OPTIMISATION OF TOWER CRANE USAGE IN PLANNING
OF PRECAST CONSTRUCTION PROJECTS

DUONG TRUONG SON
(B.Eng. (Hons))

A THESIS SUBMITTED
FOR THE DEGREE OF MASTER OF ENGINEERING
DEPARTMENT OF CIVIL ENGINEERING

NATIONAL UNIVERSITY OF SINGAPORE
2004



Acknowledgement

ACKNOWLEDGEMENT

I would like to express my sincere gratitude to the many people who have lent
their assistance throughout my two years of research. This study would not be
complete without them.

First and foremost, | would like to thank my supervisors: Assoc. Prof. Choo
Yoo Sang, my main supervisor, and my co-supervisor, Assoc. Prof. David Chua Kim
Hoat, who provided valuable guidance along the way. Assoc. Prof. Choo had
contributed significantly in various stages during the study. His critical remarks helped
me see the whole picture in different perspectives. Without that far-sighted outlook, |
might not be able to progress up to this stage. Assoc. Prof. Chua, with his warm and
devoted enthusiasm in teaching and fruitful discussions, had equipped me valuable
knowledge in operations and management systems. Such knowledge served as the
cornerstone in identifying and formulating the key problems encountered in my
research.

Secondly, I am deeply grateful for the assistance of Dr. Ju Feng, the
“pbackbone” of the research group. Dr. Ju Feng provided extensive comments and
many valuable tips from his research experiences during his patient discussions with
me. His suggestions and assistance were crucial in overcoming the obstacles faced in
the research.

| also would like to thank Li Lirong, who introduced me the C++ programming
language and helped me solve difficult debugging errors. Without “master” Lirong, |
would not succeed in using C++ as a programming tool for my research.

| am also grateful to Md Zahidul Hasan, the last research group member and
Kok Chee Seong, an undergraduate student, for preparing the valuable data for my

case study of the Poh Lian project in Punggol site.



Acknowledgement

The research topic deals with truly practical and experience-based problems. |
have benefited greatly from many people who have great knowledge and experiences
about lifting, installations, and crane usage. Among them is Assoc. Prof. Nguyen Phu
Viet, Head of the Building Technique Division in the National University of Civil
Engineering, Vietnam. | am indebted to his insightful knowledge of tower crane
operations and other issues. Further thanks to Mr. Tan Kian Wei, project manager, and
Voon Kim Loon, site engineer of Poh Lian Construction Company, who enabled me to
carry out vital site observations in Punggol East, and provided lots of useful on-site
experiences as well as other restrictions on the tower crane’s operating conditions to
consider during the construction process.

| also greatly appreciate my graduate friends, in Vietnam and Singapore, for
consistently giving help and encouraging me in my research, as well as in my daily
life, particularly “brother” Chi Dung, “sister” Tu Anh and Mr. Boh Jaw Woei for their
valuable suggestions and corrections of the draft of this thesis.

Grateful acknowledgements are due to the Civil Engineering Department of the
National University of Singapore for my 2-year research scholarship. This scholarship
provided me financial support that enabled me to devote all my time for the research.

Finally, 1 would like to add my personal thanks to my family, who always
believe in my ability and give me tremendous support, and to my fiancé, Hue Huong,
who first inspired me to further study abroad.

Needless to say, all errors and oversights that might be in this study, are

entirely my own.



Table of Contents

TABLE OF CONTENTS

Topic:

ACKNOWLEDGEMENT ..ottt s i
TABLE OF CONTENTS. ...ttt ii
SUMMARY .ottt bbbttt b bbbt b ettt b e Vi
NOMENCLATURE ...t vii
NOTATIONS ... bbbttt b ettt eb e e e e viii
ABBREVIATIONS ..ot X
LIST OF FIGURES ..ottt Xi
LIST OF TABLES ... .ottt XVi
Chapter I: Introduction

1.1 Background INFOrmation ...........ccooeiriiiiine e 1
1.1.1  The Usage of Cranes in the Construction INdUStry ...........ccoocevvvrieienrnennnn 1
1.1.2  Optimisation of the Usage 0f Cranes.........coccoverivereniinninieene s 2
1.2 Objective and Rationale of the StudY .........ccccveveveiieniecieree e 3
1.3 Methodology Of the STUAY ........ceeiiieee e 4
1.4 Scope and Limitation of the Present Study ..o, 5
1.5 Organisation Of the THESIS ........ccoiiiiiiee s 5

Chapter I1: Literature Review

2.1 Approaches for Optimising Crane Usage in Construction Industry ........... 7
2.2 Crane Location Problem ..o 8
2.3 Summary of Literature REVIEW.........cccocvveiiiieiiciccece e 15

Chapter I11: Crane Location Problem (CLP)

3.1 DiscusSION @DOUL CLP.......coiiiiiiiiieiesierie e 17
3.1.1 Possible Locations of TOWEr Crane ........ccccooveveieerenieneseesieseesee e see e

3.1.1.1 Site Area and ItS CONSLrAINTS.........ccvevveieerieieeiese e 17
3.1.1.2 Coverage ReQUITEIMENL. ..........ccuiiiiriiriinieienie et 18
3.1.1.3 The Building and Its COMPONENLS .......ccccveiiiiiieieiie e 19
3.1.1.4 The Cranes and Their Operational Factors.............ccccceevveveiiveicie e,

3.1.1.5 Statutory RegUIAtIONS..........cceviiiiiiiiece e 20
3.1.1.6 Locations for a Group of TOWET Cranes ........ccceeceerereerieneeneneesieseesieseennes 21
3.1.1.7 Summary about Tower Crane LOCatioNS ..........cccevveevieiiee v 21
3.1.2  Supply Point Locations of TOWEr Crane.........cccocevvverienenieeneneenieseesie e 22
3.1.3  Lifted ASSIGNMENT POIICIES ......coviiiiieiiieie e 23
3.1.4 Lift Sequence — Installation Order..........c.ccocevveieieiienise e 24
3.1.4.1 Installation according t0 BatChes ...........ccceeeierieiiiieiceeeeee e

3.1.4.2 Installations of Small Groups in the Same Batch ............ccocvvviniiiinnnnn 25
3.1.5 Safety Aspect — Control of Tower Crane ColliSions ...........ccecvvvvereiiierinnnns 26
3.1.5.1 Classification of Collisions between ToOwer Cranes.........cocoovvveivverenennenns 27
3.1.5.2 Previous Approaches to Control Collisions between Tower Cranes............



Table of Contents

3.1.5.3 Control the Collisions between Two (Saddle-Jib) Tower Cranes ................ 30
3.2 Overview of the Proposed Program for CLP .........c.ccccevvvvieninieneiieiecee 35
3.2.1 Pre-Process Algorithms Module (PPAM) ... 36
3.2.1.1 Define Possible Locations of Tower Crane — Generation Module I............. 38
3.2.1.2 Define Possible Supply Point — Generation Module Il.............cccooviiinnenn. 39
3.2.1.3 Task Grouping and the Installation Priority...........ccccoceeeviiiiiiniiiiie 40
3.2.1.4 Database and How to Handle Data...........cccccevvieeieiieiesieic e

3.2.2 Optimization Module (OM) ..ot 41
3.3 Computer Model fOr CLP ......ccooiiiiiiieieieseseeee e

3.3.1 Obijective and Scope of the Model for CLP........c.ccccovvviieniiiieic e,

3.3.2  Expected Outcome of the MOdel ..o 42
3.4 What Makes the CLP Hard? .......cccccoviiiiiiniieeeeee e 43
3.4.1 Scaling Issues - The Size of the Problem............cccocoiiiiiiciiicc e,

3.4.2 Uncertainty and the Dynamic Nature of Real Problems...............ccccccoveneee. 45
3.4.3 Infeasibility - Sparseness of the Solution Space...........ccccoceveviieieiiiiieieenne, 46
3.5  Assumptions of the Model ..o 48

Chapter 1V: Implementation of GA for CLP

4.1 The Rationale of Using GA fOr CLP ..o 49
4.2 Implementation of the GA Model for CLP........cccoeviiiiiiiin 50
4.2.1  Encoding of a Chromosome — Representation Scheme.............ccccceeeinee.

4.2.1.1 Crane Location GeNeS (CLG) ...ccocciiiiiieiicieiece e 51
4.2.1.2 Supply Point GENES (SPG)...ccecieiiieiiieeie e 52
4.2.1.3 Crane Assignment GENES (CAG).....coiveiiiiriiniesieseee st

4.2.1.4 Crane Database GENeS (CDG) .....covieeiiiiieiiiieiesie e 53
4.2.1.5 The Overall Chromosome Of CLP ........ccccccviiiiiiiicicecceeecee

4.2.1.6 Problems of the Binary String Representation and Solutions..................... 54
4.2.2  Building the Objective Function of CLP ........cccccooviviviiiiiiieecee e 55
4.2.2.1 Model to Calculate Hoisting Time of a Single Lift ..........ccccooviriiiinnnnnn

4.2.2.2 Calculate Hoisting Time of a Group of Tasks According to Batches......... 57
4.2.2.3 Final Objective FUNCHION. ........coiiiiiiiieics e 59
4.2.3  Constraints and How to Handle Constraints of CLP ..........cccccooeiiiinnine. 60
4.2.3.1 Constraints Group 1 — Producing a Valid Chromosome ...............ccccvevee.

4.2.3.2 Constraints Group 2 — Operational Constraints..........c.ccoevevvverenierenennnenns 61
424  Customized the GA OPEratOrS .......ccccuiveiiiierie e 63
4.2.4.1 Combinational Initialiser (Initialising Operator) .........cccocevvvrerieiieniinienn 64
4.2.4.2 Combinational Permutation (Combinational Swap Mutation) ................... 67
4.2.4.3 Combinational Crossover (1 Point Crossover and OPMX)..........ccccevenee. 70
4.25 Outline of the GA Process for CLP ... 72
4.2.6  Optimize the GA Parameters for CLP ........c.ccocoviiiiiiiiiieeeeese

4.2.6.1 Population Size: Test —Discussion — Recommendation for CLP................ 73
4.2.6.2 Mutation rate: Test — Discussion — Recommendations for CLP................. 79
4.2.6.3 Crossover rate: Test — Discussion — Recommendations for CLP................ 86
4.2.6.4 Recommended GA Parameters for CLP ..o 93
4.3 Strategy of Running the GA Model for CLP........c.ccccovviviiiiiee e, 93

Chapter V: Applications of GA Model for CLP

5.1 Practical Applications of GA Model for CLP.........cccccoeoeiiiiniiiieieiiee 95



Table of Contents

5.1.1  Checking the Crane Capacity (R & Q) — Selection of the Tower Crane Models

5.1.2  Testing the SYMmEetric LaYOUL ........cccoeiieiirinieiinie e 106
5.1.3 Testing the Interaction between the Supply Point Locations and the Crane
LLOCATIONS ...ttt 113
5.1.4  Selection of the Crane LOCAtiONS ..........cccevveiiiiieiieiiee e 114
5.1.5  Selection of the SUPPlY POINES ........cccoiiiiiiiiiiee e 115
5.1.6  Crane Assignment Policy — Balancing the Crane’s WorkK............cc.ccecvuee.

5.1.7  Deciding the Number of Cranes ..........ccccooeiiiniiniininins e 115
5.1.8  Refinement of the Lift Sequence - Crane Scheduling ..........cccccceovvirinene. 118
5.1.9  Pre-caster Delivered Plan..........cccccovviieiiiiiic e 118
5.1.10 Further Development — Checking the Supply Point Capacity .................... 119
5.2 Practical Application — A Case Study in PUNGGOL Site ............ccccu.......

5.2.1  Project INformation ..........cccocveiiiiiiiccce e 119
5.2.2  Implementation of the GA Model — Data Preparations..............c.cccceeveenee. 121
5.2.2.1 Block 636A & 636B — Single TOWer Crane .........ccccceevvevenenienieseesieseennes 122
5.2.2.2 Block 635A, 635B & 635C — Multiple Tower Cranes ........cccccoevvvverveeenne. 127
5.2.3  RESUIES ..ot 133
5.2.3.1 Block 636A & 636B — Single TOWer Crane .........ccccceevveveneereeseseesieeeennns 133
5.2.3.2 Block 635A, 635B & 635C — Multiple Tower Cranes .........ccccocvevververeenne. 135

Chapter VI: Conclusions, Assessments and Recommendations for Further Study

6.1 CONCIUSIONS ...ttt 142
6.2 AASSESSIMEBNES ...ttt ettt ne e 142
6.3 Recommendations for Further Study — Improvements...........cccocvevvvvnnnnne 144
REFERENCE / BIBLIOGRAPHY ..ot 146

APPENDIX A: Pseudo-Code for the Customised Genetic Operators

A.l CUSTOMUSEA TNITIATISEE ... 157
A2 Customised Combinational MUtation ..........ooeooeeeeeee e 158
A3 Customised Combinational CroSSOVET .........cvveeiieieeee e e s reree e s seiree e s 160

A4 Sample Code of the Greedy Algorithm to Assign Initial Value for CLG .. 161

APPENDIX B: PUNNGOL Site — the Poh Lian Project

B.1 Project INFOrMAatioN .........ooviieieiiee e 162
B.2 Summary Data — Block 636A and 636B...........ccccevvviiiininiene e

B.2.1  Supply Point Locations' COOrdiNates ...........cccevvererieresieeiesieesieseesieseeneens 162
B.2.2  Crane Locations’ COOIdINALES ........cuevveiereiieriesieeieeeesie s see s e eee e 163
B.2.3  Crane Database ..........ccccveieiiierie e

B.2.4  Number of Lifted Modules in each Small Group (Ningroup)--«-«eevevevrvereene 163
B.2.5  Lift priority of each small group..........cccevveiiiiiiiie e 164
B.2.6 Installation Locations of Precast EIements..........ccccoovverninininiiniiiincnnns 164



Summary

SUMMARY

In high-rise construction, whether using cast in-situ or precast concrete, the
vertical material transportation is of paramount importance and the majority of lifting
operations is carried out using tower cranes. Therefore, the tower crane and its supply
point locations become the key components of the temporary site layout facilities for
high-rise construction projects. Optimization of the locations of the tower cranes and
their supply points is then the most important part of facilities layout planning, which
is also the central focus of this study. The optimization of tower crane locations
depends on many factors that influence the feasibility and safety of crane work during
the installation, including the site constraints, the shape and size of the building, the
size and weight of precast units, the crane configurations, the crane market, the
statutory regulations, etc. These factors vary from one project to another, resulting in
different site layout strategies and approaches. This fact makes the crane location
problem (CLP), which is recognized as a nonlinear and discrete system optimization
problem, difficult to solve and in fact, the CLP remains to be solved by trial and error
method with little reference.

A computer program, using genetic algorithm (GA), has been developed by the
author to assist in the selection and positioning of tower crane(s) on the construction
site with quantitative evaluations of its (their) total hoisting time. The program takes
into account the effects of the safe installation order (the lifting sequence), the balance
movements of tower crane, the various configurations of different tower crane models
available to choose from, and the interdependent relation between tower crane
locations and supply point locations. These mentioned features make the program

more practical and relevant to real site practices. In fact, it has been the first program

vi



Summary

developed to solve the CLP for the high-rise precast construction projects. The
program is also the only program that is capable of dealing with multiple tower cranes

and multiple supply points at the same time.

NOMENCLATURE

Cranes, Construction, Hoisting Time, Lifting, Project Management, Planning,

Optimising, NP-hard Problem, Genetic Algorithm (GA), Site Layout Facility.
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NOTATIONS

total

Nbd

L binary

L integer

NC,
Navailable
Nerane
Nlocation
Nmodule
Nsupply
Nsmall_group

NPOP

N best

generations

N total

generations

N

[Q]

The total rental cost of all cranes used

The maximum standing height requirement of the tower mast
The height of the building

The total height of the lifted gear for module i
The installation height of the module i

The maximum height of module i that needs to be installed
The vertical distance from the hook to the boom of the crane

The safety height of the module i

The number of tasks assigned to crane i in batch k.

Possible location of tower crane
The total length of the CLP chromosome with binary bit encoding
The total length of the CLP chromosome with integer encoding

The horizontal distance between demand point and supply point

The conflict index between crane i and k

Number of cranes available in the database
Number of cranes used in the project
Number of possible crane locations
Number of lifted modules

Number of supply points

Number of small groups

The number of chromosomes in the population

The number of generations without improvement of the best solution
The total number of generations

The number of intersections of two triangles, of which apexes represent

the crane location, the supply point, and the demand point of the two
tasks
The maximum load

The ultimate weight capacity of the cranes at the relative radius
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Notations & Abbreviations

Q; The number of lifts of j " task groups which is handled by crane i

Uma The weight of the module which needs to be installed

th The total weight of the hook, and all the hangers

Prmut Permutation Rate

Preplace Replacement Rate (Percentage of the population will be replaced during

each generation.
Py Crossover Rate

T(Dj.1,S)) The hook traveling time from the last demand point (Dj.1) to the supply
point (S;) of lifted assignment j (without load)

T(5;,D;) The hoisting time for lifted assignment j from the supply point S;to the
demand point D; (with load)

Ta Time for trolley tangent movement

Th And the hook vertical travel time

Tu(S) The delay time for loading at S;

Tu(Dy) The delay time for unloading at D;

Ty The hook horizontal travel time

Tw Time for trolley radial movement

Tootar The total hoisting time of all cranes used

T 2o The delay time of crane m

T, The hoisting time of crane i in batch k

T ook The hook travel time for the n" request

Th‘oisting The total hoisting time for crane i, counted from the beginning of the
overall installation to the time finishing the last lifted module.

t; The finish (end) time of the k™ batch

s The start time of the k™ batch

ti The finish (end) time of task i-j

ts The start time of task i-j

t* The hoisting time of crane i to lift task j in batch k.

Va The radial velocity of trolley (m/min)



Notations & Abbreviations

Vh The hoist velocity of hook (m/min)

Vi The slewing velocity of jib (rpm)

o Parameter represents degree of coordination of hook movement in
radial and tangential directions in the horizontal plane

B Parameter represents degree of coordination of hook movement in the
vertical and horizontal planes

At The overlap time period

p(D;) The distance between crane location and demand point of task j

o(S;) The distance between crane location and supply point of task j

ABBREVIATIONS

ANN Artificial Neural Networks

BSI British Standards Institution

CAG Crane Assignment Genes

CD Crane Database

CDG Crane Database Genes

CEl Choice Efficiency Index

CLG Crane Location Genes

CLP Crane Location Problem

CX Cycle Crossover

FLP Facilities Layout Problem

GA Genetic algorithm

NC Conflict Index

NP-hard A complexity class of decision problems

oM Optimization Module

OPMX Open Partial-Mapped Crossover

PD Project Database

PMX Partial-Mapped Crossover

PPAM Pre-Process Algorithms Module

SPG Supply Point Genes

TSP Traveling Salesman Problem
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CHAPTER I: INTRODUCTION

1.1  Background Information

The appropriate definition of crane may be that of Shapiro (1999): “A crane is
a self contained piece of equipment, which lift and lower loads by means of ropes and
pulleys and move the loads horizontally”. This section introduces the general usage of
cranes as hoisting machines in the construction industry. Research efforts to optimize

crane usage are presented.

1.1.1 The Usage of Cranes in the Construction Industry

It is estimated that 35-45% of the cost of building work is spent on materials,
and in civil engineering, the corresponding value sometimes approaches 35% (Harris,
1989). According to the study by Proverbs and Holt (1999), costs of materials handling
range from 30 to 80 per cent of total construction cost (i.e. building cost). Material
transportation is therefore one of the most important activities on the construction site.
Building materials like steel frames, temporary formwork, concrete, precast
components and other objects such as building equipment need to be lifted and moved
horizontally to the installation positions or work platforms. This lifted work relies
heavily on the crane — the key piece of equipment on site. Gray (1983) in the research
into the consequential cost implications of design decisions highlighted the central role
that the primary lifting devices (predominantly cranes) have on the control and pace of
construction operations. There are two broad categories of cranes, namely tower cranes
and mobile cranes. In each category, due to the differences of types of mounting base,
types of boom and other components, each crane has its own special and distinguishing
hoisting mechanisms and characteristics that may best serve a certain lifted work in the

construction project. Thus, the type of lifted work has a profound effect upon the
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choice of crane to perform the task, and the speed of work has a similar effect on the
construction operations (Gray and Little, 1985). A wrong choice of crane is likely to
have serious consequences, such as violating safety principles when operating an
under-capacity crane, or requiring a change of the crane halfway through the project
which usually results in uneconomical construction and/or longer construction
duration. On the other hand, the choice of a suitable crane for a particular project in the
design stage will result in lower construction cost and the lifting work will be done
more effectively with reduction in construction duration. The lifting task is a complex
matter that is closely related to the tasks to be performed since there are many types of
lifting in terms of the nature and the scope of work in construction projects. For high-
rise construction where the vertical transportation of materials is crucial and critical,
the tower crane, which has the advantage of high and extensible tower mast, is
becoming dominant among other types of cranes. It is not an exaggeration to say that
‘hoisting’ (vertical movement of materials) is the most important single factor in the
success or otherwise of the building of a high rise project (Herbert, 1974). If the
hoisting plan is good, success is likely to follow. Hence, the proper planning and usage
of tower cranes is of paramount importance in this type of building construction and

this is the focus of the present study.

1.1.2 Optimisation of the Usage of Cranes

Since cranes take an important role as discussed above, the planners should
start planning for crane usage during the pre-construction planning stage or even in the
tendering stage. The aim is to optimize crane usage by selecting the right type of crane
and positioning the tower crane at the optimum location. Once the crane is chosen,
practitioners attempt to maximize the utilization of the machine on the site (Gray and

Little, 1985). In practice, the planners try to ensure that the crane is not left idle
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because of waiting for loading request. Specifically, during the construction stage, the
planners would prepare a daily hoisting schedule to ensure that the tower crane is able
to serve the crane related activities continuously. Another method of ensuring that the
crane is not under-utilized is by using the staggered construction method. In this
construction method, the building is divided into equivalent sections with a repetitive
procedure of building task. Hence, the crane and other resources are utilized
consistently during the construction period. These practices are fundamental
approaches to optimise the crane usage. Other developed approach links to the
facilities layout problem (FLP), in which the crane location(s) and its supply points are
arranged on site to enhance the lifting work. However, this approach may encounter
difficulties due to the vast number of trades involved and the interdependent planning
constraints (Tam et al., 2001). The optimization of tower crane usage is still based on

human judgment of experienced project managers.

1.2  Objective and Rationale of the Study

The objective of this study is to build a computer model to optimize the tower
crane usage in high-rise precast concrete buildings. The tower crane usage includes the
selection of suitable tower models among the available cranes in the market for a
particular project, the selection of the tower crane operating locations, the arrangement
of the supply point locations to support the crane activities and the distribution of the
lifted jobs among the multiple cranes used. The model attempts to minimise the total
hoisting time of cranes and other related factors such as the tower crane rental, the
collision possibility and propose an order of safe installation. The study also aims to
understand safety of hoisting activities on site.

This study is important for a number of reasons. Firstly, although precast

concrete construction often requires significant crane work during installations, there
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has not been any model to optimize the usage of the tower crane in this type of
construction. Thus, their usage is determined through trial and error, mostly based on
the experience of practitioners with little quantitative reference (Zhang et al., 1999).
Lastly, there are still cases of improper usage of cranes that result in serious crane
accidents. The consequences might be either uneconomical construction, or delay in

construction progress.

1.3  Methodology of the Study

The usage of tower cranes is empirical. It is helpful to be familiar with the
cranes, their special design and configurations as well as their typical applications. A
computer model for crane usage needs to be built on real site practice to avoid over-
simplifications and to ensure an adequate reflection of reality. It is also essential to
note that successful engineering practice of crane usage requires more than analytical
tools and rules of thumb (Shapiro, 1999). Bearing in mind these issues, particular
attention and efforts are made to:

(1) Review the literature regarding the usage of cranes on site, and the

current methods employed to maximize its usage.

(2) Conduct site observations, interview practitioners to learn more about

practical experiences on the use of tower cranes.

(3) Develop computer program to optimise the tower crane usage. The

model is then tested through a series of simulated scenarios, and

practical case studies.
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1.4  Scope and Limitation of the Present Study

The scope of the present study is on the use of tower crane in the installations
of structural precast components in high-rise construction projects. The main interests
are to enhance safety and productivity of the lifting work in this type of construction.

Concerning safety, the model implements a safe construction sequence and
eliminate crane accidence by specifying each crane a safe working zone (usually a
different building block). In the case that multiple cranes work in the same building
block, one source of crane accidents may be the collision between cranes, particularly
during their operations. A model to control collisions between two saddle-boom tower
cranes is proposed in section 3.1.5. Particular constraints and assumptions of the model

are discussed further in the following chapters.

1.5 Organisation of the Thesis

The dissertation is organised into six chapters and a brief outline of these

chapters is highlighted below:

. Chapter 1 introduces the usage of cranes as lifting machines as well as
traditional approaches to optimize this kind of machines in the
construction industry. Chapter 1 also highlights the objective, rationale,
scope, and limitation of this study.

. Chapter 2 provides literature review of previous research related to
crane usage optimization. The author will present critical evaluations
and discussions about the previous approaches.

. Chapter 3 addresses a number of issues related to the crane location
problem (CLP), with definition of the problem and its expected

solutions.
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Chapter 4 presents the detailed implementation of CLP using Genetic
Algorithms (GA) including the problem formulation as well as the
customized GA operators. Selected tests to optimize GA parameters are
also provided in this chapter.

Chapter 5 discusses the possible applications of the GA model for CLP
in the construction planning stages. Selected small examples and case
studies are also included.

Chapter 6 summarises the main findings of the study and the future
development of the model.

Appendix A contains the pseudo-code of the program for the
customised GA operators.

Appendix B includes the data of a large-scale precast project at Punggol

site which has been investigated in detail in this study.
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CHAPTER Il: LITERATURE REVIEW

2.1 Approaches for Optimising Crane Usage in Construction Industry

Effective planning demands competent and experienced personnel whose
primary responsibility is to determine material and equipment handling methods for
the proposed construction work (Proverbs and Holt, 1999). The equipment handling
method was identified as an essential part of construction planning (Masterton and
Wilson, 1995). Warszawski (1973) first defined the analysis of material handling
methods. In this paper, he pointed out that one of the important problems in
construction planning was quantitative evaluation of the transportation methods on the
building site. He classified the equipments for material handling into three groups,
namely (1) linear lifting system such as dumper, wheel barrows, handcarts, trucks etc.;
(2) tower cranes; and (3) mobile cranes.

The most common and effective hoisting equipments are mobile cranes and
tower cranes. Tower cranes are suitable for handling of relatively light loads to
extremes of height and reach, particularly where the space for crane standing is
confined (BSI, 1972). On the other hand, mobile cranes are used where onsite or
between site mobility is a primary requirement or where the job duration is short. They
are usually adaptable to a wide variety of job applications and environmental
conditions. There is a large number of crane manufacturers, including Liebherr,
Comansa, Potain, Carlo Raimondi, Terex Towers, MAN-Wolffkran, Condecta, IHI,
Jaso, JCB, Tornborgs, and Kitagawa (IC report 1999), that produce a wide variety of
crane models for each type of cranes. Thus, the crane market is huge and accompanied

with plenty of different procurement alternatives.
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There are two main approaches to optimize the crane usage. They are (1)
selection of suitable type of crane for a particular project and (2) designing the site
facilities layout for the best tower crane operations. Since the crane locations and its
supply points are the centre of the site facility layout in the construction project, the
latter approach is called the crane location problem (CLP). The CLP is the focus of this

study and is discussed in more detailed in the subsequent sections.

