

pub11           x   x       

pub12           x   x       

pub13           x   x       

pub14           x   x       

pub15                   x   

pub16     x                 

pub17         x     x       

pub18           x           

pub19         x     x       

pub20           x           

pub21         x     x       

pub22         x     x       

pub23           x   x       
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Table IX FLP Solution Categories (Sample) 

 

Solution Category 

 

Exact Heuristics 
Meta-

heuristics 

Artificial 

Intelligent 
Hybrid 

Decision 

support 

system 

Simulations 

pub1     x         

pub2   x           

pub3         x     

pub4             x 

pub5   x           

pub6 x             

pub7 x             

pub8     x         

pub9     x         

pub10   x       x x 

pub11     x         

pub12       x       

pub13     x     x   

pub14     x         

pub15               

pub16   x           

pub17       x       

pub18   x         x 

pub19 x             

pub20 x             

pub21     x         

pub22     x         

pub23       x       
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Table X FLP Solutions (Sample) 

 

 Algorithm Category Algorithm Method 
Application / 

Manufacturing field 

pub1 Ant Colony Optimization hybrid ACO algorithm general 

pub2 

constructive and 

improvement heuristics 

a stochastic local improvement heuristic 

SA,  

a global improvement heuristic GA,  
a hybrid heuristic GA. 

apparel industry  

pub3 

Topology and geometry 
optimization 

two-stage algorithm 

genetic algorithm 

stochastic growth algorithm 

shipyard facility 

pub4 fuzzy DEA model fuzzy DEA model IC packaging process 

pub5 Greedy algorithm 3D Greedy algorithm Wind turbine 

pub6 LINGO solver, LINGO solver, Transportation 

pub7 evolutionary algorithm MOEA/D general 

pub8 
Genetic Algorithm 

trisecting group and directional selection 
mechanism (TDGA) 

drilling equipment in deep 

water semi-submersible 

platforms 

pub9 genetic algorithms 
‘As Crow Flies for Machine layout’ 
(ACFM algorithm) 

flexible manufacturing 
system 

pub10 

integrated facility layout and 

flow assignment problem 
(IFLFAP) 

myopic approach general 

pub11 
particle swarm optimization,  

Genetic Algorithm 

bi-particle swarm optimization (PSO), 

coevolutionary algorithm 
general 

pub12 
artificial immune system 
(AIS) 

clonal selection algorithm (CSA) 
footwear, 
clothing 

pub13 
genetic algorithm 

multi-objective interactive genetic 

algorithm (MO-IGA) 

ovine slaughterhouse 

plant, 
recycling carton plant 

pub14 Tabu Search multi-objective Tabu Search 
a milling machine and a 

classical lathe  

pub15 NA NA Office layout 

pub16 
dynamic programming-
based heuristic 

dynamic programming-based heuristic 3-D Integrated Circuits 

pub17 Multi-Agent Systems 
Multi-Agent (MA) Decision Making 

System (DMS) 

hospital, Operating 

Theater 

pub18 
discrete event simulation 
(DES) 

force-directed graph drawing algorithms furniture factory 

pub19 exact ILOG CPLEX 
hospital, Operating 

Theater 

pub20     irrigation groundwater 

pub21 simulated Annealing improved simulated annealing (ISA) general 

pub22 Tabu Search Tabu-Search Heuristic (TSH) general 

pub23 evolution strategy 
improved covariance matrix adaptation 
evolution strategy 

building frames 
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Table XI FLP Solutions attributes (Sample) 

 

Realistic 

Characteristics 
Metrics 

Framework 

Used  

pub1 
flexibility, uncertainty, multi-
floor 

 material flows none 

pub2 Nonconvex irregular pieces. 
fabric length,  

overall total cost 
none 

pub3 

adjacency and alignment 
conditions,  

topological and geometrical 

optimizations 

material handling cost, 
area satisfaction, 

aspect ratio satisfaction, 

penalty cost 

none 

pub4 

data envelopment analysis 
maintainability, accessibility,  flexibility, 

distance, adjacency,  shape ratio 

integrated fuzzy 
simulation-fuzzy 

DEA multi attribute 

approach 

pub5 
multiple hub heights, 

Safe distance condition 
wind power utilization none 

pub6 
picking up and dropping off 

bikes 

total travel time,  

investment budget 
none 

pub7 
width of the corridor, 

clearance, 

material handling cost, 

layout area 
none 

pub8 

drilling platform stability, 

security, reliability 

operation cost, 

operating efficiency, 
stability of the platform 

none 

pub9 

Travelled distance,  

configuration, 
proximity constraints 

total cost of transporting parts, 

sum of flows time distances, 
times the LUL station is crossed 

none 

pub10 
redundancy, 

stochastic demand 

redundancy, 

material handling costs, 
none 

pub11 
Bi-level Formulation, 
conflicting objectives 

flow over multiple time periods none 

pub12 re-layout 
sum of materials handling, 

re-layout costs 
none 

pub13 

unequal area facility layout 
problem 

participation of the Decision 

Maker 
Locations to be avoided 

Facility orientation 

material handling cost, closeness , distance 

relationships, adjacency requirements 

,aspect ratio, distribution of the remaining 
spaces 

none 

pub14 

Capability Based Virtual 
Cellular Manufacturing 

System 

sum of materials handling, 

re-layout costs 
none 
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pub15 

multicriteria decision-making 

Feng Shui style 

Fuzzy hierarchical 
evaluations 

Dragon Vein,  

Cave and Ming-tang, 
Sand, 

Water, 

Direction 

none 

pub16 

deep reactive Ion etching-
based manufacturing 

Current density and delay distribution 

reliability and performance. 

wire sizes 

none 

pub17 

Fluctuating production 

system. 

Total Relations Rate (TTR) 
orientation 

optimal activities 

none 

pub18 

multi-purpose  machines 
technical procedure data 

manufacturing costs, 
product transport costs 

product travel distance 

amount of labor 
costs of relocating 

none 

pub19 

Multi-section layout, 

Fixed and Variable Activity 

Layout 

distances 

available areas, 

non-overlapping facilities 

none 

pub20 

over-exploitation 

sustainability  

number of pumping well 

supply and requirement of water resources 

drawdown, 
groundwater depth, 

flow rate 

none 

pub21 

  

material flow cost 
rearrangement cost 

clearance 

non-overlapping 

none 

pub22 budget constraint 
material handling costs,  rearrangement 
costs,   installation costs 

none 

pub23 

Unequal-area 

orientations of departments 

material handling costs 
total average violation 

product demands 
none 
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Table XII FLP utlization of System Engineering Tools & Techniques (Sample) 

 
System Engineering Tools & Techniques 

 

