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ABSTRACT

Nowadays, flexible manufacturing system (FMS) is introduced as a response to the competitive
environment. Scheduling of FMS is more complex and more difficult than the other scheduling
production systems. One of the main factors in scheduling of FMS is variable time of taking orders
from customers, which leads to a sudden change in the manufacturing process. Also, some problems
are created in production system such as waste, earliness and tardiness costs, and increase inventory. In
this paper, a part of flexible manufacturing system where products are produced in two stages and in
multiple repositories, is known as a bottleneck. In this study, a mathematical model for scheduling of
this problem considering the limitations of the production system such as flow rate and output
reservoirs, variable time order entry, waste resulting from the cessation of production, and the storage
capacity of reservoirs is developed. Then, the proposed model has been solved by GAMS software.
Results confirm the validity of the proposed model.

doi: 10.5829/idosl.ije.2017.30.05b.15

1. INTRODUCTION

Production planning in multi-product industry where
production is exposed to operational constraints, is
extremely complex and difficult [1]. This issue is
important, because the optimal computed production
volume should be compatible with scheduling
constraints [2, 3]. Determining production scheduling as
one of the key success factors has an effective role in
any manufacturing organization. Production scheduling
prevents the accumulation of capital, reduces wastes,
brings about timely response to customer orders and
better supply of raw material at the right time [4-6]. One
of the important questions that must be answered in
production systems is “How the required output based
on external factors such as changes in demand, and
internal factors such as the time needed to produce must
be met?” Cessation of production may occurs based on
several reasons including equipment failure and
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limitations, production bottlenecks, and changes in
customer orders.

Flexible manufacturing systems (FMSs) are
considered as one of the most important production
technologies to efficiently handle current changes in
market requirements. An FMS is a network of
workstations  interconnected by material-handling
devices, where a low or medium volume of parts can be
manufactured. In the context of FMSs, the current
literature offers several competing definitions and
classifications of flexibility types. In recent years,
scheduling problems related to earliness and tardiness
costs have been highly regarded. Some researchers
consider scheduling with a set of start time-dependent
jobs that makespan has been minimized [7]. Some
others have considered concepts such as lean
manufacturing and JIT production. According to the
concept of JIT production, earliness and tardiness are
harmful to profitability and should be minimized [8].
Therefore, earliness and tardiness penalties are intended
to respond the demand. In fact, problems with earliness
penalties are very useful to demonstrate the practical
issues. So, we should consider two items: Deterioration
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or storage costs of goods delivered early. Earliness and
tardiness are calculated as follows:

Ti = max(O. Ci - Di)! Ei = maX(O.Di - Cl)

where C; is completion time and D; delivery time of
product i. It is obvious that a job cannot have a positive
earliness and tardiness, simultaneously. In addition,
earliness and tardiness mostly are the same in terms of
costs resulting from delivery. So, these two formulas
can be converted into a single one:

fi(C)) = a;E; + b;T;

The above deviation function can be generalized to
more complex combinations.

Allahverdi et al. [9] presented a two-stage assembly
scheduling problem for minimizing total tardiness with
setup times. This problem has received much attention
from researchers because it is applicable to many real-
life environments. In this literature, the objective of
minimizing total tardiness is important because the
fulfillment of due dates for customers must be
considered when making scheduling decisions. Mejia
and Montoya [10] presented an algorithm for
minimizing total tardiness in flexible manufacturing
systems. In this paper, they focus on the total tardiness
criterion and extended the beam search algorithm
presented in a previous work with capability to handle
the total tardiness criterion. Tthe total tardiness can only
be determined when a full schedule is calculated.
Computational tests were conducted on Petri Net
models of both flexible job shop and flexible
manufacturing systems. Also, Tardiness minimization in
a flexible job shop problem has been presented by
Scrich et al. [11]. A PSO algorithm for optimising
tardiness of job and tool in a flexible manufacturing
system has been presented by Udhayakumar and
Kumanan. [12]. The PSO algorithm provides the
minimum tardiness with reasonable computational time.
This research work leads to a conclusion that the
procedures developed in this work can be suitably
modified to any kind of FMS.

