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Abstract: This research addresses and analyzes the results of a six-sigma approach used to optimize
the logistics costs of a pipe manufacturing company. Two mathematical models are developed for
containers to control the company’s logistics. The Mathematical Programming Language (MPL)
software is used to generate and solve these models. The results verify that the proposed mathe-
matical models result in the company’s logistics improvement, especially in the DMAIC (define,
measure, analyze, improve, and control) cycle by providing flexibility in choosing the most appro-
priate containers for logistics.

Keywords: logistics; DMAIC cycle; logistics costs; mathematical models; mathematical
programming language; six-sigma
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1. Introduction

The flow of products, services, and information across the supply chain must be
properly planned, implemented, and controlled. In the current competitive environment,
the performance of transport plays a crucial role in a company’s growth and survival. As
a result, enhancing logistics procedures directly improves firm competitiveness. By elim-
inating logistics operations that do not add value to the products, and by cutting product
delivery times to clients, it saves logistics costs and increases the satisfaction of all stake-
holders [1].

Generally, mathematical models are used to find optimized solutions to transporta-
tion and logistics problems. For well-defined systems, mathematical models can be devel-
oped precisely; however, if the system is not well defined in its current state, then alter-
native approaches are adopted to identify the underlying problem. Considering this, six-
sigma is mostly preferred because it includes effective statistical tools for predicting the
accurate solutions of unknown variables; for instance, Beumjun et al. investigated a well-
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defined logistics system for supplying parts to a manufacturer distribution center (depot)
and developed a mathematical model to reduce a supplier’s inventory holding and ship-
ping costs [2]. Salema et al. developed a generalized model for a generic reverse logistics
network considering capacity restrictions, multi-product management, product demand,
and product return uncertainty. They used a mixed-integer formulation and standard
branch-and-bound methods and applied the proposed solution to a real-world scenario
[3]. A study by Goetschalckx et al. demonstrated how strategic global supply chain net-
works could be combined with allocating critical production—distribution centers, sub-
stantially reducing transfer costs. Considering the success of the methodologies reported
in published literature, the presented research focused on developing two mathematical
models for logistics improvement [4].

The presented analysis investigates how to decrease the logistical expenses of a pipe
manufacturing company. The company’s system was poorly defined due to several flaws
in its production operations, inventory system, logistics, and supply chain. As a result, the
six-sigma methodology was utilized as a first approach to minimize logistics time and
overall price. The main objective was to resolve the underlying challenges and enhance
the logistics operations distribution network. Therefore, the six-sigma approach’s DMAIC
(define, measure, analyze, improve, and control) cycle was applied, and two mathematical
models were developed [5-19]. The first model determines whether the idle areas of the
plant can be used as potential storage areas. The second model analyzed the optimized
stacking sequence and layout of containers. Although the models were not complex, the
novelty is in the use of mathematical modeling as the major improvement tool in the
DMAIC approach of six-sigma. The potential of mathematical programming for the six-
sigma projects was conceptually discussed in the literature, but published cases were lim-
ited to the response surface optimization and parameter setting stages [6-8]. The current
paper presents a unique six-sigma application enhanced with mathematical programming
in the improve phase to solve common problems in pipe manufacturing companies. The
methodology, primary outcomes, proposed improvements, and reliability of the pro-
posed models are discussed in the proceeding sections.

2. Methodology

The components of six-sigma and the DMAIC process for the manufacturing firm
were aimed at minimizing the logistics costs. The potential improvements in the logistics
system and the deployment processes are explained below. For the improvement phase
of the DMAIC approach, the Mathematical Programming Language (MPL) was used to
formulate and optimize the selected logistics problems.

3. Modeling of the Logistics System

The annual production capacity of the firm contained 900,000 tons of pipes with var-
ious specifications. The sales department informs the production planning and control
(PPC) department about the customer orders and specifications needed. The PPC then
determines the expected completion time of orders. After an initial estimation, the ven-
dors were consulted for the delivery dates of the vessels. These dates were critical for
smooth loading operations and the avoiding of the extra costs for shipping companies in
case of early arrivals. After the production of a lot, loading to the vessel was authorized,
and pipes were transported by the first available vessel. Figure 1 describes the workflow
process of the container loading and carrying operation.
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Figure 1. The vessel loading process.

The operations were based on the following limitations and assumptions:

(i). Before the vessel arrives at the port, all production activities must be completed.

