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ABSTRACT

ARTICLE INFO

Aiming at the gap between theoretical research and practical application in
the production bottleneck field, we apply five bottleneck identification meth-
ods in a serial production line in aerospace industry based on discrete event
simulation and Plant Simulation software, meanwhile discuss the influence of
the bottleneck machine quantity on the system performance. This paper
evaluated the practicability, accuracy and limitation of various bottleneck
identification methods at the practical level. The results of the bottleneck
alleviation manifest that increasing the number of bottleneck machines can
effectively improve the system performance, but the more machine quantity,
the smaller performance improvement. More importantly, the paper studies
the influence mechanism and function relationship of the bottleneck machine
quantity on the maximum completion time from an interesting actual phenom-
enon for the first time. The function obtains the condition that the maximum
completion time achieve the minimum. The research and conclusion of this
paper have essential reference significance for production guidance and theo-
retical research, and can also contribute to narrow the gap between theory
and application of the production bottleneck field.

© 2020 CPE, University of Maribor. All rights reserved.
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1. Introduction

The bottleneck is the machine or resource that affects the production capacity of the system in a
period, which directly restricts the throughput of the whole system [1-6]. Therefore, bottleneck
identification and alleviation are a vitally important production problem and the first step of
production management, and it is of considerable significance to improve production efficiency,
economic benefit and reduce energy consumption. The definition of the bottleneck is distinct for
different production systems, and the bottleneck identification methods proposed in most re-
searches are often not universal [7, 8]. The bottleneck is also a dynamic process that may move
from one machine to another [9, 10]. Therefore, it is very complicated and challenging to apply
the bottleneck identification theory to actual production.

To the best of our knowledge, bottleneck identification methods in most studies are proposed
by two approaches: computer simulation [11-14] or mathematical analysis [15-18]. The conven-
tional identification methods include as follows:
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e The subsequent machine of the buffer with the highest average work-in-progress quantity
is the bottleneck [11],

The most utilized or least idle machine is the bottleneck [19],

The next machine to the station with the highest blocking rate is the bottleneck [20],

The machine with the longest average activity time is the bottleneck [21],

The machine that processes the least variance or means absolute deviation of the inter-
departure time is the bottleneck [14, 22], and

e The most sensitive machine to the system throughput is the bottleneck [23].

The purpose of bottleneck identification is to alleviate the bottleneck and improve system
productivity. However, how to alleviate the bottleneck is a problem involving specific scenarios,
and the methods to alleviate the bottleneck are also different for specific systems. The general
alleviation methods include as follows:

e Increase the number of bottleneck machines [11, 21],
o Increase the buffer capacity before the bottleneck station [14], and

e Improve the production efficiency or reduce the processing time of the bottleneck ma-
chine [11, 24].

Although many researchers have established different bottleneck identification methods for
various production systems, the practical application of these theories is rare. The reason is re-
flected in the complexity and uncertainty of the actual production system, such as limited buffer
capacity, blocked, random interference, unique scenes. Moreover, these characteristics are diffi-
cult to be truly reflected by the theoretical model. Actual case studies on bottleneck alleviation
are also rare, the effectiveness of alleviation methods has not been fully verified, and the general
conclusions are still lacking. Therefore, there is a gap between the bottleneck theory and the
practical application, which may be due to the fact that most papers focus on one or more practi-
cal problems at a time, and it is a challenge to apply the theory to various practical environments.

This paper aims to provide a case study that fully considers various bottleneck identification
and alleviation methods, hoping to draw general conclusions for practice and theory, and also to
narrow the gap between theory and application. The rest of the article is organized as follows.
Section 2 proposes the materials and methods of the case study. Section 3 describes the system
and establishes a virtual model based on Plant Simulation software. Section 4 shows the simula-
tion results. Section 5 discusses the results of section 4. The summary and general conclusions
will be presented in section 6.

2. Materials and methods

The serial production line, as the basic form of other types of production lines, is a typical dis-
crete event dynamic system. The ideal serial production line model is shown in Fig. 1.

Storage @ @ Storage

Fig. 1 The ideal model of the serial production line

The production activity in the serial production line is a dynamic process so that the bottle-
neck will change with this dynamic process. That means there is more than one bottleneck in the
production process. Nevertheless, the primary bottleneck in a period is always significant and
prominent, which is widely recognized by bottleneck theory and practical. Therefore, it is feasi-
ble to determine the most significant bottleneck based on the actual situation.

With the advent of Industry 4.0, computer simulation has become an important tool for pro-
duction optimization [25]. Compared with mathematical modelling and algorithms, computer
simulation can accurately reflect the system characteristics when faced with complex and dy-
namic production problems [26-29]. Simulation as a powerful tool to guide decision-making in
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an uncertain environment can simulate the whole production cycle by processing a series of
discrete event points on the time axis successively. Recent literature also points out that discrete
event simulation is an effective means to solve discrete event systems [30, 31]. Therefore, we
adopt the method of discrete event simulation to carry out the case study.

The research method of this paper can be described as follows, and the Plant Simulation

software was used for creation of virtual model.

e Analysis layout and material flow of the system, and collect the time information of each
process.

e Determines the feasible bottleneck identification method according to the actual system
information.

o Establishes and verifies the simulation model of the system.

e Analysis system bottleneck based on the simulation model and identification method.

e Determines the appropriate bottleneck alleviation methods according to the actual system
and the identified bottleneck machine, then discusses the performance of the alleviation
method.

e Summarizes and concludes.

3. System analysis and modelling
3.1 Problem description

The case study involved a product processing and testing system in the aerospace field. The pro-
duction layout is shown in Fig. 2. The system is mainly composed of the warehouse, four frame
manipulators, two sets of transmission devices, some composite processing platforms (CP) and a
series of auxiliary process platforms.

L] ‘ I T wﬂ

Roughcast
‘ 0 } warehouse |

. . Finished
Composite processing platform j‘_ﬂ'}; =

AP5
AP4
AP3

E—bAPlf » AP2 > ;

|| I Material flow

] ] [] []
Frame Transmission Auxiliary -,
manipulator Pallet line platforms Storage . Partition

Fig. 2 The layout of the system

The material flow process can be described as follows:

e The frame manipulator carries the parts from the roughcast warehouse (RW) to the pallet
until the pallet is filled, then the transport line begins to move with the pallet to the left-
most side of the track. The pallet capacity is 2. 15 s is needed for each part to be transport-
ed from the warehouse to pallet. The length of the transport line is 12 m, and the speed is
0.3 m/s.

e The second frame manipulator (FM, feeding manipulator) carries the parts from the pallet
to the composite processing platform for processing, which requires 85 s for each frame
manipulator to carry, and the processing time of the compound platform is 568 s.
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o After the completion of the composite processing platform, the parts are carried by the
third frame manipulator (BM, blanking manipulator) to the starting point of another
transmission line, and each frame manipulator in this stage needs 57 s.

e The transmission line carries the parts through 5 auxiliary platforms (AP1, AP2, AP3, AP4,
AP5) in turn, and the fourth frame manipulator (OM, offline manipulator) carries it to the
finished product warehouse (FW). The processing time of the five stations is 10s, 10s, 10's,
30 s, 30 s. The time of the frame manipulator off the line is 40 s.

Besides, if there are multiple compound processing platform, the feeding and blanking ma-
nipulator may face the problem of multiple targets, then the feeding to take the principle of
proximity, the blanking to take the "first finished parts first blanking" strategy.

3.2 Problem assumption

According to the problem description, the system is a blocked serial production line system,
which has no buffers. To facilitate the case study and the establishment of the simulation model,
we suggest the following hypotheses in the case study:

1) The system is completely reliable and will not break down;

2) Due to the high degree of automation and the stable machining efficiency, the processing
time is regarded as an absolute constant;

3) The finished product warehouse has enough capacity;

4) The number of parts stored in the roughcast warehouse is 40 and evaluates the produc-
tion performance by the production indicators when 40 parts were all processed.

Six bottleneck identification methods are mentioned in the introduction, but the system has
no buffer, so it is not feasible by the average work-in-progress of the buffer. The other five
methods are all available, which will be applied to our practical case.

3.3 Model construction

Plant Simulation is used in this paper, and it is an object-oriented discrete event simulation
software that can significantly reduce the difficulty of modelling and analysis with the character-
istics of inheritance, encapsulation and visualization.

Establish machine objects, control strategies and data collection strategies for each process
according to the system layout and material flow process. After repeated adjustments and modi-
fications, the final simulation model is shown in Fig. 3. The object of “BF1”, “BF2” and “BF3” was
created for ease of modelling and had no impact on the simulation logic.

[IE} &1

==l

| < =] ==
BF1 RW
1 1 1
—— o |
L 1 ala
oM FW

1
| I—

1
 I—|

BF3 AP1 AP2 AP3

Fig. 3 The simulation model in plant simulation software
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3.4 Model validation

The validity of the model is the premise of drawing correct results and conclusions. We allege
that the established model is valid based on the following facts:

e The model runs correctly until all 40 parts are offline.

e The time of each production process is discussed and determined repeatedly by the plan-
ners after taking full account of the actual situation.

e The planners consider that the simulation logic is consistent with the actual production
logic described in 3.1 by observing the simulation animation.
(https://www.bilibili.com/video/av82436626/)

4. Results of the simulation

For the case study, the five available bottleneck identification methods are the most utilized or
least idle machine (BT:); The next machine to the station with the highest blocking rate (BT2);
The machine with the longest average activity time (BT3); The machine that processes the least
variance or mean absolute deviation of the inter-departure time (BT4); The most sensitive ma-
chine to the system throughput (BTs).

The evaluation indexes of BTy, BT, BT3 and BT4 are machine utilization rate (MUR) or ma-
chine idle rate (MIR), machine blocking rate (MBR), average activity time (ACT), average abso-
lute deviation (ITA) or variance (ITV) of inter-departure time.

BTs is the natural explanation of the bottleneck, but this concept is relatively vague, and the
evaluation index is difficult to establish. Literature [21] solved the problem of job shop bottle-
neck identification through complex mathematical models and algorithms, but the authenticity
and accuracy of mathematical modelling in diverse and complex environments could not be
guaranteed. Therefore, we propose an intuitive mean that observe the Gantt chart to judge the
most sensitive machine for throughput.

Collecting time information in the whole production cycle through model simulation, obtain-
ing the indexes and shown in Table 1.

Table 1 shows that the bottlenecks identified by BT1 and BT3 are CP. However, the evaluation
indexes of BT, and BT, do not show the difference on the machine, and the bottleneck is not dis-
tinguished. The result of BTs is also CP, its Gantt chart and specific discussion will be put in Sec-
tion 5.

Then consider the measure to alleviate the bottleneck after CP is determined as the bottle-
neck. There is no buffer in the case study, so it is not feasible to increase the buffer capacity in
front of the bottleneck. Besides, all the work is done by automatic equipment, so the production
efficiency can hardly be accelerated. Therefore, the measure to alleviate the bottleneck is to in-
crease the number of composite processing platforms.

Table 1 Evaluation indexes of the BT1, BTz, BT3, BT4

BT1 BT: BT3 BT4
Machine
MUR, % MIR, % MBR, % ACT, s ITA ITV
FM 12.9 87.1 0 85 0 0
CP 86.3 13.7 0 568 0 0
BM 8.7 91.3 0 57 0 0
AP1 1.5 98.5 0 10 0 0
AP2 1.5 98.5 0 10 0 0
AP3 1.5 98.5 0 10 0 0
AP4 4.6 95.4 0 30 0 0
AP5 4.6 95.4 0 30 0 0
oM 6.1 93.9 0 40 0 0
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To determine the impact of the bottleneck machine quantity on the system performance, we
consider a total of five scenarios, corresponding to the number of composite machining plat-
forms of 1, 2, 3, 4, 5, then established the simulation model and control strategy for each scenar-
io. The evaluation indexes in each scenario are completion time of the first part (FAT, first arri-
val time), completion time of the last part (FCT, final completion time), mean time interval be-
tween the part entering the finished warehouse (MCT, mean cycle time), utilization of the com-
posite processing platform (CPU), utilization of feeding manipulator (FMU), utilization of blank-
ing manipulator (BMU), maximum machine utilization (MMU), average machine utilization
(AMU). The simulation results of those indexes are shown in Table 2.

Table 2 System performance evaluation in each scenario

Scel\?jr‘o FAT, s FCT, s MCT, s CPU, % FMU,%  BMU,% MMU,%  AMU, %
1 865 26332 653.1 86.3 12.9 8.7 86.3 15.9
2 865 13357 320.3 85 25.5 17.1 85 27.9
3 865 9354 217.7 80.9 36.3 24.4 80.9 35.9
4 865 6997 157.2 81.1 48.6 32.6 81.1 43.7
5 865 5776 125.9 78.6 58.8 39.5 78.6 48.9

5. Discussion
5.1 Evaluation of each bottleneck identification method

There are four machine states: working, waiting, blocked and failed. From the results in Table 1,
it can be seen that the three states other than the working do not necessarily exist, such as the
blocked state of the machine in our case study.

Machine utilization represents the working state, is the natural characteristic of the machine.
Using machine utilization as an indicator to identify the bottleneck can determine the use degree
of the machine. High usage means that parts are stacked in front of it, forming bottlenecks.

Average activity time is correlated with the machine utilization. With the total completion
time is equal, the higher the machine utilization, the longer time the part stays on each machine,
which is also the average activity time.

The inter-departure time of each part arrive at each machine in the case is shown in Fig. 4.
The abscissa represents the sequence of parts arriving at each machine, and the ordinate repre-
sents the corresponding arrival time. It can be seen that the part arrival time of each machine is
proportional to the part arrival sequence, which means that the processing interval time of all
the part begins in each machine is equal.

30000 T T T T T T T T T

20000 4

Time (s)

10000

0 —OM | A

T T T T T T T T T
0 5 10 15 20 25 30 35 40 45

Part arrive sequence

Fig. 4 The inter-departure time of each part arrive at each machine
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Fig. 5 The Gantt chart of the system

The Gantt chart is shown in Fig. 5. The abscissa is time (unit: h), and the ordinate is machine
sequence. Each block in the Gantt chart represents the starting processing time and processing
duration of the corresponding part on the corresponding machine. It can be seen that the pro-
cessing duration of the parts in the CP is the longest, which has a more significant impact on the
final completion time and throughput than other machines. Therefore, the composite processing
platform is the most sensitive machine to the throughput, means it is the bottleneck machine.

[t should be noted that the practicability, accuracy and limitation of these bottleneck identifi-
cation methods are specific to this case study, which does not mean that these methods are
wrong in principle, but indicates that there is a gap between theory and application.

5.2 The impact of the bottleneck machine quantity on system performance

The FAT represents the speed of the system laying, the FCT and the MCT represent production
efficiency, and the machine utilization represents the degree of efficient output. Besides, the fac-
tory is very concerned about the utilization of the CP, FM and the BM. Therefore, we selected a
total of eight indicators in Table 2 to evaluate the system performance.

The completion time curves and mean cycle time under five scenarios are shown in Fig. 6. Ac-
cording to Fig. 6(a), it can be known that the first completion time of the five scenarios is the
same, while the maximum completion time presents a downward trend, which means increase
the bottleneck machine quantity cannot improve the system laying speed, but can effectively
improve the production efficiency. It can be seen from Fig. 6(b) that the relationship between
the mean cycle time and the number of bottleneck machines presents a decreasing trend with
decreasing acceleration. It can be inferred from this trend that as the number of bottlenecks con-

tinues to increase, the final completion time and the mean cycle time will hardly decrease once
the threshold is reached.

a 30000 . . .

T T T T T b 700 T T T T T
m 653.1
—=— Scenario 1 600 4
—— Scenario 2
20000 A “— Scenario 3 . 500 4 i
Scenario 4
w ¢ Scenario 5 i~
> < 400 4
E g 3203
& 10000 - E 3004 - ]
\217.7
200 .\ 1572 T
y .\:25.9
04 b 100 E
T T T T T T T T T 0 T

T T T T
0 5 10 15 20 25 30 35 40 45 Scenario 1  Scenario 2 Scenario3  Scenario4  Scenario 5

Part sequence Scenarios No.

Fig. 6 (a) The completion time of each part in each scenario; (b) The mean cycle time of each scenario
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The utilization rate of each machine under five scenarios is shown in Fig. 7. It can be seen in
Fig. 7(a) that with the increase of the bottleneck machine quantity, the mean utilization rate of
the composite processing platform (MCP) decreases with a small range, while the utilization rate
of the non-bottleneck station increases significantly. It can be seen in Fig. 7(b) that with the in-
crease of the bottleneck machine quantity, the maximum machine utilization rate decreases
slightly, while the average machine utilization rate increases significantly, which indicates that
increasing the bottleneck machine quantity can improve the balance of the whole serial produc-
tion line system.

From the above analysis, it can be drawn that increasing the number of bottleneck machines
can effectively alleviate the bottleneck. However, the alleviate ability decreases with the machine
quantity increases. The more bottleneck machines, the smaller the performance improvement to
the production system. At the same time, increasing the machine quantity will bring more re-
source consumption and economic investment, which means that the bottleneck machine quan-
tity should meet the requirements of both system performance and economy, and there must be
a balance between the two. For the case study, the number of bottleneck machines was ultimate-
ly determined to be 3.

a 100 T T T T T T T T T b 100 T T T T T
l —=— Scenarios 1 90 7
807 / \ —e— Scenarios 2 T g0l 863 a5 ]
—&— Scenarios 3 80.9 81.1 786
< —v— Scenarios 4 g 704 4
S 60 : ] <
= Scenarios 5 =
S S 60 i
S B
5 E. 50
2 40 E 2 E E
S QL-:
-
40 4
20 B 304 ]
20 R
0 4
T T T T T T T T 10

T T T T T T
FM MCP BM APl AP2 AP3 AP4 AP5 OM Scenarios 1 Scenarios 2 Scenarios 3 Scenarios 4 Scenarios 5

Machine Scenarios No.

Fig. 7 (a) Machine utilization in each scenario; (b) The maximum and average machine utilization in each scenario

5.3 The function between final completion time and bottleneck machine quantity

According to Fig. 6(a), when the bottleneck machine quantity is greater than 1, the interval of
part completion time is not equal. This phenomenon can be explained as the group warehousing
under different quantity of bottleneck machine, which means the parts are completed in groups,
and the number of parts per group is equal to the bottleneck machine quantity. The completion
time curve in scenarios 5 is shown in Fig. 8, which intuitively shows the phenomenon that five
parts are put into storage as a group, with short completion interval time within the group and
long completion interval time between the groups.
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Fig. 8 The completion time of each part in scenarios 5
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According to Fig. 8, the final completion time is related to five factors: completion time of the
first part denoted by tr., the completion interval time within the group denoted by ¢, the com-
pletion interval time between the groups denoted by t,, the number of times t, appears denoted
by n,, the number of times t, appears denoted by ny. Besides, there is only ¢, when the number of
bottleneck machines is 1. The objective function can be preliminarily expressed as follows.

Crmax = {tfat :f:tllili thib;tb:lai g taii = i1> ' (N
where
m
trat = Z ty 2)
k=1
y y
fl =)-1 d(=)=0
ot = Oor(l)y " y(l) 3)
floor (T) mod (T) #0
Y y
—fl n d{=)=0
=0l el “
y—floor(?)—1 mod(?);to

Where Cnax is the final completion time, i is the number of bottleneck machines (i is a positive
integer), t; is the processing time of the machine k, m is the total process quantity, y is the num-
ber of parts needs to be processed; “floor” means rounding down, “mod” means remainder.

The Gantt chart of the first two groups in the feeding manipulator (M1, machine no.1) and
composite processing platform (M2, machine No.2) is shown in Fig. 9. All scenarios can be de-
scribed in Fig. 9, t, can be regarded as the completion interval of the part in the second group,
while t, can be regarded as the time between the last part in the first group and the first part in
the second group.
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Fig. 9 The Gantt chart of the first two groups

For instance, parts 1 and 6 describe scenarios 1. Since the feeding frame manipulator needs
to wait for the completion of the composite processing platform to continue feeding, the process
(6, 1) (representing the processing of part No. 6 on machine No. 1) shall not begin until the pro-
cess (1, 2) is completed. It means that the period from the end of the process (1, 2) to the end of
the process (6, 2) is the interval time between the groups in scenario 1, which denoted by ty1.

Parts 1, 2, and 6, 7 represent scenarios 2. Since there are two CP at scenarios 2, process (2, 1)
can be started immediately after the process (1, 1) completes, while (6, 1) can only start after
the processes (1, 2) and (2, 2) all complete. Then the period from the end of the process (2, 2) to
the end of the process (6, 2) is the interval time between the groups in scenario 2, which denot-
ed by ty2. The interval time within the group can represent the time from the end of the process
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(6, 2) to the end of the process (7, 2) and denoted by t,;. Similarly, the corresponding t., ta3, tas,
tas and tp1, to2, th3, tha, tos can be obtained and has been shown in Fig. 9.

For analysis and representation comprehensible, we introduce the concept of the secondary
bottleneck to distinguish the most significant bottleneck. A fundamental principle of the second-
ary bottleneck is that as the number of bottleneck machines increases, the bottleneck will move
from the current bottleneck to the secondary bottleneck. The identification method of the sec-
ondary bottleneck is similar to the primary bottleneck. Sort the indexes in table 1, and the sec-
ond one is the secondary bottleneck. According to Table 2, FM is the secondary bottleneck ma-
chine in the case study.

According to the above analysis and Fig. 9, with the increase of the bottleneck machine quan-
tity, t. remains unchanged and is equal to the processing time of the FM. However, every time
the number of bottleneck machines increases by one, t, reduces the processing time of a second-
ary bottleneck. t, and t, can be expressed as follows.

tai =ty >1 (5)

thi = tpp T tsp — (I — 1) X tgp
:tpb_(i_z)thb

Where ts, is the processing time of secondary bottleneck, ¢,y is the processing time of primary
bottleneck. Although we can only know from Fig. 9 that ¢t,; is equal to the processing time of FM,
and ty; is equal to the processing time of CP. Nevertheless, through further analysis by changing
the time of each station, we found that ¢, is always equal to the processing time of secondary
bottleneck, and ¢, is always equal to the processing time of primary bottleneck. Then the Cnax
can be expressed as follows.

(6)

NgE

e + [y — floor (%)] X tgp + [flOOT (%) - 1] X (tpp = (1= 2) X tgp) i >1,mod (%) =0

k=1
Cimax = Z ty + [y — floor (}{) - 1] X tgp + floor G) X (tpp —((—2) Xtg,) i>1,mod ();]) #0 (7)
k=1
2. ti+[ftoor () = 1] x (tpp = (=2 x 1) =l
k=1

After arrangement

m

Ztk+floor(%) X (top = (i = 1) X tgp) + (y+i—2) X tgp —tpp 0> 1,mod(¥) =0
k;l
Cimax = Z ty + floor (%) X (tpp — (i = 1) X tgp) + (¥ — 1) X tp i >1,mod (%) #0 (8)
k=1 m
Ztk+[y—1]x(tpb+tsb) i=1
k=1

According to Eq. 8, when t,,, — (i — 1) X t5,=0, the Cjax gets the minimum value. Then ac-
cording to Eq. 8, the condition can be expressed as the Eq. 9 and Eq. 10 after the arrangement.

t
i =mod(Z2 + 1) 9)
tsh
t
pb
=t 10
i—1 P (10)

From Eq. 8, we can draw that when making the production plan, the number of the part batch
should be an integer multiple of the bottleneck machine quantity. From Eq. 9, we can get the
optimal configuration number of the bottleneck machine. The final completion time achieves the
minimum value when Eq. 10 is valid.
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6. Conclusion

This paper applied the bottleneck theory to studied a blocked serial production line system in
the aerospace field based on discrete event simulation, meanwhile discussed the performance of
five bottleneck identification methods, the effect of the bottleneck machine quantity on system
performance, obtained the function between final completion time and bottleneck machine
quantity. Through the case study in this paper, we have reached the following conclusions:

e The bottleneck identification method based on machine utilization or average activity time
is universal and practical. The method which is based solely on the machine idle rate,
blockage rate, and the average absolute deviation or variance of the inter-departure time
of the machine has some limitations. The method based on the sensitivity of throughput is
the most natural interpretation of the bottleneck, which is most accurate but difficult to
apply.

e Increasing the bottleneck machine quantity can accelerate the production efficiency and
improve the utilization rate of non-bottleneck machine and system balance. However, the
alleviation capacity decreases as the number of machines increases.

e The general function between the final completion time and bottleneck machine quantity
in the blocked serial production line is obtained, which shows that the production efficien-
cy is determined by the primary bottleneck and the secondary bottleneck. It also manifests
that the condition of the final completion time gets the minimum value.

The main contribution of this paper is it evaluates the performance of various bottleneck
identification and alleviation methods with a practical case, and discusses the relationship be-
tween the final completion time and the bottleneck machine quantity in the blocked serial pro-
duction line for the first time, which has important significance to actual production guidance.
Also, the case study indicates that some bottleneck identification methods may not be available
to solve some practical problems, which also proves that there is a gap between theoretical re-
search and practical application. Therefore, another contribution of this paper is it provides a
practical case for theoretical researchers to reflect and use for reference.

The limitation of this paper is that it only provides some general conclusions in the blocked
serial production line. Our next work is to introduce the buffer based on this paper, and research
the effect between the system performance, the bottleneck machine quantity and the buffer ca-
pacity.
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1. Introduction

There is a need to improve the machining process by applying knowledge from advanced model-
ing techniques, such as simulation, which certainly involves modeling using artificial intelligence
methods. The developed models are used for the analysis, management and selection of optimal
process parameters, which represent a picture of complex relationships between the input and
output parameters of the milling process. The obtained models can be used with sufficient accu-
racy in adaptive management and monitoring of processes and decision making in real time,
which is of great importance in the exploitation of intelligent manufacturing systems. It is also
possible to optimize the input process parameters based on the processing constraints set in
order to achieve one or more target functions such as reducing cutting forces and/or minimizing
the roughness of the machined surface, which have the greatest practical value and meaning
from a technical point of view. In terms of quality of the machined surface, the emphasis on the
roughness test as well as the influence of the corresponding parameters was given by a large
number of authors [1-4].

Applying methods and techniques of artificial intelligence together with modeling, simulation
and optimization of production processes lead to the generation of new and better solutions
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during manufacturing [5-8]. Their application leads to the development of intelligent processing
systems that automatically perform complex production problems, freeing people not only from
physical but also intellectual work, leaving them to do expert and creative jobs.

Artificial intelligence can be considered an experimental doctrine where experiments are per-
formed on a computer within the models that are expressed in programs and whose testing and
upgrading achieve some models of human intelligence. By algorithm it is usually meant a finite
set of precisely defined operations that can be performed on a computer. One of the areas of
artificial intelligence, together with its sub-areas, is computer intelligence (soft computing). It is a
basic artificial intelligence tool that involves series of methods and techniques for the concep-
tion, design and use of an intelligent system. As such, the tool is certainly attractive for creating
various models that describe certain phenomena in the production process.

The objective of this paper is to determine the optimal model obtained on the basis of artifi-
cial intelligence for predicting the roughness of the machined surface, i.e. the temperature in the
cutting zone during of the face milling process. The proposed models are realized as a function
of processing parameters: cutting speed, feed per tooth and cutting depth. The most common
artificial intelligence methods are surely: fuzzy logic, artificial neural networks and genetic algo-
rithms. Accordingly, it is necessary to determine which of these three types for model creation
most closely describes the change in the output characteristics of the process.

2. Literature review

Artificial neural networks (ANN) are nowadays used in almost all fields of science and technolo-
gy, including mechanical engineering. Technological processing parameters are values that de-
pend on a large number of factors. There are no exact forms and procedures for determining
processing parameters, so in most cases, experience values are used, like various books, tables,
graphics, etc. Therefore, neural networks can be of great use. Instead of a detailed calculation of
the processing parameters, a neural network is created that can predict the unknown machining
parameters, after a properly training process [9]. Today, artificial neural networks are widely
used in the industrial sector to solve problems [10-12].

An example of the implementation of ANN can be seen in the paper [13]. The application of
neural networks for the calculation of cutting force, torque and monitoring of tool wear during
the drilling process is presented there. Also, these principles of neural networks application can
be seen in other kinds of cutting material process. This primarily refers to the milling process as
one of the most common cutting process [14]. There are papers showing the application of the
network structure in the milling process for variables such as tool geometry and machining re-
gimes [15].

In their research, Lin and Liu present the methodology of creating the neural network struc-
ture, emphasizing the type of function as well as the number of hidden layers in the network
itself. It should be pointed out that it is very important which type of neural network, i.e. the
number of nodes in individual layers, is the most appropriate to choose and to obtain a suffi-
ciently reliable model. Based on the analysis of the papers [16, 17], it can be concluded that the
back-propagation neural network is sufficiently reliable. Also, it was noticed that the faster con-
vergence is achieved using a two-hidden-layer network than using a one-hidden-layer network,
with the same number of nodes.

The neural networks application is also present in the adaptive control of the spindle milling
process [18]. ANN are used for on-line determination of optimal milling parameters, specifically
feed per tooth, based on the values of measured cutting forces.

Next, a certainly not less important tool of artificial intelligence is Fuzzy logic. It represents
the generalization of the classical Boolean logic. Systems based on fuzzy logic and fuzzy sets can
be observed as a generalization of expert systems based on rules. Fuzzy systems manifest both
symbolic and numerical features.

It can also be said that fuzzy logic and fuzzy systems represent an effective techniques to
identify and control complex non-linear systems. Fuzzy logic is also used for prediction. The
theory of fuzzy logic, which has been initiated Zadeh [19], is still helpful for the operation with

138 Advances in Production Engineering & Management 15(2) 2020



Comparison of artificial neural network, fuzzy logic and genetic algorithm for cutting temperature and surface process ...

uncertain and inaccurate information. Fuzzy logic is especially attractive because of its ability to
solve problems in the absence of precise mathematical models. This theory has proved to be an
effective tool for describing objectives expressed through linguistic terms, such as small, medium
and high, which may be defined as the fuzzy sets [20].

Application of fuzzy logic to solve problems in the cutting process is very common and it can
be seen through the overview of following papers. Rajasekaran et al. [21] investigated the influ-
ence of combinations of processing parameters in order to obtain a good quality when finishing
machining by turning. They used the fuzzy modeling to predict the value of surface roughness.
Other literature sources also show the application of the adaptive approach based on the net-
work of fuzzy logic system (ANFIS), set to show the correlation of surface roughness when ma-
chining by turning or milling [22, 23]. The implementation of fuzzy logic in surface roughness
modeling when finishing machining has also been discussed in paper [24]. It can be stated that
the fuzzy logic is a recognizable system, sufficiently developed and widely used [25].

Surface roughness modelling when face milling is considered a complex process. The concept
of fuzzy reasoning for four inputs and one output fuzzy logic unit (singleton) is excellently pre-
sented in [26]. Cutting speed, feed per tooth, cutting depth and flank wear were set as input var-
iables, while the output variable was the roughness of the machined surface.

Similar issues were described by the authors in paper [27], where the cutting speed, feed per
tooth, cutting depth and flank wear were taken as input parameters as well, but this time the
output variables were tool life and cutting temperature.