In another research, Kumar et al. [13] solved a
scheduling of flexible manufacturing system with a
heuristic approach. They believe that earliness of the job
can be handled in the same way as tardiness, where a
penalty is assigned for completing the jobs before its
due date. Kashfi and Javadi [14] presented a model for
selecting suitable dispatching rule in flexible
manufacturing systems that all decision criteria and
prevents system considered tardiness and idle time.
Also, Pang and Le [15] proposed a reactive scheduling
for flexible manufacturing system that minimizes the
sum of energy cost and tardiness penalty under power
consumption uncertainties. The effectiveness of the
proposed model was evaluated in terms of deviation
from global optimality and mean interrupted time based
on an industrial stamping system. Fazlollahtabar et al.

[16] presented a mathematical optimization to minimize
the penalized earliness and tardiness in a flexible
manufacturing system. Low et al. [17] developed a
multi objective model for solving FMS scheduling
problems considering three performance measures,
namely minimum mean job flow time, mean job
tardiness, and minimum mean machine idle time,
simultaneously. So far, many different ways are
developed to solve the FMS, but selecting the suitable
method is still a challenge for decision-makers and
planners. This process should be done according to the
comparing system conditions, performance measures,
and the selected values of the system criteria such as
mean flow time, mean tardiness, work-in-process
inventory, production rate and other performance
criteria [18]. For some researches on this issue, we can
refer to [19-24].

In this paper, we consider a bottleneck that has an
important role in production systems. This bottleneck is
a part of production system that has two stages with
multiple repositories. Also, a mathematical model for
scheduling of this problem considering the limitations
of the production system such as flow rate and output
reservoirs, the storage capacity of reservoirs, variable
time order entry, waste resulting from the cessation of
production, and reduce the time to complete the task has
been developed. Figure 1 shows the general process of
oil production in one of Iranian oil companies.

2. PROBLEM DESCRIPTION

A Blending unit and its stages considered as the case
study subject. The complexity of this subject makes it as
a bottleneck. Then a continuous two-stage multi-product
model has been selected to solve the problem, resulted
to reduce costs. Solving scheduling problem included
reducing waste and earliness and tardiness penalties.
The objective function is minimizing the earliness and
tardiness costs and some costs resulting from the
cessation of work and completion time of last work. In
this model, limitations and assumptions have been
considered. As can be seen in Figure 2, the final product
is produced in two stages. In the first stage, the raw
material (all types of oils) combines with additives in
storage reservoirs. When enough products that has been
produced in first stage is combined, it enters the second
stage and blending process starts. Final product of
production reservoirs enter the filling unit which is in
the form of a barrel, metal or plastic container with
specific volume.

3. PROBLEM DEFINITION

3. 1. Problem Assumptions In this section, a non-
linear programming model of a two-stage multi-
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productscheduling will be provided to minimize
earliness and tardiness penalties, costs caused by
cessation of work, and complete the order range in each
reservoir. In this problem we assume that the processing
time, the time of completion and delivery time are
integers. Other assumptions are as follows:

1.The quantity of demand and time of raw material
preparation for production of each product varies.

2.Production program changing from one product to
another product in reservoirs is possible.

3. In any situation, only one product in each reservoir at
each stage can be processed.
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4.The time duration is identified and is the same.

5. A work cessation cost depends on occurrence time.

6. Manufacturing process for the product is done in two
stages. Interruption is allowed in each reservoir.

7.Each order has a pre-determined delivery date.

8. By changing the processed product in a reservoir from
one group to another, some loss of time and money
incurs.

9.Login the order of different products based on the
availability of raw materials is variable.

The nonlinear mathematical model of the production
planning in the case study is as follows:

Indices and Sets:

Ti Duration of tardiness product i
Ei Duration of earliness product i

Yijk {1 If product i on the stage j in period t is processed
0 Otherwise

YY, {1 If product i in period t on the second stage is process
0 Otherwise

| Sets of products

ii' Indices of products

(&)

Sets of production stages

Indices of production stages

—

K Sets of reservoirs
k Indices of reservoirs
T Sets of time periods
t Indices of time periods
M A large positive number
Coefficient cost per working day
Parameters:
The number of product i (based on barrels considering the
PT; capacity of reservoirs) that can be processed in step j at a time
period.
The total processing time of product i in step j based on total
TPTi  demand.
a; Amount of production tardiness penalty for each unit of

production i after due date (Du;).

