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Material Flow Optimisation for Multistage, Multiproduct Parallel
Lines

Abstract:

In the production planning phase, long-term decision problems are addressed. In this phase,
the demand of the products is fulfilled by considering the production capacity, available time and
available manpower. The demand of the products is determined by Monte-Carlo simulation
method. The objective function is considered to minimise material flow time. A case study based
on soap finishing line which is related to multistage, multiproduct parallel line is selected. The
mathematical model is formulated as mixed integer nonlinear programming. The CPLEX
optimisation solver is used to find the optimum solution.
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1. Introduction

In the process industries, multiple products are produced on parallel lines such as fast-moving
consumable goods (FMCG). The flexibilities as process flexibility, product flexibility, routing
flexibility are observed in the process industries. The market demand of these products is small
and fluctuating. So, it is not possible to purchase a special processing unit for manufacturing each
and every product. To achieve the optimum solution for the real-world problem, a mathematical
programming model is formulated. This mathematical model is developed in the form of mixed
integer nonlinear/linear programming model (MINLP / MILP). (Stecke, 1983; Gupta and Gupta,
1988; Sahinidis and Grossmann, 1991a, 1991b; Zhang and Yan, 2005; Anli, Caramanis and
Paschalidis, 2007; Bley et al., 2012) have considered non-liner programming model while
(Kopanos, Puigjaner and Georgiadis, 2010; Georgios M. Kopanos, Luis Puigjaner, 2011; Xue et
al.,, 2011; Yan, Wan and Xiong, 2014) have considered linear mathematical model. This
mathematical model is formulated by considering the objective function such as to minimise the
total time which comprises of processing time, set up time, recycle time and changeover time etc.



The different time units are calculated by collecting the data from the real-life problems. The
optimum time is calculated by allocating the products to the machine in the sequence and by
considering the start and finish time.

Material flow can be defined as the time required from the start of the first operation to the
finish of the last operation in the system. For the production planning problem, material flow
consists of three-time elements such as processing time, set up time and recycle time. Processing
time is calculated by considering the time required to perform different operations on different
machines. The time required to change the packaging material, cleaning of the parts is considered
as setup time. The time required to start equipment after each planning period is taken as recycle
time (Bhosale and Pawar, 2018).

This research work is based on real-life problem of material flow optimisation of production
planning problem of a soap finishing line. For developing a mathematical model for a soap
finishing line, the problem is considered as a flow shop problem. The mathematical model is based
on mixed integer non-linear programming (MINLP). The objective function is considered to
minimise total of production time, setup time and recycle time. The constraints considered are total
time available and capacity of the finishing lines.

The main contribution of this work is as follows:

e (Considered a material flow optimisation problem of a soap finishing line which is a
multistage, multiproduct parallel lines problem.

e A mixed integer non-linear programming (MINLP) mathematical model is formulated
for production planning problem.

This work is organized as follows. In section 2, a brief review of the literature based on
production planning problem and material flow optimisation problems is carried out. In the section
3, mathematical model is formulated for production planning model as mixed integer non-linear
programming. In section 4, a case study problem based on soap finishing line is considered.

In the next section a brief literature review is carried out.

2. Literature review

Gaglioppa et al. (2008) have considered multitasking and multistage problem of a batch
manufacturing process plant. The objective considered to minimise total of production cost, setup
cost and inventory holding cost while the constraints are production capacity and availability of
processing units. Maravelias and Sung, (2009) have considered problem related to the process
industries in which production is distinguished into two parts i.e. continuous and batch production.
In the continuous production, few products having stable demands with similar routing are
produced while in batch production, products to be produced are large in number and demand
varies with time. Kopanos et al. (2010) have considered a real-life problem of a yogurt production.
They considered objectives to minimise inventory cost, operating cost, fermentation recipe cost,
unit utilization cost, product family changeover cost and the constraints are timing and sequencing,
allocation and sequencing, mass balance, sharing common resources. They proposed a mixed
discrete/continuous MILP. Kopanos et al. (2011) have considered a problem of a beer
manufacturing company. They considered objectives to minimise total cost of inventory, backlogs,
changeover and set up while material balance, family allocation, family sequence and timing,
family changeover, production time are considered as constraints. Yan et al. (2014) have
considered multi-period production planning problem with set up and mixed batch. They have
considered objectives to minimise production cost, inventory cost, penalty cost and constraint was



machine capacity. Chu et al. (2015) have considered a multistage manufacturing plant with a
production uncertainty. The objective is to minimise total of inventory and set up cost and
constraints are customer demand, production quantity. Shi and You (2015) have considered
nonlinear formulation for process plant of methyl methacrylate (MMA) polymerization process.

