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Abstract

Manufacturing tools have been dominating the manufacturing process since e]660s.
sequencing and tool switching problem is ahd\& combinatorial optimizatitrmathas first

been introduced in the context of flexible manufacturing systemsaite th980Since then,
production systems have undisputedly changed and improved but manufacturing tools still
dominate manufacturing processBsoduction and system operation processes are
continuouslydjusted and optimiséad changing customer reeuments. If th@roduct variety
requires an increasinqiumber of tools for processing that exsdled local tool magazine
capacity of the manufacturing system, tool switches become néd#wsagitool changing

times within a manufacturing centreadk may nowadays bery smaltlue to thenigh degree

of automation, tool switching within a dynamic production environment is still a time
consuming process that must be avoided. In order to minimizgath®ol setup time to
enhanc@roductivity theobjectives of the basic job sequencing and tool switching problem are
to quenea set of jobs and simultaneotsigetermir the best tool loadingd herefore, job
sequencing and tool switching problemgaireng considerable attention

Several solun approaches to the standard problem and related versions of the problem
exist. The first part of this dissertation assesses the curraittbmtat of the job sequencing
and tool switching problem and provides a classification scheme for liberahegob
sequencing and tool switching problem and its variations. Only few authors consider
generalisations of the problem becthedevel of complexityf extended problenis high A
general approach of the job sequencing and tool switching problem vdemtioal parallel
machines and sequefiespendent setup times is described in this dissertation. A novel
mathematical model based on time periods is presented and analyseoh \wkiadapted to
different objective functions. The last part of this dissertation is a quantitative evaluation of fast
and effective construction heuristics as well as of an iterated local search algorithm tested on a
new set of benchmark instancesséah this dissertation provides a broad basis for future
evaluations of solution approaches to the job sequencing and tool switching problem with non
identical parallel machines and seqtoemmendent setup times as well as a basis for further
generalisains of the problem like for example tool availability constraints esizeol
dependent variations.
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Preface

In 2018, the Ger man Machine Tool Builders?®o
the machine tool industry driven by automation and customer orief@atioran Machine

Tool Buil der sd A stheoimdustyt hasoanhieved/ miew histoBcOrdlc@ds in
production exports, and incoming orders and it recorded a 7% growth in production in 2018
(German Machine Tool Bui | Maehinm@ cemrass targirgat i o n
grinding, milling, press technology, and sheet metal machining still dominate the manufacturing
processefGerman Machine Tool Bwld s 8 As s o c i a.tintedimked(medbidi)g 2 01 9
centres that offer a high degree of flexibility axsdreggurability have become the focus of
machine tool customers. The increasing flexibility has permitted machine tools to use and share
different tool types for different operations so that an effective tool management is required.
Tool management has been discussed since the 1980s when the first flexible manufacturing
systems were introducaad thereupon differembmbinatorial optimization glslemswere
proposedStecke 1983, 1985, Suri and Whitney 1984, Suri 1985, Singhal et al. 1987, Kusiak
1985, 1986, Kiran and Krason 1988, Buzacott and Yao 1986, Gray et al. 1993)

In the context of flexible manufacturing systems, thbakP (Crama et al. 200jHb
sequencing and tool switching problem (SSP) was first mentidaad bpd Denardd988)
The problem environment of the job sequencing and tool switching problem is depicted in
Figurel. It showsthat a set of jobs has to be processed on a set of machines or machining
centresThe jobs are not identical, which means that they may require different operations and
therforedifferent tools. Howevehécapacity of theool magazine of each machskmited.
Tool switches may therefore be necessary between processing of two consecutive jobs.
Applications of the problem exist mostly in the meigting industry, for exampbe vehicle
body parts and tooling compone8kirazi and Frizelle 2001, Crama et al.. 20@alpgies of
the problem can be found in electronics industry for sequencing printed circuiGhoaydb
et al. 2003, Tzur and Altmann 2004, Ra&hiha et al. 2005, Hirvikorpi et al. 2006a, Van Hop
and Nagarur 20Q4n computer systeni®jellab et al. 2000, Privault and Finke 2000, Ghiani
et al. 2007)r in pattern sequencifignhares and Yanasse 2002, Yanasse 1997)

1 Non-deterministi®olynomiaitime (NP) hardness is per traditional definition the class of problem sets that can
be decided in polynomial time by a-deterministic Turing machine (see,&otdreich 2010
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Figure 1 Schematic layout of theproblem environment.

Due to the advances in production systems and machining demjsdssequencing and tool
switching problem and variations of it are intensively studiedGattagls 2019However,

existing models do not represent the current requirements of the industries and should be
adapted toarger magazines, many more tools or customized tools and more machines.
Although generalized formulations of the classical uniform job sequencing and tool switching
problem are required for practical applicat@cademic research has mainly focusedbon jo
sequencing and tool switching problems with a single machine and uniform tool switching times
and lacks a common understanding of the job sequencing and tool switching problem as a
whole.

This dissertation provides four studies in the field of jobreggi@nd tool switchingigure

2 outlines the connection between the individual contributions. The systematic literature review
identifies major research gaps and provides recommendations for future research. The literature
on tool switching research is spread across several interdisciplinary areas and research gaps ar
hard to define. Therefore, this dissertahdaiallyaims to define characteristics and attributes

of job sequencing and tool switching problems in orgeotide a conceptual foundation.
Secondly, the generalisation of the uniform job sequencing and tool switching problem is
addressed. New mathematical formulations are presented for a generalisation of the job
sequencing and tool switching problem withiphellhoridentical parallel machines. The
evaluation of the formal representations shows the limitation of thentegedlinear models

for problems of realistic size. Therefore, the efficient construction heuristics and an iterated
local search schemth different perturbation strategies intend to solve even large problem
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instances within reasonable computation time. The purpose of the heuristitfEisntty
calculatenearoptimal solutions even for large problems. The following paragrapiys brief
introduce each paper and their major findings.

Problem Environment
and Theoretical Foundations

Paper 1:

The job sequencing and tool switching
problem: state-of-the-art literature review,
classification, and trends

Classification Framework

Literature Review

Exact Solution Methods

Efficient Construction Solution Methods

Research Gaps Paper 2:
Paper3: A comparison of different mathematical
Non-ldentical models for the job sequencing and tool
Heuristics for solving the job sequencing and Parallel Machines switching problem with non-identical
tool switching problem with nen-identical paraitel machines and sequence-dependent
parallel machines J\ /L and machine-dependent setup times

Construction Heuristics Mixed-Integer Formulations

e Mathematical
- ] Heuristics Formulations ll» . .
Fast Initial Solution | Restricted Problem Size

Efficient Near-Optimal Solution Methods

Paper 4:
An Iterated Local Search Procedure for the
|nput Job Sequencing and Tool Switching Problem Com pa rison
with Non-Identical Parailel Machines

lterated Local Search

No Problem-Size Restrictions

Figure 2. Outline and interrelation of the dissertation studies.

The first paper entittedd Th e j ob s equenci n@fthearhliderature @view,s wi t
cla si f i c atproviges a clssitication frammed@kdor job sequencing and tool switching
problems as well as a systematic literature review based on the presented classification scheme
Over the past years, different approaches and formulatidasl fswitching problems have
emerged. Yet, existing literature reviews have focused on general concepts rather than specific
subtopics like the job sequencing and tool switching problem. In order to classify the research

in this area, and to help id&nhg which aspects of the tool switching problem have been
insufficiently explored, a classification structure for problem characteristics and solution

approaches is proposed. The classification
perspeétve 6 and oO0solution approachdé. I n contr as
perspective requires additional categories,

the classification scheme to a structured literature review, thehpagethat the simple

3
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uniform job sequencing and tool switching problem with uniform tool size and sequence
independent setup times has been widely studied. Generalisations of the problem with multiple
machines, tool wear or different tool sizes preseatrcesgaps and lead to the motivation of

the subsequent studies. The analysis of the applied solution approaches shows that only few
exact approaches exist. The paper also highlights the lack of benchmark instances and the use
of small instances far fromaatistic problem size. In summary, the first paper reveals the
required categories and characteristics that define and classify job sequencing and tool switching
problems and discusses the prevailing research gaps in the field of job sequencing and tool
switching.

Building on the research gaps and the theoretical framework of the first paper, the second
paper presents three different mathematical models for a generalisation of the single uniform
job sequencing and tool switching problem. The paper isdemtA c ompari son o
mathematical models for the job sequencing and tool switchidgnircdll@ar sligh machines and
sequertapendent and mdckipee n d e n t Thesaent ofl {his gapemis ® @xamine and
compare the perforgmce of three different mixed integer linear progrsimg a standardized
solver, nameliBM ILOG CPLEX. In addition, anewset of publicly available benchmark
instances is provided that can be used for further comparison of exact and heuristic approaches
In contrast to existing mathematical models for the job sequencing and tool switching problem,
the models are tested for two different objective functions, minimizing total flowtime and
makespan. The paper specifically investigates the impact ot giftdlem instances on the
solution quality and the computation time of the models. Thereby, it is concluded that the time
indexbased formulation provides the worst performance and only very small problems can be
solved to optimality. The precedebasedormulation is far more robust than the position
based formulation for minimizing the makespan as stddedgay et a(2015Yor the single
machine problem. However, the statemerBwfer et al(2015)that the positiotrased
formulation always provides faster results than the precbdseddormulation if the average
required number of tools per job is far smaller than the size of tool magazine (i.esizarsalled
problems) could only be validatedminimizing makespan. It is shown, instead, that for the
job sequencing and tool switching problem with-isemtical parallel machines both
formulations require significant longer computation foneparse instances than for dense
instanced~or minimizing the total flowtimef mostof thelarger andienggrobleminstances
(in contrast tsparsprobleminstances the precedendesased formulation outperforms the
positionbased formulation if the computation time limit is high enough. Overgdisuhe
show that only small problems can be solved to optimality within reasonable runtime. This
restriction motivates the exploration of efficient heuristics provided by the following papers 3
and 4.

The third paperentittedlHe ur i st i dab Sdquencingamd Mool SvgtchinghPeoblem with
Nonl denti cal @szusses differént chhstaudtionrheusstics and provides a basis
for future improvement heuristics. Motivated by the limitations of the mathematical models
presented in the sew study the third paper aims at providing fast yet effective heuristics for

4
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different objective functions. It is the first paper to present and compare three different greedy
strategies for the job sequencing and tool switching problem wiithemiocal parallel
machines with the specific characteristics of maigpeadent processing times and machine

and sequenatependent setup times. The computational study is based on the problem
instances dBeezao et g2017)whichwere modified for neidentical parallel machines. It is
shown that for different objectives different strategies should be applied. This study considers
the three coititting objectivesminimizing total flowtime, minimizing makespan and
minimizing the total number of tool switches. The greedy heuristic based on the shortest
processing time yields the best results for minimizing total flowtime and makespan while the
heuistic based on the tool intersection performs best for minimizing the total number of tool
switches. It can be concluded from this study that different heuristic strategies have to be applied
when dealing with different objective functions. Yet, theygheedstics generate only fast

initial solutions that require further improvement through improvement heuristics-or meta
heuristics. Future research may introduce other construction heuristics and compare them to
the presented results.

The fourth papersientittedd An |1t erated Local Search Proc
Switching Problemwith o nt i ¢ a | . Phepresdnteddgbrithivi s mdtivateckby the
promising results of iterated locals sed#lcB) algorithms for the singheachine job
sequencing and tool switching problem and scheduling problems in Gleaeralv and
publicly available sets of benchmark instances cover small and large problems as well as different
switching times and tool requirements. Theblkifsls on tlk findings of the construction
heuristicof the third articlevhich have been further improvEdst of all, the advantages of
the construction heuristics with respect to runtime and solution quality are eSaconelti;,
the paper contributes threewngerturbation methodsach yieldingifferent results for
different objectivéunctions The extensive computational experiments show the merit of the
local search phase and the perturbation phase but also their computation limits for large
problem instaces. The two proposed perturbation methods outperform the popular random
perturbation strategy. Another merit of the paper is the analysis of the problem structure. No
significant difference was noted for the results with different tool switching tinaes bu
significant difference for sparse and dense matrices. In conitiissiesearch reveals that the
ILS is an efficient method for solving large job sequencing and tool switching problems
instances. It is further shown that only the processing aswlitching times batspeciallihe
structure of the jotoolrequirements may affect the outcome of the computational
experiments.

Thisdissertations limited to the investigation of an important generalisation aspect of the
job sequencing and tool sWwitgy problemand additionally to specific solution approaches
Therefore, the followinrgcommendatiorier further research are providéde mathematical
formulationspresentedn Section Il extend existing formulations by adding sequence
dependent setup times and bentical parallel machines with different tool switching times
and tool capacities. Threether extensions to the modebuld include, amongst others,

5
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different tool sizes, dbwear and a limited tool availability. Tools are subject to natural wear
and, consequently, will break after a certain time or require regrinding. Therefore, a broader
model could integrate either deterministic or stochastic tool lifetimes whichédiese aec
growing attention in the last ye@adashi et al. 2016, Farughi et al. 2017, Mauergauz 2017)

In this context, different tool lifetime models could be tested and compared. Not least becaus
tools and especially special tools are expandnegjuire special handling, the tool availability

is in reality rarely unlimited so that all tools are never available on all machines at any time.
Amongstfurtherextensions of the tool availahilityo shall be mentioned. First, available tools

can be allocated to machines prior to the processing. This option requires only few change to
the existing model; however, it important to ensure that allocation and the tool capacity of the
model allow for fedde solutions. As a second option, tools can be allocated to machines from

a shared tool storage. This would mean that it must be known at any time if a tool is in use or
available, thus increasing the complexity of the model and requiring newly roéferad p
instances. Besides the adaptions to the model formulations different solution techniques could
be implemented and tested. The literature review shows that among the most promising
techniques for the uniform tool switching problem only few haveniidemented for mutti

machine problems. For example, different-hmiastic concepts like ant colony algorithms

or machine learning techniqgues may be implemented and compared to the ILS method
proposedin Section V Last, futher research based on the presented ILS strategies could
investigate different local search operators or provide combinations of tight heuristic bounds
and the presented mathematical madetsder to solveevenlarge problem instances to
optimality.In summarythe job sequencing and tool switchin problem is significant for both
research and practice, and with the characterisation and solution of the generalised problem a
decisive progress for future research contributions has been accomplished.



Preface

References

Beezédo, A. C.,-B. Cordeau, G. Laporte, H. H. Yanasse. 2017. Scheduling identical parallel
machines with tooling constraifiaropean Journal of Operational 7&3)888344.

Burger, A. P., C. G. Jacobs, J. H. van Vuuren, S. E. Visagie. 2dLbn&chultcolour print
jobs with sequenakependent setup timdsurnal of SchedlUay13H145.

Buzacott, J. A., D. D. Yao. 1986. Flexible Manufacturing Systems: A Review of Analytical
ModelsManagement SEWe890905.

Calmels, D. 2019h& job sequencing and tool switching problem:ddtdte-art literature
review, classification, and trendternational Journal of ProductionSRA&6L5008
5025.

Crama, Y., L. S. Moonen, F. C. R. Spieksma, E. Talloen. 2007. The tool pvatitbing
revisitedEuropean Journal of Operational IR &8A957.

Dadashi, H., S. Moslemi, A. Mirzazadeh. 2016. Optimization of a New Tool Switching Problem
in Flexible Manufacturing Systems with a Tool Life by a Genetic Algbriégmmational
Journal of Industrial and Manufacturing Systemf Brie@teering

Djellab, H., K. Djellab, M. Gourgand. 2000. A new heuristic based on a hypergraph
representation for the tool switching problerternational Journal of Production Economics
64(1) 160176.

Farughi, H., M. Dolatabadiaa, V. Moradi, v. Karbasi, S. Mostafayi. 2017. Minimizing the number
of tool switches in flexible manufacturing cells subject to tools reliability using genetic
algorithmJournal of Industrial and Systems Ehggmeeiahgsue on Quality Control and
Reliability) 1933.

German Machine Tool Bui | MaketdRéportA2 e Gernaah i 0 n
Machine Tool Industry and its Position in the WdBl@ Mlatkath Mac hi ne Tool
Association (VDW).

GermanMac hi ne Tool Bui |l der dMarkeARepod 20T&etGercman ( VDV
Machine Tool Industry and its Position in the WdBl@é Mlaskath Mac hi ne Tool
Association (VDW).

Ghiani, G., A. Grieco, E. Guerrie@007. An exact solution to theP problem in an NC
machineRobotics and Cordpteégrated Manufack@{6)645649.

Ghrayeb, O. A., N. Phojanamongkolkij, P. R. Finch. 2003. A mathematical model and heuristic
procedure to schedule printed circuit packs on sequémeenstiondournal of Production
Researdli(16) 38483860.

Goldreich, O. 201®, NP, and NBompleten€hs basics of computational c&@apibxitdge

University Press, Cambridge.



Preface

Gray, A. E., A. Seidmann, K. E. Stecke. 1993. A Synthesis of Decision dfiotsi$ f
Management in Automated ManufactuiManagement SE&HeS49567.

Hirvikorpi, M., O. S. Nevalainen, T. Knuutila. 2006. Job ordering and management of wearing
tools.Engineering Optimizad@) 228244.

Kiran, A. S., R. J. Krasat®88. Automating Tooling in a Flexible Manufacturing System.
Industrial Enginee2tisd57.

Kusiak, A. 1985. Flexible manufacturing systems: a structural appeachional Journal of
Production Res@&6h10531073.

Kusiak, A. 1986. Application of operational research models and techniques in flexible
manufacturing systenigiropean Journal of Operational ZRe23a345.

Linhares, A., H. H. Yanasse. 2002. Connections betweenpaitény sequencing, VLSI
design, and flexible machin€smputers & Operations RESERALh75891772.

Mauergauz, Y. 2017. Job and tool group scheduling for a machinintntentgronal Journal
of Management Science and EngineeringLXén28@adht

Privault, C., GFinke. 2000. -kerver problems with bulk requests: an application to tool
switching in manufacturidgnnals of Operations ReX&ay@55269.

RadulyBaka, C., T. Knuutila, O. Nevalainen. 20@aimising the number of tool switches with tools
of diffent sizéBurku Centre for Computer Science, Turku.

Shirazi, R., G. Frizelle. 2001. Minimizing the number of tool switches on a flexible machine: An
empirical studynternational Journal of Productiomr38@$&as433560.

Singhal, K., C. H. Find, R. Meredith, R. Suri. 1987. Research and Models for Automated
Manufacturingnterfac@g6) 14.

Stecke, K. E. 1983. Formulation and Solution of Nonlinear Integer Production Planning
Problems for Flexible Manufacturing SystBtaragement SQ&R)e278288.

Stecke, K. E. 1985. Design, planning, scheduling, and control problems of flexible
manufacturing systemsinals of Operations Re}éaith?2.

Suri, R. 1985. An overview of evaluative models for flexible manufacturing Agstdmef
Opeations Rese&(th1321.

Suri, R., C. K. Whitney. 1984. Decision support requirements in flexible manufkicmadg.
of Manufacturing Sy3(&p&b69.

Tang, C. S., E. V. Denard®88. Models Arising from a Flexible Manufacturing Machine, Part
I: Minimization of the Number of Tool Switch®perations Res8&Bh76d8777.

Tzur, M., A. Altmann. 2004. Minimization of tool switches for a flexible manufacturing machine
with slot asggnment of different tool sizeék= TransactioB§2) 99110.



Preface

Van Hop, N., N. N. Nagarur. 2004. The scheduling problem of PCBs for multiderimal
parallel machingsuropean Journal of Operational IB&&'¢B594.

Yanasse, H. H. 1997. @rpattern sequencing problem to minimize the maximum number of
open stack&uropean Journal of Operational RESH AGHA63.



I1

The Job Sequencing andT ool Switching
Problem: Sate-of-the-Art Literature
Review, Classification, andTrends

Author Dorothea Calmels, University of Passau, Germany.
Published in International Journal of Production Research.
Abstract

The job sequencing and tool switching problem is a combinatorial optimisation problem that app
industries, mainly in the manufacturing sector. Although tool switehingdk tantyepale@sion
making process in manufacturing systems, it has a major impact on the overall performance o
affecting the totalpsttne as well as the machine and tool utilisation. Over the past few decade:
approachesehiawen applied to tool switching problems. This study provides a comprehensive r
literature on the job sequencing and tool switching problem. Studies are identified and comp:
structured literature review and classified aewoh@dingeteork which allows the identification of problet
perspectives and solution methods. The results show that current research-dodd not fully ex
situations and studies are often limitechexhisengled uniform tool sete@tichs. Finally, this
literature review summarises the current research results and provides directions for future resec
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The Job Sequencing and Tool Switching Problem

1. Introduction

Manufacturing companies are facing multiple challenges since the transformation of market
requirements towards buyer markets, including high product differentiation and mass
customisatiorfFogliatto et al. 2012)o overcome the traadéf between economies of scale

and economies of scopae has to review existing manufacturing concepts to cope with the
emerging era of 60i ndu @Bt et al. 2a08,0Bdettelaeth dl. ABls ma r t
Characteristics of smart factories include high flexibility and automated production operations
supported by redilme data collection and analySlkrouf et al. 2014pince the 1980s,
manufacturing companies have made use of flexhblgacturing machines (FMM), or even
flexible manufacturing systems (FMS) to handle larger product variety, changing customer
requirements as well as complex and changing production requirements. An FMS s
characterised by a number of numerically ceatmhchines linked by an automated material

flow system. Each machine is equipped with a tool magazine of limited capacity that should
hold at least the number of tools needed for processing a single job. Although reconfigurable
manufacturing systems (RM& an emerging trend in smart factories because they allow the
quick integration of new process technology and functi¢Badityal. 2008, Bretteladt 2014)

FMS still seems promising for future production system purchasirglylplanabi et al. 2002)
Whether speaking of RMS or FMS, flexibility and process automation without generating high
setup times are crucial for manufacturing comptamie=ep up with the market requirements.
Whatever system is used, it must provide flexible and different module functions, such as
milling, drilling and turning, or tool and wpi&ce handling operatio(bele et al. 20Q7)

When product variety becomes sgdahat the number of tools needed for processing a
sequence of jobs exceeds the magazine capacity of the flexible manufacturing machine, tool
changes will become necessary. In general, to produce different jobs on an FMM, the number
of tools required foall jobs is greater than the tool magazine capacity. An automated tool
changing device, therefore, is required to interchange the tools needed for the next job in line.
In this context, the job sequencing and tool switching problem (SSP) or, for stumt, the
switching problem arises. It generally consists of the following tp@isleims: (1) finding

the sequence of jobs and (2) the tools to switch on the machine (i.e. the tool loading) before a
new job is processed, with the objective of minimisinguthber of tool switches (a more
detailed description can be found in se@jion

Various classification schemes mainly for FMS design, planning, schedulingohnd cont
problems exist (see, esgri and Whitney 1984, Kusikd85, 1986, Stecke 1985, Suri 1985,
Buzacott and Yao 1986, Looveren et al. 1986, Singhal et al. 1987, MacCarthy apd Liu 1993
rather than for classifying specific subtopics, like tool manageme@rasenal.(1993)

Different optimisation models and approaches for the tool switching problem have been
proposed in the literature. However, no paper summarises the research done in this area.
Therefore, the objectives of this studyta:
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1 comparatively review, in an organised fashion, the existing unclassified tool switching
literature with respect to problem formulation development and applied solution
methods,

1 develop a classification scheme that may help to identify aspectsabfstliiching
problem that have been insufficiently explored and show how far the existing modelling
efforts have progressed towardsweald needs,

1 synthesise the past trends of tool switching studies, and

1 offer some suggestions and directions farduesearch.

The remainder of this paper is structured as follows. Szrttovduces the generic tool
switching problem, its syiooblems, and related optimisation problems. Subsequently, the
research approach is described in segtiard the classification framework is described in
sectiond. The literature review is presented in sebtiectiord outlines the research gaps
and implications for future research. SeGtammcludes the paper with a short summary.

2. The job sequencing and tool switching problem

The SSP is a job scheduling problem where a set dfjébs2,é ., n}, each requiring a
predefined set of tooks=.{1, 2,é ., n}, is to be processed on a single flexible machine. The
basic or uniform SSP, as first statefiaing and Denard@9883)consists of processing a
sequence afjobs on a single flexible machine. Eacljeuires a subset of todldhat is

to be loaded into the magazioefore processing the job. The magazine can hold at most
tools. Often, the magazine cannot hold all tools at once, so tool switches become necessary for
two successive jobs. A tool switch means removing a tool from its slot and inserting another
tool inthe free slot. The problem, therefore, consists of finding the processing sequence, and
simultaneously, the tool loading that minimises the total number of tool switches. The uniform
tool switching problem can be characterised by the following majortiassuamal problem
specifications (see, &grd 1988, Crama et al. 1994a, Shirazi aatle2201, Solimanpur and
Rastgordani 201Zi) the objective is to find the job sequence that minimises the number of
tool switcheg(ii) the set of jobs is to be processed on a single Gijlihe tool sockets are
identical and each tool requioedy one slot(iv)only one tool can be changed at a time and

tool changing times are constant and are the same for gl thelset of jobs and the subset

of tools required for each job is known in advdwgte number of tools needed for oty

is less than or equal to the capacity of the tool magazi(ai)dwedtools do not break or wear

out.

The SSP appears in numerous industries (seghimgi and Frizelle 2001, Crama et al.
2007, and related problems exist in different fidldsanalogy to the SSP in manufacturing
industries can be found in the electronics industry for sequencing printed circuit boards (PCB)
(see, e.gshrayeb et al. 2003, Tzur and Altmann 2004, Raakgyet al. 2005, Hirvikorpi et al.
2006h when different electronic mponents are to be mounted by component assembly
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machines on the PCBs. The machines hold a limited capacity of component feeders so that
component switches become necessary between assembling different types of PCBs. In this
context, the predominant objeetis to minimise the number of component switches. Some
authors present problems in computer systems, such as caching and paging preblems or k
server problems, that are similar to the tooling problem (s€geléab.et al. 2000, Privault

and Finke 2000, Ghiani et al. 20B@r the latter problem, a sekaskrvers and handle requests

are represented as vertices in a complete graph. For a sequence of requests, which server to
move to the requested vertices must be decided. As moving a server from one vertex to another
implies costs, the objective for this problem is generally to minimise the total cost in response
to a sequence of requests, as describdedviaylt and Fink€000) The minimisation of the

tool swittch ng i nstants, al so known as the ©6machi
related problem to the SSP, and is discussed by, amongrlatigeiad Denard{i1988h)

Konak and KultureKonak (2007)Konak et al(2008)Adjiashvili et a(2015andFurrer and
Mutze(2017) It is mentioned here because some authors consider the SSP and the machine
stop problem simultaneously. For the machine stop problem, a tool switch is counted any time
a machine has to be stopped to remove or insert a toolleegafdow many tools need to

be changed. Notice that, this paperds att
combinatorial problems in connection with tool management are not considered. Similar
problems as mentioned above have only beedddaluthey are directly linked to the SSP.

For further details, the interested reader is refer@yoet al(1993) as well aSrama and

van de Klunder1996) The next sectigoresents the research approach and conditions of the
literature search.

3. Research approach

The studyodés focus I|lies primarily on provi
presenting a general classification framework with a special focus on appéiedespand

solution methods for the tool switching problem. A structured literature review is implemented

to conduct the classification process. With FMS and tool switching being an interdisciplinary
topic in the fields of production, operations reseamemufacturing and engineering, no
specific journal search had been applied, but the focus is on general databases. The first idea
was to search within the most relevant and-rAigting productions and operations
management journals; however, the smalber of hits indicated that the research field of

tool switching research might be too narrow or more interdisciplinary. Therefore, the review
was conducted in the following steps following the guideliBasddra et g2011)

(1) Online search: an online computerised searshcovalucted of various scientific
databases using keywords related to tool switching, resulting in the first hit list.

(2) Removal of duplicates: identical articles were removed by means of title and abstract.

(3) Relevance screening: subsequently, the secdist w#ts checked for relevance by
reading the abstract and selecting papers that deal with tool switching.
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(4) Backward search: a backward search was performed by examining the literature
discussions and references of all relevant papers found, resukifigahgalection.

It should be mentioned that only those articles which have appeared in the English language
were included, and naegademic research and book chapters exclude@Crama et al.
1994b, 1996) 0 ensure data consistency and relevance across the collection, only publications
t hat contained the keyworr dést odalo od wistwd hticrhgdd,
abstract or keywords were considered. Those searslthiar are specific dosely related to
the topic of interest were chosen to generate as many appropriate search results as possible.
Note thatsome databases do not provide an abstract search; in those cated,seénth
had been applied. Althglu the selectionf articles was intended to be exhaustive, the
overlooking of relevant articles cannot be excluded.

Table 1 shavs the summary of ther@ucted search procedure. The first search resulted in
1597 hits. However, many duplicates were found because of the relatively broad search in
multiple databases. During the search process, some papers appeared that are only distantly
related to the toawitching problem, and were excluded in phase (3). These mostly deal with
other tool management problems, such as tool selection, tool allocatiorfindipgtfor
holemaking processes. One article was selected based on a backward search. S@ree studies
listed in multiple resources so that, finally, 61 unique papers were selected forming a basis for
the proposed classification and review. The next section will cover the features for developing
a structured and comprehensive classification scheme.

Table 1L Summary of theiterature search.

Data source T A K F hits rhits 2
EBSCOhost | 0 0 5 48 23
(http://search.ebscohost.com| - - -

Google Scholar

(https://scholar.google.com) 8 8 6 n 1,350 58
IEEE Xplore

(http://ieeexplore.org) n n n 0 4 1
JSTOR

(www.jstor.org) n n n 8 2 1
ScienceDirect

(www.sciencedirect.com) n 0 n 8 25 15
Springer Link

(https://link.springer.com) 8 8 6 n 94 16
Taylor&Francis Online

(https:/tandfonline.com) 8 8 6 n 4 16
Backward search 0 0 0 0 0 1
Total 1,597 133
Final selection (61y

Notes: T= Title Search, A Abstract Search, KKeyword Search,¥Fulktext Search,
r/hits = relevant hits.

aDuplicates within database already removed

bDuplicates between databases removed
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4. Classification scheme dimensions for tool switching research

The proposed classification adopts the frameworks of FMS schedulingafsgé®&lacCarthy
1996 and similar problems (s¥enisey and Yagmahan 20T4e following subsections
discuss each dimension in detalil.

4.1. Tool switching problem perspective

The attempt tgeneralisthe basic SSP alled different problem types to evolve over the past
decades. Many different formulations of the tool switching problem and its variants exist. The
assumptions from the tool switching literature, as described in Zaatibas mentioned by
Bard(1988) Crama et a[1994g)Solimanpur and Rastgordé2012) define a basis for the
subsections dfifferent problem perspectives by characterising the specifications of the basic
SSP. Therefor&able2 presats the specifications derived from the assumptions (underlined)

and the possible variations of the characteristics. Note that the notation is based on and extends
the notation for scheduling problems introduce@rbitam et a(1979)The basic SSP will be

classified, for instance, asgT/ SO Toab# L«,Sed| Tj| © TWid.

Table 2. Classificationattributes regarding problem perspective.

Descriptor  Attribute Potential value Acronym
= . . single machine 1
a Machine setting . .
multiple machines M
% Setup uniform(sequencandependent) setup time ST
A : . X
information nonuniform (sequenedgependent) STed
z o single objective SO
a Objective s
) multi-objective MO
_ ) homogen T
yis Tool size OMOYENEOUS OGhom
heterogeneous TOOkt
job list known andequence unknown Lk, Seq
& Job and sequenc list known and sequence known Lk, S
information kR q ki SEK]
job list unknown Ly, Seq
G Tool magazine  number of tools per jdd magazine capacity | Tj| ©
capacity number of tools per job > magazine capa« | Tj|> C
Tool wear not included TWho
¢ included TWes

The SSP is concerned with a single FMM, even though different configurations of machine
layout and material handling devices exist for FM&.igsead MacCarthy 199®Multi-
machine FMS, as depicted, leyégkeung et ak2001g)additionally have to share tool handling

devices and tools.

Likewise, two variations regardieup times will be considered. For the uniform case, the

time to change a tool is assumed to be equal for all tools in the uniform case. The exchange of
a tool may also depend on the previous tool at a position. Imagine the change of ink cartridges
wherethe time to clean a rechargeable cartridge between a switch from a light to a dark colour
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is less timeonsuming than a change from a dark to a light colour. In this case, the time to
switch a tool may be sequence depended. The job properties arenasuabigforehand.

If only the generic SSP is considered, the single optimisation criterion is minimising the
number of tool switches. However, the popularity of-ohj#ctive approaches has increased
in recent years, and a single criterion might bensuifcient for realvorld applications or
holistic perspectives on manufacturing systems. Possible objectives include, e.g. minimising the
makespan or tardiness, or any other scheduling related objective.

The simplification of the problem is also redlbat terms of tool size. In this classification,
it is assumed that only two characteristics exist, remmelgenous toolvbizes each tool fits
exactly in one slot, and heterogeneous tool size, where different tool sizes can exist so that some
toolscover more than one slot (the differentiation is, e.g. mentidstedke 1983

The sequence of jobs, however, may be unknown or fixed. The jobs and even their properties
sometimes follow a stochastic process in dynamic cases. Here, it may be assumed that the
identity of the tool that is required at a certain time only becooves &t that time. A fixed
sequence simplifies the tool switching problem to the tool replacement problem, or called the
6t ooling probl emo, with the objective bein
machine at each instant to minimise threber of tool switche$ang and Denardd988a)
prove that the tooling problem is solvable to optimalitplymgmial time for uniform tool
size by the 6Keep Tool Needed Soonestd (KTN
required by the next job, and (ii) if it is necessary to free some slots to accommodate new tools,
the current tools that aregt (not removed) are those needed the soonest.

The tool magazine capacity, in turn, can generally hold at least all the tools necessary for each
individual job. In contrast, a scenario where the tool magazine cannot hold all the tools needed
for a job ad, therefore, implies tool switches not only between different jobs but also during
processing a job, may still remain plausible.

The case of tool wear often occurs in practice. The basic model does not include tool wear
in its modelling approach, but ®ale subject to natural wear and tear and, consequently, will
break after a certain period of time.

These attributes and values deducted from the main assumptions for the generic SSP define
a selective base for the problem type dimension of the classsgdzeme. The problem type
can be specified using the seven descriptors and one of the values. In the following section, the
second dimension is explained to categorise the articles according to underlying solution
methods.

4.2. Tool switching solution methods

Different mathematical modelling (Math. Model) and solution approaches for solving the SSP
both exactly and heuristically exist. However, since the uniform SSP has already been proven to
be NRhard by Crama et a(2007) solving the SSP becomes inefficient for larger problem
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instances witmore jobs and tools, as well as for complex problem structures. Thus, particular
attention was given to métauristics other than exact and classic heuristic strategies because
they have been among the most promising techniques for the pdstctmed able3 shows

the acronyms associated with the different solution methods. The terminology Dakeed on
(2009)has been adopted to further divide the exact and approximate methods into several
categories. (Note: the table is notllastration of all types of solution methods found, but
roughly a holistic view of solution approaches to identify research gaps.) Exact methods strive
for finding an optimal solution, but only a few studies have implemented exact approaches due
to the canplexity of the SSP. Therefore, exact solutions can only be obtained for small size
problems, and a complete enumeration for finding all combinations of the job sequences is
quickly becoming inefficient.

Table 3. Classificationattributes regarding the modelling approach or solution method.

Attribute Subcategory Potential value Acronym
Integer Linear ILP
. Programming
Integer Programming Model -
Nonlinear Integer NLP
Math. Model Pr_ogrammlng
Mixed|nteger MILP
. . Programming
Mixed IntegeProgramming Model MixedintegeNonlinear
> MINLP
Programming
Branch & Bound BB
Exact Brach & X
Branch & Cut BC
Nearest Neighbour NN
Best Insertion Bl
Construction Heuristics Farthest Insertion FI
Shortest Edge SE
Partitioning PART
Classic Strategies 2-opt 2-opt
Heuristic Simulated Annealing SA
Single Tabu Search TS
Improvement Solution Local Search LS
HeFl)Jristics Meta Based Adaptive Large ALNS
heuristics Neighbourhood Search
Population ~ Genetic Algorithm GA
Based Ant Colony Optimisation = ACO
Hybrid Memetic Algorithm MA

The technological progress and tighter formulations of mathematical models for the tool
switching problem resulted in constantly improvésglts for larger problem instances.
Nevertheless, heuristics for the tool switching problem are able to produce good quality
solutions more efficiently, as the following section will reveal. The exact and heuristic solution
methods as well as the clasasibn will be discussed in the following.
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5. Literature review

Next,thereviewed papers are grouped and analysed, taking into account the aspects discussed
in the previous section using the two dimensions, problem perspective and solution method,
that describe the relevant characteristics of tool switching problems. Taen pypbl

attributes are used to specify distinct problem types; however, due to the interrelation of the
attributes, some articles have been assigned to multiple problem groups. A table summarises, at
each section, the papers sorted in sequence of theif pablication.

5.1. The uniform SSP

The first problem group is dedicated to the uniform SSP that was used as a basis for defining
different problem types. The uniform SSP is the most popular problem in the tool switching
researchlt was introduced byang and Denard@988a)and has the longest history of
researchl his specific case of a tool switching problem deals with finding the sequence of jobs
and the loading schedule for the tool magazine that minimises the number of tool switches, as
already described in sectott is often called uniform because of the uniform and sequence
independent selp times as well as the uniform tool size. The problem type of the uniform SSP
can be dssified as [§T/ SO Toak4 L, Sed TOC/ TW.d. The presented uniform SSP
models and approaches are sumetang able4.

Bard (1988)formulates the tool switching problem as an NLP and applies a Lagrangian
relaxation approach to obtain a job sequence with feasible tool loading followed by a local search
technique using KTNS to explore neighbouring sequéimestat the same tim&éangand
Denardo(1988a)present a MILP formulation for theot switching problem that provided
poor results for even small problems. Therefore, they propose a greedy perturbation method
that comprises a greedy procedure to generate good job schedules, applying KTNS to determine
the total number of tool switcheslanperturbation procedure to improve the job sequence.

Crama et a(1994ayhow that the uniform SSP can be formulated as a travelling salesman
problem (TSP). They present severalbeSBd construction and improvement strategies. The
examined construch heuristics are SE, NN, FI and BB (Fl yielding the best results).
Thereatfter, they apply block minimisation techniques based on NN and FI. In addition, a simple
greedy technique and an interval heuristic are proposed. Within the classic improvement
heurstics, they propose a global and a restrigipt] and a loadndoptimise strateglastly,

Crama et a1994agombinghe best construction heuristics (FI; FI Block Minimisation; simple
greedy; interval heuristic) with the globahtZmethod. It turns out that the nature of the
problem instance, specifically the density of thegbmatrix, affects the performancehad
heuristics. A jobool-matrix is a matrix with aehtry if a job requires a tool, anden@y if

not. For sparse problems, the simple greedy heuristic performs well, wheneasiSIiS®
perform very pooHertz et al(1998propose several T®Rsed heuristics as welparticular,
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insertion methods, and a variation of NN ao@t2 The performances of the heuristics show
that there is a big tradff between solution quality and computation time.

Table 4. Literature overviewof the uniform SSP.

References Solution category Mathematical formulation/solution approach

Bard(1988) math. model, heuristic NLP/lagrangian relaxatienLS

Tang and Denardd 988a) math. model, heuristic MILP/greedy perturbation

Crama et a(1994a) heuristic several TSBased construction and improvem
heuristics

Follonier(1994) heuristic TS

Privault and Fink@L995) heuristic Bl, Next Best, Super Task

Hertz et al(1998) heuristic several TSBased construction and improvem
heuristics

Djellab et al{2000) heuristic hypergraph/IBI

Privault and Finké000) heuristic Partitioning

Shirazi and Frizel{2001) heuristic comparison of heuristics proposediogma et a
(19943)Follonier(1994)Privault and Finke
(1995)

Yanasse and Pint2002) exact network flow problem

Al-Fawzan and A$ultan(2003) heuristic TS

Laporte et a[2004) math. model, exact ILP /BB, BC

Zhou et al(2005) heuristic BS

Kar akayal E(2088) d exact BB

Salonen et aR006) heuristic improvement heuristics (grouping awupf

Ghiani et al(2007) exact BB

Amaya et a(2008) heuristic GA, MA, HC

Senne and Yars€2009) heuristic BS

Amaya et a(2010a) heuristic COOP, LS

Amaya et a(2010b) heuristic COOP, MA

Ghiani et al(2010) exact leastcost hamiltonian cycle/BC

Amaya et a(2011) heuristic COOP, MA

Amaya et a(2012) heuristic GA, MA, TS, HC, SA

Amaya et a(2013) heuristic crossentropy based MA

Burger et a(2015) heuristic grouping

Catanzaro et §R015) math. model, exact ILP/BC

Chaves et a2016) heuristic CS+ BRKGA

Paiva and Carvall{p017) heuristic ILS

Schwerdfeger and Boy$2017) math. model, heuristic MILP/decomposition

Ahmadi et a2018) heuristic dynamic Qearningbased GA

Privault and Fink€1995)study four heuristics related to the -h®Rristics previously

presented bZrama et a(1994a)Thesec al | ed O6Super Taskd met hod
that use identical tools into partadlers followed by a restrictegh D t met hod. 0 F
Il nsertiond selects jobs for rearrangement w
number of t ool switches. The ©6Next Bestd

generates a seqae by adding the job to the partial sequence that matches best to the current
tool loading. The tool that is least needed by the remaining jobs is unloaded if a tool has to be
switched. The fourth method, PART, an adaption of partitioning heuristicategehe job
seqguence based on the O0Next Bestd met hod. I
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replaces tools that are not needed or | east
Taskd is abl e t o guwherdas BARTgcanmletaindiylaity splitmrs s o | u
even for large problems in an acceptable runnind_titee Privault and Fink€000)show

the analogy of the SSP in a computieted environment @ kserver bulk request. They
compare a partitioning algorithm to a grouping and the farthest insertion method.-The TSP
based grouping and insertion heuristics give rather poor results. The partitioning algorithm
performs well in terms of solution qyakhereas running times are relatively high.

Follonier (1994)applies B for a number of problem instances with up=t60 jobs
andm= 90 tools and four different tool magazine capacities. Two different initial solution
strategies, a randomly generated job sequence and a job sequence using best position insertior
(BPI), asvell as a globalopt improvement strategy are considered. The TS that starts from
the BPI sequence provided the best results in terms of objective function value, but in terms of
CPU time, it was far slower than the greedy heuristics. The use ofdlienmapt strategy
considerably improved the solution quality, but it required a large amount of CPU time.

Djellab et al.(2000)consider the tool switching problem and present a hypergraph
representation. An iterated best insertion (I1BI) algorithm is developed and compared to a simple
greedy, mukstart greedyMSG), global and restricte@d@. The IBI yields better solutions
than the algorithms compared.

Shirazi and Frizel[@001)provide an empirical sjudhowing that companies do not use
optimisation algorithms proposed in the literature, and thus, have huge optimisation potential
for their tool switching operatiofi$iey apply the methods proposedCbgma et a{(19943)

Privault and Fink€995)andFollonier(1994})o large realorld cases with up to 62 different
jobs and up to 302 tools. MSG, BPI, and Fl are the techniques that consisteniydoetr

Al-Fawzan and Abultan(2003presensix versions of a TS heuristic consisting of a diversified
search procedure using swap mutation and/or block insertion and tabu lists based on short
term and longerm memory structures. The tool loading of each job sequence is subsequently
improved by tB KTNS policy. The computational results show thattéong memory
structures, like the applied frequency based memory structure that diversifies the
neighbourhood search by penalising neighbours attainable through frequent moves, have a
significant effé@mn the performance of the algorithm.

Two years aftéfanasse and Pin@002)presented the tool switching problem as a network
flow problem]aporte et a[2004)proposed an integerdiar programming (ILP) formulation
with tighter bounds than the MILP formulationTehg and Denardd 988a)Furthermore,
Laporte et a2004)present two exact methods, BC and BB, for the uniform tool switching
problem. Their BC algorithm can find optimal solutions for small size problems with up
ton= 10 jobs only, whereas the BBorithm is able to solve problem instances with up
to n= 25 jobs andh= 25 tools to optimality within the predetermined computing time of 3600
secondK ar ak ay al H2086propoge a BBratmdgithm for the tool switching problem
with a minimum total flowtime objective. They implement improved precedence relations and
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several bounding technigé@smoderate size instances of the tool switching praBlaani

et al.(2007)propose a further BB algorithm based.aporte et al(2004)with a different
branching rule. They provide optimum solutions for testing instances with=u0t@bs

andm= 10 toolsGhiani et al(2010¥ormulate the tool switching problem as a nonlinear least
cost Hamiltonian cycle problem grdvide a BC algorithm that is able to solve problem
instances with up to= 45 jobs anth= 30 toolsRecentlyCatanzaro et gR015)presented

three ILP formulations for the tool switching problem with tighter lower boundsfieate

et al.(2004) The results of their BC show faster running times than the existing formulations,
and yet, none of the new formulations were able to solve instances with more than 10 jobs, 10
tools and a magazine capacity of six.

Zhou et al(2005)propose a Beam Search (BS) heuristic to formulate a set of job sequences
with only one node being selected for each level on a seardhetteEam search applied on
the test instances Bard(1988)shows promising results compared to the heuristic presented
in Bard(1988)in terms of the average number of tool switches per probleberses. and
Yanass€2009)lso propose three Beam Search heuristics. Alletheeues are deginst
strategies and are applied to randomly generated data, as prd@gs@tebst a(2004) The
strategy where at each node only the best three branches are kept performs best.

Salonen et af2006)consider the basic tool switching problem andoge an iterative
group minimisation heuristic GMSAS. | terat.i
improved by KTNS and-@pt without exceeding the magazine capacity, including the concept
of the GENIUS heuristic bilertz et al(1998) GMSA3 i s si mkbdbametbodh
by Privault and Fink€1995)where, conversely, grouping is only pesd once. They use
randomly generated test instances as well-a®neaproduction data in PCB assembly to
compare their algorithm with a number of different construction and improvement methods.
The GMSAS algorithm shows fast running times evemdemrtaivorld problems but cannot
compare to the GENIUS heuristiclgrtz et al(1998)n terms of solution quality.

Amaya et al(2008)present an MA for the basic SSP, combining GA with a local
improvement scheme. Therefore, they propose a GA based on the alternating position
crossover scheme, which selects alternating genes of parent solutions and a mutation operator
based on swappingpbks of genes, called Random Block Insertion. The local search strategy
comprises a neighbourhood structure, known as-frearalheighbourhood (solutions differ
in two positions of the sequence), and a stesgassit hill climbing (HC) approach. TA&IK
policy is used to further improve the fithess of the candidate solatr@ya et al2008)
provide test datasets with up to 50 jobs, 60 tools and a machine capacity up to 30 tool slots. The
computational results show that the MA significantly outperforms GA and HC when the
number of jobs increaségnaya etl.(2010g)Amaya et a(2010bandAmaya et a{2011)
address the area of parallel rhetaistics, particularly cooperative search algorithms, which
means that several running algorithms @abed paallel cooperating agents search for a
solution in the whole solution spakmaya et al(2010b)propose four cooperative methods,
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three with a specific interaction structure endowed with LS, and one model with a specific
search, diversification, and intensification (SDI) technique. Only the results from the
cooperative SDI technique seemed promising, but they were still infegdvie plus HC
proposed byAmaya et a(2008) At almut the same timé&maya et a(2010apndAmaya et

al. (2011) extend the above mentioned cooperative scheme and combine the features of
memetic agent models supported by different LS mechanisms, namely HC and TS. The results
show that especially heterogeneous memetic agents that exchange current bgst solution
outperform individual agenfsmaya et a{2012)extend their previous research for the basic

SSP on hybrid meleeuristics by a variety of memetic algorithms. They propose a patrtial or full
examination of the neighbourhood, as well as a urtj@imoossover method, plus various
improvement strategies, namely TS, HC and SA with an arithmetic, geometric or adaptive
cooling scheme. TS is found to be the most effective strategy compared to thelogheidnon
strategies. However, the memetic algorithmastly outperform ncehybrid algorithms.
Particularly, the MA combined with HC and a partial neighbourhood search shows the best
results regarding solution quality and computationalLastgy,Amaya et a(2013)present
crossertropy based memetic algorithms with different local search components. Other than
classic memetic algorithms, they are based on the use of probability distributions by minimising
the crossentropy distance to a target distribution. Results show thaerdtropy based
memetic algorithms perform well compared to classic MAs, especially with multiple probability
mass functions.

Burger et al2015)present heuristics for the tool switchingbfem in the context of the
printing industry. A tool switch corresponds to a wash of an ink cartridge that needs to be
replaced for some other colour needed for the consecutBarngéx. et a(2015)decompose
the problem into two sytroblems, a job grouping, and a group sequencing problem, solving
them successively. Randomly created problem instances, as wi# astaates, are solved
with the job grouping and group sequencing heuristiggelags using a solver for the
mathematical formulationsTdng and Denardd988aandLaporte et a(2004)The average
number of washes is decreased by over 60% for thie re@de. As for the random instances,
the heuristic performs well, especially in cases where the maximum number of tools for any job
is only slightly smal than the tool magazine capaéityger et al(2015)remark that the
difference in the number of tools per job and magazine size influences the performance of the
solution method and that this should béhrinvestigated.

Chaves et g2016present a Clusteriggarch (CS) technique for the basic SSP that is able
to identify promising regions of the search space by generating solutions with a Biased Random
Key GA (BRKGA) and clustering the solutions for further intensification of the neighbourhood
using the Varide Neighbourhood Search. The results of BEBKGA are compared to a
generic iterated local search (ILS) method and aakiaed BRKGA. Although GSBRKGA
shows high running times compared to BRKGA, the solution quality is slightly better than ILS
and BRKGA. Paiva and Carvall{@g017)present an ILS metaheuristic that outperforms the
CS+ BRKGA algorithm oChaves et gR016¥or test instances of different studies. Their ILS
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metaheuristic isaged on a new graph representation for which they develop a graph search
based heuristic that analyses the relationship between tools and a local search method based or
block grouping. Overall, the metaheuristic shows robust and promising solutioanguality
running time performance.

Schwerdfeger and Boys@®17)discuss the similarity betwete uniform SSP and
sequencing orders from a craopplied pick face, where the picking orders represent jobs and
the stock keeping units indicate the tools. The pick face capacity symbolises the magazine
capacity of an FMSchwerdfeger and Boy$2817elaborate that not minimising the number
of tool switches, but minimising the maximum number of switches beteosmsisa jobs, is
more suitable for this related probl&hmey present an adapted version of the MILPahyg
and Denard¢1988aand propose a heuristic decomposition procedure as well as a BB method.
Both methods yield satisfactory results.

RecentlyAhmadi et al(2018)showed that the SSP can be formulated as a TSP of second
order (2TSP). They present a dynamiegrningbased GA that is seeded by the solutions
obtained from solving the SSP-ASP. The GA uses roulette wheel selection, partially mapped
crossover and random swaps and, moreover, an adaption of the block minhmisattan
by Paiva and Carvalt{g017) Additionally, feedback on the quality of the solutions is given
through the Qvalle which rewards the generation ofspffings of higher quality. The
proposed algorithm is compared to GA heuristics without learning; its solution quality is
significantly higher than the standard GA methods without showing a significant difference in
thecomputation time.

5.2. Variations with multiple machines

This section considers the SSP with multiple machines. The machine type used is stated for each
article. Research in this area focuses especially on parallel machines with maiferm or
uniform magazine capacities. The articles are chronologically SatdebirAll articles are

classified as [MFT.d SO Toakd L, Sed| T| @ TWi].

A multistage problem with interlinked different machines is preseriadii/988)An
NLP is given for the toawitching problem with multiple tandem machines that is solved to
optimality for test problems with two machinesugnd 20 jobs, 36 tools and a capacity of 24.
Tandem machines are lined one behindhanand the job sequeneenains fixed between
machines. Each machine has its own capacity and tool set, so the objective is to find the
seqguencthat minimises the number of tool switches for all machines.
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Table 5. Literature overview of approaches with multiple machines.

References Solution category Math. model/ solution approach

Bard(1988) math. model NLP

Khan et al(2000) heuristic Greedy

Fathi and Barnet{@002) heuristic construction and improvement heuristics, LP
Ghrayeb et a{20@) math. model, heuristic NLP/construction heuristics

Van Hop and Nagar2004) math. model, heuristic NLP/GA

Sarmadi and Gholaif@011) math. mode MINLP

Ozpeynirci et a(2016) math. model, heuristic MILP/TS

Beezao et g2017) math. model, heuristic ILP/ALNS

Gokgdr et al(2018) heuristic constraint programming

Khan et al(2000)present a greedy heuristic for the SSP with two identical parallel machines.
Fathi and Barnett€2002) present three heuristics for multiple parallel machines; an
improvement procedure tested for combinations of differenstsrah strategies (insertion

and exchange) was compared to a list processing heuristic (LPT) andcéiveohsturistic

that starts with an MSG heuristic for the corresponding -snagleine problem and then
generates a subsequence for machine. The most promising results were obtained with the
improvement procedure, although the CPU time was slightdyBeezao et gR017yesent

two ILPs for the tool switching problem with parallel machines and specified processing times.
The ILPs are based tive formulations ofarg and Denard(1988aandLaporte et a(2004)

with the altered objective of nimmising the makespan. The first formulation obtains better
results, yet both formulations struggle with instances of 15 jobs. Therefore, they present an
ALNS heuristic that they compare to the improvement heuridtickoniier(1994andFathi

and Barnett€2002) Even for very large generated problem instances with up to 200 jobs, 10
machines and 40 tools, the ALNS clearly outperforms the improvement heuristics.

Ghrayeb et a(2003)andVan Hop and Nagar@@004 consider the SSP in the environment
of scheduling printed circuit packsRP@obs) on multiple parallel sequencers (machines), each
equipped with a fixed but noniform number of dispensing heads (magazine) that can be
loaded with the required different input tapes (t@alisayeb et a(2003)assume a demand
greater zero for eaclCP, therefore the assignment of the PCPs to a sequencer is limited to a
maximum allowable load to balance the workload across all sequencers. They present an NLP
as well as a fast construction heuristic, but the results are not as good comparedtt@some of
TS heuristics presented AlyFawzan and Abultan(2003) Van Hop and Nagar (2004)
present an NLP to find the optimum processing and loading sequences for eaehtanach
minimise the total makespan. A Genetic Algorithm (GA) is tested on instances with up to 55
different PCBs, 3 machines and a magazine capacity of 250. The GA is found to be significantly
efficient measured upon the | NLPO6s | ower an

Sarmadi and Gholarf#011)present a MINLP for a variation of the basic SSP with more
than one flexible manufacturing machine. They assume identical machines with the same
working conditions but different magazine capacities. The model thatskeay ip basically
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an assignment and sequencing model that, in the process, optimises tool loading. They solve
small problems with up to 15 jobs, 10 tools, and 3 machines to optimality.

Ozpeynirci et a{2016)andGokglr et al(2018)investigate the SSH fmrelated parallel
machines to minimise the makespan without considering capacity constraints or tool switching
time but including a limited amount of tool cofdepeynirci et a(2016)present two MILP
models as well as a tabu search heuristic due to the weak performance of the mathematical
models for this Nfhard poblem.Gokgur et al(2018)consider a constraint programming
approach for the same problem.

5.3. Variations with sequencedependent setup times

This section suffers from the negligence of some authors to state the propertipgiofeset

In most cases, sep time is sequengeependent and uniform, in some cases, it is non
uniform but known beforehand, and as shown in seBtiprsometimes it is toslze
dependentThis section presents the only articlePhyault and Fink€1995), noted as
[1/STd SO Toakd L«,Sed| T)| @/ TW,J that directly states its consideration ofurdform

setup times, although mamathematicahodels or heuristics described in the present study
can be adapted to sequedependent setp times. They provide a rifiowv-min-cost model

for solving the tooling problem with raniform setup times. This general version of the
tooling problem consids that the exchange of a tool may depend on the previous tool at that
position. This model can also be applied to the uniform tooling problem with equihset

as an alternative to the KTN&thod.

5.4. Multi -objective approaches

This section considgpsoblems that do not use single objective optimisation. The articles are
chronologically soddan Table6.

Table 6. Literature overview ofmulti-objective approaches.

Math.
References a A a s & G Jo} model/solution
approach
Keung et al2001a) STs MO ToGbm Lik,Seq |Tj TWh, GA
Keung et al2001b) STs MO ToGbm LkSeq |Tj TWh, GA
Solimanpur and TW. ACO

Rastgordan20)
Adjiashvili et a(205)
BaykasoKIl u

ST MO ToGbm LwSeq |Ti

M

1

1 ST MO Toabm LkSeq |T|
1 TWho lexminimisation
1

(2017) ST MO  ToGbm Lk,Sepq | le TWho SA
Furrer and Mitz€017) 1 STy MO Todbm L«Seq [T TWho f??n? giv%?k
Mauergaug2017) 1 ST MO Toakm L«Seg |T| TW,es  greedy

& 6 6 66 6 66

BaykasoKIl u

(2018) 1 ST MO Toghm L«Seg |T|

TWho SA, multistart SA
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Keung et a2001apresent a muttbjective approach to the tool switching problem with the
objectives of simultaneously minimising the number of tool switches, as well as minimising the
number of tool switching instants. Their GA provides good solutions within alkason
computation time. The test problems, however, are relatively smaik i@tm= 9

andC= 4. In the same yeaKeung et al(2001b)proposed another GA for the before
mentioned mukobjective tool switching problem. They include tool assignment to multiple
parallel machines and extend the tandem machine formulaBand¢1988)by integrating

the objective of minimigy the number of switching instants. The best results for the two
phased mixedene approach are achieved wifoifit crossover and inverse mutation,
doubling the mutation rate when the algorithm starts to converge. They find that the GA is
effective fotheir type of problem. However, they use only very small instances tjobs

andm= 9 toolsAdjiashvili et al(2015)study the probfa of minimising the number of
switching instants or stops, including a processing time for each job as welspedafitool

setup time and assuming that each stop is long enough to completpsltiseng the stop.

The article is listed in this i®mwv because it introduces the idea ahiexnisation of switching

instants and tool switches. They show that for a given stop plan, it is possible to find an optimal
and feasible tool switching plearrer and Mitz€2017)extend the work dkdjiashvili et al.
(2015)by introducing a BBased algorithmic framework that they analyse on randomly
generated as well as-eaild problem instances.

The problem of minimising the number of witches as well as the rotation speed of the
tool turret is addressed $glimanpur and Rastgordé212) The objective function is to
minimise the sum of tool switching time and indexingSmhimanpur and Rastgordgti12)
apply an ant colony optimisation approach to randondyaggeoh test data, and compare it to
an adaption of the mufttart greedy heuristic providedShyrazi and Frize{2001) The ACO
consistently obtasrbetter, i.e. lower, objective function values for all problem instances, with
only slightly higher (less than 2 seconds) running times. However, compared to other studies,
the problem size is kept relatively small, with up to 7 jobs and a maximune weygaaiy of
15. Further, the number of tools per job and the capacity are equal, i.e. the magazine is always
fully loaded, and no empty slots have to be filled up (e.g. by using BB\NYSk as o K| u a
Ozsoydari2017@ndBay k as o K| u (2008}hdd@ss she sameapnoblem forvaryi
sequence and with tool duplications without referring to the prior stedyn@dnpur and
Rastgordan{2012) Bay k as o K| u @O0id) preSentsao WA algorithm that they
evaluate with a lowbound measure on randomly generated problem instrecgsk as o K1 u
and Ozsoydaf2018)nclude a dynamic component by allowiabswitching time and lot size
to change during an ongoing production schedule. They propose a conventional SA, as well as
an SA with multiple starts for the objective of minimising the makespan. The SA with multiple
starts outperforms the conventionala®Aach generation.

Mauergaug2017)presents a muitibjective approach for the tool switching problem with
tool wear and different fixture types and job due dates. The article will be discussed in the
following setion due to its specific tool wear characteristic.
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5.5. Tool size and capacity constraint variations

The tool magazine of the uniform SSP is able to hold all the tools necessary for processing all
jobs, and each tool only requires one slot.sEoison analyses variations with-uoiform

tool sizes as well as relaxed capacity constraints, the latter indicating that a single job may require
more tools than the magazine cald.hicable7 showsa summary of the articles discussed in

this section.

Table 7. Literature overview of tool sizeand capacity variations.

) ) . . Math.

References a A a /42~ & G g model/solution
approach

Rupe and Ku¢1997) 1 ST SO Toak LiSeq |T| @ TWw NLP/GTNS

Rupe and Ku¢1997) 1 ST SO Toak LiSeq |T| € TWw MSG

Matzliach and Tz({998) 1 STy SO Toak L«Seg |T| @ TW, dynamic heuristics

Matzliach and Tz(000) 1 ST; SO Took LiSeq [T| @  TWa L'-;’ﬁsot?(fguc“on

Tzur and Altman2004) 1 ST; SO Toak Li,Seq |T| @ TW, KSTNS

Tzur and Altman@2004) 1 STy SO Toak LwSeg |T| @ TW. ILP/ALADDIN

Van Hop(2005) 1 STg SO Toaok LySeq |T|>C TW, ILP/greedy heuristic

RadulyBaka eta(2005) 1 STy SO Todk L«Seq |T| @ TW, TLSMheuristic

Hirvikorpi etal(2006b) 1 ST, SO Took LiSeq |T| @ TW, -/9reedy

Crama et a(2007) 1 STy SO Took LwSeq |T|] @ TW, proof NP-complete

Rupe and Ku@l1997)presenta GTNp o | igc yt d @l nfa thel @S& wiha givee st 0
job sequence when a job could require more tools than slots available in the magazine. The
policy is similar to the KTNolicy for the uniform SSP. They give a nonlinear model for this
problem as well asmodified model for tool changes concurrent with the job changes.
Moreover, they propose a heuristic approach similar to thendd@&ic byCrama et al.

(1994a)if the job sequence is unknown. Only I&eama et a{2007show that the SSP with

a uniform tool size and a given job sequence with a heterogeneous tool sipenjsldt®,

and it is optimly solvable in polynomial time for a fixed tool magazine capacity value by
treating it as a shortest path problem in a directed graph.

Matzliach and Tz{£998show that the tool switching problem with-ooiform tool sizes
is NP-complete for the case where the physical location of the tools in the storage is ignored.
They analyse this problem in the context of storage management of items in two different
warehouses, where the capacity of the warehouse stands for the ctpatiy ofagazine.
An item request is made to the nearest warehouse, which is not capable of storing all items that
may be required. The sequence of the requested items is known, and the cost of transferring an
item is dependent on its size. The objeddive minimise the total transferring cost. They
develop two different construction heuristics. For the first scenario, with only one item
requested at a time, no heuristic performs best when compared to the optimal solutions
computed through an IP moddlatzliach and Tzug1998)also study the dynamic tool
switching problem with neimiform tool sizes. They inthace three heuristics to handle the
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switching of notuniform tools, considering stationary mowtstationary demand distributions

of tools with respect to past information on tool requirentdintskorpi et al(2006bextend

the work ofMatzliach and Tzugl998)by introducing reorganisation costs for insertion,
removal and moving of tools with different sizes. They present an integer programming model
for this variation of the tool switching problem in the context of PCB assembly. They assume
thd, first, tools can have different sizes, and hence, their width can cover more than one slot,
and second, that each job only requires one tool. During their research, they extend the problem
to multiple tools required per job. However, due to the compiéxitg problem and the

inability to solve instances of this problem within reasonable time, they do not use a solver but
use the exact solution methodvi#tzliach and TzyR2000)o calculate optimal solutions for

the probh em set s. The probl em set ssidge depermént os wi t ¢
equalHirvikorpi et al(2006b)urther present tiee heuristics, one of which is based on the
iterative greedy approach giveMayzliach and Tzu2000)or the problem with only one

tool per job, and two for the extended version. Hereby, the heuristic where tools are inserted
step by step clearly outperforms theikc where tools will be removed, sorted, and reinserted

as ondg ofd Wper

Whereas the KTNPolicy is mostly used to improve the tool loading of heuristically
generated sequences for the uniform $aR,and Altmanf2004)propose a variation of this
policy for the SSP withnanni f or m t ool si zes, which they
needed soonest d). Th ewithrespdctso treir smonéseupet butialso t h e
with respect to their size. Moreover, they present an ILP for the SSP watiiforom tool
sizes and a teslze independent transfer cost. The CPLEX solver could only solve very small
instances with 5 jobsd® tools.ThereforeTzur and Altmanrf2004)propose a heuristic
approach (6ALADDI N0§) t hat they compare to
previous approaches I§rama et a(1994apndHertz et al(1998)o the uniform SSP. An
important feature of the SSP with tumiform tool sizes is the physical placement of the tools
within the magazine because even if enough slots are available, a bigger tool needs a continuous
block of free slots, therefore, the tool arrangement withirmdtgazine requires further
optimisationTzur and Altmanit2004)propose a block breaking and merging procedure that
they combine with the adapted heuristics. The ALABistic shows very good results
for bath solution quality and running time, especially for larger problem instances.