Amount of production earliness penalty for each unit of
Bi production i before due date (Du).

The costs of waste in production planning (based on type of
¥i product i) for a reservoir at each time of change

DU, Deadline of product delivery
D; Total demand in planning (based on type of product i)

RT; Order entry time of product i to start the program

Product processing of type i in reservoir k (if reservoir have

Capi capability)
Variables:
Ci The completion time of product i

Cn The completion time of all orders

3. 2. Mathematical Model

Objective Function The purpose of this model is
minimizing earliness and tardiness penalties and
reducing the changes of production plan in each
reservoir and reducing the time of work completion.

MinZ =
Yiera; - TT; (1-1)
+Xier B B (1-2)

+%2iel Yiej Lkex Vi [(Z{;11|yijkt - Yijkt+1|) +

(1-3)

Yijkr + Yijk1 — 2]
+9 * Crax (1-4)
Constraints:
TT; = max(O.CL- - DUl) Viel (2)
Ei = maX(O.DUi - Cl.) Viel (3)
e Tkek Vij=1kt  Diet Xkek Vij=2kt \,: . _

TPTyes = TPTyms VielVj€e].cur = @)
1.2.....T
C; = max,(t - yyi) VielLVvVteT (5)
Yt-1Xkek Yijke = TPTyj VielVje] (6)
Zie,yijktS1 VjieJ.Vke K.VteT @
YVijke <O Vj € J.Vi € .Vk € K.Vt = 1.2.....RT; ©)
ZyijktSM'Yyit ViEI.Vj=2.VtET (9)
kek
ZyijkthYit ViEI.Vj=2.VtET (10)
kek
Cinax = maxC; Viel (11)
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Vijke < Capijx Vj €J.Vi € .Vk € K.Vt €T (12)
Vijie- YV €{0.1} Vj€J.VielLVkeK.VLtET (13)
TT;.E;. Ci. Cpay is integer Viel (14)

3. 3. Description of the Model The objective
function is composed of 4 types of costs, including:
earliness costs, tardiness costs, costs resulting from the
cessation of work, and the cost of work completed.
Constraints 2 and 3, respectively calculate tardiness
and earliness time. Constraint 4 ensures first and second
stage parallel production progress in producting one
product. Constraint 5 calculates the time required to
complete each task. Equation 6 shows the process
duration time for product i in stage j and reservoir k
equals to process total time of product i. Equation 7
ensures that at any time situation in a reservoir, utmost
one product can be processed. Constraint 8 makes
certain that raw materials are not ready before the time
of order entry or order has not been received from the
client. This constraint ensures that the respective
product is not produced in the production order
program. Constraints 9 and 10 indicate that in the
second stage, in any time situation, whether a product
(regardless of reservoir) is processed or not. Equation
11 calculates the completion time of all the works in the
reservoirs. Equation 12 guarantees the processing of a
product in a reservoir (depends on reservoir capability).

3. 4. Calculating the Number of Changes in the
Production Program in Each Reservoir In the
third part of the objective function formula (Equation

(1)-(3)), for calculating the number of work cessation

times, a mathematical equation has been used wherein

Yiie Values as a binary variable, presents the following

conditions for equation |Yij-Yijkesl:

o If yip=1 and VYi1=1, then |Viu-Yies2/=0. So, this
result estimates that product i is proceeds in time
periods of t and t+1. Therefore, cessation of work
does not occur between t and t+1.

o If yijkt:]- and yijkm:O, then Iyijkt'yijkt+l|:1. SO, this
result is estimated that product i proceeds in time
period of t and does not proceed in time period of t+1.
Therefore, cessation of work occurs between t and
t+1.

o |f yijk1=0 and yijkt+l:ly then |yijkt'yijkt+1|:l- So, the
result will be similar to the previous item.

o If yii=0 and Yiw1=0, then |yij-Yie+1/=0. So, this
result estimates that product i does not proceed in
time periods of t and t+1. Therefore, cessation of
work does not occur between t and t+1.

o If the starting situation of product i is in any situation
other than its first situation, amount X7Z{|yjxe —
yijkt+1| is calculated as cessation work times that is

not adopted to reality situation.
Similarly, if the product i would complete in any
situation except T situation, Y723 |vijke — Yijres1| Work
cessation is accounted that is not adopted to really
situation.