2.2  Crane Location Problem

In high-rise construction, a typical floor is completed within 5 to 10 days. Such
high rates of production result in considerable flow of materials from ground level,
material ports etc. to working area in both vertical and horizontal directions, and thus
requiring an efficient transport system. In this aspect, a crane is the pivot or even
‘bottleneck’ between material flow and can set the pace of work (Zhang et al., 1996). It
can be seen that determining an optimum position for tower crane is critical in a
construction project since it will enable the planners to make full use of the tower
crane for transportation of materials horizontally as well as vertically. The crane
location problem should cover the planning of site layout facilities including supply
centres and equipments because the positions of those facilities directly affect the
transportation of materials on a building site. An analytical evaluation of transportation
time is obviously helpful and often essential in the planning of various construction
activities on a building site (Warszawski, 1973). Research has been carried out to build
a quantitative evaluation of transportation when determining the location of tower
crane(s) on a construction site and the crane location models have evolved over the
past 30 years. The optimum crane location should not only satisfy all site constraints
and operating constraints but also create the best conditions for the lifting operations in

the construction process. Previous research works have tried to address those issues,



Chapter IlI: Literature Review

overall or in part, using different methods such as exact methods and heuristic methods
in the form of simple algorithms, rule-based systems, decision support expert systems,
and artificial intelligence. The same characteristic of these studies is the use of
computer as a tool to aid the planning process, but in different levels that are referred

as “ad-hoc”, “little”, “average” and “extensive”.

The first approach with “little” use of computer consists of simple algorithms,
decision flow charts, aiming graphical interface and expert systems. Warszawski
(1973) first established a time-distance formula by which quantitative evaluation of
location was possible. He argued that the optimal location might be obtained by
minimization of transportation distances and thereby the costs of labour and equipment
involved with, or dependent upon the transportation. Rodriguez and Francis (1983)
proposed a model in locating the parking position of the crane hook between
movements. They tried to find the optimum position of the crane hook to minimize the
total transportation cost between a number of supportive facilities in the construction
site. The model works with the assumption that the (single) crane location, and its
supportive facilities as well as the transportation cost weight factor for each facility are
pre-determined. Farrell and Hover (1989) developed a database with a graphical
interface to assist in crane selection and location. Most of these research works singled
out the tower crane, the most critical facility in high-rise building construction, as the
target of optimization. Their goal is to prevent crane accidents due to improper
planning and crane selection. They argued that, in their respective concern, crane
safety could be obtained by ensuring adequate crane capacity, and placement of crane
with due considerations of overhead power line and other hazardous area such as steep
inclines, soft soil, rights of way, and office trailers (Farrell & Hover, 1989). With the

aids of computer graphics, multiple cranes might be chosen and positioned on site on a
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trial-and-error basis. Efficiency and safety might be obtained but with no quantitative
appraisal in terms of productivity enhancement in this work.

Apart from the algorithmic approaches, rule-based systems have also evolved
to assist decisions on crane numbers and types as well as their site layout. Furusaka
and Gray (1984) presented a dynamic programming model for regular shape buildings
with the objective function being cranage cost (including the cost of hire, assembly and
dismantling), but neglecting the effect of crane capacity to the working duration. The
location of crane was defined by simple grid line of span dimension (at the centre of
each square) and its coordinates were taken into account for the reach requirement
only. Gray & Little (1985) first tried to position tower crane in irregular-shaped
buildings using rule-based system. They developed a computer program that first used
graphics to help user to consider the implications of building’s shape, load distribution
and possible crane location, then asked user to provide information to guide them
through decision flowcharts. Later, Gray (1987) summarized the work above and
called their computer program CRANES, which is considered as an expert system in
which the user can examine the output and locate a suitable location for the crane to
minimize the size of the crane with due considerations for access and dismantling. The
author also tried to assess the impact of crane usage on the progress of the work, and
thus the project schedule. Chalabi and Yandow (1989) developed another rule base
program called CRANE. CRANE contains more than 100 rules about tower cranes,
and is able to perform geometric calculation associated with the selection process as
well as providing graphical output. Warszawski and Peled (1987) claimed to build an
expert system for crane selection and location that was able to handle non-quantitative
factors in the construction planning tasks. The program called LOCRANE was to
present the user with the feasible alternative solutions and guided him to select the

optimal one. Subsequently, Warszawski (1990) compared the two systems, rule-based

10
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system CRANES and expert system LOCRANE, and indicated the advantages of
expert system in its ability to handle non-structured and uncertain information. He also
pointed out the main limitation of the two systems as over simplification of real life
situations (Warszawski, 1990). Using the above systems, the users are required to
provide information by answering numerous questions during the selection process.
These programs usually provide recommendations for a particular set of input.
However, the user should have basic knowledge of the construction process and tower
cranes to be able to reason the provided solutions from the program. There is also no
quantitative reference in terms of productivity enhancement obtained by those models.
One of the remarkable attempts to solve the crane location problem is the study of
Choi and Harris (1991). In their article named “A model for determining optimum
crane position”, Choi and Harris presented a general method to solve the single
stationary-crane location problem for cast-in-situ construction project. They developed
a mathematical and normative model to determine the optimum location of a crane in a
construction site with its supportive facilities such as supply points and storage areas.
The objective function of the model is minimization of the total crane transportation
cost between crane and the construction supportive facilities that are serviced by the
crane. Thus, the optimum crane position is determined by obtaining the least total
transportation cost. The data requirements of the model include the positions of the
facilities and the proposed crane location in terms of coordinates, the weight of
economic lift of each type of load, the inter-facilities relationship in term of percentage
weighting, the average angular and radial movement speed of the proposed crane. The
average load was calculated as the portion of the total load to be lifted from one
facility to another facility and the average economic lifts of each type of lifting
elements involved. They also recommended the average economic lifts of different

type of elements such as 1.25 ton for concrete (including skip); 2.20 ton for steel
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reinforcement; 1.0 ton for formwork; and 1.0 ton for sundry items. The Choi and
Harris’s model first formulated the components of hoisting time operations, although
simplified, and it broke new ground for the development of computer model
concerning the crane hoisting time. Subsequently, Emsley (1992) proposed several
improvements to the Choi and Harris model such as the implementation of physical
constraints in terms of minimum and maximum radii and lifting capacity of the crane,
the transportation in the vertical plane, the parameter to control the movements within
horizontal plane and between planes, and the presence of additional balancing
movement. These proposed improvements have been solved successfully by Zhang et
al., (1995, 1999), and will be reviewed in the later section.

The second approach with the “average” use of computer refers to more
advanced computer techniques that take into account the lifting operations (i.e.
formulating the hoisting time model for the lifting job and considering other related
constraints). For instance, Wijesundera and Harris (1986, 1989, and 1991) designed a
“dynamic” simulation model to reconstruct operation times and equipment cycles
when handling concrete in cast-in-situ construction project. However, due to the nature
of pouring concrete operations on site, no consideration was provided to service
sequence in this study. Zhang et al., (1995, 1996) built a stochastic simulation model to
reconstruct the process of lifting operations of crane from supply point to demand
point. The model took into account the balance of hook movement - the return
movement from the previous demand point to the new supply point of the next lifting
job in unloading state. The model was presented to optimise a single crane location.
The authors claimed that the model could help to save approximately 20-40% of crane
travelling time in horizontal plane. The model requires that the number of lifts between
a pair of supply point and demand point (S-D pair) is large enough, thus it is suitable

for cast-in-situ concrete project where the material transportation is in batch manner
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between an S-D pair (unloading point). Subsequently, Zhang et al., (2001) developed
their model for multiple cranes. The upgraded model, with a task grouping sub-model
using Monte Carlo simulation (to assign groups of task to different cranes), is aimed to
enhance the utilizations of all the cranes involved by balancing the workload and
minimizing the likelihood of conflicts between them. Although their form of crane
conflict control is simplified, it is probably the first attempt to tackle the multiple
cranes collision problem quantitatively. The work of Zhang et al., (1995, 1996 and
1999) in the form of a methodology in task grouping and a few parameters to measure
the efficiency of each task grouping like conflict index NC, and workload standard
deviation o, provides a good computer tool to solve the crane location problem and
indeed raises a number of important issues for CLP. However, these models are only
suitable for cast-in-situ construction project. For precast construction projects where
the continuous number of lifts between an S-D pair is usually as small as one or a few
only, their simulation model might not behave well. It is because in the former type of
construction, the lifting sequence is not so important while in the latter type of
construction, the installation of precast element has big impact by their sequence.

The last approach with the “extensive” use of computer refers to the work in
which researchers adopt artificial intelligence approach to solve the CLP. Perhaps the
most popular artificial intelligence techniques to mention are the genetic algorithm
(GA) and the artificial neural network (ANN). Genetic Algorithms has been proved to
be a potential tool for solving large-scale combinatorial optimization problems
(Jaramillo et al., 2002). While this class of problems is known to be very difficult to
solve, it has many engineering applications. Since the 1980s, GA has been applied to
solve many real world problems. Jenkins (1997) tried to find the optimum combination
of design variables for structural design optimization by GA. Chan et al., (1996) used

GA to solve the construction resource scheduling problems, where GA acts as a
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scheduler and is found to compare well against other heuristic methods. Lam and Yin
(2001) presented various applications of GA to transportation optimization problems
while Jaramillo et al., (2002) tried to evaluate the performance of GA as an alternative
approach to solve general location problems. GA is also employed to solve site facility
layout problems, such as in the work of Li and Love (1988) and Philip et al., (1997).
They tried to use GA to optimize a set of pre-determined facilities. Yet, their model
was simplified, with the shapes of facilities considered rectangular, and not much
consideration has been made to assess the capacity constraints and the inter-relation
between these facilities. Tam et al., (2001) tried to employ a GA technique to optimize
the location of a single tower crane and its supply points for the conventional cast-in-
situ concrete construction project. Consequently, they introduced a new part to their
GA model, using ANN to predict the hoisting time of a tower crane (Tam et al., 2003).
However, their GA model is so simple that it works for a single crane only. In
addition, the authors used average configurations of hoisting velocity, trolley
movement velocity and slewing velocity of boom in their hoisting time model to focus
on the effects of crane locations and supply point to the total transportation time.
However, they were unable to compare the effectiveness of different crane
configurations (of different crane models) to the total hoisting time.

In summary, all the previous models/programs for the crane location problem
(CLP) are either too simple to emulate the real life practice (due to over-simplification
of practical constraints) or not relevant to the scope of this study (i.e. the installation of
precast structures). In fact, most of the previous models are used for tower crane work
in the conventional cast in-situ concrete projects where the lifting sequence are not so
important due to a large number of lifts between a pair of supply point and demand
point (a S-D pair). In contrast, the lifting sequence is important in precast construction

projects since the number of lift between a S-D pair is very small, usually 1 or 2 only.

14



Chapter IlI: Literature Review

In this situation, the lifting sequence may result in significantly different hoisting time
due to the balance movements. Thus, the existing models may not work well in this
type of construction and there is currently no available program to optimize the crane

work in precast construction projects.

2.3 Summary of Literature Review

Facilities layout is a science that considers the existence, positioning, volume
and timing of the temporary facilities used to carry out a construction project (Michael
et al., 2002). Since the layout of the facilities can affect directly the productivity of the
construction work, a suitable management strategy can be the key factor to successful
completion of a project within the targeted period. However, the management of
facilities layout is a very difficult task, which usually subjects to a number of trades
and related planning constraints. The task is even more complicated in high-rise
building projects, where the allocation of temporary facilities keeps changing and is
continually adjusted with the progress of the construction work (Tam et al., 2001).

In high-rise construction, whether using cast-in-situ or precast concrete, the
vertical material transportation is of paramount importance and most of the work is
handled using tower crane(s). Therefore, the tower crane and its supply point locations
become the key factors of the temporary site facilities layout for high-rise construction
projects. Optimisation of the tower crane(s) locations and its supply point(s) then is the
most important part of facilities layout planning. In practice, tower crane position(s)
are usually determined through trial and error method, considering site topological
layout and overall coverage of tasks as well as the surrounding environment (Zhang et
al., 1999). These factors vary from one project to another, thus resulting in different
site layout strategies and approaches. This fact makes the CLP, which is recognized as

nonlinear and discrete optimisation problem, difficult to solve by scientific approach.
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The solution for this problem still relies on experienced judgment of designers and
thus there exists multiple solutions with little quantitative reference.

Research into the development of various crane location models has been on-
going over the past 30 years. Lessons can be learned from previous research.
However, most of the work has limitations in either over-simplification or lack of
consideration of the site conditions (Zhang et al., 1999), or to be more specific,
neglecting the inter-related effect between locations of the tower crane and supply
points (Tam et al., 2001). Another limitation is that most of the models involve single
tower crane only, and little work has been done to model the optimum location for a
group of tower cranes. All the above-mentioned limitations, acting as single
shortcoming or in group, have constrained these models from being used regularly by
practitioners. Hence, there is necessity to build a “more realistic” model, which
considers as much as possible the related factors to overcome the shortcomings of

previous models to make it applicable in real life practices.
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CHAPTER I11: CRANE LOCATION PROBLEM (CLP)

3.1 Discussion about CLP

This section aims to give a detailed discussion on how to evaluate a solution for
CLP. The key factor is to have an in-depth study of the problem, since good
understanding of the problem facilitates reasoning of the “best solution” given by a

computer model.

3.1.1 Possible Locations of Tower Cranes

Locating the crane positions at the centre of the site facility layout works for
high-rise construction project (as discussed in section 2.3). Many factors need to be
taken into account when determining the tower crane locations, such as the site area
and its constraints, the building and its components, the cranes themselves and their
operational characters, and the statutory regulations relating the usage of tower crane.

Some of these factors will be discussed in detail in sections 3.1.1.1 to 3.1.1.6.

3.1.1.1 Site Area and Its Constraints

Site area and its constraints refer to the environment in which the crane
performs its job. This group of factors has a great effect to the choice of the tower
crane’s location. The ideal location for a tower crane should be outside the building
footprint to which there is vehicular access to within at least 10 meters since this
creates favourable conditions for the erection and dismantling operations for the tower
crane. However, this ideal location may not be possible to obtain in some cases due to
the restriction of the site area or other site constraints such as the existence of
surrounding buildings and underground structures. For example, the crane should not
be sited where there is a danger to its foundations or supporting structure from cellars,

temporary shorings, excavations, embankments, and buried pipes, etc. (BSI, 1972) or
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the crane foundation must be cleared of underground obstructions such as septic tanks,
underground power and gas lines (Dieleman, 2002). In addition, considerations must
be made to ensure the safe operations of the tower cranes to prevent the conflict
between the boom of the crane and any part of the existing structures, or to provide a
firm, stable and adequate bearing capacity foundation for the crane regardless of the
seasonal soil conditions of the ground. The crane should be supported on a good
foundation, and tied to a permanent or temporary structure that is sufficiently strong to
carry the maximum loads that the crane may exert upon, both in service and out-of-
service. If the site has access problem, which is very common for congested urban
high-rise project, loading and unloading of materials need to be carried out by tower
crane from the road-side to storage yard or working area. In this case, the location of

tower crane is selected such that it can also better serve that activity.

3.1.1.2 Coverage Requirement

Another critical factor in determining the position of tower cranes is the
coverage requirement. The primary consideration for the tower crane is to ensure that it
can cover the whole plan area, plus the material storage areas and loading points. The
tower cranes must be located at such a place where it is possible to provide 100% or
almost lifting coverage over the plan area of the building. It may be advisable to locate
the tower crane as near the perimeter of the building as possible since the crane can
cover the building effectively with a much shorter jib. Shorter jib obviously results in
smaller induced bending moment in the mast, but also a lighter and cheaper crane
structure. In large sites, where the lifting jobs are scattered in a broad area and one
crane cannot provide 100% coverage, multiple cranes might have to be used to provide
sufficient coverage, and it may be economical to place the tower crane close to the

location with high frequency of lifting jobs.
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3.1.1.3 The Building and Its Components

This group of factors refers to the characteristics of the building and its
components that may affect the selection of the crane location. Two of the most
influential factors in this group are the building height and the weight of the heaviest
components to be lifted. In the evaluation of crane capacity, the additional weight of
slings, spreader beams or other lifting gear necessary for the safe handling of any
particular unit must be taken into account (lllingworth, 2000). The required capacity is
also related to the location of tower crane in terms of the concentration area for the
modules and their weights. It is advisable that the tower crane should stand near the
concentration area of the lifting jobs as well as the positions of heavier loads since this
can help utilize the crane the most. With regards to building height, if the building is
higher than the maximum freestanding height of the tower crane, the location of the
crane should be near the building such that its mast can be tied to for lateral supports.
Practical distance between the mast and the nearest reliant structures should be in the
range 2-5 meters. Shorter distance may pose possible conflict between the foundation
of the crane and the foundation of the structures while longer distance may lead to
difficulties in attaching the ties. If the crane foundation is placed on or be part of the
structure, further considerations relating to the structural capacity of the structures

subject to maximum imposed load from the tower crane must be investigated.

3.1.1.4 The Cranes and Their Operational Factors

The location of a tower crane also depends on its type and its configurations.
For example, the boom of a crane relates closely to its coverage capacity. Generally, a
luffing-jib crane requires less tower but hammerhead cranes have greater freestanding
height and greater distances between jumps (Dieleman, 2002). The crane should be

located where it can reach the farthest pick. It should also be noted that the boom or the
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tail swing of the crane can collide to existing obstruction on or near the jobsite such as
high power lines, buildings, bridges or future obstructions such as cranes or other
equipment to be used or erected on the project. Therefore, the type of boom/jib or the
height of tower mast should be selected to prevent possible collision in such situations.
Another aspect to consider is selecting the crane location with regards to its assembling
and dismantling procedure. Since most of static base tower cranes are transported in
parts to site and assembled on site, it is necessary to check if the proposed crane
location has enough space for that procedure. Precautions also have to be made to
consider the dismantling procedure of the tower crane when it finishes all the jobs. At
this stage, the tower crane can use its own mechanism to lower its boom and another
small mobile crane to help to dismantle it. If the tower crane cannot lower its booms
(e.g. due to restraints with the building); it may require a big mobile crane from the
ground to dismantle the tower crane. In such case, the crane location chosen should

satisfy the space requirements for these procedures.

3.1.1.5 Statutory Regulations

There are a number of applicable standards that stipulate the safe use of tower
crane, including OSHA, ANSI and DIN, etc. Most of them require an
erection/dismantling and operation plan with strict safety certifications. For example,
the use of tower crane in the construction site near Mass Rapid Transport (MRT) is not
permitted in Singapore as a collapse may collide into MRT structure or MRT train. In
special cases, permission and clearance must be obtained, and limit switches need to be

installed to ensure safety.

3.1.1.6 Locations for a Group of Tower Cranes

For a construction site that employs multiple cranes, the considerations to locate

a group of tower cranes are more complicated. In this case, the building should be

20



Chapter I11: Crane Location Problem (CLP)

sectionalized according to the physical characteristics of the project to establish the
locations of multiple tower cranes. A potential problem, which must be checked
especially for saddle jib tower cranes, is the location of cranes where the horizontal
boom intersects the mast of another tower crane, or the jibs clash (Gray and Little,
1985). The solution may require the jibs to be located at different heights, or
alternatively, to install limit switches to prevent booms from colliding into each other.
In the interests of safety and efficient operations, cranes should be located as far apart
as possible to avoid interference and collisions, on the condition that all planned tasks
can be performed (Zhang et al., 1999). However, this ideal situation is often difficult to
achieve in practice; constrained work-space and limitations of crane capacity make it
inevitable that crane areas overlap. Hence, precautions have to be made to prevent

multiple crane collisions. Further discussion about this matter is given in section 3.1.5.

3.1.1.7 Summary about Tower Crane Locations

In summary, the crane should be located at the position in the feasible region
that satisfies all the constraints mentioned above. However, practitioners find it difficult
to obtain a near optimal solution without consideration and reasoning on the complex
interacting factors. Evaluations can be made by using a multiple-objective model that
calculates the trade-off among the criteria to generate a satisfactory solution. However,
the relations between those criteria are very difficult to establish because their weight
of importance differs from project to project. A systematic approach is proposed to find
the feasible regions for tower crane location (See section 3.2.1.1).

Generally, there are usually many of separated regions where the tower cranes
can be located. The decision on tower crane layout with due consideration for these
possible alternatives is not an easy task and practitioners decide intuitively rather than

through a scientific approach together with quantitative reference. They need to
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optimise the selection of possible crane location(s), with consideration of all site and
project constraints. The objective of this optimisation is to choose the best location
among the possible ones.

There are two aspects for the decision of crane locations, finding the feasible

solutions and choosing the best one(s) from them.

3.1.2 Supply Point Locations of Tower Crane

Crane supply point locations are those places that store and directly deliver pre-
cast elements to the tower crane. The location(s) of tower crane(s), the space
requirement to store lifting elements, the truck access to that location for handing over
the lifting elements need to be considered to determine supply point locations >*". The
supply point should not obstruct the internal transportation paths on site. If the site is
too congested, it might be impossible to arrange any supply point. In this case, the just-
in-time supply policy, i.e. the resources to be delivered directly from trucks, might be
considered. In short, the supply point(s) should be located at the positions to support
the crane activities. It must be accessible for the handling over resources from external
contractors (e.g. pre-casters) and convenient for other internal transportation functions.
The supply point should also have enough space to store the estimated resources within
a time-period so as to ensure the continuous operations of the tower crane.

The selection criterion to choose supply points should be based upon the

productivity of the lifting work.

1" The capacity of supply points may also affect the supply plan of providers and may cause double
handling due to the lack of space. In this case, the resources have to be stored temporarily somewhere
else on site or off site and later transported to the supply points when needed. Those procedures require
additional crane work to transport the resources from truck to the temporary storage and from that
temporary storage back to supply point (that originates the name double handling). Double handling

makes the crane work inefficient, may result in delay of work and thus it should be prevented.
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3.1.3 Lifting Assignment Policies

Lifting assignment policies refer to the selection of supply points to store the
lifted elements or modules and the selection of the tower crane that performs each
lifting task. The interdependency between crane location and crane supply points, as
mentioned in Tam et al. (2001), with different tower crane locations may require one or
more different supply point locations for the most efficient lifting work, and vice versa.
This mutual relationship between tower crane location and its supply point location is
demonstrated in section 5.1.3. Besides, the task assignment policies should also take
into account the capacity of the supply point as well as the appropriate distribution of
the lifting work among a group of cranes. After all, the task assignment policies are to
acquire high work efficiency of the crane. Thus, the lifting assignment policies should
be chosen to obtain the shortest installation time and the best lifting schedule.

On the other hand, concerning with the scaling problem of CLP mentioned in
section 3.4.1, it is necessary to group single lifting tasks into small groups with an
assumption that they are all performed by a single tower crane and stored at the same
supply point. This technique is called task grouping, which helps to save computational
effort. The task grouping follows the condition that the new group formed by individual
lifting tasks should not require a bigger capacity crane. A crane, assigned to a group of
lifting tasks, should have sufficient capacity to perform any single task in the group.
Therefore, only the lifting tasks with similar characters such as the same type of
elements (the same weight), in a small region of installation locations (referring to the
reach requirement) might be grouped. Additionally, lifting tasks belonging to the same

space of construction should be grouped.
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3.1.4 Lifting Sequence — Installation Order

It is advisable that the planning process should be planned prior to the actual
implementation of the project. The schedule of components and their sequence of
erection should be established at the earliest possible moment — if possible at the tender
stage as suggested by Illingworth (2000). Traditional heuristic methods typically follow
three steps: planning, sequencing then scheduling. The sequence of erection can be
examined after the supplier’s schedule of precast units has been completed. It is widely
accepted that there will not be a standard erection sequence. It depends on the structural
system used as well as the type of precast elements and type of joints used. It is also
contingent on the size of the project as well as the mechanical and electrical (M&E)
services involved. Technically, the sequence of erection of precast components is
defined by the considerations of precedence and resource constraints. The precedence
of each lifting task is identified by the structural considerations as well as the

construction methods.

3.1.4.1 Installation according to Batches

In general, in the conventional construction method where the building is built
from the foundation up, the construction sequence of main structures follows the
vertical direction. That is, the installation of the beam should be postponed until the
two columns below it are installed and gain enough strength to resist the load from the
beam. For a precast building with basic fabricated components such as columns, beams,
facade walls and floor slabs, the order of construction in a typical construction

sequence might be:

1. Installation of the columns (that may be of one or few story height)
2. Installation of the facade walls
3. Installation of the beams
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4. Installation of the floor slabs

Then steps 2, 3, and 4 may be repeated until a new batch of columns needs to be
installed. It is reasonable to assume that all the precast components of the same type on
the same floor are installed in a continuous period. These components are called a
batch. The components of the next batch must wait until all the components of the
present batch are installed. Different types of components (such as columns and precast
wall) can be installed in the same batch if their erection order does not violate the
installation process as well as satisfies other construction constraints. The erection
sequence for the main types of precast components seems to follow the vertical
direction of the building, and thus they can be classified into different batches

according to the height of their installation position.

3.1.4.2 Installations of Small Groups in the Same Batch

The construction sequence for some elements such as a batch of floor slabs in
the same story is not easy to identify. Those lifting components are grouped together if
the order of the erection of these elements is not as important. The installation of those
elements is normally flexible and determined by the site engineers. For safety reasons,
the erected module should not obstruct the next one. Thus it is obvious that the control

parameter is the angle formed by supply point, crane location and the installation point.

The bigger this angle is, the sooner the
lifting module has to be installed.
Furthermore, when the two lifting

modules have the same slewing angle,

the further module is installed first. For

example, this is illustrated in fig. 3.1
Figure 3.1: Lifting Sequence in a Small
for 4 lifted modules, D1-D4. Group
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The slewing angle is not the perfect criteria to determine the erection sequence
between small groups. However, it still reduces the possibility of obstruction. It is also
learnt from the real site practice that, this proposed safety erection sequence is more
useful with the installation of vertical structures (e.g. columns and walls) than with that

of horizontal precast structures (e.g. slabs and beams).

3.1.5 Safety Aspect — Control of Tower Crane Collision

Safety has been the constant watchword of the construction industry as it is one
of the most accident-prone industries. A crane accident may cause the loss of lives,
injury to people on site, failure of the crane itself, damage to properties and change the
work schedule and thus can affect heavily all the stake holders such as the contractor,
crane provider etc. It is necessary to assure safety when using cranes in particular and
using heavy machines in general on construction sites.

Although tower cranes seem to be safer than mobile cranes, there are still
reports of tower crane accidents. Main causes of those accidents can be classified as
follows:

1. Equipment: i.e. the crane and its accessories;

2. Environment: i.e. the construction site; and

3. Operation: i.e. during crane operating activities including human errors

Crane accidents related to defects of equipment can be prevented by regular
inspection and good maintenance plans, as well as by the proper use of the equipment
itself (e.g. strictly following the load capacity chart). The construction site may cause
crane accidents such as collapse due to unstable foundations, crashing of crane with
neighbourhood obstructions such as nearby existing buildings, trees, elevated railway
etc. Such accidents may be partly controlled by proper planning during which the

practitioner considers all aspects related to crane usage as discussed in the previous
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sections. This study focuses on those crane accidents related to its operating activities.
It is possible to argue that safety in tower crane usage may be obtained by forestalling

(i.e. dealing with ahead of time) all possible collisions during the hoisting activities.

3.1.5.1 Classification of Collisions between Tower Cranes

The interferences between tower cranes may be classified as “direct” or
“indirect’ collisions. “Direct” collisions mean the physical crashes between the tower
crane’s components themselves. The most likely direct collisions between tower cranes
may happen between the booms of the tower cranes; or between one tower crane boom
and other tower crane mast.

