
1.  INTRODUCTION 
      The highest form of modern manufacturing technologies is called Computer-
Integrated-Manufacturing (CIM) which is a computerized integration of the material-
processing functions and the information-processing functions of the manufacturing 
systems. “The concept of CIM as an example of Information Technology (IT), in the 
manufacturing world, was introduced favoring the enhancement of performance, 
efficiency ... responsive behavior to market differentiations, and time to market” [64]. 
CIM is a methodology and a goal rather than a group of machines and computers. It 
can be considered as a manufacturing philosophy in which the computer plays a 
central role for the manufacturing functions [2].  
Nowadays, CIM is directing the technology of manufacturing towards Computer 
Integrated Factory (CIF) [1]. 
      CIF can be considered as a fully automated factory (factory of the future). In order 
to develop CIF, we have to improve the performance of CIM. CIM performance 
highly depends on the performance of the Flexible Manufacturing System (FMS) 
which is a highly automated manufacturing system for producing different products 
according to predetermined schedule. 
Nowadays, FMS become the more advanced machining resources for part 
manufacturing in the industry all over the world.  
The macro-parameters of the production triangle are Productivity rate (utilization 
rate), delivery reliability, and inventory level.  
This research deals with first two parameters, particularly, FMS meets two critical 
challenges: Highest Makespan Productivity (HMP) and Effective Delivery Reliability 
(EDR). 
      HMP is an extremely essential challenge to modern FMS. Usually traditional 
FMSs have significant idle times with low machine productivity (and utilization).  
In modern CIM, HMP is a desirable objective to be achieved for three basic reasons: 
first, FMS involves high capital investments, thus, higher machine utilization is 
required; machines must not stand idle. Second, based on the strategy "Time-Based 
Competition (TBC)", and the economic concept “Survival of the Fastest”, FMS must 
be produced faster in an accelerated style to react quickly to the current and future 
competitive market conditions.  Third, HMP leads to lower Work In Process (WIP) 
inventory and lower setup time (cost). Accordingly, HMP results lower cost and more 
sales, i.e. higher profitability. Profitability highly depends on the productivity 
(Appendix B.2). FMS with HMP could be describing as a kind of Lean 
Manufacturing System (LMS). For these reasons, HMP is a proper objective to be 
achieved.  
    One of the purposes of this research is to attain this objective.  
The second major challenge of the current and future factory is an EDR. In some of 
the traditional FMSs, the products are manufactured later (after delivery date). The 
customers have to wait for the products until the processes are completed. This leads 
to low customer satisfaction or, usually, losing customers. The results are low sales 
and low profitability.  
EDR leads to achieve four important features: first, higher customer satisfaction. 
Second, attract new customers. Third, have close to zero inventories. Forth, products 
are delivered without waiting time. Of course, we assume that the products to be 
produced are high-quality, low-cost products. This results in lower costs and better 
sales, consequently, higher profitability. 
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       In modern FMS, the products must be produced and delivered directly to the 
well-known customer as Just In Time (JIT) with EDR. This approach is known as a 
pull system or Make To Order (MTO). So, EDR is a suitable objective to be achieved. 
    For this reason, the second purpose of this research is to obtain this objective. 
The two objectives (HMP and EDR) highly depend on the quality of FMS scheduling. 
So, appropriate scheduling is extremely important, and it must be analyzed accurately. 
Scheduling is defined as the process of assigning operation to resources in the course 
of time with the objective of optimizing a criterion. Scheduling is playing a critical 
role in all types of production systems such as manufacturing systems, transportation 
systems, computer systems, airline company systems and education systems [11]. 
In manufacturing, scheduling is concerned with the allocation of machines to 
operations over time in order to meet a single or multiple objectives. 
In a general manufacturing environment, scheduling is one of the basic functions of 
the manufacturing system (Appendix A.1). In classic manufacturing systems, 
scheduling is the central function of the Production Planning and Control (PPC) 
system. Scheduling engineer plans the right schedule of the various products that are 
to be made in the factory [17] (Appendix A.2).   
In a typical shop floor control system, order scheduling is an essential phase of the 
manufacturing control system [1] (Appendix A.3). 
Scheduling process starts with a strategic plan and it interacts with other planning 
functions at the medium or higher level. Decisions made at a higher planning level 
may impact the scheduling process. When the materials and machines are available at 
specified times, schedule must be ready to dispatch [12] (Appendix A.4). 
  The modern manufacturing functions (design, planning, scheduling, order release, 
control, verification) are arranged in a sequence where outputs of a function are inputs 
to the next (Figure 1) [2]. These functions are integrated in CIM system. 
 The basic information-processing functions of classic CIM are design, planning, 
scheduling and control. Figure 2 shows the functions of the simple model factory. The 
material flow starts from parts storage and from there materials are brought by 
Automated Guided Vehicle (AGV) or by other devices from one station to another for 
processing. The completed products are deposited in the finished goods storage for 
shipping to the customer. The planning and control of this factory are done using 
computer network called Local area network (LAN) [2].  
CIM consists of the following computerized sub-systems: (Figure 3) [18] Computer 
Aided Design (CAD), Computer Aided Planning (CAP), Computer Aided Scheduling 
(CAS), Computer Aided Manufacturing (CAM), and Computer Aided Quality (CAQ). 
  In modern FMS, scheduling primarily deals with the scheduling of the essential 
resources. i.e. the machine tools (or groups). Machine scheduling is often the master 
key to open all the main doors of scheduling of other resources. Machine Scheduling 
is one of the topics most widely discussed in the literature. Classic work of French [3] 
and many others give extensive coverage of the scheduling problems [4, 5]. From the 
newer literature one could use, for example [6–12]. 
Machine scheduling is used as a tool of control system to follow up the progress of 
the manufacturing processes.  
 As the main purpose of FMS is to produce right products by the right process at right 
time, machine groups of FMS must be scheduled with the right schedule. Efficient 
and effective scheduling will improve the efficiency and effectiveness of FMS. 
    FMS Scheduling is a time plan in which different machines are scheduled to 
different jobs which may have different quantities, different processes, different 

 2



setups, and/or different process sequences, etc. planned according to a certain priority 
rule and subjected to certain constraints in order to meet one or multi- objective. 
     There are many objectives of scheduling system (Appendix A.5). They are varying 
from system to system based on the strategic goals. Furthermore, the objectives may 
be single or multi-objectives. It is not easy to state the objectives in FMS scheduling. 
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The objectives usually are trade-off objectives with other manufacturing functions or 
activities.  For example, long setup times or a large number of setup actions may 
result in low productivity. Also, the objectives HMP and EDR may conflict to each 
other. The system may have higher delivery reliability with low machine productivity. 
Thus, a trade-off optimization for FMS scheduling problems is extremely required. 
     This research deals with the multi-objective FMS scheduling problem.  
FMS scheduling problems are, in general, subjected to a number of constraints 
(Appendix A.7). A solution of a scheduling problem must satisfy these constraints. 
Usually, there are four kinds of constraints in scheduling problems: processing 
constraints, capacity constraints, precedence constraints and job constraints. 
     In this research the scheduling problem to be solved is subjected to certain 
constraints.  
Generally, FMS scheduling problems are complicated NP-hard combinatorial 
problems. It is difficult to find a feasible solution of FMS scheduling problems even 
with a small number of machines. For this reason, the development of FMS 
scheduling solutions remains an important and active research area.  
         Minimization of minimum of maximum production time close to the maximum 
of minimum production time is a suitable goal in FMS scheduling problems and may 
result in HMP and/or EDR.  But answering the question how close this goal can be 
approached is a very complicated problem.  
      This research tries to answer this question. 

In many FMS scheduling problems, the setup times play a significant role. The setup 
times have high effect on the planned schedules. As setup times increase, makespan 
increases. Accordingly, the resultant feasible schedule has a long makespan usually, 
with low machine productivity and/or ineffective delivery reliability.  

 has 

To reduce setup times (minimize makespan), similar products of the jobs are grouped 
into batches. The batches are indivisible (unbreakable). Once an upstream operation 
starts in processing certain batch, the whole batch must be completed before it is 
transferred to its successor downstream operation.The batch spends a significant time 
waiting for a machine due to processing the previous batch, also the next machine
usually, an idle time waiting to process that batch. These idle times are increasing 
when size of batches is large. As idle times increase, makespan increases. 
Accordingly, again, the resultant feasible schedule has long makespan usually, with 
low machine productivity and/or ineffective delivery reliability.  
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      Scheduling methods (Appendix A.9) such as mathematical programming methods, 
heuristic methods (such as scheduling priority rules (SPR)), etc. for solving typical 
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scheduling problems can be used to solve FMS scheduling problems (see for example: 
[3-12]). Scheduling problems may be solved by nonlinear programming 
(like: ILOG OPL [13] or by simulation methods [14, 15] and with others. The 
literature on this topic is enormous. The publication of J. M. Proth [63] is one of the 
last survey papers on this topic. 
These methods very frequently
machine productivity and/or ineffective delivery reliability. 
There are several modern approaches to solve FMS scheduling problems, for 
example, methods based on Artificial Intelligence (AI) such as Neural Network (NN), 
Fuzzy Logic (FL), Genetic Algorithms (GA), Tabu Search (TS), Simulated Annealing 
(SA) and others. These methods could give effective solutions but these methods are 
outside of the scope of this dissertation.  

       An effective way to improve the machine productivity and/or delivery reliability 
is called Lot streaming. Lot streaming attracted extensive attention in the scheduling 
community. Most of works are focused on single-job, two-or three-machine problems. 
Works on multi-job/multi-machine problems are limited.  
      This research
Lot streaming becomes a common strategy in batch FMS environments, but most 
literature of lot streaming is concerned with one system of FMS called Flow-Shop 
Systems (FSS). Job-Shop Systems (JSS) have received much less attention.  
      This research is concerned with lot streaming problems for both systems of FMS: 
FSS and JSS. (Appendix A.6). 
As it is known, FMS scheduling problems are complicated NP hard combinatorial 
problems, Lot streaming makes the problems even much more complicated.  
     In this research, two new optimization methods we
lot streaming in order to achieve HMP and EDR. These methods are named as Break 
and Test Method (BTM) and Joinable Schedule Approach (JSA). 

1.1 Content of the Dissertation 
        This dissertation work consists of nine chapters. It begins with an introduction, 
dealing with FMS scheduling definitions, objectives, constraints, modeling methods, 
etc. Also definitions of makespan productivity, utilization, workflow acceleration, and 
delivery reliability are given. Definitions of efficient, effective and perfect schedules, 
characteristics, and an application of the mathematical models to a scheduling 
problem on example 1 are analyzed in chapter 1. 
        In chapter 2, lot streaming definitions are given. Application of the zero setup 
time lot streaming problem using two new rules (Largest Sub-ba
Smallest Sub-batch Size rule) is demonstrated. Setup time consider
research problem is defined, and then the hist
are introduced.  
       In chapter 3, Global minimum of production time of job shop systems. Non-zero 
and zero setup tim
schedules are defined. Inv
are introduced. The effect of the setup time values, bottleneck utilization and idle time 
coefficient and sub-batch size determination are investigated.  
      In chapter 4, Joinable Schedule Approach (JSA) definition, its procedure, 
characterization of lot streaming, joinability test and application of JSA for one and 
two jobs flow shop lot streaming problems are given. 
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        In chapter 5, Global minimum of production time of flow shop systems. Flow 
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streaming problems are in
Conclusions of using JSA for FMS lot streaming pro s are given. 
       In chapter 6, Break and Test Method (BTM) definition and its procedure are 
given; makespan productivity and delivery reliability tests are performed. 
Applications of BTM for flow shop and job shop lot streaming problems are given.  
       In chapter 7, Case studies of job shop and flow shop lot streaming problems using 
BTM and JSA are described. The effect of setup times is estimated. Comparing the 
BTM and JSA results are presented. 
       In chapter 8, conclusions and recommendations are discussed. 

1.2 Mathematical model for FMS scheduling 
In this section, the mathematical model for FMS scheduling is formulated. This model 
is valid for the determination of su
parts as follows: 

• Jobs, machine groups  
The problem considered in this research is an FMS scheduling problem which can be 
fo ulated as the following question:  
How to schedule FMS consisting of a set of different machine groups M (1, 2…, m-1, 
m … M) to process a set of different jobs (bathes) 
volumes (number of produ

jn
2…k…K) by different processing time mjp , ? 

• Processing time data  
The processing time of one part is determined as mkk ,, /τ where k and k ′  express the 
given operation and the next operation to be processed on machine group m. The 
processing time can be expressed as kmj ,,τ  where j indicates the job index. The integer 
k expresses the order number of the given sequence. In this research, as in the most of 
the cases, only mj ,τ will be used (k – is omitted) because the order number of 
operations does not have any role. This time values are expressed in the necessary 
machine group time units. (That is, if the machine group consists of mΜ  number of 
machines, the time necessary for one machine is divided by mΜ ). The processing time 
values are determined by the process planning sub-system of CAPP, including 
manufacturing data determination (optimization).  

• Production time period  
The time period of production will be considered here is the same for all of the parts 
(common time period). The time interval of the production is given by the time value 
“ . So the production interval is [0, ].The value is, for example, the length 
of a shift, of a day, of the week, or so. The other case when the jobs have individual 
time periods is the topic of future research. 

• Production system types 
This research deals with FMS scheduling problem for both types: Flow shop system 
(FSS) and Job Shop System (JSS) (Appendix A.6). 
These systems are based on the route (processing order) of the jobs to be processed. 
(Considering CIM systems it is supposed that the order of processing is determined by 

schT ” schT  schT
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the manufacturing sequences planning sub-system of Computer Aided Process 
Planning (CAPP)). In FSS, all jobs visit the machine groups in the same route 
(identical) whereas in JSS, any route of the jobs among the machine groups is 
possible. The patterns of job-flow in FSS and JSS are illustrated in Figures 4, 5 
respectively. JSS is more complicated than FSS. In JSS, jobs may not require all M 
machines; and they may visit the same machines more than once. Any given machine 
may process new jobs arriving from outside the factory and process jobs arriving from 
WIP. The same machine may be the last step for a particular job, or it may be an 
intermediate step. Every job has a particular route. For example, in order to 
processing job 2, the route starts from third machine, last machine, then, certain 
machine, 3 →M→ m.    
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• Setup times considerations    
When a machine group switches from processing one batch to another, setup time is 
necessary for preparing 
changes in machine conditions, tools, fixtur

the new process. This is concerned with the necessary 
es conditions; parts transport delays and 

 could be composed of different elements: changing time, so on. The setup time
handling time, break time, delay time and so on.   
It is remarkable that the transportation times and setup times are very different 
quantities. But, sometimes, these can be treated in the same manner. 
In FMS, the setup times are usually much shorter than the process times; otherwise 
the systems could be hardly called flexible.  
In the present research, setup times are considered. For the sake of simplicity, for any 
of the machine-groups, setup times are indicated as mj ,δ  be the setup time of machine 
group m to process job j. 

• Scheduling criterion 
In the present research, we will use the value of makespan in estimation the goodness 
of schedules. Makespan is the maximum production (completion) time required to 
process all jobs. This dimension is highly used in practice, simple and effective to 
apply. The makespan is usually indicated in the literature as maxC  (see: [3, 12]). Here 
we use for that prt . Of course, prt = maxC . It is remarkable that there is a difference 
between lead time and production time. Production time is machine-related time, 

dule, but it is remarkable, in point of view of this research that the 
ot enough to measure the goodness of the schedule. Let us assume 

eaning unless if it is 
value as a reference value in order to create a new 

asure the quality of FMS 
oefficie

       Productivity =

Lead time is job-related time.  
The value of makespan is the most important dimension using to measure the quality 
of the sche
makespan value is n
that the makespan values of certain schedules are, for example: 28, 7 or 1961. The 
question is: Are these schedules good or not? Which one is the best? In comparing 
between two or more schedules, makespan value may not give a clear picture for the 
evaluation. Its value usually can not provide an accurate m
estimated relative to another 
quantity such as a ratio or coefficient.  
In this research, a new proposed quantity is used to me
scheduling system called Excess time c nt. Later on this quantity will be 
discussed.  

1.3 The objectives 
   As it was mentioned, this research deals with the multi-objective FMS scheduling 
problem. Specifically, the objectives to be achieved are: to improve the productivity 
of the system and to obtain effective delivery reliability. 

1.3.1 Makespan Productivity  
     Generally, Productivity is defined as the ratio of output to input of the production 
system. Productivity is expressed as: [68] (Appendix B.1). 

                                     Output
Input

Where: output refers 

                                                     (1)  

to the total production quantity which is the total number of parts 
mount of resources used. 

iciently the machine tools or 
to be produced from the system. Input refers to the a
     In FMS, productivity is used as an indicator of how eff
groups of FMS are utilized. One of the primary responsibilities of the manufacturing 
engineer is to improve the productivity of the available machine tools.  
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In this research, makespan productivity as a new n in the literature) 
is proposed to measure the scheduling efficiency of machine groups of FMS. 

 criterion (unknow

e production quantity per unit 

sideration.  

 n

                                                            η =

Makespan productivity can be defined as the ratio of th
time of the makespan. 
The available time length of the schedule (makespan, prt ) can be considered as the 
input of the system.  
Makespan productivity can be compute as follows: 
Let jn be the number of products of job j to be produced. 
We assume that all part type of the jobs have same weigh as a fair con

The production quantity is computed by  =∑                                                      (2) 
=

J

j
jn

1

According to Equation (1), the makespan productivity, 

prt
n  [part/ unit time]                                   (3)                             

According to Equation (3), as makespan decreases, makespan productivity increases.  
um y is maxim m which is proposed to 

na ted by:   
At minim  makespan, *t , makespan productivit upr

me as Highest Makespan Productivity (HMP). It is compu

                                                   HMP = *η = ∗
prt
n                                                         (4) 

Based on Equation (4), the generated feasible schedule which has HMP is so-called 
efficient (productive) schedule. 

The productivity rate is computed by rη =
0η
η∆ * 100                                                  (5) 

Where, η∆  is the makespan productivity change, 0ηηη −=∆  

0η , η are the initial and the current makespan productivity  

wing three results can be obtained:       
The system can be evaluated by Equation (5) in order to specify whether the system 
had improved or not; one of the follo

a. If rη = + → There is an improvement for the FMS performance. (Good change)   
b. If rη = 0 → There is no improvement (No change),    
c. If rη = − → There is a failure (Bad change) 

One of the objectives of this research is to improve the performanc
an attempt to generate an efficient schedule.  

e of the system and 

s the degr er 

on s a new
S ring m

 is computed by   

1.3.2 Makespan Utilization  
Utilization is defined a ee of available capacity of the machine(s) und
certain condition (Appendix B.3).    
In this research, makespan utilizati  a  measure is proposed to measure the 
utilization of machine groups of FM du akespan.  

The processing time required to process the job j on machine m
                                                             = mjp , jmj n,τ                 

J achine group m is

j
m

1
                                                  (7) 

                                (6) 
The load time required to process jobs on m     

                                                               mL =∑
J

jp ,
=

 9



The sum of setup times mS required to process J jobs on machine m is computed by 
J

                                                        mS =∑
=

roup s computed by 

                                (9) 

achin

j
mj

1
,δ                                                          (8)  

The production time of the machine g  m i

                                            mt  = mL  + mS = )( ,
1

, mj

J

j
jmj n δτ +∑

=

 is computed by: The machine makespan utilization of one m e mρ

                                                           mρ =
pr

m

t
                   

t
                                       (10) 

ess all jobs in the system isThe sum of load times required to proc  determined by  

                                                    L =∑
=

=                   (11)    

                                                              S =

M

m
mL

1

= ∑∑
= =

J

j

M

m
mjp

1 1
, ∑∑

= =

M

m

J

j
jjm n

1 1
,τ

The sum of setup times of the system is  

∑
M

∑∑
M

=
mS =

m 1 = =

J

δ                                  (12) 

The total production time of the system is computed by:  

1 1 1
j

M

m

J

j
jn δ+

= =

                         (13) 

                       ρ =

m j
jm

1 1
,

                                          t = L + S =∑ mt = ( ,, mjmτ∑∑
=

M

m
)

The system makespan utilization is determined by 

                                         
prMt

t                                                     (14) 

                                                                  ρ = t                                                       (15)      
prt

Where, t  is the average production time in the system, 
M
tt =   

*
prt , the system makespan According to Equation (15), if the makespan is minimum

utilization is maximum ∗ρ . 

*
prt
t =                                                                *ρ   = ∗

ptMt
t                                         (16) 

Let 0ρ be the initial makespan utilization, the utilization rate rρ  is computed by:  
ρ∆                                                             rρ = *100                                               (17)   
0ρ

Where, the makespan utilization change is ρ∆  = ρ - ρ0        

1.3.3 Workflow Acceleration  
In this research, we propose a new quantity to measure the acceleration of the 
production flow through FMS during makespan called workflow acceleration which is 
defined as the ratio of production rate to the makespan.  

Since, the production rate is determined by R =
p
n ,        p = τ * n      

                                                                     R =
τ
1 (18)                                                     
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Let 1γ  be the workflow acceleration of one machine to process one job of n products 
during a given makespan. It can be computed as follow:   

                                                           1γ  =
prt
R    [part/ (unit time) 2]                         (19) 

 From quations (18, 19)                                                 E

                                            1γ =
prtτ

1 =
prtn

n
τ

= 
nτ
η                                                 (20) 

According to Equation (20), improving makespan productivity leads to acceleration of 

duction rates to process 
achine system is called machine 

 to process a set of jobs 

the workflow of the products.   
The workflow acceleration of one machine with different pro
multiple jobs of multiple products in a multi-m
workflow acceleration. It can be computed as follow:   
Let be the production rate of machine m j. mjR ,

The average production rate of the machine group m is  

J

R
J

j
mj∑

=1
,

                                                             mR =                                                 (21) 

Machine workflow acceleration is determined by   

                                                             mj ,γ =
pr

m

t
R                                                       (22) 

The average production rate of the system is computed by  

                 R =
M

R
M

∑
                                          m

m
=1                                                       (23) 

                                                   

System workflow acceleration is determined by 

γ  =
prt
R = 

prMt

M J

J
m j

mjR∑∑
= =                                               (24) 

According to Equation (24), maximum workflow acceleration is achieved when the 

1 1
,

 ∗γ
makespan is minimum, ∗t   pr

                                                                ∗γ = ∗
prt
R                                                       (25) 

0γ  be the initial workflow acceleration. The acceleration rate Let rγ  is computed by:  

                                                           rγ =
0γ
γ∆ *100                                                  (26)                              

ion change, γ∆  = γ  -Where, workflow accelerat 0γ       

orkflow acceleration are equal.  
It is remarkable to identify that for a given production system, the rates of makespan 
productivity, makespan utilization, and w

                                  rη  = rρ  = rγ =
0ρ
ρ∆

=
0γ
γ∆ = 

0η
η∆ [%]                                      (27) 

It can be concluded that by decreasing the makespan of the system, the productivity, 
me rate.        utilization and workflow acceleration implicitly improve with sa
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1.3.4 Delivery Reliability 
       Many literatures such as [5] introduce the lateness as a criteria to measures the 

Wher
re are three cases of lateness: 

fter its due date (Delay),   tpr > d,    =+  
er), tpr < d,   - 

pectively. The due dates of system 1 is  =10 h 

s is equal, but, in fact, the 
stem 1 

 makespan. 

performance of the scheduling systems. 
For job j, the lateness is computed by  
                                                       jL = jC - jd                                                           (28) 
Where, jC , jd  is the completion time and the delivery due date of job j 
For the whole system, the system lateness can be computed by  
                                                           SL  = tpr – d                                                     (29) 

e, d is the common delivery (due) date.   
According to Equation (29), the
a. Tardiness: if the production is finished a SL
b. Earliness: if the production is finished before its due date (Earli SL =
c. Timeliness: if the production is finished at its due date (On time),  tpr = d,   SL  = 0  
 Usually, in a comparative evaluation between two or more due date schedules, 
lateness criterion may not provide a clear picture for the effectiveness of the system  
For example, let us consider two FMS scheduling systems 1, 2 with two makespans 

1)( prt  = 12 h and 2)( prt =1200 h, res  1d
and the due date of system 2 is 2d = 1198 h. 
                            The lateness of system 1, 1SL =12 -10 =2 h 
                            The lateness of system 2, 2SL =1200 -1198 =2 h 
The results demonstrate that the lateness of the two system
effectiveness of system 2 is better than that of sy because the delay of system 1 
(2h) is very long relative to (10 h) but comparatively the delay of system 2(2h) is a 
short delay relative to 1189 h. Therefore, we need another criterion to give more 
accurate evaluation for the systems. 
In this research, a new criterion called delivery reliability is proposed to measure the 
scheduling effectiveness of machine groups of FMS. 

 delivery date to theDelivery reliability is proposed to define as the ratio of
It can be used as an indicator of how effectively the production time is utilized in 
matching the delivery date (Appendix B.4).  

                                              Delivery reliability,
prt
d

=µ                                          (30) 

For the given example, µ1 = 83.3 %, µ2 = 99.8 %. Based on these results, it is clear 

s a good criterion to measure the 

              If    d = tpr        then            EDR =  =1               (31) 

        (33) 

that the effectiveness of system 2 is better than of system 1 which corresponds to the 
reality. Therefore, delivery reliability can be used a
system performance. Delivery reliability could be effective or ineffective. 
Effective Delivery Reliability (EDR) can be achieved: 

*                                    µ
The feasible schedule which has EDR is proposed to call effective (reliable) schedule. 
If not, the schedule is ineffective. The ineffective schedule is proposed to classify into 
two types: 
a. Ineffective lateness schedule. It is achieved if: 
                                                                      d < tpr,   µ < 1                                      (32) 
b. Ineffective earliness schedule. It is achieved if: 
                                                                      d > tpr,   µ >1                               
    In this research we are dealing with the first type (a) ineffective lateness schedule. 
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1.4 Perfect Schedule  
    As mentioned earlier, in competitive environment, the manufacturing organizations 
try to attain two main objectives: improving the machine productivity and delivering 
the production on the promised date as possible as they can. The two objectives are 
named in this research as highest makespan productivity (HMP) and effective 

tical optimization techniques such as 
ing or other methods. 

racterized 
ing to four basic p 3/ α4) Where, α1: Type 

of the FMS system, α : Num er of m α3: Nu er of jobs. α4: measure criteria. 
This example is characterized by FSS/2/2/  describes that the FMS is a flow shop 
system consisting of 2 mac es , M o p ess bs B) using makespan 
criteria. The objectiv s to nera  a s ule ith es
and/or effective delivery reliability if d = 0 m .  E er ata are summarized 

 Table 1. Figures 6, 7 illustrate the job chart and load chart, respectively.  

