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ABSTRACT
Production systems such as the CONWIP (constant work-in-process) pull production
system have been widely studied by researchers to date. The CONWIP pull production
system is an alternative to pure push and pure pull systems that lowers and controls
inventory levels and reduces production lead time. In this study, a CONWIP pull
production system was simulated in place of the current push production system at a
food packaging company. ARENA 12.0 simulation software was used and a production
system with two dedicated production lines was proposed to reduce the current
system's complexity. A method for obtaining the optimum CONWIP level was
determined. Various advantages of the CONWIP pull production system were analyzed
and it was found that besides a reduction in planning complexity, the proposed two
dedicated lines with CONWIP pull production system can also help the company to
greatly reduce their total WIP and achieve inventory holding costs savings of over
S$38,000 per month. In addition, the total customer lead time can also be reduced from
12 days to 10 days while still meeting customer demand.

Thesis Supervisor: Dr Stephen C.Graves
Title: Professor of Mechanical Engineering and Engineering Systems
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CHAPTER 1: INTRODUCTION
1.1

Organization of Thesis

This thesis is divided into six chapters. A general background of Company A is
introduced in the first chapter. Problems with the current production system are described
in Chapter 2. Besides the problem description, the objectives and scope of this project are
also included in this chapter. Chapter 3 presents a literature review of studies on
production systems and simulation techniques. Chapter 4 encompasses the methods used
to identify and analyze the problem. In Chapter 5, results and discussion of this study are
presented. Chapter 6 concludes this paper with findings and recommendations. Finally,
Chapter 7 presents opportunities for further research.

1.2

Company Background

Company A is a multinational food processing and packaging company of Swedish origin.
Founded in 1951, it is one of the largest manufacturers in the food processing and
packaging

industry. Company A provides integrated processing, packaging

and

distribution lines as well as plant solutions for liquid food manufacturing. Today, the
business spans more than 150 countries with 43 packaging material production plants
worldwide.

Company A, Singapore (CAS) was established in 1982. Once producing both finished
and semi-finished packaging materials, now CAS manufactures finished packaging
material for customers in 19 countries. CAS and Company A, Pune, in India are the
production plants in the South and Southeast Asia Cluster. In year 2007, CAS received
the Manufacturing Excellence Award (MAXA) for overall excellence in innovations,
operations and sustainability as well as its World Class Manufacturing (WCM) approach
to ensure operational improvement and downtime minimization.

Due to the increase in complexity of Company A's supply material plants worldwide and
increase in both complexity and number of products, Company A has been focusing on
improving their supply chain and production efficiency.
Page 19
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1.3
Company Products
Company A is one of the world's major packaging providers. It offers a wide range of
packaging products, filling machines, processing equipment, distribution equipment and
services. Figure 1.1 shows the major products of Company A.

Ambient Packages

Chilled Packages

Figure 1.1: Major Products of Company A

The packages in Figure 1.1 are used for food items like milk, juice and soy products. A
design service is also available for customers. Each package is made of 6 layers of
materials, including aluminum, paper and polyethylene, to prevent spoilage of the content.
The base material for each package is paper that provides structure and support to each
package. After the design is printed onto the paper, the paper will be coated with a layer
of aluminum foil, which makes the pack aseptic and preserves the flavor of the content.
Four layers of polyethylene will also be coated onto the paper. The outside layer prevents
damage from moisture; the adhesive layer between the paper and aluminum foil provides
structure support and two protective innermost layers seal the liquid content. The layers
of the package and their respective functions are shown in Figure 1.2.
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1. PE - protects against outside

5

moisture &enhance appearance 3
2 Paper - for stability and
strength

2

3.PE - adhesion layer
4. Aluminium foil - oxygen,

flavour and light barrier
5. PE - adhesion layer
6 PE - seals the liquid

Figure 1.2: The Different Layers of a Package

There are 10 classes of packages available. They are Brik, Brik Aseptic, Prisma Aseptic,
Gemina Aseptic, Fino Aseptic, Classic Aseptic, Wedge Aseptic, Rex, Top and Recart.
Different sizes are offered for each class of package, while the polyethylene layers are
different for different carton content.

Currently, different products are distinguished by the system code, size code, quality
code and design code. The system code defines the class of the package, which describes
whether the carton is aseptic, refrigerated or ambient. Different classes require different
creasing in the printing stage. System codes also have a suffix indicating the content of
the carton (juice or milk), which would affect the laminating stage since different
contents require different polyethylene formulations. The size codes indicate the volume
of liquid contained by the package and its shape (slim, base, square). Thus it describes
two attributes and affects the printing, slitting process and sorting on the laminator.
Products with the same size code would have same overall width and therefore, same
number of webs. Quality codes determine the type, thickness in grams per square meter
and the brand of paper used. Lastly, design codes describe a single attribute, that is the
design of the product.
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Compared with other factories of company A, CAS offers a large range of different CA
pack products. Currently, around 20 different products of different package classes,
carton sizes and polyethylene formulations can to be produced in CAS.

Markets and Customers
1.4
Positioned in Singapore, CAS efficiently serves customers in the South and South East
Asia cluster. There are also customers from Europe and the Middle East. In total, CAS
ships its finished products to customers in 19 different countries, as shown in Figure 1.3.

Fr.Pdoneda
W
OF MEW

d

Figure 1.3: Markets Served By Company A

The customers of CAS currently need to place their orders through a CAS market
company. The market company has a sales office in the customers' respective country.
They take orders from beverage producing companies and then receive and distribute the
finished products to the customers.
Currently, the Thailand market is the largest by volume, followed by Malaysia, Indonesia
and Vietnam. Most of the products are shipped to the customers by sea. At the moment,
only the Malaysia market is being served by truck freight. For most shipping routes, the
containers are only picked up from Singapore ports twice a week and the shipping dates
are fixed. For example, for the case of the Thailand market, finished goods are shipped
Page 112

out on every Tuesday and Saturday. For the Malaysia market, the freight truck delivers
orders from CAS everyday. The details are documented in Table 1.1 below.

Table 1.1: Shipping Schedules

Australia

Thu, Sun

New Zealand

Tue, Thu

China

Mon, Thu

Pakistan

Mon

Hong Kong

Tue, Sat

dlippines,

Indonesia

Thu, Sun

audi Arabia

lapan

Sat

Korean

Mon, Fri

Malaysia

Daily

Niepal

VMon

Lanka

"ri

aiwan
hand
Viet Nam

Tue, Sat
Tue
Fri
Mon, Wed
Tue, Sat
Mon, Wed, Thu

From Table 1.1, we can see that the shipping to most markets is twice a week. For
Malaysia market, daily delivery is done by truck freight.

1.5

Company A, Singapore, Operations

The core corporate functions of CAS are the design, production, planning and purchasing
departments. There is also a market company operating in CAS' premises and this is an
independent entity from CAS. The market company is responsible for order management
and customer service. CAS' warehouse and delivery operations are outsourced to a third
party logistic company. An order flow diagram is illustrated below in Figure 1.4 to aid in
the explanation of the process of orders in CAS.
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*Customer order arrives by fax, mail, telephone, etc.

Figure 1.4: Order Flow Diagram

Page | 14

1.5.1

Design Department

After the customers' designs have been submitted to CAS's design department, the
design department reviews and adapts these designs to suit CAS's production systems.
When faced with difficulty, the customers do receive assistance from the design
department in designing the carton. Once the design is confirmed, the design is broken
down according to the component colors. The process colors are Cyan (C), magenta (M),
yellow (Y) and black or key (K). Special or spot colors may also be used to obtain
specific shades of color. The number of spot colors can vary from none to seven. A sales
order can only be made once the design is confirmed.

1.5.2

Planning Department

The planning department at CAS is responsible for materials planning and production
planning.

1.5.2.1 Materials Planning
Materials Requirement Planning does the ordering of the raw materials needed for
production. The base materials ordered are paper, polyethylene and aluminium foil with
many types of variants in terms of grade and size. The purchasing department is
responsible for acquiring the additional materials such as water based inks, pallets and
tapes that are used for production as they are relatively low volume and low cost.

Company A International (CAI) is the parent body of CAS. CAI issues the annual global
forecasts for number of packs and marketing directives. CAI's Global Supply places
blanket orders on the basis of the annual forecast for each of the converting factories with
the suppliers in order to obtain economies of scale and to pool the variation in demand.
The converting factories then place the actual orders with the suppliers to withdraw from
the blanket order placed initially.
In addition, monthly forecasts are also issued and updated regularly. As the lead time of
raw materials is very long, the ordering is done well in advance. The ordering is done on
a weekly basis as this time period coincides with the frequency of dispatch. A continuous
review method is used to determine the order quantities. The re-order point is set at
Page 1 15

approximately 40% of the monthly demand while the order up-to point is around 60% of
the monthly demand.

1.5.2.2 Production Planning
The production system of CAS is a make-to-order one. The production schedule is
drafted only upon receipt of a production order from the sales department. The
scheduling is done on the SAP based P2 system and the current production lead time is
around 12 days. Planning is based on the delivery due date. CAS uses three core
machines for their processes. They are the printer, laminator, and slitter. On each of the
three machines, the orders are grouped together based on certain criteria to minimize
setups. The grouping for the printer is done on the basis of size and shape. The criterion
for the laminator is the overall width of the roll. Lastly, the slitter orders are arranged
based on pack width.

A block scheduling system is used to plan the production schedule. In this collaborative
planning, the planning department generates a weekly production schedule with blocks
according to width of the paper rolls. This is to reduce the number of setups at the
laminator. Customer orders are then fit into the blocks. The latest order date for the
customers is 4 days before the production cycle starts. The production cycle starts on
every Monday. Thus, the customers must place their orders by Thursday of the previous
week. The estimated delivery date is 3 days after the end of the production cycle.
Therefore, the products will be ready on the Wednesday after the production cycle. The
customers will be able to place orders many weeks earlier. However, when the orders are
placed too early, the orders would be kept in the system and be produced in the
subsequent production cycles. An illustration of the block planning system in days is
shown below in Figure 1.5.
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4 days

7 days
M

T

Latest order
date

W

TH

3 days
F

S

Production cycle

S
Estimated
delivery date

Figure 1.5 Block Planning System

However, some customers tend to place last-minute orders, which create disruptions to
the planned production schedule and will hence lower the equipment efficiency. These
last-minute orders are urgent orders that are placed within I to 3 days before the start of
the weekly production cycle in which it needs to be produced. Also, when the current
production schedule has been completed ahead of time, the planning department would
also bring forward some orders with due dates in the future weeks to fill up the empty
block in the block schedule. By doing this, the equipment efficiency is improved;
however, this advanced production will also result in higher work in process (WIP) and
finished goods inventory.