(if). If the designated storage area is insufficient, several types of pipes may be placed in
other locations. This increases the company’s loading times and logistics costs.

(iii). The shape of the vessel hold affects the loading time and logistics costs. Loading into
box-type holds is faster than other types of holds.

3.1. The DMAIC Cycle
3.1.1. Define Phase

The problems that arise in the vessel loading system are investigated during this
phase. It was discovered that the current system had specific issues. For example, if load-
ing times were long and loading costs were high due to unpredictable loading schedules,
then the company was overcharged for these reasons [1]. Furthermore, if vessels remained
idle over a certain period during the loading process, the company was obligated to pay
an extra cost. Considering these factors, six-sigma is selected for the defined problem [1].

3.1.2. Measure Phase

The handling times in the storage area were investigated. The average daily rate of
loading the vessel is 1253 tons, as shown in Figure 2a. Before the DMAIC, the average
waiting time ratio was estimated to be 26%, as shown in Figure 2b. All of these values
were averages for the years 2011-2021.
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Figure 2. (a) Average daily loading rate (before) and (b) Average waiting rate (before).
According to the average yearly loading reports of 2011-2021, the primary reason for

waiting was the load waiting, as shown in Figure 3. Additionally, the other reasons were
also considered in the analysis phase as they had the second most impact.
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Figure 3. Waiting time and delays (average of years 2011-2021).

3.1.3. Analyze Phase
During the data analysis, four critical causes were identified that resulted in higher
logistics time and cost, such as production tardiness, inefficient logistics process, inade-
quate storage area, and hard-to-load vessel designs. The following root causes of these
critical causes were identified:
®  Lack of communication between the manufacturing company’s departments of sales,
production planning, production, and the vessel rental company
®  Production delays due to the order sequencing problems

e  Tardiness of production



Mathematics 2023, 11, 621 5 of 18

® Inadequate deployment of lean production principles

e Limited daily vessel loading rate

¢ Low employee performance in the storage area and at the port
®  Delayed logistics due to environmental issues

Figure 4 explains the completion of production in days for different types of pipes
when various vessels arrive.

HOLD # 1 #2 #3 HOLD # 4 HOLD # 5
13.46 x 17.00 20.54 x 22.86 19.75 x 22.86

A
5.00m 5.00m F
D/2428 SALZGITTERD/2501 SALZGITTER} T
1226 MTON 1175 CB{321 MTON 353 CBM
(10.50m pipes)
8.80m
D/2427 SALZGITTER
3248 MTON 5153 CBM
(12.80m pipes)
22.12 x 17.00 - 6.60 26.80 x 22.80 26.80 x 22.80 : 26.80 x 22.80 26.80 x 22.80 - 8.20
WAITING DAYS
WEIGHT 11,180 tons
4-6DAYS
LOADING 12 days
RAINING 4 days
(a) Vessel 1
HOLD # 1 HOLD # 2 HOLD # 3 HOLD # 4 HOLD # 5
19.20 x 15.30 20.80 x 15.30 20.80 x 15.30 20.80 x 15.30 20.80 x 15.30 \
F A
w F
D T T
D/2428 SALZGITTER 2.80m D/2298 IMCO
1982 MTON 1900 CBM D/2386 SALZGITT! 18 MTON 20 CBM
(9.50m pipes) 790 MTON 825 CBM (9.90m pipes)
(12.80m pipes)

1.80m
5.15m D/2433ATLAS  |D/2296 IMCO
D/2449 IMCO 806 MTON 800 CBM
1081 MTON 1565 (10.05m pipes)

(12.80m pipes)