Van Hop(2005xonsiders neaniform tool sizes and relaxed magazine capacity constraints.
This means that one job might need more tools than the magazine can hold. In his research, he
introduces partial and complete job splitting, as well as concurrent tool switches, i.e. tools can
be switched simultaneously with jobs. He presents an ILP that considers the maximisation of
concurrent tool changes and the minimisation of total toolesham@ single objective
approach. The syiroblems are proven to be NP complete; theréfare,Hop (2005)
presents a construction heuristic solution procedure for the SSP withforon tool sizes
and relaxed capacity constraints for complete and partial job splitting, as well as tool changes
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concurrently or not cwurrently with job changes. The greedy heuristic yields good results
compared to the exact solutions and fast computation time (less than 1 second).

RadulyBaka et a(2005)present a twdevel storage management (TLSM) heuristic that they
combine with anxésting job ordering algorithm Dyellab et al(2000)or the tool switching
problem with noruniform tool sizes. Hereby, the tools can occupy 1, 2, 3, etc. slots. Test
instances and the benchmark algorithm were takenTzamand Altmann(2004) The
heuristic given dadulyBaka et al2005)shows higher quality and improved running time
performance compared to the job ortealgorithm bjellab et al2000)

5.6. Approaches with tool wear

The approaches with tool wear assume either deterrthistiorpi et al. 2006a, Dadashi et

al. 2016, Mauergauz 20a¥ stochastic tool lifetim@dirvikorpi et al. 2007, Farughi et al.
2017. The Weibull distribution is used for both studies with stochastic tool life. The articles are
chronologically sted inTable8. It is particularlypoticeable that GA is the dominant solution
method for this problem group.

Table 8. Approaches with tool wear.

_ Math.
References a A a AE & G o} model/solution
approach

TWyes MILP/GA, LS
TWyes KTWL-policy
TWyes GA

TWies SUMvpolicy
TWyes MILP/GA
TWyes NLP/GA
TWies greedy

Hirvikorpi et al(2006a)
Hirvikorpi et al(2006a)
Hirvikorpi et al(2007)
Hirvikorpi et al(2007)
Dadashi et a{2016)
Farughi et a{2017)
Mauergaug2017)

ST SO ToGkm LiSeq |T|
ST SO Togknm LiSeq |T|
ST SO Togkm LiSeq |T|
ST SO Togkm LiSeq |T|
ST SO Togkm LiSeq |T|
ST SO Togkm LiSeq |T|
ST MO Togknm LiSeq |T|

N
606006066060

Hirvikorpi et al(2006aandHirvikorpi et al(2007)study both, the SSP with tool wear as well

as the tooling problem with tool wedirvikorpi et al(2006apresent a MILP that can only

be solved for smadized problems. Therefore, they propose a GA and study combinations with
LS. The tool | oading is obtained from a n
policy.Hirvikorpi et al(2007)propose another GA for the same problem with stochastic tool

life. In addition to existing rules for optimising the tool loading prab&npresent a removal

policy (SUM) which not only orders the tools based on their need in the near future but also
based on their tool life.

Dadashi et a(2016)consider the alternate objective of the minimising total cost of tool
purchasing ahcost of job tardiness. Tool life is assumed to be deterministic and specified in
advance. A MILP model is presented and larger instances with up to 40 part types and 30
different tools are solved with a GA.

Farughi eal.(2017)propose an NLP formulation with the objective to minimise the tool
switching and the machining cost. The GAMS solver was only able to solve small problems of
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up to 4 jobs, 7 tools and a magazine capacity of 4 to optimality. Therefoteothg@eesent

a basic GA that yields good results in terms of running time and solution quality but, as other
studies of the SSP with tool life constraints do not exist, a comparison has only been made to
the exact solvelMlauergau@017akes a completely different approach. In his paper, the value

of a toolds I|lifetime is known beforehand at
current operation. The tool is sent for maintenance once the tool meais li
reachedViauergauf2017)lso integrates different fixture types and job due dates. -A multi
criteria dynamic grouping method is proposed based ontlpegeenditure and the average
orders utility. The multibjective greedy algorithm considers the grouping of jobs witteidenti
fixtures and tool types. The user then has to choose a sequence out of the detrohatad
schedules.

5.7. Other research

This section, summarised able9, inclules articles that cannot be sorted within the proposed
framework because they either address different fields or different perspectives. Only articles
considered to be important and elgselated to the research of tool switching problems have
been included.

Table 9. Overview of research that cannot be classified.

Solution Math. model/solution
References Problem

category approach
Avci and Akturk1996) Magaz[ne arrangement and heuristic Decision hierarchy

Operations Sequencing

Song and Hwan@002) Tool transporter movements hmeettn.strirg:odel, INLP/tooling policy
RadulyBaka and o .
Nevalaineif2015) Modular tool switching 0 proof complexity

Avci and AkturK1996unlike most authors, address a holistic tool management problem in the
context of flexible manufacturing systemsy Teveloped a twghase decision hierarchy
system to minimise the total manufacturing cost by simultaneously solving magazine
arrangement and operations sequencing problems on a CNC machine.

Song and Hwar(@002)consider the objective of minimising the number of tool transporter
movements. Their variation is based on the fact that, in FMSs, requitbataoé not in the
magazine will be transferred from a tool crib to the magazine and back by an automatic tool
transporter that can transport a certain number of tools. They present an INLP for this problem,
and further a tooling policy for the tooliagbproblem. The tooling policy guarantees
optimality for the studied objective, while the general ¥BN& does not guarantee
optimality.

RadulyBaka and Nevalaind@015)analyse theéardness of the modular tool switching
problem, which is an extended version of the generic tool switching problem. This problem
appears in assembly systems for PCBs. The problem here is that single component reels (i.e.
tools in FMS) and/or whole reel cudes can be switched. This would correspond to an SSP
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that additionally allows the switching of tools in groups. They consider four cases with/without
a fixed number or capacity of modules. They show that if both number and capacity are fixed,
the problentan be solved optimally in polynomial time.

6. Research gaps and directions for future research

Research trends, as well as gaps in the field of job sequencing and tool switching, can be
identified based on the review in sediioBectiorb.1provides an analysis of attributes and
characteristics using the classification sct@sugort.2discusses trends regarding solution
methods.Table10 and Table 11 classify tharticles discussed in the sectiond5%1with
respect to theolution approach and problem perspective.

Table 1Q Mapping of articlesregarding modelling approach and problem perspective.

Context of SSP
Multiple Tool size & capacity
Uniform SSP machines constraints Tool wear
Laporte et al. ) Matzliach and Tzur
ILP (2004)Catanzaro Beezdo et al. (2000) Tzur and Altmann i
et al(2015) (2017) (2004)Van Hop(2005)
' Hirvikorpi et al(2006b)
Bard(1988)
Ghrayeb et al. .
" NLP  Bard(1988) (2003)Van Rupe and Kug1997) ~-arughietal.
ath. (2017)
Model Hop and
Nagarur(2004)
Tang and Denardc Hirvikorpi et al.
MILP (19883) Ozpeynirci et al. i (20063)
Schwerdfeger anc (2016) Dadashi et al.
Boysen(2017) (2016)
¥ Sarmadi and < -
MINLP 1 Gholami(2011) !

The articles reviewed in this paper are published in 27 different journals. In addition, there are
7 conference publications or prints in proceedings. The diversity of the publication origins
reflects thenterdisciplinary nature of tool switching research, witButiopean Journal of
Operations Reseactthdnternational Journal of ProductionbRiegetrelmajor sources. The
cumulated number of publications per year is gi@gurel. It is ser that the number of

studies has been increasing over time, and became more relevant than ever in the year 2017.
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Table 11 Mapping of articles regarding solution method and problem perspective.

Context of SSP

Sequence . . Tool size &
Uniform SSP dependent Multiple Mult - capacity Tool wear
. machines objective )
setup time constraints
Laporte et a(2004) i T T i i
m KarakayalcE
M Azi z(a0Ra) u
5 Ghiani et al(2007)
g Laporte et a(2004) i i i i i
W 2 Ghiani et al2010)
Catanzaro et §R015)
g Zhou et al(2005) ! ! ! ! !
Tang and Denardo
(1988a)Crama et al. Rupe and Kuo
" (1994g)Privault and (1997)Matzliach
2 Finke(1995)Hertz et Khan et al. . - and Tzur(1998)
£ a.(9ogDjellabet (2000) ’;ldé'z""g{‘g;“ €t Matzliach and
o) al.(2000)Privault and Privault Fathi and Fﬂrrer and Tzur(2000) Tzur
I Finke(2000)Shirazi  and Finke  Barnette Miitze(2017) and Altmann Mauergau@2017)
,S and Frizell¢2001) (1995) (2002) Maueroauz (2004)Raduly
2 Salonen et gR006) Ghrayeb et (2017)9 Baka et a(2005)
‘—S Sennerd Yanasse al.(2003) Van Hop(2005)
(2009)Burger et al. Hirvikorpi et al.
(2015)Schwerdfeger (2006b)
and Boyse(R017) _
i i 7 Solimanpur T i
8 and
> Rastgordani
§ (2012)
£ i i i i i
2 2 Beez3o et
= 3 al.(2017)
Q
g Hirvikorpi et al.
2 Amaya et a{2008) Van Hop Keung et al. (2006g)Hirvikorpi
< < Amaya et a{2012) . and (20013) . et al.(2007)
_5 O Chaves et 42016) ! Nagarur Keung et al. ! Dadashi et al.
5 Ahmadi et al2018) (2004) (2001b) (2016)Farughi et
3 _. __ __ o A
o Amaya et a[2008) ! ! ! ! !
T Amaya et a(2012)
8 " T T i i
Q — Bard(1988)Paiva Hirvikorpi et al.
2 o and Carvalh(017) (2006a)
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6.1. Trends and research gaps concerning problem perspective

Despite the manyears of tool switching research, some key characteristics have not been fully
incorporated. The specific areas of future research that may offer the highest potential include
the following. Approaches with tool wear, rulliective approaches, as agliool switching

for multiple machines represent the latest trends within the tool switching literature. Multiple
machines offer a number of research opportunities because mostly basic problems have been
studied until now. In practice, multachine systes require the sharing of resources, such as
tools, switches, transport systems or replacement tools. Integrating those concepts may be as
interesting as developing and solving-stalge models, as propose@ayd(1988)

Overall, mosof the articles deal with the uniform SSP, probably because it is the simplest
case of the SSP, and it provides a basis for more general formulations. Almost all models
presented in section 5 consider seqtiadependent and uniform 4gt times. Howevefor
some practical applications, this assumption would be too unrealistic. Moreover, the exact
formulations for the SSP are not satisfactory in terms of efficient execution. Therefore,
improving the existing exact methods and searching for tighter isa@iitidsecessary.

The problem adaptation to related problems seems to play an important factor in the tool
switching research. Not only closely (like the production of PCBs), but also distantly related
problems in other fields and industries exist vifaied not been considered within this work.

The number of models of related variations of the SSP has increased in recent years. This is
enabled by specific industrial applications, such as PCB sequencingnaakirigpia the
metalworking industry. Theresent models often consider a single machine and a sequence
independent selp time, even though the underlyingwneald application may be different,

e.g. consisting of multiple machine systems.

A majority of the literature is dedicated to detemminmdels. In practice, however, the
demand, the tool lifespan or unexpected events, like machine failure, may not be known
beforehandTwo recent studies that include stochastiBitg,y k a s o K| u (208 Oz s o
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with dynamic job arrival arehrughi et al(2017)with tool wear, canebused as a good
foundation for future studies with probabilistic dimensions.

Overall, even the latest research trends on tool wear and multiple machines provide sufficient
research possibilities in terms of problem formulations and solution approsuiesotes of
the SSP.

6.2. Trends and research gaps concerning solution methods and benchmarks

Only a few articles on tool switching research developed exact algorithigsiré&®e

Although search tree methods and integer programming techniques are used for solving tool
switching problems, most of the exact methods are designed for the uniform SSP. Surprisingly,
no exact dation method and only a few mbturistics have been applied to variations of the
SSP. However, tool switching models can easily decompose mabkumbs. It is surprising

that only a few authors propose decomposition methods to solve the SSP gederealre
models. In the future, exact algorithms, but also heuristics, need to be developed for more
generic cases of the SSP. So far, the lower bounds of existing exact methods remain
disappointing, and optimality can only be proven for small problemmcésst An exact
algorithm with powerful lower bounds and different search strategies can be developed to
provide a meaningful benchmark for measuring the solution quality of tool switching heuristics,
as well as to enable optimal solutions for largeeprabstances. The recent research on tight
formulations for small problems may, in addition, be reused as part of-haseblReuristics.
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Uniform SSP Variations of SSP
OMetaheuristic 11 12
Heuristic 14 17
S Exact 5 0
B Math. Model 5 13

Figure 2. Frequency of solution approaches by problem group.

Until now, problems ohdustrial size have only been solved with heuristics. Classic heuristics
have been the most studied methods in the past. The research trend in recent years has been
the development of more efficient approximation algorithms in terms of solution quality and
computation time. Classic heuristics, of which most ardab8@ heuristics, show fast
performance for larger size problems. It still has to be shown if they perform equally well for
problems with multiple machines, which have only applied IP adtamistacs so far. Other
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research directions can be identified towards randomisdtenrettics, e.g. shuffle methods,
and new metheuristics that have emerged in recent years, e.g. bee colony, artificial immune or
particle swarm algorithms.

The use of ifferent problem instances makes the comparison of algorithmic performance
difficult. Authors mostly generate their own test data with different instance sizes. Rarely, the
same test data is used to compare the performances of different algorithnseriinatths
and acceptance of benchmark instances in SSP research is low, although some authors
attempted to provide benchmark instances (se¢apgte et al. 2004, Amaya et al. 2008
The randomly generated problem sizes seem to be significantly smaller than the-size of real
world problems, but recent pimcal data is lacking. The acceptance and coherent use of
benchmark instances would be desirable for tool switching problems like the similar flow shop
scheduling has shown. But future research may also explore which algorithms allow the solving
of large realistiesized problems.

7. Summary

This article presented a classification scheme for tool switching problems to guide future
research efforts and annotated 61 articles reflecting the interdisciplinary research effort and the
ability of tool switching pblems. The tool switching research is motivated by many industrial
applications, mostly by the mstarking industry or scheduling of PCBs. The analysis shows
that a variety of configurations can be considered and that the problem is still veny present i
operation, engineering and production research. Nevertheless, the prevailing problem type up
to now is the uniform tool switching problem. Therefore, future research may focus on more
holistic problems, with multiple machine systems or multiple objective

Diverse solution methods have been applied to the SSP. Nevertheless, research directions
include hybrid metaeuristics and powerful bounds for exact solution methods, as exact
methods still interest researchers. However, the literature does nobprmhdesark data to
compare the performance of various solution methods. It would be extremely useful to test the
relative advantageousness of the solution methods discussed in this paper on a benchmark
system and to study how the performances of thesedsietary with respect to systems
characteristics.

Possible extensions to this review might include remotely related research areas, such as stop
minimisation problems, machine loading and holistic FMS planning problems, which have not
been considered withthis paper.
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A Comparison of Different Mathematical Models

1. Introduction

This study presents three different mixed integer linear programs (MILP) for the job sequencing
and tool switching problem (SSP) with -idemtical parallel machines (B&®M). The

problem is a generalization of thméform SSP, first presentedBerd(1988)andTang and
Denardo(1988¥or a sngle flexible machine, and proven to benkifel byCrama et a{1994)

In this paper, multiple nddentical parallel machines and sequandemachindependent

setup times are considered. The /SR arises in a flexible manufacturing condaen a

given set of jobs is to be processed withotgmpgion on a set of unrelated flexible machines.
Each job requires a predefined set of tools that has to be loaded on the tool magazine of the
machine. The magazine capacity, however, is limiteat $o0l switches become necessary
between two consecutive jobs.-Splitting is not allowed, i.e. no tool switches occur during

the processing of a job. Nafentical machines imply in this case that the time to switch a tool
and the capacity of theotanagazine may be different for different machines. In short, the SSP
NPM consists of the three interdependent problems (1) assigning a set of jobs to machines, (2)
sequencing the allocated jobs on the machines, and (3) arranging the tool loadirtg, in orde
optimize a pursued objective, e.g. minimizing the number of tool switches, minimizing the
makespan or minimizing the total flowtime.

A detailed review of all variations of tool switching problems and their solution approaches
considered in literatuaee discussed Balmel$2019) Among the most recent approaches to
the uniform SSHRaiva and Carvalli@017present allLS metaheuristic based on a new graph
representation. Their work is adaptedhoyadi et a2018)who show that the standard SSP
can be formulated as a Traveling Salesman Prolsiecond order and they present a dynamic
Q-learningbased Genetic AlgorithrBchwerdfeger and Boys@®17)present an adapted
version of the MILP byang and Denard(l988)and propose a heuristic decomposition
procedure as well as a Branch and Bound method.

Apart from the abovmentioned approaches to the standard uniform SSP, several recent
articles consider multiple machi@egpeynirci et a{2016)andGokglr et al2018)nvestigate
the SSP for unrelated parallel machines and the objective of minimising the makespan. They
consder a limited amount of tool copies but do not include capacity constraints or tool
switching timealmels et a2019compare several construction heuristics for thdéNBSP
based on simple order policies. They show that thF8%Pequires different policies for
different objectives functions.

Several integer linear programming (ILP) formulations have been piapssieeiduling
problems(Pan 1997)and specifically for the SSP. The ILP formulations can be grouped
according to different definitions for binary variables in precdubessek positiehased, and
timeindex based models, which were first proposed for job shop scheddiemgioy
Manne (1960) Wagner(1959) and Bowman (1959) respectively. In the followint,P
formulations concerning job sequencing and tool switching problems will be reviewed.
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The precedendsased formulation is probably the most popular ILP representation of
scheduling problems. The preceddrased variables indicate whether a job meeewther
job in the sequence. The first formulation for the classicreiagine sequencing problem
was provided byPotts (1980)and extended bguinet (1991)for scheduling sequence
dependent jobs on unifo parallel machineSince then, research efforts have dealt with
formulations for many variations of the scheduling problem on parallel machines. Yet, the
majority of the published articles focuses on identical parallel machines without considering
either tooling constrambr sequenedependent setup timdsanjulPeyo et al.(2019) for
instance, propose a new precedbased MILP formulation for the urated parallel machine
scheduling problem with setup times. Only recé&athjuiPeyro(2020)extended this work
for specific resource3ektur and Sarg2019)study the case of a coon resource for setups
which implies sequendependent setup times but not machemendent setup times. A
comprehensive study on scheduling problems with setup times is proAiddnénd(2015)
andKravchenko and Werng011) Few papers cover precedemased MILP formulations
for the SSPLaporte et al2004)formulate a precedenribased model for the singhachine
uniform SSP. Tighter bounds for their formulation have later been pres&daeahbgro et
al. (2015) Ozpeynirci et a[2016)present two precederdsased MILP formulations for the
SSP for unrelated parallel machines without considering the magazine capacity but including a
limited number of tool copies with the objectiveitiimize the makespan. A formulation for
the SSP on identical parallel machines is presemedzdyp et a[2017)under the objective
of minimizing the makespan.

The first positiorbased formulations for the uniform SSP were dimear program
proposed bBard(1988and an ILP bffang and Denardd988) The positiorbased vaables
indicate in which position of a sequence a job is proddssgeithch and Tzy2000) Tzur
and Altmanr(2004)Van Hop(2009% andHirvikorpi et al(2006b)onsider a single machine
but norruniform tool sizedMatzliach and Tzy2000)andHirvikorpi et al(2006b)resent
ILPs for a variation of the SSP in the context of printed circuit board assembly. They assume
that tools can have differemes and each job only requires one tool. During their research,
Matzliach and TzR2000kxtend the formulation to multiple tools required peffjlr. and
Altmann (2004)present an ILP for the SSP with fauoiform tool sizes and a tesre
independent transfer cost. For the singlehine SSP with noamiform tool sizes and relaxed
magazine capacity constraivits) Hop(2005)present a positidoased ILP formulation that
considers the maximisatiof concurrent tool changes and the minimisation of total tool
changes in a single objective apprétichkorpi et al(2006aandDadashi et al2016)present
MILP formulations for theuniform SSP including tool wear. Only one podiased
formulation for the SSP with identical parallel machines exists for minimizing makespan
(Beezéao et al. 2017)

Timeindexbased drmulations have received far less attention than pasised or
precedencbased formulations. Formulations exist for the general single or parallel machine
scheduling problem (see, &gusa and Wolsey 198# den Akker et al. 200Williams 1997
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extensions with sequerdapendent setup tim@sogueira et al. 2018»nd unrelatk parallel
machinegBerghman et al. 2018)owever, no attempts have been made to develop an ILP
formulation for the SSP using tiindexed based variables. In the -imdexbased
formulation, the timendexbased variables indicate the starting periodlmfEiereby, a time

period or timebucketk refers to the time intervd, K + 1] during a planning periokl £

0, é, Kdenoteskhe length of the planning period. Since the number of binary variables
depends on K, the problem is difficult to solve farge planning period. Therefore, in many
cases, the timadexbased models are solved by relaxation techniques or column generation
approaches (see, eSpusa and Wolsey 19&n den Akker et al. 2000@illiams 1997

In this article, three types of mathematarahulations for the SS¥WPM are presented.
Extensive computational experiments are conducted on newly generated instances in order to
compare the performance of these models. Intinder Section Zharacterizes the SSP
NPM and three different MILP formulations for the -8IBR1. Subsequentligection 3
presents the computational study and its results comparing the three different formulations.
Finally,Section $rovides a conclusion and future research directions.

2. Problem Description and Formulations

2.1. Problem Characteristics

The SSHNPM considers a set of jods= { 1, é, J} which has to
manufacturing environment with a set of-id@mtical parallel machindss { 1, é, M} . E:
jobjis available for processing at time zero and it is assumed that each mduhingech

Jobs are processed sequentially on each machinesgutittijodp is not allowed. The processing

time pn of a jobj on machinenis machinelependent and the machines may have different
magazine capacitiés The time tewitch one tool on aawhinesw may be different for the

various machines, i.e., depends on the machine and notonthetod.1, €, T} denot
set of tools required for processing all jobs. It is assumed that each tool occupies only one slot
in the tool magazine of achae and there is at least one machine which can hold all the tools
necessary for processing a job. Eacjrggiuires a subset of tod]sThe processing of a job

can only start if the required tools are present in the magazine of the machinetioa jodich

jis to be processetldenotes the subset of jobs that require a certair tdolThe nature of

the SSP requires that the tool magazine capaaityach machinadoes not provide enough

tool slots for processing all jobs, so that tool switches may become necessary for two successive
jobs. The initial loading does not count as a tool switch and tool switching cannot happen while
the processing of a job is ongoifige two conflicting objectives presented are: (a) minimize

the makesparrnay, and (b) minimize total flowtimEHT). An example of the SSIFPPM is

given inTablel. The example consists of 6 jobs and 2 machines with different capacities and
different switching times.
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Table 1. Example with J=6, T= 9 and M= 2 with G=4, G =3, swi= 1 andsus =2.
Jobs 1 2 3 4 5 6

1 1 2 1 3 1
Tools 4 3 6 5 5 2
8 5 7 7 8 4

9 8 9
P1 1 3 4 5 6 1
P2 4 3 1

An optimal solution to the initial example for minimizing the total flowtime is presented in the
followingFigurel.

Machine 1

e ‘0
o [e]— - E :

o
9 > <
Job R Job \\\Q Job J b
H B : .
1] 2 3|4 5 6| 12‘13]14]15]16]1? time
Machine 2 processing §\\Q switching
® 8 = <+— tool exchange
8 3 3
= ‘\\ - newly inserted tool (tool switch)

Job Job D free slot occupied by tool required the soonest
5 2 N
1{2]3456|7‘8|9 time

Figure 1 Layout of the example problem environment of the SSRPM.

2.2. Precedencebased MILP formulation

The formulations oLaporte et al(2004)andBeezao et af2017)provide the basis for the
following mathematical formulation with the additional consideration-ifembical parallel
machine and sequence and machiependent setup times. The precedeased binary
variables;nare equal to one if and only if job immediately followed by jp@, j~ J) in the
sequence on machimeBinary variable&s (Di) are equal to one if andly if jobj is the first
(last) jobprocessed on machine Binary variablag, are equal to one if and only if jab
assigned to machimeBinary variablegare equal to one if and only if tos present in the
magazine while jglis processd. Binary variablegare equal to one if and only if tboeeds
to be inserted before starting to procesg Jdie continuous variabfggenotehe completion

time of jobj. G=§ j:lmaxm (pm) HJ 1) mAx éwn G is a large constant.
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w, =0 "3, TAT, (20)
s Yo Uil {01 "j1J, m M (21)
v, w, i {0,1} "I, t T (22)
X1 {0,1 "i,j 13, n M (23)

Constraints (1) and (2) ensure that each job can have at most one successor and at most one
predecessor in the sequence. Constraints (3) and (4) ensure that each machine employed in the
process can have at most brs job and at most orlastjob. Congtaints (5) ensure that the

tool loading does not exceed the tool capacity limit while constramiso(Bpination with

the objectivefunction impose restrictions on the tool switches so the tool switches are
determined correctly. The constraints (7{&nehsure that each machine has at most one start

job and one end job while the constraints (9) and (10) denote that each job can only be the start

/ end job of at most one machine. Constraints (11) denote that each job is assigned to exactly
one machine Constraints (12) and (13) ensure thi
job, respectively, if the job is assigned to that machine. Constraints (14) guarantee that successive
jobs must be processed on the same machine. Constraints (15)ispodg&Ghat each job

assigned to a machine cannot have a preceding job, respectively a subsequent job, if the job is
the first job, respectively the last job, processed on that machine. Constraints (17) and (18)
restrict the completion time of a job. Caaists (19) guarantee that the tools required for job

s processing are available in the tool ma
not be counted if a todlis not needed for processing ajjdbinally, constraints (24)23)

denot the integrality conditions.

The objective function may now minimize the total flowfliR€) (24), or minimize the
makesparFHmnax (25) in combination with the additional constraints (26).

minTFT =g f, (24)
ji J

min Fmax (25)

Fmax2 f "1 (26)

2.3 Position-based MILP formulation

The positiorbased model is based on the formulatidBeezdo et a2017) The position
based variabl&g,are equal to one if and only if jidprocessed in thiéposition on machine
m Binary variables.are equal to one if and only if to@ present in machimeduring the
processing of the job in tHepostion. Binary variablas.are equal to one if and only if tbol
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is inserted in the tool magazifenachinenexactly before thi job is treated. The continuous

variablesf,n denote the completion time of jgbin the r" position on machinen

G:é“;:lmaxn (pm) HJ 1) mAx éw G is a large constant.

é axjrm :1

riJd miM

a Xjrm ¢l
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M

-
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(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

Constraints (27) denote that each job is assigned to exactly one machine and position.

Constraints (28) impose that each position ohingais used by at most one job. Constraints
(29) ensure that if there is a job inrfhposition on machinethen there must be a job in
positionr-1. Constraints (30) guarantee that the tools required fargofvailable in the tool
Constraints
not exceed the tool magazine capacity. Constraints (32) determine whethéngedkd in
the magazine of machimdefore the processing of a job in positiofhe ompletion times

magazine in .bhimoment of jold s

processing.

(31)

of the initial jobs are calculated by the constraints (33) while the completion times of any other
job are restricted by the constraints (34) as the sum of the completion time of the job processed
in positionr -1, the setup time and the processing time. Constraints (35) and (36) denote the

integrality conditions.

The objective function may now minimize the total flowfl#A€) ((37), or minimize the

makesparFHmnay (38) in combination with the additional comgs439).

mnTFT=3 a 'a'fjrm

fIrigmim

(37)
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min Fmax (38)

Fmax? f,, P13t B, oM M (39)

2.4. Time-index-based MILP formulation

In the following, a timmdexbased MILP formulation for the SSP, specifically for the SSP
NPM, is presented for the first time. Unlike previous-itidexbased formulations for
scheduling problems, a period or time bucketefined here as the timeerval ks kY,

i.e., it starts at the beginning of pekiaditimek*“"and ends at the end of perioalt timek®"

The timeindexbased variablegare equal toone ifand only ifjobs s et up (t ool

or processing on machinestarts in periotk | K, K= {1, &, K} . Note tha
sufficiently large (at leagt j:lmao(m(pjm)) to allow for feasible solutions and as small as
possible to ensure short computatiomes. A suitable large upper bound to K is
a‘j’:lmaxm(pjm)+(J -1) naax (sw, C. §. Since the setup time may depend on the tool

loading of previous jobs and is not known in advance, binary vgriedriesqual to one if
andonlyifjogp s pr o c e s s iitiatgd ooongoisgeoh maghiménghe tinme period

K. In order to ensure that no unwanted switching is performed during setup or during
processing, binary varialdgsare equal to one if and only if jab being processed in period

k on machinenorifjobjo6s t ool setup i s kanmaehaahlyecaosegoi ng
setup has been initiated in a preceding pé&iguare? illustrates the definition of the binary
variables for setup initiation and ongoing setup.

C,=3
A
tools {—:—--» 3 3
™4 5 switch, sw,, = 2 5

o1, x\l\\\ o, ..

1[2]3 6|?|8|9 time
\ ) | J
! !
processing setup
ongoing and
setup processing
initiation

Figure 2. Representation of setup and processing in the tiriadex-based formulation.
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The auxiliary binary variabl#gare equal to one if and only if a tool setup is initiated at the

beginning of periokl on machinen and jokrelated binary variablBsare equal to one if and

only if a tool setup is requiredmediately before jgb s pr ocessi nygwareBi nar vy
equal to one if and only if taak present in the magazine of macha¢ the beginning of

periodk. Binary variableg..are equal to one if and only if toislinserted in the toolagazine

of machineamat the beginning of peridd The continuous variablgsf and st denote the

starting time of jop the completion time of jgland the setup time of jplrespectively.
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Constraints (40) denote that each job begins tool switching or processing on exactly one
machine in exactly one time period. Constraints (41) ensure that each time slot on a machine is
occupied by at most one job. Constraints (42) matéhgob i nwith its raathine utilization.
Constraints (43) assign at most one job to each machine at a time period, and at most one

machine is occupied with j{ib s

p r o c e ssstupnngperiodir (44}). Gamdtraints (45)

prohibit idle times between two consecyake on the machines. Constraints (46) guarantee
that at least the tools required forjfls
at the beginning of peridd while constraints (47) guarantee that at@asbls are present

in the magzine of a machine at any period. Constraints (48) determine the number of tool
switches in combination with the objective function. At most one job can utilize a machine for
ongoing toeketup or processing at a time (49). The time span needebftaisetup and
processing must be greater than or equal to the time span for the ongoing setup and processing

(50) .

Constraints

processing

(51)

ar e

and (52)

avaml abl e

set a bound

setup or processing can only happen ifabas assigned to that machine. The tool setup time

stof jobjis equal to the correct tool setup time ifgob

machi ne

utilizati on

k on machinen otherwise it is not limited, (53) and (54). Constraints (55) ensure jthat job

machine utilization period and constraints (56) state thatgob ut i | i zat i on

per |

53



A Comparison of Different Mathematical Models

setup initialization period are calculated correctly. Constraints (57) ensure that the difference of
jobjds compl eti on and s ttamtime. Constraintsnis8) seta lower up i
bound to the completiontime ofjpb Constraints (59) and (60)
starting time. Tool setup time must be positive if a tool setup is precgdirgyjop r ocessi ng
and either tool sep is initiated in perioklon machinenor setup or processing is already
ongoing (62). Constraints (63) and (64) together ensure that tool switches will only be counted
on machinenin periodk if tool setup is initiated on machme that period. Constraints (64)

set an upper bound to the number of tool switches. The initial loading does not constitute a
tool switch, (65) and (66). Finally, constraint®) (60) denote the integrality conditions of the
variables.

The objective function may now minimize the total flowtilkg)((71), or minimize the
makesparFHmnax (72) in combination with the additional constraints (73).

minTFT =Q f, (71)
jiJ

min Fmax (72)

Fmax? f, "j 1 (73)

3. Computational Experiments

This section evaluates the computational performance of the mathematical formulations.
Experiments were conducted on a 3.20 GHz Intel C&E0(B processor with 32 GB of
memory running under Windows 10. IBM CPLEX 12.8 on GAMS 25.1.3 was used to
implementind solve the mathematical model while allowing CPLEX to use all cores in parallel.
The GAMS models are availablehttps://git.io/JvLrn. The results are compared to an
iterated local search methtdds] applying anetation limit of 100 perturbation moves. The
heuristic was implemented and run with R 3.5.1 (using RStudio 1.1.463). The pseudocodes are
provided in theAppendixsince the focus of this paper is on the mathematical formulations.
The code of the heuristics and a short description is availatifesdrygit.io/JvLrC. Section
3.1provides the characteristics of the problem instances. The performance of the models is
analysed and summarizedantion 3.2

3.1. Description of the Instances

The formulations are tested on a newly generated data set, singelé¢he s not been
addressed in research so Table 2 summarizes the specifications of the test instances
considered in the experimental evaluation. Tendastavere generated per instance type
similar to the instance generatioBeézao et al2017) Processing timgs, tool switching

timessw and tool capaciti€s,are random integers generated from a uniform distribution over

the intervals [1, 10], [2, 4] and [5, 7], respectively. In order to investigate the assumption of
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Burger et al(2015)that the difference between the magazine size and the number of tools
required per job influences the performance of mathematical models and heuristics, the job
tool combinations, depending on the number of required tools, are either spanse.or
Sparse matrices were randomly generated based on the number of required todlg per job |

using a uniform distribution over the interval [sin min— ] while for dense matrice§||

is generated over the interval [max maxC.)]. The regired tools are randomly chosen from

the tool setNote that it was ensured that the dominance critgramorte eal. 2004js met

whi ch means that any jobods tool set iIs neve
1800 seconds was imposed for the solutieaadf instance. 180 instances in total were run for

the two objectives. The instancesasediable ohttp://doi.org/dj5t.

Table 2. Characteristics of the test instances.

M J T JobTool-Matrix Density
2 5,10 10 sparse, dense
2 510,15 15 sparse, dense
3 15, 25 15 sparse, dense
4 25 15 sparse, dense
4 25 20 sparse, dense

A tight bound is requirad the case dhe timeindexbased formulation for the number of
periods K in order to allow efficient run times. The best solution obtained by either the
precedencbased and positidrased MILP models or the ILS method is used as a tight upper
bound for K for the olgctive of minimizing makespan. For the objective of minimizing total
flowtime, the required number of required periods may be higher. It was assumed that

ajzlmaxﬂ(pjm) is large enough to allow optimal solutions for sparse problems and that

ajzlmaxm(pjm)+maxm(s,wm QG,) is large enough to allow optimal solutions for dense

problems when tool switches become more likely.

3.2. Experimental Results

Table3 to 6 summarize the computational results for the two objectives with a differentiation
between sparse and dense problem instances. The formulations are anabggestiniithe

average relative percentage deviation (RPD(%)) from the best known solution found by either
the solver or the heuristic, as well as the average total runtime in seconds (t(s)) and the number
of instances solved to optimality (#opt) overdrtations of a problem type. Bold face values
highlight the best results. Statistical significance was tested with the Wilcoxamkitgstd

(* p< 0.05).

For M =2 machines and=J5 jobs the positichased model and the preceddrased
model are gable of finding the optimum solution values for both objectives as well as for
dense and sparse matrices within a few seconds. Tiedérimsed model requires a
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significant higher computation time to solvetbblems to optimality. Moreover, itdd able

to solve all dense instances with machines,= 5 jobs and a maximum o£T15 different

tools to optimality. The tiriadexbased model is not able to find integer solution values for
larger problems with either more jobs or tools withi®@ $808onds since the number of
variables depends highly on K.

In the large, the positidtased model requires less time to reach optimality than the
precedencbased model. For instances with up=td3 jobs both the positidsased model
and the precedeaebased model find good or even the best solution very quickly, however, the
time limit of 1800 seconds is not enough for the models to prove optimality. When the problem
size is increased tg 25 jobs, the RPD of the mathematical models becomeshietiigh.
Figure3 andFigure4 show the box plots for the averagjative deviation of sparse and dense
matrices for minimizing makespan and total flowtime respectively. For minimizing makespan,
it is shown that the average[R&s well as the average deviation of th& &JjPoss dense
instances is lower for the preceddrased formulation than for the positmased
formulation. For minimizing total flowtime, both models yield lowervaRies for sparse
instances in average across all instafnigase5 to Figure8 present the comparison of the
solution quality (bars) and the computation time (lines) of the pobagemh and the
precedence based model and the benchmark ILS algorithm. The performance is measured by
the RPD and the average computation time given mdse€or minimizing makespan and all
sparse problems, the positlmsed formulation shows the most robust results in terms of
solution quality. Yet, the ILS is able to find better solutions for large problems=viathrM
machines, J 25jobs and = 20tools within a short time. For dense matrices, however, the
precedencbased model outperforms the posHiased model in terms of solution quality but
not in terms of computation time. Still, the ILS is able to yield a significant lower average RPD
andruntime for problems with M 4 machines.

For minimizing total flowtime, the positibased model yields a high solution quality and
thus a low RPD value for up te= 15 jobs for sparse and dense problems. However, for
instances with more thas 15 jols and up to E 15 tools, the precederzased model yields
better results within the given time limit. For the group of the largest problem instances, the
time limit is not sufficient for the precedebased model to find good solutions. Still, the
perfamance of the mathematical models cannot compete with the ILS heuristic for larger
problems. Itis interesting to note that the posiiased formulation and the preceddrased
formulation require a higher computation time in average for sparse.rAttranagh sparse
matrices require fewer tool switches, the number of empty slots increases the number of tools
that can be kept in the magazine because they may be used in the future.

Overall, the precedenbased formulation and the positimased formiation work better,
in terms of solution quality and computation time, on instances where the minimum number of
tools for a job is close to the magazine capacity, i.e. instances with-adagmaibx density.
The assumption ddurger et al2015)andLaporte et al2004)regarding the performance
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differences for sparse and dense matrices for the SSP can thus be confirmed-fePiie SSP
However, their claim that the preceddrased formulation outperforms the posibased
formulation for dense problems can only be confirmed if the time limit is sufficient so that the
precedencbased model can converge to good solutions.

Table 3. Comparison of the peformance of sparse matrices for minimizing makespan.

positionbased precedencbased timeindexbased ILS
M J T FE(;) I)D t(s) #opt FE;) I)D t(s) #opt I?(;) I)D t(s) #opt FE(;) I)D t(s)
2 10 0 0 10 0 0 10 0 14 10 8 12
2 15 0 0 10 0 0 10 0 26 10 12 12
2 10 10 0 220 10 0 568 9 0* 1630 1 10 15
2 10 15 0 1179 8 0 1800 0 n/fa 1800 0 16
2 15 15 0 1800 0 1 1800 0 n/fa 1800 0 30
3 15 15 0 1800 0 3 1800 0 n/fa 1800 0 13 21
3 25 15 3 1800 0 12 1800 0 n/a 1800 0 5 63
4 25 15 4 1800 0 24 1800 0 n/a 1800 0 8 55
4 25 20 4 1800 0 19 1800 0 n/a 1800 0 1 53
* for instances witimteger solution foun
n/a: no integer solutions found within 1800 secc
Table 4. Comparison of the performance aflensematrices for minimizing makespan.
positionbased precedencbased time-indexbased ILS
M J T (I?) /E))D t(s) #opt (RO /I:)D t(s) #opt (I?, /E))D t(s) #opt (RO/E)D t(s)
2 5 10 0 10 0 0 10 0 172 10 5 12
2 15 0 10 0 0 10 0* 1393 3 2 12
2 10 10 1 74 10 0 313 10 n/a 1800 0 5 19
2 10 15 0 106 10 0 623 10 n/a 1800 0 5 20
2 15 15 4 1800 0 2 1800 0 n/fa 1800 0 7 40
3 15 15 1 1800 0 1 1800 0 n/fa 1800 0 10 28
3 25 15 12 1800 0 8 1800 0 n/fa 1800 0 1 97
4 25 15 27 1800 0 10 1800 0 n/a 1800 0 1 69
4 25 20 26 1800 0 9 1800 0 n/a 1800 0 0 68

* for instances with integer solution fou
n/a: no integer solutions found within 1800 secc
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Table 5. Comparison of the performance of sparse matrices for minimizing total flowtime.

positionbased precedencbased time-indexbased ILS
M J T T(Z) I)D t(s) #opt I?(Z) I)D t(s) #opt l?(;] I)D t(s) #opt I?;) g) t(s)
2 10 0 0 10 0 0 10 0 36 10 2 12
2 15 0 0 10 0 0 10 0 214 10 3 12
2 10 10 0 321 10 0 575 10 n/a 1800 0 6 17
2 10 15 0 818 10 0 1800 0 n/a 1800 0 3 20
2 15 15 0 1800 0 1 1800 0 n/a 1800 0 6 49
3 15 15 1 1800 0 3 1800 0 n/a 1800 0 6 28
3 25 15 7 1800 0 5 1800 0 n/a 1800 0 3 115
4 25 15 13 1800 0 8 1800 0 n/a 1800 0 1 90
4 25 20 13 1800 0 17 1800 0 n/a 1800 0 1 91
n/a: no integer solutions found within 1800 secc
Table 6. Comparison of the performance of dense matrices for minimizing total flowtime.
positionbased precedencbased time-indexbased ILS
M J T F(Z‘; I)D t(s) #opt Fz(;) [)) t(s) #opt I?OF/: I)D t(s) #opt I?(Z) I)D t(s)
2 5 10 0 0 10 0 0 10 16* 661 9 4 12
2 15 0 0 10 0 0 10 9* 1672 2 0 12
2 10 10 0 298 10 0 772 10 n/a 1800 0 4 21
2 10 15 0 356 10 0 1673 2 n/a 1800 0 4 22
2 15 15 0 1800 0 4 1800 0 n/a 1800 0 5 56
3 15 15 2 1800 0 2 1800 0 n/a 1800 0 6 36
3 25 15 11 1800 0 6 1800 0 n/a 1800 0 0 145
4 25 15 11 1800 0 8 1800 0 n/a 1800 0 1 95
4 25 20 14 1800 0 31 1800 0 n/a 1800 0 1 99

* for instances witimteger solution foun
n/a: no integer solutions found within 1800 secc
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Figure 3. Percentile deviation of the positiorbased and precedenceased models when compared to
the best known solutions for minimizing makespan.
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Figure 5. Comparison of the computation time and the average percexgte deviation of sparse matrices
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4. Conclusion

This paper presents three different MILP formulations for the job sequencing and tool
switching prblem with noAdentical parallel machines. The performance of the models is
analysed using newly generated test profleenesults show that the SSPM is a difficult
optimizationproblem and only small problems can be solved to optimality withmabdaso
runtime. As expected, the tindexbased formulation shows the worst performance in terms

of computation time and solution quality. The positam®d model outperforms the other two
models regarding runtime performance for small instances. Uthen sgliality of the
precedencbased model is the highest for dense matrices given the computation time limit.
Moreover, the models yielded different results for different objective functions. However, with
an increasing problem size the ILS metaheugsgtires significant less time to find good
solutions.

Future research may focus on the generation of effective lower bounds in order to increase
the performance of the proposed models and efficient search sttitegtean the standard
branchandbound technique of the CPLESOIver may be proposed. Efficient heuristics are
required for larger problem instances omvedt problems which generally contain more than
fifty jobs(Shirazi and Frizelle 200The SSINPM offers plenty of possibilities for heuristic
and metdeuristic approaches. A notable computational benefit may be achieved by combining
heuristic solution approaches with mathematical formulations by ualgeinistic solutions
generated as starting solutions for the solver. Finally, the models could be extended to different
tool sizes, since in reality large tools often occupy more than one slot in the tool magazine. The
models may then have to consider switching times that depend on the size of the tool as
well as decision variables that take into account the position of a tool in the magazine.
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Appendix

Algorithm A.1: Iterated Local Search (ILS)
1 LetSbean initial solution obtained by the construction heuristic (see A.2);

2 S& LocalSgearch (

3 form= 1, Ag é M

4 /I Swagach pair of job$j2) | j1=1, 28 ,Jn-1 andz= j1+1,j1+2€ , Iy assigned to machi
m if the generated solution is better than the current best smstanthe swapping on tt
current machinm//

6 end for

7  while iteration limit not reatthed

8 S/ & Per t u$, bearthihistory); Perturthe current solutiors() //

9 /I r emovke jobj;with the highest tool switching and processing time from the nrachitre

the highest completion time of the last job //
10 /I inserthe jobj;in the position which yields the lowest approximated sum of process
tool switching time on another machimenith sufficient tool magazine capacity//

11  Sja& LocalSearcts);

12 S& Accept ang, 8iCsearchmemorgn (

13 /I Repladke current solution; best known solutions always replace the current soluti
solution has not improved the best solution obtained by the localS@aschsed for the ne
perturbation move //

14 end while

Algorithm A.2: Construction Heuristic
1 initiale

SEe { Y /1 inilkte d11,<fql Wt}i dd J/slet; of wuna
form= 1, @®dq é, M

SE Assi gnpFL)yrstJob(

/I assigas a first job to machingthe job with the lowest processing time on that machii
4 L L\ {j}
5 end for
6
7

w N

whileLT {do }

maE ar ghnminM};

/I selette machine with the current minimum completion time of the ldst/job

e ar gmgait+ew-QT\ T :ji LY
9 SE AssignNé)xt Job(

/I apperttie jobj* with the lowest approximated sum of processing and tool switching
10 L L\ {j%}
11 end while
12 return &;
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1. Introduction

Modern manufacturing systems have to provide different module functions such as milling,
drilling and turning, or tool and wepilece handling operatto efficiently deal with product

variety and changing customer requirements. Each machine is equipped with a tool magazine
of limited capacity that should hold at least thebaurof tools needed for processing a single

job. Sequencing of product vaoias is a challenging task, since different operations require
different sets of tools. In general, the number of tools required to process all jobs exceeds the
tool magazine capacity, such that tools must be brought to and from the tool storage to the
local machine magazine, and tool switches may be required within the machine magazine
between two consecutive jobs. The setup time of a machine for a job is the time span needed
for tool switching. If the tools cannot be interchanged during job processisgitbking

time becomes especially crucial when the switching time is significant in regard to the processing
time of a job. The challenge of the job sequencing and tool switching problem (SSP) is to find
the best job sequence such that, e.g., the noftbet switches is minimized. The uniform

SSP for a single machine has first beelineaded byang and Denardd 988who showed

that the problem is solvable in polynoitima¢éd by t he O6Keep Tool Need
policy and was proven to beN&d byCrama et a{1994)

This paper is directed to the SSP for multipleidentical parallel machines (SER).
The SSINPM is defined by three interdependenbigms: (i.) assign a set of jobs to each of
the machines, and (ii.) sequence the jobs on the machines, while in the process, (iii.) defining
the tool loading so that a given objective is optimizediddotical implies that all of the
machines can execuke same operations but may have different magazine capacities and
different tools, and the processing time of a job need not be equal for all machines.

The SSP for multiple machines was first mentionBaroy1988)for tancem machines.
Heuristics for the SSP for identical parallel machines have been addfafisiemhblyBarnette
(2002)who conclude that thergblem is NFhard.Sarmadi and Gholarf2011)present a
mixedinteger nonlinear program for machines with identical working conditions but different
magazine capacitiBeezao et ge017extend the IP formulation ®ang and Denardd988)
andLaporte et al(2004)for identical parallel machines and given processing times with the
objective of minimizing makesp@apeynirci et a{2016)andGokgir et ak2018)nvestigate
the SSP for unrelated parallel machines without considering the magazine capacity but including
a limited amount of tool copies to minimize the makespan. So far, tHENSSFth time
aspects haohbeen addressed in literature. However, related problems for sequencing PCBs
existGhrayeb et a(2003andVan Hop and Nagar(@004onsider the scheduling of printed
circuit packs on multiple parallel sequencers that are equipped with a number of dispensing
heads that have to be loaded with the required input tapes.
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The remainder of thiarticle is as follows. The problem definition is giv&aation 2,
followed by the description of the heuristics for theNS3P in Section3. Computational
results are presentedsattiond. Sectiorb concludes the study.

2. Problem Statement

For the SSIRIPM, a given set of jolddas to be processed on a set otfidentical parallel
machined. Each machinmis theoretically able to process all jobs and sufficient tools are
available to process all jobs on all machines. Only grajobe processed on each machine

at a timek and each job has to be assigned to exactly one machine. The processing of the job
on each machine happens sequentially. The terilembical means here that the processing
timespn of any joly can depend on the machmeand that the machines may have different
magazine capaciti€s. K is a set of time periods needed to inaie timetabling in the
extended model. A time insténg measured at the end of pekod denotes the set of tools

that is required for processing all jobs. It is assumed that each tool occupies only one slot in the
tool magazine of a machine. Eachrgajuires a subset of tod]gshat has to be present in the

tool magazine before this job is processed @eabtes the subset of jobs that require a certain
toolt. However, the tool magazine cap&sitf any machinecannot hold the tools necessary

for processing all jobs, so that tool switches may become necessary for two successive jobs. A
tool switch is defined as the removal of a tool from its slot and inserting another tool in the
same placélang and Denardo 1988)is assumed that tools cannot be changed during the
processing. The time to switch any tool on a mathéngefined asw.

The SSINPM consists of simultaneously findingabgignment of jobs to machines as well
as the right tool loading. The objective in general is to find for each machine the set of jobs to
be processed and their sequence, such that the total number of tool $@jtchaiimized.
In reality, not onlyhe number of tool switches but different tiglated objectives have to be
considered like minimizing total flowtini/é&=T) or minimizing makespafnfay. These
objectives additionally require the completionftiohgob j for all jobsTable lpresents the
parameters of an illustrative example with 6 jobs, 9 tools and 2 mach@ies4@hdC, = 3,
andsw= 1 andsw= 2. The solution for minimizifSis illustrated ifrigure 1

Table 1 Example: tools used foreach job and processing timeg;;and g (in time periods),
magazine capacitiesC;= 4 and C>= 3.

Jobs 1 2 3 4 5 6
1 1 2 1 3 1
4 3 6 5 5 2

Tools 8 5 7 7 8 4
9 8 9

P1 1 3 4 5 6 1

2 2 4 3 5 3 1
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Figure 1 Solution to the initial example with arrows indicating tool switches; mirvS= 6.

3. Heuristics for the SSPNPM

3.1. Structure of the Heuristics

Each heuristic generates a job sequence for each machine. Thergfonedétdfehe job

found in positionJ in the sequend&, of jobs processed on machndies are always broken
so that the element with the lowest index is selected.

Algorithm 1: Basic heuristic scheme

initializeP n= @, imn=0
for each machingo
generate.sedisen ¢, according tassignment_riler

generate.tool_lpadRl,) with KTNSpolicy
end for

a b~ N B

3.2. Rules for assignment

In this section, three simple assignment ruéespresented, simple to the extent that tool
switching is not considered during the process.dsanment_ruler is used to generate
different job sequences for each machine. The basic scheme for generating the job sequence for
any rule is presented belddgorithm 3. The selection of the jobs itself is depending on the
assignment rule.
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Algorithm 2: Basic scheme fogenerate.sequenceg r)

initializeJ_left J

while J_left @ do

mseleclign / sel ect nd $eleced @ r i iane mi n e,
j.selectiomr, selectédelect thejob,j_selectied_lefaccording to rule

Pne PnC {j_selec}¢tappend j_selectiedthe sequence on the free machi
imCE Im+ [_selected,m_seldcipdate i

J_lefte J_left {j_selec}dfiremove selected job
end while

Oo~NO O~ WDN P

SPT-based heuristic = 1). The shortest processing time (SlBPd9ed heuristic requires
jobs being sorted in natescending order of their processing times for all machines while
satisfying the capacity restrictions. On the machine which is available earliest, the job with the
smalest processing time is selected for assigrjnsakctedargmjip,m_seleded

LPT-based Heuristic (*= 2). The longest processing time (l-Bd3ed heuristic requires
jobs being sorted in nascending order of their processing times for all maettiiies
satisfying the capacity restrictions. On the machine which is available earliest the job with the
highest processing time is selected for assigpreetgctedargmaX,m_seleded

Gl-Heuristic (r= 3). The greatest intersection (Gl) requires the number of intersections
between two possible consecutive jobs in a job sequence on a machine. At the beginning of the
sequences, the jobs with the highest number of tools is selected. Subsequently,ted the selec
machine the job with the greatest intersection of tools compared to the previously processed
job is selected for assignment on that machine.

Algorithm 3: Basic scheme foy.selection (r= 3, m_selected)
if im= Othen

j_selected a r g/ma x

end if

else ifin> Othen

intersest(| T;r &)

|_selectedargmaxintersgct

end if

~No ok DNk

4. Computational Results

Experiments were conducted on a 2.50 GHz Intel C@rélly processor with 16 GB of
memory running under Windows 8. RStudio 1.1.453 with R 3.5.1 was used to implement and
solve the heuristics. The instancd®eeizao et gR017)were used but had been modified for
multiple nordentical parallel machines by adding machine specific processing and tool
switching times. Each problem group &issof 120 instances for the small () 25)
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instances and 60 instances for the lallg©®0) instances. A total of 1440 small instances and
1440 large instances had been tested.

Table Zunmarizes the results and shows the percentage of findiegttkredovn solution
per heuristic. Overall, the mean CPU time was 0.05 seconds for the SPT and LPT heuristics
and 0.47 seconds for the-lduristic. Even large instances could be solved below 1 second.

Table 2. Average percentage%) of finding the best known solution for TS, TFT and Fmax.

Problem SPT-based heuristic LPT-based heuristic Gl-heuristic
Type TS TFT  Fmax TS TFT  Fmax TS TFT  Fmax
Small 10.8 84.7 58.8 9.6 0.6 3.3 88.5 14.8 38.1
Large 35 48.8 44.4 0.2 0.1 0.0 96.3 51.1 55.6

Note Boldface numbers indicate the maximum percentage among the heuristics.

The results confirm that the SBdsed heuristic performs well for minimiZifgor Fmax
The LPTFbased heuristic performs worst for all objectives and theuBstic performs best
for minimizingT Sand well for minimizing tirrelated objectives especially for large instances
Yet, the SP-based heuristic outperforms thelfaked heuristin terms of solution quality for
small problem instances.

5. Conclusion

This paper presents simple and fast heuristics for tHéP8SRith timetabling. Small and

large instances were solved for different objective functions. The steadiest performance is
achieved by the @ieuristic for minimizing the number of tool switcHekewhe SPT heuristic

works rather well for minimizing total flow time or makespan. Further investigations and
statistics tests are required in order to investigate the influence of the problem instance
specifications on the solution quality. The quilitye solutions seems to differ significantly

for variations in the relation between processing time and tool switching time but also variation
of the jobtool matrix density. Future research may integrate the tool setup time as reducing the
tool switche®ecomes especially important when the switching time is significant in regard to
the processing time of a j@bverall, the heuristics seem to provide promising initial solutions
for further local search procedures or metaheuristics.
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different tool sets for processing. The paper provides a Mixed Integer Programming formulati
sequencing &ol switching problem with-depehuhent processing and tool switching times under
consideration of three conflicting objectives (minimizing the total flowtime, minimizing the m.
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Reprinted as part fothe Author Copyrit Agreement as defined by Elsevier B.V.
(https://www.elsevier.com/about/policies/copyright

Acknowledgement This is a preopyedited version of a contributieent to the European Journal of
Operational Resear@0, published by Elsevier B.Vhe definitive authenticated versioay later be
available online vimtps://www.journals.elsevier.com/europganrnatof-operationatesearch

74


https://www.elsevier.com/about/policies/copyright
https://www.journals.elsevier.com/european-journal-of-operational-research

An Iterated Local Search Procedure for the Job Sequencing and Tool SuitdbengiPabbleralleittachines

1. Introduction

Modern manufacturing systems have to allow for an adjustable machine structure in order to
respond to product changes and compl ex pr ot
factoryd and 6 itwidguadhineymaytbe 8qgdippedAvithnadoonl utnbgazine of
limited capacity and may provide different functions such as milling, turning, or tool handling
operations. In general, the number of tools that is required to process a variety of jobs on a
machine iso large that it exceeds the tool magazine capacity, and hence tool defitodks

by removing a tool from its slot and inserting another tool in the fréargjohnd Denardo

(1988) become necessalfithe tools cannot be inter@hged during job processing, then the
switching time is particularly significant if it is relatively high compared to the processing time
of a job.In most real manufacturing systems, component or tool switching is the most time
consuming proceg¥an Hop and Nagarur 2004hd must be avoided. The objective of the
standard unifornpb sequencing and tool switching problem (SSP) is, therefore, to find the
bestsequence of jobs for a given set of jobs that minimizes the number of tool switches on a
single machinelhis problem has been addressed in production and operations research
literature for more than 30 years, with a sharp increase in the lagCalyeais 2019)

In the following, the job sequencing and tool switching problem witlemtical parallel
machines (SSW¥PM) is addressed which is better adapted to challenges in the modern
production environment. More pregisehe SSRIPM is defined by three interdependent
problems (seEigurel): (1) assigning a set of jobs to machines, (2) sequencing the allocated
jobs on the madahes, and (3) arrangitite tool loadingln contrast to the single machine
problem, timeelated objectives such as minimizing the makespan or total flowtime become
more important when considering moiéchine problems. As the machines have a limited too
capacity, the number of tools to switch and hence the tool setup time of a job are influenced by
the job sequence. Ndaentical machines imply that all the machines can execute the same
operations but may have different magazine capacities and tlifidseand the processing
time of a job and the tool switching time need not be equal for all machines.

The main contributions of this work include the formulation of a mixed integer linear (MIP)
model that allow®r timerelated objectives, and the development of several heuristic solution
methods. The mathematical formulation presents a more realistic and general approach to
existing SSP research. Moreover, the paper provides two new data sets fbiRtheaB8P
exanines the solution quality of different problem groups. The remainder of this article is as
follows. Section 2 presents an overview of related work. A problem description and the
mathematical formulation are given in Section 3, followed by presentirgurtbic h
approaches in section 4. The computational experiments and the analysis are presented in
section 5. The final section 6 concludes the study.
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Figure 1 Schematic layout of the problem environment.

2. Related Work

Scheduhg parallel machines has been widely discussed in literature and most of the problems
have been shown to be Bmplete for different objectiéenstra et al. 197 The interested

reader is referred fdlahverdi(2015)andKravchenko and Werng011) Although the SSP

is directly related to machine scheduling, it developed its own research directiagf@nThe un
SSP for a single machine with uniform tool size and equal and seqepecelent setup

times was first introduced Bgng and Denardd988)who showed that the tool loading-sub

s 0 |keep tdol neenled aqoitest GoRCH INIS Y
time. The uniform SSP was proven to Benbird byCrama et a{1994) Therefore, researchers

have mostly concentrated on heuristics or-neetastics. Only few articles consider exact
algorithms or integer programming (IP) methods. A detailed review of the research on the SSP
is povided byCalmel$2019)

probl em

can

be

by tploé

Job sequencing with tool switching occurs in various ind(8tilezi and Frizelle 200
Crama et al. 200 9nd related problems have been established in diverse areas. Analogies to
the tool switching problem in manufacturing industries can be found in the electronics industry
for sequencing printed circuit boards (P@Bkjayeb et al. 2003, Tzur and Altmann 2004,
RadulyBaka and Nevalainen 2015, Hirvikorpi et al. 200@bromputer systems for caching
and paging or-gerver problem@ijellab et al. 2000, Privault and Finke 2000, Ghiani et al.

2007)

The SSP for multiple machines was first mentionBaroy1988)for tandem machines.
Fathi and Barneti@002)present heuristics for the SSP with identical parallel machines and
conclude that the problem is {HBrd. A mixednteger nonlinear progmafor machines with
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identical working conditions but different magazine capacities is addre&sedady and
Gholami(2011)Beezéo et 2017)extend the IP formulations ©ang and Denardd 988)

and Laporte et al(2004)to identical parallel machines with given processing times and the
objective of minimizing makesp@apeynirci et a{2016)andGokgiir et al2018)nvestigate

the SSP for unrelated parallel machines without considering the magazine capacity but including
a limited amount of tool copies to minimize the makespan. So far, only one article addresses
the SSINPM with time aspects and few related stedissfor sequencing PCB#rayeb et
al.(2003xandVan Hop and Nagar2004)consider thecheduling of printed circuit packs on
multiple parallel sequencers that are equipped with a number of dispensing heads that have to
be loaded with the required input tap&scentlyCalmels et a(2019)presented several
sequencing policies for the $8®M. It is shown that the SSHPM for different objective

functions requires different strategies in order to ensgoedaperformance. Thus, the
heuristics presentedSection 4vere adjusted to different objective functions.

3. Problem Formulation

Asetofjobsl= {1, é, J} has to be processed in a
norridentical parallel machinds= { 1, €, M} is avdlable for prooebsing at time

zero and it is assumed that each machine can be used. Each machine is able to process any jok
and jobs are processed sequentially on each machine. The procegsiraj anmabj on

machinanis machinglependent and the machines may have different magazine d@pacities

The time to switch one tool on a mactawemay be different for the various machines, i.e.,
depends on the machine and not on the Toel{ 1 , | denotes the set of tools required

for processing all jobs. It is assumed that each tool occupies only one slot in the tool magazine
of a machine and at least one machine can hold all tools necessary for processing a job. Each
jobjrequires a subsettoblsT,. The processing of a job can only start if the required tools are
present in the magazine of the machine on which thie jmmcessed.denotes the subset of

jobs that require a certain todl T. The nature of the SSP requires that the tool magazine
capacityCy, of each machinedoes not provide enough tool slots for processing all jobs, so

that tool switches may become necessary fautweessive jobs. The initial loading does not

count as a tool switch and tool switching cannot happen while the processing of a job is ongoing.
The three presented conflicting objectives are: (a) minimize the makdspan and (b)

minimize total flowtne TFT), and (c) minimizing the total number of tool switdgs (

An example of the SSHPM is given in Table 1. The example consists of 6 jobs and 2
machines with different capacities and switching times. An optimal solution for minimizing the
total flowtime is presented in FigRrdhe tool loading shows that althojaiié requires only
threetools,tooB is keptin the free slot since it is required agaijpb8r Note that minimizing
TS TFT or FMAX are conflicting objectives. Consequently, the optimal solutions of this
example for minimizingSor FMAX are diffeent from the displayed solution.
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Table 1 Example with J= 6, T=9 and M= 2 with G=4, &G =3, swi= 1 andsus =2.

Jobs 1 2 3 4 5 6
1 1 2 1 3 1
4 3 6 5 5 2

Tools
8 5 7 7 8 4
9 8 9

Pz 1 3 4 5 6

P2 4 3 1

||
000

P00
0000

Machine 1
> -—>
Job Job Job Job
1 6 3 4 o
T T 1 -
0 1 3 5 9 12 17 e
° Pprocessing time . switching time
";f:
i o
Machine 2 ﬁ @ @ <«—» exchanged tools
. newly inserted tool (tool switch)
Job Jeb
5 2 o
I I I ti;e O free slot occupied by tool required the soonest
0 1 3 5 9

Figure 2. Layout of the problem environment for optimizing TFT.

The formulationBeezdo et al2017)provides the basis for the following mathematical
formulation with the additional consaten of noridentical parallel machines and sequence
and machindependent setup times. The variabigare equal to one if and only if jab
processed in th# position on machin@ Binary variables,are equal to one if and only if
tooltis present in machineduring the processing of the job inrthgostion. Binary variables
Wmare equal to one if and only if tod inserted in the tool magazine of maamagactly
before the™ job is treated. The continuous variahl@ende the completion time of j¢in

the ™ position on machinen Gzajzlmaxn (pm) HJ 1) max éw G. is a large

constant.
a axm=1 "1 1)
rlJ miM
f’iijxjrm ¢1 "riJ, 'm M ()
% Xim ¢ .éxi(r-l)m "rI\{}, 'm M ©)
] ]
a Xim ¢ Vi, "tiT,r B, M M @

i,
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é’i'iTVt,m¢Cm "riJ, m M ©)
Vim ~ Vt(r-l)m Mrm "t I'T7 t j]\{l}’ M M ©)
fjlm: pjm le "j iJ’ 'm M (7)
fjrm 2 a fi(r—l)m -BV\{n aWrm . . .
13,0 ] t T 113, I\, mi M 8
+ pjm Xjrm -G(l )ﬁrm )
v, W, | {0,1} “tiT,t 0, M M ©
Xim | {0, "1, 3, M M. (10)

Constraints (1) denote that each job is assigned to exactly one machine and position. Constraints
(2) impose that each position on machine is used by at most one job. Constraints (3) ensure that
if there is a job in thé" position on machine then theremust be a job in positianl.