1.5.3

Production Department

The Production Department performs the major manufacturing processes to produce the
packing materials. The 3 major processes in CAS are printing, laminating and slitting.
Before printing, a pre-press process has to be carried out, and after slitting, a doctoring
process sometimes needs to be done. An overview of all the production processes is
shown in Figure 1.6.
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PRODUCTION PROCESS

PAPER BOARD

WATER BASEDINK

Pm)

LAMINATING

PALETIZING

POLYETHYLENE

ALUFO1L

SLIrTTT
SLITTING

Figure 1.6: An Overview of the Manufacturing Processes

1.5.3.1 Pre-Press Process
This is the first stage in the production process. In the pre-press stage, the clich6s for
printing are prepared from the negatives. The clich6s are polymeric stamps with elevated
portions for the areas to be printed. These clich6s are prepared on photopolymer plates
through a process of controlled exposure to UV light. There will be a clich6 prepared for
each color used for printing. After which, the clich6s are mounted onto a sleeve with a
rotating spindle. The number of clich6s mounted on one sleeve depends on the width of
the individual pack and the paper roll. This corresponds to the number of webs. A clich6
used for printing is shown below in Figure 1.7. Figure 1.8 shows the mounted sleeves.

Figure 1.7: Clich6 Used For Printing
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Figure 1.8: Mounted Sleeves
1.5.3.2 Printing Process
In the printing stage, the flexography method is used. This is a method of direct rotary
printing that uses resilient relief image plates of photopolymer material. The design
pattern on the clich6s is reproduced onto the paper board by rotary contact of the paper
roll with the stamp. Water based ink is used. The incoming paper roll is loaded on the unwinder, which opens it up and feeds it to the printing stations. An illustration is shown in
Figure 1.9.

Ink transferred
from plate to

paper

Impression
Cylinder

Plate
Cylinder
Ink transferred
from anilox to
plate

I

Doctor
Chamber

-

-,/

PIIIIUA

Cylinder

Figure 1.9: The Printing Process
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There are seven stations on the printer. Each station holds the sleeves and the water based
inks for one of the colors of the design. Depending on the design colors, some of the
stations may be idle for a design as not all colors are used for every design. A colored
image is formed by 4 process colors, Cyan (C), magenta (M), yellow (Y) and black or
key (K). The different colors are then superimposed one over the other to get the
complete final printed design.
Fold creases for the produced cartons are also formed during the printing process. The
purpose of creasing is to enable proper folding of the pack during the filling stage at the
customer site. The tool is used to form creases and also to punch the holes for straws. For
routine printing, flexographic technology is used. For higher resolution designs, CAS
uses offset printing, which is more expensive compared to flexography.
Machine Speeds
There are two printers in CAS, Printer 13 (P13) and Printer 18 (P18). The 2 printers are
identical and hence have the same operating machine speeds. Both printers can run from
300m/min to 600m/min.
Failure Rates
The mean time between failures (MTBF) and average mean time to repair (MTTR) in
minutes for January to April 2010 are shown below in Table 1.2.
Table 1.2: Printer Failure Rates
P13
P18

MTBF (Minutes)
13,964
12,570

MTTR (Minutes)
61
63

Setups
Setups at the printing process occur for every order that requires a change of the sleeves
at the different print stations. A change of sleeves is needed for each change in design.
The old sleeves must be taken out first, followed by the mounting of the sleeves with the
new designs. The total average time for sleeve changes is 14.3 minutes. Sleeves can be
Page 1 20

...............
....

changed concurrently. In addition, a setup also has to be done whenever there is a change
in the packaging system of the product. For this, there needs to be a change of the
creasing tool. The average time to change a creasing tool is 33.5 minutes.
Sequence
The optimum sequence of the products being printed is planned based on size and shape.
This is to reduce the amount of setups due to the change of creasing tools which take a
relatively long time.

1.5.3.3 Laminating Process
Laminating involves the coating of aluminum foil and polyethylene (PE) layers onto the
printed paper. A roll is first unwound at the unwinder. It then goes through three stations
for the coating process. The last step is to rewind the laminated paper into a roll. In the
first station, a layer of aluminium foil is layered onto the printed paper. After which, PE
film is coated in the inner surface of the packaging material to prevent contamination and
leakage. The final station adds another layer of PE on the outer surface of the packaging
material to protect the paper. This process is shown in figure 1.10.
P e board

Al-foN

Laminator I
Laminate layer

Polymers

Laminator 2
inside layer

Laminator 3
D6cor layer

Figure 1.10: The Laminating Process
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Machine speeds
There are two laminators in company A. Laminator 21 (L21) and laminator 22 (L22)
have different operating machine speed. The two laminators can only run at a specific
range of speed in order to produce quality layers. L21 can run from 300m/min to
430m/min while L22 can run from 300m/min to 600m/min. The laminators are not run at
the fastest speed as CAS wants to keep the laminator on continuously until a breakdown
or a planned maintenance occurs. This is because starting up a laminator incurs a huge
drooling waste cost of approximately S$24,000 each time. This drooling waste cost is the
cost of wasted PE that is not used until the machine stabilizes. Therefore, the laminators
are run at a speed corresponding to the amount of orders to be processed each week, to
prevent the laminators from being idle at anytime.
Failure rates
The mean time between failures (MTBF) and average mean time to repair (MTTR) in
minutes for January to April 2010 are shown below in Table 1.3.
Table 1.3: Laminator Failure Rates
L21

122

MTBF (Minutes) MTTR (Minutes)
57
13,011
65
11,185

Setups
There are two major product families - juice and milk. They account for about 97% of all
the products. L21 can only produce juice products while L22 can produce both juice and
milk products. Low density PE is used for milk products while high density PE is used
for juice products. Within a product family, the laminator could use the same setup as the
materials used for the layers are the same. When there is a change in the product family, a
major setup change is required to change the type of layers used. This setup would take
40 minutes. A minor setup is required within a product family due to the different width
of coating required. The setup time required for the change in width is sequence
dependent. When the width is changed from narrow to wide, the setup time is 30 minutes.
When the width is changed from wide to narrow, the setup time is 20 minutes.
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L22 has the ability to do a setup in approximately 0 minutes when the width change is
from wide to narrow and the width change is less than 20mm. This is called the flying
setup. The flying setup permits the changeover without having to stop the machine. It
only requires the machine to reduce its run speed, change the size of extruder and sleeves,
then ramp up the run speed again. Thus, there is negligible time lost in the setup. The
setup time is shown in Table 1.4. The PE is made to flow continuously during the setups
so that the layer can reached the required quality. However, the PE is wasted during the
setup since the PE is not coated onto the paper. The wasted PE is called drooling waste.
The drooling waste is $48.90 per minute.
Table 1.4: Setup Time on L21 and L22.
Typeof
stupL21
Type(minutes)

Setup time

L22 Setup time

(minutes)

Product family
Width (narrow to wide)
Width (wide to narrow, >20mm)

40
30
20

40
30
20

Width (wide to narrow, <20mm)

20

0 (flying setup)

Sequence
The sequence of the production is planned to minimize the setup in the laminating stage.
This is due to the high cost of drooling waste. The printer and slitting stations do not have
setups that have significant costs. The production sequence is to first group the product
families together. Secondly, within the product family, the products are arranged from the
widest to the narrowest. The printing and slitting stations production sequence follow this
laminating sequence.

1.5.3.4 Slitting Process
The paper roll can have 4, 5, 6, 7, 8 or 9 webs (columns) depending on the product size.
The slitting process cuts the entire roll into reels of a single pack width so that they can
be fed into the filling machines at customer production plant. The rolls are unwound, slit
using a row of knives and counter-knives and then rewound to form reels. The reels are
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then grouped into defective reels and non-defective reels. Defective reels are reels that
consist of at least one defect and these reels need to go through the doctoring process to
have the defects removed. Non-defective reels are reels which have no recorded defects
throughout all the processes and they do not need to go through the doctoring process. A
schematic diagram of slitting process is shown in Figure 1. 11.

Figure 1.11: Process of Slitting Station
Machine speeds
There are 4 slitters in Company A. The minimum, maximum and the current average run
speed is shown in Table 1.5. The machine speed of the slitters is much faster as compared
to that of the printing and laminating stations. However, the current average run speeds
are much lower than their maximum speeds. The slitters are not run at the maximum
speeds at all times because there is a need to ramp-up and ramp-down the slitters during
the slitting process. Hence, at certain times the slitters are running at a high speed, and
certain times at a lower speed. This is a requirement for the slitters to work.
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Table 1.5: Machine Speed for Four Slitters.
S52S5S5S5

in)

30

30

30

30

1000

800

1000

1200

232

227

240

251

Failure rate
The mean time between failures (MTBF) and average mean time to repair (MTTR) in
minutes for January to April 2010 are shown below in Table 1.6.
Table 1.6: Slitter Failure Rates
MTBF (Minutes) MTTR (Minutes)
552

15,982

11

S53

18,548

9.5

S54
S55

19,403
18,001

9
6.5

Setup
The types of products that can be slit by each of the four slitters are shown in Table 1.7.
Slitter S54 and S55 can slit any type products. However, there are some limitations on
slitter S52 and S53. A highlighted cell means that the slitter is able to produce that
particular product.
Table 1.7: Type of Products that can be Slit by Each Slitter.
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330 Slim
200 Mid
250 Slim
1000 Slim
200 Slim
375 Slim
200 Mini

375 Slim
1000 Carton
Bottle
Two types of setup can occur at the slitter stations and the setup time is the same for any
slitter. The first is the change of the number of webs to be slit. This would involve the
positioning of unwinder and rewinder arms, changing of knives and counter-knives and it
would take 60 minutes. The second type of setup is due to the difference in the stiffness
of paper board. This would involve the positioning of knives, counter-knives and
rewinder arms and it would take 15 minutes.
Sequence
The optimum sequence of the slitting process is to have products of the same width
grouped together to minimize the setup. The sequence dictated by the laminating process
has already grouped products of the same width together from widest to narrowest. Thus,
there is no conflict of the optimum sequence between the laminating and the slitting stage.
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1.5.3.5 Doctoring Process
After the slitting process, the defective and non-defective reels are separated. The nondefective reels would be kept at the shop floor and the defective reels would be doctored.
Doctoring or rework is the process of removing the packs with defects from the reels.
Approximately 30% of the reels require doctoring. These defects are due to any of the
upstream processes and they are removed collectively at this stage. There are 14
doctoring stations after the slitting process. Each doctoring station would have an
operator to find the defects and remove them using a machine. If a defect is spotted at any
point along the length of a reel, the defect would be removed together with parts of the
reel within 5 meters in length on either side of the defect. One reel could be doctored
every 24 minutes on average by an operator. However, as it is more of a manual process,
the doctoring of a reel could take up to 2 hours.