Concept 

Development 

Tools 

System Safety and Reliability Tools 

Design-

Related 

Analytical 

Tools 

Graphical 

Data 

Interpretation 

Tools 

Total Quality 

Management Tools 

Pub TS PDRI CB AHP RA PHA EF FMECA RBD FTA ETA SA SD N2 Sim SC CE DOE C NGT QFD 

1                                           

2                                           

3                                           

4       x                                   

5                                           

6                                           

7                                           

8                                           

9                                           

10                                           

11                                           

12                                           

13                                       x   

14                                           

15       x                                   

16                                           

17                                           

18                             x             

19                                           

20                                           

21                                           

22                                           

23                                           

Note: Trade Studies: TS, Project Definition Rating Index: PDRI, Cost-Vs-Benefit Studies: CB, Analytic 

Hierarchy Process: AHP, Risk Assessment Matrix: RA, Preliminary Hazard Analysis: PHA, Energy Flow/Barrier Analysis : 

EF,  Failure Modes and Effects (and Criticality) Analysis: FMECA, Reliability Block Diagram: RBD, Fault Tree Analysis: 

FTA, Event Tree Analysis: ETA,  Sensitivity (Parametric) Analysis: SA, Standard Dimensioning and Tolerancing: SD, N2 

Analysis: N2, Simulation: Sim, Stratification Chart: SC, Concurrent Engineering: CE, Design of Experiments: DOE, 

Checklists: C, Nominal Group Technique: NGT, Quality Function Deployment: QFD 

 



71 

 

2.9. Implications, Limitation, Resolutions & 
Recommendations 

This literature review reveals the current degree of System Engineering 

involvements on the complex issue of facility layout design, which is the main 

novelty of this study alongside the suggested use of System Engineering tools and 

techniques in the appropriate stage. Utilizing the System Engineering tools such as 

QFD or AHP will help in identifying and prioritizing TPMs, each TPM’s relative 

degree of importance is to be indicated to facilitate the evaluation process 

(Blanchard & Fabrycky, 2011, p. 82).  Such levels of importance will reflect on the 

weights of multi-objective mathematical programming.  

We performed analysis of such historical research trends and we detected 

that poor use of system engineering approach to facility layout can be attributed to: 

 Lack of precise definition of the facilities, departments, machines, 

equipment, etc.  

 Lack of proper system requirements with different priorities for 

facilities layout. 

 Incomplete representation of the real world requirements and 

specifications. 

 Lack of plan for performance measurement management. 
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Several System Engineering tools and techniques can be recommended for 

FLP, for example, N2 diagram is a straightforward diagram that shows the 

interactions among related entities like which one is the other inputs or outputs.  

Such diagram is very similar to well-known diagram that is widely used in FLP 

which is the From-To relationship diagram.   (Walden et al., 2015, pp. 198–199).  

The capabilities and simplicities of the N2 diagram can be further exploited with 

different versions for each type of flow movements or each type of interactions; 

such usage will result in a multi-modal representation of all significant and 

substantial flow patterns among the various entities of the layout.  

2.10. Literature Review Conclusion 

In conclusion, the purpose of this literature review survey was to anticipate 

recent trends in FLP, to highlight the most proven models, solutions, and 

algorithms, and to gather data on the use of System Engineering approach on FLP.  

Over the last years, FLP research has shown the value of effective problem 

formulations and solution techniques in the FLP field.  From the data analysis, most 

practical solutions of FLP are those pertaining to meta-heuristics techniques due to 

its robust and rigorous results. 

In this chapter we have: 1) Introduced the theoretical framework on which 

the study is based; 2) Provide background on related subjects as material handling 

systems and System Engineering framework; 3) Indicated the trends in FLP 

research field.  
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Lastly, some of System Engineering tools and techniques has been used 

with overall very positive results indicating the usefulness and practicality of such 

approach.  The next chapters will focus on the implementations of the proposed 

case studies followed by a conclusion. 
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3. Chapter 3  
Main Case Studies’ Methodology 

and Results 
In the previous chapter, literature review concluded that is a great lack of 

system engineering involvement in the research of facilities layout problems.  

Therefore, in order to establish and promote the combination of system engineering 

design methodologies into the classic FLP, an integration needs to be bestowed and 

developed. This chapter introduce the implementation of system engineering 

approach for two typical industrial problems.  This is illustrated by utilization of 

system engineering processes, tools, and techniques to develop both case studies. 

According to Blanchard, systems elements consist of components, 

attributes, and relationships.  System components can be further divided into 

structural (static parts), operating (performing process), or flow (materials, energy, 

or information) components. (Blanchard & Fabrycky, 2011, pp. 3–4).  Such 

elements can be mirrored to the mathematical programming models, see Table 

XIII.  Furthermore, System Engineering Process can be used to generate inputs for 

mathematical programming models.  For instance, AHP can be used to obtain the 

balance and assign realistic weights to the multi-objective or goal programming 

models; and functional blocks in FFBD can be used to drive the constraints 

equations aiming to satisfy system metrics and measurements, see Table XIV. 
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Table XIII System Elements map to Mathematical Model 

System Elements Model Mathematical Programming Model 

Components: 

 Structural Components.1 

 Operating Components.2 

 Flow Components. 

Variables: 

 Decision (Binding) Variables. 

 Decision & Auxiliary Variables. 

 Right Hand Side (RHS) Constants. 

Attributes Parameters (Variables Coefficients) 

Relationships Equalities and inequalities (in constraints) 

1: can serve to establish the upper optimization level (in bi-level / multi-level optimization)  

2: can serve to establish the lower optimization levels (in bi-level / multi-level optimization)  

 

Table XIV System Engineering Process map to Math Model 

System Engineering 

Processes 

Derive via System 

Engineering tools 

Mathematical Programming 

Model 

Stakeholders needs  Use Case Objectives / goals 

Stakeholders requirements AHP Weights for Multi-objet/goal 

programming 

Engineering Characteristics 

Design 

QFD Objectives & Constraints variables 

Metrics & measurements FFBD Constraints equations 
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3.1. Introduction 

Generally, there are several levels of optimization decisions in plant design 

and constructions.  There are strategic decision levels and operational decision 

levels.  Examples of the former is the layout design where the decision variables 

involves the flow of materials and overall topology, and the equipment designs 

where the decision variables are related to the equipment duty capacity, size and 

shapes.  Examples of operational decision level is the pumps and compressors 

efficiency, control curves of valves, and boilers maximum rating efficiency.  We 

are here focusing only in regards to the layout decision optimization. 

