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Abstract 

 

MINIMIZING MAKESPAN OF A FLEXIBLE MACHINE  

UNDER TOOLING CONSTRAINTS 

 

A. S. Latiful Kabir 

Master of Applied Science, Mechanical Engineering, 2011 

Ryerson University 

 

Computer Numerical Control (CNC) milling and lathe machines are widely used in 

manufacturing due to their flexibility in producing parts with a wide variety of geometries.  Each 

flexible machine has a tool magazine capable of holding a set of tools. As machining 

requirements for each job change, tools can be removed and different ones can be inserted so that 

the next job can be processed. The existing literature on the job scheduling and the tool loading 

can be divided into four main areas. The first area is the tool loading for a pre-specified job 

sequence where the objective is to determine the optimal tool loading by minimizing the number 

of tool switching.  In addition to tool loading, the second area also focuses on sequencing the 

jobs too; however, the objective is same as the first one. Rather than to minimizing the number 

of tool switching, the focal point of the third area has been shifted to minimizing the makespan in 

presence of multiple process plans. However, the main assumption is that the magazine can hold 

all tools needed to process all the jobs and tool switching is not required. The fourth area 

considers the geometric and mechanical properties of the tool, assuming a tool switching may be 

required due to tool life. The job scheduling and the tool loading literatures do not consider 

multiple process plans or tool life into their problem. Therefore, the first part of this thesis 

provides a Dynamic Programming method to determine the optimal makespan for a pre-specified 

sequence of jobs, assuming tool switching may be required due to multiple process plans, the 

capacity of the tool magazine and due to the tool life.  In the second part, the assumption for 

fixed job sequence is relaxed and a heuristic approach is used to first sequence the jobs and then 

Dynamic Programming is applied to find the optimal makespan for that particular job sequence. 
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Chapter 1. Introduction and Literature Review 

1.1 Introduction 

 

Flexible Manufacturing System (FMS), as the name implies, is flexible enough to accommodate 

quick changes efficiently and effectively. A typical FMS primarily consists of two elements – 

flexible machine and flexible routing. Under the machine flexibility, a machine is capable of 

being changed to make new product types and to accommodate new process plans. Due to rapid 

changes in the market, demand for part-mix has been increasing which has widely been 

addressed through a flexible manufacturing system in recent time. Although efficient, 

establishing a FMS is expensive. 

For a flexible manufacturing machine, minimizing makespan plays a significant role in 

improving the productivity and reducing the cost of production. Job scheduling, job processing 

and tool loading are crucial elements of a makespan, and a proper sequence of jobs along with an 

intelligent tool loading procedure not only minimizes the makespan, but improves the 

productivity as well. In a mass production system where a part may be produced in volume, a 

machine can be designed such that it only requires a tool replacement due to wear out (tool life). 

In a lean manufacturing system that produces a wide variety of part-mix, where successive parts 

produced are different, tool replacement may be required due to the capacity constraint of the 

tool magazine and/or tool life and/or process plan.  

It is often assumed that the tool magazine cannot hold all the tools that are needed to 

process the all the jobs in the makespan and therefore, tool switching must be made.  This is 

called capacity constraint of the tool magazine.  It is also assumed that some tools can perform 

more jobs than others. For example, tool A can be used for processing 5 different jobs but tool B 

can only be used for 3. Some tools can process jobs faster than others but have a more limited 

usage. For example, tool A can be used to process jobs 1, 2 and 3 or alternatively, tool B can be 

used.  Tool B processes jobs 1 and 2 faster than tool A but it cannot be used to process job 3 and 

therefore, a tool switching must be made if tool B is used. The idea of having more than one tool 

e.g. A or B that can process a given job is referred to as different process plans. In trying to 

minimize the total time to process all the jobs, one needs to consider the trade off between 

loading tool B to process jobs 1, 2 more quickly and the setup time to make more tool switches.  
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The total time to process all the jobs that includes the job processing time and tool 

switching time is called the makespan. For the case where different process plans are not 

considered, minimizing the number of tool switching will minimize the makespan. Therefore, in 

much of the existing literature, the objective is to minimize the total number of tool switching.   

However, if different process plans are considered, then minimizing number of tool switching 

may not necessarily minimize the makespan.  In this case, the processing time for all of the jobs 

and the tool switching time is to be minimized. Therefore, the tool loading problem may not be 

solved optimally without seeing it from makespan point of view. In this thesis, the approach is to 

solve the job scheduling and the tool loading problem focusing on the minimization of the 

makespan rather than on the minimization of the number of tool switches. 

The objective of this thesis is to minimize the makespan of a flexible CNC machine 

considering tool switches due to the magazine capacity, tool life and multiple process plans for 

jobs as well. There are two parts in this thesis. In the first part, a tool loading problem is solved 

to minimize the makespan given a fixed job sequence and the in second part, both the job 

scheduling and the tool loading problem is solved to minimize the makespan for variable job 

sequence.  

1.2 Literature Review 

 

The job scheduling and the tool loading is an important issue in the manufacturing arena. A 

survey conducted by Gray et al. [1] indicates that the lack of tool management considerations 

often results in the poor performance. In another paper, Shirazi et al. [2] indicate, based on their 

surveys of seven medium to large manufacturing companies in UK, that none have adopted a 

formal method to minimize tool switching. Companies mostly rely on random selection of jobs 

and tools within a block period, although, they are aware of the excessive time spent in set-ups. 

The literature identifies three different areas where the tool loading problems are highlighted, 

these areas are: 

i. Capacity of the tool magazine and its impact on tool loading 

Tool magazine is assumed to have a limited capacity. It cannot hold all the tools to process a 

number of jobs, thus tool switching occurs. Given a fixed job sequence, the problem is to 
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determine the optimal tool loading that minimizes the frequencies of tool switching.  This 

loading problem has been investigated extensively in the literature. 

ii. Job scheduling and process planning and its impact on tool loading 

Here, the job sequence is no longer assumed to be fixed and the problem is to determine both 

the sequence of jobs to be processed as well as the loading of tools to minimize the number 

of tool switch. However, none of the literature considers the impact of the tool loading due to 

multiple process plans. 

iii. Tool life and its impact on tool loading problem 

The main focus has been on determining optimal tool replacement time based on both 

deterministic tool life and stochastic tool life, quality control of the jobs being made, cost of tool 

etc. 

Much research has been done on the tool loading problem. The focus has been on 

determining how to load tools into a magazine that cannot hold the tools to process all jobs in the 

makespan and therefore, tool switches must be made. The time to switch from tool A to B may be 

different than that of the time to switch from B to A; A→B ≠ B→A.  This is called non-uniform 

setup time.  Crama et al. [3] have improvised the tool loading problem for a flexible 

manufacturing machine that has originally been formulated by Tang and Denardo [4]. However, 

both Tang and Crama have considered a uniform tool setup time, i.e., A→B = B→A, and an 

indefinite tool life. They found that tool change may be necessary because of the capacity of the 

magazine. They suggested sequencing jobs in such way to minimize tool switching.  

For a fixed job sequence with a uniform tool setup time and indefinite tool life, Tang and 

Denardo [3] have proposed a rule, known as Keep Tool Needed Soonest (KTNS) policy, to 

determine the optimal tool loading of a single machine when the capacity of the tool magazine is 

less than the number of tools needed to process all jobs. Moreover, Tang and Denardo [4] also 

have showed that job scheduling and tool switching problem is NP-hard
1
 for magazine capacity 

greater than or equal to 2. In a broader sense, when it comes to the question of minimizing the 

                                                           
1
 According to computational complexity theory, NP-hard or Non-deterministic Polynomial-time hard is a class of 

problems that are at least as hard as the hardest problems in NP. For more information, visit 

http://www.esi2.us.es/~mbilbao/complexi.htm 
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makespan under these tooling constraints, Lawler et al. [5] have also showed that the problem is 

NP-hard too. 

Privault et al. [6] have introduced a different model considering both uniform and non-

uniform tool setup times while applying a network approach to solve the tool switching problem. 

According to their model, a flow of maximum value (number of tools equal to the capacity of the 

tool magazine) at a minimum cost (setup time due to tool switch) is moved in an acyclic graph. 

However, neither the KTNS policy nor the network model has considered multiple process plans 

and tool life as a reason for tool switching. The network approach, as has been proposed by 

Privault et al. [6], may be modified to accommodate tool life into the model, however, none of 

the models is capable of accommodating multiple process plans into the tool loading problem.  

The combined job scheduling and the tool loading (switching) problem are commonly known 

as Sequencing and Switching Problem (SSP).  Here, the sequence of jobs is not pre-specified 

(fixed) and therefore, the problem is to determine the sequence of jobs while loading the tools to 

minimize the number of tool switching. In order to solve the SSP, Laporte et al. [7] have 

proposed two integer linear programming formulations, one being a branch-and-cut and another 

being a branch-and-bound algorithm. Several heuristics exist in the literature to solve the SSP 

and a list can be found in Gianpaolo et al. [8] who also have developed a branch-and-cut 

procedure to cast the job scheduling and tool switching problem as a nonlinear Hamiltonian 

cycle problem. Although efficient in terms of solving more instances (up to 45 jobs and 30 tools 

as compared to 25 instances by Laporte at el.), like Tang and Denardo, the authors have not 

considered multiple process plans or tool life into their model. Hertz et al. [9] have formulated 

three constructive methods, i.e., FI, GENI and GENIUS; and additionally, the authors have 

considered nearest neighbour (NN) and 2-opt search too. Amaya et al. [10] have proposed a 

memetic algorithm while considering genetic algorithm with hill climbing procedure. However, 

neither of the researchers has tried Dynamic Programming to solve the SSP nor have they 

considered tool life or multiple process plans in their models. 

The literature on tool life is rich. It considers various tool wear analysis and tool life models. 

Taylor [11] is the first to introduce a deterministic model to predict tool life in the metal cutting 

industry. New tool materials and coating technologies have emerged as a solution to machining 

process, which significantly reduces the machining time [12]. According to Kalpakjian and 
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Schmid [12], the cost of tools is often assumed to be only 2-4% of the manufacturing cost. 

However, some research also suggests that tool related activities in flexible manufacturing 

systems account for 25% of the operating cost [13]. Gray et al. [1] have also supported the 

findings which indicate that tooling can account for 25-30% of both fixed and variable 

production costs in automated machining environments. Despite the impact of tool life on the 

bottom line of the manufacturing cost, tools are often replaced before the end of their useful life 

[14]. Besides numerous deterministic models to predict tool life, Vagnorius et al. [14] have 

introduced a stochastic model to predict the tool life to determine the optimal replacement time. 

Although tool life literature is very comprehensive in terms of determining its effect on the 

manufacturing process as well as predicting the optimal replacement time, there is any research 

that integrates tool life with the job scheduling and the tool loading problem. 

