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Preface

The Third International Conference on Advanced Informatics for Computing Research
(ICAICR 2019) targeted state-of-the-art as well as emerging topics pertaining to
advanced informatics for computing research and its implementation for engineering
applications. The objective of this international conference is to provide opportunities
for researchers, academics, industry professionals, and students to interact and
exchange ideas, experience, and expertise in the current trends and strategies in
information and communication technologies. Moreover, participants were informed
about current and emerging technological developments in the field of advanced
informatics and its applications, which were thoroughly explored and discussed.

ICAICR 2019 was held during June 15-16 in Shimla, India in association with
Namibia University of Science and Technology and technically sponsored by the CSI
Jaipur Chapter, MRK Institute of Engineering and Technology, Haryana, India, and
Leafra Research Pvt. Ltd., Haryana, India.

We are very thankful to our valuable authors for their contribution and our
Technical Program Committee for their immense support and motivation for making
the first edition of ICAICR 2019 a success. We are also grateful to our keynote
speakers for sharing their precious work and enlightening the delegates of the con-
ference. We express our sincere gratitude to our publication partner, Springer, for
believing in us.
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Optimization of a Real Time Web Enabled
Mixed Model Stochastic Assembly Line
to Reduce Production Time

Rangith Baby Kuriakose™® and Hermanus Jacobus Vermaak

Department of Electrical, Electronics and Computer Systems,
Central University of Technology, Bloemfontein 9301, Free State, South Africa
{rkuriako, hvermak}@cut. ac. za

Abstract. The role of assembly lines has never been more critical as it is now
with the world entering the 4th Industrial Revolution, commonly referred to as
Industry 4.0. If the focus of the previous industrial revolution was on mass pro-
duction, the focus of Industry 4.0 is on mass customization. One of the major
changes mass customization brings about to an assembly line is the need for them
to be autonomous. An autonomous assembly line needs to have the following key
features; ability to provide a ubiquitous input, the ability to optimize the model in
real time and achieve product variety. Product variety, in this context, refers to
different variants of the same product as determined by the user. Assembly lines
that make provision for introducing product variety are termed as mixed-model
assembly lines. Mixed-model assembly lines become stochastic in nature when
the inputs are customized as time cannot be predetermined in a stochastic process.
The challenge, as it stands, is that there are limited discussions on real-time
optimization of mixed model stochastic assembly lines. This paper aims to
highlight this challenge by considering the case study of optimizing a mixed
model assembly line in the form of a water bottling plant. The water bottling plant,
which needs to produce two variants of the bottled water, 500 ml, and 750 ml,
takes customer inputs through a web interface linked to the model, thereby making
it stochastic in nature. The paper initially details how the model replicating the
functioning of the water bottling plant was developed in MATLAB. Then, it
proceeds to show how the model was optimized in real time with respect to certain
constraints. The key results of the study, among others, showcase how the opti-
mization of the model is able to significantly reduce production time.

Keywords: Real Time Optimization - Cloud manufacturing - Mixed model -
Assembly lines - Stochastic processes * Industry 4.0

1 Introduction

Assembly lines are critical to the operation of any successful manufacturing plant [1].
This holds value even as the world is embracing the fourth Industrial Revolution [2]
commonly termed as Industry 4.0 (1.4.0). The industrial revolutions of the past focused
on mass production [3, 4] and reducing production time.

However, with the advent of 1.4.0, the focus has shifted from mass production to
mass customization [5]. Mass customization is key to introducing product variety [6]

© Springer Nature Singapore Pte Ltd. 2019
A. K. Luhach et al. (Eds.): ICAICR 2019, CCIS 1075, pp. 39-50, 2019.
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into manufacturing. With product variety, customers are given the opportunity to make
variations in the final product.

Product variety is achieved by using Multi/Mixed model assembly lines [7, 8] with
stochastic task times [9] and as a result poses problems in assembly line balancing.
Assembly Line Balancing Problems (ALBP) are a study of the different types of
problems [10] encountered in balancing assembly lines.

There have been many classifications of ALBP’s, but the most referenced include
that by Ghosh and Gagnon in 1989 [11], Scholl and Becker in 2006 [12] and finally by
Sivasankaran and Shahubdeen in 2014 [13]. The later study has split Multi/Mixed
model Stochastic (MMS) assembly lines in accordance to the line layout to be either S-
type or U-type.