Industrial equipment’s assume surrounding containers with regular 

rectangular shapes.  Such de facto design is presence in most of the PFDs and 

P&IDs.  In our model, we are assuming such shape of each equipment’s by 

considering the containers shape or the convex hull.  Such assumption will ensures 

only rectangular shapes for situations with equal and unequal areas.  Thus, to 

handle other shapes like L-shaped or U-Shaped, the designer can choose to 

construct sub rectangular shapes with increase weights of adjacency constraints or 

flow volume or weights between such particular shapes.  It is worth to emphasis 

that such workaround must produce a rectangular shapes (shapes with corners of 

90° and 270° angles), for the case that has different angles must increase its convex 

hull size until it reaches compatibility with such angles requirements; or even 

increase further to attain rectangular shapes exclusively. 
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Figure 13 shows the hierarchy of distributed Process Control Systems 

(PCS) used widely in industrial facilities.  Such hierarchy indicates the separate 

levels of technologies and functional duties of the systems.  The first case study is 

pertaining to the lowest level which applies to the process equipment, while the 

second case study aims at the next level up which concerns with the layout of field 

instruments of the process equipment. 

Figure 13 Hierarchy of Distributed Process Control Systems (Daniele Pugliesi) 
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3.2. Case Study 1  

Figure 14 Case Study 1: Chemical Plant with Distillation System 
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Typical distillation system consists of four major subsystems: Feedstock 

system, Overhead system, Bottom system, and Column system; highlighted in 

Figure 14 (Thomas, 2010, pp. 228–229).  There are several design requirements for 

industrial facilities that are mandatory.  For example, Occupational Safety & Health 

Act (OSHA) for process safety management, and Resource Conservation & 

Recovery Act (1976).  Such environment, health and safety requirements add more 

stringent design specifications for industrial facilities. 

3.2.1. System Concept and Definition 

We are considering seven major equipment on our case study: preheater 

heat exchanger, distillation column, left bottom reboiler, right bottom reboiler, 

overhead finned fan heat exchanger, overhead drum, and the product tank.  Among 

such equipment, there are several material flow types including: liquid gas and oil, 

steam, air, water, power electricity, and instrument control signals. 

3.2.2. Stakeholders identification and Requirements 
Analysis 

At the beginning in this stage, the objective is to engage stakeholders as 

early as concept development and throughout the concept and design processes. 

Early stakeholder involvement can help make the process more relevant to the 

system scope, thereby increasing the likelihood of design utilization or scale up.  

Stakeholders will have different levels of interaction with the system such as 

responsibility, participation and authority.   
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Stakeholders are those who affect or affected by the system under 

development. (Arrasmith, 2015).  Examples of stakeholders include: management, 

workers, and in general opposing and promoting people. (Tompkins, 2010, p. 362).  

The stakeholder onion ring diagram Figure 15 shows the level of relationships 

among system and its stakeholders.  Table XV lists the most important 

stakeholders.  The clouds icon in the center represent the system of FLP. 
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Figure 15 FLP Stakeholders Onion Ring Figure 

Table XV FLP Stakeholder Matrix  

Stakeholder 

Type 

Description Priority 

Operator Responsible for operating, monitoring, start or stop the 

machine as required 

High 

Chemical 

Process 

Engineer 

Responsible for plant process design and operational 

support and procedures 

High 

Maintenance 

Technician 

Responsible for receiving, scheduling, performing, and 

closing maintenance activity requests and have input on 

maintainability. 

High 

Facility Layout 

Designer 

Responsible for plant layout design Medium 

Safety Inspector Responsible for safe operation of equipment and 

maintenance procedures 

Medium 

Instrument & 

Digital Control 

Systems. 

Plant distributed control systems that are used to control 

plant production by controlling all process, mechanical 

and safety equipment 

Medium 

Plant Support 

Engineer 

Assigned to each area of the plant as a point of contact 

for the operation team for any technical issue in order to 

ensure efficient use of equipment and resources 

Medium 

Project 

Engineer 

Responsible for carrying out the project from project 

approval until close out 

Medium 

Security 

Personnel 

Responsible for all physical security of the facilities and 

its personnel 

Medium 
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The primary purpose of the Use Case is to capture the required system 

behavior from the perspective of the end-user in achieving one or more desired 

goals. A Use Case contains a description of the flow of events describing the 

interaction between actors and the system.   
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Figure 16 Partial Use Case Context Diagram 

 

 

Chemical Process 

Engineer

Facility Layout

Designer

Safety Inspector

Life Cycle 

Cost Effeciency

Space Allocation

Operational Safety

Adjacency



84 

 

Table XVI Sample Business Use Cases List 

No. Primary Actor Goals Business Use Case 

1 

Chemical Process 

Engineer 

Life Cycle Cost efficiency UC-1 

2 Space allocation UC-2 

3 adjacency UC-3 

4 operational safety UC-4 

5 
Facility Layout 

Designer 

Life Cycle Cost efficiency UC-1 

6 Space allocation UC-2  

10 Safety Inspector operational safety UC-4 

 

Table XVII Sample Use Case Narrative 

Use Case ID: UC-1 

Use Case Name: Life Cycle Cost efficiency 

Created By: ASQ Last Updated By: ASQ 

Date Created: 08/23/2016 Date Last Updated: 09/04/2016 

Actors 
Primary (Initiate):  Chemical Process Engineer 

Supplementary (participate): Facility Layout Designer 

Goals (Level : “user-goal” or “subfunction”) minimize total costs 

Description: 
The allocation of plant equipment shall satisfy engineering 

requirements within minimum incurred costs..  

Preconditions: 

PRE-1. Total Available Site Space is larger than the sum of all 
required equipment spaces (in length and width).  

PRE-2. The communication systems are operating  

Postconditions: POST-1. Establish equipment Layout Diagram 

Interested Stakeholders 

Operator, Chemical Process Engineer, Maintenance Technician, 
Facility Layout Designer, Safety Inspector, Plant Support 

Engineer, Project Engineer 

Active Stakeholders Chemical Process Engineer 

Trigger New business request for new Plant or expanding current. 

Normal Course (main flow 

= Basic Path): 

1.0 Design new plant 

Actor Action/Response :  
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1.0 Feasibility Study concluded a valid business case for 

new plant. 
2.0 Facility Layout Engineer gather all the requirement 

data from other actors (e.g. Process Engineer, 

Operators …etc). 
3.0 Facility Layout Engineer start the process of problem 

formulation and solution methodologies. 

System Action/Response :  
1.0 System starts to collect all defined parameters (like 

pipeline/cables installation costs, flow types, site 

dimensions…etc) 
2.0 System shows the best/near-the-best solutions of the 

layout problem with layout block diagram. 

Alternative Courses 

(alternate flow/path) 

1.1 Design Expansion to current existing plant  

Actor Action/Response :  
1.0 Feasibility Study concluded a valid business case for 

new plant. 

2.0 Facility Layout Engineer gather all the requirement 
data from other actors (e.g. Process Engineer, 

Operators …etc). 