Manufacturing process planning is another area where extensive research has been done on 

process modeling, selection, planning, optimization and control [15]. ‘Autonomous distributed 

manufacturing system’ research has been focused on integrating the manufacturing process 

planning with job scheduling. For instance, Shrestha et al. [16] have introduced an integrated 

approach for generating process plans for a single product scheduling case. This model has later 

been extended for the case of multiple products [17]. However, this research has not been 

sufficiently investigated in the literature. The process planning solutions commercially available, 

such as MetCAPP, KAPES and UGS, has not considered tooling management as a constraint to 

manufacturing process planning [15]. An interesting piece of research has been carried out by 

Chang and Chen [18], introducing a dynamic programming based process planning while 

integrating different parameters of shop-floor activities. However, within the scope of shop-floor 

activities, the authors do not consider tool management as an input to the process planning 

problem. 

Blazewicz et al. [19] have considered machine scheduling problem under resource 

constraints; however, they have neither considered tool loading nor a tool life constraint at all. 

Mass customization and shorter product life cycles forced the manufacturers to implement high 

part mixes and to reduce tool setup [20]. Zhiyang et al. [20]  have introduced multiple process 

plans to solve a cutter selection problem on a multi-part milling machine. However, they made 

an assumption that the magazine is able to hold all the tools needed to process all the jobs and 
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therefore, tool switching is not required.  The model developed in this thesis considers tool 

switching. 

Job scheduling is another highly researched area where the tool loading problems have 

received due attention. Bard et al. [21] have articulated a non-linear integer programming model 

to solve the job scheduling problem to minimize the number of tool switch. The ultimate result 

of this problem is to minimize the makespan. The study has assumed that the tool setup is 

uniform and has developed a dual-based Lagrangian relaxation heuristic to solve the problem 

[22]. Akturk et al. [23] have introduced a scheduling problem considering tool change 

requirements due to tool wear in a flexible manufacturing system, focusing on the minimization 

of the total job completion time. The model has been developed for a single tool with 

assumptions that the tool life and the job processing time are constant and given. However, 

considering a single tool may not be appropriate for a flexible machine. The model developed in 

this thesis considers tool life for multiple tools. 

The literature on job scheduling under tooling constraints is also of relevance to the thesis. 

Widmer [24] may be the first to consider minimizing the makespan where the capacity of the 

tool magazine is a reason for tool switching. However, the author has considered uniform tool 

setup time and has used the KTNS policy, discussed in Tang et al. [4], to determine the optimal 

tool loading and has adopted a TABU search technique to solve the job scheduling problem. 

Ecker et al. [25] have emphasised on the precedence constraints of each job and have considered 

non-uniform tool setup times. They have merged two ideas, a dynamic programming approach to 

solve a job scheduling problem being introduced by Moehring [25], and a concept of the SIT-

graph being introduced by Ecker [25]. However, they have not considered multiple process plans 

or tool life as an input to the model. 

1.3 Summary 

 

Based on the above literature survey, the research gaps that have been identified are: 

 

• The job scheduling and the tool loading literature are mostly trying to formulate the tool 

loading problem in the absence of multiple process plans and therefore, the objective is to 

minimize the number of tool switching rather than to minimize the makespan. Moreover, 
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in most of the cases, the tool setup is considered as uniform and the tool life is not 

incorporated into the tool loading problem. 

• Tool life literatures are highly focused on the geometric and mechanical properties of the 

tool. On the other hand, both the job scheduling and the process planning literature do not 

consider tool life in their problem. However, the research on tool life has appeared to be 

very helpful in adding this constraint into the tool loading problem. 

 

This thesis extends the work of Zhiyang et al. [20]  of multiple process plans to the tool 

loading problem with a tool magazine’s capacity constraint given a fixed job sequence.  The 

inclusion of multiple process plans requires a shift from focusing on minimizing number of tool 

switch to minimizing the makespan.  A novel approach using Dynamic Programming is 

developed to solve the problem optimally.  This thesis also combines the idea of tool life 

considerations from the tool life literature into the tool loading problem.  Finally, for the case 

where the sequence of jobs is not fixed, several heuristics are developed to first sequence the 

number of jobs and then the dynamic programming method is applied to determine the optimal 

makespan.  In doing so, this thesis will fill out the gap in the literature and will initiate some new 

ideas in this area of interest. 

The rest of the thesis is organized as follows. In chapter 2, the problem is defined. In Chapter 

3, a dynamic programming approach is presented that can be used to solve the tool loading 

problem for a fixed job sequence to optimally minimize the makespan. In chapters 4 and 5, the 

sequence of jobs to be processed is not assumed to be fixed and several heuristics are presented 

which can be used to first sequence the number of jobs.  Once the sequence is determined, the 

dynamic programming approach as has been developed in Chapter 3 is then applied to minimize 

the makespan. In chapter 6, the conclusion and a recommendation for future research are 

proposed. 
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Chapter 2. Problem Definition and Assumptions 

2.1  Introduction & Problem Definition 

 

This chapter defines the job scheduling and the tool loading problem of a flexible machine such 

as a CNC mill or lathe machine. The machine has a tool magazine that holds tools for processing 

a number of jobs. Each job may be a single part or a batch of the same parts. Without loss of 

generality, each job is assumed to be one part in this study and so part or job can be used 

interchangeably.  Due to the wide variety of parts made, the tool magazine often cannot hold all 

the tools required to process all the jobs. In addition, different tooling combinations are available 

to help build several process plans which make the flexible machine a better choice. On the other 

hand, each tool is restricted to process a certain number of jobs due to tool wear out (tool life). 

If all of the required tools to process all the jobs are present in the tool magazine and the 

tool life is long enough to process all the jobs, then sequencing the jobs to minimize the 

makespan is a Travelling Salesman Problem (TSP) [8]. However, in practice, the magazine may 

have insufficient capacity to hold all the tools needed and that a tool may wear out before all the 

jobs are processed. In this case, certain tool(s) must be taken out from the magazine to 

accommodate new tool(s). There may be a scenario within the tool switching problem where 

alternative sets of tools (multiple process plans) are there to process a particular job. In this case, 

a set of tools may be faster in terms of processing the job but their use may be limited, causing 

frequent tool switching which affects the makespan.  

The objective of this research is to solve a job scheduling and tool switching problem 

where the scheduling is to sequence the jobs while loading the right tools into the tool magazine, 

such that the makespan is minimized subject to multiple process plans, limited magazine 

capacity and tool life. 

2.2  Model Development and Assumptions 

 

In order to solve the problem as described in section 2.1, a deterministic mathematical model has 

been developed to minimize the makespan of a flexible machine considering the following 

assumptions which have been discussed in Sections 2.3.1-2.3.7: 
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i. All jobs are ready to be processed at time zero. Incoming or outgoing inventory does not 

have any effect on the jobs being processed and the machine does not break down during 

processing all the jobs. 

ii. The capacity of the tool magazine is insufficient to hold all the tools to process all the 

jobs. However, the magazine has sufficient capacity to hold all the tools to process a 

single job and no tool switch is required during processing a single job. 

iii. The magazine may be fully loaded or empty. However, in the example, the initial setup 

time is considered as zero.  

iv. The setup time for each tool switching is non-uniform, i.e., switching from tool i to tool k 

is different than switching from k to i. If switching from tool i to tool k is tik and 

switching from tool k to tool i is tki, then non-uniform setup time implies tik ≠ tki. This 

thesis considers both manual and automatic tool setup. However, the example in this 

thesis considers a manual setup with larger variation. 

v. A job may be processed by multiple process plans, i.e., there may be more than one sets 

of tool to process some or all of the jobs. Among the sets of tool capable of processing a 

particular job, one set of tools may be faster in processing the job than using other sets. 

However, a faster tool set may process a smaller variety of jobs.  

vi. The thesis considers a single CNC machine and the process plan for any job refers to a 

set of tools that processes the jobs. The order of tool sequence is ignored for simplicity. 

vii. Tool will not break during processing a job.  

viii. Each tool has a life shorter than the time to process the all the jobs in the makespan. If 

tool i can process Xi job(s) before it wears out and if there are N jobs to be processed, 

then Xi<N.  

ix. The tool will continue to stay in the magazine unless the next job in the sequence requires 

that tool to be removed even if the tool life comes to an end during processing the current 

job. 

2.2.1 Tool Requirement by Each Job 

 

Each job requires certain tool(s) to be processed. It may be helpful to define this tool requirement 

by a matrix. Suppose N jobs to be processed, one at a time, by a subset of tools. Also suppose 

there are M tools to process all the jobs.  



10 

 

The tool requirement data matrix, as has been originally introduced by Tang and Denardo 

[4], is an M x N tool-job matrix P, with: 

 Pij  = 1 if job j requires tool i, 

  = 0 otherwise, 

 

For i = 1,2,...,M and  j=1,2,...,N 

2.2.2 Tool Life 

 

The thesis assumes that each tool is capable of processing a certain number of jobs before 

it wears out and the number of jobs a tool can process is always less than the total number of jobs 

in the makespan. This parameter may be defined as ‘Tool Life’ and, according to the assumption 

of this thesis, the tool life is a function of the number of jobs rather than a function of the job 

processing time by each tool. However, if the time consumes by a tool to process different jobs 

varies significantly then considering a time-based tool life would be more appropriate. This 

thesis does not consider a time based tool life analysis. 

2.2.3 Tool Setup 

 

Tool switching consists of removing a tool from the tool magazine and inserting a new one into 

the magazine and the whole activity is considered as ‘Tool Setup’. Due to the assumptions listed 

in section 2.2, it may be necessary to replace tool(s) from the tool magazine to insert new ones 

due to any or all of the following causes: 

 

a) Capacity of the tool magazine – a tool switch is required because the magazine cannot 

hold all the tools to process all the jobs in the makespan.   

b) Tool life – a tool switch is required to process the next job since its life has come to an 

end. 

c) Multiple process plans – a tool switch is required because the new tool may process the 

next job much quicker than using a tool that is currently in the magazine. However, this 

will only happen when summation of tool setup time and the job processing time by the 
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new tool set is less than the job processing time by an existing tool set remained in the 

magazine. 

 

The tool switching time is represented by an M x M tool-tool matrix with tik equal to the setup 

time for switching from tool i to tool k, where i,k=1,2,...,M. The tool switching time is shown in 

the Table 2.2 below.  

 

Table 2.1: Tool Switching Time 

MMMM

M

M

tttM

ttt

ttt

M

...

.......

.......

.......

...2

...1

...21

21

22221

11211

 

 

2.2.4 Uniform vs. Non-uniform Tool Setup Time 

 

Tool switching may occur between two similar or dissimilar tools. The setup time to perform a 

switch can be assumed to be uniform or non-uniform. For instance, for three tools A, B, and C, if 

tab is the setup time for switching tools from tool A to tool B, tac is the setup time for switching 

tools from tool A to tool C and tbc is the setup time for switching tools from tool B to tool C, then 

for the uniform setup time, bcacab ttt == and for the non-uniform setup time, bcacab ttt ≠≠ . 