At the end of this review of artificial intelligence application, it is necessary to analyze genetic
algorithms (GA). Genetic algorithms are an effective way to quickly find a solution to a complex
problem. They are certainly not fast but they do a great job of searching large areas. They are
also most effective when searching an area which is very little known or not known at all. Ter-
minology and operators are taken from the field of population genetics. The basic object of ge-
netic algorithms is the chromosome, and they represent an instantaneous approximation of the
solution for the set goal function. Each chromosome is encoded and has a certain quality - fit-
ness. During initialization, the initial population is generated, which is a solution obtained by
another optimization method. Then follows a repetitive process until the stop condition is met.
This process consists of the execution of genetic operators of selection, crossover and mutation.
By multiple application of the selection operator, mostly bad individuals become extinct, and
better ones stay alive, and the next step is crossing over between the good individuals. The char-
acteristics of parents are transferred to children by crossover operator. Mutation changes the
characteristics of individuals by random change of genes. One such procedure enables the aver-
age quality of the population to grow from generation to generation. Essentially, this is a heuris-
tic optimization method that solves certain computer problems by simulating the mechanism of
natural evolution.

Accordingly, it can be stated that the mechanism on which GA is based, can be used in order
to optimize or to model the value that occur in certain production processes. Thus, in addition to
the wide domain of application of the genetic algorithm, they also found their implementation in
designing of CNC control [28]. When it comes to artificial intelligence, specifically based on ge-
netic algorithms, it has found its application in machining processes where material is removed.
Thus, there is an example of using genetic algorithms to perform optimization of parameters in
the examination of surface morphology [29]. Genetic algorithms are also used for modeling the
cutting force in machining process of hard materials such as titanium alloys [30]. They have also
found their application in the processing of aluminium, specifically for the optimization of pro-
cessing parameters [31]. There are also papers in which the authors deal with modeling the
temperature during milling with the help of GA [32].

3. Materials and methods

Conditions for predicting the appropriate machinability values are created by defining the mod-
el. Those conditions allow the technologist or CNC programmer to select the appropriate ma-
chining regimes long before the actual machining. By knowing these values of machinability, the
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Fig. 1 Monitoring, modeling and control signal in machining process

conditions are created to achieve control of machining systems. Certainly, assuming that the best
production process was previously selected in relation to the set criteria [33]. Fig. 1 shows the
scheme of intelligent control and monitoring of the machining process. The figure shows that the
part for modeling collected data is located at the central part of the system.

Experimental setup

The material used for workpiece was aluminum alloy. It is an alloy from 7000 series which con-
tains a high percentage of zinc (Zn), as the main alloying element, and magnesium (Mg) as the
second alloying element. Beside Zn and Mg, the alloy code 7075 also contains copper (Cu) as a
fourth alloying element, i.e. it is a multicomponent Al-Zn-Mg-Cu alloy. The alloys 7075 have high
mechanical properties, good machinability and heat-treated process, and also good corrosion
resistance [34]. They belong to the group of hard alloys. They are usually used in the aviation
and military industry. The forms they are usually used are: sheets, plates, wires, rods, extruded
products, structural shapes, pipes, forgings etc. [35].

Fig. 2 shows the typical microstructure of the tested samples of Al 4.4 % Cu alloys obtained
by conventional casting. Table 1 shows the chemical composition of the tested alloys.

The experiments was performed on a vertical milling machine FSS-GVK-3 with a face milling
head diameter of $100 mm, with removable inserts following characteristics: number of teeth ¢
= 5, entrance angle x = 75°, rake angle y= 0°. Inserts are made of tungsten carbide quality K20,
the following characteristics (I =IC = 12.7 mm; s = 3.18 mm; bs= 1.4 mm; b.= 1.4 mm).

Measurement of cutting temperature was performed using the measuring acquisition system
shown in Fig 3. The central part of the system is virtual instrumentation.

Fig. 2 Microstructure of tested aluminum alloy

Table 1 Chemical composition of the alloy 7075

Alloy designation  Basic element Zn Mg Cu Cr Fe Si Mn Ti
7075 Al 5.8 2.52 1.65 0.2 0.18 0.1 0.025 0.025
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In the case of milling, unlike turning, there are problems of transmitting the signal from the
tool to the measuring instrument. Due to the fact that the milling tool moves in a circular motion
during the process, it is not possible to directly manage the thermocouple wire directly to the
measuring instrument. Thermocouple wire connects to copper rings, which together with graph-
ite brushes provide sliding contact. Contact with copper rings is provided by springs. Thermo-
voltage occurring when measuring temperature between 10 to 50 mV, so small losses also mean
large measurement errors. The thermocouple is made of Ni and CrNi wire with diameter of 0.1
mm. In the high-temperature zone, the wires were insulated using a ceramic tube of 0.9 mm in
diameter, Fig. 4. The length of the tube was about 10 mm, and the insulation was PVC.

Apart of the measurement and acquisition system, temperature measurement was also per-
formed by the ThermoPro TP8S thermal camera, which served as another verification of reliable
temperature measurement. For the purposes of this research, i.e. measuring the roughness of
the machined surface, it was used the device called ,,MarSurf PS1”. The maximum measuring
range is 350 um (from -200 pm to + 150 pm). This device also meets the standards of the Inter-
national Organization for Standardization DIN EN ISO 3.274.

The factor variation is performed at 5 level values, so that each mean value between adjacent
levels of the geometric mean of these values. The selected levels of factors are shown in Table 2.

MEASUREMENT AND DATA ACQUISITION SYSTEM FOR
MEASURING CUTTING TEMPERATURE IN FACE MILLING

i n =¥ =X
Digital muli _é, Td.

thermocouple
TR 2112
Vertical milling machine
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data display

VIRTUAL INSTRUMENT FOR
MEASUREMENT OF CUTTING
TEMPERATURE IN FACE MILLING
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Microsoft Excel

i
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Fig. 4 Prepared cutting insert with thermocouple installed in the body of the milling head

1 — polygonal inserts, 2 — welded top of the thermocouple, 3 — ceramic tube, 4 — a screw that secures the insert, 5 — tool body,
6 — thermocouple PVC insulated, 7 — glue
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Table 2 Levels of the experimental parameters for face milling

Levels (Functions Cutting speed Cutting speed Feed to the tooth Depth of cut Spindle speed
of affiliation) v (m/min) v (m/s) s1(mm/t) a (mm) n (min-1)
Highest +1.41 351.86 5.864 0.223 2.6 1120

High +1 282.74 4.712 0.177 1.72 900

Medium 0 223.05 3.717 0.141 1.14 710

Low -1 175.93 2.932 0.112 0.75 560

Lowest -1.41 141.37 2.356 0.089 0.5 450

4. Modeling using artificial intelligence methods

The realization of the model using artificial intelligence-based tools was done by using programs
that have artificial neural networks, fuzzy logic (mamdani model) and genetic algorithms in their
structure. Experimental data with a set of 21 experiments shown in the Table 3 were used to
train these systems.

Table 4 shows the experimental data that were used for the test for further analysis of the
models obtained.

Table 3 A plan of experimental testing with measured values for the process of training models based on
artificial intelligence during face milling

No Factor Measured values
) v (m/s) s1 (mm/t) a (mm) Q (°C) Ra (um)
1 2.93 0.112 0.75 46 1.074
2 4.71 0.112 0.75 52 1.081
3 2.93 0.177 0.75 53 1.743
4 4.71 0.177 0.75 56 1.645
5 2.93 0.112 1.72 60 1.058
6 4.71 0.112 1.72 67 1.023
7 2.93 0.177 1.72 70 1.898
8 4.71 0.177 1.72 77 1.734
9 3.71 0.141 1.14 60 1.205
10 2.35 0.141 1.14 54 1.133
11 5.86 0.141 1.14 65 1.244
12 3.71 0.089 1.14 55 0.995
13 3.71 0.223 1.14 66 2.522
14 3.71 0.141 0.5 47 1.242
15 3.71 0.141 2.6 76.5 1.229
16 2.35 0.089 0.5 51 0.915
17 2.35 0.223 2.6 108 1.705
18 3.71 0.223 0.5 66 2.023
19 5.86 0.089 2.6 98 0.969
20 5.86 0.141 0.5 66 1.258
21 5.86 0.223 1.14 94 1.94
Table 4 Experimental data for testing the artificial intelligence model
No Factor Measured values
) v (m/s) s1 (mm/t) a (mm) Q(°Q) Ra (um)
1 3.71 0.141 0.75 51 1.222
2 3.71 0.141 1.72 69 1.28
3 3.71 0.112 1.14 55 1.037
4 3.71 0.177 1.14 62 1.583
5 2.93 0.141 1.14 57 1.263
6 4.71 0.141 1.14 60 1.734

4.1 Neural network-based model

Training and testing are the most important features of a neural network (NN) which at the
same time determine the characteristics of NN. The training will determine whether the neural
network can provide the expected response or not. If that is not possible, NN will be trained
again. The basic architecture of the artificial neural network consists of an input function, which
can be in the form of binary, continuous or normalized data [36].
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The distribution of data used for network training, validation or testing was as follows: 70 %
of the data is training, 15 % data for validation, and 15 % for test data. A two-layer NN with sig-
moid transfer function in hidden layers and linear transfer function in output layer (fit net) can
arbitrarily incorporate multidimensional mapping problems, regarding consistent data and suf-
ficient neurons in its hidden layer. The used NN has one hidden layer with 10 neurons. The net-
work is trained with Levenberg-Markuard's return propagation algorithm (trainlm). This algo-
rithm usually requires more memory, but less time. Cutting speed v (m/s), the feed per tooth s;
(mm/t) and the cutting depth a (mm) are used as input data. These input data are grouped into
one whole that is indicated IN = (v, s1, a@). Output data are Q and R, are not grouped, but a new
network is created for each one individually. Due to that, models that were made were type 3-1,
three inputs and one output, Fig. 5.

Fig. 6 shows a regression diagram in the neural network training process, where the goal is to
set the value of the regression coefficient to be close to 1, the regression line should be at an an-
gle of 45°, while most of the data from which the network is trained with should be along the
line of regression.

When the network training is completed, simulation of the neural network can be performed.
It is necessary to define inputs (TestIn), which are created on the base of Table 4, and based on
those inputs to perform simulation and get new generated output process characteristics
(Test_outputs).
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Fig. 6 Diagram of regression in the process of training a neural network

4.2 Fuzzy logic-based model

Implementation of the model based on fuzzy logic of the Mamdani type consists of several steps,
where it is necessary to give a contribution in terms of editing membership functions and ap-
propriate rules. On these bases, the fuzzy inference system comes to an editing, and there is a
graphical representation of the appropriate solutions. Mamdani type implies that the language
values of the output variable are regular fuzzy sets, where it is necessary to define the number of
inputs, the names of the input and output variables. As with the neural network, there are three
input variables (v, s1, @) and the two output variables (Q, R,) in face milling.
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Editor of membership function enables the display and modification of all membership func-
tions, input and output variables for the entire fuzzy inference system, Fig 7.

For the set problem, the Gaussian (gaussmf) membership function for each variable is de-
fined. Gaussian membership function is the function most commonly used in modelling by using
the fuzzy inference system [26, 27]. This symmetric Gaussian function depends on two parame-
ters o and C that need to be defined in the process of modeling, Eq. 1.

—(x—c)?
f(x;0,c) =e 207 (1)

After accepting the rules comprehensible to the program package, that is, the highest value of
the input parameter is represented numerically +1.41 written in an attribute form with Highest,
respectively: +1 with High, 0 with Medium, -1 with Low and -1.41 with Lowest defining appropri-
ate fuzzy set is performed.

The rules are defined so that the data that define the cutting temperature are divided into 6
fuzzy subsets labelled (A, B, C, D, E, F) that group the approximate output values arranged by the
Gaussian distribution. For the second output process characteristic, 9 fuzzy sets (A, B, C, D, E, F,
G, H, I) are defined according to the same principle.

Accordingly, the final rule understandable for fuzzy logic is: if speed is lower and feed is lower
and depth is lower, then surface roughness in the set C, this is the first order. This way, the other
rules, all 21 of them, are defined, Table 5.

Table 5 The modified table with corresponding subsets

No Factor Measured values
) v (m/s) s1 (mm/t) a (mm) Q(°Q) Ra (um)
1 -1 -1 -1 A C
2 1 -1 -1 B D
3 -1 1 -1 B G
4 1 1 -1 B F
5 -1 -1 1 C C
6 1 -1 1 D C
7 -1 1 1 D H
8 1 1 1 E G
9 0 0 0 C E
10 -1.41 0 0 B D
11 1.41 0 0 D E
12 0 -1.41 0 B B
13 0 1.41 0 D 1
14 0 0 -1.41 A E
15 0 0 1.41 E E
16 -1.41 -1.41 -1.41 B A
17 -1.41 1.41 1.41 F G
18 0 1.41 -1.41 D H
19 1.41 -1.41 1.41 F B
20 1.41 0 -1.41 D E
21 1.41 1.41 0 F H
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4.3 Genetic algorithm-based model

Predefined second-order model, obtained based on a previous regression analysis based on the
design of the experiment, was used to model the function of Q (cutting temperature) and Ra
(arithmetic mean roughness):

Q:Cl.vxl.slxz.ax3 (2)

Ra = CZ . -Ux4 . Slxs . ax6 (3)

When determining the appropriate shape of the model, the genetic algorithm method starts
from the initial random population P(t). Population P(t) is composed of organisms. Each organ-
ism is one of the possible solutions to the problem and consists of real constants (gens): Cy, x1, X2,
X3, Cz, X4, X5, Xe.

Based on already performed examinations and calculations based on regression analysis, as
well as due to faster detection of the optimal solution, the limits in the search area have been
introduced. Thus, the positioning of possible solutions, the coefficients for determining tool sta-
bility, are localized to: 60 < C; < 80; 0.1 <x1<0.5; 0.1 <x,<0.5; 0.1 <x3<0.5.

After generating the initial population, the iterative procedure of selection, recombination
(crossover) and mutation is carried out until the convergence criterion is satisfied, Fig. 8.
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Fig. 8 Principle of the genetic algorithm

Determining the interactions that occur among different GA parameters has a direct impact on
the quality of the solution and keeping parameters values balanced improves the solution of the
GA. For machining process modeling, GA with the following parameters was used: population
size 150, crossover rate 0.8, mutation rate 0.03 and number of generations 1000.

The only difference between modelling the function for cutting temperature and arithmetic
mean roughness is precisely in the values of the search area limits. Thus, the determination of
the coefficients that are represented in the equation for the arithmetic mean roughness are set
to the constraints in terms of the limits: 10 < €2 < 20; -0.5 <x4<0.5; 1 <x5< 1.5; -0.5 < x6< 0.5.

After generating the optimal constants through the genetic algorithms, the Egs. 4 and 5 have
the final form:

Q = 72551 - v0.305 . 510.297 . a0.311 (4)

Rq =12.337 . 17_0'059 . 511.088 . a—0.018 (5)
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5. Results and discussion

The quantitative predictive potential E, the Eq. 6 is evaluated due to percentage of deviation
between the obtained values (using the corresponding model) and the expected (experimental)
values for the temperature in the cutting zone Q and the surface roughness R, for the data on the
basis of which the training of corresponding models of artificial intelligence was performed. The
results presented are given in Table 6 and Table 7. The verification of the accuracy of these
models was performed on the basis of 6 additional experiments performed according to the plan
given in the second part of Tables 6 and 7.

Based on the average percentage error, it can be concluded that in both output characteristics
of the process for the data used in the training of the corresponding model, this percentage error
does not exceed 10 %. The situation is similar with test data where models used for cutting tem-
peratures @ are also below 10 %, while in arithmetic main roughness R, obtains a maximum
deviation of 14 % using an artificial neural network-based model. Comparing all three models, it
is concluded that looking at both output characteristics of the process, the smallest error was
made by the model based on fuzzy logic. Consequently, it is recommended that the knowledge
base, based on artificial intelligence is recommend built into the appropriate process systems.

g =limeaYienl 40005 i =1 .n, v, = 6; Ry, (6)

Y; exp

Table 6 Comparison of NN, FL, and GA predictive models for cutting temperature Q

No. Oexp. (°C) Onn. (°C) E (%) Or.L (°C) E (%) fa (C°) E (%)

1 46 48.80 6.1 48.82 6.13 48.06 4.48

2 52 52.32 0.61 54.17 4.17 55.55 6.82

3 53 54.24 2.35 54.16 2.18 55.06 3.88

4 56 56.67 1.19 54.07 3.44 63.64 13.64

5 60 60.03 0.05 62.29 3.81 62.22 3.69

6 67 67.13 0.19 67.50 0.74 7191 7.33

7 70 69.94 0.09 67.50 3.58 71.27 1.82

« 8 77 77.15 0.19 75.98 1.33 82.38 6.98
§ 9 60 60.64 1.06 61.42 2.38 62.99 4.99
oo 10 54 53.87 0.24 53.95 0.09 54.81 1.49
g 11 65 64.85 0.23 62.03 4.57 72.42 11.41
E 12 55 55.16 0.29 53.95 191 54.95 0.09
13 66 79.13 19.89 67.50 2.27 72.18 9.37

14 47 45.03 4.19 48.94 4.12 48.75 3.73

15 76.5 75.65 1.11 76.00 0.65 8141 6.42

16 51 51.26 0.51 53.48 4.86 36.99 27.46

17 108 117.68 8.96 101.00 6.48 81.16 24.85

18 66 59.50 9.84 67.50 2.27 55.86 15.36

19 98 97.97 0.03 101.00 3.06 81.63 16.69

20 66 65.99 0.01 67.49 2.26 56.05 15.08

21 94 93.92 0.08 100.96 7.41 82.98 11.72
Average error = 2.72 3.22 9.39

m 1 51 48.84 4.23 48.058 5.77 55.30 8.44
& 2 69 65.53 5.03 64.94 5.88 71.59 3.76
o 3 55 54.98 0.04 55.01 0.02 58.83 6.97
;E 4 62 54.88 11.48 56.81 8.36 67.39 8.71
o 5 57 55.03 3.45 54.54 4.32 58.62 2.84
6 60 53.96 10.06 56.29 6.18 67.75 12.92
Average error = 5.72 5.09 7.27
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Table 7 Comparison of NN, FL, and GA predictive models for arithmetic mean roughness Ra

No. Raexp (Mm)  Rann (um) E (%) Ra FL (pm) E (%) Ra 6 (um) E (%)

1 1.074 1.071 0.24 1.048 2.38 1.075 0.11

2 1.081 1.075 0.53 1.129 4.53 1.045 3.29

3 1.743 1.418 18.63 1.707 2.04 1.769 1.49

4 1.645 1.643 0.09 1.517 7.8 1.720 4.56

5 1.058 0.617 41.66 1.066 0.74 1.059 0.11

6 1.023 1.313 28.33 1.057 3.36 1.029 0.68

7 1.898 1.751 7.74 2.002 5.48 1.742 8.18

o 8 1.734 1.733 0.08 1.722 0.68 1.695 2.27
5 9 1.205 1.205 0.02 1.244 3.2 1.352 12.19
e 10 1.133 1.135 0.21 1.141 0.72 1.389 22.58
g 11 1.244 1.245 0.1 1.241 0.26 1.316 5.78
E 12 0.995 0.999 0.37 1.003 0.84 0.819 17.64
13 2.522 2.488 1.35 2.552 1.19 2.226 11.73

14 1.242 1.237 0.37 1.240 0.14 1.372 10.47

15 1.229 1.218 0.88 1.240 0.9 1.332 8.38

16 0.915 0.909 0.68 0.940 2.77 0.850 7.10

17 1.705 1.707 0.12 1.725 1.17 2.253 32.15

18 2.023 2.017 0.3 2.011 0.61 2.259 11.68

19 0.969 1.029 6.21 0.996 2.79 0.786 18.89

20 1.258 1.259 0.08 1.240 1.41 1.336 6.17

21 1.94 1.944 0.19 2.011 3.64 2.167 11.69
Average error = 5.15 2.22 9.39

m 1 1.222 1.253 2.51 1.241 1.50 1.362 11.47
§ 2 1.28 1.022 20.12 1.328 3.73 1.342 4.84
o0 3 1.037 0911 12.12 1.053 1.59 1.052 1.48
é 4 1.583 1.763 11.39 1.611 1.79 1.731 9.37
o 5 1.263 1.124 10.99 1.143 9.54 1.371 8.54
6 1.734 1.240 28.46 1.257 27,51 1.333 8.02
Average error = 14.26 7.61 7.29

Another analysis of the accuracy of the corresponding models was performed based on sim-
ple linear regression. Figs. 9 and 10 show diagrams of actual and predicted values as well as the
calculated coefficient of determination for each proposed model. Based on the analysis of the
coefficient of determination in defining the most accurate model for predicting the cutting tem-
perature Q, the following can be stated: the fuzzy logic model gave the best match of actual and
predicted values (R? = 0.982), next the neural network model (R? = 0.945), and finally the most
unfavourable prediction comes from a model based on GA. In this case, the first two models are
acceptable for further implementation in process systems, while the GA model should be avoided.

Fig. 10 also shows an analysis of deviation of the values of the arithmetic mean roughness,
where it is concluded that the fuzzy logic model gives a completely correct representation of the
actual and predicted values with a very high coefficient of determination. The values for the oth-
er two models based on the membership interval belong to the domain of good correlation.
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Fig. 9 Diagram of actual and predicted values for cutting temperature
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Fig. 10 Diagram of the actual and predicted values for the arithmetic mean roughness

Based on the overall analysis, taking into account the values based on the quantitative predic-
tive potential E as well as the coefficient of determination R?, it is concluded that the models
based on fuzzy logic are the most suitable for further use.

6. Conclusion

By modeling the machinability functions of the milling process, i.e., the machining conditions
and the output characteristics of the process, the conditions for a predict control and optimize
process parameters have been created. The modeling process was performed using artificial
intelligence based methods. Models were realized by artificial neural networks, fuzzy logic and
genetic algorithms with the analysis of the accuracy. The obtained models for each machinability
function were analyzed and on the basis of least error of deviation, the best model is proposed.
An analysis was also performed in terms of the values of the coefficient of determination for
each individual model as a function of the corresponding characteristics of the face milling pro-
cess. The verification of the accuracy of the model was performed on the basis of additional ex-
periments, which were not used in training phase. Based on a comprehensive analysis, it can be
concluded that the application of the Fuzzy logic is the most adequate in the examined process. A
further recommendation would be in the application of artificial neural networks in the first
place, and then genetic algorithms in the second place.

The successful theoretical and experimental research has demonstrated the applicability of
new modeling methods to milling processes. Also, models developed using artificial intelligence
tools have a potential application in the industry. Consequently, the results of this research have
their significance in that view, i.e., they can be integrated into manufacturing systems within
which the tools of the integrated memory for the knowledge base are represented.
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1. Introduction

According to Cetinkaya et al. [1], there are three crucial factors which determine the business
environment and the strategy of corporations nowadays: demand (customers and target
groups), supply (competitors and suppliers) and general environment (regulations, natural re-
sources, society, etc.). These factors are becoming increasingly complex and dynamic in today's
business settings, determining the behaviour of market players. The unique objective of busi-
ness until recent years was to acquire the maximum economic profit or to improve customer
service [2-3]. During the quality revolution of the 1980s and the supply chain (SC) revolution of
the 1990s, it has become clear that the best business practices require integration of environ-
mental management with on-going business operations [4]. Severe deterioration of the envi-
ronment, waste generation and resources depletion, together with legislation and customers'
pressure, lead to the development of new concept - Green Supply Chain Management, which is
often defined as an approach that implements ecological thinking into traditional supply chain
management (SCM), products and services. However, this cannot be done to the detriment of
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quality, cost or service level, which leads to the growing need to treat inventory management
inseparably from environmental and economic objectives [5-7].

The rest of this paper is organised as follows: a review of relevant literature is presented in
Section 2. Section 3 provides a formulation of a simulation model and presents the methods
used. In Section 4 the experimental results (inventory levels, costs and emissions) are analysed,
together with the multi-criteria decision-making method, used to select the favourable solutions
by several decision criteria. Finally, research conclusions are given in Section 5.

2. Literature review

In this research, we study the correlation between several aspects of modern SCM - economic
performance, inventory management under (R, s, S) policy and environmental impact, to provide
the useful insights for managerial decisions. The environmental impact of SC activities analysed
in this work considers greenhouse gases (GHG) emissions resulting from inventory replenish-
ments based on road freight transport, which is a significant contributor to CO2¢q emissions [8].
Venkat and Wakeland observed that carbon emissions, as an indicator of the environmental per-
formance of SC, are highly sensitive to the frequency and mode of deliveries, as well as type and
amount of stored inventory. This implies that, even though lean SCs typically have lower emis-
sions due to reduced inventory, frequent replenishments generally increase the level of emis-
sions, particularly with longer-distance trade and globalisation [9]. Increasing customer aware-
ness about environmental issues, especially in Europe and the US, requires transport and stor-
age providers to demonstrate their sustainability. At the same time, modern management forces
companies to integrate transportation planning in their management decisions to achieve a re-
duction of costs and improved customer service [10-11]. To be able to move towards reduction
of emissions caused by transportation, companies tend to either adopt electric and hybrid vehi-
cles or to optimise their operational decisions, where operational adjustments might be more
cost-effective than investing in more carbon-efficient technologies [12-13].

(R, s, S) or periodic review policy is widely present inventory model both in practice and aca-
demic literature. Due to its structure, it has been implemented in many business information
systems, such as ERP and APS, without the simple algorithms or procedures to determine the
optimal characteristic inventory levels in practice [14-15]. Reorder point s and order-up-to level
S, together with review period R, are in practical business situations set by inventory managers.
Decision-making process becomes even more complicated with opposed, real-life objectives and
constraints, such as service or cost-based targets, limited resources and workforce, which is not
acknowledged by most of the classic inventory formulas. Additionally, behavioural preference is
a substantial factor which affects the decision-making strategies of companies, usually leading to
deviations from profit maximisation [16].

Despite the presence of this inventory policy in practice, there is a study gap in the review of
the current literature regarding inventory management using (R, s, S) policy and related envi-
ronmental and economic aspects. In this context, papers analysing Economic Order Quantity
(EOQ) or other production-inventory models are much more common. The review of relevant
literature is shown in Table 1, with specified factors considered in the listed studies.

Kapalka et al. described the approach for determining optimal (R, s, S) policies for inventory
management in a practical retail environment, in conditions of stochastic demand and lost sales
[17]. Possible benefits are evident in inventory and cost reduction while fulfilling defined service
level constraint. Kiesmiiller et al. compared the economic performance of (R s, S) and (R, s, ¢
Qmin) policies with new policy (R, S, Qmin), taking into an account minimum order quantity (MOQ)
parameter [14]. Bijvank and Vis analysed lost sales inventory models with service level con-
straint, comparing the optimal replenishment policy to (R, s, S) policy [18]. Periodic review in-
ventory systems with service level constraint are also studied in the work of Bijvank [19], show-
ing cost performance similar to the optimal policy, justifying their use in practical settings. Gock-
en et al. used the simulation model to determine optimal inventory parameters and review mod-
el between continuous and periodic review (s, S) inventory policies [20]. Their work included
cost analysis and selection of the best supplier.
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Table 1 Sustainable inventory models; factors considered in the literature
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Wahab et al. 2011 . . o | o | o .
Kiesmiiller 2011 | o o | o . .
Bijvank, Vis 2012 | . o o | o | o
Chen et al. 2013 . . o o | o | o
Digiesi et al. 2013 o | o | o . . o | o . .
Benjaafar et al. 2013 . . o o | o | o .
Konur and Schaefer | 2014 . . . o o
Bijvank 2014 | o . . . o | o
Battini et al. 2014 . . . o | o o
Tang et al. 2015 | . . . . o . o | o
Gocken et al. 2017 | o . . o | o | o
\Akhtari et al. 2019 . . . . . o | o o
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Only a few papers that study periodic review policy considered the environmental aspects.
The research of Tang et al. [21] examines the cost of cutting carbon emissions by reducing ship-
ment frequency and adjusting the inventory control decisions. Akhtari et al. [22] used a simula-
tion model to compare the main parameters of forest-based biomass SC for two inventory man-
agement systems. The results showed that the selection of inventory system slightly impacts
demand fulfilment, but has a considerable influence on total costs and carbon emissions. As
mentioned, consideration of factors that have environmental and cost impact is more prevalent
within the studies using the EOQ model. An environmental approach to traditional EOQ is intro-
duced in a few works as the new "Sustainable Order Quantity" model (SOQ). Digiesi et al. [23]
analysed SOQ model with stochastic demand in regards to logistic and environmental costs per-
formance, and Battini et al. [24] examined all sustainability factors connected to lot sizing, using
the life-cycle assessment approach. Benjaafar et al. [13] presented how firms could effectively
reduce their carbon emissions, without significantly increasing costs, by making only operation-
al adjustments in regards to transportation, production, inventory management, or collaboration
with other members of SC. Chen et al. [25] used the EOQ model to discuss a similar concept. In
their work, emission reductions are achieved by modifications of order quantities without signif-
icant cost increase. Konur and Schaefer [26] studied the integrated inventory control using EOQ
model and transportation decisions of a retailer under four different carbon emissions regula-
tion policies. Wahab et al. [7] explored the problem of determining the optimal production-
shipment policy in domestic and international SC with incorporated consideration of the envi-
ronmental impact of operational decisions such as a number of shipments, shipment size, the
return of defected items etc. Papers of Ferretti et al, Darvish et al, and Yu et al. [3, 27, 28] con-
tributed to the problem formulation of this research in regards to environmental or economic
aspects of SCM.

3. Formulation of the inventory system model

3.1 General inventory model settings

Inventory model considered in this research consists of a single echelon SC system with stochas-
tic market demand. The model observes operating of a distribution centre (DC) in a period of 90
days, using (R, s, S) control policy for managing inventory levels and replenishments from the
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supplier to fulfil desired fill rates. Main model settings are specified in Fig. 1. Market demand is
generated in software programmed in Python, and confirmed to be normally distributed by
D'Agostino-Pearson omnibus K2 test in GraphPad Prism software, with P-value higher than the
significance level (a = 0.05). Demand is modelled with a mean of 1000 products per day. Stand-
ard deviation of demand is defined as high (ou), with a value of 200, and low (01) when it's value
is 2. In total, our research is based on 400 simulated market demands, grouped per 200 for each
standard deviation of demand. Tolerance of mean daily demand, in total observed period is 0,
tolerance of standard deviation of demand is #0.0001, and inventory fill rate tolerance is +0, -
0.0001. Simulation model assumes that days without orders from customers may exist. The ser-
vice-based constraint imposed on DC is defined with fill rates of 90 % and 100 %, calculated for
the total observed period. Market demand, product deliveries and inventory levels are of non-
negative, integer values. Inventory level is periodically reviewed at the end of each day.