The “indirect” collisions are other crashes between two tower cranes during
their operations. The most significant indirect collisions may happen between:

(1)  The lifted modules (and their associated lifting system i.e. the spreader

beam, trolley, pulley, cables etc)

(2)  The lifted module (and its associated lifting system) and other tower

crane components when the crane(s) is/are in operations.

Other types of collisions between one tower crane itself with other obstacles on

site (such as an existent building, or a tree, etc) are considered in section 3.1.1.

3.1.5.2 Previous Approaches to Control Collisions between Tower Cranes

Perhaps one of the first discussions about tower crane collisions is found in the
work of Gray & Little (1985). The authors mentioned direct collisions between two
saddle-jib tower cranes, where the horizontal jib intersects the mast of another crane, or
the jibs clash. They suggested that these potential problems could be guarded against
by setting the jibs at different vertical heights with a minimum of 4m between them, or
11.5m if one jib over sails the other’s masthead; and by restricting the mast of one

tower crane to be outside the radius of the other tower crane(s). Indeed those suggested
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numbers are depending on crane type. If the lower tower crane is a flattop saddle jib

32 the jib height difference of the two cranes can be as small as 4 meters.

tower crane
If the lower tower crane has a mast head above the boom to suspend pendants, the jib
height difference of the two cranes can be as much as 11.5 meters, depending on how
high its head truss on top is. It is also recommended to consider the deflection of the
free-standing mast, which can be expected to be in the range of 2 to 4 meters,
depending on the height of the mast and size of the load.

The problem of indirect collisions has been discussed in detail in the work of
Zhang et al. (1999). The authors have attempted to solve the collision problem between
tower cranes in their overlap area by minimizing the conflict index (NC) during the
task-grouping process. Although this research has a few limitations (as will be pointed
out later) it is the most systematic investigation of the matter. Following is a summary

of Zhang‘s approach to take conflict into account.

First, the author defines n; ,, as the number of intersections of the two triangles,

of which apexes represent the crane location, the supply point, and the demand point,

for example, n;,, = 0, 2 and 4 as illustrated in fig. 3.2 (a), (b) and (c) respectively.

Then, the conflicts between cranes i and k can be represented as:
L J
NCik = zz My (Qij + le )
= j1 (3.1)
Where Q; and Q, are the number of lifts of j ™ and | ™ task groups.

The conflict index (NC) was introduced for all cranes and all tasks to reflect the

1-1 |
general possibilities of conflict and calculated as NC = Zz NC, (3.2)

i=1 =i

32" The most popular configuration of saddle jib tower crane designed by Comedil Cranes Company
since 1998 (International Construction, 1999). Their flat-top character of boom/jib can help to save up to

6 meters vertical clearance between tower crane booms (Dieleman, 2002).
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Obviously, the conflict
index is closely related to the task
assignment policy (to assign lifted
jobs to multiple tower cranes). This
task-grouping process can affect the
total hoisting time of the group of
tower crane. The authors thus build
a “task assignment algorithm” to
find a satisfactory solution that can
minimise both the total hoisting
time and the conflict index.

However, the model of Zhang et al.

has some limitations as described

below.

(b)

crane n
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task i \ ) _.
/ task j -
N
task j $ crane n
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t}sk . 1};_; “crane n
/
VS sk
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Figure 3.2: Severity of Conflicts

(Extracted from Zhang et al., 1999)

1. It does not indicate the true possibility of conflict since it does not take

the true boom length of the tower crane into account.

2. The possibility of conflict calculated according to the number of

intersections is not quantitatively exact. For instance, in any case of

possible conflict of the same number of intersection points, there will be

the same conflict index. The possible conflict should be calculated in the

way that it reflects well the effects of the size of overlap area.

3. The possible conflict according to the actual time was not considered and

that the estimation of conflict solely bases on the overlap area is not

correct since there are many cases, when the two cranes working on the

overlap area in different period of time thus there should be no conflict.

Thus, a “more precise” approach to control tower crane’s collisions is proposed.
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3.1.5.3 Control the Collision between Two (Saddle-Jib) Tower Cranes

The crane layout planning can prevent both the *“direct” and *indirect”
collisions between tower cranes.

(1)  Control Direct Collision:

The direct collision between the two booms of hammerhead tower cranes can be
resolved by jacking up the booms at two different height levels as suggested by Gray &
Little (1985). In the case of inevitable overlap of crane working area, when the tower
crane’s mast(s) lie(s) within other crane’s working zone, the collision between a boom
and other tower crane’s mast can also be controlled in this manner, or/and by
introducing safety switches that limits the boom angles within it own working zone.
Fig. 3.3 illustrates how possible collisions between a tower crane jib with other crane’s

mast can be prevented by the two mentioned methods.

-——————
—=T it
-~

[ »\p T (a)

1

—~

Figure 3.3: Control Collisions by (a) Using Switches (b) Levelling Jibs at Different
Heights
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Where the area denotations are as below

Working Zone

[[\] Lower Boom Operation Zone
F& Counter Jib Zone

-%- Crane's Location

3@ Slewing Limit Switches

To control the direct collision possibility by setting jibs at different heights, it is
necessary to determine which tower crane jib should be set at higher level. There are a
few criteria to decide the height level of each crane to control direct conflict. One of the
criteria is the role of crane in the assembly/dismantling procedure. The last crane takes
part in those procedures should be the highest among them (since it should be able to
help dismantle other cranes). The other factors investigated are the relative horizontal
distance between the two crane locations and their length of booms; and more
importantly, the working zone of each crane.

(11)  Control Indirect Collisions

Before calculating the possibility of indirect collisions, it is necessary to ensure
that the direct collision of a tower crane and other crane’s mast is prevented, or none of
the cranes be located in the other crane’s safe working zone. In such ideal situation, the
indirect collision hardly happens. Indirect collisions between tower cranes can occur
where there is an overlap in the working area of the two, or where a component of a
tower crane such as the boom, or the counter-balance boom may violate the working
zone or may impede the proper activity of other crane.

In fig. 3.4.b below, there is no overlap area according to Zhang et al. However,
the boom of lower tower crane can violate the working zone of the higher crane, and
thus may cause indirect collision according to the new collision concept proposed in
this thesis. Moreover, collision might never happen if the two cranes operate their jobs

in different time periods. Therefore, the “true” possibility of indirect collision between
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two cranes must address the two conditions: (1) Existence of overlap working zone,
and (2) Existence of overlap operating time, when they perform the lifting jobs. If the
two conditions above are satisfied, then there is a possible collision between the two
cranes. This possible collision makes it difficult for the two cranes to perform their task
in the estimated time. In fact, since the crane operator(s) have to watch out the other
crane activities to ensure safe rigging in the overlap working zone, it usually takes

longer time than it should be if there is no possibility of conflict.

Figure 3.4: Possible Indirect Collision Recognition
(a) No Caollision (b) Possible Collision

Where the area denotations are as below

Working Zone
[\.] Lower Boom Operation Zone

5 Counter Jib Zone

I
-ﬂf- Crane's Location

i Overlap Zone

Thus, the method of controlling collision is proposed as below: If the two

cranes perform in the overlap working zone at the same time, either one of them has to
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postpone its activities until the area is clear and safe for its operations. The delay time
will be counted based on the “actual period of time” during which both the cranes
operate within overlap area, as well as based on the proportion of overlap area and the

total working zone for each crane.

Task1
Cranem | e S — = I 2
| | |
I I Task 1 |
Cranen |l ___ L— '+_______;]__{___+ _____ =]
T
! | At P
[ ]
| | v
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Figure 3.5: The Overlap Time

Where:
trgan  otart Time of Batch k (Start Time of the First Task in Batch k).

tij atart Time of Task 1, 1 1n Batch k Eespectively.

trgay - Finish (End) Time of Batch k (Finish Time of the Last Task in Batch k).

tij  Finish (End) Time of Task 1, jin Batch k Eespectively.

Mote: The Tower Cranes Petrform Task 1 & Task | Have Cwerlap Working Zone.

As shown in fig. 3.5, possible collision of the two cranes can only happen in the period
of time At. At is called the overlap time.

Further investigation shows that, the crane, which has boom at a lower level,
may cause indirect collision (by its physical dimension of the boom and counter-
balance boom when operating in the overlap area) with the lifting modules of the
higher crane. This finding leads to a different approach to calculate the actual overlap
area for each crane as follow.

For the higher crane, the total working zone area is the area of the triangular
OmAmBmand overlap area is the area of the triangular Onanbm (see fig. 3.6).

Therefore, the delay time of crane m should be:

SOab At = ambm At (33)

dela
I y _
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For the lower crane, the total working zone area is the area bounded by the
angle £ O,A,B, and overlap area is the area bounded by the angle £ Onanb, (see fig.

3.7). Therefore, the delay time of crane n should be:

Tndelay _ Yons At (34)

Y Oab

Figure 3.7: The Working Zone and Overlap Area of Crane n (The Lower Crane)
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Where the area denotations are as below

W Working Zone
Lower Boom Operation Zone
5 Counter Jib Zone

Crane's Location

Overlap Zone

3.2 Overview of the Proposed Program for CLP

As presented in the previous sections, CLP are very complicated and relate to
many problems of real practices. A computer program called I-LIFT is developed to
solve CLP and eventually raise productivity and safety of lifting work in construction
project. Due to the complicated nature of the problem, a successful program must
address how to interact with experienced user(s). I-LIFT enables positive interactions
with experienced users (see fig. 3.8 and 3.9) to overcome the common disadvantages of
computer models about simplifications and being irrelevant to real practice (as pointed
out by Shapiro, 1999).

The I-LIFT program composes of two main parts, namely the Pre-Process
Algorithms Module (PPAM) and the Optimisation Module (OM). The figure below

presents the outline flowchart of the I-LIFT program for CLP.
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Universal User input
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Figure 3.8: Flowchart of I-LIFT Program for CLP

Optimization Module

3.2.1 Pre-Process Algorithms Module (PPAM)

PPAM is aimed to help novice practitioners to solve CLP in a step-by-step
procedure. The expected results of this module are the feasible solutions for CLP (this
is also the search space of CLP of OM). The PPAM is related to real site experiences
with the practical constraints involved. A final solution for CLP can be obtained in this
part of the program if there are no multiple solutions available. In this case, there is no

need to use the Optimisation Module. However, this simplified situation hardly
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happens in larger real site projects, especially when multiple cranes are used. The
PPAM usually ends up with a number of possible solutions for the considering project.

The flowchart of PPAM is shown in fig. 3.9.
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Figure 3.9: Flowchart of Pre-Process Algorithms Module (PPAM)

As shown in fig. 3.8 and 3.9, user interactions play a very important role in the
I-LIFT program, especially in the PPAM, where the experiences of practitioners can be

of utmost usefulness. The flowchart of the program also shows the privileges of expert
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users. He can decide where the possible location for cranes, supply points locations etc.
without the need of the generation modules or he is able to verify the possible solutions
generated from these generation modules, reject or add other solutions from his own

experience with consideration of other characteristics of the project.

3.2.1.1 Define Possible Locations of Tower Crane — Generation Module |

The main part of the PPAM is the Generation Module | that aims to generate

feasible areas where the tower crane may locate. This module is illustrated in fig. 3.10.

(PRIMARY INPUT) Generating Crane Locations
Site Boundary =p{| (Preliminary Solutions)
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v
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Figure 3.10: Flowchart of Generation Module | — Possible Crane Locations
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3.2.1.2 Define Possible Supply Point — Generation Module 11

Another part of the PPAM is the Generation Module 1l that aims to generate
feasible areas where the resources such as precast lifting modules, steel bar, formwork
etc. may be stored, prepared and delivered. The expected outcome of this generation
module is the possible locations for supply points. The flowchart of this module is
illustrated in fig. 3.11.

Perhaps the most important factors to consider

using an area as a supply point are its location . (SECONDARY INPUT)
Site Boundary
and its available space. These two factors Entrances
Access & Traffic Routes/Paths
impose ~ considerations  relating to  the (Movement on and off site)
(Movement around site)
accessibility and the spaciousness of the supply ‘

Generating Supply Points

points to ensure smooth transportations on site (Preliminary Solutions)

as well as preventing double handling due to

N
the lack of space at supply point. In addition, 0

Accessibility?
the location of a supply point in CLP needs
further considerations. Since the supply point

is aimed to deliver resources for the tower

crane(s), its location should be chosen to

o ] Possible Supply Points
support the crane activities. Location of supply (Systematic Solutions)
points can help ensure the continuous ‘

(User Considerations)
operations of the tower crane. Supportive Reject disqualifying solutions
Add in qualifying solutions
supply point locations help to reduce double ‘
. - Possible Supply Points
handling, thus enhance the efficiency of the (Final Set of Solutions)
crane work.

Figure 3.11: Flowchart of Generation Module Il — Possible Supply Point Locations
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3.2.1.3 Task Grouping and Installation Priority

This section introduces the general flowchart to group lifting elements into
small groups. There are three main groups of factors to consider, namely Crane

Capacity, Geometry and Construction techniques as discussed in section 3.1.3.

(PRIMARY INPUT) > Recognizing Installation Cycle
Building Layout (Single Tasks)
Critical/Details Elements i v : :

L, Crane Capacity Considerations
Crane Databases (Grouping Phase 1)
(SECONDARY INPUT) Geometry Considerations
Construction Constraints (Grouping Phase 2)
(Construction Techniques) ‘

Construction Method - -

Installation Procedures  |p|| ~ CONStruction Technique

Special Connections Considerations

(Grouping Phase 3 - Priority)

(User Considerations) ‘

Reject disqualifying solutions e Generating Small Groups
Add in qualifying solutions Generating Priority Matrix

v

Small Groups & Priority
(Final Set of Solutions)

Figure 3.12: Flowchart of Generation Module 111 - Task Grouping & Installation
Priority

3.2.1.4 Database and How to Handle Data

The Database for any CLP includes Project Database (PD) and Crane Database
(CD). PD consists of the information about the project itself such as the site boundary
and constraints, the building to-be with key structural elements as well as information
about the construction technology and other considerations. CD stores the information
about available cranes that can be used in the project. CD might be imported from the
Universal Database that contains the information of company or available cranes.

Practitioners can update CD by introducing new cranes from the program’s templates.
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3.2.2 Optimisation Module (OM)

As mentioned in section 3.2, the OM is applied to choose the optimal solutions
from a number of possible solutions generated from the PPAM. The OM is a “brave”
attempt to tackle the extreme difficulties of CLP quantitatively. The OM is especially
useful for large projects where multiple cranes are used. Associated with its difficulties,
challenges and rewards, the OM becomes the focus of this study. Attempts have been
made to build a computer model to evaluate the alternative solutions of CLP to select
the best solution that helps to obtain higher efficiency of the lifting work and other
associated factors such as time, tower crane cost, safety in installations etc. Detailed

objective and expected outcome of the model are described in the next section.

3.3  Computer Model for CLP

It is ambitious that a computer model can be successfully built to solve the CLP.
This section is to provide the objective and scope of the model for CLP as well as to

emphasize the promising outcome of the model.

3.3.1 Obijective and Scope of the Model for CLP

The model is aimed to solve the complexities of site layout planning, where
tower crane work governs other site planning activities. More specifically, the
computer model for CLP should be able to choose the best location for crane(s) and
supply point(s), to produce the most efficient policies to assign lifting modules to
supply point and the lifting task to crane so as to minimize the total hoisting time (as
well as renting time) of the crane(s) for a construction project.

The current scope of the model is optimising the use of tower cranes in the

installations of structural precast concrete components of high-rise buildings.
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3.3.2 Expected Outcome of The Model

The CLP model is expected to be able to find the most suitable solutions among
the possible alternatives with quantitative reference of hoisting time and/ or other
associated factors such as crane rental cost, conflict possibilities etc. To be specific, the
model should be able to

(1) choose suitable location(s) from possible locations of tower crane(s).

(2) select suitable supply point location(s) for tower crane(s) used. (i.e. each
lifting module should be delivered from which supply point?).

(3) propose suitable assignment policy for group of tasks to tower cranes (i.e.
which crane lifts which modules).

(4) propose a suitable number of cranes and suitable model of cranes from the
database, a list of available cranes provided by the contractor company or
extracted from the crane market.

(5) suggest a safe lifting sequence as well as control the possibility of collision
between cranes.

Each sub-problem of those mentioned above from (1) to (4) is an NP-hard
problem, especially in a large scale problem when either the number of tasks, or the
number of possible locations of crane, or the number of supply points, or the number of
available cranes is big. The first problem seems to be the central application of the
model, to find the operating locations for the tower cranes. The second problem is to
find supply point locations for tower crane. The tower crane locations and their supply
points have close relationship as mentioned by Tam et al. (2001). This mutual
interaction between supply points and tower crane locations was proved quantitatively
in section 5.1.3. Tam et al. (2001, 2003) also built a GA model to optimise the tower

crane locations and supply points at the same time. However, their model is very
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simple and thus has some major limitations. It works for single tower crane only, and
does not consider different configurations of different tower cranes. In addition, their
model applies for the conventional cast in-situ concrete projects since it does not
consider the lift sequence. This study aims to build a more advanced GA model that
can work for a group of tower cranes. Due to the presence of multiple cranes and
multiple supply points in the same project, it is necessary to consider how to assign a
single task to a tower crane and a supply point among the available ones (the third
problem). In addition, when multiple cranes can be used, it is necessary to determine
the suitable number of crane for a particular project. The GA model is upgraded during
its development period, to consider different tower crane configurations. Hence, the
most suitable tower crane model(s) can be selected from an available list in the
database (problem 4). Because of their interdependent relationships, all of these sub-
problems are solved simultaneously to reach the optimum solution. Thus, the overall
expected outcome of the model is to solve the facilities site layout problem for tower
crane(s). This study is eventually aimed to help practitioners to plan effectively for this
lifting part in the defined stage of construction (i.e. the installation of structural pre-cast

concrete components of high-rise buildings).

3.4 What Makes the CLP Hard?

Belonging to the facilities layout problems (FLP), CLP inherit the natural
difficulties of this class of problem, as stated by Tommelein (1991) that (sic) no well-
defined method can guarantee a solution. Although the facility layout obviously affects
on money and timesaving, especially in large projects (Hamiani and Popescu, 1988), it
has still probably been the most neglected fields in the construction industry, and the
attitude of the engineers has been that FLP only can be solved as the project progresses

(Handa and Lang, 1988 and Tommelein, 1989). In short, the CLP are inherently
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difficult due to the restriction of site constraints such as the location of the permanent
facilities, and site topology as well as the requirements of satisfying a variety of
competing and often conflicting design objectives (Hamiani and Popescu, 1988). The
existence of many project stakeholders (contractors, pre-casters etc.) involved in a
high-rise precast construction project makes CLP more complicated.

Mathematically, there are some difficulties associated with CLP, namely the
scaling problem, the uncertainty and the dynamic nature of the problem, and the

sparseness of the solution space discussed in detail in the following sub-sections.

3.4.1 Scaling Issues - The Size of the Problem

The size of a crane location problem can be approximated by the size of its
components such as the crane location matrix, the crane assignment matrix, the supply
point matrix, and the crane database matrix. Those matrices contain the information
about resources (tower cranes, storage and delivery points, lifting elements), where
they locate and how many of them. Further indications of those components of CLP
refer to specific configurations of available tower cranes, the weight of each lifting
module and their order of installation (that relates to timing and scheduling). A rough
approximation of a problems size can be given by the product of how many lifting tasks
must be completed and by how many tower cranes. In addition, the search space is also
formed by the number of possible locations for tower crane and the number of available
tower cranes (from the database) that are usually more than the number of tower cranes
actually used for the project. The following example is to demonstrate the problem of
scaling, or how huge the search space of CLP can be even with a small dataset. A
project is assumed to have a data set of 10 possible locations of tower cranes, 5 possible
locations of supply points, 10 tower cranes available in the database, 100 lifting

modules. There will be three tower cranes used in the project. There will be (10*9*8)
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possible scenarios to locate 3 cranes into 10 possible locations, (10*9*8) possible
scenarios to choose 3 cranes out of 10 cranes in the database, (100%) possible scenarios
to assign 100 lifting modules to 3 cranes, (100°) possible scenarios to assign 100 lifting
module to 5 supply points. Eventually, there will be (10*9*8)® * (100%) = 5184*10"
possible solutions! This is a search space with gigantic proportions such that no
advanced search techniques even with the aids of supercomputers can guarantee to find
the optimum solution. Efforts have been made to minimize the search space of CLP
such that it can be explored with the aids of a normal computer in a reasonable time.
One of the most effective methods that contribute to the matter is the introducing of
task grouping concept. Without loss of much generality, lifting modules of the same
type and lifting order, relatively close to each other in terms of installation locations
such as in the same part of the building (of the same floor) are considered as one lifting
unit, i.e. handled by one crane and stored at the same supply point. This assumption is
reasonable in real site practice because it is indeed compliant with the zone work

$3" and the fact that many lifting modules, which are installed

concept of tower crane
in the same small region, are usually delivered at the same nearby supply point (or
storage area). The grouping method can greatly narrow the search space. For instance,
with the same example above, but the 100 lifting modules are grouped into 20 small
groups (i.e. 5 times smaller). The search space is (10%9*8)% * (20°) = 5184*256*10",
being reduced 390625 times! However, the challenges pertaining scaling matter of the

CLP still remain. Further reduction of the search space can be obtained by improving

the model to a higher degree of allocating resources that is mentioned in section 6.3.

3.3 Contrary to mobile cranes that are able to serve wherever location that is accessible, static base tower
cranes stay still at a position on site and thus can serve only the lifting jobs within the area limited by its

boom length. This area is called the working zone of the crane.
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3.4.2 Uncertainty and the Dynamic Nature of Real Problems

Practically speaking, finding an optimal site facility layout plan is often
less difficult than coping with uncertainties during the planning process and
unpredictable disturbances during the installation. Like other real world problems, CLP
is subjected to various possible changes during its execution. These changes may affect
the total schedule of the plan, either resulting in disturbances for the lifting plan or
turning it into a completely new plan. They may be caused by a mechanical failure,
human error, or severe weather. For example, the cranes may break down and need to
be replaced, the location of supply point locations may change during the construction,
the supply plan of supplier may be delayed due to some unfavourable situations, and
the lift order may change to adjust to onsite situations. Such changes may require either

only the replacement of a single resource, or the complete reformulation of the plan.

3.4.3 Infeasibility - Sparseness of the Solution Space

Depending on the representation scheme and the customized genetic operators,
there would be always feasible solution generated during GA iterations. However, it is
not guaranteed that these solutions satisfy the constraints of the CLP such as the crane
has enough capacity to lift the heaviest element (in the relative reach) or its boom
length is long enough to reach the farthest element. Thus, there may be no solution for
the CLP. In this case, the model will inform user by a message that says, for example
“Cranes lack of capacity. Please consider higher capacity cranes in the database” if all
the cranes are not able to handle the load.

Other considerations are about the constraints of CLP. To ensure the correctness
of the obtained solution, one has to check other constraints of the problem, such as the
crane capacity, the boom length, or the total completion time etc. Those constraints

indeed make the search for an optimal solution more difficult by breaking up an
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otherwise continuous search space. When many constraints are added, traversal of

the search space is confounded. This can be illustrated by the fig. 3.13 below.

infeasible area

optima

- - feasible-area- ;

J

Figure 3.13: Solution Space: Feasible Area and Infeasible Area
(Adapted from Gen and Cheng, 1996)

It is assumed that a constraint f(x) separates the search space into two regions:
feasible and infeasible one. In fig. 3.13, it can be expected that ‘b’ contains much more
information about optima than ‘c’ even though it is infeasible. However, since ‘b’
violates the constraint, it must be rejected while ‘c’ may survive and continue to
reproduce its genes. Supposed ‘c’ might be the best one found so far, and then GA most
likely continues their search around ‘c’ and thus be misleading of where the optimum
may lie. If the constraint f(x) does not exist, since ‘b’ is nearer to the optima, it may
have better fitness compared to ‘c’. If GA searches around ‘b’ rather than ‘c’, it may

find the optimum faster.
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3.5

Assumptions of the Model

The OM is based on some assumptions as mentioned below.

Geometric layout of all possible supply points, crane locations, and
installation locations of lifting modules are pre-determined, fixed and
denoted by points. That is, the OM works on the feasible solutions
generated by the PPAM.

The supply points are assumed to have enough space to store the amount of
lifting modules for the tower crane(s) to operate continuously as planned.
One lifting job is continuously delivered by one tower crane only, from one
supply point to its installation position.

The installation order of all precast lifting elements is assumed to be in
batches. For each batch, one type of fabricated module is installed at the
same level. The starting time for installation of a new batch must be after
the completion of the previous batch of modules. For example, the
installation of the batch of precast beam in the 2" floor must be await the

installation of the batch of the columns in 1% floor.
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CHAPTER IV: IMPLEMENTATION OF CLP USING GA

4.1  The Rationale of Using GA for CLP

Continuous variable problems are often formulated and solved using
mathematically based optimisation methods. These methods typically become
impractical when faced with problems of significant size or with the large sets of
constraints. For the discrete variable problems, the mathematically based optimisation
methods are usually not applicable since the conversion from discrete to continuous
variable problems often results in very efficient solutions and this conversion even
may not be warranted for certain problems. Furthermore, in many problems,
computation of gradient information usually needed for continuous variable problems
is difficult or impossible to obtain. Therefore, the stochastic search techniques have
become popular methods to solve discrete variable optimization problems. The Genetic
Algorithm (GA) is an evolutionary algorithm based on Darwinian survival of the fittest
theory. GA has found significant use in solving optimization problems with discrete
variables and complex cost and constraint functions.

Belonging to the class of NP-hard combinatorial problems with discrete
variables, CLP is extremely difficult to solve. The motivation for using GA for CLP is
due to the “globality”, parallelism and robustness of GA. It is the author’s strong belief
that, with their flexible genetic mechanism of potential genetic operators, GA is
capable of dealing with the non-convexity, locality and complexity of CLP. In
addition, GA is simple and powerful in their search for improvement, and not
fundamentally limited by restrictive assumption about the search space. In fact, since
the 1980s, GA has been applied to solve NP-hard combinatorial problems. Many

successful applications of GA have been reported in a great number of real world
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optimization problems such as distribution pipeline system, TSP, allocation of funds to
projects, scheduling, handling of materials and so forth (Chambers, 2001). These

results reinforce the belief that using GA is a good choice for CLP.

4.2  Implementation of the GA Model for CLP

In order to build a successful GA model for CLP with the expected outcome as
discussed in section 3.3.2, the CLP is required to reflect the relationships between
tasks (lifting sequence, priority etc.), and resources (tower cranes library, supply
points, lifted elements and possible crane locations). More specifically, the solution
should contain information on how to locate a crane among possible locations, to
present a chosen crane from the list of available cranes, to assign a lifted module to the
chosen crane(s) and to provide the lifted module from a possible supply point location.
Other considerations include the decision on the number of cranes to be used,
definition of the lifting sequence of lifted tasks, and method to control possible
collisions when multiple cranes are used. These matters will be considered when
building the objective function of the program in the latter section.

Building a GA model for CLP includes encoding the representation of a
solution, customizing the genetic operators that work with the representation scheme

and building the objective functions of the GA model.

4.2.1 Encoding of a Chromosome - Representation Scheme

Since there are many different schemes of genetic representations, choosing a
suitable representation scheme for CLP is not a simple task. Generally, for any genetic
algorithm, the representation should be a minimal, complete expression of a solution to
the problem (Wall, 1996). It is wise to choose the representation scheme that is able to

eliminate non-feasible solutions, thus narrowing the search space to the minimum.