Similarly, taa represents the setup time for switching tools from tool A to tool A due to tool life.  

The model in this thesis will assume non-uniform setup time since uniform setup time is simply a 

special case of non-uniform setup time. 

2.2.5 Tool Combinations 

 

For a magazine with capacity C and for M tools, the maximum possible combinations of tool set 

to process any job is 





M

C

. For jobs that require less number of tools than the capacity of the tool 

magazine, certain tool set is always present within the available tooling combinations with tool 
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magazine fully loaded. For instance, if there are 5 tools: A B C   D E and the capacity of the tool 

magazine is 3, then there are 








 5

3

or 10 possible tool sets to process any job, they are:  

C
T
 = {ABC, ABD, ABE, ACD, ACE, ADE, BCD, BCE, BDE, CDE} 

 

The set AB is always available in ABC, ABD, and ABE tool sets if any of the jobs requires 

such tool set. 

2.2.6 Job Processing Time and Process Plan 

 

Job processing time is the time to process a job by a particular tool-set. If there are Cj sets of tool 

to process a particular job j and if j

kt is one of the sets for processing j
th
 job where j

j

k Ct ∈  then 

there is a specific job processing time for each tool loading and each tool set 
j

kt  represents a 

process plan for a particular job. Due to the flexible nature of the machine, there may be more 

than one process plan to process a particular job. 

2.2.7 Commonality Factor 

 

Commonality factor (Fc) is the number of tool set(s) common amongst the jobs to be processed. 

If there are more jobs in the makespan than the number of available tool sets, then there are some 

jobs that must be processed by tool set(s) common to more than one job. For instance, if there are 

N jobs to be processed, one at a time, by any of the tool set from C
T
 possible tool sets and if 

N>C
T
, then some tool set(s) must be common in (N-C

T
+1) number of jobs. Below are all 

possible commonality factors: 

 

a) All tool sets are common to all of the jobs. If
 NCCC ,...,, 21 be the tool sets to process 

corresponding jobs 1,2,...,N, then this commonality factor holds the relationship of

NCCC === ...21   

b) Some or at least one tool set is common to all jobs. If NCCC ,...,, 21  be the tool sets to 

process corresponding jobs 1,2,...,N, then this commonality factor holds the relationship 

of 121 ... CCCC NN ⊂⊂⊂⊂ −  
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c) Some or at least one tool set is common between any pair of jobs. If NCCC ,...,, 21  be the 

tool sets to process corresponding jobs 1,2,...,N, then this commonality factor holds the 

relationship of 1−⊂ NN CC and 2−⊂ NN CC , however, 21 −− ⊄ NN CC  

d) No tool set is common to any of the jobs. If NCCC ,...,, 21 be the tool sets to process 

corresponding jobs 1,2,...,N, then this commonality factor holds the relationship of

121 ... CCCC NN ⊄⊄⊄⊄ − . In this case, the number of jobs must be equal to or less than 

the available tool set. 
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Chapter 3. Dynamic Programming Approach 

3.1  Introduction 

 

Dynamic Programming (DP) is a technique that can be used to solve many types of optimization 

problems.   The technique requires the optimization problem to be cast as a network where the 

objective is to find the shortest path from the start node to the end node. DP determines the 

optimal solution by working backward or forward from one end of the network towards the other 

end through recursion, breaking up a large problem into a series of smaller, more tractable 

problems.  The main contribution of dynamic programming is the principle of optimality, as 

mentioned in Taha [26]. In general, there are five distinctive characteristics of the dynamic 

programming technique, as presented by Winston [27], they are: 

 

1) The problem may be divided into sub-problems of several stages and a decision is 

required at each stage, 

2) Each stage consists of number of states, 

3) The decision obtained at any stage shows how the state at the present stage is 

transformed into the state at the next stage, 

4) Principle of optimality - this means the optimal decision for each of the remaining 

sub-problem must not depend on previously obtained decisions, and 

5) If the states for the problem is classified into one of the T sub-problems, there 

must be a recursion that relates the result obtained during stages t, t+1, ...,T to the 

result obtained from the stages t+1, t+2,..., T. 

3.2  Formulation of DP for Optimal Tool Loading 

 

In this section, a Dynamic Programming model is formulated to find the optimal tool loading to 

minimize the makespan while processing a number of jobs for a fixed job sequence.  

• The sequence of jobs to be processed represents the stages in the network.  Since there 

are N jobs to be processed, the network will have N stages.   
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• The tool sets available for processing any job is denoted as Cj where 

{ }jj

lj nltC ,...,2,1| ==
   

• A node (state) in the network represents a particular tool loading 
j

kt  to process a given 

job j. 

• The path between two nodes in the network represents the job processing time for job j 

by tool loading
j

kt plus the tool setup time due to tool switching. 

• The time to switch from tool i to tool k is tik and the setup time is non-uniform. This 

switching time includes switching between two similar tools (due to tool wear out) or 

switching between two different tools due to magazine constraints or quicker job 

processing time.   

 

While moving from job j-1 to job j (stage j-1 to stage j) the decision is to determine 

which tool set to load to process the jth job from among the available tool sets being used for 

processing job j-1.  

 

For a given stage, the following recursive equation gives the optimal makespan of a 

particular tool loading up to that stage. 

 

{ }][],[][Min][
11

1

−− ++=
−

j
k

j
k

j
l

j
k

t

j
k tMttStptM

j
l

 
(1) 

 Here, 

 ][ j

ktM , the optimal makespan up to and including job j for a specific tool loading tk 

 ][ j

ktp , the job processing time of job j by a specific tool loading tk 

],[ 1 j

k

j

l ttS − , total tool switching time from all tool loadings corresponding to job j-1 to the 

specific tool loading corresponding to job j 



16 

 

3.2.1 Construction of the Network Diagram 

 

Construction of a network diagram is always helpful in visualizing the stages, states and arcs 

connecting the states. In the network, each job is considered as a stage and the tool loading for 

processing of that particular job are states. In Figure 3.1 below, a general network diagram is 

constructed with three jobs for a particular fixed sequence, their corresponding tool loading from 

three possible tool sets and the connecting paths from one tool loading to another when  moving 

from one job to another. 

 

 

Figure 3.1 Basic Network Diagram 

 

As seen from Figure 3.1, job j-1 can be processed by any of the three tool loadings 

(process plans), t1, t2, and t3.  Job j can be processed by one tool loading t1. Job j+1 can be 

processed by three tool loadings, t1, t2, and t3. When moving from job j-1 to job j, three tool 

loadings are available to be transformed into one tool loading to process job j. However, there is 

one tool loading available to transform to three tool loadings to process job j+1 when moving 

from job j to job j+1. 

 Each path connecting two nodes represents processing time plus the tool setup time 

associated with using that path. For instance, the path connecting nodes t1 of job j-1 and t1 of job 

j represents a time of which the first part is the processing time of job j by the tool loading t1 and 

the second part is summation of all tool switching times for tool loading transforming from 1

1

−jt  
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to jt1 and is denoted as S[t1,t1] where the first element within the square bracket is the tool loading 

for the previous job and the second element is the tool loading for the current job. This tool 

switching time includes the switching time between two similar tools due to tool life or between 

two dissimilar tools due to multiple process plans and due to the capacity of the tool magazine.  

3.2.2 Example of Dynamic Programming 

  

Two numerical examples will be used to illustrate the use of Dynamic Programming to solve the 

tool loading problem for a fixed job sequence for multiple process plans where tool switch is 

required. In the first example tool life will not be considered and in the second example, tool life 

will also be considered as a contributing factor to tool switch. 

3.2.2(a) Example of Dynamic Programming without Tool Life Consideration 

 

In this example, the life of each tool is sufficient to process the required number of jobs so that 

no tool switch is required due to wear out.  The objective is to determine the optimal tool loading 

for a fixed job sequence of 5 jobs to be processed by 3 tools when the magazine can only hold a 

maximum of 2 tools at a time. The job processing and tool requirements for each job and the tool 

setup time are shown in the respective tables below: 

 

Table 3.1: Job Processing & Tool Requirement Data 

Job Process Plan Tool Required Processing Time (min) 

1 1 1&2 7 

2 2&3 4 

3 1&3 6 

2 1 1&2 9 

2 1&3 8 

3 1 2 8 

2 3 6 

4 1 3 7 

5 1 2&3 6 
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Table 3.2: Switching Time between the Tools 

15363

51172

812101

321Tool

T =  

Solution 

 

Table 3.1 shows that Job 1 can be processed by any of the three available process plans, they are: 

Plan 1 = tool 1&2 with processing time 7 minutes 

Plan 2 = tool 2&3 with processing time 4 minutes 

Plan 3 = tool 1&3 with processing time 6 minutes 

Similar process plan is available for other jobs as well. Table 3.2 shows that the 

switching from tool 1 to tool 1 requires 10 minutes and the switching from tool 1 to tool 2 

requires 12 minutes, etc. 

In order to solve the problem, the job processing and tool requirement table needs to be 

modified to accommodate the tool loading into it so the spare capacity of the tool magazine can 

be fully utilized. Since the job 3 can be processed either by tool 2 or by tool 3, the requirement of 

tool 2 can be obtained from either tool loadings (1,2) or (2,3) [ ])}3,2(),2,1{(2∈  and the 

requirement of tool 3 can be obtained from either tool loadings (2,3) or (1,3) [ ])}3,2(),3,1{(3∈ . 