Constraints (4) guarantee that the tools required fpajelavailable in the tool magazine in

the momentofjofd s processing. Constraints (5) ensu
the tool magazine capacity. Constraints (6) determine whethierits@rted in the magazine

of machinanbefore the processing of a job in positiofhe completion times dfe initial

jobs are calculated by the constraints (7) while the completion times of any other job are
restricted by the constraints (8) as the sum of the completion time of the job processed in
positionr-1, the setup time and the processing time. Cotst(Q) and (10) denote the
integrality conditions.

The objective functions consider the minimization of the total flowiiFg (11),
minimization of the makespdm(a) (12) in combination with the additional constraints (13),
and the minimization die total number of tool switches (14).

mnTFT=3 84 &f

jidridmim m (11)

min Fmax (12)

Fmax2 f, i, b, M M @3

minTS= a a 'a\érm (14)
tHTriJmIM

4. Solution approaches for the SSRPM

This section presents several solution procedures for tiéPBISP hree construction
heuristics are introduced (Section 4.1), which build the initial solutions for the proposed iterated
local search (ILS) (Section 4.2). The solution methods are euajudted extensive
computational experiments reported in Section 5.
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4.1. Construction Heuristics

The performance of many exact and heuristic approaches depends on the quality of their initial
solution. This section presents two-based heuristics andvalti-StartRandom heuristic.

Building a good initial solution is extremely important for th&lBEBbecause the optimal

tool switches anthe allocation of tools to free slots can only be determined for a given
sequence. The purpose of the construceomidtics is to assign the jobs to machines and to
sequence the jobs on the machines. The optimal tool loading can be determined using the
KTNS-policy(Targ and Denardo 198&)) no tool is inserted unless it is required by the next

job, (2) ifthe number of tools needed for a next jdbds than the magazine capattign

tools needed the soonest by subsequent joksmran theremaining free slots of the tool
magazinand are not removed

IEACT (lterated Earliest Artificial Completion Time): This heuristic is an altered version

of the IECT (Iterated Earliest Cgotetion Timeheuristic proposed Bessoa and Andrade
(2018)for the flowshop scheduling problem with delivery dates. It extends thassBT
heuristic for the SSRPM of Calmels et a)2019)y adding the approximated tool setup time

to the processing time. The calculation of the artificial completion time is an adaptation of the
concept proposed thyu and Reevg2001or the permutation flowshop scheduling problem

with minimizing total flow time objective. A solution is built from scratch by iteratively
appendingga ob at the end of a machineds partial
completion time athe last job is always selected for job assignment. The first job added is the
job with the lowest processing time. After, thathunscheduled job is evakatccording to

its earliest artificial completion time. The job with the lowest artificial completion time is added
to the partial sequence. All ties are broken randomly. ThedddiEhm(Tang and Denardo

1988)is used to subsequently determine the tool loading that minimize the number of tool
switches for the given sequete pseudocode (Algorithm 1) is provided in the appendix.

IGI (Iterated Greatest Intersection) Similar to the IEACT heuristic, this heuristic builds a
solution by iteratively appending a job at
structure of this algorithm was proposeddyg and Denard@988)and several variations

exist for the single machine prob(@rama et al. 1994, Follonier 1984d)lowing their ideas,

a new iterative construction heuristic is proposed for thRRIFS8PThe machine with the
minimum current artificial completion time of the last job is always selected for job assignment.
The first job added is the job that requinesmaximum number of tools (with less than or

equal to the magazine capacity of the selected machine) in order to prevent later tool switching.
After that, each unscheduled job is evalaatmtding to the number of tools in common with

the last job isequence on the selected machine. The job with the currently greatest intersection
of tools compared to the job last in sequence is added to the partial sequence. The artificial
completion time ofhe job being added updated afterwards. All ties arekdmorandomly.

Note that the optimum tool loading can only be evaluated for a given sequence and the actual
intersection between two jobs may actually differ from the number of tool switches in the
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optimal solution. The tool loading is subsequently opdifiozehe final constructed solution
using KTNS(Tang and Denardo 1988he pseudocode (Algorithm 2) is provided in the
appendix.

MSR (Multi-StartRandom): The multistart random heuristic generates a random
permutation of all jobs. Afterwards, the jolthe sequence of the generated permutat@on
allocated cyclicatlyto themachinestarting with the first machine. The idea behind is that for
most realorld problems the machine load has to be balanced in order to reduce the
completion time for all machines. If a job cannot be assigned to the nuackene
consideratiorhecause the capacity restrictions would be violated, the job is rarsignelgt as

to a machine with sufficient magazine slots. The tool loading is subsequently optimized by the
KTNS-policy (Tang and Denardo 198&8)d the proess restarts until the iteration limit is
reached. The best solution for each objective is returned. The pseudocode (Algorithm 3) is
provided in the appendix.

4.2. An lterated Local Search Mdtod (ILS)

Although construction heuristics can usually provide a good solution very quickly, an
improvement of the solution quality may be obtained by applying local search algorithms. In
this section, an iterated local search method is presented. ILS has bdda appiie range

of scheduling problenfisourenccet al. 201%ince it avoids the extensive tuning of parameters.
For the general ILS algorithm and the review of some applicatidios sgampleTalbi

(2009) andLourenco et a(2019) ILSapplications to the SSP are provideBlarg(1988)and

Paiva and Carvall®017¥for the uniform single machine SSP, artditwkorpi et al(2006a)

under the consideration of tool weslgorithm 4describes the general ILS scheme. Starting
with an initial solution, ILS iteratively applies intensification and diversification through local
search and perturbation methods until a stopping criterion is reached. In-8tepsptaise,

a swappirngpasd local search is perfaegthon each machine. A laigfep optimization is
performed afterwards kyansferring jobs between machinesg the newly proposed
perturbation methods.

4.2.1. Local Search with Restart

An initial solution is constructed by one ofcirestruction heuristics presented in section 4.1.
The local search method (see Algorithm 5) further explores the neighbotithedditial
solution inorder to find a local minimum. Here, the neighbourhood of the initial solution is
explored by an iteéed swapping scheme. After swapping two jobs processathchinghe

tool loading is optimized by the KTNS proced@ismg and Denardo 1988)oktaina new
solution’ e2Thenew solution is only accepted if its objective #élgas better than the best
known objective vallg’ ves), hence iF(' < F(' ves). In this casehe local search restarts on
the machine where an improvement has been genethtswise the next pair of jobs is
swapped on the machine being considéiégossible swaps on one machine are analysed
before the swage performedn the next machindhis is repeated until all machines have
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been considered. The local search is limited to the neighbourhood of a solution without
modifying the job assignment to thachines. Subsequently to the local search, a large step
perturbation is performed by eaihg the job assignment by inserting jobs on different
machines.

4.2.2. Perturbation

Three different perturbation strategies are explored due to the conflicting nature of the different
objectives. In order to addressdiféculty that the problerspecific paurbations (P.1) may

result in the algorithm being stuck in local optima a randomized procedure (P.2) as well as a
combination of the problespecific and randomized perturbation (P.3) are presented. Ties are
always broken randomly.

Objective-specific peturbations (P.1): The paper considers three different objectives of
which two objectives are tiredated (total flowtime and makespan) and one objective is related
to tool switches. Therefore, two different perturbation procedures are applied.

1 Time-basedperturbation (P.1a):

The makespan and the total flowtime are influenced by many factors, among them the
processing and setup time of each job. These objective values can only be decreased by
decreasing the completion time of at least one job. The haWwgiEm concept is an insertion

based method. Givem currentsolution, select the bottleneck machmevith the highest
completion time of the last jolfy,), and for which there exists a job that can be relocated to
another machin®. The jol: = [q]m, in positiong onmachinen, with the highest processing

plus setup time costselectedNote that the job is only selected if it can be relocated to any of
the other machines, thtise relocation doesot violae the capaty restrictions. Jop is
reinserted on a different machiméhat must provide a sufficiently large tool capadity.is

inserted on a different machiarbetween two jobs such that the sum of processing time and
approximated tool switching times is minimized over the different machines and insertion
positionsNote that in the case of removing as well as insaijitgirom the first or the last
position, thecalculationsreduce because, as per definition, tool switches do not occur before
processing the first job and after processing the last job on a mEuohipseudocode
(Algorithm6) is provided in the appair.

1 Tool-Switch-based perturbation (P.1b):

The perturbation for minimizing the number of tool switches is similar to the previous
perturbation concept, but ignores tirakated aspects. The bottleneck machirith the
highestotal number oftool switchess selected, and for which there exists a job that can be
relocated to another machitgdenotes the number of tool switches required immediately
before processing jobThe jobj: processed om with thelargest number of toswitches
required immediately before its processisglected for reinsertion on another macilole

jiis inserted on a different machmesuch that the number of tool switches before and after
processing jolhon machineis minimized over théterent machines and insertion positions.
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Figure3illustrates the selection and insertion. Note that in this example, both machines have a
total number of tool switches of 5. Job 6 on machine 2 is selected. Together with job 3, job 6
currently rquires the most tool switches but can be allocated to another machine (machine 1).
It is randomly assigned to either position 1 or position 4 on machine 1 in the position with the
least approximated tool switches. The pseudocode (Algdrithpnovidedn the appendix.

X TSytachine1 = 5
Machine 1 oy, =2 #3=3

@ 1 1 1 «—> 2 1

4 4 «—> 5 +—r 6 4

Tools

2 8 ) «—p (7 7 2

m. - N

Job Job Job Job Job
6 1 e 3 6

2

. H
|T\T,|=2 I TAT [+ 1 [T 1T =2
[T\, =4 ] \Ts\Tﬁ\:Jl
1 I 1
Machine 2
8 <« 1 1
vl 2 ¢ >
@ 6 : . g
Q
= 5 > 2 +«—> 5
Job Job Job
5 6 2
<«—> tool exchange
- free slot 55 =3 =12
TSvachine2 = 5

Figure 3. lllustration of the removal and insertion phase for tool switching.

Random Perturbation (P.2)For therandom permutatiom jobsof job setlare selected at
random. The jobs are successiedbgatd to random positions the sequence ofandomly
selected machines with sufficient tool capacity. Based on the obsenRdisasofl Carvalho

(2017nis obtained by= éAa J||u, with parametek 0< A< 1.

Combined Perturbation (P.3):This perturbation algorithms combines the objestigeific
perturbation (P.1) and the random perturbation (P.2) in order to overcome local optima created
by the systematic objectsmecific perturbation. A random perturbation is performed with a
fixed probability with 0 <a< 1, after an iteration without impeswentFor this a random

number andl is generated from a uniform distribution in the intervad® % If ranck 3 a

random perturbation is performefy examplea= 0.25 would mean that a random
perturbation is applied in average every fourthatatem.

The perturbations are followed by the aforementioned local search. Note that the local search
that follows the perturbation must only be perfordfmedthe machines on which the
perturbation has altered the sequence.
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4.2.3. Acceptance and Termination Criteria

Accepting only improved solutions would result in the algorithm converging to a local optimum.
Therefore, the acceptance criterion ensures that eveferaor solution may replace the

current solution. An improved solution always replaces the current solution. The best solution
obtained after the perturbation and local search step is always accepted thus allowing a large
diversification until a maximuramber of perturbation iterationsr a time limit is reached.

5. Computational Experiments

This sectioranalysethe computational performance of the heuristics and the mathematical
formulation. First, the characteristics of the test instances are fis®etied 5.1). Then, the

tuning of the parameters is described (section 5.2). The performance of the solution methods is
summarized and discussed in section 5.3.

Experiments wereonducted on a 3.20 GHz Intel Coré8T®0 processor with 32 GB of
memory running under Windows 10. IBM CPLEX 12.8 on GAMS 25.1.3 was used to
implement and solve the mathematical model while allowing CPLEX to use all cores in parallel.
A time limit of 60&econds was imposed for the solution of each instance. The heuristics were
implemented and run with R 3.5.1 (using RStudio 1.1TA63)0ds of the mathematical
model and the heuristics, as well as a brief description of the algorithms are available on
https://qgit.io/JvLrC.

5.1. Description of the Instances

The solution methods have been tested on two new data s&®MsE&nd SSINPM-II,

since the problem has not been addressed in literature so-RiPMsBlfas beeimtroduced

in order to explore the | imits of the math
the focus of this paper is the evaluation of the heuristics the time limit for the mathematical
model is 600 seconds. $SEAM-11 is proposed in ordeo explore the limits of the heuristic

sol ution met hods and Tdpe 2oand Thieles3 sunimarizeg thed i ns
specifications of the problem sets considered in the experimental evaluation. 20 instances were
randomly generated for each proligme Processing tim@s are random integers generated

from a uniform distribution over the intervals [1, 10].ii$tances are publicyailable on
https://git.io/Jvsgp

Data set SSRPM-I provides a total of 160 instances. The numbesats per job is
randomly drawn from the interval [3, 5] for-tmachine instances and from the interval [5, 7]
for threemachine instances. The required tools are randomly chosen from the tool set. Note
that for both data sets the dominance critdtiaporte et al. 200&) met which means that
any jobds tool set Is never a subset of any
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Table 2. Characteristics of SSINPM -I.

| M| I [Tl Cr SWh

2 {10,15} {10, 15} (5,7 (2, 4)

3 {1520} {15,20} (7,10,13) (2,3, 4)

Data set SSRPM-II provides 480 instances. Additional instances were defined for several sub
categories in order to evaluate the impact of different switching times and different quantities
of required tools per jobhe tool switching timesy were assued to be either relatively low

or high compared to the processing times. The tool switchirgyiomemachinenis either

low, €0.75 medip)U4, or highgl.15 medip-)g similar to the instance generatioBedzao et

al. (2017) In order to investigate the assumptioBwfger et al(2015)that the difference

between the magazine size and the quantity of tools required per job influences the performance
of the heuristics, the jabol combinations, depending on the number of required tools, are
either sparse or dense. Sparse matrices weoenhargenerated based on the number of

required tools per jobT]| using a uniform distribution over the interval — , min — ]

while for dense matrice§j||is generated over the intervabx — , max(C,)].

Table 3. Characteristics of SSINPM -11.

JobTool-Matrix
Density

4 {40,60} 60 (25+( 135) {low, high} {sparse, dense)

[ M| [J I Tl Cnm SWh

4 {40,60} 120 (25+(d 136) {low, high} {sparse, dense]

6 {80,120} 120 (45+( 135) {low, high} {sparse, dense)

5.2. Parameter Settings

Among the heuristics, only the MSR and the ILS require parameter calibrations. The iteration
limit of the MSR was set to 1,000. The components of the ILS include (1) the heuristic used to
build the initial solution, (2) the type of perturbation movedg@ljehe acceptance threshold,

and (4) the stopping criterion. The instances of data S¢P§BIRvere used to obtain suitable
parameter values. The paraméter the random permutation (P.2) was analyséd 0.2,

0.4, 0.6, 0.8}. The Wilcoxon r&dgRank test showed that the computation time and the
objective values are not significantly differgmt (®5) for different levels éf ThereforeA

was set to 0.2 for minimizing total flowtime and makespan and 0.8 for minimizing the number
of tool switches since these levels resulted in the best average relative deviations.

For the combingperturbation (P.3), the paramétesas analysed fai {0.05, 0.1, 0.25,
0.5} since the main structure of a good solution should be retained. The pAveasetet to
Al {0.2, 0.4, 0.6, 0.8}. All possible combinatiorsasfdawere tested. Results showed that
small values dobtained the best results fo@a$ince no combination was significantly better
than all other combinations, the levels withbdst average relative deviation values were
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chosen. For minimizing the number of tool switemesfor minimizing the makespte
parameers were chosen As 0.2 anda= 0.1, andor minimizing total flowtimA= 0.2 anch

= 0.05. Initially, an adequate tilnat for the ILS variations had been evaluated by using 1000
iterations for different problems. It was shown that the algorithm improves the initial solution
very quickly and starts to converge after a few iterdinensiaximum computation limit was
therefore set to 600 seconds for the final evaluation of the different ILS approaches.

5.3. Experimental Results

For each instance, the relative percentage deviation (RPD(%)) between the solution value found
with the consided method and the best known solution value (BKS) were computed as well

as the average percentage deviation (AvPD(%)) across all the instances / all the problem sets.
To confirm the results, the conclusions of the comparisons were tested applyingxtre Wilco
SigneeRank test, assuming a significance levpbof05.

5.3.1. Evaluation of the Construction Heuristics

Figured depicts the box plots of the RPDs of the construction heuristics from the BKS obtained
among construction heuristics. The results shothéhbest starting solutions for minimizing

the number of tool switches and minimizing the makespan were obtained by-st@tmulti
random heuristic for small problefag(re4 8). For minimizing the makespan the IGI method
yields the worst RPD values and varies widely. However, the average number of total tool
switches is very low for small problems, so that even a very small deviation from the best known
valueresults in a high RPD. Since the MSR was run for 1,000 iterations, its performance
decreased for large probldgfFigured4 b). The MSR yielded the worst results for all objectives

for large problems, while the best results were obtained by the 1GI method for minimizing the
total number of tool switches and by the IEAC method for minimizing total flowtime. The
computation time dhe MSR was significantly higher than the computation time of the IEACT
and the IGI for both sets of instances (Sgere5). The computation times of IEACT and

IGI are insignificant even for very large problems. Since adjaozhsshould be obtained

very fast, MSR cannot compete with the greedy construction methods. Therefore, IEACT was
used for minimizing makespan and total flowtime and IGI was used for minimizing the total
number of tool switches for the following locatdeand iterated local search methods.
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Figure 5. Comparison of the average computation times per problem typé the construction heuristics
IEACT, IGIl and MSR.

5.3.2. Evaluation of the Local Search

The local search (Algorithm 5) has the advantage that it is rather simple and easy to implement,
and it requires no parameter tuning. The results show that applyingl drSindgighe
construction heuristics significantly improves the solution quality. The average percentage
improvement for different problem types in -8IBRI-l lies between % and 136
improvement of the construction heuristics for minimizing TS, betviéen@ 8% for
minimizing TFT and betweer®gland 7 % for minimizing FMAX (feige 6). For SSINPM-

Il, the average percentage improvement lies between 1 % and 6 % improvement of the
construction heuristics for minimizing TS, betwedna®d 136 for minimizig TFT and

between % and 6% for minimizing FMAX (Figre 7). The results show no significant
difference in the improvement for instances with different tool switching times but a significant
difference for sparse and dense matricasréB)g The improvenent for sparse matrices is
significantly higher than for dense matrices but requires higher computation tire&s (Fig
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Figure 9. Comparison of the average computation times per problem type of the local search for sparse
and dense matrices of SSRPM-II.

5.3.3. Evaluation of the ILS Methods

The results of the IL@ethodshad been compared to the mathematical formulation using the
dataset SSINPM-I. Table4 summarizes the performance of the mathematical formulation.
The fourth, seventh and tenth column provide the average total tool switches (avTS), the
average total flowtime (avTFT) and the average makespan (avFMAX) per problem type as
additional informatim Moreover, the average computation time in seconds (time(s)) and then
number of instances solved to optimality (#Opt) per 20 problermsypecesre provided.

It is shown that only few instances can be solved to optimality given dmaitinfe600

seconds and heuristics have to be used fordargeproblems. The model especially struggels
with the timerelated objectives where only instances with 10 jobs can be solved to optimality.

Table5 showsthe performance comparison of the mathematical formulation and the ILS
methodsUnderlined values indicate the best reStiésAvPD is calculated based on the best
solution found considering the different th&thods and the mathematical formulation. For
the objective of minimizing the number of tool switches (TS) the mathematical formulation
significantly outperforms the ILS heuristics. It has to be noted that the high deviation derives
from the low tool switdng values, so that even a solution which is very close to the solution
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of the solver yields a high relative deviation. For small problem&(@$fthe combination

of problemspecific and randomized perturbation steps (P.3) yields the best resiutteout

ILS methodsfor each objective and can compete even with the performance of the
mathematical model. The ILS heuristic even outperforms the mathematical formulation for
timerelated objective3.able6 shows a direct comparison of the ILS versions for small
instances and highlights the statement that the P.3 outperforms the other ILS methods for small
instances.

For larger problems (S8IPM-II) the random emponent is responsible for a deterioration
of the performance of the random perturbation (P.2) and the combined perturbation (P.3). The
results are summarizedTiable7. The problersspecific perturbation (P.1) outperforms the
other perturbation schemes except for minimizing the number of tool switches of dense
problems where a random component is required in order to overcome local optima. Although
P.1 yields théest results for SS¥PM-II in many of the problem instances it has to be
mentioned that the combined perturbation (P.3) overall provides good and robust results for
any problem type, even for sparse and dense matrices.

FigurelQ, Figurell, andFigurel2 show the detailed average percentage deviations for
different problem types considering the objectives TS, TFT, and FMAX, respectively. Different
switching times did not provide a significant difference in the pederofathe heuristics.

For sparse and dense problems, however, it can be obsertre difftrent methods yield
different results for each objective. For minimizing the number of tool switches the problem
specific perturbation method (P.1b) outperfohasther methods for sparse problsinese

for sparse problems there exist many more possibilities to fill empty toBbsldense
matrices, however, with less empty slots, the prspliiic method seems to get stuck in
local optima which leads to worse results. Here, the random perturbation (P.2) yields extremely
good resultsThe minimization of the total flowtime shadvierent results. The problem
specific perturbation (P.la) and the combined perturbation (P.3) outperform the random
perturbation (P.2) for sparse and densielems. On a closer ook, it can be observed that P.1a
always vyields a lower AvPD thaB fer sparse problems. The results of minimizing the
makespan are similar to the results of minimizing the total flowtime. The random perturbation
(P.2)alwayyieldshe worst result$or each method, the AvRlues for dense problems are
lower than the valador sparse problems showing that sparse problems are more difficult to
solve because of the many tool optimization possibilities.
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Table 4. Performance of the mathematical formulation for SSRPM -I.

TS TFT FMAX

M J T avTS time(s) #Opt avTFT time(s) #Opt avFMAX time(s) #Opt
2 10 10 3 8 20 129 494 11 29 322 19
2 10 15 6 61 20 164 600 0 37 570 3
2 15 10 4 377 12 280 600 0 45 600 0
2 15 15 10 600 0 346 600 0 55 600 0
3 15 15 1 272 13 163 600 0 26 600 0
3 15 20 5 600 0 197 600 0 34 600 0
3 20 15 2 517 6 294 600 0 37 600 0
3 20 20 8 600 0 399 600 0 51 600 0

Average 5 379 9 247 587 1 39 562 3

Table 5. Average Percentage Deviation relative to the best solution foundnsidering the MIP and the
different ILS methods for SSINPM -I.

AVPD TS AVPD TFT AvPD FMAX

M J T MIP P.1b P.2 P.3 MIP P.la P2 P3 MIP  P.la P2 P3
2 10 10 0.00 42.08 6.67 3.33 0.00 4.01 0.84 0.30 0.00 6.03 048 0.00
2 10 15 0.00 3386 6.56 6.23 0.20 434 0.71 031 0.00 585 0.85 0.00
2 15 10 0.00 57.08 41.67 33.08 180 546 524 0.95 186 6.42 10.53 0.70
2 15 15 0.00 25.33 2485 1882 135 647 530 124 3.72 654 10.21 0.18
3 15 15 0.00 168.42 236.84 5.26 1.04 11.04 18.47 1.72 223 1754 22.05 1.03
3 15 20 0.00 9281 74.37 30.27 1.20 1250 16.48 1.88 4.66 18.38 22.19 0.82
3 20 15 0.00 185.00 382.50 57.50 3.79 10.18 2241 1.73 8.20 18.77 29.68 0.37
3 20 20 0.00 66.26 103.89 47.97 6.77 520 13.18 0.78 13.98 991 2410 0.12

Average 0.00 83.86 109.67 25.31 2.02 740 1033 1.11 433 11.18 15.01 0.40

Table 6. Average Percentage Deviation relative to the best solution found considering only the different
ILS methods for SSRNPM -1.

AVPD TS AvPD TFT AvPD FMAX

M J T P.1b P.2 P.3 P.1a P.2 P.3 P.1a P.2 P.3
2 10 10 37.92 3.33 0.00 3.80 0.64 0.09 6.03 0.48 0.00
2 10 15 30.59 3.83 3.50 4.22 0.59 0.19 5.85 0.85 0.00
2 15 10 25.01 11.50 4.92 4.55 4.34 0.09 571 9.78 0.00
2 15 15 8.44 7.84 2.57 5.38 4.24 0.20 6.54 10.11  0.09
3 15 15 163.16  228.95 0.00 9.23 16.64 0.03 16.40 20.83 0.00
3 15 20 46.63 37.14 0.00 1043 1445 0.05 17.47 2119 0.00
3 20 15 77.50 21250 0.00 8.48 20,59 0.5 18.33 29.24  0.00
3 20 20 13.34 40.10 1.00 4.79 12.76  0.40 9.91 2410 0.12

Average 50.32 68.15 1.50 6.36 9.28 0.15 10.78 1457 0.03
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Table 7. Average Percentage Deviation relative to the best solution found considering the different ILS

methods for SSENPM -II.
AVPD TS AVPD TFT AvPD FMAX
Density M J T P.1b P.2 P.3 P.1a P.2 P.3 P.1a pP.2 P.3
sparse 4 40 60 5.02 28.60 7.56 1.19 2144 1091 2.01 26.05 2.80
sparse 4 40 120 1.97 7.01 3.17 0.31 1426 111 2.07 15.06 1.25
sparse 4 60 60 0.22 23.61 10.96 0.16 1834 1.35 0.63 2349 5.32
sparse 4 60 120 0.33 6.01 3.60 0.12 10.79 0.28 0.32 1190 254
sparse 6 80 120 0.24 7.80 3.83 0.03 16.29 0.24 0.67 1747 292
sparse 6 120 120 0.18 12.60 1.01 0.06 11.08 0.22 0.25 2457 361
Average 1.33 14.27 5.02 0.31 15.37 0.85 0.99 19.76 3.07
dense 4 40 60 20.51 0.00 9.36 0.39 3.75 0.52 0.44 6.16 1.32
dense 4 40 120 7.05 0.00 3.19 0.09 1.79 0.20 0.51 6.15 0.53
dense 4 60 60 1856 0.00 12.53 0.27 3.21 0.44 0.00 3.53 0.94
dense 4 60 120 5.75 0.01 3.99 0.01 1.54 0.22 0.16 4.45 0.46
dense 6 80 120 9.61 0.00 8.19 0.15 2.21 0.18 0.04 2.54 0.18
dense 6 120 120 7.14 0.00 6.88 0.18 216 0.17 0.00 2.09 0.23
Average 11.43 0.00 7.36 0.18 2.44 0.29 0.19 4.15 0.61
Total Average 6.38 7.14 6.19 0.25 8.90 0.57 0.59 1196 1.84
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Figure 10 Comparison of the average percentage deviations of the ILS methods per problem type for
high and low switching times and sparse and dense matrices of SSPM -1l for TS.
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Figure 11 Comparison of the average percentagkeviations of the ILS methods per problem type for
high and low switching times and sparse and dense matrices of SNSPM-Il for TFT.
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Figure 12 Comparison of the average percentage deviations of the ILS methods pesblem type for
high and low switching times and sparse and dense matrices of S§PM -1l for FMAX.

6. Conclusion

In this paper, the challenging job sequencing and tool switching problem in the context of non
identical parallel machines is investigated. Avitiewormulation is presented that can be
applied to different objective functions. The computational experiments show that only small
problems can be solved to optimality. New ILS methods are proposed since large problems
cannot be solved to optimalitythin reasonable run time. Several construction heuristics and
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perturbation schemes are evaluated. It is shown that the local search is indispensable and that
the proposed ILS methods are able to provide good solutions even for large problem instances.
In general, the ILS method with problspecific and randomized perturbation moves
outperforms the problespecific ILS method as well as the randomized ILS method for small
problems. Although the problespecific heuristics tend to converge to local optieyaatie

able to find good solutions faster than the ILS heuristics with a random component. The
randomized heuristic requires more time to find promising areas of the solution space but may
overcome local optima which proves useful for minimizing the nafrioet switches of

dense problems.

The focus of this work are different perturbation strategies for three different objectives, and
thus only one local search method had been included in the experimental evaluation. Further
research may investigateithpact of different local search techniques on the performance of
the ILS or metheuristics. Moreover, examining different acceptance and stopping criteria may
prove useful. In the presented prob#pacific ILS, any iteration could return to a previously
examined solution. Implementing a tidtumay improve the performance of the ILS by
prohibiting the problerapecific perturbation to get stuck in a local optimum.

Extensions of the SNPPM may consider tool wear or different tool sizes and tool
dependet setup times. The SSP with different tool sizes has already been studied for a single
machine (seégr exampleRadulyBaka et al. 2005, Van Hop 2005, Hirvikorpi et al. R006b
Different tool sizes appear for example in the wetking industry where diféart metal
working operations require tools of different sizes. Some tools may also require special care or
handling so that the tool switching time may not be equal for each tool. Another interesting
extension of the SS¥PM may consider that the numbeawéilable tools may be limited and
that some tools could be handled by only specific machines.
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Appendix

Algorithm 1: Iterated Earlieast Artifical Completion Time Heuristic (IEACT)

1 Let[r]mdenote the job processed in position machinenand let m=([1]m[2]m Elln
be the job sequence on machinand mthecorrespondingptimaltool loading on machime m
= 1, 2 , ¥73;belhe Artifidal Completion time of jpp= 1, 12, &,

2 Initialize
3 ~ & {1, ¢/ setbfijobsto be scheduled /
4 'nh&e A,"mi M;// job sequence on machine m//
5 & A,"mi M;// optimabol loading on machine m //
6 fn& Omi M;/ artificial completion time of the last job on machine m //
7 while™ , Ado
8 m'ce argmififn| $j1 " (T @), mi M};
/I select the machine m' with the minimum completion time) @rtiddasihjah there exesst
oneemaining job that can be processed on that machine without violating capacity res
9 if fn="0
10 it {@Rlgimi:6Tl @)} ;
/ select the job (j") with the minimum processing tineesgattechine which requires
tools than the capacity of that makhine (C
u fn CE pm;
/I u pdate the artifical completion time ofdheriashjol/m
1 else
13 for eachji ~ (T ¢ Cw)
14 X 7= ot W Q{tT T tT T}
/1 calculate the artificial complatioretuge=;) for each remaining job //
15 end for each
16 i e {anpgint (T @};
/1 select the job j' with the minimum earliest artificial ¢ornpletichtimguires less to
than the tool magazine capacity of the selegjed machine (C
17 fnCE fm+ X 2y
/I u pdate the artifical completion time ofdheriashjol/m
13 end if
19 "meE T w {)

/1 append the job j' to the job semqfeneehine m' //
20 T @& "\{]j}; /!l remoydrom //

21 end while
22 for eachmi M
23 "m&E KTN§; (

[lapply the 0Ke-dlicy Usingthe obitaineddsmidenddr comptimizetthé t
loading on machine m //
24 end for each
25 return 0=(1,"2 éw; °=(C 1 2 €wm);
/1 return theb sequen@emdhe corresponding optimal tel f@ading
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Algorithm 2: lterated Greatest Intersection Heuristic (IGI)

1 Let[r]mdenote the job processed in position machinenand let m=([1]m [2]m & ] bd

the job sequence on machinend mthe corresponding optimadol loading on machimg m=
1, 2, é, M.

Initialize

“& {1, &/ setbffjobsto be scheduled /

“me& A ,"mi M;// job sequence on machine m //

“m&E A ,"mi M;// optimabol loading on machine m //

fnce O mi M ;// artificial completion time of the last job on machine m //
while™ | A do

m'c argmififn| $ji ~ (T @), mi M};

/I select the machine m' with the roemimplation time of the |ds) goid(for which there éxists
least onemaining job that can be processed on that machine without violating capacity

if fm=0

10 i@ @Anldrax (Tl G)};

/I select the jpowith the maximum number of requirgdl toolshgTselected mantine
which requires less tools than the capacity of thét machine (C

1 fr CE Pm;

/I u pdate the artifical completion time ofdhenetifeath

0 N O OB~ WD

©

12 else

BB i @x@wT ol T (T @)Y
/I select the job j' with the maximum number of tool intersections with the currentl
sequence on machane mhich requires less tools than the tool magazine capacity
machine{C//

14 fn G frt gt SW Q{t I Ty [ tT Trgm} s
/I u pdate the artifical completion time ofdhariashjol//im

15 end if

16 "mE T w {)

/1 append the job j' to the job semfeneehine m' //
17 T & "\{j};/Il remoydrom //

18 end while
19 for eachmi M
20 "mE KTN9: (

Ilapply t he 0Ke-dgicydsmpthe obiaineddsidenddr tcomptimizetthe tc
loading on machine m //

21 end for each
2 retun'0=(1,"2 éw; °=(C 1, 2 €wm);
/1 return theb seques © andhe corresponding optimal tel f@#ding
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Algorithm 3: Multi-Stat-Random Heuristic (MSR)

1 Let[r]mdenote the job processed in position machinenand let m= ([1]m [2]m €& |
be the job sequence on machinand mthecorresponding optimadol loading on machimg m
= 1, 2, é, M.

Initialize

"m& A ,"mi M;// job sequence on machine m //

“ma& A ,"mil M;// optimabol loading on machine m //

| ;// iteration lindit

fori= 1, @&, ¢é, I

" randCE random.permutationf¢ , J}

/'l generate a raneéemujenizt eper/ mmut ati on,
8 mhe 1 /] selected machine //

N o 0o~ WN

9 rda 1 J/jorlJin posSiwd/i on rh in
10 whiler ®&Jdo
n if | Tie| ¢ G
12 " mCE ‘m',‘rand[r]h
/1 append theijob p 0 S iandtoithe job seduiendémachine m' //
13 miEe mhk 1 ;// select next machine //
14 if mh>M
15 mie 1/ if there is no next machine, restart with machine 1 //
16 end if
17 else
18 mhce random.madfmime M | (| Tirrg| ¢ G} ;
/l randomly chose a machine with sufficient tool magazine capacity
19 "m&E {m, rand 1 IR,
/] append theijob p 0 s iandtoithe job seduiendémachine m' //
20 end if
21 rdar #f1;// selectthe nextjob //
22 end while
23 endfor
24 for eachmi M

25 "mE KTN9; (
[lapply the 0Ke-dlicy Usingthe obitaineddsmijdenddr comptimizetthé t
loading on machine m //
26 end for each
27 return‘0=(‘ 1,‘2, ‘ém);‘ 0=(‘ 1,‘2, ém);
/1 return theb sequen@emdhe corresponding optimal tel f@ading
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Algorithm 4: General Iterated Local Search Scheme

1 LetSbe an initial solution obtained by a construction heuristic;
S LocalSgearch (
while termination criterion not sagisfied

S & Perturbation$, search history);

Sie LocalSearch (

SE& Accept ang,S8jCsedarch mambrg)n (
end while

00 N O O A WODN

return S;

Algorithm 5; Local Search (LS)

1 Let[r]mdenote the job processed in position machinenand let m=([1]m [2]m & ] bd
the job sequence on machinend mthe corresponding optimadol loading on machimg m=
1, 2, ,Lét;o=M0o, "%  &y)and 0= ( 0, 9  €9) be the initial solution and tl
correspondingptimaltool loading obtained by a construction heuristic. Hegtlenote the bes
known sequence and Ptits objective value.

2 Initialize

3 ‘ besgg ‘ 0

4 ) besgg T o

5 form=1,2, é1,do

6 improved TRUE;

7 while improved TRUE do

8 improved FALSE;

9 ‘oeg ‘0

10 form=1, 281 é,

1 forr,=n+ 1,1 & ,

© @[[nlm]cE " Om[[r2]m];

13 @[ [r2lm] & " Om[[r1]m];

14 "o KTNE; (
[lapply the 0Ke-dlicyTsingpthe olitaineddbazderntis o
optimize the tool loading on machine m //

(B if F( &< F( bes)

16 " besgg ' &2// update besbkvn sequence //

17 " besge g/ / update the optimal tool loading fentvessegience //

18 " 0c ‘ best// the best known seqeglac#se current sequence //

19 improved TRUE;

20 go toline7;// restart the swapping on the current machine //

21 else

22 ‘age ' 0;// maintain tleédcurrent solution //

23 end if

24 end for

25 end for

26 end while

27 end for

28 return * best " best
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Algorithm 6: Timebased Perturbation.(R)

1 Let[r]mdenote the job processed in position machinenand let m=([1]m [2]m & ] bd
the job sequence on machinend mthe corresponding optimadol loading on machimg m=
1, 2,Lét;o=M0o, "%  &y)and 0= ( 0, 9%  €9) be the initial solution and tl
correspondingptimaltool loading obtained liie Local Searchet besidenote the best know
sequence and 'P¢Y its objective valuéet tg,), denote the number of tool switches requ
immediately before procesdimg job in the th positionon machinen Let?jrnp be therelocation
costwhenjob j is relocated to positiaron machiner.

2 Initialize

3 ‘ besgg ' O ;

4 " besgg 0:

5  while termination criterion not @@ched

6 ‘oge ‘0;

7 m & argax{ fn| mi M ($j1 "&R:(T| @), mi M, m, m)};

/I select the mactingith theighesbmpletion time of the ldst)j@nd for which there exesist
ongob that can be proceasethenachime without violating capacity restrictions //
8 jL e argmak Ago + SWh QSaim 1A= {1  [€ml}” (Taml @) mel M, m, m)}};

I select the jobposition ogn machimewith the highest processing time plus setup time, al
relocated to anothehima without violating capacity restrictions

10 formi M|{m, m~ (T G}

11 forr=(1, |éd+1)

12 if r=1// assigned tdfitisé position //

13 Ny irim= Pyt SWA{tT Trm: tT Ti}|

14 else ifr= (" n|+1)// assigned to thedestion //

15 Ay [rim= Pyt SVMQ{'[[ lei'[T Trr-m|

16 else// assigned to anymibgion //

17 A [rim= Pyt SVMQ{” Tirm: tl Tt + SVMd{'[i leitT Trr-mt|
18 end if

19 end for

20 end for

21 (rom)e ar@mimimi M:{m, m™ (Tl G} r=(@, |éd+1)};
22 " & ")\ {1 ;// update sequence on mathine m

23 " ag, & jobinsert]s, [ ]y, ~ 98) ;// insert jobip positionan maching/m

24 "@mCE KTN®) (e KTNS);(
I/l 'apply the 0Ke-dlicy® optinize the teotlumiingeShieen mrel s 0

25 | if F( &< F( bes)

26 " besge ' g2/ / update besbkvn sequence //
27 " besge @2/ / update the optimal tool loading fentvessesience //
28 end if

29 (' *e2 " & Local.Sealchkg a8, 3,)

I/l applythdocal seatothe machinesind mof theerturbed solution

30 ‘0 ‘ *a¢/ best solution fiaral search becomes new current solution //
31 end while

32 return’ best  best
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Algorithm 7: ToolSwitchbased Perturbation. ()

1 Let[r]mdenote the job processed in position machinenand let m=([1]m [2]m € ]m bd
the job sequence on machipend mthe corresponding optimadol loading on machimg m=
1, 2,Lét; 0=, 0% &%)and °=( 0, O,  &0) be the initial solution and tI
correspondingptimaltool loading obtained liie Local Searchet besidenote the best know
sequence and'P¢yits objective valukeet TShdenote the total number of tool switches on mac
mandts,the number of tool switches required immediately before processiriaggob position
on machinen Let [ be therelocation cost when jpis relocated to positisron machinern.

2 Initialize

3 ‘ besgg ' O ;

4 " besgg 0:

5  while termination criterion not @@ched

6 ‘agg ‘0

7 m & argax{ TS,| mi M~ ($ji "a&: (T @), mi M, m, m)};

/I select the machingith theighest number of tool $éWigheand for which there exeststzon
job that can be procearsethenachima without violating capacity restrictions //

8 he ar gmata={1, " (Tanl @).mi M m, m)};

I select the jimbposition gn machimewith thiargest number of tool savittidsch can be rel
to anotherachimg without violating capacity restrictions

10 formi M|{m, m~ (T G}

11 forr=(1, |éd+1)

12 if r=1// assigned tdfitisé position //

13 Nprm= [ {1 Trm:tT T}

14 else ifr= (" n|+1)// assigned to thedestion //

15 Njplrm= |{ti lei'[T Trram|

16 else// assigned to anymibgion //

17 Njplrm= |{ti T[r]mZtT T} + |{ti leitT Trr-m
18 end if

19 end for

20 end for

21 (rom)e ar@mimimi M:{m, m™ (Tl G} r=(@, |éd+1)};
22 "ag & " &g\ {1} ;// updateequence on maghine m

23 ' g3, & jobinsertjy, [ ]my, * 88);// insert jobin positiohen maching/m

24 @ E KTN®):(smeE KTNS);(
/'l apply the 0 Kdiemo ofimirelthe tdahmatiaagachisBoandmd s t

25 | if F( @< F( bes)

26 ‘ beste * @@/ / update besbkn sequence //
27 " beste @2/ / update the optimal tool loading fentvesezgtence //
28 end if

29 (‘ *e2 " & Local.Sealchkg a8, 38,)

/I applythdocal seatohthe machingand mof the perturbed salution

30 ‘0 ‘ *a¢/ best solution from local search becomes new current solution //
31 end while

32 return’ best  best
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Appendix A: Results of Study 2

The following tables contain the results of study 2 (Section Ill) for the 180 problem instances.
The following identifiers are used due to space restrictions (Table A.1). Table A.2 provides the
objective values and computation times of the mathematied$ ni@ble A.3 provides the

objective values and computation times of the heuristics. TatderAble A.7provide the
results of the statistical evaluation.

Table A.1. Column identifiers of Appendix A.

M number of machines tib timeiindexbased model

J number of jobs tft total flowtime

T number of tools fmax makespan

D (s/d) density (sparse/dense) time(s) computation time (seconds)

Vv instance number per IEACT iteratecearlieasartificialcompletiortime-

problem type heuristic
prb precedencbased model ILS iteratedocalsearch heuristic
pob positionbased model NA not available
Table A.2. Overall results of the mathematical models for each problem instance.

TN N N R I R o B I B S R e
time(s) time(s) time(s) time(s) time(s) time(s)

2 5 10 S 1 32 0 12 0 32 0 12 0 32 22 12 0

2 5 10 S 2 44 0 17 0 44 0 17 0 44 166 17 35

2 5 | 10 s 3 36 0 16 0 36 0 16 0 36 84 16 82

2 51|10 s 4 39 0 14 0 39 0 14 0 39 21 14 4

2 5 | 10 s 5 36 0 13 0 36 0 13 0 36 9 13

2 5 10 s 6 22 0 8 0 22 0 8 0 22 13 8

2 5 10 S 7 41 0 14 0 41 0 14 0 41 4 14

2 5 10 s 8 45 0 17 0 45 0 17 0 45 39 17 16

2 51|10 s 9 19 0 7 0 19 0 7 0 19 3 7

2 51|10 s 10 30 0 12 0 30 0 12 0 30 1 12

2 5 10 d 1 49 0 22 0 49 0 22 0 59 72 22 34

2 51|10 d 2 65 0 28 0 65 0 28 0 65 238 28 48

2 5|10 d 3 38 0 15 0 38 0 15 0 38 1143 15 32

2 5 10 d 4 82 0 36 0 82 0 36 0 82 372 36 186

2 51|10 d 5 36 0 20 0 36 0 20 0 36 1016 20 728

2 5 10 d 6 58 0 24 0 58 0 24 0 139 1800 24 360

2 5 10 d 7 32 0 17 0 32 0 17 0 32 44 17 85

2 5|10 d 8 63 0 25 0 63 0 25 0 63 340 25 104

2 5 10 d 9 36 0 13 0 36 0 13 0 36 1497 13 9

2 5|10 d 10 58 0 28 0 58 0 28 0 58 84 28 132

2 5 15 S 1 32 0 12 0 32 0 12 0 32 540 12 16

2 5 15 s 2 28 0 12 0 28 0 12 0 28 133 12 24

2 5 15 S 3 28 0 12 0 28 0 12 0 28 13 12

2 5|15 s 4 29 0 13 0 29 0 13 0 29 5 13

2 5 15 s 5 28 0 11 0 28 0 11 0 28 33 11

2 5 |15 s 6 33 0 15 0 33 0 15 0 33 396 15 127

2 5 15 s 7 35 0 14 0 35 0 14 0 35 184 14 7

2 5 15 s 8 39 0 15 0 39 0 15 0 39 626 15 68

2 5 |15 s 9 37 0 12 0 37 0 12 0 37 138 12 11

2 5 15 s 10 28 0 11 0 28 0 11 0 28 73 11 1

Vii



Appendix A.

Table A.2. (Continued)

TR I S VI N O T O B S B o B S T s

time(s) time(s) time(s) time(s) time(s) time(s)
2 5115 | d 1 a7 0 19 0 47 0 19 0 NA 1800 19 582
2 5115 | d 2 68 0 26 0 68 0 26 0 NA 1800 NA 1800
2 515 | d 3 59 0 26 0 59 0 26 0 NA 1800 NA 1800
2 515 | d 4 56 0 25 0 56 0 25 0 NA 1800 NA 1800
2 5115 | d 5 37 0 14 0 37 0 14 0 37 1094 14 52
2 515 | d 6 36 0 16 0 36 0 16 0 36 1227 16 689
2 5115 | d 7 55 0 22 0 55 0 22 0 74 1800 NA 1800
2 5115 | d 8 47 0 21 0 47 0 21 0 NA 1800 21 1800
2 5|15 | d 9 47 0 20 0 47 0 20 0 48 1800 NA 1800
2 5115 | d 10 52 0 22 0 52 0 22 0 NA 1800 NA 1800
2 |10 | 10 S 1 111 727 25 611 111 365 25 269 NA 1800 NA 1800
2 |10 [10 | s 2 113 729 27 1800 113 339 27 252 NA 1800 NA 1800
2 |10 |10 5 3 77 97 21 289 77 178 21 210 NA 1800 21 1800
2 |10 |10 5 4 67 204 15 81 67 184 15 73 NA 1800 15 1800
2 |10 [10 | s 5 129 1634 29 685 129 512 29 238 NA 1800 NA 1800
2 |10 |10 S 6 106 641 25 643 106 341 25 312 NA 1800 NA 1800
2 |10 |10 s 7 101 514 24 471 101 385 24 300 NA 1800 NA 1800
2 |10 [10 | s 8 91 441 21 482 91 330 21 184 NA 1800 NA 1800
2 |10 |10 S 9 106 629 26 503 106 403 26 254 NA 1800 NA 1800
2 |10 |10 s 10 91 132 21 116 91 175 21 104 NA 1800 21 69
2 |10 |10 | d 1 244 949 55 189 244 395 55 135 NA 1800 NA 1800
2 (10 (10 | d 2 275 1149 62 263 275 213 62 84 NA 1800 NA 1800
2 (10 (10 | d 3 236 7 58 326 236 250 58 86 NA 1800 NA 1800
2 (10 (10 | d 4 222 1371 45 180 222 320 45 60 NA 1800 NA 1800
2 (10 (10 | d 5 167 502 46 596 167 228 46 187 NA 1800 NA 1800
2 |10 |10 | d 6 229 620 49 82 229 224 49 35 NA 1800 NA 1800
2 |10 |10 | d 7 227 542 a7 89 227 259 a7 38 NA 1800 NA 1800
2 |10 |10 | d 8 238 528 59 174 238 447 59 72 NA 1800 NA 1800
2 |10 |10 | d 9 192 754 38 215 189 155 38 17 NA 1800 NA 1800
2 (10 (10 | d 10 159 524 31 1015 159 493 33 26 NA 1800 NA 1800
2 |10 |15 5 1 109 1800 30 1800 109 746 30 1350 NA 1800 NA 1800
2 |10 |15 5 2 148 1800 35 1800 148 855 35 1205 NA 1800 NA 1800
2 |10 |15 S 3 136 1800 33 1800 136 803 33 907 NA 1800 NA 1800
2 |10 |15 5 4 122 1800 29 1800 122 891 29 810 NA 1800 NA 1800
2 |10 |15 S 5 124 1800 32 1800 124 722 32 1208 NA 1800 NA 1800
2 |10 |15 S 6 172 1800 40 1800 172 663 40 914 NA 1800 NA 1800
2 |10 |15 5 7 107 1800 28 1800 107 882 28 1800 NA 1800 NA 1800
2 |10 |15 S 8 143 1800 36 1800 143 1039 36 1215 | NA 1800 NA 1800
2 |10 |15 S 9 138 1800 33 1800 138 911 33 583 NA 1800 NA 1800
2 |10 |15 S 10 130 1800 34 1800 130 663 34 1800 NA 1800 NA 1800
2 (10 |15 | d 1 278 971 65 570 278 129 65 25 NA 1800 NA 1800
2 (10 |15 | d 2 292 1253 66 416 292 269 66 45 NA 1800 NA 1800
2 |10 |15 | d 3 189 1800 45 740 189 154 45 75 NA 1800 NA 1800
2 (10 |15 | d 4 288 1800 59 224 288 345 59 38 NA 1800 NA 1800
2 |10 |15 | d 5 329 1800 82 517 329 928 82 183 NA 1800 NA 1800
2 |10 |15 | d 6 217 1800 49 165 217 505 49 89 NA 1800 NA 1800
2 (10 |15 | d 7 234 1800 50 931 234 523 50 107 NA 1800 NA 1800
2 |10 |15 | d 8 335 1800 76 943 335 152 76 169 NA 1800 NA 1800
2 (10 |15 | d 9 315 1800 73 1005 315 366 73 222 NA 1800 NA 1800
2 (10 |15 | d 10 353 1800 85 724 353 193 85 108 NA 1800 NA 1800
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Table A.2. (Continued)

TR I R VR I B O O B - B o BT B R s

time(s) time(s) time(s) time(s) time(s) time(s)
2 |15 |15 | s 1 306 1800 51 1800 301 1800 49 1800 | NA 1800 NA 1800
2 |15 |15 S 2 227 1800 38 1800 228 1800 38 1800 NA 1800 NA 1800
2 |15 |15 | s 3 276 1800 47 1800 271 1800 45 1800 | NA 1800 NA 1800
2 |15 |15 | s 4 254 1800 46 1800 256 1800 46 1800 | NA 1800 NA 1800
2 |15 |15 S 5 258 1800 47 1800 254 1800 46 1800 NA 1800 NA 1800
2 |15 |15 | s 6 275 1800 46 1800 275 1800 46 1800 | NA 1800 NA 1800
2 |15 |15 S 7 272 1800 45 1800 277 1800 45 1800 NA 1800 NA 1800
2 |15 |15 S 8 341 1800 54 1800 343 1800 54 1800 NA 1800 NA 1800
2 |15 |15 | s 9 250 1800 41 1800 244 1800 41 1800 | NA 1800 NA 1800
2 |15 |15 S 10 303 1800 51 1800 299 1800 50 1800 NA 1800 NA 1800
2 |15 (15 | d 1 471 1800 71 1800 417 1800 64 1800 [ NA 1800 NA 1800
2 |15 (15 | d 2 435 1800 65 1800 417 1800 64 1800 | NA 1800 NA 1800
2 |15 (15 | d 3 361 1800 61 1800 359 1800 62 1800 [ NA 1800 NA 1800
2 |15 (15 | d 4 419 1800 61 1800 416 1800 66 1800 [ NA 1800 NA 1800
2 |15 (15 | d 5 476 1800 68 1800 457 1800 70 1800 | NA 1800 NA 1800
2 |15 (15 | d 6 528 1800 72 1800 490 1800 75 1800 [ NA 1800 NA 1800
2 |15 (15 | d 7 498 1800 72 1800 499 1800 76 1800 | NA 1800 NA 1800
2 |15 (15 | d 8 441 1800 66 1800 422 1800 71 1800 | NA 1800 NA 1800
2 |15 (15 | d 9 419 1800 60 1800 412 1800 64 1800 [ NA 1800 NA 1800
2 |15 (15 | d 10 417 1800 61 1800 404 1800 62 1800 | NA 1800 NA 1800
3 (15 [15 | s 1 130 1800 22 1800 128 1800 22 1800 | NA 1800 NA 1800
3 |15 |15 S 2 119 1800 20 1800 125 1800 20 1800 [ NA 1800 NA 1800
3 (15 [15 | s 3 165 1800 28 1800 161 1800 26 1800 | NA 1800 NA 1800
3 |15 |15 S 4 130 1800 25 1800 130 1800 25 1800 [ NA 1800 NA 1800
3 |15 |15 S 5 153 1800 27 1800 130 1800 26 1800 [ NA 1800 NA 1800
3 |15 |15 5 6 129 1800 26 1800 129 1800 25 1800 NA 1800 NA 1800
3 |15 |15 S 7 176 1800 30 1800 176 1800 30 1800 [ NA 1800 NA 1800
3 |15 |15 5 8 150 1800 28 1800 150 1800 27 1800 NA 1800 NA 1800
3 |15 |15 5 9 180 1800 29 1800 169 1800 27 1800 NA 1800 NA 1800
3 |15 |15 S 10 147 1800 24 1800 147 1800 24 1800 NA 1800 NA 1800
3115 |15 | d 1 325 1800 52 1800 325 1800 52 1800 NA 1800 NA 1800
3|15 |15 | d 2 340 1800 59 1800 359 1800 59 1800 NA 1800 NA 1800
3 (15 |15 | d 3 361 1800 57 1800 380 1800 55 1800 | NA 1800 NA 1800
3|15 |15 | d 4 352 1800 55 1800 335 1800 51 1800 NA 1800 NA 1800
3 (15 |15 | d 5 314 1800 50 1800 338 1800 50 1800 [ NA 1800 NA 1800
3 (15 |15 | d 6 359 1800 50 1800 315 1800 53 1800 | NA 1800 NA 1800
3|15 |15 | d 7 393 1800 59 1800 402 1800 61 1800 NA 1800 NA 1800
3 (15 |15 | d 8 294 1800 46 1800 294 1800 47 1800 | NA 1800 NA 1800
3115 |15 | d 9 296 1800 45 1800 300 1800 45 1800 NA 1800 NA 1800
3|15 |15 | d 10 342 1800 47 1800 336 1800 47 1800 NA 1800 NA 1800
3 125 |15 S 1 453 1800 44 1800 423 1800 45 1800 | NA 1800 NA 1800
3 125 |15 S 2 396 1800 47 1800 429 1800 42 1800 | NA 1800 NA 1800
3 |25 |15 S 3 468 1800 49 1800 479 1800 51 1800 NA 1800 NA 1800
3 125 |15 S 4 349 1800 48 1800 391 1800 42 1800 | NA 1800 NA 1800
3 |25 |15 S 5 427 1800 50 1800 471 1800 48 1800 NA 1800 NA 1800
3 |25 |15 S 6 505 1800 58 1800 497 1800 50 1800 NA 1800 NA 1800
3 125 |15 S 7 343 1800 49 1800 322 1800 34 1800 | NA 1800 NA 1800
3 |25 |15 S 8 425 1800 48 1800 418 1800 48 1800 NA 1800 NA 1800
3 125 |15 S 9 475 1800 47 1800 469 1800 48 1800 | NA 1800 NA 1800
3 125 |15 S 10 523 1800 57 1800 576 1800 52 1800 | NA 1800 NA 1800
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Table A.2. (Continued)

R I N R VI e I e OO I B B R I B B

time(s) time(s) time(s) time(s) time(s) time(s)
3 |25 |15 | d 1 655 1800 67 1800 640 1800 75 1800 | NA 1800 | NA 1800
3|25 |15 | d 2 816 1800 73 1800 872 1800 82 1800 | NA 1800 NA 1800
3 |25 |15 | d 3 866 1800 83 1800 928 1800 88 1800 | NA 1800 | NA 1800
3 |25 |15 | d 4 746 1800 69 1800 757 1800 68 1800 | NA 1800 | NA 1800
3125 |15 | d 5 692 1800 71 1800 784 1800 71 1800 | NA 1800 NA 1800
3 |25 |15 | d 6 765 1800 74 1800 720 1800 75 1800 | NA 1800 | NA 1800
3|25 |15 | d 7 846 1800 69 1800 926 1800 73 1800 | NA 1800 NA 1800
3125 |15 | d 8 825 1800 81 1800 890 1800 88 1800 | NA 1800 NA 1800
3 |25 |15 | d 9 707 1800 67 1800 753 1800 70 1800 | NA 1800 | NA 1800
3|25 |15 | d 10 768 1800 81 1800 797 1800 76 1800 | NA 1800 NA 1800
4 125 |15 | s 1 389 1800 53 1800 420 1800 37 1800 | NA 1800 | NA 1800
4 125 |15 | s 2 368 1800 35 1800 351 1800 39 1800 | NA 1800 | NA 1800
4 125 |15 | s 3 380 1800 43 1800 404 1800 34 1800 | NA 1800 | NA 1800
4 125 |15 | s 4 345 1800 46 1800 367 1800 32 1800 | NA 1800 | NA 1800
4 125 |15 | s 5 336 1800 44 1800 390 1800 35 1800 | NA 1800 | NA 1800
4 125 |15 | s 6 314 1800 43 1800 299 1800 32 1800 | NA 1800 | NA 1800
4 125 |15 | s 7 318 1800 37 1800 337 1800 31 1800 | NA 1800 | NA 1800
4 125 |15 | s 8 349 1800 39 1800 416 1800 37 1800 | NA 1800 | NA 1800
4 125 |15 | s 9 321 1800 38 1800 329 1800 39 1800 | NA 1800 | NA 1800
4 125 |15 | s | 10 434 1800 42 1800 403 1800 38 1800 | NA 1800 | NA 1800
4 |25 |15 | d 1 608 1800 59 1800 545 1800 63 1800 | NA 1800 | NA 1800
4 |25 |15 | d 2 620 1800 59 1800 625 1800 62 1800 | NA 1800 | NA 1800
4 |25 |15 | d 3 564 1800 51 1800 626 1800 51 1800 | NA 1800 | NA 1800
4 |25 |15 | d 4 555 1800 61 1800 568 1800 62 1800 | NA 1800 | NA 1800
4 |25 |15 | d 5 569 1800 48 1800 579 1800 61 1800 | NA 1800 | NA 1800
4 125 |15 | d 6 690 1800 72 1800 721 1800 84 1800 | NA 1800 NA 1800
4 |25 |15 | d 7 510 1800 56 1800 641 1800 55 1800 | NA 1800 | NA 1800
4 125 |15 | d 8 650 1800 53 1800 597 1800 65 1800 | NA 1800 NA 1800
4 125 |15 | d 9 534 1800 56 1800 506 1800 60 1800 | NA 1800 NA 1800
4 |25 |15 | d 10 643 1800 63 1800 713 1800 111 1800 | NA 1800 | NA 1800
4 125 |20 s 1 364 1800 40 1800 355 1800 43 1800 | NA 1800 NA 1800
4 125 |20 s 2 415 1800 49 1800 423 1800 39 1800 | NA 1800 NA 1800
4 125 |20 | s 3 385 1800 45 1800 377 1800 40 1800 | NA 1800 | NA 1800
4 125 |20 s 4 388 1800 45 1800 428 1800 37 1800 | NA 1800 NA 1800
4 125 (20 | s 5 337 1800 42 1800 342 1800 35 1800 | NA 1800 | NA 1800
4 125 (20 | s 6 360 1800 37 1800 342 1800 34 1800 | NA 1800 | NA 1800
4 125 |20 s 7 434 1800 30 1800 358 1800 32 1800 | NA 1800 NA 1800
4 125 (20 | s 8 440 1800 44 1800 408 1800 42 1800 | NA 1800 | NA 1800
4 |25 |20 s 9 418 1800 42 1800 390 1800 39 1800 | NA 1800 NA 1800
4 |25 |20 s 10 398 1800 52 1800 384 1800 35 1800 | NA 1800 NA 1800
4 |25 |20 | d 1 813 1800 61 1800 773 1800 67 1800 | NA 1800 | NA 1800
4 |25 |20 | d 2 961 1800 69 1800 906 1800 81 1800 | NA 1800 | NA 1800
4 125 |20 | d 3 966 1800 78 1800 736 1800 90 1800 | NA 1800 NA 1800
4 |25 |20 | d 4 | 1077 1800 79 1800 837 1800 69 1800 | NA 1800 | NA 1800
4 125 |20 | d 5 1071 1800 74 1800 843 1800 93 1800 | NA 1800 NA 1800
4 125 |20 | d 6 928 1800 74 1800 858 1800 93 1800 | NA 1800 NA 1800
4 |25 |20 | d 7 819 1800 71 1800 753 1800 88 1800 | NA 1800 | NA 1800
4 125 |20 | d 8 741 1800 84 1800 760 1800 85 1800 | NA 1800 NA 1800
4 |25 |20 | d 9 946 1800 76 1800 855 1800 100 1800 | NA 1800 | NA 1800
4 |25 |20 | d 10 996 1800 67 1800 748 1800 79 1800 | NA 1800 | NA 1800
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Table A.3.Overall results of the heuristics for each problem instance.

wo| o | T o | v | EeT | T | mer s s

time(s) time(s)
2 5 10 s 1 36 15 0.01 32 11.55 12 11.43
2 5 10 s 2 44 18 0.02 44 11.65 18 11.®
2 5 10 S 3 36 16 0.00 36 11.63 16 11.59
2 5 10 s 4 39 14 0.03 39 11.58 14 11.9
2 5 10 s 5 39 17 0.00 39 11.53 17 11.59
2 5 10 S 6 22 8 0.00 22 11.71 8 11.68
2 5 10 s 7 50 20 0.00 44 11.77 17 11.9
2 5 10 s 8 47 19 0.01 45 11.55 19 11.56
2 5 10 S 9 19 7 0.00 19 11.64 7 11.48
2 5 10 s 10 30 13 0.00 30 11.54 13 11.9
2 5 10 d 1 59 22 0.01 49 12.D 22 11.81
2 5 10 d 2 71 34 0.00 71 11.87 28 11.73
2 5 10 d 3 38 15 0.00 38 11.83 15 11.79
2 5 10 d 4 88 39 0.01 88 11.84 36 11.86
2 5 10 d 5 42 20 0.00 36 12.11 20 12.02
2 5 10 d 6 60 24 0.00 58 11.96 24 11.97
2 5 10 d 7 32 17 0.02 32 12.D 17 12.02
2 5 10 d 8 63 25 0.00 63 12.23 25 12.24
2 5 10 d 9 45 21 0.00 43 11.85 19 11.8
2 5 10 d 10 64 34 0.02 58 12.17 28 11.72
2 5 15 s 1 42 16 0.02 40 11.64 16 11.47
2 5 15 S 2 33 12 0.00 31 11.93 12 11.84
2 5 15 S 3 28 12 0.00 28 11.84 12 11.9
2 5 15 S 4 37 13 0.01 29 11.72 13 11.64
2 5 15 S 5 28 14 0.00 28 11.89 14 11.0
2 5 15 S 6 36 20 0.00 33 11.9 17 11.72
2 5 15 S 7 35 17 0.01 35 11.94 17 11.59
2 5 15 s 8 39 16 0.00 39 11.87 16 11.53
2 5 15 s 9 38 14 0.00 38 11.78 14 11.86
2 5 15 S 10 31 13 0.01 28 11.0 11 11.67
2 5 15 d 1 47 24 0.00 47 11.96 20 11.64
2 5 15 d 2 70 29 0.00 68 11.9 26 11.81
2 5 15 d 3 66 33 0.02 59 12.01 26 11.69
2 5 15 d 4 56 25 0.00 56 11.92 25 11.0
2 5 15 d 5 38 14 0.00 38 11.59 14 11.71
2 5 15 d 6 39 20 0.02 36 11.98 16 11.®
2 5 15 d 7 58 26 0.00 55 11.86 24 11.75
2 5 15 d 8 55 25 0.00 47 11.97 21 11.75
2 5 15 d 9 49 27 0.02 47 12.34 22 11.64
2 5 15 d 10 60 29 0.00 52 12.22 22 11.83
2 10 10 S 1 124 27 0.01 118 17.13 27 15.38
2 10 10 S 2 130 28 0.05 114 18.97 28 15.91
2 10 10 s 3 91 28 0.00 85 15.59 24 14.94
2 10 10 S 4 71 15 0.02 67 17.38 15 15.11
2 10 10 s 5 149 40 0.03 129 18.73 29 14.97
2 10 10 s 6 110 25 0.03 109 15.39 25 15.04
2 10 10 S 7 107 30 0.02 105 16.29 28 15.68
2 10 10 s 8 112 25 0.01 98 18.62 25 15.26
2 10 10 S 9 120 31 0.04 120 15.23 31 15.38
2 10 10 S 10 106 30 0.01 101 15.43 25 14.69
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Table A.3. (Continued)

wo| o | T o | v | EeT | T | mer s s

time(s) time(s)
2 10 10 d 1 274 66 0.02 247 22.27 59 19.96
2 10 10 d 2 307 78 0.05 282 25.39 66 23.59
2 10 10 d 3 247 58 0.02 247 17.D 58 17.31
2 10 10 d 4 237 53 0.01 230 22.42 50 19.72
2 10 10 d 5 212 46 0.03 194 19.25 46 17.01
2 10 10 d 6 245 49 0.04 230 20.® 49 17.77
2 10 10 d 7 231 49 0.01 228 21.97 47 18.D
2 10 10 d 8 252 62 0.01 246 19.84 62 19.75
2 10 10 d 9 189 40 0.02 189 16.54 40 18.27
2 10 10 d 10 181 41 0.02 164 20.69 37 17.78
2 10 15 S 1 109 34 0.03 109 20.93 30 17.00
2 10 15 S 2 149 40 0.02 148 21.83 37 16.25
2 10 15 S 3 136 33 0.02 136 20.D 33 15.92
2 10 15 S 4 131 36 0.01 123 19.19 36 16.D
2 10 15 S 5 132 34 0.01 124 20.02 34 16.37
2 10 15 S 6 184 48 0.03 173 17.78 43 15.8
2 10 15 s 7 124 35 0.02 118 16.34 35 16.75
2 10 15 S 8 167 43 0.02 160 20.84 40 16.63
2 10 15 S 9 153 41 0.03 146 18.62 34 16.34
2 10 15 S 10 156 40 0.02 130 20.23 34 16.83
2 10 15 d 1 325 79 0.03 284 22.93 69 20.52
2 10 15 d 2 322 81 0.01 322 22.66 81 18.87
2 10 15 d 3 205 45 0.02 193 21.99 45 17.58
2 10 15 d 4 296 68 0.03 296 23.08 59 20.84
2 10 15 d 5 343 86 0.01 336 24.03 82 20.53
2 10 15 d 6 244 58 0.01 227 23.42 49 19.62
2 10 15 d 7 245 54 0.02 240 20.91 50 18.89
2 10 15 d 8 386 93 0.02 351 20.D 80 20.91
2 10 15 d 9 330 78 0.03 329 22.9 78 19.81
2 10 15 d 10 380 97 0.02 377 22.69 93 24.33
2 15 15 s 1 367 55 0.03 302 50.14 53 32.44
2 15 15 s 2 257 40 0.03 254 46.28 40 28.83
2 15 15 S 3 316 51 0.03 279 60.04 51 30.36
2 15 15 s 4 282 47 0.03 256 54.94 46 29.95
2 15 15 S 5 273 54 0.05 258 43.04 46 28.61
2 15 15 S 6 298 48 0.03 295 45.87 48 27.58
2 15 15 s 7 297 48 0.03 276 47 .43 48 29.69
2 15 15 S 8 401 70 0.03 348 55.72 56 28.76
2 15 15 s 9 328 53 0.03 293 43.37 50 29.85
2 15 15 s 10 349 55 0.03 324 43.D 52 30.51
2 15 15 d 1 509 82 0.03 459 67.58 68 42.15
2 15 15 d 2 483 81 0.04 428 58.02 64 38.21
2 15 15 d 3 433 72 0.04 381 52.22 66 38.72
2 15 15 d 4 523 84 0.05 434 55.11 74 40.29
2 15 15 d 5 534 81 0.04 476 55.81 68 40.D
2 15 15 d 6 542 80 0.03 515 48.03 70 42.12
2 15 15 d 7 585 84 0.03 501 59.97 74 41.68
2 15 15 d 8 566 85 0.03 451 55.08 71 41.51
2 15 15 d 9 513 89 0.03 431 53.82 71 39.21
2 15 15 d 10 488 74 0.03 423 55.65 62 38.91
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Table A.3. (Continued)

I I O I I S - O e -~ B A (-

time(s) time(s)
3 15 15 s 1 149 26 0.05 135 26.19 26 20.39
3 15 15 S 2 157 32 0.03 126 2300 28 20.92
3 15 15 S 3 179 27 0.03 165 31.68 27 21.47
3 15 15 S 4 171 30 0.03 141 26.79 28 21.12
3 15 15 s 5 177 31 0.03 155 35.62 28 23.15
3 15 15 s 6 152 37 0.05 133 29.03 29 20.78
3 15 15 s 7 195 37 0.05 183 26.78 35 22.09
3 15 15 S 8 165 29 0.04 155 27.34 29 21.44
3 15 15 s 9 205 34 0.05 191 26.28 27 21.61
3 15 15 S 10 159 31 0.05 144 30.03 26 20.94
3 15 15 d 1 350 69 0.03 336 31.18 55 25.63
3 15 15 d 2 352 63 0.05 350 39.42 59 36.71
3 15 15 d 3 396 75 0.08 366 40.11 60 25.25
3 15 15 d 4 383 62 0.04 374 40.41 61 26.9
3 15 15 d 5 339 52 0.03 339 32.98 52 29.58
3 15 15 d 6 344 57 0.03 343 31.35 55 26.07
3 15 15 d 7 415 74 0.04 415 38.9 68 32.03
3 15 15 d 8 306 51 0.05 304 3200 46 24.86
3 15 15 d 9 380 55 0.05 344 37.63 52 26.06
3 15 15 d 10 363 63 0.03 347 38.9 57 30.64
3 25 15 S 1 506 53 0.11 459 100.42 51 61.88
3 25 15 S 2 426 45 0.0 395 119.18 45 64.47
3 25 15 S 3 494 54 0.0 457 122.0 47 64.D
3 25 15 S 4 391 56 0.12 336 102.53 43 58.17
3 25 15 S 5 450 49 0.11 412 115.14 45 61.88
3 25 15 S 6 544 60 0.0 492 155.52 52 62.56
3 25 15 S 7 411 47 0.0 380 108.93 39 64.9
3 25 15 S 8 446 56 0.09 412 121.75 44 66.08
3 25 15 S 9 480 50 0.11 422 94.05 45 62.9
3 25 15 S 10 568 59 0.09 502 107.9 54 64.36
3 25 15 d 1 770 80 0.11 634 138.63 62 97.91
3 25 15 d 2 930 79 0.11 812 151.22 73 95.44
3 25 15 d 3 845 84 0.11 805 135.96 75 96.18
3 25 15 d 4 77 74 0.0 663 153.97 64 96.11
3 25 15 d 5 778 72 0.12 680 115.81 67 97.01
3 25 15 d 6 784 79 0.11 705 153.73 66 94.91
3 25 15 d 7 894 92 0.11 833 110.52 73 92.66
3 25 15 d 8 845 20 0.09 776 180.82 74 98.13
3 25 15 d 9 744 81 0.09 663 163.75 65 106.79
3 25 15 d 10 771 75 0.0 709 145.05 67 99.35
4 25 15 S 1 451 50 0.0 400 118.8 42 53.39
4 25 15 S 2 379 43 0.0 360 77.75 43 52.0
4 25 15 S 3 369 40 0.0 357 80.33 40 53.08
4 25 15 S 4 385 36 0.11 316 92.48 36 54.25
4 25 15 S 5 390 41 0.09 349 97.06 37 54.41
4 25 15 S 6 296 35 0.09 270 85.39 34 49.28
4 25 15 S 7 279 34 0.09 262 94.26 29 52.48
4 25 15 S 8 380 42 0.11 353 96.23 34 58.47
4 25 15 S 9 326 36 0.0 297 86.43 35 63.47
4 25 15 S 10 381 42 0.0 370 75.47 36 54.36
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Table A.3. (Continued)

I I O I I S - O e -~ B A (-

time(s) time(s)
4 25 15 d 1 642 58 0.0 600 85.87 56 62.36
4 25 15 d 2 637 63 0.09 608 88.53 56 78.19
4 25 15 d 3 543 47 0.0 497 86.81 46 69.06
4 25 15 d 4 556 61 0.08 527 70.22 53 75.36
4 25 15 d 5 603 55 0.11 549 85.11 52 65.64
4 25 15 d 6 674 68 0.11 650 110.57 58 68.97
4 25 15 d 7 565 57 0.11 513 101.45 52 61.17
4 25 15 d 8 578 61 0.11 534 106.8 50 79.28
4 25 15 d 9 513 52 0.0 474 110.71 47 67.72
4 25 15 d 10 673 67 0.0 653 100.2 60 6300
4 25 20 S 1 399 40 0.0 375 83.54 40 53.39
4 25 20 s 2 378 41 0.12 367 86.94 41 51.67
4 25 20 S 3 390 42 0.0 353 97.81 37 54.03
4 25 20 S 4 359 40 0.11 343 87.68 37 63.D
4 25 20 s 5 321 33 0.11 313 87.55 33 52.35
4 25 20 S 6 328 38 0.0 304 83.89 34 52.44
4 25 20 s 7 348 39 0.11 307 108.36 32 52.18
4 25 20 s 8 363 39 0.11 358 99.87 38 50.61
4 25 20 S 9 390 41 0.0 375 81.9 39 53.42
4 25 20 s 10 331 34 0.0 315 93.27 33 51.9
4 25 20 d 1 659 68 0.0 619 101.97 58 69.53
4 25 20 d 2 737 73 0.11 665 101.09 59 66.75
4 25 20 d 3 787 74 0.0 774 84.91 72 57.17
4 25 20 d 4 710 74 0.11 692 85.08 67 69.37
4 25 20 d 5 850 84 0.11 817 101.53 76 80.D
4 25 20 d 6 723 72 0.11 706 113.15 67 67.89
4 25 20 d 7 707 70 0.0 678 109.45 67 60.88
4 25 20 d 8 743 75 0.09 698 101.48 66 68.12
4 25 20 d 9 773 79 0.11 753 89.32 77 73.56
4 25 20 d 10 765 71 0.09 753 104.45 66 64.36
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Table A.4. Results obtained by the Wilcoxon Signe@ank Test comparing the computation times of all
observations solved to optimality.