3.0 Facility Layout Engineer start the process of problem 
formulation and solution methodologies. 

System Action/Response :  

1.0 System starts to collect all defined parameters (like 
pipeline/cables installation costs, flow types, site 

dimensions…etc) 
2.0 Existing parts of the plant will be formulated as well 

with their decision variables (like center coordinates, 

dimensions …etc) are fixed. 
3.0 System shows the best/near-the-best solutions of the 

layout problem with layout block diagram. 

Exceptions: 

1.0 E1 no valid solutions 

1.0 Check the available space for the whole site. 
2.0 Check the total length and width against the sum of all 

length and width of equipment. 

3.0 Safety margins are excessively large.  

Priority: Max High 

Frequency of Use: as needed basis 

Business Rules non 

Special Requirements: No-overlapping.  

Assumptions: non 

Notes and Issues: non 
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3.2.3. System Design 

 

3.2.3.1. Customers’ & System Design Requirements 

Mandatory requirements are usually results in equality constraints or 

inequality constraints (opposite to optimization direction of the objective function) 

in mathematical programming model.  For example, no-overlap requirements will 

maintain the minimum distance which means in our case here, it will be either an 

equality constraint or greater-than-or-equal inequality.   

MOE, measurement of effectiveness, for most of the customers’ 

requirements are related to Return on Investments (ROI) and maximization of 

efficiency; while MOP, measurement of performance, will be generated based on 

the system design requirements, see Table XVIII.  Using AHP or pairwise analysis 

to rank all the requirements.  Such resulted ranking could be added as weights 

parameters on the objective function. 
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Table XVIII Sample Customers' Requirements for FLP 

Customer Requirements ID Design Requirements MOP 

minimize costs 

DR01-01 low capital cost (installation cost) Min Cost 

DR01-02 low operational costs Min Cost 

DR01-03 low maintenance costs Min Cost 

allocate space for equipment  

DR02-01 equipment position inside  available site space 

DR02-02 equipment orientation vertical or horizontal 

DR02-03 no-overlap distance between equipment  

maintain safety limits DR03-01 
maximize min-distance among 

equipment distance between equipment  

 

3.2.3.2. Engineering Characteristics 

Utilizing the QFD tools, constraints variables can be established with 

relationship to the engineering characteristics used to build the “how” of the 

customers’ requirements.  In addition, Technical Performance Metric can be 

formulated during such System Engineering process.  See Table XIX and Figure 

17. 
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Table XIX Sample Sys. Requirements and Design for FLP 

ID 

Design 

Requirements/Attributes Engineering Characteristics Metric (TPM) 

DR01-01 
low capital cost 

(installation cost) 

(+) minimize the distance  meter (distance) 

(+) minimize the unit costs  dollars (monetary value) 

DR01-02 low operational costs (+) minimize the distance  meter (distance) 

DR01-03 low maintenance costs (+) minimize the distance  meter (distance) 

DR02-01 equipment position 

(o) allocate x-coordinate  meter (length/width) 

(o) allocate y-coordinate  meter (length/width) 

DR02-02 equipment orientation 

(o) vertical orientation 
 [vertical/horizontal] 
(value) 

(o) horizontal orientation 

 [vertical/horizontal] 

(value) 

DR02-03 no-overlap 

(+) horizontal distance > sum of 
horizontal dimension  meter (length/width) 

(+) vertical distance > sum of vertical 

dimension  meter (length/width) 

DR03-01 

maximize the min 

distance among 

equipment 

(+) horizontal distance > sum of 
horizontal dimension  meter (length/width) 

(+) vertical distance > sum of vertical 

dimension  meter (length/width) 

(-) minimize the distance  meter (distance) 
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Figure 17 QFD House of Quality for FLP 
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3.2.3.3. System Functional analysis 

Functional analysis helps decompose the complicated system into unit 

functions.  The behavior of such functions collectively reproduce the subsystem 

functionalities.  Functional Flow Block Diagrams (FFBDs) are the prime part of 

functional analysis tools that are used to capture system functions.  Functional 

analysis helps the designer to determine what must be done which ensure 

independence relationship among functions.  N-square tools is used as well during 

the functional analysis phase. 

Figure 18 Partial FFBD for FLP 

 

 

F 2.0 [REF]

1. Allocate x-coordinate of equipment i centroid 

Nominate x value

X-value is >= half of 
equip. i. width

OR

X-value is >= half of 
equip. i. length

X-value is +  half of 
equip. i. width <= 

Site width

X-value is +  half of 
equip. i. width <= 

Site length

OR Confirm x-value 
limits

OR

Allocate y-
coordinate 
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3.2.3.4. System Metrics & Measurement 

See the below Table XX, where it summarizes the previously generated 

measures and metrics. 

Table XX Metrics & Measurement 

MOE MOP Metric (TPM) 

Min Total Cost  

= Max efficiency 

Min Cost 

meter (distance) 

dollars (monetary value) 

Min Cost meter (distance) 

Min Cost meter (distance) 

inside  available site space 

meter (length/width) 

meter (length/width) 

vertical or horizontal 

[vertical/horizontal] (value) 

[vertical/horizontal] (value) 

vertical or horizontal 

meter (length/width) 

meter (length/width) 

vertical or horizontal 

meter (length/width) 

meter (length/width) 

meter (distance) 
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3.2.4. Proposed Model 

We aim to get to a comprehensive model to encamp all possible variations 

and applications but simple and concise enough to make the analysis possible.  Our 

goal is to improve the performance metrics; keeping in mind that no one can easily 

possess the breadth and depth of the knowledge needed here. 

Heragu and Kusiak (Heragu & Kusiak, 1991) introduced the widely used 

model, a.k.a.  ABSMODEL, where the objective of the layout optimization 

problem is to minimize the weighted costs of material flow among each pair of 

equipment.  In our model with regular rectangular shapes, each shape/entity is 

defined by its length, width and the coordinate of its centroid.  The objective 

function will then be a distance-based (quantitative) objective.  In case, we need the 

adjacency-based (qualitative) objective, ones might increase/decrease the 

costs/penalties of flow transfer parameters.  The distance type is a rectilinear 

distance between equipment’s centroids, see Equation 4.  In addition, the model is 

for uncapacitated facilities; hence, the costs of moving are independent of the 

utilization of the flow assets, and the costs are linearly related to the distance.  