1.5.3.6 Palletizing Process
The doctored reels would join the non-defective reels to be palletized. Palletizing is the
process of stacking reels together on a pallet and wrapped with a plastic layer. There
would be 6 reels on the pallet on average. The palletizing time is 8 minutes. The
palletized reels would be transported to the warehouse and await delivery. These
palletized reels are handled solely by a third party logistics company from this point
onwards.

1.5.4

Storage and Warehousing

CAS' in-house warehouse is shared among raw materials; work in process (WIP) and part
of total finish good inventory (FGI). Currently, the in-house warehouse is managed by a
third-party logistics company.

The current daily FGI level is around 1000 rolls (converted from pallets), among which
up to 600 rolls are stored in the internal warehouse. Each roll is approximately 5513
meters long and it takes up about 3 pallets. The current daily FGI level of about 1000
rolls is approximately equal to about 6 to 7 days of inventory as CAS produces
approximately 130 to 150 rolls per day on average. The external warehouse is engaged
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when there is not enough space. The floor layout and capacity for each category of
inventories are illustrated in Figure 1.12. As we can see from the figure, the full capacity
for WIP is approximately 500 rolls only. Yet currently, average WIP levels can reach
over 1000 rolls, not including raw material rolls. The raw material rolls are stored in a
huge container yard beside the warehouse and it can hold up to 800 rolls of raw material.

Capacity

Capacity

1800

FG Storage Area (Pallets)i

Paper Storage Area (Rolls)

700

100

Alurn Foil Storage Area
(Crates/Boxes)

WIP Storage Area (Rolls)

500

70

Additional Storage Area

200

(Pallets)

Doctor Reels Storage Area
(Palle ts)
j

100

Malaysian Picking and Storage
Area (Pallets)

Total Warehouse Storage Space

Figure 1.12: Capacity of Warehouse
The movement of raw material, WIP and FGI between the production floor and in-house
warehouse is facilitated by the laser guided vehicles (LGVs). These vehicles can move a
roll at a time and they are programmed to follow a specific route. Forklifts and clamp
trucks are used for the movements of the rolls within the in-house warehouse.

1.5.5 Purchasing Department
The purchasing department at CAS is responsible for the purchase of additional materials
and indirect services. Examples of additional materials include inks, pallets, cores, straws
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etc. Indirect services mainly refer to equipment maintenance, electricity, and water
utilities. The base materials comprise 60% of the total monetary value spent by the
purchasing department, while additional materials and indirect services make up the
remaining 40%. There are more than 10 suppliers for the additional materials and more
than 500 providers for indirect services. The purchasing department reviews all the
suppliers regularly and will provide assistance when the suppliers are underperforming.
The purchasing department has a well-established system to source for alternative
suppliers. Hence, suppliers who consistently underperform will be substituted.
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CHAPTER 2: PROBLEM STATEMENT
2.1
Problem Description
High WIP
Due to increase in demand, CAS has been producing over 4800 rolls per month since
March 2010. CAS' marketing company has projected that sales will be growing at 12
percent annually. Therefore, CAS needs to produce over 5300 rolls per month by March
2011. Due to the increasing throughput, CAS' WIP has been continuously increasing.
Currently it has an average WIP inventory of 4 days between the printing process and
laminating process. The WIP between the laminating process and slitting process is
around 2 days inventory on average. All the WIP are stored in CAS' internal warehouse.
Apart from storing WIP, CAS' internal warehouse also stores part of the raw paper and
finish goods. Fixed space is assigned for each inventory categories. However, due to the
increase in the WIP level, the in-house warehouse has already reached its full capacity.
Therefore, CAS needs to modify its production system in order to reduce its WIP level to
be able to accommodate all its inventories.
Long Lead Time
Currently, there is a total customer lead time of 12 days. The production lead time takes
up about 10 of these 12 days. This long lead time is mainly due to the long waiting time
between processes. The current practice at CAS is to transport all WIP into the
warehouse to be stored after each process is completed. Only when the next process is
ready to be carried out would the WIP then be transported back onto the factory floor. An
illustration of the lead time is shown below in Figure 2.1.

1 day

4 days

<0.5 day

3 days

<1.5 days

Figure 2.1: Production Lead Time
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Furthermore, there is a high risk of customers switching to competitors for their shorter
lead time. Hence, this long customer lead time of 12 days is a problem for CAS.

Complexity
The products are highly customized. Thus, there are many different kinds of products.
The current production process is a mixed flow process such that a product can flow to
almost any station downstream. This mixed flow production process is shown below in
Figure 2.2. The boxes represent machines, the triangles represent WIP inventories and the
arrows represent where the products can flow after each process and after being stored as
WIP. Thus, any sequence of machines is possible.

P13

L21
L21

S52

S54

Figure 2.2: Current Mixed Flow Production Process

The allocation and sequencing of the products is a manual process. It is highly dependent
on the judgment of the planner. There would be cases where customers placed rush
orders and these orders have to be inserted into the planned sequence. It is difficult to
insert such orders as the planner has to plan a new production route for these orders.
Since it is a mixed flow production, the rush orders affect the production of other orders.
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2.2

Project Objective

In this project, the author aims to improve the manufacturing system of CAS by the
following means:
*

Reduce the high level of WIP to a suitable level which the CAS' internal
warehouse can accommodate.

e

Improve the customer lead time so that CAS can stay competitive in this aspect.

e

Reduce the complexity of the production system so that easier planning can be
done.

2.3
Scope of Project
This project only concerns CAS and is only aimed to benefit CAS. All data provided to
the author is pertaining to manufacturing in the CAS factory alone.

This project consists of 2 parts. The first part is done together as a group of 3 authors.
The second part will consist of each of the authors' own individual projects.

This author's project consists of a proposed CONWIP pull production system with two
dedicated lines for CAS. This proposed system is evaluated by means of computer
simulation. A simulation is selected to be done as it can effectively aid in management
decision making by allowing the author to visualize and analyse the possible effects of
changes and different configurations of the system before they are implemented in any
situation. Two dedicated flow lines will be simulated in the project.

A pull system will be analyzed in this simulation. Specifically, a Constant-work-inprocess (CONWIP) pull system will be used for the simulation. The aim of this
simulation is to determine if this production system will result in lower WIP levels and
shorter lead times as compared to the current push production system while still meeting
demand. Through this project, the optimum amount of WIP in the total system will be
determined. The author's teammate, Xi He, will be discussing in her thesis [1] the various
ways of grouping products, while another teammate, Kevan Yong Cai Chim, will discuss
in his thesis [2] the idea of an alternative proposed CONWIP pull production system.
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CHAPTER 3: LITERATURE REVIEW
3.1

Introduction

One of the more critical decisions that managers of manufacturing companies have to
make is to decide on what production control system is the most appropriate for their
companies. As manufacturing industries have become increasingly competitive in recent
years, production managers have to come up with effective manufacturing systems so
that they can better gain competitive advantage to survive the tough competition.

This chapter presents the research results by various researchers on production control
systems. In the following sections, an explanation of the push and pull production
systems will be given. After this, the Kanban and Constant work-in-process (CONWIP)
pull systems will be discussed and compared. Next, a brief literature review on
simulation will be provided, followed by an introduction to the simulation software being
chosen for this study. Finally, there will be a summary of all the literature review
presented here.

3.2

An Overview of Production Systems

Production systems are used to control the movement of products through the
manufacturing process. A push system is defined by make to stock and a pull system is
defined by make to order [3].

Make-to-stock is a manufacturing strategy in which products are manufactured according
to a forecast. The aim of the make-to-stock strategy is to produce products at a low cost.
In this environment, one or more slightly varied products are manufactured according to
the forecast and stocked [4].

On the other hand, make-to-order is a manufacturing strategy where the products are
manufactured according to the needs, requirements, and specifications of the customer. In
this environment, the demand controls the flow of materials in a production line. Maketo-order is an environment where product variation takes place in response to specific
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customer orders. The customer lead-time for make-to-order products is higher than that
for make-to-stock products [4].

3.2.1

Push vs Pull Production Systems

A push system schedules the release of work based on a demand forecast. In a push
system, parts are being pushed into the system as soon as they arrive to the system. The
parts are processed irrespective of the system status. The production orders are released at
the first stage and then the order is pushed through the production system. The jobs are
released according to a master production schedule. The manufacturing system is
controlled by the release rate of material resulting in a specific throughput [5]. When
parts are available in buffers, they will be processed and then pushed to the next buffer.
The next machine then pulls the part from the buffer when available and then pushes it to
the next buffer after processing. There is no limit on the buffer size for a pure push
system, so a continuous build-up of inventory in the system might occur. Throughput is
increased at the expense of a higher level of WIP and cycle time. The only way to control
the WIP level in the system is by controlling the parts that enter the system at the start.
Figure 3.1 below illustrates the push system. Information flow is in the same direction as
physical flow, which is downstream towards the finished goods inventory.

