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Abstract: The textiles and garment industry plays an important role in Thailand’s economic growth,
despite facing competition in product quality and rising production costs. Meeting diverse consumer
needs and satisfaction has become increasingly difficult, as environmental issues become a major
concern for firms internationally. Entrepreneurs require sophisticated strategic management tech-
niques to maintain organizational productivity. Growing industries generate material losses, while
negatively impacting the environment. Companies may account for their waste, but in reality, actual
productivity is much lower, since hidden wastes are mostly unaccounted for and unquantified. A
key barrier to reducing waste is that potential cost savings by revising waste management processes
are not calculated. To solve this problem, material flow cost accounting (MFCA) was introduced to
reduce negative product costs in a ladies’ lingerie company by identifying and evaluating the quan-
tity and cost of concealed material waste. An effective meta-heuristic called the Two-Dimensional
Cutting Stock Problem—Tabu Search algorithm (2DCSP-TS) was then proposed based on the idea of
finding a layout that minimized a bin length. The multi-phase arrangement strategy embedded in it
can obtain near-optimal conditions for solving realistic-sized problems. To illustrate the effectiveness
of the proposed methods, numerical experimental results were compared with those of the current
practice. From the numerical experiments, it was found that the proposed technique is an efficient
method for reducing negative product costs.

Keywords: material flow cost accounting; two-dimensional cutting stock problem; metaheuristics;
tabu search

1. Introduction

The industrial sector has focused on the integration of technology in the manufac-
turing process, known as industry 4.0 [1,2]. The competition patterns of the consumer
market has also changed. Therefore, employing mass production to decrease unit costs
no longer meets customers’ needs as in the past because the customers have demands on
variety, as well as good value for money. Another factor to which consumers pay atten-
tion is cleaner production; thus, a new manufacturing system called mass customization
has been introduced. Mass customization [3,4] requires a proper production strategy to
balance uniqueness, fashion, and price. From its principle to meet consumers’ demands
quickly, mass customization requires flexible and dynamic strategies in order to adapt to
cases. Mass customization also allows companies to provide customers with uniqueness
and meets personal demands with reasonable costs [5]. This is consistent with the Lean
manufacturing system [6,7] that aims to increase values and eliminate the seven types
of waste: overproduction, waiting, transporting, inappropriate processing, unnecessary
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inventory, and unnecessary motions [8] in production to enhance flexibility and contribute
to small lot sizing.

In keeping up with global trends, the garment industry is a sector that has to be adap-
tive. Many organizations have launched downsizing policies due to uncertain customer
demands which means that the company will not hire new employees for substitution.
Consequently, employees have to be more efficient or multi-skilled to operate at the same
pace. It is well-known that the garment industry is labor-intensive; production lines com-
monly pile up with materials due to a lack of technology as compared with, for example,
the automotive industry. If there is a large amount of material piled up, it means the hidden
cost not mentioned in the seven wastes is more than 50% of the total cost. Material loss is
difficult to analyze by traditional cost accounting but another technique can be utilized
which is Material Flow Cost Accounting (MFCA). At present, MFCA is an effective tool that
has been used and accepted as a global standard to help organizations to better understand
the potential environmental and financial effects of their usage of material and energy.

Today, manufacturers that have implemented a down-sizing strategy still have to
consider the cost and environmental impact [9,10]. Therefore, the objective of this research
is to present the application of MFCA in waste reduction in a lingerie manufacturing
industry that has been operating for more than 40 years in Thailand as a case study.
This research is the first study devoted to improving the organization’s efficiency along
with the mitigation of environmental impacts. The study is divided into 2 parts. The
first part focusing on the utilization of the MFCA technique for the analysis of structure,
production, and cost in order to identify the potential process that causes the negative cost
of goods. The second part focuses on the implementation of the findings from MFCA in
that the cutting process resulted in the negative cost of goods leading to the study of the
Two-Dimensional Cutting Stock Problem (2DCSP) and Tabu-search (TS) to identify the
minimal length of workpiece sorting by using a heuristic algorithm. The issue in workpiece
sorting is an important process that determines the amount of material lost. The results of
this study can minimize the material wastes in term of the negative product costs which
enhances the company’s competitiveness. Therefore, this research can meet the demand for
mass customization due to technology intervention which down-sizes the production but
improves efficiency with fewer laborers required. Whilst the number of laborers is the same,
the production has increased as one person can operate several machines. Furthermore,
this research can serve as a model for sustained manufacturing and minimization of the
environmental impact in the textile and garment industry.

The following sections consist of MFCA, 2DCSP, evaluating improvement effects,
discussion and conclusion, respectively.

2. Material Flow Cost Accounting (MFCA)

MEFCA is originally from Germany but has been used in Japan since 2000 with support
from Ministry of Economy, Trade and Industry, Japan [11], which delimited MFCA as one
of the Environmental Management Accounting (EMA), which aims to mitigate the envi-
ronmental impact and reduce cost and waste elimination, while ensuring the organization
performance is improving. This technique also helps to indicate which processes can be
improved. First, the material flow process is created then the MFCA calculation is devel-
oped to categorize the production compared to input material using mass balance. The key
concept of mass balance is that the input material and output material are equal amounts of
product and waste. For this reason, the production cost can be classified into 4 categories:
Material Cost: MC, System Cost: SC, Energy Cost: EC, and Waste Management Cost: WC.
The costs are considered a cost of positive product attached to the end product and a cost
of negative product lost during the process and did not acquire any income. The process of
the application of MCFA as an international standard (ISO 14051) [12] are as follows:

1.  Preparation—to identify the target product and the process that need improvement
then analyze the initial process and indicate the scope for further planning.