𝐷𝑖𝑗 = |𝑋𝑖 −  𝑋𝑗| +  |𝑌𝑖 −  𝑌𝑗|  Equation 4 
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𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛: 𝑀𝐼𝑁 (𝑍

= ∑ ∑ ∑ 𝑓𝑖𝑗𝑘  𝑐𝑖𝑗𝑘 𝐷𝑖𝑗

𝑗𝑖𝑘

  )   

Equation 5 

The model we presented here is based on a work of (Papageorgiou & 

Rotstein, 1998) in article titled “Continuous-Domain Mathematical Models for 

Optimal Process Plant Layout”.   However, we further modify the objective and 

constraints to consider multi-flow layout where there several types of flow modes 

and relationships.  As in most papers, the objective function is to minimize the total 

costs by effectively minimizing center-to-center distances of all equipment pairs 

(i, j), 

Based on the fact that any real number (as such the case of the output of the 

absolute value) can be formulated as a difference between any two non-negative 

real numbers.  Sometimes we can use weights matrix to scale up or scale down the 

unit costs of flow transfer, and the same goes for the flow intensity. 
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3.2.4.1. Assumptions of the deterministic model 

All distances are considered to be rectilinear.  There is no shortage for 

materials.  Each location is considered as coordinates of located department’s 

center in the generated layout.  Southwest corner of each floor is considered as the 

origin of the coordinate graph.  All departments and storages have a rectangular 

shape.  Material loading and unloading cost and time can be neglected.  Each 

department, storage, and elevator set can only be located in one of the predefined 

locations. 

 

Figure 19 Model Layout 
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3.2.4.2. Parameters and indices 

Indices:  

i, j equipment items 

k Connection type/mode (chemical feedstock, steam, 

air, water, electrical power, instrument & control, 

toxic & explosive waste gas, solid & liquid waste)   

Parameters: 

αi Design length of equipment i 

βi Design width of equipment i 

Cijk Connection cost between equipment i and j with 

respect to k connection mode; assuming the same cost, 

relative money units per meter (rmu/m) 

Fijk Connection between equipment i and j with respect to 

k connection mode 

𝑫𝑴𝒊𝒋
𝒙  Minimum Distance between equipment i and j in the 

x-direction 

𝑫𝑴𝒊𝒋
𝒚

 Minimum Distance between equipment i and j in the 

y-direction 

Sx Site length along the x-coordinate 

Sy Site width along the y-coordinate 

M Sufficiently large number 
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3.2.4.3. Variables 

Decision Auxiliary variables. 

oi Orientation indication which equals 1 if equipment i’s 

length is equal to αi or 0 otherwise  

𝒁𝒊𝒋
𝒙

 Equal to 1 if equipment i is strictly to the east of 

equipment j, and 0 otherwise. 

𝒁𝒊𝒋
𝒚

 Equal to 1 if equipment i is strictly to the north of 

equipment j, and 0 otherwise. 
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Decision continuous variables 

li Result length of equipment i 

wi Result width of equipment i 

xi x-coordinate of the centroid of equipment i 

yi y-coordinate of the centroid of equipment i 

𝑹𝒊𝒋 Relative distance in x-direction between equipment i 

and j, in case of i is to the east of j 

𝑳𝒊𝒋 Relative distance in x-direction between equipment i 

and j, in case of i is to the west of j 

𝑨𝒊𝒋 Relative distance in y-direction between equipment i 

and j, in case of i is to the north of j 

𝑩𝒊𝒋 Relative distance in y-direction between equipment i 

and j, in case of i is to the south of j 

𝑫𝒊𝒋 The rectilinear distance between equipment i and j 

 

3.2.4.4. Objective function 

 

𝑀𝐼𝑁 (𝑍 = ∑ ∑ ∑ 𝐹𝑖𝑗𝑘  𝐶𝑖𝑗𝑘 𝐷𝑖𝑗

𝑗𝑖𝑘

  )   Equation 6 
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3.2.4.5. Mathematical constraints 

 

Equipment Orientation Constraints 

𝒍𝒊 =  𝜶𝒊𝒐𝒊 +  𝜷
𝒊
(1 − 𝒐𝒊) For all i Constraint 7 

𝒘𝒊 =  𝜶𝒊 +  𝜷
𝒊

− 𝒍𝒊 For all i Constraint 8 

Distance Constraints 

𝑹𝒊𝒋 −  𝑳𝒊𝒋 =  𝒙𝒊 −  𝒙𝒋 For all 

i=1,…,N-1; 

j=i+1,…,N 

Constraint 9 

𝑨𝒊𝒋 −  𝑩𝒊𝒋 =  𝒚
𝒊

−  𝒚
𝒋
 For all 

i=1,…,N-1; 

j=i+1,…,N 

Constraint 10 

𝑫𝒊𝒋 = 𝑹𝒊𝒋 +  𝑳𝒊𝒋 + 𝑨𝒊𝒋 +  𝑩𝒊𝒋 For all 

i=1,…,N-1; 

j=i+1,…,N 

Constraint 11 
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Non-overlapping Constraints  

𝒙𝒊 −  𝒙𝒋 + 𝑴( 1 −   𝒁𝒊𝒋
𝒙

)

≥  
𝒍𝒊 +  𝒍𝒋

𝟐
+ 𝑫𝑴𝒊𝒋

𝒙  

For all i; j ≠ i Constraint 12 

𝒚𝒊 −  𝒚𝒋 + 𝑴( 1 −  𝒁𝒊𝒋
𝒚

)

≥  
𝒘𝒊 +  𝒘𝒋

𝟐
+ 𝑫𝑴𝒊𝒋

𝒚
   

For all i; j ≠ i Constraint 13 

  𝒁𝒊𝒋
𝒙

+  𝒁𝒋𝒊
𝒙

+  𝒁𝒊𝒋
𝒚

+  𝒁𝒋𝒊
𝒚

≥  𝟏 For all 

i=1,…,N-1; 

j=i+1,…,N 

Constraint 14 

  𝒁𝒊𝒋
𝒙

+  𝒁𝒋𝒊
𝒙

≤   𝟏 For all 

i=1,…,N-1; 

j=i+1,…,N 

Constraint 15 

  𝒁𝒊𝒋
𝒚

+  𝒁𝒋𝒊
𝒚

≤   𝟏 For all 

i=1,…,N-1; 

j=i+1,…,N 

Constraint 16 
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Lower bound constraints 

𝒙𝒊 ≥  
𝒍𝒊

𝟐
 

For all i Constraint 17 

𝒚𝒊 ≥  
𝒘𝒊

𝟐
 

For all i Constraint 18 

Upper bound constraints 

𝒙𝒊 +  
𝒍𝒊

𝟐
≤  𝑺𝒙 

For all i Constraint 19 

𝒚𝒊 + 
𝒘𝒊

𝟐
≤  𝑺𝒚 

For all i Constraint 20 

All continuous variables are non-negatives. 

3.2.4.6. Computational results  

We have solved the examples using MATLAB in a 8 GB RAM computer.  