28.00 x 23.70 - 12.00 X . | 28.00 x 23.70 28.00 x 23.70 28.00 x 23.70 - 12.00

WAITING DAYS WEIGHT 9,940 tons
4-6DAYS LOADING 9 days
RAIN 2 days

(b) Vessel 2
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13.86 x 13.05 19.25 x 13.05 19.25 x 13.05 19.25 x 13.05 19.25 x 13.05 \
F A
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D TAMPA (11.00m) lnousTon TAMPA (10.00) T
D/2366 SUNBELT D/2277 DSL D/2366 SUNBELT |HOUSTON
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[HOUSTON 414 MTON 404 CBM /2385 SALZGITTER (ORDER NO (10.05m pipes) 19.579 1000 MTON 323 MTON 605 CBM|400 MTON 375 CBM
D/........ (9.90m) 878 MTON 841 CBY  19.580 19.581 950 CBM (12.80m) (10.05m pipes)
60 MTON TRIAL (10.05m pipes) 19.599; 19.600 (10.05m pipes)
19.680
HOUSTON 2171 MTON (8.50m)
3124 CBM 2508 MTON
0/2386 SALZGITTER D/2307 IMCO 2811 CBM
1591 MTON (6.40 - 12.80) 3130 MTON 4380 CBM (6.40 - 12.80) D/2288 ATLAS
2540 CBM 3M (12.80m pipes) 410 MTON 410 CBM
(12.80m) (10.05m pipes)
12.80m 12.80m 12.80m 12.80m 12.80m
21.55 x 4.35 - 17.50 26.00 x 17.50 26.00 x 17.50 x 15.00 26.00 x 17.50 |
WAITING DAYS FIGHT 17
.
ATING DA WEIG 833 tons
(c) Vessel 3

Figure 4. Completion of production in days for different types of pipes when (a) Vessel 1 arrives,

(b) Vessel 2 arrives, and (c) Vessel 3 arrives.

Trailer loading and unloading times for the selected trailers in the storage area and
at the port were measured for estimated different parameters at the vessel loading opera-
tions. Minitab 19.0 was used for data analysis. The average loading time in the storage
area was 51.214 min, and the standard deviation was 20.131 min, as shown in Figure 5.
The average unloading time at the port was 31.765 min, and the standard deviation was
15.184 min, which can also be observed in Figure 6.

Summary Report for Average Loading Time (Storage Area)

Anderson-Darling Normality Test

A-Squared 0.79
P-Value 0.030
Mean 51.214
StDev 20.131
Variance 405.258
Skewness 1.19048
Kurtosis 1.55478
N 14
Minimum 21.000
1st Quartile 40.750
Median 46.500
3rd Quartile 58.500
Maximum 97.000
L 40 80 80 100 95% Confidence Interval for Mean
39.591 62.838
4_ * * 95% Confidence Interval for Median
40.949 58.103
95% Confidence Interval for StDev
14.594 32432
95% Confidence Intervals
Mean 1 I & I
Median } - i

Figure 5. Average loading time in the storage area.
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Figure 6. Average unloading time at the port.

Summary Report for Average Unloading Time (Port)

\

95% Confidence Intervals

Anderson-Darling Normality Test

A-Squared
P-Value

Mean
StDev
Variance
Skewness
Kurtosis

N
Minimum
1st Quartile
Median

3rd Quartile
Maximum

95% Confidence Interval for Mean

23.958

95% Confidence Interval for Median

20.024

95% Confidence Interval for StDev

11.309

0.57
0.119

31.765
15.184
230.566
-0.30465
-1.38805
17

7.000
19.500
36.000
46.500
50.000

39.572

43.928

23.110

The storage area was originally planned for a total of 20,000 tons; however, the cur-
rent weight of the pipes in the storage area was about 33,000 tons. Next, the loading and
unloading time for packets was analyzed. It was determined that an average of 0.73097
packets per minute were loaded into the trailer in the storage area, as shown in Figure 7.
In addition, it was determined that an average of 0.73801 packets per minute were loaded
into the vessel at the port, as shown in Figure 8. The main objective was to eliminate the
waiting time by keeping the loading rates equal on both sides. If one side’s rate is lower
than the other, it causes a delay in the processing cycle of the other side.

Summary Report for Trailer Loading Time (Storage Area)

03 06 09 12 15

95% Confidence Intervals

Mean

Median |

Figure 7. Trailer loading performance in the storage area.

Anderson-Darling Normality Test

A-Squared
P-Value

Mean
StDev
Variance
Skewness
Kurtosis
N

Minimum
1st Quartile
Median

3rd Quartile
Maximum

95% Confidence Interval for Mean

0.63093

95% Confidence Interval for Median

0.54759

95% Confidence Interval for StDev

0.35361

0.64
0.092

0.73097
0.41328
0.17080

0.337869
-0.550078

68

0.08097
0.34768
0.74872
1.00030

1.65711

0.83100

0.87917

0.49737
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Summary Report for Trailer Unloading Time (Port)

Anderson-Darling Normality Test

95% Confidence Intervals

L]

[ ]

Figure 8. Trailer unloading performance at the port.