Appl. Sci. 2021, 11, 3142

30f18

2. Data collection—to collect information about raw materials, input, and waste in
each process.

3.  MFCA calculation—to identify the input variables covering both the positive and
negative cost of goods under the mass balance concept. The calculation results support
affirming and categorizing costs, as well as causes, from each process.

4. Process identification—to point out the process that needs improvement along with
identifying lost materials.

5. Solution—to provide options and the feasibility of reducing the material loss for
each option followed by a calculation of costs and expenses to prioritize the plans
for improvement.

6. Implementation—to implement the solution and collect data following implementa-
tion for further evaluation.

7. Evaluation—to assess the intervention. The number of input factors and waste upon
the implementing process and MFCA calculation will be done to compare the result
before and after implementation.

In recent years, Kokubu and Tachikawa [13] studied the feasibility of MFCA appli-
cation in Japan and stated the environmental management cost in 2003 by METL. It was
revealed that the organizations that implemented MFCA showed practical solutions and
efficient performance. As a result, the implementation of MFCA has been widely consid-
ered in Japan. Nakajima [14] gathered case studies of Japanese companies that applied the
MFCA technique for improving production process along with other quality control tools
and showed that they received efficient results. MFCA was considerably referred to his
study [15,16].

Then, several studies have adopted MFCA in various case study [17-20]; moreover,
Tran and Herzig [21] provided a review of the existing literature on MFCA application in
developing countries. In Thailand, MFCA is a relatively new tool that was only recognized
in 2014. A study by Chompu-inwai et al. [22] focused on the implementation of MFCA to
analyze the process of wooden products for SMEs combined with the experimental design
to identify the significant variable to reduce waste from wood sheets. Furthermore, a study
of Kasemset et al. [23] also presented data of MFCA implementation to improve a main
product in plastic bottle manufacture which reduced costs efficiently.

However, there are few studies using the MFCA technique for the garment industry.
The relevant studies are the research of Kasemset and Chernsupornchai [24], who applied
MEFCA in SMEs which showed the effective result in cost-saving; and the research of
Amid et al. [25], who developed a fuzzy weighted max-min multi-objective model to
reduce waste and response to environmental requirements. For this reason, there is a
possibility in the garment industry to investigate and improve the manufacturing process
to enhance the performance, along with mitigating environmental impact by implementing
MFCA with management tools, which will be presented in the next chapter.

2.1. Case Study in Lingerie Industry

This research proposes to implement the MFCA in each process of lingerie manufac-
turing. According to the MFCA process, material, energy, and system costs are analyzed
and classified as costs of positive and negative products. The operations with high negative
product costs are improved and provided solutions in order to reduce negative product
costs. The results of the study are as follows.

2.1.1. Primary Product Information

The business for the case study is the garment industry for lingerie which is made
to order. All products will be delivered to headquarters, where the customer orders are
placed monthly. The manufacturing begins with receiving customer orders then planning
for the production process to inform related sections. The material storage department
(RM) is responsible for material preparation which is sent to the cutting section (CU). The
cutting plan will then be created to utilize material at the maximum efficiency. In the
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cutting process, there is both manual and auto cut. The cutting materials will be checked
and delivered to the sewing section (SE) to tailor finished products following sewing
standards in the next step. All products are examined by the quality control section (QC)
and inspected randomly by the quality assurance section (QA) for guaranteeing. After the
random check, all products are sent to the packaging section (FG) before being delivered to
customers. All processes are supported by the technique and maintenance department to
ensure that production is operated efficiently.

2.1.2. Data Collection & Compilation

According to the analysis, a major loss of material is trim loss which occurred at the
cutting section. The following loss occurs at the sewing section which includes remnant
and threads. The third process that has material loss is the quality control section. Some
products need to be sent back to the sewing section for repair. Lastly, substandard products
that were randomly inspected at the quality assurance section must be sent back to the
sewing section for repair as illustrated in Figure 1

= Process 1 Process 2 Process 3 Process 4 Process 5 [\
Main Mat. == — — — — —> Customer
RM CU SE QC&QA FG !

Figure 1. Material loss occurring in lingerie production process.

As we can see in Figure 1, the cutting is the main section that defines the quantity
of material used because the material will be processed from a large roll into pieces and
prepared for transfer to the sewing section. Thus, a plan is required before material cutting.
Although, there is a designed program that supports the planning, the current practice is
still trial and error based on worker experience. In other words, the responsible person will
test the arrangement pattern and then consider if there is a chance for further improvement
based on her experience. For this reason, improvement in the cutting plan will help in
material and cost-saving. From the data mentioned, the main issue in this case study is
determining a plan for material cutting that meets the amount that customers require and
utilizes materials effectively. This issue can be identified as Two-Dimensional Cutting
Stock Problem. Initially, the MFCA has not been acknowledged in this case study. Hence,
the present cutting plan is considered to be the most effective pattern. If the MFCA has
not been implemented, the main loss at the cutting process has not yet been identified.
Moreover, the study reveals that not only the main material is lost from cutting, but indirect
loss also occurs, such as time-wasting for trial and error. Workers spent time trying to
find the cutting pattern with nothing as the guarantee that it would be the best. For each
cutting, a paper plan was printed to place on materials before the actual cut. The cutting
also required a cutting mat to prevent the materials from slipping and paper to divide the
shades of materials that came from different rolls. Moreover, a plastic cover was used for
auto cutting. For example, the cutting pattern for the WB1234 model with 1000 orders,
cup size (e.g., bra size, the smallest of which is A) A, B, C, and D. There are four different
under-bust sizes which are 70, 75, 80, and 85. A bra is assembled with 5 parts which are the
right cup, left cup, right band, left band, and bridge. The number of orders for each cup
size is also different. For example, A85 will not be produced as it is a small cup group, but
A75 is made at the maximum quantity as it is standard size and has a higher sales amount
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than other sizes. The D70 and D75 have not been produced as they are large cups which
causes the under bust size to be bigger, as well. In the case of producing 150 pieces of A70,
it does mean there are 750 parts required for pattern making. Similarly, 1000 orders of the
WB1234 model needs 5000 pieces of a cutting pattern which also depends on stretching
pattern and the rotation can be adjusted at only 0 and 180 degrees due to the limitation of
fabric lines as shown in Figure 2.
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Figure 2. An example of the parts that need to be considered in making a cutting pattern.