In (R, s, S) inventory policy, lowest characteristic inventory levels can only be determined by
applying exhaustive brute force search. Brute force search method results in a global minimum
of characteristic inventory levels s and S at the expense of rapidly growing total number of simu-
lation experiments (SE). In total, 1.13 - 103 SEs were tested to determine 4000 SEs with the
lowest characteristic inventory levels satisfying boundary conditions for the observed period.
For numerical analysis, HP ProLiant DL580 G7 server with four Xeon E7-4870 processors and
256 GB RAM was used. Each processor has 10 cores, and with hyperthreading we were able to
conduct 80 separate searches parallelly. Generating 400 normally distributed market demands
required approx. 8.5 h and brute force search for the lowest characteristic inventory levels of
abovementioned 4000 SEs required approx. 23 h.

As our SC model tends to simulate realistic functioning of market-oriented SCs, Saturday and
Sunday are defined as closing days for the supplier, while DC works seven days a week. The con-
straint of closing days makes the calculations more complex, reflecting on increased inventory
levels, number of orders and their size, etc. Even though it is common in practice, one of the rare
examples where such constraint can be found in the scientific literature is the study of Janssen et
al. [29], related to perishable inventory model. Initial inventory level in SE is set to the S level. If
current inventory position x at the time of review is equal to, or bellow s, an order of size (5-x) is
placed. Average inventory level (AIL) is calculated for each SE as an average value of average
daily inventory levels during the total observed period. MOQ is 1 unit of product. Supplier is reli-
able and supplying complete ordered quantity at predefined lead times of 0, 2, 5, 10 or 15 work-
ing days, meaning that products are delivered and available on the stock of DC in that time.
Methods used in this paper are simulation modelling, statistical analysis and description and
multi-criteria decision making.

Market demand:
1. Mean 1000 PCs/day Minimum order quantity:
2. SD high, low 1 PC
3. 200 demands/SD A 4 v
Market Distribution Supplier
centre
A
Vehicle type: Lead time: Work time
Fill rate: L 1.<3,55t 1. 0 days synchronisation: J
L 1.90% 2.35t-75t —_2.2days —— DC works 7/7 days,
2.100% 3.7,5t-12t 3.5 days supplier 5/7 days
4.20t-26t 4. 10 days
5.26t-40t 5. 15 days

Fig. 1 The settings of the supply-chain echelon simulation model
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3.2 Environmental impact of deliveries

Small and heavy-duty trucks together form more than 50 % of the GHG emissions in the trans-
portation sector, which is one of the main contributors to GHG emissions in general [30]. In Eu-
ropean Union, between 1990 and 2017, GHG emissions from transport increased by 10 %, alt-
hough European Commission targets determine that emissions need to fall by around two thirds
by 2050, in comparison to 1990 levels, to meet the long-term 60 % GHG emission from transport
reduction [31, 32]. Operational decisions that tend to reduce emissions from transport activities
can contribute to GHG emission reduction.

In our SC model, product deliveries from the supplier are organised via road freight
transport, by five available vehicles of different types and payload capacities as presented in
Table 2. The vehicle selection rule assumes using a single vehicle of the lowest category and suf-
ficient payload capacity to transport the complete ordered quantity and weight in one trip.
Transported product is of average goods freight type. Fuel used is diesel, emission standard EU-
RO 6. SEs outputs provide information about the number and size of needed deliveries to keep
defined fill rates at deterministic lead times. Notation and metrics used in this paper are visible
in Table 3. GHG emissions are calculated in compliance with EN 16258, which specifies the
methodology for calculation of transport services [33]. The energy consumption calculations are
not considered in this study. The European norm EN 16258 prescribes calculation of emissions
on tank-to-wheels (TTW) basis, concerning final emission production during vehicle operation,
and on well-to-wheels basis (WTW), covering total emissions from the production of energy and
vehicle operation. Emission calculations are verified with specialised software tool EcoTransIT
by ETW in accordance with EN 16258 [34]. Total well-to-wheels (Gw) and tank-to-wheels GHG
emissions (G¢) emitted during the period i = 90 days are calculated according to Eq. 1 and Eq. 2:

G, = G,(V0S) - N, (D)
Gy = G,(VOS) - Ny (2)
Well-to-wheels GHG emissions of the vehicle operating system (G (VOS)) for a round trip, are
calculated according to [28], as in Eq. 3:
G, (VOS) =F(VO0S) - gy (3)
Tank-to-wheels GHG emissions of the vehicle operating system (G: (VOS)) are calculated accord-
ing to Eq.4:
G.(V0OS) =F(VOS) - g; (4)

3.3 The economic impact of inventory management

Costs taken into consideration in this research are the costs associated with holding and pro-
curement of inventory, transportation costs and penalty costs, calculated for the total observed
period. We use the following notation:

Cy, are the holding costs, calculated by multiplying the average inventory level, as in the work of
Urban [35], by the cost of carrying a single unit of inventory during the observed period, as in
Eq. 5.

Cp=H-i-AlL (5)
Table 2 Specification of fixed transport costs per vehicles
Vehicle Maximum Maximum Maximum number Estimated Fixed transport
type total weight payload of products vehicle price, cost, Ft,
(MTW) of the vehicle capacity, [t] per delivery,[PC] [€] [€/vehicle/trip]
Van <35t 1.5 1500 25000 24.7
Truck 3.5t<MTW=< 7.5t 3.5 3500 30000 29.64
Truck 7.5t< MTW< 12t 6 6000 70000 69.17
Truck 20t< MTW=< 26 t 17 17000 120000 118.58
Truck 26t< MTW<40t 26 26000 150000 148.22

Advances in Production Engineering & Management 15(2) 2020 155



Table 3 Notation and metrics used in this paper

Parameters Values and units  Variables Units
Observed period (i) 90 days Holding costs in the observed period (Cn) €
Demand mean value (u) 1000 units/day Ordering costs in the observed period (Co) €
Standard deviations 2,200 units/day  Transportation costs in observed period (Ct) €
of demand (oL, oH)
Fill rate (f3) 90,100 % Penalty costs in the observed period (Cp) €
Minimum order quantity (MOQ) 1 unit Total costs in the observed period (Cr) €
Review period (R) 1 day Number of deliveries in the observed period (Na) -
Fixed order cost (K) 20 €/order Number of orders in the observed period (No) -
Fixed holding cost (H) 0.005 €/unit/day Average inventory level in observed period (AIL) units
Fixed penalty cost (P) 0.1 €/unit/period Total well-to-wheels GHG emissions in the ob- tonne
served period (Gw) CO2e
Fixed transportation 24.7,29.64,69.17, Total tank-to-wheels GHG tonne
cost (Fy) 118.58,148.22 emissions in the observed period (Gt) CO2e
€ /vehicle/trip
Delivery vehicle 1.5,35,6, Lost sales factor in units/
payload capacity 17,26 tonne the observed period (LS) period
Well-to-wheels GHG emission factor  3.24 kg COz¢/1 Tank-to-wheels GHG emissions of the kg COze
for diesel (gw) vehicle operating system (G:(VOS))
Tank-to-wheels GHG emission factor 2.67 kg COz¢/1 Well-to-wheels GHG emissions of the kg COze
for diesel (gt) vehicle operating system (Gw (VOS))
Lead time (L) 0,2,5,10,15 days Fuel consumption used for the vehicle 1
operating system (F(VOS))
Product weight 1kg Load factor (Lf) -

Distance from the supplier to the DC 218 km

C, are the order costs, incurred with each replenishment order to the supplier, calculated ac-
cording to Eq. 6.
C,=K-N, (6)
C; are the total transportation costs related to inventory replenishments, as in Eq. 7. They con-
sist of a fixed and variable component, as in the work of Bonney and Jaber [6]. In our model,
fixed transportation costs are the costs per vehicle per trip (F;), defined for each vehicle type,
as specified in Table 2, calculated with the assumption that the purchasing price of the vehicle
will be paid off in 4 years of utilisation. Vehicles are being used for transport activities of de-
liveries along the SC and in observed echelon are being used once per every working day,
which means 1012 days in 4 year period. Variable transportation costs depend on the load
factor (Lg).

Co=F,-Ng(1+Ls) (7)
C, are the penalty costs, charged for the lost sales due to the stock-outs, as in Eq. 8. Lost sales are

expressed with LS factor, representing the number of unsold units in the total observed peri-
od due to unmet demand caused by a lack of inventory. In this paper, only penalty costs due
to unmet demand will be calculated, not considering the loss of reputation, customers, or sim-
ilar effects.

Cp=P-LS (8)
Total costs Cr are calculated according to Eq. 9:
Cr=Ch+C+C+ G, 9)

4, Results and discussion

Inventory management parameters and related variables resulting from SEs, examined in this
research are average inventory level (AIL), number and the size of inventory replenishments
(deliveries), GHG emissions from deliveries and SC costs. All inventory, cost and emission varia-
bles are calculated on the level of single SE, and later on, grouped based on a standard deviation
of demand, fill rate and lead time for transparency and understanding of the results.
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4.1 Average inventory level (AlL)

Influence of lead time, fill rate and demand fluctuations on AlL is visible from Figs. 2 and 3. Ex-
pectedly, AIL has the highest value in the scenario of the most extended lead time scenario - L15
days, high fluctuations of demand and fill rate of 100 %. Results indicate that demand oscilla-
tions have a medium effect on average AlLs. When comparing the values of average AlLs, for the
change of standard deviation from low to high between the groups of the same lead time and fill
rate conditions, we find that they can decrease up to 8 % or increase up to 33.7 %. The peak val-
ue of 33.7 % occurs for lead time 0, fill rate of 100 % and change from low to high standard devi-
ation of demand.

The influence of fill rate decreases with longer lead times. The maximum increase of average
AlLs for the shift in fill rate from 90 % to 100 % occurs for 0 days lead time and high standard
deviation of demand. In general, average AlLs increase with the increase of lead time, fill rate
and standard deviation of demand. The highest percentage of average AIL increase, 105.5 %,
dependent on the lead time lengthening from 0 to 2 days, occurs in the case of a 100 % fill rate
and low standard deviation of demand. Very high increase of average AlLs, from 76.9 % to 99.7
%, depending on the fill rate and demand oscillations, is registered for the change of lead time
from 5 to 10 days.

The most significant difference between the minimum and maximum AlLs occurs for a lead
time of 15 days, 100 % fill rate and high standard deviations of demand, followed by those in the
conditions of lead time 5 days, fill rate 90 % and high demand oscillations. It is interesting to
mention that, depending on the fill rate and standard deviation of demand, a DC needs to have in
average 8.4 times higher AlLs in conditions of the lead time of 15 days, than of 0 lead times. Nu-
merical simulations showed that the best solution from the aspect of the lowest average AIL
levels would be the set of data with lead time 0, fill rate 90 % and high demand oscillations.

4.2 Costs

The structure of average total costs, and the shares of its components - holding, ordering, trans-
portation and penalty costs, are shown in Figs. 4 and 5. It is evident that the minimum average
total costs occur under conditions of lead time 0, fill rate 90 % and high demand oscillations. The
highest total average costs occur in terms of lead time of 15 days, 100 % fill rate and high de-
mand oscillations. From Figs. 4 and 5 it is visible that the average holding costs account for the
significant share of average total costs, and that it increases with the increase of lead time. This
share varies from 13.8 % in case of lead time 0, fill rate 90 % and high demand oscillations, up to
89.8 % when lead time is 15 days, fill rate 100 % and high demand oscillations. The highest av-
erage transportation costs, making 58.8 % of average total costs, are registered in the scenario
with conditions of 0 lead time, low deviations of demand and fill rate of 100 % what corresponds
with the maximum average number of deliveries in the total period.

Penalty costs occur only when market demand is not completely satisfied, meaning in scenar-
ios of fill rate of 90 %. They can reach up to a maximum of 20.4 % of average total costs.
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Ordering costs have the smallest share, reaching up to maximum 25.2 % of total costs in case
of everyday deliveries (lead time 0). Fluctuations of average total costs, depending on demand
oscillations, are not significant. There is in average 2 % difference in total costs, when comparing
high and low demand oscillations, for the same lead time and fill rate scenarios groups. Fluctua-
tions of average total costs, depending on the fill rate change, are more evident. Per example, the
maximum increase of average total costs of 15.8 % occurs for a fill rate increase from 90 % to
100 %, in conditions of lead time 0, and low demand oscillations. The increase in average total
costs becomes strongly evident for 5 days lead time and longer. Lead time increase from 5 to 10
days implies the increase of average total costs from 25 % to 30.8 %, and from 10 to 15 days for
up to 41.6 %, depending on fill rate and demand. Overall, the lowest average total costs are rec-
orded in conditions of lead time of 2 days, 100 % fill rate and low demand oscillations.

4.3 GHG emissions

The number of deliveries directly influences the amount of GHG emissions. As presented in Figs.
6 and 7, the maximum average number of shipments in the observed period, 63.3, is registered
in conditions of the shortest lead time (L0), low deviations of demand, and fill rate of 100 %. The
same conditions result in the highest average WTW GHG emissions. Additionally, the lowest to-
tal WTW GHG emissions are registered in the situation of the longest lead time; for a lead time of
15 days, 100 % fill rate and low standard deviation of demand. Level of WTW GHG emissions
decreases with longer lead times due to reduced frequency and number of deliveries. However,
it is necessary to note that the reduction of the average number of deliveries does not cause a
linear decrease in emissions. On the other hand, when comparing the average number of deliver-
ies for the lead time of 5 and 10 days, they drop for 52.8 %, while the level of emissions decreas-
es for only 16.3 %. In general, change from low to high demand oscillations within the same lead
time and fill rate group, does not significantly influence the level of emissions.
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Fill rate increase from 90 % to 100 % results in WTW GHG emissions increase, within the
same standard deviation of demand and lead time. The highest rise in emissions' level in an
amount of 80.4% occurs in the case of the lead time of 0 days and low standard deviation of de-
mand. With longer lead times, it drops to the levels from 14.6 % to 0.3 %. Only lead time group
of 15 days differs from this behaviour, where emissions slightly decrease with the increase of fill
rate. From this study results, gained from a single echelon model, it is justified to conclude that
the frequency of deliveries strongly affects the emitted level of GHG emissions. Therefore, the
decrease in deliveries frequency could contribute to deduction of overall emissions.

4.4 Multi-criteria decision making

Trends of the average inventory level, total costs and emissions resulting from SC activities, de-
tailedly analysed in previous chapters, are presented in Figs. 8 and 9. To achieve the overall op-
timum results in a practical business environment, it is necessary to approach the decision-
making process comprehensively, taking into consideration all aspects simultaneously. With this
purpose, the weighted sum method (WSM) of multi-criteria decision making (MCDM) was used.
Three decision criteria are selected as relevant for the evaluation of alternatives: (i) average
inventory levels, (ii) total costs and (iii) WTW GHG emissions. These are all non-beneficial at-
tributes, meaning that minimum value is desired.

In general, for m alternatives and n criteria, the best alternative is, in the minimisation case,
the one that satisfies the Eq. 10:

n

pPS* =mjnZaijwj,fori=1,2,3,...,m (10)
l j:]_
where PS*is the performance score of the best alternative, with n representing the number of
decision criteria, a; the actual value of the i-th alternative in terms of the j-th criterion, and w;the
weightage of the j-th criterion. In this paper, values of 4000 alternatives resulting from the
equivalent number of SEs, per each of the three decision criteria, are normalised according to Eq.
11 and rescaled in the range between 0 and 1 to be mutually comparable.
a; — Qmin
Hmorm Amax — Amin (11)

Normalised values of the alternatives for each criterion are multiplied by the corresponding
weightage, depending on the decision-making model. To get performance score of each alterna-
tive, all weighted normalised performance values for each alternative are summarised, where
the best result is the one that yields the minimum total performance value, as per Eq. 10.

Three decision models which are relevant for both managerial practice and further scientific
research are defined - uniformly valued, cost-oriented, and environmentally responsible deci-
sion model. Models differ based on the dominant aspect, as specified in Table 4.
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Models are defined based on the goal which wants to be achieved - better environmental or
economic performance, or equal performance in regards to inventory levels, costs and emis-
sions.

Weightage factors for uniformly valued decision model are determined according to the ob-
jective weighting method - Mean Weight, based on the assumption that all decision criteria are
of equal importance. In cost-oriented and environmentally responsible decision model decision
criteria are chosen by Point Allocation Method in a way that dominant decision criterion is of the
three times higher value than the other two criteria (20-20-60). The number of points allocated
to each criterion is assigned by the decision-maker, based on the experience and reasoning.
Therefore, subjectivity in this step of the MCDM model, same as in the real world conditions,
cannot be avoided entirely. However, there is no subjectivity in all the calculations that precede
and follow this step.

Results gained are considerably different within the same lead time, fill rate and standard
deviation of demand groups, which is visible from the range width between the maximum and
minimum performance score (PS), as shown on Figs. 10 and 11. The difference is even more
evident when comparing the overall best ranked (min PS) and worst ranked (max PS) solutions
within each decision model. These results are presented in Table 5, together with corresponding
decision criteria.

The overall best solution according to the settings of the uniformly valued decision model,
occurs in case of shortest lead time and deliveries within the same day (LO0), fill rate of 90 % and
low standard deviations of market demand. If comparing the performance of the worst solution
within the same group (L0, 8 = 90 %, o.), it shows 57.8 % lower AIL, 28 % higher total costs and
416.4 % higher GHG emissions. The overall worst solution would result in 552 % higher AIL,
113.4 % higher total costs and 36.8 % lower GHG emissions.

The overall best solution, according to the cost-oriented decision model, occurs in the same
conditions as for uniformly valued decision model: L0, § = 90 %, oi.. The same conditions, with-
out optimally set parameters, could also resultin 27.1 % lower AIL, 62.8 % higher total costs and
93.9 % higher GHG emissions. For the comparison, the overall least favourable solution (with
worst performance score) results with 1027 % higher AIL, 171.5 % higher total costs and 76.3 %
lower amount of GHG emissions.

The overall best solution according to the environmentally responsible decision model hap-
pens in the conditions of the lead time of 5 days, 90 % fill rate and high standard deviation of
market demand. In these same conditions significantly worse scenario could occur - that one of
58.6 % higher AIL, 14 % higher total costs and 3.9 % higher GHG emissions. Additionally, when
comparing the best solution to the worst-ranked one, the later results in 26.7 % lower AlL, 27.4
% higher total costs and 556.4 % higher GHG emissions. It is visible that the same lead time, fill
rate and market demand oscillations level provide optimal solution according to uniformly val-
ued and cost-oriented decision model; the conditions of the lead time of 0 days, fill rate of 90 %
and low standard deviation of demand. In an environmentally responsible decision model, the
best solution occurs for a lead time of 5 days, fill rate of 90 % and a high standard deviation of
demand. In an environmentally responsible decision model, emissions are 302.87 % lower than
in cost-oriented decision model, and 113.74 % lower than in uniformly valued decision model.
However, this reduction results with 25.8 % higher total costs than in cost-oriented decision
model and approximately the same level of the costs as in uniformly valued decision model.

Table 4 Decision-making models and criteria

Decision making Uniformly valued Cost oriented Environmentally

model decision model (A) decision model (B) responsible decision model (C)
Model each decision criterion has total costs are the dominant environmental impact is
characteristic the equal significance decision criterion dominant decision criterion
Weightage ofthe  AlL: total costs : emissionsis  AlL: total costs : emissions is AlL : total costs : emissions is
decision criteria 1/3 : 1/3 /5 1/5 : 3/5 : 1/5 1/5 : 1/5 : 3/5
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5. Conclusion

In this research, we studied a single echelon inventory system with (R, s, S) policy and normally
distributed market demand, taking into an account market demand fluctuations, service-based
constraints, predefined lead-times and closing days.

In total, 4000 simulation experiments were examined, providing relevant information about
the behaviour of various SC performance factors, such as average inventory levels, costs, number
and size of inventory replenishments and GHG emissions from delivery activities. To the practi-
tioners in companies operating under (R, s, S) inventory policy this offers valuable insights on
correlations and interdependencies of characteristic inventory, economic and environmental
parameters in conditions of stochastic market demand; information which are not available
without the extensive simulation analysis. Research conclusions can be transferred to real-life
systems operating in similar situations as defined in our SC model to identify possible improve-
ments for management, find optimal operational settings, enable cost or GHG emissions reduc-
tion without jeopardising any operational aspect of SC, etc.

Statistical analysis provides the conclusion about the conditions leading to the individual best
solutions in regards to the inventory levels, costs or GHG emissions from transport activities.
However, identification of the overall best configuration, considering these three crucial aspects
simultaneously, requires a structured analysis of multiple criteria. Therefore, a multi-criteria
decision-making method was used to select the optimal results, based on different decision
models relevant for managerial business practice - uniformly valued, cost-oriented and envi-
ronmentally responsible one.

Deviations between the best and the worst-ranked solution (performance score) indicate
how much the results can oscillate even within the same lead time, fill rate and demand oscilla-
tions group. The results display that even more significant differences occur between the overall
worst and best-ranked solution within the same decision model. These differences can reach up
to maximum 1127 % for AIL (in cost-oriented decision model), 272 % for total costs (in cost-
oriented decision model), and 656 % for GHG emissions (in environmentally responsible deci-
sion model), which gives a clear overview on the importance of correct decision-making.

Table 5 The overall best and worst solutions within decision models

Decision Rank L B o SE AIL Cr Gw PS
model
A the best-ranked score LO 90 oL 5 2902.7 4399.19 1.57 0.120 (min)
A the worst-ranked score  L15 100 o 3858 18925.7 9389.03 0.99 0.677 (max)
B the best-ranked score LO 90 oL 61 1679.29 3458.16 4.18 0.089 (min)
B the worst-ranked score  L15 100 o 3858 18925.7 9389.03 0.99 0.806 (max)
C the best-ranked score L5 90 on 1930 3816.38 4350.57 1.38 0.110 (min)
C the worst-ranked score L0 100 onu 761 2797.12 5544.71 9.05 0.684 (max)
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Research results imply that it is crucial to perform complete SEs analysis for each product con-
sidered in SC echelon to be able to determine its particular optimal inventory management set-
tings. Therefore, for optimal SCM that takes into an account a wide range of influential aspects,
we find that continuous monitoring of inventory, demand, logistics, sales and marketing activi-
ties is necessary. Inventory management software should be implemented in the business soft-
ware of the company at the bottom level, with direct influence on operational decisions. The
proposed approach should raise the awareness that operational decisions such as the frequency
and size of replenishment deliveries, vehicle category choice but also oscillations of market de-
mand, target fill rates, etc., have a significant impact on inventory, economic and environmental
performance in SC.
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1. Introduction

The prediction of the tool condition, i.e. the determination of correlations between the target
function and the influencing parameters, is of high importance, since the technological and eco-
nomic effects of the machining process depend directly on the tool life. However, due to the
highly complex phenomena that develop within the cutting zone and are caused by the influence
of a number of mutually collinear factors, modeling the cutting process is difficult. One of the
most accurate and reliable methods for predicting the tool condition is the experimental-
analytical method, in which a regression model for predicting the tool condition is created on the
basis of the determined dependence of the target function on the influencing parameters [1].
Nevertheless, regression analysis does not provide satisfactory results when the relationship
between the target function and the influencing parameters is non-linear, as is usually the case
in cutting, and requires additional experiments. For this reason, many researchers have recently
started to apply the principles of ANNs to the modeling of the cutting process.

Krivokapic et al. [2], explored the possibility of using ANN to predict the wear of S390 high
speed steel twist drills (TD) produced by powder metallurgy (PM), when drilling hardened steel.
TD nominal diameter, sharpening mode, number of revolutions, feed rate and drilling length
were used as input parameters and the mean value of the wear band width of the back surface

164



Development of a family of neural networks for the prediction of tool condition

was used as output parameter. Kaya et al. [3] presented an effective and efficient model for as-
sessing cutting tool wear when milling the Inconel 718 superalloy, based on ANN. The model
trained with components of cutting force in three axes, torque, conditions and cutting time
showed a very good correlation between actual and predicted values of tool wear. Also in milling
operations, Wu et al. [4] compared three machine learning algorithms, including ANNs, SVR, and
RFs in predicting tool wear. Performance measures include mean square error, R square, and
training time. A number of statistical characteristics have been extracted from cutting forces,
vibrations, and acoustic emissions. A similar study using a Response Surface Methodology
(RSM), a genetic algorithm (GA) and a Grey Wolf Optimizer (GWO) algorithm to predict surface
roughness in ball-end nose milling of hardened steel was conducted by Sekulic et al. [5]. Two
modeling techniques, RSM and ANN, have been used to develop R, and VB predictive models in
turning and their predictive capabilities have been compared in a study by Tamang et al. [6].
Netoa et al. [7] used two types of ANN to assess the diameter of precision drilled holes in alumi-
num and titanium alloys. The input parameters were signals of acoustic emission, power and
cutting force and vibration. Rao et al. [8] used ANN to predict the surface roughness, the tool
wear and the workpiece vibration amplitude drilling AISI 316 steel, and their input parameters
were tool tip radius, cutting speed, feed rate and the amount of material removed. The applica-
tion of ANN [9] resulted in a model for monitoring the wear condition depending on the acoustic
emission signal. By applying ANN, Kannan et al. [10] have monitored the roughness of the ma-
chined surface as a function of the influencing parameters when drilling brass plates and have
developed a model for monitoring drill wear with optimisation of feed rate, cutting speed, thrust
and torque. Benkedjouh et al. [11] formed a model for assessing tool condition and predicting its
lifetime, based on the properties obtained from the control signals and the support of vector
regression to assess and predict tool wear. Drouillet et al. [12] developed an ANN-based model
for predicting the remaining tool life based on the value of the measured power of the spindle
when milling stainless steel workpieces at different cutting speeds. D'Addona et al. [13] showed
that ANN is a reliable method for monitoring the wear of drill based on the analysis of vibration
signals. Patra et al. [14] developed an ANN model to predict the number of drill holes based on
axial force, cutting speed, drill spindle speed and feed rate. Khorasani and Yazdi [15] developed
a general dynamic ANN system for monitoring surface roughness when milling Al 7075 and St
52 using cutting speed, feed rate, material type, coolant, vibration and noise as input parameters.
Mikotajczyk et al. [16] confirmed that a useful industrial tool for assessing tool life in turning by
combining image recognition software and ANN. Wang and Jia [17] developed ANN to express
thrust force and delamination factor as a function of drilling parameters. Multi-objective optimi-
zation of drilling parameters is than performed based on NSGA-IL In the research of Kumar and
Hynes [18] the ANFIS model has been used for predicting surface roughness of drilled galva-
nized steel, while optimization was performed using the GA method. In Mondal et al. [19] the
minization of burr formation in drilling process was performed with the application of regres-
sion modeling and ANN. In the work of Schorr et al. [20] an approach to predict the quality of
drilled and reamed bores was presented. The machine learning method of random forest was
used to predict the concentricity and the diameter of the bores on the basis of the torque meas-
urements. Yin et al. [21] have established the model by backpropagation ANN for the prediction
of microhole diameters and hole roundness in laser drilling.

The importance of predicting tool wear at different cutting conditions, possible limitations of
regression analysis and the increasing use of ANN in tool condition prediction were the chal-
lenges for this research. The aim of the research was to develop a model for a comprehensive
prediction of tool wear of TDs as a function of a number of influencing parameters for drill
lengths up to the point when TD became worn. Axial force and torque by drilling were chosen as
a target function. Both provide the most reliable information about tool wear that can be meas-
ured during the cutting process. The input parameters for ANNs were: the material of the TD,
sharpening mode and nominal diameter d, number of revolutions n, feed rate s and achieved
drilling length Lmax. The attempt to create the desired model by applying a complex ANN did not
lead to a satisfactory result; therefore the idea was to form a family of simple ANNs (FANN).
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2. Materials and methods

In order to create a model for predicting the TD condition, backpropagation was performed us-
ing ANNs. The modeling was based on the determined correlations between the target functions
(drilling force and torque) and the influencing parameters by drilling of quenched and tempered
alloy steel 42CrMo4 (43-45 HRC). In the experiments, twist drill bits (DIN 338) made of high-
speed steel with increased Co content were used, which were produced in the conventional met-
allurgical process (C) or in the powder metallurgical process (PM), regularly sharpened with a
corrected main cutting blade (CMB) or ground crosswise (CL), see Table 1.

The workpiece dimensions (thickness) were adjusted so that the bore length of L = 3d mm is
maintained with uniform distribution of the workpiece hardness over the longitudinal and cross
section. The cutting conditions were adjusted to the recommendations for drilling hardened
steel.

For cooling and lubrication the 8 % solution of Teolin H/VR in the amount of 1 I/min was
used. Axial force and torque were measured with the three-component dynamometer "Kistler",
TYP 8152B2, in the range from 100 to 900 kHZ, integrated in the conventional drilling machine
TYP FGU-32 and connected to a Global Lab software for data acquisition, as illustrated in Fig. 1.
The initial experiment was conducted with four repetitions of drilling tests in the central point
according to the matrix plan for three-factor experiment shown in Table 2.

Table 1 Tool material and sharpening modes for TDs

Influential parameters

Cutting High-speed steel with 8 % Co, produced in conventional metallurgy process, S2-9-1-8, (C)
tool material High-speed steel with 8 % Co, produced in powder metallurgy, S390 MICROCLEAN, (PM)
Sharpening mode of _Regular with corrected main blade (CMB)
drills Cross-like (CL)

Main
drilling
spindle

Global Lab + ;
Dl

. : 1 Force and AE
Workpmcsg " DAQ Scope
[ [ ? torque I::> Piezotron [} PCL5102
[ - : 7L_sensor Coupler

L 1

Fig. 1 Set-up for measurement of axial force and torque in drilling [1]

Table 2 Matrix plan of three-factor experiment [1]

Experimental Coded values Real values Output vectors
points X1 X2 X3 d [mm] n [rpm] s [mm/rev] Fa, M
1 -1 -1 -1 6.0 250 0.027 Fi, M1
2 +1 -1 -1 10.0 250 0.027 F2, M
3 -1 +1 -1 6.0 500 0.027 F3, M3
4 +1 +1 -1 10.0 500 0.027 Fa, Ms
5 -1 -1 +1 6.0 250 0.107 Fs, Ms
6 +1 -1 +1 10.0 250 0.107 Fe, Mo
7 -1 +1 +1 6.0 500 0.107 F7, M7
8 +1 +1 +1 10.0 500 0.107 Fg, Mg
9 0 0 0 7.75 355 0.053 Fo, Moy
10 0 0 0 7.75 355 0.053 F1o, M1o
11 0 0 0 7.75 355 0.053 F11, M1
12 0 0 0 7.75 355 0.053 Fi2, M12

Based on the matrix plan, measurement of the axial force and the torque for the particular ex-
periment was performed at five measuring points for both tool materials and both sharpening
modes. The first measurement was performed while drilling L = 3d mm deep holes with sharp

166 Advances in Production Engineering & Management 15(2) 2020



Development of a family of neural networks for the prediction of tool condition

TD, while the fifth measurement was performed when the drilling lengths were reached, where-
by the following predefined maximum allowed flank wear values (hmax) for different TD were
reached:

e for TD 6.0 mm - Apax = 0.25 mm,
e for TD @#7.75 mm - hAmax = 0.30 mm,
e for TD 3#10.0 mm - hmax = 0.35 mm.

The other three measurements were performed upon achievement of the drilling lengths
whereat the flank wear of TD remained within the interval 0 < hj < hmax, and i = 2, 3, 4.