The formulation of mathematical model depends on many parameters. Lasserre (1992) have
considered unit holding cost, backlogging cost and set up cost. Matta and Guignard (1994) have
considered production cost, inventory cost and changeover cost. Wolsey (1997) have considered
production cost, set up cost, recycle cost, changeover cost and inventory storage cost. Zhang and
Yan (2005) have considered inventory holding cost, production cost, penalty cost of overproduced
and under produced parts, set up cost. Wu and Ierapetritou (2007) have considered raw material
cost, inventory cost, backorder cost, operating cost. Gaglioppa et al. (2008) considered to minimise
total of production cost, setup cost and inventory holding cost while the constraints are production
capacity and availability of processing units. Sung and Maravelias (2008) have considered
inventory cost and set up cost. Kopanos et al. (2010) have considered inventory cost, operating
cost, fermentation recipe preparation cost, unit utilization cost, product family changeover cost.
Kopanos et al. (2011) have considered total inventory, backlog, changeover and operating cost.
Xue et al. (2011) have considered unit production cost, inventory carrying, subcontracting,
backordering, regular time and overtime cost. Yan et al. (2014) developed mathematical model by
considering cost of production, inventory, penalty because of output of shortfall, tardiness and set
up.

After identifying the gap in the literature review, a real-life problem of material flow
optimisation problem of a soap finishing line is considered. The problem is similar to multistage,
multiproduct parallel lines. For the simplification of this problem, the problem of soap finishing
line is considered as a flow shop problem. A mathematical model is prepared based on mixed
integer non-linear programming for production planning model. The mathematical model is
prepared by considering the objective function to minimise the material flow of the multiproduct,
multistage problem which consists of processing time, set up time and recycle time. The capacity
of the lines and total available time are considered as constraints.

In the next section, the issues of flexible manufacturing system are discussed and proposed
mathematical model is presented.

3. Formulation of Mathematical model for production planning problem
In this section a mathematical model is formulated for production planning problem.

In process industries, products are manufactured in various batches. The demand of the
products does not remain same due to seasonal change such summer, winter and rainy seasons. To
fulfill the demand of the customers in time, the production plans are prepared on the basis of
planning periods. The duration of a planning period can be a week, month or years. There are
capacity limitations of the equipment on the manufacturing units. The production rate of all the
equipment can be different. Due to these issues, the processing time required for all the products
on different equipment is different. Hence, for the same product the starting and finishing time can
be different on different equipment. Hence, to obtain an optimum production plan is a time
consuming and complex work. In production planning problem, the decision variables are large,
the search space to obtain an optimum solution is also large. So, due to the complexity of the nature
of the problem, it becomes Np-hard.



In the production planning problem, the optimum usage of resources for the transformation of
raw materials to the finished product is determined. In this decision stage, the total planning
horizon is divided in uniform or non-uniform time periods of week or month. The number of
products to be manufactured and demand of all the products is known. The production rate and
production capacity are also known. In the planning stage, the objective considered to optimise the
material flow of the finishing line and the capacity of the lines is considered as constraint.

The problem addressed in this work is as follows:

In this work, a real-life problem of a soap finishing line is considered. Due to the issues
related to confidentiality, the data is slightly modified. This is a multi-product, multistage batch
plant produces a set of ‘n’ products labeled with the indices i=1, . . . ;,n, where the product i has
the known and uniform demand di over the planning period. The manufacturing operations are
performed on different lines which are represented by the indices I=1, . . ., L. There is a set of m
machines labeled with the indices j= 1, . . . ,m. Each line consists of m stages each having one
processing unit. All the products use all the processing stages in the same order. A finite long-
range time horizon, Hi is also known which is then subdivided into k time periods. The end of each
time period corresponds to due dates on which the product demands are to be fulfilled. There is
single stamping machine on each line and each have different production rate. The production
time, setup time and recycle time are known. The objective of this work is to determine feasible
production plan by which the demand of the customers will be satisfied with an optimum material
flow. The mathematical model is prepared in the form of mixed integer linear programming.