According to the issues that occurred in the case study mentioned above, the work
sample curvature is sharp, the calculation is complex and time-consuming. The organiza-
tion in this case study is a large company with an existing system and standard. However,
the industrial engineering techniques (e.g., lean, time study, and operation research tech-
nique) do not focus on material loss in which material cost is almost 50% of the total cost.
The data analysis of material loss and cost is difficult to identify by using traditional cost
accounting. Manual cutting employs more resources and time for planning, and there is
also material loss from employing an inefficient plan. Thus, a material cutting plan that
meets the quantity that customers require and generates the least scrap is the issue this
case study focuses upon.

2.1.3. MFCA Calculation

The MFCA calculation is made for categorizing finished products compared to mate-
rials input in each process by using a mass balance which includes products and wastes.
To figure out the cost of negative products, MC can be calculated from the amount of
each waste type multiplied with the unit cost and the result will be used to analyze the
quantitative data in the material flow chart (Figure 3). The cost of EC, SC, and WC can be
calculated by mass allocation method by using cost multiply with the percentage of the
negative product cost. The materials are separated into 3 groups which are:

1.  main materials, such as bands, cups, bridges, and liners,
2. sub-materials, such as ET-elastic, Cup-elastic, B-elastic, Thread-A, and Thread-B, and
3.  auxiliary materials, such as Label, Tag, and Bullet.
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Tag+Bullet 1000 pes.

Aux Material |

Label 1000 pcs.

Sub Material

il

Main Material ET-elastic 4.88 kg.

Cup-elastic 2.17 kg.
B-elastic 0.77 kg.
Thread-A 0.40 kg.
Thread-B 1.34 kg.

Bands 4.68 kg.
Liners 2.04 kg.
Bridges 10.88 kg.
Cups 14.91 kg.

Process 1 :{> Process 2 IZD Process 3 :{> Process 4 > Process 5
(Stock) (Cutting) (Sewing) (Checking) (Packing)
v

Material loss from Material loss from Material loss from
Process 2 Process 3 Process 4

i ET-elastic loss 0.16 kg.
Band loss 1.76 kg. Band loss 0.08 kg. i Cup-elastic loss 0.17 kg.
Liner loss 0.76 kg. Liner loss 0.06 kg. ! B-elastic loss 0.04 kg.
Bridge loss 4.08 kg. Bridge loss 0.03 kg, | Thread-A loss 0.01 kg.
Cup loss 5.59 kg. Cup loss 0.06 kg. %, Thread-B loss 0.01 kg.

Material loss:

Main Material: Band loss 1.84 kg., Liner loss 0.82 kg., Bridge loss 4.11 kg., Cup loss 5.65 kg.

Sub Material: ET-elastic 0.16 kg., Cup-elastic 0.17 kg., B-elastic 0.04 kg., Thread-A 0.01 kg., Thread-B 0.01 kg.
Aux Material: -

Figure 3. The material flow chart.

From Figure 3, it can be seen that the five quantity centers consist of material storage,
cutting, sewing, checking, and packaging section. Due to a variety of customer orders,
the targeted product was selected as one ladies’ lingerie type which has a high frequency
and volume of customer orders during the study time period. The MFCA calculation
and analysis were carried out based on 1000 pieces equal to one production lot size. The
material flow begins with inputting the main materials to material stock where materials are
collected and await delivery to the cutting section. No loss or negative products occurred
in this process. The cutting section then received all materials which the negative products
generated as roll fabrics are processed into pieces for sewing in the next section. The
processing, however, needs a pattern before cutting. Though the programs are developed
for cutting pattern arrangement, the decision is still trial and error based on workers’
experience. As a result, a high negative product ratio occurred in the cutting process. The
next process is the sewing section where sub-materials are input. These sub-materials are
ET-elastic, Cup-elastic, B-elastic, Thread-A, and Thread-B, along with auxiliary materials,
such as labels to produce finished products. The negative products generated in the sewing
section are very low compared to the cutting process as the material loss is only from
trimming. After that, finished products are transferred to quality control for checking.
Some negative products were found but were able to be sent back to the sewing section for
adjustment. After this, all checked products are delivered to the packaging section which
is the final production process. The auxiliary materials input in packaging are tags and
bullets to attach to products without any alterations, so negative products have not been
found. Due to mass balance, costs that occurred in each process are relevant and reflected
MFCA analysis as in Figure 4.