Similarly, the tooling requirement of tool 3 for job 4 can be obtained from either tool loadings 

(1,3) or (2,3) [ ])}3,2(),3,1{(3∈ . The modified table is given below: 

Table 3.3: Tool Requirement Table Modified 

Job Process Plan Tool Required Tool Loading Processing Time (min) 

1 1 1&2 1,2 7 

2 2&3 2,3 4 

3 1&3 1,3 6 

2 1 1&2 1,2 9 

2 1&3 1,3 8 
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Job Process Plan Tool Required Tool Loading Processing Time (min) 

3 1 2 1,2 8 

1 2 2,3 8 

2 3 1,3 6 

2 3 2,3 6 

4 1 3 1,3 7 

1 3 2,3 7 

5 1 2&3 2,3 6 

 

This example considers the tool loading problem is for the following fixed job sequence: 

)5,4,3,2,1(
 

Based on the job sequence, the following network diagram can be constructed:

 

Figure 3.2 Network Diagram for Job Sequence 1-2-3-4-5 
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As can be seen from the Figure 3.2, for processing job 1, there are three different process 

plans and for each process plan there are three specific tool loading (states); they are: (1,2), (2,3) 

and (1,3). While moving from job 1 to job 2, the network looks for any tool loading (states) for 

job 2 that can be obtained from the previous tool loading for job 1. For instance, tool loading 

(1,2) for job 2 can be obtained from previous tool loading (1,2) for job 1 without any tool switch, 

and from (1,3) and (2,3) by switching from tool 3 to 2 or switching from tool 3 to 1. Similarly, 

tool set (1,3) can be obtained from the previous tool sets either by keeping the same tool sets or 

by switching the tools. In the network, the idle tools are identified too. Since job 3 can be 

processed by any of the three tool sets – (1,2), (1,3), (2,3) and since tool set (2,3) has a usage of 

two; there are four States for Stage 3 - (1’,2) (2,3’) (2’,3) (1’,3). Here, the tool with (‘) represents 

an idle tool that does not take part in the processing of the job but are used to fill out the spare 

capacity of the tool magazine. The calculation for the tool loading for each stage using forward 

recursion is shown below: 

Table 3.4: Calculation of Tool Loading for Job Sequence 1-2-3-4-5 

Job Tool 

Loading 

Process 

Time 

(1) 

Previous 

Tool 

Loading 

 

(2) 

Tool 

Switch 

Switch 

Time 

(3) 

Total Time Makespan for 

corresponding tool 

loading 

j j

kt  ][ j

ktp  1−j
lt  ][ 1−j

ltM  i>k ],[ 1 j

k

j

l ttS −  (1)+(2)+(3)
 

][ j

ktM  

1 1,2 7 - 0 - 0 7 7 

2,3 4 - 0 - 0 4 4 

1,3 6 - 0 - 0 6 6 

     
2 1,2 9 1,2 7 - 0 16 16 

1,2 9 2,3 4 3>1 6 19 
 

1,2 9 1,3 6 3>2 3 18 
 

1,3 8 1,2 7 2>3 5 20 14 

1,3 8 2,3 4 2>1 7 19 
 

1,3 8 1,3 6 - 0 14 
 

     
3 1,2 8 1,2 16 - 0 24 24 

1,2 8 1,3 14 3>2 3 25 
 

2,3 8 1,2 16 1>3 8 32 30 

2,3 6 1,2 16 1>3 8 30 
 

2,3 6 1,3 14 1>2 12 32 
 

1,3 6 1,2 14 2>3 5 25 20 

1,3 6 1,3 14 - 0 20 
 

     
4 2,3 7 2,3 30 - 0 37 37 

2,3 7 1,3 20 1>2 12 39 
 

2,3 7 1,2 24 1>3 8 39 
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Job Tool 

Loading 

Process 

Time 

(1) 

Previous 

Tool 

Loading 

 

(2) 

Tool 

Switch 

Switch 

Time 

(3) 

Total Time Makespan for 

corresponding tool 

loading 

j j

kt  ][ j

ktp  1−j
lt  ][ 1−j

ltM  i>k ],[ 1 j

k

j

l ttS −  (1)+(2)+(3)
 

][ j

ktM  

1,3 7 1,3 20 - 0 27 27 

     
5 2,3 6 2,3 37 - 0 43 43 

2,3 6 1,3 27 1>2 12 45 
 

 

Table 3.4 shows that the optimal makespan is 43 minutes for the job sequence {1, 2, 3, 4, 

5}. In order to find the corresponding tool loading for each stage, moving backward from stage 5 

to up to stage 1 is necessary. For instance, the makespan 43 corresponds to the tool loading of 

(2,3) in stage 5, which has been transformed from a previous tool loading of (2,3) of stage 4. The 

corresponding tool loadings in each stage are shown in bold faces to make it easier to locate. 

The optimal tool loading for this particular job sequence is shown in the tool 

requirements matrix below: 

 

Table 3.5: Tools Loading for Job Sequence 1-2-3-4-5 

11100

11111

00011

54321

=ijP  

 

Table 3.5 shows the optimal tool loading for the fixed job sequence )5,4,3,2,1( . However, 

at this point, it is not known, if the sequence of job itself is optimal or not. This has been 

addressed in Chapter 4 where several heuristics are proposed to solve the job scheduling 

problem.  Once the job sequence is determined, the same dynamic programming technique as has 

been used in this example will be applied to determine the optimal makespan. 

3.2.2(b) Example of Dynamic Programming with Tool Life Consideration 

 

The same example given in 3.3.2(a) is solved here except a deterministic tool life will now be 

considered where each tool is capable of processing a certain number of jobs before it wears out 

so that a tool change is required due to the tool life.  The job processing & tool requirements for 
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each job; the tool switching time; and the maximum number of jobs each tool can process before 

it expires (tool life) are shown in the respective tables below: 

Table 3.6: Job Processing & Tool Requirement Data 

Job Process Plan Tool Required Processing Time (min) 

1 1 1&2 7 

2 2&3 4 

3 1&3 6 

2 1 1&2 9 

2 1&3 8 

3 1 2 8 

2 3 6 

4 1 3 7 

5 1 2&3 6 

 

 

Table 3.7: Switching Time between the Tools 

15363

51172

812101

321Tool

T =  

 

Table 3.8: Tool Life for Each Tool 

Tool Maximum no of jobs the tool can process 

1 3 

2 2 

3 1 

 

Table 3.8 shows that tool 1, 2 and 3 can process 3 jobs, 2 jobs and 1 job respectively 

before wears out. Once any tool reaches that number and if the next job in the sequence requires 

that tool for processing, then this tool must be replaced by a new tool. Table 3.7 also shows the 
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switching time between two similar tools. For instance, if tool 1 has been used in three 

successive jobs, then the 4
th
 job will require a tool switch from tool 1 to 1, provided the 4

th
 job 

also requires tool 1. If the tool switch due to the capacity of the magazine and due to the life of 

the tool occur simultaneously then both switching times will add up. This instance is shown in 

the following network diagram. 

 

Figure 3.3 Network Diagram for Job Sequence 1-2-3-4-5 with Tool Life 

Figure 3.3 is much similar to Figure 3.2; except there are some additional values for tool 

switches due to tool life in Figure 3.3. For instance, loading tool set (1,3) for processing job 2 

from the same tool loading (1,3) of corresponding job 1 requires a tool switch from tool 3 to tool 

3 since the tool 3 can process only one job and it has already been used by job 1 while being 

processed by (1,3) tool set. The time to switch tool 3 to another tool 3 requires 15 minutes and 

this has been inserted into the network diagram. Some of the paths contain the values for 

multiple tool switches corresponding to tool switch due to the capacity of the tool magazine and 

due to tool life. For instance, loading tool set (2,3) for processing of job 5 from a previous tool 

loading of (1,3) which has been used to process job 4 requires three tool switches; one of them is 

due to the capacity of the tool magazine (switching from tool 1 to tool 2) and others are due to 
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tool life (switching from tool 2 to tool 2 and switching from tool 3 to tool 3) because both tools 

have reached their tool life while processing job 4. However, the first value of each path always 

represents the processing time.  The calculation for each stage using forward recursion method is 

shown in the table below:  

Table 3.9: Calculation for Tool Loading with Tool Life 

Job 

Tool 

Load 

Process 

Time 

(1) 

Previous 
Tool 

Loading 

Tool Use (2) 
Tool 

Switch 

Switch 
Time 

(3) 

Total Time 
Makespan for 
corresponding 

tool loading 

j 
j

kt  ][
j

ktp  1−j
lt  Tool Current 

Up to 
Previous 

Total 

Reset 

on 
Tool 

Switch 

][ 1−j
ltM  i>k ],[ 1 j

k

j

l ttS −  (1)+(2)+(3) ][
j

ktM  

1 1,2 7 - 1 1 0 1 1 0 - 0 7 7 

 2 1 0 1 1     

 3 0 0 0 0     
2,3 4 - 1 0 0 0 0 0 - 0 4 4 

 2 1 0 1 1     

 3 1 0 1 1     
1,3 6 - 1 1 0 1 1 0 - 0 6 6 

 2 0 0 0 0     

 3 1 0 1 1     

         

2 1,2 9 1,2 1 1 1 2 2 7 - 0 16 16 

 2 1 1 2 2     

 3 0 0 0 0     
1,2 9 2,3 1 1 0 1 1 4 3>1 6 19 

 

 2 1 1 2 2     

 3 0 1 1 1     
1,2 8 1,3 1 1 1 2 2 6 3>2 3 17 

 

 2 1 0 1 1     

 3 0 1 1 1     
1,3 8 1,2 1 1 1 2 2 7 2>3 5 20 20 

 2 0 1 1 1     

 3 1 0 1 1     
1,3 8 2,3 1 1 0 1 1 4 2>1 7 34 

 

 2 0 1 1 1     

 3 1 1 2 1 3>3 15 
  

1,3 8 1,3 1 1 1 2 2 6 - 0 29 
 

 2 0 0 0 0     

 3 1 1 2 1 3>3 15 
  

         

3 1,2 8 1,2 1 1 2 3 3 16 - 0 35 31 

 2 1 2 3 1 2>2 11 
  

 3 0 0 0 0     
1,2 8 1,3 1 1 2 3 3 20 3>2 3 31 

 

 2 1 1 2 2     

 3 0 1 1 1     
2,3 8 1,2 1 0 2 2 2 16 1>3 8 43 41 

 2 1 2 3 1 2>2 11 
  

 3 1 0 1 1     
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Job 
Tool 
Load 

Process 

Time 

(1) 

Previous 

Tool 

Loading 

Tool Use (2) 
Tool 

Switch 

Switch 

Time 

(3) 

Total Time 

Makespan for 

corresponding 

tool loading 

j 
j

kt  ][
j

ktp  1−j
lt  Tool Current 

Up to 

Previous 
Total 

Reset 

on 

Tool 
Switch 

][ 1−j
ltM  i>k ],[ 1 j

k

j

l ttS −  (1)+(2)+(3) ][
j

ktM  

2,3 8 1,3 1 0 2 2 2 20 1>2 12 55 
 

 2 1 1 2 1     

 3 1 1 2 1 3>3 15 
  

2,3 6 1,2 1 0 2 2 2 16 1>3 8 41 
 

 2 1 2 3 1 2>2 11 
  

 3 1 0 1 1     
2,3 6 1,3 1 0 2 2 2 14 1>2 12 53 

 

 2 1 1 2 1     

 3 1 1 2 1 3>3 15 
  

1,3 6 1,2 1 1 2 3 3 16 2>3 5 27 27 

 2 0 2 2 2     

 3 1 0 1 1     
1,3 6 1,3 1 1 2 3 3 14 - 0 41 

 

 2 0 1 1 0     

 3 1 1 2 1 3>3 15 
  

         

4 2,3 7 1,2 1 0 3 3 3 31 1>3 8 72 63 

 2 1 2 3 1 2>2 11 
  

 3 1 1 2 1 3>3 15 
  

2,3 7 2,3 1 0 2 2 2 41 - 0 63 
 

 2 1 1 2 2     

 3 1 1 2 1 3>3 15 
  

2,3 7 1,3 1 0 3 3 3 27 1>2 12 72 
 

 2 1 2 3 1 2>2 11 
  

 3 1 1 2 1 3>3 15 
  

1,3 7 1,2 1 1 3 4 1 31 2>3 5 53 53 

 2 0 2 2 2 1>1 10 
  

 3 1 1 2 1 3>3 15 
  

1,3 7 2,3 1 1 2 3 3 41 2>1 7 70 
 

 2 0 1 1 1     

 3 1 1 2 2 3>3 15 
  

1,3 7 1,3 1 1 3 4 1 27 - 0 59 
 

 2 0 2 2 2 1>1 10 
  

 3 1 1 2 1 3>3 15 
  

     
  