Table 1: Engine d tabase of Example 1 
M1 M2 

delivery reliability (EDR). These objectives may conflict to each other; the system 
may have effective delivery reliability with low makespan productivity. 
Based on that, we can propose a new expression so-called Perfect schedule.  
Perfect schedule is a schedule in which the two goals HMP and EDR are achieved. 
Perfect scheduling is a scheduling in which the efficient schedule and effective 
schedule are generated in one schedule called perfect schedule. This type of 
scheduling problems may solved by mathema
goal-programm

The present research is not dealt with the perfect scheduling problem. It concerned 
with the efficient scheduling and effective scheduling individually.  
As we mentioned that this research is a multi-machine/multi-job FMS scheduling 
problem and the goal is to achieve the two objectives; HMP and/or EDR. 
In order to clarify the objectives to be achieved we investigate a simple flow shop 
scheduling problem in the following example.  

Example 1     
  The FMS scheduling problem considered in this example can be cha  

accord arameters as proposed in [3]. (α1/ α2/ α
2 b achine. mb

prt
hin (M1 2 t roc 2 jo  (A, 

e i  ge te ched  w high t makespan productivity 
 270 in ngine ing d

in
 

ering a

 
Job 

 

 

 

2,jp  jP  jn
1,jτ  1,jp  2,jτ

A 500 700 1600 1.8 900 1 4  .
B 200 800 1800 5 1000 4 

mL   1900 3400  1500 

 
 

F  6: Job chart 

0  

igure
 
m 190

900 1000  M1 
 

700 800  M2 
1500  

Figure 7: Load chart 
 
 

0  j 160  
900 700  A 

  
1000 800  B 

1800  

 13



m  d = 2700 
900 1000 I  M1    

 
 

I 700 I 800  M2 1600 1100 
 

 

 prt = 2700  

Figure 8: Gantt chart of feas  scheduled first, I: Idle time 
 
m  d = 2700 

ible effective schedule, job A is

1000 900 I   M1 
     

I 800 I 70   0 M2 
0   1800 80  

 pr 2600   t = 
Figure 9: Gantt chart of feasible inefficient ineffective schedule, job B is scheduled first, I: le time Id

Table 2: Results of Example 1 
Case   prt  ρ  % γ  

rη % µ  Schedule 
result 

1 2700 62.96 1.59*10-4  - 1 Inefficient, 
Effective     

2 2600 65.38 1.65*10-4 3.84  1.04 Inefficient, 
Ineffective  

For the given example using Equations (14, 24, 27, 30) the values of tpr, ρ, γ, rη , µ can 
be found. The results are presented in Table 2 and Figures (8, 9).  
    In Figure 8, job A is scheduled first. The schedule is a feasible effective schedule. 
The makespan meets the delivery date (µ=EDR =1). The schedule is inefficient, the 
utilization is low (62.96%). 
    In Figure 9, there is a change of the job priority, job B is scheduled first. The 
productivity is improved by rate (3.84%) but the schedule is still an inefficient 
schedule because the utilization is low (65.38 %), and the schedule is an ineffective 
schedule because the delivery reliability is higher than one (µ=1.04).  
     It can be concluded that in many cases the effective schedule could be inefficient. 
The schedule still has idle time (low utilization) and low productivity. In other cases 
even its producti

 

vity is improved but the schedule is still an inefficient and 
effective. 

  In order to achieve a schedule with higher efficiency and/or higher effectiveness, 
ere is an effective technique in literature much more effect in improving the 
hedules quality than the changes of the scheduling priority rules. This technique 

alled Lot streaming. 
he definitions of the lot streaming and the definition of the problem are presented in 
e next chapter.  
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2. LOT STREAMING 
2.1 Lot streaming definition 
    There are many different definitions of lot streaming in the literature (Appendix C) 
the most important definitions are given below: 
       “Lot streaming is a technique for accelerating the flow of batch by splitting a job 
lot into sub-lots, thereby creating transfer batches, and by overlapping consecutive 
operations. The optimal scheduling of sub-lots is a relatively difficult problem and has 
been solved efficiently only for simple cases” [19].  
       “Lot streaming or lot splitting is a concept in which a large production lot is split 
into smaller sublots so that its operations at successive stations can be overlapped and 

 [20]. 

tion and to improve the overall 

 well as the scheduling of 

advent 

 be defined as a manufacturing philosophy 
ing and overlapping processing, 

 multiple objectives.  
umber of sub-batches"  

its progress accelerated.” [23]. 
       “Lot splitting is a shop-floor control technique that has recently received much 
attention by both researchers and practitioners. Lot splitting is commonly used in 
practice to break large orders into smaller transfer lots in an attempt to move parts 
more quickly through the production process.”
       “Lot streaming is a procedure in which a large production lot is split into smaller 
sub-lots and the operations at the successive stages are overlapped in time.” [21]. 
       “Lot streaming is the process of splitting a production batch (or lot), comprised of 
several identical items, into smaller portions, often called transfer batches (or sublots), 
and then scheduling the sublots in an overlapping fashion on the machines, in order to 
accelerate the progress of orders in produc
performance of the production system.”  [22]. 
      “Lot streaming (lot sizing) is the process of creating sub-lots to move the 
completed portion of production sub-lots to downstream machines, however, the 
planning decisions become more complex when lot streaming is allowed.” [24]. 
      Lot streaming, lot sizing, and scheduling are strongly interconnected by each 
other; Lot streaming is termed sometimes in the literature [30] as lot sizing. But, they 
are definitely absolute different (Appendix C.5) 
"The basic idea of lot streaming (LS) is a breaking the batches into some sub-batches 
then the sub-batches can be processed in an overlapping fashion." [25] 
      "Most scheduling models allow a job to be transferred to the next machine only 
when it is completed on the current machine. In a model which allows lot sizing, 
however, a sublot can be transferred to the next machine and processed, while other 
items from the same job, but of a different sublot, are processed on the current 
machine. We refer to this process of allowing overlaps through the creation of sublots 
as lot streaming. Thus, the decomposition of jobs is allowed, a solution procedure 
requires the creation of sublots through lot streaming, as
sublots. The scheduling literature nearly always assumes that batching and lot sizing 
decisions are already taken. Similarly, research on batching and lot sizing seldom 
considers sequencing issues. There are surprisingly few publications that contain 
elements of both fields. From the discussion above, however, it should be clear that 
batching, lot sizing and scheduling are strongly interrelated. Moreover, in the 
CIM batching, lot sizing, and scheduling decision will have to be taken concurrently, 
i.e. they will be integrated and computer-controlled.” [25] 

2.2 Lot streaming point of view of the present Dissertation 
    It seems to us that lot streaming (LS) can
in which two stages are performed: batch break

le orsubjected to certain constraints to satisfy a sing
Batch breaking means "The batches are divided into a n
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Overlapping processing means “The sub-batches are processed in parallel through 
different machines".  
Using lot streaming, many objectives are satisfied (many birds stoned at once)  

le to maximize productivity. 

p 
time in the following ex

Example 2     
To illustrate the concept of lot stream g we consider the f llowing problem which is 
characterized by FSS/2/3/tpr ach b c sts  400 odu d= 2600 min. The 
data are given in Ta  3.  assume t the s h sim  products. We also 
assume that the setup time is included in the processing time (zero setup time, δ =0) 

Table 3: Engineering database of Example 2 

1. It is possib
2. It is possible to maximize machine utilization.  
3. It is possible to accelerate the production.  
4. It is possible to attain effective delivery reliability. 
In order to clarify the effectiveness of lot streaming to achieve the previous objectives 
we investigate a simple flow shop lot streaming scheduling problem with zero setu

ample.  

in o
. E  jo onsi of  pr cts, 

ble We hat job ave ilar

M1 M2 
 

Job 

 

jn
1,jτ  1,jp  2,jτ  2,jp  

 

jP  

A 400 1 400 2 800 1200 
B 400 1 400 2 800 1200 

C 400 1 400 2 80 00 12 0 

mL   1200  2400 3600 

In batch scheduling, the three jobs (similar products) are grouped into one batch 
consisting of 1200 products. The batch schedule is formulated. The batch will be 
processed first on e processed on 
M2 with 2400 mi

1

M1 with time 1200 min, then, the sub-batches will b
n (Figure 10).   

M 1200 d =2600   
 1200    
M2  2400  
 1200 2400  

 prt = 3600  

Figure 10: Gantt cha l batch schedule, t  = 3600 min 

 d =2600    

rt of initia pr
 

1M 500 400 300     
 1200  ent  Improvem  
M2  10 800 600  00   
 1500 2300 2900   

t = 2900     pr

Figure 11: Gantt chart of aming schedule using LSS rule, tpr = 2900 min

 600   

 lot stre  
 

d =2

M 200 1 400 600  Improvement  
 1200    

M2  400 800 1200   
 600 14   00 2600 

  prt = 2600  

Figure 12: Gantt chart of lot streaming schedule using SSS rule, tpr = 2600 min 
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   Table 4: Results of Example 2  
case   prt  ρ % γ  

rη  % µ  Schedule Type 
1 3600 50 2.1*10-4 0 0.72 Feasible batch     
2 2900 62.1 2.6*10-4 24 0.90 High Efficiency & Ineffective    
3 2600 69.2 2.9*10-4 39  1 Higher efficiency effective      

In lot streaming scheduling: the batch will be broken into several sub-batches, say; 3-
sub-batches using the following proposed two rules (unknown in literature).   

allest 

a. Largest Sub-batch Size Rule (LSS) 
In this rule, the batch is divided into sub-batches in descending size mode; the largest 
sub-batch size is the first. For the given example, if the batch is divided into 3 sub-
batches of sizes 500, 400, and 300 product/sub-batch and these sub-batches will be 
processed in an overlapping manner, the 3 sub-batches will be processed on machine 
group M1 with times 500 min, 400 min, and 300 min, respectively. Then, they will be 
processed on M2 with times 1000 min, 800 min, and 600 min (Figure 11). 

b. Smallest Sub-batch Size Rule (SSS).  
 In this rule, the batch is divided into sub-batches of ascending size mode; the sm
sub-batch size is the first. For the given example, if the batch is divided into 3 sub-
batches of sizes 200, 400, and 600 product/sub-batch and these 3 sub-batches will be 
processed on M1 with times 200 min, 400 min, and 600 min, respectively. Then, they 
will be processed on M2 with times 400 min, 800 min, 1200 min (Figure 12).  
Using Gantt charts and Equations (14, 24, 27, 30), the values of prt , η, ρ, γ, rη  and µ 
can be found. The results are presented in Table 4. 

  From Table 4 and Figures (10, 11, 12) the following conclusions can be drawn: 
     For case 1, in Figure 10, the jobs are grouped into one batch. The Gantt chart of 
feasible batch schedule without lot streaming is illustrated. The utilization value is 
50%. The schedule is inefficient schedule. The delivery reliability value is 72%, the 
schedule is ineffective. 
      For case 2, in Figure 11, the Gantt chart of lot streaming schedule using LSS rule 

rule is an effective 
eliability of the systems.  

um load (for zero setup 
. (This group is 

akespan to be achieved.  
                            

01 min. 
ed by rate 51.51%. 

is illustrated. The productivity is improved by rate 24%. The delivery reliability value 
is 0.9 (90%). The schedule is still an ineffective. 
       For case 3, in Figure 12, the Gantt chart of lot streaming schedule using SSS rule 
is illustrated. The productivity is improved by rate 39%. The delivery reliability value 
is 1 (100%). The schedule is an effective schedule. 
 It can be concluded that lot streaming approach using the SSS 
approach to improve the productivity and the delivery r

For the given example, the efficient schedule with highest makespan productivity 
(HMP) can be achieved by dividing the batch into a number of sub-batches with one 
product per sub-batch. HMP value is restricted by the maxim
time models). The second machine group has the maximum load
named as bottleneck machine group and it will be explained later). 
The minimum makespan (or HMP) can be determined as follows: 
Let Max tm be the maximum load of machine group m. 
Let Min tpr be the minimum m
                                             Min prt  = Max tm + τm-1                                                (34)  
For the given example,          Min prt = 2400+1*1=24
HMP = 0.5 part/min. The productivity is improv
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In the given example, the setup time is not taken into consideration.  
In case of lot streaming with setup time taken into consideration, the problem is 
totally different. There is a trade-off optimization problem between the setup times 

eration very seriously.  

 the setup time is assumed as equal attached independent-sequence 
etup time value is estimated by maximum value estimation. 

g problem we 
establish the following e blem with setup time.  

Example 3        
    The problem in this example is characterized as SS/2 /tp. Data are summarized in 
Table 5, d = 3200 min =1 min e um ha jo ave similar products. 
We assume also that the first setup time firs ope n irst machine group is 
included into the proce ng . But, it  be omitted this assumption by setting the 
setup time individually (it has not any effect on the general solution).   

Table 5: Engineering database of Example 3 
M  M2 

and overlapping processes. 
Because the setups have a significant effect on the solution of lot streaming problems, 
it should be taken into consid

2.3 Setup time considerations in lot streaming  
In lot streaming, due to the breaking process, new setup actions appear for the sub 
batches. These setups can be classified into a number of types. It could be attached or 
detached setup time, dependent or independent-sequence setup time (Appendix C.7). 

The setup time value could be estimated by maximum value estimation or sum value 
estimation (Appendix C.8). 

In this research,
setup time. The s

It is remarkable that the setup time model is a deterministic model and risk analysis of 
the setup risk is performed (assumption). Human Reliability Analysis (HRA) and 
Common-Cause-Failure (CCF) are performed. 

In order to investigate the effect of setup time on the lot streamin
xample of flow shop lot streaming pro

F /3
, δ 00 . W  ass e t t the bs h

 of t ratio  of f
ssi time can

1 
Job 

 

jn
1,jτ  1,j 2,jp  τ  2,jp  

 

jP  

A 600 1 600 2 1200 1800 

B 400 1 400 2 800 1200 

C 200 1 200 2 400 600 

mL   1200  2400 3600 

 

The problem can be solved as follows:   

In case 1: N=1, batch scheduling, the jobs are grouped into a single batch of 1200 
roducts. The initial schedule is illustrated in Gantt chart Figure 13. =3700 min.  

In lot streaming, we break the batch into a number of equal sub-batches random y, for 
example, N = 2, 3, 4, 6, 12 sub-batches. The cases are given in Gantt charts in Figures 
(14, 15, 16, 17, 18).  

Using Gantt charts and Equations (14, 24, 27, 30), the values of  η, ρ, 

prtp

l

prt , rη and µ can 
be found. The results are presented in Table 6.  
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  d =3200 

120M1 0   
    
M2   24

Figure 13: Gantt chart of initial batch schedule, prt = 3700 min  
 

  d =3200 
M1 600  600   
    provement Im
M2  120  1200  0  

 1200 0032   

 prt = 3200  

Figure 14: Gantt chart of lot streaming schedule, N=2, = 3200 min prt
 

  d =3200  
M1 400  400  400    
       
M2   800  800  800    
 1300 2200 3100  Improvement 

prt = 3100     

Figure 15: Gantt chart of lot streaming schedule, N=3, = 3100 min  prt
 

  d =3200  
M1 300  300 3 00  300      
          
M2   600  600  600  600   
 1000 2400 310 provement 1700 0   Im

prt =    3100     

Figure 16: Gantt chart of lot streaming schedule, N=4, = 3100 min prt
 

  d =3200 
M1 200  200  200  200  200  200   
       
M2   400  40  400  400  40  0 0 400 Improvement 
 700 12 00 27 00 00 17 2200 00 32  

 prt = 3200   

Figure 17: Gantt chart of lot streaming schedule, N=6, t = 3200 min pr
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M1                          
    
M2                          
 400 3700 700 1000 1300 1600 1900 2200 2500 2800 3100 3400 

  3

00 
 1200 3700 

 prt = 3700 

prt = 700 

Figure : G a t streami g s le, N=  
 

 18 antt ch rt of lo n chedu 12, prt = 3700 min
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Table 6: Results of Example 3 

Case N  prt  ρ  % 
rη  % µ  Schedule Type 

1 1 3700 48.64 0 0.86 Ineffective lateness 
2 2 3200 56.25 +15.6 1 Effective 
3 3 3100 58.06 +19.35 1.03 Efficient, Ineffective earliness 
4 4 3100 58.06 +19.35 1.03 Efficient, Ineffective  earliness 
5 6 3200 56.25 +15.6 1 Effective 
6 12 3700 48.64 0 0.86 Inefficient, Ineffective 
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Figure 19: Makespan curve of FSS/2/1/lot streaming 
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 From Gantt charts in Figures (13, 14, 15, 16, 17, 18), Table 6 and Figure 19, 20 the 
following conclusions can be made:  
      In case 1, N=1, (without lot streaming) the schedule is inefficient ineffective 
schedule. 
     In case 2, N=2, and case 5, N=6, the productivity is improved by rate (15.6%).The 
schedule is effective schedule. 
     In case 3, N=3, and case 4, N=4 the productivity is improved by maximum rate 

 efficient but ineffective. In cases 2 and 5, when the batch is 

(19.35%). The schedule is ineffective earliness schedule. 

 Based on the above, in cases 3 and 4, when the batch is divided into N=3 or N=4, the 
generated schedules are
divided into N=2 or N=6, the generated schedules are effective but inefficient. 
Therefore, on selection N, the trade-off problem may exist between the productivity 
and the delivery reliability. The selection of the proper N is based on the strategic goal 
of the factory to be achieved and the constraints to be satisfied such as capacity of 
inventories and the demand quantity.  
It is notable that for case 6, N=12. The productivity rate has declined down to zero 
( rη = 0); the lot streaming is not effective. The schedule is inefficient ineffective 

ective approach until reaching a 
atches where it is not any more. Of course, the lot streaming 
t effect on the performance of the system where the optimal 

times increase, 
ping processing 

ime decreases, consequently, the 
 between the time 
itional setup times 

 find it? 
Particularly, the problem is concerned with the following questions:  

schedule (as in case 1). 

       It can be concluded that the lot streaming is eff
certain number of sub-b
approach has the highes
number of sub-batches is determined. The question to be answered is: how to 
determine this optimal number for general complicated lot streaming problems of 
FMS consists of multi-machine to process multi-job? This research is tried to answer 
this question.  

In order to solve the problem successfully, we have to define the problem accurately. 
This is; what will be introduced in the next section.  

2.4 Problem definition 

      In Figure 20, the curves of productivity rate and utilization values are concave 
downward curves. The productivity rate initially is increased due to overlapping 
processing of sub-batches. As number of sub-batches increases, the productivity rate 
increases until a certain point where the optimal objective is reached and then, the 
productivity rate decreases due to the additional setup time of sub-batches until 
reaching a certain number of sub-batches. Generally, as the number of sub-batches 
increases the idle times decrease and in the same time, the setup times increase.  
As mentioned earlier, Lot streaming consists of two processes; batch breaking and 
overlapping processing. In breaking process, new setup actions appear for the sub 
batches. As the number of sub-batches increases the setup 
consequently, the makespan increases and in the same time, in overlap
as the number of sub-batches increases the idle t
makespan decreases. So, there is a trade-off optimization problem
saved by overlapping processing and the extra-time caused by add
of sub-batches. It is difficult to find the optimal solution even in the case of small 
number of machines. 
The question to be answered is: what is the optimal number of sub-batches to be 
divided to attain the optimal objective and how to
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• How to find the optimal number of sub-batches?  
• What is the optimal number of sub-batches to achieve the HMP? 

search, for this problem we try to give a solution as it will be outlined later.    
omplicated NP hard combinatorial 

 HDA approach and, at the same time, to solve 

and much time with hard research about applications of this 

d. For good survey of lot 

• What is the optimal number of sub-batches to achieve the EDR? 
In this re
FMS scheduling problems, in general are c
problems. Lot streaming makes the problems even much more complicated because of 
the formation of a large number of sub-batches. 
There are many classifications of lot streaming according to sub-batch size, type or 
idle time form [Appendix C.6].  
In this research, we consider the equal lot streaming type with sub-batch attached 
setups. 

2.5 History and State-of-the-art developments 
   Hybrid Dynamical Approach (HDA) [55-60] is a highly effective approach for 
automatic lot streaming.  One of the developers of the HDA was my supervisor. The 
proposed approach is used to solve an FMS scheduling problems. HDA realizes lot 
streaming as it was shown by Somlo [55]. HDA was proposed by Perkins and Kumar 
in 1989 [56]. General theory was developed by Matveev, Savkin [59]. Pragmatic 
aspects of using HDA were published in [58] and [60]. Many other works discuss the 
features of this approach, too. The problems with the general application of HDA are 
that it is valid only for high number of parts and it requires filling up auxiliary buffers. 
I tried to improve the applications of
the same problems in another way. My supervisor proposed to me to try to use the 
concept of a brute force approach as a new direction for low-scale problems (like 2-
machine groups, 2 jobs). After a lot of work in this direction I developed a new 
technique. By using this technique, the performance of the system is improved. The 
results are a favorite. A scientific paper on this technique was accepted (and by me 
presented) in an international conference [62]. The technique is confirmed and named 
as Break and Build Method (BBM). 
After a lot of efforts 
method for complicated problems, I was surprised to discover that there were a 
number of researchers using the same concept of BBM, most of them, in different 
fields. They had published few papers. They were named the approach by different 
names such as lot streaming, batches transfer and lot splitting, etc. Lot streaming has 
been used many times under different names. The most famous name used in the 
literature is the lot streaming. I used the same name (Lot streaming) in this research in 
substitute of BBM.    

    The literature on lot streaming is extremely limite
streaming technique, there is just one reference book called “Flow Shop Lot 
Streaming” published in 2007 by Professor S. C. Sarin and P. Jaiprakash [32]. This 
book is concerned with lot streaming for the flow shop systems only. In its chapter 
one (1.6, pp 20), there is a brief historical perspective, evolution of lot streaming and 
research in lot streaming. 

Even this book has the basic knowledge of lot streaming but it is interesting to 
introduce a summary of the literature review as follows: 

     The term lot streaming was first introduced by Reiter in 1966 [33] but the work at 
that time was limited. In the late 1980’s to early 1990’s, lot streaming is rediscovered 
as a result of searches to improve the efficiency and effectiveness of production 
systems. The importance of lot streaming was increased when it became consistent 
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with the JIT manufacturing philosophy of making small sub-batches which is used for 
Make To Order (MTO) environment as a pull system.   

Another philosophy known as the OPT is strongly based on the theory of lot 

ceived little attention in the literature. 

ent. Secondly, using equal 

heduling problems such as: Two-

(makespan) in an FSS [47, 48], and Baker [22] 

streaming. It is referred to as transfer batches. Until the late 1980s, lot streaming was 
researched independently of OPT.   OPT has re
Currently, it is popularly referred to as the Theory Of Constraints (TOC). 
Comprehensive review of lot streaming is discussed in [34]. 

    Lot streaming has been extensively studied in academic circles as well as in 
industrial fields and has been shown to be an effective technique for compressing 
Manufacturing Lead Time (MLT).  

Nowadays, the concept of lot streaming is used in FMS where large batches of similar 
items are to be streamed on the machines [16]. 

     Lot streaming scheduling problem is not popular as the batch scheduling problem. 
Most literature of lot streaming scheduling problems is focused on the FSS problems; 
lot streaming in JSS problems has received much less attention. The majority of the 
analytical works has focused on the impact of a single lot, split into sublots, on the 
makespan, in two and three-machine flow-shops [e.g.28, 35, 36]. One exception is the 
work by Baker and Pyke [29] who proposed a computationally-efficient procedure of 
consistent two-sublots for the m-machine flow-shop. 

     The limited literature on more than three-machine flow-shops is due to the fact that 
it becomes a complicated task to determine sublot sizes that are not of equal size. 
However, the assumption of equal sublots seems to be a suitable solution as it has 
been demonstrated in the literature. Based on experiments, Kropp and Smunt [37] 
concluded that, for relatively small setup times, sublots of equal size (except for the 
first sublot) tend to be optimal. They give two other justifications for the use of equal 
sublots. First, a standardized container size is more conveni
sublots would most likely reduce the number of implementation errors. There are 
several other indications in the literature that equal sublots can, under certain 
operating conditions, be near-optimal. Baker and Jia [22] present results concerning 
the impact of equal and consistent sublots on system performance. Performance 
comparisons of equal and consistent sublots in a three-machine flow-shop are 
provided. Their results indicate that as the number of sublots increases, the ratio of the 
makespan of equal and consistent sublots approaches 1.00, implying that it is less 
attractive to use consistent sublots instead of equal sublots. 

     There are many papers for FSS lot streaming sc
machine/one-job (2/1) lot streaming with setup time is given in [38]. 2-machine/ 
multi-job (2/J) with setup time was presented in [39, 40, 41], (3/1) was presented in 
[28], (3/J) in [30], multi-machine, multi-job M/J without setup time in [42, 43], J/M 
with setup time using dynamic programming algorithm in [44], J/M with setup time 
using Mixed Integer Linear Programming (MILP) in [45], M/ J with setup time using 
Genetic Algorithm (GA) was proposed in [46]. The analysis of batch splitting in an 
assembly scheduling environment was presented in [27]. Tabu Search (TS) and 
Simulated Annealing (SA) were proposed in [24].  

     Most papers on lot streaming problems consider the objective of minimizing the 
maximum production time 
independently developed a conceptual framework for the problem. Trietsch and Baker 
[35] present a classification outline and review the most important results.  
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Lot streaming scheduling problem in JSS was proposed in [49]. Benefits of lot 
streaming in JSS Problem are presented by [23]. Lot streaming to JSS Problem using 
Genetic Algorithm (GA) was proposed by [50]. An effective optimization-based 

 so popular as the general problem of scheduling with fixed 

 proposed 

 use the 

wn to be geometric. The 

 the largest path from the start node to the end node. 

hed transfer time lot streaming 
timal 

r, i.e., each sublot is processed 

 is 

ultiple lot/2-machine problems.  