3.1.4. Improve Phase

A-Squared
P-Value

Mean
StDev
Variance
Skewness
Kurtosis
N

Minimum
1st Quartile
Median

3rd Quartile
Maximum

0.74
0.053

0.73801
0.25429
0.06466
0.412567
-0.680917
68

0.33233
0.53643
0.69161
0.93092
1.37535

95% Confidence Interval for Mean

0.67645

0.79956

95% Confidence Interval for Median

0.62203

0.81829

95% Confidence Interval for StDev

0.21758

0.30603

In the improvement phase, relevant solutions for each of the identified root causes

were investigated. The availability of a solution and its deployment cost were the main
concerns at this point. Therefore, the storage area has been properly organized. Produc-
tion tardiness was a critical problem. This used to cause a significant delay in the vessel
loading process. To solve this problem, monthly meetings were organized with partici-
pants from the sales, planning, and production departments and the vessel rental com-
pany. Even though the rental price of the vessels with box-type holds is higher, their se-
lection is justified due to the time savings during the loading process.

The layout of the storage area was reorganized to solve the related problems. Since
the company exports 75% of its production through the seaport, the pipes produced for
the export market were assigned a higher priority in the storage area. In the current layout,
all export market pipes were placed together; therefore, trailers could not operate simul-
taneously, meaning loading times were very high. To solve this problem, export market
pipes were placed in four different sections of the storage area to allow the simultaneous
loading of multiple trailers. The new layout is shown in Figure 9.

] [
EXPORT § EXPORT § COMMON §COMMON “8‘
[ = =
o [+ [-4
o [e] g [}
comMoN| © | commoN | “| common | < common | © | com.
] [ ] [ [
MAIN CORRIDOR
[ [ ] [ ] [
4",5", 6"
cOMMON COMMON | | cOMMON | ed COMMON | & | COMMON EXPORT
BLACK BLACK | § o) 8
g g g —ouro
CONCRETE o| NATURAL | § o T ODF
PIPE SPECIAL | O Gaspipe |9 COMMON | O | STavdAR EXPORT

SPECIAL

B

Figure 9. New storage area layout.
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After incorporating these modifications, the efficiency of the logistics process in-
creased. Vessel arrivals were not delayed because of the timely completed production
runs. The new logistics system improved the three vessels’ loading performance. Before
the DMAIC, the average daily loading rate was 1253 tons, and the average waiting time
ratio was 26%. After implementing the DMAIC, the average daily loading rate was in-
creased to 2470 tons while the average waiting time ratio was reduced to 13%. These im-
provements are displayed in Figure 10.

3500 :
New Average 120 After Project
3000 2470 tons/day 100 Average Waiting Rate 13%
2500
o - 80
@ 2000 "
2 1500 3 o0 m Waiting (h)
I B
1000 A0 W Working (h)
500 20
0

Fesco Siboney Yi Chang .
Belle Hai Fesco Siboney Belle

(@) (b)

Figure 10. (a) Average daily loading rate (after), and (b) Average waiting rate (after).

According to these results, the efficiency of the logistics system increased. The cur-
rent average daily loading weights were doubled compared to the earlier practice. Addi-
tionally, the average waiting rate decreased by 50%. Additionally, only two types of cargo
vessels were chosen for transportation, so one of the ships was eliminated. The company
exceeded its target, which was 1800 tons/day, before implementing the DMAIC. The sav-
ings of the company were approximately $500,000 per year. Two other essential improve-
ments for the company, due to using DMAIC, were the increased efficiency of the workers
and deploying a lean six-sigma logistics system.

3.1.5. Control Phase

In this phase, the implementation of all changes was monitored. The waiting times
and logistics costs were monitored. It was observed that the worker efficiency level in-
creased and working conditions were improved. Table 1 provides some relevant indica-
tors in the control plan, including selected reactions.

Table 1. Part of control indicators and reactions.