 

5 2,3 6 2,3 1 0 2 2 2 63 - 0 95 95 

 2 1 2 3 1 2>2 11 
  

 3 1 1 2 1 3>3 15 
  

2,3 6 1,3 1 0 1 1 1 53 1>2 12 97 
 

 2 1 2 3 1 2>2 11 
  

 3 1 1 2 1 3>3 15 
  

     

 

The makespan is 95 minutes and the optimal tool loading for the job sequence is shown in the 

tool requirement matrix table below: 
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Table 3.10: Tool Loading for Job Sequence 1-2-3-4-5 with Tool Life 

11100

11111

00011

54321

=ijP  

3.3  Summary 

 

In this chapter, a dynamic programming approach has been developed to solve two numerical 

tool loading problems, one without considering the tool life and another with due consideration 

of the tool life as a contributing factors for tool switch. The dynamic programming approach has 

successfully accommodated all the assumptions of the problem and has provided an optimal tool 

loading for a fixed job sequence. However, an optimal tool loading does not necessarily 

guarantee an optimal makespan, particularly when the job sequence is flexible and a re-

sequencing of the jobs may provide a better makespan. In the next two chapters, a heuristic based 

approach will be used to sequence the jobs first and then the same dynamic programming 

approach as has been developed here can be applied to obtain a better makespan with the optimal 

tool loading.  
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Chapter 4. Heuristics for Job Sequencing without Tool Life 

4.1 Introduction 

 

Tang and Denardo [4] have proved that the scheduling of a number of jobs to be processed in 

conjunction with deciding how tools should be loaded into the magazine is NP-hard [4] for a 

magazine capacity greater than or equal to 2.  In the literature, there are several heuristic based 

procedures for finding a sub-optimal solution to this problem. However, none of the heuristics 

have considered multiple process plans or tool life as contributing factors for tool switch. Rather, 

most have been developed to solely address tool switch due to the capacity of the tool magazine. 

In this thesis, multiple process plans play a key role in selecting a particular tool set to process a 

particular job. Keeping this in mind, two sets of heuristics have been formulated for sequencing 

the jobs. In the first set, three heuristics have been modelled considering multiple process plans 

and capacity of the tool magazine as factors affecting the makespan. In the second set, one 

heuristic has been modelled considering multiple process plans, capacity of the tool magazine 

and tool life as factors affecting the makespan. 

4.2 Sequencing the Jobs without Tool Life Consideration 

 

As explained in Section 2.2.7, there may be different commonality factors (Fc) among different 

tool sets for processing different jobs.  The following three heuristics are developed based on this 

concept of commonality factors.  The heuristics assume tool life will not play a role in tool 

switch and tool setup time can either be uniform or non-uniform.  

4.2.1 Heuristic 1: Tool Set Common among All Jobs 

 

Jobs can be sequenced in any order if there is at least one tool set common among all the tool 

sets to process all the jobs. The idea behind this heuristic is eliminate tool switches due to the 

capacity of the tool magazine. 

Let NCCC ,...,, 21 be the tool sets to process corresponding jobs N,...,2,1 , such that

11 ... CCC NN ⊆⊆⊆ − , then the tool set to process N
th
 job is common for all of the jobs.  

Therefore tool set for N
th
 job can be used to process all of the jobs including the N

th
 job, and no 
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tool switch is required due to the capacity constraint of the tool magazine. In such case, jobs 

(1,2,...,N) can be sequenced in any order. 

 

Illustration: 

For 5 tools, A B C D E, and with magazine capacity 3, there are 





 5

3

 or 10 possible tool sets, 

they are: 

 

},,,,,,,,,{ CEDBDEBCEBCDADEACEACDABEABDABCC T =  

  

Suppose there are N jobs to be processed by the available tool sets. Also suppose, 

NCCC ,...,, 21 be the number of tool sets to process corresponding jobs 1, 2 , ...,N, where: 

},,,,,,,,,{1 CEDBDEBCEBCDADEACEACDABEABDABCC =  

},,,,,,,,{2 BDEBCEBCDADEACEACDABEABDABCC =  

. 

. 

},{1 ABDABCCN =−  

}{ABCCN =  

 

This shows that 11 ... CCC NN ⊂⊂⊂ − . Thus, tool set ABC is common to all of the tool 

sets to process corresponding jobs. Therefore, loading tool set ABC to process all the jobs will 

not require a tool switch due to the capacity of the tool magazine and the jobs can be sequenced 

in any order. 

4.2.2 Heuristic 2: Tool Set Common in Two or More Jobs but not in All Jobs 

 

Starting from the job being processed by maximum tool sets, the rest of the jobs can be 

sequenced according to the decreasing order of the number of commonality factors of the tool 

sets among successive jobs.  The idea behind this heuristic is to keep two jobs together that most 

likely will be processed by the same set of tools. 
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Let 211 ,,, ++− jjjj CCCC be the tool sets to process corresponding jobs 2,1,,1 ++− JJJJ , 

such that number of items contained in Cj-1 is greater than the number of items contained in any 

other tool sets to process other jobs. In that case, job J-1 will be the first job in the sequence. 

Suppose, jjjj CCx I1,1 −− = , 111,1 +−+− = jjjj CCx I and 212,1 +−+− = jjjj CCx I . Also N[xj-1,j] is the 

number of items common between two sets Cj-1 and Cj, N[xj-1, j+1] is the number items common 

between Cj-1 and Cj+1, and N[xj-1,j+2] is the number of items common between Cj-1 and Cj+2 . If 

N[xj-1,j] >N[xj-1,j+1]>N[xj-1,,j+2], then the next job in the sequence is J and no tool switch is 

required between these two jobs. The rest of the jobs will follow the same steps to be sequenced.  

 

Tie Braking 

 

If there is a tie such that N[xj-1,j] = N[xj-1,j+1], then the two jobs, job J and job J+2, can be 

sequenced in either order depending on their relative relationship with previous jobs and that the 

job with higher tool sets being used more in previous job(s) will get the preference over the tool 

sets being used less. There are two steps to break the tie, they are: 

Step 1- To find the tool set that is used most in previous jobs 

Step 2- To check if the most used tool set is used in tied jobs. The job with most used tool 

set will get the preference over the other job 

 

Illustration: 

For 5 tools, A B C D E, and with magazine capacity 3, there are 





 5

3

 or 10 possible tool sets; 

they are:  

},,,,,,,,,{ CEDBDEBCEBCDADEACEACDABEABDABCC T =  

  

Suppose there are 4 jobs to be processed, one at a time, by the available tool sets. Also 

suppose, 421 ,...,, CCC be the tool sets to process corresponding jobs (1, 2, 3, 4), where: 

},,,,,{1 CEDBDEACDABEABDABCC =  

},,,,{2 CEDADEABEABDABCC =
 



30 

 

},,,,{3 BCDADEABEABDABCC =  

},,,{4 BCEBCDADEACDC =
 

 

Since C1 contains more items than any other tool sets corresponding to other jobs; the 

starting job will be 1. The next job in the sequence is determined based on the commonality 

factors between job 1 and other jobs. From the tool sets, the set of common tool sets are: 

},,,{}{ 2112 CEDABEABDABCCCx == I  

},,{}{ 3113 ABEABDABCCCx == I
 

}{}{ 4114 ACDCCx == I  

 

Since 4][ 12 =xN , 3][ 13 =xN  and 1][ 14 =xN , the next job in the sequence is job 2 and the 

jobs can be sequenced as (1,2) Again, the next job in the sequence is to be determined based on 

the commonality factors between job 2 and other jobs except job 1 since the job 1 already has 

secured the fist position. From the tool sets, the set of common tool sets are: 

},,,{}{ 3223 ADEABEABDABCCCx == I
 

}{}{ 4224 noneCCx == I  

Since 4][ 23 =xN and 0][ 24 =xN  , the next job in the sequence is 3 and since job 4 the 

only job that is left, the jobs can be sequenced as )4,3,2,1(  

4.2.3 Heuristic 3: No Tool Set Common among the Jobs 

 

Sequence the jobs in increasing order of tool switching time for corresponding jobs if no tool set 

is common among all the jobs. There are N jobs to be processed, one at a time. Suppose 

NCCC ,...,, 21 are the tool sets to process corresponding jobs 1,2,...,N and 11 ... CCC NN ⊄⊄⊄ − . 

If t1,t2,...,tn are the minimum tool switching times for switching from other jobs to the 

corresponding jobs 1,2,...,N, such that t1<t2<...,<tn; then sequence jobs as (1,2,..,N). 
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Illustration: 

Suppose there are 4 tools A B C D and capacity of the magazine is 2, then there will be 6 

possible tool sets to process a maximum of 6 jobs since no tool set is common to any of the jobs. 

The possible sets are: {AB, AC, AD, BC, BD, and CD}. The tool-job matrix below shows the tool 

requirement for each of the jobs: 

Table 4.1: Tool Requirements for Each Job 

110100

101010

011001

000111

654321

D

C

B

A

 

 

The Table 4.1 shows that the job 1 requires tools A & B, job 2 requires tools A & C and 

so on. The Table 4.2 shows the tool switching time between two tools. Since the tool life does 

not affect the tool switch, the table does not hold any value for switching between two similar 

tools. 

 

Table 4.2: Tool Switching Time between Two Tools 

−

−

−

−

dcdbda

cdcbca

bdbcba

adacab

tttD

tttC

tttB

tttA

DCBA

 

 

Assuming that the switching time between two tools always maintains the following 

relationships: dcdbdacdcbcabdbcbaadacab tttttttttttt <<<<<<<<<<<
. 

For 6 jobs and 4 

tools, Table 4.3 shows the tool switching requirement from one job to another: 
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Table 4.3: Requirement of Tool Switch for Each Job 

cacbdbcadadbca

babcdcbadcbada

babdcdcdbabaca

abacabdcabdcdb

adadcdababcdcb

acbdacadacbdbc

tttttttCD

tttttttBD

tttttttBC

tttttttAD

tttttttAC

tttttttAB

MinCDBDBCADACABCombo

Job

−+

−+

−+

+−

+−

+−

6

5

4

3

2

1

654321

 

 

If the job starts from 1, then the next minimum tool switch time from job 1 is tac which 

corresponds to job 4, then from job 4, the minimum tool switch time is tba which corresponds to 

job 2. Based on this, the job sequence (1,4,2,6,3,5) is obtained. 