-problems.  

han its two and three 

stent sublot sizes in order to minimize makespan. The discrete 

ch problem, a linear programming formulation can be used to obtain 
continuous optimal sublot sizes. Integer sublot sizes can be obtained from the 
continuous optimal sublot sizes by using heuristic procedures. 

algorithm for JSS Problem with fixed-size transfer lots is presented in [51]. 
Lot streaming is not
batches but it is widely used. 
An attempt to formulate the lot streaming problem from the point of view of inventory 
control was made by Szendrovits [52]. Dauzere-Peres and Lasserre [53, 54]
computation aspects for lot streaming in job-shop scheduling problems. Genetic 
Algorithms for the above problem were proposed by F.T.S. Chan, Wong, and P.L.Y. 
Chan [50]. Many other works discuss the problem, too. 
       In a new book on flow shop lot streaming the authors proposed to
following solutions. 
      In 2-machine, single-lot, no setups lot streaming problem of continuous and 
consistent sub-lots, the sizes of the sublots can be sho
resulting solution is formulated for the no idle time between sublots cases.  
Critical Path Method (CPM) has been used effectively to address the lot streaming 
problems. The processing of the sublots on the machines is viewed as a directed 
network. The critical path is
Generally, the consideration of setup makes the problem more complicated;  
For lot-attached or lot-detached setups, geometric sublot sizes are optimal for the case 
of continuous sublot sizes. The optimal discrete sublot sizes can be obtained by 
iteratively modifying the optimal continuous sublot sizes. 
Linear Programming (LP) can be used for sublot-attac
problem to obtain optimal continuous sublot sizes. For lot-detached setup, the op
lot sizes are geometric except for the first sublot. Algorithms are also available to 
obtain integer sublot sizes. 
The geometric sublot sizes remain optimal when the lot-detached setup is involved, 
and the sublots are processed in a no-wait manne
continuously on the machines. When the size of each sublot is required to take an 
integer value, the problem is difficult to solve, and a heuristic solution procedure
available that does not guarantee the optimal solution. 
Johnson’s algorithm can also be used to solve m
      For 3-machine, single-lot, lot streaming problem, the optimal sublot sizes 
(continuous or discrete) can be determined by using mathematical programming. 
For the case of consistent and continuous sublot sizes and no setups, the problem can 
be solved by analyzing the network representation.  
When sublot sizes are variable and no idling among the sublots is permitted, optimal 
sublot sizes can be obtained by decomposing the problem into two sub
The situation of consistent sublot sizes with lot-detached/attached setups can also be 
analyzed by using the network representations. 
    The m-machine lot streaming problem is more difficult t
machine versions. One of the first efforts in this regard is the work of Baker and Pyke 
[29] who developed a two-sublot-based heuristic procedure for single lot to determine 
continuous and consi
version of this problem is addressed by Chen and Steiner [36]. Kalir and Sarin address 
the same problem with sublot-attached setups and equal sublot sizes. 
For the single bat
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As the number of lots increases to more than one, also the issue of sequencing the lots 
is addressed. Kalir and Sarin [43] presented this sequencing issue of equal-size 
sublots for each lot.  

ming problem in no-wait flow shops was addressed by Sriskandarajah et 

ristic methods for general FMS 

 this research, two new methods were developed to find the optimal lot streaming in 
rder to achieve HMP and EDR. These methods can be used in cases when the HDA 
ay not be applied. The proposed methods are named as Joinable Schedule Approach 
SA) and Break and Test Method (BTM) [61-67]. 
he solutions of these two methods are based on the global minimum of production 
me which we will be discussed in the following chapter. 

 
 
 

For the multiple lot case, the lot sequencing and sublot sizing problems are dependent 
on each other. A procedure is to schedule the lots by solving a Traveling Salesman 
Problem (TSP).  
The lot strea
al. [44]. The m-machine lot streaming problem can also be analyzed using network 
representation.  
The single-lot m-machine lot streaming problem is solved by determining the optimal 
number of sublots for each lot, and then, a heuristic procedure, termed bottleneck 
minimal idleness heuristic, is developed to minimize the idleness caused at the 
bottleneck.  

In this research, we try to show when the heu
scheduling may not give high-quality schedules, the goodness of schedules can 
significantly be improved by lot streaming.  
In
o
m
(J
T
ti
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3. GLOBAL MINIMUM OF PRODUCTION TIME FOR  
JOB SHOP SYSTEMS  

  3.1 Bottleneck Scheduling Approach (BSA) 
    In FMS, usually, there is a machine group which has maximum load time among all 
machine groups. This group is called bottleneck machine group.  
The basic idea of Bottleneck Scheduling Approach (BSA) is that “The higher the 
utilization of the bottleneck, the higher utilization the whole system can be provided”. 

chine groups. 

um production time refers to the 

ose to the global minimum of production time as a reference value we 

fferent. 
oduction time is determined by the 
d the sum of setup time (if it is 

 schedule less than this 

 of production time can 
s f ws: 

3.2 Non-zero setup time job shop systems model 

a e termi

Therefore, improving the performance of bottleneck will improve the performance of 
the whole system. Bottleneck machine group can be considered as a constraint within 
the system that restricts the production time of the whole system. In job shop systems, 
it is impossible to construct a schedule with makespan less than the load of bottleneck 
machine group. For this reason, bottleneck must be scheduled first. 
By BSA the feasible schedule is generated relative to the bottleneck machine group in 
order to get certain objective(s). 
      Base on the above, bottleneck machine group must be productive (busy) all the 
time. To keep the bottleneck productive, batch size should be large. But, large batch 
sizes create longer production times. To solve this problem while still maintaining 
bottleneck to be productive, lot streaming can be used. Furthermore, the idle time of 
bottleneck machine group is the lowest idle times among all ma
Minimization of the lowest idle times is easier than of the idle time of the others (non-
bottleneck) which they implicitly will be decreased.  
As mentioned earlier, bottleneck machine group has the maximum of minimum 
production time. Therefore, minimization of minimum of maximum production time 
close to the maximum of minimum production time is a suitable goal in FMS 
scheduling problems and may result in HMP and/or EDR. But answering the question 
how close this goal can be approached is a very complicated problem.  
      The present research tries to answer this question using scheduling bottleneck 
approach to solve lot streaming problems of FMS scheduling as we will see later. 

For large-scale systems, the minimum of maxim
minimum makespan. The production time of bottleneck machine group is the 
maximum of minimum production time of the system which is called global minimum 
of production time. 
To minimize the minimum makespan of multi-machine/multi-job FMS lot streaming 
problems cl
have to follow the global determination procedure. The global determination 
procedure for JSS and FSS problems is di
For job shop systems, the global minimum of pr
maximum summation of the production time an
considered) of certain machine group among all machine groups of the system. 
Clearly, it is impossible to construct a minimum makespan
minimum.  
Based on the consideration of setup time, the global minimum
be classified into two models a ollo

The setup times can be taken into consideration in different ways. The global 
minimum of production time c n b de ned as follows:  
According to Equations (6) and (7) 
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The load time required to process J jobs on machine group m 

                                     =∑ p τ                                              (35)            mL
=

= n∑
J J

j
mj

1
, j

j
mj

=

 

produc on time
1

,

The ti  of machine group m is 
                                               mt = mL + ms m                       m =1, 2, 3, m...M          (36)δ  
Where, ms , m are the number of the setups a e of machine group m. δ nd the setup tim
According to the setup time matrix, let us suppose mδ satisfies the following condition:  

          m =1, 2, 3, m...M       (37)                                 minδ ≤ m)( minδ ≤ mδ ≤ m)( maxδ ≤ maxδ
Where, minδ , maxδ are the minimum and maximum setup times of the system.  
      m)( minδ , m)( maxδ are the minimu um setup times of  machine group m. m and maxim

g condition  
L

 load times of the system.  
g p rom 

According to the load time matrix, let us suppose mL satisfies the followin
                                                    minL  ≤ mL max                 m =1, 2, 3, m...M         (38)  ≤
Where, L , L  are the minimum and maximummin max

Let us select two arbitrary machine rou s f the system, for example x and y.  
The production time of machine group x is 
                                                      xt = x  +L  xs xδ                                                      (39) 
We suppose that the load time of machine group x is the maximum load. 

 group y is 
+

                                                            xL = maxL                                                          (40) 
The production time of machine
                                                        yt = yL ys yδ                                                      (41) 
We suppose that the setup time of machine group y is the minimum setup time. 
                                                           yδ y)( minδ                                                      (42) =
Where, y)( minδ  is the minimum setup of machine group y 
According to the values of setup time (at constant number of setups ( xs = ys )) one of 

a. 
     

two cases is resulted as follow: 
  Non-bottleneck setup time case  
                                 If t <  then x yt xδ < yδ                                                           (43) 

                    In general, If xt < mt  then xδ < mδ         m =1, 2, 3...M, m ≠ x              (44) 
In this case, the setup time of machine group x is called a non-bottleneck setup time 
and the production time of x is the minimum production time of the system. 
b. Bottleneck setup time case  

                                 If xt > yt  then xδ > yδ                                                       (45)    
n               In general, If xt > mt  the                 m =1, 2, 3...M, m ≠ x     (46) xδ > mδ    

called bottleneck setup time and the 
 of production time and the machine 

a ro
hin p has

In this case, the setup time of machine group x is 
production time of x is called the global minimum
group x is called bottleneck m chine g up. 
We assume that the bottleneck mac e grou  the maximum setup time and 
maximum load time 
                                                         xδ = maxδ = bδ                                                                         (47)  
                                                         L = xL = bL                                                     (48) x ma

Let  be the bottleneck sum of the setup times.  bS
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                                             S = Ma S M δ                                             (49) b x m = ax∑
J

=

he system 
Max [                                        (50) 

he bottleneck machine group, 

j
mj

1
,

The global minimum of production time of t
                                              gt =Max mt = mL + mS ]
                                                         b +                                                       (51)  gt = L bS  
Let s be the maximum number of setups on tb

Since, S = sb b bδ . This usually leads to 
                                                        gt = bL + bs bδ  
We highly propose to use the value determined using Relation (52). Sometimes, in 

                                                    (52)  

stead of bδ an estimated δ ≤ bδ can be used 
The global minimum production time is 
                                                        gt = bL + bs δ                                                      (53) 
3.3 Zero-setup time job shop systems model 
If the setup time is not taken into consideration ( mS = bδ =0). 
The glo e  

                                                   (54) 

MS
span value to the 
 time coefficient 

The initial makespan based on the bottleneck machine group is [see Figure (21)]   

ma in
p time =

bal minimum production tim  is
                                                                     gt = Lb

3.4 Excess time coefficient of job shop systems 
In this research, a new proposed quantity to measure the quality of F  scheduling 
system so-called excess time coefficient which is the ratio of make
global minimum of production time. To find the value of the Excess
we have to follow the following:  

                                           = gt + bI                                                           (55) 
                                                       prt = b + bS + bI  

prt
L

Where, bI  is the last idle time of bottleneck ch e group, bI = nbS + 0I               (56) 
Where, 0I  is the net idle time (without setu s, δ  0) and nbS is the non-
bottleneck stream setup time during the last idle time of bottleneck.  

                                                   0 ≤ S ≤ [∑
M

δnb
=

] -
m 1

b  m δ    

f setups of the last operations of 
≤

                             (59) 
 o eck machine group =             

The value of  usually is a very small relative to bottleneck sum of setup time and 
, 0                                                            

= +
For non-zero setup models, the makespan becomes  

                                         (57) 

If we use equal setup times, and nbs  is the number o
non-bottleneck machine group. Then, nbs  M-1                                                        (58) 
So, the non-bottleneck stream setup time is nbS ≤ nbs δ ≤ (M-1) δ
The last idle time f bottlen  bI nbs δ + I                      (60) 0

nb

in some cases it is not exist as we will see later
s

 nbs = nbS = , bI = 0I
For zero setup time models, the makespan is t gt 0                                         (61) pr I

                                                               prt = bL + + 0I                                  (62) bS nbS +
In general, the initial feasible makespan of job shop systems is 

                          prt  = Max j

J

kmj n∑ ,,τ + [∑
M

j=
m

1
δ ]-

1 m
b

=

δ + [Max∑
=

δ ] +              (63)                               
J

 0I
j

mj
1

,
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The Excess time coefficient can be found by:  

For zero-setup time job shop systems model, C =0r
bL

For non zero-setup time job shop systems model rC =

prt                                            (64) 

g

pr

t
t

                                       (65) 

 as to construct a schedule which satisfy the 

≤ ≤ Ω                                                   (66) 

 

letion time is close to the global minimum and 
s performance. For suitable planning, the 

 be checked. If it is not valid, the planning 

 the value of the excess time coefficient of the schedule is  
      > 1      (  > )                               (67)                               

b.
with the best value of which is 

T
 systems; there are a number of characteristics concerning the excess time 

 t akespan must 

e tial f  schedule, sometimes, is generated an ideal schedule ( =1). In 
this case, the lot streaming is not needed.  

We can formulate the planning goal
following quality requirement condition: 
                                                      1≤ rC maxC
Where, maxC  is the maximum excess time coefficient. Its value is chosen from the 
planning range permission of general excess time coefficient, Ω.                                      
According to the above conditions (66) and based on practical experience, for 
example: we propose to classify the real schedule into three types according to the 
goodness parameter, for example: ( maxC =1.1, 1.15, 1.2) as follow:  
a) High quality schedule, if =1.1  rC
b) Medium quality schedule, if rC =1.15  
c) Low quality schedule, if rC =1.2 
One can recognize that these values seem very much satisfy practical goals.  If the 
above condition is satisfied the comp
this can be a good criterion for the system
quality requirement conditions (66) should
is not successful. 
We propose to classify the schedules of JSS according to the value of rC  into two 
types as follows: 
a. Real  Schedule                                                       
In job shop systems, if
                                                              rC  prt gt
The schedule is called real schedule.  

 Ideal Schedule                                       

In job shop system, if the schedule is generated r

                                                                   rC =1       ( prt = gt  )                                 (68) 
he schedule is called ideal schedule.  

C  

In job shop
coefficient as follow: 
• C  never has a lower value than one.  r

• For high quality schedule C  must be close to or equal o one. (i.e. mr

be close to or equal to the global minimum of production time).  
• For real schedule, lot streaming can be used.  

rC• Th ini easible

Example 4 
In this example, JSS consists of 5 machine-groups to produce 4 jobs. The Gantt chart 
and the engineering database are illustrated on the Figure 21.  
For zero-setup time model, the global minimum value is  =280 [h]. : bL
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We emphasize here that it is not analyzed how feasible schedule is good. The 
maximum production time for this case is: prt  =410 [h]. 

So, =rC
280
410 =1.46 

2-equal 

ion time becomes 

280+

This value for excess time coefficient is not very good. 
Now, let us use lot streaming by dividing the “lengths” of the operations into 
sublots. The effect is given in Figure 22. It can be recognized that the maximum 
production time has significantly decreased. Because, prt  =345 [h], the excess time 
coefficient decreases to rC =1.23. This is a much more favorable value. 
Going on with this procedure to N=3, 4, 5, 6, etc. values, if the idle time of bottleneck 
machine group, 0I =410-280=130 [h]. The product

N
130

prt =   [h] 

That is t = 5; 1,12; 1,09; 1,08; etc.
In this wa  th  the global minimum. 
Based on the above, it is necessary that the new concept and procedure which are 
given abo e e fo ula l a proa

In this research, a new approach is developed to generalize an analytical approach for 
a class of lot streaming problems. Thi ach is so-called le Schedule 
Approach (JSA)” which is given in next chapter.   
 

pr 323,3;  312,5;  306,0;  301,7; and rC =1,1  
y e production time goes closer and closer to

v must b rm ted in a general analytica p ch.   

s appro “Joinab

m 

: 
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         A1-90       C1-60        B2-50         D2-80         

1   
                          A2-40                             B3-110       

2    
       I   1-30 A3-60      C -40        fm, B    2    i,  D3-80 ,mI lmI

m     
  D1-30   B4-80   

fmT4 ,
   

   A     C3-80 D5-50 4-40
5     

 28100 0   

t pr = 410  
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Figure 22: JSS Gantt chart of lot streaming schedule       
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4. THE JOINABLE SCHEDULE APPROACH 
4.1 Definition 
       Joinable Schedule Approach (JSA) is a new analytical approach which can be 
used for a class formulated problems to find the optimal number of sub-batches, 
named optimal lot streaming. The basic idea of JSA is: "The feasible batch schedules 

n er scheduling method. Then, joinability test is performed to 

 idle time, 

lor ED or 

y [61] on the joinable schedule approach which is based on this 
portant for extended research. He proposed other types of 

n of lot streaming problem is achieved using a 

s a ups  an analytical framework. This phase is 

 of the 
sche We assume that 
the 
A sc
a)  s of the bottleneck machine-
gro

are ge erated by a prop
check the possibility of joining the feasible schedule with itself until they touch each 
other without overlapping. If it is possible, the feasible schedule is a joinable 
schedule. Then, by lot streaming, the batches of feasible schedules are divided into 
integer number of sub-batches. The optimal (minimum) number of sub-batches can be 
found using the differentiation for the mathematical model of joinable schedule". 

4.2 Joinable Schedule Approach Procedure  
There are three phases of the procedure of JSA to determine the suitable lot streaming 
for FMS scheduling problem: 

4.2.1 Building Phase 
In this phase, a number of feasible batch schedules are generated using certain 
scheduling priority rules (SPR) (Appendix A.9.2).   Then the best feasible schedule is 
selected according to the predetermined rule and objective. Gantt chart is represented, 
and values of some criteria such as bottleneck load time, makespan,
utilization are determined. This phase is proposed to name as bottleneck scheduling 
phase. Later, this phase will be discussed. 
In this research, two of the most important SPR are used; First In First Out rule 
(FIFO), Minimum Slack (MS) rule using a simulation method such as Tay
LEKIN.  

4.2.2  Testing Phase 
In this phase, a test is proposed to specify whether the JSA method can be used or not. 
This test is name as Joinability Test. Generally, a feasible schedule is a joinable 
schedule if it can be joined with itself. Later on this test will be discussed. 

The work of E. K. Nag
work [64, 65] is very im
joinable schedules than it is proposed in this dissertation. The joinable schedules of 
the present dissertation may be interpreted us “Trivial Joinable Schedules”. 

4.2.2 Solving Phase  
In this phase, the optimal solutio
mathematical optimization formula. In this research, we consider the equal sub-
batche nd sub-batch attached set  within
proposed to name as mathematical solution phase. Later on the mathematical model 
will be formulated.    

4.3. Joinability Test  
Joinability test is concerned with the configuration structure of the Gantt charts

dule. The Gantt charts of JSS are illustrated in Figures (21, 22). 
first machine group is the bottleneck. 
hedule is joinable if  
No idle times exists in-between the operation

up ibI , = 0 and the first idle time fbI , = 0.    
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b) No overlapping occurs of the active se ns of the non-bottleneck machine-group ctio

t time of the active sections on the machine-groups m  
t s  t

Accord
69) 

, ,                                                      (70) 

       
 
 satisfying the following basic initial joinability 

              

 +                                                     (73) 
When lot streaming is applied the ma um production time becom

                                                   =

during moving together.  
Now, let us try to analyze the featu  of in le schedules. The following notations res  jo ab
are introduced: 
T - is the firsfm,

T - is the last time of the active sec ion on he machine-groups m. lm,

fmI , - is the first (front) idle time of machine group m. 

lmI , - is the last idle time of machine group m. 
ing to Figure 21 

                                                         fmI , = fmT ,                                                          (
                                                        I = lm prt - lmT

t idle time is For zero setup time model, the bottleneck machine-group (m =b), the las
computed by 
                                                   prt bL                                                       (71)  0I = -
4.3.1 The Condition of Joinability
If the initial feasible schedule is
condition, then, the schedule is joinable.                                                                            

                                     fmI , + lmI ,  ≥ 0I                m = 1, 2, 3 …M                 (72) 
Returning to the Example 4, for zero setup time models, the maximum production 
time when lot streaming is not applied is 

 t = Lpr b 0I                                                         
xim es  

)(Nt pr bL + 
N

4.4 The Effect of the setup times 

I 0                                                     (74)                               

Now, let us consider the non-zero setup tim e between any 
 be neglected). We suppose that the 

schedules are joinable. 
Let us apply JSA for JSS lot streaming problem by break the batches into, for 

es is 

e models when the setup tim
two manufacturing operation is present (may not

example, 2 equal sub-batches (Figure 22). 
 The makespan for 2 sub-batch

                   )2(prt =
2
1A +

2
1C +

2
2B +

2
3 +D

2
1 +A

2
1C +

2
2B +

2
3D +2*4*δ+

2
0I

+ nbs δ 

                               = 1A + 1B + + 1 2* s * δ+1C D + b
2

nb
0I + s δ 

1A + 1B + 1C + 1D = bL , bs δ= S , nbs δ = nbSb  
The lot streaming makespan for 2 sub-batches is 

)prt = +2 S2( bL b +
2

0I + nb  S

 sub-batches; the job shop lot streaming 
 

                                               =

Similarly, breaking the batches into N
makespan function becomes  

)(Nt pr bL + nbS +N bS + 
N
I 0                                    (75) 

Clearly,                                    nbS = bI - 0I                                                                 (76) 
                                                  bS = bs bδ                                                                  (77) 
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Let us divide Equation (75) by gt , w gete   
S                                     )(NCr =

gt
bL +

gt
nb +N 

gt
bS + I 0

gt N
Let us introduce the following notations, 

1                                            

                          rβ =
g

b

t
L ,       rε =

g

nb

t
S

g

b

t
S,        rθ = ,        rφ = 

gt
I 0                              (78) 

Where, rβ , rε , rθ , rφ  are so-called bottleneck load coefficient, non-bottleneck stream 

respectively.   The excess time coefficient becomes 
setup time coefficient, setup relation coefficient, bottleneck idle time coefficient, 

                                          rC (N)= rβ + rε + N rθ + 
N

rφ                                            (79)     

4.5 Optimization for Excess Time Coefficient Function                         
To minimize Cr we differentiate Cr (N) w. r. t. N of Equation (79) and equalizing to 
zero. 

NC
N

r∂ )(  = rθ -
2N

rφ =0 
∂

The optimal number of sub-batches is  

                                                           
r

rN
θ

=*                                                       (80) 

The optimum excess time coefficient is determined by substitute N

φ

Equation (79).  * in 
                                                  *

rC = rβ + rε +2 rrφθ                                               (81) 
It is remarkable from Equations (80, 81), the bottleneck load coefficient and non-
bottleneck stream setup time coefficient have not any effect on the determination of 
optimal number of sub-batches but they have a significant effect on the value of the 
optimal excess time coefficient. 
The optimum makespan can be determined as 
                                                  *

prt = gt *
rC = bL + nbS +2 0ISb                               (82) 

It is remarkable that the optimal ber of sub-batches can be determined also by 
on d e

num
qualizing to zero. 

ity

, and the lot stream

4.6 Lot Streaming Effective R
nt value achieved by JSA m

prod p v ot 
rop  term so-called 

differentiate )(Nt pr  w. r. t. N of Equati  (75) an
 gi  a p rtThe Equations (79, 80, 81, 82) ve n o po un  to investigate a number of values 

such as the range of the lot st m ective, the effect of the setup time on the rea ing eff
quality of scheduling, the optimal value of setup time, the optimal sub-batch size, the 
optimal bottleneck utilization ing efficiency. 

ange 
It is very easy to estimate the improveme ethod. We can 
determine the range of the uctivity im ro ement caused by the effective of l
streaming. This improvement value can be determined by the p osed
“Excess time coefficient decrease, rC∆ ” as follow: 
If the initial excess time coefficient is            rC
                                                 rrC = β + + rθ + rφrε                                                  (83) 
From Equations (79, 83), the x ss time coefficient decrease is computed by:   E ce
                                              rC∆ = rC  - )(NCr                                                        (84) 

     = - rθ (N-1) + 
N

r (N-1) 

C∆

φ

                                            r = (N-1) ( 
N

rφ - rθ )                                                       
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The value of the productivity improvement can be achieved if rC∆ > 0 
                                                (N-1) > 0 →N >1                                                       ) 

 and 
(85

                                           (
N

rφ - rθ ) > 0 →N < 2*N                                                   (86) 

From inequalities statements (85, 8 the ffe ot streaming can be realized in the 6),  e ct of l
so-called “Lot streaming effective range” where, 

        1< N <                                                       (87) 
 (88)                              

Rela the effect o
whe opti l 
There is d treaming for N ≥   
It is fect, the decrease in the makespan can 

 im ovem t v lue

2*N                                                  
There is no improvement ( C∆ =0) by lot streaming if N ≥ 2*N                               r

tion (87, 88) clearly demonstrates that f lot streaming can be achieved 
n N is lower than the square of the ma value of number of sub-batches 2*N . 

2*N .isadvantage or useless if we use lot s
 remarkable that due to the lot streaming ef

be computed by so-called makespan pr en a , prt∆ , where 
                                                       prt∆ = t pr                                                (89) prt - )(N

4.7 Lot Streaming Coefficient 
To define the lot streaming coefficient, Let us introduce the following notations: 

LSbS  is so-called Lot streaming setup ti me S =                                            (90)                              , LSb N bS

LSbI  is so-called the Overlapping time, = LSbI
N
I 0                                                  (91)    

h  
          

                                                              = S +                                                 (93)                               
                                 

 N 

LST  is so-called the Lot streaming time, w ere
                                                        LST = )(Nt pr - bL -                                (92) nbS  

 LSb LSb

By substituting Equations (90, 91) into Equation (93), we get:               
I

                                                         = +LST bS
N
I 0                                                  (94)                         

Let us divide Equations (92, 94) by gt  
                                                )(Nζ = )(NC -r rβ -                                                (95) rε

                                                          = N rθ + 
N

rφ                                                       (96) 

hereW , )(Nζ  is so-called lot streaming coefficient, )(Nζ = 
gt

, and

LS NT )(                          (97) 

By differentiating ζ in Equation (96) w. r. t. N  equalizing to zero  
*                                                        =N

r

r

θ
φ                                                           (98) 

im

s de mined

Formula (98) is s ilar to the Formula (80) 
By substituting  into Equation (96) we get  *N
The optimal lot streaming coefficient i ter  by *ζ =2 rrφθ                         (99) 
Let us introduce the following notations: 
• LSr ,θ  is the lot streaming setup coefficient, = rN                                       (100) θLSr ,θ

By substituting *N  into Equation (100), the optimal lot streaming setup coefficient is 
                                                            *

,LSrθ = rrφθ                                                 (101) 

• r , LS
φ  is the overlapping coefficient, r , LS

φ =
N

rφ                                                       (102) 
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By substituting *N  into Equation (102), the optimal overlapping coefficient is 
                                                            *φ =,LSr rr

From Equations (101, 102) we can get * = * =

φθ                                                 (103) 

,LSrθ ,LSrφ rrφθ                                    (104) 

The optimal lot stream *ζ = ing coefficient is + = 2*
,LSrθ

*
,LSrφ rrφθ                        (105) 

The optimal lot streaming time *
ST =L bbSI2                                                          (106) 

• T e
                            

 the 

he

It can be concluded that at the optimal number of sub-batches for joinable schedule,  
• The lot streaming time (or coefficient) is minimum  
• The lot stre ming setup tim  (or coefficient) is optima e al 

h  overlapping time (or coefficient) is optimal.  
• Optimal lot streaming setup coefficient is equal to optimal overlapping coefficient.     
Equation (105) gives an opportunity to investigate the effect of setup time on
quality of scheduling 
Indeed, let us assume 0I =0.5 gt , t n =0.5 rφ

 From Equation (105), we get   rθ =
2
ζ  

Let us investigate the effect of lot streaming coefficient (

1 2*

ζ <1), for setup relation 
coefficient, rθ  for example, ζ = 0.15, 0.1 or 0.2, then 

rθ (ζ =0.15) = 0.01125    or     rθ (ζ =0.1) = 0.005   and     (ζrθ =0.2) = 0.02 
roduction time is 

The optimal setup relation coef

So, if the relation of sum of setup times to the global minimum of p
less than one hundreds, the processes obtained by using the JSA seem favorable.  

ficient is determined by 

                                                     ≤ *
rθ  

4
1 (

rφ
ζ

2∗

)                                                     (107) 

 
     =

For suitable production planning and production system design, the conditions (107) 
should be provided. In practical cases the fulfillment of this condition should be 
checked. If it is not valid, the planning is not successful. 