Measured Valug Objective Methods Sample Sizq Z-value Signifi(iant_ly different at
compared p = 0.05?
time (s) tft (prb, tib) 31 -4.86 yes
time (s) tft (pob, tib) 31 -4.86 yes
time (s) tft (prb, pob) 58 -1.96 no
time (s) fmax (prb, tib) 31 -4.86 yes
time (s) fmax (pob, tib) 31 -4.86 yes
time (s) fmax (prb, pob) 67 -5.49 yes

Table A.5. Results obtained by the Wilcoxon Signedank Test comparing the computation times of all
observations solved to optimality at various problem types (M | J | T).

Problem Measured Objective Methods Sar_nple 7_value Significantly different at
Type Value compared Size *p = 0.057?
2|05|10 time (s) tft (prb, pob) 17 -2.13 yes
2|05|10 time (s) fmax (prb, pob) 19 -0.02 no
2|05|15 time (s) tft (prb, pob) 20 -1.70 no
2|05|15 time (s) fmax (prb, pob) 19 -2.35 yes
2|10|10 time (s) tft (prb,pob) 19 -3.50 yes
2|10|10 time (s) fmax (prb, pob) 19 -3.82 yes

Table A.6. Results obtained by the Wilcoxon Signeldank Test comparing the computation times of all
observations solved to optimality at various methods.

Method M%ZTSéed Objective CE&%Z'% d Seslrizgle Z-value S|gn|f|ie[1)ntzlyotljgf5%rent at
prb time (s) tft (s, d) 30 -1.29 no
prb time (s) fmax (s, d) 27 -1.89 no
pob time (s) tft (s, d) 39 -2.00 yes
pob time (s) fmax (s, d) 38 -3.24 yes
tib time (s) tft (s, d) 11 -2.93 yes
tib time (s) fmax (s, d) 13 -2.90 yes
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Table A.7. Results obtained by the Wilcoxon Signedank Test comparing the objective values at

various numbers of machines.

M |Measured Objectiv Methods compared Sample Sizq Z-value Slgn|f|i%nilyod6f;irent at
2 tft (prb, pob) 20 -3.10 yes
2 tft (prb, ILS) 60 -5.61 yes
2 tft (pob, ILS) 60 -6.70 yes
2 fmax (prb, pob) 15 -1.19 no
2 fmax (prb, ILS) 58 -6.17 yes
2 fmax (pob, ILS) 55 -5.84 yes
3 tft (prb, pob) 33 -1.92 no
3 tft (prb, ILS) 39 -1.30 no
3 tft (pob, ILS) 40 -1.64 no
3 fmax (prb, pob) 28 -0.38 no
3 fmax (prb, ILS) 32 -0.23 no
3 fmax (pob, ILS) 37 -0.38 no
4 tft (prb, pob) 40 -1.47 no
4 tft (prb, ILS) 40 -5.11 yes
4 tft (pob, ILS) 40 -4.88 yes
4 fmax (prb, pob) 39 -0.78 no
4 fmax (prb, ILS) 39 -4.74 yes
4 fmax (pob, ILS) 36 -3.98 yes
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Appendix B: Results of Study 4

The following tables contain the results of study 4 (Section V). The following identifiers are
used due to space restrictions (Table B.1). Table B.2 and Table B.3 to shows the results of the
construction heuristics for the data setsNESW-1 and SSINPM-II, respectively. Table B.4

and Table B.5 provide the results of the local search for the data-b#8/33ind SSP

NPM-II, respectively. Tables B.6 to B.8 provide the results of tseugyeof the random
perturbation scheme (P.2) for different objestivith respect to different valued & {0.2,

0.4, 0.6, 0.8}. The results of the statistical evaluation are provided shown in Table B.9. Table
B.10 shows the results of the best combinations of the combined perturbation scheme (P.3)
obtained for eachbjective of the prstudy, with respect to different valuedahda Al

{0.2, 0.4, 0.6, 0.8 {0.05, 0.1, 0.25, 0.5}. Table B.11 subsequently provides the statistical
evaluation. Table B.12 shows the results of the MIP model and the differaptha&s

applied to data set SNPM-I for the computation time limit of 600 seconds. Table B.13
provides the results of the different ILS methods applied to data $¢&®Ng8Pfor the
computation time limit of 600 seconds. Table B.14 presents the afefiudtsstatistical
evaluation of the comparison between the mathematical model and the ILS metheds of SSP
NPM-I. Lastly, Table B.15 shows the statistical results of the comparison of different ILS
methods for SSRPM-II.

Table B.1. Columnidentifiers of Appendix B.

M number of machines RPD relative percentage deviation

3 number of jobs IEACT |tera§e<§earl|easart|f|C|a4compIet|0Ht|me
heuristic

T number of tools IGI iterateegreatesintersection heuristic

D (s/d) density(sparse/dense) MSR multi-startrandom heuristic

sw (I/h) switching time (low/high) LS locatsearch heuristic

\ ;;Fs)teance number per problem ILS iteratedocalsearch heuristic

ts total number of tool switches | | P.1(a/ b) | problemspecific perturbation

tft total flowtime P.2 random perturbation

fmax makespan P.3 combined perturbation

time(s) computation time (seconds) MIP mixedinteger linear program
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Table B.2. Overall results of the&onstruction heuristics for SSAINPM -I.

IEACT IGI MSR
M| J|T]|V
ts tft fmax | time(s) ts tt fmax | time(s) ts tft fmax | time(s)

2110 |10 | 1 8 162 48 0.01 8 260 47 0.01 5 162 37 4.19
2110 |10 | 2 11 167 42 0.02 5 224 42 0.00 4 163 32 3.94
2110 |10 | 3 8 145 34 0.02 4 187 38 0.01 3 147 30 3.87
2|10 |10 | 4 8 107 35 0.01 5 240 41 0.00 5 123 28 3.77
2110 |10 | 5 6 140 32 0.03 3 133 31 0.00 3 117 27 3.86
2110 |10 | 6 8 123 37 0.03 5 153 33 0.02 4 118 26 3.99
2|10 |10 | 7 10 169 43 0.02 7 221 37 0.03 2 190 42 6.56
2|10 |10 | 8 10 160 43 0.02 9 222 43 0.02 7 162 32 3.93
2|10 |10 | 9 11 155 36 0.03 8 217 46 0.01 1 188 41 6.33
2 |10 |10 | 10 8 148 40 0.03 9 211 45 0.00 2 289 55 6.47
2|10 |10 |11 11 180 42 0.02 10 236 45 0.00 1 260 47 6.47
2 (10 |10 |12 | 12 220 57 0.03 12 288 56 0.00 4 246 49 6.64
2 (10 |10 | 13 8 110 30 0.01 8 210 37 0.02 7 141 30 3.95
2 (10 |10 |14 | 12 194 47 0.01 14 220 52 0.02 3 284 53 6.46
2 (10 |10 | 15 10 173 41 0.04 6 237 42 0.01 4 175 37 3.9
2 (10 |10 |16 | 10 154 33 0.01 7 241 43 0.02 5 142 29 3.9
210 |10 |17 | 11 180 39 0.01 9 230 49 0.00 5 171 32 3.81
2 (10 |10 | 18 7 123 31 0.03 9 174 37 0.00 4 127 26 3.89
2 (10 |10 |19 | 10 159 43 0.02 8 259 47 0.00 5 151 32 3.83
2 (10 |10 | 20 9 136 38 0.02 7 192 31 0.02 2 207 51 6.45
2 (15|10 |1 13 303 54 0.03 9 428 59 0.01 10 375 49 5.6
2 (15|10 | 2 16 | 413 64 0.04 11 443 68 0.02 6 519 64 9.25
2 (15|10 | 3 16 315 55 0.03 12 469 74 0.02 11 306 49 5.71
2 (15|10 | 4 12 329 52 0.06 11 417 61 0.03 9 466 61 9.55
2 (15|10 | 5 9 304 59 0.05 10 444 61 0.01 11 366 52 5.64
2 (15|10 | 6 13 355 55 0.05 10 543 62 0.02 7 555 78 9.58
2 (15|10 | 7 16 298 57 0.04 12 401 62 0.02 7 462 58 9.57
2|15 |10 | 8 14 | 277 48 0.05 14 374 54 0.02 5 386 58 9.46
215|110 | 9 13 258 45 0.09 14 493 71 0.01 13 310 43 5.69
2 (15|10 |10 14 355 64 0.04 11 473 74 0.01 9 407 68 5.67
215|110 |11 | 14| 331 56 0.03 9 407 62 0.01 9 380 53 5.55
2|15 |10 |12 | 17 399 65 0.03 13 460 69 0.00 7 651 84 9.36
2|15 |10 |13 | 19| 402 72 0.03 13 469 64 0.01 8 628 87 9.61
2 (15|10 | 14 15 397 74 0.03 13 489 76 0.04 5 481 73 9.49
2|15 |10 |15 | 16 | 410 75 0.05 14 487 68 0.01 8 588 90 9.56
2 15|10 |16 | 13 287 55 0.03 13 417 59 0.02 8 473 64 9.61
2 15|10 |17 | 10 359 55 0.04 11 582 80 0.01 5 459 69 9.36
2|15 |10 |18 | 15| 403 72 0.05 13 624 79 0.01 7 607 69 9.58
2|15 |10 |19 | 14 | 246 46 0.03 14 323 53 0.02 8 429 65 9.57
2 (15|10 |20 | 14 | 393 65 0.03 13 488 75 0.02 10 515 74 9.75
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Table B.2. (Continued).

IEACT IGI MSR
M| J|T]|V
ts tft fmax | time(s) ts tt fmax | time(s) ts tft fmax | time(s)

2110 |15 | 1 12 222 44 0.03 13 294 58 0.00 9 230 42 4.04
2110 |15 | 2 13 194 51 0.02 11 255 51 0.03 9 198 40 4.08
2110 |15 | 3 16 160 43 0.01 11 237 43 0.00 10 163 37 4.06
2|10 |15 | 4 15 178 44 0.05 12 278 57 0.00 9 164 37 4.08
2110 |15 | 5 10 184 39 0.01 9 218 37 0.00 7 168 37 4.03
2|10 |15 | 6 12 206 47 0.04 10 239 49 0.02 8 200 38 3.97
2110 |15 | 7 12 151 38 0.01 9 234 50 0.01 9 144 33 4.03
2|10 |15 | 8 17 187 43 0.01 13 249 58 0.02 6 293 66 6.59
2 (10|15 |9 13 186 46 0.02 13 236 46 0.02 10 173 37 4.04
2|10 |15 | 10 13 177 47 0.02 10 177 52 0.01 8 174 39 4.00
2110 |15 |11 11 162 40 0.01 13 264 50 0.02 8 181 37 3.95
2 (10 |15 |12 | 14 191 52 0.02 11 210 46 0.00 176 38 4.08
210 |15 |13 | 11 167 42 0.01 11 267 49 0.00 8 168 36 4.03
2 (10 |15 | 14 14 215 44 0.01 15 307 71 0.00 11 222 44 4.08
210 |15 |15 | 12 185 41 0.03 15 273 54 0.00 7 262 51 6.69
2110 |15 |16 | 12 203 46 0.00 11 262 58 0.00 9 191 37 4.03
2 (10 |15 | 17 8 149 36 0.02 10 186 43 0.02 8 136 29 4.00
2 (10 |15 | 18 14 175 46 0.01 10 275 57 0.01 9 199 41 4.09
210 |15 |19 | 12 192 47 0.01 11 248 54 0.02 9 196 40 4.0
210 |15 |20 | 14 | 216 53 0.03 13 254 53 0.01 9 204 45 411
2 (15|15 |1 20 341 62 0.03 21 557 77 0.00 13 643 86 9.87
2 (15|15 | 2 20 | 432 63 0.03 16 533 75 0.01 18 455 62 5.89
2 (15|15 | 3 21 362 60 0.03 16 469 70 0.02 16 373 52 5.94
2 15|15 | 4 24 | 386 69 0.04 21 597 79 0.02 18 408 60 5.99
2 (15|15 | 5 18 355 57 0.03 15 539 70 0.01 14 381 59 59
2 (15|15 | 6 22 | 444 78 0.05 17 582 76 0.02 9 622 83 9.95
2 (15|15 | 7 15 403 67 0.05 15 435 78 0.01 21 509 72 5.99
2 (15|15 | 8 25 404 72 0.06 19 484 73 0.01 19 427 63 5.97
2 (15|15 |9 15 395 67 0.05 12 478 69 0.02 13 420 61 5.78
2|15 |15 |10 | 23 371 65 0.04 20 502 75 0.01 19 394 57 5.95
2 |15 |15 |11 | 27| 452 69 0.03 18 485 67 0.02 16 753 104 9.92
2|15 |15 |12 | 21 367 57 0.03 18 408 69 0.01 18 370 55 5.89
2 |15 |15 |13 | 22| 490 77 0.03 19 626 83 0.01 19 549 82 5.93
2 |15 |15 |14 | 17 392 59 0.03 16 432 70 0.02 19 443 60 5.89
2 |15 |15 |15 | 18 | 412 69 0.03 15 503 71 0.01 14 445 63 5.83
2 (15|15 |16 | 19 385 70 0.03 18 444 68 0.02 17 395 58 5.92
2 |15 |15 |17 | 18 392 64 0.03 23 509 77 0.01 21 435 61 5.9
2 15|15 |18 | 21| 411 68 0.04 16 458 64 0.02 16 431 58 5.83
2 15|15 |19 | 21| 432 76 0.06 17 616 80 0.00 19 512 74 5.89
2 (15|15 |20 | 26 | 415 78 0.04 22 552 79 0.02 20 465 67 5.86
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Appendix B.

Table B.2. (Continued).

IEACT IGI MSR
M| J|T|V
ts tft fmax | time(s) ts tft fmax | time(s) ts tft fmax | time(s)

3115|151 13 221 43 0.04 13 304 53 0.03 9 244 36 5.41
3|15 |15 | 2 16 185 39 0.03 12 348 50 0.02 11 235 34 5.43
3115 (15| 3 13 265 49 0.03 14 391 68 0.03 8 257 37 5.39
3|15 (15| 4 14 200 41 0.04 13 268 49 0.01 11 197 29 5.45
3|15 (15| 5 15 204 50 0.05 12 261 46 0.01 9 214 34 5.41
3|15 (15| 6 14 210 39 0.03 13 299 49 0.02 10 241 36 5.42
3|15 |15 | 7 14 200 35 0.03 11 294 43 0.01 10 221 34 5.38
3|15 |15 | 8 16 271 46 0.03 18 474 79 0.02 9 298 39 5.47
3(15|15| 9 16 249 48 0.05 10 337 43 0.01 9 240 35 5.39
3|15 |15 (10 | 14 238 44 0.05 12 290 43 0.01 234 35 5.9
3 (15|15 |11 | 11 200 40 0.03 16 351 56 0.02 8 219 33 5.47
3|15 |15 |12 18 219 44 0.05 12 313 55 0.01 10 219 33 5.56
3|15 |15 |13 13 198 44 0.04 12 326 57 0.04 11 252 41 5.47
3|15 |15 |14 | 18 210 42 0.03 19 392 64 0.01 12 253 38 5.53
3|15 (15 |15 | 15 196 45 0.03 17 286 43 0.02 9 205 30 5.9
3|15 |15 |16 | 16 233 40 0.03 12 371 50 0.01 9 215 34 5.39
3|15 (15 |17 | 13 212 40 0.05 12 310 52 0.01 9 238 37 5.42
3|15 |15 |18 | 14 199 38 0.06 11 254 39 0.02 8 210 31 5.42
3|15 (15 |19 | 16 219 52 0.03 12 293 51 0.01 9 220 30 5.42
3|15 (15 |20 | 16 184 42 0.05 10 375 59 0.02 9 211 32 5.44
320 (15| 1 19 373 51 0.07 21 568 63 0.03 15 438 49 7.14
3120 |15 2 21 311 52 0.07 17 544 60 0.01 16 374 45 7.28
3|20 (15| 3 24 404 63 0.06 17 557 75 0.01 21 510 56 7.28
3120 (15| 4 22 344 63 0.08 15 545 64 0.02 16 438 53 7.24
3|20 (15| 5 23 424 70 0.07 19 601 78 0.03 18 478 56 7.25
3120 |15 | 6 19 375 57 0.06 14 491 56 0.01 17 496 55 7.24
3120 (15 | 7 24 427 65 0.08 16 543 62 0.03 16 489 55 7.23
320 |15 | 8 22 351 55 0.06 19 441 59 0.02 18 364 45 7.16
3(20|15| 9 21 353 53 0.06 21 624 77 0.02 18 409 51 7.19
3 (20|15 |10 | 16 315 47 0.08 18 507 64 0.02 17 393 44 7.19
3 (20|15 |11 | 22 381 59 0.06 15 558 76 0.02 17 486 55 7.21
3120 |15 |12 23 422 58 0.08 24 641 82 0.03 19 513 57 7.19
3 (20 |15 |13 22 401 55 0.06 22 602 74 0.03 18 470 56 7.24
3 (20|15 |14 | 20 337 53 0.08 20 495 68 0.02 17 396 50 7.2
3 (20|15 |15 | 16 315 52 0.06 17 571 68 0.02 16 435 50 7.14
3 (20|15 |16 | 14 338 52 0.06 15 523 61 0.02 18 445 55 7.2
3120 |15 |17 19 346 48 0.08 16 481 55 0.01 16 420 47 7.19
3 (20|15 |18 | 21 445 63 0.06 15 598 72 0.01 15 517 56 7.16
3 (20|15 |19 | 25 436 61 0.05 20 569 71 0.01 16 493 50 7.25
3120 (15 |20 | 18 340 55 0.06 16 530 74 0.04 17 440 56 7.18
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Appendix B.

Table B.2. (Continued).

IEACT IGI MSR
M| J | T ]|V
ts tft fmax | time(s) ts tft fmax | time(s) ts tft fmax | time(s)

3115|120 |1 22 299 59 0.05 25 440 70 0.01 20 323 49 5.8
3115|120 | 2 25 222 48 0.03 17 342 44 0.01 13 236 37 5.72
311520 | 3 20 232 45 0.05 19 322 47 0.00 15 254 38 5.65
3115|120 | 4 19 181 41 0.05 19 287 58 0.02 16 242 36 5.78
3115|120 | 5 23 250 50 0.04 24 403 67 0.01 19 283 42 5.75
3115|120 | 6 16 203 44 0.05 19 329 57 0.02 17 266 41 5.86
3115|120 | 7 17 252 46 0.05 19 326 64 0.01 13 269 39 5.79
3115|120 | 8 26 309 65 0.04 16 412 53 0.01 18 312 45 5.77
3115|120 | 9 21 248 44 0.05 18 323 66 0.02 13 230 35 5.75
3|15 |20 | 10 24 275 64 0.05 21 377 71 0.01 17 273 42 5.69
3115|120 |11 22 267 51 0.04 22 434 61 0.02 16 296 43 5.75
3 |115|20 |12 | 17 198 36 0.04 17 290 | 44 0.03 13 218 34 5.69
3115|120 |13 | 19 229 48 0.03 10 270 | 41 0.01 13 241 37 5.8
3115|120 |14 | 22 301 52 0.03 23 372 66 0.02 19 281 45 5.84
3115|120 |15 | 22 273 49 0.03 19 394 65 0.02 14 308 43 5.8
311520 |16 | 21 257 51 0.03 17 379 50 0.01 17 281 38 5.78
3 |115|20 |17 | 18 218 47 0.03 21 276 60 0.02 15 227 33 5.67
3|15 |20 |18 18 232 51 0.05 17 356 61 0.01 16 247 41 5.72
3115|120 |19 | 23 309 58 0.04 20 380 65 0.02 18 293 47 5.77
3115|120 |20 | 22 241 44 0.05 17 351 46 0.02 14 269 39 5.72
3]20(|20 |1 31 506 69 0.08 36 713 89 0.05 29 605 71 7.65
3]20(20 | 2 30 506 71 0.06 28 744 88 0.02 26 542 66 7.68
3]/20(20 | 3 29 461 61 0.06 28 644 79 0.02 26 523 59 7.76
3|20|20 | 4 33 419 62 0.08 25 641 82 0.03 30 562 68 7.74
3]20(|20 | 5 32 462 76 0.06 27 645 79 0.03 30 569 67 7.0
3]20(|20 | 6 25 504 72 0.08 25 675 85 0.03 26 610 71 7.56
3120|120 | 7 28 445 67 0.08 22 452 58 0.02 24 517 56 7.61
3]20|20 | 8 32 462 73 0.06 26 618 79 0.02 27 533 62 7.67
3]20(20 | 9 32 441 67 0.08 27 686 87 0.02 30 540 66 7.66
3]20|20 |10 | 35 457 67 0.07 28 648 87 0.01 27 586 64 7.67
3]/20|20 |11 | 30 423 66 0.06 23 627 78 0.01 24 540 61 7.59
3120|200 |12 | 30 381 60 0.07 25 555 63 0.03 27 495 57 7.71
3120|200 |13 | 35 464 64 0.08 27 718 89 0.03 28 596 64 7.66
3120|120 |14 | 24 391 55 0.06 23 637 76 0.04 25 549 62 7.68
3120|200 |15 | 36 433 66 0.08 29 654 90 0.03 28 524 61 7.72
3120 |20 | 16 28 447 68 0.08 22 614 73 0.01 25 543 64 7.64
3120 |20 |17 29 422 59 0.06 27 647 87 0.01 30 521 57 7.76
3120 |20 |18 | 26 461 68 0.06 28 575 72 0.02 26 566 63 7.72
3120|120 |19 | 35 511 76 0.08 26 666 91 0.02 28 552 63 7.66
3120 |20 |20 | 28 423 56 0.08 20 695 76 0.04 25 566 62 7.56
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Appendix B.

Table B.3. Overall results of the construction heuristics for SS¥PM -IlI.

IEACT IGI MSR
MIJ TV swib ts tft fmax time ts tft fmax time ts tft fmax time
(s) (s) (s)

4 |40 |60 | 1 I |s 59| 1517 107| 0.27 57| 2097 141| 0.07 62 1800 112 18.06
4 |40 | 60 2 | S 65 1616 120 0.25 57 2146 162 0.07 59 1940 126 17.87
4 |40 |60 | 3 I |s 55| 1434 121 027 53| 1828 145| 0.08 54 1754 113 17.99
4 |40 |60 | 4 I |s 57| 1435 115 0.26 53| 1786 139 0.08 58 1797 126 17.92
4 |40 | 60 5 | S 56 1257 114 0.25 58 1930 140 0.08 58 1690 109 17.89
4 |40 |60 | 6 I |s 60| 1255 91 0.26 65| 2022 132| 0.08 63 1780 123 17.88
4 |40 |60 | 7 I |s 63| 1253 90 0.29 61| 1852 133| 0.09 63 1666 107 17.94
4 |40 | 60 8 | S 62 1657 126 0.27 60 2142 150 0.10 63 2083 132 17.83
4 |40 |60 | 9 I |s 65| 1439 132 0.28 59| 1916 134| 0.08 58 1688 112 17.68
4 |40 |60 |20 || |s 64| 1604 132 0.34| 63| 2208 135| 0.08 65 2080 131 17.85
4 |40 |60 |21 || |s 60| 1447 121 0.25 55| 1814 121| 0.08 61 1811 124 17.71
4 |40 |60 |12 || |s 56| 1422 136 0.25 54| 1995 138| 0.06 58 1851 126 17.69
4 |40 (60 |13 | S 56 1519 128 0.26 53 1841 128 0.09 63 1993 134 17.0
4 |40 (60 | 14 | S 54 1519 124 0.25 57 2103 143 0.10 65 2202 139 17.88
4 |40 |60 |15 || |s 59| 1342 110| 0.25 53| 2179 123| 0.06 58 1747 116 17.78
4 |40 | 60 | 16 | S 66 1457 128 0.25 59 1919 140 0.08 66 1930 121 1800
4 |40 [ 60 |17 | S 63 1324 107 0.25 61 1920 146 0.08 60 1795 118 17.84
4 |40 | 60 | 18 | s 68 1641 145 0.9 59 2142 150 0.08 58 1823 116 17.0
4 |40 | 60 | 19 | s 55 1322 114 0.25 49 1988 138 0.06 58 1865 119 17.69
4 |40 [ 60 | 20 | S 65 1651 139 0.23 55 1933 141 0.07 63 2047 139 17.76
4 |40 | 60 1 | d 406 8799 567 0.26| 384 8688 531 0.10 362 12301 886 54.83
4 |40 |60 | 2 I |d 402| 7849 464| 0.27| 390 8230 495( 0.07| 353 11027 761 54.64
4 |40 | 60 3 | d 407 9011 556 0.25| 409 9212 555 0.06 375 15601 1163 53.96
4 |40 | 60 4 | d 375 8632 506 0.26| 366 9051 512 0.08 346 13491 966 54.23
4 | 40 | 60 5 | d 393 8453 544 0.25| 401 8968 543 0.08| 342 12366 845 54.38
4 | 40 | 60 6 | d 371 7299 527 0.26| 360 8020 490 0.07| 345 11652 874 54.39
4 |40 |60 | 7 I |d 395| 7822 497| 0.25| 382| 8151 484| 0.08| 352 11477 707 54.44
4 |40 | 60 8 | d 369 7778 420 0.25| 351 8220 435 0.08| 339 10537 659 54.48
4 | 40 | 60 9 | d 376 8804 508 0.25| 355 9191 456 0.08| 337 11192 725 55.18
4 |40 |60 |20 || |d 379| 7935 456| 0.33| 376| 8372 448| 0.08| 362 10849 636 54.44
4 |40 | 60 | 11 | d 408 9137 602 0.25| 379 9212 525 0.08| 367 13219 893 54.26
4 |40 |60 [12 | | |d 364| 7374 443| 0.27| 355| 7821 414| 0.06| 363 11137 775 54.66
4 |40 |60 |13 || |d 379| 7836 465| 0.25| 383| 8011 452| 0.0 | 340 11183 719 54.36
4 |40 (60 | 14 | d 389 8829 616 0.25 390 8901 612 0.09| 364 15553 1150 54.24
4 |40 [ 60 | 15 | d 398 8012 437 0.26| 389 8542 471 0.08| 344 10937 781 5491
4 |40 |60 |16 | | |d 368| 8377 497| 0.25| 373| 8673 519| 0.07| 358 12155 805 54.75
4 |40 | 60 | 17 | d 368 6967 418 0.27| 338 7688 433 0.08| 315 10268 675 55.23
4 |40 | 60 | 18 | d 379 7896 427 0.32| 367 8120 455 0.11| 339 10534 818 55.01
4 |40 |60 |29 || |d 385| 9061 598| 0.26| 392| 9548 569| 0.08| 363 15197 1124| 54.52
4 |40 | 60 | 20 | d 378 7510 414 0.27| 388 8535 498 0.06| 324 11094 771 55.05
4 |40 |60 |1 |h [|s 63| 2839 214| 0.24| 63| 3086 214| 0.07 62 2977 213 17.75
4 |40 |60 |2 | h |s 56| 1820 166 | 0.28 50| 2320 186| 0.08 54 2290 168 17.75
4 |40 |60 |3 |h |s 57| 2333 201 0.23 59| 2792 222| 0.08 59 2753 194 17.94
4 140 |60 | 4 | h |s 59| 2276 214| 0.27 62| 2814 201| 0.08 61 2645 197 17.81
4 |40 |60 |5 |h |s 57| 2324 200 0.25| 48| 2649 190| 0.06 60 2803 212 17.89
4 |40 |60 | 6 |h |s 55| 2106 188 0.25 59| 2978 232| 0.08 58 2457 178 17.8
4 140 |60 | 7 | h |s 57| 2174 197| 0.25 53| 2457 186| 0.08 54 2463 167 17.58
4 |40 |60 | 8 | h [|s 62| 2554 236| 0.26 56| 2806 223| 0.07 58 2641 186 17.89
4 140 |60 |9 |h |s 52| 2104 201 0.27 52| 2523 190| 0.08 54 2667 185 17.83
4 140 |60 [10 | h |s 55| 2113 171| 0.27 54| 2396 172| 0.09 58 2202 155 17.67
4 |40 |60 |11 | h |s 54| 1964 179 027| 46| 2147 163| 0.08 52 2416 170 17.53
4 |40 |60 |12 | h |s 53| 1894 170 0.25| 43| 2220 178| 0.08 56 2409 169 17.64
4 |40 (60 |13 h s 58 1999 184 0.26 53 2095 145 0.10 56 2493 179 17.78
4 |40 |60 |14 | h |s 59| 2184 175 0.25 54| 2880 219| 0.07 59 2607 191 17.83
4 |40 |60 |15 | h |s 60| 2120 183| 0.27| 46| 2428 175| 0.08 56 2335 180 17.84
4 |40 |60 |16 | h |s 58| 2092 186| 0.27 54| 2414 215| 0.08 59 2514 175 17.77
4 |40 |60 |17 | h |s 53| 2130 168| 0.25 55| 2675 250| 0.10 52 2552 184 17.72
4 |40 |60 |18 | h |s 54| 2038 175 0.25 55| 2317 173| 0.07 59 2568 185 17.91
4 |40 [ 60 |19 h s 58 2443 200 0.25 58 3052 223 0.08 54 2771 198 17.75
4 |40 |60 |20 | h |s 52| 2176 176 025 49| 2566 232| 0.08 57 2585 196 17.84
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Appendix B.

Table B.3. (Continued).

IEACT IGI MSR
M T Vswpb ts tft fmax time ts tft fmax time ts tft fmax time
(s) (s) (s)

4 |40 |60 |1 | h |d 394 15321 903| 0.25| 378 15215 831| 0.07| 354| 20098 1365| 54.72
4 |40 | 60 2 h d 370 14602 887 0.27| 366 15254 855 0.06| 329 22479 1770 54.75
4 |40 |60 |3 | h |d 380 12729 747| 0.27| 356 13210 711| 0.08| 342 19147 1212| 54.65
4 |40 |60 | 4 | h |d 387 15468 1087| 0.26| 372 15873| 1122| 0.08| 354| 23723| 1757| 54.88
4 |40 |60 |5 | h |d 397 15558 841| 0.25| 385 15762 879| 0.09| 357 20101| 1417 54.78
4 |40 |60 | 6 | h |d 385 15077| 1046| 0.26| 385 15569 929 0.08| 363 23638| 1620| 54.61
4 |40 |60 |7 | h |d 364 14258 1005| 0.25| 355 14968 955 0.07| 346 20720| 1625| 54.66
4 |40 | 60 8 h d 384 14270 756 0.25| 387 14715 806 0.08| 362 19095 1111 54.42
4 |40 |60 |9 | h |d 372 13937 791| 0.25| 366 14638 732| 0.08| 335 18097 1112| 54.83
4 |40 |60 |10 | h |d 381 14030 810| 0.26| 359 14436 735| 0.08| 331 20053| 1502| 54.78
4 |40 | 60 |11 h d 398 15977 1227 0.27| 397 15998 1191 0.07| 375 22182 1696 54.0
4 |40 |60 |12 | h |d 404 14019 750 0.32| 377 14312 799| 0.08| 329 18489 1146| 55.16
4 |40 |60 |13 | h |d 377 12892 716| 0.26| 375 13522 714| 0.08| 338 18677| 1283| 54.84
4 |40 | 60 |14 h d 360 12024 648 0.23| 351 13156 659 0.09| 337 15402 911 55.02
4 |40 | 60 | 15 h d 363 12635 717 0.25| 341 13696 690 0.09| 346 15570 936 55.01
4 |40 | 60 |16 h d 394 13010 742 0.27| 383 13839 769 0.08| 363 21647 1425 54.64
4 |40 | 60 |17 h d 385 13975 869 0.24| 370 14459 864 0.08| 343 20913 1342 54.98
4 |40 | 60 | 18 h d 382 13837 756 0.27| 361 14499 836 0.06| 343 16453 991 55.0
4 |40 | 60 | 19 h d 355 12572 694 0.26| 343 13009 741 0.08| 340 18694 1288 54.9
4 |40 | 60 |20 h d 414 14934 853 0.25| 408 15318 912 0.09| 360 21666 1626 54.89
4 | 60 | 60 1 | S 103 3819 213 0.58 94 5022 223 0.17| 101 4831 189 26.54
4 |60 |60 | 2 I |s 88 3495 157| 0.58| 82 4627 184| 0.15| 104 5126 211| 26.D
4 | 60 | 60 3 | S 94 3763 176 0.54 92 5160 210 0.18| 111 5299 233 26.73
4 | 60 | 60 4 | S 91 3781 174 0.57 88 4598 191 0.16| 107 5183 223 26.78
4 | 60 | 60 5 | S 96 3878 199 0.55 93 5500 232 0.17| 109 5363 222 26.79
4 |60 |60 | 6 I |s 99 3603 191 0.61| 90 4778 216| 0.14| 106 5111 237| 27.15
4 |60 | 60 7 | S 86 3764 203 0.58 92 4922 231 0.17| 107 5302 212 26.85
4 | 60 | 60 8 | S 104 4188 216 0.56 87 5137 217 0.16 97 5399 232 26.85
4 | 60 | 60 9 | S 108 3929 182 0.58 93 5113 236 0.17| 114 4960 205 26.95
4 |60 | 60 |10 | s 86 3121 168 0.58 80 4314 183 0.16| 107 4752 209 26.78
4 |60 | 60 |11 | S 88 3658 190 0.56 87 5040 210 0.15| 101 5218 215 26.72
4 |60 |60 |12 | | |s 104 3701 164| 0.63| 95 5226 212| 0.17| 113 5167 229| 26.89
4 |60 |60 |13 | | |s 94 3722 216| 0.58| 85 5409 241 o017| 97 5054 219| 26.61
4 |60 |60 |14 |1 |s 105 4310 219| 0.57| 104 5161 224| 0.15| 104 5299 208| 26.73
4 |60 |60 |15 | | |s 107 4290 218 08| 101 5722 226| 0.14| 106 5052 193| 26.92
4 |60 |60 |16 | | |s 105 3709 184| 0.58| 89 4746 188| 0.16| 105 4654 184| 26.78
4 |60 | 60 |17 | S 86 3638 186 0.58 82 4845 215 0.0 106 5247 229 27.00
4 |60 | 60 |18 | S 115 3579 168 0.56| 101 4686 194 0.15| 109 4497 176 26.94
4 |60 | 60 |19 | s 96 3825 195 0.61 88 4857 188 0.16| 100 4750 180 26.71
4 |60 | 60 |20 | S 104 4270 228 0.59 84 4885 226 0.16 99 5174 219 2682
4 | 60 | 60 1 | d 603 18857 666 0.57| 582 19505 688 0.15| 571 26691 1364 83.95
4 |60 |60 | 2 I |d 604| 20624 775| 0.63| 590| 21135 796| 0.14| 575 28079| 1145| 83.83
4 |60 |60 | 3 I |d 597 17099 661| 057| 573 17989 648| 0.14| 578 27202| 1336| 83.87
4 |60 | 60 4 | d 592 18060 629 0.56| 560 18999 660 0.15| 556 24942 1115 83.33
4 |60 |60 | 5 I |d 539 15980 601| 0.56| 530 17442 587| 0.15| 527 22671| 1076| 8400
4 |60 |60 | 6 I |d 578 18117 674| 058| 556 18982 674| 0.16| 560 25375 1169| 83.36
4 |60 | 60 7 | d 587 17971 648 0.56| 567 19192 700 0.16| 561 25688 1090 83.51
4 |60 |60 | 8 I |d 615| 20363 741| 0.63| 572 21374 767| 0.16| 557 27757| 1337| 83.75
4 |60 |60 | 9 I |d 575 15671 553| 0.56| 562 17050 598| 0.16| 552 20129 882| 8355
4 |60 | 60 |10 | d 572 17306 650 0.57| 572 17812 607 0.14| 575 23754 976 83.8
4 |60 |60 |12 | I |d 601| 20355 795| 056| 598| 21407 863| 0.16| 575 29467| 1473| 83.97
4 |60 |60 |12 | I |d 583 18446 711| 056| 572 19865 706| 0.16| 576 26128| 1250 83.31
4 |60 | 60 |13 | d 587 18297 649 0.56| 567 19221 693 0.15| 536 23845 1070 82.93
4 |60 |60 |14 | I |d 591 17033 587| 0.58| 555 18051 631| 0.17| 568 22260 874| 8391
4 |60 |60 |15 | | |d 604 16287 620 0.58| 593 17617 661| 0.17| 590 24923| 1118 82.91
4 |60 | 60 |16 | d 600 17925 673 0.56| 623 19017 696 0.16| 588 28913 1357 83.28
4 |60 |60 |17 | I |d 591 18808 895| 0.57| 596| 20134 846| 0.14| 558 30989| 1560 83.31
4 |60 |60 |18 | | |d 587 17356 660| 0.57| 577 19387 742| 017| 575 23803| 1052| 83.86
4 |60 | 60 |19 | d 594 19449 749 0.56| 573 20794 797 0.15| 566 26859 1328 84.06
4 |60 |60 |20 | I |d 594 19862 909| 0.56| 572 20400 909| 0.16| 563 31288 1487 84.05
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Table B.3. (Continued).

IEACT IGI MSR
M1 T Vi P ts tft fmax time ts tft fmax time ts tft fmax time
(s) (s) (s)

4|60 | 60 |1 |h |s 91 6234 323| 0.58| 102 7753 417| 0.16| 109 7675 345| 26.95
4 |60 60 2 h s 91 5853 296 0.58 85 6662 313 0.16 92 6442 297 26.78
4 |60 | 60 |3 |h |s 92 5854 312 058 99 7239 360| 0.17| 102 6753 296| 26.85
4 |60 | 60 |4 | h |s | 109 6800 359 0.57| 89 6820 327| 0.14| 107 7399 311 26.9
4 |60 60 5 h s 98 6052 322 0.58| 103 7894 400 0.16| 108 7528 321 27.11
4 |60 | 60 |6 |h |s 93 6494 349 057| 99 7031 380| 0.16] 113 7894 354| 26.85
4|60 | 60 |7 |h |s 99 6025 341 058| 101 7454 353| 0.17| 105 6965 296| 26.68
4 |60 60 8 h s 90 6284 314 0.58 88 6847 345 0.18| 105 7991 366 26.0
4 |60 | 60 |9 |h |s 94 5412 300| 0.55| 88 5973 259 0.14| 103 6727 277| 26.57
4 |60 | 60 |10 | h |s 91 5781 314 0.58| 89 6815 311| 0.16] 113 7572 364| 26.64
4 |60 60 11 h s 79 5322 280 0.57 78 6608 285 0.16| 107 7345 366 26.0
4 |60 | 60 |12 | h |s 92 6139 285 0.57| 101 7667 321| 0.17| 114 7563 326| 26.66
4 |60 60 13 h S 90 6327 318 0.56| 100 7321 369 0.15| 105 7535 334 26.72
4 |60 60 14 h s 97 5799 294 0.56 95 6351 277 0.16| 118 7398 354 26.75
4 |60 60 15 h S 88 5636 330 0.57 81 6179 293 0.22 90 6709 305 26.56
4 |60 60 16 h S 93 6269 325 0.58 88 6756 298 0.14| 109 7631 338 26.72
4 |60 60 17 h s 91 5967 297 0.61 92 6707 332 0.16| 108 7352 330 26.65
4 |60 60 18 h S 94 6081 288 0.56 99 6951 369 0.16| 112 7548 356 26.75
4 |60 60 19 h S 97 6451 347 0.56 97 7879 351 0.15 97 7435 294 26.87
4 |60 60 20 h s 95 5744 268 0.57 98 7388 317 0.17| 112 7194 336 27.02
4 |60 60 1 h d 604 33323 1304 0.55| 610 34118 1211 0.16| 575 48368 2116 83.29
4 |60 60 2 h d 607 29964 1237 0.56| 610 31876 1213 0.17| 571 49964 2267 83.97
4 |60 60 3 h d 612 34194 1571 0.56| 584 34029 1534 0.16| 592 50403 2449 83.75
4 |60 60 4 h d 595 34387 1217 0.56| 558 35297 1337 0.16| 572 49030 2073 83.83
4 |60 60 5 h d 573 30689 1122 0.56| 560 33116 1149 0.15| 545 51977 2287 83.32
4 |60 | 60 | 6 | h |d 575| 31811 1179 0.58| 580| 33342 1197| 0.15| 577| 45232| 1828| 84.11
4 |60 60 7 h d 577 32495 1287 0.58| 566 33398 1237 0.16| 578 49393 2309 83.92
4 |60 60 8 h d 571 32731 1104 0.56| 566 33812 1278 0.16| 550 45740 2111 83.31
4 |60 60 9 h d 596 33336 1236 0.58| 587 35129 1228 0.14| 551 44563 2048 83.83
4 |60 | 60 |10 | h |d 586 | 34620| 1391| 0.67| 574| 34639| 1374| 0.16| 589| 49271 2257| 84.78
4 |60 60 11 h d 568 31006 1151 0.64| 533 33625 1203 0.17| 543 42227 1876 84.28
4 |60 60 12 h d 586 30365 1140 0.58| 569 31657 1115 0.16| 583 43848 1996 83.94
4 |60 | 60 |13 | h |d 588 | 32527| 1223| 0.57| 541| 33421| 1301| 0.16| 573| 46026 2102| 84.42
4 |60 | 60 |14 | h |d 598 | 29825\ 1222| 0.58| 580| 31494 1171| 0.16| 561| 47765 2260| 84.22
4 |60 | 60 |15 | h |d 605| 32622 1167| 0.56| 587 | 32974 1229| 0.14| 573| 46611| 2175| 83.72
4 |60 | 60 |16 | h |d 588| 32993| 1241| 0.58| 584| 34629| 1322| 0.15| 561| 46495 2163| 84.15
4 |60 60 17 h d 562 31911 1165 0.56| 528 32823 1171 0.16| 528 42758 1843 84.®
4 |60 60 18 h d 576 31596 1150 0.56| 560 32720 1162 0.15| 550 47256 2318 85.01
4 |60 | 60 |19 | h |d 572| 32932| 1191| 0.58| 544| 35248| 1214| 0.15| 541| 45015 1679| 83.99
4 |60 60 20 h d 600 32106 1128 0.58| 565 33109 1168 0.16| 556 41634 1727 83.99
4 |40 | 120 | 1 I |s | 125 2429 191| 0.25| 126 2848 203| 0.09| 129 3104 206| 19.32
4 |40 | 120 | 2 I |s | 130 2347 205 0.25| 120 2991 200 0.09| 131 3007 205| 19.31
4 |40 | 120 | 3 I |s | 126 2119 161| 0.26| 123 2922 186 0.10| 123 2645 187 | 19.32
4 |40 | 120 | 4 I |s | 127 2188 167| 0.27| 113 2778 183| 0.07| 125 2756 183| 19.24
4 |40 | 120 | 5 I |s | 128 2787 196| 0.25| 123 3210 221| 0.08] 135 3218 203| 19.33
4 |40 | 120 | 6 I |s | 128 2158 155 0.26| 126 2647 179 0.08| 133 2642 167 19.9
4 |40 | 120 7 | s 128 2355 186 0.25| 127 2995 193 0.08| 129 2966 196 19.31
4 |40 | 120 | 8 I |s | 133 2608 184| 0.26| 126 3117 212| 0.08 136 3126 200 19.9
4 |40 | 120 | 9 I |s | 129 2648 191| 0.25| 127 3433 221| 0.07| 135 3239 207| 19.59
4 |40 | 120 | 10 | s 140 2577 203 0.27| 126 3026 199 0.06| 136 3104 206 19.53
4 |40 | 120 |11 || |s | 134 2276 179 0.27| 132 2996 195 0.09| 138 2956 203| 19.62
4 |40 | 120 |12 | | |s | 143 2652 173| 0.27| 136 2858 184| 0.07| 140 2938 174| 19.47
4 |40 | 120 |13 | | |s | 137 2271 163| 0.31| 127 2551 177| 0.08| 127 2681 167| 19.37
4 |40 | 120 |14 | | |s | 143 2207 168| 0.28| 132 2848 185 0.08| 133 2628 154 19.3
4 |40 | 120 |15 | | |s | 120 2273 175 0.25| 119 2706 185 0.08| 126 2706 169 | 19.47
4 |40 | 120 |16 | | |s | 144 2513 193| 0.27| 126 3165 218| 0.07| 132 2996 188 | 19.48
4 |40 | 120 |17 || |s | 129 2587 188 0.27| 113 2812 190( 0.0 125 2840 186 | 19.32
4 |40 | 120 |18 | I |s | 139 2842 195 0.26| 130 3242 213| 0.08| 133 3064 183| 19.42
4 |40 | 120 | 19 | s 134 2825 225 0.26| 127 2866 186 0.08| 131 3173 209 19.39
4 |40 | 120 |20 | I |s | 136 2773 192 0.27| 115 3066 226| 0.07| 132 3207 199 19.41
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Appendix B.

Table B.3. (Continued).

IEACT IGI MSR
M1 T Vi P ts tft fmax time ts tft fmax time ts tft fmax time
(s) (s) (s)

4 |40 | 120 | 1 I |d 617 | 12093 649| 0.25| 603| 12588 703| 0.08| 619| 17751| 1301| 55.99
4 |40 | 120 2 | d 692 13336 881 0.27| 684 13585 841 0.08| 693 18809 1361 55.43
4 |40 | 120 | 3 I |d 644 | 12219 813| 0.25| 619| 12850 741| 0.09| 630| 19497| 1363| 55.56
4 |40 | 120 | 4 I |d 642| 11356 878| 0.27| 630 11711 809| 0.08| 643| 19683| 1614| 56.08
4 |40 | 120 5 | d 667 12712 797 0.27| 664 13987 827 0.08| 674 17425 1226 55.37
4 |40 | 120 | 6 I |d 710| 14466 982| 0.27| 709| 14259 920| 0.12| 701| 20026/ 1390| 55.26
4 |40 | 120 | 7 I |d 674| 14440| 1005 0.26| 665| 14949 957| 0.10| 652| 21738 1578 55.85
4 |40 | 120 8 | d 677 15483 1042 0.26| 684 15952 991 0.08| 679 25805 1982 54.86
4 |40 | 120 | 9 I |d 688| 12018 800| 0.27| 656| 12004 793| 0.09| 646| 17874| 1321| 55.37
4 |40 | 120 |10 | I |d 630 12436 790| 0.25| 614| 13322 850| 0.08| 600| 17074| 1274| 55.75
4 |40 | 120 |11 | I |d 699 | 14577 996 | 0.27| 677| 14878 1042 0.06| 685| 24355 1825| 55.57
4 |40 | 120 |12 | | |d 680| 15072| 1274| 0.27| 683| 14713| 1150 0.07| 674| 24614 1903| 55.39
4 |40 | 120 | 13 | d 667 14386 930 0.26| 671 14879 1063 0.08| 665 21302 1371 55.17
4 |40 | 120 | 14 | d 683 12491 875 0.26| 671 12750 863 0.08| 639 19396 1406 54.95
4 |40 | 120 | 15 | d 697 13741 991 0.25| 674 13648 909 0.10 674 20838 1450 55.15
4 |40 | 120 | 16 | d 658 16327 1300 0.27| 653 15906 1161 0.08| 663 25206 1912 55.11
4 |40 | 120 | 17 | d 655 13484 730 0.26| 619 13725 786 0.07| 635 19534 1438 55.71
4 |40 | 120 | 18 | d 649 13075 1006 0.27| 650 13740 921 0.06| 648 22306 1724 55.81
4 |40 | 120 | 19 | d 669 13475 806 0.26| 658 14115 849 0.08| 677 19059 1337 55.34
4 |40 | 120 | 20 | d 677 14224 912 0.26| 679 14438 890 0.06| 707 20853 1371 54.73
4 140 | 120 1 h s 122 3971 297 0.27| 129 4470 370 0.09| 131 4476 298 19.19
4 {40 | 120 | 2 | h |s | 118 3838 307| 0.27| 121 4325 310 0.08| 123 4244 299| 19.14
4 140 | 120 3 h s 130 4581 373 0.27| 121 4910 332 0.09| 131 5067 304 19.28
4 140 | 120 4 h s 125 4067 313 0.27| 124 4277 330 0.08| 126 4585 300 19.36
4 {40 | 120 | 5 | h |s | 126 4243 343| 0.27| 130 5089 379 0.06| 137 5017 327| 19.42
4 |40 | 120 6 h S 120 3644 285 0.27| 104 3470 306 0.08| 121 3868 260 19.47
4 |40 {120 | 7 | h |s | 125 3984 314 0.31] 131 4534 315 0.08| 131 4522 314| 19.31
4 |40 | 120 | 8 | h |s | 121 3883 300| 0.25| 122 4310 334 0.08| 123 4202 317| 19.28
4 {40 | 120 | 9 | h |s | 132 4301 324| 0.26| 128 4764 400| 0.08| 128 4543 308| 19.18
4 |40 | 120 |10 | h |s | 113 3410 286| 0.27| 115 3780 284 00| 125 4015 276| 19.28
4 |40 | 120 |11 | h |s | 121 3961 312| 0.27| 117 4287 309 0.07| 124 4450 295| 19.39
4 |40 | 120 | 12 h S 138 4408 297 0.26| 128 4505 335 0.08| 135 4735 324 19.43
4 |40 | 120 |13 | h |s | 122 4102 301| 0.25| 124 4862 314| 0.08 127 4829 313| 19.31
4 |40 | 120 | 14 h S 136 4587 316 0.25| 118 4640 350 0.08| 133 4949 344 19.54
4 |40 | 120 |15 | h |s | 123 3882 328| 0.28| 121 4460 344 0.09| 130 4476 299| 19.51
4 |40 | 120 |16 | h |s | 128 4076 302| 0.24| 125 4444 301| 0.08] 134 4496 340| 19.31
4 |40 | 120 |17 | h |s | 127 3240 270| 0.25| 110 3416 273| 0.08| 122 3871 260| 19.29
4 |40 | 120 | 18 h S 122 3738 328 0.26| 128 4262 285 0.08| 132 4591 303 19.34
4 |40 | 120 |19 | h |s | 130 3962 201 0.27| 121 4081 294 0.08 129 4113 285| 19.47
4 |40 | 120 |20 | h |s | 134 4319 318| 0.25| 129 4739 317| 0.08| 138 4751 319| 19.33
4 |40 | 120 1 h d 699 27596 1929 0.25| 688 27358 2049 0.08| 619 41511 3174 55.39
4 |40 {120 | 2 | h |d 679| 25949| 1840| 0.27| 669| 25372| 1840| 0.07| 679| 38447 2734| 55.33
4 |40 {120 | 3 | h |d 663| 25022| 1814| 0.25| 671| 25250 1690| 0.08| 649| 36472 2733| 55.89
4 |40 | 120 4 h d 677 25995 2053 0.25| 677 25549 1903 0.08| 664 36779 3035 56.01
4 |40 {120 | 5 | h |d 694 | 28701| 2207| 0.27| 691| 27553 1974| 0.08| 670| 37491| 2852 55.3
4 |40 | 120 | 6 | h |d 674| 23785 1888| 0.25| 649| 23653 1882| 0.06| 658| 37923 3135| 55.61
4 |40 | 120 7 h d 679 26067 1895 0.25| 672 26582 1853 0.08| 663 41670 3102 55.49
4 |40 | 120 | 8 | h |d 672| 24205 1773| 0.26| 653| 24231| 1663| 0.08| 654| 29866 2102| 55.47
4 |40 {120 | 9 | h |d 603| 20520| 1188| 0.25| 586| 22180 1412| 0.08| 620| 27137 1903| 55.87
4 |40 | 120 {10 | h |d 621| 21587 1227| 0.25| 622| 22000 1282| 0.07| 627| 28040| 2127| 55.94
4 |40 | 120 |11 | h |d 664 | 26522| 1711| 0.29| 648| 25963| 1798| 0.08| 628| 37441| 2861| 56.01
4 |40 | 120 |12 | h |d 674| 24620| 1647| 0.24| 672| 24744| 1705 0.07| 668| 32173 2272| 55.47
4 |40 | 120 | 13 h d 635 23303 1425 0.27| 644 23599 1507 0.08| 666 30789 2190 55.62
4 |40 | 120 |14 | h |d 619| 22685 1388| 0.27| 624| 23208 1433| 0.08| 649| 33760 2171| 55.46
4 |40 | 120 |15 | h |d 677| 24859| 1785| 0.25| 669| 25373| 1761| 0.06| 666| 42211 3355| 55.18
4 |40 | 120 | 16 h d 693 24298 1826 0.28| 661 24835 1836 0.07| 626 36269 2649 55.29
4 |40 | 120 |17 | h |d 697 | 26490| 1749| 0.27| 692| 27660 2049| 0.10| 685| 45084 3193| 55.19
4 |40 | 120 |18 | h |d 641| 21866| 1207| 0.25| 620| 23326| 1267| 0.08| 609| 29889 2143| 56.23
4 |40 | 120 | 19 h d 685 24133 1520 0.26| 676 24714 1565 0.10 695 36445 2663 55.13
4 |40 | 120 |20 | h |d 650 | 22744| 1542| 0.25| 633| 22065 1451| 0.09| 650| 29692 2280| 55.83
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Table B.3. (Continued).