 

4.3 Example of Job Sequencing without Tool Life Consideration 

 

The problem described in 3.3.2(a) will be solved here.  However, rather than assuming the job 

sequence is pre-specified and fixed as (1,2,3,4,5), the set of heuristics described in Sections 4.2 

will be applied to sequence the jobs.  Once a sequence is determined, the Dynamic Programming 

technique as has been developed in Chapter 3 will be applied to this sequence to find the optimal 

tool loading. 

The problem assumes each tool is capable of processing a sufficient number of jobs so 

that no tool switching is required due to tool life.  The objective is to minimize the makespan 

while determining the sequence a set of 5 jobs and loading 3 tools into a magazine that can hold 

a maximum of 2 tools.  The job processing and tool requirements for each job and the tool 

switching time are shown in the respective tables below: 

Table 4.4: Job Processing & Tool Requirement Data 

Job Process Plan Tool Required Processing Time (min) 

1 1 1&2 7 

2 2&3 4 

3 1&3 6 
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Job Process Plan Tool Required Processing Time (min) 

2 1 1&2 9 

2 1&3 8 

3 1 2 8 

2 3 6 

4 1 3 7 

5 1 2&3 6 

 

Table 4.5: Switching Time between the Tools 

15363

51172

812101

321Tool

T =  

Solutions 

 

Similar approach has been followed as has been used to solve 3.3.2(a) except that the 

sequencing the jobs is done first based on the heuristic presented in Section 4.2 and then the 

dynamic programming technique is applied to solve the tool loading problem once a sequence is 

found by the set of heuristics. Since details regarding the modification of the tool requirement 

table have already been explained in Section 3.3.2(a), it is not repeated here. The modified table 

is: 

 

Table 4.6: Tool Requirement Table Modified 

Job Process Plan Tool Required Tool Loading Processing Time (min) 

1 1 1&2 1,2 7 

2 2&3 2,3 4 

3 1&3 1,3 6 

2 1 1&2 1,2 9 

2 1&3 1,3 8 

3 1 2 1,2 8 

1 2 2,3 8 

2 3 1,3 6 
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Job Process Plan Tool Required Tool Loading Processing Time (min) 

2 3 2,3 6 

4 1 3 1,3 7 

1 3 2,3 7 

5 1 2&3 2,3 6 

 

4.3.1 Sequencing the Jobs 

 

Since there are more jobs than the available tool sets (5 jobs and 3 tool sets), therefore, heuristic 

4.2.3 does not apply. On the other hand, tool set (1,2) is common to jobs 1, 2 & 3. Tool set (1,3) 

is common to jobs 1, 2, 3 & 4. Tool set (2,3) is common to jobs 1, 3, 4 & 5. Since there is not a 

single tool set that is common to all of the jobs; heuristic 4.2.1 cannot be applied. Therefore, 

4.2.2 can be applied to sequence the jobs. The table below shows the tool sets for processing all 

the jobs: 

 

Table 4.7: Tool Sets to Process All Jobs 

12423

11201)3,2(

01111)3,1(

00111)2,1(

54321

Total

t l

 

 

Table 4.7 shows that job 3 can be processed by a maximum of 4 tool sets followed by job 

1. Therefore, the starting job should be job 3. The next job in the sequence can be determined 

based on the commonality factors between the job 3 and other jobs. The commonality factors as 

obtained from the tool sets are: 

 

x31 = {(1,2), (1,3), (2,3)}  and N[x31] = 3 

x32 = {(1,2), (1,3)}   and N[x32] = 2 

x34 = {(1,3), (2,3)}   and N[x34] = 2 

x35 = (2,3)    and N[x35] = 1 
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Since, ][][][][ 35343231 xNxNxNxN >=> , the next job in the sequence after job 3 is job 1. 

The next job in the sequence can be determined based on the commonality factors between job 1 

and rest of the jobs: 

 

x12 = {(1,2) (1,3)}   and N[x12] = 2 

x14 = {(1,3), (2,3)}  and N[x14] = 2 

x15 = (2,3)    and N[x15] = 1 

 

Since, N[x12] =N[x14]; applying the tie breaking rule is necessary to break the tie. 

 

Tie Breaking 

 

Step 1- To find the tool set that is used most in previous jobs 

 

Following table helps determine the usage of tool sets in previous jobs: 

 

Table 4.8: Usage of Tool Sets in Previous Jobs 

312)3,2(

211)3,1(

211)2,1(

13 TotaljobjobCombo

 

 

Thus, tool set (2,3) is the most used tool set. 

 

Step 2- To check if the most used tool set is used in tied jobs 

 

Since (2,3) is the most used tool set, the solution will now check if this tool set has been used in 

those tied jobs. As seen, the tool set (2,3) will be used by job 4 and is a common item for x14. 

Therefore, the next job in the sequence will be 4. The next job in the sequence can be determined 

based on the commonality factors between job 4 and rest of the jobs, as: 
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x42 = (1,3)   and N[x42] = 1 

x45 = (2,3)   and N[x45] = 1 

 

Since, N[x42] = N[x45]; applying the tie break rule is necessary to break the tie. 

 

Tie Breaking 

 

Step 1- To find the tool set that is used most in previous jobs 

 

The following table helps determine the usage of tool sets in previous jobs: 

 

Table 4.9: Usage of Tool Sets in Previous Jobs 

4112)3,2(

3111)3,1(

2011)2,1(

413 TotaljobjobjobCombo

 

 

Thus, tool set (2,3) is the most used tool set. 

 

Step 2- To check if the most used tool set is used in tied jobs 

 

Since (2,3) is the most used tool set, the solution will now check if this tool set has been used in 

those tied jobs. As seen, the tool set (2,3) will be used by job 5 and is a common item for x45. 

Therefore, the next job in the sequence will be 5. Since, there is only one job left, the final job 

sequence is 

 

)2,5,4,1,3(  

4.3.2 Tool Loading 

 

In order to solve the tool loading problem for the job sequence obtained in section 4.3.1, the 

Dynamic Programming technique as has been developed in Chapter 3 can be applied. The 

network diagram based on the job sequence (3,1,4,5,2) is shown below: 
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Figure 4.1: Network Diagram for Job Sequence 3-1-4-5-2 

In the Figure 4.1, a network diagram is drawn with a starting node followed by four 

nodes representing each state of job 3 and each line connecting the starting node to four nodes 

represent respective times to reach to those nodes. Inside each node, there are two numbers that 

corresponds to the tool loading.  The tool with (‘) represents a dummy tool that does not take part 

in the job processing but occupies the magazine. Each line connecting two nodes holds two 

values; the first one being the job processing time by the given tool set and the second one being 

the tool setup time if the tool loading requires a tool switch from the previous job to the current 

job. For instance, there are three paths from each node at 3 to go to each node at 1 and moving 

from the tool loading (1’,2) of job 3 to the tool loading (1,2) for job 1 does not require a tool 

switch, but moving from the tool loading (1’,2) of job 3 to the tool loading (2,3) for job 1 requires 

a tool switch from tool 1 to 3. Therefore, the path connecting (1’,2) to (1,2) holds the value of the 

job processing time of 7 minutes by the tool loading (1,2) for the job 1 plus a zero for the tool 

switching time.  The path connecting (1’,2) to (2,3) holds the value of the job processing time of 
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4 minutes by the tool loading (2,3) for the job 1 plus the tool switching time of 8 minutes due to 

tool switch from tool 1 to 3. The calculation using forward recursion for each stage is shown 

below: 

Table 4.10: Calculation for Tool Loading for Job Sequence 3-1-4-5-2 

Job Tool 

Loading 

Process 

Time 

(1) 

Previous Tool 

Loading 

 

(2) 

Tool 

Switch 

(3) 

Switch 

Time 

Total Time Makespan for 

corresponding tool 

loading 

j j

kt  ][ j

ktp  
1−j

lt  ][ 1−j
ltM  i>k ],[ 1 j

k

j

l ttS −  (1)+(2)+(3)
 

][ j

ktM  

     

3 2,3 8 - 0 - 0 8 6 

2,3 6 - 0 - 0 6 
 

1,2 8 - 0 - 0 8 8 

1,3 6 - 0 - 0 6 6 

1 2,3 4 2,3 6 - 0 10 10 

2,3 4 1,2 8 1>3 8 20 
 

2,3 4 1,3 6 1>2 12 22 
 

1,2 7 2,3 6 3>1 6 19 15 

1,2 7 1,2 8 - 0 15 
 

1,2 7 1,3 6 3>2 3 16 
 

1,3 6 2,3 6 2>1 7 19 12 

1,3 6 1,2 8 2>3 5 19 
 

1,3 6 1,3 6 - 0 12 
 

4 2,3 7 2,3 10 - 0 17 17 

2,3 7 1,2 15 1>3 8 30 
 

2,3 7 1,3 12 1>2 12 31 
 

1,3 7 2,3 10 2>1 7 24 19 

1,3 7 1,2 15 2>3 5 27 
 

1,3 7 1,3 12 - 0 19 
 

5 2,3 6 2,3 17 - 0 23 23 

2,3 6 1,3 19 1>2 12 37 
 

2 1,2 9 2,3 23 3>1 6 38 38 

1,3 8 2,3 23 2>1 7 38 
 

 

For the job sequence (3,1,4,5,2), the minimum processing time for all 5 jobs is 38 minutes 

with the following tool loading: 
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 Table 4.11: Optimal Tool Loading for Job Sequence 3-1-4-5-2 

01111

11111

10000

25413

=ijP  

4.4 Analysis 

 

In example 3.3.2(a), the makespan was 43 minutes with job sequence (1-2-3-4-5) and the 

corresponding tool loading was also different. After applying the heuristic, a better job sequence 

(3-1-4-5-2) is determined and the makespan has been reduced to 38 minutes. However, it has 

been seen in both cases that there is only one tool switch. For instance, during the optimal tool 

loading for the job sequence (1-2-3-4-5), the tool switch has happened while moving from job 2 

to job 3 (tool 1 to tool 3) and during the optimal tool loading for the job sequence (3-1-4-5-2), 

the tool switch has happened while moving from job 5 to job 2 (tool 3 to tool 1). This also proves 

that minimizing number of tool switch may not necessarily minimize the makespan. 

 Heuristics in general do not guarantee an optimal solution. In order to determine the 

performance of the heuristic, the dynamic programming model has been run for all 120 possible 

ways of scheduling the 5 jobs. The results indicate there are 3 optimal solutions shown below: 

4-2-1-3-5 and the makespan is 35 minutes 

4-2-1-5-3 and the makespan is 35 minutes 

4-3-2-1-5 and the makespan is 35 minutes 

 There are 37 different sequences for the jobs where the makespan had the same value as 

the one obtained using the heuristic.  The upper bound (worst) makespan was found to be 51 

minutes. The summary of the 120-run is shown in “Appendix-A”. 
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Chapter 5. Heuristic for Job Sequencing with Tool Life Consideration 

5.1    Introduction 

 

It is assumed the number of jobs a tool can process before it expires is less than the number of 

jobs in the set and so tool switch may be required due to end of tool life. Based on this 

assumption, one heuristic will be presented in this section.  It is assumed that each tool follows a 

deterministic life as has been initially modeled by Taylor [11] and has been improvised by 

subsequent researchers. However, an average or an expected tool life data may be obtained from 

a probabilistic model as well and may also be used in this heuristic. 