50



Chapter IV: Implementation of CLP Using GA

Jaramillo et al. (2002) provided a valuable lesson of using GA to solve general
location problems with the use of the binary-bit-string representation. Most of GA
applications have employed this most basic form of representation. For the special
CLP, the author has chosen that simple representation accompanied with customized
genetic operators. Although the traditional binary string might be the simplest form of
genetic representation, it is indeed good enough for the location problem since the two-
state bit can well indicate the information needed about the state of a single facility or
an allocation decision making (yes or no). For a single NP-hard problem such as TSP,
the integer representation might be better than the binary bit string representation since
it results in a shorter chromosome. However, the CLP is a combination of four
assignment problems (see section 3.3.1 and 3.3.2) and it is difficult to create an integer
representation with four different allele sets. Hence, the representation of
chromosomes in a GA model takes the form of binary bit strings with customised
genetic operators to enhance the efficiency of this basic form of representation. Each
locus in the chromosome has two possible alleles: 0 and 1. The chromosome of CLP
contains information about the possible location of tower crane(s), the possible supply
point for each lifted task, the task assignment to crane chosen in the database.
Consequently, different information is encoded into different groups of bit string
(genes) called Crane Location Gene (CLG), Supply Point Gene (SPG), Crane
Assignment Gene (CAG), and Crane Database Gene (CDG) described in further detail

in the following subsections.

4.2.1.1 Crane Location Gene (CLG)

Crane Location Gene (CLQG) is a group of genes that contains the information
about possible location of crane(s). Each possible location of a crane is represented as

a single bit with value of 1 if the crane is located at that location or with the value of 0
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otherwise. For each crane, it needs a group of genes to indicate the information about
its location. For instance, the string of 00100 denotes that the crane is located at the
third possible location among five possible crane locations. The length of each group

of CLG is Nigcation. The total number of groups of CLG is Ncrape.

4.2.1.2 Supply Point Gene (SPG)

Supply Point Gene (SPQG) is a group of genes that contains the information
about the possible supply point locations that can be chosen to be the delivery point of
lifted elements. Each possible supply point location is also represented as a single bit
with value of 1 if the lifted element is delivered at that supply point location or with
the value of 0 otherwise. For each lifted task, it needs a group of genes to indicate the
information that the lifted element is supplied at a supply point location among the
possible ones. The length of each group of SPG is Nsyppy. The total number of groups

Of SPG IS Nsma”_group.

4.2.1.3 Crane Assignment Gene (CAG)

Crane Assignment Gene (CAG) is a group of genes that contains the
information about assigning a task to a crane (the crane is chosen to perform the lifted
task). Each crane assignment gene is also represented as a single bit with value of 1 if
the crane is chosen to perform the task or with the value of 0 otherwise. For each lifted
task, it needs a group of genes to indicate the information that which crane (among the
used ones) lifts the lifted element. The length of each group of CAG is N¢rane. The total

number of groups of CAG is Nsmail_group-

4.2.1.4 Crane Database Gene (CDG)

Crane Database Gene (CDGQ) is a group of genes that contains the information

about available cranes that can be used in the project. Each CDG is also represented as
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a single bit with value of 1 if the crane is chosen or with the value of 0 otherwise. For
each crane, it needs a group of genes to indicate the information about the crane
chosen among the available ones in the list. The length of each group of CDG is

Navailaple. The total number of groups of CDG is Nerane.

4.2.1.5 The Overall Chromosome of CLP

To summarise, the general structure of a chromosome for CLP is described as

in figure 4.1 below

Genes of Crane Locations Genes of a Typical Lifted Assignment
(Ncrane Groups) (Nsmall_group Groups)
. A~ — — A —
000000Co|CCoonood).. Jooooo00d|....jooo00000ooooojooooo ) ..
N J N J N N J - ~ J H_J
CLG CLG CLG SPG CAG
(Nlocation Genes in 1 Group) (Nsupply Genes) (Ncrane Genes)

Genes of Chosen Cranes from Database

(Ncrane Groups)

\EDDDDDDD\DDDDDDDD\...\DDDDDDED\
s e

(Navailable Genes in 1 Group)

Figure 4.1: General Structure of the CLP Chromosome

The total length of a typical chromosome in binary string representation is calculated
as L pinary = Nerane™Niocation + (Nsupply + Nerane) *Nsmart_group + Nerane™ Navailable 4.1)
Since the GA operators work with permutation encoding (section 4.2.4), the
chromosome is transferred to integer representation in which each group of genes is
presented by an integer number. The total length of typical chromosome in integer
representation is calculated as Linteger = 2*(Ncrane T Nsmall_group) 4.2)

The number of (2*N¢rane) refers to the information of how to locate the cranes

in possible locations and how to choose these number of cranes from the crane
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database. The number of (2*Nsmai_group) refers to the information of how to locate these
lifted modules to possible supply points and how to assign them to the cranes used.
Linteger 1S used to calculate the number of chromosomes in the evolving population

(section 4.2.6.1).

4.2.1.6 Problems of the Binary String Representation and Solutions

Unfortunately, it is soon discovered that the simple binary bit string
representation has a possibility of creating non-feasible solutions. For example, a
group of CLG for crane 1 can turn out to be 010010. That means crane 1 can locate at
both location 2 and 5 at the same time. This is obviously impossible or the above CLG
will result in a non-feasible solution. The simple binary bit string does not always
represent the feasible solution effectively since it is prone to present the non-feasible
ones. For instance, a simple group of genes of length 10 contains only 10 valid solution
while it can generate of 2'° — 10 = 1024 — 10 = 1014 non-feasible solutions. That
means less than 1% of the generated solution is valid! More seriously, the non-feasible
solutions increase the size of the search space and thus make the search more difficult.
One possible solution is improving the binary bit string representation by a customized
initialiser to generate only feasible solutions and by customized genetic operators that
are able to create new and valid solutions through GA iterations (i.e. solutions satisfy
all equations from 4.17 to 4.21). Those genetic operators make use of temporary arrays
with permutation coding. Details of this approach can be seen in section 4.3.4 where

customized genetic operators are presented.

4.2.2 Building the Objective Function of CLP

The mathematical model of the objective function is built to calculate the
fitness function of each solution of the problems. For CLP, the objective function is to

minimize the total hoisting time. The total hoisting time is counted for the installation
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of structural precast components. If multiple cranes are used, the total hoisting time is
calculated as the sum of hoisting time of each crane from the beginning of the
installation procedure until it finishes its last lifted job. The hoisting time of each crane
may be different depending on the task grouping and the installation order of elements.
The hoisting time model takes into account the following: the crane location, the
supply point, and the demand point (this relates to the angular movement of the boom
and the tangent movement of the trolley along the boom); the height of the installation
point (this relates to the hoist movement of the hook); the configurations of each crane
(the hoist velocity, the slewing velocity and the trolley movement velocity); the
simultaneous movements of the boom and the trolley in the horizontal plane; the
loading and unloading time; and the lifting sequence of lifted modules. Due to the
uncertainty and difficulty when being estimated, other factors such as wind speed,
operator’s vision and the crane operator’s experience are not considered in this model.
It is also assumed that the weight and the dimensions of the load do not affect

remarkably their hoisting time.

4.2.2.1 Model to Calculate the Hoisting Time of a Single Lift
The total hoisting time for each lifted module is calculated according to Zhang
et al. (1999). Hook travel time for the n® request:

T i =T(D,.S)+T.(S)+T(S,D,)+ T,(D,) (4.3)

j
Where: T(D;.1,S;) is the hook travelling time from the last demand point to the supply
point of n'™ lifted assignment (without load). Ti(S;) is the delay time for loading at S;.
T(S;,D;) is the hoisting time for lifted assignment n™ from supply point S; to demand
point D; (with load). Ty(D;) is the delay time for unloading at D;.

The hoisting time T(S;,D;) is calculated in eq. 4.11.
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Time for trolley radial movement:

If (XDj, YDJ', ZDj) and (XSj, YSj, ZSj)
refer, respectively, to the location of S and -
D of a task, for a crane located at (X, y),

the distances between these locations are:

p(D) = [(XD; —xF + (D =y} (44,

p(S)) =\/(X5j ~xf +(vs; - yf (4.5)

IJ =\/(XDI - XSJ)Z +(YDJ _YSJ)Z (4.6)

Time for trolley tangent movement:
Figure 4.2: Model to Compute the

‘,O(Dj )— P(Sj )‘ Hook Travel Time
T = (from Zhang et al., 1999)

: Va 4.7)

: (0<Arccos(9)<7z)  (4.8)

I?— p(D.)*—p(S.)’
T =VLArCco{‘J Al J) Al J) ‘}

TV, 2.p(D;).p(S))
Then, the hook horizontal travel time: T, = max(T,, T, ) + a.min(T,, T,) (4.9)
And the hook vertical travel time: T, =|ZS, - ZD,|/V, (4.10)

The hook travel time (or hoisting time) T(S;,D;) can be expressed as

T(S;,D;) = max(T,, T,) + B.min(T,, T,) (4.11)
Where: V, is the radial velocity of trolley (m/min);
V, is the slewing velocity of jib (r/min);

V, is the hoist velocity of hook (m/min).
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o and P are two parameters between 0 and 1; The coefficient a represents the
degree of coordination of hook movement in radial and tangential directions in the
horizontal plane. According to Kogan (1976), the horizontal simultaneous movement
of crane operations in lifting objects for experienced crane operators is assumed to be
76% of the total duration of the cycle. Hence, o is assumed to be 0.25. The coefficient
B represents the degree of coordination of hook movement in vertical plane. The
vertical simultaneous movement of crane operations is assumed to be small for high-
rise building construction where the lifting assignment needs to be lifted to a level that
is clear of the building before radial movements can be activated. Therefore, B is
assumed to be 1, i.e. the hook move consecutively in two planes (Zhang et al., 1999).

Similarly, the hook travelling time from the last demand point to the supply
point of the n™ lifted assignment (without load) T(Dj.1,S;) is computed by the same
model. The delay time for loading at S; and the delay time for unloading at D; : TL(S))
and Ty(D;) respectively, depend on the skills of workmen, the type of lifted elements
and the type of the lifted gear. Ti(S;) and Ty(D;) can be obtained by observations on
site or based on experiences.

The hoisting time model above is for a single lift, the model to compute the
hoisting time of each crane for a group of lifted modules and according to batches is

shown in the next subsection.

4.2.2.2 Calculate the Hoisting Time of a Group of Tasks According to Batches

The hoisting time for each crane can be counted as the total time that the crane
hoists all the lifted jobs assigned to it. However, to ensure the logical installation order,
it assumes that the installation of precast components is performed according to
batches (section 3.1.4.1 and 3.5). This assumption may eventually result in longer

hoisting time for each crane, since the crane may have to wait until all precast
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components in the previous batch are installed before it can install its assigned jobs in
the new batch. For example, the installation of the beam should be postponed until the
two columns below it are installed and gain enough strength to resist the load from the
beam. The total hoisting time (the total rental time to be precise) of each crane is
defined as the total time from the first lifted module to be installed to the completion of
installing the last lifted module delivered by that crane.

The hoisting time is calculated in batch manner according these below formulas.

o d
crane | I
Toaeh job = Tk = 2tk (4.12)
=
or  Tume =T =Max(T}) @.13)
i=1,2,..m

Eq. 4.12 is used if the last lifted job assigned to crane i is in batch k.

Eq. 4.13 is used if the last lifted job assigned to crane i is in batch k’>k.
Where T, is the hoisting time of crane i in batch k.

tli_ ; 18 the hoisting time of crane i to lift task j in batch k.

J, is the number of task assigned to crane i in batch k.

. KI .
Thus, the total hoisting time for each crane is: Ty, = 2Ty (4.14)

k=1

The computing of hoisting time for each crane in each batch is demonstrated below.

k-1 k
Crane ) A, k-1
t3 t3 t3 < — > <—> t3 t3
k-2) 1 *(k-2) 2 *(k-2)|3 (k) 1 (k) 2
3 <——4———F————- +———4 - iy S +————
2 2 2
t (k-2) 1 t (k-2) 2 t (k-1) 1
P e === R T L L
1 1 1 1 1
t (k-2) 1 t (k-2) 2 t (k-1) 1 t (k-1) 2 t (k) 1
1 e —— = ————— r— A 1——t=———-- r————— e e F——4

6 k2 6L g7 kD ogy g ) g

Figure 4.3: lllustration of Calculating the Crane Hoisting Time According to Batches
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Where

start

ty : Start time of batch k (Start time of the first task in batch k).

th ; :Hoisting time of crane i for task j in batch k.
t™  : End time of batch k (Finish time of the last task in batch k).
A ]ﬁ,l : Delay time between batch (k-1) and batch k.

4.2.2.3 Final Objective Function

The theoretical value of the hoisting time will not be a perfect representation of
the total transportation time incurred by the tower crane(s), as there exists other idle
time of the crane(s) due to other constraints and procedures such as technical
construction delay or shortage of lifted modules. However, for the purpose of
evaluating the performance of different crane positions, the value calculated by the
model is adequate enough to suggest the best solution for CLP including the crane(s)
model and its locations, the task assignment policies to each supply point and to each
crane. The relative economic comparison between different crane positions can also be
achieved. The saving in transportation cost may mean not only a reduction in crane
hiring period, but in many situations also a shortening of the construction duration
(Choi and Harris, 1991).

The objective function for CLP should be:

Ncrane

Minimize T = D Tooising (4.15)
i=1

total —

Or in the form of total rental cost of cranes:

Ncrane

Minimize Ci = Y Tioising X Crent (4.16)
i=l

total —

Where T

hoising 18 the total hoisting time of crane i, counted from the beginning of the
overall installation to the time finishing the last lifted module of that crane.

i
Crent

1s the rental cost of crane 1.
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4.2.3 Constraints and How to Handle Constraints of CLP

The central problem for applying GA to the constrained optimization problem
is how to handle constraints because genetic operators usually yield non-feasible
solutions. These invalid solutions, which might be randomly generated by initialising
operations or produced by crossover and/or mutation operators during GA iterations,
have to be dealt with. There are several techniques to handle constraints with genetic
algorithms, namely rejecting strategy, repairing strategy, modifying genetic operator
strategy and penalizing strategy (Gen and Cheng, 1996). Each strategy to handle
constraints mentioned above has its own pros and cons, depending on the nature of
problem-specific search space as well as the type of constraints.

To deal with the constraints of CLP effectively, they are divided into two
groups, (1) the conditions of rational chromosomes and (2) the conditions relating to
crane operations. Group 1 includes all the conditions that ensure the chromosomes
generated by GA are valid while the conditions referred in group 2 further check those
solutions to ensure all tasks can be performed. Detailed discussions about these

constraints are presented in the next subsections.

4.2.3.1 Constraints Group 1 — Producing a Valid Chromosome

The simple binary bit string representation is prone to present an invalid
solution as discussed in section 4.2.1.6. A proper chromosome should satisfy these
conditions below.

1. One crane locates only one location:

Nlocation—1

g Nlocation*l+k — 1

k=0 with V I = 0+(Ncrane '1) (417)
2. One location is entitled to the maximum one crane only - Two or more

cranes cannot be at the same location :
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Ncrane—1

gl+k*NIocati0n Sl Wlth V I = 1+(N|Ocati0n —1) (418)
k=0
3. One lifted assignment is located in one supply point only:
N sup ply—1
chrane(NIocati0n+I)+I*N sup ply+k =1 with V' | = 0+(Nm0dU|e _1) (4 19)
k=0
4. One crane listed in the database is chosen the maximum 1 time — two or

more cranes chosen cannot be the same single crane in the database.

Ncrane-1

g Ncrane*Nlocation+Ncrane*Nsmall _ group+N sup ply*Nsmall _ group+k*Navailable+I <1 (420)
k=0
with V I = 0+(Na\/ai|ab|e '1)
5. One lifted assignment is delivered by one crane only:
Ncrane
gNcrane(NIocation+k—1)+kN sup ply+l-1 =1 Wlth v k = 1+n. (421)

I1=1
For this group of constraints, both rejecting strategy and repairing strategy are
not efficient since the number of non-feasible solutions is large. The penalizing
approach is also not considered since this is very difficult to evaluate the non-feasible
solutions. Hence, modifying genetic operator strategy is employed to treat these
constraints. Three specialized genetic operators are designed to create only feasible

chromosomes for CLP. (See section 4.2.4)

4.2.3.2 Constraints Group 2 — Operational Constraints

A chromosome that satisfies all the constraints of group 1 may still be rejected
if it violates the conditions relating to the lifting operations. These conditions are
called operational constraints, which refer to the crane capacity requirements to handle
the lifted jobs assigned to it. The operational constraints include the reach requirement
and the capacity requirement. To complete a lifted task successfully, one crane must

satisfy both two conditions below.
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1. It can reach the further point between supply point and installation point.
Lason = max(p(S), 2(D))) 1. (4.22)

where j is the total number of lifted jobs assigned to that crane.

2. It has enough capacity to lift the weight at the farthest distance required.

[QR:maxm(sj),p(Dj »} 2 Q (4.23)

where [Qr] is the crane capacity at distance R and Qj is the weight of
lifted module j and the weight of lifting system associated with it.

For this group of constraints, the penalty approach is employed. This approach
is chosen with considerations that it is very difficult to establish the penalty function
that can effectively guide genetic search toward the promising area of solution space,
and that the computations to calculate the fitness function of each chromosome is quite
expensive. Therefore, if each newly created chromosome does not satisfy both
conditions above, penalty fitness will be given without the normal calculation of
fitness process. The penalty fitness is a relatively big constant compare to the expected
fitness, equal or larger about 150% of the fitness of the optimal solution to ensure that
solution will be eliminated during the GA evolution. (According to the study of Zhang
et al., their model can save up to 40% of the hoisting time for horizontal hook
movements. In a practical case study (section 5.2.3), the GA model can save up to 60%
of the horizontal hoisting time). The crane capacity requirement is more critical than
its reach requirement since the tower crane can easily increase its boom length, hence
the penalty fitness for the crane capacity should be smaller than the penalty fitness for
the reach requirement. For CLP, the penalty fitness for the solution that does not
satisfy the reach requirement (eq. 4.22) or the capacity requirement (eq. 4.23) is 10° or

(10°-1) minutes respectively. These particular fitness values are also used to identify
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the case that there is no solution available. The procedure of this technique is

llustrated below.

Newly Created Chromosomes

v

Decoding Chromosome
to Real Data Values

Satisfy Reach

Requirement?
No
Satisfy Capacity
Requirement?
Vv
Evaluate Fitness Function Assigned Penalty Fitness
(Feasible Solutions) (Infeasible Solutions)

| |
v

Fitness function

|
v

Selection Based on Fitness

Figure 4.4: Detail Process of Evaluating the Fitness Value with Operational Constraints
4.2.4 Customized GA Operators

This part tries to explain how to construct the specialized operators, and how to
judge their effect on the model performance. There are three specialized genetic
operators to be built, namely the initialising operator, the mutation operator, and the
crossover operator. Each of these operators affects the search process, and

(consequently) the chances of finding a successful solution.
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4.2.4.1 Combinational Initialiser (Initialising Operator)

The initialising operator’s function is to create the initial population of
chromosomes randomly. The initialiser should be able to produce valid structure of the
solution representation as well as minimize production of non-feasible ones. For CLP,
a customized initialiser has been developed to produce only valid chromosome, i.e. the
chromosome that satisfies all the constraints in group 1 (eq. 4.17 to 4.21). The value of
each group of genes in the chromosome is assigned randomly using a random number
generator. The random number generator can generate integer numbers randomly in a
range. For example, to assign two lifting task to five possible cranes, the initialiser runs
the random number generator two times to generate number randomly in the range
from 1 to 5. Supposed the generated numbers are 2 and 4, the initialiser can assign

value of the two groups of CAG as below.

| 0 | 1 | 0 | 0 | 0 | 0 | 0 | 0 | 1 | 0 | The 2 groups of genes after being initialised.

Figure 4.5: Randomly Generated Value for a Group of Genes in Chromosome

From fig. 4.5 we can see that the first task (group 1) is assigned to the crane 2 (out of 5
possible cranes) while the second task (group 2) is assigned to crane 4. However, for
CLG and CDG, there are possibilities of generating invalid chromosomes as illustrated

in the figure below.

| 0 | 0 | 1 | 0 | 0 | 0 | 0 | 1 | 0 | 0 | The 2 groups of genes after being initialised.

Figure 4.6: Problem of the Simple Initialiser in CLG and CDG

Suppose the above two groups of genes are CLG for crane 1 and crane 2. It
gives the information that the both crane 1 and crane 2 is located at the 3 location (out
of 5 possible ones). This is an invalid solution since it violates the constraint in eq.

4.17. Similar problem is observed with CDG (the constraint in e.q 4.20 is violated).
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Moreover, the problem of generating invalid chromosome tends to happen when the
number of cranes are large and equal to the number of possible locations or the number
of available cranes. It is because the random number generator is hard to always create
a “new” number (i.e. different from all the previously generated number) every times,
especially to generate the random value for the last crane. For example, to assign four
tower cranes to five locations, of which the first three cranes are located at the 1%, ond
and 4™ locations, the random number has only 40% of success to generate the last
number (either 3 or 5) to create a valid assignment group of genes. To solve this
problem of generating invalid chromosomes, a technique using a temporary array and a
so-called “greedy algorithm” is employed. The temporary array has the size of total
number of possible solutions. Each gene of the array has an integer value to represent a
particular solution. To assign a solution for a group of genes, the random number
generator generates one number to select the position of a gene in the temporary array.
The integer value of that gene presents the chosen solution. Since the random number
generator is checked to generate only the number in the range of the size of the
temporary array and the temporary array stores only valid solutions, a generated
solution for SPG and CAG always satisfies the constraints in eq. 4.19 and eq. 4.21
respectively. A sample of the initialiser to assign initial solution for SPG or CAG with

temporary array is illustrated in fig. 4.7 below.

Create temporary array of Nsypply Or Ncrane genes

| ! | 2 | 3 | 4 | > | with the integer allele set from 1 to Nsypply Or Nerane
| 3 | 4 | 1 | 5 | 2 | Swap the genes randomly Ngypply O Nerane times
Use random number generator to select value for

Nsmall_group group of genes

l[oJofoJo]1]o]o]1]0]0] Change from integer to binary presentation

Figure 4.7: Initialiser Applied for Groups of SPG and CAG with a Temporary Array
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For CLG and CDG, the greedy algorithm is employed to help create a solution
that satisfies those constraints in eq. 4.17, 4.18 and 4.20. Basically, the greedy
algorithm eliminates the possibility of generating the same solution more than once for
these two types of genes (CLG and CDG) in the complete chromosome. The
mechanism of the greedy algorithm is illustrated in fig. 4.8. Each time the initialiser
assigns a value for a group of CLG (or CDG), it takes away the same value from the
temporary array to ensure that it will not be chosen again. Sample code of the greedy

algorithm to assign the initial value for CLG is provided in appendix A.

Chosen Random number Random number
Possible solution . Tteration i ™
solution range generated value
[2]4]5[1]3] |[0]0]0] (0-4) 0
(0-4) 1 !
(0-3) 0 2
(0-2) 2 3

Figure 4.8: Mechanism of the Greedy Algorithm

© the first position of the temporary array start at 0 in C++ computer language.
A sample of the initialiser to assign initial solutions for CLG or CDG with a

temporary array is illustrated in fig. 4.9 below.

Create temporary array of Njocation OT Navailable genes

| 1 | 2 | 3 | 4 | > | with the integer allele set from 1 to Njgcation O Navailaple

[2]4]5]1]3]

loJojof1]olofo]1]0]0]

Swap the genes randomly Njocation OT Nayailable times

Use “greedy algorithm” to select the Nerane genes

Change from integer to binary presentation

Figure 4.9: Initialiser Applied for Groups of CLG and CDG with a Temporary Array

The specialized initialiser is a combination of a simple initialiser for CAG and

SPG and an initialiser with temporary array and the greedy algorithm for CLG and
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CDG. Thus, the initialiser for CLP is called Combinational Initialiser. The pseudo code

of the initialiser for CLP is presented in appendix A.

4.2.4.2 Combinational Permutation (Combinational Swap Mutation)

The mutation operation applied in this problem is permutation to ensure that
the genetic materials related to different groups of genes are not mixed. The
specialized mutation is designed in the way that it not only ensures to produce feasible
solutions, but also more importantly, is capable of introducing new genetic material
(that may not present in the current population). Successful mutation is the one that can
help GA to “jump” out of local optimum and explore all over the search space.

To apply mutation (permutation) operation; there is a need to define which part
of genes the mutation will take place. The permutation will be performed in any of
2*(Nerane + Nsmail_group) groups of genes. The number of permutation in one
chromosome is defined by the mutation rate. There may be more than 1 group of genes
being mutated, or only one group of genes is changed or mutation does not take place.
When the mutation happens, it will create a new chromosome (i.e. different from the

parent). The illustration of a mutation operation in a group of genes is as follow:

| 0 | 0 | 0 | 1 | 0 | 0 | The group of genes before mutation takes place
v v

loJofo]1]o]0] Selected new gene position to swap

[1]oJofo]o]o] The group of genes after mutation

Figure 4.10: Permutation Takes Place in a Group of Genes

Suppose the above group of genes is the CLG; Fig. 4.10 shows that before
mutation, the crane is located at the 4™ location while after mutation, the crane is
positioned at the first location. Any arrangement of the genes has the same possibility

to be changed and it is chosen randomly. This mutation is applied for SPG and CAG.
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However, this simple mutation has problems in CLG and CDG where the
constraints in group 1 impose the conditions that one location is assigned to one crane
only and one crane in the database is chosen a maximum of 1 time (the same as in

TSP). The problem is illustrated in fig. 4.11 below.

|0| 1|0|0|0|0|0|0| l|0| 2 groups of genes before mutation take place
v v
Lofrlofofolofofo[1]0]

Selected new gene position to swap (also
choose the group)

|0|1|0|0|0|0|1|O|0|O| The 2 groups of genes after mutation

Figure 4.11: Problem of the Simple Mutation in CLG and CDG

Suppose the above two groups of genes are CLG; we can see that after simple
mutation takes place in the second group of genes. Now the two groups show the
information that the crane 1 and 2 is in the same location (the 2" one out of 5). This
violates the condition in eq. 4.18. Thus, the permutation for the CLG and the CDG is
applied between two groups of genes. The mechanism of this mutation is that it simply

swaps the contents of the two groups of genes as illustrated in fig. 4.12 below.

| 0 | 1 | 0 | 0 | 0 | 0 | 0 | 0 | 1 | 0 | 2 groups of genes before mutation take place

v v
|0|1|0|0|0|0|0|0|1|0| Selected groups to swap
|0|0|0|1|0|0|1|O|0|0| The 2 groups of genes after mutation

Figure 4.12: Permutation Applied for Groups of CLG and CDG

From fig. 4.9 above, we can see that the problem of violating constraints has
not happened. However, now the mutate operation is able to swap the existing genetic
materials in the group of genes without being able to introduce the new genetic

material to the chromosome. For example, the current information stored in the
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chromosome is crane 1 and crane 2 located at 2™ and 4™ locations, respectively. The
mutation can swap the locations (2nd and 4th) for the two cranes; however, it cannot
change from these locations to the ones that are not chosen (i.e. the 1%, 3" and 5"
locations). To overcome this drawback, a temporary array that contains all possible
solutions is created and permutation is performed in this temporary array. The
permutation applied for groups of CLG and CDG with the temporary array is

illustrated as in fig. 4.13.

| 0 | 1 | 0 | 0 | 0 | 0 | 0 | 0 | 1 | 0 | 2 groups of genes before mutation take place

Change from binary to integer presentation
[1]2]3]4]5] Create temporary array of 5 possible locations/cranes
[2]4]3]1]5] Swap the chosen genes to the 1% and 2™ positions

v v
[2]4]3]1]5] Randomly choose a pair of gene positions to swap
[2]5]3]1]4] The array after being swapped

| 0 | 1 | 0 | 0 | 0 | 0 | 0 | 0 | 0 | 1 | Change from integer to binary presentation

Figure 4.13: Permutation Applied for Groups of CLG and CDG with Temporary Array

As can be seen in fig. 4.13, the permutation with temporary array can introduce
new genetic material to the chromosome (location/crane 5™ is chosen).