IEACT IGI MSR
Ml T Vi swiP ts tft fmax time ts tft fmax time ts tft fmax time
(s) (s) (s)

4 |60 [120 |1 || |s 214 6760 320| 0.64 202 7664 325| 0.16 227 8559 339| 2957
4 |60 | 120 | 2 | S 197 6497 277 0.57 185 7971 315 0.16 204 7949 313 29.47
4 |60 (120 | 3 || |s 205 6349 255| 0.58 200 7253 296| 0.18 216 7246 298| 29.59
4 |60 120 | 4 || |s 210 5565 254| 0.59 196 6866 286| 0.17 214 7186 299 | 29.46
4 |60 | 120 | 5 | S 197 5698 264 0.58 187 6570 249 0.16 203 6784 274 29.66
4 |60 120 | 6 | I |s 208 6611 311| 0.58 193 7938 297| 0.16 221 8333 329| 29.78
4 |60 |120 |7 || |s 210 6583 300| 0.54 201 7775 304| 0.17 225 8224 335| 29.87
4 |60 | 120 | 8 | S 204 6344 303 0.59 179 6824 266 0.15 206 7566 307 29.48
4 160 (120 | 9 | I |s 194 5352 236| 0.58 180 6384 241| 0.7 201 6815 281| 29.43
4 |60 [120 |10 | | |s 186 6083 287| 0.57 190 7526 319| 0.15 213 7879 312| 29.43
4 |60 | 120 | 11 | S 203 5559 233 0.58 192 6509 283 0.2 212 6786 264 29.62
4 |60 [120 |12 | | |s 203 6485 303| 0.58 185 7480 302| 0.15 220 8201 319| 2958
4 |60 | 120 | 13 | s 205 6992 296 0.54 210 8476 344 0.16 218 8528 320 29.39
4 |60 | 120 | 14 | S 191 6334 261 0.59 186 6951 281 0.17 206 7771 301 29.55
4 |60 | 120 | 15 | S 208 7150 298 0.58 205 8263 323 0.16 220 8538 335 29.56
4 |60 | 120 | 16 | S 197 5154 227 0.61 198 6371 257 0.16 213 6613 258 29.9
4 |60 | 120 | 17 | S 188 5985 253 0.58 186 7242 284 0.14 196 7627 309 29.47
4 |60 | 120 | 18 | S 208 7234 335 0.58 213 8506 330 0.19 233 8931 337 29.0
4 |60 [120 |19 | | |s 211 5792 250| 0.56 184 6726 269| 0.14| 221 7728 319| 29.42
4 |60 | 120 | 20 | S 199 6009 244 0.56 206 7360 282 0.18 213 7496 308 29.56
4 |60 | 120 | 1 | d 1032 30177 1194 0.56 1002 31176 1191 0.16 1088 43543 1986 84.96
4 |60 | 120 | 2 | d 1041 33022 1383 0.54 1012 33586 1383 0.15 1053 48402 2253 85.34
4 |60 | 120 | 3 | d 1033 33670 1688 0.58 1003 35035 1714 0.17 1082 46612 2350 84.67
4 |60 | 120 | 4 | d 1090 30530 1472 0.56 1048 31600 1454 0.17 1084 55809 2956 84.63
4 |60 | 120 | 5 | d 998 32415 1252 0.56 980 32798 1449 0.14| 1036 41374 1915 84.81
4 |60 | 120 | 6 | d 1026 28846 1116 0.56 994 29100 1173 0.15 1062 38881 1552 84.9
4 |60 | 120 | 7 | d 1000 25689 1023 0.57 999 27211 1054 0.17 1064 36655 1667 85.81
4 |60 | 120 | 8 | d 1011 27912 1206 0.56 1000 29526 1295 0.14| 1055 41789 2055 85.15
4 |60 (1220 |9 | I |d 1024| 33602 1559| 0.57| 1022| 33797| 1595| 0.16| 1101| 54171 2762| 85.13
4 |60 120 |10 | | |d 951| 24122 829| 0.58 948 | 25835 915| 0.16| 1001| 33500/ 1600| 85.27
4 (60 [ 120 |12 | | |d 1058| 29747 1269| 0.58| 1049| 30335/ 1201| 0.15| 1117| 40571| 1837| 84.89
4 |60 | 120 | 12 | d 947 25859 927 0.61 927 27437 1006 0.17 968 32749 1499 85.56
4 |60 120 |13 | | |d 1047| 32987| 1682| 0.58| 1036| 33056 1517 0.16| 1078 47618| 2512| 85.13
4 |60 | 120 | 14 | d 1052 29419 1419 0.54 1015 30685 1514 0.15 1094 51316 2633 85.56
4 |60 | 120 | 15 | d 1042 34713 1852 0.58 1032 33903 1660 0.15 1089 52200 2642 84.6
4 |60 120 |16 | | |d 937| 25858 894| 0.58 902 | 27564| 1088| 0.14| 981| 34029 1438| 86.01
4 |60 | 120 | 17 | d 1027 33387 1615 0.56 1035 33999 1449 0.15 1069 47991 2370 85.55
4 |60 | 120 | 18 | d 1019 30396 1023 0.57 994 30097 1190 0.14| 1067 39346 1831 85.46
4 |60 120 |19 | | |d 1040| 28738| 1322| 0.56| 1022| 29978 1355 0.17| 1070| 44045| 2274| 85.08
4 |60 | 120 | 20 | d 1065 37001 1981 0.58 1060 36094 1775 0.15 1096 58824 3036 85.21
4 160 | 120 | 1 h S 193 11366 441 0.59 193 11869 545 0.17 206 12298 480 29.34
4 160|120 | 2 | h |s 202| 11537 508| 0.57 203 12179 553| 0.17 222| 13045 533| 29.63
4 160|120 | 3 | h |s 209| 11668 482| 057 201| 12279 507| 0.18 226| 13551 507 | 29.49
4 |60 120 | 4 | h |s 191| 10715 464 | 0.58 185| 11106 510| 0.16 216| 12781 499 | 29.52
4 160|120 |5 | h |s 197 11590 530| 0.57 198 | 12416 492| 0.17 217| 13425 543| 29.77
4 |60 120 | 6 | h |s 206| 11393 478| 057 201| 12708 494| 0.14| 223| 12574 480| 29.88
4 |60 (120 | 7 | h |s 193| 10183 469 | 0.63 208| 12244 524| 0.17 210| 12249 485| 29.75
4 |60 120 | 8 | h |s 190 10554 452| 0.56 197 | 11843 516| 0.16 196 | 11900 465| 29.64
4 160 (120 | 9 | h |s 195 9802 428| 054 195 10465 447| 0.15 218| 11318 445| 29.75
4 |60 [120 |10 | h |s 201| 10926 474| 0.58 191| 11730 473| 0.15 220| 12862 514| 29.63
4 |60 |120 |11 | h |s 197 10579 446| 0.56 181| 10665 463| 0.14| 208| 11995 484| 29.73
4 |60 |120 |12 | h |s 198 | 10879 459| 0.56 184 11479 491| 0.15 207| 12050 483| 29.45
4 |60 [120 |13 | h |s 194 9544 421 0.58 186| 10548 454| 0.16 211| 11819 459 | 29.72
4 |60 |120 |14 | h |s 203 9895 437| 0.56 193 | 10543 413| 0.16 215| 11744 450| 29.87
4 |60 |120 |15 | h |s 199 11625 478| 0.56 189 12137 474| 0.16 221| 13617 523| 29.59
4 |60 [ 120 |16 | h |s 190| 11114 469 | 0.58 193| 12748 512| 0.18 208 | 12777 517| 29.75
4 |60 | 120 |17 | h |s 197 10663 464| 0.56 191| 11253 441| 0.16 214| 12175 513| 29.76
4 |60 |120 |18 | h |s 203| 10740 459| 0.56 197 11193 500| 0.16 227| 12609 526| 29.72
4 160 | 120 |19 | h s 193 10168 443 0.59 182 10492 423 0.14 201 11584 461 29.73
4 |60 120 |20 | h |s 202| 10942 469| 0.56 192 11496 471| 017 218| 12591 505| 29.75
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Table B.3. (Continued).

IEACT IGI MSR
M| T Visv|P ts tft fmax time ts tft fmax time ts tft fmax time
(s) (s) (s)

4 160 (120 [ 1 | h |d 1019| 59728| 2793| 0.56| 1002 60035 2649| 0.16| 1099| 88192 3749 85.55
4 |60 120 | 2 h |d 1040 55071 2357| 0.58| 1036 57129 2668 0.17| 1049 81137 4023 84.99
4 160 120 | 3 | h |d 993 | 51478| 2220| 0.64| 997 53900 2258| 0.18| 1033| 94434| 4861 85.31
4 160 (120 | 4 | h |d 1009| 51932| 2148| 0.56| 1022| 54812 2199| 0.15| 1082| 84479 3730 84.59
4 |60 [120 | 5 h |d 967 51884 1842| 0.58 974 55327 2119 0.17| 1033 87409 3973 85.27
4 160 (120 | 6 | h |d 1024| 68358| 3787| 0.57| 1040 63591| 3311| 0.16| 1080| 90686 4732 85.28
4 160 120 [ 7 | h |d 1061| 56103| 2762| 0.0 | 1066| 54886 2599| 0.15| 1067| 77482 4054 85.16
4 160 120 [ 8 | h |d 1057| 55918| 2096| 0.57| 1056| 57173 2449| 0.15| 1102| 77162 3451 85.14
4 160 (120 | 9 | h |d 970 | 49046| 2067| 0.56| 958| 51150 1992| 0.16| 991| 67752 2909 85.95
4 |60 [120 [10 | h |d 992 | 54516 2000| 0.58| 981| 57510 2312| 0.16| 1053| 75197 3501 85.64
4 |60 | 120 (11 | h |d 1024 58127 2537 0.58| 1011 60478 2509 0.16| 1070 88440 3886 84.98
4 |60 [120 [12 | h |d 1032| 53559| 1985| 0.56| 1002| 54849 2350| 0.17| 1074| 72310 3363 84.94
4 160 | 120 (13 | h |d 1008 56622 2506 0.58| 1030 61061 2688| 0.16| 1056 91584 4604 85.13
4 |60 | 120 (14 | h |d 1025 55595 2437 0.56| 1008 57219 2578| 0.15| 1076 80958 3907 85.18
4 |60 | 120 (15 | h |d 1027 59077 3003 0.58| 1032 58775 2839 0.14| 1084 86144 4153 85.32
4 |60 |120 (16 | h |d 1028 57306 2473 0.56| 1025 57671 2450 0.17| 1063 89437 4551 85.35
4 |60 | 120 (17 | h |d 1015 52070 1932| 0.58 987 52340 2191| 0.15| 1015 78076 3972 85.83
4 |60 | 120 (18 | h |d 1027 55182 2804 0.8 1027 54894 2578 0.15| 1069 96292 5005 85.37
4 |60 |120 (19 | h |d 1008 57361 2609 0.55| 1023 57140 2540 0.16| 1064 98547 4676 85.03
4 |60 | 120 (20 | h |d 972 50380 2101 0.58 966 50220 2179| 0.16| 1051 74822 3595 84.9
6 |80 | 120 | 1 | S 296 8157 311 1.04 276 9064 317 0.33 304 9183 279 47.37
6 (80 | 120 | 2 | S 262 7561 256 1.05 246 8647 258 0.9 294 9547 325 47.26
6 |80 | 120 | 3 | S 274 7038 242 1.02 255 8063 245 0.31 307 8742 277 47.56
6 |80 | 120 | 4 | S 268 7848 295 1.05 238 8767 273 0.35 292 9846 324 47.25
6 (80 |120 |5 |1 [s 268 7417 241| 1.06| 258 8262 258| 0.9 295 9293 321 47.25
6 (80 |120 |6 | I [s 280 7642 293| 1.04| 257 8714 276| 0.29| 294 9319 291 47.26
6 |80 | 120 | 7 | S 271 7493 277 1.06 251 8435 288 0.33 293 9350 327 47.18
6 |80 | 120 | 8 | S 286 8573 289 1.08 267 10018 368 0.9 303 10093 355 47.07
6 |80 | 120 | 9 | S 255 6569 255 1.05 249 7906 270 0.32 284 8929 296 47.05
6 |80 | 120 | 10 | s 266 7353 258 1.03 256 7935 276 0.9 287 9254 301 47.9
6 80 |120 |11 | I |s 270 7529 277| 1.04| 262 8850 265| 0.31| 294 9199 307 47.9
6 |80 | 120 | 12 | S 260 7268 298 1.01 268 9580 299 0.31 296 9985 345 46.00
6 |80 | 120 | 13 | s 271 7729 267 1.03 267 9183 283 0.31 294 9590 349 43.67
6 |80 | 120 | 14 | S 267 8189 353 1.03 222 8737 285 0.33 283 9538 316 43.36
6 |80 | 120 | 15 | S 285 7849 312 1.03 249 8388 275 0.31 273 8697 262 43.67
6 |80 | 120 | 16 | s 244 6722 257 1.08 249 8583 295 0.31 288 9066 333 43.68
6 (80 | 120 | 17 | s 284 7786 285 1.03 259 9247 330 0.9 299 9407 299 44.00
6 |80 | 120 | 18 | S 290 7964 322 1.03 273 9700 345 0.31 311 10372 341 43.81
6 (80 |120 |19 | | |s 281 7192 251 1.03| 271 8170 271 0.31| 294 8732 274 43.81
6 |80 | 120 | 20 | s 278 7472 265 1.03 259 8552 271 0.32 298 9242 310 43.63
6 (80 | 120 | 1 | d 1725 41784 1092 1.03| 1656 43308 1149| 0.31| 1688 54958 1863 174.14
6 (80120 |2 |1 |d 1659| 43075 1112| 1.03| 1595| 45056 1190| 0.31| 1668| 56366 2064| 173.13
6 [80]120 |3 |1 |d 1719| 44090| 1321| 1.05| 1732| 46243| 1278| 0.33| 1758| 70774| 2464| 173.74
6 (80120 | 4 |1 |d 1698| 40539 1159| 1.02| 1672| 42496 1186 0. | 1731| 56508| 2210 174.32
6 (80120 |5 |1 |d 1700| 43370| 1165| 1.06| 1647| 44797| 1230 0.28| 1712 57319 1924| 175.23
6 (80120 |6 |1 |d 1693| 42065| 1483| 1.02| 1684| 44386 1320 0.32| 1679| 64432 3004| 173.45
6 (80 | 120 | 7 | d 1598 43749 1229 1.04| 1551 45492 1132 0.31| 1593 59103 1932 173.59
6 [80|120 |8 |1 |d 1605| 42506| 1147| 1.05| 1514| 44823| 1197| 0.29| 1536| 56789 2398 174.14
6 (80120 |9 |1 |d 1739 39178| 1223| 1.03| 1684| 39805 1179| 0.32| 1711| 60734| 2491| 174.12
6 |80 | 120 | 10 | d 1696 41497 1084 1.08| 1643 43765 1186| 0.31| 1685 54910 2073 174.33
6 (80 |120 |11 [ I |d 1741| 48632| 1404| 1.08| 1728| 51884| 1462| 0.33| 1699| 76959| 3047| 173.92
6 (80 |120 |12 | I |d 1598| 40593| 1376| 1.08| 1601| 42801| 1257| 0.0 | 1627| 59512 2296| 174.D
6 |80 |120 [13 | | |d 1660| 44678| 1412| 1.03| 1611| 46872 1423| 0.31| 1683| 75436| 3307| 174.08
6 (80 |120 |14 | I |d 1671| 44800| 1667| 1.05| 1638| 46104 1704| 0.31| 1688| 70979 3066| 174.9
6 (80 |120 |15 | | |d 1635| 41848| 1104| 1.05| 1562| 43885 1156| 0.0 | 1589| 56014 2072| 174D
6 |80 | 120 | 16 | d 1566 40251 1138 1.07| 1530 44603 1194| 0.33| 1632 53467 2068 174.32
6 (80 |120 |17 | I |d 1731| 41249| 1128| 1.03| 1666| 43895 1336 0.31| 1699| 58011 1956| 175.8
6 (80 |120 |18 | I |d 1614| 44672| 1119| 1.05| 1598| 47998 1299| 0.3 | 1589 59941| 1934| 173.78
6 |80 | 120 | 19 | d 1708 42071 1105 1.06| 1609 42430 1122 0.31| 1650 56578 2325 173.92
6 (80 |120 |20 | I |d 1732| 46708| 1577| 1.07| 1702| 48429| 1564| 0.31| 1717 69545 2892| 173.46
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Appendix B.

Table B.3. (Continued).

IEACT IGI MSR
Ml T Viswib ts tft fmax time ts tft fmax time ts tft fmax time
(s) (s) (s)

6 (8 (1201 |h |s 245| 12198 455| 1.04| 270| 14057| 519| 0.31| 290 14797| 518 43.64
6 80 120 | 2 h |s 265 13689 453 1.06 261 14518 454 0.32 305 15726 558 43.73
6 |8 [1203 | h [s 271| 13136 483| 1.06| 255| 13948| 491| 0.36| 293 14519 543 43.56
6|8 [120| 4 |h |s 282| 14160 490| 1.05| 264| 14246| 526| 0.31| 303 15388| 518 43.92
6 80 120 | 5 h |s 253 11873 452 1.04 245 12594 408 0.3 293 14740 544 43.91
6|8 |(1206 |h |s 271| 13693 554| 1.07| 275| 14808| 520| 0.31| 308 16500| 573 43.53
6 |8 (1207 |h |s 269| 13489 459 1.05| 264| 14154| 510| 0.29| 305 15550| 540 43.81
6 80 120 | 8 h |s 258 13398 468 1.06 262 13723 482 0.31 304 15827 546 43.54
6|8 (1209 |h |s 248 | 12255 453 1.1 243| 12339 427| 0.31| 281 13931 481 43.92
6 | 8 |[120 |10 | h |s 285| 13231 490| 1.05| 279| 14361| 466| 0.31| 323 16014 586 43.64
6 80 120 (11 [ h |s 257 11991 397 1.06 251 12839 460 0.31 293 14981 526 43.59
6 | 8 [120 |12 | h |s 274| 14001| 525| 1.05| 266| 14667| 491| 0.31| 300 15472 540 43.75
6 | 8 |[120 |13 | h |s 260| 12354| 463| 1.04| 255| 13412 422| 0.32| 293 14347| 488 43.67
6 80 120 (14 [ h |s 246 12704 457 1.08 271 14221 490 0.31 294 15285 528 43.58
6 80 120 (15 [ h |s 275 13749 494 1.05 267 14317 488 0.32 309 16265 556 43.64
6 80 120 (16 [ h |s 258 13410 492 1.06 255 14256 484 0.31 289 15445 565 43.68
6 80 120 |17 | h |s 251 12550 518 1.09 252 13385 455 0.31 293 14873 531 43.86
6 80 120 (18 [ h |s 264 12561 453 1.05 261 13953 479 0.9 301 14929 503 43.43
6 80 120 (19 [ h |s 254 12375 461 1.05 256 13345 538 0.31 287 14549 514 43.69
6 80 120 (20 [ h |s 261 13750 542 1.05 236 13830 523 0.31 279 15239 506 43.38
6 80 120 | 1 h [d 1663 76163| 2211| 1.05| 1624| 80522 2489| 0.31| 1688 131986| 5624 174.44
6|8 |120|2 | h |d 1712| 78286 2135| 1.03| 1646| 81185 2288| 0.32| 1674| 109448 4375| 174.57
6 80 120 | 3 h [d 1644 76467| 2171| 1.03| 1615| 81450 2188| 0.29| 1680 107518| 4524 173.96
6 80 120 | 4 h [d 1684 79586| 2054| 1.02| 1622| 82534 2236| 0.31| 1671 116634 5008 177.D
6 80 120 | 5 h |d 1739| 82085| 2362 1.05| 1681| 84576 2504| 0.29( 1688 127548 5125 179.06
6 80 120 | 6 h |d 1653| 81695| 2334| 1.09| 1604| 86504| 2407| 0.32| 1632 121051| 5114 177.95
6 80 120 | 7 h [d 1686| 82407| 2866| 1.02| 1695 85600 2463| 0.2 1682 132686| 5412 179.19
6 80 120 | 8 h |d 1701| 80497| 2653| 1.05| 1683 81380 2597| 0.3 1688 134968| 5394 179.22
6|8 |120|9 |h |d 1657| 78614| 2046| 1.01| 1592| 81703| 2072| 0.33| 1579| 100741 3706 179.79
6 | 80 120 |10 | h |d 1649| 78423| 2239| 1.03| 1618| 85336 2540 0.3 | 1632| 112586 4943| 179.99
6 80 120 |11 | h |d 1680 79178| 2318( 1.03| 1657 85716 2303 0.3 1675 129312 5158 179.77
6 |8 |120 |12 | h |d 1743| 84424| 2652| 1.04| 1701| 86493| 2701| 0.31| 1718| 128476 5624| 179.29
6 | 80 120 |13 | h |d 1761| 82234| 2818 1.07| 1715| 85607| 2850| 0.31| 1698| 124384 5139 179.D
6 80 120 (14 [ h |d 1613 79694| 2075 1.11| 1556| 80835 2080( 0.3 1596 110027 3788 179.9
6 80 120 |15 | h |d 1705| 81405| 2873| 1.03| 1704| 83937 2859| 0.33| 1740 136742 5602 178.77
6 | 80 |120 |16 | h |d 1668| 73828| 1852| 1.06| 1579| 76169 1957 0.31| 1642| 102729 3459 179.33
6 | 80 |120 |17 | h |d 1604| 75092| 1954| 1.06| 1574| 78465 1989| 0.31| 1614 92866| 3424 179.23
6 | 8 |120 |18 | h |d 1676| 81919 2142| 1.03| 1625| 85160 2244| 0.32| 1629| 110302 3933| 179.22
6 | 80 120 |19 | h |d 1587 74351| 1900| 1.05| 1553| 77050 1926 0.3 | 1608 93839 3217| 178.33
6 80 120 |20 | h |d 1688| 80759| 2419| 1.03| 1608| 83714| 2338| 0.31| 1641 111928| 4692 178.92
6 (120 120 [ 1 || |s 460| 20455| 434| 2.44| 416| 20927| 512| 0.69| 546 24394 474 74.11
6 [120 (120 | 2 || |s 445| 18710 400| 2.39| 442| 22231| 468| 065 571 26670| 587 74.39
6 [120 (120 | 3 || |s 464| 21688 500| 2.41| 455| 24832 462| 0.68| 565 28311| 599 74.D
6 | 120 | 120 | 4 | s 443 21834 505 2.38 455 25497 557 0.64 554 27969 587 73.9
6 [120 (120 | 5 || |s 473| 20036 461| 2.46| 417| 21687| 482| 0.67| 570 25645| 534 74.03
6 [120 (120 | 6 || |s 417| 20104| 480| 2.39| 408| 22745 488| 0.66| 539 26026| 577 74.02
6 | 120 | 120 | 7 | s 435 19928 460 2.41 441 23038 547 0.64 538 25364 503 74.03
6 [120 (120 | 8 || |s 454| 21324| 511| 2.39| 459| 24598| 522| 0.66| 593 29106| 624 73.96
6 [120 (120 | 9 || |s 459 | 21296 497| 2.45| 432| 24012| 524| 0.69| 540 27294| 587 74.D
6 (120 120 |10 | | |s 464| 20059| 448| 2.43| 472| 24691| 547| 0.72| 557 26317 583 73.81
6 [120 (120 |11 | | |s 461| 21606 488| 2.39| 461| 25198 570| 0.64| 555 27482| 597 74.03
6 [120 (120 |12 | | |s 466| 23042| 530| 2.0 426| 24163| 552| 0.67| 569 28760| 599 73.65
6 | 120 | 120 |13 | | s 483 20673 462 2.0 472 24039 523 0.66 583 26300 573 74.44
6 [120 (120 |14 | | |s 458| 21361| 523| 2.39| 446| 23897| 569| 0.66| 551 27190| 576 73.75
6 [120 (120 |15 | | |s 471| 22777| 566| 2.44| 448| 25849| 566| 0.69| 568 28799| 605 74.11
6 (120 | 120 |16 | | |s 474| 22492| 493| 2.45| 445| 24230| 518| 0.65| 578 28283| 600 73.75
6 [120 120 |17 | | |s 486| 22638 548| 2.43| 461| 25315 563| 0.67| 586 28304| 618 74.08
6 [120 (120 |18 | | |s 446| 20107| 449| 2.0 405| 21444 440| 0.66| 564 26948| 602 73.94
6 | 120 | 120 |19 | | s 446 21007 473 2.42 447 23899 474 0.69 559 27326 593 73.79
6 [120 (120 |20 | | |s 465| 21885 464| 2.45| 437| 24453| 486| 0.64| 556 27276| 583 73.72
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Appendix B.

Table B.3. (Continued).

IEACT IGI MSR
M| T VP ts tft fmax time ts tft fmax time ts tft fmax time
(s) (s) (s)

6 |120 120 | 1 | | |d | 2468| 102564| 2295| 2.39| 2448| 107214| 2257| 0.67| 2498| 142858 4011| 281.35
6 [ 120 | 120 | 2 | d 2504 99205 1685| 2.39( 2381 99783 1716| 0.66| 2511 129920| 2892| 281.72
6 | 120 [120 | 3 | | |d | 2520| 104364| 1845| 2.42| 2430| 106499 1896| 0.66| 2537| 126868 3076 282.11
6 |120 120 | 4 | | |d | 2617| 105135 1834| 2.45| 2482| 107335 1912| 0.65| 2638| 151484 3832 281.97
6 [120 | 120 | 5 | d 2552 98848 1706| 2.40|( 2454 100513| 1700 0.66| 2603 130902| 2825| 281.93
6 | 120 [120 | 6 | | |d | 2592| 111840| 2392| 2.39| 2597| 114805 2455| 0.66| 2711| 166614 4538 280.41
6 |120 120 | 7 | | |d | 2585 110402| 2270| 2.38| 2535| 115909| 2204| 0.66| 2649| 170907| 4197 282.86
6 120 | 120 | 8 | d 2546 99650 1673| 2.43| 2479 104509 1761| 0.69| 2626 138725 3380| 281.16
6 120 120 | 9 | | |d | 2525 98993| 1686| 2.39| 2467| 103004 1774| 0.64| 2538| 143187| 3959| 281.36
6 | 120 [120 |10 | | |d | 2512| 102616| 1793| 2.40| 2442| 107117| 1864| 0.68| 2578| 138137| 3393 282.11
6 120 | 120 |11 | | d 2516 98257 2118| 2.40| 2454 101883| 2129| 0.68| 2514 162759| 4831| 282.50
6 |120 [120 |12 | | |d | 2552 93779| 2437| 2.41| 2483 95558| 2304| 0.67| 2580| 145177| 4473| 281.08
6 120 [120 (13 | | |d | 2604 95029 1916| 2.36| 2601| 100311 1927| 0.66| 2611| 151118| 3465| 282.24
6 (120 | 120 |14 | | d 2544 98552 1695| 2.42| 2518 104659| 1824| 0.67| 2584 131608| 3249| 281.58
6 [ 120 (120 |15 | | |d | 2661| 112895 2222| 2.39| 2647| 116434 2271| 0.66| 2671| 187427| 4874| 281.75
6 (120 (120 |16 | | |d | 2512 97565 1679| 2.34| 2416| 101507| 1810| 0.65| 2548| 145792| 4131| 280.97
6 [ 120 | 120 |17 | | d 2599 105558| 2071| 2.31| 2556 111259| 2165| 0.71| 2600 151572| 4048| 280.47
6 | 120 | 120 (18 | | d 2598 99801 1926| 2.36( 2509 104967 1937| 0.64( 2601 151809| 4274| 281.20
6 (120 | 120 |19 | | d 2630 106425 2220( 2.38| 2570 109169 2238| 0.67| 2631 164695| 4589 280.22
6 [ 120 | 120 |20 | | d 2596 91841| 2139| 2.33| 2568 95575 2011| 0.66| 2609 143942| 4006| 280.61
6 [120 | 120 | 1 h |s 489 40451 938| 2.33 448 38871 865| 0.67 581 45828 956 74.08
6 | 120 [ 120 | 2 h |s 434 36302 878 | 2.39 453 38999 981| 0.66 569 46466 1003 73.86
6 120 | 120 | 3 h |s 474 39781 891| 2.45 470 40872 833| 0.67 587 45888 928 73.89
6 [ 120 | 120 | 4 h |s 448 36376 917| 2.39 451 41054 915| 0.65 536 42944 929 73.69
6 [120 | 120 | 5 h |s 466 38090 926| 2.35 442 40450 896| 0.65 540 44738 949 74.00
6 | 120 [ 120 | 6 h |s 461 37015 838| 2.34 463 38829 1017| 0.70 580 45583 969 74.15
6 |120 | 120 | 7 h |s 440 35862 802| 2.45 471 41642 860 | 0.64 586 45727 940 74.25
6 | 120 | 120 | 8 h |s 451 35615 795( 2.38 449 37748 811| 0.65 578 45569 1007 73.77
6 | 120 [ 120 | 9 h |s 421 34137 744 2.36 395 34881 788 | 0.66 530 41334 923 74.20
6 | 120 [120 |10 | h |s 485 38354| 952 2.35| 461 40210 841| 0.65| 575 45982| 969 74.08
6 [120 (120 |11 | h |s 440 34323 865( 2.39 463 36703 928 | 0.65 564 42625 916 73.92
6 [120 [ 120 |12 | h |s 452 37298 853| 2.33 432 38588 890| 0.68 572 45984 981 74.09
6 | 120 [120 |13 | h |s 439 35057| 864| 2.35| 444 38185| 1010| 0.68| 555 44537| 977 73.98
6 [ 120 (120 |14 | h |s 472 37075| 851| 2.39| 452 38014 825| 0.70| 586 46054 1027 74.12
6 | 120 [120 |15 | h |s 466 39837| 844| 2.35| 470 41043| 915| 0.72| 576 45528 963 74.17
6 | 120 [ 120 |16 | h |s 447 34886| 853| 2.35| 446 37957| 797| 0.66| 549 42986| 945 73.72
6 [120 [ 120 |17 | h |s 457 36329 848 | 2.33 448 39442 929 | 0.66 570 44180 956 73.97
6 | 120 | 120 {18 | h |s 440 35908 843| 2.38 461 39388 985| 0.66 557 44798 952 74.08
6 | 120 [120 |19 | h |s 437 36338 870| 2.34| 449 39763| 846| 0.65| 563 45582| 980 73.72
6 | 120 | 120 {20 | h |s 468 38968 885| 2.36 434 38201 823| 0.68 581 45926 988 73.80
6 [120 [120 | 1 | h |d | 2443| 184634| 3119| 2.35| 2331| 187181 3405| 0.67| 2471| 224063| 5079| 282.48
6 | 120 (120 | 2 | h |d | 2452 174693| 2963| 2.39| 2377| 179370 3141| 0.67| 2516| 229531| 5738| 282.11
6 | 120 120 | 3 | h |d | 2519| 178522| 3564| 2.33| 2473| 189249 3608| 0.66| 2571| 258082 7237 281.70
6 [120 [120 | 4 | h |d | 2460| 176797| 3102| 2.33| 2394| 178557| 3043| 0.66| 2519| 237823| 5464| 281.41
6 | 120 |[120 | 5 | h |d | 2515| 188199| 3248| 2.36| 2435| 193741| 3434| 0.68| 2508| 243575 6169| 281.04
6 | 120 120 | 6 | h |d | 2602| 191576| 3739| 2.38| 2514| 199580 3750| 0.65| 2625| 266362 6982 280.40
6 | 120 [ 120 | 7 h |[d 2493 182865 3073| 2.34| 2401 185730 3251| 0.65( 2513 230568 5476| 281.47
6 | 120 120 | 8 | h |d | 2414| 184230| 3047| 2.35| 2363| 188948 3354| 0.64| 2524| 239436 5891| 281.35
6 | 120 [120 | 9 | h |d | 2523| 172032| 3016| 2.39| 2480| 180338 3236| 0.67| 2563| 253482 6606| 282.82
6 | 120 | 120 {10 | h |d 2397 179533 3060( 2.33| 2347 184802 3226| 0.66( 2493 232552 5817| 282.11
6 | 120 [ 120 |11 | h |d | 2508| 184145 3283| 2.34| 2481| 194774 3629| 0.66| 2502| 250881 6581| 281.00
6 | 120 [ 120 |12 | h |d | 2604| 187772| 3194| 2.35| 2511| 195939| 3489| 0.65| 2590| 281145 7668| 281.38
6 | 120 | 120 {13 | h |d 2609 183839 3194 2.37| 2543 189946| 3640| 0.67| 2629 265437 6624| 281.27
6 | 120 [ 120 |14 | h |d | 2471| 176698| 2970| 2.33| 2395| 182663| 3263| 0.69| 2519| 242032 5709 281.13
6 | 120 [ 120 |15 | h |d | 2544| 184614| 3441| 2.33| 2467| 189286| 3672| 0.62| 2555| 272580 7204 283.10
6 [120 | 120 |16 | h |d 2710 183355 4058| 2.34( 2640 182747 3884| 0.66( 2699 293768 8480( 281.13
6 | 120 [ 120 |17 | h |d | 2543| 189777| 3187| 2.41| 2513| 197633| 3461| 0.65| 2563| 248677| 5579| 281.20
6 | 120 | 120 |18 | h |d | 2555| 187419| 3583| 2.34| 2445| 195068 3995| 0.66| 2580| 260723| 6939 281.14
6 | 120 | 120 {19 | h |d 2631 192485| 3246| 2.34| 2557 198865 3649 0.65| 2605 273641 7608 281.31
6 | 120 [ 120 |20 | h |d | 2536 185315 3241| 2.36| 2467| 193187| 3505| 0.66| 2516| 250169| 6123 281.30
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Table B.4. Overall results of the local seardor SSPNPM -I.

M J T v s timtg(s) tit timtg(s) fmax tifnrqnf();)
2 | 10 | 10 1 7 0.14 161 017 48 0.14
2 | 10 | 10 2 5 0.15 158 0.25 36 0.
2 | 10 | 10 3 4 0.16 135 021 30 017
2 | 10 | 10 4 5 0.16 08 0.19 29 0.16
2 | 10 | 10 5 3 0.15 133 0.18 32 0.16
2 | 10 | 10 6 5 0.14 114 0.21 35 0.18
2 | 10 | 10 7 6 0.16 159 0.22 a1 0.19
2 | 10 | 10 8 8 017 157 0.21 43 017
2 | 10 | 10 9 7 0.16 153 017 35 0.16
2 | 10 | 10 | 10 8 0.18 139 0.24 38 0.
2 | 10 | 10 | 11 9 0. 177 0. 40 017
2 | 10 | 10 | 12 10 0.19 210 0.21 53 0.19
2 | 10 | 10 | 13 8 017 110 0.15 30 0.15
2 | 10 | 10 | 14 11 0.22 178 017 45 017
2 | 10 | 10 | 15 6 0.16 157 0.25 35 0.25
2 | 10 | 10 | 16 7 0.22 140 0.21 33 0.18
2 | 10 | 10 | 17 9 0.18 155 0.25 35 0.19
2 | 10 | 10 | 18 6 0.18 123 018 31 017
2 | 10 | 10 | 19 8 017 152 0.23 39 0.22
2 | 10 | 10 | 20 7 0.16 130 0.23 34 0.
2 | 15 | 10 1 9 0.31 283 0.75 52 0.0
2 | 15 | 10 2 9 0.44 357 0.58 60 0.48
2 | 15 | 10 3 11 0.45 270 0.72 49 0.37
2 | 15 | 10 4 10 0.34 318 0.36 48 0.34
2 | 15 | 10 5 10 0.2 287 0.61 59 0.28
2 | 15 | 10 6 9 0.36 315 0.56 55 0.29
2 | 15 | 10 7 12 0.3 285 0.31 51 0.42
2 | 15 | 10 8 8 0.48 243 0.89 44 0.33
2 | 15 | 10 9 13 0.42 240 0.55 a1 0.0
2 | 15 | 10 | 10 10 0.34 339 0.31 60 0.36
2 | 15 | 10 | 11 8 0.39 318 0.0 52 0.31
2 | 15 | 10 | 12 13 0.2 332 0.8 63 0.32
2 | 15 | 10 | 13 10 0.42 345 111 66 0.36
2 | 15 | 10 | 14 12 0.38 384 053 72 0.2
2 | 15 | 10 | 15 13 0.37 397 0.0 7 0.32
2 | 15 | 10 | 16 0.44 263 0.44 51 0.32
2 | 15 | 10 | 17 0.29 356 0.32 55 0.27
2 | 15 | 10 | 18 0.38 386 0.72 72 0.31
2 | 15 | 10 | 19 12 0.35 234 0.61 42 0.44
2 | 15 | 10 | 20 12 0.34 352 0.61 63 0.38
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Table B.4. (Continued).

M J T v s timtg(s) tit timn:et(s) fmax timf();)
2 | 10 | 15 1 12 0.17 216 0.18 44 0.15
2 | 10 | 15 2 11 0.16 185 0. 45 017
2 | 10 | 15 3 10 0.14 150 0.16 39 0.17
2 | 10 | 15 4 11 0.0 165 0.27 42 017
2 | 10 | 15 5 9 0.17 181 0.19 39 0.16
2 | 10 | 15 6 10 0.16 188 0.25 45 0.16
2 | 10 | 15 7 8 0.19 138 0.22 36 0.16
2 | 10 | 15 8 12 0.19 157 0.22 a1 0.15
2 | 10 | 15 9 12 0.19 184 0. 44 0.23
2 | 10 | 15 | 10 10 0.16 175 017 45 017
2 | 10 | 15 | 11 12 0.18 161 0.16 38 0.15
2 | 10 | 15 | 12 11 017 190 0.19 48 017
2 | 10 | 15 | 13 11 0.19 163 0.26 40 0.19
2 | 10 | 15 | 14 14 017 215 0.15 44 0.16
2 | 10 | 15| 15 14 017 185 0.16 a1 0.16
2 | 10 | 15 | 16 10 0. 183 0.25 40 0.21
2 | 10 | 15 | 17 10 0.19 143 0.22 36 0.15
2 | 10 | 15 | 18 9 0. 175 0.19 44 0.19
2 | 10 | 15 | 19 11 0.16 190 0.19 45 0.
2 | 10 | 15 | 20 11 0.16 215 017 53 017
2 | 15 | 15 1 20 0.36 325 0.49 60 0.46
2 | 15 | 15 2 14 0.5 402 0.58 63 0.29
2 | 15 | 15 3 13 0.5 348 0.67 54 0.47
2 | 15 | 15 4 19 0.33 358 0.55 65 0.5
2 | 15 | 15 5 13 0.53 332 0.64 57 0.2
2 | 15 | 15 6 17 0.32 422 0.45 72 0.36
2 | 15 | 15 7 15 0.31 399 0.5 67 0.2
2 | 15 | 15 8 18 0.44 352 0.87 60 0.53
2 | 15 | 15 9 11 0.42 361 0.65 63 0.43
2 | 15 | 15 | 10 18 0.31 348 0.72 59 0.47
2 15 15 11 17 0.31 426 0.75 61 0.52
2 | 15 | 15 | 12 18 0.31 348 0.36 55 0.36
2 | 15 | 15 | 13 18 0.39 459 0.79 7 0.39
2 | 15 | 15 | 14 15 0.37 392 0.29 59 0.29
2 | 15 | 15 | 15 15 0.33 399 0.34 67 0.31
2 | 15 | 15 | 16 17 0.29 346 0.76 64 0.36
2 | 15 | 15 | 17 23 0.3 378 0.54 60 0.53
2 | 15 | 15 | 18 15 0.32 404 0.54 66 0.31
2 | 15 | 15 | 19 16 0.38 416 0.5 72 0.36
2 | 15 | 15 | 20 18 0.5 397 0.39 74 0.36
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Appendix B.

Table B.4. (Continued).

M J T v s timtg(s) tit timn;t(s) fmax tifnrqnf();)
3 | 15 | 15 1 12 0.25 213 0.3 a1 0.21
3 | 15 | 15 2 11 0.25 182 0.23 33 0.25
3 | 15 | 15 3 13 0.23 261 0.27 47 0.23
3 | 15 | 15 4 12 0.21 186 0.31 39 0.24
3 | 15 | 15 5 12 0.22 103 0.31 44 0.27
3 | 15 | 15 6 11 0.25 204 0.32 35 0.25
3 | 15 | 15 7 10 0.22 102 0.32 35 0.23
3 | 15 | 15 8 16 0.31 251 0.31 42 0.25
3 | 15 | 15 9 10 0.22 231 0.37 44 0.27
3 | 15 | 15 | 10 12 0.23 227 0.29 42 0.22
3 | 15 | 15 | 11 12 0.28 198 0.25 40 0.23
3 | 15 | 15 | 12 12 0.23 195 0.36 42 0.24
3 | 15 | 15 | 13 12 0.25 193 0.28 40 0.22
3 | 15 | 15 | 14 19 0.24 204 0.28 42 0.22
3 | 15 | 15 | 15 12 0.34 189 0.28 a1 0.22
3 | 15 | 15 | 16 11 0. 220 0.25 40 0.24
3 | 15 | 15 | 17 12 0. 208 0.26 40 0.22
3 | 15 | 15 | 18 11 0.23 189 0.28 36 0.21
3 | 15 | 15 | 19 12 0.22 209 0. 46 0.25
3 | 15 | 15 | 20 10 0.21 171 0.28 36 0.25
3 | 20 | 15 1 20 0.49 340 0.89 51 0.43
3 | 20 | 15 2 17 0.38 287 0.81 50 0.37
3 | 20 | 15 3 15 0.52 393 0.67 61 0.56
3 | 20 | 15 4 14 0.47 304 0.8 55 0.5
3 | 20 | 15 5 18 0.37 395 0.93 62 0.64
3 | 20 | 15 6 14 0.36 359 0.87 53 0.42
3 | 20 | 15 7 16 0.38 407 1.04 61 0.68
3 | 20 | 15 8 16 0.83 313 0.6 53 0.42
3 | 20 | 15 9 20 0.44 314 0.72 47 0.64
3 | 20 | 15 | 10 14 0.63 308 0.58 47 0.39
3 | 20 | 15 | 11 15 0.35 330 0.91 51 0.42
3 | 20 | 15 | 12 22 0.83 383 0.47 52 0.56
3 | 20 | 15 | 13 19 0.73 375 0.66 53 0.47
3 | 20 | 15 | 14 20 0.39 336 0.39 49 0.42
3 | 20 | 15 | 15 16 0.51 299 0.86 52 0.34
3 | 20 | 15 | 16 14 0.43 324 0.0 48 0.52
3 | 20 | 15 | 17 16 0.41 315 071 44 0.44
3 | 20 | 15 | 18 15 0.36 416 0.93 55 0.45
3 | 20 | 15 | 19 18 0.46 424 0.62 49 0.8
3 | 20 | 15 | 20 14 0.46 329 0.64 55 0.37

XXXl



Appendix B.

Table B.4. (Continued).

M J T v s timtg(s) tit timn;t(s) fmax tifnrqnf();)
3 | 15 | 20 1 25 0.24 296 0.24 59 0.21
3 | 15 | 20 2 17 0.21 219 0.35 46 0.31
3 | 15 | 20 3 18 0.28 222 0.38 45 0.23
3 | 15 | 20 4 19 0. 178 0.22 39 0.25
3 | 15 | 20 5 22 0.35 241 0. 48 0.26
3 | 15 | 20 6 19 0.23 103 0.33 44 0.
3 | 15 | 20 7 18 0.25 249 0.25 42 0.31
3 | 15 | 20 8 16 0.22 301 0.24 63 0.22
3 | 15 | 20 9 17 0.23 235 0.31 44 0.22
3 | 15 | 20 | 10 21 0.22 262 0.32 58 0.27
3 | 15 | 20 | 11 20 0.2 261 0.26 47 0.22
3 | 15 | 20 | 12 16 0.24 197 0.25 36 0.
3 | 15 | 20 | 13 10 0.21 215 0.25 42 0.26
3 | 15 | 20 | 14 23 0.22 283 0.36 52 0.23
3 | 15 | 20 | 15 18 0.27 265 0.28 45 0.33
3 | 15 | 20 | 16 17 0.22 247 0.29 45 0.28
3 | 15 | 20 | 17 20 0.22 211 0.28 45 0.22
3 | 15 | 20 | 18 17 0. 230 0.26 47 0.25
3 | 15 | 20 | 19 19 0.28 296 0.33 54 0.26
3 | 15 | 20 | 20 17 0.22 233 0.35 42 0.27
3 | 20 | 20 1 30 0.68 473 0.81 65 0.55
3 | 20 | 20 2 24 0.64 487 0.69 7 0.42
3 | 20 | 20 3 28 0.41 431 0.9 57 0.61
3 | 20 | 20 4 24 0.5 400 0.74 62 0.42
3 | 20 | 20 5 27 0.41 428 0.81 70 0.55
3 | 20 | 20 6 19 0.59 496 0.64 72 0.39
3 | 20 | 20 7 22 0.39 439 0.0 65 0.53
3 | 20 | 20 8 26 0.42 439 0.89 67 0.55
3 | 20 | 20 9 27 0.38 438 0.56 67 0.42
3 | 20 | 20 | 10 23 0.55 435 0.56 61 0.54
3 | 20 | 20 | 11 23 0.39 392 0.95 56 0.78
3 | 20 | 20 | 12 25 0.37 359 0.89 56 0.61
3 | 20 | 20 | 13 27 0.39 441 1.0 58 0.64
3 | 20 | 20 | 14 20 0.49 376 0.74 53 0.53
3 | 20 | 20 | 15 29 0.41 416 0.86 62 0.52
3 | 20 | 20 | 16 22 0.37 421 0.62 64 0.53
3 | 20 | 20 | 17 27 0.42 391 0.77 55 0.49
3 | 20 | 20 | 18 27 0.51 439 0.68 66 0.49
3 | 20 | 20 | 19 26 0.41 480 0.83 68 0.59
3 | 20 | 20 | 20 19 0.47 408 071 50 0.52
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Appendix B.

Table B.5. Overall results of the local seardor SSPNPM -II.

ts tft fmax

J T sw D ts time(s) tit time(s) fmax time(s)
4 40 60 1 | S 56 2.43 1300 15.48 101 2.35
4 40 60 2 | S 57 1.98 1395 19.27 120 2.13
4 40 60 3 I s 53 1.92 1251 16.43 121 2.00
4 40 60 4 | S 53 1.87 1250 17.63 115 2.02
4 40 60 5 | S 58 2.00 1098 12.32 114 1.99
4 40 60 6 I s 65 2.05 1083 15.51 91 2.08
4 40 60 7 | S 61 2.05 1075 12.37 90 2.09
4 40 60 8 | S 60 2.02 1493 14.47 126 2.13
4 40 60 9 I s 59 2.08 1269 13.68 132 2.06
4 40 60 10 | S 63 2.07 1352 15.59 132 2.13
4 40 60 11 | S 55 1.97 1249 15.02 121 2.09
4 40 60 | 12 I s 54 2.01 1334 11.47 136 2.06
4 40 60 13 | S 53 2.08 1403 10.67 128 2.02
4 40 60 | 14 | s 57 1.95 1330 13.13 124 2.05
4 40 60 | 15 I s 52 2.00 1248 10.01 110 2.05
4 40 60 16 | S 58 2.05 1355 12.16 116 2.23
4 40 60 17 | S 61 2.05 1189 13.96 107 2.14
4 40 60 | 18 I s 57 2.85 1405 11.93 127 2.45
4 40 60 | 19 | s 49 1.97 1115 13.68 114 2.02
4 40 60 20 | S 55 2.04 1486 15.29 139 2.08
4 40 60 1 | d 373 3.32 8228 8.73 555 2.55
4 40 60 2 I d 368 5.22 7464 9.47 444 2.77
4 40 60 3 | d 396 4.96 8723 6.32 552 2.82
4 40 60 4 | d 354 4.91 8182 6.98 490 3.31
4 40 60 5 | d 386 3.91 8212 5.99 540 3.00
4 40 60 6 | d 357 3.28 7221 5.07 511 3.13
4 40 60 7 | d 368 5.33 7463 9.17 446 7.83
4 40 60 8 I d 343 4.76 7172 7.92 402 2.98
4 40 60 9 | d 329 6.55 8122 7.93 508 2.26
4 40 60 | 10 I d 362 5.42 7703 8.78 440 2.78
4 40 60 | 11 I d 377 2.0 8672 7.41 570 3.27
4 40 60 12 | d 347 3.01 7081 6.64 431 2.58
4 40 60 13 | d 365 3.25 7437 4.87 455 2.54
4 40 60 14 | d 375 6.04 8567 7.75 616 2.36
4 40 60 15 | d 365 5.39 7689 4.75 426 2.47
4 40 60 16 | d 357 6.12 8009 5.86 489 3.13
4 40 60 17 | d 325 6.62 6721 7.52 398 3.00
4 40 60 18 | d 362 3.48 7689 7.77 427 221
4 40 60 | 19 I d 387 2.94 8949 8.14 594 2.47
4 40 60 20 | d 355 9.09 7154 5.66 414 2.22
4 40 60 1 h S 63 2.00 2296 22.92 214 2.03
4 40 60 2 h S 50 2.00 1594 14.96 166 1.92
4 40 60 3 h S 59 1.97 1853 19.32 201 2.03
4 40 60 4 h S 62 2.08 1958 16.94 214 1.95
4 40 60 5 h S 48 1.88 2035 16.99 200 2.05
4 40 60 6 h S 59 1.98 1853 14.97 188 2.00
4 40 60 7 h 5 53 1.95 1879 15.26 197 2.08
4 40 60 8 h S 56 1.98 2040 18.22 236 2.04
4 40 60 9 h s 52 1.95 1767 16.67 201 1.99
4 40 60 10 h 5 54 1.96 1668 17.06 171 2.01
4 40 60 11 h S 46 2.00 1727 17.83 179 2.05
4 40 60 | 12 h s 43 1.83 1594 16.28 170 1.94
4 40 60 13 h S 53 2.05 1850 11.83 184 2.01
4 40 60 | 14 h s 54 2.02 1766 21.53 175 211
4 40 60 | 15 h s 46 2.05 1709 19.02 183 2.02
4 40 60 16 h S 54 1.94 1663 16.44 186 1.96
4 40 60 17 h S 55 2.00 1705 19.25 168 2.07
4 40 60 | 18 h s 55 2.02 1718 16.53 175 2.07
4 40 60 19 h S 58 1.97 1902 22.28 200 2.08
4 40 60 | 20 h s 49 1.94 1713 18.9 176 1.97
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Appendix B.

Table B.5. (Continued).

ts tft fmax

J T v sw D ts time(s) tit time(s) fmax time(s)
4 40 60 1 h d 371 3.84 14057 5.77 903 2.21
4 40 60 2 h d 353 4.48 14001 5.23 839 3.67
4 40 60 3 h d 343 5.26 12238 6.38 719 2.31
4 40 60 4 h d 364 5.42 15414 3.05 1087 2.42
4 40 60 5 h d 373 3.52 14882 6.36 834 2.36
4 40 60 6 h d 373 4.28 14521 10.46 1014 3.98
4 40 60 7 h d 342 471 13549 5.85 998 3.02
4 40 60 8 h d 368 7.83 13106 11.72 738 3.33
4 40 60 9 h d 356 4.06 13208 7.13 784 2.56
4 40 60 10 h d 346 3.34 13068 7.06 761 3.18
4 40 60 11 h d 375 4.42 14984 7.94 1122 8.19
4 40 60 12 h d 367 3.25 13627 3.89 750 2.25
4 40 60 13 h d 362 421 12684 4.47 710 2.82
4 40 60 14 h d 336 4.82 11404 9.32 641 2.98
4 40 60 15 h d 319 59 11893 5.81 687 3.07
4 40 60 16 h d 374 3.00 12514 9.81 742 2.24
4 40 60 17 h d 360 4.86 12929 6.95 855 2.93
4 40 60 18 h d 348 5.37 12499 13.04 731 3.42
4 40 60 19 h d 331 4.49 12310 5.38 688 3.08
4 40 60 20 h d 408 2.17 13937 7.82 811 2.69
4 60 60 1 I s 89 10.56 3342 76.61 177 11.72
4 60 60 2 I s 81 7.16 2921 96.47 157 7.44
4 60 60 3 | S 84 9.86 3253 104.98 172 7.05
4 60 60 4 I s 83 8.25 3151 142.44 170 8.57
4 60 60 5 | S 86 7.72 3283 101.39 187 8.01
4 60 60 6 I s 84 7.41 3087 103.73 171 10.41
4 60 60 7 I s 84 9.48 3120 105.42 183 8.17
4 60 60 8 | S 82 8.99 3465 114.56 176 8.53
4 60 60 9 | S 90 7.33 3307 96.49 164 8.01
4 60 60 10 | S 79 6.49 2725 98.62 164 7.33
4 60 60 11 | S 82 8.25 3051 97.43 178 7.36
4 60 60 12 | S 89 8.72 3110 82.75 161 7.37
4 60 60 13 | S 82 8.17 3200 95.64 192 8.65
4 60 60 14 | S 92 13.89 3517 87.69 187 9.68
4 60 60 15 | S 88 15.39 3706 85.09 197 9.88
4 60 60 16 | S 83 9.94 3213 70.26 172 8.9
4 60 60 17 | S 81 7.89 3199 82.0 182 8.54
4 60 60 18 | S 91 8.61 2860 93.14 147 8.75
4 60 60 19 I s 87 7.06 2942 115.74 150 11.73
4 60 60 20 | S 79 8.31 3486 100.21 180 8.92
4 60 60 1 I d 570 10.57 18311 24.06 641 11.44
4 60 60 2 | d 573 18.56 19997 19.78 735 16.29
4 60 60 3 | d 559 19.25 16594 18.94 646 8.85
4 60 60 4 | d 543 19.09 17078 46.15 624 8.26
4 60 60 5 | d 517 16.46 15132 38.D 589 7.89
4 60 60 6 | d 545 16.15 17435 25.11 654 9.91
4 60 60 7 | d 545 21.92 17139 3500 621 12.95
4 60 60 8 | d 554 1900 19331 34.9 706 8.9
4 60 60 9 | d 542 18.52 14850 30.13 538 10.64
4 60 60 10 | d 554 20.53 16762 30.9 646 8.65
4 60 60 11 | d 582 15.91 20016 28.63 767 12.86
4 60 60 12 | d 553 14.44 17550 47.49 695 9.28
4 60 60 13 | d 543 25.% 17565 45.44 628 10.19
4 60 60 14 | d 534 19.79 15777 32.29 585 9.04
4 60 60 15 | d 576 25.09 15881 19.86 614 7.85
4 60 60 16 | d 602 16.95 17643 34.59 673 8.36
4 60 60 17 | d 575 19.59 18587 23.83 875 13.02
4 60 60 18 | d 549 23.13 16911 26.81 656 8.45
4 60 60 19 | d 550 18.48 19082 25.23 749 7.66
4 60 60 20 I d 554 15.41 18750 4000 909 7.98
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Appendix B.

Table B.5. (Continued).

ts tft fmax
M J T v sw D ts time(s) tit time(s) fmax time(s)
4 60 60 1 h S 96 7.33 4938 106.9 309 8.0
4 60 60 2 h S 80 7.61 4499 15100 282 8.72
4| 60 60 | 3 h s 93 9.69 4996 107.21 288 10.48
4 60 60 4 h S 87 6.78 4715 124.3 275 11.0
4 60 60 5 h S 90 14.64 4975 83.55 280 10.97
4| 60 60 | 6 h s 90 10.78 5030 146.92 286 9.81
4 60 60 7 h S 87 10.49 4876 105.53 311 8.04
4 60 60 8 h S 85 7.64 4992 138.95 314 7.32
4| 60 60 | 9 h s 85 8.10 4417 105.87 258 7.92
4 60 60 | 10 h S 86 8.48 4805 88.57 279 8.36
4 60 60 | 11 h S 75 7.67 4441 114.74 272 8.01
4| 60 60 | 12 h s 92 12.09 5344 75.85 264 8.58
4 60 60 | 13 h S 89 10.41 4888 128.87 297 8.0
4| 60 60 | 14 h s 91 7.47 4586 127.81 287 7.52
4 60 60 | 15 h S 80 7.48 4420 103.61 309 7.19
4 60 60 | 16 h S 86 8.13 4981 124.66 283 11.24
4 60 60 | 17 h S 88 10.02 4977 71.31 255 8.42
4 | 60 60 | 18 h s 91 10.25 4118 104.36 246 7.94
4 60 60 | 19 h S 86 11.37 5102 88.64 312 7.55
4 60 60 | 20 h S 87 12.22 4625 116.06 247 8.96
4 60 60 1 h d 586 20.36 32133 37.96 1297 9.43
4| 60 60 | 2 h d 588 17.87 29054 44.79 1223 11.96
4 60 60 3 h d 572 20.58 32822 46.84 1494 15.49
4 | 60 60 | 4 h d 551 15.43 33421 27.72 1210 8.87
4 60 60 5 h d 552 15.13 30481 16.69 1094 8.55
4 60 60 6 h d 556 25.61 29865 38.78 1179 7.84
4 60 60 7 h d 563 10.33 31744 30.61 1266 10.93
4| 60 60 | 8 h d 545 22.31 30878 41.22 1104 7.58
4 60 60 9 h d 560 28.34 32169 28.66 1187 8.61
4 60 60 | 10 h d 571 8.45 33573 36.47 1384 9.92
4 60 60 | 11 h d 520 16.13 28835 49.72 1143 9.38
4 60 60 | 12 h d 549 22.22 29847 18.92 1140 7.65
4| 60 60 | 13 h d 534 13.31 31807 22.11 1188 11.04
4 60 60 | 14 h d 570 17.03 28715 36.43 1215 8.68
4 60 60 | 15 h d 561 25.45 31136 36.79 1160 9.26
4| 60 60 | 16 h d 566 16.9 32220 19.03 1217 10.92
4 60 60 | 17 h d 510 19.67 29530 34.61 1138 13.28
4 60 60 | 18 h d 545 18.64 30093 36.® 1108 9.76
4| 60 60 | 19 h d 533 15.45 31931 26.82 1177 9.77
4 60 60 | 20 h d 552 14.25 31292 29.06 1080 14.9
4 40 120 1 | S 126 2.0 2203 21.84 191 2.25
4 40 120 2 | S 120 2.22 2195 14.49 205 2.3
4 | 40 120 | 3 I s 123 2.17 1898 17.95 161 2.25
4 40 120 4 | S 113 2.15 2049 10.® 167 2.2
4 40 120 5 | S 123 2.19 2470 19.45 196 2.28
4 | 40 120 6 I s 126 2.19 1888 21.55 155 2.32
4 40 120 7 | 5 127 2.0 2172 19.64 186 2.27
4 40 120 8 | S 126 2.29 2424 11.58 184 2.29
4 | 40 120 9 I s 127 2.16 2434 12.96 191 2.24
4 40 120 | 10 | 5 126 2.23 2436 11.42 203 2.3
4 40 120 | 11 | S 132 2.25 2090 14.09 179 221
4 | 40 120 | 12 I s 136 2.24 2329 23.D 173 2.39
4 | 40 120 | 13 I s 127 2.17 2014 18.74 163 2.32
4 40 120 | 14 | S 132 2.3 2025 15.63 168 2.28
4 | 40 120 | 15 I s 119 2.19 1996 18.® 175 2.28
4 | 40 120 | 16 I s 126 2.22 2358 13.23 193 2.25
4 40 120 | 17 | S 113 2.18 2268 21.45 188 2.32
4 | 40 120 | 18 I s 129 2.36 2567 18.® 195 2.9
4 40 120 | 19 | S 127 2.18 2442 20.44 225 2.26
4| 40 120 | 20 I s 115 2.28 2445 17.16 192 2.27
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Appendix B.

Table B.5. (Continued).

ts tft fmax
M J T \% sw D ts time(s) tft time(s) fmax time(s)
4 | 40 120 | 1 | d 587 7.02 11604 6.12 633 3.31
4 40 120 2 | d 674 3.91 12782 7.00 860 3.68
4 | 40 120 | 3 I d 608 5.32 12061 5.34 777 3.54
4 | 40 120 | 4 | d 621 3.27 11108 5.83 850 3.47
4 40 120 5 | d 643 4.17 12353 5.09 758 3.81
4 | 40 120 | 6 I d 698 5.88 14025 9.63 943 6.66
4 | 40 120 | 7 | d 653 4.43 14275 5.58 985 2.44
4 40 120 8 | d 671 5.43 15087 6.72 970 3.22
4 | 40 120 | 9 I d 651 2.72 11768 5.0 800 2.24
4 | 40 120 | 10 | d 600 5.02 11976 6.83 746 4.8
4 40 120 | 11 | d 676 2.51 14577 2.25 972 3.31
4 | 40 120 | 12 I d 675 3.48 14990 6.15 1266 4.78
4 | 40 120 | 13 | d 655 7.0 14211 5.64 930 2.55
4 40 120 | 14 | d 652 6.62 12342 10.33 854 3.99
4 40 120 | 15 | d 672 3.0 13726 3.36 991 2.57
4 40 120 | 16 | d 643 3.19 16305 2.69 1280 4.18
4 40 120 | 17 | d 614 3.53 13342 6.04 698 3.9
4 | 40 120 | 18 I d 644 4.27 12836 6.56 974 4.32
4 | 40 120 | 19 | d 643 4.25 13374 4.42 802 2.72
4 | 40 120 | 20 | d 672 4.18 14140 4.72 888 3.48
4 40 120 1 h S 129 2.22 3361 20.0 297 2.33
4 | 40 120 | 2 h s 121 2.11 3371 19.23 307 2.21
4 40 120 3 h S 121 2.12 4026 20.33 373 2.28
4 | 40 120 | 4 h s 124 2.22 3703 16.42 313 2.24
4 | 40 120 | 5 h s 130 2.18 3969 13.51 343 2.23
4 40 120 6 h S 104 2.06 3104 20.46 285 2.28
4 | 40 120 | 7 h s 131 2.2 3598 12.9 314 2.23
4 | 40 120 | 8 h s 122 2.17 3426 16.52 300 2.17
4 40 120 9 h S 128 2.17 3977 12.71 324 2.28
4 | 40 120 | 10 h s 115 2.15 3058 16.93 286 2.14
4 | 40 120 | 11 h s 117 2.16 3650 13.82 312 2.28
4 40 120 12 h S 128 2.29 3999 21.04 297 2.31
4 | 40 120 | 13 h s 124 2.14 3882 14.67 301 2.21
4 | 40 120 | 14 h s 118 2.19 4011 19.63 316 2.27
4 40 120 15 h S 121 2.16 3301 16.38 328 2.18
4 40 120 16 h S 125 2.24 3380 25.64 302 2.31
4 | 40 120 | 17 h s 110 2.17 2918 16.19 270 2.2
4 40 120 18 h S 128 2.12 3343 15.9 328 2.17
4 40 120 19 h S 121 2.11 3418 21.98 291 2.26
4 | 40 120 | 20 h s 129 2.25 3710 18.02 318 2.29
4 | 40 120 | 1 h d 673 7.D 26762 9.37 1887 5.75
4 40 120 2 h d 665 2.87 25881 3.62 1840 2.47
4 | 40 120 | 3 h d 661 4.13 24462 7.76 1772 4.36
4 40 120 4 h d 667 3.57 25057 6.69 2018 2.98
4 40 120 5 h d 683 6.26 28328 18.37 2189 2.95
4 40 120 6 h d 647 2.75 23139 5.03 1860 3.33
4 40 120 7 h d 659 2.56 25479 5.75 1847 2.31
4 | 40 120 | 8 h d 645 4.85 23895 6.51 1675 2.77
4 | 40 120 | 9 h d 567 4.00 20165 4.38 1132 2.9
4 | 40 120 | 10 h d 613 3.21 21240 5.85 1164 2.47
4 40 120 | 11 h d 643 3.72 26034 5.98 1690 2.81
4 40 120 | 12 h d 665 3.11 24046 5.36 1647 2.36
4 | 40 120 | 13 h d 629 4.75 22957 5.36 1425 2.35
4 | 40 120 | 14 h d 608 4.75 22253 4.47 1388 2.19
4 | 40 120 | 15 h d 664 2.78 24626 3.42 1721 3.05
4 | 40 120 | 16 h d 649 4.72 23869 6.92 1802 2.82
4 | 40 120 | 17 h d 683 3.58 26234 5.01 1700 2.75
4 | 40 120 | 18 h d 597 4.89 21153 7.45 1195 2.89
4 40 120 | 19 h d 675 2.57 23894 3.29 1508 2.9
4 | 40 120 | 20 h d 620 3.61 22060 11.94 1524 3.26
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Appendix B.

Table B.5. (Continued).

ts tft fmax
M J T \% sw | D ts time(s) tft time(s) fmax time(s)
4 60 120 1 | S 201 8.18 6012 102.34 308 8.94
4 60 120 2 | S 183 8.92 5976 11300 277 8.02
4| 60| 120 | 3 I s 200 7.77 5475 118.44 255 8.12
4 60 120 4 | S 196 7.75 5189 96.56 254 8.0
4 60 120 5 | S 183 9.19 5021 80.0 243 12.95
4| 60| 120| 6 I s 193 7.86 5794 117.11 295 8.82
4 60 120 7 | S 200 8.0 6027 73.22 284 8.36
4 60 120 8 | S 176 9.8 5717 14800 303 8.11
4| 60| 120 9 I s 180 7.0 4702 137.64 236 7.77
4 60 120 | 10 | S 189 7.97 5260 142.58 271 8.69
4 60 120 | 11 | S 190 9.8 5085 101.92 233 8.05
4| 60| 120 12 I s 185 7.61 5931 120.28 303 7.98
4 60 120 | 13 | S 204 9.33 6256 109.61 283 8.18
4 60 120 | 14 | S 184 8.02 5567 133.49 249 9.61
4 60 120 | 15 | S 199 11.9 6106 132.31 294 8.89
4 60 120 | 16 | S 196 8.09 4540 123.06 221 7.97
4 60 120 | 17 | S 186 8.01 5437 111.23 253 8.02
4 60 120 | 18 | S 204 10.03 6630 90.29 315 9.54
4 60 120 | 19 | S 182 9.65 5358 114.8 250 8.14
4 60 120 | 20 | S 202 8.43 5437 102.31 244 8.05
41 60| 120 1 I d 991 13.D 29697 22.81 1167 10.61
4] 60| 120 2 I d 1010 8.37 32379 23.21 1383 7.61
4 60 120 3 | d 998 16.94 33054 34.48 1612 22.51
4| 60| 120 4 I d 1047 8.86 30257 32.69 1444 14.43
4] 60| 120| 5 I d 961 17.97 32176 30.37 1232 9.92
4 60 120 6 | d 983 19.79 28443 22.35 1104 8.78
4 60 120 7 | d 987 15.69 25644 14.26 1020 9.89
4| 60| 120 | 8 I d 991 14.46 27382 29.D 1191 11.17
4 60 120 9 | d 1011 10.01 33112 23.87 1499 20.01
4| 60| 120 | 10 I d 928 27.38 23935 12.16 824 10.28
4 60 120 | 11 | d 1036 16.06 28961 39.D 1236 18.3
4 60 120 | 12 | d 911 17.82 24602 47.9 927 7.72
4| 60| 120 | 13 I d 1014 23.26 32606 25.18 1642 9.11
4 60 120 | 14 | d 995 25.69 29086 17.86 1379 10.55
4 60 120 | 15 | d 1017 20.® 34247 22.® 1836 11.34
4 60 120 | 16 | d 894 10.74 24883 17.25 888 10.56
4| 60| 120 | 17 I d 1018 12.06 33145 32.97 1543 10.17
4 60 120 | 18 | d 985 10.85 29137 41.63 1020 8.98
4| 60| 120 | 19 I d 1012 12.14 28305 29.47 1322 7.81
4| 60| 120 | 20 I d 1040 19.72 36000 42.49 1937 21.92
4 60 120 1 h S 188 11.09 9622 145.92 441 8.01
4 60 120 2 h S 199 8.22 9819 141.31 494 10.89
4 60 120 3 h S 199 7.86 10235 127.86 475 8.3
4 60 120 4 h S 184 8.36 9138 128.94 464 8.02
4 60 120 5 h S 197 8.9 10243 108.59 516 7.97
4 60 120 6 h S 193 10.39 9856 143.74 454 10.D
4| 60| 120 7 h s 195 12.45 8877 111.58 448 9.55
4 60 120 8 h S 192 8.35 9217 143.17 452 7.96
4 60 120 9 h S 190 10.22 8652 120.68 416 9.68
4 60 120 | 10 h S 187 9.46 9526 126.25 446 9.33
4 60 120 | 11 h S 181 7.72 9258 131.33 432 8.74
4| 60| 120 | 12 h s 177 12.62 9013 140.9 452 8.26
4| 60| 120 | 13 h s 185 8.57 8455 114.61 421 7.84
4 60 120 | 14 h S 192 8.23 8978 88.45 407 12.91
4| 60| 120 | 15 h s 185 8.82 10406 117.42 464 9.34
4 60 120 | 16 h S 193 7.58 9363 120.31 469 7.93
4| 60 | 120 | 17 h s 191 7.57 9141 169.25 457 8.96
4| 60| 120 | 18 h s 194 9.9 9223 144.17 445 8.53
4 60 120 | 19 h S 182 7.9 9190 106.75 436 7.98
4| 60 | 120 | 20 h s 191 8.87 9558 137.98 462 8.99
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Appendix B.