Some typical setups were generated to show the efficiency of the proposed model. 
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Figure 20 solution to one instance of FLP 
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3.3. Case Study 2  

Figure 21 Case Study 2: Junction Box distribution locations 

 

Bottom  Sub System
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Typical industrial plants contains thousands of instrumentation and control 

devices distributed around fields near plant equipment.  All instrument transmitters 

and control devices are connected by signal wire with nearest Process Interface 

Buildings or Center Control Building.  Most of such instruments share the same 

Junction Boxes (which acts as a distribution/assemble components on the industrial 

control networks).  However, there are locations, capacities, types of such junction 

boxes are predetermined during construction to facilitate installation process. 

Our case study here is to optimize the allocation of instruments to nearest 

junction boxes with consideration of redundancies and availabilities. See Figure 21. 

3.3.1. System Concept and Definition 

We are considering ten instruments locations with adjacent ten junction 

boxes.  Different junction boxes are available to different instruments based on a 

predetermined junction boxes proximity.  In addition, some instruments locations 

require redundant links to junction boxes.  The typical industrial control network 

resemble a tree network where the junction boxes are the leaves.  

3.3.2. Stakeholders identification and Requirements 
Analysis 

At the beginning in this stage, the objective is to engage stakeholders as 

early as concept development and throughout the concept and design processes. 

Early stakeholder involvement can help make the process more relevant to the 

system scope, thereby increasing the likelihood of design utilization or scale up.  

Stakeholders will have different levels of interaction with the system such as 

responsibility, participation and authority.   
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The stakeholder onion ring diagram Figure 22 shows the level of 

relationships among system and its stakeholders.  Table XXI lists the most 

important stakeholders.  The clouds icon in the center represent the system of 

instrumentation layout. 

Figure 22 Instrument Layout Stakeholders Onion Ring Figure 
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Table XXI Instrument Layout Stakeholder Matrix  

Stakeholder 

Type 

Description Priority 

Instrument & 

Digital Control 

Systems. 

Plant distributed control systems that are used to control 

plant production by controlling all process, mechanical 

and safety equipment 

High 

Plant Support 

Engineer 

Assigned to each area of the plant as a point of contact 

for the operation team for any technical issue in order to 

ensure efficient use of equipment and resources 

High 

Maintenance 

Technician 

Responsible for receiving, scheduling, performing, and 

closing maintenance activity requests and have input on 

maintainability. 

High 

Facility Layout 

Designer 

Responsible for plant layout design Medium 

Safety Inspector Responsible for safe operation of equipment and 

maintenance procedures 

Medium 

Operator Responsible for operating, monitoring, start or stop the 

machine as required 

Medium 

Chemical 

Process 

Engineer 

Responsible for plant process design and operational 

support and procedures 

Medium 

Project 

Engineer 

Responsible for carrying out the project from project 

approval until close out 

Medium 
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The primary purpose of the Use Case is to capture the required system 

behavior from the perspective of the end-user in achieving one or more desired 

goals. A Use Case contains a description of the flow of events describing the 

interaction between actors and the system.  See Figure 23, Table XXII, and Table 

XXIII . 

Figure 23 Partial Use Case Context Diagram 
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Table XXII Sample Business Use Cases List 

No. Primary Actor Goals Business Use Case 

1 
Instrument & 

Control System 

Life Cycle Cost efficiency UC-1 

2 Redundancy UC-2 

3 
Facility Layout 

Designer 

Life Cycle Cost efficiency UC-1 

4 Redundancy UC-2  

5 Plant Support 

Engineer  

Life Cycle Cost efficiency UC-1 

 

Table XXIII Sample Use Case Narrative 

Use Case ID: UC-1 

Use Case Name: Life Cycle Cost efficiency 

Created By: ASQ Last Updated By: ASQ 

Date Created: 09/05/2016 Date Last Updated: 09/05/2016 

Actors 
Primary (Initiate):  Instrument & Control System 

Supplementary (participate): Facility Layout Designer 

Goals (Level : “user-goal” or “subfunction”) minimize total costs 

Description: 
The allocation of plant equipment shall satisfy engineering 
requirements within minimum incurred costs.  

Preconditions: 

PRE-1. Total available junction box capacity Space is larger than 

the sum of all required instruments connections 

PRE-2. The junction box locations capacity is available.  

Postconditions: POST-1. Establish equipment Layout Diagram 

Interested Stakeholders 
Instrument & Control System, Plant Support Engineer, Facility 

Layout Designer 

Active Stakeholders Instrument & Control System 

Trigger New business request for new instrument. 

Normal Course (main flow 

= Basic Path): 

1.0 Add new instrument 

Actor Action/Response :  

1.0 Feasibility Study concluded a valid business case for 
new instrument. 
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2.0 Facility Layout Engineer gather all the requirement 

data from other actors (e.g. control systems, 
technicians …etc). 

3.0 Facility Layout Engineer start the process of problem 

formulation and solution methodologies. 
System Action/Response :  

1.0 System starts to collect all defined parameters (like 

junction boxes and cables installation costs, site 
dimensions…etc) 

2.0 System shows the best/near-the-best solutions of the 

layout problem through tabular format. 

Alternative Courses 

(alternate flow/path) 

1.1 Add new junction box  

Actor Action/Response :  

1.0 Feasibility Study concluded a valid business case for 

new instrument. 
2.0 Facility Layout Engineer gather all the requirement 

data from other actors (e.g. control systems, 

technicians …etc). 
3.0 Facility Layout Engineer start the process of problem 

formulation and solution methodologies. 

System Action/Response :  
1.0 System starts to collect all defined parameters (like 

junction boxes and cables installation costs, site 

dimensions…etc) 
2.0 New junction box location will be determined to 

install new junction box with specific capacity. 
3.0 System shows the best/near-the-best solutions of the 

layout problem tabular format. 

Exceptions: 

1.0 E1 no valid solutions 

1.0 Check the available capacity for the junction box 

location site. 

2.0 Check the total capacity of all junction boxes near the 

equipment skids. 
3.0 Allocate new junction box location.  

Priority: Max High 

Frequency of Use: Annually, as needed basis 

Business Rules non 

Special Requirements: non 

Assumptions: non 

Notes and Issues: non 
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3.3.3. System Design 

 

3.3.3.1. Customers’ & System Design Requirements 

Mandatory requirements are usually results in equality constraints or 

inequality constraints (opposite to optimization direction of the objective function) 

in mathematical programming model.  For example, redundancy requirements will 

maintain the minimum required connections which means in our case here, it will 

be an inequality constraint.   

MOE, measurement of effectiveness, for most of the customers’ 

requirements are related to Return on Investments (ROI) and maximization of 

efficiency; while MOP, measurement of performance, will be generated based on 

the system design requirements, see Table XXIV.  Using AHP or pairwise analysis 

to rank all the requirements.  Such resulted ranking could be added as weights 

parameters on the objective function. 