Under different experimental conditions (material of TD, sharpening mode, nominal diame-
ter, number of revolutions and feed rate), TD reached the maximum allowed flank wear at dif-
ferent drilling lengths, as shown in Table 3.

Based on the measurement results of all the TD used in the experiments, diagrams for the axi-
al force and the torque as a function of the drilling length and the cutting regime were generated.

Table 3 Drilling lengths at which drills achieved maximum allowable wear

No. Drills Sharpe- d n s Lmax | No. Drills Sharpe- d n s Limax
mate- ning [mm] [rpm] [mm/ [mm] mate- ning [mm] [rpm] [mm/ [mm]
rial mode rev] rial mode rev]
1 6.0 250 0.027 560| 25 6.0 250 0.027 630
2 10.0 250 0.027 750| 26 10.0 250 0.027 1420
3 6.0 500 0.027  1325| 27 6.0 500 0.027 3050
4 10.0 500 0.027  3250| 28 10.0 500 0.027 3020
5 6.0 250 0.107 1330{ 29 6.0 250 0.107 1550
6 E 10.0 250 0.107 1050{ 30 E 10.0 250 0.107 2400
7 o 6.0 500 0.107 3000| 31 o 6.0 500 0.107 4650
8 10.0 500 0.107 800| 32 10.0 500 0.107 720
9 7.75 355 0.053 1730| 33 7.75 355 0.053 1755
10 7.75 355 0.053  2370| 34 7.75 355 0.053 1220
11 7.75 355 0.053 1920| 35 ® 7.75 355 0.053 1520
12 3 7.75 355 0.053 1870| 36 i 7.75 355 0.053 1480
13 a 6.0 250 0.027 1300| 37 z 6.0 250 0.027 610
14 10.0 250 0.027 1000| 38 g 10.0 250 0.027 1100
15 6.0 500 0.027  2700| 39 6.0 500 0.027 3690
16 10.0 500 0.027 5075| 40 10.0 500 0.027 5800
17 6.0 250 0.107 1400| 41 6.0 250 0.107 4200
18 - 10.0 250 0.107  2000| 42 - 10.0 250 0.107 3820
19 © 6.0 500 0.107 2260] 43 © 6.0 500 0.107 5850
20 10.0 500 0.107 900| 44 10.0 500 0.107 800
21 7.75 355 0.053 2650 45 7.75 355 0.053 2750
22 7.75 355 0.053 2530] 46 7.75 355 0.053 2340
23 7.75 355 0.053 2650 47 7.75 355 0.053 2400
24 7.75 355 0.053 2850 48 7.75 355 0.053 2440
AXTAL FORCE vs. DRILLING LENGTH AXTAT FORCE vs. DRILLING LENGTH
AND CUTTING REGIME FOR FOR 4 REPEATED EXPERIMENTS IN
TD S390, CMB, & 6.0 CENTRALPLAN POINT FOR. TD 5390, CMB
1200 1200
I o
Z 1000 ——p= 1000 —F o
2 o 25050027 (1) 2 QA&—-——;—&——' o
= = X ok —n=500;5=0.027 B)[| | | = 600 o
5 400 *_*,_x —<>—n=%)[]; =0.107(3) L {; 400 —a—TD3
—o—n=500; s=0.107 (7)
200 : : 20 Mmoot ls
0 IUUUI . 2000 3000 4000 0 500 1000 1500 2000 2500
Drilling length L [mm] Drilling length L [mm]
Fig. 2 Axial force vs. drilling length and cutting Fig. 3 Axial force vs. drilling length for 4 repeated
regime for TD S390, CMB, @#6.0 experiments in central plan point (ds=7.75 mm,

ns =355 rpm, ss=0.053 mm/rev) for TD S390, CMB
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The axial force F, as a function of the drilling length L for TD #6.0 mm, made of S390 PM steel,
regularly sharpened (CMB), is shown in Fig. 2 and for TD in the central plan point (ds= 7.75 mm,
ns = 355 rpm, ss = 0.053 mm/rev) in Fig. 3. The diagrams show that all the different factors (ma-
terial of twist drill bits, sharpening mode and cutting regime) had a significant influence on the
axial force F..

3. Results and discussion

As far as the defined correlation curves are concerned, the trend curves and polynomial equa-
tions were defined for their interpretation, thus providing sufficient data sets for the ANN out-
put parameters. After the data research in ANN the tool condition prediction application, a feed-
forward back propagation ANN training was conducted in the MATLAB 6.0 software package.
The training was performed with six input parameters, three of which were parameters of the
cutting regime (nominal diameter d, number of revolutions n, and feed rate s), material type of
TD, sharpening mode and drilling length I, and two output parameters - axial drilling force F,
and torque M, as shown in Fig. 4.

What follows is a selection of parameters amongst those offered in back propagation ANN
training within MATLAB software package:

Training function

Adaption learning function

Performance function

Number of epochs

Number of neuron layers, and for each neuron layer
5.1 Number of neurons in a layer

5.2 Transfer function

i e

TD material Nominal diametar - d Drilling length - L
§390 or 52-9-1-8 Number of revolution - n
Feed rate - s
Sharpening mode 1dimension i l 3 dimension 1 dimension
CMB or CL
; NEURAL NETWORK
1 dimension *
Drilling force (Fa)
Torque (M)

Fig. 4 Complex ANN training scheme [22]

As one of the ways to improve generalization during ANN training, it is suggested to surround
each element of the trained family with a low noise level. By applying the above mentioned
method, the ANN trainees approached a training error of less than 10-10. After ANN training, it
was checked (simulated) with the data relevant to the experiment, but was not used in the train-
ing process. However, the simulation of the trainees ANN did not yield the expected results,
which indicates that it is impossible to efficiently process a large amount of data for the cutting
process using the usual approach with ANN multiple inputs and outputs. This again confirms the
fact that predicting the tool condition, which depends on numerous influential parameters, is a
delicate matter. The trained ANN had a poor generalization due to the occurrence of the follow-
ing phenomena:

e depending on the type of TD material, the sharpening mode and the cutting regime (nomi-
nal diameter, number of revolutions and feed rate), TD reached the maximum wear at dif-
ferent drilling lengths, as shown in Fig. 2 and Table 3;

e wide dispersion of axial drilling force and torque depending on the type of TD material,
sharpening mode and cutting regime; and

168 Advances in Production Engineering & Management 15(2) 2020



Development of a family of neural networks for the prediction of tool condition

o the same type of TD material, the same sharpening mode and the same cutting conditions
(nominal diameter, number of revolutions and feed rate ) together with different drilling
lengths (changing only one of the input parameters while keeping the others constant) are
an additional disadvantage for ANN.

3.1 Formation of the family of neural networks (FANN)

Since the trained ANN did not achieve the research goal set for the reasons worked out, the fol-
lowing idea came up: Instead of training a complex ANN with 6 input parameters and axial drill-
ing force F, and torque M as output parameters, the training of a family of simple ANNs should
be carried out with two variable parameters, one of which would always be the drilling length L,
while the axial drilling force F, would be the output parameter.

The formation of a FANN was performed for TD material - PM (high-speed steel produced in
powder metallurgy process) and sharpening mode - CBM (regular with corrected main cutting
edge), where one of the parameters of the cutting regime (d, n and s) and the drilling length L
were variable values, while the combination of the other two parameters was assumed to be
constant. As shown in Fig. 5, the formation of FANN (ANNs training) was organised in several
phases. In Phase I, the nominal diameter of the TD involved in the experiment (d; = 6.0 mm and
d> = 10.0 mm) and drilling length L were taken as variables, while the combinations of the fol-
lowing parameters involved in the experiment: type of TD material, sharpening mode, number of
revolutions and feed rate, were taken as constant values. Over the course of Phase I, simulation
of the trained ANN was performed for nominal TD diameters of 6.0 < d, < 10.0 mm (d3 = 7.0, ds =
7.75 and ds = 9.0 mm) and drilling length of L = 0-2.000 mm.

EXPERIMENT
Outer plan points
NP M= P,K
n/m N=1 N=1,2
d | n,=250,500 C di=6.0,10.0
5.70.027,0.107 & n, =250, 500
- g sk = 0.027, 0.107
= || 4P D TRANNG |E ———  Fa
J
% JL
= 6<d,<10 | EXPERIMENT
m n
l=0-2000 SIMULATION I: Outer plan points
M= P,K
LI N=1,2
i N di=6.0,10.0
‘| samise |
(e lihe S s =0.027,0.107
= TR TRANING 2 Fu
= i '
2 JL
£ P0<neS0 - SIMULATION EXPERIMENT
: Outer plan points
M=p M= P,K
n/m N=1 N=1,2
s o6=dslo | di=6.0, 10.0
250<n<500 | np = 250, 500 EXPERIMENT
= \ & =0.027, 0.107 ;
D& 0.0217, 0.107{}7; TRAINING = Sk - Central plan point
J
% JL dy=7.75
Fi ns =355
= 027 <s,<0.107 | L i _
£ —o.a000 | SIMULATION ) BN (e 5. = 0.053

Fig. 5 Development of a family of simple ANNs
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During Phase II of ANN formation, values for the number of revolutions n involved in the ex-
periment (n; = 250 and n; = 500 rpm) and the drilling length L were taken as the variable pa-
rameters, while the constant values contained combinations of the following parameters: TD
material, sharpening mode and feed rate (s; = 0.027 and s; = 0.107 mm/rev), and the TD diame-
ters for which the values of the axial forces had been obtained by experimenting and simulating
the ANN formed in Phase I (6.0 < d < 10.0 mm). The simulation of ANN in Phase Il was per-
formed with the standard number of revolutions within the range 250 < nq< 500 (n3 = 280, ns =
315, ns = 355, ng = 400 and ny = 450 rpm) and the drilling length L expressed in mm.

In Phase IlI, values of the feed rate (s;1 = 0.027 and s; = 0.107 mm/rev) and the drilling length
L were taken as variable parameters, while the constant values comprised combinations of the
following parameters: TD material, sharpening mode, diameters within the range of 6.0 < d <
10.0 mm (for which the values of axial force F, had been obtained by experimenting and simula-
tion of the ANN in Phase ), and standard number of revolutions within the range of 250 < n <
500 rpm (for which the values of axial force F, had been obtained by experimenting and simula-
tion of the ANN in Phase II). The simulation of a trained ANN in Phase III was performed with the
standard feed rate within the interval of 0.027 < s < 0.107 (s3 = 0.033, 54 = 0.042, s5 = 0.053, 56 =
0.067 and s7 = 0.084 mm/rev) and the drilling length L. The axial drilling force F,, expressed in N,
was chosen as the output parameter of all ANNs.

In Phase I of the FANN formation, only those ANNs were trained which were involved in the
experiment with the factor values d;, np and s, i.e. the ANN: n11,n21,n12 and n22.

SIMULATION ‘ n12 SIMULATION
M=P |d=6.0 419 |[M=P [d=6.0 M=P |d=6.0
N=1 |s=0.027 N1 IN=1 |s=0.027 N=1 |s=0.107
w 250 <n <500 4 n =250 250 < n <500 E
n=..,280,.., 315, .., I =0, 100, 200, ... Fa121 n=..,280,., 315, ..,
355, ..., 400, ...450, ... —— @ 355, ..., 400, ...450, ...
I =0, 100, 200, 300, ... I =0, 100, 200, ... Fal11 | | I=0 100, 200, 300, ...
M=P |n =355 TRAINING M=P |n = 355
d51 /N1 | = 0027 d52 N1 |s=0.107
d=6.0 d=6.0
20, 100,200, [l FatoT n 22 L=0.100, 200, .. | Fa152
d=10.0 F4251 n21 M=P |d=10.0 d=10.0 F 252
1=0, 100, 200, ... N=1 |s=0.027 I =0, 100, 200, ... g
SIMULATION [iilees) Fn211 SIMULATION
M=P | d =10.0 I=0, 100, 200, ... @ n | e Ta=i00
N=1 s =0.027 \ n =500 F 221 y N=1 |s=0.107
=l 250 < n < 500 =0, 100, 200, ... A 250 <n < 500 —
@V n=.. 280,.. 315, ..., TRAINING = .., 280,.., 315, ...,
355, ..., 400, ...450, ... 355, ..., 400, ...450, ...
I =0, 100, 200, 300, ... . I =0, 100, 200, 300, ...
TRAINING : TRAINING
JL n 42 : 4L
SIMULATION M=P |d=7.75 SIMULATION
n41
M=P |n =355 N=1 |s=0.027 M=P |n = 355
N=1 |s=0.027 n =250 N=1 |s=0.107
6.0<d<10.0 I=0, 100, 200, ... Sl 6.0<d<10.0
d=..,7.0,.,7.75, ..9,0 ... — %00 @ d=..70,.,7.75,..9,0 ...
F,421
I'=0, 100, 200, 300, ... I =0, 100, 200, ... " I'=0, 100, 200, 300, ...
I TRAINING [ il
Fq Il SIMULA#ION
SIMULATION ——
I Ny S = o 0a7 N=1 |s=0.107 I
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Fig. 6 First model of Phase Il of FANN formation
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In Phase II, besides the ANN trained with the values of parameters involved in the experiment
(n11, n21, n12 and n22), the following ANNs were formed: n41 (n1 = 250 and n; = 500 rpm; ds =
7.75 mm; s1 = 0.027 mm/rev) and n42 (n: = 250 and nz = 500 rpm; ds = 7.75 mm; sz = 0.107
mm/rev), as well as control ANNs d51 (di = 6.0 and d; = 10.0 mm; ns = 355 rpm; s; = 0.027
mm/rev) and d52 (d1 = 6.0 and dz> = 10.0 mm; ns = 355 rpm; s2 = 0.107 mm/rev), as shown in Fig.
6. The values of the axial force F, for combinations of influencing parameters of the mentioned
ANN were obtained by simulation of ANN in Phase I or by ANN from Phase II, which was trained
with the factor values involved in the experiment.

The results of the simulation of ANN n41 for ns = 355 rpm (ds = 7.75 mm and s; = 0.027
mm/rev) shall be consistent with the results of the simulation of control ANN d51 for ds = 7.75
mm (ns = 355 rpm and s1 = 0.027 mm/rev), while the results of simulation of ANN n42 for ns =
355 rpm shall be consistent with the results of the simulation of the control ANN d52 for d4 =
7.75 mm.

In Phase Il], in addition to the ANNs trained with the factor values involved in the experiment
(s11, s21, s12 and s22), the following ANNs were formed: s41 (s;1 = 0.027 and s2 = 0.107 mm/rev;
ds=7.75 mm; n1 = 250 rpm) and s42 (s1 = 0.027 and s; = 0.107 mm/rev; ds = 7.75 mm; nz = 500
rpm), and the control ANNs d15 (di = 6.0 and d> = 10.0 mm; n1 = 250 rpm; ss = 0.053 mm/rev)
and d25 (di = 6.0 and d> = 10.0 mm; nz = 500 rpm; s5 = 0.053 mm/rev). The values of the axial
force F, for combinations of influencing parameters from the above stated ANNs were obtained
by simulating the ANNs from the Phase I, i.e. ANNs of the Phase III which had been trained with
the factor values involved in the experiment (s11, s21, s12 and s22). The results of the simula-
tion of ANN s41 for ss = 0.053 mm/rev (ds = 7.75 mm and n; = 250 rpm) must correspond to the
results of the simulation of ANN d15 for ds = 7.75 mm (n1 = 250 rpm and ss = 0.053 mm/rev),
while the results of the simulation of ANN s42 for ss = 0.053 mm/rev (ds = 7.75 mm and n; = 500
rpm) must correspond to those of the simulation of ANN d25 for d4 = 7.75 mm.

In addition to those ANNs specified in the fifth model in Phase IlI, the following ANNs were
also formed: s15 (s1 = 0.027 and sz = 0.107 mm/rev, d; = 6.0 mm and ns = 355 rpm), s25 (s1 =
0.027 and s; = 0.107 mm/rev, d2 = 10.0 mm and ns = 355 rpm), s45 (s; = 0.027 and s; = 0.107
mm/rev; ds = 7.75 mm and ns = 355 rpm) and control ANNs d55 (d; = 6.0 and d> = 10.0 mm; ns =
355 rpm and s5 = 0.053 mm/rev) and in the control model also n45 (n; = 250 and n; = 500 rpm;
ds =7.75 mm; ss = 0.053 mm/rev), for which the values of the axial force Fa have been obtained
by simulating the ANNs from previous phases, as shown in Fig. 7.

d15 || V=P [n= 250 SIMULATION EXPERIMENT
N=1 |s=0.053 M=P | n = 250 ds=7.75
d=60 N=1 | s =0.053 ns = 355
I =0, 100, 200, ... FaltS | ——) 6.0<d<10.0 ss = 0.053
d=100 @ F 215 d=..7.0,..7.75,..,9,0 ... 1
— d:
=0, 100, 200, ... I=0, 100, 200, 300, ...
TRAINING e Fs
M=P [d=7.
“45‘ N=1 |s=0.053 ‘ I
n =250
I'=0, 100, 200, ... Al ‘
n =500
=0, 100, 200, ... ‘ Fird25 ‘
M=P [n =500 ‘
d25||M=P |N=
N=1 |s=0.053 SIMULATION 1T
?:06'?00 200 e Net gfcs)%%a
a=100 @ ‘ / 6.0<d<10.0 :
I=0. 100, 200, .. Fa225 d=..7.0,..7.75,...9.0 .. 250 <n < 500
TRAINING =0, 100, 200, 300, .. =" 166280150315 """ £
TRAINING I =0, 100, 200, 300, ...

Fig. 7 Control model of FANN formation
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Results of the simulation of ANN d55 for ds = 7.75 mm (ns = 355 rpm, ss = 0.053 mm/rev);
s45 for ss = 0.053 mm/rev (ds = 7.75 mm, ns =355 355 rpm) and n45 for ns = 355 rpm (ds = 7.75
mm, ss = 0.053 mm/rev) must correspond both to each other and to the results of the experi-
ment in the central plan point (ds = 7.75 mm; ns = 355 rpm and ss = 0.053 mm/rev).

The first training of the ANNs was performed at the outer points of the experiment, using the
values of axial force obtained by the experiment as input parameters. The formation of the se-
quence of ANNs was continued towards the central point of the plan, as shown in Fig. 8, so that
the final training was performed in the central point of the plan. As output parameters the values
of axial force F, obtained by the simulation of the ANNs in the previous phases were used.

The values of the axial drilling force Fa as a function of the drilling length and the influencing
parameters (type of TD material, sharpening mode, nominal diameter, number of revolutions
and feed rate), which were obtained by the simulation of trained ANNs can be graphically dis-
played, as shown in Figs 9. and 10. Fig. 9. shows the values of the axial force Fa as a function the
drilling length obtained by the simulation of ANN d11 (M = PM, SM = CMB, n; = 250 rpm, s; =
0.027 mm/rev) at the nominal diameters of drills d3 = 7.0; d4 = 7.75 and ds = 9.0 mm in relation
to the values of the axial force determined in the experiment for drills with nominal diameter d;
=6.0 and dz = 10.0 mm.

141,41

+1.-1.41

X3
] 2
-141.-1
X
r'e
+1.-1.-1 +1,41,-1

Fig. 8 Direction of development of ANNs

RESULTS OF SIMULATION OF ANN RESULTS OF SIMULATION OF ANN
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Fig. 9 Results of simulation of ANN d 11 Fig. 10 Results of simulation of ANN n 12
(n1=250rev/min, s1 = 0.027 mm/rev) (d1=6.0 mm, sz =0.107 mm/rev)

Fig. 10 shows the values of the axial force Fa as a function of the drilling length obtained by
simulating ANN n12 (M = PM, SM = CMB, d; = 6.0 rpm, s, = 0.107 mm/rev) for the number of
revolutions n3 = 280; ns = 315, ns = 355, ng = 400 and n7 = 450 rpm, in relation to the value of the
axial force at the number of revolutions n; = 250 and n; = 500 rpm obtained in the experiment.
The same principle can be applied to represent the values of axial force as a function of drilling
length obtained by simulating others ANNs within the family formed.
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Comparison values of the axial drilling force, which were obtained by simulating ANN n41 for
ns = 355 rpm (ds = 7.75 mm, s1 = 0.027 mm/rev) and control ANN d51 for ds = 7.75 mm (ns = 355
rpm, s; = 0.027 mm/rev) are shown in Fig. 11, while those for ANN s42 for s5 = 0.053 mm/rev (da
= 7.75 mm, n; = 500 rpm) and control ANN d25 for ds = 7.75 mm (n; = 500 rpm, s5 = 0.053
mm/rev) are shown in Fig. 12. The diagrams show that the results of simulation of control ANN
d51 correspond to the results of simulation of ANN n41 with a maximum deviation of 3.14 % for
L =500 mm (Fig. 11), while the results of simulation of control ANN d25 correspond to the re-
sults of simulation of ANN s42 with a maximum deviation of 3.95 % for L = 2000 mm (Fig. 12).

The same principle can be used to represent comparative values of axial force obtained by
simulation of ANN n42 and control ANN d52 as well as ANN s41 and control ANN d15.

COMPARATIVE RESULTS OF SIMULATION COMPARATIVE RESULTS OF SIMULATION
OF ANN n 41 (for n =355 rev/min) and OF ANN s 42 (for s = 0.053 mm /rev) and
d51-nlcontroling(for d =7.75 mm) d 25- 52 controling (for d =7.75 mm)

1200 1200
Z. Z
£ 1000 s

L)
) ' o
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g= i IN 542 =0.027 :
= 600 | —— ANN d51 ford=7.75 mm F 400 —r— ANN 42 fors=0.027 mm/rev |
= ! —+— ANN n41 forn =333 rev/min < —+—ANN d25 for d=7.73 mm
. . . . 200 : : : :
400 ] . ] ] : ) .
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Fig. 11 Comparative results of simulation of ANN Fig. 12 Comparative results of simulation of ANN
n 41 (for ns= 355 rpm) and d 51 - n 1 controlling s 42 (for ss = 0.053 mm/rev) and d 25 - s 2 controlling
(for ds = 7.75 mm) (for d4 = 7.75 mm)

The values of the axial drilling force F; for four repeated experiments in the central plan point
and their mean value are shown in Fig. 13. Comparative values of axial drilling force obtained by
simulation of ANN s45 for s5s= 0.053 mm/rev, the control ANN d55 for ds = 7.75 mm and n45 for
ns = 355 rpm, and mean values of the experiments in the central plan point are shown in Fig. 14.
The diagrams in Figs 13 and 14 show that the results of the simulation of ANN s45 for s5 = 0.053
mm/rev and the control ANN d55 for ds = 7.75 mm, and n45 for ns = 355 rpm correspond to
each other and lie within the interval comprising the values of three repeated experimental re-
sults in the central plan point.

The results of the fourth repeated experiment deviate both from the results of the other three
repeated experiments and from the results obtained by simulating ANN. The comparison of the
results of the simulation with the mean value of four experiment results in the central planning
point reveals the following:

o the deviation of the results of the simulation of ANN s45 from the mean value of the exper-
imental results is at most 6.598 % for L = 1000 mm;

¢ the deviation of the results of the simulation of the control ANN d55 from the results of the
simulation of ANN s45 is at most 7.89 % for L = 0 mm and from the mean value of the ex-
perimental results for four repeated experiments is at most 9.7 % for L = 2000 mm, and

e the deviation of the results of the simulation of the control ANN n45 from the results of the
simulation of ANN s45 is maximum 5.596 % and from average of four repeated experi-
ments results maximum of 10.74 % for L = 1000 mm.

The results of the simulation of the ANN central plan point come even closer to the experi-
mental results when compared with the mean value of three instead of all four repeated experi-
ments.
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VALUES OF AXIAL FORCE OBTAINED IN THE MEAN FXPERIMENTAL VALUES OF THE AXIAL
EXPERIMENT IN THE CENTRAL PLAN POINT FORCE IN THE CENTRAL FLAN POINT AND
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Fig. 13 Value of axial force for four repeated Fig. 14 Comparative values of axial force obtained by
experiments in the central plan point simulation of ANN s 45 (for ss = 0.053 mm/rev), d 55

(for d+=7.75 mm) and n 45 (for ns = 355 rev/min) as well
as mean values of four, that is to say, three central point

3.2 Comparative analysis of the axial drilling force obtained by ANN and regression analysis

The comparative analysis of the values of the axial drilling force F, obtained by ANN and regres-
sion analysis was performed for the following drilling lengths L = 100, 500 and 1000 mm.

The experimental values of the axial drilling force for the drilling lengths L = 100 mm, L = 500
mm and L = 1000 mm are shown in Table 4.

The axial drilling force F,, as a target function, can be represented in the form of the complex
exponentiation, shown by the Eq. 1.

E, = CpdP1nP2sbs (1)

In order to obtain a regression model that describes which will describe the target function as
accurately as possible with respect to Eq. 1, the incomplete second-order three-factor model
(incomplete quadratic model) with constant coefficients was applied after completion of the
linearization, as shown in Eq. 2.

Table 4 The experimental values of the axial drilling force

PLAN-MATRIX

=R
; E E Coded values Actual values Experimental F, values [N]
5E £ X1 X2 X3 X1Xz X1X3 X2X3 X1X2X3 d n s
[mm] [rpm] [rrr;r‘;/ L=100 mm L=500 mm L=1000 mm
1 -1 -1 -1 1 1 1 -1 6.0 250 0,027 544,85 649,96 686.90
2 1 -1 -1 -1 -1 1 1 10.0 250 0,027 700,86 996,71 1325.30
3 -1 1 -1 -1 1 -1 1 6.0 500 0,027 401,11 464,31 564.24
4 1 1 -1 1 -1 -1 -1 10 500 0,027 654,23 717,83 768.65
5 -1 -1 1 1 -1 -1 1 6.0 250 0,107 740,32 909,58 959.71
6 1 -1 1 -1 1 -1 -1 10.0 250 0,107 1339,03 1716,27 1907.70
7 -1 1 1 -1 -1 1 -1 6.0 500 0,107 931,98 962,00 989.67
8 1 1 1 1 1 1 1 10.0 500 0,107 1329,16 1531,00 1727.44
9 0 0 0 0 0 0 0 7.75 355 0,053 720,56 838,55 950.36
10 0 0 0 0 0 0 0 7.75 355 0,053 615.73 736.10 870.26
11 0 0 0 0 0 0 0 7.75 355 0,053 633.70 784.84 873.20
12 0 0 0 0 0 0 0 7.75 355 0,053 667,50 703,69 736.60
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Y = bg + bixq + byxy + b3x3 + bi3X1X5 + Di3x1X3 + ba3XyX3 + byy3x1X5X3

The coding has been performed by the transformation Eq. 3:

In(D)—In(Dinax)

In(n)-In(Mmax)

X1 =

- In(Dinax) —In(Dmin)

+1,x2=2

+1and x3 =2

In(Mmax)—In(Mmin)

In(s)-In(smax)
In(Smax)—In(Smin)

(2)

+1 3

By applying the regression analysis, the coefficients of models for drilling lengths L =100, 500
and 1000 mm, have been obtained and shown in Table 5.

Based on the coefficients shown in Table 5 and the return to the original coordinates, the re-
gression models of the target function (axial drilling force F.) were obtained through the trans-
formation Eq. 3. To obtain more accurate results, no verification of the significance of the pa-
rameters was performed, and no insignificant parameters were omitted, they were all retained
in the model. The equation obtained in this way was used to calculate the values of the axial
drilling force F.. The comparison between results obtained by the ANN simulation and the re-
gression model is shown in Table 6.

Table 5 Coefficients of the regression model

Drilling length

Coefficients of the model

bo b1 b2 bs b1z b1s b23 bi23
L=100 6.5943 0.2111  -0.0190 0.3132 -2.52E-05 0.0258235 0.074737 0.0747443
L =500 6.7604 0.2454  -0.0903 0.2957  -0.02027 0.029545 0.075798 -0.0223
L=1000 6.8742 0.2763 -0.1012 0.2588  -0.05976 0.034711 0.084119 0.027256
Table 6 Comparative values of the axial drilling force
Results of Results of
Drilling Cutting modes Results of the ANN simulation Regression Deviation
length experiment analysis Fann from
L [mm] d s Feksp [N] Fann Error Fra Error  Fra[%]
fmm] "™ [mmyrev) N el AN N qw
6.00 500 0.027 401.11 401.06 -0.012 d21 380.97 -5.021 5.27
7.75 250 0.027 590.19 di11 587.07 0.53
10.00 250 0.107 1339.03 1338.92 -0.008 di12 1271.80 -5.021 5.28
E 6.00 355 0.027 470.51 nll 443.21 6.16
= 555.65 n4l 533.99 4.06
% 7.75 355 0.027 560.25 d51
~ 10.00 250 0.053 863.30 s21 914.04 -5.55
659.37 646.89 -1.893 s 45 726.43 10.170 -10.95
7.75 355 0.053 (midd.le) 690.34 4.697 d55
675.58 2458 n45
10.00 500 0.027 717.83 717.86 0.004 d21 676.18 -5.802 6.16
10.00 355 0.027 868.87 n2l 795.24 9.26
6.00 250 0.107 909.58 90948 -0.011 d12 856.81 -5.802 6.15
E 7.75 250 0.107 1204.08 d12 1177.71 2.24
S 6.00 355 0.107 938.19 ni2 881.44 6.44
n 768.35 s42 782.88 -1.86
L 7.75 500 0.053 770,99 425
765.80 794.40 3.735 s45 857.34 11.954 -7.34
7.75 355 0.053 (mid(ile) 808.72 5.605 d55
819.35 6.993 n45
10.00 250 0.027 1325.30 1325.28 -0.002 d11 1248.09 -5.826 6.18
7.75 500 0.027 680.79 d21 620.39 9.74
813.38 n4l 745.24 9.14
E 7.75 355 0.027 806.83 451
= 6.00 500 0.107 989.67 989.78 0.011 d22 932.01 -5.826 6.20
S 6.00 250 0.053 795.76 s11 762.02 4.43
L 10.00 500 0.053 1101.65 s 22 1076.25 2.36
857.61 914.19 6.598 s 45 961.28 12.089 -4.90
7.75 355 0.053 (middle) 905.26 5.557 d55

949.72 10.741 n45
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The comparison made revealed the following:

¢ The results obtained by simulation of the ANN at the points of experiment for all drilling
lengths are fully are fully consistent with the experimental results with a maximum
deviation of less than 0.025 %.

¢ For controlled drilling lengths (L = 100, 500 and 1000 mm), the maximum deviations of
the results obtained by simulation of the ANN in the central plan point, if compared to the
experimental results, are:
- for ANN s45 - 6,598 % at drilling length L = 1000 mm;
- for ANN d55 - 5.557 % at drilling length L = 1000 mm, and
- for ANN n45 - 10.741 % at drilling length L = 1000 mm.

e For drilling lengths L = 100, 500 and 1000 mm, the values of the axial force obtained by
regression analysis deviate from the experimental results as follows:
In the points of experiment:
- 5.022 % for L = 100 mm,
- 5.802 % for L = 500 mm, and
- 5.826 % for L =1000 mm,
and in the central plan point:
- 10.17 % for L = 100 mm,
- 11.954 % for L = 500 mm, and
- 12.089 % for L = 1000 mm,
which is significantly less favourable compared to the results obtained by the simulation
of ANN.

e The results obtained by simulation of neural networks in the plan points which were not
included in the experiment also correspond to the results obtained by regression analysis
maximum deviation of less than 9.75 %.