The complexity of a MMS assembly line is exacerbated if one considers real-time
inputs as this would need Real-Time Optimization (RTO) [14, 15]. As it stands there is
very limited research done on MMS assembly line balancing and even less literature on
Real-Time Optimization of MMS assembly lines.

Therefore, in order to garner fresh perspectives in this research niche area, this
paper considers optimization of a real-time mixed model assembly line. A case study of
a water bottling plant that can manufacture 500 ml and 750 ml with real time inputs
from a web server is considered for this purpose.

The paper initially considers the design criteria for the water bottling plant. Then it
looks at how the plant was modelled in MATLAB and real-time inputs were provided
through a Web Server. Thirdly, the paper focuses on the problem formulation and
optimization of the model and finally the results thereof are discussed.

2 Water Bottling Plant as a Case Study

As stated in the introduction, in-order to design a multi mixed assembly line, a case study
needs to be selected. In this study, a business plan [16] to realize a water bottling plant at
the Bloemfontein campus of the Central University of Technology, was chosen as the
case study. A three-dimensional CAD model of the proposed model is shown in Fig. 1.

- 0 = T T )
e

Fig. 1. 3-dimensional CAD model of the plant
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The CAD model was split into three main subsystems for creating a Simulink
model. The three subsystems with their specific tasks are defined as follows;

e Subsystem A — Source and Storage tank
e Subsystem B — Bottle manufacturing and storage
e Subsystem C — Water filling

The Simulink model is depicted in Fig. 2 with the different subsystems. As seen in
Fig. 2, the input is provided through a web server. The input is fed to the water filling
substation. Based on the inputs, the water filling subsystem triggers water and bottles
from subsystem A and B respectively.

SUBSYSTEM-A Web Input

STORAGE TANK

SOURCE

WATER FILLING

bottle supply SUBSYSTEM C
e produced b | bottles produced S00mL inventory
750mL inventory
BOTTLE BOTTLE STORAGE

MANUFACTURING

SUBSYSTEM B

Fig. 2. Simulink model of the plant with three subsystems

3 Model Overview

This section elaborates on the Simulink model described in Fig. 2. This is done by
initially focusing on the web input and how it is setup. Secondly the focus will be on
the three subsystems with an aim to explain the functioning of each block in the
respective subsystems. This will form the base for discussion on the problem formu-
lation and optimization, which is discussed in Sect. 4.

3.1 Customer Inputs Using Web Apps

Web apps are MATLAB [17] applications that can run in a web browser. An interactive
Graphic User Interface (GUI) is created using the App Designer and packaged using a
Web App Compiler and hosted on the MATLAB Web Server App. A unique URL is
created for each web app and can be accessed from a browser using HTTP or HTTPS
protocols.

In this paper, the web app is designed to first collect information from customers on
the number of 500 ml and 750 ml bottles of water that needs to be ordered and the
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required date of delivery. This information is captured and saved on the. A program
written in MATLAB is used to access this saved file and process it so as to start the
water filling process. A picture depicting the GUI is shown in Fig. 3.

Bottle Ordering App for Central Univeristy of Technology

First name First Number of 500ml botties 150
ST Customer Number of 750ml bottles 200
Required date (DD-MM-YYYY) 27-01-2019
| Place Order |

Fig. 3. GUI for bottle ordering app

3.2 Source and Storage Subsystem-Subsystem A

As depicted in Fig. 3, subsystem A acts as one of the inputs to subsystem C. Sub-
system A consists of two subsystems being the water source and the storage tank. The
source subsystem is designed to provide purified water to the plant. For design pur-
poses, the source subsystem is a masked meaning that parameters such as the flow rate
and upper limit of water from the source system are user defined in the mask.

The storage tank subsystem needs to take purified water from the source subsystem
and pump it into the water filling subsystem. These conditions make it a continuous
state subsystem. Continuous states, in the context of Simulink, refers to a variable
whose value is determined through numerical integration of its derivative with respect
to time.

As with the source subsystem, the storage tank subsystem is also masked, with
values like the upper limit of the tank, maximum capacity and pump flow rate defined
under the mask. For optimization purposes, the pump flow rate is defined as ‘x’ in the
mask as it acts as the handle and needs to be varied with respect to the constraints.