In short, the mutation in CLP is the permutation that acts differently in different
part of the chromosome, as a simple permutation in a group of genes or as a
permutation between two groups of genes with temporary array. This mutation is
called combinational permutation (or combinational swap mutation).

The pseudo code for the combinational permutation is included in app. A.2
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4.2.4.3 Combinational Crossover: 1-Point Crossover and OPMX

Crossover operator is the main and most important GA operator. Crossover
creates new offspring by combining parts of the parents’ genes. The parents are chosen
based on their fitness; and the crossover is expected to produce “better” chromosomes
in each generation. A good crossover operator is not only able to search the local
region for the optimum solution but also able to scan all over the search space. For the
famous TSP, the travelling sale man has to go all the cities once, the crossover applied
is PMX crossover (See Gen and Cheng, 1996) which basically swaps the gene’s
positions within the chromosome. But for the CLP, when number of cranes used is
smaller than the number of possible locations and/or the number of cranes in library,
the special customized Open Partial Mapped Crossover (OPMX) not only swaps the
lotus within the chromosomes, but also exchanges different lotus of other
chromosome. This feature ensures that a new chromosome is created based on chosen
parent’s chromosomes. The working mechanism of OPMX is illustrated in fig. 4.14

with the integer presentation.

1. Select the substring at random

Parent 1 [413[8[1]6[2]9]5]
Parent 2 l6/9]0]1]3][4]7]8]
2. Exchange substring between parent

Proto-child 1 (4]3]8]1]6]4]7]8]
Proto-child 2 l6]9]o]1]3]2]9]5]

3. Determine mapping relationship
[4]7]8] 42

1101 :> 79
12]9]5] 85

4. Legalize offspring with mapping relationship
Offspring 1 12[3]5]1]6]4]7]8]

Offspring 2 l6]7]0]1]3][2]9]5]

Figure 4.14: OPMX for CLG and CDG of CLP Chromosome
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In the original PMX (see Gen and Cheng, 1996), since every chromosome has
the same set of alleles, this crossover is only to maintain the absolute position of a gene
allele in the offspring. For the CLP, when the number of cranes to be used is smaller
than the number of possible locations or the number of available cranes, different
chromosomes may contain different set of alleles (e.g. 1, 2, 3, 4, 5, 6, 8, and 9 in parent
land 0, 1, 3,4, 6,7, 8,and 9 as in parent 2). One chromosome may contain the genetic
material that is not available in other chromosomes (e.g. allele 2 and 5 in parent 1 is
not available in parent 2 while the allele 0 and 7 in parent 2 are not available in parent
1). It can be seen from fig. 4.14 that the OPMX not only preserves the absolute
position of a gene allele within the chromosome (as in the original PMX) but also
exchanges the genetic material between parent chromosomes. For example, offspring 1
has both allele 7 from parent 2 and allele 5 from parent 1 and its allele set differs from
both parents. This is the new feature of OPMX.

The OPMX is applied to CLG and CDG, while the simple 1-point crossover
(1PX) is applied to SPG and CAG. This specialized crossover operator has been
designed to maintain the integrity of the chromosome. It is able to generate reordered
lists without duplicating any element in the list (permutation coding), exchange genetic
materials from parents, as well as perform simple exchange crossover in other parts of
the chromosome. The specialized crossover for CLP is called the combinational
CTOSSOVeTr.

The pseudo code for the combinational crossover is included in app. A.3.
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4.2.5 Outline of the GA Process for CLP

The flow chart for GA model is as below:

Generate Randomly
Initial Chromosomes

Possible Solutions
(Search Space)

4 Population

0]o[1]o[o]1]o[o[o]
[L[o[1]1]olo[1]t]o]0]
o[ojo[1]1]t]o]o]o]1]
o[1]t]ofo[1]o]o]1]1]
([oft{o[o1[1]t]o[1]
\|0|1|1|0|0|1 [ojo]1]1]

J/

Selecting Fitter
Chromosomes
& Rejecting
Less Fit
Chromosomes

%

Objective

Function:

Evaluate
Fitness Value

|

Transfer
Chromosome's
Genes to
Data Value

1}

(Elitism)

Transfer Objective

Chromosome's k= Function:

Genes to Evaluate
Data Value Fitness Value

Termination Condition?

Selection
Based on Fitness

Final
Near Optimum
Solution

Mating Pool
(Parent Set)
0jo[1]o[o]1]o[o]o]1]
[L[o[t]T]o[o[1]1]0l0]
o[1]t]ofo[T]olo]1]1]
[L[o[t]ofo[o[1]1]o]1]

Children Set
lo[o]1[o]o[1[1]1[0]0]
[L[o1]1]o]o[o]o[o]1]
[L[1[1]olojooo[1]1]

Create New Chromosomes
Crossover: OPMX
|0|0|1|0|0|1+0|0|0| 1
[L[o[1]t]ofo]1]1]o[O]

3
olo[t]ojo[1]t]1]o]o]

[L[o[1]1]o[ofo[o[0[1]

Mutation: Permutation
[o[1]1]o[o[t]ofo]1]1]
&3
[L[1]1]o[oJojofo]1]1]

Figure 4.15: Flowchart of the GA Model of CLP

4.2.6 Optimize the GA Parameters for CLP

One of the difficult decisions to make is to choose a set of values for various
GA parameters. The focus has been centred on the population size, the crossover rate
and the mutation rate. To perform the optimization tests to choose the set of values for

these GA parameters, one may consider the effects of varying parameters to the GA
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on-line and off-line performance or use another GA to optimize the parameters of the
considered GA, or spend time testing different GA parameters by computer (Mitchell,
1997). On-line performance is the average of all fitnesses of all individuals up to and
including the current generation, while off-line performance is the average of the best
fitness seen up to each evaluation step. On-line and offline performances are
introduced to asssess the efficiency of GA by Goldberg (1989a) and Haupt et al.
(1998).

Good parameters for CLP are found by experiments: conducting tests with
different population size with different scale problems, different rate of GA operators
(crossover and mutation), and monitoring the GA performance.

These tests start with recommended parameters from previous research of GA
experts. These recommended parameters are summarized below.

Table 4.1: Recommended GA Parameters

Researchers Population Size Crossover Rate Mutation Rate Note
De Jong ~ 0.6 per pair of )
50-100 0.001 per bit
(1975) parents
Grefenstette Using
30 0.95 0.01 -
(1986) elitism
Schaffer et al
20-30 0.75-0.95 0.005 - 0.01
(1989)

4.2.6.1 Population Size: Test — Discussion — Recommendations for CLP

The unique character of GA technique as compared to other search method is
that it works with a set of solutions (a population) rather than with a single solution.
How to decide the number of chromosomes or the GA population size is not an easy
task. If the population size is too small, the GA is prone to converge very fast and to be

“trapped” in “local optimum” and thus GA has not found the “best solution” yet. On
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the other hand, if a population size is large, GA may have more capability to evolve
and “escape” from “local optimum™ as well as to find “better solution”. However, large
population size will take longer time for the program to converge. It may be surprising
that very big population size usually does not improve performance of GA (in the
sense of speed of finding solution). The objective of the population test is to find a
suitable number of chromosomes in the population to set as default value for CLP.

It is noticed that the scale of CLP can be varied, which can result in
significantly different size of the encoded chromosomes. Therefore, using a fix number
of population size (such as 30) does not seem to be suitable. One approach that assigns
the size of population proportionally to the size of integer-encoded chromosome is
proposed. It should be also noted that the representation scheme chosen for CLP is
binary bit string while GA operator works with permutation scheme (section 4.2.1.5).
Hence, the size of encoded chromosome with integer representation is calculated
according to eq. 4.2. Three independent tests with population size of 0.5*Linteger,
1*Linteger and 2*Linteger are implemented.

Tests for the population size are conducted with small examples of the crane
capacity test series (section 5.1.1). The selected test results of scenarios 1 and 4 are
presented below. In the examples, there are only 4 main structures to install, namely
the two columns at D; and D,, a structural precast wall at D; and a core lift at the
centre of the building D4. There are 3 possible locations for the tower crane to operate
and there also has two possible supply points for the only tower crane used. The search
space is 3*47*4*] = 192 possible solutions.

GA test is conducted with Px =0.9, Pyt = 0.5, Prepiace = 0.25, and N2 . =50.

generations
The size of the integer-encoded chromosome is 2*(1+4) = 10, thus the population size

1s tested with 5, 10 and 20.
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The layout of the example is illustrated in fig. 4.16.
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Figure 4.16: Tower Crane Layout — Crane Capacity Test Scenarios

Scenario 1: The weight of the four elements are Q; = Q, = 4 ton, Q3 = 6 ton,
and Q4 = 8 ton, accordingly. The results are:

The location L; governs with the total hoisting time of 3.00 minutes.

The GA performance with different population size is illustrated in figures
4.17,4.18, and 4.19.

Scenario 4: The weight of the four elements are Q; = 4 ton, Q, = 10.8 ton, Q3
= 6 ton, and Q4 = 10 ton, accordingly. The results are:

The location L; governs with the total hoisting time of 3.39 minutes.

The GA performance with different population size is illustrated in figures

4.20,4.21 and 4.22.
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Figure 4.18: GA Performance in 5 Independent Runs of Crane Capacity Tests
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Figure 4.19: GA Performance in 5 Independent Runs of Crane Capacity Tests

Scenario 1, Npop = 20

Another test conducted is scenario 4 of crane capacity tests (section 5.1.1).
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Figure 4.20: GA Performance in 5 Independent Runs of Crane Capacity Tests

=5

Scenario 4, Npop

7



Chapter IV: Implementation of CLP Using GA

10)

GA Performance ( Npop

Ssaull 1sag

25

15 20 25 30 35 40 45 50
Number of generation

10

=—Third run =Fourth run Fifth run ‘

Second run

First run

Figure 4.21: GA Performance in 5 Independent Runs of Crane Capacity Tests
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Figure 4.22: GA Performance in 5 Independent Runs of Crane Capacity Tests

Scenario 4, Npop = 20

78



Chapter IV: Implementation of CLP Using GA

For the particular examples considered, in the first test, for the case with Npop =
5, it needs about 15 to 40 generations to find the best solution while for the case with
Npop = 10, only 2 to 20 generations are needed. For the case of Npop = 20, the optimum
is found with less than 5 generations. A bigger population may help to maintain the
diversity of the population, and thus increase the chance of finding the optimum
solution. However, a big population is not suitable for large-scale problems with
complicated objective function since it may result in a long time for convergence. A
reasonable population size may find the optimal solution faster (i.e. GA may find the
best solution after a number of generations in shorter time). From this point of view, it
is recommended to use the population size of Linteger. It is also noted that, the
population size of 2*Lineger 1s too big for the current test since the best solution can be

found from the random solutions in the initial population.

4.2.6.2 Mutation Rate: Test — Discussion — Recommendations for CLP

Mutation operator takes place with its determined rate. A small mutation rate
may limit GA operation to search all over the search space, thus constrain it in a local
region while a high rate of mutation operations tend to lead GA to random search
process. The customized mutation operation for CLP is designed in such a way that it
always randomly create ‘new’ chromosome by swapping or by introducing new value
for one or few lotus of the parent. Both processes are applicable to CLG and CDG
while for SPG and CAG, only the swapping operation is introduced since there is no
special restriction for this type of genes.

The experiment data is as in the symmetric test — scenario 5 (section 5.1.2). In
the example, there are 2 possible crane locations, 4 lifted modules and 3 supply points.

Both crane locations and demand points have a vertical line of symmetry. The tests are
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conducted with Py = 0.9, Prepiace = 0.25, N2

generations

=100 and Npop = 10. The first test is

conducted with Py = 0.5 and Py = 0.1. GA performances in the first test are below.
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Figure 4.23: GA Performance in 10 Independent Runs of Symmetric Test 1

Scenario 5, Pyt = 0.5
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From the above figures, it can be seen that GA performance with pyy = 0.1
seems to be better with faster convergence. In the case of worst performance within 10
times, it also shows how GA manages to get “better” results rather than randomly
evolve as with ppyy = 0.5.

The experimental data of the second test is as in the symmetric test — scenario 3
(section 5.1.2). In the example, there are two possible crane locations, 4 lifted modules
and 4 supply points. The building outline, crane locations, supply point and demand
points have the same vertical line of symmetry.

Again, the GA performance with pmy = 0.1 is proven to be better than that in
the case with pyu =0.5. As shown in figures 4.21 and 4.22, the GA performance with
pmut = 0.1 is more consistent with concentrated patterns. Besides, the role of mutation
operation is also illustrated in run 4 in fig. 4.22 since the GA can “jump” from the local
optimum (after more than 80 generations).

Additional experiments have been done with small mutation rate of 0.01 as
recommended in table 4.1. However, the GA performance is worse than the case of
mutation rate of 0.1. With such small mutation rate, GA rapidly converged and was
trapped in local optimum (see fig. 4.23 to 4.28). The experimental data of the third test
is as in the number of crane test (section 5.1.7). In the example, there are 3 possible
crane locations, 4 lifted modules and 2 supply points. Both crane locations and demand
points have a vertical line of symmetry. The installation order of the four jobs is
presented in the priority matrix: 3-3-2-1. The third series of tests are conducted with
the number of crane as 1, 2, and 3. GA parameters are set with crossover rate of 0.9,
replacement rate 0.25, number of generations 100 and 2 mutation rates of 0.01 and 0.1.

GA performances in the second test with different mutation rates of 0.5 and 0.1

are given in fig. 4.21 and 4.22.
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GA Performance - Symmetric Test - Scenario 3 - pmut=0.5

3.4 T T T T T
| | | | |
| | | | |
| | | | |

3.3 | | | | |
| | | | |

-1 | | | | |
| | | | |
| | | | |

3.24 | | | | |
| | | | |

1) | | | | |
| | | | |
g 314\ | | | | |
IS I I I I I
= | | | | |
- | | | | |
$ 3 | | | |
o0 | | | | |
+ | | |
| | | |
—— o — - | |
29 \.-\_-_-_l.-_
I
| | L L L
| | | | |

2.8 | | | | |
| | | | |
| | | | |
| | | | |

2.7 % v v v v v v v v v

0 10 20 30 40 50 60 70 80 90 100
Number of generation
Runl =— = Run2 = = Run3 Run4 Run5
Run6 — = Run7 Run8 Run9 Run10

Figure 4.25: GA Performance in 10 Independent Runs of Symmetric Test 2

Scenario 3, Pyt = 0.5

GA Performance - Symmetric Test - Scenario 3 - pmut=0.1

3.15

3.1

3.05

g
©
al

N
©

Best fitness

g
oo
al

284 - d- -t

2.759

2.7

Figure 4.26:

10 20 30 40 50 60 70 80 90 100
Number of generation
Runl Run2 Run3 Run4 Run5
= = Run6 = = Run7 Run8 Run9 Run10

GA Performance in 10 Independent Runs of Symmetric Test 2

Scenario 3, Pyt = 0.1

82



Chapter IV: Implementation of CLP Using GA

GA performance in the third tests with mutation rates of 0.1 and 0.01 are summarised
below.
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Figure 4.29: GA Performance in 10 Independent Runs of Number of Crane Test 3
Scenario 2 (N ¢rane = 2), P mute = 0.1
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Best fitness
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4.2.6.3 Crossover Rate: Test — Discussion — Recommendations for CLP

To choose a suitable crossover rate for CLP, two series of tests are conducted
with different crossover rates and the GA performances of each series of tests are
monitored. Each series of 3 scenarios with the number of crane are 1, 2 and 3. For each
scenario, there are two tests with 2 different crossover rate of 0.6 and 0.9. Both tests
are conducted with experimental data as in the number of crane test, as mentioned

above in the third test of mutation tests.

Other GA parameters are set with Pyt = 0.5, Preplace = 0.25 and N %2

generations
100. Npop = 2*(Ncrane + Nsmail_group) in both scenarios. There are also three scenarios of
number of crane used, (1, 2 and 3) so the population size are 10, 12 and 14
respectively. The difference between the two tests is the installation order of lifted
modules. In the first series of tests, priority matrix is: 1-1-1-1 (i.e. all 4 lifted module
have the same priority in the lifting sequence). In the second series of tests, priority
matrix is: 3-3-2-1 (i.e. the installation sequence is with 3 batch requests, the last lifted
module has to be installed first, then the third one and the first two elements).

GA performances of each series of test are illustrated in fig. 4.29 to 4.40. From
these figures, it can be seen that GA performances with Py = 0.9 and P4 = 0.6 are not so
different with the results of Px = 0.9 slightly better in most of the cases. These results
show that, for these small examples, the crossover rate of 0.6 is good enough. It is
because, with the current Py = 0.6, the new chromosomes created in each generation
are from 30 to 60% of the populations with the Preplace = 0.25. The corresponding new
offspring each generation with Py = 0.9 is in the range of 45 to 90% of the population
size. The Px = 0.9 is chosen for CLP since it may have better behaviour in large scale

test.
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GA performance of the first series of tests — No batch request.

GA Performance ; Ngrane =1 ; px=0.6 ; p=0.1

1.8

174----

ssaully 1sag

30 40 50 60 70 80 90 100

20

Number of generation

=—Run5
=—Runl10

==Run2 —Run3 =—Run4
=—Run8 =—Run9

=—Run7

Runl
=—Run6

Figure 4.33: GA Performance in 10 Independent Runs of Number of Crane Test 1

Scenario 1 (Nerane = 1), Px = 0.6

GA Performance ; Ngrane =1 ; px=0.9; pn=0.1

T
|
|
|
|
\\\\\ r-—- T~ T~ T1-~f- 71—~ P
| | | | |
| | | | |
| | | | |
| | | | |
\\\\\ ot ————t——F -4 ————
| | | | |
| | | | |
| | | | |
| | | | |
\\\\\ U TR (R Y
| | | | |
| | | | |
| | | | |
| | | | |
I Y I NN R B RN L
| ] | | |
| | | | |
| | | | |
| | | | |
| | | | |
Y B
| | | | |
| | | | |
| | | | |
| | | | |
\\\\\ [l e it Bl Sl St o
| | | | |
| | | | |
| | | | |
| | | | |
\\\\\ et 4~ — —
| | | |
| | | _ | |
| | | |
| | | |
" | I "
v v v v v
@ ~ © 0 ~ ™ N
— - - — - - -

ssaully 1sag

20 30 40 50 60 70 80 90 100

10

Number of generation

=—Run5
=—Runl10

=—Run2 =—Run3 —Run4
=—Run8 ==Run9

=—Run7

Runl
=—Run6

Figure 4.34: GA Performance in 10 Independent Runs of Number of Crane Test 1

Scenario 1 (Nerane = 1), Px = 0.9
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GA Performance ; Ngrane =2 ; px=0.6 ; p=0.1
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Scenario 2 (Nerane = 2), Px = 0.6
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GA Performance ; Ngrane =3 ; px=0.6 ; p=0.1
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GA performance of the first series of tests — 3 batches request.
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Figure 4.39: GA Performance in 10 Independent Runs of Number of Crane Test 2
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Figure 4.41: GA Performance in 10 Independent Runs of Number of Crane Test 2
Scenario 2 (Ngrane = 2), Px=0.6
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4.2.6.4 Recommended GA Parameters for CLP

For different GA operators as well as different type of problems, it is obvious
that GA parameters should be tested through extensive experiments and adjusted for
the best performance. In short, for CLP, the Steady State GA is used with those

recommended parameters as in the table below.

Table 4.2: Default Parameters for CLP

Name of Genetic Operators/ Procedures/ Parameters Probability/ Rate/ Value
Specialized Initialiser NA
1 Point Combinational Crossover (OPMX and 1-PX) 0.9
Combinational Permutation Mutation 0.1
Population size = Linteger 2*(Nerane + Nsmalt_group)
Roulette Wheel Selection and Worst Replacement Scheme 0.25

4.3  Strategy of Running the GA Model for CLP

Since the CLP model using GA technique as the optimizer, it has the GA’s
character of long running time. The strategic approach to solve this problem focuses on
how to find a "reasonably good" (if not perfect) solution in a reasonable amount of
time. This goal is related to maximizing on-line performance, since on-line
performance will be maximized if high-fitness individuals are likely to be chosen at
each step, including the last. From the experimental results, it can be seen that GA is
able to find a very good solution, for example about 95% of the best solution results, in
a relatively small number of generations. Main interests are then focused on how to
find the best possible solution in as small as possible number of generations (to save
the computational time). This is very critical for large scale CLP, since the evolving

time of GA can be as long as hours to ensure the correct solution. The technique is to
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stop GA evolution when a “good enough” solution is achieved. The termination
condition is either one of the 3 criteria below:
) The number of generations without improvement of the best solution:

NP =100

generations

(2)  The convergence ratio of the best solution and the worst solution in the

min

current population: Convergence Ratio = 100% = 0.95
max
(3)  The total number of generations: Ny ... = 1000

The default values of the three termination criteria are based on the
experimental tests with the condition that the program should find a reasonable

solution in less than 20 minutes. Three termination criteria are illustrated in Fig. 4.43.
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Figure 4.45: Illustration of Three Termination Criteria for GA Model
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CHAPTER V: APPLICATIONS OF THE GA MODEL FOR CLP

5.1 Practical Applications of the GA Model for CLP

This chapter discusses the possible applications of the model as a design tool in
the lift planning process. Some of these are presented in detail with illustrated

examples.

5.1.1 Checking the Crane Capacity (R & Q) — Selection of the Crane Models

The GA model can be used to test the crane capacity for a group of lifted tasks
based on the load radius curve of the crane, the weight of the total load for each task
and the larger distance between the crane location and either the loading or the
demanding position. The crane capacity constraints require the selected crane having
enough reach and capacity for the assigned lifted jobs. If the crane does not have
enough capacity for the jobs, for example its boom is so short that it cannot provide
enough reach, or the crane‘s capacity is not high enough to raise the load at its relative
reach, the crane will be given a penalty fitness (i.e. objective function value). The
penalty fitness is high enough to ensure the under-capacity crane will be eliminated
during evolutions. If all the available cranes are “rejected”, the program will pose a
screen message that says “Current cranes do not have enough capacity! Please use
bigger cranes.” In this case, the user is expected to add bigger capacity cranes to the
database, or re-arrange the site facilities layout to reduce the reach requirement or
disassemble the lifted module into smaller units to lower the load. The model will
assign penalty fitness for the solutions with the disqualified crane (i.e. the crane either
lacks the reach requirement according to eg. 4.22 or does not have enough capacity to
handle the job according to eq. 4.23). The penalty fitness is disadvantageous enough to

ensure those solutions (and the disqualified crane) are eliminate during the GA
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evolution (section 4.2.3.2). For the valid solutions, the model selects the best solution

based on their fitness, which takes

into account the different tower crane

configurations such as the hoisting velocity of the hook, the radial velocity of the

trolley, and the slewing velocity of the jib. Hence, it is not only capable of rejecting the

disqualified cranes but also selecting the most suitable cranes among the available

cranes.

The following examples show how the model reacts with different scenarios

where the crane capacity constraints impose on the optimum solution. The site layout

is described as in Fig. 5.1.
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Figure 5.1: The Tower Crane Layout — Crane Capacity Tests

As can be seen in fig 5.1, there are only 4 main structures to install, namely the two

columns at D; and D, a structural precast wall at D3 and a core lift at the centre of the
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building D4. After considerations of other site constraints and factors, there are three
possible locations for the tower crane, and two possible supply points for the tower
crane used. Only one tower crane will perform all the 4 lifted tasks. Since there is only
one crane in the site, the CLP in this case is as simple as: (1) where to locate the crane;
(2) where to locate the precast element; (3) what is the safe lift sequence if the
installation order of the 4 lifted tasks are the same. The only one tower crane has its

capacity as in Fig. 5.2.
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Figure 5.2 Load Radius Curve — Crane Capacity

The test is implemented with different scenarios in order to test GA results. It
can be seen that the reach requirement of the crane is satisfied since the building size is
relatively small in comparison to the available boom length (50 meters). Hence,
different scenarios are created by controlling the weight of the lifted modules such that
the solutions can be recognized and evaluated. Five scenarios are tested below.

Scenario 1: “Free running scheme”. The weight of the four elements are Q; =
Q2 =4 ton, Q3 = 6 ton, and Q4 = 8 ton, accordingly. According to the load radius curve

of the crane, any crane location of the three possible ones can be chosen to handle the
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four jobs. If the L; is chosen, there is a restriction for the lifted module 4 (the core lift)
to be delivered at supply point S;. It is because the crane capacity at the radius of
24.207 m (the distance between L; and Sy) is less than 6.7 ton while Q4 = 8 ton.

Scenario 2: “L; & Lj restricted scheme”. The weight of the four elements are
Q1 =4ton, Q, =4ton, Q3 =6 ton, and Q4 = 11.5 ton, accordingly. Only crane location
L, is appropriate to be chosen.

Scenario 3: “L; & L, restricted scheme”. The weight of the four elements are
Q1 = 4 ton, Q, = 10.8 ton, Q3 = 6 ton, and Q4 = 7.5 ton, accordingly. Only crane
location L3 is appropriate to be chosen.

Scenario 4: “L; & L, restricted scheme with an increase in the weight Q4”. The
weight of the four elements are Q1 = 4 ton, Q, = 10.8 ton, Q3 = 6 ton, and Q4 = 10 ton,
accordingly. Only crane location Lj is appropriate to be chosen. Moreover, since Qa
has increased from 7.5 to 10 ton, it cannot be delivered at the supply point S; as in
scenario 3.

Scenario 5: “No solution scheme”. The weight of the four elements are Q; = 4
ton, Q2 = 10.8 ton, Q3 = 6 ton, and Q4 = 11 ton, accordingly. From the load radius
curve, the existing crane does not have enough capacity to lift the tasks.