4.8 The Effect of the Setup Relation Coefficient 
The maximum excess time coefficient decrease *

r  is computed by C∆
                                                   *

rC∆  = rC - *
rC                                                      (108)

rrφθ      rθ + rφ -2

                                                   *
rC∆  = 2)( rφ −                                             rθ  (109) 

w eBy Relation (109) it can be estimated ho  th  setup relation coefficient values affect 
the opportunity of improving the system performance. For bigger rφ values significant 
improvement occurs. This improvement is restricted by the re nlatio  rφ > rθ . Lot 
streami fong is always worth to apply if the llowing relation is satisfied 
                                                                  rφ >> rθ                                                  (110)   
The lot streaming is not needed if the r

                            
φ values for some feasible schedules are small. 

                    If     *
rC∆ =0    →  rφ = rθ                                                                     (111) 

The lot streaming is impossible to apply if there is no idle time on the bottleneck 
 minimize                                              rC . machine group and the objective is to

                                                rφ = 0     ( bI = 0I =0)                                                (112) 
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This case may be occurring when th imum production time of the initial feasible 
is equal to the global minimum of the production time.   

e max

 improve the 

necessary to apply. This may be happen when the makespan is equal to the global 
ill see later. 

n  
Bo time to the 

prt = gt  for non-zero setup time models, prt = bL  for zero setup time models 
It is concluded that although lot streaming is an effective approach to
quality of the schedule, in some cases, lot streaming is not effective or it is not 

minimum of production time as we w

4.9 Optimal Bottleneck Utilizatio
ttleneck utilization is the largest ratio of global minimum of production 

makespan. The bottleneck utilization bρ is com by puted  

                                                        
pr

g
b t

t
=ρ                                                              (113) 

From Equations
coefficient and t

 (65) we can get an interesting relation between the excess time 
he bottleneck utilization. It can be expressed as follows: 

                                                        
b

rC
ρ
1

=                                                            (114) 

The optimal bottleneck utilization   
                                                    

*
* 1

r
b C
=ρ                                                                (115) 

*
rC is the multiplicative inverse (reciprocal) of *

bρ . From Formulas (14, 16) 
                                                         *

bρ ≥ ρρρ ≥≥ *
b                                            (116) 

Condition (116) specifies the range of minimum and maximum values of the 
utilization of the machine group and the whole system during the scheduling length. 

4.10 N-Integer 

In the discrete manufacturing, when dividing the batches into N sub-batches it might 
happen that the items in sub-batches are continuous with real number. The real value 
of ∗N have not any physical meaning. Because only the integer values of N have real 
meaning; real values must be changed to integer value. Usually, the real values 
obtained for continuous sub-batches sizes are very close to these for discrete. 

ently, the discrete lot streamFrequ ing can be solved by simple rounding. Applying the 
closest integer number does not change significantly the obtained results. The results 

imated and the better value applied 
goodness of the results significantly. It is a very motivating development that the real 

esul cern
The integer values should be computed then substituted into Equation (75, 79).  

The one of two which gives the minimum is the optimal solution. So, the optimal 

should numerically be est which does not affect the 

number of N* could lead to interesting r ts con ing the setup times. 

irC )( * value of integer N* is 

                                        
⎭
⎬
⎫

⎩
⎨
⎧

++= **( NMinC θεβ                              (118) +
= *2,1

)
i

r
rirriir N

φ   

   Accordingly, the optimal makespan is t )( *  = tipr g irC )( *                                         (119) 

Real = 

t ( )**
1N =In N

*N
*
2N =Int ( )* +N 1

or  (117)
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4.11 Lot Streaming Efficiency (LSE)  
The lot streaming efficiency is determined by LSE  = 

)(NC
Cr

r

∆ *100 [%]                 20) (1

The maximum lot streaming efficiency is LSE =max *
r

r

C
*100 [%                    (121) 

4.12 Sub-b h Size Deter

*C∆ ]    

atc mination  
The sub-batch size of job j ( jZ ) can be computed by 

j
j N

jn
Z =                             (122)                               

b

b
j I

Sn                 The optimal sub-batch size of job j is determined by *
jZ =          (123)                              

, 
Example 5 
Let us return to Example 4. As it can be recognized, the numbers of setups are s = 4b

nbs =1. Let consider 1max === δδδ prb  [h]. 
*N =

4
130 =5.7    →   *

1N =5; *
2N =6.  Then, 1

*
prt =280+1+5*4+

5
130 =327 [h],             

ilarly, =326.7 [h
One can recognize that these values are very close to each other
At the given setup times th  optim e coefficient is =1.17
If the setup times have lower values the situation is better. For example at 

Sim 2
*

prt ] 
.  

e al excess tim *
rC  

5.0max === δδδ prb [h → → 312  [h → =1.12. 
At the decrease of setup times the parame s of nn g b ome tte n tter. 

Example 6 
.   

] one gets: * =8.06 * =81N N 1
*

prt = .75 ] *Cr

ter  pla in ec  be r a d be

In Table 7, engineering database of JSS/3/3/ tpr lot streaming problem is given
δ =10 min. Three jobs A, B, C (j =1, 2, 3) to be processed on three machine groups. 

Table 7: Engineering database of Example 6 
Machine group m 

1 2 3 
Job j jn

1,jτ  1,jp  k 2,jτ  2,jp  k 3,jτ  3,jp
 

k 
jP

A 60 1 60 2 1 60 1 1 60 3 180 

B 60 3 180 1 2 120 3 2 120 2 420 

C 60 1  60 3 1 60 2 1 60 1 180 

mL    300   24   240  0 780 

The solution of the given FMS/JSS batch h  follow:  
W  assume that the best feasible schedule is achieved by FIFO rule (Figure 23). The 
bottleneck machine index is 1. Using the jo bility tes or the given example, the 
schedule is not joinable schedule. For the demonstration of the application of JSA for 
non-joinable schedule, we need to transform the initial schedule to a joinable 
s hedule.  We get “joinable schedule” from
processing times A1, C2 on machine group 2 and, C1 on machine group 3 to the right. 
A “joinable schedule” is given in Figure 24   
Let us break the ba  
Using JSA mathem

=300 min, δ =10 min, =30 min, , =450 min, 
0→ =450-330=120 min 

sc eduling problem is as
e

ina t f

c  the schedule in Figure 23 if we shift the 

tches into 2 sub-batches. The Gantt chart is shown in Figure 25.
atical model, we get the following results: 

bL bS gt =330 min  prt

nbS = bI = 0I = prt - gt
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m  

1  B1  A2  C3  

  

2  A1  C2   B3 

  

3  C1  B2  A3   

 prt =450 min 

Figure 23: JSS/ FIFO/3/3 Gantt chart of initial schedule  
m  

1  B1  A2  C3  

  

2   A1  C2   B3 

  

 3   C1 B2  A3  

 prt =450 min 

    Figure 2  JSS/ FIFO/3/3 ntt chart of m dified hedule    4: Ga o  sc

m                
2
1B                          

2
2A         

2
3                       C

2
1B                       

2
2A        

2
C 3  

1              

       
2

       1A
2

                                                      2C
2

                  3B
2
A        1

2
                           2C

2
 3B

2               

      
2
1C                                          

2
2B                

2
3A          

2
1C                             

2
2B                

2
3A  

3                

 prt =420 min 

 
 

Improve
-ment 

    Figure 25: JSS/FIFO/3/3 Gantt chart of lot streaming schedule, N=2       
Using Equations (78, 79), rC =1.363636, rβ =0.9090, rε =0, rθ =0.0909,   rφ = 0.3636 
Using Equations (80, 81, 82), *N =2 sub-batches, *

rC =1.272727, *
prt =420 min 

Using Equations (108,121,123) *
rC∆ =0.0909, maxLSE =+7.143%, *

jZ =30 pc/sub-batch 
The maximum productivity is improved by rate 7.143% with the optimal size 30 
product per sub-batch for each job. 
It can be concluded that even the initial schedule is not joinable, the productivity of 
JSS lot streaming problem can be improved by JSA. The schedule can be transformed 
into joinable by some modification and then we can apply the JSA procedure. 

4.13   Conclusions of JSA for FMS Lot Streaming of Job Shop Systems 
When looking for the solution of scheduling problems for an FMS problem we can 

e cases 
(depen  
very c  
other point of views, too, t roduction time do not 
satisfy the quality requirem  

 suitable schedules. The success of the JSA methodology depends on the values 

use a number of different approaches and devices (standard software). In som
ding on the database) we can find at least one feasible schedule which gives
lose to the global minimum of production time. If the schedule is suitable from

he planning may be finished. If the p
ents, and one can find joinable schedules, JSA can be used

to find
of the setup times. Of course, when the setup time values are big the JSA may not be 
used. What is big and what is small is always an open question. We have the 
conjuncture that when the sum of setup times on the bottleneck machine is less than a 
hundreds of the production time on this machine-group the given approach gives good 
results. The reasoning which is given above highly supports this conjuncture.  
Now, let as consider how the idea could be extended for flow shop problems. 
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5. GLOBAL MINIMUM OF PRODUCTION TIME OF  
FLOW SHOP SYSTEMS 

        

The difference between JSS and FSS problems, from the point of view of the global 
 the production time on any of 

up should be considered but the production time of the 
stream nd e bottleneck should  included. 

We rema  tha when the fir  or last machine-groups are bottleneck the problems 
may be so ve
The global m odels (just like 
in JSS problem

5.1 Non- er
In the case of JSS mod ls, it was ossib e, i ums of 
productio  ti  groups. In 
FSS case it is impossible.   
   

minimum of production time, is that for JSS problems
the machine groups may give the global minimum of the production time for the 
overall system. The situation for FSS problems is totally different. To determine the 
global minimum the production time for the system, not only the production time of 

e bottleneck machine groth
up  a  downstream processes of th be

rk t  st
l d similarly to job shop ones. 

inimum of production tim  can be determined for two m
) based on the consideration of setup time.  

e  

Z o Setup Time Flow Shop Systems Model 
 p l  at the analysis of global me nim

n me, to separate the problems considering individual machine

    A1           B1           
1   
                  A2            
2   
               A                 3

m fmI ,  

                                   
m   +1

                                   
M  

                 mupT ,

 

           F
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 schedule, N=2  
e of the system we have to 
e group. The path where the 

ritical production path. Critical 
 will be a corresponding delay 



in the makespan of the whole system. This path restricts the minimum of production 
n f

 

                                                           

time of the system. We ca ind the global minimum of production time as follow: 
Concerning the setup time, we will not analyze the different variants like we have 
done in job shop case. 

timIt is remarkable that the setup e of a given machine group is a properly chosen 
value between the minimum and maximum values of setup times.  

minδ ≤δ ≤ maxδ                                                (124) 
es 

 mac
                                                               =                 m=1, 2, 3,...  m...M     (125)   

the rod ion me of the processes along the 
nsists of: upstream production time, 

e (Black bold line in Figure 26). 
am oduction t e ( ) is the production times of process

before a given machine group m. 

• D  is the production time of processing the last job 

 pro ction time of machine group (see re 2  is c
= + +                                       

pstr  produ ion e is 

            =

For simplify, in flow shop systems, usually the number and the values of setup tim
required to process all jobs on all hine groups are equal and constant. 

mjS , mS
Let us introduce the following definitions: 
Path production time ( Fmt , ) is  p uct  ti
production path of certain machine group. It co
body production time and downstream production tim
•  Upstre  pr im mup, ing the first job T

• Body production time (  is the production time of a given machine group m. 
ownstream production time ( mdnT ,

mBT , )
)

after a given machine group m. So,  

The path du m  Figu 6) omputed by. 
                                                      (126) Fmt , mupT , mBT , mdnT ,

• The u eam ct  tim computed by  

mup,T ∑
−1

=
1 )(

m

τ + =mupS ,  ∑
=

−

1
,1

m
mp +

1m

)1( −mδ = +mupL , )1( −mδ
1

,1
m

m n                (127)                              

Where, =∑mupL ,

−

1
,1

m
m

=

1m

p , = )1(mupS , −mδ  are the upstream load time and upstream 

setup time of machine group m.  
dy pr uction time is c puted by 

             

• The bo od om

mBT , =∑
=

J

j
jmj n

1
, )(  + mBS ,   =∑τ

=

J

j
mjp

1
, + ms δ    = mBL , + ms δ                         (128)                              

Where, mBL , =∑ mjp , mB, ms
=

= 
J

, S δ are the body load time a  body se  

p m

nd tup time of 
j 1

machine grou . 
• The downstream production time is computed by 

         mdnT , = ∑
+=

M

mm
JmJ n

1
, )(τ + mdnS , = ∑

+=

M

mm
mJp

1
, + )( mM −δ = mdnL , + )( mM −δ        (129)   

Where, mdnL , = ∑

  

+=

M

mm
mJp

1
, , mdnS , = )( mM −δ  are the downstream load time and 

downstream setup t  of ma e groupime chin  m. 
production time is From Equations (127, 128, 129), the path 

                                Fmt , = +mupL , )1( −mδ  + L msmB, + δ + mdnL , + )( mM −δ          (130) 
Let us introduc  be the global minimum of production time of flow sh  e Fgt , op systems.  
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It is remark e that ody production time does not depend on tabl the b he order of the 
ro ctio

 gl nim  w hav
 an f the upstream and downstream 
e the roduction time is determined as 

llow         
+Max Min             

, = Min [

jobs, but the upstream and downstream p du n times depend on it. In order to get 
the obal mi um of production time e e to investigate the maximum body 
production time d the minimum values of the sum o
production tim s. So,  global minimum of p
fo s:                         
                                    t =MinT + T                      (131) Fg , mup, mB, mdn,

Let us introduce the following notations: 
T  

• gupT , = MinT m + )1(mup upL , −mδ ] = gupL , + )1( −bmδ                               (132) 
           Where, gupT , is so-called bottleneck upstream production time, m= bm  
                  is -call  bo neckgupL , =Min mupL , so ed ttle  upstream load time 
• gBT , = Max mBT , = Max ( mBL , + ms δ ) = bL + bs δ                                             (133)      

e bottleneck production time. 
 (bottleneck load time

 L (M

           Where, gBT ,  is th
                      bL =Max mBL , ). 
• gdnT , =  Min mdnT ,  = Min mdn, )bm[ + −δ ] = gdnL , + )( bmM −δ                     (134) 
             Where, gdnT ,  is so-called the bottleneck downstream production time.  
                      gdnL , =Min mdnL ,  is so-called bottleneck downstream load time. 
From Equations (131, 132, 133, 134), the global minimum of production time which 

 be determine s fol s
                                                   (135) 

+ 

is the critical production time can d a low : 
                                         Fgt , = gupT , + gBT , + dnT ,g

                                                = bL + gupL , + gdnL , δ ( bs + M-1)                            (136) 
The global load time is 

L                                           FgL , = bL + g, + g,                                                   (137) up dnL
The global setup time is FgS , = δ  ( bs + M-1)                                                        (138)                               
The bottleneck sum of setup times is bS = bs δ                                                       (139) 
The non-bottleneck stream setup time nbS = δ)1( −M                                             (140) 
The global minimum of production time for FSS non-zero-setup time model is   
                                                   = + +                         (141) 

ems model  
n S = 0. 

me  sh

 (143) 
t idle time.

e is  
+ + +                       (144) 

he excess time coefficient for flow shop systems is 
                                                                                    (145) 

 Fgt , bL + gupL , gdnL , bS + nbS   

5.2 Zero Setup time flow shop syst
If the setup time is not taken into consideratio =nbS b

The global minimum of production time is 
                                                           t = L                                                      (142) Fg , g ,F

5.3 Excess Ti Coefficient of flow op systems 
The makespan of non-zero setup time model for FSS is 
                                                          prt = Fgt , + FgI ,                                               
Where, FgI , is the produc ion  It is the non-productive time of the overall 
production time. 

he maximum production timT
                                              prt = bL + gupL , gdnL , bS + nbS  FgI ,

T
                                             

10 ,
,

, ≤〈= Fr
Fg

pr
Fr C

t
t

C
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The value of FrC ,   describes the goodness of the schedule. 
The value of FrC ,  may be less than one, in contradiction with job shop case.  
According to the values of FrC ,  we can classify the real schedule into 4-types:  

           

 if   

fi n  f s
s joinable schedule 

        For m=g                                        

+                                   (148)                     
m ow op stem is

hop system. 

a. Feasible sched f                                                                             (146)                           ule i      t
 
b. Low quality schedule
  
c. Medium quality schedule if    
 
d. High quality schedule if  

5.4 Optimization of Excess Time Coef ie  for w op systems c t lo h
We suppose that the FSS initial feasible schedule in Figure 26 i
approach the relations on are valid. 
From Figure 26, we get  
                           gupL , = fgI ,  ,   gdnL , = (147)                               
Then,  
                                      prt = bL + fgI , + lgI , +

lgI ,

bS + nbS  FgI ,

We assume that the net idle ti e for fl  sh  sy , 0I   
                                                        0I = fgI , + lgI , + FgI ,                                            (149) 
The maximum production time of flow shop system becomes 
                                                      prt = bL + bS + nbS  + 0I                                        (150) 
Equation (150) is similar to the Equation (62) of job s
In Figure 27, the batches are divided into 2 equal sub-batches. 
The lot streaming makespan for 2 sub-batches is  

                                                            )2(prt = bL +2 bS +
2
0I + nbS                                            

So, the production time of lot streaming is 

          

                         t (N) L + S +                     pr b nb b=  N S + 
N

Equation (151) is similar to the Equation (75) of job shop system. So, the lot 
streaming flow shop problem can be treated similarly as the job shop pro

I 0                                   (151)  

blem; the 
ber of sublots stay the same; the estimation 

process of the effects of setup times is the same, too. 

cs on ups

llo
Then, joinability condition is tested; the original schedule is a joinable. So, 

 for es is

equations for determining the optimal num

Generally, the equations of JSA using to solve JSS lot streaming problems can be 
used to solve FSS problems. The different is the determination procedure to find the 
values of net idle time ( I ) and the non-bottleneck stream setup time ( S ). This is 0 nb

because of the operation characteristi tream and downstream production 
times of the bottleneck machine group have important role. 

Example 7 
To solve the problem of the Example 3 (FSS/2/1/t /ELS/DLS/NI/100 lot streaming pr
problem) by JSA, JSA procedure must be fo wed. The feasible schedule is built. 

The makespan N-equal sub-batch  

                                               prt  (N)= Lb+ N δ +
N
I 0                                             (152) 

1〉→pr C

,

,, FrFgt〉

1, =→= rFgpr Ctt F

1,. 〈→〈 FrFgpr Ctt

0,. ≈→〈〈 Ctt FrFgpr
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The optimal number of sub-batches                                                                                    

                                                                           

        

δ
0* I

N =                                                            (153) 

From Equations (152, 153), the optimal makespan can be determined by: 
                                                        *

prt = Lb+2 δ0I                                               (154) 
To specify whether the optimal value of prt is minimum or maximum, second 

derivative of
N
t pr

∂

∂
 is determined. 2

2

N
tpr

∂
∂

= 3
02

N
I

= +, this indicates that * N

mes, 
 rate can be 

 The lot streaming setup time increases in straight line (linearly) 
ub-ba he overlapping time decreases nonlinearly as 

 lot streaming time curve is 
nvex t in the lot streaming time curve is , and the 

number of the sub-batch in (N-axis) is .  

 In Table 9, there are two solution or the given problem in examples 3 and 5 
8.  

=3 4 and then we 

 is the 

minimum value, the shape of the makespan curve is concave up (convex)  

By using Equations (90, 91, 94, 75, 27), the values of lot streaming setup ti
overlapping time, lot streaming time, makespan and the productivity
determined for different N= 2, 3, 4, 5, 6. The results are given in Table 8. 

The behavior of lot streaming setup times, overlapping time and lot streaming time is 
shown in Figure 28.
as number of s tches increases. T
number of sub-batches is increased. The shape of the

*
LST

∗N
concave up (co ), and lowest poin

s f
The results of Example 3 are given in Tables 8 and OLST diagram in Figure 2
The results of Example 5 are determined by JSA Formulas (98,106, 82). 
The summary of the results of the two Examples (3, 5) are given in Table 9. 
If we round the real value of ∗N .4641 to closest integer value 3 or 
use Equation (151) 

For N=3,         )3(prt =2400+3(100) +
3

31 min. 1200 = 00

4
1200For N=4,       )4(prt =2400+4(100) + =3100min. 

From Table 9 to compare the results of the Example 3 and 5, they are same.  

It is clear from Figure 28 that the minimu  of  occurs at the intersection of the 
curves of the function with .  Therefore, at this intersection,    
                                                                       (155) 

                                                                  N =

)3(prt = )4(prt < )2(prt = )5(prt  

m LST

LSbS LSbI
                          LSbS = LSbI                

bS  
N
Ib                                                (156) 

From Equation (156) we can find out 
bS
bI                                                    (157) 
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Table 8: Lot streaming data of Example 5 

N LSbS  LSbI  LST  prt  rη % 

1 100 1200 1300 3700 0 

2 200 600 800 3200 +15.6 

3 300 400 700 3100 +19.35 

4 400 300 700 3100 +19.35 

5 500 240 740 3140 +15.6 

6 600 200 800 3200 0 

0
100
200

500

700
800
900

1000
1100
1200
1300
1400

0 1 2 4 5

Time

Figure 28: Optimal Lot Streaming Time (OLST) di

mma of th esults o

300
400

600

3

N

 

Table 9: Su ry e r f Examples 3
Example ∗N  (sub-batch) 

*
LST  (min) 

*
prt ( min) 

3 3  ,  4 700 3100 

3.4641 692.82 3092.82 

3 700 3100 5 

4 700 3100 

 

The optimal values of lot streaming setup times and overlappi
                *

bLSS = *
bLSI = bb SI =346.41 m

It can be concluded that the maximum of FSS/
streaming problem can be achieved when the lot streaming s
overlapping time. 

Example 8 
The Engineering database of FSS/3/3/ tp  st mi  le
 δ =10 min. 
 
 

 productivity 

r lot rea ng prob

e

e

*
LST

LSbS =
LSbI
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Lot streaming time curv
 
Overlapping time curve
N*
6 7

 
agram  

, 5 
*
rη % 

19.35 

19.63 

19.35 

19.35 

ng time are equal. 
in,                                                               
2/2/tpr/ELS/DLS/NI/δ lot 
etup time is equal to the 

m  g n Table 10.  is ive  in 



Table 10: Engineering database of Example 8 
Machine group m 

1 2 3 Job j jn
1,jτ  1  ,jp k 2,jτ  k 3,j2,jp  τ  k 3,jp  

jP

A 300 0.20 60 1 0.13 40 2 0.06 20 3 120 
B 50 7 60 1 0.29 2 3 3 0.1 100 0.11 40 200 

C 400 0.15  60 1 0.15 60 2 0.15 60 3 180 

mL    180   200  0  12  500 

• re generated by simulation method 
using two important 
In building phase, the initial feasible schedules a

rules FIFO and MS. (See Figures 28, 29) 
m  

 A1  B1  1 C1  

  

2   A2   B2  C2  

  

3   A3   B3   C3 

 prt =390   min

Figure 29: FIFO t of initial schedule   Gantt char
  

m  

1  B1  C1  A1  

  

2   B2  C2  A2  

  

3   B3   C3  A3 

 pr

 
 
 
 
 
 

t =350   min
 

Figure 30: MS Gantt chart of initial schedule 
 

m  

1  B1/2  C1/2  A1/2  B1/2  C1/2  A1/2  

  

2   B2/2  C2/2  A2/2  B2/2  C2/2  A2/2  

                                                                                                                            A3/2                                                                              A3/2 

3   B3/2   C3/2     B3/2   C3/2   

                                                    prt =330 min                                   Improvement 

 
 
 
 
 
 
 
 

                                    

 

Figure 31: MS Gantt chart of lot streaming schedule, N=2 

• In testing phase, the joinability condition is compatible with the MS schedule 
g 

e s MS rules we have to determine 
ke  

hat of FIFO schedule (390 min).   
es for the three 

,

Using Equation (141),   =330 min, = 20 min 

condition; so, MS schedule is joinable schedule. FIFO schedule needs small shiftin
switch to the right (Figure 29).  
To select the best feasibl chedule among FIFO and 
the minimum of maximum production time (minimum ma span). Minimum
makespan of MS schedule (350 min) is lower than t
• downstream In solving phase, the upstream, body and  production tim

machine groups are determined. The results are given in Table 11. 
From Table 10, the bottleneck index, m=2, bL =200min, 
From Table 11, gL =60 min, gL , =20 min,    bs =3setup,     M=3 machine group up dn

Fg , Fg ,t I
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From the Gantt chart in Figure 30, the m kespan of MS schedule =350 min,          
By Equation (149),  =60+20+20=100 min,        
Using Equations (139, 140), 30 m .   S 20 min 

e same of JSS 
oefficients. So, 

prta

0I
Sb = in  nb =

Using Equation (78), the coefficients values of FSS are almost th
coefficient, the difference is the determination of the variables of the c

FLr , Fr ,C =1.0606, β  =0.6060, Fr ,ε =0.06 ,06 Fr ,θ =0.09090, Fr ,φ =0.3030 

am a stream load times  

job 

Table 11: Upstre nd down

mup,  mdnL ,  ∑ L
A 60 20 80 
B 60 40 100 
C 6 60 120 0 

 
Using Equation (80, 81,121, 123) (By substituting the values of FSS)  
The optimal real number of sub-batches, *N =1.825 sub-batches 
The closest integer number of *N =1.825 is *N =2 sub-batches  
The optimal excess time coefficient, *

,FLrC = 1 

The optimal makespan, *
prt = *

,FLrC gFt , =330 min (Figure 31). 
The productivity is improved by the rate, maxLSE =+ 6.06% 
The optimal sizes of the sub-batches: *

AZ =150, *
BZ =175, *

CZ =200 product/sub-batch, 
Based on the ab , iove t is concluded that by JSA the productivity is improved even the 

. 
 date. The 

be delivered at the EDR is so-called optimal delivery sub-

5 ef  
d f ys

ery reliability model of job shop lot streaming
le is a joinable schedule and the deliv

= 

initial feasible schedule is not joinable. By small modification, the non-joinable 
schedule can be transformed into joinable, then, we can apply JSA method. 