3.3 Bottle Manufacturing Subsystem-Subsystem B

Subsystem B consists of the bottle manufacturing subsystem and the bottle storage
subsystem. Subsystem B is independent of subsystem A and the output of the bottle
storage subsystem is fed to subsystem C.

The bottle manufacturing subsystem, in keeping with the design parameters, require
that bottles be manufactured in two sizes, 500 ml and 750 ml. The bottles are manu-
factured according to the order from the web input through the bottle ordering app
depicted in Fig. 3.
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The manufacturing and storage is done by retrieving the orders, saved on the server,
into a one dimensional look-up table. The data in the look-up table can be transposed
and flattened to appear as a row of information to the table. A relational table with a
memory block can be used to check if the number of bottles in each row has been
reached.

3.4 Water Filling Subsystem-Subsystem C

As explained previously, subsystem C takes inputs from subsystem A and B. Sub-
system A provides the water and subsystem B provides the bottles. The data from the
one dimensional lookup table described in subsystem B is used for filling the bottles.

As soon as the number of bottles in the first row has been achieved, a trigger
element can be set up to first index the data and move to the next row in the look-up
table. This can be continued till the last row in the look-up table has been read into the
model and defined in the index.

The distinction between 500 ml and 750 ml bottles can be made by calling a
function in the model which checks the index where the data has been read from. By
default, the 500 ml bottles will be indexed in the odd rows while the 750 ml will be
indexed in the even rows. The output of the bottle storage unit is then provided as input
to subsystem C.

4 Problem Formulation and Optimization

The model that has been designed in this study has customized inputs as the inputs are
fed through a web interface. This would mean that model will have real inputs.
Therefore, the optimization problem needs to be formulated [20] as a Real Time
Optimization (RTO) problem.

The formulation can be split into five steps described as follows;

e Step 1: Determine process variables — The plant model has the following variables;

Water stored in the tank in the Source subsystem

Flow rate of water from the pump in the storage tank subsystem

Initial number of 500 ml bottles in the bottle manufacturing subsystem

Initial number of 750 ml bottles in the bottle manufacturing subsystem

Expected date of delivery of customer orders

e Step 2: Defining the objective function — The objective function of the plant model
is to reduce the production time for completing the customer orders. The hypothesis
is that with optimization the production time can be significantly improved.

e Step 3: Development of process models - The model has considered three con-
straints being firstly the water level of the tank and secondly the number of 500 ml
and 750 ml bottles available in storage. The water level in the tank should never go
below 25%. The number of bottles in storage should never go below zero as this
would result in the system crashing in a physical setup.
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e Step 4: Simplify the process model — In order to simplify the process, the initial
number of bottles is kept above zero. The pump flow rate from the storage tank
subsystem acts as the handle which can be varied to meet the constraints.

e Step 5: Apply a suitable optimization technique — On analyzing the objective
function, process variables and the constraints, it is noted that they exhibit a non-
linear relationship. Since the modelling is done with Simulink, the optimization can
be done using MATLAB.

The Optimization ToolBox™ in MATLAB [21] offers variety of functions to solve
the different types of optimization problems. Step 5 described in the problem formu-
lation localizes the problem in this paper to focus on analyzing constrained nonlinear
optimization techniques.

There are mainly three functions available in MATLAB for nonlinear constrained
optimization. They along with their specific purpose is listed as follows;

e fminbnd — Finding minimum variable function on fixed intervals

e fmincon — Find minimum of constrained nonlinear multivariable function

e fseminf — Find minimum of semi-infinitely constrained multivariable nonlinear
function

It is evident that in the listed MATLAB functions, finincon, is best suited for the
plant model optimization as it accommodates the minimizing of nonlinear objective
equations with constraints and multivariable functions. The fmincon function has the
following syntax;

x = fmincon(fun,x0,A, b, Aeq, Beq, b, ub, nonlcon, opt)

Where,

x0 = starting point of minimization

fun = function to minimize

b and beq are linear constraints

A and Aeq are nonlinear constraints

Ib = lower boundary of constraint

ub = upper boundary of constraint

Here, the syntax needs x0, a starting point for the minimization. This is kept at 0.1.
Next it needs a lower and upper boundary for the pump flow rate, which is the handle.
This will ensure that the solution is always within the range of Ib < x < ub. Here,
Ib = 0 and the ub = 1. As there are no inequality constraints, Aeq = [] and beqg = [].