N ol =50. A summary of the test results are presented in table 5.1.

generations

Table 5.1: Summary Results of the Crane Capacity Test in Scenarios 1 to 4

Scenario 1 2 3 4
Tower Crane Location Chosen
Crane 1 L, L, Ls Ls

Q (ton) - Supply Point Chosen — Lifting Sequence
Lifted Module 1 4-5,-1 4-5,-3 4-5;-1 4-5,-4
Lifted Module 2 4-S,-2 4-S,-4 108-S,-2 108-S;-1
Lifted Module 3 6-S1-4 6-S,-1 6-S1-4 6-S1-2
Lifted Module 4 8-S:1-3 115-S,-2 75-5,-3 10-S;-3
Fitness (minute) 3.0 3.15 3.18 3.39

The optimised tower crane layouts in the tests are illustrated in figures below.
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The checking of the tower crane capacity for those four optimal solutions in

each scenario is highlighted in figures 5.7 to 5.11 below.
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Figure 5.7: Checking for the Tower Crane Capacity — Scenario 1, Crane Capacity Tests

Q ﬁonnes) Scenario 2

12 4

0 5 10 15 20 25 30 35 40 45 50

R(m
—e—Load curve —@—Solution 1 Solution 2 —e—Solution 3 —e—Solution 4

Figure 5.8: Checking for the Tower Crane Capacity — Scenario 2, Crane Capacity Tests
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Scenario 3
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Figure 5.10: Checking for the Tower Crane Capacity — Scenario 4

In Fig. 5.7, all the solutions satisfy the crane capacity constraints. The program

chooses the best solution based on its fitness. Solution 1 is chosen since it has the
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minimum hoisting time. On the other hand, in Fig. 5.8, while most of the solutions
violate the crane capacity constraints, only solution 2 satisfies these constraints. In Fig.
5.9, there are two solutions 3 and 4 which satisfy these constraints. Solution 3 is
chosen since it has the smaller hoisting time. In Fig. 5.10, only solution 4 satisfies
barely the constraints thus it is chosen. It should be noted that the four solutions
discussed above are not all the possible solutions of this example, but are among the
best ones of each scenario. The objective function of the GA model involves many
complex equations to calculate distances, angles, different components of the hoisting
time, interpolation of the load radius curve of the crane capacity and especially the
function to choose the safe lifting sequence. Therefore, it is difficult to check all the
possible solutions (192 as in this small example) to affirm the found solution in each
scenario is indeed the optimal solution in all over the search space. For the purpose of
testing the generated solutions of the GA model, the tests are conducted many times,
and with a large number of generations. The consistent results of GA model in
different runs and its efforts to locate the optimal solution in each scenario are
highlighted in Fig. 5.12.

In scenario 5, the GA model cannot find a valid solution and it generates an
sample output as in Fig. 5.11.
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Figure 5.11: No Solution Available — Scenario 5, Crane Capacity Tests
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Some interesting findings from the results of crane capacity tests are drawn
below. First, the GA model gave favourable and consistent results in 5 independent
tests within only 50 generations. Since the site layout (including the installation
locations, the tower crane locations and the supply point locations) and the tower crane
configurations are the same; the fitness values of those tests are comparable. The best
result is found in scenario 1 with the value of hoisting time of 3.00 minutes. The
constraints are imposed more severely in the subsequent scenarios 2, 3, and 4. As a
result, the GA model found the longer hoisting time of 3.15, 3.18, and 3.39 minutes,
respectively. This is logical since the best solution in previous scenario violates the
more severe constraints in the new scenario (see Fig. 5.7 to 5.10) and thus is rejected.

Secondly, it seems that the GA model works for precast installations as
effectively as the model of Zhang et al.,, (1995) in the cast in-situ concrete
construction. To highlight the effectiveness of the GA model, the results obtained are
compared with the fitness value of 4.31 minutes (one of the common values of the
hoisting time found during the GA evolution of the four scenarios). If the solution with
that fitness value is chosen in real practice, the optimal solution in each scenario may
save as much as 43 % in scenario 1 to at least 27 % in scenarios 4. According to Zhang
et al. (1995), their model can save from 20 to 40% of the horizontal hoisting time.

Lastly, the more constraints about crane capacity, the harder the GA model is to
find the best solution. While GA model found the best solution in scenario 1 after
average of 2.2 generations, it took an average of 5.6, 13.2 and 14.2 generations in
scenario 2, 3, and 4 respectively (from Fig. 5.12). This can be explained by the

sparseness of the solution space as discussed in section 3.4.3.
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5.1.2 Testing the Symmetric Layout

One of the most important issues is to ensure the GA model exhaustively find
the best solution all over the search space. The test series of the symmetric layout can
prove the performance of GA model. In the symmetric layout problems, there will be
at least 2 symmetric solutions. How the model behaves in such cases? How it can
recognize the symmetric solutions? The performance of GA model is also illustrated in
how often it finds one of those symmetric solutions as compared to others. If the GA
model can find symmetric solutions in relatively equal number of independent runs, it
might show that the genetic search mechanism works well all over the search space.

The test is implemented with 4 different scenarios in order to test GA results.
Different scenarios are created by controlling the number of supply points and their
locations such that the symmetric solutions can be recognized and tested. The
scenarios chosen highlight either the symmetric or non-symmetric layout of crane

locations and/or supply point locations. The site lay out is described in Fig. 5.13.
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Figure 5.13: The Tower Crane Layout — Symmetric Layout Tests
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GA tests are conducted with Py = 0.9, Pyt = 0.5, Preplace = 0.25, Npop = 10 and

N total — 50

generations —
Scenario 1: Symmetric layout test. In this scenario, there are 3 possible crane
locations, 4 lifted modules and 4 supply points. They all share a vertical line of
symmetry. The test results are summarised in table 5.2 and illustrated in Fig. 5.14.

Table 5.2: Summary Results of Two Symmetric Solutions — Scenario 1

Solution 1 2

Tower Crane Location Chosen

Crane 1 Ls Ls
Supply Point Chosen - Lifting Sequence
Lifted Module 1 S;-2 S -1
Lifted Module 2 S,—-4 S,-4
Lifted Module 3 S;-3 Ss—3
Lifted Module 4 S,-1 S;-2
Fitness (minute) 2.78 2.78
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Figure 5.14: Results of the Optimised Tower Crane Layout — Scenario 1,
Symmetric Layout Tests
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GA model found the first solution (illustrated by continuous line) 3 times in 5

independent runs and the alternative solution (illustrated by centre line) 2 times in 5

independent runs of the scenario 1 (see Fig. 5.18)

Scenario 2: Non-symmetric layout test. In this scenario, there are 3 possible

crane locations, 4 lifted modules and 3 supply points. The crane locations and demand

points share a vertical line of symmetry. The results are non-symmetric.

The location L3 governs with the total hoisting time of 2.78 minutes.

The lifted assignment policies are that lifted module 1 & 3 are delivered at

supply point S;, lifted module 2 & 4 at S, & Ss respectively. The recommended lift

sequence is 1-4-3-2 as illustrated in Fig. 5.15.
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Figure 5.15: Results of the Optimised Tower Crane Layout — Scenario 2,
Symmetric Layout Tests

Scenario 3: Symmetric layout test. In this scenario, there are 2 possible crane

locations (exclude L3), 4 lifted modules and 4 supply points. Supply points, crane

locations and demand points share the same vertical line of symmetry.

108



Chapter V: Applications of GA Model to solve CLP

The test results are summarised in table 5.3 and illustrated in Fig. 5.16.

Table 5.3: Summary Results of Two Symmetric Solutions — Scenario 3

Solution 1 2
Tower Crane Location Chosen
Crane 1 L, Ly
Supply Point Chosen - Lifting Sequence
Lifted Module 1 S,-2 Si-1
Lifted Module 2 Si-1 S3—2
Lifted Module 3 Sy—4 Si1—-4
Lifted Module 4 S4—3 S1-3
Fitness (minute) 2.83 2.83
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Figure 5.16: Results of the Optimised Tower Crane Layout — Scenario 3,
Symmetric Layout Tests

GA model found the first solution (centre line) 4 times in 10 independent runs
and the alternative solution (continuous line) 3 times in 10 independent runs of the
scenario 3. In the other 3 runs, the best solutions have not been found yet (see Fig.

5.18).
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Scenario 4: Non-symmetric layout test. In this scenario, there are 3 possible
crane locations, 4 lifted modules and 2 supply points. The crane locations and demand
points share the same vertical line of symmetry. The results are non-symmetric.

The location L; governs with the total hoisting time of 2.83 minutes.

The lifted assignment policies are that lifted module 2 is delivered at supply
point S, the rest at supply point S;. The recommended lift sequence is 1-2-4-3 as

illustrated in Fig. 5.17.
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Figure 5.17: Results of the Optimised Tower Crane Layout — Scenario 4,
Symmetric Layout Tests

This test was meant to check if given non-symmetric supply points, the GA
returns the exact solution as in the scenario 3 solution. In scenario 3, when all the
supply points, crane locations and installation points are symmetric, there are two
symmetrical solutions. In this scenario, we restrict 2 out of 4 supply points, and then
only 1 solution from the above scenario survives. The GA performances of 4 scenarios

of symmetric test series are gathered in Fig. 5.18.
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Figure 5.18: GA Performance in Independent Runs of Each Scenario from 1 to 4 — Symmetric Layout Tests
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From the test results, it can be seen that the GA model can distinguish
symmetric solutions in different runs. The number of runs that found symmetric
solutions is relatively equal. For example, in 5 independent runs of scenario 1, GA
model found the first solution 3 times (the 1%, 3" and 4™ run) and the alternative
solution 2 times (the 2" and the 5™) as in Fig. 5.14 — scenario 1. Alternatively, in 10
independent runs of scenario 3, GA model found the first solution 4 times (the 1%, 5",
9™ and 10" run) and the alternative solution 3 times (the 4™, 6™ and 8") as in Fig. 5.14
— scenarios 3.

From this series of tests, we can see other features of GA model that its
performance is closely related to the ratio of the number of optimal solutions and the
search space. For example, in scenario 2, the search space is smaller (less than one
supply point) compared to scenario 1, however, GA performance in scenario 1 is better
since their possible solution is double as in scenario 2 thanks to the symmetric
solutions. In the symmetric case, GA model can be easier to find a good prototype of
chromosome to exploit and then find the optimal solutions.

The number of optimal solutions may be larger than one, for example, in
symmetric solutions there are at least two optimal solutions. If more than one crane in
the database has the same configurations, the number of best solutions is multiple
according to the number of cranes of same model in the database and the number of
crane of that model will be used in the project. For instance, if there are two cranes of
the same model in the database and there will be only one crane used in a project, the
number of best solutions is two. It is because the model recognises a solution of each
crane in the database as a different solution, regardless to the fact that they can be of

the same model.
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The size of the search space depends on the size of its components, such as the
number of possible crane locations, the number of supply points and the number of
small group of lifted module(s). The search space of the first scenarios is 4*.3 = 768
possible solutions, while that of the scenario 2, 3 and 4 is 243, 512 and 48 respectively.
The corresponding ratio between the number of solutions and the search space of the
four scenarios 1, 2, 3 and 4 are 0.26%, 0.41%, 0.39%, and 2.08% respectively. The
best performance of GA is clearly seen for scenario 4, where the optimal solution is
found within about 5 generations only. The good performance of GA model in
scenario 1 despite of its small ratio might be explained by the good exploiting feature
of GA operators that takes full advantage of location L; and GA only finds the best
solution by trying different lifted assignment policies. Although scenarios 1 and 3 both
have symmetric solutions, GA was harder to find the best solution in scenario 3 rather
than in scenario 1 because in scenario 3, the symmetric solutions is not only different
in lifted assignment genes but also the crane locations. In such case, GA is expected to

work well on both exploitation and exploration to find the best solutions.

5.1.3 Testing the Interaction between the Supply Point Locations and the Crane

Locations

The interaction between crane locations and supply point locations was
mentioned in Tam et al. (2001) that the change in supply point locations can affect the
choice of crane locations and vice versa. In this study, through a number of tests, this
interdependent relation has been observed. It can be seen that the changes in crane
location layout may result in different supply point layout and different installation
sequence. For example, the omission of crane location Lz in scenario 3 in crane
symmetric test series changes not only the crane locations but also the supply point

layout and lift sequence as shown in table 5.4.
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Table 5.4: The Changes of Supply Points and Lift Sequence in Scenario 1 to Scenario 3 of
Symmetric Layout Tests Due to the Change of Tower Crane Layout

Scenariol S; S, S; S, SeqLui(ztnce Scenario3 S; S, S3 S, Se(;_uief:tnce
Module 1 X 2 Module 1 X 2
Module 2 X 4 Module 2 X (D)
Module 3 X 3 Module 3 X 4
Module 4 X 1) Module 4 X 3)
Alternative (symmetric) solution
Modulel X 1) Modulel X Q)
Module 2 X (@) Module 2 X 2
Module 3 X 3 Module3 X (@)
Module 4 X 2) Module 4 X 3)

On the other hand, a change in supply point locations may result in a new tower
crane layout. For example, in the crane capacity tests, the weight of lifted modules is
changed to check the new solution given by GA model. The changed weight of lifted
module, eventually causes them to be reallocated in a new supply points, and then, as
proven in the scenarios, creates a new tower crane layout. The tower crane location has
switched from L; in scenario 1 to L, in scenario 2 and to L3 in scenarios 3 and 4.
Similarly, the direct changes in supply point layout as in the scenarios of the
symmetric tests also result in different crane location layout. The omission of supply
point S4 in scenario 2 and both S, & S, in scenario 4 eliminated the symmetric solution

as in scenario 1 and 3 respectively, resulting in only tower crane layout.

5.1.4 Selection of the Crane Locations

Selecting tower crane locations is among the most important task in site facility
layout for high-rise building. Even when there is only one crane and one supply point
on site, the tower crane location is not easy to chosen with quantitative reference,

especially there are a great number of possible locations. The GA model can be used to
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choose the tower crane location according to the total hoisting time of all tasks. This

application is indeed a small application of the general CLP.

5.1.5 Selection of the Supply Points

If the tower crane location is predetermined, the CLP is simplified as to choose
the supply points on site. As discussed in section 7.1.3, the supply point layout also
takes an important role in the whole facilities layout since it can affect to the working
efficiency of the tower crane. The GA model can be used to select supply points for a

fix tower crane layout. This application is also a small application of CLP variety.

5.1.6 Crane Assignment Policy — Balancing the Crane Work

When multiple tower cranes are used, one problem is how to balance crane
work such that they can work the most efficiently. A good task assignment to cranes
can help to obtain the total small hoisting time, thus reducing the construction time. On
the other hand, an inappropriate crane assignment policy (e.g., one crane will lift most
of the modules while other cranes are idle) certainly results in a longer total hoisting
time. For example, in Fig. 4.3, it can be seen that crane 3 is left idle in batch (k-1)
while crane 1 has two tasks. If crane 3 can share the work with crane 1, it definitely
reduces the idle time of that crane and the total hoisting time in batch (k-1). The GA
model can be used to balance the crane work such that the total hoisting time of them
is minimized.

5.1.7 Deciding the Number of Cranes

One of the tasks in crane planning is to decide how many crane are needed for
a particular project. For tower crane planning, since the crane’s service is within its
reach, the number of cranes can be calculated based on the site coverage requirement.

Alternatively, the number of cranes also can be reckoned based on the construction
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completion time. From the distribution of the lifted work during the construction
process, the GA model calculate the total hoisting time for a tower crane (or a group of
tower cranes) and the total hoisting time, in turn, to be the criterion to determine the
number of cranes. If the user cannot decide how many cranes will be used, the program
will take the number of crane available in the database as the default value for its
course.

The following number-of-crane tests aim to check if the model chooses a good
number of cranes for different projects. Two small examples are taken with different
scenarios to test the GA results. The examples are designed in order to particularly
highlight the cases where the program should use more than one crane and the cases
where only one crane is preferable. In each example, the tests are conducted with 3
options (N ¢rane = 1, 2 and 3), one after another.

In the small examples, there are 3 possible crane locations, 4 lifted modules and
2 supply points. Crane locations and demand points share the same vertical line of
symmetry. There are only 3 cranes available in the database. The tower crane layout is
illustrated as in Fig. 5.19 (next page).

To impose the suitable number of cranes, we control by the priority matrix.
Two scenarios are presented, the first one with the priority matrix of 1-1-1-1 for 4
lifted modules, meaning that the 4 jobs are independent and can be installed in the
same batch and the second scenario is with the priority matrix of 3-3-2-1, meaning that
the 4™ module has to be installed first, then the 3™ one, and lastly the 1 and 2™ can be
install at the same time. The former creates good conditions to use more cranes to
achieve the shorter hoisting time while the latter scenario would prefer less number of
cranes since it is no use to more cranes and let them idle. Using multiple cranes in this

case may result in a total longer hoisting time. The results are tabulated in the table 5.5.
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Figure 5.19: Tower Crane Layout — the Number-of-Crane Tests

Table 5.5: Results of the Number-of-Crane Tests

1* scenario Test’s number Best
1-1-1-1 112 (34|56 |7]8|9]10 Fitness
1 crane S R e T AR I B 1.34096
2 cranes S N I T U Y AT A A S I 1.16322
3 cranes S I I O A I I A 0.992595

2" scenario Best
3.3.9.1 1123|4567 |8]9]10 Fitness
1 crane S T A R R O 1.34096
2 cranes SN R S 0 R e e O 1.34096 *
3 cranes + - - - -] - - 1.34096 *

(*) The number of crane is automatically reduced to 1.

(+) GA model is successful to find optimum in 50 generations.

(-) The optimum solution has not yet been found after 50 generations.
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It can be seen that, generally, with the more number of crane provided, the
worse GA performs. There seems to have an exception in the 1% scenario when N ¢rane
= 3 has very good chance of success, this phenomenon once again, can be explained by
the high ratio of the number of the optimal solutions and the size of the search space. It
should be noted that, to simplify the situation, the crane configurations for every crane
in library are the same, thus the number of the optimal solutions in this scenario is
(3*2*1)*(3*2*1)*(4%) = 2304. The size of the search space is (3*2*1)*(4%)*
(4%%(3*2*1) = 36864 solutions. The ratio of the number of the optimal solution and
the size of the search space is 1/16 (very high). In scenario 1 with Neane = 2, the
number of optimal solutions is 3*(3*2*1)*(4%) = 288 while the search space is
(3*2)*(4%)*(4%)*(3.2) = 9126 solutions. The ratio of the number of the optimal solution
and the size of the search space is 1/31.6875. Thus, even with the larger search space

and number of cranes, GA performance with Ncrane = 3 in Scenario 1 is better.

5.1.8 Refinement of the Lift Sequence — Crane Scheduling

The installation order of lifted modules may change due to practical constraints
or construction techniques. The model also can be used to test the proposed lifted
sequence if it is better in terms of total hoisting time and other related criteria such as
crane collision possibility. The refinement of lifted sequence directly leads to a

practical tower crane(s) scheduling.

5.1.9 Pre-caster Deliverer Plan

Since the GA model can determine the delivery point for each lifted task, it
may be of usefulness to utilize those results in planning for pre-caster schedule. Base
on the number of lifted module at each supply point, as well as their installation
schedule it is possible to issue a suitable delivering plan for pre-casters or for auxiliary

equipment to deliver precast units from temporary storages.
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5.1.10 Further Development - Checking the Supply Point Capacity

If the supply point capacity is taken into account, the GA model can be used to
check the sufficient capacity of each supply point to ensure that it can store all the
assigned lifted units (for a period of time) or large enough for the site operations such
as concreting or steel work. This application gives a more realistic assignment plan for

different supply points on site.

5.2  Practical Application — A Case Study in PUNNGOL Site

Case studies have been carried out to test the GA model for practical projects.
Those case studies are aimed to test the model in large-scale projects. The GA model
has been employed to design tower crane layout in a project of Poh Lian Construction

Pte. Ltd. in Punggol site. The project information is tabulated in table 5.6.
5.2.1 Project Information

Table 5.6: Summary of Project Information

Name Punggol East Contract 31
Developer Housing and Development Board (HDB)
Poh Lian Construction Pte Ltd, a wholly-owned
Contractor subsidiary of UFS.
Expected year of completion 2006
Estimated Contract Value S$87.7 million

The Project consists of 10 blocks of flats with 582 dwelling units and a
basement car park. The 10 block of high-rise precast buildings are symmetric, so it is
possible to consider half of the project. The left side of the project consisting of block
635A-635B-635C and 636A-636B is chosen. The crane work of the basement car park

is not considered.
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Figure 5.20: Total PUNGGOL Site Layout — Poh Lian Project

Based on the foundations of the building footprint and the site constraints, the
possible tower crane locations are proposed. It is noted that, due to the presence of the
LRT line along the North side of the site, crane location are restricted to this area
according to Singapore regulations. Also, considering the external access and site

constraints, the possible supply points are predetermined.

The company has 6 models of Comansa tower
cranes of 2 Linden LC-2070 and 4 Linden LC-
2074. A picture of a tower crane Linden LC-

2074 is presented beside.

Figure 5.21: Tower Crane LC-2074
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The configurations of these cranes are attached in appendix B. Based on the coverage
requirements of the site, it is determined that there will be two tower cranes to serve
the three blocks 635A- 635B- 635C and there will be only one tower crane to serve
block 636A and 636B. Therefore, the two groups of buildings are treated separately as

illustrated below.

Figure 5.22: Key Plan of Two Groups of Blocks 635A-635B-635C and 636A-636B

5.2.2 Implementation of the GA Model - Data Preparations

To find out the possible crane locations, considerations are made taking into
account the restriction of building foundations, restriction of the site, coverage
requirements (of the LC-2074 with 40-meter boom), and dismantling procedures. It is
also noted that the final standing height of the tower crane is 74.1 meters so there is
necessary to tie its mast to the building. The proposed crane possible locations are
chosen such that they are near the main vertical structures that can provide enough

strength for those connections.
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5.2.2.1 Block 636A & 636B — Single Tower Crane

There are total of 5 possible locations for tower crane locations as in table 5.7.

Table 5.7: Possible Tower Crane Locations — Block 636A & 636B — PUNGGOL Site

Co-ordinates

Name
X Y Z

Note

L1 13.0 14.8 66.0

L2 16.80 6.3 66.0

L3 21.50 14.8 66.0

In middle of the site, making use of other tower
cranes in assembling and dismantling procedures.

L4 37.00 29.6 74.1

LS 32.70 38.0 74.1

Near the south boundary of the site with access,
using mobile cranes to assemble and dismantle.

The possible supply/delivery points for the crane are determined based on the

availability of access roads, site constraints (space availability) and the coverage area

of the 40-meter boom tower crane (Linden LC-2074). There are three possible supply

point locations for the two block 636 A & B as tabulated in table 5.8.

Table 5.8: Possible Supply Point Locations — Block 636A & 636B — PUNGGOL Site

Co-ordinates

Name
X Y Z

Note

S1 13 325 1.0

Near road access, on the way to internal

transportation paths.

S2 39.3 35.0 1.0

Near road access, separate from the internal
transportation path on site.

S3 48.8 12.5 1.0

Internal site position, dependent on the
internal transportation on site

The precast components, their weights and locations are calculated from

detailed drawings. They are grouped in small groups based on the geometric of the

building, type of elements and installation order. Details of name, coordinates, weight,

group and installation priority of all precast units can be found in section B.5.

The site layout is illustrated as in Fig. 5.19.
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@)
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Figure 5.24: Layout of Vertical
Members (Precast Columns, Walls,
Chutes and Core Lifts) of Block 636A
& 636B - PUNGGOL Site

The precast elements are grouped
according to their  geometrical

locations.
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Figure 5.25: Layout of Horizontal
Members (Precast Beams) of Block
636A & 636B — PUNGGOL Site

The precast beams are grouped

according to  their  geometrical

locations and installation order.




Chapter V: Applications of GA Model to solve CLP

Figure 5.26: Layout of Horizontal
Members (Precast Flanks) of Block
636A & 636B — PUNGGOL Site

The precast flanks are grouped

according to their geometrical

locations.
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5.2.2.2 Block 635A, 635B & 635C — Multiple Tower Cranes

There are total of 13 possible locations for tower crane locations as in table 5.7.
These locations are in four groups in the areas between the three blocks. Since the
number of blocks is three while the number of cranes is two, at least one crane will
work in two blocks, or the middle block will be served by both cranes. This feature of

the project will affect on the task grouping to define the working zone of each crane.

Table 5.9: Possible Tower Crane Locations — Block 635A, B & C — PUNGGOL Site

Co-ordinates

Name Note
X Y z
L6 -4.1 -15 66.0
Group 1:
L7 0.7 -15 66.0 In middle of the site, making use of other tower
cranes in assembling and dismantling procedures.
L8 -4.1 -5.1 66.0
L9 -6.0 -20.0 74.1
Group 2:
L10 -10.8 -20 74.1 Near the south boundary of the site with access,
using mobile cranes to assemble and dismantle.
L11 -6.0 -23.6 74.1

L12 7.0 -38.5 74.1

Group 3:

L13 12.7 -38.5 74.1 Near the south boundary of the site with access,
using mobile cranes to assemble and dismantle.

L14 15.0 -42.2 74.1

L15 232  -16.7 7410 Group 4:
In middle of the site, making use of other tower
L16 17.0 -20.0 741 cranes or using mobile cranes (from internal

positions) in assembling and dismantling
L17 245 236 741 procedures.

® If using another tower crane to help
dismantling/assembling this tower crane in these
locations, the height of the crane is 66.0 meters.

L18 27.7 236 7410

It should be noted that if the crane locations in group 2 and 3 are in the North side of
the site, where there presents the LRT line nearby. Thus, if those locations are chosen,
further considerations should be made to conform to the Singapore building

regulations concerning the safety aspect.
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The possible supply/delivery points for the crane are determined based on the
availability of access roads, site constraints (space availability) and the coverage area
of the 40-meter boom tower crane (Linden LC-2074). There are five possible supply

point locations for the two block 635 A, B & C as tabulated in table 5.10.

Table 5.10: Possible Supply Point Locations — Block 636A, B & C — PUNGGOL Site

Co-ordinates
Name Note

X Y Zz

Near road access, separate from the internal
S4 -16.7 166 1.0 transportation path on site

Near road access, separate from the internal
55 -17.5 -24.3 1.0 transportation path on site

Near road access, separate from the internal
S6 21 ~39.7 1.0 transportation path on site

Internal site position, dependent on the internal
S7 40.0 -16.8 1.0 transportation on site

Internal site position, near road access to internal
S8 a4.7 -44.1 1.0 transportation paths

The precast components, their weights and locations are calculated from
detailed drawings. They are grouped in small groups based on the geometric of the
building, type of elements and installation order. Details of name, coordinates, weight,
group and installation priority of all precast units can be found in section B.5.

The site layout is illustrated as in Fig. 5.27.
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Figure 5.28: Layout of Vertical
Members (Precast Columns, Walls,
Chutes and Core Lifts) of Block 635A ,
635B & 635C — PUNGGOL Site

The precast elements are grouped

according to their  geometrical

locations.
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Key plan
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5.2.3 Results

The plan layout of the building is the same for every floor, and the lift cycle is
repeated for every two floors. Therefore, without the loss of generality, the tower crane
lay out can be decided by using the GA model for only one cycle of installation (one
batch for vertical members and two floors for horizontal members). The CLP in Block
636A & B is implemented in two scenarios, (1) for the 2 and 3 floors and (2) for the 13
and 14™ floors to see the effect of building height to the site facility layout. Each
scenario applied the GA model in four different runs to test the consistency and

convergence of the results. The results are summarised below.

5.2.3.1 Block 636A & 636B — Single Tower Crane

In both scenarios, the tower crane location L, governed. The Linden LC-2074
has enough capacity to serve all the lifted tasks during installations. The lifted

assignments of lifted group to supply point are tabulated as in table 5.9.

Table 5.11: Lifted Assignments of Groups of Precast Components to Supply Points

Group Supply point Group Supply point Group Supply point

Name chosen Name chosen Name chosen
1 S, 13 S: 25 S,
2 S; 14 S, 26 S,
3 S 15 S, 27 Sy
4 S, 16 S, 28 S:
5 S, 17 Sy 29 S,
6 S, 18 S, 30 Sy
7 S 19 S, 31 S
8 S: 20 S 32 Sy
9 S: 21 S, 33 S
10 S, 22 S: 34 S,
11 S, 23 Si
12 S, 24 S
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GA tests are conducted with Py = 0.9, Pyt = 0.1, Preplace = 0.25, Npop = 70 and

N ol = 10000 (only first 1000 generation is shown in Fig. 5.27 and 5.28). The

generations
total hoisting times are 488.5 and 1078.4 minutes in scenarios (1) and (2) respectively.
The difference between the two results shows that the vertical hook movements takes
an importance part in high-rise buildings.