To fix the error in calculating the number of
cessation of work, subtract 2 units from Y71y, —
yijkt+1|. When variables yij and yijr are equal to 1, this
means that at the beginning and end time, product i is
processed. So, it is necessary to subtract 2 units from
YTt yijke — Yijkesa |- Also, to eliminate this effect, we
should add 2 units to function yijr + Yiji.

On the other hand:

Yiel Zje) Lkek ¥; [(ZtT:l|yijkt'yijkt+1|) + yijkr + Yijkl'z]

which calculates the number of work cessation is twice
than real value. Therefore, it must be divided by 2.

This model is a non-linear model. Because solving of
most non-linear models need to spend more time than
linear models, and also these models have not accurate
answers, therefore, to calculate the exact answer, efforts
should be spent on converting this model into linear and
mixed with integer numbers model. That is done in this
paper.

Linearization method of equations is as follows:

The objective function is nonlinear that with
deformation of formula |y;jxe = Vijirsa| O |Yike —
y{‘}kt| and adding the following set of constraints make
became linear.

yijkt - yijkt+1 = yi’}kt - ylp}lkt VlV]VkVt =12...T —
1

Constraints 2 and 3 are non-linear that instead of them,
two linear inequalities follow have been added. These
linear inequalitiesgive us the same answer.

TT, > (C; — DU;)  Viel.j=1

E; = (DU; — C}) Viel.j =1

constraint 5 is non-linear that can be turned into the
following linear equation:

C; =t YY, Vielj=2VteT

4. CASE STUDY

In this section the data derived from one of Iranian oil
companies for scheduling of flexible manufacturing
system have been presented. This data includes the
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scheduling of 20 types of product in a period of 30-day.
Table 1 shown the parameters of tardiness penalty,
earliness penalty, cessation of work penalty, delivery
deadline, order entry time. Processing time of products

754

in stages 1 and 2 is shown in Table 2. Also, processing
time of products based on demand in stages 1 and 2 is
shown in Table 3. Processing capability of reservoir
matrix in stage 1 and 2 are presented in Tables 4 and 5.

TABLE 1. Tardiness Penalty, Earliness Penalty, Cessation of Work Penalty, Delivery Deadline, Order Entry Time Parameters

Product L Lk L sl kb lg ol ol lu e ol lu hs el s e o
Demand 9 71 37 53 24 68 72 18 47 28 60 28 25 18 20 48 36 27 14 16
Tardiness Penalty 10 12 17 20 20 13 19 12 18 11 13 16 15 14 10 16 19 20 12 15
Earliness Penalty 17 11 20 19 10 12 13 15 17 10 14 16 18 20 19 8 13 12 16 15
Cessation of Work Penalty 14 10 9 11 17 13 8 20 12 15 9 14 16 11 18 13 9 20 15 12
Delivery Deadline 10 8 14 28 4 10 40 25 14 40 22 8 5 8 1 3 14 9 21 17
Order Entry Time 0 2 1 1 0 5 2 3 1 2 1 1 0 2 5 4 6 7 4 6