5 Results and Discussion

This section presents the results of the work described. This is done by comparing the
non-optimized and optimized pump flow rate against the constraints defined in the
problem formulation. Firstly, the customer requirements as obtained from the cloud
server for this set of tests are shown in Table 1.
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Table 1. Customer requirements table as per the input from the cloud server.

Customer Number of 500 ml Number of 500 ml Required date and time
number bottles required bottles required of delivery

1 100 100 16-Jan-2019 15:00

2 85 95 16-Jan-2019 15:00

3 120 120 16-Jan-2019 15:00

4 100 150 17-Jan-2019 15:00

5 120 150 17-Jan-2019 15:00

6 79 69 17-Jan-2019 15:00

Secondly, the pump flow rate, which acts as the handle, is varied. A set of three
tests are done on the inputs shown in Table 1. The first two being with manual, non-
optimized pump flow rates and the third one a model generated, optimized flow rate.
The flow rate can be varied between 0 m/s to 1.0 m/s.

As a first test, the model is provided with a manual pump flow rate of 0.6 m/s. The
assumption here is that with a high flow rate the orders will be completed at a fast rate.
The result of this test is given Table 2.

Table 2. Customer requirements table with non-optimized delivery date with pump flow rate at
0.6 m/s

Customer Number of Number of Required date Non-optimized date
number 500 ml bottles 500 ml bottles and time of and time of delivery
required required delivery
1 100 100 16-Jan-2019 15:00 | 16-Jan-2019 02:54
2 85 95 16-Jan-2019 15:00 | 16-Jan-2019 03:14
3 120 120 16-Jan-2019 15:00 | 16-Jan-2019 03:42
4 100 150 17-Jan-2019 15:00 | 17-Jan-2019 12:07
5 120 150 17-Jan-2019 15:00 | 17-Jan-2019 16:37
6 79 69 17-Jan-2019 15:00 | 17-Jan-2019 17:01

It can be deduced from Table 2 that first four orders (Customer’s 1, 2, 3 and 4) are
completed before the required date of delivery. However, the last two orders (Cus-
tomer’s 5 and 6) are not completed on time. This is owing to the fact that the high water
flow rate has resulted in the water in the tank being depleted. Therefore, the assembly
line process has to be halted to allow for the tank to be replenished.

After the tank has been replenished, the assembly line process continues, but the
time lost during the replenishing cannot be made up and hence the customer orders 5
and 6 fall behind of schedule. A GUI depicting the status of the constraints using
gauges is shown in Fig. 4. It can be seen here that the gauge showing tank level has
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gone below 25%. This is a fail as in the problem formulation the first condition was that
the tank level should not go below 25%.
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Fig. 4. GUI showing the status of the constraints at 0.6 m/s pump flow rate

The second tests had the model being provided with a manual pump flow rate of
0.1 m/s. The assumption here is that the slower pump flow rate would result in the
constraints being met and therefore the orders will be completed in time. The result of

this test is given Table 3.

Table 3. Customer requirements table with non-optimized delivery date with pump flow rate at

0.1 m/s

Customer Number of Number of Required date Non-optimized

number 500 ml bottles 500 ml bottles and time of date and time of
required required delivery delivery

1 100 100 16-Jan-2019 15:00 | 16-Jan-2019 12:50

2 85 95 16-Jan-2019 15:00 | 16-Jan-2019 13:23

3 120 120 16-Jan-2019 15:00 | 16-Jan-2019 21:25

4 100 150 17-Jan-2019 15:00 | 17-Jan-2019 07:14

5 120 150 17-Jan-2019 15:00 | 17-Jan-2019 13:26

6 79 69 17-Jan-2019 15:00 | 17-Jan-2019 15:53

It can be seen from Table 3 that the rate of completing the orders is much slower in
this instance. This is evident in that customer orders 3 and 6 are not completed within
the required time. However, unlike with the previous test, all constraints are met in this

test. This is depicted in Fig. 5.
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Fig. 5. GUI showing the status of the constraints at 0.1 m/s pump flow rate

The instances where production time exceeds the allotted time is termed as positive
drift [3]. These tests and results put a strong emphasis for the need for a robust
optimization function for this model. The optimization should be able to meet all
constraints while ensuring that the required delivery dates are met.