The performed analyses of the results obtained by application of a family of ANNs and their
comparison with the experimental results and the results obtained by mathematical modelling
of multifactor plans show that prediction of tool condition, in conditions of non-linear
dependency of the target function and influential parameters, can be additionally enhanced by
application of a family of ANNs. Therefore, a family of ANNs can be applied very successfully in
prediction of tool condition, in particular in cases of non-linear dependency of the target
function and influential parameters when the regression analysis method fails to render
satisfactory results and calls for further experimental research.

4. Conclusion

The prediction of tool condition is of high practical importance, since the (technological and
economic) effects of the machining process depend directly on the tool life. However,
considering that the machining process is a highly complex physico-chemical mechanism of
interaction between tool and workpiece under the conditions of scatter of characteristics and
properties of the elements of the technological system, modelling this process seems to be very
difficult. The application of modern technologies aimed at solving the problems related to
modeling, simulation and monitoring of the machining process has recently begun, and the most
commonly used ANNs allow to predict changes in the parameters of interest as a function of
changes in the input value.

In this paper the axial cutting force F, was chosen as a target function, i.e. as a source of
information about the amount of cutting tool wear. The influencing factors selected included the
material of the tool (twist drill), the sharpening mode, the nominal diameter, the number of
revolutions, the feed rate and the drilling length until the twist drills are worn out. Based on the
established correlations between the target function and the influencing parameters for
predicting the wear size of twist drills, a FANN was developed. The results of the prediction
obtained by applying a FANN were compared with the results obtained by regression analysis in
the experimental points. The comparison showed that the prediction results were consistent.
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Furthermore, the prediction results obtained by applying a FANN deviate significantly less from
the experimental results. Therefore, the developed model of FANN can be used as a very reliable
method for predicting the state of the tool, especially in case of a nonlinear relationship between
the target function and the parameters involved, and in cases where the regression analysis does
not give satisfactory results and requires additional experimental research.
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ABSTRACT

ARTICLE INFO

How to evaluate the fuel gas operation (FGO) of various working groups
(WGs) and working shifts (WSs) in reheating furnace is still ambiguous prob-
lem. In this paper, a novelty time-series FGO evaluation model was proposed.
The strategy mainly included: Firstly, the fuel gas per ton steel (FGTS) was
calculated in certain time interval; Secondly, the FGTS time-series data set
was formulated in statistical period; Thirdly, the FGTS time-series data set
was divided according to working schedule; Lastly, the FGO evaluation model
was established. Case study showed that: i) The fuel gas operation evaluation
results of various WGs in different WSs were accorded with normal distribu-
tion; ii) For various WGs, A WG performed best, followed by C WG and D WG.
The performance of B WG was the worst due to its violent fluctuation of fuel
gas operation evaluation results in three WSs; iii) For different WSs, the day
WS and swing WS performed well, whereas the performance of night WS was
unsatisfactory. Discussion results showed that the improvement of working
skills, working responsibility and working passion, which were effective
measure to achieve energy saving in terms of operation, should be enhanced
through skills training and the reward and punishment system. Generally, this
novelty time-series FGO evaluation method could also be applied to other
industrial equipment.
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1. Introduction

The iron and steel industry, whose products are widely used in various industries, is the pillar of
the manufacturing industry [1]. Therefore, the development of iron and steel industry (whether
technological innovation or economic operation) has attracted much attention of many scholars
from different countries, such as the United States of America [2], China [3-4], Great Britain [5]
etc. With the rapid development of iron and steel industry, the energy consumption is also in-
creasing [6-7] (especially in China, as shown in Fig. 1 [8], million ton coal equivalent (Mtce)).
And the energy consumption in iron and steel industry accounts for about 23.6 % of the whole
industrial energy consumption in China 2012 [9]. Accordingly, many energy conservation tech-
nologies and methods are widely used in iron and steel industry, such as waste energy recovery
[10], material flow balance analysis [11] etc. Then, the energy efficiency of iron and steel indus-
try has been greatly improved. However, energy conservation of iron and steel industry should
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still be further developed [12]. It has been demonstrated that there is considerable potential for
energy conservation and emissions reduction in iron and steel industry [13-14].

Reheating furnace, which is widely applied to rolling process [15], is a very important ther-
mal equipment. The energy consumption of reheating furnace accounts for approximately 15-20
% of the total energy consumption in steel industries and approximately 70 % of the rolling pro-
cess [16]. Therefore, the energy saving of reheating furnace has been an area of intense investi-
gation.

900 - 800
—®— Crude Production

-~ - Total Energy Consumption of Ironand Steel = - 700

Industry 74
- 600

- 500
~ 400

~ 300

Crude Production
(Million metric tons)
Energy Consumption
(Mtce)

r 200

r 100

Z Ze
"9, 9,
9) 9<P

< < < < < < < < < < < < < <
, , a, a, , Q, a, Q, Q, o, o, o, o, o,

7 >
9,
0 <

’,
‘g, 2
% %

Fig.1 The crude production and energy consumption of Chinese iron and steel industry over the years
(Data Source: CHINA STATISTICAL YEARBOOK)

2. Literature review

The research on energy conservation of reheating furnace has been highly valued all the time.
Generally, the research work is mainly carried out as follows: thermal regulation optimization,
combustion process optimization, waste heat recovery and utilization.

1) Thermal regulation optimization

Energy waste will be effectively reduced, if a reasonable thermal regulation is adopted. Fur-
thermore, thermal regulation optimization can be achieved through billet heat transfer process
analysis. The study on billet heat transfer process mainly focus on variation rule of billet heat
transfer characteristics under various production rhythm(s) and different loading tempera-
ture(s). The reasonable gas supply strategy, which can improve billet heat quality and energy
saving, should be formulated in accordance with these variation rules. The numerical analysis
method is wildly applied to this field. Mayr et al. [17] put forward a time saving simulation of an
18 MW pusher type reheating furnace with a production capacity of 60 t/h and it is fired by nat-
ural gas burners. Tang et al. [18] developed a transient three-dimensional Computational Fluid
Dynamics (CFD) model, which could simulate the flow characteristics, combustion process and
multi-scale heat transfer inside the reheating furnace. The validation on an industrial walking
beam slab reheating furnace was conducted. Han et al. used the finite-volume method to simu-
late the slab heating characteristics [19]. Although these CFD analyses can be used for accurate
prediction of the thermal and combusting fluid characteristics in reheating furnace, it necessi-
tates long computational time and resulting costs due to many governing equations, complexity
of the furnace structure and uncertainty of the models [20].

2) Combustion process optimization

Combustion process optimization can improve the fuel gas combustion efficiency through the
improvement of burner, the optimization of fuel gas-supply, air-fuel ratio control or other tech-
nical means. For example, Garcia and Amel [21] presented a numerical simulation of the effects
of using self-recuperative burners, which can utilize heat recovery on the performance of a walk-
ing-beam reheating furnace. A transient radiative slab heating analysis was performed to inves-
tigate the effect of various fuel mixtures on the performance of an axial-fired reheating furnace
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[22]. Meanwhile, the approach, which applied oxy-fuel combustion instead of air-fuel combus-
tion, could enhance combustion efficiency [23]. Moreover, Jian-Guo Wang [24] put forwards a
soft-sensing method, which can predict combustion efficiency, since it cannot be measured di-
rectly.

3) Waste heat recovery and utilization

Waste heat of flue gas and vaporization cooling system accounts for about 50 % of the energy
consumption in reheating furnace [25]. Moreover, the temperature of the flue gas leaving the
furnace hearth is about 850 °C [26]. Therefore, the waste heat of flue gas has recovery value. The
Organic Ranking Cycle, which has been successfully applied to reheating furnace, is a very effec-
tive technology in waste heat recovery [27-28]. Moreover, energy cascade utilization technology
has also been applied to recovery of reheating furnace [29].

The above researches mainly concentrated on how to achieve energy saving of reheating fur-
nace through the improvement of technical measures. These technical measures mainly seek
new breakthroughs from objective factor. Unfortunately, the influence of subjective factors,
which are significant for energy saving of reheating furnace, has not been taken into account. For
example, there are differences in the FGO for various WGs in different WSs due to individual
operation skills, fatigue state etc. Moreover, Lu et al. [30] had proposed an energy apportion-
ment model, which could calculate the energy consumption amount for every billet, in reheating
furnace. Then, bottleneck of slab thermal efficiency had been further analyzed [31] and variation
of fuel gas consumption had been discussed based on energy consumption model [32] in reheat-
ing furnace. However, the FGO for various WGs in different WSs could not be evaluated. This
paper proposes a novelty time-series FGO evaluation method, which can evaluate the FGO of
various WGs in different WSs.

3. Methodology
3.1 The FGTS in [T}, T, 1] time interval

Take [T}, T;41] time interval as an example, the calculation process of the FGTS is described in
detail. Suppose there are f accumulative time segments (ATSs, as shown in reference [30, 32] for
the ATS definition) in [T}, T;4 1] time interval (as shown in Fig. 2.), three possible scenarios are as
follows:

e (; (Starting time: (T;); Ending time (¢;): the first change moment of billet number (loading
time or unloading time) in [T}, T}, ] time interval);

* Gy (Starting time (t;_;): the last change moment of billet number in [T}, T;;] time interval;
Ending time: T;,);

e G, (Starting time (t;_;): the (i — 1)™ change moment of billet number; Ending time (t;):
the i™ change moment of billet number, i = 2,3 --- f — 1).

3.1.1 The fuel gas-supply amount in the ith ATS

Correspondingly, the calculation processes of fuel gas-supply for three scenarios are as follows:
o =1

tin— Ty

— tl,
T —— By T €))

ng
ty
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G is the fuel gas-supply amount in the first ATS in G]. The other variables are shown in Fig. 2.
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Gy is the fuel gas-supply amount in the f™ ATS in GJ. The other variables are shown in Fig. 2.
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Fig. 2 The calculation process of the FGTS in [T}, T, ] time interval
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G; is the fuel gas-supply amount in the i™® ATS in GJ. The other variables are shown in Fig, 2.

3.1.2 The billets weight of furnace hearth in the i*" ATS (includingi =1 and i = f)

According to ATS definition, there is no loading billet or unloading billet in ATS. Therefore, the
billets weight of furnace hearth in the i*™® ATS can be denoted as:

N;
M; = Z m; g (4)
=1

M; is the billets weight of furnace hearth in the i™ ATS in tons, m;  is the k™ billet weight of
furnace hearth in the i ATS in tons, and N; is the billet number of furnace hearth in the ith ATS.

3.1.3 The FGTS value in the it" ATS

The FGTS value can be calculated in the i ATS:
e; = — (5)

e; is the FGTS value in the i™" ATS, i = 1--- f in G]/tons.
3.1.4 The FGTS value in |T,, T, time interval

The FGTS value can be calculated in [T}, T;,] time interval:
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21;1 €
€ITTia] = lf (6)

e[r,r,,,] 1S the FGTS value in [T, T} 4] time interval in GJ/tons.

3.2 The FGTS time-series data set in statistical period

The FGTS value can be calculated in [T}, T}, 1] time interval through calculation method in Section
3.1. Then, the statistical period can be divided into several equal time intervals (time intervals:
AT = T;,1 — T)). Afterwards, the FGTS time-series can be achieved.

Moreover, the FGTS time-series data set can be denoted in statistical period, as shown in Eq. 7.

R = {e[Tle+1]|l € Integerand 1 <1 <71 — 1} @)
R is the FGTS time-series data set, and r is the amount of time-intervals in statistical period.
3.3 The FGTS time-series data set division according to working schedule

Reheating furnace implements 24-hour continuous working schedule. Moreover, this working
schedule consists mainly of two important components (WGs and WSs). Therefore, the FGTS
time-series data set can be disaggregated by various WGs and WSs. In general, working schedule
mainly includes ‘Four Shifts Three Operation Production Mode’ and ‘Three Shifts Two Operation
Production Mode’.

‘Four Shifts Three Operation Production Mode’: 24 hours in one day are divided into day
working shift (DWS, from 0 o’clock to 8 o’clock), swing working shift (SWS, from 8 o’clock to 16
o’clock), night working shift (NWS, from 16 o’clock to 24 o’clock). There are four WGs in turn.

‘Three Shifts Two Operation Production Mode’: 24 hours in one day are divided into DWS
(from 8 o’clock to 20 o’clock), NWS (from 20 o’clock to 8 o’clock next day). There are three WGs
in turn.

Therefore, the FGTS time-series data set can be divided according to working schedule. Then,
the FGTS time-series data sets of various WGs and WSs can be denoted as data set according to
the working schedule, as shown in Eq. 8.

Py ={err,r, |l € Integer & 1 <1 <71 —1&([T}, Tyy4] € the u™ WG & [T}, Tyyq] € the v" WS} (8)

P, is the FGTS time-series data set of the u" WG in the v?* WS,u = 1--U,v =1V, P, , €R.
3.4 The establishment of the FGO evaluation model

These elements in FGTS time-series data sets are continuous data, which is suitable for boxplot
analysis [33-34]. The boxplot can qualitatively describe the distribution differences between
various data sets. Unfortunately, the quantitative description of these differences is indistinct.
Therefore, on the premise of the production process of reheating furnace, the FGO evaluation
model, which can quantitatively assess distribution of various data sets, can be established in
this paper.

The boxplot parameters of P, ,, data set can be recorded as Qy(y,v), [QR vy, UW(wvy, LWy, 1)
Then, it is should be noted as follows before the FGO evaluation model establishment.

® Q3(uv) Which represents the overall fuel gas consumption level of various data sets, is the
benchmark.

* QR which represents data concentration in the 25-75 % range, is the major composi-
tion.

e UW(v), which represents data concentration in the 75-100 % range, is the supplement.

® LWy, which represents data concentration in the 0-25 % range, is also the supplement.

Data normalization

Data normalization, which can eliminate the influence of magnitude order and dimension, is an
effective method. Then, Min-Max Normalization is adopted in this paper. Take Q, (Q, =
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[QZ(l,l)J = Q21,v) Q22,1 Q22v) QZ(U,V)}) data set as an example, data normalization is de-
scribed in detail, as shown in Eq. 9.

’ _ Qz(u,v) - min(QZ)
%) = Tnax(02) - min(Qz) ©

Q;(u,v) is the 50t percentile of the ut™™ WG in the v WS after normalization, Q2(uv) is the 50th
percentile of the u™ WG in the v WS before normalization. min(Q,) and max(Q,) are the min-
imum value and maximum value in Q, data set, respectively. | QREWJ) is the interquartile rage of
the u™ WG in the v WS after normalization, UW(Iu’U) is the upper whisker of the u" WG in the
v'™h WS after normalization, and LW(,, is the lower whisker of the u WG in the v'h WS after
normalization.

Modelling
Then, the FGO evaluation model of the ut™™ WG in the v WS can be defined as follow:

ID(u,v) =0ag: QZ(u,v) tay: IQR(u,v) tas- UW(u,v) +ay: LW(u,v) (10)
ID@, ) is the FGO evaluation value of the u™ WG in the v™® WS, [0,1]. @y, @y, @3, @, are the
weighting coefficients of Qé(u_v), I QREu_,,), U W(,u,v)' LW('u_v), respectively.

According to the weighting description hypotheses, the importance of four variables is shown
in descending order.

Qz(u,v) > IQR(u,v) > UW(u,v) = LW(u,v)

Therefore, a; > a, > a3 = a, in turn in this FGO evaluation model.

It is worth noting that the FGO evaluation model, which is put forward in this manuscript, is
to evaluate the FGO of various WGs and WSs. In order to ensure of the evaluation effectiveness, it
is necessary to select the production data of normal production.

4. Case study — Results and discussion

The No. 1 reheating furnace of a rolling mill is considered as research object. The main product
of this reheating furnace is medium-plate (length: 8000-10000mm; width: 1200-2000mm; thick:
220-230mm). The production data are analyzed as the basic data sources in June and July 2016.
In this period, the production process of No. 1 reheating furnace is relatively stable, which is
convenient for FGO evaluation analysis.

4.1 The working schedule of No. 1 reheating furnace

‘Four Shifts Three Operation Production Mode’ has been adopted in this No. 1 reheating furnace.
The working schedule, which derives from the production record, for this reheating furnace in
June and July 2016 has also been shown in Table 1.

Table 1 The working schedule of No.1 reheating furnace in June and July 2016

AWG NWS NWS 0D DWS DWS SWS SWS 0D
B WG 0D DWS DWS SWS SWS 0D NWS NWS
CWG DWS SWS SWS 0D NWS NWS 0D DWS
D WG SWS 0D NWS NWS 0D DWS DWS SWS
June 1
2 3 4 5 6 7 8 9
10 11 12 13 14 15 16 17
18 19 20 21 22 23 24 25
26 27 28 29 30
July 1 2 3
4 5 6 7 8 9 10 11
12 13 14 15 16 17 18 19
20 21 22 23 24 25 26 27
28 29 30 31

Noted: Off-Duty (OD)
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As shown in Table 1, the working status of various WGs is presented clearly in different WSs.
Due to 24-hour continuous working mode of reheating furnace, the [T}, T;, ] time interval can be
defined as 1 hour for convenient calculation. Furthermore, the FGTS per an hour (FGTSH) can be
defined.

4.2 The calculation and discussion of FGTSH

There are 1464 FGTSHs can be achieved through calculation in statistical period. Then, these
FGTSHs can be classified according to Section 3.3 (as shown in Table 2). The FGTSH boxplot of
various WGs in different WSs is shown in Fig. 3.

[t should be noted that the outliers are not under consideration due to their small proportion.
The results after normalization and the FGO evaluation value of each WG in various WSs can be
calculated through Eqgs. 9 and 10 (as shown in Table 3, ; = 0.4, a, = 0.3, a3 = 0.15, a, = 0.15).

Table 2 The FGTSHs division for various WGs and WSs

The number of FGTSH AWG B WG CWG D WG Total
The DWS 122 132 111 118 483

The SWS 126 121 119 120 486

The NWS 139 122 108 126 495

Total 387 375 338 364 1464

. - The distribution of the FGO evaluation values
The FGTSH boxplot of various WGs in different WSs

Anderson-Darling Normality Test

A-Squared 0.31
* *
17 M Mean 0.48600
* * * StDev. 0.16497
Variance 002722
i~ % Skewness 0.550946
s 16 o Kurtosis 0181722
S ¥ N 12
; *
3 Minimum ~ 0.22900
2 15 1stQuartile 036750
Median 0.43900
= 3rd Quartile  0.61475
4] Maximum  0.80700
Q 14 T L 7 -
1€}
=
-] B
g 13
*
12
* 95% Confidence Intervals
% *
" Vea } ]
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Fig. 3 The FGTSH boxplot of various WGs in different WSs Fig. 4 The FGO evaluation values distribution

Noted: 1: DWS; 2: SWS; 3: N WS.

Table 3 The value of Q;(u_,,), IQREW,), UW(lu'v), LW(;W) and the FGO evaluation value for WGs in various WSs

Type AWG BWG CWG D WG

(Normalization) DWS SWS NWS  DWS SWS  NWS  DWS SWS NWS  DWS SWS  NWS
Q) 0241 0 0086 0448 0017 0897  0.103 0.603 0483  0.207 1 0.931
QR 0.097 0.092 0.082 0697 0461  0.82 1 0.539 0382 0.551 0 0.258
UW/yn) 0.349 0.689 0415 0896 0519 0594 1 0.858 0.274 0.302 0 0.623
LWy, 0.802 0.965 0.453  0.57 093 0756 0 057 0465 0.826 0.395 1

The FGO 0.384 0.346 0229 0.608 0362 0807 0491 0.617 0419 0.417 0459 0.693

evaluation value

4.2.1 The FGO evaluation model validation

The FGO evaluation values of various WGs in different WSs are accorded with normal distribu-
tion due to P-Value (0.51) > 0.05 (as shown in Fig. 4, this data analysis has been done in Minitab
17.0). That is, the FGO evaluation values mainly concentrate on [0.2, 0.8] range (account for 91.7
% of total number), especially for [0.2, 0.6] range (account for 66.67 % of total number). There-
fore, the FGO evaluation model is reasonable. It is worth mentioning that there are no FGO eval-
uation values less than 0.2. Thus, there is still room for improvement in the FGO of various WGs
in different WSs. Additionally, the FGO evaluation values, which are higher than 0.8, should be
emphasized due to the higher fuel gas consumption, such as the NWS of B WG.
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4.2.2 The FGO evaluation results analysis

The following analysis results can be achieved.
e The FGO evaluation values analysis of each WG in various WSs

A WG: The FGO of A WG in all WSs is very well due to its lower FGO evaluation values. Neverthe-
less, there is still room for improvement in the FGO for A WG. Because the Q, value is lower than
others, the FGO evaluation value is relatively small. Unfortunately, the IQR and whisker are not
optimal. Therefore, the enhancement of fuel gas consumption centralization is an effective
method to improve the FGO of A WG.

B WG: the FGO of B WG varies greatly in three WSs. Comparing with A WG, the performance of
SWS, which is better than the other WSs, still has a certain gap. Because of the high value of Q,,
IQR and whisker in DWS and NWS, the FGO evaluation value has deteriorated further. There-
fore, the DWS and NWS should be given more attention, especially for NWS.

C WG and D WG: the FGO evaluation value is mainly distributed in [0.4, 0.7] for C WG and D WG
in three WSs. This distribution is determined by the following three conditions: i) The higher Q,
value, the lower IQR and whisker value, such as the SWS of D WG; ii) The lower Q, value, the
higher IQR and whisker value, such as DWS of C WG and DWS of D WG; iii) The medium of Q,,
IQR value and whisker value, such as the other WSs of C WG and D WG. Therefore, appropriate
energy saving measures should be adopted according to different conditions.

e The FGO evaluation values analysis of each WS in various WGs

DWS: The FGO evaluation values of various WGs are 0.384 (A WG), 0.608 (B WG), 0.491 (C WG),
0.417 (D WQG), respectively. The performance of A WG is optimal due to the lower Q,, IQR and
whisker. The @, value of D WG is slightly lower than that of A WG, yet the IQR of D WG is larger
than that of A WG. Therefore, the FGO of D WG is still lower than that of A WG. There is not much
difference between C WG and D WG. Because the @, value of B WG is more larger than that of
others, the performance of B WG is the worst.

SWS: The FGO evaluation values of different WGs are 0.346 (A WG), 0.362 (B WG), 0.617 (C WG),
0.459 (D WG), respectively. The FGO of A WG and B WG performs better than the other WGs.
Although the IQR value of D WG is lower than other WGs, the @, value of D WG is much larger
than that of the other WGs. Therefore, the performance of D WG is either mediocre. Then, the
FGO of C WG is the lowest due to the higher Q, value and IQR value.

NWS: The FGO evaluation values of different WGs are 0.229 (A WG), 0.807 (B WG), 0.419 (C
WG), 0.693 (D WG), respectively. Obviously, the performance of A WG is much higher than that
of other WGs, followed by C WG and D WG due to the medium @, value and IQR value. It is worth
mentioning that the FGO of B WG is worst because its Q, value and /QR value are much higher
than that of the other WGs.

4.3 Main findings
4.3.1 The primary reasons of FGO evaluation values’ difference

Actually, the FGO of various WGs in different WSs can be evaluated through two indicators, that
is, the average value and the standard deviation value of individual FGTSH data set. On one hand,
the average values of various FGTSH data sets indicate fuel gas consumption level of various
WGs in different WSs. On the other hand, the standard deviation values of various FGTSH data
sets represent gas consumption fluctuation of various WGs in different WSs. Unfortunately, it is
inconvenient for these two indicators to evaluate the FGO due to dimensional difference and
their uncertain influence degree on the FGO. Therefore, the FGO evaluation model based on box-
plot is proposed in this paper. The ranking results of the FGO evaluation values are as follows in
ascending order (as shown in Table 3): NWS(A WG:0.229), SWS(A WG:0.346), SWS(B
WG:0.362), DWS(A WG:0.384), DWS(D WG:0.417), NWS(C WG:0.419), SWS(D WG:0.459), DWS(C
WG:0.491), DWS(B WG:0.608), SWS(C WG:0.617), NWS(D WG:0.693), NWS(B WG:0.807). Then,
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the ranking results of the FGO evaluation values, the average values and the standard deviation
values of individual FGTSH data sets are all shown in Fig. 5.

There are three possible scenarios between the FGO evaluation values and two indicators
(as shown in Fig. 5).

e The FGO evaluation value is relatively lower because of the smaller the average value and the
standard deviation value of FGTSH data sets, such as NWS (A WG);

e The FGO evaluation value is relatively higher because of the larger the average value and the
standard deviation value of FGTSH data sets, such as NWS (B WG);

e The FGO evaluation value is undetermined due to the uncertainty of the average value and
the standard deviation value of FGTSH data sets. For example, although the average value of
SWS (B WG) FGTSH data set is higher than that of DWS (A WG) FGTSH data set, the FGO eval-
uation value of SWS (B WG) is superior to that of DWS (A WG) because of the lower the
standard deviation value of SWS (B WG) FGTSH data set. Similarly, this phenomenon also
happens between SWS (D WG) and DWS (C WG) etc.

The FGO evaluation values can reflect these two indicators synthetically. Then, the FGO evalua-
tion values can represent the FGO of various WGs in different WSs. Meanwhile, the validation of
the FGO evaluation model has also been further verified.
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Fig. 5 The FGO evaluation values, the average value and the standard deviation of individual FGTSH data set

4.3.2 The establishment of the reward and punishment system

For improving employees’ awareness of energy conservation, the reward and punishment sys-
tem should be established.

Firstly, the FGO evaluation grade should be formulated. For example, the FGO evaluation
grade can be divided into five levels according to FGO evaluation value. That is, [0, 0.2): Excellent
grade; [0.2, 0.4): Good grade; [0.4, 0.6): Mean grade; [0.6, 0.8): Poor grade; [0.8, 1]: Failed grade
(as shown in Fig. 6).

AWG B WG CWG DWG

___________________________ 1

——————  Nws0s07 . mpp——

______ — DWS:0.608 - SWS:0.617 = —_ ————— =06

DWS:0.491 SWS:0.459 Mean

— el — i B = _ Dwso47 = _
DSOS SWS:0.362 = 0.4

. mwsoml- 02

Fig. 6 The FGO evaluation grade of various WGs in different WSs
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As shown in Fig. 6, there are four FGTSH data sets in Good grade, DWS (A WG), SWS (A WG),
NWS (A WG), SWS (B WG), respectively; four FGTSH data sets in Mean grade, DWS (C WG), NWS
(C WG), DWS (D WG) and SWS (D WG), respectively; three FGTSH data sets in Poor grade, DWS
(B WG), SWS (C WG), NWS (D WG), respectively; one FGTSH data set in Failed grade, NWS (B
WG). Moreover, two points should be concerned about:

e The FGO evaluation grade difference of B WG is obvious in various WSs, DWS (B WG): Poor
grade; SWS (B WG): Good grade; NWS (B WG): Failed grade. Therefore, the B WG should
be focused on.

e There is no FGCSH data set can reach Excellent grade. Thus, this reheating furnace has
great energy saving potential in terms of operation.

Secondly, the reward and punishment system should be established in accordance to FGO
evaluation grade.

1) The determination of FGO evaluation period

Generally, wage settlement cycle can be regarded as FGO evaluation period for payment con-
venience, such as one month (especially for Chinese enterprises).

2) The establishment of reward and punishment rules

i) Evaluation benchmark
Mean grade can be used as evaluation benchmark. That is, neither reward nor punishment
will be given when the FGO evaluation grade is Mean grade.

ii) The principle of cascade reward and punishment

The principle of cascade reward and punishment mainly entails a certain proportion of
rewards should be given when FGO evaluation grade is higher one level than Mean grade,
such as Good grade: 20 % rewards. A higher proportion of rewards should be given when
FGO evaluation grade is higher one level than before, such as Excellent grade: 50 % re-
wards, and vice versa. In order to pursue more profits, employees actively enhance their
skills and improve their FGO. Then, the operation energy saving of reheating furnace can
be achieved.

4.3.3 The FGO improvement measures

Essentially, the FGO evaluation grades of various FGTSH data sets are determined by their re-
spective FGO evaluation values. Therefore, the FGO evaluation values should be further im-
proved. Generally, there are three ways to improve the FGO evaluation values according to the
analysis results of Section 4.2.

e (,value

The lower Q, value is the major way to improve FGO evaluation value because of the domi-
nant function in FGO evaluation model. Q, values, which are the median in various FGTSH da-
ta sets, represent overall FGO. Moreover, working skills, which is the main way to reduce Q,
values, should be strengthened for every employee.

e [QR value

IQR value represents the concentration of 25-75 % elements in every FGTSH data set. That is,
the smaller the IQR value, the higher 25-75 % elements centralization degree, the higher the
FGO, and vice versa. Besides working skills, working responsibility, which determines wheth-
er employees are willing to do their jobs better, is also very important. If yes, IQR value will
be improved, and vice versa.

e Whisker value

The lower whisker value and the upper whisker value represent the concentration of 0-25 %
elements and 75-100 % elements in every FGTSH data set, respectively. The smaller the whisker
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value, the higher the FGO, and vice versa. However, the lower whisker value and upper whisker
value only represent 25 % elements in every FGTSH data set, respectively. Their influence on the
FGO evaluation value is relatively limited. Furthermore, working passion determines whether
employees want to improve their work better or not. If yes, whisker value will be improved, and
vice versa. Therefore, 3W (Working passion, Working responsibility, Working skills) determines
the FGO evaluation grade of each FGTSH data set together. That is, the energy saving of reheating
furnace in the respect of operation can be achieved through the 3W improvement. How to im-
prove 3W should be paid more attention. Generally, the skills training and the reward and pun-
ishment system are the important improvement measures on 3W. The relationship of the im-
provement measures, the influence object, the influence result is shown in Fig. 7.

The improvement

The influence object The influence result
measures
Working passion
The reward and Determine
punishment system Determine

‘Working responsibility Energy saving effect

Determine,

SKills training = e———
‘Working skills

Fig. 7 The relationship between the improvement measures, the influence object and the influence result

5. Conclusion

A new time-series FGO evaluation model, which can evaluate the FGO of various WGs in different
WSs, has been established in this paper. This time-series FGO evaluation model mainly includes:
i) The FGTS in [T}, T;,,] time interval; ii) The FGTS time-series data set in statistical period; iii)
The FGTS time-series data set division according to working schedule; iv) The establishment of
the FGO evaluation model. Then, this FGO evaluation model has been successfully applied to the
FGO evaluation for various WGs in different WSs in a reheating furnace.

The main conclusions are as follows:

1) A novelty time-series FGO evaluation model has been put forward in this paper. This mod-
el can resolve the problem that FGO of various WGs in different WSs can’t be effectively
evaluated.