Table XXIV Sample Customers' Requirements for Instrument Layout 

Customer Requirements ID Design Requirements MOP 

minimize total costs 

DR01-01 low capital cost (installation cost) Min Cost 

DR01-02 low operational costs Min Cost 

maintain min redundancy DR02-01 maximize min-redundant links Number of instrument links  
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3.3.3.2. Engineering Characteristics 

Utilizing the QFD tools, constraints variables can be established with 

relationship to the engineering characteristics used to build the “how” of the 

customers’ requirements.  In addition, Technical Performance Metric can be 

formulated during such System Engineering process.  See Table XXV and Figure 

24. . 

Table XXV Sample Sys. Requirements and Design for Instrument Layout 

ID 

Design 

Requirements/Attributes Engineering Characteristics Metric (TPM) 

DR01-01 
low capital cost 

(installation cost) 
(+) minimize the number of J.B. 

 Value  (scalar) 

DR01-02 low operational costs (+) minimize the connection cost  dollars (currency) 

DR03-01 
maximize the min 

redundant links (0) sum of instrument connections   Extra links (scalar) 
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Figure 24 QFD House of Quality for Instrument Layout 
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3.3.3.3. System Functional analysis 

Functional analysis helps decompose the complicated system into unit 

functions.  The behavior of such functions collectively reproduce the subsystem 

functionalities.  Functional Flow Block Diagrams (FFBDs) are the prime part of 

functional analysis tools that are used to capture system functions.  Functional 

analysis helps the designer to determine what must be done which ensure 

independence relationship among functions.  N-square tools is used as well during 

the functional analysis phase. 

Figure 25 Partial FFBD for Instrument Layout 
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3.3.3.4. System Metrics & Measurement 

See the below Table XXVI, where it summarizes the previously generated 

measures and metrics. 

Table XXVI Metrics & Measurement 

MOE MOP Metric (TPM) 

Min Total Cost  

= Max efficiency 

minimize the number of J.B  Value  (scalar) 

minimize the connection cost dollars (currency) 

sum of instrument 

connections 
Extra links (scalar) 

 

3.3.4. Proposed Model 

The model we presented here is based on a work of (Hekmatfar & Zanjirani 

Farahani, 2009, pp. 243–268) in chapter titled “Hub Location Problem”.  

Alternative modeling techniques related to “Location Allocation Problem” or 

“Maximum Covering Set Problem” can be used due to the similarity of the concept. 

3.3.4.1. Assumptions of the deterministic model 

All distances are considered to be rectilinear.  The junction boxes locations 

are predetermined.  The decision variable in the case of junction boxes is to install 

new junction box or add extra junction box at the same location within the location 

limit capacity.  Instrument locations are predetermined based on the parent 

equipment layout on the skid or train module.  Redundancy requirement is per 

individual instruments. 
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3.3.4.2. Parameters and indices 

Indices:  

j (n) Fields Instruments (demand points)  

i (m) Junction Box at location i (supply facilities)   

Parameters: 

Aij If instruments j is cover by junction box at location i 

equals 1, otherwise 0 

Fi Junction box installation costs at location i 

Cij Costs of connection of each instrument j to junction 

box at location i 

Qi Number of connections capacity for each junction box 

at location i 

Li Maximum number of junction boxes that can be 

installed at location i 

M Maximum number of junction boxes that can be 

installed totally.  

Dj Minimum required connections for each instrument j 

(for redundancy) 
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3.3.4.3. Variables 

Decision Integer variables. 

yi number of junction boxes installed at location i. 

xij number of instrument i connections to junction boxes 

at location j. 

 

3.3.4.4. Objective function 

 

𝑀𝐼𝑁 (𝑍 = ∑ 𝐹𝑖 ∗ 𝑦𝑖

𝑚

𝑖=1

  +  ∑ ∑ 𝐶𝑖𝑗 ∗  𝑥𝑖𝑗

𝑛

𝑗=1

𝑚

𝑖=1

)   Equation 21 

 

3.3.4.5. Mathematical constraints 

 

Maximum instruments’ connections to Junction Boxes at location i 

∑ 𝑥𝑖𝑗

𝑛

𝑗=1

∗ 𝐴𝑖𝑗 ≤  𝑸𝒊 ×  𝒚𝒊 
 Constraint 22 

Maximum number of junction boxes for the whole site/project 
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 ∑ 𝒚𝒊

𝑚

𝑖=1

≤  𝑴 
 Constraint 23 

Maximum number of junction box at each location i 

  𝒚𝒊 ≤  𝑳𝒊 For each i Constraint 24 

All instruments connections must satisfy the minimum required connections 

(e.g. redundancy)  

∑ 𝑥𝑖𝑗

𝑛

𝑗=1

∗ 𝐴𝑖𝑗 ≥  𝑫𝒋 
 Constraint 25 

All variables are non-negatives. 

 

3.3.4.6. Computational results  

We have solved the examples using MS Excel and OpenSolver in a 8 GB 

RAM computer. 
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Figure 26 (Solution) Instruments - Junction Boxes connections 

 

Figure 27 (Decision Var) Instruments' connections to junction boxes 

 

 

 

1 2 3 4 5 6 7 8 9 10 Dj

1 0 1 0 0 0 0 0 1 0 0 2 2

2 0 0 0 1 0 0 0 0 0 0 1 1

3 0 0 0 1 0 0 0 0 0 0 1 1

4 0 0 0 0 0 0 2 0 0 0 2 2

5 1 0 0 0 0 0 0 0 0 1 2 2

6 0 0 0 2 0 0 1 0 1 1 5 5

7 1 1 0 0 0 0 0 0 1 0 3 1

8 0 0 0 0 1 0 0 0 0 0 1 1

9 0 0 0 0 1 0 0 1 0 1 3 1

10 0 0 0 0 0 0 0 2 0 1 3 2

Sum of I Xi 2 2 0 4 2 0 3 4 2 4 21

No of JB 1 1 0 2 1 0 2 2 1 2

limit JB  (Li) 3 3 3 3 3 1 2 3 3 2

qi Limit of inst in JB 20 30 40 25 30 30 30 30 30 30

n j

m

i

Instrument
Junction Box at location

sum

min 

≤

≥

0 1 0 0 0 0 0 1 0 0 2

0 0 0 1 0 0 0 0 0 21 22

0 0 1 1 0 1 0 0 0 0 3

0 0 0 0 0 0 2 0 0 0 2

1 1 0 0 0 0 0 0 0 1 3

0 0 0 2 0 0 1 0 1 1 5

1 1 0 0 0 0 0 0 1 0 3

0 0 0 1 1 0 0 0 0 0 2

0 0 0 0 1 0 0 1 0 1 3

0 0 0 0 0 0 0 2 0 1 3

Decsion Variables

≤

i i i i i i i i i i

i i i i i i i i i i

i i i i i i i i i i

i i i i i i i i i i

i i i i i i i i i i

i i i i i i i i i i

i i i i i i i i i i

i i i i i i i i i i

i i i i i i i i i i

i i i i i i i i i i
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Figure 28 parameters for junction box availability to instrument 