5.5 Effective Delivery Reliability by Joinable Schedule Approach 
   As mentioned earlier, the delivery reliability is an indicator of how effectively the 
production of FMS is delivered on the promised date The effective delivery 
reliability (EDR) can be achieved when the makespan matches the delivery
number of sub-batches to 
batches number *

dN .  
Using JSA basic Equation (7 ), the fective delivery reliability and the optimal 
delivery sub-batches number c  be ac eve or both s tems job shop systems and an hi
flow shop systems as follows:  
To formulate the deliv  problems, we 
assume that the feasible schedu ery date is a 
common delivery date, d. from Equations (30, 31), EDR = *µ  =1, tpr d. 
Equation (75) becomes    
                                                d = bL + nbS +N bS + 

N
I 0                                          (158) 

    S N + (  d) N

     

                                           b  0I  = 0                            (159) 2 bL  + nbS – +
Equation (159) is a quadratic equation; so, 

( ) ( )                              
bS2

 us propose the following term so-called Bottleneck Discriminant, , where,  

bnbb IS4 0
2 −               (160) 

Let

     

nbb
dN * =

dSLdSL −+±−+−

bD

                                       bD = ( ) 0
2 4 ISdSL nbb −−                                         (161) b+
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The

                

 optimal delivery sub-batch number becomes as 

                          *N = ( )
b

bnbb DSLd ±−−
2,1d

S2
                                         (162) 

 discriminant 

            I  > 0 → d >                                            (163) 
the are two opt

dN , ). The curve will cross the N-axis twice.  

ill 

                                                 N =

There are three values of bD  as follows:                                
a. Positive bottleneck
When the bottleneck discriminant is positive, the delivery dates of the customer 
greater than the minimum makespan. 
                                     *f bD prt
According to Equation (162), re imal delivery sub-batch numbers 

* *( 1 2d

b. Zero bottleneck discriminant 
N

When the bottleneck discriminant is zero, the delivery dates of the customer matches 
the minimum makespan. 

                                                 If D  = 0→ d = *
prt                                            (164) b  

There is only one value of optimal delivery sub-batch number *N . The curve wd

cross the N-axis once. 
*
d

bS2
c. Negative bottleneck discriminant 

 When the bottleneck discriminant is negative, the delivery date of the customer is 
lower than the minimum makespan. 

nbb SLd −−                                             (165) 

s the N-axis at all. 
                                                  If bD  < 0→ d < *

prt                                           (166) 
There is no optimal delivery sub-batches. The curve will not cros
The optimal delivery sub-batch size can be computed by 

*
*

d
d N

Z =                                  n                             

ptimal 
a , there 

ery reliability is 

bottleneck discriminate =160000 > 0, d >   
There are two optimal delivery sub-batches numbers: (see Figure 32) 
Using Equation (162) we get =2 sub-batches    and = 6 sub-batches.  
The optimal delivery sub-batches sizes are = 600 and = 200 pc/sub-batch. 
The values of both sizes (600, 200) are given in Figures (14, 17), respectively. 

It can be concluded that the joinable schedule approach is an effective method to get 
the effective delivery reliability for both systems (flow shop systems and job shop 
systems). 

It can be concluded that the JSA can be used effectively to obtain the optimal delivery 
er pro d sub-batches number which will be deliv ed on the mise date. The o

delivery sub-batches number depends on the bottleneck discrimin te. For D > 0b

are two options for the customer of the optimal delivery sub-batch numbers.  
For bD = 0, there is only one optimal value. At these values the deliv
effective (EDR) = *µ =1, and the schedule is effective schedule. 

For bD  < 0, it is impossible to delivery the sub-batches on the promised date. 
Example 9 
For the given Example 3, let us assume that the delivery date, d=3200 min. 
The data of the example are Lb=2400 min, bS =100 min, nbS =0, 0I =1200 min, 
Using Equation (161), the  bFD *

prt .

*
1dN  *

2dN
*
1dZ *

2dZ
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Figure 32: Makespan curve and common delivery date.     

5.6 Conclusions of JSA for FMS Lot Streaming Problems 
The use of the “Joinable Schedules Approach” may lead to significant improvement 
of the quality of FMS schedules. The investigation of the problems and the realization 
of the results are extremely simple. 
The results outlined in the previous sections and through the determination of the 
optimal number of sub-batches, give an opportunity to analyze the effect of the 
parameters of feasible schedules, setup times values, the effect of lot streaming, etc. 
In general, by applying JSA we can achieve the following: 

1. Optimal number of sub-batches  N
2. Minimum makespan, ,  *

prt

3. Minimum excess time coefficient,  
4. Maximum makespan utilization, ,  
5. Maximum workflow acceleration,  
6. Minimum idle time, I  
7. Optimal sub-batch size, *Z  
8. Maximum Lot Streaming Efficiency (Max LSE). 
9. Optimal lot streaming time, = T  *

LS

10. Optimal delivery sub-batches number  *
dN

Finally, not the last, by JSA method, the objectives to be achieved are achieved, 
namely, Highest Makespan Productivity, (HMP =η ) and Effective Delivery 
Reliability (EDR= =1).  

*

*µ
 
 
 

 48



6. THE BREAK AND TEST METHOD 

6.1 Definition  
When using JSA we suppose that the original feasible schedules are joinable 
schedules and they can be improved by the proposed JSA procedure. 
One of the features of the JSA was that we kept the original sequences of the 
operations for sub-batches, too. JSA is used for a class of FMS scheduling problems 
which fulfill the joinability condition.  
The basic difficulty in practical use of JSA in solving lot streaming problems for both 
systems job shop systems and flow shop systems is that it is not easy to find the initial 
joinable schedule. To eliminate this difficulty, we propose in this research a new 
method called Break and Test Method (BTM).       
The essence of BTM is an enumeration search optimization method to find the 
optimal lot streaming in order to achieve HMP and/or EDR.  
The basic idea of BTM is "Breaking the batches of proper feasible schedule into many 
possible different sub-batches, and comparison test is made at each break until finding 
the proper number of sub-batches according to the specified single objective or 
multiple objectives ". 
BTM is a sort of brute force approach which is based on the concept "Solve the 
problem by any solution is better than no solution".  
“Brute Force Method is an algorithm that inefficiently solves a problem often by 
trying every one of a wide range of possible solutions” (National Institute of 
Standards and Technology (NIST)). 
In BTM, we solve the problem by a large number of solutions and compare them until 
a suitable solution is found; Try many times until getting the best.  
Comparing BTM with JSA, both methods are based on the theory of bottleneck 
scheduling approach and simulation technique. BTM has a different basic idea, 
different procedure and different test.  

         In some cases of lot streaming problems, the sizes for different sub-batches may 
lead to combinatorial explosion problem. Eliminating this problem we use equal lot 
streaming in which all the batches are divided into the same number of sub-batches. 
It seems to us that Expert Systems (ES), Genetic Algorithms (GA) and other modern 
approaches could give very effective solutions but these directions are outside of the 
scope of this research. 
In this research, we use BTM to solve FMS lot streaming problems for both basic 
systems: FSS and JSS. 

 6.2 Break and Test Method Procedure 
Generally, BTM procedure consists of three phases in a sequence:  

6.2.1 Building Phase:  This phase is the same as the first phase of JSA procedure.  

6.2.2 Breaking Phase:  
In this phase, the batches are divided into number of sub-batches at certain setup time 
using BTM computer program as described in [58]. This phase is proposed to name as 
lot streaming phase.  

6.2.3 Testing Phase:  
         In this phase, the number of sub-batches is compared with the previous number 
until finding the proper number of sub-batches at which the predetermined objective 
is met. This phase is proposed to name as objective test phase.  
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According to the scheduling objective and the initial condition of the problem we can 
perform one of two tests or both as follows:  

a) Makespan Productivity Test  
       This test is required if the objective of the scheduling system is to improve the 
productivity which can be performed by comparing the current excess time coefficient 
with the previous one until we achieve the minimum coefficient.    

b) Delivery Reliability Test  
       This test is required if the objective of the scheduling system is to attain the 
effective delivery reliability which can be achieved by using lot streaming and 
comparing the given due date with the generated maximum production time 
(Makespan) until the makespan matches the due date.   

In the following section BTM is applied for both systems job shop systems and flow 
shop system. At certain setup time we divide all batches into equal sub-batches N and 
then testing is made to compare the new number of sub-batches with the previous 
number until finding the optimum number of sub-batches at which the objective is 
met. 

6.3  Break and Test Method  for Job Shop Systems 
       As it was written earlier, most of the literature on lot streaming focuses on the 
flow shop problems. Job shop problems have received much less attention. 
In this section, lot streaming of FMS scheduling problem for job shop systems is 
formulated. BTM is used to solve the problem in order to improve the productivity of 
the system. The effect of setup times is considered. The problem can be investigated 
as a numerical example:    

Example 10  
     As an example for FMS scheduling we consider the system analyzed in (55, 57, 
58, 60). Engineering database is given in Table 12, δ =0.2 min. d= 310 min. Gantt 
chart For FIFO and MS are given in Figure (33, 38). Lb= 280 min 

Table 12: Engineering Database of Example 10  
Machine group m 

1 2 3 4 5 
 
 

Job 

 
 

jn τ t k τ t k τ t k τ t k τ t k 

 
 

jp
A 300 0.3 90 1 0.133 40 2 0.2 60 3 0 0 0 0.133 40 4 230 

B 300 0.167 50 2 0.367 110 3 0.1 30 1 0.267 80 4 0 0 0 270 

C 350 0.171 60 1 0.114 40 5 0.114 40 2 0.171 60 4 0.229 80 3 280 

D 400 0.2 80 3 0.175 70 1 0.2 80 4 0.075 30 2 0.125 50 5 310 

mL    280   260   210   170   170  1090 
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Figure 33: JSS/FIFO Gantt chart of initial schedule, N = 1, tpr = 491.4[h] 

 

  
Figure 34: JSS/FIFO Gantt chart of Lot streaming schedule, N = 2, δ = 0.2, tpr = 352.2 min 

 

   
Figure 35: JSS/FIFO Gantt chart of Lot streaming schedule, N = 4, δ = 0.2, tpr = 315.7 min 

      
Figure 36: FIFO Gantt chart of Lot streaming schedule N = 8, δ = 0.2, tpr = 302.4 min  

    
Figure 37: JSS/FIFO Gantt chart Lot streaming schedule, N = 10, δ = 0.2, tpr = 308.8 min 

)2(prt∆  

)4(prt∆  

)8(prt∆  

)10(prt∆  
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Figure 38:JSS/MS Gantt chart of initial schedule, N = 1, δ = 0.2, tpr = 451.4 min 

  
Figure 39: JSS/MS Gantt chart of Lot streaming schedule, N = 8, δ = 0.2, tpr = 307.5 min 

     

)12(prt∆

)8(prt∆

Figure 40: JSS/MS Gantt chart of Lot streaming schedule, N =12, δ =

 Let us divide the original batches by N = 2, 4, 6, 8, 10, 1
with sub-batches obtained in this way. The Gantt charts o
are shown in Figures (54-57). The Gantt charts of MS f
Figures (39, 40).The results are given in Table 13 and Figu

 
Table 13: Makespan & Excess time coefficient values

FIFO MS      
N tpr Cr tpr Cr
1 491.4 1.76 451.4 1.61
2 352.2 1.26 377.2 1.33
4 316.1 1.13 326.3 1.17
6 306.4 1.09 313.3 1.12
8 302.6 1.08 307.5 1.10

10 308.8 1.10 306.6 1.10
12 306.9 1.10 306.8 1.10
14 309.5 1.11 304.7 1.09
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, 14 and realize scheduling 
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Figure 41: Excess time coefficient curves of FIFO and MS for job shop systems 

The effect of setup time on the system performances is presented in Tables 14, 20 and 
Figure 42. 

Table 14: Effect of setup time values using FIFO rule   

 rC  (FIFO) 
δ 0.1 0.2 0.4 0.6 0.8 0.10 0.12 0.14 

rθ  0.00143 0.00286 0.0057 0.0086 0.011 0.0014 0.0017 0.002 
N Cr1 Cr2 Cr4 Cr6 Cr8 Cr10 Cr12 Cr14
1 1.75 1.76 1.76 1.77 1.77 1.78 1.78 1.79 
2 1.25 1.26 1.27 1.27 1.28 1.29 1.30 1.31 
4 1.12 1.13 1.14 1.15 1.17 1.18 1.19 1.21 
6 1.09 1.09 1.11 1.13 1.15 1.17 1.19 1.21 
8 1.07 1.08 1.11 1.14 1.16 1.19 1.21 1.23 

10 1.09 1.10 1.12 1.15 1.18 1.21 1.24 1.26 
12 1.08 1.10 1.13 1.16 1.19 1.24 1.28 1.30 
14 1.09 1.11 1.14 1.18 1.22 1.26 1.30 1.34 

 
Table 15: Effect of setup time values using MS rule  

 rC (MS) 
δ 0.1 0.2 0.4 0.6 0.8 0.10 0.12 0.14 

rθ  0.00143 0.00286 0.0057 0.0086 0.011 0.0014 0.0017 0.002 
N Cr1 Cr2 Cr4 Cr6 Cr8 Cr10 Cr12 Cr14
1 1.61 1.61 1.62 1.62 1.63 1.63 1.64 1.64 
2 1.33 1.33 1.34 1.35 1.35 1.36 1.37 1.38 
4 1.16 1.17 1.18 1.19 1.21 1.22 1.23 1.25 
6 1.11 1.12 1.14 1.16 1.18 1.20 1.22 1.23 
8 1.09 1.10 1.12 1.15 1.17 1.20 1.22 1.23 

10 1.08 1.10 1.13 1.16 1.19 1.20 1.23 1.26 
12 1.07 1.10 1.13 1.17 1.21 1.22 1.26 1.29 
14 1.07 1.09 1.13 1.17 1.20 1.24 1.28 1.32 
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FIFO curves different setup times
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MS curves for different setup times
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Figure 42: Excess time coefficient curves of FIFO and MS for different setup times (0.1- 1.4 min) 

6.4 Analysis of the Results of BTM for Job Shop Systems  
As we see from Figures 41, 42 and Tables 13, 14, 15, BTM can be effectively used 
for job shop lot streaming problems. As it is straightforward, the application range of 
this method depends very much on the value of setup relation coefficient rθ . It seems 
to us (based on the results of the analyzed example, see: Tables 14 and 15, that the 
values rθ ≤ 0.006 provide very favorable conditions for the use of this method. For 
these values the makespan values are less than 1.15 times more than the global 
minimum. Concerning the number of sub-batches N it is interesting to note that N=8 
seems to be the most favorable number for 0.00143 ≤ rθ ≤ 0.0057 (0.1≤ δ ≤ 0.4), for 
bigger values of rθ , 6 sub-batches seem to be the most suitable choice.  
According to the results it is hard to apply BTM when δ > 0.8 [h] ( rθ > 0.011). 
When the setup times are small, the lot streaming can be effectively used.  
Interestingly, MS rule, which is much better for the original case, is worse at lot 
streaming. Rather detailed knowledge about the use of BTM can be obtained by case 
studies, given later, which can lead to deeper understanding of the effectiveness of the 
method. 
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6.5 Break and Test Method  for Flow Shop Systems 
Investigation of the application of BTM for lot streaming problems of flow shop 
systems is based on the objective to be achieved as follows:  

6.5.1 Improving Productivity Objective 
To investigate the application of BTM in order to improve the productivity of the 
system, we present the following example:  

Example 11 
In Table 16, Engineering database of FSS/3/3/ tpr lot streaming problem is given.   
δ =2 h. 

Table 16: Engineering database of Example 11 
Machine group m 

1 2 3 Job  jn
τ t k τ t k τ t k 

jp

A 300 0.20 60 1 0.13 40 2 0.06 20 3 120 

B 350 0.17 60 1 0.29 100 2 0.11 40 3 200 

C 400 0.15  60 1 0.15 60 2 0.15 60 3 180 

mL    180   200   120  500 

In building phase, by simulation method using two rules: FIFO and MS, the initial 
feasible schedules are generated. The Gantt charts are given in Figures 43 and 45.  
In breaking phase, using BTM computer program [58] with dividing the batches into 
different numbers N=2, 3, 4, 5, 6, 7, 8, 9, 10. 
The Gantt chart of FIFO rule for N=4 is illustrated in Figure 44.  
The Gantt chart of MS rule for N=9 is illustrated in Figure 46.  
The values of tpr, , ρ  and LSE for both FIFO and MS rules are presented in Tables 
17 and 18 and Figures 47, 48, and 49. 

rC

In Testing phase, using makespan productivity test to compare the values of tpr, , ρ  
and LSE.  

rC

The change of values of tpr, , ρ  and LSE is presented in Table 19, where ∆ 
indicates the difference between two values (change values).  

rC

In Figure 47, the excess time coefficient starts to decrease as number of sub-batches 
increases until N =4 and 5 for FIFO, N=3 for MS and then starts to increase. 
In Figure 48, the system utilization starts to increase as number of sub-batches 
increases until N =4 and 5 for FIFO, N=3 for MS and then starts to decrease. 
In Figure 49, lot streaming efficiency as indication of the improvement starts 
increasing as number of sub-batches increases until N =4 and 5 for FIFO (25.90%), 
N=3 for MS (25.51%), and then starts to decrease.    
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Figure 43: FSS/FIFO Gantt chart of initial schedule, N=1, δ =2 

        

)4(prt∆  

Figure 44: FSS/FIFO Gantt chart of lot streaming schedule, N=4, δ =2 
 

 
Figure 45: FSS/MS Gantt chart of initial schedule, N=1, δ =2  
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Figure 46: FSS/MS Gantt chart of lot streaming schedule, N
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Table 17: Results of FIFO rule using BTM                               Table 18: Results of MS rule using BTM                                       

N  prt  rC  ρ % LSE % 

1 350 1.75 47.62 0.00 
2 296 1.48 56.31 18.24 
3 281 1.405 59.31 24.56 
4 278 1.39 59.95 25.90 
5 278 1.39 59.95 25.90 
6 282 1.41 59.10 24.11 
7 288 1.44 57.87 21.53 
8 292 1.46 57.08 19.86 
9 297 1.485 56.12 17.85 

10 296 1.48 56.31 18.24 

N  prt  
rC  ρ % LSE % 

1 310 1.55 53.76 0.00 
2 2 1.28 65.10 21.09 56 
3 247 1.235 67.48 25.51 
4 248 1  67.20 25.00 .24
5 250 66.67 24.00 1.25 
6 257 64.85 .62 1.285  20
7 261 63.8 .77 1.305 6 18
8 262 63.6 .32 1.31 1 18
9 265 62.8 .98 1.325 9 16

10 272 61.2 .97 1.36 7 13
 

Table 19: Results of BTM for FIFO and MS rules 
FIFO  MS   

 Optimal LS ∆ Initial 
values Optimal LS ∆ Initial 

values 
*N  3 - 0 4-5 -  

prt  247 63 350 278 72 310 

rC  1.235 0.315 1.75 1.39 0.36 1.55 
ρ % 67.48 13.72 47.62 59.95 12.33 53.76 

maxLSE % 0 25.90 25.90 0 25.51 25.51 
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Figure 47: Excess time coefficient curves by BTM of FIFO and MS rules for flow shop systems 
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Figure 48: System utilization curves by BTM of FIFO and MS rules 
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 Figure 49: Lot streaming efficiency curves by BTM of FIFO and MS rules 

     Based on the above, the optimal numbers of sub-batches for
batches, and for MS, the optimal number is 3 sub-batches. 
It is interesting to clarify that the highest utilization by MS (67.48%) is higher than by 
FIFO (59.95%), whereas, the highest improvement of productivity by FIFO (25.90%) 
is higher than of MS (25.51%). 
It is concluded that by BTM method we can improve the productivity with different 
rates based on the used rule. We can obtain two values of maximum productivity by 
two different optimal numbers of sub-batches.  

6.5.2 Effective Delivery Reliability Objective 
From Table 17, for d=281, by delivery reliability test, EDR can be achieved by FIFO 
rule with *

dN  =3 sub-batches.  
From Table 18, for d=250, EDR can be achieved by MS rule and *

dN = 5 sub-batches. 

6.6 Hybrid Dynamical Approach (HDA) to FMS Scheduling 
The following outline of HDA is based on [55-60]. In Figure 50 a diagram is shown 
representing the schedule for the bottleneck (numbered by 1) machine group for the 
given example (11). In this Figure the part demands are plotted as straight lines the 
slopes of which are the demand rates. The piecewise sections below these lines 
represent the production. During a horizontal section the given pa

r a hohere is no change in the number of produced parts). Afte
oped section. The slope of the line is
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equal to the production rate (number of produced parts during the time unit). Wh
 line intersects the “demand line”, the virtual buffer of the given part type becom
pty. (We call “demand line” the one representing the part demand.) At this 

moment, a decision is made according to the switching law about which part will be 
processed next. The production of the next part begins after the proper setup time. The
diagram in Figure 50 can easily be transformed to corresponding Gantt chart, which is
shown in Figure 51.  
The above scheduling example was examined using the simulation program 
developed by T. Koncz [58]. 
We remark that the outlined above BTM can be used in cases when the HDA is n
suitable. These cases are: 

a) when the number of parts is not high enough (less than 200).  
b) when it is difficult to provide auxiliary buffer contents. 

en 
this es 
em

 
 

ot 

 
Figure 50: Part demands an part production using HDA 

          

d 

 
Figure 51: Gantt chart for machi e group No. 1 when using HDA 
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lems. There are many types of characteristics. The general lot 
.  

to be achieved, α6: Setup 
 α9: Idling type.  

blems are performed. A comparative study is made 
between these m

7.2.1 Characterization of job shops systems case studies 

The case studies data are introduced in Table 20: To clarify the content of the table we 
give an example which is the third case: Case No3: JSS/3/4/2/ρ/3. It means that the 
manufacturing system is a Job Shop System α1=JSS) which consists of three machine 
groups (α2=3) to process four jobs (α3 ), and  (α4=2). The 
objective is to obtain higher utilizatio 5=ρ  and the value of setup time (α6=δ=3h).  

rom Table 20 we can see that there are five different cases of different load times, 
umber of machine groups. the cases 1 and 3 have the same index of bottleneck 

 
 
 

 
 
 
 
 

7. CASE STUDIES FOR THE APPLICATION OF BREAK AND 
TEST METHOD & JOINABLE SCHEDULE APPROACH  

 
In the following case studies, we applied the two methods BTM and JSA for different 
cases of both systems JSS and FSS and then, we made a comparison between the 
results of these methods. 

7.1 Lot streaming characterization 
It is convenient to have a simple notation to represent types of lot streaming 
scheduling prob
streaming scheduling problem is characterized by 9-parameters

α1/ α2/ α3/ α4/ α5/ α6/ α7/α8/ α9

α1: manufacturing system type, α2: Number of machines to be used,  α3: Number of 
jobs to be produced,  α4: Bottleneck index. α5: Objective 
time value, α7: Sub-batch type,    α8: Sub-batch size,         

For example: FSS/2/2/1/ρ/2/ELS/DLS/II: The FMS system is a Flow Shop System (α1) 
consisting of two machine groups (α2=2) to process two jobs (α3=2), the bottleneck 
machine group index is 1 (α4=1) and the objective (α5) is to obtain a higher utilization 
ρ, the setup time value α6  (δ=2h) sub-batch type is an equal lot streaming (α7=ELS), 
Sub-batch size is a discrete lot streaming (α8 =DLS) and intermediate idle time (α9 
=II) is allowed. 

7.2. Case Studies for job shops systems using BTM and JSA 
 In this section, applications and analysis of BTM and JSA for 5 different case studies 
of job-shop lot streaming pro

ethods through these case study examples. 

 (
=4
α

 the bottleneck index is
n ( ),

F
n

 60



group, the cases 1, 2 have the same setup times ( δ=2) and also the cases 3 and 4 have 

Table 20: Five cas chine group index 

the same setup times of (δ=3). 
 

e studies of JSS with different ma
Case α2 α3 α4 α5 α6 Lb L 

1 2 2 0 2 ρ 2 16 280 

2 3 3 1 ρ 2  500 200

3 3 4 2 3 0 ρ 3 20 84

4 4 4 3 380 ρ 3 1180 

5 3 65 4 5 ρ 4 60 13 0 

 

 

7.2.2 Engineering Database of case studies of job shop systems  

ρ
b : in r a s f  N  

e p

The Engineering databases of the case studies are given in Tables (21, 22, 23, 24, 25). 