Table B.5. (Continued).

ts tft fmax
M J T \% sw | D ts time(s) tft time(s) fmax time(s)
4 60 120 1 h d 1001 8.72 59605 12.36 2772 9.25
4 60 120 2 h d 1016 20.8 54665 22.® 2350 7.89
4| 60| 120 | 3 h d 984 16.19 50107 23.72 2164 12.19
4 60 120 4 h d 1014 9.86 51769 9.75 2148 7.89
4 60 120 5 h d 943 27.34 51393 19.94 1835 7.89
4| 60| 120| 6 h d 1032 9.13 67196 38.37 3787 9.21
4 60 120 7 h d 1054 14.0 55654 22.56 2699 8.79
4 60 120 8 h d 1038 25.97 54883 28.75 2089 9.75
4| 60| 120 9 h d 949 13.26 48949 17.92 2067 7.69
4 60 120 | 10 h d 967 13.46 53925 18.41 1972 11.48
4 60 120 | 11 h d 996 14.78 57573 20.66 2497 12.29
4| 60| 120 12 h d 988 17.89 51739 33.83 1978 8.36
4 60 120 | 13 h d 1008 15.29 56371 16.72 2506 7.74
4 60 120 | 14 h d 992 20.59 55243 20.0 2409 10.23
4 60 120 | 15 h d 1025 10.89 58848 20.93 2995 10.89
4 60 120 | 16 h d 1016 14.® 55503 46.75 2396 9.34
4 60 120 | 17 h d 971 18.16 51202 36.57 1932 7.8
4| 60| 120 | 18 h d 1010 12.65 54208 41.39 2720 12.14
4| 60 | 120 | 19 h d 1014 15.56 56887 21.43 2574 12.59
4 60 120 | 20 h d 952 14.53 50057 20.86 2101 7.83
6 80 120 1 | S 268 14.89 6503 172.85 260 15.64
6 80 120 2 | S 245 13.39 6148 253.D 256 13.19
6 80 120 3 | S 251 16.83 5813 153.69 233 14.68
6| 80| 120 4 I s 238 12.23 6425 220.46 275 14.28
6| 80| 120 5 I s 252 16.79 6421 148.9 240 14.83
6 80 120 6 | S 256 14.84 6288 158.67 254 17.82
6 80 120 7 | S 249 12.73 6065 183.05 249 15.45
6 80 120 8 | S 262 16.28 7453 156.62 285 12.86
6 80 120 9 | S 246 12.9 5490 172.68 243 16.02
6 | 80 | 120 10 I s 255 12.92 6014 230.03 255 12.84
6| 8 | 120 11 I s 258 14.79 6493 149.03 277 12.84
6 80 120 | 12 | S 259 14.64 6390 170.09 258 19.66
6 | 80 | 120 13 I s 264 12.74 6434 174.25 267 12.86
6 80 120 | 14 | S 216 15.64 6479 166.35 309 15.68
6| 80| 120 15 | s 242 15.77 6072 144.76 297 12.94
6 | 8 | 120 16 I s 243 14.28 5593 169.82 257 12.52
6 80 120 | 17 | S 250 18.91 6356 196.98 267 15.05
6 80 120 | 18 | S 268 15.02 7121 139.92 306 13.34
6 | 8 | 120 19 I s 267 13.43 5825 209.18 248 14.64
6 | 8 | 120 20 I s 257 12.72 6567 127.56 254 13.27
6 80 120 1 | d 1630 27.45 39604 33.48 1068 14.61
6 80 120 2 | d 1556 36.23 40420 52.21 1100 14.9
6 80 120 3 | d 1691 34.86 43444 27.D 1313 1500
6 80 120 4 | d 1647 31.56 40066 53.97 1145 20.34
6 80 120 5 | d 1608 32.01 42270 67.73 1121 14.53
6| 80| 120 6 I d 1648 28.51 39606 57.24 1455 17.81
6| 80| 120 | 7 | d 1517 25.74 41357 45.98 1209 14.61
6 80 120 8 | d 1487 26.88 38561 83.68 1123 14.55
6| 80| 120 9 I d 1650 34.16 37242 53.24 1215 13.11
6 80 120 | 10 | d 1604 33.14 39249 53.97 1052 15.®
6 80 120 | 11 | d 1691 30.91 47583 36.75 1404 12.02
6 | 80 | 120 12 I d 1585 21.53 39557 24.44 1368 14.06
6 80 120 | 13 | d 1586 31.66 43218 73.03 1380 15.46
6 80 120 | 14 | d 1611 30.38 43416 38.51 1659 13.09
6 | 80 | 120 15 I d 1546 21.34 39741 35.9 1087 15.04
6 80 120 | 16 | d 1514 23.03 38621 54.68 1132 16.35
6 80 120 | 17 | d 1628 40.64 40915 36.95 1111 14.D
6 80 120 | 18 | d 1559 32.94 41998 69.58 1119 12.56
6| 80| 120 19 I d 1583 25.22 40258 53.19 1071 12.89
6 80 120 | 20 | d 1669 25.86 45454 47.83 1565 17.89
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Table B.5. (Continued).

ts tft fmax
M J T \% sw | D ts time(s) tft time(s) fmax time(s)
6 80 120 1 h 5 265 14.41 9952 222.86 441 14.36
6 80 120 2 h 5 255 14.61 10602 231.42 446 14.56
6 80 | 120 | 3 h s 254 13.57 10772 213.28 448 17.11
6 80 120 4 h 5 258 13.47 10872 223.84 469 12.94
6 80 120 5 h 5 244 12.89 10286 186.32 431 14.76
6 80 | 120| 6 h s 267 15.81 10812 154.47 498 12.85
6 80 120 7 h 5 255 14.96 11202 185.09 445 13.01
6 80 120 8 h 5 262 12.34 10730 188.53 433 14.0
6 80 | 120| 9 h s 240 12.33 9778 207.61 418 14.97
6 80 120 | 10 h 5 265 20.13 11142 156.65 448 12.85
6 80 120 | 11 h 5 243 18.22 10208 159.63 390 13.26
6 80 | 120 12 h s 265 11.84 11150 258.67 511 13.01
6 80 120 | 13 h 5 252 16.34 9868 177.98 442 13.41
6 80 120 | 14 h S 270 13.17 10034 198.01 443 15.26
6 80 120 | 15 h S 265 12.61 10846 182.58 466 13.94
6 80 120 | 16 h S 244 19.26 10827 210.41 468 13.47
6 80 | 120 | 17 h s 247 15.69 10315 169.37 455 14.89
6 80 | 120 | 18 h s 246 17.14 10523 194.D 446 12.72
6 80 120 | 19 h S 251 13.53 10047 216.49 461 12.58
6 80 120 | 20 h S 228 18.19 10987 199.43 500 15.08
6 80 120 1 h d 1597 23.19 74934 31.99 2169 16.59
6 80 120 2 h d 1618 30.98 74507 44.66 2057 13.55
6 80 120 3 h d 1581 30.45 74756 23.64 2159 12.61
6 80 | 120| 4 h d 1599 19.36 75722 54.51 2040 14.17
6 80 | 120| 5 h d 1665 17.85 80299 24.47 2327 14.64
6 80 120 6 h d 1572 26.42 78576 42.9 2334 12.41
6 80 120 7 h d 1665 32.22 80805 48.66 2838 19.36
6 80 120 8 h d 1650 37.71 78015 75.82 2590 17.03
6 80 | 120 9 h d 1559 35.53 75031 40.91 2011 17.11
6 80 | 120 | 10 h d 1582 28.75 74724 74.19 2169 17.25
6 80 | 120 | 11 h d 1608 38.87 77771 30.22 2304 12.90
6 80 120 | 12 h d 1669 31.56 81707 51.45 2638 15.41
6 80 | 120 | 13 h d 1673 32.78 81195 39.71 2720 20.44
6 80 120 | 14 h d 1539 25.34 73682 53.0 2045 21.25
6 80 120 | 15 h d 1684 26.89 80424 38.72 2825 27.17
6 80 120 | 16 h d 1544 31.16 69906 32.38 1846 15.68
6 80 | 120 | 17 h d 1539 28.64 70272 41.19 1917 14.46
6 80 120 | 18 h d 1605 20.22 79761 26.8 2140 12.03
6 80 120 | 19 h d 1527 26.12 70066 55.93 1886 16.23
6 80 120 | 20 h d 1568 32.54 77266 38.3 2335 13.26
6 120 120 1 | S 392 64.59 15711 952.D 419 44.92
6 120 120 2 | S 387 93.92 15890 566.61 392 43.62
6 120 | 120 | 3 I s 383 84.44 18184 803.76 472 59.97
6 120 120 4 | S 409 94.D 17219 756.23 445 62.31
6 120 120 5 | S 388 77.28 16107 729.33 416 69.27
6 120 | 120 | 6 I s 369 82.61 15891 1170.14 448 53.44
6 120 120 7 | S 398 93.81 16604 835.14 442 55.45
6 120 120 8 | S 399 100.35 18040 787.56 463 59.42
6 120 120 9 | 5 394 100.73 16980 886.16 449 60.82
6 120 | 120 | 10 I s 405 111.71 16246 916.19 424 50.61
6 120 120 | 11 | S 401 141.02 17628 943.88 444 49.83
6 120 120 | 12 | 5 390 98.28 17810 962.93 510 43.25
6 120 | 120 | 13 I s 394 154.62 16086 900.44 450 47.72
6 120 120 | 14 | S 396 77.47 16798 926.45 487 51.03
6 120 120 | 15 | 5 412 74.39 18199 936.03 526 50.95
6 120 | 120 | 16 I s 379 157.37 17372 863.29 441 64.11
6 120 120 | 17 | S 398 100.44 18259 663.56 484 55.37
6 120 | 120 | 18 I s 358 120.D 15877 736.85 421 50.16
6 120 120 | 19 | S 396 154.75 17344 841.D 437 62.14
6 120 | 120 | 20 I s 393 130.84 17182 959.44 444 55.17
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Table B.5. (Continued).

ts tft fmax
M J T Visw | D ts time(s) tit time(s) fmax time(s)
6 120 120 1 | d 2406 99.58 97225 319.98 2243 47.97
6 120 120 2 | d 2346 120.55 93074 287.D 1685 43.35
6 | 120 | 120 | 3 I d 2417 72.19 96005 337.35 1809 57.39
6 120 120 4 | d 2451 102.52 101130 203.96 1833 50.52
6 120 120 5 | d 2420 75.9 94598 220.56 1678 60.26
6| 120 | 120 | 6 I d 2574 80.88 108712 201.44 2388 56.13
6 120 120 7 | d 2501 89.79 107127 152.25 2210 54.72
6 120 120 8 | d 2465 93.96 95626 307.32 1656 71.14
6 | 120 | 120 | 9 I d 2431 108.83 93044 269.81 1676 44.77
6 120 120 | 10 | d 2409 124.28 96928 265.01 1753 58.39
6 120 120 | 11 | d 2431 108.43 92393 290.75 2118 43.78
6 | 120 | 120 | 12 I d 2453 109.05 89740 234.08 2397 76.09
6 120 120 | 13 | d 2577 95.79 93617 98.23 1900 42.89
6 120 120 | 14 | d 2481 76.67 95299 228.78 1687 44.02
6 | 120 | 120 | 15 I d 2626 81.45 112012 125.33 2198 57.94
6 120 120 | 16 | d 2395 85.16 92418 338.51 1651 75.95
6 120 120 | 17 | d 2538 88.42 103235 226.85 2067 45.77
6 | 120 | 120 | 18 I d 2471 99.82 93451 325.98 1918 44.45
6 120 120 | 19 | d 2539 101.11 103356 195.49 2212 61.D
6 120 120 | 20 | d 2535 95.87 88666 250.07 2119 51.44
6 120 120 1 h S 407 83.% 30153 854.97 812 56.57
6 120 120 2 h S 411 105.09 29544 691.58 759 61.38
6 120 120 3 h S 418 96.76 30272 695.45 842 53.37
6 120 120 4 h S 399 102.93 28476 1036.53 791 60.67
6 120 120 5 h S 391 95.92 28327 962.97 835 64.48
6 120 120 6 h S 399 93.57 29128 977.71 754 69.99
6 120 120 7 h S 410 117.91 29185 925.55 799 43.83
6 120 120 8 h S 391 119.86 30087 825.92 732 52.58
6 120 120 9 h S 364 92.75 27534 884.16 702 49.72
6 120 120 | 10 h 5 408 95.27 28625 1017.13 833 68.97
6 | 120 | 120 | 11 h s 400 118.83 27446 745.89 725 56.07
6 120 120 | 12 h S 384 98.41 29783 996.61 790 50.02
6 120 120 | 13 h 5 393 137.17 28988 743.48 801 43.93
6 120 120 | 14 h S 406 98.25 27972 834.67 760 56.06
6 120 120 | 15 h S 417 103.99 30009 931.69 841 44.39
6 | 120 | 120 | 16 h s 396 116.46 26949 764.96 741 52.72
6 | 120 | 120 | 17 h s 413 82.09 28045 774.59 792 44.74
6 120 120 | 18 h S 406 143.9 29125 961.45 801 48.06
6 120 120 | 19 h 5 392 93.D 26699 1029.8 737 53.34
6 | 120 | 120 | 20 h s 393 88.27 31748 714.D 878 47.9
6 120 120 1 h d 2315 89.98 169448 236.14 3112 50.87
6 120 120 2 h d 2353 109.92 164314 247.31 2956 48.19
6 120 120 3 h d 2452 78.03 171371 268.79 3501 62.39
6 120 120 4 h d 2360 131.23 163336 297.49 3074 51.58
6 120 120 5 h d 2414 82.67 172931 258.59 3248 43.55
6| 120 | 120 | 6 h d 2483 119.05 181893 247.92 3718 42.92
6 120 120 7 h d 2347 142.78 166820 362.51 3024 56.55
6 120 120 8 h d 2339 103.76 169888 303.39 3033 55.14
6| 120 120 | 9 h d 2435 177.05 167024 220.D 2941 55.0
6 120 120 | 10 h d 2322 92.72 165576 370.28 3018 43.67
6 120 120 | 11 h d 2426 115.31 174364 284.64 3248 55.81
6 120 120 | 12 h d 2485 93.D 182761 189.0 3186 43.36
6 120 120 | 13 h d 2495 89.55 178488 207.75 3180 54.64
6 120 120 | 14 h d 2358 115.08 168386 265.99 2952 62.17
6 | 120 | 120 | 15 h d 2428 130.51 174073 289.38 3364 61.24
6 120 120 | 16 h d 2600 128.78 178565 204.18 4058 42.63
6 | 120 | 120 | 17 h d 2471 134.04 177087 272.54 3159 49.09
6 | 120 | 120 | 18 h d 2414 117.86 178676 185.91 3548 62.76
6 120 120 | 19 h d 2500 183.32 186794 228.44 3211 45.33
6 | 120 | 120 | 20 h d 2447 84.67 177722 200.D 3234 49.69
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Table B.6. Overall results of the ILS (perturbation P.2) for 100 iterations and different valueditir the
objective of minimizing the number of tool switches.

A

M J T \ 0.2 0.4 0.6 0.8

ts | time(s) | RPD | ts | time(s) | RPD | ts | time(s) | RPD | ts | time(s) | RPD
2 |10 10 1| 4 1998 | 033 | 4 2043 | 033 | 3 19.67 | 0.00 | 4 20.00 | 0.33
2 |10 10 2| 4 19.41 100 | 4 19.23 1.00 | 2 19.18 | 0.00 | 4 19.06 1.00
2 |10 10 3| 3 18.36 | 0.00 | 3 1951 | 0.00 | 3 18.75 | 0.00 | 3 19.09 | 0.00
2 |10 10 4| 3 1855 | 0.00 | 3 18.41 | 0.00 | 3 19.01 | 0.00 | 3 18.55 | 0.00
2 |10 10 51 2 18.73 | 0.00 | 3 1941 | 050 | 3 1892 | 050 | 2 18.45 | 0.00
2 |10 10 6| 3 18.76 | 0.00 | 3 18.64 | 0.00 | 3 2042 | 0.00 | 3 19.54 | 0.00
2 |10 10 70 4 19.49 | 0.00 | 4 19.99 | 0.00 | 4 19.85 | 0.00 | 4 19.69 | 0.00
2 |10 10 8| 4 2041 | 0.00 | 5 21.08 | 0.25 | 4 20.83 | 0.00 | 5 19.95 | 0.25
2 |10 10 9| 3 19.59 | 0.00 | 4 1956 | 033 | 4 20.09 | 033 | 4 19.51 | 0.33
2 |10| 10| 10| 4 20.27 | 0.00 | 4 20.17 | 0.00 | 4 20.56 | 0.00 | 4 20.56 | 0.00
2 10 10| 11 4 20.23 0.33 3 19.96 0.00 4 20.11 0.33 4 20.37 0.33
2 10| 10| 12| 5 19.78 | 0.00 | 5 2047 | 000 | 6 2050 | 0.20 | 5 20.71 | 0.00
2 10| 10| 13| 4 21.46 | 0.00 | 4 2049 | 000 | 5 2038 | 0.25 | 4 20.03 | 0.00
2 10| 10| 14 8 20.29 1.00 6 20.53 0.50 4 20.74 0.00 4 21.72 0.00
2 10| 10| 15| 2 19.34 | 0.00 | 3 1897 | 050 | 3 1863 | 050 | 3 19.64 | 0.50
2 10| 10| 16| 4 19.22 | 033 | 3 19.36 | 0.00 | 3 19.13 | 0.00 | 3 19.25 | 0.00
2 10| 10| 17| 3 19.79 | 0.00 | 4 19.06 | 033 | 3 1955 | 0.00 | 4 19.23 | 0.33
2 10| 10| 18| 5 19.60 | 150 | 2 19.64 | 0.00 | 3 1956 | 050 | 3 19.22 | 0.50
2 10| 10| 19| 5 1895 | 067 | 5 19.54 | 0.67 | 3 19.D 0.00 | 3 19.64 | 0.00
2 10| 10| 20| 3 20.15 | 0.00 | 4 2049 | 033 | 3 1994 | 0.00 | 4 20.11 | 0.33
2 15 | 10 1 6 48.25 0.20 6 47.42 0.20 7 47.46 0.40 5 48.33 0.00
2 | 15| 10 2| 6 49.77 | 0.00 | 7 4823 | 017 | 6 46.78 | 0.00 | 6 48.03 | 0.00
2 15 | 10 3 8 47.84 0.14 9 47.42 0.29 8 51.79 0.14 7 47.83 0.00
2 15 | 10 4 8 49.89 0.14 7 46.98 0.00 8 48.14 0.14 7 48.84 0.00
2 15 | 10 5 7 48.08 0.17 6 48.75 0.00 7 45.83 0.17 7 47.82 0.17
2 15 | 10 6 8 49.77 0.14 7 51.15 0.00 7 50.07 0.00 7 48.44 0.00
2 | 15| 10 71 8 48.49 | 033 | 8 4855 | 033 | 6 49.05 | 0.00 | 6 48.78 | 0.00
2 | 15| 10 8| 6 48.80 | 0.00 | 6 50.07 | 0.00 | 7 49.62 | 017 | 7 48.22 | 0.17
2 | 15| 10 91 9 46.97 | 029 | 7 49.43 | 0.00 | 7 47.13 | 0.00 | 7 47.86 | 0.00
2|15 10| 10| 5 49.00 | 0.00 | 8 48.84 | 0.60 | 8 49.42 | 060 | 5 49.68 | 0.00
2|15 10| 11| 6 4701 | 020 | 5 48.14 | 0.00 | 6 4792 | 020 | 6 47.00 | 0.20
2 |15| 10| 12| 8 50.05 | 0.33 | 6 49.72 | 0.00 | 7 50.29 | 0.17 | 8 46.95 | 0.33
2 |15| 10| 13| 8 47.88 | 0.00 | 9 4950 | 013 | 8 50.44 | 0.00 | 9 48.44 | 0.13
2 |15| 10| 14| 6 49.71 | 0.00 | 6 47.16 | 0.00 | 6 48.0 0.00 | 8 47.87 | 0.33
2 |15| 10| 15| 8 4830 | 014 | 7 49.14 | 0.00 | 7 50.95 | 0.00 | 8 49.56 | 0.14
2 15| 10 | 16 7 47.70 0.00 8 48.79 0.14 7 47.84 0.00 8 47.47 0.14
2|15 10| 17| 5 42.64 | 0.00 | 5 4457 | 0.00 | 6 4549 | 020 | 5 45.83 | 0.00
2 |15| 10| 18| 8 4760 | 014 | 7 47.9 0.00 | 9 4881 | 029 | 7 48.89 | 0.00
2 15| 10 | 19 7 47.40 0.00 7 48.9 0.00 8 46.95 0.14 7 47.54 0.00
2 |15| 10| 20| 8 51.03 | 014 | 7 50.17 | 0.00 | 9 50.76 | 029 | 9 52.53 | 0.29
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Table B.6. (Continued).

A

M J T \ 0.2 0.4 0.6 0.8

ts | time(s) | RPD | ts | time(s) | RPD | ts | time(s) | RPD | ts | time(s) | RPD
2 | 10| 15 1|10 20.03 | 025 | 8 20.77 | 0.00 | 8 20.51 | 0.00 | 8 20.73 | 0.00
2 |10 15 2| 8 1946 | 014 | 7 19.59 | 0.00 | 7 19.80 | 0.00 | 7 19.81 | 0.00
2 |10 15 3| 8 20.02 | 014 | 8 2031 | 014 | 7 20.27 | 0.00 | 9 20.34 | 0.29
2 | 10| 15 41 9 19.74 | 029 | 8 19.72 | 014 | 7 19.22 | 0.00 | 8 19.50 | 0.14
2 | 10| 15 5| 6 2025 | 020 | 5 20.20 | 0.00 | 6 20.00 | 0.20 | 5 20.18 | 0.00
2 |10 15 6| 7 2034 | 040 | 6 1992 | 020 | 5 1988 | 0.00 | 6 20.67 | 0.20
2 |10 15 707 19.72 | 017 | 8 19.29 | 033 | 6 1955 | 0.00 | 6 19.70 | 0.00
2 | 10| 15 8 | 10 2152 | 011 | 9 21.2. 0.00 | 10 2167 | 011 | 9 21.42 | 0.00
2 | 10| 15 9 |10 2024 | 025 | 8 20.37 | 000 | 9 2048 | 013 | 9 20.92 | 0.13
2 10 | 15| 10 7 20.06 0.00 7 19.72 0.00 7 20.03 0.00 7 19.22 0.00
2 10 15| 11 8 19.83 0.14 7 19.29 0.00 7 19.78 0.00 8 19.10 0.14
2 10 | 15| 12 8 19.97 0.14 8 20.59 0.14 8 19.91 0.14 7 20.89 0.00
2 10| 15| 13| 8 20.20 | 033 | 7 2058 | 0.17 | 8 2054 | 033 | 6 20.91 | 0.00
2 10| 15| 14 8 20.92 0.00 8 20.47 0.00 9 21.18 0.13 9 20.68 0.13
2 10 | 15| 15 9 20.72 0.00 | 11 21.42 0.22 | 10 20.94 0.11 9 21.44 0.00
2 10| 15| 16| 8 1951 | 033 | 7 20.8 017 | 8 20.13 | 033 | 6 20.75 | 0.00
2 10 | 15 | 17 7 20.03 0.17 6 19.77 0.00 7 20.31 0.17 6 20.43 0.00
2 10 | 15| 18 8 20.64 0.14 8 20.48 0.14 7 20.90 0.00 7 20.37 0.00
2 10 | 15| 19 9 21.20 0.29 9 20.40 0.29 8 20.00 0.14 7 20.41 0.00
2 |10| 15| 20| 8 19.98 | 0.00 | 8 19.80 | 0.00 | 8 19.87 | 0.00 | 8 20.11 | 0.00
2 | 15| 15 1113 51.82 | 0.00 | 14 5541 | 0.08 | 14 54.64 | 0.08 | 13 52.55 | 0.00
2 15 | 15 2114 50.30 0.00 | 14 51.47 0.00 | 15 51.17 0.07 | 14 51.14 0.00
2 | 15| 15 3|12 48.01 | 0.00 | 13 48.5 0.08 | 12 50.45 | 0.00 | 13 50.30 | 0.08
2 | 15| 15 4 |16 5259 | 0.14 | 14 53.53 | 0.00 | 15 50.72 | 0.07 | 14 52.93 | 0.00
2 | 15| 15 51|11 49.61 | 0.00 | 13 51.5 0.18 | 11 50.86 | 0.00 | 11 49.73 | 0.00
2 | 15| 15 6 | 12 51.65 | 0.09 | 13 50.83 | 0.18 | 11 53.03 | 0.00 | 14 52.03 | 0.27
2 | 15| 15 7114 53.98 | 0.08 | 14 54.3 0.08 | 13 54.66 | 0.00 | 14 53.41 | 0.08
2 15| 15 8 | 16 52.44 0.14 | 15 54.67 0.07 | 15 54.72 0.07 | 14 53.48 0.00
2 | 15| 15 9 |10 47.73 | 0.25 | 10 4829 | 025 | 8 48.85 | 0.00 | 9 49.92 | 0.13
2 15| 15| 10 | 16 49.74 0.14 | 15 52.59 0.07 | 14 52.47 0.00 | 14 49.02 0.00
2 | 15| 15| 11 | 17 54.64 | 0.06 | 16 56.83 | 0.00 | 17 56.59 | 0.06 | 17 53.01 | 0.06
2 15| 15| 12 | 12 49.91 0.00 | 14 52.58 0.17 | 14 53.9 0.17 | 13 51.15 0.08
2 | 15| 15| 13 | 16 52.22 | 0.23 | 13 53.78 | 0.00 | 15 53.89 | 0.15 | 15 50.60 | 0.15
2 15| 15| 14 | 13 50.93 0.18 | 13 51.64 0.18 | 11 51.15 0.00 | 15 53.05 0.36
2 15| 15| 15 51.06 0.00 | 11 49.53 0.22 | 10 50.74 0.11 | 10 50.11 0.11
2 | 15| 15| 16| 9 50.81 | 0.00 | 12 51.19 | 0.33 | 12 51.77 | 0.33 | 11 53.10 | 0.22
2 | 15| 15| 17 | 17 56.39 | 0.13 | 15 56.33 | 0.00 | 16 53.84 | 0.07 | 16 53.10 | 0.07
2 | 15| 15| 18 | 14 55.07 | 0.27 | 13 53.06 | 0.18 | 13 53.03 | 0.18 | 11 54.49 | 0.00
2 | 15| 15| 19 | 15 54.83 | 0.07 | 15 53.86 | 0.07 | 15 54.9 0.07 | 14 54.67 | 0.00
2 15| 15| 20 | 16 52.07 0.07 | 15 52.27 0.00 | 17 53.14 0.13 | 15 52.85 0.00

xliii



Appendix B.

Table B.6. (Continued).

A

M J T \ 0.2 0.4 0.6 0.8

ts | time(s) | RPD | ts | time(s) | RPD | ts | time(s) | RPD | ts | time(s) | RPD
3| 15| 15 1| 5 2839 | 0.00 | 6 2822 | 020 | 6 3012 | 0.20 | 6 28.39 | 0.20
3|15 | 15 2| 6 2937 | 020 | 5 29.11 | 000 | 7 30.04 | 040 | 5 29.83 | 0.00
3|15 | 15 3| 5 2858 | 0.00 | 5 29.17 | 0.00 | 5 27.81 | 0.00 | 6 28.31 | 0.20
3|15 | 15 4| 6 29.04 | 1.00 | 7 27.92 133 | 3 29.03 | 0.00 | 5 29.21 | 0.67
3| 15| 15 5| 5 29.73 | 0.00 | 6 3031 | 020 | 7 2821 | 040 | 5 29.10 | 0.00
3|15 | 15 6| 5 3120 | 025 | 4 28.23 | 0.00 | 5 27.74 | 025 | 4 28.54 | 0.00
3|15 | 15 71 6 26.80 | 0.00 | 7 278 | 017 | 7 2847 | 017 | 6 28.81 | 0.00
3 |15 | 15 8| 7 29.40 | 040 | 6 29.12 | 020 | 5 2942 | 000 | 5 30.50 | 0.00
3 |15 | 15 9| 5 29.06 | 0.00 | 7 3125 | 040 | 6 28.28 | 0.20 | 6 29.50 | 0.20
3 |15| 15| 10| 6 28.68 | 0.00 | 6 29.03 | 0.00 | 7 2785 | 017 | 6 29.16 | 0.00
3 |15| 15| 11| 5 2957 | 025 | 4 29.02 | 000 | 5 2867 | 025 | 6 28.00 | 0.50
3 15| 15| 12 5 30.21 1.50 2 28.31 0.00 7 28.73 2.50 2 29.55 0.00
3 |15| 15| 13| 8 2853 | 060 | 5 30.58 | 0.00 | 5 29.83 | 0.00 | 6 29.28 | 0.20
3 15| 15| 14 7 29.77 0.40 7 29.17 0.40 5 29.52 0.00 5 28.89 0.00
3 |15| 15| 15| 4 28,57 | 0.00 | 6 2893 | 050 | 5 2825 | 025 | 5 28.11 | 0.25
3 |15| 15| 16| 3 2850 | 050 | 6 2752 | 200 | 2 29.81 | 0.00 | 5 28.51 1.50
3 15| 15| 17| 6 29.73 | 050 | 6 28.89 | 050 | 4 28.83 | 0.00 | 6 28.36 | 0.50
3 |15| 15| 18| 5 2981 | 0.00 | 6 28.03 | 0.20 | 6 2753 | 020 | 5 28.78 | 0.00
3 |15| 15| 19| 4 27.77 | 0.00 | 7 2887 | 0.75 | 6 2831 | 050 | 6 28.03 | 0.50
3|15| 15| 20| 6 28.02 | 020 | 5 29.56 | 0.00 | 6 2925 | 020 | 6 29.11 | 0.20
3 |20 15 1|10 62.45 | 1.00 58.60 | 0.00 | 7 58.09 | 0.40 | 10 58.30 | 1.00
3|20 15 2| 6 59.58 | 0.00 | 7 62.36 | 0.17 | 10 57.69 | 067 | 9 60.95 | 0.50
3|20 15 3 ]10 68.42 | 0.00 | 10 65.59 | 0.00 | 10 67.9 0.00 | 11 64.65 | 0.10
3 20 | 15 4 |12 56.95 0.71 9 62.78 0.29 7 60.81 0.00 | 10 62.27 0.43
3 20 | 15 5 9 61.95 0.00 | 11 63.48 022 | 11 63.33 0.22 | 10 64.07 0.11
3| 20| 15 6| 7 59.83 | 0.00 | 11 62.72 | 057 | 9 6244 | 029 | 11 60.30 | 0.57
3| 20| 15 7 |10 6429 | 025 | 8 59.19 | 0.00 | 8 64.09 | 0.00 | 11 62.17 | 0.38
3| 20| 15 81 9 6161 | 013 | 9 64.73 | 013 | 8 63.06 | 0.00 | 9 61.70 | 0.13
3| 20| 15 9| 7 63.91 | 0.00 | 8 61.92 | 014 | 8 62.63 | 0.14 62.62 | 0.29
3 |120(15| 10| 7 62.71 | 0.00 | 8 63.36 | 0.14 | 8 61.89 | 0.14 | 8 61.08 | 0.14
3|20 15| 11 |12 60.41 | 0.20 | 12 63.81 | 0.20 | 10 64.81 | 0.00 | 10 63.06 | 0.00
3|20 15| 12 |11 62.31 | 0.10 | 11 63.13 | 0.10 | 12 63.39 | 0.20 | 10 60.43 | 0.00
3|20 15| 13 | 13 66.77 | 044 | 9 61.98 | 0.00 | 11 60.24 | 0.22 | 10 65.93 | 0.11
3|20 15| 14 | 10 63.37 | 067 | 9 61.28 | 050 | 9 60.17 | 050 | 6 63.72 | 0.00
3|20 15| 15 64.31 | 0.00 | 12 60.39 | 033 | 9 59.15 | 0.00 | 12 62.35 | 0.33
3 |120(15| 16| 9 60.09 | 013 | 9 67.74 | 0.13 | 10 60.87 | 0.25 | 8 64.00 | 0.00
3|20 15| 17 | 10 59.19 | 0.67 | 11 62.39 | 083 | 6 62.77 | 0.00 | 10 60.59 | 0.67
3|20 15| 18| 6 59.32 | 0.00 | 10 5948 | 067 | 8 60.85 | 033 | 8 59.80 | 0.33
3120|115 | 19 62.10 | 0.00 | 10 65.88 | 025 | 8 62.25 | 0.00 | 13 64.18 | 0.63
3 /20|15 20| 9 64.42 | 029 | 8 61.69 | 014 | 8 58.16 | 0.14 | 7 59.16 | 0.00
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Table B.6. (Continued).

A

M J T \ 0.2 0.4 0.6 0.8

ts | time(s) | RPD | ts | time(s) | RPD | ts | time(s) | RPD | ts | time(s) | RPD
3|15 20 1|17 31.74 | 0.13 | 16 31.72 | 0.07 | 15 35.90 0.00 | 15 3291 | 0.00
3|15 20 2|10 31.89 | 0.00 | 13 30.14 | 0.30 | 11 29.87 | 0.10 | 10 30.68 | 0.00
3 |15 20 3|12 31.40 | 0.20 | 12 30.36 | 0.20 | 11 30.93 | 0.10 | 10 30.17 | 0.00
3|15 20 4 |12 30.61 | 0.09 | 11 30.97 | 0.00 | 13 29.86 | 0.18 | 11 30.23 | 0.00
3|15 20 51|14 30.59 | 0.17 | 12 32,78 | 0.00 | 17 3331 | 042 |14 32.88 | 0.17
3|15 20 6 | 10 32.42 | 0.00 | 13 29.55 | 0.30 | 10 30.49 | 0.00 | 13 31.40 | 0.30
3|15 20 711 29.33 | 0.00 | 12 30.25 | 0.09 | 12 30.47 | 0.09 | 12 30.26 | 0.09
3 |15 20 8 | 13 31.71 | 0.18 | 16 32.33 | 045 | 14 3226 | 027 | 11 32.68 | 0.00
3 |15 20 9 |13 30.38 | 0.44 | 13 29.79 | 0.44 | 10 29.® 011 | 9 31.31 | 0.00
3 |15| 20| 10 | 13 31.81 | 0.30 | 10 31.28 | 0.00 | 11 34.00 0.10 | 10 32.27 | 0.00
3 15 20| 11 | 12 30.28 0.20 | 10 31.41 0.00 | 10 30.73 0.00 | 11 31.16 0.10
3 15 20| 12 | 10 29.94 0.00 | 11 29.57 0.10 | 11 30.44 0.10 | 11 30.33 0.10
3 |15| 20| 13|10 28.97 | 0.00 | 10 28.13 | 0.00 | 10 29.33 | 0.00 | 10 29.29 | 0.00
3 151 20| 14 | 12 32.42 0.00 | 15 32.88 0.25 | 15 31.73 0.25 | 14 31.38 0.17
3 |15 20| 15| 15 29.77 | 0.36 | 11 30.89 | 0.00 | 13 31.08 | 0.18 | 11 29.99 | 0.00
3 |15| 20| 16 | 15 31.08 | 0.36 | 12 32.11 | 0.09 | 13 30.73 | 0.18 | 11 31.17 | 0.00
3 15 20| 17 | 10 31.84 0.00 | 10 32.34 0.00 | 12 32.39 0.20 | 11 29.74 0.10
3 |15| 20| 18 | 12 30.81 | 0.33 | 12 3081 | 033 | 9 31.8 0.00 | 11 31.67 | 0.22
3 |15| 20| 19 | 14 29.96 | 0.08 | 13 31.36 | 0.00 | 13 32,22 | 0.00 | 13 32.25 | 0.00
3 15| 20 | 20 9 28.97 0.00 | 12 29.94 0.33 | 14 30.98 0.56 | 11 31.11 0.22
3 20 | 20 1|17 70.70 0.00 | 19 71.17 0.12 | 20 69.25 0.18 | 21 71.57 0.24
3|20 20 2|18 66.40 | 0.13 | 21 68.64 | 0.31 | 19 69.22 | 0.19 | 16 69.54 | 0.00
3]120| 20 3119 70.28 | 0.06 | 19 68.41 | 0.06 | 19 68.70 | 0.06 | 18 66.67 | 0.00
3 20 | 20 4 |20 69.84 0.18 | 22 73.69 0.29 | 20 70.40 0.18 | 17 71.70 0.00
3 20 | 20 51|16 69.94 0.00 | 21 70.74 0.31 | 20 70.10 0.25 | 20 70.14 0.25
3| 20| 20 6 | 17 67.49 | 0.00 | 18 70.55 | 0.06 | 17 70.42 | 0.00 | 18 66.19 | 0.06
3| 20| 20 7120 71.95 | 0.18 | 18 65.99 | 0.06 | 19 68.57 | 0.12 | 17 66.11 | 0.00
3| 20| 20 8 |21 72.67 | 0.11 | 22 73.00 | 0.16 | 19 70.50 | 0.00 | 19 70.43 | 0.00
3| 20| 20 9 |19 66.59 | 0.12 | 17 72.88 | 0.00 | 18 70.72 | 0.06 | 22 70.37 | 0.29
3| 20| 20| 10 | 16 70.87 | 0.00 | 18 70.53 | 0.13 | 20 67.92 | 0.25 | 19 69.22 | 0.19
3|20 20| 11|19 67.64 | 0.19 | 16 68.13 | 0.00 | 19 66.23 | 0.19 | 20 68.06 | 0.25
3|20 20| 12|20 69.79 | 0.67 | 12 68.36 | 0.00 | 22 7298 | 0.83 | 17 68.09 | 0.42
3|20 20| 13|20 70.92 | 0.25 | 19 69.83 | 0.19 | 16 71.68 | 0.00 | 19 72.06 | 0.19
3 | 20|20 14| 16 71.64 | 0.00 | 19 71.05 | 0.19 | 18 68.9 0.13 | 19 72.47 | 0.19
3|20 20| 15| 20 7250 | 0.18 | 17 72.05 | 0.00 | 19 70.12 | 0.12 | 18 73.50 | 0.06
3| 20| 20| 16 | 20 66.37 | 0.43 | 19 67.08 | 0.36 | 14 68.47 | 0.00 | 17 65.86 | 0.21
312020 17 |21 7225 | 0.17 | 19 71.63 | 0.06 | 19 69.58 | 0.06 | 18 75.45 | 0.00
3|20 20| 18 |19 69.55 | 0.19 | 17 68.53 | 0.06 | 16 71.53 | 0.00 | 19 69.25 | 0.19
3|20 20| 19 |17 69.11 | 0.00 | 18 68.01 | 0.06 | 19 7289 | 0.12 | 18 69.27 | 0.06
3|20 20| 20 |19 66.89 | 0.27 | 19 6491 | 0.27 | 15 69.48 | 0.00 | 15 72.15 | 0.00
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Table B.7. Overall results of the ILS (perturbation P.2) for 100 iterations and different valueditir the
objective of minimizing the total flowtime.

A

M J T \ 0.2 0.4 0.6 0.8

tit | time(s) | RPD | tft | time(s) | RPD | tft | time(s) | RPD | tft | time(s) | RPD
2 |10 10 1| 146| 2325 | 0.04 | 150| 23.67 | 0.07 | 140| 23.30 | 0.00 | 146 | 23.25 | 0.04
2 |10 10 2 | 152| 22.09 | 0.01 | 152| 2242 | 0.01 | 157| 22,71 | 0.05 | 152| 22.09 | 0.01
2 |10 10 3| 135( 2228 | 0.00 | 137 | 22.14 | 0.01 | 135 2291 | 0.00 | 135| 22.28 | 0.00
2 |10 10 4 | 98 21.88 | 0.00 | 98 23.3 0.00 | 98 22,16 | 0.00 | 98 21.88 | 0.00
2 |10 10 5 1106| 2260 | 0.00 | 110| 22.42 | 0.04 | 108 | 22.60 | 0.02 | 106 | 22.60 | 0.00
2 |10 10 6 | 122| 2361 | 015 | 121| 2351 | 0.14 | 106 | 23.44 | 0.00 | 122| 23.61 | 0.15
2 |10 10 7 1141| 2331 | 0.09 | 129| 24.06 | 0.00 | 135| 2359 | 0.05 | 141| 23.31 | 0.09
2 |10 10 8 | 150| 23.07 | 0.07 | 151| 23.67 | 0.08 | 141| 2353 | 0.01 | 150| 23.07 | 0.07
2 |10 10 9 | 134| 23.06 | 0.00 | 141| 2372 | 0.05 | 134| 23.61 | 0.00 | 134| 23.06 | 0.00
2 |10| 10| 10| 141| 2372 | 001 | 141| 2381 | 0.01 | 139 2384 | 0.00 | 141 | 23.72 | 0.01
2 10 | 10 | 11 | 155 23.97 0.00 | 165 23.28 0.06 | 157 23.27 0.01 | 155 23.97 0.00
2 10 | 10 | 12 | 169 23.21 0.00 | 173 24.15 0.02 | 171 23.91 0.01 | 169 23.21 0.00
2 |10| 10| 13| 110| 2359 | 0.00 | 110| 2399 | 0.00 | 110| 23.24 | 0.00 | 110 | 23.59 | 0.00
2 10 | 10 | 14 | 155 24.47 0.00 | 158 24.27 0.02 | 161 24.75 0.04 | 155 24.47 0.00
2 |10| 10| 15| 158| 2383 | 0.02 | 155 2292 | 0.00 | 155 22.05 | 0.00 | 158 | 23.83 | 0.02
2 |10| 10| 16 | 133| 23.10 | 0.06 | 125| 22.86 | 0.00 | 129 22.78 | 0.03 | 133 | 23.10 | 0.06
2 10 | 10 | 17 | 155 22.79 0.00 | 157 24.09 0.01 | 156 24.2 0.01 | 155 22.79 0.00
2 10 | 10 | 18 | 113 22.75 0.14 | 117 23.31 0.18 | 112 22.85 0.13 | 113 22.75 0.14
2 10 | 10 | 19 | 148 23.16 0.04 | 148 22.59 0.04 | 142 22.69 0.00 | 148 23.16 0.04
2 10| 10 | 20 | 131 24.35 0.07 | 122 23.42 0.00 | 133 23.83 0.09 | 131 24.35 0.07
2 | 15| 10 1|291| 6045 | 0.00 | 301| 61.93 | 0.03 | 299| 60.59 | 0.03 | 291 | 60.45 | 0.00
2 | 15| 10 2 33| 6012 | 0.02 | 333| 60.72 | 0.00 | 343| 63.64 | 0.03 | 338| 60.12 | 0.02
2 | 15| 10 3 1293| 6855 | 0.00 | 292| 62.81 | 0.00 | 292| 63.58 | 0.00 | 293| 68.55 | 0.00
2 | 15| 10 4 | 302 6397 | 002 | 306| 62.83 | 0.03 | 296 | 6097 | 0.00 | 302| 63.97 | 0.02
2 | 15| 10 5| 259| 63.04 | 000 | 296| 60.37 | 0.14 | 289| 6145 | 0.12 | 259 | 63.04 | 0.00
2 | 15| 10 6 | 327| 65.20 | 0.07 | 345| 62.03 | 0.13 | 306 | 63.62 | 0.00 | 327 | 65.20 | 0.07
2 | 15| 10 7 | 252| 6103 | 0.00 | 285| 62.81 | 0.13 | 285 63.8 0.13 | 252 | 61.03 | 0.00
2 | 15| 10 8 | 234| 63.12 | 0.06 | 233| 64.23 | 0.05 | 238 64.9 0.08 | 234 | 63.12 | 0.06
2 | 15| 10 9 | 245| 6192 | 0.02 | 245| 6198 | 0.02 | 240| 64.31 | 0.00 | 245| 61.92 | 0.02
2 | 15| 10| 10 | 339| 61.61 | 0.12 | 303 61.3 0.00 | 331| 60.54 | 0.09 | 339| 61.61 | 0.12
2 | 15| 10| 11 | 316| 64.92 | 0.07 | 318 | 59.64 | 0.07 | 314 | 59.01 | 0.06 | 316 | 64.92 | 0.07
2 | 15| 10| 12 | 312| 6259 | 0.02 | 326 | 66.14 | 0.06 | 314 | 6391 | 0.02 | 312| 6259 | 0.02
2 | 15| 10| 13| 340| 67.09 | 0.07 | 365| 6542 | 0.15 | 318 | 62.56 | 0.00 | 340 | 67.09 | 0.07
2 | 15| 10| 14 | 309| 65.25 | 0.00 | 315 63.03 | 0.02 | 325| 62.48 | 0.05 | 309 | 65.25 | 0.00
2 | 15| 10| 15| 361| 68.64 | 0.02 | 353| 69.86 | 0.00 | 370 68.26 | 0.05 | 361 | 68.64 | 0.02
2 | 15| 10| 16 | 255| 62.72 | 0.06 | 250 | 65.48 | 0.04 | 240 | 63.45 | 0.00 | 255 | 62.72 | 0.06
2 | 15| 10| 17 | 352| 62.84 | 0.05 | 335| 6297 | 0.00 | 355| 63.20 | 0.06 | 352| 62.84 | 0.05
2 | 15| 10| 18 | 352| 62.00 | 0.07 | 342| 6594 | 0.04 | 363 | 64.69 | 0.10 | 352| 62.00 | 0.07
2 15| 10 | 19 | 221 65.74 0.00 | 242 65.3 0.10 | 242 65.59 0.10 | 221 65.74 0.00
2 | 15| 10| 20 | 329| 66.74 | 0.00 | 366| 67.78 | 0.11 | 346| 67.32 | 0.05 | 329 | 66.74 | 0.00
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Table B.7. (Continued).

A

M J T \ 0.2 0.4 0.6 0.8

tft | time(s) | RPD | tft | time(s) | RPD | tft | time(s) | RPD | tft | time(s) | RPD
2 | 10| 15 1 |215| 23.62 | 0.00 | 215| 24.34 | 0.00 | 220| 24.76 | 0.02 | 215| 23.62 | 0.00
2 |10 15 2 1185| 2369 | 0.05 | 185| 2375 | 0.05 | 177| 2355 | 0.00 | 185| 23.69 | 0.05
2 |10 15 3| 147| 2439 | 0.04 | 150| 23.77 | 0.06 | 150 23.81 | 0.06 | 147 | 24.39 | 0.04
2 | 10| 15 4 | 150 2359 | 0.01 | 158| 25.07 | 0.07 | 148 | 24.25 | 0.00 | 150 | 23.59 | 0.01
2 | 10| 15 5 |162| 2342 | 0.01 | 161| 2361 | 0.00 | 171| 2475 | 0.06 | 162| 23.42 | 0.01
2 |10 15 6 | 193| 2366 | 0.03 | 193| 23.86 | 0.03 | 188| 23.42 | 0.01 | 193| 23.66 | 0.03
2 |10 15 7 | 138| 2327 | 0.00 | 138| 23.47 | 0.00 | 142| 23.83 | 0.03 | 138| 23.27 | 0.00
2 | 10| 15 8 | 171| 25.02 | 0.04 | 175| 24.68 | 0.07 | 164| 25.08 | 0.00 | 171| 25.02 | 0.04
2 | 10| 15 9 | 169| 24.20 | 0.06 | 166| 24.83 | 0.04 | 159| 24.29 | 0.00 | 169 | 24.20 | 0.06
2 10| 15| 10 | 171 23.46 0.14 | 164 23.47 0.09 | 150 23.93 0.00 | 171 23.46 0.14
2 10 | 15 | 11 | 157 23.97 0.00 | 161 22.79 0.03 | 158 23.69 0.01 | 157 23.97 0.00
2 10 | 15 | 12 | 170 23.71 0.04 | 165 24.89 0.01 | 174 23.96 0.07 | 170 23.71 0.04
2 10 | 15 | 13 | 166 24.42 0.09 | 152 25.94 0.00 | 166 24.69 0.09 | 166 24.42 0.09
2 10 | 15 | 14 | 209 24.11 0.00 | 209 24.44 0.00 | 210 24.81 0.00 | 209 24.11 0.00
2 10 | 15| 15 | 185 24.61 0.01 | 183 25.01 0.00 | 185 25.08 0.01 | 185 24.61 0.01
2 10 | 15 | 16 | 192 24.19 0.11 | 191 24.33 0.10 | 189 25.02 0.09 | 192 24.19 0.11
2 10 | 15 | 17 | 127 23.13 0.07 | 119 24.30 0.00 | 131 24.56 0.10 | 127 23.13 0.07
2 10 | 15 | 18 | 175 24.00 0.04 | 169 24.56 0.00 | 175 24.81 0.04 | 175 24.00 0.04
2 10 | 15| 19 | 186 24.22 0.04 | 183 23.57 0.03 | 178 24.20 0.00 | 186 24.22 0.04
2 10 | 15 | 20 | 187 25.32 0.00 | 193 24.43 0.03 | 191 23.71 0.02 | 187 25.32 0.00
2 | 15| 15 1|325| 68.17 | 0.00 | 325| 71.20 | 0.00 | 325| 70.86 | 0.00 | 325| 68.17 | 0.00
2 | 15| 15 2 1389 66.32 | 002 | 392| 6745 | 0.02 | 383| 6856 | 0.00 | 389| 66.32 | 0.02
2 | 15| 15 3 1319| 6520 | 0.00 | 324| 6792 | 0.02 | 325| 66.55 | 0.02 | 319| 65.20 | 0.00
2 | 15| 15 4 | 39| 69.33 | 000 | 376| 69.53 | 0.02 | 376 | 67.00 | 0.02 | 369 | 69.33 | 0.00
2 | 15| 15 5 |351| 66.87 | 0.02 | 345| 64.57 | 0.00 | 353| 68.74 | 0.02 | 351| 66.87 | 0.02
2 | 15| 15 6 | 394| 6857 | 001 |391| 69.67 | 0.00 | 397| 66.52 | 0.02 | 394| 6857 | 0.01
2 | 15| 15 7 1399 6843 | 0.00 | 399| 69.14 | 0.00 | 399| 66.33 | 0.00 | 399| 68.43 | 0.00
2 | 15| 15 8 | 376| 69.06 | 0.00 | 384| 66.64 | 0.02 | 389| 66.82 | 0.03 | 376| 69.06 | 0.00
2 | 15| 15 9 | 365| 6179 | 0.00 | 379| 6491 | 0.04 | 372| 67.31 | 0.02 | 365| 61.79 | 0.00
2 | 15| 15| 10 | 337| 66.47 | 0.00 | 348| 67.00 | 0.03 | 356 | 68.83 | 0.06 | 337 | 66.47 | 0.00
2 | 15| 15| 11 | 404| 67.68 | 0.00 | 428 | 68.43 | 0.06 | 437 | 6791 | 0.08 | 404 | 67.68 | 0.00
2 | 15| 15| 12 | 349| 66.47 | 0.02 | 341| 66.75 | 0.00 | 354 | 67.33 | 0.04 | 349 | 66.47 | 0.02
2 | 15| 15| 13 | 459| 67.20 | 0.03 | 462 | 65.67 | 0.04 | 458 | 67.75 | 0.03 | 459 | 67.20 | 0.03
2 | 15| 15| 14 | 368| 67.23 | 0.03 | 373| 6589 | 0.04 | 379 | 67.75 | 0.06 | 368 | 67.23 | 0.03
2 | 15| 15| 15| 343| 64.76 | 0.00 | 366 | 66.02 | 0.07 | 378| 66.79 | 0.10 | 343 | 64.76 | 0.00
2 | 15| 15| 16 | 330| 67.98 | 0.00 | 352| 64.68 | 0.07 | 363 | 66.92 | 0.10 | 330| 67.98 | 0.00
2 | 15| 15| 17 | 381| 65.33 | 0.02 | 383| 66.95 | 0.02 | 385| 68.07 | 0.03 | 381 | 65.33 | 0.02
2 | 15| 15| 18 | 386| 6859 | 0.00 | 397| 6783 | 0.03 | 391 | 68.17 | 0.01 | 386| 68.59 | 0.00
2 15| 15| 19 | 420 68.84 0.04 | 420 65.89 0.04 | 420 64.78 0.04 | 420 68.84 0.04
2 | 15| 15| 20 | 390| 68.92 | 0.00 | 398 | 63.89 | 0.02 | 406 | 64.76 | 0.04 | 390| 68.92 | 0.00
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Table B.7. (Continued).

A

M J T \ 0.2 0.4 0.6 0.8

tft | time(s) | RPD | tft | time(s) | RPD | tft | time(s) | RPD | tft | time(s) | RPD
3| 15| 15 1 |217| 39.89 | 0.01 | 214| 39.12 | 0.00 | 214| 38.22 | 0.00 | 217 | 39.89 | 0.01
3|15 | 15 2 1182| 3673 | 0.14 | 182| 38.04 | 0.14 | 182| 3834 | 0.14 | 182| 36.73 | 0.14
3|15 | 15 3| 223| 3736 | 0.00 | 245| 39.67 | 0.10 | 235| 37.77 | 0.05 | 223 | 37.36 | 0.00
3|15 | 15 4 | 159 37.66 | 0.01 | 165| 38.11 | 0.05 | 157 | 38.86 | 0.00 | 159 | 37.66 | 0.01
3| 15| 15 5 1197| 36.78 | 0.14 | 176| 38.82 | 0.02 | 173| 37.84 | 0.00 | 197| 36.78 | 0.14
3|15 | 15 6 | 205| 3572 | 0.00 | 205| 3755 | 0.00 | 205| 36.33 | 0.00 | 205| 35.72 | 0.00
3|15 | 15 7 1194 3744 | 012 | 173| 37.83 | 0.00 | 194| 3792 | 0.12 | 194| 37.44 | 0.12
3 |15 | 15 8 | 262| 3853 | 0.06 | 253| 39.42 | 0.02 | 262| 39.89 | 0.06 | 262| 3853 | 0.06
3 |15 | 15 9 | 235| 3830 | 0.02 | 235| 3733 | 0.02 | 231| 3885 | 0.00 | 235| 38.30 | 0.02
3 |15| 15| 10 | 208| 3853 | 0.00 | 222 39.27 | 0.07 | 225| 36.81 | 0.08 | 208 | 38.53 | 0.00
3 |15| 15| 11 | 197| 38.13 | 0.06 | 191 37.2 0.03 | 199 | 37.19 | 0.07 | 197 | 38.13 | 0.06
3 15| 15| 12 | 193 37.27 0.14 | 206 39.42 0.21 | 170 38.44 0.00 | 193 37.27 0.14
3 |15| 15| 13| 193| 37.31 | 0.00 | 193| 37.61 | 0.00 | 193 | 38.81 | 0.00 | 193 | 37.31 | 0.00
3 |15| 15| 14 | 206| 39.96 | 0.01 | 206 | 40.06 | 0.01 | 203 | 38.17 | 0.00 | 206 | 39.96 | 0.01
3 |15| 15| 15| 185| 38.28 | 0.06 | 189 | 39.75 | 0.08 | 189 | 3855 | 0.08 | 185| 38.28 | 0.06
3 15| 15| 16 | 213 39.34 0.11 | 215 36.61 0.12 | 192 37.41 0.00 | 213 39.34 0.11
3 |15| 15| 17 | 205| 37.73 | 0.04 | 197 | 3847 | 0.00 | 209 | 39.67 | 0.06 | 205| 37.73 | 0.04
3 |15| 15| 18 | 190| 36.84 | 0.04 | 190| 38.25 | 0.04 | 183 | 38.15 | 0.00 | 190 | 36.84 | 0.04
3 |15| 15| 19 | 212| 3535 | 0.02 | 210| 3763 | 0.01 | 208 | 37.75 | 0.00 | 212| 3535 | 0.02
3 |15| 15| 20| 172| 3893 | 0.00 | 172| 3895 | 0.00 | 172 37.27 | 0.00 | 172| 38.93 | 0.00
3|20 15 1 |360| 88.40 | 0.00 | 360| 85.59 | 0.00 | 360| 86.31 | 0.00 | 360 | 88.40 | 0.00
3 |20 15 2 | 277| 88.05 | 0.00 | 277| 86.19 | 0.00 | 303| 88.67 | 0.09 | 277| 88.05 | 0.00
3|20 15 31394 8442 | 0.00 | 394| 90.67 | 0.00 | 394| 89.61 | 0.00 | 394| 84.42 | 0.00
3|20 15 4 | 324| 8046 | 0.00 | 333| 86.91 | 0.03 | 333| 84.18 | 0.03 | 324 | 80.46 | 0.00
3|20 15 5 | 413| 90.20 | 0.08 | 383| 85.47 | 0.00 | 413| 84.48 | 0.08 | 413| 90.20 | 0.08
3| 20| 15 6 | 371| 87.25 | 0.00 | 371 84.3 0.00 | 371| 87.45 | 0.00 | 371| 87.25 | 0.00
3| 20| 15 7 | 418| 83.44 | 0.04 | 418| 8831 | 0.04 | 414| 86.24 | 0.03 | 418| 83.44 | 0.04
3| 20| 15 8 | 307| 8575 | 0.13 | 272| 87.81 | 0.00 | 293| 85.44 | 0.08 | 307| 85.75 | 0.13
3| 20| 15 9 | 322| 8335 | 0.00 | 339| 9092 | 0.05 | 332| 8853 | 0.03 | 322| 83.35 | 0.00
3| 20| 15| 10 | 312| 86.83 | 0.08 | 314 | 82.06 | 0.09 | 314| 8557 | 0.09 | 312| 86.83 | 0.08
3 | 20| 15| 11 | 299| 86.63 | 0.00 | 365| 92.00 | 0.22 | 353 | 87.98 | 0.18 | 299 | 86.63 | 0.00
3| 20| 15| 12 | 399| 8756 | 0.01 | 399| 87.33 | 0.01 | 399| 86.14 | 0.01 | 399 | 87.56 | 0.01
3 | 20| 15| 13 | 381| 89.06 | 0.00 | 381| 88.75 | 0.00 | 385| 86.16 | 0.01 | 381| 89.06 | 0.00
3 | 20| 15| 14 | 336| 92.63 | 0.00 | 336| 82.83 | 0.00 | 336| 86.52 | 0.00 | 336| 92.63 | 0.00
3| 20| 15| 15| 311| 86.50 | 0.00 | 311| 82.95 | 0.00 | 311| 86.48 | 0.00 | 311| 86.50 | 0.00
3| 20| 15| 16 | 324| 85.18 | 0.00 | 324| 85.79 | 0.00 | 324| 88.01 | 0.00 | 324 | 85.18 | 0.00
3 | 20| 15| 17 | 322| 84.28 | 0.05 | 308| 85.26 | 0.00 | 322| 85.47 | 0.05 | 322| 84.28 | 0.05
3|20 15| 18 | 435| 84.03 | 0.04 | 419| 86.18 | 0.00 | 432| 8582 | 0.03 | 435| 84.03 | 0.04
3|20 15| 19 | 427| 80.81 | 0.07 | 400 | 86.04 | 0.00 | 417 | 84.55 | 0.04 | 427 | 80.81 | 0.07
3|20 15| 20 | 329| 87.86 | 0.00 | 336| 8581 | 0.02 | 334| 8495 | 0.02 | 329| 87.86 | 0.00
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Table B.7. (Continued).

A

M J T \ 0.2 0.4 0.6 0.8

tft | time(s) | RPD | tft | time(s) | RPD | tft | time(s) | RPD | tft | time(s) | RPD
3|15 20 1 |296| 4227 | 0.00 | 296 | 43.6 0.00 | 296 | 40.28 | 0.00 | 296 | 42.27 | 0.00
3|15 20 2 | 219| 4081 | 0.00 | 219| 419 0.00 | 219 | 42.35 | 0.00 | 219| 40.81 | 0.00
3 |15 20 3| 221 4198 | 0.00 | 223 | 40.2 0.01 | 223| 39.99 | 0.01 | 221| 41.98 | 0.00
3|15 20 4 | 178 | 40.95 | 0.00 | 178 | 40.45 | 0.00 | 178 | 40.73 | 0.00 | 178 | 40.95 | 0.00
3|15 20 51 239| 4053 | 0.00 | 241| 4263 | 0.01 | 241| 39.92 | 0.01 | 239| 40.53 | 0.00
3|15 20 6 | 200| 42.25 | 0.00 | 200| 41.83 | 0.00 | 200| 40.56 | 0.00 | 200 | 42.25 | 0.00
3|15 20 7 1249 39.14 | 0.14 | 219| 4122 | 0.00 | 241| 42.00 | 0.10 | 249| 39.14 | 0.14
3 |15 20 8 | 301| 4192 | 0.10 | 281| 416 0.03 | 299 | 42.24 | 0.10 | 301| 41.92 | 0.10
3 |15 20 9 | 209| 4299 | 0.00 | 214| 40.81 | 0.02 | 210| 40.23 | 0.00 | 209| 42.99 | 0.00
3 15| 20 | 10 | 251 | 42.63 0.05 | 239 | 41.03 0.00 | 247 | 41.75 0.03 | 251 | 42.63 0.05
3 15 20 | 11 | 261 37.92 0.01 | 261 | 41.05 0.01 | 259 | 40.05 0.00 | 261 37.92 0.01
3 15| 20 | 12 | 197| 41.16 0.00 | 197 | 40.58 0.00 | 197 | 41.36 0.00 | 197 | 41.16 0.00
3 |15| 20| 13| 219| 40.33 | 0.00 | 219 | 40.08 | 0.00 | 219 | 40.58 | 0.00 | 219 | 40.33 | 0.00
3 15| 20 | 14 | 281 43.2 0.14 | 247 | 40.96 0.00 | 262 | 42.84 0.06 | 281 43.2 0.14
3 |15| 20| 15| 265| 40.94 | 0.00 | 265| 40.75 | 0.00 | 265| 4191 | 0.00 | 265| 40.94 | 0.00
3 |15| 20| 16 | 251 | 41.05 | 0.00 | 252 | 40.88 | 0.00 | 252 41.63 | 0.00 | 251 | 41.05 | 0.00
3 15| 20 | 17 | 206 | 42.28 0.00 | 211 | 41.76 0.02 | 211 | 40.33 0.02 | 206 | 42.28 0.00
3 15| 20 | 18 | 230| 41.70 0.04 | 224 | 40.83 0.01 | 226 39.95 0.02 | 230 | 41.70 0.04
3 15| 20 | 19 | 274 | 40.02 0.00 | 282 | 40.88 0.03 | 280 | 40.77 0.02 | 274 | 40.02 0.00
3 |15| 20| 20 | 228| 39.36 | 0.08 | 235 37.92 | 0.11 | 212| 4223 | 0.00 | 228 | 39.36 | 0.08
3 |20 20 1 |497| 9228 | 0.00 | 497 | 94.74 | 0.00 | 497 | 99.98 | 0.00 | 497 | 92.28 | 0.00
3120 | 20 2 | 494 98.28 | 0.06 | 500 | 100.94 | 0.07 | 468 | 96.47 | 0.00 | 494 | 98.28 | 0.06
3 20 | 20 3 | 443 99.14 0.00 | 443 99.22 0.00 | 443 | 102.42 | 0.00 | 443 99.14 0.00
3|20 20 4 | 417 90.89 | 0.02 | 417| 96.25 | 0.02 | 409 | 96.72 | 0.00 | 417 | 90.89 | 0.02
3]120| 20 5 | 452| 90.59 | 0.00 | 452| 97.66 | 0.00 | 452 | 96.02 | 0.00 | 452| 90.59 | 0.00
3| 20| 20 6 | 499| 9252 | 0.00 | 499| 94.40 | 0.00 | 499| 95.86 | 0.00 | 499 | 92.52 | 0.00
3| 20| 20 7 | 411| 96.69 | 0.00 | 417| 9573 | 0.01 | 440| 9392 | 0.07 | 411| 96.69 | 0.00
3| 20| 20 8 | 454 | 97.28 | 0.00 | 454 | 97.83 | 0.00 | 454 | 99.83 | 0.00 | 454 | 97.28 | 0.00
3| 20| 20 9 | 439| 103.10 | 0.00 | 439| 99.41 | 0.00 | 439| 97.22 | 0.00 | 439| 103.10 | 0.00
3 | 20| 20| 10 | 441| 9262 | 0.00 | 441| 99.43 | 0.00 | 441| 95.48 | 0.00 | 441| 92.62 | 0.00
3 | 20| 20| 11 | 410| 93.39 | 0.00 | 410| 95.82 | 0.00 | 410 | 94.22 | 0.00 | 410| 93.39 | 0.00
3 | 20| 20| 12 | 378| 97.57 | 0.00 | 378| 94.94 | 0.00 | 378| 95.78 | 0.00 | 378| 97.57 | 0.00
3 | 20| 20| 13 | 454| 94.74 | 0.00 | 454 | 94.07 | 0.00 | 454 | 96.61 | 0.00 | 454 | 94.74 | 0.00
3 | 20| 20| 14 | 380| 9219 | 0.00 | 380| 90.85 | 0.00 | 380| 99.38 | 0.00 | 380| 92.19 | 0.00
3 | 20| 20| 15| 429| 97.74 | 0.00 | 429 | 97.00 | 0.00 | 429 | 94.03 | 0.00 | 429 | 97.74 | 0.00
3 | 20| 20| 16 | 433| 9594 | 0.02 | 433| 95.44 | 0.02 | 433| 9342 | 0.02 | 433| 95.94 | 0.02
3 | 20| 20| 17 | 396| 98.33 | 0.00 | 396 | 99.61 | 0.00 | 396 | 95.68 | 0.00 | 396 | 98.33 | 0.00
3 |120| 20| 18 | 451 | 103.71 | 0.00 | 451 | 9565 | 0.00 | 451 | 93.50 | 0.00 | 451 | 103.71 | 0.00
3|20 20| 19 | 415| 9332 | 0.00 | 496 | 94.67 | 0.20 | 458 | 96.67 | 0.10 | 415| 93.32 | 0.00
3 20 | 20 | 20 | 414 | 94.52 0.00 | 414 97.03 0.00 | 414 | 101.07 0.00 | 414 94.52 0.00
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Table B.8. Overall results of the ILS (perturbation P.2) for 100 iterations and different valueditir the
objective of minimizing the makespan.