As described in the problem formulation in Sect. 4, the MATLAB optimization
function, fmincon, is applied on the model. The syntax defined in the problem for-
mulation is expanded out as follows;

[xOpt, TTMOpt| = fmincon(fun, [0.1;0.1], ], [], [], [I, [0; 0], [1; 1], funConstr, opt)

Here, the starting point of the pump flow rate and the lower and upper boundaries
of the constraint are defined. The starting point is defined as 0.1 and the lower
boundary is 0, while the upper boundary is 1. XOpt is the optimized pump flow rate
which will meet the defined constraints and 7TMOpt is the ‘Time To Manufacture’
with optimized pump flow rate.

After completing the optimization, the frmincon function does a further check to test
the robustness of the model by adding 0.001 to the optimized pump flow rate. The
check should meet the constraints as before to ensure the model is robust and not prone

to even the minutest of changes. The result of the optimization is summarized in
Table 4.

Table 4. Customer requirements table with optimized time and date of delivery

Customer Number of Number of Required date Optimized date
number 500 ml bottles 500 ml bottles and time of and time of
required required delivery delivery

1 100 100 16-Jan-2019 15:00 | 16-Jan-2019 02:54
2 85 95 16-Jan-2019 15:00 | 16-Jan-2019 03:30
3 120 120 16-Jan-2019 15:00 | 16-Jan-2019 04:26
4 100 150 17-Jan-2019 15:00 | 16-Jan-2019 05:17
5 120 150 17-Jan-2019 15:00 | 16-Jan-2019 06:42
6 79 69 17-Jan-2019 15:00 | 16-Jan-2019 08:47
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The optimized pump flow rate for this specific set of inputs was 0.36. It can be seen
here that at the optimized pump flow rate, all the customer orders are met well before
the required date and time of delivery.

On further analysis, the constraints such as the level of water in the tank and the
number of bottles available in the inventory are met on completion of the orders. The
status of the constraints is depicted in Fig. 6.

Fig. 6. GUI showing the status of the constraints at 0.1 m/s pump flow rate

6 Conclusion and Future Work

This study was necessitated due to the limited research done on Real Time Opti-
mization of Multi Mixed Stochastic assembly lines. In order to facilitate this study, a
case study was chosen.

The case study was on a water bottling plant that can manufacture 500 ml and
750 ml with real time customer inputs provided through a web server. The paper
initially describes how the plant was modelled on Simulink. Secondly, the paper shows
how a web app was developed on MATLAB and finally how the optimization problem
was formulated.

The results of the paper initially discuss how a set of orders received through the
web server is completed using a manual pump flow rate. Two sets of pump flow rates
were chosen for test purposes. The first pump flow rate was chosen to be 0.6 m/s and
the second pump flow rate was chosen as 0.1 m/s.

The first test instance showed that the first few orders were completed at a rapid
pace. However, this resulted in the water in the tank being depleted at a fast rate. This
meant that after the first few orders had been completed, the process had to be halted
for the water in the tank to be replenished. This eventually resulted in two orders not
meeting the required delivery date and time. These results are summarized in Table 2
and Fig. 4.

The second test, which used a slower pump flow rate, resulted in all constraints
being met as depicted in Fig. 6. However, like in the first instance, a few orders were
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not met as per the required date of delivery and time. This is evident from the data
shown in Table 3.

The required date of delivery was not met in both instances and necessitated the
need for optimization. The MATLAB optimization function finincon was used to
optimize the production time based on the customer inputs and the required date of
delivery. It was seen that the required delivery date and the constraints were met upon
optimization. This is depicted in Table 4 and Fig. 6.

This proves that optimization technique used in this study was successfully able to
reduce the production time for a mixed model stochastic assembly line with real time
inputs. As part of future work, to establish the veracity and robustness of the model,
numerous sets of inputs with various scenarios as far as the required date of delivery
and number of orders needs to be applied to the model. The number of constraints,
three in this study, could also be increased to see the stress it creates on the model.

The results of the suggested tests, as part of the future work, can add valuable
insight into the field of mixed model stochastic assembly line balancing. The results
could also determine if this model can be tested on an existing manufacturing plant and
form part of creating an industry standard that can be used in future to combat problems
related to positive drift.
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