Control Indicator Level Reaction

Check transportation ground vehicle

Vessel waiting time Above 20h schedule

L Above predeter- Check arriving vessel schedule and excess
Logistics cost

mined value waiting times
Loaded pipes Lower than Check the ground transportation vehicle
PP 1800 tons schedule

Check loading problems for both vessels

Worker efficiency Lower than 80% .
and ground transportation

3.2. Mathematical Models for Container Selection

For the improvement phase of the DMAIC problem, two mathematical models were
developed to solve the storage-related issues. After observing an inadequate storage area,
mathematical optimization was chosen as the primary approach. The first mathematical



Mathematics 2023, 11, 621

10 of 18

model aims to determine the types and numbers of containers with the minimum total
cost. The option of storing the pipes in containers was considered when evaluating the

unoccupied areas of the plant as storage areas. This option had the following benefits:

¢ Decreased pipe handling

¢  Increased daily vessel loading rate

e  More flexible storage areas

e  Open storage areas free of fixed cost
e  Quadrupled quantity of pipes stored per square meter

One can observe the current logistic process in Figure 11, the logistic process with the
container solution in Figure 12, and the new logistic process steps in Figure 13. In com-

parison, it is evident that the new logistic process is leaner and more efficient.

loading pipes to trailers

\

Unload trailers to
vessel

Figure 11. Current logistics process.

Tow trailers to port <:|

After production,
loading pipes to
trailers

Tow trailers to port

Unload trailers to
vessel

After production, |:> Tow trailers to

storage area

Loading pipes
to trailers

SN
=

Reload trailers
to storage area

4

Pipes handled
and searched

@ Tow trailers to

storage area
and store

@ pipes

Figure 12. The logistic process with a container solution.
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After production, STORING Place containers on
loading pipes to the trailers and tow
open top containers Tow trailers to open them to the port
on the trailers storage area and
overlop 5 containers
PRODUCTION via stacker LOADING VESSEL

D g

Figure 13. New logistic process steps.

The layout of the areas on which the containers were to be placed is shown in Figure
14. The following issues were considered in the determination of the best location:

¢ Number of containers that can be placed in the area

e  Ease of operation of the stackers

e  Ease of removal of the containers

e  Strength of the groundwork with a possibility of stacking up to 5 rows (for worker

safety)
4 f
, PURIFICATION 13m
DAL |
777777777777777777777777777777 3 E—
STORAGE AREA ‘
Om :
: 3
i| 45m
L _ Bm U ! POSSIBLE CRANE '
‘ AREA '
.
| 2m
""""" A 8
am

Figure 14. The layout of the areas to be used for storage.

The container dimensions were standard (Figure 15), with a length of either 20 ft. or
40 ft. Properties of the containers in which the pipes were placed are given in Table 2
(where L1 is the length, H1 is the height, and B1 is the width). The length of pipes includes
5,8, 12, or 12.8 m. To determine the type of container selection for a particular scenario, a
mathematical model was built with the following content:
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H2 B1

L1 H1

Door
Interior Dimensions| Dimensions | Cubic capacity
(mm) (mm) average
Container L1 Bl | H1 | B2 H2 (m3)

20' OT
(8'6" height)
40' OT
(8'6" height)

5890 |2345(2400|2335(2260 32

12015(2345|2690(2335|2230 64

Figure 15. Standard container measurements.

Table 2. Properties of the standard containers.

20 ft. Container 40 ft. Container
Length (mm.) L1 5890 12,015
Height (mm.) H1 2400 2690
Width (mm.) B1 2345 2345
Unit prices ($) 3500 5000

At most, 14,000 tons of pipes were stored in the described area. Since five rows of
containers were used, each row holds, at most, 2800 tons. A given type of pipe should be
placed in a specific type of container. The company aims to limit the stock of each pipe by
1500 tons and to collocate pipe packages and place them in a line of 20 ft. Based on this
information, the following mathematical model was developed.

Decision variables:

xij: Weight of type i pipe to be placed in type j container (in tons), i=1,...,4,j=1, 2.

yii: a binary variable which equals 1 if there is any type i pipe placed in type j con-
tainer; 0, otherwise, i=1,...,4,j=1, 2.

Mathematical model:

25 ' 25 ' 25 ' 25

X X X X.
min 3500 (o + 225 + =2 + 21

X12 X2  X32 X4
20 20 20 ' 20 25 T8 ) @

) +5000

subject to

x11 < 1500y44 2)
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X1, < 1500y, 3)
X1 < 1500y, 4)
X5, < 1500y,, (5)
x31 < 1500y3, (6)
X3z < 1500y3, @)
X471 < 1500y, (8)
X4o < 1500y, 9)
X171+ X12 + X1 + Xop + X3q + X35 + X441 + X4 = 2800 (10)
Yintyiz =1 (11)
Y21+ Y22 =1 (12)
Y31ty <1 (13)
Yart Yz =1 (14)