5.2 Heuristic 4: Sequence the Jobs Based On Total Tool Life for Each Tool Set 

 

Sequence the jobs in decreasing order of the total tool life of corresponding tool set. The 

assumption is that the number of times a tool appears in different tool set for processing different 

jobs is more than the number of jobs the tool can process (tool life). 

Suppose, there are N jobs to be processed, one at a time, by M number of tools and a 

magazine has a capacity to hold C tools, where C≤M, and further suppose,
 NCCC ,...,, 21 be the 

tool sets to process corresponding jobs (1,2,...,N) Also suppose, 

Xi  = number of jobs tool i ),...,2,1( Mi = can process before wears out 

tl = tool loading for processing of any job

 
j

lt  = tool loading for processing of j
th
 job, where j=1,2,...,N 

jC  = Set of tool combinations that can process job j, and { }jj

lj nltC ,...,2,1| ==  

ly
 

=  number of jobs a tool set tl can process before making a tool switch due  to tool 

life. If tl consists of (1,2,...,M), then yl= { }MXXX ,...,,min 21 .   

jY  = maximum among all yl from corresponding tool loadings present in jC   
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If Yj-1 corresponds to job J-1, Yj corresponds to job J and Yj+1 corresponds to job J+1 then 

sequence the jobs as (J-1,J,J+1)  if 11 +− ≥≥ jjj YYY . 

Tie Breaking Rule 

 

If there is a tie such that 11 +− == jjj YYY  , then apply heuristic 4.2.2 or 4.2.3 to sequence the jobs 

being tied depending on the situation. 

 

Illustration: 

For 5 tools, A B C D E, and with magazine capacity 3, there are 





 5

3

 or 10 possible tool sets, 

they are :{ CEDBDEBCEBCDADEACEACDABEABDABC ,,,,,,,,, }.  Suppose there are 4 

jobs to be processed by the available tool sets and 421 ,...,, CCC be the set of tools to process 

corresponding jobs (1,2,3,4), where: 

 

},,,{1 ACDABEABDABCC =  

},,,{2 ADEACEACDABEC =  

},,,{3 BCEBCDADEACEC =  

},{4 CDEBDEC =  

Also suppose, 54321 ,,,, XXXXX are the maximum number of jobs the tool A,B,C,D,E 

can process before wares out and 54321 XXXXX >>>> .Since, there are 4 tool sets to 

process job 1, therefore: 

1

1t  = {A,B,C}. Thus, y1 = X3 

1

2t  =  {A,B,D} . Thus, y2 = X4 

1

3t  =  {A,B,E} . Thus, y3 = X5 

1

4t  = {A,C,D} .  Thus, y4 = X4 

Thus, 

34543

4315214213211

},,,max{

)},,min(),,,min(),,,min(),,,max{min(

XXXXX

XXXXXXXXXXXXY

==

=
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Similarly Y2 = X4, Y3=X4 and Y4=X5. 

 

Tie Breaking 

Now that there is a tie between job 2 and job 3 since Y2=Y3. Apply heuristic 4.2.2 to break the 

tie. 

),(}{ 2112 ACDABECCx == I  

noneCCx == }{ 3113 I
 

 

Since 2][ 12 =xN  and 0][ 13 =xN , the next job in the sequence is job 2 and the jobs can be 

sequenced as (1,2,3).  

 

The final sequence of the jobs is (1,2,3,4) 

5.3  Example of Job Sequencing with Tool Life Consideration 

 

The same problem described in 3.3.2(b) will be solved here except in this example the heuristic 

in Section 5.2 will be applied first to sequence the jobs and then Dynamic Programming 

technique will be applied next to find the optimal tool loading. 

The objective is to minimize the makespan while determining the sequence of 5 jobs and 

loading of 3 tools into a magazine that can hold a maximum of 2 tools.  The job processing and 

tool requirements for each job, the tool setup time and the maximum number of jobs each tool 

can process before expires (tool life) are shown in the respective tables below: 

 

Table 5.1: Job Processing & Tool Requirement Data 

Job Process Plan Tool Required Processing Time (min) 

1 1 1&2 7 

2 2&3 4 

3 1&3 6 

2 1 1&2 9 

2 1&3 8 
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Job Process Plan Tool Required Processing Time (min) 

3 1 2 8 

2 3 6 

4 1 3 7 

5 1 2&3 6 

 

Table 5.2: Switching Time between the Tools 

15363

51172

812101

321Tool

T =  

 

Table 5.3: Tool Life Data 

Tool Maximum no of jobs the tool can process 

1 3 

2 2 

3 1 

Solutions 

 

Table 5.3 shows that the tool 1, 2 and 3 can process 3 jobs, 2 jobs and 1 job respectively before 

wears out. Once any tool reaches to that number and if the next job in the sequence requires that 

tool to process the job, then this tool must be replaced by a new tool.  Table 5.2 provides the 

switching time between two similar tools too. Table 5.1 has to be modified to show all possible 

tool loadings to process the jobs. This procedure has been explained in Section 3.2.2(a). 

 

5.3.1 Sequencing the Jobs 

 

Since the tool life is a contributing factor to switching tool, the heuristic in Section 5.2 can be 

applied to sequence the jobs. Thus: 

X1 = 3, X2 = 2 and X3 = 1 
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There are 3 tool sets to process job 1, therefore: 

1

1t  = {1,2}, Thus, y1 = 2 

1

2t  =  {2,3}, Thus, y2 = 1 

1

3t  =  {1,3}, Thus, y3 = 1 

Therefore, 

2}1,1,2max{

)},min(),,min(),,max{min( 3132211

==

= XXXXXXY

 

Similarly, Y2 = 2, Y3=2, Y4=1 and Y5=1. 

 

Tie Breaking 

Since there is a tie among the jobs 1, 2 and 3, apply the heuristic 4.2.2 to break the tie. While 

solving the problem 4.3, the heuristic 4.2.2 has been applied and the same is applicable here. 

Therefore, for sequencing the jobs 1, 2 and 3, that procedure may be used here. Based on the 

solution, the sequence for the three jobs is (3, 1, 2) 

Since there is another tie between the jobs 4 and 5, apply the heuristic 4.2.2 to break the 

tie. The tool commonality factors between the jobs 2 and 4, and between the jobs 4 and 5 are: 

)3,1(}{ 4224 == CCx I  

noneCCx == }{ 5225 I
 

Since 1][ 24 =xN  and 0][ 25 =xN , the next job in the sequence is job 4 and the jobs will be 

sequenced as (3,1,2,4). 

The final sequence the jobs will be (3,1,2,4,5). 
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5.3.2 Tool Loading 

 

Dynamic Programming technique from Chapter 3 will be applied to find the optimal tool 

loading. For simplicity, drawing the network diagram is not repeated here. However, the 

calculation for each stage to determine the optimal tool loading is done and is shown below: 

 

Table 5.4: Calculation for Tool Loading for Job Sequence 3-1-4-5-2 with Tool Life 

Job Tool 

Loading 
Process 

Time 
(1) 

Previous 

Tool 
Loading 

Tool Use  

(2) 

Tool 

Switch 

Switch 

Time 
(3) 

Total Time Makespan for 

corresponding 
tool loading 

j 
j

kt  
][ j

ktp
 

1−j
lt  Tool 

Curren

t 

Up to 

Previous 
Total 

Reset 
on 

Tool 

Switch 

][ 1−j
ltM

 
i>k ],[ 1 j

k

j

l ttS −
 1+2+3 ][

j

ktM  

3 1,2 8 - 1 1 0 1 1 0 - 0 8 8 

 2 1 0 1 1     

 3 0 0 0 0     

2,3 8 - 1 0 0 0 0 0 - 0 8 6 

 2 1 0 1 1     

 3 1 0 1 1     

2,3 6 - 1 0 0 0 0 0 - 0 6 
 

 2 1 0 1 1     

 3 1 0 1 1     

1,3 6 - 1 1 0 1 1 0 - 0 6 6 

 2 0 0 0 0     

 3 1 0 1 1     

1 1,2 7 1,2 1 1 1 2 2 8 - 0 15 15 

 2 1 1 2 2     

 3 0 0 0 0     

1,2 7 2,3 1 1 0 1 1 6 3>1 6 19 
 

 2 1 1 2 2     

 3 0 1 1 1     

1,2 7 1,3 1 1 1 2 2 6 3>2 3 16 
 

 2 1 0 1 1     

 3 0 1 1 1     

2,3 4 1,2 1 1 1 2 2 8 1>3 8 20 20 

 2 0 1 1 1     

 3 1 0 1 1     

2,3 4 2,3 1 1 0 1 1 6 - 0 25 
 

 2 0 1 1 1     

 3 1 1 2 1 3>3 15 
  

2,3 4 1,3 1 1 1 2 2 6 1>2 12 37 
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Job Tool 

Loading 
Process 

Time 

(1) 

Previous 

Tool 

Loading 

Tool Use  

(2) 

Tool 

Switch 

Switch 

Time 

(3) 

Total Time Makespan for 

corresponding 

tool loading 

j 
j

kt  
][ j

ktp
 

1−j
lt  Tool 

Curren

t 

Up to 

Previous 
Total 

Reset 
on 

Tool 

Switch 

][ 1−j
ltM

 
i>k ],[ 1 j

k

j

l ttS −
 1+2+3 ][

j

ktM  

 2 0 0 0 0     

 3 1 1 2 1 3>3 15 
  

1,3 6 1,2 1 1 1 2 2 8 2>3 5 19 19 

 2 0 1 1 1     

 3 1 0 1 1     

1,3 6 2,3 1 1 0 1 1 6 2>1 7 34 
 

 2 0 1 1 1     

 3 1 1 2 1 3>3 15 
  

1,3 6 1,3 1 1 1 2 2 6 - 0 27 
 

 2 0 0 0 0     

 3 1 1 2 1 3>3 15 
  

2 1,2 9 1,2 1 1 2 3 3 15 - 0 35 31 

 2 1 2 3 1 2>2 11 
  

 3 0 0 0 0     

1,2 9 2,3 1 1 2 3 3 20 3>1 6 35 
 

 2 1 1 2 2     

 3 0 1 1 1     

1,2 9 1,3 1 1 2 3 3 19 3>2 3 31 
 

 2 1 1 2 2     

 3 0 1 1 1     

1,3 8 1,2 1 1 2 3 3 15 2>3 5 28 28 

 2 0 2 2 2     

 3 1 0 1 1     

1,3 8 2,3 1 1 2 3 3 20 2>1 7 50 
 

 2 0 1 1 1     

 3 1 1 2 1 3>3 15 
  

1,3 8 1,3 1 1 2 3 3 19 - 0 42 
 

 2 0 1 1 1     

 3 1 1 2 1 3>3 15 
  

4 2,3 7 1,2 1 0 3 3 3 31 1>3 8 72 72 

 2 1 2 3 1 2>2 11 
  

 3 1 1 2 1 3>3 15 
  

2,3 7 1,3 1 0 3 3 3 28 1>2 12 73 
 

 2 1 2 3 1 2>2 11 
  

 3 1 1 2 1 3>3 15 
  

1,3 7 1,2 1 1 3 4 1 31 2>3 5 53 53 

 2 0 2 2 2 1>1 10 
  

 3 1 1 2 1 3>3 15 
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Job Tool 

Loading 
Process 

Time 

(1) 