Case No 1: JSS/2/2/2/ /2 
Ta le 21 Eng ee ing D taba e o  case 0 1

Machin  grou  m 
1 2 Job  jn

 l k k τ τ l 
jP

A 2 180 00 0.40 80 2 0.50 100 1 

B 150 0.27 40 1 0.40 60 2 100 

mL   120   160  280 

Case No 2: JSS/ 3/3/1/ρ  
b : in r a s  N  

M ne up

/2
Ta le 22 Eng ee ing D taba e of case o 2

achi  gro  m 
1 2 3 Job  jn

τ l k τ l k τ l k 
jP

A 100 0. 0.40 40 1 40 40 2 0.20 20 3 100 

B 150 0. 0.  0. 7  40 60 2 40 60 1 2 40 3 160 

C 150 0.67 60 1 240  100 2 0.53 80 3 0.40 

mL   200   180   120  500 

Case No : JSS/ 3/4/ /3 
Table 2 n neering ta se of ca o

ch  m

 3 2/ρ
3: E gi Da ba se N  3 

Ma ine group  
1 2 3 

Job
j 

 

 l  l  l k 
jjn

τ k τ k τ
P

A 100 4  80  10.40 0 3 0.  80 2 0.60 60  180 

B 150  40 1 40 60 3  60 2 0.27 0. 0.40 160 

C 150  60 2 53 80 1  80 3 0.40 0. 0.53 220 

D 200 0.4 100 1 280 0 80 3 0.5 100 2 0.5 

mL    220   320   300  840 

Case No 4: JSS/ 4/4/3/ρ/3 
Ta  24 er at ase f c No

M
ble : ngi E ne i  Dng ab  o a  se  4 

achine group m 

1 2 3 4 
Job 

j jn
k τ l  l 

P
τ l k τ k τ l k 

j

1(A) 200 0  4 8  0 100 80 60.50 100 4 0. 0 0 3 0.5  2 0.40 1 3  

2(  0. 4  .32 80 4  100 3 0. 60 2 300B) 250 2 60 1 0  0.40 24  
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3(C) 300 0.27 80 2 0.20 60 1 0.27 80 4 0.13 40 3 260 

4(D) 250 0.24 60 3 0.24 60 2 0.40 100 1 0.16 40 4 260 

mL    300   280   380   220  1180 

Case No 5: JSS/ 5/4/5/ρ/4 
Table 25: Engineering Database of case No 5 

Machine group m 
1 2 3 4 5 J

τ l k τ l k τ l k τ l k τ l k 
jPob j jn

1(A) 100 0.60 60 2 1 0 80 4 1 100 5 420 100 3 0.80 80 1 0.8
2(B) 150 0.40 60 3 0.53 0 60 5 0.53 80 1 340 80 2 0.40 60 4 0.4
3(C) 150 0.27  100 5 340 40 4 0.40 60 3 0.53 80 2 0.40 60 1 0.67

4(D) 200 0.20 40 5 0.30 60 1 0. 3 0.20 40 2 0.40 80 4 260 20 40 

mL    200   300   260   240   360  1360 

7.2.3 Application of BTM for job shop case studies

In order to apply BTM to the giv   
we did in flow shop problems. In u n s e initial feasible schedules of the case 
studies are generated using the comp  am described in [58]. Then, breaking phase, 
we divide the batches into a num r s t  N= 2, 3, 4, 5, 6. In testing phase, we 
test the number according to the predeterm objective. Let us suppose the objective is to 

 
en case studies we have to follow the BTM procedure as 
 b ildi g pha e, th

uter progr
be  of ub-ba ches,

ined 
improve the productivity of the system. 

 
Case No 1: JSS/2/2/2/ρ/2 

 
Table 26: Excess time coefficient & utilization values of case No 1  

FIFO,MS  N 
  prt  rC  ρ % 

1 184 1,122 76,09 

2 168 1,024 83,33 

3 171 1,043 81,87 

4 176 1,073 79,55 

5 180 1,098 77,78 

6 186 1,134 75,27 
 
 

 
 
               Figure 52: a) JSS/FIFO Gantt chart of initial schedule for case No 1 
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                                b) JSS/FI  t c f e g l ase No 1, N = 2 FO Gant hart o  lot str amin schedu e for c

 

 

 

 

 

 

 

 

Case No 2: JSS/3/3/1/ρ/2 
Table 27: Excess time coefficient & utilization values of case No 2 

FIFO MS 

N prt  
rC  ρ % prt  

rC  ρ % 

1 308 1,495 54,11 268 1,301 62,19 
2 254 1,233 65,62 234 1,136 71,23 

3 245 1,189 68,03 235 1,141 70,92 
4 246 1,194 67,75 244 1,184 68,31 
5 248 1,204 67,20 250 1,214 66,67 
6 255 1,238 65,36 259 1,257 64,35 

 
2 Figure 53: a) JSS/FIFO Gantt chart of initial schedule for case No 

 JSS/FIFO Gantt chart of lot streaming schedule for case No 2, N b)

 

∆tpr

 63
∆tpr
 
= 3 



 
Figure 54: a) JSS/MS an a 2  G tt ch rt of initial schedule for case No 

 
b) JSS/MS Gantt chart of lot streaming schedule for case No 2, N=2 

Case No 3: JSS/3/4/2/ρ/3 
 

Table 28: Excess time coefficient & utilization values of case No 3 
FIFO,MS 

N prt  
rC  ρ % 

1 352 1,06 79,55 

2 344 1,036 81,40 
3 357 1,075 78,43 
4 368 1,108 76,09 
5 380 1,145 73,68 
6 390 1,175 71,79 

 

 
Figure 55: a) JSS/MS Gantt chart of initial schedule for case No 3 
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                         b) JSS/MS dule for case No 3, N = 2 

Table 29: Exce  ti icient & ati ase No 4 
 

 
 
 

Gantt chart of lot streaming sche

Case No 4: JSS/4/4/3/ρ/3 
ss me coeff  utiliz on values of c

 
 

 
Figure 56: JSS/MS Gantt chart of initial schedule for case No 4 

Case No 5: JSS/5/4/5/ρ/4 
Table 30: Excess time coefficient & utilization values of case No 5 

FIFO MS 

N prt  
rC  ρ  prt  

rC  ρ % 
1 564 1,5 48,23 564 1,5 48,23 
2 504 1,34 53,97 504 1,34 53,97 
3 486 1,293 55,97 469 1,247 58 
4 505 1,343 53,86 484 1,287 56,2 
5 504 1,34 53,97 500 1,33 54,4 
6 527 1,402 51,61 521 1,386 52,21 

    
       Figure 57: a) JSS/FIFO, MS Gantt chart of initial schedule for case No 5 

           b) JS  Ga t of lot streaming schedule for caseS/FIFO ntt ch

O, MS

ar

FIF  
N 

prt r C  ρ % 

1 392 1 75,26 

 65
∆tp
tpr = tg
 
 5, N = 3  



 
     = 3 

We represen in Figures (52-57).  
Let us remi able 20.   

7.2.4 Results of BTM Applications for job shop systems  
The values of tpr, and Cr, and Gantt charts of all cases are represented in Tables (26, 30) and 
summary of the values of Cr in Table 31. 
The optimal values: *N , *

prt , *
rC , *ρ  and  max LSE can computed. The values are 

represented in Table 32. 
Table 31: JSS Excess time coefficient values of five c using BTM 

Cr2N Cr 1 FIFO MS Cr3 Cr4 FIF  MS 

    c) JSS/MS Gantt chart of lot streaming schedule of case 5, N

 
t the Gantt charts of FIFO and MS rules of all cases 

nd that the setup times are given in T

 be 

ases 

Cr5 
O

1 1,122 1,495 1,301 1,060 1 1,500 1,500 
2 1,024 1,233 1,136 1,036 - 1,340 1,340 
3 1,043 1,189 1,141 1,075 - 1,293 1,247 
4 1,073 1,194 1,184 1,108 - 1,343 1,287 
5 1,098 1,204 1,214 1,145 - 1,340 1,330 
6 1,134 1,238 1,257 1,175 - 1,402 1,386 

1
0 1 2

1,1

1,2

1,3

3 4 5

N

Cr

1,4

1,5

1,6
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Figure 58: JSS Excess time coefficient curves of 5- cases using BTM  

Table 32: Maximum lot g efficiency va streamin lues of 5-cases using BTM 

Case Rule N* Cr C*
r LSE %max

FIFO 2 1,122 1 
MS 2 1,122 

1,024 9,57 

FIFO 3 1,49  5 1,189 25,74 2 
MS 2 1,301 1,136 14,52 

FIFO 2 1,06 3 
MS 2 1,06 

1,036 2,32  

FIFO - 1 4 
MS - 1 

1 0  

FIFO 3 1,5 1,293 16,01 5 
MS 3 1,5 1,247 20,29 

7.2.5   Analysis of the Results of BTM for job shop systems 
 concluded from Table 32 and Figure 58 that the optimum number of sub-It can be

batch N* for all the cases is in the range (2, 3) and the optimum excess time 
coefficient *

rC  in the range (1, 1.293)  
Case 1  
The optimal number of sub-batches for both rules FIFO and MS are the same ( N  = 
2). The excess time coefficient is much closed to 1 ( *

rC =1.024) because the initial 
schedule is a high quality schedule. The m

*

aximum rate of the productivity 
improvement is relatively low ( maxLSE  = 9.57%). 

Case 2 
There are two different N* = (3, 2) of FIFO and MS, respectively. The maximum rate 

Case 3, 

of the productivity improvement of FIFO ( maxLSE =25.74%) has the highest value 
among the case studies. 

 

ce th t b tches for both rules FIFO and MS are the 
am T m t ty  y 
elati L  . c n sc du ua
ch s i   

as

(Like the values of case 1 with different 
pro

number of machine groups and jobs to be 
ssed) e op imal num er of sub-ba

s e ( *N  = 2). he aximum rate of the produc ivi  improvement is ver low 
r vely ( maxSE =2 32 %) be ause the i itial he le is a very high q lity 
s edule (clo e to deal schedule).

C e 4  
The hedule is id c r  F an 1 h  t
is no pr

Case 5, 

 initial sc eal s hedule fo both IFO d MS (C  =r
oductivity improvement rate LSE= 0. Lot streaming is not efficient. 

), in t is case here 

 
The optimal number of sub-batches for th r s a  are the same ( *N = 
3) but the maximum rate of th ucti y im ov  erent maxLSE of FIFO 
(16.01%) is lower than that of M . 

*
rC  of the two cases 2, 5 are: for FIFO 1.1 ), her than that of MS 

(1.136), (1.247), respec ely

7.3 Comparing the Results of Applications of BTM and JSA for job shop systems 

By substituting the given values into Equations (60, 61, 65, 80, 117, 82, 81, 14, 121) we can 
get the results given in Table 33.  

bo ule FIFO nd MS
e prod vit pr ement is diff

S (20.29%)
 ( 89 (1.293) is hig

tiv . 
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Table 33: Results of applications of JSA for job shop systems 

bL  bS  gt  Case Rule t 0I  C *  *
iN  *

prt  *
rC  

 

r  Npr ρ % 
maxLSE  

% 
1 FIFO,MS 160 4 164 184 20 1,12  2,23 2 177,89 1,085 78,70 3,33 2

FIFO 200 6 206 308 102 1,49  4,12 4 249,48 1,211 66,81 5 18,99 2 MS 200 6 206 268 62 1,30  3,21 3 238,57 1,158 69,86 10,98 1
3 FIFO,MS 320 12 332 352 20 1, 1,29 2 350,98 1,057 79,78 0,27 06 
4 FIFO,MS 380 12 392 392 0 1 1 1 392,00 1 75,26 0 
5 FIFO,MS 360 16 376 564 188 1,5 3.42 3 469,69 1,249 57,91 16,72 

Table 34: Optimum excess time coefficient values of JSS 5-cases using BTM and JSA 
  N* C*

r
Case Rule JSA BTM  JSA BTM 

1 FIFO,MS 2 2 1,085 1,024 
FIFO 4 3 1,211 1,189 

2 MS 3 2 1,158 1,136 
3 FIFO,MS 2 2 1,057 1,036 
4 FIFO,MS 1 1 1 1 

FIFO 3 3 1,249 1,293 5 MS 3 3 1,249 1,247 

1,4
)

1

1,1

1,2

1,3

Cr

1 2FIFO 2MS

for the five cases but the
following reasons:

For case 1, 

Figure 59: Optimum excess time coefficie

From Table 33, the range of the optimal 
(2, 4) and the range of the optimal exce
case 4, the initial schedule is ideal sche
( rC =1). Lot streaming is not efficient. 

Comparing the results given in Table 34 a
application of both methods BTM and JS

re is a small diff
  

The bottlene ind  n
on the non-bottlene  ma ine up. The

For case 2, 3, 5, 

ck ex is umb
ck ch  gro

The bo ne de
in-between idle tim on bo ec
fulfilled. 

For case 4, 

ttle ck in xes 
e the ttlen k ma

Its init xc  tim oef

In general, from Table 34 and Figure 59
BTM and JSA can us ffe ely

7.4 Estimation of f of p 

ial e ess e c ficie

 be ed e ctiv  to s

 the e fect  setu time

 

Cr (JSA
Cr (BTM)
3 4 5FIFO 5MS

es is 
 time coefficient *

rC  is (1.057, 1.249). In 

two methods due to the 

Case

 
nt curves of JSS 5-cases using BTM and JSA 

numbers of sub-batch N* for all the cas
ss
dule and the initial excess time coefficient 

nd Figure 54, the quantities obtained by the 
A using FIFO and MS rules are very close 
erence between the 

ront idle times 
 joinability condition is not fulfilled.  

er 2 and there is no back and f

re er , r ively and there is 
ch dition is not 
a  numb 1, 2, 5 espect

ine group. The joinability con

nt is o hic e same of BTM. 

 it e re ize t the two methods 
lv  sho  stre g problems.  

 

value ne w h h is t

can b cogn d tha
o e job p lot amin

s
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In case study 5, for FIFO and MS, we can recognize the effect of setup times on lot 
streaming. We analyze the effect of different setup times (1, 2, 3, 4, 6, 8, 10, 20, 60, 
80, 90 100). We use the JSA. By substitution in Relation (77, 89, 84) the results are 
given in Table 35. Characterization of the effect of setup time is given in Figure 60.

 
Table 35: Setup times values and its effects 

δ b

                                  

 gt  prt prtS ∆ rC∆  LSE % 
1 4 364 546 132,04 0,36 24,18 
2 8 368 552 115,27 0,31 20,88 
3 12 372 558 103,51 0,28 18,55 
4 16 376 564 94,31 0,25 16,72 
6 24 384 576 80,24 0,21 13,93 
8 32 392 588 69,61 0,18 11,84 

10 40 400 600 61,11 0,15 10,19 
20 80 440 660 34,67 0,08 5,25 
60 240 600 900 3,34 0,01 0,37 
80 320 680 1020 0,30 0,00 0,03 
90 360 720 1090 0,07 0,00 0,01 

100 400 760 1160 0 0 0 

300

400

500

0

100

0 10 20

prt∆ bS  

200

It is suitable
of lot streaming schedu
to basic six parameters
Where, α1 is indicating
be used, α3: number of
achieved, α6: Setup tim
The case studies data 
table we give an exam
manufacturing system 

We can conclude that
decreases until a cert
( prt∆ =0) where the s
approach highly depen

7.5 Case Studies for fl
     In this research, B
streaming problems. B
we break the batche
comparative testing is
finding the proper num

7.5.1 Characterization
 to simplif

 

30 40 50 60 70 80 90 100 110

 

dies 
nt the types 

r e  T  case studies can be characterized according 
. Each case i ha ct ze as t  α1/ α2/ α3/ α4/ α5/ α6
 t he an ac in sy m e  number of machine to 
 jo  to e d d 4: o ck index.α5: Objective to be 
e lue

are tro c in ab  3 T m trate the content of the 
pl wh  he ir a s : 2/2/1/ρ/2. The flexible 
is a Flow Shop System 1=FSS) consisting of two machine 

Setup time

Figure 60: Effect of setup time on the makespan 
 as the setup times increases, makespan improvement, prt∆  
ain point at which no more improvement can be achieved 
etup time δ = 100 min. The improvement by lot streaming 
ds on the setup time values.  

ow shop systems using BTM and JSA 
TM is applied for 7-random case studies of flow-shop lot 
y a certain simulation computer program, as described in [58], 
s at certain setup time into equal sub-batches and then 
 made between the new number and the previous one until 
ber at which the objective is attained. 

 of case stu
y the data of the case studies by notation to represe
ling p obl ms. he

s c ra eri d  a ca egory
o t m uf tur g ste  typ , α2:
bs  b pro uce , α  B ttlene

va . 
 in du ed  T le 6: o de ons
e ich is t  f  FSS/st c se tudy

(α
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groups (α2=2) to be processed two jobs (α3=2), and the bottleneck index (α4=1). The 
). 
ection are 

different cases an i-randomly. The 
cases have different number of m (2 to 5), differen bs (2 to 
4 ), different bottleneck indexes (1 to 5) and  values (2 to min).  
It is remarkable that cases 1, 2 have the same α2, α3, α5, α6 nd 

x a i n b n  a b. Cases 3, 4 have the same , 5 , and 
i e t e  x 4

eve as S with dif erent mach e group in exes
Case α2 α3 α4 α5 α6 Lb L 

objective is to obtain higher utilization (α5=ρ), and the setup time (α6=δ=2h
As it is clear fro this sm Table 32, the case studies to be presented in 

d they are not selected statistically but so-called sem
achine groups t number of jo

different setup times  4 
, a L, different bottleneck 

inde  α  4 nd d ffere t ottle eck lo d L α2 α3, α , α6
Lb, d ffer nt bo tlen ck inde  α . 

Table 36: S n c e studies of FS f in d  

1 2 2 1 ρ 2 180 280 
2 2 2 2 ρ 2 160 280 
3 3 3 00 500 1 ρ 2 2
4 3 3 2 ρ 2 20   0 500
5 3 4 ρ 3 3 82  20 40 
6 4 4 ρ 3 3 1  3  80 180
7 5 ρ 4 3 1  4 5  60 360

7.5.2 Enginee  D aba e o s  St die
The Engineering -43). 

l  Engineering Da o 2:FSS/2/2/2/
Machine group m

ring at s f Ca e u s 
Databases of the case studies are given in Tables (37
Table 37: Engineering Database of Case No 1: FSS/2/2/1/ρ/2 
Tab e 38: tabase of Case N ρ/2 

 
1 2 

Job 
j jn

τ t k τ t k 
jP

1(A) 150 0.67 1 1 0  00 0.4  60 2 160 

2(B) 200 0.40 1 0  80 0.2  40 2 120 

mL   180   100  280 

                              
 

Table 39: Engineering Database of Case No 3: FSS/3/3/1/ρ/2 
Machine group m 

1 2 3 J j jPob j n
τ t k τ t k τ t k 

1(A) 100 0.40 40 1 0.40 40 2 0.20 20 3 100 

2(B) 150 0.40 60 1 0.40 60 2 0.27 40 3 160 

3(C) 150 0.67 100 1 0.53 80 2 0.40 60 3 240 

mL   200   180   120  500 

 
Table 40: Engineering Databa  of Case No 4: FSS/3/3/2/ρ/2 se

Machine group m 
1 2 3 Job j jn

τ t k τ t k τ t k 
jP

1(A) 0 .40 40 1 .40 40 2 .20 20 3 10 0   0  0  100 

2(B)  6   3150 0.40 0 1 0.40 60 2 0.27 40  160 

3(C) 53 80 1 67 100 2 0. 60 3 150 0. 0. 40 240 

mL   180   200   120  500 

 
 

Table 41: Engineering Databa  of Case No 5: FSS/3/4/2/ρ/3 

achine group m M
1 2 Job n

τ t k 
jPj j

τ t k 
1(A) 200 0.  0.50 100 2 180 40 80 1 

2(B) 150 0.  0.40 60 2 100  27 40 1 

m  L  120    160  280 

se

 70



Machine group m 
1 2 3 Job j jn

τ k τ t k τ t k 
jP

 t 
1(A) 100 0.40 40 1 0 80 2 0.60 180  0.8  60 3 

2(B) 150 0.27 0  0.4 0  160   4 1 0.40 60 2 0 6 3

3(C) 15 40 0  0.5 0  220  0 0.  6 1 0.53 80 2 3 8 3

4(D) 20 40 0  1 2 0.  280  0 0.  8 1 0.5 00 5 100 3

m  20  L   2  3   20 300  840 

 
Table 42: Engineering Database of Case No 6: FSS/4/4/3/ρ/3 

Machine group m 

1 2 3 4 Job j jn
τ t k τ t k τ t k τ t k 

jP

1(A) 200 0.50 100 1 0.40 80 2 0.50 100 3 0.40 80 4 360 

2(B) 250 0.24 60 1 0.32 80 2 0.40 100 3 0.24 60 4 300 

3(C) 300 0.27 80 1 0.20 60 2 0.27 80 3 0.13 40 4 260 

4(D) 250 0.24 60 1 0.24 60 2 0.40 100 3 0.16 40 4 260 

m    L 300   280   380   220  1180 

 
Table 43: Engineering Databas  No 7: FSS/5/4/5/U/4 e of case

Machine group m 
1 2 3 4 5 Job j jn

τ t k τ t  t τ t k τ t k 
jP

k τ k 
1(A) 100 0.60 60 1 1 100 0. 8 0.80 80 4 1 100 5 420 2 80 0 3 

2(B) 150 0.40 60 1 0.53 80 6 0.40 60 4 0.53 80 5 340 2 0.40 0 3 

3(C) 150 0.27 40 1 0.40 60 8 0.40 60 4 0.67 100 5 340 2 0.53 0 3 

4(D) 200 0.20 40 1 0.30 60 4 0.20 40 4 0.40 80 5 260 2 0.20 0 3 

mL    200   300  260    240   360  1360 

 

7.5.3 Application of BTM for Flow shop case studies 
Using LEKIN com

s are illustrated in 

puting the 
values of *N , * *

rC , *ρ .  

puter program [12] and applying BTM for the 7 case studies using 
another computer program given in [58]. The Gantt charts of the 7 case
Figures (61-66) and Tables (44-49).   

By applying the BTM to the case studies using FIFO and MS rules and com
prt , 

Table 44: Makespan and excess time coefficient values of Case No 1 
FIFO,MS 

N 
prt  FrC ,  

1 226 1 
2 210 0,929204 

3 207 0,915929 
4 208 0,920354 
5 210 0,929204 
6 213 0,942478 
7 211 0,933628 
8 215 0,951327 
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Figure 61: a) FSS/FIFO Gantt chart of initial schedule for case No1 

 

                            
b) FSS/FIFO Gantt chart of lot streaming schedule for case No 1, N=3 

 
 
 
 

ase No 2 

FIFO,MS 
N 

prt  FrC ,  

Table 45: Makespan and excess time coefficient values of C

1 246 1,194175 
2 210 1,019417 
3 200 0,970874 
4 198 0,961165 
5 198 0,961165 
6 201 0,975728 
7 202 0,980583 
8 204 0,990291 

 
 

      

 

              

Figure 62: a) FSS/FIFO Gantt chart of initial schedule for case No 2 
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             b) FSS/FIFO Gantt chart of lot streaming schedule for c
 

prt∆  
 
ase No 2, N=4  



                
c) FSS/FIFO Gantt chart of lot streaming schedule for case No 2, N=5  

 

 

o 3, 4 Table 46: Makespan and excess time coefficient values of Cases N

FIFO MS 
N 

prt  FrC ,  prt  FrC ,  

1 350 1,296296 310 1,148148 
2 286 1,059259 266 0,985185 
3 267 0,988889 254 0,940741 
4 263 0,974074 253 0,937037 
5 262 0,97037 254 0,940741 
6 267 0,988889 260 0,962963 
7 269 0,996296 263 0,974074 
8 270 1 264 0,977778 
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Figure 63: a) FSS/FIFO Gantt chart of initial schedule for case No 3 

        

 

b) FSS/FIFO Gantt chart of lot streaming schedule for case No

 
 
 

prt∆  

prt∆  

Table 47: Makespan and excess time coefficient values of Cas

 
 
 
 
 
 

FIFO MS 
N 

prt  FrC ,  prt  FrC ,  

1 478 1,091324 498 1,136986 
2 420 0,958904 420 0,958904 
3 409 0,93379 410 0,936073 
4 409 0,93379 409 0,93379 

8 439 1,002283 440 1,004566 

5 414 0,945205 414 0,945205 
6 420 0,958904 419 0,956621 
7 425 0,97032 425 0,97032 
 
 3, N=5 

e No 5 
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Figure 64: a) FSS/FIFO Gantt chart of initial schedule for case No 5 

 

 
b) FSS/FIFO Gantt chart of lot streaming schedule for case No 5, N=4 

 
 

 6 

FIFO,MS 
N 

prt  FrC ,  

Table 48: Makespan and excess time coefficient values of Case No

1 621 1,106952 
2 523 0,932264 
3 496 0,884135 
4 492 0,877005 
5 493 0,878788 
6 502 0,894831 
7 495 0,882353 
8 500 0,891266 

 

 
Figure 65: a) FSS/FIFO Gantt chart of initial schedule for case No 6 

 

b) FSS/FIFO Gantt chart of lot streaming schedule for case No 6, N=4 

prt∆  

prt∆  
 



 

Table 49: Makespan and excess time coefficient values of Case No 7 

FIFO,MS 
N 

prt  FrC ,  

1 712 1,244755 
2 568 0,993007 
3 531 0,928322 
4 520 0,909091 
5 520 0,909091 
6 525 0,917832 
7 523 0,914336 
8 536 0,937063 

 
Figure 66: a) FSS/FIFO Gantt chart of initial schedule for case No 7  

      
b) FSS/FIFO Gantt chart of lot streaming schedule for case No 7, N=

7.5.4 Results of BTM Applications for flow shop systems  
The results of application of BTM for the seven cases are given in 
illustrated in Figure 57.  

Table 50: Makespan values of 7-case studies using BTM 
 Case1 Case 2 Case 3,4 Case 5 Case 6 

N FIFO,MS  FIFO,MS  FIFO MS  FIFO MS FIFO,MS  
1 226 246 350 310 478 498 621 
2 210 210 286 266 420 420 523 
3 207 200 267 254 409 410 496 
4 208 198 263 253 409 409 492 
5 210 198 262 254 414 414 493 
6 213 201 267 260 420 419 502 
7 211 202 269 263 425 425 495 
8 215 204 270 264 439 440 500 

prt∆  
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Tables (50, 51) and 

Case 7 
FIFO,MS  

712 
568 
531 
520 
520 
525 
523 
536 



 
Table 51: Excess time coefficient values of 7-case studies 

se 2 Case 3,4 Case 5 
using BTM  

 Case1 Ca Case 6 Case 7 
N FIFO,MS  FIF FIFO,MS  FIFO,MS  O,MS  FIFO MS  FIFO MS 
1 1 1,1 1,106952 1,244755 94175 1,296296 1,148148 1,091324 1,136986 
2 0,929204 1,0 0,932264 0,993007 19417 1,059259 0,985185 0,958904 0,958904 
3 0,915929 0,970874 0,988889 0,940741 0,93379 0,936073 0,884135 0,928322 
4 0,920354 0,961165 0,974074 0,937037 0,93379 0,93379 0,877005 0,909091 
5 0,929204 0,961165 0,97037 0,940741 0,945205 0,945205 0,878788 0,909091 
6 0,942478 0,975728 0,988889 0,962963 0,958904 0,956621 0,894831 0,917832 
7 0,933628 0,980583 0,996296 0,974074 0,97032 0,97032 0,882353 0,914336 
8 0,951327 0,990291 1 1,14814 283 1,004566 0,891266 0,937063 8 1,002

0,8

0,9

1,0

1,1

1,2

1,3

1,4

0 1 2 3 4 5 6 7 8 9
N

Cr

 
Figure 67: Excess time coefficient curves of FSS 7-case studies using BTM 

  
Table 52: Productivity improvement rate by Lot streaming efficiency using BTM 

3,4 5 Case  1 2   FIFO MS FIFO MS 6 7 

maxLSE % 9.178 24.24 33.587 22.529 16.87 21.76 26.219 36.923 

From Table 52 and Figure 67, the BTM is used for the given flow shop lot streaming 
case studies, the productivity of the systems is improved by different rates from 9.178 
% to 36.923 %. The improvement value depends on the structure of the system and on 
the engineering database of the problem.   