A

M J | T \% 0.2 0.4 0.6 0.8

fmax | time(s) | RPD | fmax | time(s) | RPD | fmax | time(s) | RPD | fmax | time(s) | RPD
2 (10| 10 1 37 18.67 | 0.03 37 19.24 | 0.03 37 19.00 | 0.03 36 19.47 | 0.00
2 |10(10| 2 32 19.70 | 0.03 | 33 1853 | 0.06 | 31 19.14 | 0.00 | 33 18.95 | 0.06
2 |10(10]| 3 32 20.53 | 0.00 | 32 18.97 | 0.00 | 32 18.17 | 0.00 | 32 18.12 | 0.00
2 (10| 10 4 30 18.09 | 0.20 25 17.73 | 0.00 28 18.25 | 0.12 28 18.52 | 0.12
2 |10(10]| 5 27 18.32 | 0.00 | 27 18.11 | 0.00 | 28 17.77 | 0.04 | 29 18.74 | 0.07
2 (10| 10 6 29 19.62 | 0.07 27 19.09 | 0.00 27 19.62 | 0.00 29 19.42 | 0.07
2 |10(10]| 7 33 19.50 | 0.00 | 33 20.00 | 0.00 | 35 19.82 | 0.06 | 33 19.69 | 0.00
2 |10(10]| 8 35 2039 | 0.13| 31 19.84 | 0.00 | 33 20.08 | 0.06 | 31 19.58 | 0.00
2 |10(10| 9 33 19.19 | 0.03 | 33 19.38 | 0.03 | 32 19.39 | 0.00 | 33 19.20 | 0.03
2|10 10| 10 34 18.49 | 0.06 | 37 19.56 | 0.16 | 32 19.63 | 0.00 | 33 19.29 | 0.03
2 (10|10 11 35 20.11 | 0.00 | 37 19.11 | 0.06 | 35 19.49 | 0.00 | 36 19.28 | 0.03
2 |10|10] 12 39 19.92 | 0.03 | 39 19.42 | 0.03 | 38 19.42 | 0.00 | 39 20.71 | 0.03
2|10 10| 13 30 20.36 | 0.20 | 25 19.89 | 0.00 | 29 20.19 | 0.16 | 29 19.47 | 0.16
2 |10|10]| 14 34 20.66 | 0.00 | 35 19.85 | 0.03 | 34 20.33 | 0.00 | 37 19.72 | 0.09
2 |10| 10| 15 38 1856 | 0.12 | 35 18.34 | 0.03 | 35 18.44 | 0.03| 34 18.66 | 0.00
2 ]110| 10| 16 31 18.71 | 0.07 32 18.75 | 0.10 33 19.16 | 0.14 29 18.73 | 0.00
2|10 10| 17 34 18.82 | 0.03 | 35 18.39 | 0.06 | 34 18.48 | 0.03 | 33 19.13 | 0.00
2 (10| 10| 18 27 19.41 | 0.00 29 19.31 0.07 28 19.63 | 0.04 30 18.90 | 0.11
2|10 10| 19 38 19.31 | 0.09 | 37 19.33 | 0.06 | 35 19.61 | 0.00 | 38 19.35 | 0.09
2 |10| 10| 20 32 18.80 | 0.03 | 32 20.35 | 0.03| 33 19.89 | 0.06 | 31 19.60 | 0.00
2 |15(10| 1 50 4166 | 0.09 | 51 4534 | 0.11 | 46 4583 | 0.00 | 52 45.86 | 0.13
2115 10 2 53 44.20 | 0.00 55 42.27 0.04 54 41.88 | 0.02 54 41.83 | 0.02
2115 10 3 43 42.09 | 0.00 51 44.22 0.19 48 46.06 | 0.12 47 44.38 | 0.09
2 |15(10]| 4 50 44.68 | 0.06 | 50 43.18 | 0.06 | 47 43.03 | 0.00 | 47 43.80 | 0.00
2115 10 5 49 44.39 | 0.07 54 45.05 | 0.17 51 43.11 | 0.11 46 46.81 | 0.00
2 |15(10| 6 55 44.76 | 0.06 | 52 4450 | 0.00 | 55 4528 | 0.06 | 55 45.23 | 0.06
2 (15| 10 7 46 4466 | 0.15 45 4464 | 0.13 46 4556 | 0.15 40 45.65 | 0.00
2 |15(10| 8 41 44.17 | 0.05 | 39 45.70 | 0.00 | 42 43.83 | 0.08 | 43 44.09 | 0.10
2 |15(10| 9 43 4572 | 0.10 | 43 45.19 | 0.10 | 39 4257 | 0.00 | 43 44.28 | 0.10
2 (15| 10| 10 56 48.25 | 0.00 | 62 46.97 | 0.11 | 57 4539 | 0.02 | 56 42,58 | 0.00
2115|1011 47 42.05 | 0.00 49 43.67 0.04 51 45.16 | 0.09 52 45.00 | 0.11
2 15|10 12 51 46.15 | 0.00 | 52 4563 | 0.02 | 53 4465 | 0.04 | 53 46.40 | 0.04
2| 15|10 13 56 44.30 | 0.08 | 55 46.47 | 0.06 | 52 46.80 | 0.00 | 56 44.06 | 0.08
2 15| 10| 14 49 4433 | 0.00 | 53 42.75 | 0.08 | 50 4328 | 0.02 | 53 4552 | 0.08
2 15| 10| 15 69 47.78 | 0.15| 62 46.31 | 0.03 | 60 4570 | 0.00 | 62 46.09 | 0.03
2| 15| 10| 16 47 42.83 | 0.04 | 46 44.33 | 0.02 | 45 4555 | 0.00 | 49 43.28 | 0.09
2 |15| 10| 17 55 40.33 | 0.00 | 55 4135 | 0.00 | 55 42.36 | 0.00 | 55 42.67 | 0.00
2 (15| 10| 18 58 4556 | 0.00 62 44.08 | 0.07 61 42.38 | 0.05 60 4481 | 0.03
2 |15| 10| 19 43 43.71 | 0.00 | 44 4470 | 0.02 | 44 4351 | 0.02 | 44 43.44 | 0.02
2 (15| 10| 20 63 45.00 | 0.07 59 45.49 | 0.00 62 4486 | 0.05 60 47.58 | 0.02
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Table B.8. (Continued).

A

M J T \% 0.2 0.4 0.6 0.8

TFT | time(s) | RPD | TFT | time(s) | RPD | TFT | time(s) | RPD | TFT | time(s) | RPD
2 10| 15 1 44 19.67 0.02 43 20.24 0.00 44 20.07 0.02 44 19.95 0.02
2 10| 15 2 41 19.53 0.03 45 19.52 0.13 40 19.01 0.00 45 19.97 0.13
21015 3 33 20.10 | 0.00 | 37 20.00 | 0.12 | 39 20.36 | 0.18 | 39 20.17 | 0.18
2 10| 15 4 38 19.23 0.06 36 19.54 0.00 41 19.28 0.14 42 19.39 0.17
2 |110|15| 5 39 19.86 | 0.08 | 36 19.21 | 0.00 | 38 19.78 | 0.06 | 36 20.11 | 0.00
2 10| 15 6 42 20.16 0.05 41 19.80 0.03 44 20.29 0.10 40 19.66 0.00
21015 7 36 19.09 | 0.16 | 31 19.36 | 0.00 | 36 19.39 | 0.16 | 36 19.17 | 0.16
2 |10|15| 8 42 20.71 | 0.11| 38 20.28 | 0.00 | 42 21.26 | 0.11 | 39 20.03 | 0.03
2 |10|15| 9 40 20.86 | 0.11 | 39 19.83 | 0.08 | 36 20.18 | 0.00 | 44 20.76 | 0.22
2 |10| 15| 10 | 38 18.91 | 0.03 | 37 19.36 | 0.00 | 38 20.25 | 0.03 | 39 19.09 | 0.05
2 (10| 15| 11 | 38 20.25 | 0.00 | 38 20.14 | 0.00 | 38 18.99 | 0.00 | 38 19.00 | 0.00
2 10| 15| 12 | 42 20.28 | 0.17 | 38 20.01 | 0.06 | 36 19.65 | 0.00 | 43 20.92 | 0.19
2 |10| 15| 13 | 40 19.92 | 0.05 | 38 19.90 | 0.00 | 39 20.56 | 0.03 | 40 19.77 | 0.05
2 110|15| 14 44 20.51 0.00 44 19.91 0.00 44 20.56 0.00 44 19.53 0.00
2 |110| 15| 15| 41 19.90 | 0.00 | 41 20.67 | 0.00 | 41 20.64 | 0.00 | 41 20.44 | 0.00
2 (10| 15| 16 | 43 19.69 | 0.10 | 42 19.59 | 0.08 | 40 19.32 | 0.03 | 39 20.75 | 0.00
2 10| 15| 17 | 35 20.17 | 013 | 32 20.21 | 0.03| 31 19.43 | 0.00 | 35 19.44 | 0.13
2|10 15| 18 42 19.29 0.14 37 20.78 0.00 41 20.05 0.11 42 20.47 0.14
2110|1519 | 41 20.04 | 0.00 | 43 20.36 | 0.05| 41 19.74 | 0.00 | 44 20.28 | 0.07
2 |110| 15| 20 | 45 2059 | 010 | 41 19.47 | 0.00 | 44 19.95 | 0.07 | 44 19.96 | 0.07
2|15|15| 1 59 47.70 | 0.00 | 60 48,55 | 0.02 | 60 48.61 | 0.02 | 59 46.60 | 0.00
2 |15|15| 2 62 46.56 | 0.00 | 63 4733 | 0.02 | 62 47.00 | 0.00 | 63 46.65 | 0.02
2 (15]15| 3 54 4731 | 0.04 | 56 45.16 | 0.08 | 56 4588 | 0.08 | 52 48.24 | 0.00
2|15 15| 4 67 48.81 | 0.05| 64 48.36 | 0.00 | 66 46.77 | 0.03 | 65 48.23 | 0.02
2 |15|15| 5 57 4536 | 0.06 | 54 48.86 | 0.00 | 56 46.84 | 0.04 | 57 50.35 | 0.06
2 |15|15| 6 65 47.06 | 0.03 | 66 47.24 | 0.05 | 63 4575 | 0.00 | 64 46.90 | 0.02
2 (15]15| 7 67 49.15 | 0.00 | 67 4831 | 0.00 | 67 48.25 | 0.00 | 67 47.58 | 0.00
2 |15|15| 8 59 50.26 | 0.00 | 64 49.00 | 0.08 | 59 51.41 | 0.00 | 66 47.20 | 0.12
2 |15|15| 9 60 43.63 | 0.00 | 63 44.67 | 0.05 | 64 4371 | 0.07 | 62 43.75 | 0.03
2 (15 15| 10 | 60 4470 | 0.09 | 55 4576 | 0.00 | 57 46.33 | 0.04 | 60 46.63 | 0.09
2 | 15| 15| 11 | 67 46.69 | 0.00 | 67 49.22 | 0.00 | 67 47.76 | 0.00 | 67 50.89 | 0.00
2 (15 15| 12 | 55 4574 | 0.00 | 55 49.47 | 0.00 | 55 4589 | 0.00 | 55 47.67 | 0.00
2 | 15| 15| 13 | 67 49.40 | 0.02 | 66 52,53 | 0.00 | 73 50.36 | 0.11 | 73 47.78 | 0.11
2 |15 15| 14 57 46.41 0.06 59 47.89 0.09 56 49.05 0.04 54 50.53 0.00
2 (15) 15| 15 | 60 4473 | 015 | 62 47.16 | 0.19 | 59 4553 | 013 | 52 46.25 | 0.00
2 | 15| 15| 16 | 58 4853 | 0.04 | 56 47.89 | 0.00 | 57 46.31 | 0.02 | 59 47.30 | 0.05
2 (15| 15| 17 | 57 46.87 | 0.00 | 61 50.76 | 0.07 | 62 49.20 | 0.09 | 62 49.53 | 0.09
2 | 15| 15| 18 | 61 48.33 | 0.02 | 60 49.67 | 0.00 | 60 4731 | 0.00 | 61 48.40 | 0.02
2 |15| 15|19 | 72 48.49 | 0.07 | 67 50.20 | 0.00 | 67 4859 | 000 | 71 48.81 | 0.06
2 |15| 15| 20 | 64 46.71 | 0.03 | 67 4561 | 0.08 | 63 4753 | 0.02 | 62 46.15 | 0.00
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Table B.8. (Continued).

A

M J T \% 0.2 0.4 0.6 0.8

fmax | time(s) | RPD | fmax | time(s) | RPD | fmax | time(s) | RPD | fmax | time(s) | RPD
3115|115 1 34 26.95 | 0.03 38 27.33 | 0.15 37 27.66 | 0.12 33 27.72 | 0.00
3115|115 2 34 29.25 | 0.06 37 28.45 | 0.16 32 28.52 | 0.00 33 28.71 | 0.03
3 |15|15| 3 41 29.39 | 0.03| 41 28.46 | 0.03 | 40 28.18 | 0.00 | 42 27.47 | 0.05
3115|115 4 27 27.80 | 0.00 29 27.75 | 0.07 31 27.14 | 0.15 32 28.00 | 0.19
3 |15|15| 5 33 28.82 | 0.06 | 31 28.35 | 0.00 | 32 27.42 | 0.03| 32 28.02 | 0.03
3115|115 6 35 28.04 | 0.00 35 28.11 | 0.00 35 28.80 | 0.00 35 27.61 | 0.00
3 |15|15| 7 31 27.11 | 0.03| 34 2840 | 0.13 | 30 27.23 | 0.00| 35 27.55 | 0.17
3 |15|15| 8 42 27.45 | 0.00 | 42 27.11 | 0.00 | 43 28.49 | 0.02 | 42 28.29 | 0.00
3115|115 9 39 28.17 | 0.05| 37 27.95 | 0.00 | 39 28,55 | 0.05| 38 26.54 | 0.03
3 15| 15| 10 38 27.18 | 0.09 | 36 27.17 | 0.03 | 35 27.67 | 0.00 | 36 27.46 | 0.03
3 115]15| 11 35 2757 | 0.06 | 33 26.78 | 0.00 | 35 27.26 | 0.06 | 33 26.43 | 0.00
3 15| 15| 12 34 27.86 | 0.03| 33 29.28 | 0.00 | 34 29.00 | 0.03| 34 28.46 | 0.03
3 15| 15| 13 36 30.10 | 0.06 | 39 2787 | 015 | 34 27.83 | 0.00| 35 28.78 | 0.03
3 15| 15| 14 37 27.93 | 0.00 37 28.21 | 0.00 42 29.00 | 0.14 38 27.80 | 0.03
3 15| 15| 15 32 2766 | 0.14 | 34 27.88 | 0.21 | 33 2745 | 0.18 | 28 27.47 | 0.00
3 15| 15| 16 35 26.53 | 0.09 | 33 28.61 | 0.03 | 37 28.25 | 0.16 | 32 27.13 | 0.00
3 15| 15| 17 35 28.45 | 0.00 | 38 28.84 | 0.09 | 38 28.35 | 0.09 | 37 28.72 | 0.06
3 |15| 15| 18 35 27.19 | 0.06 | 34 27.61 | 0.03 | 33 2839 | 0.00| 34 26.86 | 0.03
3 15|15/ 19 36 2569 | 0.16 | 34 27.63 | 010 | 31 27.36 | 0.00 | 36 27.40 | 0.16
3 15| 15| 20 30 28.55 | 0.00 | 38 27.86 | 0.27 | 35 28.17 | 0.17 | 33 28.22 | 0.10
3 (20|15| 1 49 56.38 | 0.02 | 50 54.27 | 0.04 | 49 51.54 | 0.02 | 48 54.00 | 0.00
3 (20|15| 2 41 55.20 | 0.00 | 44 55.69 | 0.07 | 42 5432 | 0.02 | 43 55.25 | 0.05
3 120|15| 3 54 57.60 | 0.02 | 53 62.11 | 0.00 | 54 56.94 | 0.02 | 57 58.97 | 0.08
3 (20|15| 4 42 58.44 | 0.00 | 52 57.06 | 0.24 | 54 58.83 | 0.29 | 54 57.98 | 0.29
3 120|15| 5 53 56.17 | 0.02 | 54 60.46 | 0.04 | 52 59.11 | 0.00 | 56 59.19 | 0.08
3 20| 15 6 46 53.08 | 0.00 53 57.91 | 0.15 54 58.25 | 0.17 54 57.82 | 0.17
3 120|15| 7 52 56.87 | 0.00 | 53 55.07 | 0.02 | 57 55.63 | 0.10 | 54 57.92 | 0.04
3 120|15| 8 37 59.11 | 0.00 | 38 57.26 | 0.03 | 37 56.23 | 0.00 | 40 56.95 | 0.08
3 20| 15 9 46 63.10 | 0.05 44 54.48 | 0.00 44 55.45 | 0.00 47 55.41 | 0.07
3 20|15/ 10 40 55.47 | 0.00 | 43 5481 | 0.08 | 43 55.75 | 0.08 | 42 58.31 | 0.05
3 /20|15 11 45 54.75 | 0.00 47 57.35 | 0.04 51 57.71 | 0.13 48 57.08 | 0.07
3120 15| 12 46 61.19 | 0.00 | 52 62.20 | 0.13 | 54 57.97 | 0.17 | 53 59.86 | 0.15
3 20|15/ 13 49 54.81 | 0.00 | 52 53.28 | 0.06 | 52 56.65 | 0.06 | 52 55.19 | 0.06
3 (20|15]| 14 44 57.92 | 0.00 | 48 56.08 | 0.09 | 49 58.68 | 0.11 | 48 55.71 | 0.09
3 120|15] 15 43 55.55 | 0.08 | 44 55.05 | 0.10 | 40 53.66 | 0.00 | 46 56.91 | 0.15
3 20| 15| 16 50 60.92 | 0.02| 49 57.70 | 0.00 | 50 56.36 | 0.02 | 50 56.91 | 0.02
3 20| 15] 17 37 56.63 | 0.00 | 40 56.42 | 0.08 | 44 56.39 | 0.19 | 38 56.01 | 0.03
3 20| 15| 18 50 5451 | 0.04 | 52 56.73 | 0.08 | 48 55.99 | 0.00 | 51 53.19 | 0.06
3 20|15/ 19 55 58.14 | 0.10 | 51 55.31 | 0.02 | 50 57.72 | 0.00 | 50 58.08 | 0.00
3 120|15]| 20 44 54.19 | 0.00 | 45 5432 | 0.02 | 49 56.85 | 0.11 | 49 56.68 | 0.11
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Table B.8. (Continued).

A

M J T \% 0.2 0.4 0.6 0.8

fmax | time(s) | RPD | fmax | time(s) | RPD | fmax | time(s) | RPD | fmax | time(s) | RPD
3 |15]| 20 1 52 33.40 0.16 52 32.71 0.16 45 32.38 0.00 50 30.62 0.11
3 |15]| 20 2 38 28.27 0.09 37 29.47 0.06 35 27.88 0.00 40 29.63 0.14
3 (15|20 3 43 29.03 | 0.08 | 40 29.35 | 0.00 | 43 28.89 | 0.08 | 40 28.91 | 0.00
3 |15]| 20 4 39 28.51 0.05 39 30.14 0.05 39 29.45 0.05 37 29.37 0.00
3 (15| 20| 5 48 31.72 | 0.12 | 43 31.66 | 0.00 | 44 30.57 | 0.02 | 43 30.31 | 0.00
3 |15]| 20 6 44 31.22 0.13 39 29.86 0.00 44 30.14 0.13 44 30.26 0.13
3 (15|20 7 44 28.70 | 0.13 | 39 29.66 | 0.00 | 40 28.56 | 0.03 | 40 27.59 | 0.03
3 (15| 20| 8 44 29.67 | 0.02 | 48 29.71 | 012 | 43 30.33 | 0.00 | 47 29.09 | 0.09
3115|120 9 33 30.86 | 0.00 | 37 28.97 | 0.12 | 38 29.72 | 015 | 34 29.09 | 0.03
3 (15|20 10 | 44 28.21 | 0.07 | 41 30.72 | 0.00 | 44 30.31 | 0.07 | 47 30.02 | 0.15
311520 11 47 27.61 0.07 47 30.14 0.07 44 28.36 0.00 47 30.46 0.07
3 (15|20 12| 36 2843 | 0.00 | 36 28.52 | 0.00 | 36 27.36 | 0.00 | 36 29.98 | 0.00
3 |15( 20| 13 46 29.92 0.12 42 28.26 0.02 41 29.75 0.00 41 28.37 0.00
3 (15| 20| 14 | 48 3230 | 0.17 | 43 30.27 | 0.05| 43 29.64 | 0.05| 41 29.34 | 0.00
3 (15|20 15| 47 27.87 | 0.00 | 47 28.54 | 0.00 | 47 27.52 | 0.00 | 47 28.86 | 0.00
3 |15| 20| 16 44 30.81 0.00 47 30.44 0.07 47 30.74 0.07 49 30.12 0.11
3 (15|20 17 | 33 28.17 | 0.00 | 33 29.75 | 0.00 | 40 28.98 | 0.21 | 37 30.19 | 0.12
315|201 18 | 39 29.66 | 0.00 | 44 3093 | 013 | 39 31.00 | 0.00 | 47 29.24 | 0.21
3 (15|20 19 | 47 3045 | 0.09 | 43 30.61 | 0.00 | 47 30.54 | 0.09 | 48 30.42 | 0.12
3 (15|20 20| 41 28.76 | 0.05| 40 2991 | 0.03 | 42 28.40 | 0.08 | 39 29.06 | 0.00
3 (20|20 1 67 66.96 | 0.10 | 64 63.88 | 0.05| 66 61.70 | 0.08 | 61 62.44 | 0.00
3 (20|20 2 63 60.78 | 0.00 | 64 64.36 | 0.02 | 66 63.40 | 0.05| 63 64.53 | 0.00
31202 | 3 59 68.23 | 0.00 | 59 63.56 | 0.00 | 59 61.22 | 0.00 | 59 64.44 | 0.00
3 (20| 20| 4 53 63.94 | 0.04 | 51 63.64 | 0.00 | 57 64.89 | 0.12 | 55 64.72 | 0.08
312020 5 65 68.63 | 0.07 | 61 61.87 | 0.00 | 61 63.08 | 0.00 | 61 63.35 | 0.00
3 (20| 20| 6 61 63.56 | 0.00 | 61 59.28 | 0.00 | 64 62.75 | 0.05| 64 62.12 | 0.05
31202 | 7 60 61.53 | 0.05 | 58 64.67 | 0.02 | 57 63.47 | 0.00 | 57 59.87 | 0.00
31202 | 8 55 61.89 | 0.00 | 58 64.51 | 0.05| 60 65.02 | 0.09 | 58 60.47 | 0.05
3 (20|20 9 54 65.39 | 0.00 | 62 65.36 | 0.15 | 54 62.77 | 0.00 | 63 62.40 | 0.17
3120|200 10 | 65 61.98 | 0.08 | 63 60.20 | 0.05 | 60 63.05 | 0.00 | 62 62.50 | 0.03
3 (20|20 11| 61 57.81 | 0.03 | 60 58.42 | 0.02 | 59 61.46 | 0.00 | 59 62.38 | 0.00
3120|201 12 | 58 65.01 | 0.00 | 58 61.18 | 0.00 | 58 61.81 | 0.00 | 58 63.64 | 0.00
3 (20|20 13| 62 64.15 | 0.00 | 62 64.56 | 0.00 | 62 64.13 | 0.00 | 62 62.56 | 0.00
3 (20|20 14| 53 64.08 | 0.00 | 53 64.83 | 0.00 | 53 66.55 | 0.00 | 53 64.81 | 0.00
3120|201 15| 58 63.96 | 0.05| 55 63.37 | 0.00 | 58 65.19 | 0.05| 60 63.32 | 0.09
3 (20|20 16 | 51 63.62 | 0.00 | 60 61.32 | 0.18 | 62 61.89 | 0.22 | 56 63.97 | 0.10
3120|201 17 | 55 65.68 | 0.00 | 55 60.22 | 0.00 | 55 65.05 | 0.00 | 55 67.89 | 0.00
3 (20|20 18| 59 61.84 | 0.00 | 62 62.81 | 0.05| 62 63.21 | 0.05| 59 61.89 | 0.00
3120|2019 | 59 61.97 | 0.00 | 62 69.01 | 0.05| 60 62.68 | 0.02 | 60 62.36 | 0.02
3120|2020 | 52 60.69 | 0.00 | 52 69.53 | 0.00 | 52 62.06 | 0.00 | 52 56.72 | 0.00
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Table B.9. Results obtained by the Wilcoxon SigneRank Test comparing the objective values of the
ILS (perturbation P.2) for 100 iterations at various levels 4f

Measured Value | Values ofACompared | Sample Size Z-Value S|gn|f|i%nilyodc;f5f’e;rent at
ts (0.2,0.4) 116 -0.3733 no
ts (0.2,0.6) 118 -1.5898 no
ts (0.2,0.8) 119 -2.1692 yes
ts (0.4, 0.6) 114 -1.3614 no
ts (0.4,0.8) 101 -1.7717 no
ts (0.6, 0.8) 108 -0.7556 no
tft (0.2,0.4) 104 -1.3474 no
tft (0.2,0.6) 112 -1.1322 no
tft (0.2,0.8) 107 -0.2626 no
tft (0.4, 0.6) 107 -0.5299 no
tft (0.4,0.8) 99 -0.7085 no
tft (0.6, 0.8) 105 -0.5962 no

fmax (0.2,0.4) 127 -0.3489 no
fmax (0.2,0.6) 115 -0.2944 no
fmax (0.2,0.8) 117 -1.6414 no
fmax (0.4, 0.6) 126 -0.12® no
fmax (0.4,0.8) 120 -1.5242 no
fmax (0.6, 0.8) 114 -0.8793 no
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Table B.10. Results of the ILS (perturbation P.3) for 100 iterations and for the best combinationg of
and &for each objective.

Al &

M J T \ 0.2/0.1 0.2/0.05 0.2/0.1

ts time(s) RPD tft time(s) RPD fmax time(s) RPD
2 10 10 1 3 17.75 50 134 21.58 0 35 17.14 9
2 10 | 10 2 2 17.58 0 156 20.31 4 32 17.47 3
2 10 | 10 3 2 16.21 0 133 20.93 0 30 17.27 0
2 10 10 4 2 17.25 0 95 19.31 0 24 16.17 0
2 10 | 10 5 1 15.97 0 107 19.47 3 22 16.51 0
2 10 10 6 3 17.31 50 106 18.31 2 26 17.22 0
2 10 | 10 7 4 18.86 0 133 19.47 5 33 17.30 6
2 10 10 8 4 18.64 0 144 20.26 7 31 18.24 3
2 10 | 10 9 4 18.86 100 150 17.86 13 31 16.99 3
2 10 | 10 10 5 18.42 25 139 20.79 1 32 17.94 0
2 10 10 11 4 19.05 33 154 21.47 5 33 17.57 3
2 10 | 10 12 5 18.39 25 168 21.50 2 35 17.87 0
2 10 10 13 4 19.25 33 103 20.74 0 25 17.22 0
2 10 10 14 4 18.70 0 168 20.17 10 34 17.64 0
2 10 | 10 15 2 16.88 0 148 20.61 0 35 17.76 9
2 10 10 16 3 17.95 0 127 19.96 2 29 16.60 4
2 10 | 10 17 3 17.37 0 150 19.86 1 29 16.86 0
2 10 10 18 2 16.98 0 96 19.08 0 27 17.10 4
2 10 | 10 19 3 18.47 0 139 21.00 1 33 16.75 3
2 10 10 20 4 19.75 33 122 20.19 0 26 18.69 0
2 15 | 10 1 4 39.87 0 269 51.22 0 39 35.27 0
2 15 | 10 2 4 39.91 33 333 47.48 7 52 38.59 11
2 15 | 10 3 7 42.00 17 260 54.99 0 40 37.38 0
2 15 | 10 4 6 36.68 100 282 50.16 0 40 33.63 3
2 15 10 5 6 42.39 20 264 52.75 2 45 39.81 2
2 15 | 10 6 6 40.17 0 285 50.96 0 47 36.88 0
2 15 | 10 7 6 39.25 20 238 50.17 0 36 37.94 0
2 15 | 10 8 6 41.23 20 218 57.24 7 35 39.29 0
2 15 | 10 9 6 46.01 0 211 56.61 0 33 37.72 0
2 15 | 10 10 6 43.26 50 336 51.32 15 51 36.79 2
2 15 10 11 4 42.25 0 294 45.55 4 43 35.89 0
2 15 | 10 12 7 46.03 75 286 58.36 3 46 36.50 2
2 15 | 10 13 8 39.73 14 301 54.43 0 47 34.23 0
2 15 | 10 14 6 43.94 0 316 54.52 9 53 37.06 13
2 15 | 10 15 10 35.62 43 360 58.02 4 59 32.64 2
2 15 | 10 16 6 43.23 0 235 54.41 4 40 38.06 0
2 15 | 10 17 4 33.37 0 329 51.75 0 54 36.26 0
2 15 10 18 8 45.09 33 338 60.23 3 57 38.41 2
2 15 | 10 19 6 43.39 0 217 47.76 5 37 35.91 6
2 15 10 20 8 48.00 14 338 51.75 4 58 39.71 7
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Table B.10. Continued).

Al 4

M J T \% 0.2/0.1 0.2/01 0.2/0.1

ts time(s) RPD tft time(s) RPD fmax time(s) RPD
2 10 15 1 7 19.00 0 210 22.77 0 42 18.28 0
2 10 15 2 7 17.39 0 168 21.24 0 40 16.61 3
2 10 | 15 3 8 17.83 0 137 21.61 1 31 17.47 0
2 10 15 4 8 17.40 33 148 22.00 0 35 17.81 0
2 10 | 15 5 6 18.82 20 161 20.87 0 34 17.74 0
2 10 15 6 5 19.82 0 187 20.25 3 40 17.20 8
2 10 | 15 7 8 17.31 33 138 20.15 0 31 17.05 0
2 10 | 15 8 10 17.97 0 157 21.65 0 38 18.09 3
2 10 | 15 9 8 18.58 0 159 20.91 0 36 17.45 0
2 10 | 15 10 8 16.61 33 144 22.02 0 37 17.34 0
2 10 15 11 8 17.03 33 157 21.69 0 37 17.42 0
2 10 15 12 7 17.45 17 162 20.49 0 36 17.36 0
2 10 15 13 7 17.92 17 149 22.48 0 36 17.30 0
2 10 15 14 10 18.32 25 211 22.17 2 42 17.63 0
2 10 | 15 15 11 18.91 10 183 22.49 0 40 18.07 0
2 10 15 16 7 17.73 17 173 22.43 1 37 18.03 0
2 10 | 15 17 6 17.28 0 134 20.81 13 30 17.19 3
2 10 15 18 8 18.43 14 169 23.22 0 41 18.50 11
2 10 | 15 19 8 17.71 0 172 20.89 0 41 17.83 8
2 10 15 20 8 17.53 14 184 21.98 0 43 17.55 5
2 15 15 1 14 47.94 8 312 60.87 1 54 41.21 0
2 15 15 2 14 45.69 17 383 54.94 7 57 37.00 4
2 15 | 15 3 11 43.53 10 281 58.24 0 46 39.84 5
2 15 15 4 13 48.42 0 341 56.53 0 54 41.11 0
2 15 | 15 5 10 45.88 11 321 55.35 2 51 36.97 6
2 15 15 6 11 46.53 0 410 60.48 15 60 37.81 2
2 15 | 15 7 12 46.01 0 399 53.94 2 64 38.52 5
2 15 | 15 8 13 47.20 8 342 56.23 1 55 38.33 4
2 15 15 9 9 41.09 13 348 55.00 1 55 35.91 0
2 15 | 15 10 14 46.62 8 321 63.06 2 53 40.89 8
2 15 15 11 14 46.20 8 417 62.28 10 60 41.19 7
2 15 | 15 12 13 45.35 18 331 60.80 0 50 41.53 4
2 15 | 15 13 14 49.20 8 420 63.74 0 65 40.98 5
2 15 15 14 11 45.03 0 344 55.15 7 51 40.69 2
2 15 15 15 8 41.70 0 322 54.21 0 52 37.18 2
2 15 | 15 16 9 45.60 0 306 56.98 0 51 38.11 2
2 15 15 17 15 48.47 15 361 57.57 4 53 38.69 2
2 15 | 15 18 12 46.03 20 358 60.25 1 55 40.03 6
2 15 | 15 19 14 46.23 8 381 57.34 5 57 39.45 4
2 15 | 15 20 14 46.12 8 379 59.63 1 58 37.61 4
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Table B.10. Continued).

Al 4

M J T \ 0.2/0.1 0.2/01 0.2/01

ts time(s) RPD tft time(s) RPD fmax time(s) RPD
3 15 15 1 1 24.19 0 199 30.40 3 31 24.06 0
3 15 15 2 1 25.47 0 152 31.04 2 26 23.93 4
3 15 | 15 3 2 23.31 100 186 32.75 3 31 23.14 15
3 15 15 4 2 26.38 100 136 32.75 3 22 23.32 10
3 15 | 15 5 1 25.44 0 162 27.69 21 27 23.34 17
3 15 15 6 2 25.33 100 172 29.48 0 31 23.42 15
3 15 | 15 7 1 23.52 0 152 30.74 1 26 23.34 0
3 15 | 15 8 2 25.14 0 217 31.12 0 34 24.36 0
3 15 | 15 9 1 24.42 0 216 30.89 10 33 23.08 18
3 15 | 15 10 2 24.22 100 180 30.48 7 29 22.63 16
3 15 15 11 1 23.20 0 166 29.44 0 27 23.72 4
3 15 15 12 2 24.33 0 165 31.42 4 28 24.71 4
3 15 15 13 2 26.42 100 184 27.25 6 28 22.71 4
3 15 15 14 2 25.86 0 197 27.97 6 33 24.16 6
3 15 | 15 15 3 23.85 50 153 33.36 4 28 23.33 12
3 15 | 15 16 2 24.87 100 162 31.06 0 26 23.03 4
3 15 15 17 2 23.52 0 185 35.84 1 31 23.46 7
3 15 15 18 1 25.54 0 152 30.43 2 24 22.52 9
3 15 | 15 19 3 23.25 200 181 33.56 6 27 24.20 4
3 15 | 15 20 3 26.83 200 149 31.14 0 26 23.65 0
3 20 15 1 4 57.55 100 303 71.11 0 41 45.72 8
3 20 | 15 2 3 59.44 50 207 74.25 0 29 41.28 0
3 20 | 15 3 3 50.99 50 329 67.27 0 39 44.49 0
3 20 | 15 4 2 54.65 0 282 69.38 7 37 43.45 9
3 20 | 15 5 3 59.85 50 360 73.32 7 39 44.60 0
3 20 | 15 6 3 57.95 0 315 74.06 0 42 42.05 8
3 20 | 15 7 4 54.05 100 370 70.99 6 51 46.50 21
3 20 | 15 8 3 52.27 50 235 70.50 7 30 46.56 7
3 20 15 9 4 59.47 100 258 75.87 4 34 45.36 6
3 20 15 10 4 54.89 100 289 74.42 17 37 46.31 19
3 20 | 15 11 3 60.58 0 256 67.63 0 36 45.68 9
3 20 | 15 12 3 55.81 0 334 65.96 0 43 44.23 5
3 20 15 13 4 60.42 33 344 72.57 7 39 51.45 0
3 20 | 15 14 3 52.37 50 292 67.03 7 36 44.12 0
3 20 | 15 15 3 68.07 50 236 66.53 0 31 41.86 0
3 20 | 15 16 3 50.36 0 308 60.45 4 37 44.38 6
3 20 15 17 2 48.57 0 245 65.25 0 30 44.41 3
3 20 | 15 18 4 52.89 33 371 71.00 2 43 43.81 0
3 20 | 15 19 3 63.28 50 324 64.17 0 44 46.07 7
3 20 | 15 20 4 57.60 100 284 61.81 8 36 41.18 6
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Table B.10. Continued).

Al 4

M J T \ 0.2/0.1 0.2/0.1 0.2/01

ts time(s) RPD tft time(s) RPD fmax time(s) RPD
3 15 20 1 12 28.55 9 274 35.92 8 42 24.96 5
3 15 20 2 7 23.47 40 208 33.97 16 31 24.44 0
3 15 | 20 3 11 24.54 120 194 30.42 4 32 25.36 3
3 15 20 4 10 26.37 11 155 33.61 0 37 23.84 32
3 15 | 20 5 9 26.44 0 225 3451 0 34 25.25 0
3 15 20 6 10 26.11 11 183 30.50 0 34 24.36 10
3 15 | 20 7 5 26.04 0 205 31.27 5 37 25.03 12
3 15 | 20 8 9 27.67 13 249 33.47 2 42 25.83 5
3 15 | 20 9 10 23.76 43 205 31.98 15 29 24.07 0
3 15 | 20 10 10 27.00 67 206 36.97 0 40 26.45 11
3 15 20 11 10 27.33 43 240 32.55 9 37 24.81 3
3 15 | 20 12 7 24.34 40 193 31.52 16 28 23.14 0
3 15 | 20 13 6 23.39 0 189 31.24 3 30 25.05 0
3 15 | 20 14 9 28.78 0 224 34.39 5 35 24.95 0
3 15 | 20 15 9 23.84 13 247 33.15 7 36 23.98 0
3 15 20 16 8 24.97 14 216 34.34 0 34 24.41 0
3 15 | 20 17 9 25.37 80 186 31.36 13 29 23.22 0
3 15 | 20 18 9 24.93 50 177 32.90 5 32 23.56 0
3 15 | 20 19 12 27.34 71 246 30.29 3 39 25.95 3
3 15 | 20 20 8 24.34 0 195 35.70 0 33 23.92 14
3 20 | 20 1 17 65.20 21 448 80.02 3 55 48.56 10
3 20 | 20 2 14 56.75 27 391 80.84 1 49 50.14 4
3 20 | 20 3 13 58.78 8 367 75.93 2 46 49.30 2
3 20 | 20 4 17 61.76 31 357 79.80 6 39 47.93 0
3 20 | 20 5 14 60.12 0 399 78.64 0 55 51.80 12
3 20 | 20 6 15 62.13 25 451 76.67 0 53 46.84 2
3 20 | 20 7 12 52.83 9 413 69.68 8 46 48.21 0
3 20 | 20 8 15 57.61 25 374 76.84 5 46 51.03 10
3 20 | 20 9 16 54.89 14 422 74.55 15 50 52.92 9
3 20 | 20 10 13 62.20 30 366 80.11 0 49 49.95 9
3 20 | 20 11 10 54.08 0 374 82.11 0 48 46.50 7
3 20 20 12 12 59.84 9 338 80.32 2 44 51.22 5
3 20 | 20 13 15 55.01 36 429 73.56 9 48 49.40 2
3 20 | 20 14 13 58.71 18 330 77.38 0 44 49.17 0
3 20 | 20 15 15 56.77 36 370 78.60 6 49 49.10 9
3 20 | 20 16 13 55.93 18 376 83.63 7 50 50.64 6
3 20 | 20 17 13 57.29 8 393 82.31 5 50 53.58 6
3 20 | 20 18 13 54.94 18 362 80.19 0 43 48.70 0
3 20 | 20 19 14 57.28 17 424 79.39 3 48 53.10 7
3 20 | 20 20 13 53.45 18 390 79.58 3 49 48.41 0
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Table B.11. Results obtained by the Wilcoxon Signétank Test comparing the objective values of the
ILS (perturbation P.3) for 100 iterations at the best levels.d4énd 4

Pa[arrleter Values of Significantly

Measured Value . .(A/ ?) Compared Sample Size Z-Value different at

Combination with Parameters *p = 0.05?

lowest RPD Compared

ts (0.2/0.10) (0.2/0.05) 92 -0.3563 no
ts (0.2/0.10) (0.2/0.25) 92 -4.1022 yes
ts (0.2/0.10) (0.2/0.50) 117 -7.2755 yes
ts (0.2/0.10) (0.4 /0.05) 92 -0.919 no
ts (0.2/0.10) (0.4/0.10) 93 -1.4522 no
ts (0.2/0.10) (0.4/0.25) 105 -6.0771 yes
ts (0.2/0.10) (0.4/0.50) 120 -8.1591 yes
ts (0.2/0.10) (0.6 /0.05) 100 -2.4825 yes
ts (0.2/0.10) (0.6/0.10) 96 -1.7047 no
ts (0.2/0.10) (0.6/0.25) 111 -7.1144 yes
ts (0.2/0.10) (0.6 /0.50) 129 -8.6445 yes
ts (0.2/0.10) (0.8/0.05) 93 -2.8909 yes
ts (0.2/0.10) (0.8/0.10) 94 -3.7125 yes
ts (0.2/0.10) (0.8/0.25) 108 -6.8843 yes
ts (0.2/0.10) (0.8/0.50) 127 -8.8415 yes
tft (0.2/0.05) (0.2/0.10) 122 -1.0897 no
tft (0.2/0.05) (0.2/0.25) 128 -2.6671 yes
tft (0.2/0.05) (0.2/0.50) 132 -6.6253 yes
tft (0.2/0.05) (0.4/0.05) 119 -1.9252 no
tft (0.2/0.05) (0.4/0.10) 121 -2.1081 yes
tft (0.2/0.05) (0.4/0.25) 123 -4.2214 yes
tft (0.2/0.05) (0.4 /0.50) 122 -7.0275 yes
tft (0.2/0.05) (0.6 /0.05) 114 -3.1653 yes
tft (0.2/0.05) (0.6/0.10) 126 -4.2621 yes
tft (0.2/0.05) (0.6/0.25) 128 -5.7135 yes
tft (0.2/0.05) (0.6 /0.50) 132 -8.2652 yes
tft (0.2/0.05) (0.8/0.05) 123 -1.8854 yes
tft (0.2/0.05) (0.8/0.10) 121 -3.6859 yes
tft (0.2/0.05) (0.8/0.25) 125 -6.3483 yes
tft (0.2/0.05) (0.8/0.50) 132 -7.7144 yes
fmax (0.2/0.10) (0.2/0.05) 95 -1.2398 no
fmax (0.2/0.10) (0.2/0.25) 105 -4.2869 yes
fmax (0.2/0.10) (0.2/0.50) 117 -7.459 yes
fmax (0.2/0.10) (0.4/0.05) 96 -1.9879 yes
fmax (0.2/0.10) (0.4/0.10) 106 -2.1354 yes
fmax (0.2/0.10) (0.4 /0.25) 105 -4.9806 yes
fmax (0.2/0.10) (0.4/0.50) 125 -8.2271 yes
fmax (0.2/0.10) (0.6 /0.05) 100 -2.8297 yes
fmax (0.2/0.10) (0.6 /0.10) 97 -2.9631 yes
fmax (0.2/0.10) (0.6 /0.25) 109 -5.5839 yes
fmax (0.2/0.10) (0.6 /0.50) 121 -8.5073 yes
fmax (0.2/0.10) (0.8/0.05) 101 -2.5898 yes
fmax (0.2/0.10) (0.8/0.10) 109 -4.6966 yes
fmax (0.2/0.10) (0.8/0.25) 117 -7.0593 yes
fmax (0.2/0.10) (0.8/0.50) 124 -8.7877 yes
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Table B.12. Overall results of the MIP modeaind the ILS methods for SSRPM -| given a computation

time limit of 600 seconds.

x
Ssla|d|lo|ls|v|lo|ld|lo|lo|la|ld|vw|w| || |o|lo|lvn|o|l|lo|lw|o|lolv|r|lulvlo|lo|lw|d|w]|o|lon|o|la|o]|wo|m
clo|lo|®|d|N|[d[o|d[d|o[o|bdd|o|o(d|d(d|o|d]|o|F|F|0|F|F [0 |D|(F|(F|F|F|D|[F|0[0O|0 |0
=

™ s|lolo|lv|g(s|r|lwiolr|lo|lo|lo|lg|lo(s|lo|r|N|[|lw|jo|lo|ld|lo|lwm|lo|dg|lo|la|rN|lo|ldls|o|low|lo|lolo|o

leg|lo|b|o|lo|o|lo|ld|d|m|o|f|l0o|lo|V|(S |V |6 |m|N O|lN|W| oWl M|lo|d|lo|lo|KR|lo|lo|F|N|@|® 4|

Ptlll L T I O I T O O O I O I O IR T I O O O O O O I | A | A || N O N|N|N|N[N|N| N[NNI N OIN M I N[O|M|N|™
gla|la|ln|a|ldla|d o ||ttt |o |t |o|ldfo|o|[dg|F|o|w|vw(fwvw||L|O |||t |~|[W|0|O|F|~|©]|©
<
Sla|dg|lo|ls|lv|lo|ldg|lo|lola|lar|w|ls|v|lo|o|lo|la|~m]|]|lo|lojlo|lm|lo|ld|lnrm|lolo|lo|lojla|d|lo|s|S]|o|o |~
clo|lo|d|d|d|[d[omd[dlolo|lo|d|o|o|(d[d[o|d||[F|F|TF|FT|D || 0|0 |[®|O(F|D|L|W0|0|F|W0|O|F|wL
£

~ t|lo|lg|w|g(r|rclolo|r|lo|lw[lo|lw|l|lo|ldlo|M|lN|jlolr|d|lo|lw|o|ld|lolo|la|TS | w]|Oo|ld|lo|w|[w|o|0]|m®

adlE|® | |a|lo|o|lo|N|® |00 |00V |F|d L6 |®|N oo~ |W|lo|w|ld|lo|loglog|ld|d|lo|lF|lo|d |V |N|@
Bla|a |- AldA|d|d |G |d|A|A|[A | A A | A |~ dld||N|o|ld| N[NNIV |@d|d|[o|@d|d || |[m|N|o
gl || [dla|d| ||| T[T TS| N]|o|wo||o|o||w|v|jo|lo|w|o|Oo|LW|W|[W|[W|O|~|O|O|O|T|~]|© ][
<
Sslw|lo|lolgs|lvn|lo|lo|lold|lo|lo|vu|vwlo|jlo|lolo|~r|s|o|l|lo|lm(o|lolv|rv|lojlv|s|a|lolr[o|jlv|lo|ld|lwin~]|~|o
clo|o|d|d|N|[d [ [Glold|d|d|d|[F |0 (O Jd[N|d|Q|[o|w|F|F|F|(FT|O [0 |[D|w|(F|T|W|W|O|< |0 |w|™m|[O
£

— s|lo|lT|w|t|o|r~N|lo|lo|/o|la|lo|lo|lw|lo|lolo|w|a||lod|lo|ld|lo|lw|lo || d|lo|lajlolrlo|T|o|o|©|0]|x0

aclelo|v|a|lo|ag|S|d|le|B|o|f|o|lo(X|F|(N|BO|d|[F|N OC|lm|o|lo|w|lo|g|lo|d|lw|lg|ld|d|o|N|d|A|WY | N|®

P =i Ala|ld|d|d|d|Aa[a(alad|la|d|d|d]|a|ad|l|d]|O N[NNIV |N|N|N|[d|[O[N|m|d ||| |o|[N|®
glojlala|ola|t(w|t(m|wbv|t| (ot |o|s|o|m|s|[t|ojo|w|o|~L|~I~|T |0 0|0 |00 w|~|©0|w®
Sla|laglolt|a]|ola|lolo|la|la|lv| v |s|la|lo|lo|lo|lalollaln|a|la|t|o|v|t|w|lo|lo|t|o|o|lo|lo|mw|w|w]|s
clo|lo|®d|ld|N|d[o|d[d|olo|@d|o|o(d|d(d|o|d]|f|(F|F|F|(F|F|[o|o|o|F|(F (T T |F|O|[F|W[0O|™ |0
=

o s|lo|lo|lv|g| sl iolr|lo|lw|lo|lo|lo|ls|w|lo|r|lN||lvin|lolwm|lo|low|lo|lw|d|o|lo|dg|la|ls (|||~

|||t |M|lo|lo|lo|lv|D|O|m|F|o|@|vV|F|N|TF|d|m|N ~|d|leN|w|lo|F|lo|ld|lolr|lo|lo|lo|w|T| oo 0|y

S|F A= |- Ald|d|ld|Ad|d|A|A|A | A A | A= |- N|om|ld|lv|N[N|d|d|[d]| OO || |[q || || ™
gl ||V [dlN|[ds|o|ld|o|o| gt |o|ld|ooflloo(vjlo|dg|s|T || T[T w|T|O|FT|®™|w0|[< W

dla|lm|gs|vw]jo|~|lo|lo|lo|d|lN|[m| s |w|fo|~Nlo|lo|lofl|ld|ld|m|ts|w]|Oo|~|o|lo|o|dlN|m |t |B]|O|[~|0|l]|O

| A | A A | A | A | A | A |[A || N | A (A |[A | A | A |[A|[A|[A || N
o|lo|lo|lo|o|o|o|lo|o|o|o|o|lo|lo|o|o|o|lo|o|o||o|o|lo|o|lo|o|o|o|lo|o|o|o|o|lo|o|o|o|o|lo|o
A | A | A | A [ A | A | A A A A | A | A | A | A A [ A | A | A | A|[| A | A A|[A|[A| A | A | A | A|[A|[A| A | A | A|[A|A|A| A | A |[A
o|lo|lo|lo|lo|o|lo|lo|lo|o|o|lo|lo|lo|o|lo|lo|lo|lo|lo||lwiv v v WL WL WLILIWLILLI WL L|WL|[WL|W|WL|WL
A | A A A [ A | A A A A A | A | A | A | A A [ A | A | A | A|[| A | A | A|[A|[A| A | A | A|A|[A|[A | A | A | A|[A|A|A| A | A |[A
RN R S L S R S R S S S S R SN S S G S S R L S S S S R S S R S S S R S R K K RS

Ix



Appendix B.

Table B.12. Continued).

x
N[ | DWW ([N |[DdINMNO(N[(MN[O[O([N[O ([N |[OD ([0 SOl (S [([R[([O|Hd WO |WLIOC[OIIM|DN|O[0 (O |[N |[LWO|N
g O MM o Mo m 0 oM || M M0 || < | W F(L|O ||| IWIITF|O|IT || IF | WO |WL|W

=
™ O |0 ||| d[ld [0 ||| KO M®M|AN|O [0 |N | IO | S| d (LM |N|]O | O IN| || N|O O INIM|D
lE([d|lO|M | FS[O[0| OO || |L|O|FS|([O[0|~|H[O(NN]|O QO |V (T (AW (ST (I [(DA(N[VW (N |[Dd|IN[O (S (WO |[D (R
o A N i — - i - — - i i i i — N — — — — — — ™ [$2] N ™ [s2] ™ ™ ™ ™ [32] ™ [32] <t [32] [32] ™ [32] ™ [$2] ™
QA l~|lO |~ |© n (o | o N~ | © [~ © | O [~ |~ |~ M O |N IO | N | M ™| M| - | N[ < | O™ |m
A ol - © |0 © o D I I T I O I R O I O I I O | @© | [ © | @ L B R R B R |

x
C | N | O[S |0 |d | [O (NN ]O]|O | N |[d[00 (|0 |0 | VIO |d| MOl | |N|O | O NI |D|WOH|[K| MN[0 | N
E(T| O MO Mm IO M MO M OMm 0O |35 0| N0 oM 0N |O |0 |O© (WL |V |O || [ |O|L ||| WL |

—
N O |0 ||| dID|IK|D|IO I INID|INEIM|O | OO |N | LM | d O[O0 |0|O | FTI NI |IIFT|IIT|OD|O | |[O|O|OD
TE | Jd|O M| S |O |0 MWW |Ww|w|o || O ||| |O© || N || OIMIN|OO | ]|O | NINMM|N|d| N |d|© (0|0 |
O FP|lN|d|ld|da|(ada|lda|ld|d|lda|d|d|a|a|R|a|d]|d|a]|d|4 MO O oM Mmoo O O M SO F o o o mmom|m
al~NlO(MNIMND|O([O|©CQfO|N~N|O|O|[O|O [ |© (WO |||~ NI N|AdAMo|d| M| | MOILOLINIM|A O |0 |WO|(HA|M| I
- i i i i i i i i i i i i i i i i -

x
C( M| o |O© | W((N|d | d (AN |IN | [O | N |[dA(N | S| (A m S| dS (A (SO O d MO0 | N O MO0 |V
ET| O OO MO I FT|IO T O FTION0O0F|I T 0O 0 F |3 (3 N |O |0 |v(W|[O©C|O|WL|Ww|Ww[O (L |M~|W ||| W|(W|O|Ww

—
- O | Y |0 (O (D||d|O|IKMIN[D|TA |1 MO 0O | T[N |N VM T FS[(O([O©O|D|N || |[H[[O|M|O|d|O | ™M|O|N|N
N | A |[dA (A | A | A [A | A ]| A | A [A| A | [N ||| ||| N OO O MO0 M OO0 O M SO T O O o MmO om|(F | m
No|ojlo|ldjlo || |Nfo |0 | ®|N~|[WW|O|[O|©|WOW]|©|0]|® MO M| d ol N|IN || MMM N|O|o | O ™M || | I
i i - - i i i i i «— i i «— i i i i i i i i i -
ﬂ N | |d | | S [H|IN|O| O[O | N|O || (|0 0| O | O | 0O 0O|d|Ww|Ww || NI |IdAG|L| o |d|0 | (W |~ |Oo
c|¥[OfOofoOo oMM o Mo m 0 oM || ;M N[mo0|S || < |1 F|([O©|O || |W(W(W|O©|WL ||| W|[W|WL|O

=
o N ||| | d[ld [0 ||| | MO0 M| AN |- [0 |[N | N|IoO|w| i ol |ld|lO || [0V ||| |(00M| W0
= |lE|ld|lOM|s|©|O0[®M WL | WL |JTIWL[IOC ||| [~|N|O©]|N/|[© O ||| ¥ Ad([F|O | IF[|IIT|QV IO |d| N || M |O©|©0
> e N i i - i - i - i i i i i N — - — - — — ™ [e2] N (s2] [a2] (s2] [82] (s2] ™ ™ ™ ™ <t [a2] [a2] N ™ ™ ™ ™
%] o | O — O |- |- - || O — - [ -
MO |]O|O |O|WO|OC | |~|LO|O©|O©|O© |0 |0|O© |LO|O©]|MN~]|MN 219 [e2] 4 [ce] gig|ld © J139 | O |~ |~ 3 » J1g
A (N[ g [w|[fOf~M|[O|[®|[O|d(N[M [T (WO [O©(NN[O|[D O A |l N|MO | T LB|]O|MN|O|O|O|dA[N|M | |O|O© |00 |O
- i i i i i i i - i N - i - — -l —l i i — - N
w|Iw|Ww|Ww | W |(Ww (W |Ww|Ww|Ww | (W (W |W|W |0 ||| O |Ww|(Ww|Ww(Ww(w|w|Ww|Ww W (W (W |W|W|W | W |(W|[WL|Ww
- i i - i - i - i i i i i i i i i i i i i i i i i i i i «— —l «— —l «— —l —l «— —l «— —l -
oOo|jlo|jlo|jlo|jlo|lo|lo|lojlo|jlo|lojlojflo|lo|j]lo|lo|o|o|o©o|oOo O |w|(Ww|Ww (W (W |Ww|Ww|Ww W (W (W |W|W || W |(W|[WL|LWw
- - - - - - - - - - - - - - - - - - i - i i i i i i i i «— - «— - «— - - «— - «— - -
NN | N | N N[N [N |N|N NN N[N |N|N N N[N NN N | N | N | N[N [N N | NN N N[N |N NN NN NN N

IXi



Appendix B.

Table B.12. Continued).

x
Clo|lO((~|[d (MO (WO |[d |0 (W (WO |[O©|[0[M|[WIO (N || I~ dfMOINN[M|[0O(d[MIOf0 (S|[OSO (M O (AN
E|MINNN N NNO| NN |N NN NN NN NN MO IN [ T O FT[O|IFT|I N O OO OO N O N T ™

=
o™ || O | d | S (NN | |WOV|O0 |V IOC(F ||| | O (0 || ol |o|LMIM|S|0|O | M ICITO|IN|INN|DD|MOM N |YS|OD
rlElO| |0 ~MN S| Dd|0O([O|LLIO|IN~NINMNIH|S|0 (S (0O SlolN[O[MI[OWH |[Hd WL (WLI~IMIN[O[MIO [T (MW
o A - i i - — - i N N i i i i i — — — — — — ™ N (2] N [s2] ™ [32] N N N N [32] ™ N N ™ N ™ [32] N
QA |A A A | A | A A | A A | A O |dA|[dA | [ | A [N ||| N[ MO MO N NO N NIOM N[N |NOMO[N|N|N | N[N |N |~

x
C|lN | O[Ol M| OO NI[N|O|d| MO N[M |0 |O |d niNlldlo|I~NMNfO 0O || A (d|dA|d O (N|H|]O© | OO0 | N
EMI N M NN M| N F|TO O NMOO| N oMo o0 om0 B IS0 T o I I S A o O I~ I I o 2 B o B S o I S o S B S R TO R B A

—
N OM| YO |d | SV ||| | F(H(MM]|O ||| (N (WO | N Ol | ¥ |WLA(MN IO || [0 [O|d| M| N | T |00 || N
TlE (DA IN[OILIO IO N IS HA]O0 |0 |0 |0 |0 | |N~N|O |00 |00 |~ O ||| N|(H (WO | |0 |O|d [ [O0|O0|AN || N |0 ™M
O FP|lN|ld|ld|d|d|d|ld|N|N|A|[d|d|[d|R|A || |4 |H MO IN O MO T OO NN OMHOMMHO MO O N MmO M SsS|[o;o|om
LIOO N |IT|IN[([F[O]O T T[N TN [T |0 NN~ IN SN O|N]|]O N[O |IN]|]O|]O || |00 | W0

x
C || O NIM|O|O | SO (Hd|[O|0|O | M [N [0 | |[~]|N~|WO NI |0 | 0O W[ |d| |00 (0 (W |d|® |0 || (™m0 | N
EMNIM® NN NN ®O O O NN OO 0 |0 NN M MO N[ T | O FT(OIOLIONO OO0 M| IO O/ (3 (93| <

—
— |0 | 0|0 ©OfMIM|0O0|O |0 |O© IO (DI |DD|0 | |[O© || OIM| oM dlM|O || OO MOl |O0O|N|O |V | WD |JF | d
N | [ [A || [A | NN |A[A| A | A A |[A | A | A [A| A | MO N O NOMO O NN OMHmOMOHO O NN oo O O[]
LIS (N[N |HA [ N[N|N|N([TF[O|O|N|®M N[O | N |A|™M|N N |~ O N | T || T O[N] MO | N|O ™M |N|WO
ﬂ QO | |d | d [N~ |T|O | |O© O[O0 M|W0n | (AN |[O©|© N | Q| ([ d[|d |0 |0 | SOOI N|DD N M OO |N|Wn
E|MININ NN N N[O NN |N NN NN NN N[N N MO IN [ SO FT[O|FT| O OO ®MIF|IT OO0 | S O[T ™

=
o Nl MO0 N0 IS IN(F(O|IN|O0|® |0 |(O|d| M N[O |IN|IMNIOIOL|IO[Ad (AN | IN[A|ITST| OO (M || O
= |E|l0|II (MO |O|I~MNITIT [ Ad]|OO|O (OO |N~N|N|(S|N|WOL|O|(S M |d | N[O MM N |W0|W|WwI[OINIM|~]O | N MmO |I| O
S| |A|A A A A | A | A | N|[A[A[A | A | A | A | A | A A ||| A MO IN| O N[O O | NN NNfOOoO| NN O N[N
B A|ldA A A | A A A | A | A |[A O | A | A | A [ A | A | A | A | [ N[ [N |N | N[ [ N[N (N[N |N [N NN Ao
A (N[ g [w|[fOf~M|[O|[®|[O|d(N[M [T (WO [O©(NN[O|[D O A |l N|MO | T LB|]O|MN|O|O|O|dA[N|M | |O|O© |00 |O
- i i i i i i i - i N - i - — -l —l i i — - N
w|Iw|Ww|Ww | W |(Ww (W |Ww|Ww|Ww | (W (W |W|W |0 ||| O |Ww|(Ww|Ww(Ww(w|w|Ww|Ww W (W (W |W|W|W | W |(W|[WL|Ww
- i i - i - i - i i i i i i i i i i i i i i i i i i i i «— —l «— —l «— —l —l «— —l «— —l -
w|Iw|Ww|Ww | W |(Ww (W |Ww|Ww|Ww | (W (W |W|W|Wn ||| o|lo|lo|lo|lo|lo|lo|lo|]o|lo|lolo|lo|lo|o|lo|l©o o |Oo|O
—A | A [ A [ A | A | A A | A | A | A |[A| A | A |[A|[A | A | A |[A| A | A N | N | N | NN[N|N|N|N|NN[N|N|N|N|N N[N NN
MO O MO HOmMmMm O O M0 Mo MM M0 M0 M Mm(m(m|om M MOMMmO MmO oMo M O O MmOm o MmOm O O Mm(m| ;| om

Ixii



Appendix B.