The calculation in Figure 4 applied the MFCA technique to identify the ratio of the
positive and negative products generated in lingerie production under the mass balance
concept. It was found that 100% of positive product costs occurred in material storage
and all of these costs were added to the following process. Next, the cutting section
processed roll materials to pieces in which the cutting plan was required to minimize
material loss. The product costs ratio is now 62.50% for positive products and 37.50% for
negative products of which 95.25% is raw materials cost valued at 1841.13 USD. This is the
highest amount compared to total costs and requires an urgent solution for adjustment.
The following process is the sewing section where semi-finished materials from cutting are
input for sewing and making finished products. There is a trimming which causes a small
number of scraps from fabrics, rubbers, and threads, so the costs of positive products are
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at 98.76%. Quality control is the next section where no materials costs are added as this
section only checks finished products sends faulty products back for repair. Therefore, the
positive product cost ratio is 99.74% in this process. Lastly, the packaging section receives
qualified finished goods in which no materials are lost, and negative product costs do not
occur. From the MFCA analysis mentioned above, total costs in the lingerie production
process before the improvement is shown in Table 1 and Figure 5.

Newly Input Total Cost

Total 4962.47 192.00 1904.18 88.00 57.03
Newly input MC 4909.67 0.00 256.18 0.00 167
Newly input SC 40.00 128.00 1560.00 80.00 40.00
Newly input EC 12.80 64.00 88.00 8.00 1536
Total cost handle over form
Total 0.00 —»| 496247 —» 322154 —» 506207 —»| 515007
MC from previous process 0.00 4909.67 3068.54 328343 3283.43
SC from previous process 0.00 40.00 105.00 1644.33 172433
EC from previous process 0.00 12.80 48.00 13431 14231
Process total of input cost
Total 496247 5154.47 5125.72 515007 5207.10
Input MC 4909.67 4909.67 3324.72 328343 3285.10
Input SC 40.00 168.00 1665.00 1724.33 176433
Input EC 12.80 76.80 136.00 14231 157.67
Percent quantity of negative product 0.00% 37.50% 1.24% 0.26% 0.00%
Percent quantity of positive product 100.00% 62.50% 98.76% 99.74% 100.00%
Positive product cost total
Total 496247 322154 | 506207 515007 5207.10
Positive product MC 4909.67 3068.54 3283.43 328343 3285.10
Positive product SC 40.00 105.00 1644.33 1724.33 176433
Positive product EC 12.80 48.00 13431 14231 157.67
Negative product cost total
Total 0.00 1932.93 63.64 1333 0.00
Negative product MC 0.00 1841.13 41.28 0.00 0.00
Negative product SC 0.00 63.00 20.67 0.00 0.00
Negative product EC 0.00 28.80 1.69 0.00 0.00
Waste treatment cost 0.00 0.00 0.00 1333 0.00

Figure 4. The material flow cost accounting (MFCA) cost allocation (in USD).

Table 1. Total costs in production process before the improvement (in USD).

Data MC SC EC WC Total

5167.51 1848.00 188.16 13.33 7217
71.60% 25.61% 2.61% 0.18% 100.00%

Positive Product Cost 3285.10 1764.33 157.67 0.00 5207.1
45.52% 24.45% 2.18% 0.00% 72.15%

. 1882.41 83.67 30.49 13.33 2009.9
Negative Product Cost 00, 1.16% 042%  0.18%  27.85%

Total Cost

0.18%
2.61% 100%
25.61% 90%
80%
| we 70%
W EC "
M sc
u MC %
50%
71.60%
40%
45.52%) 0%
20%
10%
0%

Total inputs

Material loss

Figure 5. Cost allocation before the improvement.
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2.1.4. Identifying Improvement Requirement

As seen in Figure 5, the highest negative product cost is material cost 26.08% followed
by production cost at 1.16%, energy cost 0.42%, and waste management cost 0.18%, respec-
tively. To analyze the improvement requirement, the material cost, which is the highest
negative product cost, is the priority. Other costs, such as production cost, energy cost, and
waste management cost, have not been studied in this research due to permissions from
the company.

According to the analysis, the highest amount of material cost occurred at the cutting
process in which fabric rolls are transformed into pieces for assembling. Thus, an efficient
cutting pattern and operational method are essential to minimize material loss.

As a suggestion for improvement in the cutting section where the highest negative
product cost occurred, this research has introduced the 2DCSP-TS algorithm as a solution.

3. Two-Dimensional Cutting Stock Problem (2DCSP) Algorithm

One of the cutting and packing problems is the Two-Dimensional Cutting Stock
Problem: 2DCSP which is concerned with finding a good arrangement of multiple items in
large containment and avoiding the overlay. This problem is commonly found in different
industries, such as garment and leather products. The issue still has not been sufficiently
resolved as there are numerous arrangement patterns. Garey et al. [26] showed that 2DCSP
is an NP-complete problem. Thus, the 2DCSP problem with irregular shapes is an NP-
Complete problem, as well. According to Dyckhoff [27], the 2DCSP can be categorized as
2/V/1/R which means that two-dimensional irregular shapes or polygons can be arranged
on the material at the minimum (V) and used multiple items with the same shapes and
sizes (I). The property of non-convex type polygons has a common property in some
items (R). Furthermore, the rotation limit is allocated for only 0 and 180 degrees due to
the line pattern of fabric, as well as the consideration of three patterns of stretch type.
The purpose of the 2DCSP problem is to use the material at the minimum length. In
the previous study of packing problems, Jakobs [28] applied generic algorithms with BL
(Bottom-Left) heuristic by substituting the irregular shape stock which is generally called
Polygon to make a square shape around that polygon. Then, the squares from different
sizes of polygons are put on material following the BL method by arranging stock closest to
the bottom left of the material repeatedly. When this is completed, one by one arrangement
will be retrieved. Swapping stocks sequence caused the change of the arrangement which
affects the area of material used. As a result, minimum material use is recommended
by employing a Genetic algorithm to identify the most effective arrangement. Replacing
squares on irregular shapes also helps in the quick calculation. Nevertheless, replacing
the squares on different sizes of stocks affects material surface loss. Oliveira et al. [29] has
proposed the TOPOS algorithm which is one of the most effective arrangements at present.
The TOPOS applies a no-fit polygon with the Greedy method by allocating polygons on
material sheets one by one. The selected polygons provide the most effective arrangement
when the process is completed. The best result in arrangement of the stocks depends
on the strategies. These arrangements can be changed up to 126 patterns. The result of
the study revealed that there are still effective strategies that still do not exist for every
sample test. Kendall [30] has demonstrated the application of Meta-Heuristic, such as
Genetic algorithm (GA), Simulated Annealing (SA), Tabu Search (TS), Ant algorithms, and
Memetic algorithms, with the no-fit polygon. Two polygons were allocated at a position
that caused minimum convex hull then combined to a new polygon which was used to
calculate no-fit polygon with the next polygon continuously until the last. After this, the
calculation for the length of the arrangement was done by using different meta-heuristic to
identify the optimum length. The result showed that TS and Memetic algorithms resulted
in the best outcome.