Index sets are:

ie {1,2,...n} number of products,

le {1,2,...L} number of lines,

di Total demand of the products,

Wilk amount of product i produced on line I during time slot k,
Hi The length of cycle of line |,

Tik the length of time slot k in line |,

ril production rate,

Cil capacity of the line | for producing product i

T Processing time of product i on line |,

process;,

setup Setup time of product i on line |,

T

recycle;

T

total;

Recycle time of product i on line |,

Total completion time of product i on line |,

The 0-1 decision variables are denoted by il where yii = 1if product i is processed on line |
and zero otherwise. The multi stage, multi-product model is formulated as

1) The processing time of the product is given by:

d; .
TprocessiI :T_i] > v I’I (1)
2) The setup time is given by:
TsetupiI =a Tprocessi, v I’I (2)



3) The recycle time is given by:
=BT Vil 3)

TrecycleII process; °

4) The total completion time is given by:
TtotaliI = Tprocessi, + Tsetupi, + Trecyclei, > v I’I (4)

The objective function considered to minimise the total completion time and given by:

Min (T + aT + 4T

process;, process;,

).y, » Vi=n, I=L (5)

process;,

Constraints:

The amount of products produced on a particular line is less than or equal to the capacity of that
line.

T Wi <Ci (6)
Other variables are:

The length of cycle time of a line is equal to the summation of lengths of all the time slots
K

Hi=>T,. vl k (7)
k=1

Exactly one product i must be assigned to the packaging line j in period k

Sy =1, vil 3

The model is nonlinear due to the quadratic term Hi in constraint (7) (Sahinidis and
Grossmann, 1991a; Xue et al., 2011). The solution to the non-linear programming problem is
difficult due to large number of continuous variables (Sahinidis and Grossmann, 1991a). Due to
this (Stecke, 1983; Sahinidis and Grossmann, 1991a, 1991b; Xue et al., 2011) converted the
nonlinear problems to linear by neglecting some constraints such as set up cost, inventory cost,
capacity constraint, due dates and demand of the products. This reduces complexity of the problem
and the solution obtained will become infeasible in the real time scheduling system.

In the next section, the real-life case study problem is discussed.

4. Case study

In this work, an optimisation of a real-life problem of soap finishing line is considered. The
planning period of one week is considered. There are 12 products to be manufactured from 3 soap
finishing line. The production rate of all 3 machines for the different products is given in table 1.
The weekly demand of all the 12 products is given in table 2. These 12 products can be
manufactured from any line. Each finishing line have 1 stamping machine and production rate of
every stamping machine is different. Each stamping machine delivers the soaps to two wrapping
machine in equal quantity which are running at same speed. The weekly demand of every product



is known. The layout of the soap finishing line is shown in figure 2. A brief description of all the

stages of soap finishing line is as follows:

In this work, following data is collected:

1. The number and types of products
2. The number of soap finishing lines

. The products assigned to soap finishing lines

. Daily recycle time and recycle cost

Set up time and set up cost of the machines

. The processing time and processing cost of each soap finishing line

. Packaging rate of each product
The initial inventory of each product

3
4
5.
6. The scheduling time horizon usually 1 week
7
8
9.
1

0. The product demand and due date

Mixer

Simplex
Plodder

Duplex
Plodder

Duplex

Vacuum
Plodder

Figure 2. Layout of a soap finishing line
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The Production rate, (ril) soaps per minute per line is shown in table 1. The Production rate of
line 1 for 45 gm is 480 soaps per minutes, for 75 gm 320 soaps per minutes and for 125 gm 240
soaps per minutes. There are 12 different products of different sizes and colours to be manufactured
from 3 lines. The weekly demand of the 12 products is given in table 2. The setup time is assumed
to be 30 minutes for each shift of 480 minutes and recycle time 10 minutes for each shift of 480
minutes. So, from the time required to manufacture the required quantity i.e. processing time, the
setup time and start up time required for that product are calculated in the fraction of time.