7.6 Comparing the Results of Applications of BTM and JSA for flow shop systems 
By the substitution of the given values into the JSA Formulas (132, 134, 139, 140, 141) we 
can get the results as given in Tables (53, 54, 55).  

The values of the global minimum of production time are given in Table 53. 
The initial values of makespan, excess time coefficient and utilization using JSA are 
given in Table 54. 

3,4FIFO 

7FIFO,MS

3,4MS 

2FIFO,MS

5FIFO 

5MS 

1FIFO,MS

6FIFO,MS
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The optimal values of the case studies are attained by JSA Formulas (80, 117, 81, 82, 
16, 121) are presented in Table 55 and can be explained as follows:  

Cases 1, 2 
Cases 1 and 2 have the same number of machine group, number of jobs to be 
processed, setup times and total production time but their results are different such as 
maximum production times (makespan), optimal number of sub-batches and the 
optimal excess time coefficients. 

Case 3, 4 
Cases 3 and 4 have different bottleneck index and different operation order time but 
their results are the same. 

Case 5 
The results of the two rules FIFO and MS are different; the values of makespan and 
excess time coefficient of FIFO are lower than that of MS. 

or FIFO rule we obtain two optimal values of the number of sub-batches whereas we 
obtain one optimal value by MS. 

The utilization value of FIFO is higher than that of MS. In contras , the productivity 
improvement rate of MS is higher than that of FIFO. 

Case 6

F

t

 
Comparing to the previous cases, this case has higher number of machine groups and 
lower utilization but the lowest (best) excess time coefficient. 

 Case 7 
This case is much more complicated (5 machine groups/ 4 jobs). The utilization value 
is the lowest but the rate of productivity improvement has the highest value. 
 

Table 53: Global minimum of production time Values for 7-case studies using JSA 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Case Job mupL ,  mdnL ,  ∑ Min∑ bL  bS  nbS  Fgt ,  

A 0 40 40 1 B 0 60 60 40 180 4 2 226 

A 80 0 80 2 
B 40 0 40 

40 160 4 2 206 

A 0 40+20 60 
B 0 60+40 100 3 
C 0 80+60 140 

60 200 6 4 270 

A 40 20 60 
B 60 40 100 4 
C 80 60 140 

60 200 6 4 270 

A 40 60 100 
B 40 60 100 
C 60 80 140 

5 

D 80 100 180 

320 100 12 6 438 

A 100+80 80 260 
B 60+80 60 200 
C 80+60 40 180 

6 

D 60+60 40 160 

160 380 12 9 561 

A 60+100 
80+80 0 320 

B 60+80 
60+60 0 280 

C 40+60 
80+60 0 240 

7 

D 40+60 
40+40 0 180 

180 360 16 16 572 
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Table 54: Initial values of makespan, excess time coefficient and utilization using JSA 

 ρ  prt  FrC ,Case 
FIFO MS FIFO MS FIFO MS 

1 226 226 1 1 63.716 63.716 
2 246 246 1.194 1.194 58.53 58.53 
3 350 310 1.296 1.148 49.333 55.698 
4 350 310 1.296 1.148 49.333 55.698 
5 478 498 1.091 1.136 61.087 58.63 
6 621 621 1.106 1.106 49.436 49.436 
7 712 712 1.244 1.244 34.157 34.157 

From the results given in Table 55 it is concluded that JSA method is an effective 
method to solve different cases of flow shop lot streaming problems. The productivity 
improvement rate is up to 36.897%. 

 Table 55: Optimal values of FSS 7-case studies using JSA 

0I  *N  Int. *N  *
prt  *

, FrC  *ρ % maxLSE % 
Case 

FIFO MS FIFO MS FIFO MS FIFO MS FIFO MS FIFO MS FIFO MS 
1 0 0 3.162 3.162 3 3 207 207 0.9159 0.9159 69.565 69.565 9.179 9.179 
2 40 40 4.472 4.472 4-5 4-5 198 198 0.9611 0.9611 72.727 72.727 24.255 24.255 
3 80 40 4.830 4.082 5 4 262 253 0.9703 0.9370 65.90 68.24 33.59 22.517 
4 80 40 4.830 4.082 5 4 262 253 0.9703 0.9370 65.90 68.24 33.59 22.517 
5 40 60 3.415 3.651 3-4 4 409 414 0.9337 0.9452 71.39 70.53 16.866 20.296 
6 60 60 4.2817 4.2817 4 4 492 492 0.8770 0.8770 62.39 62.39 26.203 26.203 
7 140 140 4.472 4.472 4-5 4-5 520 520 0.9090 0.9090 46.76 46.76 36.897 36.897 

Table 56: Optimal values of makespan and excess time coefficient using BTM and JSA 
Case Rule N*(JSA) N*(BTM) C*

r(JSA) C*
r(BTM) 

1 FIFO,MS 3 3 0.9159 0,9159 

2 FIFO,MS 4 -5 4 -5 0.9611 0,9611 

FIFO 5 5 0,9703 0,9703 3 MS 4 4 0.9370 0,9370 
FIFO 5 5 0,9703 0,9703 4 MS 4 4 0.9370 0,9370 
FIFO 3 - 4 3 - 4 0.9337 0,9337 5 MS 4 4 0,9452 0,9337 

6 FIFO,MS 4 4 0.8770 0,8770 
7 FIFO,MS 4 - 5 4 -5 0.9090 0,9090 

Generally, from bers of 

The optim

 Table 56 and Figure 68 we can conclude that the optimal num
sub-batches for the different cases N = 3, 4 or 5 sub-batch.  

al values of excess time coefficient are lower than 1. 

0,9090,909

0,9337
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0,877

0,9611
0,97030,9703
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0,94
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Figure 68: Optimal excess time coefficient of FSS/FIFO using BTM and JSA 
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When we compare the values of application of both methods BTM and JSA for the 
given seven cases of FSS lot streaming problems the same results are achieved. 

 
 
 
 
 

8. Conclusions and Recommendations  
8.1 Conclusions 
It can be concluded that lot streaming can be used for the solution of FMS scheduling 
problems with great effectiveness.  
Like the results of scheduling in general, the effectiveness of lot streaming depends on 
the structure and quantities of the database.  
It seems to us that the effectiveness of lot streaming for flow shop systems is even 
better than for job shop systems. Furthermore, lot streaming is effective for all flow 
shop systems whereas for some cases of job shop systems, lot streaming is not 
effective where excess time coefficient Cr =1 . 
In flow shop systems, the value of excess time coefficient could be equal one for two 
cases: at the initial feasible schedule and lot streaming schedule, whereas in job shop 
systems this value could be achieved only at the initial feasible schedule. In flow shop 
systems, when we use lot streaming the value of excess time coefficient could be 
lower than one, whereas in job shop systems that value never has a lower value than 
one even when we use lot streaming.  

There is a difference between JSS and FSS problems in determination of the global 
minimum of production time; for JSS problems the production time on any of the 
machine groups may give the global minimum the production time of the system. The 
situation for FSS problems is totally different. To determine the global minimum of 
the production time, not only the load times on a given bottleneck machine group 
should be considered but also the minimum of production time belonging to upstream 
and downstream machine groups of bottleneck machine group should be included. 
The data applied in the case studies examples are quite general. So, it may be 
supposed that the results are widely applicable.  
It is shown in this research that the two new proposed methods Break and Test 
Method and Joinable Schedule Approach can effectively be used to optimize lot 
streaming of FMS scheduling problems for both systems: Flow Shop Systems and Job 
Shop Systems. 
Generally, the advantages of BTM and JSA can be characterized as follow:  
1.It is possible to optimize lot streaming for the two systems Flow shop and job shop 
systems. 
2.It is possible to improve the productivity, utilization and workflow acceleration 
(efficient schedule). 
3.It is possible to improve the delivery reliability (effective schedule). 
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The applications of both methods highly depend on the selected scheduling priority 
rule such as First In First Out (FIFO) rule and Minimum Slack (MS) rule.      
Break and Test Method is a general search method for solving lot streaming 
scheduling problems.  
In many cases Break and Test Method leads to suitable results in a very simple and 
realizable way. 
A disadvantage of Break and Test Method is that it consumes too much time, 
especially for large-scale problems even when using a high quality computer. It is not 
analytical method.  
Joinable Schedule Approach (JSA) is a mathematical optimization method, valid for 
the specially stated conditions of lot streaming scheduling problems.  
JSA is easy to use and it is possible to obtain quickly the optimal values of the 
systems parameters even for large-scale problems. The possibilities of use depend on 
the selected rule and on the joinability condition.   
It seems that for many Flow shop system problems, the condition of joinability is 
satisfied and the feasible schedules are joinable schedules.  
The analytical results obtained by JSA can easily be obtained for extended 
applications.  
The optimization mathematical model of JSA can be used as a general optimization 
model of lot streaming for FMS scheduling problems for both flow shop systems with 
attached independent sequence setup time. 
A difficulty of the JSA is that the optimal number sometimes is a real number. But, it 
seems to us that by rounding to integer, this difficulty can easily be solved (see: the 
case studies). 

8.2 Recommendations  
We concluded that the lot streaming methods proposed in this dissertation might 
improve the performance of any discrete production system in competitive 
environment.   
There are a number of future research problems which could lead to more applications 
of the methods. A few questions to be cleared are given below: 

1. How can one specify the optimum number of sub-batches when the setup time 
is detached? 

2. How can one produce an optimum number of sub-batches in integer number 
without round off when we use Joinable Schedule Approach? 

3. What is the relation and place of HDA and the proposed Break and Test 
Method and Joinable schedule Approach in the overall problem range? 
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Appendix A 
A.1 Scheduling in manufacturing  
In industrialized nations, the manufacturing industry is the most important contributor 
to the economic health. The higher the level of manufacturing technologies in a 
country, the higher the standard of living of its people [1]. 
In order to improve the manufacturing technologies the performance of the basic 
functions of manufacturing system must be improved which are given in the 
following hierarchical structure (Figure 1). 
a) Design. This is a long-term strategic level function concerned with the following 
activ
and Market analysis.  
b) Planning. This is a medium-term
following planning: Master Production Scheduling 
Planning (MRP), Capacity Requirements Pl
c) Scheduling. This is a short-term
right allocation of machines to operations over tim
d) Control. This is a physical leve
up the actual operations according to the 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

A.2 Scheduling in Production Planning and Control (PPC)  

ities: Product design, Process design, Cost Engineering, Engineering analysis, 

 tactic level function concerned with the 
(MPS), Material Requirement 

anning (CRP), Process planning (PP).  
 operational level function concerned with the 

e. 
l function concerned with the monitoring, follow-

schedule, and corrective action if needed. 

Design  
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Figure 1: Basic functions of manufacturing systems  
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Production Planning and Control System (PPC) as sub-system of manufacturing 
system is an operational system concerned with the planning and control of the Work- 
In-Process (WIP).  
Scheduling is an essential function not only on the planning level but also on the 
control level. It is a common function of both planning and control levels. In some 
literature, scheduling is used as  production planning and control. In the typical PPC 
system, the role of PPC functions is defined as follows (Figure 2): Once the orders 
have been released and grouped into jobs, the route of processes of these jobs on the 
machines have to be specified by routing function. Once the route has been 
established, the load time required to perform the processes of the job has to be 
computed by loading function. Once the loads have been determined, the staring and 
finishing times for all jobs must be specified and schedule can be developed by 
scheduling function [2]. Once the schedule is planned, the schedule is put into effect 
to execution production processes by dispatching function. Actual performance is 
observed, recorded, evaluated and compared to the schedule. Decision is made 
(accept, corrective action or rescheduling) by expediting function.                                                                
In summary, the plan for the processing of materials through the plant is established 
by the functions of routing (where?), loading (how much time?) and scheduling 
(when?). 
Scheduling engineer designs the right schedule to the various products that are to be 
made in the factory. Based on the schedule, dispatcher issues the individual work 
instructions to the machine operators to accomplish the processing of the parts. 
Expediter collects the information and writes certain reports (such as order status 
report, progress report and exception report). Even with the best schedules, things 
sometimes go wrong (e.g., machine breakdowns, material delayed). Expediter 
compares the actual progress against the schedule. For orders that fall behind, the 
expediter takes the necessary corrective action to complete the order on time [3].  

A.3 Scheduling as tool of Control  
A typical shop control system consists of the following three phases (Figure 3) [3]. 
a) Order Release phase provides the documentation needed to process a production 
order through the factory. The documents consist of rout sheet – material requisition – 
job cards – move tickets – parts list. 
b) Order Scheduling phase assigns the production orders to the various work-centers 
in the plant. It executes the dispatching function. It prepares a dispatch list that 
indicates which production orders should be accomplished at the various work-
centers. It also provides information about relative priorities of the different jobs. 
The order scheduling is planned to solve two problems in production control. 
i. The machine loading problem. To schedule a given set of orders in the factory, 
the orders must first be assigned to work-centers. Allocating the orders to the work-
centers is referred to as machine loading. 
ii. The job sequencing problem. Since the total number of production orders will 
probably exceed the number of work-centers, each work-center will have a queue of 
orders waiting to be processed. The question is: in what sequence should the orders be 
processed? Which is first? Answering this question is the problem in job sequencing.  
Job sequencing involves determining the order in which the jobs will be processed 
through a given work-center. To determine this sequence, priorities are established for 
the queue of jobs, and the jobs are processed in the order of their relative priorities. 
c) Order progress phase monitors the status of the various orders in the plant, work-
in-process, and other characteristics that indicate the progress and performance of 
production. The function of order progress module is to provide information that is 
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useful in controlling the factory based on data collected from factory. The information 
is often summarized in the form of reports. 
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A.4 Information flow of scheduling  
Scheduling process starts with a strategic plan and it interacts with other planning 
functions in the medium or higher level. Decisions made at a higher planning level 

y impact the scheduling process. Figure 4 illustrates a diagram of the information 
flow in a classic manufacturing system. When the materials and machines are 
available at specified times, schedule must be ready to dispatch. Scheduling is the last 
task of planning functions to determine an actual implementation plan for every job 
included in the process plan [4]. 
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In CIM, when the order is released it competes with several other orders of different 
delivery dates; for this reason, a proper schedule process must be designed. To assure 

puter 
ow 

trigg ined 
s 

 

that the material flow is at the right machine at the right time, a distributed com
system is used (Figure 5). The control function ensures that the information fl

ers the material flow in the correct sequence according to the predeterm
schedule. Local area network (LAN) interconnects the various computing system
which coordinate and control the factory operations [5]. 

A.5. Scheduling system  
We proposed the following diagram (Figure 6) for the elements of basic scheduling 
system. It consists of four elements as follows:  
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A.5.1 System input  
The input to the scheduling system is the collection of production plans. Specifically, 
the basic input data needed to process a schedule is: Job data, Machines data, 
Scheduling type and Objectives (Criteria).  
A.5.2. Scheduling process 
The process of scheduling system consists of the following steps: 
a) Modeling, In this step, the scheduling problem is formulated and simplified. 
Defined assumptions are presented, constraints and the objectives are specified.   
b) Method, a mathematical, heuristic, or/and simulation method is selected in this 
step according to the nature of the scheduling problem and specified objective. 
c) Analyzing, In this step, the solution procedure is followed in order to achieve 
predetermined objectives. If the model fits into the specified method, an optimal 
solution may be obtained by using this method. If the mathematical relationships of 
the model are complex to permit analytic solution, then a heuristic method may be 
more appropriate. If the scheduling problem is too complicated, i.e. NP-hard problem, 
then a simulation method is used and the search for optimal solution must be replaced 
by the search for good solution. 
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Figure 6: Elements of basic scheduling system

Manufacturing Execution System

A.5.3. System output  
Output of the scheduling system are schedules. 
A.5.4.Validation. Validation involves testing the schedule models using simulation to 
establish their validity. A common approach for testing is to compare its curren
performance with others. Validation is used as scheduling control step to evaluate and 
modify the generated schedules and make a corrective action if needed. The action 
that may be taken is a rescheduling action or replanning action. 

Manufacturing Execution System (MES) is an information system that schedules
dispatches, tracks, monitors, and controls production on the factory floor. Such 
systems also provide real time linkages to MRP systems, product and process
planning [6]. 

A.6. Scheduling classification (Figure 7) 

There are many types of scheduling system; I propose the following classification:  

 



 

 

A.6.1. Scheduling system classification according to the certainty degree  

Scheduling system can be classified according to the certainty degree, if one or some 
of the input data of the scheduling system are of probabilistic uncertainty (random), 
the scheduling is called Stochastic Scheduling, if all input data are known in advance 
and have certainty; the system is called Deterministic Scheduling. Most scheduling 
problems are either deterministic or can be closely approximated by the deterministic 
models. The most common way to convert a stochastic problem into a deterministic 
problem is to work with the average values. Deterministic model is applicable to the 
most real-life scheduling problems. Deterministic and stochastic scheduling can be 
classified into two types:  

a) Project Scheduling, 

Project is defined as a combination of interrelated activities that must be executed in a 
particular order to comple turing environments, the 
size is large or/and weig product remains in one 
location (fixed position) 
assembly. The scheduling
important techniques used
Evaluation and Review Te

b) Machine Scheduling 
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Figure 7: Scheduling system classification
te an entire task. In some manufac
ht of the product is heavy, this 
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and the machines are brought to it, for example, aircraft 
 function of a project is called Project Scheduling. The most 
 to solve project scheduling problems are called Program 
chnique (PERT) and Critical Path Method (CPM). 

 
cheduling of jobs to be processed through a single or multi-
ed into the two following types: 

duling 
heduling of single machine systems. This system consists of 

 

uling  
heduling of multi-machine systems. This system consists of 
(m =1, 2, 3…m…M) to process a number of different jobs 

cess a number of different jobs J (1, 2, 3… j…J). (Figure 8)

Figure 8: Single-Machine System 
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(j=1, 2, 3… j…J). According to the type of route, there are two basic types of multi-
machine scheduling are the following. 
In this research, the FMS scheduling problem is considered for two types of FMS: 
Flow Shop Systems (FSS) and Job Shop Systems, (JSS)  
FSS is a manufacturing system in which the routes of all jobs to be processed on 
certain machine groups are identical, i.e., all jobs visit the same machine in the same 
sequence. 
JSS is a manufacturing system in which the routes of all jobs to be processed are 
different, i.e., each job has a particular route. 

b.2.1. Flow Shop Scheduling  
Flow shop scheduling is concerned with the scheduling of flow shop system (FSS). In 
FSS, the routes of all jobs to be processing are identical. 

b.2.2. Job Shop Scheduling  
Job shop scheduling is concerned with the scheduling of job shop systems (JSS). In 
JSS, each job requires m operations, one on each machine, in a specific order, but the 
order can be different for each job. JSS are more complicated. Jobs may not require 
all M machines; and they may visit the same machines more than once. The same 
machine may be the last machine for a particular job, or it may be an intermediate 
processing step. Any given machine may process new jobs arriving from outside the 
factory, and process jobs arriving from WIP inventory inside the factory.  
The difference between Job shop and Flow shop systems are shown in Table 1. 

Table 1: Types of classic manufacturing systems 

 Job shop  Flow shop 

1 Vary  Route  Single  

2 Process  Layout  Product  

3 General Machines Special  

4 Make to order  Type of production  Make to stock 

5 
 

Production rate 
 

6 
 

Flexibility  
 

7 
 

Demand rate 
 

8 
 

Product variety  
 

9 
 

Capital investment 
 

10 
 

System reliability 
 

11 
 

WIP 
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A.6.2. Scheduling system classification according to the job arrival pattern  

According to the job arrival pattern, job shop scheduling can be classified into two 
types: when the jobs arrive simultaneously and no extra jobs will arrive before these 
jobs are completed, the scheduling is called Static Scheduling. When the jobs arrive 
intermittently (continually) and possibility of new job arrivals over time is allowed, 
the scheduling is called Dynamic Scheduling. 

A.6.3. Scheduling system classification according to the starting date  
If the scheduling starts from first operation or on the earliest date and each operation 
must be completed forward in time, the scheduling is called Forward Scheduling.  
If the scheduling starts from last operation or some date in the future (usually, due or 
delivery date), the scheduling is called Backward Scheduling.  

A.6.4. Scheduling system classification according to the active time  
If the scheduling is designed as planning function and made ahead of time, the 
scheduling is called Predictive (Off-line) Scheduling.  
Reactive (On-line or Real-time) Scheduling is a control function to adjust predictive 
schedules when unexpected events force changes (Rescheduling).  
Predictive scheduling and reactive scheduling are working together. Predictive 
scheduling generates the schedules for reactive scheduling, and reactive scheduling 
generates feedback to predictive scheduling. The complement of Predictive 
scheduling is the reactive scheduling which can be regarded as deterministic 
scheduling with a shorter planning horizon.  

A.6.5 Scheduling system classification according to the production quantity  
Production quantity is crucial in determining the type of scheduling required. 
Production quantity is defined as the total number of products to be produced. It can 
be produced in individual batches of various lot sizes. This quantity is collected from 
one job or multi- job. Job may consist of a single-product or multi-product (batch) to 
be produced. The multi-product jobs can be classified into three types Low-number of 
parts (LNP) job, Medium-number of parts (MNP) job and High-number of parts 
(HNP) job. The scheduling of multi-product jobs is called batch scheduling. The 
batch scheduling can be proposed to classify into three types:  LNP scheduling, MNP 
scheduling and HNP scheduling. 

A.6.6 Scheduling system classification according to Group Technology (GT)  
GT is a manufacturing philosophy in which similar parts are identified and grouped 
together to take advantages of their similarities in manufacturing and design such as 
shape, dimension and/or process route. This is a technique to increase a production 
batch size [3]. A most significant advantage of applying GT to production activity is 
that setup time for each job is reduced, because several jobs are grouped and 
processed in a sequence, and the same jigs and tools may be used. With GT, the 
scheduling is simplified. This scheduling is called group scheduling [7]. 

A. 7 Scheduling Constraints  
Any real scheduling problem is subjected to some constraints. A solution of a 
scheduling problem must always satisfy a certain number of constraints. Four kinds of 
feasibility constraints are commonly found in scheduling problems:  
a) Processing constraint. Each machine must process only one process at time. 
b) Capacity constraint. Each machine has certain capacity. 
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c) Precedence constraints. Each job must be processed according to a given route. 
d) Job constraint. Each job must be processed on one machine at time.  

A. 8 Graphical scheduling model (Gantt chart)  
       Gantt chart is a powerful method to solve simple scheduling problems. It has the 
answers for the following questions:  
What will happen in the shop? What is ahead of each machine? How many machines 
are needed and how many jobs will be processed? When should start the jobs and 
operations and when will they be finished? Which job is the first and which is the 
last? How much time does each job need for processing? How many operations are 
needed for each job? What are the due dates of the jobs? How long is the schedule? 
    Gantt chart is a powerful tool for the control system. It has the answers for the 
following questions:  
What have been achieved at a point in time? Which job is ahead and which is behind 
the schedule? It helps answer the question what type of corrective actions can be 
made if needed.  
     For example, Figure 9 is a JSS Gantt chart. Each job has a particular color. Each 
processing time has a particular index. For example, P2,1,3 is the processing time of job 
2 on machine 1 by operation 3. DK vertical dash color is used for showing idle times. 
 

m  
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Figure 9: Gantt chart of (j, m) FMS scheduling of Job-Shop System 

 

A. 9 Scheduling methods  
The theory of scheduling has many methods for solving scheduling problems. Indeed, 
the scheduling field has become a central topic for research; creation, development, 
application, and evaluation of methods. No specific method to solve general 
scheduling problems. The selection of a proper method depends mainly on the type of 
the scheduling model, number of machines, number of jobs, the constraints, and the 
objective function. For this reason, it is important to study some scheduling methods. 
Traditionally, many scheduling problems have been viewed as discrete optimization 
problems subject to certain constraints.  
Generally, scheduling problems are solved mainly using the following methods:  

A.9.1 Mathematical programming methods  

Some scheduling problems can be defined as allocation problems. Mathematical 
programming methods (Operations Research (OR)) are usually appropriate to 
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determine the optimal solutions for such problems. There are a set of mathematical 
programming methods in the literature. Here, we present some of these programming: 

a) Linear Programming (LP).  
LP is an assignment method to solve a scheduling problem of J jobs that can be 
performed on any of M machines. LP has complete independence limitation and it is 
not applicable for some scheduling constraints such as precedence constraint.  

b) Dynamic programming (DP).  
DP is applicable to solve some scheduling problems. It is based on Bellman's 
principle of optimality “An optimal policy has the property that whatever the initial 
state and the initial decision are, the remaining decision must constitute an optimal 
policy with regard to the state of resulting from the first decision”. It is a recursive or 
multistage optimization approach (means that optimizes on a step by step basis using 
information from the preceding steps). It proceeds by breaking the scheduling 
problem into smaller sub-problems called stages, and developing optimal solution for 
each stage. The stages are tied together through recursive relationships, so that when 
the last stage is calculated, the solution of the overall problem is determined. 
The disadvantages of DP are: First, there is no standard form of solutions. Second, it 
has usually excessive computational requirements. Third, it is not particularly 
efficient when compared to other mathematical programming algorithms such as 
linear programming based solution methods. 

c) Full Enumeration Method (FEM) 

Scheduling problems, usually, are combinatorial optimization problems. 
FEM is an approach to generate all feasible schedules of the scheduling problem and 
then select the proper schedule according to the predetermined objective.  
In job shop scheduling problems, if all jobs J are processed on all machines M, then 
there are (J!) different schedules on each machine, so that, there are a total of (J!)M 
possible schedules. At least one of them must be the optimal schedule according to a 
certain measure of performance. This definitely exists and can, theoretically, be found 
in a finite number of computational iterations. However, it requires a lot of 
computations, particularly as the size of the scheduling problem becomes large, for 
example, how to schedule 5 jobs on 8 machines? To establish a schedule, we must 
decide which job to process first, second, and so on. As it was mentioned above, there 
are 5 choices for the job to process first. Once this job has been chosen, there are four 
jobs left to choose from for the second job to process. Then, there are three jobs to 
choose from for the third job in order; then, there are two jobs to choose from for the 
fourth job in order; and finally, the last remaining job is scheduled to run fifth. In 
other words, there are (5!)8 = 4.3*1016 schedules. This is a huge number. 
In a flow shop scheduling problem, all J jobs must visit machines in the same 
sequence. It is convenient in this case to number machines in accordance with the 
processing order such that jobs visiting machine 1 first and M last. This is referred to 
as a permutation schedule. At time 0 the first job is started on machine 1. As soon as 
this operation is completed, the first job begins on machine 2 and the second job 
begins on machine 1. This process is continued until the last job finishes on machine 
M. The good news is that we have only to consider J! schedules instead of (J!)M. The 
bad news is that J! still grows quickly by J. 
FEM is a useful practical method to solve low-scale scheduling problems (J is small) 
but, of course, infeasible or impossible even with the fastest computer where there 
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may be several hundred or more jobs even if the number of machines is low. For this 
reason, we have to use partial enumeration methods called Branch And Bound 
(BAB). 

d) Branch And Bound (BAB) 

This method is a partial tree search enumeration method. It is an iterative procedure 
for obtaining the optimal solution of any combinatorial optimization problem that has 
a finite number of feasible solutions by systematically examining the subsets of 
integer values of feasible solutions. It is a way to reduce the computational steps. 
BAB is often described as a (Divide and Conquer) method. The basic idea of BAB is 
"dividing the set of all solutions into smaller subsets and search among promising 
subsets. Initially, the method breaks the set of all solutions into two mutually 
exclusive subsets. These two smaller are divided into smaller subsets and so on". 
BAB procedure consists of two phases: first, Branching (process to determine how to 
divide the subsets). Second, Bounding (process to determine upper /or lower bounds 
of the best solution contained in any subset of solutions). 
BAB has some disadvantages: First, it must be modified for the specific problem to be 
solved. Second, the computational requirements can be severe for large problems. 
Third, there is no guarantee that the solution can be obtained quickly. Because of 
these disadvantages, we have to use other scheduling methods such as heuristic rules. 