Since TS is a search method that finds a new solution from a neighborhood of a
current solution and uses only two parameters, neighborhood size and tabu-list size,
the solution improves rapidly. Thus, this article will introduce the arrangement applied
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from Kendall [30] by using TS and multi-phase arrangement strategy [31] to identify the
most effective polygon arrangement. A multi-phase arrangement strategy includes two
strategies which are MinCenterDistance and MinLength. MinCenterDistance strategy has
been used for the first half of polygons to select a position that makes the center of the
squares around the polygon closest to one another as in Figure 6a. For the other half of the
polygons, a MinLength strategy is selected to identify the best position for an arrangement
of new polygons at a minimum length as in Figure 6b. As the purpose of the arrangement is
to minimize material length, this strategy creates a minimum arrangement when polygons
are merged. MinCenterDistance strategy is a suitable early arrangement since minimum
material will have been used. For later arrangements, the MinLength strategy was chosen
as a means to minimize the sequence.

(a )

Figure 6. The multi-phases arrangement strategies [31] are MinCenterDistance (a) and MinLength (b).

3.1. Stock Arrangement

The steps for stock arrangement are as follows:

1.  Randomly choose the initial polygon.

2. Calculate the no-fit polygon for the first and the second polygon. The no-fit poly-
gon is the position around the first polygon that can be overlaid by the second
polygon perfectly.

3. Select the best position of no-fit polygon according to the strategy.

4. After choosing the position, two polygons will merge and generate a new polygon
which will be used as the initial polygon to identify the no-fit polygon and the
consecutive polygon. Repeat step 2 until all polygons have been allocated.

5. Calculate the length of the arrangement.

6. Implement Tabu Search (TS) to identify the most effective sequence of polygons.

3.2. No-Fit Polygon

The basic idea behind the no-fit polygon (NFP) was originally proposed by Art [32].
The NFP is a tool that can be used for identifying the position in which two can be close
with no overlaps. This method has been acknowledged for its efficiency and has been used
to solve problems, such as identifying motions of robots. The NFP is generated by two
polygons in which the first polygon is fixed, while the second polygon is orbiting. The
direction of this movement is called an NFP. If the reference point of the second polygon is
in the NFP, an overlay has occurred. If the reference point is outside the NFP, the polygons
are not touching. And if the reference point is on the NFP, this shows that both polygons
are attached perfectly. Figure 7 illustrates that polygon A is fixed and B is moving. The
dot lined shape represents the NFP and its position. Polygon B is in a position of close
arrangement with polygon A.

A polygon can be categorized into 2 types, convex and non-convex. For a convex
polygon, the edges are arranged by the angle consecutively in a clockwise direction, as
shown in Figure 8a. A non-convex polygon is more complicated as its edges are not
arranged in sequence. An example of a convex and non-convex polygon is shown in
Figure 8. As seen in Figure 8b, the 4th and 5th edges have a narrower angle than the 3rd
edge, and this represents a non-convex polygon.
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NFP

Reference point

Figure 7. An example of the no-fit polygon (NFP) (thick border) of polygon B in relation to polygon
A. The reference point of B is not allowed inside the NFP if overlap is to be avoided.
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Figure 8. Convex polygon (a) and non-convex polygon (b) [31].

The no-fit polygon convex type can be calculated by Minkowski’s Different [33,34],
which states that an NFP is equal to the difference of both polygons.

NFP g =A@ —B, 1)
which

A®&B={a+blac ADbec B} )
—A={—-alaec A} @)

A and B represent sets of edges in polygon A and B, respectively. a and b are the edge
inside A and B, respectively.

The NFP convex type is formed by merging of the edges of two polygons. The
first polygon has a counterclockwise direction, while the second polygon has a clockwise
direction which is arranged by its angle from 0 to 180 degrees, respectively, as shown in
Figure 9.

Polygon A and B move in a counterclockwise direction. The NFP calculation is used
to find the combined edges between A and —B, in which —B contains the same edges as B
but moves in a clockwise direction. The NFP of polygon A and B is retrieved when the
edges of both polygons are arranged and connected at each angle. For the non-convex type
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polygon, the calculation requires various methods that have been presented by numerous
researchers. The calculation example is shown in Benell et al. [35] and O'Rourke [36].

R
"0 -_--
'f ~ -
4
)
.IL:
’
'
- 5 ! Tl d
\' ......
IO NFPas :
. A '
‘-‘ “ ]
A‘ I‘ :
L]
A .
¥ ! )
A 4 i
.