2) Case study shows that the ranking results of the FGO evaluation values are as follows in
ascending order in statistical period: NWS (A WG:0.229), SWS (A WG:0.346), SWS (B
WG:0.362), DWS (A WG:0.384), DWS (D WG:0.417), NWS (C WG:0.419), SWS (D
WG:0.459), DWS (C WG:0.491), DWS (B WG:0.608), SWS (C WG:0.617), NWS (D
WG:0.693), NWS (B WG:0.807). The evaluation result shows that:

e For various WGs, the A WG performs best, followed by C WG and D WG. And the per-
formance of B WG is the worst due to its violent fluctuation of FGO evaluation values in
three WSs;

o For different WSs, the DWS and SWS performs well. Unfortunately, the performance of
NWS is unsatisfactory.

3) The discussion results show that:

e The reward and punishment system should be established according to FGO evaluation
grade results;

e 3W can be enhanced through skills training and the reward and punishment system.
The energy saving effect in terms of operation for reheating furnace can be achieved.
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Appendix

The following abbreviations are used in the paper:
FGO Fuel gas operation

FGTS Fuel gas per ton steel

ATS Accumulative time segment

FGTSH FGTS per an hour

Mtce Million ton coal equivalent

CFD Computational fluid dynamics

WG Working group

AWG A working group
B WG B working group
CWG C working group
D WG D working group

WS Working shift

DWS Day working shift
SWS Swing working shift
NWS Night working shift
oD Off-Duty
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1. Introduction

With the increasing willingness of consumers to shop online, more and more manufacturers are
turning to online sales, and the DCSC with both offline and online sales channels will become a
long-term market pattern. In 2018, there are about 1.8 billion customers electing shopping
online, and the global e-retail sales reached $2.8 trillion, which is grown to $4.2 trillion by 2020
(https://www.statista.com/topics/871/online-shopping/). Some manufacturers use independ-
ent online retailers (e.g. amazon and taobao mall) to sell their products, while some brand-name
manufacturers (e.g. Apple and Lenovo) build direct online channels to sell their products. The
popularity of IT and market demand force manufacturers to choose dual-channel sales products.
Compared with the centralized e-market platform, the agent-based platform is distributed and
dynamic, which is closer to the natural state of the supply chain [1]. Online trading is more effi-
cient than traditional trading, and products sell to market quickly [2]. Dual-channel supply chain
not only brings convenient, comfortable and diversified experience to consumers, but also re-
duces market risk through profit sharing between the manufacturer and retailer. What's more,
the indirect cost of online sales is low, and may make the product globally influential. The manu-
facturer establishes direct sales channel to improve the performance of the DCSC, and the ability
of the DCSC actors to deal with risks can be enhanced [3].
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It is impossible for manufacturers to produce high-quality products up to 100%. Therefore, in
order to maintain market competitiveness, it is necessary for manufacturers to screen out defec-
tive quality products. The products are produced by the supplier. If there are defective products,
they cannot be replaced by qualified products quickly [4]. Modak [5] believes that if the sold
price of defective products is less than the production cost, the channel members' profit and
manufacturer's wholesale price will decrease with the defect rate. When the uncertainty of
product quality increases, the buyer will reduce the purchase intention [6]. Li [7] studied how
the manufacturer and retailer sell products of different quality levels, among which the manu-
facturer sell products of low quality. When the retailer implements personalized pricing strategy,
direct channel is beneficial to the manufacturer, but it often makes the retailer in trouble. Hu et
al. [8] established a mathematical model for the detection, tracking and recall of defective prod-
ucts, and concluded that the avoidance of manufacturer's product quality inspection has serious-
ly harmed the profits of retailer, and is not conducive to the long-term stable cooperation be-
tween the manufacturer and retailer.

In the actual production and operation, retailers and manufacturers actively carry out various
promotional activities to attract consumers, and the continuous promotion has an important
long-term impact on the image and market positioning of enterprises. Tsao [9] believes that the
promotion cost sharing policy encourages the manufacturer to increase their promotion efforts,
so that the retailer can order more products. Giovanni [10] believes that only when the contribu-
tion of advertising to goodwill is very large, advertising will be better than the strategy of im-
proving product quality. Pu [11] compared the decentralized system with the centralized system,
and found that the sales effort level of retailer and the profit of DCSC under the centralized sys-
tem were both higher, and both increased with direct channel demand sales effort elasticity co-
efficient. Li et al. [12] studied the advertising cooperation strategies of the manufacturer and
retailer in DCSC, and Chen [13] believed that appropriate product sales efforts can promote
DCSC coordination and have win-win results. Ranjan [14] found that centralized supply chain
management model can always bring the best supply chain profit, and the demand of different
channels and the profit of SC can be improved through surplus value sharing mechanism. The
incentive for promotion of retailer will reduce if the cost coefficient of sales efforts increases [15].

Supply chain management mainly emphasizes learning ability, and it is difficult to imitate and
has creative value [16]. Considering the overall profit of DCSC, decentralized system is less than
centralized system [17]. The contradiction among the actors of the DCSC can be adjusted by
some contracts, and then the long-term cooperation among members can be promoted; for ex-
ample, price discounts [18], two-part tariff [19], cost-sharing contract [20]. Liu [21] finds that
the retailer almost always hates manufacturer to establish dual channels, and there is no motiva-
tion to share the information proved to be valuable to the manufacturer, and enterprises should
carefully adopt quality differentiation as a strategy to alleviate channel conflict [22]. Jabarzare
[23] thinks that the coordination effect of profits-sharing contract is better, and the competition
among channel members is more favourable to consumers. Jafari [24] analyzed three game
models: Bertrand, collusion, and Stackelberg, and concluded that the retail price is highest under
cooperative game. Due to information asymmetry, the DCSC actors should set online and offline
channel prices according to various factors such as demand uncertainty, market size and elastic-
ity of demand to price [25].

This paper builds 3 kinds of game scenarios: non-cooperative game model, coordination
model under revenue-sharing contract, and coordination model under profit-sharing contract,
and derives the equilibrium result of the decision-making model by using Stackelberg game the-
ory. The purposes of this research include: (a) to show the impact of defect rate on the optimal
decision; (b) to analyze the relationship between manufacturer's sales efforts and consumers’
free riding; (c) to verify whether the revenue-sharing contract and profits-sharing contract co-
ordinate the DCSC.
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2. Description of the problem

This paper studies a DCSC system, which consists of a retailer and a manufacturer which has a
direct channel to sell product, and the DCSC structure is shown in Fig. 1. Considering the market
environment of uncertain market demand and defective products produced by the manufacturer,
it makes efforts to promote online products, and consumers have free riding behavior. This pa-
per mainly considers the game model of DCSC led by the manufacturer, and then uses the meth-
od of backward induction method to solve the optimal action combination. The products pro-
duced by the manufacturer include the defective products with random ratio, but the defective
products and the qualified products will be classified by inspection. The qualified products will
flow to the market through online and offline channels, and the defective products will be sold to
the secondary market in the form of low price. Market demand of different channel is termed as
linear function in this paper, and it is respect to the manufacturer's sales effort and the price of
each channel. The online sales price and sales effort level are determined by the manufacturer,
while the retailer determines the retail price of the product. The notation and description used
in this research is shown in Table 1.

Tablel Model parameters notation and description

notation description
p The tendency of customers to buy through offline channels
a Basic market demand
t Probability of defective product, random variable
f® The probability density function of the random variable ¢
E(t) The expected probability density of defective products
w Wholesale prices offered by the manufacturer
g Product sale efforts level (Manufacturer's decision)
Pm Online selling price (Manufacturer's decision)
Dr Offline selling price (Retailer's decision)
T Direct channel demand sales effort elasticity coefficient
b Cross price elasticity coefficient between direct channel and traditional channel
12 Low selling price of unit defective products
c Manufacturer's unit production cost
k Cost coefficient of unit sales effort level
T, Retailer’s profit function
T Manufacturer’s profit function
perfect product
manufacturer L retailer
w
perfect
direct product p traditional
r
channel g, P channel

Fig. 1 DCSC structure
Research basic hypothesis:

e The DCSC actors are risk neutral, and both of them want to maximize their respective prof-
its, similar to the RN model proposed by Jian [26].

e The wholesale price provided by the manufacturer is an exogenous variable, and the of-
fline channel sales price is higher than that of the direct sales price. To make DCSC mem-
bers profitable, we have p, > p,,, >w > c.

e ¢ > p;. Supposing that manufacturer's production cost is greater than that of the sale price
of imperfect product.
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e c(g) = %kgz, ¢(0) = 0.The manufacturer's sales efforts cost function is convex, and when

the manufacturer has no sales effort, its cost is 0.

e The cross-price elasticity of demand, b, is less than the self-price elasticity. In this paper,
self-price elasticity is assumedtobe 1,0 < b < 1.

e [Itis assumed that the product demand of the manufacturer and retailer is a linear function
of price and sales effort. The manufacturer makes decision first to determine the price of
direct channel and the level of product promotion effort. The retailer act as a follower and
then decides the product price of the offline channel. Similar to Ranjan [14], their demand

functions are: Dpy(pr,pm,9) = (1 —p)a—pm +bpr +19 » Dp(Pr,Pm 9) = pa—pr +
bp, + (1 —1)g.

3. Models for different game scenarios

This section mainly analyzes the profit function of DCSC members consisting a manufacturer and
a retailer in three scenarios: (a) non-cooperative game model; (b) coordination model under
revenue-sharing contract; (c) coordination model under profit-sharing contract. In order to gain
some management insight, we analyze and discuss the optimal decision.

3.1 Non-cooperative game model

A non-cooperative game is played between the DCSC actors, and the manufacturer is the leader
in this case. The manufacturer will produce defective products with a random ratio of
t(0 <t < 1), but it will sell imperfect products at a lower price p; to reduce product quality
losses in the secondary market. Some qualified products are sold directly to consumers at the
price of p,,,, while others are sold to the retailer at the wholesale price of w, and finally flow to
consumers at the retail price of p,.. This paper used reverse induction so as to achieve Stackel-
berg equilibrium. To do this, we must first solve the problem of the follower, and then solve the
problem of the manufacturer. The manufacturer and retailer maximize their profits by deter-
mining channel prices and sales effort for their products, so the profit equation of DCSC actors is
as follows:

Ty = (pr - W)Dr (D
1
Tty = WDr + mem + (plE(t) - C(l + E(t))) (Dr + Dm) - Ekgz (2)
Taking the second-order partial derivative about offline selling price p, for retailer's profit r,,
2
we have ‘Z:Zr = —2 < 0. The Hessian matrix of m,,, is obtained by calculation as shown below:
’ o b(-herd)s
2'72)7TT
b ( ! + 1) + b -2
2'72)7TT

2
1 1 . . _ . .
If0 < —k(b?-2) — (b (—ET + E) + ‘L') , there is a maximum profit in the negative definite
Hessian matrix, and 7, is concave with respect to p,,, and g.
Proposition 1: In scenario 1, i, is concave with respect to p,, and r,, respect to p,, and g.

Theorem 1: Because the profit of each DCSC actor has a maximum value, the optimal channel
pricing and sales efforts under non-cooperative game model are as follows:

_ (=4+(-4b+4)T)W+B,

99 (3)
Ay
sg _ ((=b+2)T2+(@2b=2)T+(~4k=1)b)W+B,
Pm = y» )
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sg _ (b1*+(—b+4)T-4k-2)W+B3
T A
1

(5)

3.2 Coordination model under revenue-sharing contract

Similar to scenario 1, but the retailer seek to work with manufacturer to provide long-term cus-
tomer demand and pay part of their revenue to manufacturer. By means of revenue-sharing con-
tract to coordinate DCSC, the manufacturer receives a proportion of the retailer's revenues, ¢.
First, the offline selling price of optimal value is given by the retailer to maximize its expected
profit. Then, considering the response of the retailer, the manufacturer, as the leader, deter-
mines the optimal direct selling price and the level of product sales effort to get its maximal
profit. In model 2, we have the expected profit equation of DCSC actors as shown below:

T = ((1 - ¢)pr - W)Dr (6)
T = WDy + puDi + (PE() — c(1+ E(1))) (D, + Dy) + ¢, Dy — 3kg®  (7)

Taking the second-order partial derivative about offline selling price p, for retailer's profit .,
d?m, _

we have v (1 —¢) < 0. Through the above analysis, we get the Hessian matrix of m,,, un-
der scenario 2:
1 1
E(r—l)zq.')—k —§(¢+1)(T—1)b+r
1 1
—§(¢+1)(r—1)b+r —2+§(qb+2)b2

1 2 1 2 1 2 o

If (5 (T—1D“¢p— k) (—2 + E(d) +2)b ) — (_E(d) +1DE-1Db+ ‘L') > 0, the second princi-

pal minor is greater than zero, but the first principal minor is less than zero, so m,, has a maxi-
mum value.

Proposition 2: The retailer’s profit of under the revenue-sharing contract is concave with respect
to p,, and m,, respect to p,, and g.

Theorem 2: It can be found from Proposition 2 that the optimal values of g, p,,, and p,- under
model 2 are obtained as follows:

 ((2p? —2b+ T+ 207 —4)p + 4+ (4b — D7) w + B,

= (8
g A,
(((—2¢ + Db +2¢ —2)t2 + ((4p — 2)b — 29 + 2)T — 2 ((k + ¢ — 2k — %) b) w + B ©)
Pm = 7
o (((4b=2)p—D)r?+((~4b+8)p+b—4)T-2bZkp+4k—4p+2 )w+Bg
pr- = (10)

A
3.3 Coordination model under profit sharing contract

In this scenario, the manufacturer and retailer realize the coordination of DCSC through profit-
sharing contract, so as to alleviate the cost of the manufacturer's product sales efforts and the
loss of product quality. The retailer pay manufacturer a percentage of their profits 6 for long-
term cooperation. As in the previous two cases, Stackelberg game is played between DCSC par-
ticipants, with the retailer being the follower and the manufacturer its leader. First, the retailer
gives the optimal offline selling price p,, and then the manufacturer combines the decision-
making actions of the retail to get the sales effort g and the online selling price p,,,. Different
channel expected profit under the profit-sharing contract is respectively:
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Ty = (1 - 0)(pr - W)Dr (11)
1
Ty = WDy + pm Dy + (plE(t) - C(1 + E(t))) (Dr + Dm) + g(pr - W)Dr - Ekgz (12)
Similar to Proposition 1 and 2, both the r,- and m,,, are concave function of its decision varia-
2
1, 5 1 1,9 1 1

bles. If 0 < (59‘5 —0r+50 - k) (—Eeb + (b + b)b — 2) - ((be +b) (—Er + 5) + r) , ac-

cording to the Hessian matrix, the maximum value of the manufacturer can be obtained.

Theorem 3: In view of the above discussion, the optimal values of g, p,,, and p,- under the scenar-
io 3 are obtained as follows:

<((2b2+2b—4)1:—2b2+4)9—4+(—4b+4)1')w+B7

g y: (13)
ps (((29—1)b—28+2)1'2+((—49+2)b+28—2)r+2b((k+1)9—2k—1/2))w+38
m = - (149
3
ps ((—bz+5b—4)1'2+(2b2—5b+4)‘r+(—4k—1)b2+4k+A3—2)W+Bg
br = (15)

Az

The values of A; and B; are shown in the Appendix.

4. Parameter analysis

4.1 Imperfect product probability

In general, it is common for defective quality products to sell for less than their cost of produc-
tion in marketing, so we assume ¢ > p;. In this paper, it is assumed that the distribution of defect
rate of products t is uniformed, that is, t~ U (0.02,0.2). Next, we analyze the effect of the ex-
pected probability density of defective products on the optimal decision in three game situations.

ap?®  2(50-D(1b-20-2)72+(~b2+(0+1)b-20+1)7+(k+7)b—2k+0 ) (c—P))

= 16
dE(t) A3 (16)
—(h— _ _ 2 2 — — — —h2_p_— ps
Proposition 3: If (b-1)(b-20-2)7+(2b :( 20-2)b+40-2)1-b"~b-20 < k, then 22 > 0, 50 the prob-
2b2+2b-4 dE(t)

ability of defective products has a positive effect on the direct selling price.

apy? _ (c—p)(D3+b*—2b)k+(=1>+1)b%+(T2+1)b—27+2)

= 17
dE(t) 4 (17)
o b212—b2r—bT?—b+27-2 dpyd . .
Proposition 4: If k < , then —2— < 0, so imperfect product probability has a
b(b2+b—-2) dE(t)
negative effect on retail price.
2867 T v T v 103.1
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Fig. 2 The influence of defect rate on the optimal decision of (a) product sales effort level, (b) online selling prices and
(c) oftline selling prices
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Obviously, as the expected probability density of defective products E(t) increases, in order to
offset the cost of quality loss and maximize their own profits, the manufacturer will reduce their
sales efforts to products, Fig. 2(a), and increase the direct selling price of qualified products Fig.
2(b). However, in order to expand offline demand, the retailer will reduce retail prices, Fig. 2(c).

4.2 Consumer preference coefficient

The higher of the consumer's channel preference coefficient p, the more consumers are willing
to experience or purchase products offline, so the demand of retail channel is more. Eq. (18)
shows the first order derivative of the market demand of the offline channel in scenario 2, D5,
with respect to consumer’s preference coefficient, p.

dD}s  (¢p-1)(b?k+(2k—-T+1)b—4k+27)

= 18
p a, (18)
. kb%+2kb—4k+b dprs , .
Proposition 5: If Tt < * P * , then d; > 0, so consumers' preference of offline channel has

a positive effect on retailers' demand.

It can be concluded that the retailer increasing offline attraction to consumers, such as prod-
uct experience, can increase the market demand for offline products and thus improve their ex-
pected profits.

4.3 The wholesale price

This sub-section analyzes the impact of manufacturer's wholesale prices on retailer's offline
sales prices. Eq. (19) gives the first order derivative of offline selling prices under model 2, p;-5,
with respect to the wholesale price, w.

dprs _ ((4p—-1)b-4¢)12+((-4¢p+1)b+8¢—4)T—2kb% p+4k—4¢p+2
dw A,

Proposition 6: If 412bp—1°b—41°p—4ThP+Th+8TP—4T—4P+2 <k, then dpls
I 2(b%2¢p-2) d
wholesale prices has a positive impact on offline retail prices.
The increase of wholesale price proposed by the manufacturer will promote an increase in
the offline selling price, and consumers will ultimately bear this part of the cost because of the
retailer maximizing its profit.

(19)

> 0, so the increase in

w

5. Numerical simulation — Result and discussion

In this section, we will study the proposed 3 game model through numerical simulation and dis-
cuss the impact of key parameters. The parameter data is below in Table 2.

The sensitivity is mainly used to analyze the influence of direct channel demand sale efforts
elasticity coefficient T and sharing ratio (¢, 8) on the optimal values. At the same time, the paper
analyzes the influence of sale efforts cost coefficient k on the profit of DCSC.

Table 2 Data of parameters

Parameter p a E(t) T b 12 c k ) 0 w
Value 0.6 200 0.11 0.54 0.52 5 25 2 0.25 0.25 60

5.1 Direct channel demand sale efforts elasticity coefficient T

To study the effects of sale efforts elasticity coefficient (7), we donate ¢ = 0.25, 6 = 0.25. For
the given value of parameters, set the interval of T to [0,1].
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Fig. 3 The influence of sale efforts elasticity coefficient on the optimal decision of (a) sales effort level, (b) online and
offline selling prices, (c) supply chain actors’ demand, and (d) supply chain actors’ profits

In Fig. 3(a), from the demand function of each channel, the sales effort level g increased with
the sale efforts elasticity coefficient 7, but the cooperation model under scenario 2 had the high-
est level of sales effort. Because the larger t value means the less possibility of free rider behav-
ior, the more demand for direct sales channels, and the demand for traditional retail channels is
decreasing, as shown in Fig. 3(c). As shown in Fig. 3(d), the retailer's profit is the lowest under
scenario 2, but the overall profit of the DCSC can significantly improve. In Fig. 3(b), the online
selling price increases with z, but the offline selling price decreases with 7, and the traditional
channel price is greater than the direct selling price.

5.2 Impact of the sharing ratio (¢, 9)

The sharing ratio (¢, 8) is also an important parameter influencing the optimal decision and
demand in this study. Therefore, the manufacturer's sales effort elasticity coefficient () is fixed
at 0.54. In order to make the online sales price less than the offline sales price and the profit of
DCSC members is positive, we set (¢, 8) belong to interval [0.05, 0.45].

In Fig. 4(a), the sales effort level g increases with the sharing ratio (¢, 8), but the sales effort
under the model 2 is greater than the other two scenarios. The manufacturer gets the most prof-
it under the revenue-sharing contract, but the corresponding retailer's profit is the lowest, as
shown in Fig. 4(d). Understandably, an increase in the sharing ratio (¢, 8) forces the retailer to
increase offline selling prices, which in turn increases direct-sales prices, as shown in Fig. 4 (b).
In Fig. 4(c), the increase in the proportion of manufacturer’s revenue sharing will reduce the
demand for retail channels and the demand for direct sales channels; However, the increase in
the proportion of manufacturer's profit-sharing will increase the demand for retail channels and
the demand for direct sales channels. Relatively speaking, the manufacturer is willing to use rev-
enue sharing contracts, while the retailer prefers profit-sharing contracts.
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Fig. 4 The influence of sharing ratio on the optimal decision of (a)sales effort level, (b) online and offline sale prices, (c)
supply chain actors’ demand, and (d) supply chain actors’ profits

5.3 Influence of k on the DCSC profit

Generally speaking, as the cost coefficient of sales effort k increases, manufacturer's motivation
for promotion will be weakened.
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Fig. 5 The influence of cost coefficient of sales effort on profit of (a) channel actors, and (b) DCSC
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As shown in Fig. 5, in the three game models, the profit of channel members will decrease
with k, but the total profit of DCSC under scenario 2 is higher than other two models. If k in-
creases, the level of manufacturer's sales effort will decrease, which brings about reducing the
demand of direct sales channels. In order to mitigate the adverse impact of sales effort level on
direct channel demand, the manufacturer reduces the online selling price(p,,). In addition, the
demand in the offline channel will decline, prompting the retailer to reduce offline selling prices
for expanding demand.

6. Conclusion

This paper discusses the pricing strategies and sales efforts with qualified product in a DCSC,
which consists of a manufacturer and a retailer, and compared 3 game model. In addition, it con-
siders that defective products are flow to the secondary market at a low price. The level of sale
efforts and online selling price are the decision variables of the manufacturer, while the decision
variable of retailer is offline selling price. We studied a competition and two coordination situa-
tions between DCSC members, determined their optimal strategies, and analyzed the model
through numerical examples. The results showed that the product defect rate has considerable
impact on pricing and sales efforts. For consumers who are pursuing price, competition between
the DCSC actors is advantageous. In the light of DCSC profits, cooperation between the manufac-
turer and retailer is more profitable than channel competition, and they are more willing to
make product sales efforts. In order to maximize profits, the manufacturer is more inclined to
choose revenue-sharing contracts.

Although the model proposed in this paper is more in line with enterprise production man-
agement practices, there are still some shortcomings. This article only assumes that the product
defect rate follows a uniform distribution, and does not consider more complicated situations,
such as following the positive distribution. In addition, the flow of defective products to the sec-
ondary market may also have a certain impact on the demand for qualified products, which we
have not taken into account. This paper only considers that the manufacturer set up online
channels, which is just a form of DCSC, and does not study retailer building online channels.
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Appendix

For the convenience of calculation, we let X = E(r)p; — (1 + E(r))c. Since the price of the defective product is usually
lower than the production cost, we have X < 0. Similarly, 4; represents the denominator of the optimal decision in the
three scenarios, and B; is obtained by numerator merging of similar items.

X=EMp, — (1 + E(r))c (A1)
Ay = (% + 4k — 2t + 1)b? + (=472 + 47)b + 47% — 8k (A2)
B, =((b—2)t—b)(bp—2p+2)a—4w(l + (b —1)7) (A3)
B, = ((—7% — 2k + 2t — 1)b? + (312 — 2k — 21 — 1)b — 272 + 4k — 27)X — 2ka(bp — 2p + 2) (A4)
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In this paper, a robust schedule has been proposed to deal with uncertainities
for m-machines permutation flow shop problems. A robust schedule ensures
that the expected finish time is always less than the makespan. To use the
global search ability of the evolution strategy (ES) and local search ability of
Tabu Search (TS), a hybrid evolution strategy (HES) is proposed by combining
Improved ES with TS to generate the robust schedules. The robust schedule is
first generated using ES and then the solution is optimized using TS for maxi-
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Also variable mutation rate is used for fine tuning of the results. In TS, the
length of Tabu list is fixed, also lower bound is used to save computational
time. The hybrid algorithm is tested on Carlier and Reeves benchmark prob-
lems taken from the OR-library. Achieved results are compared with other
famous techniques available in the literature, and the results show that HES
performs better than other techniques and provides an affirmative percent-
age increase in the probability that the expected finish time is less than the
makespan.
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1. Introduction

Scheduling in services and manufacturing sectors refers to the allocation of tasks or activities to
resources in a determined process for minimization of costs and optimizing operational efficien-
cy [1]. Based on the structure of the environment, scheduling has many types. Flow shop sched-
uling has practical implementation in automobile, pharmaceutical, pump, chemical, steel indus-
try and is addressed in this paper [2]. Permutation flow shop scheduling problems (PFSSP) has
been the focus for most researchers in the recent past, however they have mostly focused on a
deterministic environment. Study of deterministic PFSSP is relatively easier as all the parame-
ters are known in advance [3].

However uncertain events arrive in real-life situations and the uncertainties are induced in
processing times, which will affect the makespan of schedule [4]. Thus there are chances that
some jobs will not be completed in the expected finish time and hence the production gets de-
layed. Hence more focus should be paid to uncertainties in PFSSP [5, 6].

In stochastic scheduling, processing times of jobs are random and till their finish they are un-
known. Hence in scheduling, real-life situations should be able to deal with these stochastic
events. A good scheduling environment should cope with these uncertain situations and produce
a robust schedule. If the behavior of a schedule does not degrade significantly in the face of a
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disruption it is termed as a robust schedule. Hence a robust schedule is insensitive to the occur-
rence of uncertain events. Robust scheduling is currently being used in various real-life situa-
tions to, i.e. manufacturing industry, airline crew scheduling, project scheduling, and process
industry. The present research is focused on robust scheduling for the manufacturing industry.

The two common approaches presently used in robust scheduling are reactive and proactive
scheduling [7]. In proactive scheduling, future disruptions are taken into account while generat-
ing the initial schedule. However reactive scheduling does not take future disruptions in account
while generating the initial schedule, and the schedule is revised after the occurrence of a dis-
ruption. In this paper, a proactive approach is used for robust scheduling.

Since the deterministic PFSSP is classified as an NP-hard problem [8], therefore the stochastic
PFSSP is also an NP-hard problem. Hence exact methods cannot be used to solve the large size
problem, therefore approximation methods should be used for their solutions [9]. Under uncer-
tainties, Gonzalez-Neira et al. [6] carried out a detailed literature review of flow shop problems.
He defined role of scheduling and guided further areas of research. He surveyed 100 papers and
in most of the papers makespan was the main objective, while very limited papers were focused
on multi objectives.

The remainder of the paper is organized as follows. A detailed literature review is provided in
Section 2. Section 3 explains the problem statement while methodology is presented in Section
4. The robust schedule is explained in Section 5 while computational results are explained in
Section 6. Finally, conclusions and recommendations are suggested in Section 7.

2. Literature review

Robustness of a schedule can be defined using different measures [10]. Mostly researchers have
minimized the variation of a performance indicator [11-13]. However, the robust schedules do
not guarantee that the performance indicator will not exceed limits as uncertainty occurs. Ini-
tially, Daniels and Carrillo [14] proposed a robust solution to address the uncertainties of pro-
cessing times in a single machine environment using a Branch and Bound (B & B) method and a
heuristic approach. They discovered the risk of the inferior system, by considering the variance
and mean performance in appraising alternative schedules. An exact dynamic program was used
by Yang and Yu [11] to find a robust schedule for a single machine environment with three per-
formance measures. Kuo and Lin [15] Studied robustness for a single machine environment with
total flow time as the objective function. The authors used a fractional programming framework
to find robust schedules. Using an algorithm they suggested worst case scenario and worst case
relative deviation, then a parametric programming algorithm was used to find robust schedule.

A robust multi-objective problem was studied by Jia and lerapetritou [16] incorporating ro-
bustness, economic expectation and expected unsatisfied demand. Based on a Tabu Search (TS)
algorithm, a robust and stable schedule was proposed by Goren and Sabuncuoglu [13]. For a
single machine scheduling problem, the proposed algorithm-generated robust and stable sched-
ules for three performance parameters, i.e. total flow time, makespan and total tardiness. The
algorithm constitutes two parts, i.e. sequence generator and sequence evaluator. In order to
cope with uncertain situations in a single machine environment, a robust schedule was proposed
by Wu et al. [17] using dominance rules. The objective was to minimize the risk that makespan
will not exceed the maximum threshold. He proposed three models, i.e. combined, primal and a
dual model to solve the problem, however, the combined method was the most efficient one.

Mostly the research has been focused on a single machine and it doesn’t represent actual cas-
es of PFSSP. By increasing the number of machines, the effect of uncertainty in scheduling envi-
ronment increases. A robust schedule for m-machines PFSSP was first studied by Liu et al. [7]
using an improved genetic algorithm (IGA). The IGA used a new generation scheme to preserve
the good characteristics of parents. The IGA was tested on Carlier and Reeves problems, and
compared with the results of NEH heuristic. Results showed that IGA performed better than NEH
and also produced an affirmative percentage that the expected finish time is always less than the
makespan.

Advances in Production Engineering & Management 15(2) 2020 205



Khurshid, Magsood, Omair, Nawaz, Akhtar

For machine breakdown uncertainty, Fazayeli et al. [18] proposed a Hybrid Meta heuristic for
maximizing B-robustness of makespan, he hybridized genetic algorithm with simulated anneal-
ing and outperformed six other heuristics. For uncertain setup and processing times, Gholami-
Zanjani et al. [19] suggested a Robust optimization and a Fuzzy Optimization approaches to min-
imize the weighted mean completion time. For two machine problem, Rahmani [20] used surro-
gate measures for uncertain processing times and machine failures. The algorithm worked in
two step structure, initially a schedule was generated for processing times and then a reactive
schedule was generated after machine failure. In view of the robust starting times, Cui et al. [21]
Proposed a Weibull distribution considering machine failures to minimize makespan. The algo-
rithm proceeded in two loop, first local serach is initialized using NEH and then genetic algo-
rithm is used in second loop.

For the uncertainties of processing times in m-machines, Ma et al. [22] proposed a robust
schedule based on an artificial bee colony algorithm (ABC). To enhance the exploitation and ex-
ploration of ABC, an improved local search scheme was introduced in ABC. The algorithm was
tested on famous Carlier and Reeves problems and compared with the results of IGA and NEH.
Results show that ABC finds a better robust schedule as compared to IGA and NEH. For stochas-
tic processing times, Gonzalez-Neira et al. [23] proposed a simheuristic approach to solve multi
objective PFSSP. The objectives are minimization of expected deviation of tardiness and tardi-
ness. Tabu Search is hybridized with a Monte Carlo simulation and a Pareto archived evolution
strategy in the simheuristic approach and tested on 540 benchmark instances. In addition he
applied the simheuristic approach on an optical laboratory case and found better results for ex-
pected and standard deviation as compared to the sequences used by the laboratory.