It is also found that there is no change in the site layout (i.e. the change in the
optimal location of tower crane and/or supply points) in the two scenarios. It is because
the plan layout of the building is the same for every floor and the hook movements
between vertical and horizontal directions are assumed to be consecutive. Therefore,
the site facilities should not change as the building gets higher.

The GA performances of the two scenarios are illustrated in Fig. 5.31 and 5.32.
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Figure 5.31: GA Performance of 4 Independent Runs in Scenario 1 — The First Typical
Cycle of Installation (2™ and 3™ Floors) - Block 636A&B - PUNGGOL Site

The difference between the best of 70 random solutions in the initial population and

the optimal is (580-488.5)*100%/488.5 = 18.73 % while the difference between the
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mean fitness value of the first population and the optimal one is about (780-
488.5)*100%/488.5 = 59.67%. Those numbers show how effective the GA model can

save for the hoisting time of tower crane.
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Figure 5.32: GA Performance of 4 Independent Runs in Scenario 2 — The Last Cycle of
Installation (13" and 14" Floors) - Block 636A&B - PUNGGOL Site

In this scenarios, the difference between the best of 70 random solutions in the
initial population and the optimal is (1165-1078.4)*100%/1078.4 = 8.03 % while the
difference between the mean fitness value of the first population and the optimal one is
about (1350-1078.4)*100%/1078.4 = 25.18%. This numbers are smaller as compared
to the previous scenario because for the last installation cycle (13" and 14™ floor) the
hoisting time of vertical movement contributes more than 50% of the total hoisting

time while the GA model is to optimize the horizontal movement only.

5.2.3.2 Block 635A&B&C — Multiple Tower Cranes

The multiple tower crane tests are applied for block 635A, B & C in Punggol

site. The total hoisting time is calculated for the installation of the structural precast
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components of the second floor only. Total structural precast components are grouped
in 12 groups according to blocks. The first three groups are the total vertical structures
including columns, shear walls, lift cores, and refuse chutes of the three blocks. These
groups are in the first batch and have the first lifting order (priority 1). The next batch
consists of the three groups of primary beams with priority 2. Then, the third batch
with secondary beams with priority 3. The last batch (priority 4) includes the three
groups of precast flanks of the three blocks.

GA tests are conducted with Px = 0.9, Pmyt = 0.1, Preplace = 0.25, Npop = 28 and

N ol = 10000 (only first 400 generation is shown in Fig. 5.30).

generations

The two locations L7 and L;s are chosen while the actual locations on site are
L7 and L. Two tower cranes Linden LC-2074 are chosen from the crane library. The
lifted assignments of lifted group to supply point, to crane and the tower crane chosen

from the database are tabulated as in table 5.10.

Table 5.12: Assignment Policies for Groups of Precast Components - Optimised Solution

Group Supply point Group Assign Job to Group Tower Crane

Name chosen Name Tower Crane Name chosen
1 4" (S)) 1 2" (L) 1 5" (Ts)
2 2" (Ss) 2 1% (L) 2 2" (T))
3 2" (Ss) 3 1% (Ly) 3 2" (T,)
4 4" (S)) 4 2" (Lys) 4 5" (Ts)
5 2" (Ss) 5 1% (Ly) 5 2" (T,)
6 3" (S) 6 1% (Ly) 6 2" (T,)
7 5" (Se) 7 2" (L) 7 5" (Ts)
8 2" (Ss) 8 1% (L) 8 2" (T))
9 3" (Se) 9 1% (L) 9 2" (Ty)
10 5" (Sg) 10 2" (Lys) 10 5" (Ts)
11 2" (Ss) 11 1% (L) 11 2" (T))
12 3" (Se) 12 1% (L) 12 2" (T))
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The optimal total hoisting time is 336.252 minutes. The optimised tower crane

layout for both of the two groups of blocks is illustrated in figure 5.33.
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Figure 5.33: Optimised Tower Crane Layout of PUNGGOL Site

The assembling of the group of tower cranes is described below. First, a 400-
ton mobile crane helps to assembly the tower crane at L5 at the middle of the site. This
tower crane is the used to assembly the other tower cranes at location L, and L;. The
dismantling procedure is inverse order. Tower crane at Lis dismantles the other two
tower cranes first. Lastly, the mobile crane helps to dismantle this tower crane.

Since this solution is different from the actual tower crane layout chosen on

site. Further test is conducted to compare the efficiency of the GA model versus the
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actual solution on site. The optimised tower crane layout generated by the GA model is
similar to the proposed tower crane layout in real site practice. Two out of three tower
crane locations are the same (L, and L;). The third tower crane location in the
optimised solution is at location Lis while that of the actual site solution is at location
Lio. The GA model is used to check the actual solution on site proposed by the site
engineer. The result of this test is presented below.

The actual locations chosen on site are Ly and L;2. GA model tries to optimise
the tower crane supply points and assignment policies only. Two tower cranes Linden
LC-2074 are chosen from the crane library. Since the tower crane locations is changed,
the supply points and the crane assignment are also changed. The lifted assignments of
lifted group to supply point, to crane and the tower crane chosen from the database are

tabulated as in table 5.11.

Table 5.13: Assignment Policies for Groups of Precast Components — On Site Solution

Group Supply point Group Assign Job to Group Tower Crane

Name chosen Name Tower Crane Name chosen
1 4" (Sy) 1 2" (Ly) 1 2" (T))
2 1% (S4) 2 1% (L) 2 1% (Ty)
3 2" (Ss) 3 1% (L) 3 1% (Ty)
4 4" (S)) 4 2" (L1p) 4 2" (T))
5 1% (S,) 5 1 (L) 5 1°(T))
6 4" (S)) 6 1% (L) 6 1% (Ty)
7 5" (Se) 7 2" (L1p) 7 2" (Ty)
8 2" (Ss) 8 1% (L) 8 1% (Ty)
9 2" (Ss) 9 1% (L) 9 1% (Ty)
10 5" (Se) 10 2" (Lyo) 10 2" (T,)
11 2" (Ss) 11 1% (L) 11 1% (TY)
12 2" (Ss) 12 2" (L) 12 2" (T))
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The location L, is at the North side of the site, where presents the LRT line. Thus,
precautions have been made to ensure the installation and operations of the tower crane

are safe. The tower crane is tied into the building for its stability. The actual tower

crane layout on site is illustrated in Fig. 5.34.
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Figure 5.34: Actual Tower Crane Layout of PUNGGOL Site

The assembling of the group of tower cranes is described below. First, a 400-
ton mobile crane helps to assembly the tower crane at L;» from the side of the site.
This tower crane is the used to assembly another tower crane at location L; and this
tower crane, in turn, helps to assembly the tower crane at location L,. The dismantling

procedure is inverse order. Tower crane at location L; helps to dismantle the one at
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location L,. Tower crane at Lj, dismantles the tower crane at location L;. Lastly, the

mobile crane helps to dismantle this tower crane at L, from the North roadside. In

fact, the optimised tower crane layout had been proposed to be used before by the site

engineer, with his own reasoning. However, he then preferred the actual tower crane

layout than the optimised one since he thought it would be easier for the mobile crane

to assembly or dismantle the tower crane from the roadside than from the middle of the

site. The optimal total hoisting time is 377.187 minutes. The GA performance of Block

635A-B-C of the optimised test and the actual site layout test is presented in Fig. 5.30.
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The difference of the fitness between the optimised solution and the actual
solution chosen on site is (377.187 — 336.252) = 40.935 minute. Thus the program can

help to save about 40.935*100/336.252 = 12.17 % of total hoisting time.
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CHAPTER VI: CONCLUSIONS, ASSESSMENTS AND

RECOMMENDATIONS FOR FURTHER STUDY

6.1 Conclusions

The Genetic Algorithm (GA) model as proposed in this study can successfully
solve the Crane Location Problem (CLP) with multiple cranes, multiple possible crane
locations, multiple supply points, and with real configurations of available cranes in the
company’s list.

The GA model performs best on the problems with (a) small number of possible
supply points and (b) when all the cranes in the database can satisfy the lift capacity
requirements. The former implies that a large number of possible supply points (e.g.
Nsupply = 10) can create a huge search space. The latter can be explained by the
sparseness of the solution space in section 3.4.3. The crane capacity constraints make
the solution space discontinuous and thus cause difficulty for GA during its search.
This is a typical characteristic of most optimization methods; adding more constraints
correlates to increased difficulty in solving the problem.

The disadvantage of the present method is that, although genetic algorithms are
conceptually simple and well-suited to problems with a mix of continuous and discrete
variables, the implementation is far from trivial. There is actually a great deal of work
(as described in chapter 4) to implementing GA on real problems with large search

spaces.

6.2  Assessments

Efforts have been made to build a computer program to aid practitioners finding

the optimise solution for the CLP. This has been the first program developed to solve
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the CLP for the high-rise precast construction projects. The program is also one of few

programs that can deal with multiple tower cranes. Moreover, the program takes into

account the effects of the safe installation order (the lifting sequence), the balance

movements of tower crane, the various configurations of different tower crane models

available, and the inter-dependent relation between tower crane locations and supply

point locations. These mentioned features make the program practical and relevant to

real site practices. The following potential benefits of the CLP model are identified:

6.3

The GA model will be integrated with an application program called I-LIFT
that aims to provide aids for practitioners during the lift planning process in
precast construction project. The GA model will act as an optimiser to
choose the best solution from the available ones. Thus, the GA model is a
helpful tool for expert practitioners (site engineers/ project managers etc.) to
solve the CLP with quantitative assessment on related factors.

The program also can be used as an instruction tool for training new and
inexperienced site practitioners about lift management with regards to tower
crane operations, safety aspect, and management of facilities layout.

The final site facility layout reports, the task assignment reports and the
recommended lift sequence can be used directly to manage various related
tasks on site. For example, the information can be used to schedule the
installations jobs and the plan for supplier, to issue equipment rental plan, to
arrange for other site activities to ensure the work efficiency of tower crane,

and to prepare for the crane(s) foundation.

Recommendations for Further Study

Further improvements of the model can be carried out to enhance the GA

performance such that the program can find a suitable solution within an acceptable
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time. What can be done to improve the GA performance? Improving the operator’s
algorithm may be a good solution. The 1-point combinational crossover can be
upgraded to 2-point combinational crossover since the 2-point crossover seems to work
better in some similar NP-hard combinational problems. Other advanced method is to
hybridize the representation. Combining the genetic algorithms with another search
algorithm such as hill climbing should provide immediate improvement.

Further developments of the model are also strongly recommended. These
developments can expand the scope of applications of the program in the following
directions: (1) Control multiple crane collisions; (2) Control the supply point capacities
and (3) Extent the scope of the program for crane work in the conventional cast in-situ
projects.

(1) Control multiple crane collisions: Develop a sub-program to calculate the
crane conflict indicator between two tower cranes according to the proposed
approach as discussed in section 3.1.5.3. With this part, the GA model can
be used to control collisions thus possible accidents can be avoided during
crane operations on site.

(2) Control the supply point capacities: Currently, the supply points are
assumed to have unrestricted capacity. In precast construction, the
limitations of the supply point can be handled by either the just-in-time
method (lifting the modules directly from trucks) or by using the auxiliary
lifting equipment (such as a mobile crane, or a truck carrier forklift) to help
to move the lifting modules from the temporary storage to its delivery points
on site. However, for better management of supply points, their capacity can
be taken into account by an additional module integrated into the objective

function of the main program. Basically, this improvement will create a
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@)

higher control of facility resources, i.e. the capacity of supply points. This
part can be an important and crucial improvement in the application of the
program to choose tower cranes for the cast in situ projects.

Extend the scope of the program for the conventional cast in-situ concrete
projects: This part is actually another objective function with the presence of
the material flow matrix between each pair of supply point and demand
point (the demand point is not the exact installation point as in the precast
concrete projects). The material flow should be the number of lifts

calculated based on the weight of the material transported.

Other minor improvements include:

(@)

(b)

Controlling the number of crane options: The user can predetermine the
number of cranes that will be used in a particular project rather than let the
program calculate all the possible alternatives and recommend the number
of cranes. The default maximum number of cranes is the number of
available cranes in the database.

Expanding the scope of the objective function to include another option of
the crane rental cost: This part can be implemented by introducing the
matrix of crane rental cost and other related cost such as cost for assembly
and dismantling operations for each tower crane model in the database. If
the market prices of the cranes are available, the program can give the

results with the minimum cost involved.
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APPENDIX A: PSEUDO-CODE FOR THE CUSTOMISED

GENETIC OPERATORS

Due to the lengthy and complicated of the real code written in C++ (about 150 pages
of codes), here below only presents the pseudo-codes for the customised genetic

operators.

A.1 Customized Initialiser

// Starting Initializer Operator

Create a blank genome with the length L yinary

(L vinary = Nerane*Niocation + (Nsupply + Nerane) *Nsmait_group + Nerane™ Navaitable )
Create an integer array with the length Lineger = 2*(Nerane + Nemail_group)-

Set all the alleles of the array to zero

Il Assign value for CLG:

Create a permutation array of Nigcation €lements

Swap the array randomly Njgcation times

For (int n = 0; n < Ngpane ; N++) {
Assign the random value from the swapped array to CLG using the
greedy algorithm

}

Transfer the assigned solution (in integer value) to binary representation

Map the binary representation of CLG into the blank genome

/I Assign value for SPG:

Create a permutation array of Ngppi, €lements

Swap the array randomly Ngyppiy times

For (int n = 0; N < Nsmait_group ; N*++) {
Assign random value from the swapped array to SPG using the
random number generator.

}

Transfer the assigned solution (in integer value) to binary representation

Map the binary representation of SPG into the blank genome
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A2

Il Assign value for CAG:
Create a permutation array of Ncrane €lements
Swap the array randomly Nrane times
For (int n = 0; N < Ngpa_group ; N*++) {
Assign random value from the swapped array to CAG using the
random number generator.
}
Transfer the assigned solution (in integer value) to binary representation
Map the binary representation of CAG into the blank genome
/I Assign value for CDG:
Create a permutation array of Nayailanie €lements
Swap the array randomly Nayaitaple times
For (int n = 0; N < Ngrane ; N++) {
Assign the random value from the swapped array to CDG using the
greedy algorithm
}
Transfer the assigned solution (in integer value) to binary representation
Map the binary representation of CDG into the blank genome
/I finish creating a chromosome
Place the chromosome to the initial population
IF N chromosome < N poputation Then
Continue to create new chromosome
ELSE
Stop creating new chromosome.
End IF (End of Initializer)

Start to evaluate fitness of chromosome in the initial population

Customised Combinational Mutation

The pseudo code of the customised combinational mutation is as below.

/[ Starting Combinational Permutation Operator

Choose a child chromosome to perform permutation operation.
Calculate number of permutation point (N mut = P mut™ Linteger)
IF (N mue < 0) Then Do nothing.

ELSE IF (0 <N my< 1) Then

Perform permutation according to possibility of p mu.
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ELSE // Perform permutation according to n ny > 1 (multiple mutating)
For (intn=0; n <N g n++) { Perform multiple mutation. }

RETURN new chromosome.

// End of mutation.

The pseudo code to perform a single permutation is as below.

/I perform a single permutation
/I after selecting a child chromosome to perform mutation
Generate a random number to choose the group of genes to perform mutation.
Find the corresponding group of genes (CLP, SPG, CAG or CDG)
IF (the group of genes to mutate is CLG or CDG) DO
Create a temporary array to store all possible solutions (A1)
Create another array to gather information from existing chromosome (A2)
Generate a combination array (A3) that rearranges Al according to A2.
Randomly choose another group of genes in A3
Swap genetic material between the two groups of genes.
RETURN the swapped chromosome in binary representation.
IF (the group of genes to mutate is SPG or CAG) DO
Create a temporary array to store all possible solutions (A’1)
Randomly chosen a group of genes in A’1.
Swap genetic material between the two groups of genes.
RETURN the swapped chromosome in binary representation.
RETURN The swapped chromosome

/lend of permutation.

When performing multiple mutations in the same chromosome (n m: > 1), the greedy
algorithms is also applied to ensure the most effective mutating procedure, i.e. to
ensure one group of genes is mutated only once. This procedure is illustrated below.

[/ Perform multiple mutating when n e > 1

Create a permutation array of Linteger

For (intn=0; n <N e N++) {
Assign the random value from the swapped array to CDG using the greedy
algorithms to specify the group of genes chosen

Perform permutation in chosen group of genes.

}

Return the swapped chromosome in binary representation
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A.3 Customised Combinational Crossover

The pseudo code of combinational crossover is as below.

/I Starting Combinational Crossover Operator
Choose a pair of chromosomes to perform permutation operation according to their
fitness. (Those chromosomes are called parents)
Randomly choose the crossover site using the random number generator
Map the crossover site to the corresponding group of genes (CLP, SPG, CAG or CDG)
Create new blank offspring chromosomes (1 or 2)
IF (the crossover site is in the group of CLG or CDG genes) DO
{//Perform 1 point OPMX in the CLG or CDG
Select the substring at random (according to the crossover site)
Exchange substring between parents
Determine mapping relationship
Legalize offsprings with mapping relationship to create new offspring
Copy this new phenotype to empty chromosomes
/I Exchange genetic material for all other groups of genes
Copy other genetic material from parents to fill in the offspring chromosomes
RETURN one or both two new offsprings.
IF (the crossover site is in the group of SPG or CAG genes) DO
/[Perform 1 point crossover in the SPG or CAG
Exchange the genetic materials of those group of genes of the two parents at
two sides of the crossover site.
Copy this new phenotype to blank offspring chromosomes
/I Exchange genetic material for all other groups of genes
Copy other genetic material from parents to fill in the offspring chromosome
RETURN one or both two new offsprings.

/I end of combinational crossover.
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A.4  Sample Code of the Greedy Algorithm to Assign Initial VValue for

CLG

// randomly assign value for the location genes with the greedy algorithm

for (intn=0; n < Ncrane; n++) {

/l generate new solution

int flaglc = 1;

while (flaglc==1){
flaglc = 0;

/l generate random number in the allowable range
InilRand1[n] = GARandomint( 0, ( Nlocation-1-n));

/I check the value generated from the randon number generator
if (InilRand1[ n] > (' Nlocation-1-n)|| InilRand1[n]<0){
flaglc =1;
} endif
} //end while

// assign the solution for a new group of CLG
InilArr2[ n] = InilArrl[ InilRand1[ n]];

/I shrink the temporary array (eliminate the chosen solution)
for (int p=InilRand1[ n]; p < (Nlocation - n); p++) {
InilArrdl[ p] = InilArrl] p+11;

} //end of for

} // end of for n
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APPENDIX B: PUNGGOL SITE - POH LIAN PROJECT

B.1 PUNGGOL Site — Poh Lian Project

Figure B.2: Total Site Layout — Poh Lian Project

Since the site consists of two symmetric groups of blocks. The tower crane
layout is planned for haft of the site, including block 636 A&B and block 635A, B & C.

Sample of the data of block 636A & 636B are presented in the flowing section.

B.2 Summary Data — Block 636A and 636B

There are total of 5 possible locations for tower crane to perform the lift jobs in block
636A & B. There are 3 supply points. All the lifting modules are grouped into 34 small
groups. There are total of 6 tower cranes in the database (two Linden 2070 and four
Linden 2074). There will be only one tower crane to work on both two blocks.

Niocation = 9; Nsupply = 3; Nsmail_group = 34; Navaitable = 6; Nerane =1

B.2.1 Supply Point Locations' Coordinates

There are total of three supply points with coordinates as below.

162



Appendix B: Punggol Site — Poh Lian Project

XS[1] = 1.3; YS[1] = 32.5: ZS[1] = 1;
XS[3] = 48.8; YS[3] = 12.5; ZS[3] = 1;

B.2.2 Crane Locations' Coordinates

XS[2] = 39.3: YS[2] = 35; ZS[2] = 1

There are total of five possible locations for the tower crane with coordinates as below.

XL[1] = 13; YL[1] = 14.8; ZL[1] = 74.1;
XL[3] = 21.5; YL[3] = 14.8; ZL[3] = 74.1;
XL[5] = 32.7; YL[5] = 38; ZL[5] = 74.1;

B.2.3 Crane Database

XL[2] = 16.8; YL[2] = 6.3; ZL[2] = 74.1;
XL[4] = 37; YL[4] = 29.6; ZL[4] = 74.1;

LINDEN LC - 2070 (total 2)

LINDEN LC-2074 (total 4)

Height under hook 40.0 - 70.0 m
Radius 30.0 - 70.0 m

Maximum jib end load 2700-6000 kg
(SR), 2500-7800 kg (SR/DR)

Maximum load 6000 kg (SR) - 12000 kg
(SR/DR)

Hoisting winch ES3 - 33 - 30: 33 KW
Trolley CS3-4.5: 4.5 KW 1 speed (SR) or
2 speeds (SR/DR)

Slewing GR - 8.0: 80 Nm (40m) 2x80 Nm
(60m) 3x80 Nm (70 m)

R 25 30 34
Q(SR/DR) 12 10.79 9.38

40
78

Height under hook 64.9 m
Radius 74 m
Maximum jib end load 2500 kg

Maximum load 12000 kg

Hoisting winch ES3 - 33 — 30: 30 KW
Trolley winch CS3 - 4.5: 4.5 KW

Slewing part GR - 8.0: 3 x 80 Nm 3 speed
Rope drum with three layers 318 m

R 25 30 34 40
Q(SR/DR) 12 10.75 9.355 7.8

B.2.4 Number of Lifted Modules in each Small Group (Ningroup)

All lifting modules are grouped into 34 groups. Ningroup IS the number of modules in
each groups. For example, the first 11 lifted modules in table B1 belong to group 1, the
next 11 lifted modules are in the second group and so on. The first 6 groups are of the
vertical structural precast elements including columns, shear walls and refuse chutes.
The next 6 groups are of primary beams. Then there are two groups of secondary
beams. The 15" group are the secondary beams of both the two blocks. The next 4
groups are of precast flanks. The 20™ and 21% groups are some vertical elements of the

next floor and so on.
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Ningroup[1] = 11; Mingroup [2] = 11; Ningroup [3] = 11; Ningroup [4] = 11; Ningroup [3] = 11
Ningroup [6] = 10; Ningroup [7]1 = 21; Ningroup [8] = 12; Ningroup [9] = 16; Ningroup [10] = 20;
Ningroup [11] = 12; Ningroup [12] = 15; Ningroup [13] = 16; Ningroup [14] = 16;

Ningroup [15] = 20; Ningroup [ 16 1= 27; Ningroup [17] = 24; Ningroup [18] = 26;

Ningroup [ 19 1= 24; Ningroup [20] = 6; Ningroup [21] = 6; Ningroup [ 22 ] = 21;

Ningroup [23] = 12; Ningroup [24] = 16; Ningroup [25] = 20; Ningroup [26] = 12;

Ningroup [27] = 15; Ningroup [28] = 16; Ningroup [29] = 16; Ningroup [30] = 20;

Ningroup [31] = 27; Ningroup [32] = 24; Ningroup [33] = 26; Ningroup [34] = 24;

B.2.5 Lift priority of each small group

Lift priority of each small group refers to the installation order of that small group. The
lift priority also mentions to the batch of the same type of lifted components. If two
groups has the same priority, they are in the same batch, and maybe of the same type
of lifted modules. In general buildings, the lifting priority starts from 1 (for elements in
the bottom of the building) and increase according to the height of the installation
points of the modules. Vertical structural elements usually starts a cycle of
installations. For example, the group of columns, shear walls and lift cores has priority
of 1. The primary beams have priority of 2, the 1% secondary beams have priority of 3,
the rest beams have priority of 4. The precast planks have priority of 5. Then a new
floor starts.