Figure 9. A method to calculate a NFP [31].

3.3. Fitness Function

Due to its objective of minimizing the length of material, the arrangement value is the
length of the arrangement. For vertical arrangement, the length is the different space of the
top and bottom and for horizontal is the distance between the left and right position.

The area of polygon can be calculated by the following equation,

1 n—1 n—1
Area = 5 Z XiYit1 + Xuy1 — E Xip1Yi + X1Yn|, ®)
i=1

i=1

where 7 is the number of positions in the polygon, and x, y represent the positions of the
polygon in a counterclockwise direction.

Utilization can be calculated by adding the area of every polygon and then dividing
by the area of material, as seen in the equation below.

m
Y Area;
.1 . i=1
% = ——x1 4
YoUtilization Wx L x 100, 4)
where m represents number of polygon, W represents the bin width of the material, and L
represents the bin height of the material.

3.4. Tabu Search (TS)

To choose the series of the polygon that represents the best arrangement value, several
meta-heuristic methods have been used in the past. The popular methods are Genetic
algorithms, SA and TS, each of which have different pros and cons. TS is selected for this
study as it requires fewer control parameters, of which only 2 are needed. Glover [37] first
introduced the TS, which was developed from the Hill climbing method that aimed to
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find a neighborhood to improve, and which will serve as the starting point for the next
round. The disadvantage of Hill climbing is that no further answer is created if the result
shows there is no better neighborhood, the system cannot find in other areas that may
have a better result. This is called the local optima. TS can solve local optima issues by
determining previous answers through use of the Tabu list to collect data. The selected
initial answer cannot be replicated until the determination has been completed which is
equal to Tabu list size.

3.4.1. Neighborhood

The polygon order runs as 1, 2, 3, ..., n. Rearrangement of the order of polygons,
such as swapping a pair of polygons, will make a new polygon order which is called a
neighborhood. This sample avoids alternating similar polygons to reduce the number of
neighborhoods which depends on the number and type of polygons. In case none of the
similar polygons, the neighborhood is n(n—1)/2 with n being the number of polygons.
If there are more polygons, using all neighborhoods requires time which causes delayed
searching and has less test rounds. Basically, the neighborhood is fixed at random from all
neighborhoods. The number of the neighborhood is determined by a parameter called NH
(Neighborhood Size). The determination of neighborhood numbers is important in finding
the answer. If there are many neighborhoods, the search round is a less and low number of
neighborhoods that cause inefficient searching.

3.4.2. Tabu List

The Tabu list has been used for the statistic of polygon arrangement which gives the
best result of the neighborhood. For example, if the alternation between polygons 1 and
5 gives the best answer (1,5), it will be saved in Tabu list and determined a value. As a
result, swapping between polygons 1 and 5 is blocked for the next round. After searching
for the answer, the number that was determined for (1,5) will decrease consecutively by 1
until zero is reached, then the alternation of (1,5) can be selected again. The advantage of
the Tabu list is preventing searches back to previous points. The number determined for
each alternation is called the Tabu list which is defined by the parameter called TS (Tabu
size) from the previous search. If there are a lot of neighborhoods, the Tabu size is large.
Similarly, less neighborhoods results in a smaller Tabu size. The process of the 2DCSP-TS
algorithm is illustrated in Algorithm 1.

Algorithm 1 2DCSP-TS algorithm

1: procedure 2DCSP-TS

2: t<+0

3 Tabu List (TS) =

4 Generate current solution V,
5: Evaluate V,
6
7
8
9

while not termination-condition do
select a new point V;, that is the best of the neighborhood of V,

if (V,, € TS) or ; V. is not in the Tabu List.
(f (V) < f(V,)) then ; Vi is better than the best solution.
10: VC < Vn
11: TS=TSUV,. ; Update the Tabu List.
12: t—t+1

3.5. 2DCSP-TS Experiment

The polygons sample for testing 2DCSP are the actual two-dimensional work samples
with an irregularly shaped non-convex property to identify performance of the proposed
algorithms. The 2DCSP-TS algorithm was compared with traditional methods in the
manual arrangement. Test datasets includes 12 combinations vary by three factors. The
first factor is a polygon group that includes two datasets, Dataset4 and Dataset6, which
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have 4 and 6 different shapes, respectively. Dataset4 contains complex polygon with
average edge number of 15.5 per polygon, while Dataset6 contains less complex polygon
with average 8 edges per polygon. The second factor is the polygon quantity. In a small
quantity order, Dataset4 and Dataset6 having 20 polygon and 30 polygon to be arranged at
once, respectively, while, in a large quantity order, double pieces of the small quantity order
were used. The last factor is a material bin height varied in 33, 50, and 100 centimeters.
Totally, the test datasets has 12 combinations, as shown in Table 2.

2DCSP-TS algorithm is developed with QT Creator in C++ programming language.
The algorithm was tested with 10 replications and average result had been used to compare.
By using trial and error method, parameters of TS was fixed at neighborhood (NH) 72
and Tabu list (TS) 50 that was suited for the test datasets. The algorithm was ended when
it reach 5000 evaluations. These conditions was used for all combinations datasets. The
computational of 2DCPS-TS ran on a workstation with dual Xeon Gold 5220 2.2 GHz,
192 GB RAM with Linux Mint version 19.3 operating system. This workstation have two
CPUs with 18 cores/36 threads per CPU, totally 72 process can be run simultaneously.
The algorithm wrote with support parallel process, so it can evaluate 72 solutions at the
same time, while the result of manual method was collected by the work of a specialist
having experience for 17 years in this process. She used OptiTex Marker software version
10 running on PC with Pentium® Dual-Core 2.60 GHz, 3.49 GB RAM and Windows
XP operating system to arrange shapes. She worked three times per test combination
and then average utilization and working time is recorded as a result to compare with
2DCSP-TS method.