A.9.2 Heuristic methods 
Some scheduling problems can be formulated as LP, DP or BAB; they can be solved 
easily through the use of existing efficient algorithms. Other scheduling problems 
with hundreds or even thousands of jobs can be solved through polynomial time 
algorithms that are also efficient in short time on a computer. 
Some Scheduling problems are NP-hard problems (which means that the amount of 
computation required to solve a scheduling problem increases as the exponential of 
the number of entities in the system) and computationally expensive. There are no 
simple algorithms that yield optimal solutions in a limited amount of computer time. 
It may be possible to formulate these problems as integer or disjunctive programs, but 
optimal solutions may require a huge amount of computer time. Since in practice that 
amount of computer time is not always available, an acceptable feasible solution that 
is sub-optimal is usually satisfying.  
For this reason, heuristic methods are used as logic methods to find a "good-enough" 
or satisfactory solution in short time. The most important heuristic methods using in 
scheduling problems are presented as follows: 

a) Scheduling Priority Rules (SPR)  
SPR are one of heuristics methods to specify which job should be selected for 
processing next from among a queue of jobs. SPR is a job-based method. 
SPR are approximation method to solve large-scale scheduling problem (J is large). 
SPR are not optimization methods (because they simply do not evaluate all the 
available alternatives) and not guarantee the optimal solution (because the amount of 
error and degree of optimality is not known). SPR are self-explanatory,  
SPR usually produce schedules with long production time and low system utilization. 
In practice, SPR are necessity and probably the most frequently applied heuristics for 
solving FMS scheduling problems. The advantages of SPR are: simplicity, ease of 
implementation, low time complexity. The interesting question is: which rule to select 
to obtain good performance? In general, some of SPR are considered to be better than 
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the others. This depends on some factors, such as the measure of performance, degree 
of certainty, and job arrival pattern. A large number of SPR have appeared in research 
and in practice. In Table 2, some well-known rules: 
  

Table 2: Some of common SPR 
No. Rule Description  
1 FIFO First In First Out 
2 MS  Minimum Slack  
3 LIFO Last In First Out 
4 SPT Shortest Processing Time 
5 LPT Longest Processing Time 
6 EDD Earliest Due Date  
7 LCR Least Critical Ratio 
8 LSU Least Set-Up 

9 HW Highest Weight   

10 FO Fewest Operation 
11 RANDOM Random 

Research in SPR has been active for several decades, and many different rules have 
been studied in the literature. These rules can be classified in various ways. For 
example, static and dynamic SPR rules; Static SPR are time independent such as 
FIFO rule. Dynamic SPR rules are time dependent such as MS rule which are 
explained below:  

i. First In First Out rule: FIFO rule 
In this rule, the job that arrives first at the machine is selected and processed first. 
FIFO is the mostly used rule because it is a simple, easily to use and clear fair rule. 

ii.  Minimum Slack rule: MS rule 
Slack time is defined as time remaining between the processing time of the job and 
scheduling time (or delivery due date). Slack time is obtained by subtracting the 
current time and the processing times from the scheduling time. Thus, a job with zero 
slack would have just enough time to be comple

e le is a dynamic priority rule in which 
of time. It is easy to determine.  

                   

ted. The jobs are processed in the 
. MS rusequence of non-decreasing slack tim

the priority of each job is a function 
k=3   k=1                               k=4 

j  k=2 

donejp ,  
Slack time 

jSLt ,  
leftjp ,  

 

schT  
Figure 10: Slack time diagram. 

MS rule can be used for both systems FSS and JSS as follows: (see Figure 10) 
• Search the comp  jobs to define which job to be processed first. 

Based on the competitio
a. If  competition or processing is scheduled first. 
b. If there is a competition. Specify the current time which is the time of operation k 

on machine m, jt . Then, find the slack time using the formula:  
                                           jSLt , = schT  – leftjp ,  - jt                                                  (33) 

etition between the
n, there are two cases: 

 there is no , the job which is ready f

of job j 
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Where, jSLt ,  is the slack time of
            is scheduling time ( or delivery due date). 
 leftjp , is the remaining processing tim e computed by 
                                                       leftjp ,                                              (34) 

jP  is the total processing time of the job j   

                                                                                                         (35) 

p  is the processing time of the job j which is done. It can be computed by 

                                                    
mk

jkmj nτ                                              (36) 

    mk  is the actual num

                                     leftjp , =
jK

jkmj n,,τ -∑
−1

,,

mk

jkmj nτ                                          (37) 

                                                   leftjp , ∑
=

j

m

K

kk
jkmj n,,τ                                              (38)                               

In the initial condition, usually, the current time of first job on first machine is started 
with zero. jt =0, leftjp , = jP → jSLt , = schT  – jP                                                        (39) 
• Arrange the jobs to be scheduled according to the non-decreasing ascending 

sequence. Job which has the minimum slack is the first. 

b) Johnson's Rule (JR)  
JR is a heuristic method to solve two machines flow-shop scheduling problem in 
order to reduce makespan.  JR steps: 
1. List processing time of each job on both machines. 
2. Select the Shortest Processing Time (SPT) as follows: 
• If SPT at the machine (1), schedule the job first. 
• If SPT at the machine (2), schedule the job last. 
• If SPT at both (tie), select randomly (arbitrarily). 
3. Eliminate the job selected from further steps. 
4. Repeat steps 2, 3 for each remaining jobs until the schedule is complete. 
In case there is significant idle time at the second machine (from waiting for the job to 
be finished at the first machine), then lot splitting may be used. 

A.9.3 Simulation methods  
Simulation is a descriptive rather than an optimization approach that involves 
developing a model of real system and then performing experiments on that model. 
In the simulation procedure, the model of the system is experimented by inserting 
decision variables values into the model under assumed conditions and then observing 
their effect on the criterion variable.  
The objective of simulation model is to analyze and understand the behavior of the 
real system by running and testing the model under a variety of operating conditions. 
Simulation models can be classified into the following two main categories: 

a) Computer Simulation Approach (CSA) 
With the increasing sophistication of computer hardware and software, one area 
which has grown rapidly for manufacturing systems is Computer Simulation 
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Approach (CSA). CSA generally refers to use a computer to perform experiments on 
a model of a real system. These experiments may be undertaken before the real 
system is operational. 
The goal of use of CSA for manufacturing scheduling is to achieve the following 
objectives: First, represent visually manufacturing process behavior of a chosen 
schedule. Second, represent the manufacturing structure in high details. Third, 
evaluate the performance of manufacturing system.  
CSA is able to perform a wide range of simulations for different types of scheduling 
problems such as dynamic, static, probabilistic and deterministic.  
CSA is the most adaptable and flexible approach to study the behavior of the FMS 
under different schedules. By CSA, testing and validation of schedules can carried out 
to select the most proper schedule which can be successfully implemented. 
In the increasingly competitive world of manufacturing, CSA has been accepted as a 
powerful tool for FMS scheduling.  
Scheduling problems can be characterized as complex queuing problems which can 
be studied extensively via CSA. CSA can also be used in conjunction with statistical 
and mathematical programming techniques.  
CSA particularly helps an engineer to generate the right schedule of given objective. 
The FMS scheduling problems usually have two attributes:  
Complexity: due to combinatorial behavior of FMS scheduling process which consists 
of different machines to process different jobs of different volumes in order to achieve 
usually multi-objective (large number of variables, constraints and objectives)  
Uncertainty: due to stochastic nature such as jobs arrival and unexpected stoppages. 
The analytical methods are difficult or almost impossible to solve FMS scheduling 
problem whereas CSA is an effective approach  
Furthermore, the performance of a large number of scheduling priority rules (SPR) 
can be studied extensively using CSA. CSA can provide answers to the question: 
which rule should you choose? Many investigations can be carried out by CSA to 
determine the proper rule which meets certain performance measure.  
Simulation models can be classified as continuous or discrete. 
There are many types of simulation: first, Continuous simulation models are based on 
continuous mathematical equations with values for all points in time. Second, 
Discrete simulation occurs only at specific points in time. Discrete simulation can be 
triggered to run by units of time. This is called Discrete Event Simulation; points in 
between either have no value or can not be computed because of the lack of some sort 
of mathematical relationship to link the succeeding events. 
In this research, Deterministic, Heuristic, and Discrete Event Simulation is used. 

b) Artificial Intelligence (AI)  
AI refers to that branch of simulation models that attempts to imitate purposeful 
behavior. AI is a simulation of human behaviors on the computer. 
 AI is that part of computer science and engineering of making intelligent computer 
programs. It is related to the similar task of using computers to understand human 
intelligence or behavior. The goal of AI is to simulate such human behaviors on the 
computer. The art of application of AI is known as knowledge engineering. 
AI is essentially an extension of heuristic simulation. It is simultaneously the boldest 
and most difficult branch of simulation since it attempts to simulate human thinking.  
AI is having a major effect on the scheduling of manufacturing operations. 
In general, AI applications in manufacturing encompass the following approaches: 
Generate and Test (GT), Constraint Propagation (CP), Simulated Annealing (SA), 
Tabu Search (TS), Genetic Algorithms (GA), Neural Network (NN), Fuzzy Logic 
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(FL), Machine Learning (ML), Expert Systems (ES), Natural Language (NL), Beam 
Search (BS). 
The AI approaches could give effective solutions for complicated scheduling 
problems but these approaches are outside of the scope of this research.  

A.9.4 Hybrid Dynamical Approach (HDA) 
HDA gives an excellent opportunity to solve FMS scheduling problems, having the 
nice feature that the overall planning procedure can be reduced to the determination of 
one parameter, called demand rate coefficient. The proper choice of this parameter 
provides the fulfillment of production tasks. When using HDA it is supposed that the 
parts deliveries are (virtually) distributed and the parts arrive to (virtual) input buffers 
according to the given demand rates (determined with the above coefficient). The 
production is organized by control laws of switching nature. The production of parts 
is represented as reducing the content of (virtual) buffers, i.e. when a buffer becomes 
empty; a switch to produce other part is performed. Which part to produce next, is 
determined by the so called switching law. The most well-known switching laws are 
Periodic-Switching; Clear-the-Largest Buffer First; Clear-the-Largest-Work.  

A.10 Some important definitions 
Job chart is a chart to display the processing time required to process certain jobs.  
Load chart is a chart to display the processing times of the machine groups.  
Infeasible schedule is a schedule in which the jobs to be processed are conflicted due 
to unsatisfied some constraints.  
Feasible schedule is a schedule in which the jobs to be processed are satisfied the 
specified one or more constraints. 

ptimal schedule is a schedule in which the jobs to be processed are satisfied one or 
ore constraints and achieved one or more objectives.  
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Appendix B 
B.1 Productivity 
Productivity, generally, is defined as the mathematical ratio of output to input of the 
production system.  
European Productivity Agency (EPA) has defined productivity as "Productivity is an 
attitude of mind. It is the mentality of progress, of the constant improvements of that 
which exists. It is the certainty of being able to do better today than yesterday and 
continuously. It is the constant adaptation of economic and social life to changing 
conditions. It is the continual effort to apply new techniques and methods. It is the 
faith in human progress." 
Productivity is an approach to creativity and ingenuity. It is a way to make manpower 
work smarter not harder. 
Productivity improvement is required everywhere and every-time because it is an 
objective and a method. It is a desired objective to be achieved and, at the same time, 
it is a proper method which must be used to improve the performance of system. 
Generally, productivity is a method to improve the quality of manufacturing activities 
such as plant design, product design, process design, layout, material handling and 
transporting, physical working condition. 
Productivity value is absolutely different from production value. It is interrelated to 
each other. Production is the output of the system whereas productivity is the relative 
term of output to input. Increasing production may or may not increase productivity.  
According to Relation (1) productivity can be increased by many ways, one of the 
most important way is by "Decrease input with same output".  

B.1.1 Types of Productivity: 
Based on the type of input used, the productivity can be classified as follows:  

a) Total Productivity:   

Total productivity is defined as the ratio of tal inputs. It is expressed as: 

                                  Total productivity =

 output to to

InputTotal
Output                                          (2) 

This definition has some difficulties; it is difficult to measure the total productivity 
because the inputs (material, machine, energy…) have different values and different 
physical units. It is also difficult to specify the effect of each input individually. To 
overcome these difficulties we use another measure. It is called Partial productivity. 

b) Partial productivity:  

Partial productivity is defined as the ratio of output to individual input. It is expressed 
as: 

                                         Partial productivity =
inputIndividul

Output                                (3) 

many partial productivity measures are used in the literature. Because FMS machines 
are generally considered as ma achine cost of FMS 
involves a high capital investment, we use m ity. It is expressed as 
follows: 

in resources, Furthermore, m
achine productiv
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                           Machine productivity =
InputMachine
QuantityoductionPr                            (4)  

There are many criteria to measure the machine productivity based on the type of 
machine input such as number of ma e. 

B.2 Profitability    
Profitability is defined as the ratio of the sales value to the cost spent. It can be 
expressed as    

                                                 Profita

chines or total processing tim

bility=
Cost
Sales                                                    (5) 

The American Productivity Centre (APC) deve atical model to express 
the relationship between 

Profitability=

loped a mathem
profitability and productivity as follow:     

Sales = output * unit price 
Cost =input * unit cost 

Input
Output *

tunit
priceunit
cos

 

                                            eryreprice
tunit

priceunit cov
cos

=                                            (6) 

From equation (5) one gets  
                            Profitability   =Productivity* price recovery                                  (7) 
According to relation (7), APC model demonstrates that the Profitability is a function 
of productivity and price recovery. Profitability can be increased by increasing 
productivity. There is a direct positive proportion between productivity and 
profitability. Profitability highly depends on the productivity.  
At maximum makespan productivity, the makespan utilization is maximum and the 
production is accelerated faster. This usually leads to lower cost and larger sales, 
consequently, higher profitability. 
Low makespan productivity indicates that the system has idle times. i.e. low 
utilization. The lower utilization leads to higher cost. Idle machines mean idle capital 
investment, consequently, lower profitability.    
Also, low makespan productivity indicates usually long production time and slow 
production. This leads to lose a new production (i.e. sales), consequently, lower 
profitability.  
Although FMSs have the highest machine productivity among the current 
manufacturing systems but, they still often have low makespan productivity and 
inefficient schedule. 
To find efficient schedule, minimization of maximum production time (makespan) is 
a critical desirable objective. This objective is one of the main objectives of the 
present research. 

B.3 Utilization 
Utilization is defined as the degree of available capacity of the machine(s) under 
certain condition. There are many types of utilization based on the capacity type. 
Some types of capacity are: 
• Design capacity is the maximum output per 
• Planned capacity is the maximum output pe
• Actual capacity is the maximum output per pe
There are many utilization criteria used in m s such as:  

period under ideal conditions. 
r period under real conditions. 

riod under operating conditions. 
anufacturing system
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                                       Design utilization =
CapacityDesign
CapacityPlanned                                (8) 

                                      Planned utilization =
Capacityplanned

CapacityActual                                (9) 

Appendix C 
C.1. Why Lot Streaming? 
 “For the current competitive manufacturing environment, more and more emphasis is 
placed on reducing lead times for fulfilling orders of existing products and bringing 
new products to market. Therefore, compressing the manufacturing lead times has 
become an important research problem in planning and scheduling for a production 
environment. A technique known as lot streaming has become an important 
scheduling tool to help reduce the makespan (i.e. manufacturing lead time) in a batch 
production environment” [26]. 
"Although there have been advances in production control techniques for a multi-
stage manufacturing environment, Material Requirements Planning (MRP) continues 
to remain popular in industry. However, MRP generally does not consider capacity 
constraints and assumes fixed production lead times that are not realistic. One can 
minimize the makespan by creating sub-lots and by overlapping the operations using 
frequent material movement. This process is known as lot streaming and is also 
helpful in reducing the total lead time and the total work-in-process (WIP)." [27]. 

C.2. Advantages of Lot Streaming  
Lot streaming is used as a practical method to improve the performance of the 
manufacturing systems. A number of modern manufacturing systems, such as GT, 
JIT, and philosophy of Optimized Production Technology (OPT)/Synchronous 
Manufacturing /Theory Of Constraints (TOC) use lot streaming theory as integral part 
of them. Lot streaming concept was researched independently of JIT and OPT as 
extensions of MRP which may have the same idea of lot streaming under different 
names. Currently, it has been integrated and used in practical to JIT and OPT. 
Also, lot streaming is used to reduce WIP and finished goods inventories (lower cost). 
"Lot streaming is a technique which may improve customer service; each sub-batch 
can be delivered to the customer immediately upon finish, without waiting for the 
remaining sub-batches of the same job to be processed." [28]. 
Lot streaming increases the speed of the production flow, i.e. it accelerates the flow of 
the batch through a production process. 
Currently, In the global competitive manufacturing environment, lot streaming is used 
as an effective technique to apply the Time-Based competition (TBC) Strategy and 
Make To Order (MTO) strategies so that to achieve the following advantages [8]: 
Reduce lot size, Reduce cycle time, Deliver on time and Increase productivity. 
Generally, lot streaming in FMS is extremely important to realize the maximum 
utilization and speed up the production.  
For these reasons, this technique has been studied over the past few years extensively. 
This research is one of these studies in which a new direction is developed to solve 
complicated lot streaming FMS scheduling problems.    

C.3. Lot Streaming and Preemption  
There are two types of lot splitting processes that are conceptually worth 
distinguishing as follows:  
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• Preemption is a split process in which the batch is interrupted (broken off) during 
the production run so that to produce one or more urgent batches having a higher 
priority and no overlapping is allowed. 

• Lot streaming is a split process in which the batches are broken into sub-batches for 
overlapping production.  

In lot streaming, all orders can be considered as competitive urgent orders.  

C.4. Lot Streaming, Process Batch and Transfer Batch 
There are interrelations between lot streaming, process batch and transfer batch 
• Process batch is defined as the production quantity of a product to be processed in a 
particular length of time.  
• Transfer batch is the sublot to be transferred to next machine after processed on 
previous machine.  
• Lot streaming is dividing the process batch into transfer batches for overlapping 
production. 

C.5. Lot Streaming, Lot-Sizing, and Scheduling 
Lot streaming, lot sizing, and scheduling are strongly interconnected by each other. 
Lot streaming is termed sometimes in the literature [30] as lot sizing. But, they are 
definitely absolute different. 
• Lot sizing can be considered as one of production planning function of finding the 
optimal lot sizes to be produced at minimum cost (trade-off optimization between 
holding and setup costs) to meet the forecast demands before scheduling the work. 
• Lot streaming can be considered as one of production scheduling function of 
breaking the lot size into smaller sub-lots for overlapping the sub-batches in order to 
meet one or more objectives, for example, at minimum production time.    
In lot sizing, there is no sequencing of lots on the machines whereas in lot streaming, 
the routing, operation sequencing, job sequencing, and scheduling are essential. 
In scheduling problems, jobs can be considered to represent an “order” of one or more 
items, they are treated as wholly indivisible (non-preemptable) or continuously 
divisible (preemptable). Furthermore, a common job constraint is that a job of 
multiple items can be processed by at most one machine at a time,  
Lot streaming is used to describe the decomposition of jobs into smaller sub-jobs so 
that sub-jobs of the same job can be processed on different machines simultaneously 
that to improve schedule performance dramatically. 
It is obvious that we can simply overcome some restrictive scheduling constraints 
such as job constraint. The disadvantage of lot streaming is that the scheduling 
process of jobs (sub-jobs) will become more complicated and difficult to solve. If 
established scheduling algorithms are used to solve the resulting lot streaming 
scheduling problems (and even many simple ones), the execution times of the 
algorithms may well become unacceptable. This is because algorithm running times 
must grow exponentially with the number of jobs considered. 
Typically, lot-sizing problems are significantly different from scheduling problems. In 
a lot sizing problem, the customers and forecasted demands that appear are used as 
the primary input to the problem. A cost estimation and optimization lead to reduce 
the number of lots scheduled. The demands, in terms of due dates and quantities, may 
provide an opposing force for the creation of multiple lots. Lots (the outputs of a lot-
sizing problem) are very similar in definition to jobs in a scheduling problem (the 
inputs to a scheduling problem). In lot sizing, there is no sequencing of lots on the 
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machines whereas in scheduling, the routing, operation sequencing and job 
sequencing are essential. 
As noted by Potts and Van Wassenhove [25], scheduling literature nearly always 
assumes that lot-sizing decisions have already been taken. Lot-sizing literature does 
not usually consider sequencing issues; yet, in industrial scheduling environments, 
these two types of decision are strongly interrelated. The interrelationship is 
reinforced; the setup times are modeled directly in scheduling problems, while setup 
costs are commonly modeled in lot sizing problems. Literature on problems involving 
relevant elements from both scheduling and lot-sizing is surprisingly uncommon. 
Potts and Van Wassenhove [25] have assisted in the study of such problems by 
presenting the common job model in scheduling, providing a classification scheme for 
combined lot-sizing/scheduling, and surveying relevant literature on the topic. 

C.6. Lot Streaming Classification 

Based on the classification presented in [32], the lot streaming models can be 
classified as follows:  

C.6.1 Lot streaming classification according to the sub-batch size  
According to the sub-batch size which is defined as the number of products involved 
in the sub-batch, the lot streaming can be classified as follow: 
a) Variable lot streaming (VLS). The sub-batches sizes are different at all machines. 
b) Consistent lot streaming (CLS). The sub-batches sizes are different but each sub-
batch has the same size at all machines. 
c) Equal lot streaming (ELS). The sub-batch sizes are equal at all machines. 

C.6.2 Lot streaming classification according to the sub-batch number   
The lot streaming models can be classified into two models as follows: 
a) Continuous lot streaming (CLS). The sub-batch sizes are real numbers. 
b) Discrete lot streaming (DLS). The sub-batch sizes are integer numbers. 
Generally, the size of sub-batch of a batch can take a real number, but for 
manufacturing systems where the production is a discrete-item production, the 
integrality constraint makes a lot streaming problem difficult to solve. By rounding 
off rule, the optimal discrete sub-batch size for continuous model can be found but the 
optimality is not guaranteed. 

C.6.3 Lot streaming classification according to the idle time form   
Lot streaming can be classified into two cases:  
a) No-idling lot streaming case (NI). There is no idle time between the processing of 
the sub-batches of a batch on a machine, i.e., once machine starts processing a batch, 
it must do so until all its sub-batches have been processed.  
b) Intermittent idling lot streaming case (II). There is idle time between the 
processing of two successive sub-batches of a batch on a machine. 

C.6.4 Lot streaming classification according to setup times 
Lot Streaming can be classified according to setup times into two classes:   
a) Zero-setup time lot streaming  
Theoretically, lot streaming in which the setup time is very small is called zero setup 
time lot streaming. This setup time is included in the processing time of the job. It is 
easy to obtain the optimal LS (as in the given example 1, 2) by breaking the batches 
into maximum number of sub-batches (product per sub-batch). 
b) Non-Zero setup time lot streaming  
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Lot streaming in which the setup time takes a significant value is called non-zero 
setup time lot streaming. In this type of lot streaming, the optimization which will be 
performed is a trade-off optimization between the time saved (decreased production 
time) by overlapping processing and the extra-time (increased production time) due to 
additional sub-batches setups. 

C.7. Setup time classification 

C.7.1 Setup time classification according to process sequence dependency 
Non-zero setup time can be classified according to process sequence dependency into 
two classes: 
a) Sequence-independent setup time: If the setup times depend only on the current 
and the next sub-batch (or batch) to be processed, the setup time is called sequence-
independent setup time.  It is usually included in the processing time 
b) Sequence-dependent setup time: If the setup times depend on the current, next and 
on the preceding sub-batch (or batch), the setup time is called Sequence-dependent 
setup time. It is usually found in situations where the facility is a multipurpose 
machine. 

C.7.2 Setup time classification according to the batch attaching 
The setups times in the scheduling problem can be classified also according to the 
batch attaching, there are two kinds: 
a) Attached setup time: If the setup time can be performed as soon as the batch is 

available (arrived), the setup time is called attached setup time. 
b) Detached setup time: If the setup time can be performed as soon as the machine is 
available (free), the setup time is called detached setup time. 
Setup time can be classified into two types:  
1. Equal setup time: if the setup times of all machines are equal.  
2. Variant setup time: if the setup times are different. 

C.8 Setup time estimation  
Setup time values can be estimated by one of two following methods:  
a)  Sum value estimation if the actions of the elements are performed in sequential. 
b) Maximum value estimation if the actions are performed in parallel. 
In this research, the setup time is assumed as equal attached independent-sequence 
setup time and the setup time value is estimated by maximum value estimation. 
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