Raw
Matenal

N

(

-

------ 0o

Finished
Gods

Plysical Flow

iniumiatii

Fluw

Figure 3.1: Push Production System
On the other hand, in a pull system, parts are fed to the machines depending on the
system status and are not pushed to the system when they are available [5]. In this system,
production is triggered by demand. When a part is removed from the final inventory point,
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the last work station in line is given authority to replace the part. Parts are pulled by the
machines depending on the request from the next downstream workstation. Thus, each
machine will get a request from the next workstation and depending on that, the machine
in turn will send a request to its upstream work station to send parts to it for processing.
In a simulated comparison between push and pull systems, Sarker and Fitzsimmons [6]
observed that a pull system always generates lesser WIP. This is because although one
doesn't explicitly assign a limit on the WIP for the pull system, the part flow itself will
put a limit on the level of WIP. In addtion, a pull system can be modelled as a closed
queueing network, while a push system is modelled as an open queueing network. As
such, the WIP, average flow time and the variance of the flow time in pull systems tend
to be less than that of push systems. Furthermore, it was observed that pull systems are
easier to control because pull systems control WIP while push systems control throughput

[7].
The Kanban and Constant Work-in-Process (CONWIP) system are two different pull
systems that will be explained in the next two sections. Figure 3.2 illustrates the pull
production system. Information flows upstream from the finished goods inventory
towards the raw material inventory.

Materal

-

Goods

..

+---

Physical rlow
InformationFlow

Figure 3.2: Pull Production System

3.2.2

Kanban Pull System

Kanban is a well-known pull control system that has been used in manufacturing
organizations first under the heading of the Toyota Production System, then as Just-In-

Page | 35

Time, and later as lean manufacturing [8]. Kanban means sign board. A kanban can be a
variety of things, most commonly it is a card, but sometimes it is a cart, while other times
it is just a marked space. In all cases, its purpose is to facilitate flow, bring about pull, and
limit inventory [9].

A Kanban system can be seen as a closed queuing network with

blocking. Jobs circulate around the network indefinitely.

A Kanban pull system uses card sets to tightly control WIP between each pair of
workstations. Total system WIP is limited to the summation of the number of cards in
each card set. Each production card acts exactly like a space in a finite buffer in front of
the workstation. The upstream workstation is blocked when the buffer is full. Production
occurs at a workstation only if raw material is available and the material has a card
authorizing production. Material is pulled through the system only when it receives card
authorization to move.

Figure 3.3 shows a Kanban system. Each Kanban card set between workstations
authorizes material to be pulled into the upstream workstation for processing and delivery
to the downstream workstation. For example, card set 2 (between Workstations 1 and 2)
authorizes an order in the paperwork queue before Workstation 1 and raw material to be
released for processing at Workstation 1, and delivery to Workstation 2 [10].

Customer
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Figure 3.3: Kanban Pull System

3.2.3

Constant Work-In-Process (CONWIP) Pull System

In the CONWIP pull system, the focus is on keeping the total WIP inventory level
constant in the entire system as compared to a Kanban control system where emphasis is
placed on controlling the inventory level constant at each workstation. The CONWIP pull
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system was first introduced by Spearman et al. in 1990 [11]. Hopp and Spearman [12]
define CONWIP as a pull system that operates like a Closed Queuing Network, in which
the customers or the jobs never leave the system, but circulate around the network
indefinitely.

Unlike the Kanban pull system, a CONWIP pull system uses a single global set of cards
to control total WIP anywhere in the system. Material enters a CONWIP system only
when there is demand, and the raw material receives a card authorizing entrance into the
system. This same card is also the one that authorizes the material to move through the
system and complete production. When the final product leaves the system, the card is
released, allowing new material to enter the system as new demand occurs [10]. WIP is
not controlled at the individual workstation level in the CONWIP system, hence, total
WIP in the system is kept a constant as the cards limit the total amount of work that can
be anywhere in the system. There is no blocking in CONWIP lines since buffers are
assumed big enough to hold all parts that circulate in the line [13].

Figure 3.4 shows a CONWIP pull system. While the kanban system pulls work between
every pair of workstations, the CONWIP system only pulls work at the beginning of the
line. In both figures 3.3 and 3.4, orders are kept in a paperwork queue prior to
Workstation 1 until the order and raw material receive a production and material
movement authorization card.

customer

Raw

Demand
Queue|I|
Workstatian 0

Figure 3.4: CONWIP Pull System
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3.2.4

Comparisons of Kanban and CONWIP Pull Systems

Gstettner and Kuhn reveal in their comparisons between Kanban and CONWIP that
Kanban is more flexible with respect to a certain objective than CONWIP. Both the
absolute number of cards and the card distribution influence the performance of the
system. They reported that by selecting a favorable card distribution, a given production
rate is reached by the Kanban system with less WIP than in a CONWIP system [13].
However, Spearman et al. observed that by allowing WIP to collect in front of the
bottleneck workstation, the CONWIP pull system can function with lower WIP than
Kanban [14]. In addition, as there is no blocking in CONWIP lines, it can easily be
understood that there will be a higher production rate in a CONWIP system with n cards
than that of a Kanban system [11]. The Kanban system also requires setting more
parameters than the CONWIP system [12]. Unlike in a Kanban system, the amount of
cards in a CONWIP system is set for the entire line, and so this needs to be established
only once through reviews and adjustments, making it a great deal easier to find the right
configuration for the CONWIP system. However, Kanban systems are able to control
WIP levels more tightly as card control of WIP is implemented at the workstation level.
Furthermore, a CONWIP pull system can handle a mix of parts having different
bottlenecks with more ease than a Kanban pull system [10].

3.3

Computer Simulation

Computer simulation refers to methods for studying a wide variety of models of realworld systems by numerical evaluation using software designed to imitate the system's
operations of characteristics, often over time. From a practical viewpoint, simulation is
the process of designing and creating a computerized model of a real proposed system for
the purpose of conducting numerical experiments to give us a better understanding of the
behaviour of that system for a given set of conditions [15].

Computer simulation has been widely used as an analysis tool to identify and study
internal and external factors that affect the success of just-in-time implementation, to
determine the number of cards required in a system and to investigate the effect of
demand and processing time variations [16]. Simulation software is becoming more
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widespread over recent decades. The reasons for its popularity are its ability to deal with
very complicated models of correspondingly complicated systems, its versatility and
power of dealing with complex models of complex systems. Moreover, due to
tremendous improvements in computer speed and technology advancement,

it is

becoming more economical as an operations tool [15]. Computer simulation can
effectively aid in management decision making by allowing one to visualize and analyse
the possible effects of changes and different configurations before they are implemented
in any situation.
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CHAPTER 4: METHODOLOGY
4.1
Project Roadmap
The entire project is divided into seven different phases as presented in the following
flowchart shown in Figure 4.1.

Phase
1: CAS
eStudy

Situational Analysis

Phase 2:

and understand the current operations at

*Explore opportunites to rectify problem areas
*Gather literature review on production systems

for project

eIdentify

and narow down possible research areas

Problem Identification

*Evaluate and discuss each of the opporunities

Phase 3:

eConduct interviews with various departments

Data Colle ction

Phase 4:
Create Possible Alternatives

Phase 5:
Create Simulation Model

Phase 6:

'Select specific project focus

*Collect and analyse all relevant data

'Discuss and confirm on project scope
. Explore ideas on improving flow of CAS'
manufacturing system
*Create suitable model and input data for
simulation
'Verify and validate model
Improve and complete model

Analyse Simulation Results

'Collect model outputs and
'Cost/benefit analysis

Phase 7:

'Selection of final proposal

perform data analysis

to
CAS
solution
final
Propose
Proposal
Final
Figure 4.1: Project Roadmap
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The project started with Phase 1 and ended with Phase 7. The project started off with the
understanding of the current operations and production processes in CAS. The data
gathered on these are presented above in Chapter 1. Literature review on production
systems were also gathered in Phase 1 and these are presented above in Chapter 3. Next,
a huge amount of brainstorming and discussion was done to identify possible research
areas for this project. The problem statements identified are presented above in Chapter 2.
In phase 3, all the relevant information needed for the project was gathered through
multiple interviews with staff from different departments. Possible alternatives for the
project scope were created in Phase 4, before a scope was decided on. The selected
project scope is presented above in Chapter 2. Phases 5 and 6 encompassed the building
of the simulation models and analyses of the output data. These are presented below in
this chapter and in Chapter 5.

4.2

Rockwell Automation ARENA Simulation Software

The Rockwell Automation ARENA 12.0 simulation software was chosen to be used for
this project. This software was chosen for the following reasons:
1) The simulation language is commercially available and PC-based.
2) The language is widely used and promoted in academia.
3) The language provided an avenue for modelling the manufacturing system.
ARENA combines the ease of use found in high-level simulators with the flexibility of
simulation languages down to general-purpose procedural languages like the Microsoft
Visual Basic programming system, FORTRAN, or C. It does this by providing alternative
and interchangeable templates of graphical simulation modelling and analysis models that
one can combine to build a fairly wide variety of simulation models. For ease of display
and organization, modules are typically grouped into panels to compose a template. By
switching templates, one can gain access to a whole different set of simulation modelling
constructs and capabilities. In many cases, modules from different panels and templates
can be mixed together in the same model. The modules in Arena templates are composed
of SIMAN components. Moreover, Arena includes dynamic animation of the work
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environment. It also provides integrated support, including graphics, for some of the
statistical design and analysis issues that are part of a good simulation study [15].

4.3

Flowchart of Simulation Study

During phase 5 of the project roadmap shown in Figure 4.1, an illustration of how the
simulation study is conducted is shown below in Figure 4.2 [17]. The individual steps
will be elaborated more in-depth in the following sections.

Figure 4.2: Flowchart of Simulation Study
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4.4

Identification of Problem

Referring to the current production system illustration in Figure 2.2, it is seen that there
are WIP inventories being held between each process. The reason for this is because
since the system is complex, as any product can go to any machine except for certain
restrictions, and that the setup costs for the Laminators are high, very critical planning
steps have to be taken place to reduce the number of setups on the machines. Orders are
pushed into the system once there is available capacity. After printing, the printed rolls
have to wait in the warehouse for about 4 days before the laminating process takes place.
This is to allow sufficient time for planning to take place for the laminator schedule.
Similarly, about 2 days worth of WIP inventories build up between the laminating stage
and the slitting stage as the order to slit the rolls have to be arranged according to the
number of webs a roll has. After slitting, approximately 23.9% of the rolls have to be sent
to the 14 doctoring stations and they are free to be assigned to any available station.
Palletizing of the finished reels would then be done immediately after they are doctored.
Those reels which do not need doctoring will be palletized first.

As a result of the high WIP levels being built up between the different stages, CAS is
facing a problem of accommodating the high levels of WIP. Furthermore, the customer
lead time is also affected by the long periods taken for planning due to the system's
complexity.