Table B.12. Continued).

x
d|ld|lolo|ld|f|d|@|le|le|lvula/rlojle|Ir|e|rlo|leldl|lo|lo|f|d|o||@||lv|lv(r|loa|lo|s|lv v iolo|x|w
clt|N|O oo |ood|dlo|lo|ld|d|m oo ([dlo|o||lf|F || |FT|D|F (ST (T[®|F|TF | |F|F|F ||+
E

™ ~Nlo|lolm|lo|la ||l (s|le|o|s|o|d|lg|le|lo|le|s|d|l|lalo|lold|lo|la|dld|vw iog|s|e|v|a|o|~rT|® oo

e |t |KN|o|o|Q|lo|old|o|lo|d|o|[o|d|@®|olo|o|ld|o||lo(N|le(f|Q@|w|l|lvu|FB|IN|IR(N|IF[(ST|IN(N|Q|R|®

L F|d|d|ad|d|N|add|N|ad|Q|N|d|d|N|Nd|J|ad|d|N|[qQ||[F|[o|@d|O|F|F|[O|@|d|d[o|bd|F|d|O|m|o|[m|o o™
%) ~ [~ ~ | o © ~ o[~ |~ |~ ~Nlol~l[Ss N d|o|lo|o Jd|lo|lalo|ln|d|ln|a|o|lad|x |0
2190w @ @ © N © Jla|a S| |s|2q|q|q|S|ala|lq|q|s|sa3)=
x
B|lolr|w|lo|dldlo|lv|lw|ola|dlvw|d|lf|N|Y|[e|o|le||d|le|@|ld|d|ld|w|s|o|d|leo|o|la|o|x|®m|oN|w| o
c|lF|o|o|o| v |t |[TF|f|o|@|F|o|o|F|F|F|O[d|F|o||lofbd|O|w|[0|O©|[B|W|F|O[B|O|O ||| |DO|[O|W|DO
£

o~ olw|n|lo|ler|vlwiocloB|dw|vw]|a|lo|o|lagjlo||lo|lo|lo(d|le|r|lo|lajlo|d|lo|lo|x|ola|ln|le|lo|d]|

gl 9] R |w|lo|lf|o|o|lo|w| o |dlblo|lF|IK|d|lo|d||o|o|9|lo|fF|e|F|T|F|X|9 | |R|@R|[C|(d|o|q ||

O TN N|[d|d|d|d|N|d || [ad N[N ||| |V ]|[F|F|[F|F (ST TS| || |F|Od|od|s|®|S| S|
g|ld|lo|~|lo|o|d|lo|lo|~|Q|lo|o|~|d|o|o|lo|~|d|o||wi~N|wlo|~N|wB|[O|o|lo || [w]|O|N~|N~IN|W|WL]|©O

— — | - — — A [ || A A | A | A A A | A | A A A A A A A A A A A A
x
s|wlo|lolr | g (w|s|la|x|lovw|iololg|le|la(d|s|(e||l@log|v|a|d|lajle|lv|io|rn|lo|o|r ||| o]0
clf|o|®d|o|d|loo|gF(O|o®@dO®O 60|00 |F|F|F|0|O|B|F|D|L|IF|F|T|T|FT|O|IO[SF|F|O
£

- ol |w|lo|d|lo|olw(io|lr|o|n|og|lor|lo|lo|r|lo|lo||lvuld|s|(o|la(r|viv v io|s|o(vw|d|(d|o(o|~|w]|o

alelcloe|ldls|g|e|Q|lwlg|gd|T|lelog|T|dlole|F|e|llw|IIn(|le|lg|d|lv|®|d |||l (f|R|I5|R(o|2|D

N[d|d|d | |d|N|dN|d|[d|dd|d|d|d|ld|d|lq|d||F[F|om|[o|o|F|F|O|d|F| o d|a[d|m(o|F (o™
glolv|d|lo|ld|a|~|[dlo(~|[dl~|lo||d|O|lo|Q|lo|jo||[f || T|N|d|N NN d[O(L|IN|lN|O|Ww|N|T|T
— Lo I I B O B I | — - L | - A [ | A A A | A | A A | A A A A | A A A A A A A
Slola|lalalolalalo|r|lalelr|alalole|le|o|n|lallar|o|s|lalslzs|o|olelelo|s|w|lolela|lo|e|o
clf|®|m|o|olao|F|lv|wlojldfoolo|®|A([d|o|(o||O|w|F|v|O|wv|(7|F|(D|O|(IF|F|w|b|F|F|w|[F|F|<
E

o ol |vwiolola/r|lviv|lo|log|lw|je|lo|lo|d|lo|o|lv| vw]||le|la|olo|lvlr|lo|ldlo|lo|t|la|d|lo|ld|loln|lo|x|o

Sle|lo|lo|@ || d|o/lo|d|lE|d|® |V 0| d|d|d|BK|dlo||B|lN|la|lo|lg|le|@|le|(d|la(r|d|ld || |22 |R|D

S|F|d|d|a|d|N|ad|N|d|ad|dN|d|d|N|N|N|d|[d|N|[d||[f ||| F|F|FT|o|o|t|@|o|d|lg|d|o|o|F|[F|F|F
ai~|vis|tlo|ofs |~ L[|t L |(L[O|L T |(W|[O|W|[lo|~0 g o|®|0|® 0 |FI~|N~~|o |~~~ o]~

dla|om|t|w|lo|~|lojlo|lojd|layjo|tw]|o|lr|o|lo|lo||ld|la|m|t|w]fo|~|lojlo|lo|d|la|®|t | w]|Ool~N|®O o]0

L B e N O O R O T I I IR R N O I IR B IO\ | Lo B I I I O R O I I O R O I IO I B O B IO\ |
olo|lo|lo|o|lo|lo|lo|oc|lo|o|o|o|o|lo|o|lo|loc|lo|lo||lo|lo|o|lo|o|lo|o|lo|lo|lo|o|lo|o|olo|lolo|lo|lo]|e
RO QA Q|| QN[N |Q|Q ] |Q|Q|| Q| Q|| |QQ|Q|]|Q[N|Q|N|Q|Q|Q|Q |
V| v v v VL w|ww|wlw|w|lvw|v|iw|wv||lojlo|o|lo|o|lo|o|lo|lo|lo|o|lo|lo|olo|lolo|lolole
Ala A (A dd|d|d|d|d]|A || A |[A A ]A|A A ||| Q| Q| QAN |N|N|Q|Q|Q|Q|Q|A[Q[Q|Q|Q|Q|Q
oo ololololo|lo|lolooooloofofo|lo|lojl|lo/loo/ooolololololo|lo|ojo(o[lo[o|o|o]|o0

Ixiii



Appendix B.

Table B.13. Overall results of the ILS methods for S®PM -1l given a computation time limit of 600

seconds.
P.1 P.2 P.3

M J T \% sw D

ts tft fmax ts tft fmax ts tft fmax
4 40 60 1 | s 43 1196 93 48 1390 104 47 1205 93
4 40 60 2 | s 49 1198 90 55 1378 120 45 1168 94
4 40 60 3 | s 36 1113 95 50 1413 117 44 1194 93
4 40 60 4 | s 42 1107 95 53 1293 115 40 1162 94
4 40 60 5 | s a7 967 92 49 1200 112 43 1004 90
4 40 60 6 | s 51 1051 89 52 1214 91 51 1064 88
4 40 60 7 | s 40 962 76 53 1230 90 44 1002 82
4 40 60 8 | s 39 1496 99 52 1645 126 46 1352 99
4 40 60 9 | s 37 1102 106 51 1406 117 45 1096 95
4 40 60 10 | s 42 1240 101 56 1503 132 35 1285 98
4 40 60 11 | s 43 1216 94 54 1367 121 42 1181 92
4 40 60 12 | s 41 1154 92 49 1410 121 40 1154 90
4 40 60 13 | s 47 1272 97 53 1503 127 46 1253 97
4 40 60 14 | s 45 1270 96 54 1489 124 50 1270 100
4 40 60 15 | s 44 1098 89 52 1236 107 42 1128 89
4 40 60 16 | s 45 1219 93 55 1437 113 47 1251 98
4 40 60 17 | s 45 1155 78 42 1301 107 45 1155 89
4 40 60 18 | s 51 1244 93 53 1385 113 41 1244 93
4 40 60 19 | S 43 1054 96 49 1304 114 39 1054 98
4 40 60 20 | S 36 1291 105 52 1640 134 50 1395 99
4 40 60 1 | d 349 | 8228 555 | 306 8760 559 | 323 | 8228 555
4 40 60 2 | d 363 | 7322 389 | 296 7651 449 | 326 7322 394
4 40 60 3 | d 384 | 8817 555 | 317 8951 552 | 328 | 8817 552
4 40 60 4 | d 352 | 8075 486 | 283 8453 494 | 306 | 8075 494
4 40 60 5 | d 347 | 7996 540 | 293 8396 540 | 324 | 8274 540
4 40 60 6 | d 336 | 6882 511 | 293 7262 523 | 320 7019 489
4 40 60 7 | d 378 | 7428 446 | 292 7685 494 | 317 7355 470
4 40 60 8 | d 341 | 7148 402 | 290 | 7550 412 | 307 7087 412
4 40 60 9 | d 328 | 7655 438 | 268 8209 508 | 308 7584 449
4 40 60 10 | d 352 | 7735 418 | 298 7688 440 | 311 7633 421
4 40 60 11 | d 367 | 8604 529 | 308 9013 590 | 334 | 8541 529
4 40 60 12 | d 342 | 7027 400 | 284 | 7244 435 | 332 7027 400
4 40 60 13 | d 351 | 7305 456 | 290 | 7765 461 | 310 7388 444
4 40 60 14 | d 373 | 8514 616 | 312 8738 616 | 312 | 8514 616
4 40 60 15 | d 349 | 7369 425 | 288 7455 434 | 331 7382 434
4 40 60 16 | d 348 | 7629 451 | 274 | 8189 493 | 321 7884 451
4 40 60 17 | d 334 | 6440 380 | 276 6611 401 | 302 6396 375
4 40 60 18 | d 355 | 7642 418 | 289 7728 427 | 309 7484 418
4 40 60 19 | d 375 | 8870 561 | 310 | 9019 594 | 339 | 8895 561
4 40 60 20 | d 346 | 6945 405 | 285 7004 414 | 314 7039 409
4 40 60 1 h S 43 1802 158 53 2391 189 46 1898 156
4 40 60 2 h s 47 1381 120 49 1770 166 37 1381 120
4 40 60 3 h S 39 1578 158 54 2206 191 42 1626 150
4 40 60 4 h S 51 1838 152 55 2099 179 47 1847 157
4 40 60 5 h s 39 1621 149 48 2144 173 42 1712 135
4 40 60 6 h S 38 1713 150 56 1948 182 42 1709 144
4 40 60 7 h s 39 1544 121 42 1816 167 40 1581 132
4 40 60 8 h S 37 1729 156 51 2109 171 45 1834 157
4 40 60 9 h S 36 1538 142 52 2027 176 45 1538 146
4 40 60 10 h S 43 1509 119 51 1882 163 38 1548 125
4 40 60 11 h s 39 1472 138 46 1721 155 33 1397 139
4 40 60 12 h S 31 1506 137 43 1827 159 41 1504 135
4 40 60 13 h S 38 1538 124 53 1656 170 40 1378 134
4 40 60 14 h s 40 1622 133 51 1942 175 41 1645 122
4 40 60 15 h S 46 1413 121 46 1576 164 40 1488 143
4 40 60 16 h S 35 1548 144 53 1566 168 42 1548 123
4 40 60 17 h s 39 1456 128 48 2099 168 38 1526 145
4 40 60 18 h S 43 1607 142 55 1832 167 45 1607 151
4 40 60 19 h s 49 1840 159 52 2018 186 41 1641 165
4 40 60 20 h s 38 1532 142 49 1915 171 43 1532 146
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Appendix B.

Table B.13. Continued).

P.1 P.2 P.3
M J T \Y, SwW D
ts tft fmax ts tft fmax ts tft fmax

4 40 60 1 h d 366 | 13689 767 | 302 | 13717 861 | 318 | 13672 801
4 40 60 2 h d 326 | 13571 839 | 290 | 14456 871 | 298 | 13946 839
4 40 60 3 h d 331 | 11731 680 | 257 | 12140 719 | 318 | 11682 680
4 40 60 4 h d 338 | 15326 1087 | 296 | 15414 1087 | 323 | 15326 1087
4 40 60 5 h d 355 | 14318 788 | 287 | 14902 834 | 331 | 13962 788
4 40 60 6 h d 367 | 14212 893 | 304 | 14827 989 | 337 | 14212 999
4 40 60 7 h d 319 | 13051 998 | 290 | 13509 998 | 322 | 13148 954
4 40 60 8 h d 366 | 12792 734 | 305 | 13331 750 | 329 | 13027 734
4 40 60 9 h d 350 | 12553 698 | 294 | 12596 734 | 305 | 12367 771
4 40 60 10 h d 344 | 12395 678 | 285 | 12582 782 | 287 | 12395 678
4 40 60 11 h d 353 | 15347 1220 | 296 | 15849 1221 | 345 | 15347 1176
4 40 60 12 h d 362 | 12673 710 | 288 | 12682 750 | 325 | 12633 710
4 40 60 13 h d 358 | 12636 697 | 287 | 12800 710 | 318 | 12597 701
4 40 60 14 h d 326 | 11179 627 | 281 | 11046 641 | 304 | 10896 627
4 40 60 15 h d 307 | 11063 609 | 268 | 11568 705 | 300 | 11049 630
4 40 60 16 h d 372 | 12369 676 | 304 | 12965 742 | 332 | 12371 710
4 40 60 17 h d 354 | 12579 763 | 286 | 12675 855 | 315 | 12579 763
4 40 60 18 h d 338 | 11763 672 | 283 | 12529 744 | 311 | 11954 672
4 40 60 19 h d 332 | 11593 680 | 273 | 12143 688 | 302 | 11850 680
4 40 60 20 h d 394 | 13905 801 | 316 | 14673 846 | 325 | 13905 801
4 60 60 1 | s 73 2971 138 80 3786 178 7 3197 158
4 60 60 2 | S 68 2942 139 81 3345 157 77 2965 139
4 60 60 3 | S 61 3162 145 89 3450 172 78 3129 140
4 60 60 4 | s 75 2918 148 86 3581 170 78 3018 148
4 60 60 5 | S 78 3093 143 88 3797 195 78 3093 150
4 60 60 6 | S 73 2975 165 74 3545 161 81 2974 165
4 60 60 7 | s 71 3018 152 91 3257 195 73 3094 152
4 60 60 8 | S 66 3137 145 79 3656 205 78 3011 154
4 60 60 9 | S 75 2947 139 92 3681 179 79 3001 143
4 60 60 10 | s 68 2617 120 79 3062 159 72 2636 139
4 60 60 11 | S 73 2923 145 85 3549 178 67 2923 145
4 60 60 12 | S 67 2991 143 89 3284 161 80 2991 147
4 60 60 13 | s 63 2996 140 83 3575 185 76 2996 154
4 60 60 14 | S 71 3264 154 84 3589 198 80 3372 159
4 60 60 15 | S 67 3224 149 91 4185 190 77 3467 160
4 60 60 16 | s 70 3065 146 84 3434 178 77 3069 138
4 60 60 17 | S 69 3079 146 81 3593 182 72 3079 161
4 60 60 18 | S 77 2866 132 86 3252 158 83 2866 135
4 60 60 19 | s 62 2694 128 81 3192 181 66 2694 128
4 60 60 20 | S 61 3180 146 82 3782 184 66 3145 157
4 60 60 1 | d 554 | 17268 642 | 442 | 17976 654 | 485 | 17535 642
4 60 60 2 | d 572 | 19235 724 | 477 | 20110 771 | 540 | 19251 733
4 60 60 3 | d 548 | 16318 648 | 464 | 16997 658 | 519 | 16318 648
4 60 60 4 | d 538 | 15911 613 | 463 | 17203 625 | 539 | 16355 613
4 60 60 5 | d 513 | 14495 568 | 454 | 15299 589 | 495 | 14537 589
4 60 60 6 | d 544 | 17397 654 | 461 | 17850 666 | 518 | 17209 666
4 60 60 7 | d 553 | 17105 621 | 470 | 17128 645 | 541 | 17146 631
4 60 60 8 | d 540 | 18703 706 | 469 | 19132 733 | 534 | 18703 706
4 60 60 9 | d 528 | 14733 532 | 464 | 14697 550 | 511 | 14733 532
4 60 60 10 | d 558 | 16464 646 | 464 | 17172 646 | 533 | 16568 646
4 60 60 11 | d 566 | 19247 791 | 481 | 20227 791 | 561 | 19482 791
4 60 60 12 | d 538 | 17499 630 | 466 | 17893 707 | 514 | 17548 646
4 60 60 13 | d 554 | 17091 625 | 445 | 17523 641 | 554 | 17001 625
4 60 60 14 | d 535 | 15274 579 | 478 | 15598 585 | 498 | 15274 579
4 60 60 15 | d 570 | 15809 610 | 446 | 16111 617 | 528 | 15809 610
4 60 60 16 | d 599 | 17582 673 | 486 | 17792 673 | 517 | 17383 673
4 60 60 17 | d 555 | 18435 875 | 439 | 18695 891 | 528 | 18587 875
4 60 60 18 | d 542 | 16745 652 | 461 | 17296 656 | 525 | 16768 652
4 60 60 19 | d 550 | 18823 702 | 472 | 19321 749 | 533 | 18823 705
4 60 60 20 | d 554 | 18925 909 | 472 | 19630 909 | 530 | 18925 909
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Appendix B.

Table B.13. Continued).

P.1 P.2 P.3
M J T \% sw D
ts tft fmax ts tft fmax ts tft fmax

4 60 60 1 h s 76 4568 221 94 5370 260 85 4703 234
4 60 60 2 h s 67 4137 209 80 5280 235 70 4135 204
4 60 60 3 h s 69 4375 219 86 4835 219 78 4547 205
4 60 60 4 h s 65 4244 203 87 5095 269 79 4244 214
4 60 60 5 h s 65 4355 216 81 4998 280 80 4539 242
4 60 60 6 h s 76 4868 221 93 5611 250 76 4964 221
4 60 60 7 h s 73 4331 198 86 5193 255 75 4331 218
4 60 60 8 h s 73 4626 230 86 5748 253 73 4626 271
4 60 60 9 h s 66 3969 193 86 4646 239 7 3969 195
4 60 60 10 h s 66 4296 202 84 5135 269 77 4296 213
4 60 60 11 h s 65 4172 234 77 5217 264 73 4172 234
4 60 60 12 h s 73 4606 208 920 5891 275 82 4606 247
4 60 60 13 h S 67 4695 238 84 5848 250 78 4756 238
4 60 60 14 h s 76 4424 227 91 5107 256 7 4424 229
4 60 60 15 h s 61 4276 210 80 4750 271 72 4276 236
4 60 60 16 h S 70 4698 221 87 4939 290 74 4789 241
4 60 60 17 h s 69 4687 235 89 5234 275 73 4836 226
4 60 60 18 h s 64 3839 208 86 5068 254 86 3839 208
4 60 60 19 h S 64 4595 216 85 4797 264 75 4755 243
4 60 60 20 h s 76 4302 203 87 5639 261 81 4440 226
4 60 60 1 h d 593 | 31910 1224 | 488 | 32622 1297 | 540 | 32799 1267
4 60 60 2 h d 585 | 28429 1138 | 478 | 29451 1230 | 524 | 28264 1185
4 60 60 3 h d 563 | 32447 1494 | 484 | 33830 1557 | 521 | 32447 1517
4 60 60 4 h d 558 | 32874 1175 | 478 | 32863 1210 | 503 | 32313 1191
4 60 60 5 h d 547 | 29147 1115 | 463 | 30634 1115 | 486 | 29147 1115
4 60 60 6 h d 557 | 29375 1156 | 453 | 30230 1179 | 540 | 29876 1179
4 60 60 7 h d 563 | 31336 1232 | 456 | 32129 1273 | 507 | 31336 1252
4 60 60 8 h d 533 | 29991 1067 | 447 | 30747 1104 | 520 | 30103 1081
4 60 60 9 h d 558 | 31635 1138 | 459 | 31872 1194 | 536 | 31635 1149
4 60 60 10 h d 568 | 33225 1354 | 463 | 34343 1384 | 510 | 33344 1383
4 60 60 11 h d 528 | 28453 1072 | 451 | 28460 1143 | 528 | 28684 1072
4 60 60 12 h d 548 | 29301 1075 | 471 | 29220 1140 | 548 | 28959 1075
4 60 60 13 h d 530 | 31132 1181 | 466 | 32127 1195 | 514 | 31132 1191
4 60 60 14 h d 575 | 28523 1138 | 465 | 28570 1215 | 536 | 28523 1138
4 60 60 15 h d 558 | 30125 1082 | 480 | 30849 1160 | 513 | 29338 1128
4 60 60 16 h d 556 | 30656 1217 | 463 | 32303 1225 | 540 | 31366 1217
4 60 60 17 h d 505 | 28327 1033 | 468 | 30154 1110 | 496 | 28513 1033
4 60 60 18 h d 537 | 29444 1086 | 469 | 30923 1136 | 523 | 29583 1086
4 60 60 19 h d 529 | 30408 1117 | 453 | 30999 1184 | 508 | 30408 1122
4 60 60 20 h d 540 | 29543 1065 | 469 | 30785 1098 | 520 | 29088 1088
4 40 120 1 | s 123 | 2157 177 | 120 | 2415 191 | 117 2192 173
4 40 120 2 | s 113 | 2096 172 | 120 | 2294 203 | 113 2096 163
4 40 120 3 | S 104 1863 161 | 114 | 2073 161 | 113 1872 156
4 40 120 4 | s 113 | 2096 147 | 113 2174 167 | 113 2061 158
4 40 120 5 | S 113 | 2358 181 | 123 2762 196 | 119 2392 165
4 40 120 6 | S 114 1911 148 | 123 2147 155 | 116 1911 148
4 40 120 7 | s 120 | 2131 172 | 127 2340 186 | 114 2132 165
4 40 120 8 | S 113 | 2316 164 | 126 2584 184 | 118 2300 165
4 40 120 9 | S 122 | 2341 176 | 127 2595 191 | 113 2375 182
4 40 120 | 10 | s 119 | 2287 174 | 126 2530 186 | 119 2303 173
4 40 120 | 11 | S 126 | 2073 165 | 128 2239 179 | 124 2073 165
4 40 120 | 12 | S 136 | 2228 167 | 129 2479 173 | 121 2240 165
4 40 120 | 13 | s 122 1951 146 | 122 2242 163 | 119 1964 146
4 40 120 | 14 | S 130 1899 139 | 124 | 2176 168 | 119 1934 139
4 40 120 | 15 | S 108 1931 147 | 116 2240 175 | 113 1982 147
4 40 120 | 16 | s 113 | 2033 168 | 126 2504 189 | 119 2210 158
4 40 120 | 17 | S 113 | 2031 156 | 113 2462 188 | 112 2053 154
4 40 120 | 18 | S 123 | 2368 182 | 124 | 2787 195 | 116 2404 168
4 40 120 | 19 | s 111 | 2284 171 | 118 2731 219 | 112 2249 170
4 40 120 | 20 | S 115 | 2320 175 | 115 2677 192 | 115 2389 175
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Appendix B.

Table B.13. Continued).

P.1 P.2 P.3
M J T \Y, SwW D
ts tft fmax ts tft fmax ts tft fmax

4 40 120 1 | d 592 | 11424 633 | 564 | 11909 633 | 570 | 11424 633
4 40 120 2 | d 681 | 12727 848 | 619 | 13285 866 | 639 | 12727 851
4 40 120 3 | d 607 | 12162 747 | 555 | 12165 809 | 580 | 12162 755
4 40 120 4 | d 623 | 11231 850 | 575 | 11285 874 | 599 | 11231 826
4 40 120 5 | d 638 | 12434 761 | 601 | 12519 791 | 624 | 12434 772
4 40 120 6 | d 697 | 13908 891 | 642 | 14325 970 | 680 | 14070 896
4 40 120 7 | d 653 | 14175 922 | 613 | 14344 985 | 621 | 14175 922
4 40 120 8 | d 672 | 15147 983 | 623 | 15266 1038 | 638 | 15184 951
4 40 120 9 | d 653 | 11673 773 | 611 | 11851 800 | 637 | 11673 747
4 40 120 | 10 | d 598 | 11984 700 | 563 | 12310 747 | 564 | 11984 720
4 40 120 | 11 | d 676 | 14577 936 | 617 | 14577 992 | 642 | 14577 940
4 40 120 | 12 | d 663 | 14659 1180 | 614 | 15043 1270 | 641 | 14659 1180
4 40 120 | 13 | d 667 | 14203 925 | 625 | 14264 930 | 630 | 14203 925
4 40 120 | 14 | d 653 | 12271 793 | 612 | 12372 866 | 631 | 12385 793
4 40 120 | 15 | d 672 | 13499 866 | 635 | 13729 987 | 655 | 13617 924
4 40 120 | 16 | d 643 | 16305 1284 | 604 | 16305 1280 | 610 | 16305 1272
4 40 120 | 17 | d 621 | 13156 702 | 584 | 13461 702 | 597 | 13206 700
4 40 120 | 18 | d 636 | 12578 880 | 603 | 13012 998 | 617 | 12578 854
4 40 120 | 19 | d 638 | 13336 789 | 600 | 13422 802 | 631 | 13439 801
4 40 120 | 20 | d 674 | 13945 798 | 628 | 14170 897 | 643 | 13945 798
4 40 120 1 h s 113 | 3320 262 | 122 3596 297 | 115 | 3335 255
4 40 120 2 h s 96 3184 263 | 112 3623 297 | 107 | 3214 267
4 40 120 3 h s 110 | 3818 293 | 121 | 4514 359 | 116 | 3709 303
4 40 120 4 h s 117 | 3441 249 | 119 3894 312 | 110 | 3518 261
4 40 120 5 h s 120 | 3616 283 | 130 | 4234 343 | 130 | 3570 285
4 40 120 6 h s 91 2651 229 | 104 | 3145 285 | 100 2784 242
4 40 120 7 h s 117 | 3477 280 | 109 3949 314 | 114 | 3473 275
4 40 120 8 h S 103 | 3319 255 | 117 3799 300 | 109 | 3319 260
4 40 120 9 h s 113 | 3406 257 | 114 | 4039 324 | 117 | 3408 274
4 40 120 | 10 h s 104 | 2859 241 | 112 3349 282 | 110 2859 243
4 40 120 | 11 h s 109 | 3443 286 | 117 3927 309 | 112 | 3461 275
4 40 120 | 12 h s 111 | 3792 283 | 128 | 4188 297 | 119 | 3800 284
4 40 120 | 13 h s 124 | 3609 290 | 117 | 4074 301 | 113 | 3778 289
4 40 120 | 14 h s 114 | 3805 290 | 118 | 4369 316 | 115 | 3722 291
4 40 120 | 15 h s 113 | 3262 284 | 121 3863 309 | 117 | 3262 276
4 40 120 | 16 h s 113 | 3380 288 | 125 3767 276 | 121 | 3336 252
4 40 120 | 17 h s 110 | 2800 251 | 110 | 3178 270 | 110 2780 226
4 40 120 | 18 h s 120 | 3314 269 | 115 3635 320 | 118 | 3321 263
4 40 120 | 19 h s 107 | 3262 259 | 121 3635 291 | 117 | 3347 266
4 40 120 | 20 h s 121 | 3407 261 | 129 3946 318 | 128 | 3466 286
4 40 120 1 h d 674 | 26546 1784 | 621 | 27386 1922 | 641 | 27125 1784
4 40 120 2 h d 659 | 25432 1741 | 617 | 25881 1840 | 646 | 25432 1638
4 40 120 3 h d 665 | 24496 1677 | 617 | 24969 1802 | 634 | 24496 1677
4 40 120 4 h d 641 | 25538 2025 | 605 | 25890 2025 | 634 | 25539 2025
4 40 120 5 h d 676 | 27714 1918 | 644 | 28597 2189 | 658 | 27714 1918
4 40 120 6 h d 650 | 23716 1860 | 611 | 23716 1874 | 631 | 23716 1860
4 40 120 7 h d 658 | 25267 1673 | 611 | 25685 1855 | 631 | 25267 1671
4 40 120 8 h d 648 | 23697 1529 | 599 | 24092 1766 | 624 | 23775 1529
4 40 120 9 h d 570 | 20091 1132 | 554 | 20470 1181 | 570 | 20139 1181
4 40 120 | 10 h d 615 | 20616 1157 | 570 | 21434 1206 | 585 | 20589 1157
4 40 120 | 11 h d 644 | 25284 1527 | 615 | 25582 1690 | 634 | 25061 1527
4 40 120 | 12 h d 661 | 23962 1601 | 603 | 24356 1609 | 627 | 23962 1601
4 40 120 | 13 h d 638 | 22880 1425 | 595 | 23177 1425 | 617 | 22880 1425
4 40 120 | 14 h d 612 | 21775 1260 | 558 | 22429 1388 | 590 | 21948 1267
4 40 120 | 15 h d 660 | 24606 1777 | 608 | 24676 1777 | 622 | 24606 1777
4 40 120 | 16 h d 654 | 23660 1629 | 616 | 24166 1792 | 637 | 23660 1629
4 40 120 | 17 h d 671 | 26179 1619 | 630 | 26412 1714 | 654 | 26179 1619
4 40 120 | 18 h d 600 | 21015 1181 | 575 | 21658 1195 | 583 | 20524 1195
4 40 120 | 19 h d 675 | 23894 1478 | 633 | 23894 1508 | 652 | 23894 1478
4 40 120 | 20 h d 622 | 22183 1530 | 577 | 22482 1530 | 600 | 22183 1530

Ixvii



Appendix B.

Table B.13. Continued).

P.1 P.2 P.3
M J T \Y SwW D
ts tft fmax ts tft fmax ts tft fmax

4 60 120 1 | s 192 | 5936 266 201 | 6190 308 200 | 5929 267
4 60 120 2 | s 169 | 5893 249 | 184 | 6333 277 179 | 5893 260
4 60 120 3 | s 196 | 5433 241 | 200 | 5963 255 200 | 5433 241
4 60 120 4 | s 172 | 5171 231 | 196 | 5550 254 193 | 5234 239
4 60 120 5 | s 175 | 4780 234 | 186 | 5481 261 184 | 4783 228
4 60 120 6 | s 193 | 5577 244 | 193 | 6541 288 193 | 5577 253
4 60 120 7 | s 197 | 5809 257 | 200 | 6528 288 200 | 5914 257
4 60 120 8 | s 165 | 5525 250 | 178 | 6173 272 176 | 5566 242
4 60 120 9 | s 176 | 4615 215 | 180 | 5327 236 180 | 4615 215
4 60 120 | 10 | s 173 | 5180 238 | 189 | 5609 271 188 | 5180 247
4 60 120 | 11 | s 180 | 4776 204 | 191 | 5524 233 184 | 4875 218
4 60 120 | 12 | s 180 | 5862 265 | 185 | 6145 303 181 | 5825 264
4 60 120 | 13 | S 190 | 6111 255 | 206 | 6347 283 197 | 6075 275
4 60 120 | 14 | s 170 | 5336 227 | 184 | 5897 257 176 | 5336 240
4 60 120 | 15 | s 192 | 5951 265 | 203 | 7065 294 189 | 5951 268
4 60 120 | 16 | S 182 | 4551 193 | 197 | 5061 221 193 | 4551 195
4 60 120 | 17 | s 179 | 5401 245 | 186 | 5915 253 183 | 5413 253
4 60 120 | 18 | s 196 | 6570 270 | 211 | 7105 301 195 | 6570 282
4 60 120 | 19 | S 182 | 5285 233 | 183 | 5759 250 182 | 5285 250
4 60 120 | 20 | s 185 | 5307 244 | 199 | 5964 244 194 | 5307 244
4 60 120 1 | d 1002 | 29865 1168 | 946 | 30020 1176 988 | 29865 1168
4 60 120 2 | d 1005 | 31760 1324 | 944 | 32863 1383 990 | 32117 1329
4 60 120 3 | d 989 | 33437 1680 | 950 | 33430 1680 989 | 33394 1680
4 60 120 4 | d 1043 | 30263 1452 | 974 | 30395 1468 | 1012 | 30258 1432
4 60 120 5 | d 969 | 31743 1185 | 919 | 32336 1248 931 | 31858 1185
4 60 120 6 | d 988 | 28149 1089 | 947 | 28807 1104 973 | 28149 1089
4 60 120 7 | d 980 | 25487 972 | 928 | 25650 1020 980 | 25487 972
4 60 120 8 | d 993 | 27413 1186 | 930 | 27748 1197 974 | 27413 1186
4 60 120 9 | d 1012 | 33243 1447 | 968 | 33512 1555 993 | 33243 1447
4 60 120 | 10 | d 932 | 23440 824 | 879 | 23997 824 920 | 23440 824
4 60 120 | 11 | d 1039 | 28805 1144 | 989 | 29553 1263 | 1025 | 28805 1144
4 60 120 | 12 | d 902 | 24677 927 | 884 | 25300 927 906 | 24677 927
4 60 120 | 13 | d 1009 | 32301 1512 | 957 | 32765 1670 | 1009 | 32301 1460
4 60 120 | 14 | d 1008 | 29172 1317 | 956 | 29194 1415 990 | 29133 1317
4 60 120 | 15 | d 1020 | 33572 1702 | 941 | 34530 1844 976 | 34218 1702
4 60 120 | 16 | d 904 | 24512 891 | 859 | 25742 891 898 | 24817 891
4 60 120 | 17 | d 1032 | 33131 1423 | 972 | 33299 1531 996 | 33131 1428
4 60 120 | 18 | d 989 | 29170 1020 | 942 | 29254 1020 989 | 29177 1020
4 60 120 | 19 | d 1020 | 28459 1322 | 941 | 28642 1322 995 | 28459 1322
4 60 120 | 20 | d 1036 | 36559 1953 | 981 | 36662 1961 | 1027 | 36559 1953
4 60 120 1 h s 173 | 9438 424 | 192 | 10411 441 179 | 9438 426
4 60 120 2 h s 192 | 9712 448 | 200 | 10100 497 198 | 9712 434
4 60 120 3 h s 192 | 9865 414 | 200 | 11003 475 186 | 9793 445
4 60 120 4 h s 173 | 9015 388 | 184 | 10669 464 179 | 8911 399
4 60 120 5 h s 193 | 10103 460 | 197 | 10705 487 197 | 10063 460
4 60 120 6 h s 193 | 9549 405 | 198 | 10454 472 191 | 9549 417
4 60 120 7 h s 174 | 8411 373 | 190 | 9544 428 196 | 8412 368
4 60 120 8 h s 169 | 9090 385 | 195 | 9474 452 184 | 9100 444
4 60 120 9 h s 177 | 8437 369 | 194 | 9151 422 186 | 8437 369
4 60 120 | 10 h s 183 | 9511 413 | 190 | 10121 467 185 | 9511 413
4 60 120 | 11 h s 173 | 9322 397 | 181 | 9811 432 180 | 9322 405
4 60 120 | 12 h s 171 | 8960 416 | 174 | 10156 452 176 | 8989 408
4 60 120 | 13 h s 176 | 8354 365 | 185 | 9306 421 185 | 8354 368
4 60 120 | 14 h s 192 | 8945 388 | 192 | 9655 431 192 | 8976 388
4 60 120 | 15 h s 184 | 9996 442 | 186 | 11566 464 184 | 9909 442
4 60 120 | 16 h s 189 | 9162 415 | 193 | 10340 469 177 | 9344 415
4 60 120 | 17 h s 182 | 9069 401 | 191 | 10436 457 191 | 9069 415
4 60 120 | 18 h s 176 | 9252 386 | 195 | 10413 445 192 | 9252 410
4 60 120 | 19 h s 173 | 8551 397 | 182 | 9842 436 178 | 8735 415
4 60 120 | 20 h s 179 | 9491 411 | 191 | 10695 462 185 | 9479 419
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Table B.13. Continued).

P.1 P.2 P.3

M J T \Y, SwW D

ts tft fmax ts tft fmax ts tft fmax
4 60 120 1 h d 1001 | 59354 2529 973 | 59675 2786 | 1001 | 59393 2587
4 60 120 2 h d 1021 | 54952 2291 958 | 54952 2350 982 | 54952 2297
4 60 120 3 h d 977 | 50569 2072 921 | 51032 2192 962 | 50597 2072
4 60 120 4 h d 1020 | 51676 2094 960 | 51815 2148 | 1009 | 51676 2148
4 60 120 5 h d 959 | 50905 1835 915 | 51737 1835 950 | 51188 1835
4 60 120 6 h d 1030 | 64282 3495 977 | 68021 3787 999 | 64282 3540
4 60 120 7 h d 1035 | 55199 2699 970 | 55886 2755 | 1042 | 55199 2690
4 60 120 8 h d 1043 | 54427 2089 982 | 55421 2089 | 1036 | 54474 2089
4 60 120 9 h d 953 | 49035 1972 918 | 49035 2067 952 | 49035 1995
4 60 120 | 10 h d 972 | 53181 1979 928 | 54330 1979 964 | 53521 1979
4 60 120 | 11 h d 1002 | 56796 2470 946 | 57910 2521 982 | 57350 2439
4 60 120 | 12 h d 995 | 51856 1940 941 | 53044 1978 978 | 52008 1940
4 60 120 | 13 h d 1013 | 56046 2409 952 | 56460 2506 992 | 56500 2409
4 60 120 | 14 h d 1000 | 54548 2293 965 | 55333 2423 962 | 54548 2293
4 60 120 | 15 h d 1030 | 58453 2562 950 | 58952 2995 990 | 58453 2674
4 60 120 | 16 h d 1021 | 55005 2339 957 | 56650 2466 | 1007 | 55005 2339
4 60 120 | 17 h d 974 | 50896 1932 923 | 51717 1932 957 | 50896 1932
4 60 120 | 18 h d 1020 | 53269 2393 942 | 55014 2790 986 | 53474 2444
4 60 120 | 19 h d 1016 | 56852 2390 942 | 56944 2602 974 | 57068 2479
4 60 120 | 20 h d 957 | 49234 2053 915 | 50121 2101 957 | 49234 2053
6 80 120 1 | s 250 | 6257 253 260 | 6663 270 252 | 6261 253
6 80 120 2 | S 226 | 5981 235 245 | 7182 256 230 | 5981 232
6 80 120 3 | S 235 | 5568 196 252 | 6039 239 249 | 5662 196
6 80 120 4 | s 230 | 6314 227 238 | 7822 276 231 | 6317 237
6 80 120 5 | S 245 | 6005 232 253 | 7262 240 239 | 6005 220
6 80 120 6 | S 229 | 5977 216 256 | 6763 271 247 | 5977 217
6 80 120 7 | s 228 | 5832 227 249 | 6901 273 249 | 5842 228
6 80 120 8 | S 238 | 6754 240 264 | 8285 285 243 | 6754 249
6 80 120 9 | S 242 | 5275 198 248 | 6521 252 243 | 5275 193
6 80 120 | 10 | s 233 | 5880 245 248 | 6734 255 253 | 5880 245
6 80 120 | 11 | S 246 | 6302 247 260 | 6626 260 253 | 6226 277
6 80 120 | 12 | S 248 | 6123 224 265 | 7206 290 255 | 6228 224
6 80 120 | 13 | s 246 | 6252 245 264 | 7646 267 254 | 6252 267
6 80 120 | 14 | S 213 | 6208 234 220 | 7261 272 220 | 6222 260
6 80 120 | 15 | S 233 | 5764 215 247 | 7759 273 239 | 5764 215
6 80 120 | 16 | s 226 | 5499 236 248 | 6087 257 236 | 5499 236
6 80 120 | 17 | S 235 | 5905 214 258 | 7251 279 245 | 5963 212
6 80 120 | 18 | S 257 | 6940 253 272 | 7531 293 266 | 6940 254
6 80 120 | 19 | s 239 | 5604 202 266 | 6457 248 252 | 5604 217
6 80 120 | 20 | S 235 | 6327 247 257 | 6958 259 239 | 6327 254
6 80 120 1 | d 1630 | 39449 1068 | 1500 | 40040 1075 | 1630 | 39449 1068
6 80 120 2 | d 1558 | 40558 1100 | 1415 | 41202 1100 | 1534 | 40558 1100
6 80 120 3 | d 1692 | 43242 1305 | 1547 | 43754 1317 | 1670 | 43242 1305
6 80 120 4 | d 1658 | 40097 1146 | 1498 | 40349 1150 | 1633 | 40051 1150
6 80 120 5 | d 1624 | 41993 1121 | 1484 | 42347 1149 | 1578 | 42019 1121
6 80 120 6 | d 1623 | 39934 1376 | 1471 | 41522 1467 | 1583 | 39934 1376
6 80 120 7 | d 1532 | 40839 1124 | 1420 | 41283 1209 | 1532 | 40842 1124
6 80 120 8 | d 1483 | 38236 1123 | 1371 | 38716 1123 | 1494 | 38236 1123
6 80 120 9 | d 1656 | 37567 1155 | 1484 | 38841 1219 | 1598 | 37567 1155
6 80 120 | 10 | d 1606 | 39120 1076 | 1468 | 39850 1076 | 1544 | 39126 1076
6 80 120 | 11 | d 1690 | 47344 1349 | 1511 | 48330 1404 | 1676 | 47344 1349
6 80 120 | 12 | d 1575 | 39072 1345 | 1448 | 40395 1368 | 1575 | 39072 1368
6 80 120 | 13 | d 1586 | 42902 1294 | 1482 | 44011 1396 | 1565 | 42902 1294
6 80 120 | 14 | d 1587 | 42962 1659 | 1429 | 42877 1659 | 1582 | 42962 1659
6 80 120 | 15 | d 1560 | 39097 1087 | 1441 | 40426 1100 | 1545 | 39169 1087
6 80 120 | 16 | d 1515 | 38432 1083 | 1444 | 39323 1135 | 1495 | 38432 1083
6 80 120 | 17 | d 1650 | 40777 1124 | 1485 | 41109 1125 | 1631 | 40777 1124
6 80 120 | 18 | d 1556 | 41757 1119 | 1392 | 42792 1119 | 1556 | 41757 1119
6 80 120 | 19 | d 1579 | 39374 1053 | 1454 | 39403 1093 | 1563 | 39626 1053
6 80 120 | 20 | d 1658 | 45407 1565 | 1490 | 46561 1569 | 1634 | 45592 1565
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Table B.13. Continued).

P.1 P.2 P.3
M J T \Y sSwW D
ts tft fmax ts tft fmax ts tft fmax

6 80 120 1 h s 239 | 9759 387 262 | 11855 448 247 | 9759 402
6 80 120 2 h s 238 | 9902 364 259 | 11268 446 259 | 9902 377
6 80 120 3 h s 243 | 10211 397 254 | 11831 476 234 | 10211 390
6 80 120 4 h s 233 | 10472 384 259 | 11326 469 244 | 10472 425
6 80 120 5 h s 236 | 9961 385 244 | 10536 433 232 | 9961 376
6 80 120 6 h s 252 | 10196 380 271 | 12376 409 264 | 10196 416
6 80 120 7 h s 239 | 10484 388 262 | 11191 452 253 | 10937 388
6 80 120 8 h s 245 | 9986 386 262 | 11718 461 246 | 9986 361
6 80 120 9 h s 225 | 9512 378 234 | 10479 400 237 | 9512 381
6 80 120 | 10 h s 257 | 10461 400 276 | 12872 448 264 | 10483 408
6 80 120 | 11 h s 220 | 9950 369 250 | 11955 390 250 | 9950 390
6 80 120 | 12 h s 244 | 10216 379 265 | 12058 501 252 | 10216 379
6 80 120 | 13 h S 234 | 9001 366 253 | 10092 423 240 | 9001 390
6 80 120 | 14 h s 236 | 9905 361 270 | 11778 450 257 | 9905 404
6 80 120 | 15 h s 249 | 10357 400 266 | 12385 474 262 | 10357 410
6 80 120 | 16 h S 245 | 10232 433 254 | 11550 478 242 | 10232 411
6 80 120 | 17 h s 237 | 9987 382 251 | 11094 431 236 | 9987 382
6 80 120 | 18 h s 245 | 10039 375 258 | 12457 446 245 | 10039 401
6 80 120 | 19 h S 226 | 9909 400 255 | 11651 461 247 | 9909 400
6 80 120 | 20 h s 219 | 10531 381 235 | 12223 503 226 | 10531 384
6 80 120 1 h d | 1598 | 75384 2183 | 1469 | 75977 2183 | 1573 | 75807 2183
6 80 120 2 h d |1616 | 73822 2057 | 1457 | 75525 2128 | 1566 | 73822 2057
6 80 120 3 h d | 1578 | 74843 2058 | 1459 | 75759 2159 | 1531 | 75028 2058
6 80 120 4 h d | 1588 | 74858 2040 | 1473 | 78712 2040 | 1594 | 74858 2040
6 80 120 5 h d | 1669 | 80146 2329 | 1482 | 81436 2348 | 1635 | 80146 2329
6 80 120 6 h d | 1557 | 77441 2334 | 1407 | 81198 2334 | 1573 | 77441 2334
6 80 120 7 h d | 1658 | 80472 2703 | 1505 | 82090 2859 | 1613 | 80472 2665
6 80 120 8 h d | 1654 | 77942 2639 | 1486 | 79081 2639 | 1636 | 77942 2639
6 80 120 9 h d | 1551 | 73537 1996 | 1441 | 72395 2039 | 1545 | 73537 1996
6 80 120 | 10 h d | 1569 | 74688 2232 | 1441 | 76918 2232 | 1553 | 74688 2232
6 80 120 | 11 h d |1613 | 77724 2219 | 1451 | 78576 2304 | 1599 | 77724 2297
6 80 120 | 12 h d |1647 | 81897 2645 | 1509 | 83966 2645 | 1622 | 81897 2645
6 80 120 | 13 h d | 1670 | 80248 2734 | 1490 | 81878 2811 | 1622 | 80248 2734
6 80 120 | 14 h d | 1534 | 71060 1957 | 1395 | 74264 2069 | 1520 | 72184 1957
6 80 120 | 15 h d | 1675 | 79768 2861 | 1527 | 81139 2867 | 1620 | 79768 2861
6 80 120 | 16 h d |1548 | 69114 1837 | 1457 | 69273 1846 | 1531 | 68238 1837
6 80 120 | 17 h d | 1537 | 68971 1945 | 1403 | 73183 1947 | 1527 | 70239 1947
6 80 120 | 18 h d |1604 | 78217 2079 | 1435 | 79021 2140 | 1591 | 78002 2114
6 80 120 | 19 h d | 1527 | 67816 1786 | 1442 | 71913 1886 | 1500 | 67511 1786
6 80 120 | 20 h d | 1570 | 75075 2098 | 1408 | 74605 2377 | 1575 | 73417 2098
6 120 | 120 1 | S 372 | 15378 384 411 | 16922 428 372 | 15378 385
6 120 | 120 2 | s 371 | 15354 351 425 | 16294 394 371 | 15354 351
6 120 | 120 3 | s 379 | 17143 433 434 | 19292 489 380 | 17143 433
6 120 | 120 4 | s 394 | 16584 376 430 | 19009 501 393 | 17047 410
6 120 | 120 5 | s 372 | 15627 374 410 | 16157 458 367 | 15627 374
6 120 | 120 6 | s 362 | 15852 383 401 | 15986 472 362 | 15852 383
6 120 | 120 7 | s 376 | 16170 408 420 | 17454 454 383 | 16386 397
6 120 | 120 8 | s 401 | 16729 419 450 | 18801 503 401 | 16729 419
6 120 | 120 9 | s 372 | 16730 389 423 | 18366 493 372 | 16730 389
6 120 | 120 | 10 | s 413 | 16099 358 433 | 19791 444 410 | 16099 366
6 120 | 120 | 11 | s 402 | 17645 406 423 | 19154 484 402 | 17586 428
6 120 | 120 | 12 | s 367 | 17232 402 418 | 20732 515 373 | 17232 402
6 120 | 120 | 13 | s 378 | 15845 386 436 | 17632 458 378 | 15845 414
6 120 | 120 | 14 | s 392 | 17065 383 408 | 19059 515 392 | 17065 383
6 120 | 120 | 15 | s 396 | 17571 396 438 | 20907 562 405 | 17571 396
6 120 | 120 | 16 | s 380 | 16934 407 437 | 18535 489 379 | 16934 423
6 120 | 120 | 17 | s 393 | 16668 444 445 | 20736 509 400 | 16636 450
6 120 | 120 | 18 | s 354 | 15647 377 395 | 16932 445 360 | 15647 406
6 120 | 120 | 19 | s 382 | 16919 406 440 | 18515 469 403 | 16919 406
6 120 | 120 | 20 | s 382 | 17011 397 426 | 19251 456 378 | 17011 418
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Table B.13. Continued).

P.1 P.2 P.3
M J T \Y, sSwW D
ts tft fmax ts tft fmax ts tft fmax

6 120 | 120 1 | d 2406 | 96890 2139 | 2303 | 101920 2247 | 2406 | 96890 2139
6 120 | 120 2 | d 2349 | 92212 1685 | 2276 | 90790 1685 | 2349 | 92212 1685
6 120 | 120 3 | d 2404 | 95857 1722 | 2241 | 99222 1841 | 2404 | 95857 1722
6 120 | 120 4 | d 2449 | 100739 1826 | 2260 | 100069 1833 | 2449 | 100739 1826
6 120 | 120 5 | d 2437 | 94302 1678 | 2312 | 95869 1702 | 2429 | 93446 1678
6 120 | 120 6 | d 2554 | 108735 2388 | 2344 | 111483 2388 | 2559 | 108735 2388
6 120 | 120 7 | d 2505 | 107586 2222 | 2289 | 109717 2266 | 2505 | 107586 2222
6 120 | 120 8 | d 2460 | 95965 1668 | 2299 | 93482 1668 | 2460 | 95965 1668
6 120 | 120 9 | d 2404 | 92584 1678 | 2271 | 91994 1678 | 2411 | 92584 1678
6 120 | 120 | 10 | d 2417 | 97271 1719 | 2234 | 97680 1785 | 2417 | 97271 1785
6 120 | 120 | 11 | d 2419 | 92981 2118 | 2209 | 94587 2118 | 2416 | 92981 2118
6 120 | 120 | 12 | d 2453 | 89499 2425 | 2306 | 93314 2425 | 2453 | 89499 2425
6 120 | 120 | 13 | d 2571 | 93459 1900 | 2333 | 94402 1900 | 2523 | 93459 1900
6 120 | 120 | 14 | d 2489 | 94612 1687 | 2301 | 97006 1687 | 2489 | 94612 1687
6 120 | 120 | 15 | d 2627 | 111726 2175 | 2382 | 112385 2206 | 2627 | 111726 2206
6 120 | 120 | 16 | d 2397 | 92583 1659 | 2263 | 97139 1675 | 2397 | 92583 1659
6 120 | 120 | 17 | d 2528 | 102875 2039 | 2315 | 105171 2067 | 2528 | 102875 2039
6 120 | 120 | 18 | d 2460 | 94143 1918 | 2322 | 97742 1918 | 2460 | 94143 1918
6 120 | 120 | 19 | d 2525 | 102627 2212 | 2277 | 105654 2216 | 2493 | 102627 2212
6 120 | 120 | 20 | d 2519 | 88648 2030 | 2314 | 91038 2123 | 2519 | 88436 2030
6 120 | 120 1 h s 387 | 30016 651 441 | 31202 931 394 | 30016 700
6 120 | 120 2 h S 392 | 28593 625 445 | 35649 863 397 | 28894 686
6 120 | 120 3 h S 396 | 29944 676 459 | 29775 874 394 | 29874 676
6 120 | 120 4 h s 382 | 27509 656 440 | 30147 854 393 | 27509 684
6 120 | 120 5 h S 385 | 28512 739 418 | 29678 912 385 | 28512 798
6 120 | 120 6 h S 373 | 26901 617 450 | 29654 831 399 | 26901 669
6 120 | 120 7 h s 395 | 28679 668 430 | 31134 799 395 | 28679 668
6 120 | 120 8 h S 389 | 29076 683 439 | 30018 781 384 | 29076 683
6 120 | 120 9 h S 347 | 26546 577 389 | 28982 737 347 | 26546 614
6 120 | 120 | 10 h s 411 | 28127 701 452 | 30498 945 404 | 28127 701
6 120 | 120 | 11 h S 396 | 26093 642 451 | 31184 826 396 | 26093 642
6 120 | 120 | 12 h S 365 | 28871 629 423 | 30043 846 365 | 28871 772
6 120 | 120 | 13 h s 384 | 29197 686 435 | 29916 843 384 | 28784 741
6 120 | 120 | 14 h s 391 | 27860 643 445 | 31820 837 403 | 27860 643
6 120 | 120 | 15 h s 405 | 29202 727 465 | 33364 841 405 | 29202 727
6 120 | 120 | 16 h s 383 | 25894 663 436 | 28898 781 387 | 25894 618
6 120 | 120 | 17 h S 388 | 26554 694 439 | 30114 827 400 | 26554 694
6 120 | 120 | 18 h s 401 | 28066 703 447 | 31796 836 401 | 28983 703
6 120 | 120 | 19 h s 389 | 25658 587 441 | 29871 844 391 | 25658 701
6 120 | 120 | 20 h s 376 | 31374 725 425 | 35759 878 394 | 31374 778
6 120 | 120 1 h d 2317 | 167410 2998 | 2144 | 171092 3112 | 2317 | 167410 2998
6 120 | 120 2 h d 2348 | 163993 2837 | 2263 | 164430 2956 | 2348 | 163993 2837
6 120 | 120 3 h d 2455 | 171396 3276 | 2253 | 177577 3557 | 2346 | 171396 3358
6 120 | 120 4 h d 2354 | 162518 2966 | 2210 | 164160 3095 | 2354 | 162518 2966
6 120 | 120 5 h d 2421 | 170901 3164 | 2285 | 173006 3248 | 2421 | 170901 3164
6 120 | 120 6 h d 2494 | 180848 3489 | 2299 | 187874 3718 | 2492 | 180848 3537
6 120 | 120 7 h d 2360 | 165408 3024 | 2251 | 166044 3052 | 2360 | 165408 3024
6 120 | 120 8 h d 2328 | 167601 2981 | 2225 | 171601 3040 | 2332 | 167643 2981
6 120 | 120 9 h d 2431 | 165843 2953 | 2241 | 168692 3002 | 2439 | 165843 2953
6 120 | 120 | 10 h d 2310 | 163956 3005 | 2288 | 164860 3025 | 2312 | 163956 3005
6 120 | 120 | 11 h d 2440 | 173166 3184 | 2252 | 181635 3269 | 2440 | 173166 3184
6 120 | 120 | 12 h d 2492 | 180257 3165 | 2335 | 186027 3186 | 2492 | 180302 3165
6 120 | 120 | 13 h d 2504 | 178413 3171 | 2317 | 181493 3187 | 2504 | 178413 3171
6 120 | 120 | 14 h d 2373 | 165839 2954 | 2208 | 171146 2964 | 2373 | 167696 2954
6 120 | 120 | 15 h d 2426 | 172581 3200 | 2347 | 178065 3413 | 2426 | 172581 3200
6 120 | 120 | 16 h d 2608 | 178124 4058 | 2371 | 182656 4058 | 2561 | 178124 4058
6 120 | 120 | 17 h d 2476 | 175414 3138 | 2296 | 182745 3180 | 2476 | 175414 3138
6 120 | 120 | 18 h d 2416 | 179049 3372 | 2298 | 179033 3569 | 2407 | 178629 3372
6 120 | 120 | 19 h d 2495 | 183090 3223 | 2306 | 187882 3239 | 2495 | 183090 3223
6 120 | 120 | 20 h d 2452 | 175414 3189 | 2311 | 175093 3234 | 2452 | 175414 3189
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Table B.14. Results obtained by the Wilcoxon SignéRiank Test comparing the objective values of the
different ILS methods of data set SSRPM-I.

Measured Objective| Methods compared| Sample Size Z-value | Significantly different at *p = 0.057%
ts (MIP,P.1b) 148 -10.55 yes
ts (MIP, P.2) 129 -9.86 yes
ts (MIP, P.3) 96 -8.51 yes
ts (P.1b, P.2) 133 -1.16 no
ts (P.1b, P.3) 121 -9.08 yes
ts (P.2,P.3) 113 -8.50 yes
tt (MIP, P.1a) 143 -6.25 yes
tft (MIP, P.2) 137 -9.14 yes
tft (MIP, P.3) 117 -2.10 yes
tft (P.1a, P.2) 139 -4.56 yes
tft (P.1a, P.3) 136 -9.53 yes
tft (P.2,P.3) 131 -9.75 yes

fmax (MIP, P.1a) 131 -5.97 yes
fmax (MIP, P.2) 125 -9.58 yes
fmax (MIP, P.3) 94 -7.12 yes
fmax (P.1a, P.2) 138 -4.23 yes
fmax (P.1a, P.3) 129 -9.80 yes
fmax (P.2,P.3) 127 -9.78 yes
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Table B.15. Results obtained by the Wilcoxon SignéRiank Test comparing the objective values of the
different ILS methods of data set SSRIPM-II at various problem types (M|J|T) and densities.

Problem : Measured Methods Sample Significantly different at
Type Density Objective compared Sizg Z-value| > *p :y0.05?
4|40|60 dense ts (P.1b, P.2) 39 -5.36 yes
4|40|60 dense ts (P.1b, P.3) 38 -0.88 no
4]40|60 dense ts (P.2,P.3) 40 -5.43 yes
4|60|60 dense ts (P.1b, P.2) 40 -5.51 yes
4]60|60 dense ts (P.1b, P.3) 37 -5.29 yes
4]60|60 dense ts (P.2,P.3) 40 -5.51 yes
4|40[120 dense ts (P.1b, P.2) 40 -5.51 yes
440|120 dense ts (P.1b, P.3) 39 -5.44 yes
4|40[120 dense ts (P.2,P.3) 40 -5.51 yes
4|60[120 dense ts (P.1b, P.2) 40 -5.51 yes
460|120 dense ts (P.1b, P.3) 34 -4.98 yes
4|60[120 dense ts (P.2,P.3) 40 -5.50 yes
6]80]|120 dense ts (P.1b, P.2) 40 -5.51 yes
6]80]|120 dense ts (P.1b, P.3) 36 -4.85 yes
6/80]|120 dense ts (P.2,P.3) 40 -5.51 yes
6]120|120 dense ts (P.1b, P.2) 40 -5.51 yes
6]120|120 dense ts (P.1b, P.3) 13 -1.50 no
6120|120 dense ts (P.2,P.3) 40 -5.51 yes
4]40|60 dense tft (P.1a,P.2) 40 -5.51 yes
4]40|60 dense tft (P.1a, P.3) 30 -1.84 yes
4|40|60 dense tft (P.2,P.3) 40 -5.51 yes
4]60]|60 dense tft (P.1a,P.2) 40 -5.35 yes
4|60|60 dense tft (P.1a, P.3) 26 -1.03 no
4|60|60 dense tft (P.2,P.3) 40 -5.32 yes
4|40[120 dense tft (P.1a, P.2) 36 -5.23 yes
4|40[120 dense tft (P.1a, P.3) 14 -1.60 no
4|40[120 dense tft (P.2,P.3) 36 -5.15 yes
4|60[120 dense tft (P.1a, P.2) 38 -5.36 yes
460|120 dense tft (P.1a, P.3) 18 -3.22 yes
4|60[120 dense tft (P.2,P.3) 38 -5.26 yes
6/80]|120 dense tft (P.1a, P.2) 40 -5.07 yes
6]80|120 dense tft (P.1a, P.3) 15 -0.62 no
6]80|120 dense tft (P.2,P.3) 40 -5.15 yes
6120|120 dense tft (P.1a, P.2) 40 -4.88 yes
6]120]120 dense tft (P.1a, P.3) 6 -0.31 no
6]120]120 dense tft (P.2,P.3) 40 -4.92 yes
4]40|60 dense fmax (P.1a,P.2) 40 -5.51 yes
4|40|60 dense fmax (P.1a, P.3) 34 -0.78 no
4|40|60 dense fmax (P.2,P.3) 40 -5.51 yes
4|60|60 dense fmax (P.1a, P.2) 35 -5.16 yes
4|60|60 dense fmax (P.1a, P.3) 19 -3.82 yes
4|60|60 dense fmax (P.2,P.3) 32 -4.94 yes
440|120 dense fmax (P.1a,P.2) 34 -5.07 yes
4|40[120 dense fmax (P.1aP.3) 19 -0.22 no
440|120 dense fmax (P.2,P.3) 33 -5.01 yes
4|60[120 dense fmax (P.1a, P.2) 30 -4.78 yes
4|60[120 dense fmax (P.1a, P.3) 14 -1.66 no
4|60[120 dense fmax (P.2,P.3) 29 -4.70 yes
6]80|120 dense fmax (P.1a, P.2) 29 -4.70 yes
6]80|120 dense fmax (P.1a, P.3) 6 -1.15 no
6]80]|120 dense fmax (P.2,P.3) 26 -4.46 yes
6]120]120 dense fmax (P.1a, P.2) 30 -4.78 yes
6]120|120 dense fmax (P.1a, P.3) 4 NA no
6]120]120 dense fmax (P.2,P.3) 28 -4.62 yes
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Table B.15. Continued).

Problem : Measured Methods Sample Significantly different at
Type Density Objective compared Sizg Z-value| > *p :y0.05?
4|40|60 sparse ts (P.1b, P.2) 39 -5.36 yes
4|40|60 sparse ts (P.1b, P.3) 38 -0.88 no
4]40|60 sparse ts (P.2,P.3) 40 -5.43 yes
4|60|60 sparse ts (P.1b, P.2) 40 -5.51 yes
4]60|60 sparse ts (P.1b, P.3) 37 -5.07 yes
4]60|60 sparse ts (P.2,P.3) 29 -5.28 yes
4|40[120 sparse ts (P.1b, P.2) 35 -4.09 yes
440|120 sparse ts (P.1b, P.3) 35 -1.20 no
4|40[120 sparse ts (P.2,P.3) 36 -4.68 yes
4|60[120 sparse ts (P.1b, P.2) 38 -5.37 yes
460|120 sparse ts (P.1b, P.3) 36 -4.32 yes
460|120 sparse ts (P.2,P.3) 32 -4.42 yes
6]80]|120 sparse ts (P.1b, P.2) 40 -5.51 yes
6]80]|120 sparse ts (P.1b, P.3) 37 -4.73 yes
6/80]|120 sparse ts (P.2,P.3) 36 -5.14 yes
6]120|120 sparse ts (P.1b, P.2) 40 -5.51 yes
6]120|120 sparse ts (P.1b, P.3) 24 -2.64 yes
6120|120 sparse ts (P.2,P.3) 40 -5.51 yes
4]40|60 sparse tft (P.1a,P.2) 40 -5.51 yes
4|40|60 sparse tft (P.1a, P.3) 30 -1.84 no
4|40|60 sparse tft (P.2,P.3) 40 -5.51 yes
4]60]|60 sparse tft (P.1a,P.2) 40 -5.51 yes
4|60|60 sparse tft (P.1a, P.3) 23 -3.25 yes
4]60]|60 sparse tft (P.2,P.3) 40 -5.51 yes
4|40[120 sparse tft (P.1a, P.2) 40 -5.51 yes
440|120 sparse tft (P.1a, P.3) 34 -2.14 yes
4|40[120 sparse tft (P.2,P.3) 40 -5.51 yes
460|120 sparse tft (P.1a, P.2) 40 -5.51 yes
4|60[120 sparse tft (P.1a, P.3) 20 -0.76 no
4|60[120 sparse tft (P.2,P.3) 40 -5.51 yes
6/80]|120 sparse tft (P.1a, P.2) 40 -5.51 yes
6]80|120 sparse tft (P.1a, P.3) 10 -2.09 yes
6]80|120 sparse tft (P.2,P.3) 40 -5.51 yes
6]120|120 sparse tft (P.1a,P.2) 40 -5.48 yes
6]120]120 sparse tft (P.1a, P.3) 8 -0.84 no
6]120|120 sparse tft (P.2,P.3) 40 -5.50 yes
4]40|60 sparse fmax (P.1a, P.2) 40 -5.51 yes
4|40|60 sparse fmax (P.1a, P.3) 34 -0.78 no
4]40|60 sparse fmax (P.2,P.3) 40 -5.51 yes
4|60|60 sparse fmax (P.1a, P.2) 39 -5.43 yes
4|60|60 sparse fmax (P.1a, P.3) 30 -3.67 yes
4]60|60 sparse fmax (P.2,P.3) 40 -5.42 yes
4|40[120 sparse fmax (P.1a, P.2) 39 -5.38 yes
4|40[120 sparse fmax (P.1a, P.3) 34 -0.71 no
440|120 sparse fmax (P.2,P.3) 40 -5.51 yes
4|60[120 sparse fmax (P.1a, P.2) 39 -5.44 yes
4|60[120 sparse fmax (P.1a, P.3) 30 -3.50 yes
4|60[120 sparse fmax (P.2,P.3) 37 -5.30 yes
6]80|120 sparse fmax (P.1a, P.2) 40 -5.51 yes
6]80|120 sparse fmax (P.1a, P.3) 30 -2.69 yes
6]80|120 sparse fmax (P.2,P.3) 38 -5.26 yes
6]120]120 sparse fmax (P.1a, P.2) 40 -5.51 yes
6]120|120 sparse fmax (P.1a, P.3) 21 -3.42 yes
6]120]120 sparse fmax (P.2,P.3) 40 -5.51 yes

Ixxiv
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