Table 2. The factorial experiment with 12 treatment combinations.

Treatment  Polygon Average Edge Count Polygon No. Polygon Possible BinHeight (cm)
Combination Group per Polygon Quantity Type Orientation (Degree) &
1 Dataset4 15.5 20 4 0, 180 33
2 Dataset4 155 20 4 0, 180 50
3 Dataset4 155 20 4 0, 180 100
4 Dataset6 8 30 6 0, 180 33
5 Dataset6 8 30 6 0, 180 50
6 Dataset6 8 30 6 0, 180 100
7 Dataset4 155 40 4 0, 180 33
8 Dataset4 155 40 4 0, 180 50
9 Dataset4 15.5 40 4 0, 180 100
10 Dataset6 8 60 6 0, 180 33
11 Dataset6 8 60 6 0, 180 50
12 Dataset6 8 60 6 0, 180 100

The result example of 2DCSP-TS algorithm is shown in Figure 10. The arrangement
can be implemented to practical work as it has a similar pattern to present practice with
manual method but better material utilization. 2DCSP-TS tried to search 5000 solutions
for each run that give an opportunity to found better arrangement patterns in faster
working time. Table 3 shows the comparison of the result of the 2DCSP-TS algorithm
and the traditional manual method. It can be seen in Table 3 that the material utilization
using the 2DCSP-TS algorithm improved the results from using manual method in every
combinations at an average of 7.7%, the minimum being 5.76% and the maximum 9.91%.
The reason the 2DCSP-TS algorithm gives better results is that the research method applied
TS, which prevents any disturbances of the unwanted neighborhood with a mechanism
that can control and avoid local optimal. The integration of determinism and probability
is direct identification, which means that, if the minimum is found, it will cause a change
to the neighborhood. In case the result has improved, it will be adjusted as a present
result. On the contrary, if a worse result is found, it will be prevented from replicating and,
thus, expand the searching area. This case study employs worker experience and decision
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making to find a result which is uncertain for further improvement. For time improvement
in the calculation, the 2DCSP-TS algorithm can speed up arrangement time of manual
method in every treatment combinations at 46 times on average, a minimum of 14.48 times
and a maximum of 105 times over the manual method. Due to the data, the 7th to 9th
treatment combinations spent more time in calculation than others because the sample
shapes are more complex or have more curves. The complicated curves cause more time to
be spent on no-fit polygon calculation which is different from the manual method in that
the time spent depends on the number of workpieces arrangements. However, the overall
result reveals that the solution presented gives better results than the manual process with
maximum calculation time consumed only 251.141 s in the 7th treatment combination. By
this performance, it will be more suitable to use in mass customization process than the
manual method.

Figure 10. The arrangement using heuristic Two-Dimensional Cutting Stock Problem—Tabu Search
algorithm (2DCSP-TS) algorithm.

Table 3. The comparison of the results from the 2DCSP-TS algorithm and present case.

Average Material Utilization (%) Best Utilization Found Average Calculation Time (sec.) Speedup
No % Improvement . o .

Manual 2DCSP-TS with 2DCSP-TS (%) Manual 2DCSP-TS (Times)
1 54.64 59.154 8.26% 60.05 960.00 44.507 20.57
2 53.68 57.291 6.73% 58.812 900.00 49.191 17.30
3 44.44 47.000 5.76% 48.393 1020.00 55.071 17.52
4 69.82 74.977 7.39% 78.383 1020.00 9.623 105.00
5 68.55 73.862 7.75% 75.701 840.00 8.023 103.70
6 61.63 67.330 9.25% 70.618 1080.00 11.396 93.77
7 58.20 62.511 7.41% 63.19 3789.30 251.141 14.09
8 55.58 61.089 9.91% 62.047 3362.42 206.450 15.29
9 53.57 57.106 6.60% 58.314 3640.27 235.224 14.48
10 69.84 75.255 7.75% 76.031 1860.00 46.771 38.77
11 69.35 73.434 5.89% 75.248 1680.00 32.656 50.45
12 67.87 74.426 9.66% 76.930 1920.00 26.543 71.34

4. Evaluating Improvement Effects

After suggesting the improvement plan, Table 3 shows the material utilization result
from the 2DCSP-TS algorithm that was found better than the manual method to an average
of 7.7% and was used to calculate by the MFCA technique again, such as material balance
and MFCA cost allocation, in order to convert to financial data of the after improvement.
Then, cost of prior lingerie production shown in Figure 4 and Table 1 has been improved.
More details in the comparison of cost in production before and after improvement are
shown in Table 4.

According to Table 4, the total cost of lingerie after improvement remains the same
at 7217.00 USD because the improvement did not focus on the input factor but rather,
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the cutting process in which the highest negative product cost was generated. The result
after improvement increased 7.62% in positive product cost from 5207.10 USD (72.15%) to
5756.74 USD (79.77%). The positive product costs are allocated to material cost 3806.02 USD,
system cost 1784.76 USD, and energy cost 165.96 USD. Meanwhile, the negative product
costs decreased from 2009.90 USD (27.85%) to 1460.26 USD (20.23%) which was allocated
to material cost, 1361.49 USD, system cost, 63.24 USD, energy cost, 22.20 USD, and waste
management cost, 13.33 USD. The results clearly show that positive product cost ratio has
increased whilst the negative product cost has declined according to the improvement in
the cutting process where the highest cost occurred. The negative product cost is mainly
from material cost rather than other allocations. It means that, in future planning, we can
reduce the input (raw material) from the initial planning stage, while still getting the same
finished goods, and the cause helps entrepreneurs more by saving cost.