4.5

Meeting the Project Objectives

In Chapter 2, the project objectives stated were to reduce the high level of WIP in CAS's
warehouse, to improve customer lead time and to reduce the complexity of the production
system to allow for easier planning. As reducing the complexity of the current
complicated production system seemed like the best method to pave the way for other
improvements, the idea of 2 dedicated production lines came about. The 2 production
lines are illustrated below in Figures 4.3 and 4.4. The square boxes represent the
machines and the arrows show the direction of product flow within the system. The boxes
labelled "Pa" represent the palletizers. With 2 dedicated production lines, the complexity
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of the whole manufacturing system would definitely be reduced as the complex system
now is the cause of planning difficulties.

An entirely different product flow is constructed in Figures 4.3 and 4.4 as compared to
that of Figure 2.2. A product spilt was done to assign products to the two dedicated lines.
The method used to assign products will be discussed in Clara Xi He's thesis. Products
will stick to their dedicated lines and no crossovers are done. For the dedicated lines, the
doctoring stations are built into a cell together with the slitters, unlike the current system.
For example, after slitting, the reels from slitter 52 that need doctoring will be directed to
only doctoring stations 1, 2, 3 or 4. They will be assigned to the first available doctoring
station. There will also be direct flow in these 2 dedicated lines. Rolls are being
processed using the First-In, First-Out (FIFO) method that will be elaborated below in
Section 4.7.1. There are a total of 14 doctoring stations in CAS and for this project, 8
doctoring stations will be allocated to Line 1 while the remaining 6 stations will be
allocated to Line 2.

Figure 4.3: Production Line 1
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Figure 4.4: Production Line 2
A CONWIP pull production system is chosen to be performed on each of these 2
dedicated flow lines. This is because the CONWIP system is more general than the
Kanban system and it is thus more applicable to production environments which produce
many kinds of products [14]. In this case, CAS is considered to be producing a wide
variety of products as each roll has its own design, paper width and number of webs.
Moreover, most researchers have pointed out that the CONWIP pull production system
will result in lower WIP levels than a Kanban system with the same throughput in
majority of the cases [11].

4.6

Scheduling of Products

Line 1 will be dedicated to produce just 3 product types. They are all juice packages as
Laminator 21 on Line 1 cannot process milk packages. Table 4.1 below shows the
product types on Line 1.
Table 4.1: Products on Line 1
Paper
Size

Size (Code)

width

Web
No.

(mm)

200 Slim

465

1574

9

1000 Slim

813

1533

5

125 slim

350

1468

9
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The production scheduling is done on a weekly basis. Each product type is produced only
once each week. As the laminator setups are costly, the scheduling of products is done
according to the order of how the products should be processed at the laminator. This is
done so as to reduce the huge setup costs of the laminator. The products with the widest
paper width will be scheduled to be processed first at the start of the production week.
Hence, for Line 1, the order of production would be 200 Slim, 1000 Slim, then 125 Slim.

On the other hand, Line 2 will produce all the other product types. Table 4.2 below shows
the list of products produced by Line 2. The products are separated into juice and milk
packages as they cannot be processed together concurrently. The juice packages are
scheduled to be produced first according to their paper widths as in Line 1. After which, a
major setup on the Laminator has to be done before the milk packages can be processed.
The milk packages are themselves being grouped according to their paper widths too,
with the product that has the widest paper width being processed first. For Line 2, flying
setups can be done. These setups incur no stoppage time and they can only be done
between products which have a difference of less than 2 cm in paper width.

The web number is important in Line 2 as Slitter 53 only processes products with web
number of 7. The remaining products have to be channelled to Slitter 55. As a setup on a
slitter between products of different web numbers take up to an hour, it is critical to
group products with the same web number together as best as possible, while keeping in
mind the order of width measurements.
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Table 4.2: Products on Line 2
Size

Size
(Code)

Paper
width

Web No.

Juice
250 Mini

567

1448

8

1000 Square

811

1468

5

200 ml

460

1506

7

250 ml

560

1506

7

300 Slim

585

1506

7

330 Slim

600

1506

7

200 Mid

466

1512

8

250 Slim

565

1512

8

200 Mini

463

1448

8

250 Mini

567

1448

8

Milk

1000 Square

811

1468

5

200 ml

460

1506

7

250 ml

560

1506

7

330 Midi

609

1506

7

500 Midi

702

1506

7

1000 Slim
200 Slim

813
465

1533
1574

5
9

1000 Carton Bottle

809

1598

6

The scheduling of the products was done manually for this study on an excel sheet to try
to reduce the setups. The number of different setups for each machine during the month
were then added up and used for the simulation. Presenting the data correctly on an excel
sheet could also enable the simulation model to read in data in a systematic manner.

4.7

Building the ARENA model

The ARENA model is built based on the historical demand data of March 2010. The data
of March 2010 was chosen as the demand basis for simulation because this monthly data
has been the highest so far. So a conservative approach was taken to ensure that the
proposed production system will be able to meet high demands. Some assumptions made
while building the model were:
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1) There is zero transfer time between processes as these times are negligible
compared to processing times.
2) The number of laser-guided vehicles used for transport of materials is more than
sufficient and no waiting time is needed.
3) There is infinite supply of raw materials at the start of the production system.
4) Information is transmitted instantly.
5) The processing times for all processes have deterministic values except the
doctoring process.
6) Any CONWIP token released at the end of the system is immediately available
for the upstream stage. There is no return delay.
Two separate models were built for each dedicated line and weekly simulation runs were
done on each of the two models. Hence, for each model, 4 simulation runs were done for
a month, one for each week of the month. For each simulation run, the simulation starts
with no in-process inventory and with the scheduled orders for one week. The simulation
is then run for 100 hours as a warm-up period in order to get to a reasonable operating
state for the system.

The simulation then runs for a week (168 hours less planned

maintenance time) during which it produces the scheduled orders; statistics on the
performance of the system are collected over this run length. The full ARENA models
for the 2 dedicated lines are shown in Appendices A and B.

4.7.1

First-In, First Out Logic

There are no inventories to be held in between processes for the CONWIP pull
production system, only queues in front of each process. The First-In, First-Out (FIFO)
logic is applied to pull parts from the queues. The roll that enters a queue first will always
leave the queue to be processed first. The FIFO logic helps the parts to flow through the
system simultaneously.

4.7.2

Reading Demand Data into System

An excel file is prepared to feed in the demand data systematically into the production
system. The model is built in such a way that it is able to read this excel file. Figure 4.5
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shows the modules used for this section. A Create module was used to issue a control
entity to read the data in the excel file. To read data from an excel file, a ReadWrite
module had to be used. In this module, the file that the data was to be read from had to be
specified and the range of values to be read. Here for Line 1, only the size code of each
product was read. This was because the size code represents the width of the roll and this
determines the order in which it should be fed into the system. No web number needs to
be read as the web number does not affect the flow of the rolls in Line 1. However, for
Line 2, as seen in Appendix B, an additional ReadWrite module had to be used as the
web numbers of the rolls have to be read. This was because the web number determines
which slitter machine the roll would go to.

After reading the data, the control entity was duplicated and the duplicated entity
represents the material that flows through the system. Only one control entity needs to be
created as it would subsequently route back to read the next data.
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Figure 4.5: Create Control Entity to Read Data
4.7.3 Setting of Processes
Figure 4.6 is an illustration of the settings of processes using a process module. Users can
adjust the settings of action logic, resource usage and processing time. The action logic
"Seize Delay Release" means the process needs certain resource to process the items. The
process tries to seize a fixed amount of certain resources when an item arrives, delay the
item for some time (processing time), and then release the resource as soon as the delay is
finished. If the resource in need is not available when an item arrives, the item has to wait
in queue before the process to wait for its turn. The resource window on the right shows
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that the Printing process needs 1 unit of resource Printer. The processing time can be
configured mainly in the distribution of delay duration. The distribution could be
common ones such as normal, exponential, constant or customer functions.
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Figure 4.6: Setting of Processes
As mentioned, all processing times are assumed to be constant values, except for the
doctoring process as the doctoring process is solely manual work which has large
variations in process times due to the worker as well as the number of defects to doctor.
For this process, the ARENA's Input Analyzer was used to determine which distribution
the process times should be fitted to. Twelve shifts worth of doctoring process data were
keyed into the Input Analyzer and after using the best fit option, a triangular distribution
was obtained. The parameters include the minimum, mean and maximum values in
minutes. The Chi-Square test and Kolmogorov - Smirnov test data were also provided.
The process times and the corresponding machine speeds for each machine for the
simulation are shown below in Table 4.3, while the distribution result for the doctoring
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process is shown below in Figure 4.7. For calculation purposes, the average length of a
roll is considered to be 5513m.
Table 4.3: Machine Process Times
Machine

Process Time (Mins/ Roll)

Machine Speed (m/ Min)

Printer 13
Printer 18
Laminator 21

9.5
9.5
13.5

580
580
410

Laminator 22
Slitter 52
Slitter 53
Slitter 54
Slitter 55
Palletizer

13.5
15.0
15.0
15.0
15.0
8.0

410
368
368
368
368
689
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Distribution Summary
Distribution:
Expression:
Square Error:

Triangular
TRIA(113, 222, 425)
0.009367

Chi Square Test
Number of intervals
Degrees of freedom
Test Statistic
Corresponding p-value

=
=
=
=

7
5
9.48
0.0933

Kolmogorov-Smirnov Test
= 0.0993
Test Statistic
Corresponding p-value > 0.15

Figure 4.7: Assigning Doctoring Data Distribution Using ARENA's Input Analyzer

4.7.4 Setting of Process Setups Times
Setups times are modelled using the Delay modules. Figure 4.8 shows the Decide module
used to determine whether or not a setup has to be done, the Delay module for the setup
itself, and the Process module for the Slitter process. The Decide module determines
when a setup needs to be done based on the percentage of rolls in a week that requires
setups. This percentage value is determined from the manual scheduling done on an excel
sheet and is input into the Decide Module. The setup time can simply be input into the
module as wait time. Hence, the material entity has to wait at this module for the length
of the setup time before it can proceed on to being processed at a station.
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Figure 4.8: Setting of Process Setup Times

4.7.5 Setting up a CONWIP System
A simplified model of the production system is shown below in Figure 4.9. This
simplified model is only to aid in the explanation of the CONWIP system being built into
the model and it is not the actual model being run.