X11 | X21 | X31 | Xa1 X12 X2 | X32 | Xa2
ey e g sy TR L T L TR L TRk e
15(20 + 20 + 20 + 20)+30(25 + 25 + 25 + 25) <2700

xij = O'yij € {0,1},1 = 1,...’4,]' — 1’2

(1)

Equation (1) defines the objective function, which tries to obtain the lowest total con-
tainer-buying cost. Constraints 2-9 represent the weight that limits at most 1500 tons of
pipe stored from each type. Constraint (10) defines the maximum amount of pipe in the
storage area, which allows, at most, 2800 tons of pipes in each container row. Constraints
(11 to 14) show that only a particular container can be used for a given type of pipe. Con-
straint (15) states that the available storage area is 2700 m?, which can be occupied by the
containers (45 m x 60 m).

The model was developed on the MPL (Mathematical Programming Language) plat-
form and solved using the CPLEX 11.2.1 solver. The solution, summarized in Table 3 be-
low, required less than a second on a Windows 10 installed PC with 8 GB of RAM and an
AMD Ryzen 5 processor.

Table 3. The solution of the mathematical model for optimum container types.

) Total Weight Preferred Number o
Type of Pipe (Tons)g Contm{wr Type Container]; Cost (§)
1 1300 20 ft. 65 227,500
1500 20 ft. 75 262,500
Total Cost 490,000

The company can economically determine the required number of containers by us-
ing the proposed model. The model is also beneficial due to its flexibility and accurate
results [20-22].

The alignment of the containers in the storage area (45 m x 60 m x 13.5 m) was orga-
nized using a second mathematical model as described below.

The variables in the model include:

P, Q, R: length, width, and height of the storage area, respectively.

ci, di, ei length, width, and height of the ith container, respectively.

Lxi, lyi, Izi: binary variables that define the place of the ith container length according
to the X, Y, and Z-axis, respectively.

wxi, wyi, wzi: binary variables that define the place of the ith container width accord-
ing to the X, Y, and Z-axis, respectively.



Mathematics 2023, 11, 621 14 of 18

hxi, hyi, hzi: binary variables that define the place of the ith container height according

to the X, Y, and Z-axis, respectively.

xi, i, zi: front, left, and bottom points coordinates of the ith container, respectively.
The graphical representation of variables in the model can be observed in Figure 16.

Y

N —>

o L. —
e | ./’(Container k) /
[ 4 & >
X

(03090) (kayk’ Zk)
- P

Y

(Storage Area)
Figure 16. Graphical representation of variables in the model.

The mathematical model is as below:

13.5 13.5

45 45 45 60 60 60 13.5
Max }; (C—l lx; + d—ilyl- + e_,-lzi) + (C—iwxi + 2 Wi + e—iwzi) + (C—ihxi + d—ihyl- + e—ihzi)

subject to

Z Cilxi + diWXL‘ <P

i

Z cly; +diwy; < Q

L

Z cilzi +dywz; <R

i
Ix;+1ly; +1z;, =1, Vi
wx; +wy; +wz; =1, Vi
hx; +hy,+hz; =1, Vi
Ix;+wx; +hx; =1, Vi
lyi+wy;+hy; =1, Vi
lzy+wz; +hz; =1, Vi

lz; =0, Vi

wz; =0, Vi

(16)

(17)

(18)

(19)

(20)
21
(22)
(23)
(24)
(25)
(26)
(27)
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hZi = 1, Vi (28)

The objective function defined by Equation (16) aims to maximize the number of con-
tainers placed in the storage area. Constraints (17-19) are storage area constraints. These
constraints ensure containers are not placed outside of the storage area. Constraints (20—
25) ensure that only one edge of the containers is parallel to one of the edges of the storage
area. Constraints (26-28) are unique to our model. With these constraints, we ensure that
the container’s vertical axis is perpendicular to the ground.

The model is linear since c;, di, and e: are all constants. In our application, the dimen-
sions of the containers were 13.555 m X 2.348 m x 2.695 m. Since the containers were only
placed on their bases, we could concentrate on the remaining two planar dimensions. Di-
viding the height of the storage by the height of the standard container, we see that it is
possible to stack 5 (=13.5/2.695) layers of containers.

The reduced model was also coded in MPL and solved using CPLEX 11.2.1 in less
than a second on a Windows 10 installed PC with 8 GB of RAM and an AMD Ryzen 5
processor. The model shows how many identical lines of containers can be placed along
both the X and Y axes. The optimal solution results indicate that the axis of Y is binding
with six lines of containers while there is still some room for extra lines of containers, as
shown in Table 4.