Table 4. Comparison of production cost before and after improvement (in USD).

b Material Costs System Costs Energy Costs =~ Waste Management Costs Total
ata
Before After Before After Before After Before After Before After

Total Cost 5167.51 5167.51 1848.00 1848.00 188.16 188.16  13.33 13.33 7217.00  7217.00
0 08 71.60% 71.60% 25.61% 25.61% 2.61% 2.61% 0.18% 0.18% 100.00%  100.00%
Positive Product  3285.10 3806.02 1764.33 1784.76 157.67 165.96 0.00 0.00 5207.10  5756.74
Cost 45.52%  52.74%  24.45% 24.73% 2.18%  2.30%  0.00% 0.00% 72.15% 79.77%
Negative Product  1882.41 1361.49 83.67 63.24 30.49 22.20 13.33 13.33 2009.90  1460.26
Cost 26.08%  18.87% 1.16% 0.88% 042% 0.31%  0.18% 0.18% 27.85% 20.23%

5. Discussion

In the case study, MFCA identifies the highest negative product cost as a material
cost which is 26.08%, while the total negative product cost is 27.85%. Most material loss
is found in the cutting process considerable as 37.5% of the total material, as shown in
Figure 4. Thus, reducing cutting loss is essential to improve lingerie production. This result
of MFCA investigation is the same as that has been found in the previous research [22],
who proposed adjustments of cutting pieces and cutting tables to reduce the cutting wastes.
However, their adjustments were done by the manual that was not suited to a large number
of orders. To solve this problem to improve the cutting process, we propose 2DCSP-
TS that can arrange the cutting pattern automatically by computer. This approach can
improve material utilization 7.7% on average when compared to the manual arrangement
of the expert. Moreover, it speeds up a cutting pattern planning process 46 times on
average and provides a more comfortable planning process without the need for the
expertise of the workers. The faster planning process allows adapting production lines to
support mass customization which has a variety of products in a large number of orders as
lingerie industry.

For the economic impact, implementation of MFCA and 2DCSP-TS in the case study
can reduce 7.62% of negative product costs which saves 549.64 USD per production lot,
as shown in Table 4. To evaluate the monthly cost-saving based on average orders at
90,000 pieces per month, the order per production lot is between 1000 to 4000 pieces which
are 2500 pieces per lot on average. As a result, there are 90,000/2500 = 36 production
lots with a total cost saving of 549.64 USD x 36 = 19,787.04 USD per month or 237,444.48
USD per year. As the organization in this case study has five branches, the solution will
help save 1,187,222.40 USD per year if the improvement can be applied to other branches.
Just entrepreneurs invest in the high-performance computer once at 10,000.00 USD per
branch (50,000 USD per five branches), which can instantly get a payback investment. It is
clear that the implementation of MFCA and 2DCSP-TS can help to identify the feasibility
to reduce material loss and improve the process with economically possible as well as
minimize the environmental impact.



Appl. Sci. 2021, 11, 3142

16 of 18

References

For future work, the problem of the textile industry is that most of the wastes are
fabrics. These are difficult to reuse because of their properties that soft and hard to handle
for small pieces. Thus, the wastes will be moved to trash or rebuild to lower value products,
such as doormats or foot towels. Applying information technology (IT), such as the
proposed 2DCSP-TS, is an opportunity for improvement to this industry. It will provide
data in all processes, while giving a faster data collecting time. This data can be used to
predict material usage, maintain materials stock small, and reduce an unnecessary material
orders. This is an example for improvement in the future that requires various knowledge,
such as big data, artificial intelligence, and automation, which corresponds to an industry
4.0 transformation.

6. Conclusions

In conclusion, the analysis of material loss and the relevant cost is difficult to analyze
by collecting traditional cost accounting; however, the MFCA technique helps classify
and identify the loss that occurred, and is to convert production losses to monetary terms
that can encourage managerial people to be aware of production losses. The advantage
of combining MFCA and 2DCSP is that the presentations of both the economic and the
environmental aspects encourage improvement in both the aspects simultaneously. The
material cost from the working process or inefficient production technology is the basis for
investigating causes and solutions for reducing loss from energy or materials consumption,
as well as minimizing the impact on the environment. However, improvement strategies
have to be considered appropriate for different organizational contexts. The result of the
study on a leader in garment industry operating more than 40 years in Thailand with the
demand chain covered from upstream to downstream reveals that the company is but one of
the business sectors that has to adapt to the current world economics trend by considering
ways to manage existing resources most efficiency and with environmental awareness.
This case study focuses on material cost reduction by implementing the MFCA technique,
the results reveal that the cutting process caused the highest material and negative product
costs leading to the resolution of 2DCSP. Then, this article proposes 2DCSP-TS algorithm to
improve material utilization and reduce time to arrange a cutting pattern. Hence, this study
places importance on the improvement of organizational efficiency and the mitigation of
environmental impact. The study outcome found that overall negative product cost and
total cost have decreased which enhances competition performance and can meet a mass
customization demand. With the implementation of technology, the production size is
smaller but shows better performance without more labor required, and production has
increased with the same number of workers. Furthermore, this study can show the best
practice for sustainable manufacturing, as well as minimizing the environmental impact in
the textile and garment industry.
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