L--------------------

I

Figure 4.9: Simplified Model of Production System
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The Process module here represents all the 5 processes that the material needs to go
through: Printing, laminating, slitting, doctoring and palletizing. The number of
CONWIP cards or tokens is set as a variable named "Token". This number is
predetermined at the start of each simulation run. On the left of the Process module is
Seize Token module which will debit 1 from "Token" while the Release Token module
on the right will credit 1 to "Token". This means that every entering entity would need to
seize an available token before being processed and every leaving entity after being
processed by the last station, the palletizer, would release a token upon leaving the
system. The red dashed arrow in Figure 4.9 represents the return of a token into the pool
of available tokens once an entity completes the last process. In this way, the number of
occupied tokens is constant and this is equal to the maximum total amount of WIP in the
system. For this CONWIP system to work, the Hold module has to have a condition that
holds the entity until "Token>=l". Also, the Token values at the Seize Token module has
to be "Token = Token - 1" and "Token = Token + 1" at the Release Token module.

An entity coming out of the separate module is being assigned as "Material". This entity
then proceeds to the Hold module. For a CONWIP system, the Hold module will keep the
entities in queue until a token is available. Only when there is an available token will the
entity seize the token and enter the CONWIP system. No Hold module is needed for
tokens as the tokens will just remain in a "pool" and a token will only be seized when
there is an order present. The entity type is changed from "Material" to "Roll" when an
entity enters the CONWIP system. The material WIP in this study refers to the raw
material inventories that are held waiting to seize tokens to start the process. This is for
easy calculation of how much of what type of inventory the factory has to hold and it will
come in handy for determining the optimum level of CONWIP and inventory holding
costs later on.

4.7.6

Other Input Parameters

Before the simulation can be run, there are several other input parameters to be taken care
of. First, uptimes and downtimes of all the machines have to be input into the model.
Second, from the schedule of orders being input into the system, the appropriate numbers
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of each kind of setups were determined for each machine. For instance, a setup has to be
done on the printer whenever there is a change in design or packaging system of the
product. Hence, a manual count is done to decide how many setups are needed on the
printer for each week based on the schedule of orders. The same is done for setups on the
laminator and on the slitter. The criteria for setups are elaborated above in section 1.5.3.
Lastly, any specific information that needs to be gathered from the simulation can be
input into the Statistic data table. Table 4.4 shows the respective uptimes and downtimes
for each machine. The uptime and downtime parameters were estimated based on the
average MTTFs and MTTRs for the first four months of 2010. The palletizer is assumed
to be a reliable machine as there are no records of uptimes and downtimes.
Table 4.4: Machine uptimes and downtimes

4.8

Machine

Uptime (Hours)

Downtime (Hours)

Printer 13
Printer 18
Laminator 21
Laminator 22
Slitter 52
Slitter 53
Slitter 54
Slitter 55

231.58
208.4
215.6
184.9
266
308.9
323.4
299.9

1.12
1.1
1.3
1.5
0.4
0.2
0.2
0.1

Running the ARENA Model

Before the model can be run, a simulation setup needs to be done. The simulation setup is
crucial to the quality of simulation results as the inputs can greatly affect the output
values. Figure 4.10 shows the input window for the replication parameters.
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Figure 4.10: Input Window for Replication Parameters
The run setup window consists of 3 primary input fields. They are the number of
replications, the duration of the warm-up period, and the replication length. For this study,
20 replications were used as this is a sufficiently large number that ensured consistent and
reliable results. The warm-up period was chosen to be 100 hours. This warm-up period is
to enable the system to stabilise and hence the results gathered would not be from a
system which starts empty and idle. At the end of the warm-up period, all the statistics
will be cleared. As the total lead time to complete all of a week's orders is 7 days, as
stated below in figure 5.1 and 5.2., 4 days is slightly more than half of that lead time, and
it's assumed to be sufficient time for the system to stabilize. To check, the amount of
WIP in the system remained relatively constant even when the warm-up period was
increased to 200 hours.

Each run is to simulate a week of production. However, as there is an average machine
planned maintenance time of 2.5 hours per week, the replication length is the total of 168
hours in a week of 7 days less the planned maintenance time of 2.5 hours a week. This
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gives us 165.5 hours. The replication length is the length of time for which the simulation
is run. The planned maintenance time is not included in the replication length as the
planned maintenance occurs at the end of the week after the week's production is
completed. During the input of replication length into the simulation, 265.5 hours is used
as this includes the 100 hours of warm-up time. This duration was used so as to
determine if all of the scheduled orders will be completed by the end of the simulation.
Also, the average WIP level at a time can be obtained more accurately. If a longer period
is used to produce the same amount of rolls, the average WIP level will be lower as the
software calculates the average WIP level at a time, averaged over the duration of the
whole simulation run. If all the rolls needed for a week come out of the system at the end
of this replication length, this shows that the system is capable of meeting the demand for
that week. To accurately feed in the required demand for a week, the number of rolls that
the system can produce in 100 hours from an idle stage is determined from simulation.
This amount of demand is then added into the required week's demand so that the warmup period would have additional demand to produce.

The whole month's production is not simulated at once so as to control the amount of
orders being fed into the system each week. This is because in real practice without
advanced production, the orders are only scheduled on a weekly basis and are fed into the
system only at the start of the week as the orders can come in until the week before
production.

4.9

Output Parameters

After running the simulation, a comprehensive report is generated. During the Run Setup,
the kinds of statistics that need to be collected would be checked as shown below in
Figure 4.11. The Entities results include the various lengths of times the entities took in
the system for different reasons, the total number of material inputs and outputs, and the
average amount of WIP of all types of entities in the system. The Queues results include
the average time taken for all queues and the average number in each queue. The
Processes results include the total time an entity spends waiting and at a particular
process. The Resources results include the utilization of the machines.
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Figure 4.11: Input Window for Project Parameters
Furthermore, in Figure 4.9, it can be seen that a Record module was used to record the
production lead time of the roll entities. This is the time that a token takes to travel
through the system.

4.10 Verification of Model
Verification is the process of ensuring that the model behaves in the way it was intended
according to the modelling assumptions made. The model was carefully checked for any
data entry errors. Unit consistency was also checked across the different input fields of
the model. The model was then simulated for a sufficient period of time to make sure that
there were no deadlocks in the system and that the simulation could be carried out
continuously. In addition, Part Counters were used to help ensure that the number of parts
that entered into the system was equal to the sum of WIP and the number of parts out.

Moreover, one other way of verifying the model was to run it really slowly with
animation. Coloured balls were used to represent the moving entities in the system. In
Page 159

this way, it was easy to track the movement of the entities, ensuring that the entities travel
the intended path to be sure that the model logic and data were correct. With all the above
being carried out, it was justified that the computer implementation of the model was
error free and thus, the ARENA built model is verified.

4.11

Validation of Model

Validation is the task of ensuring that the model behaves the same as the real system. For
this project, since the proposed pull production system has not yet been implemented, a
model of the current production system in CAS was modelled using the same method to
ensure that the throughput and WIP levels resulting from the simulation is similar to the
actual values obtained in March 2010. The actual average number of WIP obtained in
March 2010 is 964 and the average number of WIP obtained from the simulation is 1026.
There is just a 6.43% difference in the actual and simulated WIP levels. Also, the actual
production lead time is approximately 10 days, while the obtained simulated production
lead time is 11.1 days, which is close to the actual value. In addition, 20 replications of
each run were executed upon simulation to ensure that the model returned consistent
results.

Theoretical formulae were also used to cross-check with the results obtained from the
simulation model. Formulae such as Little's Law of WIP = Throughput*Cycle Time were
used for calculation. For the model built in this study, the theoretical results and that of
the simulation were very close. Furthermore, the parameters being input into the system
is slightly altered to check for sensitivity. When slightly altered parameters were being
input into the system, there were no extreme variations in the results. Hence, in addition
to the above analyses, the ARENA model built is considered to be validated and error
free.

4.12

Modelling the Current Push Production System

The current push production system at CAS was modelled to validate the method of
building the CONWIP pull production system. This model can be found in Appendix C.
The method of modelling the push production is similar to modelling the CONWIP
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system with a few exceptions. There were no Hold, Seize Token and Release Token
modules being modelled. This was because for a push system without limitation of WIP,
there is no control of the system's total WIP level and hence there is no need to hold
entities before they can be processed. As mentioned above, the average number of WIP
obtained from the simulation is 1026 and this is just 6.43% away from the actual WIP
level in March 2010. Also, the obtained simulated production lead time is 11.1 days, just
approximately a 1 day difference from the actual production lead time of about 10 days.

4.13

Criterion for Obtaining the Optimal CONWIP Level

The CONWIP level is crucial in a CONWIP pull production system. An extremely low
CONWIP level can cause frequent starvation at various process steps and hence poor
throughput. On the contrary, having an extremely high CONWIP level will result in a
negligible impact on the system as the CONWIP limit can hardly be reached. Hence, the
CONWIP system cannot be fully utilized. Therefore, the system can only effectively
reduce cycle time and WIP while meeting customer demand with the proper setting of the
CONWIP level.

In this project, the criterion chosen for obtaining the optimal CONWIP level was
minimum total WIP value with low variability. For this project, it is important to achieve
low values of WIP levels and low variability in the WIP levels as CAS is currently facing
a major shortage of warehouse space. Hence, reducing the WIP levels is one of their
biggest priorities. An expression to yield a value that can be used for a measurement of
the combined effects of WIP and variability is shown below in equation 4.1. For
simplicity, this expression would be called an expression for determining the Target,
which is the calculated value that is used to find the optimal CONWIP level. The optimal
CONWIP level is the level that results in the lowest Target value.

Target = (Mat.WIP * 0.85) + Roll WIP + o

at. WIP

+

URol WIP ...........

(4.1)

When determining the total amount of WIP in the system, both the material WIP and the
roll WIP have to be taken into account. This is because each of these individual WIP
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levels is affected greatly by the CONWIP level. The CONWIP level here is defined as the
total number of tokens in the system. The costs of holding different types of inventory
differs as shown in Table 4.5. The cost of holding the raw material, which is unprocessed
rolls, is cheaper than holding the printed WIP and laminated WIP. To have a fair
calculation of the Target value, the raw material was assigned a fraction that is equal to
the ratio of the cost of holding raw material to the average cost of holding printed WIP
and laminated WIP. Therefore, based on the above method of calculation, the cost of
holding raw material is 85% that of the average of holding printed and laminated WIP.
The variances of both the material and roll WIP levels were added into the Target value
expression to account for the variability of the system.