Recently various meta-heuristics have been used by numerous researchers for PFSSP and
other related problems, e.g. GA, ABC, TS, ES [24-31]. Although GA is fast, however, their searcha-
bility is reduced due to their lack of local search adaptability. ABC algorithms are simple howev-
er they often get trapped in local optimum [22]. TS is a local search technique and is widely used
for the discrete optimization problem, however, it becomes slow for large-sized problems. ES
was developed by Rechenberg in 1970 for parameter optimization problems, however recently
they have been applied to discrete problems. ES performs better for global search and contains
information of the previous solutions, however sometime it gets trapped in a local minima after
certain iterations, in this condition the ES jumps out of the local minima by using large mutation
rate.

The two key parameters for the performance of any algorithm are: i) Exploiting the best solu-
tions and ii) Exploring the search space. Hence the global search ability of ES should be com-
bined with local search ability of TS for better performance. Hence in this paper, a hybrid evolu-
tion strategy (HES) is proposed by combining an ES with TS to find robust schedules for m-
machines PFSSP. The ES is improved by using, (1+9) reproduction operator and double swap
mutation operator, also variable mutation rate is used for fine tuning of the results. To save the
computation time of TS, the length of Tabu list is fixed and lower bound is used. With all these
improvements, the HES finds optimal solution in minimum computational time.

3. Problem statement

In a PFSSP, n-jobs are processed in fixed order on m-machines. At time zero all the jobs are
available and they are independent. The first machine has no idle time and each machine can
simultaneously process one job. The processing time of the job includes setup and transporta-
tion times. Each job has M operations and they are performed on different machines. The pro-
cessing order of the job is the same on every machine. All machines are continuously available
and preemption is not allowed. The due date for all jobs is the same and there is unlimited buffer
space. Processing time of job I on machine j is represented at Pij and the Corresponding finish
time is represented at Ci. The finish time for the last job is termed as makespan and is repre-
sented at Crnqx. Mathematically PFSSP can be represented as below:

Cy1 = P11 (1)
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l
Ci; = Z B wherei=1,2,...,N 2)
r=1
j
G, = Z Py, wherej =1,2,...,M 3)
r=1
Crmax = max{C;(j — 1), Ci—-1}+ Pij €))
Objective = max{Probability(Cpq, < Expected Finish Time)} (5

4. Robust schedule

When the processing times for jobs are uncertain, then for m-machines PFSSP and n-jobs, a
schedule which ensures maximum probability that the expected finish time is less that the make-
span is termed as robust schedule. Mathematically, for a robust schedule the probability (Cmax < X)
is maximum.

The processing time uncertainty in a robust schedule can be presented by fuzzy logic or
probabilistic technique. The probabilistic technique is normally used for processing time uncer-
tainty, where the distribution describes the processing time uncertainty. Actual data is taken
from the jobs processing time, and then it is analyzed to know the distribution of processing
time. Ample processing time data through repeat production is required to know the distribu-
tion of processing time. The processing time uncertainty is an independent random variable and
according to the central limit theorem, its distribution formed is a normal distribution. Hence
job processing time follows normal distribution according to the central limit theorem. If two
numbers A and B follow normal distribution then their sum A + B also follows a normal distribu-
tion. Hence makespan computed from normally distributed processing times follows a normal
distribution as depicted in Fig. 1.

For normally distributed makespan, the probability that the expected finish time is less than
makespan is calculated using Eq. 4.

Variance

/ make span

> . )
X=Expected completion time

. b

Mean Cmax = makespan
makeapan

Fig. 1 Normal distribution curve for makespan

1
Probability (Cmax < X) = > + ¢(2) (6)
h >0 and z = A 7
where z>0 and z = SCnMx @)
1 zZ
and zZ) = —— f e~ (t2/2) qt 8
»(2) T2 ) ®)
0.12(4.4 — 7) (0<2z<22)
?(z) = p(z) ={0.49 (22 <z <2.6) (9)
0.50 (z>2.6)

It is difficult to find the value of z through the exact method. However, Hayter [32] proposed a
mathematical equation to find its approximate value as shown in Eq. 9.
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5. Methodology
5.1 Evolution strategy

Evolution strategy (ES) is a subclass of an evolutionary algorithm and was developed was
Rechenberg [33]. ES is based on the Darwinian Paradigm of evolution and its performance de-
pends on the strength of its various genetic operators, i.e. selection, reproduction, recombina-
tion, evaluation. ES operates with a population of size (u + A), where u represents individual par-
ent and A represents the offspring. ES is an iterative process developed for the numerical optimi-
zation process and the solution space is searched through the population of individual solutions.
The mutation operator is the main genetic operator in ES [34]. In Literature different reproduc-
tion operators have been used for ES, i.e. (1+1), (1+4), (1+9), (1+16) (|35, 36]).

Two selection operators are normally used in ES, i.e. (u+A)-ES and (u, A)-ES. In (u+A)-ES, both
the parents and offspring’s take part in the selection process and it is recommended for combi-
natorial optimization problems. While in (i, A)-ES only the offspring’s take part in the selection
process and it is recommended for real value parameter optimization problems.

The performance of ES is heavily dependent on the strength of its mutation operator and is
the main source of genetic variation in ES. The mutation operator is problem-dependent, and
their appropriate selection is an art. Various mutation operators can be used for PFSSP, howev-
er, swap operators are best for PFSSP [37].

5.2 Improved evolution strategy (IES)

In order to maximize the exploration and exploitation of the solution space, the following im-
provements have been made (procedure for the IES is in Fig. 2):

Pseudocode for the IES

Input Parameters:

Total Number of generations

Mutation rate

Population size

Number of off springs to be produced from parent(A=9)

Record Parameters: Total number of generations and best makespan

1: Parent population randomly generated, Pp

2: forgen =1:k

3: Evaluate parent population

4: If number of generations (k) is not achieved go to step 7

5: else

6: end

7: forv=2:p

8: Produce offsprings and apply mutation operator (double swap mutation operator)
9: Update population, Pi

10: Evaluate all offsprings

11: end for

12: Evaluate Pi and fittest individual should be termed as parent for new iteration
13: If an offspring has minimum makespan it is termed as candidate (0S1-0S9=C)
14: else

15: Parent is termed as candidate (P=C)

16: end

17: Until number of iterations are achieved go to step 2

18: Record Total number of generations and best makespan

Fig. 2 Pseudocode for IES
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e For maximum exploitation of the solution space, (1+9) reproduction operator is used.
From 1 parent 9 offspring’s are generated.

o The selection scheme used is (1+9) instead of (1, 9), hence the selection pool consists of 10
entities, and the best offspring is selected from the pool, so the parent can survive for
many generations. In (1, 9) parents die out of the selection pool and only children are
available for selection.

e In order to increase the genetic variation, the large mutation rate is used initially and then
it is reduced for fine-tuning of global minima.

e To save computational time and for maximum exploitation of search space, double swap
mutation operator is used.

5.3 Tabu search (TS)

TS is a local search technique where the neighborhood is deterministically selected. For combi-
natorial optimization problems, TS is one of the most effective local search techniques for find-
ing near-optimal solutions [38]. The local search technique starts with a solution and then find
the best solution in the neighborhood. TS is good to avoid local minima and improving the solu-
tion through iterations. TS helps in exploring the solution beyond local optimality. TS starts from
a basic schedule and by searching its neighborhood, moves generate a set of iterations with the
lowest makespan. The exploration is then started from the previous best iteration as a new iter-
ation and the search process continues.

The key steps of the TS algorithm are an initial solution, evaluation, move, neighborhood
search, memory, searching strategy and termination criteria.

To avoid duplication of job swaps, a record of moves is kept in the list termed as Tabu List.
The key benefit of TS is the use of Tabu List to avoid duplication and overcoming local optima
and guiding the solution to the region which have not been explored. The infinite length of the
tabu list is not recommended as it slows down the algorithm. For finite Tabu List, FIFO strategy
is used, so as new attributes are inserted the old attributes are removed. The algorithm is termi-
nated if the number of iterations have reached, or the computational time has reached, or there
is no improvement in makespan after significant iterations, or the neighborhood is empty. The
performance and speed of convergence for any TS algorithm is based on the accurate design of
its components.

Following improvements have been made in the basic TS algorithm:

e To save the computational time of our TS algorithm, we have used lower bound and a
number of iterations instead of explicitly finding the best makespan.

e To avoid local minima, Tabu List having fixed length is used.

o Since the TS improves the solution found by IES, hence global search ability of ES is united
with local search ability of TS to find the best results.

Move and neighborhood

Every solution in our algorithm is represented by iteration. Using a set of moves, the neighbor-
hood of a solution is generated. Then, using the Move function, the solution is transformed into
another solution. The subset of moves associated with a given solution produces a set of solu-
tions known as neighborhood. At each iteration, the neighborhood is searched to find the best in
the neighborhood. Again move is performed, and a solution is generated from the previous best
solution and becomes the current solution and the iteration continues.

The two main types of moves for TS are i) E-move, Exchange Jobs at the ath and bt position. ii)
L-move, Remove a job at at position and put it at bt position. Although E-move is complex how-
ever it provides a better result and has been used in this paper. Since ample computational time
is required for the large neighborhood, hence to save computation time lower bounds are used
instead of calculating makespan explicitly.
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Tabu list

The primary purpose of Tabu list is used to prevent cycling during the search. In literature vari-
ous methods are available for implementation of Tabu list: i) Pairs of executed iterations, ii) Job
and its position, iii) Makespan of executed iterations, iv) Pair of jobs along with their positions.
The design of the appropriate Tabu list is a major factor for the performance and convergence of
the TS algorithm.

Based on problem type the length of Tabu List can be fixed or dynamic. In this paper fixed
length has been used. Let TL= (TLj,...,, TL:) be a fixed Tabu List with length ¢, and Tj=(g, h) is a pair
of jobs. Initially, the Tabu List is started with zero elements Tj= (0, 0), where j=1,., t. Let v= (a, b)
a move performed from an iteration m, after this move the Tabu List will be updated Tj=Tj+1
where j=1,.., t-1. Then set Tt= ( (a), m (a+1)) if a<b and Tt= (m (a-1), @ (a)) if a>b. An iteration 8
cannot be performed from a move v= (@, b) if minimum one pair (B (j), B (a)), j=a+1,..., bis in T if
a<b and minimum one pair (f (a), £ (j)), j=b,.a-1 isin T.

Procedure for the TS is in Fig. 3:

Pseudocode for the TS

Input:

Number of iterations, k

Size of move list ((a1,b1), (ai+1,bi+1) where i=...n

Total generations, k

1: Use the final sequence from ES as a starting sequence(So) for TS
So= (J1, J2,. Jn) where n=number of jobs

2: forgen=1:k

3: Evaluate sequence, G(So)

4: Interchange adjacent wise pairs of So to generate new sequence(Sc) (Exchange Jobs at the ath and bth

position)

5: Evaluate candidate sequence G(Sc)

6: IF

7: G(Sc)<G(So)
Then So=Sc

8: Update move in Tabu List(al#al+1#b1#b1+1)

9: end

10: IF

11: Cmax=LB

12: Go to step 16

13: Else Continue

14: End

15: repeat until loop (Go to step 2)

16: Output Cmax and Total generations

Fig. 3 Pseudocode for TS

6. Computational results and discussion

To evaluate the robustness of HES, results are compared with other well-known techniques
available in the literature. Probability (Cmax < X) of HES is compared with the probability (Cmax <
X) of other known techniques. Robust schedule dealt is the paper was first presented by Liu,
Ullah [7] for m-machines PFSSP, he used IGA to find a robust schedule and compared his results
with the robust schedule generated by NEH heuristic [39]. The IGA performed better than NEH
based on the objective of probability (Cmax < X). An ABC algorithm was suggested by Ma, Wang
[22] for m-machines PFSSP and found better results than IGA and NEH. Hence in order to vali-
date HES for robust schedules it results will be compared with IGA, NEH, and ABC. Results of IGA
and ABC are taken from their original papers. Results of HES cannot be compared with other
technqiues as robust schedules for benchmark problems of Carlier [40] and Reeves [41] are only
generated by IGA, NEH and ABC.
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The expected finish time is required to compare the probability (Cmax < X). Hence in order to
compare the probability (Cmax < X) of HES, IGA, NEH and ABC, some assumptions are made. The
probability value for NEH schedule is assumed and the analogous z-value is computed using Egs.
6 and 9. Using the z-value the expected finish time is calculated using Eq. 7. Then the expected
finish time is used to compute the probability (Cmax < X) of HES. Finally, the probability of HES,
ABC, and IGA are compared with the probability of NEH.

The technique has been evaluated on famous benchmark problems of Carlier [40] and Reeves
[41] and their data set has been taken from OR-Library. The processing times in the data set are
deterministic, hence the deterministic times are assumed as the mean processing times. While
the variance of processing times is calculated from an assumed interval [1, uij/9], where uij is
the mean processing time. The mean and variance of processing times for Car01 and Rec01
problems are shown in Tables 1 and 2.

The hybrid ES was coded in MATLAB and tested on Laptop with 2.1 GHz processor and 4 GB
Ram. While the IGA, ABC, and NEH were all coded in Visual C. Three probabilities of 0.80, 0.85
and 0.90 were assumed for NEH Heuristic, hence for each problem three instances are used. The
z-value for each instance is calculated using Egs. 6 and 9. Each instance is first solved using NEH
to find mean and variance and then expected makespan as shown in Tables 3 and 4.
The expected finish time calculated using NEH is assumed to be the same for the HES, IGA and
ABC. The mean and variance makespan is then calculated using HES. Then the z-values are calcu-
lated using Eq. 9. Finally, probability (Cmax < X) is calculated using Eq. 9 for each instance.

Table 1 Processing times (mean and variance) for Car 1 (11x5) instance

Car 1 Problem

Jobs Mean processing times Variance processing times

M1 M2 M3 M4 M5 M1 M2 M3 M4 M5
1 375 12 142 245 412 11 1 11 3 6
2 632 452 758 278 398 15 4 1 9 8
3 12 876 124 534 765 1 1 7 16 2
4 460 542 523 120 499 2 10 6 7 2
5 528 101 789 124 999 11 8 2 2 8
6 796 245 632 375 123 4 6 12 10 12
7 532 230 543 896 452 11 10 2 9 5
8 14 124 214 543 785 1 9 3 16 17
9 257 527 753 210 463 19 10 3 2 1
10 896 896 214 258 259 1 4 3 8 13
11 532 302 501 765 988 8 2 13 1 13

Table 2 Processing times (mean and variance) for Rec 1 (20x5) problem

Rec 1 Problem (20x5)
Jobs Mean Processing Times Variance Processing Times

M1 M2 M3 M4 M5 M1 M2 M3 M4 M5
1 5 76 74 99 26 1 8 8 11 2
2 74 21 83 52 90 8 2 9 5 10
3 67 48 6 66 38 7 5 1 7 4
4 97 36 71 68 81 10 4 7 7 9
5 87 86 64 11 31 9 9 7 1 3
6 1 42 20 90 23 1 4 2 10 2
7 69 32 99 26 57 7 3 11 2 6
8 69 12 54 80 16 7 1 6 8 1
9 11 63 24 16 89 1 7 2 1 9
10 87 52 43 10 26 9 5 4 1 2
11 25 59 88 87 40 2 6 9 9 4
12 50 42 72 77 29 5 4 8 8 3
13 58 76 71 82 94 6 8 7 9 10
14 79 48 20 63 97 8 5 2 7 10
15 35 57 78 99 80 3 6 8 11 8
16 70 76 53 2 19 7 8 5 1 2
17 79 22 77 74 95 8 2 8 8 10
18 34 99 49 3 61 3 11 5 1 6
19 37 24 32 25 4 4 2 3 3 1
20 50 88 46 63 76 5 9 5 7 8
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In Eq. 10, The proportion increase in probability (Cmax < X) for each instance is introduced
while using Eq. 11 the proportion decline in risk can be calculated. Both these parameters will
be used to compare the proposed HES, IGA and ABC.
¢(2)gs — 9(2)nen

©(Z)nEn
_ (1 - @@nen) — (1 — @(2)gs)
(1= o(2)gs)

Yincrease Probability =

(10)

%increase Risk

x 100 (11)

6.1 Carlier problems

From Table 3 it is evident that HES finds better robust schedules than NEH, IGA and ABC for Car-
lier Problems. HES finds minimum makespan for all instances as compared to NEH and IGA. Ex-
cept Car-03 instance, makepan values found by HES for all other instances is minimum as com-
pared to ABC. The probability found by HES is higher than the probabilities of HES and IGA. For
instance Car-03, probability of ABC is better, while for all other instances probability of HES is
higher than ABC. Probability is almost 100 % that the makespan is less than the expected finish
time. Almost 100 % probability is attained due to the assumptions used for computing ¢(z).
With HES, the minimum percent increase in the probability of 15 % and 13.09 % decrease in risk
for Car-01 problem. While the maximum increase in the probability of 66.67 % is obtained for
Car-02, Car-04 and Car-08 problems. A maximum percent decrease in risk of -42.88 % is ob-
tained for Car-02 problem.

From Figs. 4 and 5 it is evident that for schedules generated using HES, there is the maximum
probability that the makespan is less than the expected finish time and also ensures that the
decrease the risk of exceeding makespan from a large gap.

Table 3 Carlier problem results

Prob Size |Nawaz-Enscore-Ham Heuristic Improved genetic algorithm Artificial bee colony algorithm |Hybrid evolution strategy Percent Percent
increasein |decreasein
probability |risk with ES

Prob |[a(z) Cmax X X Cmax Prob X Cmax Prob (X Cmax Prob  |with ES
0.8 0.3 7038 7152.73 |7152.73 7050 0.87 7152.73 7040 0.862 |7152.73 7038 0.88 26.67 13.46
Car01| 11x5 [0.85 0.35 7038 7179.78 |7179.78 7050 0917 7179.78 7040 0913 (7179.78 7038 0.93 22.86 14.38
0.9 0.4 7038 721256 |7212.56 7059 0.934 7212.56 7040 0.957 |7212.56 7038 0.96 15.00 13.09
0.8 0.3 7376 7534.52 |7534.52 7180 1 7534.52 7166 1 753452 7166 1 66.67 -497
Car02| 13x4 (0.85 0.35 7376 7571.89 |7571.89 7176 1 7571.89 7166 1 7571.89 7166 1 42.86 -24.55
0.9 0.4 7376 7617.19 |7617.19 7200 1 7617.19 7186 1 7617.19 7166 1 25.00 -42.88
0.8 0.3 7399 7543.52 |7543.52 7403 0.922 7543.52 7312 0.95 7543.52 7399 0.92 40.00 21.25
Car03| 12x5 (0.85 0.35 7399 7577.59 |7577.59 7312 0.925 7577.59 7312 0972 |7577.59 7399 0.96 31.43 21.23
0.9 0.4 7399 7618.9 7618.90 7401 0.947 7618.90 7312 0984 |(7618.90 7399 0.98 20.00 16.24
0.8 0.3 8129 8270.02 |8270.02 8024 1 8270.02 8011 1 8270.02 8003 1 66.67 32.63
Car 04| 14x4 (0.85 0.35 8129 8303.26 |8303.26 8004 1 8303.26 8014 1 8303.26 8003 1 42.86 16.17
0.9 0.4 8129 8343.56 |8343.56 8018 1 8343.56 8106 1 8343.56 8003 1 25.00 -3.98
0.8 0.3 7835 7946.51 |7946.51 7758 0.969 7946.51 7727 0.966 |7946.51 7720 0.98 60.00 34.83
Car05| 10x6 |0.85 0.35 7835 7972.8 7972.80 7798 0.97 7972.80 7727 0.979 |7972.80 7720 1 42.86 25.89
0.9 0.4 7835 8004.67 |8004.67 7758 0.99 8004.67 7727 0.99 8004.67 7720 1 25.00 13.71
0.8 0.3 8773 8893.55 |8893.55 8570 1 8893.55 8505 1 8893.55 8210 0.99 63.33 35.66
Car06| 8x9 |0.85 0.35 8773 8921.97 |8921.97 8570 1 8921.97 8505 1 8921.97 8210 0.99 40.00 25.74
0.9 0.4 8773 8956.43 |8956.43 8570 1 8956.43 8505 1 8956.43 8210 1 25.00 1531
0.8 0.3 6590 6702.77 |6702.77 6590 0.754 6702.77 6590 0.881 |(6702.77 6490 0.95 50.00 27.80
Car07| 7x7 |0.85 0.35 6590 6729.35 |6729.35 6590 0.8 6729.35 6590 0.93 6729.35 6490 0.97 34.29 22.90
0.9 0.4 6590 6761.58 |6761.58 6590 0.85 6761.58 6590 0968 |[6761.58 6490 0.98 20.00 16.00
0.8 0.3 8564 8694.23 |8694.23 8366 1 8694.23 8424 1 8694.23 7790 1 66.67 34.11
Car08| 8x8 |0.85 0.35 8564 872494 (872494 8366 1 872494 8420 1 872494 7790 1 42.86 2341
0.9 0.4 8564 8762.16 |8762.16 8429 1 8762.16 8424 1 8762.16 7790 1 25.00 12.30
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Fig. 5 Comparison of risk on Carlier problems

The results of HES for Reeves's problems are shown in Table 4. Results of the HES are better as
compared to NEH, IGA and ABC. HES finds minimum makespan for all instances as compared to
NEH, IGA and ABC. Also the probability found by HES is higher than the probabilities of HES, IGA
and ABC. Using HES, the probability (Cmax < X) for all Rec problems is 100 %. Minimum increase
in the probability of 25 % and a decrease in risk of 20 % is observed for Rec-01 problem. While
maximum probability of 66.67 % is observed for Rec-01, Rec-03, Rec-05, Rec-07, Rec-09, Rec-11,
Rec-13, Rec-15 and Rec-17 problems and maximum decrease in risk of 40 % is observed for
Problem 1, 3,5,7,9,11, 13, 15 and 17 respectively.

From Figs. 6 and 7 it is evident that for schedules generated using HES, there is a maximum
probability that the makespan is less than the expected finish time and also ensures that the

decrease the risk of exceeding makespan from a large gap for Reeves problems.

Table 4 Reeves problem results

Prob | Size |Nawaz-Enscore-Ham heuristic Improved genetic algorithm | Artifical bee colony algorithm |Hybrid evolution strategy | Percent Percent
increase in decrease in
probability with | risk with ES

Prob 6(z) Cmax  |X Cmax 6(z) Prob Cmax a(z) Prob Cmax a(z) Prob  |ES
0.8 03 1320 1340.82 1271 0.5 1 1279 0.5 1 1249 0.5 1 66.67 40.00
Recl | 20x5 |0.85 0.35 1320 1345.72 1268 0.5 1 1291 0.5 1 1249 0.5 1 42.86 30.00
09 0.4 1320 1351.67 1288 0.5 1 1293 0.5 1 1249 0.5 1 25.00 20.00
0.8 0.3 1116 1133.02 1115 0312 |0.812 |1111 0.452 |0.952 |1109 0.5 1 66.67 40.00
Rec3 | 20x5 |0.85 0.35 1116 1137.03 1111 0.397 0.897 1112 0.475 0975 1109 0.5 1 42.86 30.00
0.9 0.4 1116 1141.89 1111 0437 (0937 |1113 0.49 0.99 1109 0.5 1 25.00 20.00
0.8 03 1296 1315.80 1255 0.5 1 1261 0.5 1 1245 0.5 1 66.67 40.00
Rec5 | 20x5 |0.85 0.35 1296 1320.47 1247 0.5 1 1266 0.5 1 1245 0.5 1 42.86 30.00
09 0.4 1296 1326.13 1268 0.5 1 1277 0.5 1 1245 0.5 1 25.00 20.00
0.8 0.3 1626 1645.89 1584 0.5 1 1584 0.5 1 1572 0.5 1 66.67 40.00
Rec7 | 20=x10 |0.85 0.35 1626 1650.58 1599 0.5 1 1584 0.5 1 1572 0.5 1 42.86 30.00
0.9 0.4 1626 1656.26 1601 0.5 1 1596 0.5 1 1572 0.5 1 25.00 20.00
0.8 03 1583 1602.40 1580 0.340 0.840 1557 0.5 1 1537 0.5 1 66.67 40.00
Rec9 | 20x10 |0.85 0.35 1583 1606.98 1575 0.448 |0.948 |1557 0.5 1 1537 0.5 1 42.86 30.00
09 0.4 1583 1612.52 1574 0.464 0.964 1547 0.5 1 1537 0.5 1 25.00 20.00
0.8 0.3 1550 1569.91 1502 0.5 1 1502 0.5 1 1431 0.5 1 66.67 40.00
Rec11| 20x10 [0.85 0.35 1550 1574.60 1509 05 1 1509 0.5 1 1431 0.5 1 42.86 30.00
0.9 0.4 1550 1580.29 1491 0.5 1 1491 0.5 1 1431 0.5 1 25.00 20.00
0.8 03 2002 2025.90 1981 0.465 0.965 1981 0.5 1 1935 0.5 1 66.67 40.00
Rec13| 20x15 (0.85 0.35 2002 2031.54 1969 0.5 1 1969 0.5 1 1935 0.5 1 42.86 30.00
0.9 0.4 2002 2038.37 1979 0.5 1 1979 0.5 1 1935 0.5 1 25.00 20.00
0.8 03 2025 2045.59 1986 0.49 0.99 1986 0.5 1 1962 0.5 1 66.67 40.00
Rec15| 20x15 [0.85 0.35 2025 2050.45 1998 0.49 0.99 1998 0.5 1 1962 0.5 1 42.86 30.00
0.9 0.4 2025 2056.33 1997 0.5 1 1997 0.5 1 1962 0.5 1 25.00 20.00
0.8 0.3 2019 2044.40 1992 0.484 0.984 1992 0.5 1 1939 0.5 1 66.67 40.00
Rec17| 20x15 |0.85 0.35 2019 2050.39 1986 0.5 1 1986 0.5 1 1939 0.5 1 42.86 30.00
0.9 0.4 2019 2057.65 1992 0.5 1 1994 0.5 1 1939 0.5 1 25.00 20.00
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6.3 Overall results

Fig. 8 demonstrates the average rise in probability and average percentge decline in risk for all Car-
lier and Reeves problems. It is evident that for all Carlier and Reeves problems, HES provides better
probability that the expected finish time is less than the makespan for Carlier and Reeves instances
(more than 38 % and 42 % respectively). Also HES ensures a decline in risk that expected finish time
will not exceed the makespan for Carlier and Reeves instances (more than 22 % and 29 % respec-
tively). The overall results show that HES outperforms IGA, NEH and ABC and ensures that the ro-
bust schedules generated by HES gives higher probability that they will not exceed the expected fin-
ish time for Carlier and reeves problem. Also robust schedules generated using HES ensures the de-
cline in risk that the makespan will exceed the expected finish time for Carlier and Reeves instances.

M Car Prob M Rec Prob
60,00

50,00

40,00
30,00
20,00
10,00

0,00

Avg Increase in Prob  Avg Decrease in Risk

Percentage Change

Fig. 8 Avg. percentage increase in Prob. and Avg. percentage decrease in risk by HES

7. Conclusion and recommendations

Robust schedules are generated for m-machines PFSSP to address the uncertainty of processing
times. The objective is to ensure that the expected finish time is less than the makespan. As per
the central limit theorem, processing time for uncertain jobs is normally distributed. A hybrid ES
has been proposed and evaluated on famous benchmark problems of Carlier and Reeves. First
ES is executed for 30,0000 iterations and then the solution is optimized using TS. The hybrid
algorithm ensures maximum exploration as well as maximum exploitation of solution space.
Results are compared with the NEH, IGA and ABC algorithms, and HES has outperformed all of
them for all the Carlier and Reeves instances. The present research is focused on robust schedul-
ing for the manufacturing industry, and it ensures that the expected finish time of jobs will not
exceed the deadline as there are fluctuations in processing times of jobs in manufacturing indus-
try. Hence the research is applicable to other industrial cases, i.e. process and chemical industry,
pharmaceutical industry, steel industry etc. as the processing times in these industries are un-
certain.

For simplicity it is assumed that finish time is same for all jobs, however, in actual flow shop,
the finish times are different. Hence future research should be focused on PFSSP with all job
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have different expected finish times. Also, the research can be extended to flow shop with other
objectives, i.e. tardiness, and flowtime. So far robust schedules were generated for small size
flow shop problems. Hence in the future, robust schedules should be generated for large size
problems of Reeves, Taillard, and Valllada benchmark instances. Also robust schedules for job
shop problems are also still pendent. In addition robust schedules can be generated for other
performance measures, i.e. tardiness, flowtime etc.
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Early project risk identification and assessment is a complex issue based on
decision-making methods that are methodically suitable for successful project
delivery. Nevertheless, although there are several risk management assess-
ment tools, in practice, this issue is still not taken seriously enough in the
project initiation phase. Literature research reveals a need for an applicable
systematic risk model approach, systematic sensitivity of mitigation action
plans, considering the need for early systematic project risk awareness. This
paper not only explains the evidence that a risk systematic model tool is es-
sential in the project initiation phase but also narrows the gaps through the
systematic sensitivity approach with the accent on the integrated risk sys-
tematic model. The sensitivity approach is taken in the project early prepara-
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tion phase, where evaluation, the establishment of limits to which risks are
controllable, is based on the stage-gate model. The stage-gate model evaluates
which risks are specific to a certain analysis in the early project definition
phase, leads to the conclusion that excluding any mitigation elements or
probability of risk occurrence reflects on the outcomes, and presents an unre-
alistic picture of the given project targets. This research represents a reliable
risk tool with improvements in resolving systematic risk system faults,
'stakeholders’ subjective decision gaps, constricting project contingency, and
shortening project schedule deviation. The research is based on two complex
industry (case studies) projects within the energy industry.
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1. Introduction

Various authors emphasize that a crucial part of risk management is a reaction plan, which en-
sures proactive problem solving [1, 2, 3]. Numerous studies, including authors such as Ward or
Chapman, have shown a need for project risk management (PRM), including its benefits [4]. Var-
ious authors have found that the quality of stake estimates, assessment method tools, and
scheduling are essential for proactivity in project management [5, 6]. In the last decade, risk
project solving has significantly improved within the risk management tools, where a more reli-
able risk allocation is being facilitated [7]. Thus, gaps still exist, and improvements in risk man-
agement are necessary. These should include a more detailed or quantified approach, early re-
duction of risk and risk avoidance, and prompt systematic action of suitable integrated tech-
niques to improve risk management practices [8, 9, 10]. Over the last years, risk management
(RM) has attracted the attention of both scientists and practitioners. The Project Management
Institute (PMI) included risk management as one of the ten knowledge areas in project man-
agement (PM) [11]. Considering the previously stated, this study aims to identify the major
needs for a systematic risk model response within the energy industry, taking into account the
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preparation projects phase and its impact on (time constraints) schedule with an emphasis on
model sensitivity [12]. The results of different authors suggest that in the engineering industry,
project risk management still having some ineffectiveness. Mainly it is related to the 'stakehold-
ers' lack of involvement in the risk management appraisal, as well as the failure of projects with
some specific elements of the outcome presented through the study of various risk tools and
their technological doubts [4, 13, 14]. One of the uncertainties was the inadequate participation
of all stakeholders from the initiation until project closure [4]. Dale, Stephen, Geoffrey, and Phil
highlight that risk should be considered at the earliest stages of project planning to avoid correc-
tion later on in the execution phase. The authors mention that risk management activities should
be continued throughout a project lifetime [13, 15]. It is also suggested that risk management
focuses on identifying and assessing risks to a project and managing those risks to minimize the
impact on project objectives. Therefore, the presented model takes into account all the men-
tioned gaps and collectively and systematically resolves the issue from the definition or initia-
tion project phase.