 

 

1 1 0 1 1 0 1 1 1 1

1 1 1 1 0 1 1 0 1 0

1 1 0 1 1 0 1 1 1 1

1 1 1 0 1 1 1 0 1 1

1 0 1 1 0 1 1 1 1 1

0 1 0 1 1 1 1 0 1 1

1 1 1 1 1 1 0 1 1 0

1 1 1 0 1 1 1 1 1 1

1 0 1 1 1 0 1 1 0 1

0 1 1 1 0 1 1 1 1 1

Possible Coveage
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4. Conclusion 
 

4.1. Summary 

This is a Proof-of-concept study which demonstrated that the potential of 

facilities layout problem can be greatly realized if approached by system 

engineering methodologies.  In addition, the volume of recent research on FLP 

fields suggests the sustainable need of new solutions and innovative approaches.  

4.2. Problems arising during the research 

There were several issues we faced when we conducted this research 

approach.  Since our approach in the literature review were more toward 

quantitative, most of the issues were related to the magnitude of the data to be 

considered for the revision.  Besides, the new system engineering perspective has 

its toll as well.   Below are the digests of such issues. 

4.2.1. Problems during data collection 

Large number of research articles have been published in the latest years, 

resulting in several surveys papers that capture portion of the published works.  

Simple search on one of database journals (e.g. Science Direct) of the layout 

problems would results in thousands of articles during the last few years.  Some of 

the inclusive survey work was published as a thesis on the usage of metaheuristics 

approach by FLP (Barsegar). 
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In order to demonstrate very accurate and exact representative trends of the 

layout problems in general, as well as their adoption of System Engineering 

approach in particular, reviewers will require considerable amount of collaborative 

efforts among system engineering researchers. 

4.2.2. Problems resulting from the research design 

The FLP research area is highly rich in technical approaches and solutions 

yet it lacks matured design frameworks.  Very few articles, compared to the large 

published works, have adopted or at least addressed some of topics related to FLP 

design framework. 

In addition, pioneering to treat such complex subject, i.e. FLP, using 

System Engineering will not easily bring about all the advantages of realizing the 

newly FLPSE.  Moreover, the functional contexts of FLP will dictate the majority 

of System Engineering methodologies appropriate for those specific fields.  For 

example, in our case studies, safety margins around the equipment are of vital 

importance in industrial facilities; hence functional analysis would consider safety 

requirements.  However, we believe that adopting and applying System 

Engineering to FLP through this thesis, will encourage and bring the attention of 

other researches to the great outcomes of such framework for FLP. 

 



121 

 

4.3. Recommendations 

FLP is complex, large-scale, and resource demanding problems.  We 

promote for a well-established framework for approaching such type of problems, 

especially for industrial applications.  In such applications, the depth and breadth of 

knowledge, resources, and endeavors mandate collaborative efforts inside 

framework.  As this reports shows, we are highly recommending System 

Engineering approach as a framework. 

4.4. Future Research 

Dynamic FLP is the new trend on the last few years and it is gaining 

momentum.  The time elements in such FLP will encourage more perspective for 

all the FLP life cycle stages, such as expansions or retirements.  Similarly, robust 

and resilient FLP are fresh research areas.   

On the other hand, we foresee a more adoption and pioneering 

implementation of System Engineering to FLP in the industrial sectors due to its 

robustness in treating complex systems. 
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Appendix A  
Glossary 

 

Term Definition 

Aisle Open passageway through a facility, designed to expedite 

movement of people and materials. 

process sequence of events, flow or product 

utilities Supplies such as electricity, water, gas, high-pressure air, 

steam, vacuum,…etc. 

Material Handling 

Layout 

Often referred to as a "floor plan".  The layout shows the 

utilization, in graphical representations, of the gross space 

for storage operations and supporting functions. 

Floor plans A diagram of the operating floor of a building.  Generally 

shows the area of construction including structural features 

such as columns, offices and washrooms, break areas, 

stairwells, elevators, doors, windows and openings such as 

loading dock area. 

Material flow The function of maintaining a constantly available supply 

of materials needed for production.  Such materials may 

include raw materials, purchased items, or assembled 

items.  The movement of materials to, though, and from 

productive processes; in warehouses and storage; and in 

receiving and shipping areas. 

Sensor An electronic device designed to detect a specific 

phenomenon, such as the presence or absence of a physical 

object, and used to affect control over a designated 

process. 

Aisle (in storage) The space between storage aids used by material handling 

equipment and/or personnel. 
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Rack A single or multi-level structural storage system that is 

utilized to support high stacking of single items or 

palletized loads 

Supply Chain The supply chain consists of the physical and 

communication paths connecting multiple, interrelated 

businesses.  Material, goods, products and information 

flow through these paths from their points of origin or 

source (often viewed as beginning with raw material) to 

the final end consumer. 

Warehouse A facility utilized to store, protect and secure items for 

inventory or staging for shipment. 

 Block layout The set of fully packed adjacent polygons 

Largely adapted from www.MHI.com  (Material Handling Industry, 2016) 

 

http://www.mhi.com/
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Appendix E  
AUTOBIOGRAPHICAL 

REFLECTION 
This research experience has been productive learning quest for me.  I have 

learned a significant extent of knowledge in the field of FLP and other related 

fields in theories and practice.  I have truthfully realized that research can be 

frustrating and most of the time profoundly tedious, yet it produces rewarding 

skills, knowledge, and experience.  This research study has also provided me with a 

new purpose which has altered my views on my own professional values and 

provoked me for innovative habits to my own future practices. 

Regarding the research activities, I have been through a stunning journey of 

immense experience.  For instance, I have been utilizing all possible online search 

tools at the time of this writing like FIT Library, Scopus, Web of Science, 

WorldCat, etc.  I have experimented with mind mapping tools during the initial 

investigations of the related topics and ideas.  I have also nurtured the well to learn 

and apply several tools to help me during my research.  Such tools spanning 

different activities related to this thesis.  For instance, I used special research and 

reference management tools developed by Swiss Academic Software, where I did 

much of idea and thoughts organizing and referencing.  I, also, have been working 

on polishing my word processor’s typing skills, restoring my graphs and diagrams 

editing skills, enhancing my time management with various apps, and evaluating 

several programming languages platforms.   
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I have also begun to realize that much can and should be done in the arena 

of Systems Engineering for FLP field.  This research process has also encouraged 

me to explore the subject deeply and study other related topics within a broader 

field in order to improve the evolution of the facilities planning and management. 
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