Table 4.5: Inventory Holding Costs

4.14

Types of Inventory

Holding Cost
(S$/month/roll)

Raw Material

90.00

Printed WIP

95.00

Laminated WIP

116.00

Average cost for
Printed and
Laminated WIP

105.50

ARENA Process Analyzer

The ARENA Process Analyzer was utilized to determine the optimum CONWIP level.
Multiple scenarios of the simulation could be conducted and the control variables and
responses could be easily selected. For the case of this study, the control variable is the
number of tokens in the entire production system and it could be easily varied using the
ARENA Process Analyzer which would then run all the simulations at once. After
multiple simulations through the ARENA Process Analyzer, the results were gathered
and graphs were plotted to determine the respective optimum CONWIP levels that should
be used for both dedicated production lines.
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CHAPTER 5: RESULTS AND DISCUSSION
Simulations were done on a week by week basis based on the actual historical demand
data of March 2010. The simulations for Line 1 and Line 2 were run separately using two
ARENA models. These weekly results were then compiled and analyzed per line as a
whole for the entire month.

5.1

Simulation Results for Line 1

5.1.1 Average WIP Levels
Research on the optimum CONWIP level was initiated by simulating the model with a
range of 50 to 800 tokens with an interval of 50 tokens and certain observations were
made. As shown in Figure 5.1, we observe that the average material WIP decreases as the
CONWIP level increases. It also converges to a certain constant value near zero at high
CONWIP levels. On the other hand, as the CONWIP level increases, the average Roll
WIP increases, also converging to a certain constant value at high CONWIP levels.
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00
-E-Avg. Mat. WIP
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0

=

50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800

CONWIP Level
Figure 5.1: Average Material WIP and Roll WIP Levels for Line 1
As the CONWIP level increases, more tokens are available to be seized by the Material
WIP to convert into Roll WIP as they start to queue for the printing process. As a result,
there will be a decrease in Material WIP and the increase in Roll WIP. However, what
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remains constant for every CONWIP level is the total sum of Material WIP and Roll WIP.
The total sum of Material WIP and Roll WIP stays at a level of 260 throughout all
CONWIP levels. This value is not equal to the CONWIP level. The CONWIP level refers
to the amount of rolls that have seized a token and entered the CONWIP system. Before
seizing a token, the orders are waiting at the hold module waiting for an available token,
and these are named the Material WIP. After seizing a token, it becomes a Roll WIP and
enters the CONWIP system, starting with a queue at the printer, if there is a queue. Hence,
the CONWIP level should be the same as the Roll WIP if the system is fully utilized. But
in this case, it is not as "the best" CONWIP level is chosen to cater to all weeks' demand,
and some weeks have lower demand than others which therefore don't result in a fully
optimized system. The constant total sum of Material and Roll WIP indicates that the
CONWIP system being simulated works as intended as it limits the Roll WIP
accumulation and retains the raw material as Material WIP if no tokens are available to
be seized.

The convergence of both the Material WIP and Roll WIP to a certain value as the
CONWIP level reaches high levels can be explained by the CONWIP system's shift to a
push system when the number of tokens available is high. It can be seen in Figure 5.1 that
when the CONWIP level goes over 650, the number of WIP remains relatively constant.
With such a large number of tokens available, there is virtually no queue to seize token.
Any demand that is read into the system enables a raw material roll to seize a token and
queue up for the printing process. As in a push system, there is no control of Roll WIP
and the raw material rolls are just being "pushed" to start being processed.

5.1.2

Standard Deviations of WIP

Next, the standard deviations of the Material WIP and Roll WIP were observed. As the
CONWIP level increases, the standard deviation of Material WIP decreases while the
standard deviation of Roll WIP increases. The standard deviation of Roll WIP is low
when the CONWIP level is low because the demand is sufficient to fully utilize the
CONWIP system. However, as the CONWIP level increases, the demand might not be
enough to take up all the available tokens in the system. Hence, the amount of Roll WIP
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cannot be kept constant. The higher the CONWIP level, the larger the range of seized
tokens as it depends on the incoming demand, therefore there will be higher fluctuation in
the number of Roll WIP in the system. Only if there is never a shortage of orders would
the Roll WIP be constant. The Roll WIP standard deviation then converges at a value as
the CONWIP system is now behaving like a push system. On the other hand, the standard
deviation of the Material WIP decreases as the CONWIP level increases because the
queue to seize tokens is eventually near zero when the number of available tokens is high,
as in a push system. Therefore, there is little variation in the Material WIP at high
CONWIP levels and the standard deviation converges to near zero.
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Figure 5.2: Standard Deviations of Material WIP and Roll WIP for Line 1

5.1.3 Cycle Time
Figure 5.3 below is an illustration of how cycle time changes with the CONWIP level.
Cycle time here is the time that a token takes to travel through the system, which is also
the time that a roll spends from queuing at the printer until it is palletized at the end of
production. As the CONWIP level increases, the cycle time increases and this can be
explained with Little's Law. The number of tokens in the CONWIP system can be given
by Little's Law [11] as follows:
0 = pt

............ (5.1)
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Where 6 is the average number of tokens in the CONWIP system, y is the average
throughput of the production line and t is the average time for one card of product to pass
through the whole production system, also known as the cycle time.
According to equation (5.1), the cycle time is proportional to the number of tokens in the
CONWIP system. With the average throughput being constant, the increase in the
number of tokens in the CONWIP system will cause the cycle time to increase as well. In
general, increasing CONWIP level will increase throughput. However, for this case, since
the demand for the week is already determined and fixed, there will be a constant average
throughput assuming all orders can be produced in a week. This is also assuming that no
advance production is done. Therefore, the case of constant throughput is used in this
case to explain the rise in cycle time when CONWIP level increases. With more WIP in
the system waiting to be processed, the waiting time for each roll is inevitably longer.
Hence, this observation also indicates that the CONWIP model is working as it is
supposed to.
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Figure 5.3: Cycle Time for Line 1
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5.1.4

Optimum CONWIP Level

Using the Target equation, equation (4.1), the target values for the range of CONWIP
levels were plotted and are shown below in Figure 5.4.
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Figure 5.4: Target Value Plot for Line 1

From Figure 5.4, it can be seen that the Target value starts off high at a low CONWIP
level. After which, the Target value dips and reaches a minimum point at a CONWIP
level of approximately between 350 and 400. The Target value then starts to rise and
ultimately converges to a constant high value as the CONWIP level increases to 800.
With the indication that the optimum CONWIP level is between the values of 350 and
400, a closer examination of the simulation results was done to determine the exact
optimum CONWIP level.

Simulations were run for all CONWIP levels between 350 and 400 and an optimum
CONWIP level was determined. The plotted results around the minimum Target value
are shown below in Figure 5.5.
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Figure 5.5: Focused Target Value Plot for Line 1
By observing Figure 5.5, it can be concluded the CONWIP level that yields the lowest
Target value is 388. The CONWIP levels are plotted in intervals of 2 as the simulation
yields the same result for every subsequent 2 levels of CONWIP. At this optimum
CONWIP level of 388, the corresponding output parameters are collated in Table 5.1.
The data is presented in terms of the 4 weeks of March 2010, and a monthly average is
tabulated for each output parameter.
Table 5.1: Output Parameters for Optimum CONWIP Level of Line 1
Standard
Deviation
of Roll WIP
(rolls)

Cycle Time
(Days)

Total Time
Order is in
System
(Days)

Week of 2010

Material WIP
(rolls)

Roll WIP
(rolls)

Standard
Deviation of
Mat. WIP
(rolls)

9

73.41

277.24

81.49

37.52

2.91

7.25

10

36.13

225.04

61.51

56.27

2.79

7.08

11

41.59

233.57

65.74

54.05

2.82

7.15

12

5.24

148.37

23.44

85.52

2.53

6.39

Monthly

39.09

221.06

58.04

58.34

2.76

6.97

Average
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The output parameters vary from week to week as the demand for Week 9 to Week 12 of
2010 varies. On weeks when the demand is insufficient to fully utilize the CONWIP
system, the WIP levels will be low and the standard deviation of Roll WIP will be high.
For this study, the demand for Week 9 is the highest and the demand for Week 12 is the
lowest. Due to the varying demand over the 4 weeks, the chosen optimum CONWIP level
has to be the best level that serves all 4 weeks of demand. Although this CONWIP level
is not the best for any of the week's individual demand, it is the level that creates the
most efficient production system for the demand of March 2010. It would be tedious for
CAS to determine what CONWIP level to use for each week of different demand.
Therefore, a proposed optimum level that can serve the CONWIP production system
reasonably well for a month's demand is determined.

The total time that an order is in the system refers to the time from the start of a
production week in which all the week's orders are being fed into the CONWIP system
until the time that all the week's orders are out of the system. The difference between this
total time in the system and the cycle time is the time the raw materials are waiting to
seize a token to start being processed. The monthly average for a week's orders to be
completed is 6.97 days. This makes the proposed Line 1 work for CAS as the production
week lasts 7 days and all the orders for a week can be processed by the end of the week.
The total production lead time that includes a day of pre-press, if needed, would
eventually be 8 days, which is 2 days lesser than the current system.

5.2

Simulation Results for Line 2

5.2.1

Average WIP Levels

Similar to Line l's simulation, the research on the optimum CONWIP level was initiated
by simulating the model with a range of 50 to 800 tokens with an interval of 50 tokens.
As shown in Figure 5.6, it was observed that the average material WIP decreases as the
CONWIP level increases. It also converges to a certain constant value near zero at high
CONWIP levels of over 750. On the other hand, as the CONWIP level increases, the
average Roll WIP increases, also converging to a certain constant value at high CONWIP
levels of over 750.
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Figure 5.6: Average Material WIP and Roll WIP Levels for Line 2
The explanation for the increase in Material WIP and decrease in Roll WIP is the same as
that described in Section 5.1.1. Here, the total sum of Material WIP and Roll WIP also
remains a constant at a level of 348 throughout the changing CONWIP level. Hence, this
constant total sum of Material WIP and Roll WIP indicates that the CONWIP system
being simulated here for Line 2 works as well because it limits the Roll WIP
accumulation and retains the raw material as Material WIP if no tokens are available to
be seized. The explanation for the convergence of Material WIP and Roll WIP to a
certain value as the CONWIP level reaches high levels is also the same as that described
in Section 5.1.1.