Table 1. Production rate, (ril) soaps per minute per line
45gm | 75gm

125gm

Line#1

480 | 320

240




Line#2 504 336 252
Line#3 528 352 264

Table 2. Weekly demand (di) of products in 10° gm

Products (i) Colour Size Demand (di)
1 Orange 45 36
o) Orange 75 91
3 Orange 125 23
4 Blue 45 15
5 Blue 75 4l
6 Blue 125 21
7 White 45 27
2 White 75 67
9 White | 125 43
10 Yellow | 45 32
11 Yellow 75 47
12 Yellow | 125 38

The flexibility of this problem is complex and can be calculated. Let ‘i’ be total products
to be processed on ‘m;” machines on | lines. Therefore, the number of possible solutions can be
calculated by (Abazari, Solimanpur and Sattari, 2012):
Number of Possible solutions=

n L
H{[Hmjj+ 1} Q)

i=l1 =1

12

H{(ﬁmj j+1}= (12! x ((3x2)+1))

i-1
= 3.35x10° Solutions.

So, there can be 3.35x10° possible solutions generated for this problem. To find a global
solution is time consuming work. Thus, this problem is complex and Np-hard. Some of the
solutions may not be feasible due to constraint of machine availability time. As to determine the
optimum solution from all these solutions, it is computationally difficult.

In the next section a brief information about Real Coded Genetic Algorithm (RCGA) is
presented.



S. Result and discussion:

In one day, the plant is running in 3 shifts each of 480 minutes. So, the available time of
the week is 8640 minutes (=3x6x480). The total completion time of all the products should be less
than available time which is given eq. (4). The batch size of the mixer is 500 kg in which the raw
material is mixed thoroughly and then dropped in the simplex plodder.

In table 3, comparison between optimum solution used by the industry and proposed
methodology is presented. The sequence of products is (i1j1,i1j2,i1j3,i2j1,i2j2,i2;3,....14j3) means
on line 1, product number 6 will be processed first, on line 2, product number 7 will be processed
first and on line 3, product number 10 will be processed first. On line 1, after finishing product 6,
product 8 will be processed. As per table 2, the product 6 is having blue colour and of size 125
gram whereas, product 8 is having white colour and of size 75 gram. So, there will be a size and
colour changeover after finishing product 6 on line 1. The changeover time is calculated by using
eq. (28). There is a reduction of material flow time by 136.33 minutes.

Table 3. Optimum solution

Sr. No. | Methodology Sequence of products Material flow time (min.)
1 Solution used by industry 1-2-4-5-6-11-12-7-8-10-3-9 | 8183.57
Cplex solver 6-7-10-8-1-4-9-5-2-12-11-3 | 8087.64

3 1133 4215

3504 1973

|

|

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

Figure 3. Gantt’s chart for optimum solution

The Gantt’s chart for the optimum solution given in table 3 is shown in figure 3. The chart shows
material flow time in minutes for 3 different lines. The solution convergence graph for RCGA is
shown in figure 4.

There are many usefulness of proposed approach to the management. Management can use
this integrated approach of production planning and scheduling for preparing the production plan
and implementing the same. This approach is more effective and time saving as compared to
traditional approach. Even in the case of real time scheduling scenarios such as machine
breakdown, less manpower or shortage of the raw material, the solver is useful to find the optimum
solution.

Conclusion:
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In this work, a real-life problem of optimisation of production planning problem of a soap
finishing line is considered. This is a multiproduct, multistage parallel line flowshop problem. For
this problem a mathematical model is formulated by considering mixed integer non-linear
programming method (MINLP). The production planning period is considered of a week. The
demand for the week of all the products are already known. There are 3 finishing lines and from
these 3 lines 12 different products are manufactured. The objective function considered is based
on minimizing the material flow which consists of total of processing time, setup time and recycle
time. For planning problem capacity of the plant is considered as constraint.
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