TABLE 2 Processing Time of Products in Stages 1 and 2

Product Is ls Iz lg ly lio I I li3 la lis lis Iy lig lio I

10 3 5 5 9 9 5 4
4 6 3 2 2

3 5 5 9 6 7 4 4

4 5 2

w
~
~
w

Stage 1
Stage 2 2 3 2 2 2 3 4 5 3 5 2

TABLE 3. Processing Time of Products Based on Demand in Stages 1 and 2

Product Iy ly Is ls Iz I ly lio I I li3 la lis lis Iy lig lio I

4 3 2 1 2 3 2 1 1 2 1
4 8 7 4 3 2 3 3

Stage 1 8 5 4 5 2 5 4 1 3

8 9 7 6 3 7 9 3 8 5 4 2

Stage 2

TABLE 4. Processing Capability of Reservoir Matrix in Stage 1

Kz
K3-

Ks - - -
Ke - - - -
Ke - - - - -
Ke - - = - - -
Ke - - - - - - .

|13 |14 |15

N . . B
K1 v

Kis -

< =2

Kis - - -
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The proposed flexible manufacturing system,
examines the constraints of blending unit in one of
Iranian oil companies. The results of solving this model
are presented in this section. These results mentioned,
according to the data presented in the previous section.
These data are calculated for production of 20 types of
product in a period of 30 days. As described in section
4, complete time of productions for each product is
calculated by mathematical models and GAMS
software. If the product is produced earlier than
expected delivery time, earliness time is calculated. If
the product is produced later than expected delivery
time, tardiness time is calculated. These results are
shown in Table 6. Finally, the objective function and
component costs are presented in Table 7.

Gantt Chart Gantt chart of activities based on the
progress time period is presented. This Gantt chart for
scheduling orders in the case study is calculated.

For example, the number of cessation of work in
reservoir K, is 4. So that in position 7, the product i, is
processed. It means the product I, is not processed in
position 8. Therefore, a cessation of work is created.

M. Nouri Koupaei et al. / [JE TRANSACTIONS B: Applications Vol. 30, No. 5, (May 2017) 749-757

Then, no products could not be processed in position 15.
But the product I, is processed in position 14. So,
another cessation of work is created. Also, the product
I, is processed in position 14. It means the product Iy is
not processed in position 15. Therefore, another
cessation of work is created. Finally, in position 16, no
products could not be processed. But the product lg is
processed in position 17. Therefore, another cessation of
work is created. In general, these process show that 4
cessation of work is created in reservoir K.

5. CONCLUSION

Scheduling is the method by which work specified by
some means is assigned to resources that complete the
work considering to constraints and specific objectives.
Because time is always limited resources, therefore,
activities must be scheduled so that the consumption of
resources, have been optimized. In recent decades,
flexible manufacturing systems have emerged as a
response to market demands of high product diversity.

TABLE 6. Completion Time, The duration of Tardiness / Earliness of Orders

Product |1 |2 |3 |4 |5 |5 |7

|13 I14 |15

10 20 26 26 26
12 12 - 11
14

Completion Time 22 11

The duration of Tardiness 18 1

The duration of Earliness - - 2 - -

25

25
1 - - -

16
11

21 21 6
13 20 3 - - - -

- 14 - - - - - - - - - -

TABLE 7. The Objective Function and Component Costs

Tardiness Cost  Earliness Cost ~ Cessation of Work Cost

Number of Cessation
in Work

Completion Time Cost ~ Total Cost ~ The Time of Solve

1514 360 979

79

7800 10653 18 minutes

Reservoir

K15 li6 14

K14 17 17

lnl 13 i

116
g |

16

l14
12
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113
Ig
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k12 |
K11
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9
111

13
115
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12 19 110
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113 15 19

I9

ko |11 19

K8 112 18
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K7 17 113 16 16
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K5 15 115
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Figure 3. Gantt chart for scheduling orders in one of Iranian oil companies
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Scheduling is one important phase in production
planning in all manufacturing systems. Although
scheduling in classical manufacturing systems, such as
flow and job shops, is well studied. Rarely, any paper
studies, scheduling of the more recent flexible
manufacturing system. In this paper, a part of
production system where products are produced in two
stages and in multiple repositories, is known as a
bottleneck. Then, the two-step mathematical model
presented in this paper is provided for scheduling 15
single-purpose reservoirs to minimize earliness costs,
tardiness costs, and cessation of work costs. This model
was presented as a case study in one of Iranian oil
companies. Finally, the proposed model has been solved
by GAMS software. Results confirm the validity of the
proposed model.
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