5.2.2 Standard Deviations of WIP
Similar to the results of Line l's simulation, the standard deviation of Material WIP
decreases while the standard deviation of Roll WIP increases as the CONWIP level
increases. The results are shown in Figure 5.7. The explanation for this trend is the same
as that described in Section 5.1.2.
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Figure 5.7: Standard Deviations of Material WIP and Roll WIP for Line 2
5.2.3 Cycle Time
The cycle time recorded for Line 2's simulation shows the same trend as the cycle time
recorded for Line l's simulation. The cycle time increases as CONWIP level increases
due to Little's Law as explained above in Section 5.1.3. The adherence to Little's Law
indicated that the CONWIP model for Line 2 is also working as intended. Line 2's cycle
time is shown below in Figure 5.8.
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Figure 5.8: Cycle Time for Line 2
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5.2.4 Optimum CONWIP Level
Using the Target equation, equation (4.1), the target values for the range of CONWIP
levels for Line 2 were plotted and are shown below in Figure 5.9.
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Figure 5.9: Target Value Plot for Line 2
From Figure 5.9, it can be seen that the Target value decreases continuously from
CONWIP level of 100 and eventually reaches a minimum point at a CONWIP level of
approximately between 400 and 500. The Target value then starts to rise as CONWIP
level increases even more. With the indication that the optimum CONWIP level for Line
2 is between the values of 400 and 500, a closer examination of the simulation results
was done to determine the exact optimum CONWIP level.
Simulations were run in intervals of 10 for all CONWIP levels between 400 and 500
before more simulations were done for each CONWIP level between the levels of 380
and 400 as the optimum CONWIP level is detected to be in that region. After which, an
optimum CONWIP level was eventually determined. The plotted results around the
minimum Target value are shown below in Figure 5.10.
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Figure 5.10: Focused Target Value Plot for Line 2
By observing Figure 5.10, it can be concluded the CONWIP level that yields the lowest
Target value is 470. The CONWIP levels are plotted in intervals of 2 as the simulation
yields the same result for every subsequent 2 levels of CONWIP. At this optimum
CONWIP level of 470, the corresponding output parameters are collated in Table 5.2.
The data is presented in terms of the 4 weeks of March 2010, and a monthly average is
tabulated for each output parameter.
Table 5.2: Output Parameters for Optimum CONWIP Level of Line 2

Material
WIP (rolls)

Roll WIP
(rolls)

Standard
Deviation
of Mat. WIP
(rolls)

Standard
Deviation
of Roll
WIP (rolls)

Cyce
Time
(Days)

Total Time
Order is in
System
(Days)

9

76.51

374.04

86.01

35.58

3.32

7.28

10

0.02

148.68

3.89

87.14

2.88

6.40

11

89.37

381.75

86.02

26.43

3.34

7.36

12

34.88

302.72

60.02

57.85

3.37

6.96

Monthly

50.20

301.80

58.98

51.75

3.23

7.00

Average
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As mentioned in Section 5.1.4, the output parameters vary from week to week as the
demand for Week 9 to Week 12 of 2010 varies. On weeks when the demand is
insufficient to fully utilize the CONWIP system, the WIP levels will be low and the
standard deviation of Roll WIP will be high. For this study of Line 2, the demand for
Week 11 is the highest and the demand for Week 10 is the lowest. Also, for Line 2, the
monthly average for a week's orders to be completed is 7 days. This makes the proposed
Line 2 work for CAS as the production week lasts 7 days and all the orders for a week
can be processed by the end of the week. The total production lead time that includes a
day of pre-press, if needed, would eventually be 8 days, which is 2 days lesser than the
current system.

The maximum number of tokens in the system is the maximum WIP level the system can
have. If the system never falls short of raw material or orders, the amount of WIP will
stay constant since the WIP level will be kept at the maximum, which is the total number
of tokens. However, for cases like the simulated month of March 2010, if there are not
enough orders to saturate the CONWIP pull production system, the number of remaining
free tokens in the token buffer can be useful as an indicator of the WIP level in the
system.

5.3

Reduction in Inventory Levels

For Line 1, the average monthly Material WIP is 39.09 rolls of unprocessed paper
required for the week's production, and the average monthly total Roll WIP is 221.06
rolls. The Roll WIP consists of all WIP between the printing stage and the palletizing
stage. For Line 2, the average monthly Material WIP is 50.2 rolls and the average
monthly total Roll WIP is 301.8 rolls. This makes the total average monthly Material
WIP for the 2 lines 89.29 rolls and the total average monthly Roll WIP 522.86 rolls. With
these numbers, CAS' internal warehouse can accommodate the WIP much more
comfortably as shown in its floor capacity in Figure 1.12.

Table 5.3 below shows the respective inventory holding costs for the month of March
2010 for both the current CAS production system and the simulation CONWIP
Page
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production system. Data for the current system's total WIP level is shown in Appendix D.
No WIP levels were recorded on weekends. After calculation, it was found that a total
inventory holding cost savings of S$38,532.66 per month could be achieved with the use
of the CONWIP system.
Besides being able to better accommodate the reduced WIP rolls and achieve savings in
inventory holding costs, much time can also be saved. Currently, all the WIP rolls are
stored in the warehouse between processes and the rolls are not being processed using the
FIFO method. Hence, workers must manually locate the wanted rolls in the fully-packed
warehouse and this usually takes up a fair bit of time. However, with the FIFO method
used in the CONWIP pull production system, the WIP rolls can be stored and taken out in
a systematic manner, saving both trouble and time in searching for the desired rolls.
Table 5.3: Inventory Holding Costs

sCONWIP
Current System
No. of Material WIP (rolls)
Cost of Holding Mat. WIP
(S$/month/roll)
Total Monthly Holding Cost for Mat.
WIP

Sse

89.29
S$90.00
S$8,036.10

No. of Roll WIP (rolls)

964.27

522.86

Average Holding Cost of Roll WIP
(S$/month/roll)
Total Monthly Holding Cost of Roll
WIP

S$105.50

S$105.50

S$101,730.49

S$55,161.73

S$101,730.49

S$63,197.83

Total Inventory Holding Cost
Total Inventory Holding Cost
Savings for CONWIP System

S$38,532.66
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CHAPTER 6: CONCLUSION AND RECOMMENDATIONS
Problems with the current production system in CAS include the high complexity of
planning, high WIP levels that are over the warehouse capacity, and long production lead
time. Current research demonstrates that by altering the product flow in the production
system and by using a CONWIP pull production system, these problems can be alleviated
and the production system can be improved as a whole.

A production system that consists of 2 dedicated production flow lines, Line 1 and Line 2,
was proposed and analyzed. This proposed production system was aimed to reduce the
complexity of the current production system. In addition, a CONWIP pull production
system was put in place to reduce and control the total amount of WIP in the system,
which would then result in a shorter production lead time. Computer simulation was done
and the optimum CONWIP level was determined for both Line 1 and Line 2. It was
found that the optimum CONWIP level for Line I is 388 and the optimum CONWIP
level for Line 2 is 470. With these optimum CONWIP levels, the average monthly WIP
levels were the lowest with the least variability. This enables CAS to have a good control
over the WIP levels in the warehouse.

In addition, the cost savings in inventory holding costs per month were also tabulated.
With the implementation of the 2-dedicated lines with CONWIP pull production system,
the complexity of planning will be greatly reduced, the inventory cost savings of over
S$38,000 can be achieved per month and total production lead time will be reduced from
10 days to 8 days. This reduction in production lead time will then reduce the total
customer lead from 12 days down to 10 days. Together with the various ways of grouping
products discussed in Xi He's thesis, and suggestions of a different CONWIP pull
production system discussed in Kevan Yong Cai Chim's thesis, it is evident that CAS has
various options to improve on its current manufacturing system.

In conclusion, CAS is recommended to implement the proposed 2-dedicated lines with
CONWIP pull production system proposed in this study. This will enable CAS to reduce
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the complexity of their current production system and the total amount of WIP in the
system, which would then result in a shorter production lead time while still meeting
customer demand.
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CHAPTER 7: OPPORTUNITES FOR FUTURE WORK
To reduce the variation in the amount of Material WIP and Roll WIP in the production
system, production levelling can be done to reduce the variation in the number of rolls
being processed each week of the month. With a more stable number of rolls to process
each week, a single optimum CONWIP level will better cater to controlling the WIP
levels in the system.

Next, simulations can be performed for a large range of weekly demands. With these
simulation results, CAS can then alter the CONWIP level of the production lines based
on the weekly demand that it has. This will cause the CONWIP pull production system to
be fully utilized each week, which will result in relatively constant WIP levels in the
system.

Lastly, other ways of splitting up the products to be assigned to the two dedication lines
could be explored. These different ways of product split could be experimented on the
two dedicated lines proposed in this project, or on other proposed production lines that
have different product flow configurations. By doing so, a better manufacturing system
for CAS may be achieved.
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APPENDIX A: ARENA Model for Line 1
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APPENDIX B: ARENA Model for Line 2
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APPENDIX C: ARENA Model for Current System
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APPENDIX D: Total WIP of Current System for Weeks 9 to 12 of 2010

Date
1st Mar
2nd Mar
3rd Mar
4th Mar
5th Mar
6th Mar

7th Mar
8th Mar
9th Mar
10th Mar
11th Mar
12th Mar
13th Mar
14th Mar
15th Mar
16th Mar
17th Mar
18th Mar
19th Mar
20th Mar
21st Mar
22nd Mar
23rd Mar
24th Mar
25th Mar
26th Mar
27th Mar
28th Mar
Average no. of rolls
per day
Less 5% odd sizes
(which are not
included in this

Total rolls of
WIP (From
printing to
palletizing)
1047.64
1020.30
1006.09
1022.30
975.73
Weekend

Weekend
963.00
938.76
971.45
987.48
924.94
Weekend
Weekend
993.12
1011.82
1043.42
1084.03
1018.73
Weekend
Weekend
1035.36
1060.12
1081.24
Not recorded
1099.82
Weekend
Weekend
1015.02

964.27

study)
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