Priority[1] = 1; Priority[2] = 1; Priority[3] = 1; Priority[4] = 1; Priority[5] = 1;
Priority[6] = 1; Priority[7] = 2; Priority[8] = 2; Priority[9] = 2; Priority[10] = 2;
Priority[11] = 2; Priority[12] = 2; Priority[13] = 3; Priority[14] = 3; Priority[15] = 4;
Priority[16] = 5; Priority[17] = 5; Priority[18] = 5; Priority[19] = 5; Priority[20] = 6;
Priority[21] = 6; Priority[22] = 7; Priority[23] = 7; Priority[24] = 7; Priority[25] = 7;
Priority[26] = 7; Priority[27] = 7; Priority[28] = 8; Priority[29] = 8; Priority[30] = 9;
Priority[31] = 10; Priority[32] = 10; Priority[33] = 10; Priority[34] = 10

B.2.6 Installation Locations of Precast Elements

The installation locations and the weight of the structural precast elements are
calculated from the shop drawings and tabulated in table B1 below. Based on these
information, the GA model will test for the crane reach requirement (eq. 4.22) and the

crane capacity (e.q. 4.23) for each lifted module to ensure its safe installations.
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Table B1: Installation Locations of Precast Elements

Block 636A

Block 636B

Columns, Walls and Core Lifts: (13 and 14" floors)

Name Installation Location | Weight | Name Installation Location Weight
Columns X Y yd Q Column X Y Y Q
1 0 24.95 | 34.38 | 4.968 34 20.95 | 6.45 | 34.38 | 4.968
2 3.01 | 21.3 | 34.38 5.4 35 23.96 2.8 34.38 5.4
3 5.05 | 25.9 | 34.38 | 2.304 36 26 7.4 34.38 | 2.304
4 6.05 | 18,5 | 34.38 | 3.456 37 27 0 34.38 | 3.456
5 9.25 22 |[34.38| 2.88 38 30.2 3.5 34.38 2.88
6 129 | 19.1 | 34.38 | 4.608 39 33.85 0.6 34.38 | 4.608
7 16.95 | 22.35 | 34.38 | 2.592 40 40.7 0 34.38 | 3.456
8 176 | 24.45|34.38 | 6.39 41 3855 | 595 | 34.38 6.39
9 2045 | 25.9 | 34.38 | 2.304 42 41.4 7.4 34.38 | 2.304
10 21.45| 18.8 | 34.38 2.7 43 46.75 | 6.45 | 34.38 | 4.968
11 23.15 | 20.6 | 34.38 | 3.024 44 43.77 | 2.85 | 34.38 5.4
12 134 | 26.2 | 3438 | 2.16 45 34.35 7.7 34.38 2.16
13 10.18 | 27.45 | 34.38 | 7.938 46 31.13 | 895 | 34.38 | 7.938
14 11.4 | 30.25 | 34.38 | 5.151 47 32.35 | 11.75 | 34.38 | 5.151
15 7.19 | 29.55 | 34.38 | 8.524 48 28.14 | 11.05 | 34.38 | 8.524
16 5.9 316 | 34.38 | 1.733 49 26.85 13.1 | 34.38 | 1.733
17 6.26 | 34.5 | 34.38 | 2.088 50 27.21 16 34.38 | 2.088
18 15.92 | 28.05 | 34.38 | 5.976 51 36.87 | 955 | 34.38 | 5.976
19 18.2 | 32.72 | 34.38 | 6.05 52 39.15 | 14.22 | 34.38 6.05
20 19.2 35 [34.38| 6.05 53 40.15 16.5 | 34.38 6.05
21 13.35 | 35.8 | 34.38 | 7.938 54 34.3 17.3 | 34.38 | 7.938
22 16.6 37 |34.38 | 4.032 55 37.55 185 | 34.38 | 4.032
23 22.8 | 38.65|34.38| 6.39 56 43.75 | 20.15 | 34.38 6.39
24 23.95 | 37.2 | 34.38 | 2.034 57 44.9 18.7 | 34.38 | 2.034
25 2895 | 38,5 | 34.38 | 8.64 58 49.9 20 34.38 8.64
26 26.05 | 41.08 | 34.38 | 6.336 59 47 22.58 | 34.38 | 6.336
27 2295 | 44.3 | 34.38 | 4.608 60 43.9 25.8 | 34.38 | 4.608
28 16.1 44 | 34.38 | 4.608 61 37.05 | 255 | 34.38 | 4.608
29 125 | 41.1 | 3438 | 2.88 62 3345 | 226 | 34.38 2.88
30 8.25 | 37.2 | 34.38 | 2.304 63 29.2 18.7 | 34.38 | 2.304
31 3.2 |38.15| 34.38 | 4.968 64 2795 | 25.8 | 34.38 2.7
32 6.17 | 41.75 | 34.38 5.4 65 26.25 24 34.38 | 3.024
33 9.25 | 446 | 34.38 | 3.456
Primary Beams

Name Installation Location | Weight | Name Installation Location Weight

Beams X Y Z Q Beams X Y Z Q
66 29 40.5 | 37.18 0.6 115 49.95 22 37.18 0.6
67 28.05 | 41.3 | 37.18 1.3 116 49 22.8 | 37.18 1.3
68 25.8 | 43.65 | 37.18 0.9 117 46.75 | 25.15 | 37.18 0.9
69 24.6 | 44.45 | 37.18 1.3 118 45,55 | 25.95 | 37.18 1.3
70 19.4 | 44.45 | 37.18 2.8 119 40.35 | 25.95 | 37.18 2.8
71 2655 | 37 |37.18 2.1 120 47.5 185 | 37.18 2.1
72 21.2 | 36.3 | 37.18 11 121 42.15 17.8 | 37.18 11
73 2145 | 33.7 | 37.18 0.3 122 42.4 15.2 | 37.18 0.3
74 19.7 | 37.15|37.18| 0.35 123 40.65 | 18.65 | 37.18 0.35
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Name Installation Location | Weight | Name Installation Location Weight

Beams X Y Z Q Beams X Y Z Q
75 184 | 36.9 | 37.18 0.9 124 39.35 | 184 | 37.18 0.9
76 17.2 | 35.82 | 37.18 04 125 38.15 | 17.32 | 37.18 04
77 16.05 | 40.05 | 37.18 24 126 37 2155 | 37.18 24
78 12.85 | 44.45 | 37.18 2.8 127 32.6 26.1 | 37.18 3.9
79 7.45 | 44.45 | 37.18 1.3 128 27.15 | 248 | 37.18 0.6
80 6.4 | 43.45 | 37.18 0.9 129 28.15 | 22.65 | 37.18 2.65
81 4.2 | 41.25 | 37.18 1.3 130 24.4 19.7 | 37.18 1.33
82 3.2 40.1 | 37.18 0.9 131 27.2 18.5 | 37.18 1.5
83 5.6 37 |37.18 2.1 132 3145 | 185 | 37.18 1.73
84 10.5 37 |[37.18] 1.73 133 33.5 20.3 | 37.18 1.3
85 12.55 | 38.8 | 37.18 1.3 134 36.05 | 18.3 | 37.18 0.6
86 15.1 | 36.8 | 37.18 0.6 135 30.6 | 1595 | 37.18 1.95
87 9.65 | 3445 |37.18 | 1.95 136 26.95 | 14.35| 37.18 1
88 6 32.85 | 37.18 1 137 29.95 | 1255 | 37.18 1.32
89 9 31.05|37.18 | 1.32 138 374 |16.35| 37.18 0.35
90 16.45 | 34.85 | 37.18 | 0.35 139 36.9 | 15.25| 37.18 2.1
91 15.95 | 33.75 | 37.18 0.5 140 372 |11.75| 37.18 11
92 16.25 | 30.25 | 37.18 2.1 141 38.75 8.1 37.18 0.25
93 17.8 | 26.6 | 37.18 11 142 374 7.4 37.18 0.6
94 16.45| 259 | 37.18| 0.25 143 36.2 7.75 | 37.18 0.35
95 15.25 | 26.25 | 37.18 0.6 144 34.95 8.5 37.18 0.18
96 14 27 |[37.18] 0.35 145 34.5 9.4 37.18 0.41
97 1355 | 279 | 37.18| 0.18 146 3285 | 7.75 | 37.18 1.73
98 119 | 26.25 | 37.18 | 0.41 147 28.25 7.5 37.18 2.1
99 7.3 26 | 37.18 | 1.73 148 23.35 7.5 37.18 0.9
100 2.4 26 | 37.18 2.1 149 20.95 4.4 37.18 1.3
101 0 22.9 | 37.18 0.9 150 21.95 3.3 37.18 0.9
102 1 21.8 | 37.18 1.3 151 24.15 1 37.18 1.3
103 3.2 19.5 | 37.18 0.9 152 25.2 0 37.18 2.8
104 4.25 | 18,5 | 37.18 1.3 153 30.6 0 37.18 1.3
105 9.65 | 18,5 | 37.18 2.8 154 30.2 5.7 37.18 2.4
106 9.25 | 24.2 | 37.18 1.3 155 33.85 | 455 | 37.18 3.9
107 12.9 | 23.05 | 37.18 24 156 37.05 0 37.18 2.8
108 17.05 | 18.5 | 37.18 3.9 157 42.5 0 37.18 1.3
109 16.5 | 23.05 | 37.18 0.4 158 43.55 1 37.18 0.9
110 20.9 | 22.1 | 37.18 | 2.65 159 45.75 3.3 37.18 1.3
111 2235 | 26 | 37.18 1.5 160 46.75 4.4 37.18 0.9
112 25 249 | 3718 ] 1.33 161 44.2 7.5 37.18 2.1
113 22.3 | 19.75 | 37.18 0.6
114 24.7 | 22.25 | 37.18 14

Secondary Beam 1

Name Installation Location | Weight | Name Installation Location Weight

Beams X Y Z Q Beams X Y Z Q
162 25.8 | 39.1 | 37.38 15 178 46.75 | 20.6 | 37.38 1.5
163 19.7 | 41.9 | 37.38 1.9 179 40.65 | 234 | 37.38 1.9
164 2245 | 37 | 37.38 0.9 180 43.4 18.5 | 37.38 0.9
165 2245 | 359 | 37.38 0.6 181 43.4 174 | 37.38 0.6
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166 1255 | 429 | 3738 | 1.35 182 33.5 244 | 37.38 1.35
167 6.4 39.1 | 37.38 1.5 183 2945 | 204 | 37.38 1.5
168 11.35 | 35.7 | 37.38 1.2 184 32.3 17.2 | 37.38 1.2
169 11.35| 33 |[37.38| 1.15 185 32.3 145 | 37.38 1.15
170 9.05 | 30.05 | 37.38 11 186 30 11.55 | 37.38 11
171 8.05 | 27.3 | 37.38| 1.08 187 29 8.8 37.38 1.08
172 3.2 23.9 | 37.38 1.5 188 24.15 5.4 37.38 1.5
173 9.25 | 20.1 | 37.38 11 189 30.2 1.6 37.38 11
174 16.5 | 20.5 | 37.38 14 190 37.4 2.6 37.38 1.9
175 20.15 | 24.15 | 37.38 | 0.82 191 43.55 5.4 37.38 15
176 19 26 | 37.38 0.9 192 39.95 7.5 37.38 0.9
177 19 27.1 | 37.38 0.6 193 39.95 8.6 37.38 0.6
Secondary Beam 2
Name Installation Location | Weight | Name Installation Location Weight
Beams X Y Z Q Beams X Y Z Q
194 23.85 | 39.3 | 37.38 1.6 198 44.8 20.8 | 37.38 1.6
195 9.45 | 39.3 | 37.38 | 2.25 199 41.6 5.2 37.38 1.6
196 13.7 | 32.65 | 37.38 2.1 200 34.65 | 14.15 | 37.38 2.1
197 6.2 23.7 |1 37.38 | 2.25 201 27.15 5.2 37.38 2.25
Secondary Beams 3
202 23.65 | 38.2 | 37.38 0.7 206 44.6 19.7 | 37.38 0.7
203 8.55 | 38.2 | 37.38 0.7 207 41.45 6.3 37.38 0.7
204 13.35 | 30.25 | 37.38 1.2 208 343 |11.75| 37.38 12
205 5.35 | 24.8 | 37.38 0.7 209 26.3 6.3 37.38 0.7
Secondary beams 4
210 14.75 | 30.9 | 37.58 11 212 35.7 12.4 | 37.58 11
211 14.75 | 29.65 | 37.58 0.8 213 35.7 | 11.15| 37.58 0.8
Precast Planks
Name Installation Location | Weight | Name Installation Location Weight
X Y z Q X Y z Q
214 27.3 | 39.8 | 37.98 | 1.662 265 48.25 | 21.3 | 37.98 1.662
215 27.3 | 37.85 | 37.98 | 0.681 266 48.25 | 19.35 | 37.98 0.681
216 245 | 419 | 3798 | 2.676 267 45.45 | 23.4 | 37.98 2.676
217 22.05 | 419 | 37.98 | 2.676 268 43 23.4 | 37.98 2.676
218 2025 | 419 | 3798 | 1.21 269 41.2 23.4 | 37.98 1.21
219 24.75 | 38.2 | 37.98 | 0.734 270 45.7 19.7 | 37.98 0.734
220 229 | 38.2 | 37.98 | 0.583 271 43.85 | 19.7 | 37.98 0.583
221 224 |36.35|37.98 | 0.435 272 43.35 | 17.85 | 37.98 0.435
222 19.2 | 35.55 | 37.98 | 0.963 273 40.15 | 17.05 | 37.98 0.963
223 17.9 | 38.15 | 37.98 1.9 274 38.85 | 19.65 | 37.98 1.9
224 17.9 | 40.7 | 37.98 1.9 275 38.85 | 22.2 | 37.98 1.9
225 179 | 43.2 | 37.98 1.9 276 38.85 | 24.7 | 37.98 1.9
226 15.75 | 35.8 | 37.98 | 0.825 277 36.7 17.3 | 37.98 0.825
227 14.3 | 38.15 | 37.98 1.9 278 35.25 | 19.65 | 37.98 1.9
228 14.3 | 40.7 | 37.98 1.9 279 35.25 | 22.2 | 37.98 1.9
229 143 | 43.2 | 37.98 1.9 280 35.25 | 24.7 | 37.98 1.9
230 7.7 419 | 37.98 | 2.676 281 29.42 | 24.15 | 37.98 2.024
231 10.15| 41.9 | 37.98 | 2.676 282 32 24.15 | 37.98 2
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232 11.95| 419 | 3798 | 1.21 283 25.6 | 21.35| 37.98 2.327
233 4.88 | 39.8 | 37.98 | 1.662 284 31.45 | 20.35 | 37.98 3.168
234 4.88 | 37.85 | 37.98 | 0.681 285 28.65 | 20.35 | 37.98 1.226
235 10.55 | 39.2 | 37.98 | 1.415 286 32.75 | 17.2 | 37.98 0.435
236 7.5 39.2 | 37.98 | 0.734 287 29.95 | 14.6 | 37.98 2.57
237 11.8 | 35.7 | 37.98 | 0.435 288 29.95 | 12.95 | 37.98 0.99
238 9 33.1 | 3798 | 257 289 34.65 | 14.75 | 37.98 1.02
239 9 3145|3798 | 0.99 290 35.75 | 13.3 | 37.98 1
240 13.7 | 33.25 | 37.98 | 1.02 291 33.55 | 10.95 | 37.98 2
241 14.8 | 31.8 | 37.98 1 292 29.6 8.8 37.98 0.435
242 12.6 | 29.45 | 37.98 2 293 28.3 6.3 37.98 1.415
243 8.65 | 27.3 | 37.98 | 0.435 294 25.25 6.3 37.98 0.734
244 7.35 | 24.8 | 37.98 | 1.415 295 22.65 4.7 37.98 1.662

Name Installation Location | Weight | Name Installation Location Weight

X Y z Q X Y z Q
245 4.3 24.8 | 37.98 | 0.734 296 22.65 | 6.65 | 37.98 0.681
246 17 23.2 | 37.98 | 1.662 297 25.45 2.6 37.98 2.676
247 1.7 | 25.15 | 37.98 | 0.681 298 27.95 2.6 37.98 2.676
248 4.5 21.1 | 37.98 | 2.676 299 29.7 2.6 37.98 1.21
249 7 21.1 | 37.98 | 2.676 300 32.1 6.35 | 37.98 1.9
250 875 | 21.1 | 3798 | 1.21 301 32.1 3.8 37.98 1.9
251 11.15 | 24.85 | 37.98 1.9 302 32.1 1.3 37.98 1.9
252 11.15 | 22.3 | 37.98 1.9 303 36.8 8.75 | 37.98 0.963
253 11.15 | 19.8 | 37.98 1.9 304 35.65 | 6.35 | 37.98 1.9
254 15.85 | 27.25 | 37.98 | 0.963 305 35.65 3.8 37.98 1.9
255 14.7 | 24.85 | 37.98 1.9 306 35.65 1.3 37.98 1.9
256 14.7 | 22.3 | 37.98 1.9 307 38.6 4.5 37.98 0.424
257 14.7 | 19.8 | 37.98 1.9 308 38 2.65 | 37.98 2.676
258 1765 | 23 |37.98 | 0.424 309 39.8 2.65 | 37.98 2.676
259 17.75 | 20.45 | 37.98 | 2.024 310 42.25 | 2.65 | 37.98 1.21
260 20.15 | 20.45 | 37.98 2 311 42.55 6.3 37.98 0.734
261 18.95 | 26.55 | 37.98 | 0.435 312 40.6 6.3 37.98 0.583
262 19.45 | 24.35 | 37.98 | 0.83 313 45 4.7 37.98 1.662
263 20.95 | 24.35 | 37.98 | 0.951 314 45 6.65 | 37.98 0.681
264 23.8 | 23.2 | 37.98 | 2.327
Columns, Walls and Core Lifts in 14" floor.

Name Installation Location | Weight | Name Installation Location Weight

Beams X Y Z Q Beams X Y Z Q
315 176 | 2445 | 37.3 6.39 321 38.55 | 5.95 37.3 6.39
316 10.18 | 27.45 | 37.3 | 7.938 322 31.13 | 8.95 37.3 7.938
317 18.2 | 32.72 | 37.3 6.05 323 39.15 | 1422 | 37.3 6.05
318 19.2 35 37.3 6.05 324 40.15 | 16.5 37.3 6.05
319 13.35| 35.8 | 37.3 | 7.938 325 34.3 17.3 37.3 7.938
320 22.8 | 38.65 | 37.3 6.39 326 43.75 | 20.15| 37.3 6.39

Precast Beams in 14" floor.

Name Installation Location | Weight | Name Installation Location Weight

Beams X Y Z Q Beams X Y Z Q
327 29 40.5 | 39.98 0.6 376 49.95 22 39.98 0.6
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328 28.05 | 41.3 | 39.98 1.3 377 49 22.8 | 39.98 1.3
329 25.8 | 43.65 | 39.98 0.9 378 46.75 | 25.15 | 39.98 0.9
330 24.6 | 44.45 | 39.98 1.3 379 45.55 | 25.95 | 39.98 1.3
331 19.4 | 44.45 | 39.98 2.8 380 40.35 | 25.95 | 39.98 2.8
332 26.55 | 37 | 39.98 2.1 381 47.5 18.5 | 39.98 2.1
333 21.2 | 36.3 | 39.98 1.1 382 42.15 | 17.8 | 39.98 1.1
334 21.45 | 33.7 | 39.98 0.3 383 42.4 15.2 | 39.98 0.3
335 19.7 | 37.15|39.98 | 0.35 384 40.65 | 18.65 | 39.98 0.35
336 18.4 | 36.9 | 39.98 0.9 385 39.35 | 18.4 | 39.98 0.9
337 17.2 | 35.82 | 39.98 0.4 386 38.15 | 17.32 | 39.98 0.4
338 16.05 | 40.05 | 39.98 2.4 387 37 21.55 | 39.98 2.4
339 12.85 | 44.45 | 39.98 2.8 388 32.6 26.1 | 39.98 3.9
340 7.45 | 44.45 | 39.98 1.3 389 27.15 | 24.8 | 39.98 0.6
341 6.4 | 43.45 | 39.98 0.9 390 28.15 | 22.65 | 39.98 2.65
342 4.2 |41.25]39.98 1.3 391 24.4 19.7 | 39.98 1.33
343 3.2 40.1 | 39.98 0.9 392 27.2 18.5 | 39.98 1.5
344 5.6 37 [39.98 2.1 393 3145 | 18,5 | 39.98 1.73
345 10.5 37 |39.98| 1.73 394 33.5 20.3 | 39.98 1.3
346 12.55 | 38.8 | 39.98 1.3 395 36.05 | 18.3 | 39.98 0.6
347 15.1 | 36.8 | 39.98 0.6 396 30.6 | 15.95 | 39.98 1.95
348 9.65 | 34.45|39.98 | 1.95 397 26.95 | 14.35 | 39.98 1
349 6 32.85 | 39.98 1 398 29.95 | 12.55 | 39.98 1.32
350 9 31.05|39.98 | 1.32 399 374 |16.35| 39.98 0.35
351 16.45 | 34.85|39.98 | 0.35 400 36.9 |15.25| 39.98 2.1
352 15.95 | 33.75 | 39.98 0.5 401 37.2 |11.75| 39.98 1.1
353 16.25 | 30.25 | 39.98 2.1 402 38.75 8.1 39.98 0.25
354 17.8 | 26.6 | 39.98 1.1 403 374 7.4 39.98 0.6
355 16.45 | 25.9 | 39.98 | 0.25 404 36.2 7.75 | 39.98 0.35
356 15.25 | 26.25 | 39.98 0.6 405 34.95 8.5 39.98 0.18
357 14 27 [39.98 | 0.35 406 34.5 9.4 39.98 0.41
358 13.55| 27.9 | 39.98 | 0.18 407 32.85 | 7.75 | 39.98 1.73
359 119 | 26.25|39.98 | 041 408 28.25 7.5 39.98 2.1
360 7.3 26 [39.98 | 1.73 409 23.35 7.5 39.98 0.9
361 2.4 26 | 39.98 2.1 410 20.95 4.4 39.98 1.3
362 0 22.9 | 39.98 0.9 411 21.95 3.3 39.98 0.9
363 1 21.8 | 39.98 1.3 412 24.15 1 39.98 1.3
364 3.2 19.5 | 39.98 0.9 413 25.2 0 39.98 2.8
365 4.25 | 18,5 | 39.98 1.3 414 30.6 0 39.98 1.3
366 9.65 | 18,5 | 39.98 2.8 415 30.2 5.7 39.98 24
367 9.25 | 24.2 | 39.98 1.3 416 33.85 | 455 | 39.98 3.9
368 12.9 | 23.05 | 39.98 24 417 37.05 0 39.98 2.8
369 17.05 | 18.5 | 39.98 3.9 418 42.5 0 39.98 1.3
370 16.5 | 23.05 | 39.98 0.4 419 43.55 1 39.98 0.9
371 209 | 22.1 |39.98 | 2.65 420 45.75 3.3 39.98 1.3
372 22.35| 26 | 39.98 1.5 421 46.75 4.4 39.98 0.9
373 25 24.9 |39.98 | 1.33 422 44.2 7.5 39.98 2.1
374 22.3 | 19.75 | 39.98 0.6

375 24.7 | 22.25 | 39.98 14

Secondary beam 1
Name Installation Location | Weight | Name Installation Location Weight
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Beams X Y Z Q Beams X Y Z Q
423 25.8 | 39.1 | 40.18 1.5 439 46.75 | 20.6 | 40.18 1.5
424 19.7 | 41.9 | 40.18 1.9 440 40.65 | 23.4 | 40.18 1.9
425 2245 | 37 |40.18 0.9 441 43.4 18.5 | 40.18 0.9
426 2245 | 35.9 | 40.18 0.6 442 43.4 17.4 | 40.18 0.6
427 1255 | 429 |140.18 | 1.35 443 335 244 | 40.18 1.35
428 6.4 39.1 | 40.18 1.5 444 2945 | 20.4 | 40.18 1.5
429 11.35 | 35.7 | 40.18 1.2 445 32.3 17.2 | 40.18 1.2
430 11.35| 33 |40.18| 1.15 446 32.3 145 | 40.18 1.15
431 9.05 | 30.05 | 40.18 11 447 30 11.55 | 40.18 11
432 8.05 | 27.3 | 40.18 | 1.08 448 29 8.8 40.18 1.08
433 3.2 23.9 | 40.18 1.5 449 24.15 5.4 40.18 1.5
434 9.25 | 20.1 | 40.18 11 450 30.2 1.6 40.18 11
435 16.5 | 20.5 | 40.18 14 451 374 2.6 40.18 1.9
436 20.15 | 24.15 | 40.18 | 0.82 452 43.55 5.4 40.18 15
437 19 26 | 40.18 0.9 453 39.95 7.5 40.18 0.9
438 19 27.1 | 40.18 0.6 454 39.95 8.6 40.18 0.6

Secondary Beam 2
455 23.85 | 39.3 | 40.18 1.6 459 44.8 20.8 | 40.18 1.6
456 9.45 | 39.3 | 40.18 | 2.25 460 41.6 5.2 40.18 1.6
457 13.7 | 32.65 | 40.18 2.1 461 34.65 | 14.15 | 40.18 2.1
458 6.2 23.7 140.18 | 2.25 462 27.15 5.2 40.18 2.25
Secondary Beams 3
463 23.65 | 38.2 | 40.18 0.7 467 44.6 19.7 | 40.18 0.7
464 8.55 | 38.2 | 40.18 0.7 468 41.45 6.3 40.18 0.7
465 13.35 | 30.25 | 40.18 1.2 469 34.3 | 11.75| 40.18 1.2
466 5.35 | 24.8 | 40.18 0.7 470 26.3 6.3 40.18 0.7
Secondary beams 4
471 14.75 | 30.9 | 40.38 11 473 35.7 12.4 | 40.38 11
472 14.75 | 29.65 | 40.38 0.8 474 35.7 |11.15]| 40.38 0.8
Precast Flank

Name Installation Location | Weight | Name Installation Location weight

Flanks X Y Z Q Flanks X Y Y Q
475 27.3 | 39.8 | 40.78 | 1.662 526 48.25 | 21.3 | 40.78 1.662
476 27.3 | 37.85 | 40.78 | 0.681 527 48.25 | 19.35 | 40.78 0.681
477 245 | 419 | 40.78 | 2.676 528 45.45 | 23.4 | 40.78 2.676
478 22.05 | 419 | 40.78 | 2.676 529 43 23.4 | 40.78 2.676
479 20.25 | 419 | 4078 | 1.21 530 41.2 23.4 | 40.78 121
480 24.75 | 38.2 | 40.78 | 0.734 531 45.7 19.7 | 40.78 0.734
481 22.9 | 38.2 | 40.78 | 0.583 532 43.85 | 19.7 | 40.78 0.583
482 22.4 | 36.35 | 40.78 | 0.435 533 43.35 | 17.85 | 40.78 0.435
483 19.2 | 35.55 | 40.78 | 0.963 534 40.15 | 17.05 | 40.78 0.963
484 17.9 | 38.15 | 40.78 1.9 535 38.85 | 19.65 | 40.78 1.9
485 17.9 | 40.7 | 40.78 1.9 536 38.85 | 22.2 | 40.78 1.9
486 179 | 43.2 | 40.78 1.9 537 38.85 | 24.7 | 40.78 1.9
487 15.75 | 35.8 | 40.78 | 0.825 538 36.7 17.3 | 40.78 0.825
488 14.3 | 38.15 | 40.78 1.9 539 35.25 | 19.65 | 40.78 1.9
489 14.3 | 40.7 | 40.78 1.9 540 35.25 | 22.2 | 40.78 1.9

Name Installation Location | Weight | Name Installation Location Weight
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Flanks X Y Z Q Flanks X Y Z Q
490 14.3 | 43.2 | 40.78 1.9 541 35.25 | 24.7 | 40.78 1.9
491 7.7 41.9 | 40.78 | 2.676 542 29.42 | 24.15| 40.78 2.024
492 10.15 | 41.9 | 40.78 | 2.676 543 32 24.15 | 40.78 2
493 1195 | 419 |40.78 | 1.21 544 25.6 | 21.35| 40.78 2.327
494 4.88 | 39.8 | 40.78 | 1.662 545 3145 | 20.35 | 40.78 3.168
495 4.88 | 37.85 | 40.78 | 0.681 546 28.65 | 20.35 | 40.78 1.226
496 10.55 | 39.2 | 40.78 | 1.415 547 32.75 | 17.2 | 40.78 0.435
497 7.5 39.2 | 40.78 | 0.734 548 29.95 | 14.6 | 40.78 2.57
498 11.8 | 35.7 | 40.78 | 0.435 549 29.95 | 12.95 | 40.78 0.99
499 9 33.1 | 40.78 | 2.57 550 34.65 | 14.75 | 40.78 1.02
500 9 3145 | 40.78 | 0.99 551 35.75 | 13.3 | 40.78 1
501 13.7 | 33.25 | 40.78 | 1.02 552 33.55 | 10.95 | 40.78 2
502 14.8 | 31.8 | 40.78 1 553 29.6 8.8 40.78 0.435
503 12.6 | 29.45 | 40.78 2 554 28.3 6.3 40.78 1.415
504 8.65 | 27.3 | 40.78 | 0.435 555 25.25 6.3 40.78 0.734
505 7.35 | 24.8 | 40.78 | 1.415 556 22.65 4.7 40.78 1.662
506 4.3 24.8 | 40.78 | 0.734 557 22.65 | 6.65 | 40.78 0.681
507 1.7 23.2 | 40.78 | 1.662 558 25.45 2.6 40.78 2.676
508 1.7 | 25.15 | 40.78 | 0.681 559 27.95 2.6 40.78 2.676
509 4.5 21.1 | 40.78 | 2.676 560 29.7 2.6 40.78 1.21
510 7 21.1 | 40.78 | 2.676 561 32.1 6.35 | 40.78 1.9
511 8.75 | 21.1 | 40.78 | 1.21 562 32.1 3.8 40.78 1.9
512 11.15 | 24.85 | 40.78 1.9 563 32.1 1.3 40.78 1.9
513 11.15 | 22.3 | 40.78 1.9 564 36.8 8.75 | 40.78 0.963
514 11.15 | 19.8 | 40.78 1.9 565 35.65 | 6.35 | 40.78 1.9
515 15.85 | 27.25 | 40.78 | 0.963 566 35.65 3.8 40.78 1.9
516 14.7 | 24.85 | 40.78 1.9 567 35.65 1.3 40.78 1.9
517 14.7 | 22.3 | 40.78 1.9 568 38.6 4.5 40.78 0.424
518 14.7 | 19.8 | 40.78 1.9 569 38 2.65 | 40.78 2.676
519 1765 | 23 |40.78 | 0.424 570 39.8 2.65 | 40.78 2.676
520 17.75 | 20.45 | 40.78 | 2.024 571 42.25 | 2.65 | 40.78 1.21
521 20.15 | 20.45 | 40.78 2 572 42.55 6.3 40.78 0.734
522 18.95 | 26.55 | 40.78 | 0.435 573 40.6 6.3 40.78 0.583
523 19.45 | 24.35 | 40.78 | 0.83 574 45 4.7 40.78 1.662
524 20.95 | 24.35 | 40.78 | 0.951 575 45 6.65 | 40.78 0.681
525 23.8 | 23.2 | 40.78 | 2.327
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