Table 4. The solution of the mathematical model for storage area optimization.

Line (7) Ixi lyi
1 0 1
2 0 1
3 0 1
4 0 1
5 1 0
6 1 0

The slacknesses in both directions were calculated as follows:

X-axis: 45 —4*2.348 — 2*13.555 = 8.498 m,

Y-axis: 60 — 4*13.555 — 2%2.348 = 1.084 m.

Since the model locates a set of standard lines of containers in the storage area, the
remaining areas were left to be manually organized, as seen in Table 5.

Table 5. Detailed layout storage area.

Number of Hori- Number of Hori-

Section of the sontal sontal Numb'er of Area (m?)
Storage . . Containers
Lines Lines

1 4 4 16 509.23
2 2 23 46 1464.05
3 3 2 6 190.96
4 3 4 12 381.93

Sum 80 2546.17

Results show that we achieve an area utilization of 94.3% since the total floor area is
2700 (=60x45) m2. Meanwhile, we can fit 80 containers in each layer; this also shows that
we use 95.24% (=80/84) of the theoretical capacity in units of containers to be calculated
by dividing the floor area by the container base area (84 = 2700/(13.555%2.348).

4. Identified Gaps and Directions for Future Research
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In the six-sigma literature, one of the most critical gaps we noticed was the underuti-
lization of mathematical optimization in the improvement phase. Therefore, this paper
humbly aims to fill out some aspects of this gap. In our trial, to enhance the improvement
phase by mathematically formulating and solving the involved decision problems, we
tackled the issues of how to determine the best container types for the pipes and how to
align these containers in the storage area. The problems and data were specific to the com-
pany studied for this case. The formulations need to be revised accordingly when applied
in different settings. For example, in the first model for determining the container types
with minimum cost, the geometric definitions of pipes, potential containers, and the cost
data should be identified beforehand for the local practice. In the second model, in which
we aim to utilize the space of the storage zone better, the types and numbers of the con-
tainers determined by using the first model and the geometric specifications of the storage
zone were the inputs to be appropriately set according to the local case. Hence, the math-
ematical models were directly related to the problems which have been observed during
the six-sigma process. Their contents were considered as is without simplifying or com-
plicating any components. The models were originally within the solution capabilities of
a widely used mathematical optimization software. Therefore, neither the problem con-
tent nor the solution process was beyond the current knowledge base. However, the orig-
inality of this paper comes from the advantage of mathematical optimization within the
practice of the six-sigma approach. By integrating the mathematical optimization into the
improvement phase of six-sigma (DMAIC) projects, we will be able to obtain the com-
bined benefit of two individually practiced approaches such as mathematical optimiza-
tion and process improvement.

The models can be employed in similar settings after parametric adjustments. How-
ever, there may be a need for a redefinition of decision variables and constraints when
there is a possibility of freely using the third dimension in the bin packing problem. We
were able to take advantage of presetting the third dimension since only the same product
containers were to be stacked in our case. A recent literature survey on two- and three-
dimensional packing problems can be seen before making efforts to develop a mathemat-
ical model for the applicable problem [20,23,24]. These changes are appended to the man-
uscript in its final form.

There are many other issues to be covered in a typical pipe manufacturing company’s
logistics processes using mathematical optimization. Additionally, there was no formal or
methodological sigma-level calculation for the transportation of pipes in the literature
[25-27]. The vessels’ standard loading/unloading times can be considered a control varia-
ble, and the sigma level can be calculated accordingly. An additional research area to be
explored in this company may be the optimal scheduling of the vehicles transporting the
pipes from the factory to the storage area and from the storage area to the port. These
issues can be a-ddressed in future related research [28,29].

5. Conclusions

In this study, the six-sigma methodology was employed to lower a pipe manufactur-
ing company’s logistics cost; as a result, the DMAIC cycle approach was adopted step by
step. For the DMAIC approach’s improvement phase, the firm’s logistics system was first
examined, then its core problems were recognized and solved systematically. For further
improvements, two mathematical models were developed and solved using the MPL soft-
ware to evaluate the open areas in the plant as potential storage areas [30].

As aresult of all these improvements, total outbound logistics time was reduced con-
siderably, and loading capacity was doubled compared to the earlier case. The company
continues to address the feasibility of the new logistics system with containers supported
by the results of this combined approach of six-sigma and mathematical optimization.
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