Previous 

Tool 

Loading 

Tool Use  

(2) 

Tool 

Switch 

Switch 

Time 

(3) 

Total Time Makespan for 

corresponding 

tool loading 

j 
j

kt  
][ j

ktp
 

1−j
lt  Tool 

Curren

t 

Up to 

Previous 
Total 

Reset 
on 

Tool 

Switch 

][ 1−j
ltM

 
i>k ],[ 1 j

k

j

l ttS −
 1+2+3 ][

j

ktM  

1,3 7 1,3 1 1 3 4 1 28 - 0 60 
 

 2 0 2 2 2 1>1 10 
  

 3 1 1 2 1 3>3 15 
  

5 2,3 6 2,3 1 0 3 3 3 72 - 0 93 85 

 2 1 1 2 2     

 3 1 1 2 1 3>3 15 
  

2,3 6 1,3 1 0 1 1 1 53 1>2 0 85 
 

 2 1 2 3 1 2>2 11 
  

 3 1 1 2 1 3>3 15 
  

               

As seen from the Table 5.4, the makespan has now reduced to 85 minutes with job 

sequence and the tool loading for this job sequence is: 

Table 5.5:Tool Loading for Job Sequence 3-1-2-4-5 

11010

10101

01111

54213

=ijP

 

5.3.3 Analysis 

 

The makespan has been minimized after applying the heuristic. The makespan for the job 

sequence 1-2-3-4-5 with tool life was 95 minutes in Section 3.3.2(b) and has come down to 85 

minutes. On the other hand, there is more tool switches in the job sequence 3-1-2-4-5 than in the 

job sequence 1-2-3-4-5 (3 tool switches compared to 1 in the previous instance). This also proves 

that minimizing number of tool switch may not minimize the makespan. The tool life and the 

processing plans play a significant role in determining the makespan.  
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Chapter 6. Concluding Remarks and Future Work 

 

6.1 Conclusion 

 

For a flexible manufacturing machine, the makespan is the summation of the job processing time 

and the tool setup time to process all the jobs.  Tool management, in general and the tool loading 

into a machine in particular, have been investigated by many researchers. However, multiple 

process plans have not been considered. As a result, there has been a significant amount of 

research concentrating on the minimization of the number of tool switches as opposed to 

minimization of the makespan.  

In this thesis, it has been shown that simply minimizing the number of tool switches may 

not minimize the makespan in the presence of multiple process plans or if the tool life also 

becomes a contributing factor for tool switch. The Dynamic Programming approach presented 

here can be used to solve the tool loading problem to minimize the makespan for a fixed job 

sequence optimally. In addition, two sets of heuristics have been proposed to solve both the job 

sequencing problem and the tool loading problem simultaneously.  This thesis also considers 

non-uniform tool setup time, as well as tool life as a contributor to tool switch.  

6.2 Contributions 

 

The first contribution of this research is to formulate the tool loading problem using a Dynamic 

Programming (DP) approach. The Dynamic Programming technique has many applications in 

different areas of operations research and is a very effective tool that will guarantee an optimal 

solution. However, within the tool management arena, particularly in solving the tool loading 

problem, this technique has never been tried. By successfully using DP to solve several 

examples, it can be seen that this method has the flexibility to accommodate various assumptions 

within the tool loading problem. It may be recalled that the most widely used KTNS policy is not 

even flexible enough to accommodate non-uniform tool setup time and the Network Policy, 

which has been proposed to address both the uniform and non-uniform tool setup time is not 

flexible to accommodate multiple process plans.  
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The second contribution of this thesis is to challenge a myth – a myth that has been active 

for decades, focusing researchers to find the optimal tool loading through minimizing the number 

of tool switches. In the absence of multiple process plans or tool life, this is, no doubt, the correct 

approach. However, since the tool loading problem has been for a flexible machine and the 

flexible machine is, by default, good enough to handle multiple process plans, therefore, the tool 

loading problem should not be focused solely on the number of tool switches; rather it should be 

focused on the makespan. The heuristics, as presented in this research, are just an introduction as 

to how multiple process plans can be tackled within the tool loading problem. 

6.3 Direction for Future Work 

 

The application of the Dynamic Programming (DP) is robust and has opened the door for 

researchers to solve the tool loading problems with a wide array of assumptions and 

requirements. However, this research did not conduct performance measures on how large a 

problem (number of jobs, tools) can be solved using the dynamic programming approach. A 

collection of real life data may help future researchers to determine the limitation and the 

performance of this approach. Another approach to solving the job scheduling and the tool 

loading problem in the presence of probabilistic tool life is to use simulation and a time based 

tool life is desirable over number of jobs based tool life. As the tools wear out, the processing 

time may increase and so does increase the number of defective items. This phenomena may also 

be considered in future research too. Moreover, the Dynamic Programming approach has not 

been tried to solve both the job sequencing problem and the tool loading problem in a 

simultaneous fashion and future researchers may consider formulating a DP within a DP to solve 

this problem.  
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Appendix-A 

 

Summary of Optimum Tool Loading for All Job Sequence 

Sl. No Job Sequence Makespan Optimal 

1 1 2 3 4 5 43 35 

2 1 2 3 5 4 43 
 

3 1 2 4 5 3 43 
 

4 1 2 4 3 5 43 
 

5 1 2 5 3 4 43 
 

6 1 2 5 4 3 45 
 

7 1 3 2 4 5 45 
 

8 1 3 2 5 4 45 
 

9 1 3 4 2 5 45 
 

10 1 3 4 5 2 51 
 

11 1 3 5 2 4 51 
 

12 1 3 5 4 2 51 
 

13 1 4 2 3 5 45 
 

14 1 4 2 5 3 45 
 

15 1 4 3 2 5 45 
 

16 1 4 3 5 2 38 
 

17 1 4 5 2 3 38 
 

18 1 4 5 3 2 38 
 

19 1 5 2 3 4 38 
 

20 1 5 2 4 3 38 
 

21 1 5 3 2 4 38 
 

22 1 5 3 4 2 38 
 

23 1 5 4 2 3 40 
 

24 1 5 4 3 2 38 
 

25 2 1 3 4 5 38 
 

26 2 1 3 5 4 40 
 

27 2 1 4 5 3 40 
 

28 2 1 4 3 5 40 
 

29 2 1 5 3 4 40 
 

30 2 1 5 4 3 40 
 

31 2 3 1 4 5 42 
 

32 2 3 1 5 4 42 
 

33 2 3 4 1 5 42 
 

34 2 3 4 5 1 42 
 

35 2 3 5 1 4 42 
 

36 2 3 5 4 1 42 
 

37 2 4 1 3 5 40 
 

38 2 4 1 5 3 40 
 

39 2 4 3 1 5 40 
 

40 2 4 3 5 1 40 
 

41 2 4 5 1 3 40 
 

42 2 4 5 3 1 40 
 

43 2 5 1 3 4 40 
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Summary of Optimum Tool Loading for All Job Sequence 

Sl. No Job Sequence Makespan Optimal 

44 2 5 1 4 3 40 
 

45 2 5 3 1 4 40 
 

46 2 5 3 4 1 40 
 

47 2 5 4 1 3 40 
 

48 2 5 4 3 1 40 
 

49 3 1 2 4 5 45 
 

50 3 1 2 5 4 45 
 

51 3 1 4 2 5 45 
 

52 3 1 4 5 2 38 
 

53 3 1 5 2 4 38 
 

54 3 1 5 4 2 38 
 

55 3 2 1 4 5 42 
 

56 3 2 1 5 4 42 
 

57 3 2 4 1 5 42 
 

58 3 2 4 5 1 42 
 

59 3 2 5 1 4 42 
 

60 3 2 5 4 1 42 
 

61 3 4 1 2 5 45 
 

62 3 4 1 5 2 38 
 

63 3 4 2 1 5 43 
 

64 3 4 2 5 1 43 
 

65 3 4 5 1 2 38 
 

66 3 4 5 2 1 40 
 

67 3 5 1 2 4 38 
 

68 3 5 1 4 2 38 
 

69 3 5 2 1 4 40 
 

70 3 5 2 4 1 40 
 

71 3 5 4 1 2 38 
 

72 3 5 4 2 1 40 
 

73 4 1 2 3 5 45 
 

74 4 1 2 5 3 47 
 

75 4 1 3 2 5 45 
 

76 4 1 3 5 2 38 
 

77 4 1 5 2 3 38 
 

78 4 1 5 3 2 38 
 

79 4 2 1 3 5 35 
 

80 4 2 1 5 3 35 
 

81 4 2 3 1 5 43 
 

82 4 2 3 5 1 43 
 

83 4 2 5 1 3 43 
 

84 4 2 5 3 1 43 
 

85 4 3 1 2 5 45 
 

86 4 3 1 5 2 38 
 

87 4 3 2 1 5 35 
 

88 4 3 2 5 1 43 
 

89 4 3 5 1 2 38 
 

90 4 3 5 2 1 40 
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Summary of Optimum Tool Loading for All Job Sequence 

Sl. No Job Sequence Makespan Optimal 

91 4 5 1 2 3 38 
 

92 4 5 1 3 2 38 
 

93 4 5 2 1 3 40 
 

94 4 5 2 3 1 40 
 

95 4 5 3 1 2 38 
 

96 4 5 3 2 1 40 
 

97 5 1 2 3 4 38 
 

98 5 1 2 4 3 38 
 

99 5 1 3 2 4 38 
 

100 5 1 3 4 2 38 
 

101 5 1 4 2 3 38 
 

102 5 1 4 3 2 38 
 

103 5 2 1 3 4 40 
 

104 5 2 1 4 3 40 
 

105 5 2 3 1 4 40 
 

106 5 2 3 4 1 40 
 

107 5 2 4 1 3 40 
 

108 5 2 4 3 1 40 
 

109 5 3 1 2 4 38 
 

110 5 3 1 4 2 38 
 

111 5 3 2 1 4 40 
 

112 5 3 2 4 1 40 
 

113 5 3 4 1 2 38 
 

114 5 3 4 2 1 40 
 

115 5 4 1 2 3 38 
 

116 5 4 1 3 2 38 
 

117 5 4 2 1 3 40 
 

118 5 4 2 3 1 40 
 

119 5 4 3 1 2 38 
 

120 5 4 3 2 1 40 
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