Authors Zwikael and Ahn, considering the lack of provided solutions on the market, empha-
size the need for tools that are easy to use and lead to better outcomes [16]. As proactivity is
needed in the engineering industry, risk management tools have to overcome and actively solve
potential problems in the early initiation, definition, and implementation phase of a project [10,
12, 17]. Systematic process model steps and criteria will allow risk-handling stage-gate strategy
by selective elimination based on relevant available mitigation criteria (considering the contin-
gency), including the objective probability of the desired successful project results. The desired
successful project results are given through a detailed stage-gate systematic approach of estab-
lishing all risks according to the predefined and locked model criteria. The approaches and the
final objective show that the new systematic process model will generate less deviation and im-
prove the implementation of projects [18].

The objective of the early risk initiation phase is to prepare a plan of risk mitigation by identi-
fying potential gaps, narrowing down all known and unknown risks before proceeding to the
next stage [8, 10]. If we are looking from the qualitative standpoint of resolving these issues by
using the existing software, the project definition does not differ from project planning with
minimum information [19]. The degree of risk information varies with project complexity, the
scope of work, timeframe, approved funds, and project location [15]. A few studies present risk
management frameworks from the 'developers' perspective, integrating the software develop-
ment cycle, and involving the concerned stakeholders [15, 19]. The main message from the find-
ings is that successful projects resolving possible problems before they arise. That should be the
most crucial task of project risk management, and the aim of the current presented study, with
the focus on the given sensitivity systematic matrix tree [12, 20]. Even the overview of risk
standards calls for further process improvements. Based on the David H. comparison of the risk
standards limitation, it is apparent that risk standards have a great deal in common, and that
with a universal consensus of risk management, gaps should be covered [21]. On the other hand,
there are some, substantial gaps and material differences between them:

o The first is the general observation that none of the included risk standards covers all the
fields regarding the "stakeholders' involvement, communication, and collaboration into
organization structured adoption of risk implementation.

e The second is that specific standards cover only the risk management process but not the
establishment of organizational infrastructure to apply such processes.

o The third is the differentiation of the risk definition, an approach to risk both as a threat
and an opportunity, as opposed to the approach that risk is only a threat.

What follows from all the above is that there is a broad consensus regarding the main steps
and activities of the generic risk management process, but there is still room for a comprehen-
sive approach that will cover the gaps. The contribution of the research is the effective and con-
tinuous involvement of stakeholders. The effectiveness is visible throughout the entire risk pro-
cess. Predefined, concrete steps resolve possible systematic risk system faults with precision
and functionality. The results show a leaner project contingency approach and shorten the pro-
ject schedule deviations.
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Risk model methodology approach

The objective of the research is proposed with a systematic risk management model that uses a
quantitative technique with the active involvement of stakeholders throughout the entire risk
management process (identification, analyses, and response to risks) [14, 22]. The systematic
risk management model is an integration of the existing tools such as Risk Work Breakdown
Structure (RWBS), Risk Registers (RR), Probability and Impact (PI), Analytic Hierarchy Process
(AHP), Fault Tree Analysis (FTA) [23]. Two significant areas must be introduced through the
model tree: early systematic risk assessment and the project stakeholders understanding what
and how those steps may impact the project beyond its objectives [9, 10]. The entire method is
based on the approach with one step ahead of any project definition and implementation. The
risk model provides details, breakdown into actions that will support the research from the
moment of decision-making, emphasizing the quantitative approach to risk evaluation with the
effectiveness in bridging the gaps mentioned above.

The presented model involves advanced strategic steps for risk management. The advanced
strategic steps practice corrections or mitigations of risks utilizing knowledge of the managerial
resources, as well as the given model benchmarks [24]. With this quantitative methodology,
considering quantitative risk elements and risk management integration, the risk model process
will be developed through stage-gate. Such an approach contains steps that will enable better
implementation of project risk management. A systematic approach to risk management is the
most common problem in the pre-definition phase of the project management industry [12].

There is a concern with the policy prescription to remedy the problem to provide a deeper
understanding of what constitutes systematic risk management and how it impacts on incen-
tives and welfare measures. The purpose of the paper and the presented model in risk analysis is
a data-level specification of a "more systematic risk 'treatment’ including objectives of stake-
holders. It is clarified through the matrix tree how the definition criteria differ from the existing
definitions of systematic risk. The definition is applied to all steps in the model and the stage
gates where criteria are well-coded to ensure the given option over random choice sets. The
definition is also innovative, as opposed to the consideration of the existing random choice sets.
In circumstances where a stakeholder has the option to discard risk identification for a well-
defined reason, it is clear that risk treatment should be much more systematic [4, 14].

The systematic decision model tree represents the level of involvement and the level of pre-
dictability of risks, including the external and internal factors with the focus on all risk elements
known, unknowns, known unknowns, and unknown unknowns. The weighted probability of risk
categorization and mitigation is included in all stage gates following risk assessment according
to all established criteria. The main aim of the research is to evaluate and establish limits to
which level risks are manageable and the extent to which risks are specific to a certain analysis
in the early project initiation stages [10, 13]. The study is focused on improving schedule devia-
tion through the systematic process model approach for future preparation and implementation
of projects. The most important motivation for the paper comes from the research gaps where
risk management and risk assessment in the early stage is not thoroughly considered [8, 10, 17].

The paper addresses the problem of risk management in the field of energy industry projects
using a knowledge-based approach. It proposes a systematic methodology based on five main
segment criteria: systematic process matrix tree, risk registration, control flow plan, risk sup-
port documents, and data with applicable criteria. The expected mitigation and the presented
risk response stage-gate strategy are there to eliminate uncertainty factors of the, anticipated
new unwanted risks and their post evaluation. The first challenge is the modelling of the risk
management function area managers (FAMs), criteria of its evaluation, and the possibility of
integrating best practices into the model.

Therefore, the systematic process model tree and stage-gate criteria include risk events, risk
reduction or elimination actions and their effects, interactions between the stage gates concern-
ing risks and risk decision, and mitigation efforts [18]. The systematic process model stage-gate
criteria allow the risk-handling stage-gate strategy by selective elimination based on relevant
available mitigation criteria, including the objective probability of the desired successful project
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results. The desired successful project, results are given through the detailed stage-gate system-
atic approach of establishing all risks in the model predefined criteria. The approaches and the
final objective show that the new systematic process model generates less deviation show dif-
ferent levels of sensitivity results and improves the implementation of projects [20]. Further
expectations are that the application of the proposed approach will allow functional area man-
agers (FAMs) and end-users to develop project risk management functionality based on best
practices and to improve the performance of the awareness.

The fundamental changes that are taking place today in the field of risk project management
applications originate precisely in the area of the earlier risk identification work [25]. They are,
on the one hand, positive and successful possibilities in project risk management, where such an
approach can result in significant flexibility in operation (time savings) and cost reduction. The
use of the earlier risk identification can be considered in terms of improving competencies based
on which a company's primary strategy then develops and achieves a competitive edge and
brings added value to the project management decision-makers. Risk management should be
incorporated in the initial start-up phases of projects and continued throughout the project du-
ration [26, 27].

Since risk can occur in three phases or levels, the initiation phase, the project risk definition
phase and the day to day project operation phase, it is crucial, based on the conclusions of rec-
ognized authors, that risk should be considered at the earliest stages of project planning to avoid
correction later in the execution phase [8-10, 12]. Project risk is always in the future, but if the
risk is managed systematically and thoroughly in the early phase, project implementation should
not have a vast deviation or corrections.

Scientific proofs illustrate that although there are well-developed, designed and implemented
processes of project Risk Management (RM) such as risk management planning, risk identifica-
tion, risk assessment, risk analysis, and risk response planning, in the construction project expe-
rience failure is always ascribed to a risk event [8, 28, 29]. Risk management is crucial in the
planning stage of a project, and its scope and depth increase as the project moves towards the
execution phase, while they decrease in the conclusion phase [30].

Section 1 presents an overview of the key research and objective glitches in a risk manage-
ment society, based on the current technologies and the basic challenges of new tools as well.
Summary of the methodology description, research, and data collection.

Section 2 presents the concept and assessment of the model. The particular emphasis has
been put on the development, usage, and impact of applying the model to the existing risk man-
agement tools. The systematic and sensitivity approach, has been elaborated. Provides more
insight into the model structure and implications. Also, discuss the model individual connections
and model pattern demonstration.

Section 3 provides an overview of the two complex industry projects (case studies) as a key
structure in any type of project management. Section 4 provides an overview of the given sensi-
tivity results and comparison of the two complex industry projects (case studies), regarding the
sensitivity capability RIO model itself. Section 5 presents the conclusions and discussion of the
results obtained by research. The practical implications and limitations of the research are de-
scribed and summarize the scientific contribution of the paper. Also, the directions for future
researches are indicated. In the end, it shows the scientific literature that has been used during
the research, also indicates the excellent structure of the due diligence path towards the findings.

2. Systematic risk model, risk identification oversight (RIO)

In the engineering industry, there is a wide range of risk management tools and techniques, all of
which can add value to the performance in achieving project objectives [32]. The collected exist-
ing risk history data, together with the newly added risks, went through the checked Strengths,
Weaknesses, Opportunities, and Threats (SWOT) analysis. SWOT analysis was used for identifi-
cation, structuration, and comparison of the already existing data, their strong and weak sides so
that it would be following the current project objectives. In this paper, the emphasis is not on
computer model outcomes but rather on the interactions of the presented risk management
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tools, their participants, who in this case are the functional area managers, and the effects of
systematic interactions according to the model given criteria with the main impact on the pro-
ject timeline outcomes. The model, RIO matrix diagram, graphically shows various combinations
and conditions that may fix failures, such as decision making, analysis, information data, and
possible gaps [10]. Potential gaps are overcome in the model matrix tree according to the de-
fined and constructed logical connections including the return possibility If Yes, "then proceed to
the next step or stage-gate, and If Not, "return to the designated step of the gate. The risk identi-
fication oversight model RIO includes a detailed evaluation of the possibilities of various failure
events at each stage-gate step before proceeding to the task. Such gaps are filled with the preci-
sion of a well-defined support document; and based on one of the equations used in excel, the
model can format and recheck the status of documents each time before it proceeds to the next

step: - - "
IF(OR(OR( § C,="X");0R( § D, ="X");OR( § E,="X");
n=1 n=1 n=1

) 00 00
IF(OR(OR( § C,="X");0R( § D, ="X");OR( § E,="X");
n=1 n=1 n=1

00 00 00

OR( § F,="X");0R( § G,="X");0R( § H,="X");
n=1 n=1 n=1
);"Check data!";"Document OK v") (1)

The RIO model matrix tree follows a systematic logic technique, which attempts to see all
possible outcomes of the possible gaps and all faults and to take the initiative [10]. The challeng-
ing part of the matrix is to foresee the impact of various potential events due to the complexity
and uniqueness of most project targets where structured risk key owners enforce quality control
correction before the document is applied to the model. The owner's possibility is to
acknowledge the final document and to present the following outcomes through the model. The
presented results or mitigation criteria are given to functional area managers (FAMs) or stake-
holders for the final review and approval before any further steps are taken. Therefore, a possi-
ble fault is automatically mitigated since there are a few steps of quality control before the doc-
ument is applied to the model. From the other point of view, the fault is mitigated by the in-
volvement of functional area managers and their contribution to the mitigation selection and the
possibility of decisions of where and when some of the steps need to be repeated to achieve real-
istic or correct results.

The main model breakdown of the risk management assessment and how the risks may be
measured is given in [13]:

e In costs (budgetary risks)
e Intime (delay risks for time management)
e Or quality (usually affecting contracts through the budgetary cost of improvement)

The focus of the paper is the time per given tasks and the delays. The model allows a (stage-
gate) strategy for managing risk by selective elimination based on relevant available criteria
(considering unforeseen events), considering objective probability.

This integrated approach and the final results show that the model generates systematic risk
treatment as smoothly as possible, improves, and clearly indicates the sensitivity transformation
parameters of the project time impacts. The paper does not deal with the impact of software
solutions qualitatively in relation to quantitative, but only the quantitative approach is applied
[19]. The expected results of the proposed approach will enable functional managers and clients
to develop a project risk-based management function built on good practice, raising awareness
of early risk detection [8].
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The structure of the risk model matrix tree is explained and defined based on two main ele-
ments:

1. Methodological evaluation of factors that include a set of criteria for each step
2. The level of evaluation for each factor and its dimensions.

The presented model tree will have three main corrective groups:

e First group *: Systematic process map with stage gates one (1) through five (5)

e Second group **: Risk registration and control flow plan

e Third group ***: Risk documents and data with the applicable risk management existing
tools

Each group of risk data files (***) must pass through the (**) risk registration and control
flow plan before moving to the next step. The systematic process map (*) is developed in detail
(each step has a note/task of explanations) to create more criteria for the decision of the flow
plan (**) and supported by the risk data and the applied methods (***). At every step, risk doc-
uments will go through different risk data criteria sets. These documents aim to reduce the ex-
pansion of documentation and to make the existing documentation as simple and useful as pos-
sible. The advantage of the RIO model is that the tree is not significant and complicated, and it
helps in visualizing the analysis, considering combinations of corrections, and determining oc-
currence probability for complex corrections. In the RIO, risk assessment is performed using
quantitative methods, but also some aspects of qualitative methods, too.

Fig. 1 shows the stage-gate No. 1 and the first step in the risk management model process,
where all stakeholders are involved from the beginning [14]. At this stage, all related project
risks (known and unknown) are listed. Also, the historical documents of a previous project rele-
vant to the scope it’s included, as well. In stage-gate No. 1, risks are grouped by category, pre-
senting the details of risks, the strategy of mitigation, the probability of occurrence, responsible
individuals with their roles and responsibilities. Further down through the decision tree, risks
are given a rating scale from the high-high to the low-low and categorized from the knowns, un-
knowns, and new risks. Costs are associated with each of the identified risks. At the end of the
stage-gate No. 1, all risks are acknowledged by the stakeholders, with all the needed criteria that
include the initial RWBS and schedule. Before any further step is taken, the owner of the risk
assessment team confirms authorization towards the next stage gate.

Fig. 2 is the stage-gate No. 2, a step where only the unknown risks are treated. The stage-gate
is developed based on certain flow steps with the possibility of checkpoints and corrections
(workshops, decision tree analysis with an integrated approach, including brainstorming, check-
list, probability impact matrices, objective judgment). A set of documents such as RWBS, RR, P],
AHP, FTA is prepared and implemented through the process [23]. The outcomes of the stage-
gate No. 2 are: all identified risks at the end of the stage-gate are established as unknowns, in-
cluding new risks that are selected as unknown and all applicable history unknown risks. The
stage-gate provides the first summary of the unknowns results with the first estimated cost. At
this stage-gate, all project unknowns are acknowledged.

Fig. 3 shows stage-gate No. 3, a step where only known risk is treated. The stage-gate is de-
veloped based on the firm flow steps with the possibility of checkpoints and corrections. A set of
documents is introduced through a process that is almost identical to the stage-gate No. 2. The
stage-gate outcome is: all new risks are selected as known, including all applicable history data
of known risk [23]. At this stage-gate, all project knowns are acknowledged.
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Fig. 3 Stage-gate matrix No. 3

Fig. 4 shows stage-gate No. 4, where all initial reports are obtained, and deeper systematization
and synthesis of risk are acquired, the result of which is greater knowledge about the project. The
proposed analysis of risk mitigation is focused on the initial WBS and the proposed schedule time-
lines. All possible deviation, exceptions, and impacts are explained. The link between any docu-
ments, but with the emphasis on documents related to scheduling, is achieved using the built-in
excel functionality that automatically searches for the source of data needed and used in the cur-
rent stage gate. Each time the document is currently in use, its opening will require an update. This
is achieved using formulas "Formulas> Edit links." All major risk impacts reflecting the schedule
are updated, and the first mitigation on all knowns and unknows is applied.

The formula for the validation of risks:

IF (AND(*="v"), AND(NOT(*=""),NOT(*=""))),"OK","")

IF (AND(*="v"), AND(NOT(*=""),NOT(*=""))),"OK","") )

where the * is the excel file cell location.
Risk exposure factor using unified formulas [33]:

E=P-I (3)
where E is risk exposure, P risk probability, and I risk impact.

Risk exposure factor and the risk mitigation cost using unified formulas [34, 35]:

E=P-I(%V}8)-IC (4)

where RV is risk weight, IC initial cost, and PSF proportional scale factor.
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Fig. 5 Stage-gate matrix No. 5

Fig. 5 is stage-gate No. 5, where all data is obtained. The first set of results and reports is ex-
amined. The acknowledgment of risk mitigation is derived from the stakeholders, and further
actions and analyses are proposed.

All known and unknown risk final impacts are highlighted through the continued workshops
[32]. At this stage, the focus is on the high-risk mitigation/probability corrections and the effects
on the schedule-timeline built from the initial work breakdown structure and schedule. All possi-
ble deviations are presented and explained. The selected risk volumes are moved from the work
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breakdown into schedule tool reports. At this stage, the results for the critical risks are confirmed
with the data presented in Table 1 & Table 2 - Major risks for Project No. 1 & No. 2.

Fig. 6 shows stage-gate No. 6, where the results are combined, and all project-related risk
results locked. At this stage, numerous reports are prepared, and data are archived and stored
on the shared drive.

Systematic process approach torisk |Risk identification / mitigation flow plan per Risk process backup data and
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Fig. 6 Stage Gate Matrix No. 6
3. Case studies

3.1 Case study No. 1

Case study No. 1 is an industry project of a drilling platform reconstruction. The project consists
of one hundred six scopes of work with the major reconstruction considering all relevant engi-
neering disciplines. Project risk identification and assessment were performed through a set of
documents such as RWBS, RR, PI, AHP, FTA, and integrated through the systematic process of
the presented model [23, 31]. Starting with the initial three hundred two (302) identified risks,
through data analyses, with the comparison of data which have been extracted from the existing
history data file and processed through the matrix iterations and mitigation of changes, the final
result was fifty-one (51) major selected risks. Fifty-one selected risks use the form of scheduling
connection and the initial work breakdown structure (WBS), following the logic. All data is ana-
lyzed only concerning the schedule-timeline impacts. The presented changes use the embedded
excel formula and pivot analysis of data on certain tasks in which changes occurred. Such a con-
nection drives the preceding data to obtain the final excel table and graph views. As it can be
seen in the column differences, going through the systematic model in the early project initiation
phase, significant gaps regarding time durations can be observed.
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Table 1 Major risks for the case study No. 1

Task Description Duration per tasks
ID No. Task Baseline duration Estimated duration Difference in days
1  Painting specialist consulting 216 271 55
2 Painting specialist consulting WBS - 62 57 -5
Phase 1
3 Painting specialist consulting WBS - 62 50 -12
Phase 2
4 Painting specialist consulting WBS - 62 56 -6
Phase 3
5  Procurement LLI 272 394 122
6  Procurement Other 142 432 290
7  Project team - mobilization 13 15 2
8  Legs scopes of work 171 201 30
9 Leg#3 171 202 31
10 Leg#2 144 159 15
11 Leg#l 144 142 -2
12 Main deck - steel renewal 129 208 79
13  Removal of areas & welding of new 89 80 -9
steel
14  Removal of areas & welding of new 27 15 -12
steel Phase 1
15 Removal of areas & welding of new 29 21 -8
steel Phase 2
16  Removal of areas & welding of new 31 22 -9
steel Phase 3
17  Preload tanks 98 143 45
18 Bow 70 86 16
19 Tank #1 54 82 28
20 Tank #2 58 83 25
21 Tank #3 64 86 22
22 STDB 71 90 19
23 Tank #13 64 86 22
24 Tank #17 69 93 24
25 Tank #12 72 72 0
26 Tank #14 74 63 -11
27  Cable trays & supports - renewal 93 85 -8
28 Refurbishment of cable trays and 32 24 -8
supports - phase 2
29  Refurbishment of cable trays and 23 15 -8
supports - phase 3
30 Helideck installation 77 36 -41
31 Marine equipment & systems 123 218 95
32 Jacking system 14 20 6
33  Preload system - piping & dump 98 139 41
valves repair/replacement
34  Preload system - Phase 1 48 94 46
35 Preload system - Phase 2 49 40 -9
36 Drilling equipment & systems 114 151 37
37 Top drive - overhaul 85 72 -13
38 Topdrive Trolley Beams 55 44 -11
39  Well testing lines - repair / replace- 18 11 -7
ment
40  Mud pumps - overhaul 60 40 -20
41 Safety equipment & systems 124 137 13
42  Fastrescue boat - refurbishment 35 28 -7
43 Installation of new davits, lifeboat 50 35 -15
stations 3 & 4
44  Fire alarm system upgrade 55 45 -10
45 Deck cranes 125 65 -60
46  STBD crane 41 31 -10
47  Aftcrane 41 37 -4
48 Portcrane 41 37 -4
49  MCC - upgrade 112 100 -12
50 Communications & data processing 86 259 173
51 TV system - 'receiver's replacement 14 12 -2
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3.2 Case study No. 2

Case study No. 2 is an industry project of a drilling rig modernization. The project consists of
forty-seven scopes of work with significant modernization considering all relevant engineering
disciplines. Project risk identification and assessment were performed using the specific set of
documents, as in case study No. 1, following the systematic model process [23, 31]. Starting with
the initial two hundred fifty-two (252) identified risks, through data analyses, with the compari-
son of data which have been extracted from the existing history data file and processed through
the matrix iterations and mitigation of changes, the result was thirty (32) major selected risks.
Thirty introduced risks use a form of scheduling connection with a comparison of the initial
WABS, and the analyzed results reflect only schedule-timeline impacts. The changes show differ-
ences in days between the initial estimation in the work breakdown structure WBS, then cor-
rected based on the applied action of the model in the schedule, with an emphasis on durations
with a negative impact, but in most cases with a positive impact on the scheduled durations. In
every way, this corrective tool shows a realistic status of the planned activities.

Table 2 Major risks for the case study No. 2

Task Description Duration per tasks
ID No. Task Baseline duration Estimated duration Difference in days
1 Project preparation phase 228 237 9
2 Wind wall 60 272 212
3 Triplex pumps 126 256 130
4 Third-party inspections 11 163 152
5  Substructure 61 118 57
6  R/U electrical power supply 167 121 -46
7  Procurement of rig 350 123 -227
8  Procurement of solids control 160 193 33
equipment
9  Procurement of BOP control unit 276 209 -67
10 Procurement of BHA elements 226 117 -109
11  Outdoor high voltage and lighting 165 111 -54
system execution works
12 Nested water tank manufacturing 140 184 44
13 MCC container manufacturing 144 113 -31
14  Mast and substructure 120 98 -22
15 Manufacturing of mud tank sys- 197 133 -64
tem
16  Low pressure mud system 18 15 -3
17 Instrumentation system 95 -8 -103
18 Instrumentation and data system 130 55 -75
19 Install the HP lines & H. manifold 13 35 22
20  Hydraulic system modification 125 72 -53
21  High pressure mud system manu- 197 76 -121
facturing
22 Fuel tank system manufacturing 258 50 -208
23 Foldable mobile house manufac- 114 85 -29
turing
24  Finalize social & office containers. 81 86 5
25  Diesel supply system 114 13 -101
26  Caravan manufacturing 183 120 -63
27  BOP transport and testing skid 32 62 30
28  Air supply unit manufacturing 140 34 -106
29  Works prior to mast erection 13 74 61
30 Mast erection partial jobs 20 49 29

4. Results and discussion — Sensitivity transformation of the case studies

Lack of precision can lead to misleading conclusions. The RIO model excludes the possibility of preci-
sion errors. Therefore, if the risk assessment and treatments being taken in an inconsequential
way by not following all predefined steps, it 'wouldn't be possible to treat the all-risk elements
correctly through the RIO model process. In such a case that defined steps in the RIO model ma-
trix have skipped the outcome of the results will lead to significant deviations. The RIO model
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sensitivity transformation clearly shows how much systematic approach is needed. In case that
such inconsequential way is continued through the entire RIO model matrix, it will be evident
misguidance of the data. By enabling a more accurate, systematic treatment of the risks input
and output sizes by reducing all possible faults, additional extended learning and vast correction
processes can be prevented. Based on that, the accuracy and sensitivity of the model are shown in
Fig. 7 to Fig. 10.

Fig. Seven and Fig. 8 show the graph and the amplitudes of the deviations for Project No. 1
and Project No. 2. Graphs in Fig. 9 and Fig. 10 are linked with Table 1 and Table 2 - Major risks
for Project No. 1 and 2, where:

o the blue line shows task durations after all five stage gates,

e the red line shows the estimated durations from the initial WBS and schedule,

o the green shows achieved differences in days per task after the RIO process has been ap-
plied.

The tables show the main tasks, initial duration based on the WBS, and then the corrected
and estimated length based on the RIO model mitigation. Fig. Seven and Fig. 8 clearly show the
positive and negative deviations that have a direct impact on the schedule. Based on the results,
it is clearly demonstrated that in the early stage of the project definition, risk management has a
significant correction impact.

To present one more evidence of how much a systematic risk management tool is needed, Fig.
9 and Fig. 10 show sensitivity graph amplitudes, where some of the steps in the RIO risk matrix
decision tree were overlooked and neglected. This shows that the presented model has to follow
a precise systematic way of the predefined three steps [15]. Performance cases for both of the
projects are negative, or projects are underperformed based on the initially given objectives. If
the problem is addressed trivially, by taking only a few significant risks out of the total number
of risks, to show deviation in cases when some steps are skipped, it is not possible to treat risk
through the process [15]. There is abundant evidence that the early systematic model is needed
[9]. A comparison of the graphs for each of the projects clearly shows a significant negative im-
pact and deviation on the project task durations.
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5. Conclusion

Systematic risk management is an ongoing process that should be implemented through all
phases of projects [12, 32]. Thus, the lack of systematic formality is an obstacle to successful
project implementation. The objective of this paper was to examine the sensitivity of the sys-
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tematic risk management model with the involvement of stakeholders throughout the entire risk
management process [14, 22]. This paper represents the development of the systematic risk
model with references, collaboration quantitative tools system, and the impact of the mentioned
systematic system on resolving the gaps and faults and organizational performance, which is
based on the model of risk management system success. The paper clearly outlines what is
needed in the industry for project management companies to successfully measure the effects of
risk threats in any industrial technology [12]. It clearly shows an increased awareness of the
sensitivity tools where only a few missed steps can have significant deviations from the original
objectives [20]. The sensitivity of results opens a new area of research, but also provides organi-
zations with additional knowledge that needs to be addressed with a systematic definition of the
effectiveness of the adopted or existing models. Also, new systematic sensitivity effectiveness
improvement of the collaboration system is influenced by the quality of the system model, user-
friendliness, end-user involvement, and results in benefits. The paper shows how successful
awareness and risk perceptions are necessary to improve future project preparation and future
execution. The model uses a mixed approach to data collection with common and acknowledged
risk management processes, with the objective parameters in combination with the subjective
attitudes of the involved stakeholders, which allows better use of the documents criteria in the
model [13]. The model modifies and complements the existing tools of systematic risk success
assessment - effectiveness in the context of the structured, systematic system and provides in-
formation regarding relations between the stakeholders [4]. With such a systematic approach
with locked steps, involving stakeholders from the beginning of the process, and narrowing
down their objectives, it is obvious that the major gaps are covered. This research shows that it
represents a valid and reliable step towards improving the measurement of the early systematic
risk mitigation systems. The main limitation of the study comes from the level of data that is
available at an early stage. The second limitation of the tool is the mitigation strategies identified
by the stakeholders to accept risks according to which level of activity risks are controllable per
the model stage gates. From the academic point of view, the limitation comes from the fact that
RIO tool practice is not widespread in other engineering industries with the applicability
through the different sets of risk data assessments. The future study will be made in a way of a
methodical web-based application that companies can use and access the web-based tool
through servers. If there was a need for it, the application could be further developed.
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ABSTRACT

ARTICLE INFO

Realization of information security among supply chain components has
always been one of the concerns of supply chain players. This research is the
development of a mixed integer mathematical model for solving the problem
of designing a multi-product network chain and balancing the separation line
of parts in a closed loop supply chain. This model is responsive to market
demand for finished products and spare parts simultaneously, and minimizes
the transportation costs in forward and backward chains, product purchase
costs in assembly section, costs of renewing collected products, and fixed
costs of workplaces for the dividing the parts. This game consists of two play-
ers: the first player includes: Suppliers, assembly centers, retailers and cus-
tomers, and the second player includes collection centers, renovation centers,
separation centers and disposal centers. The payoff of each actor is minimiz-
ing their own objectives, and the objective of the model is the unawareness of
the members of the chain from the objectives of other members (information
security). The proposed model was solved in GAMS 24 software. Due to the
nested model, the first model is solved first and the results of the model are
entered into the second model. The results of the model solution show the
good performance of the proposed model after implementation for the case
study. Among the innovations of this research is the consideration of the
Stackelberg game in multi-product closed loop supply chain along with the
balance of the separation line of parts with the objective of minimizing all the
cost elements.
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1. Introduction

Over the past few years, the emergence of new technologies and massive changes in world mar-
kets have made supply chain management more necessary, in such a way that different organi-
zations have to use supply chain management to create and maintain their competitive position.
The information revolution and the emergence of new forms of mutual relationship between
organizations and growth of customer expectations with regard to products and services cost,
quality, delivery, technology and the committed cycle time, given the increasing competition in
global markets and the like, are among the factors that have made organizations around the
world to leave traditional purchase systems and move towards the supply chain management
system [1].

Due to increased environmental and legal concerns (such as the prohibition of disposal of
some products, along with the reduction of raw materials resources and the discovery of the
profitable opportunity of recovering returned products), the scope of traditional supply chain
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management has broadened the introduction of reverse logistics and the closed-loop supply
chain [2]. Over the past few decades, many factories have paid particular attention to the re-
trieval, renewal, and reverse and closed-loop supply chain in a broad-spectrum of products (in-
cluding steel, tire, printers, ships, disposable cameras, automotive parts, photocopiers, comput-
ers and cellphones) and have had a significant improvement in this field [3]. Renovation of the
product can be investigated in two respects: the type of returned products or the type of activi-
ties. From the first point of view, the return of products may occur for various reasons through-
out the life cycle of the product. Commercial returns are the products that customers return to
retailers after 30, 60, or 90 days after purchase, requiring a minor fix for re-launch [4].

Generally and traditionally, manufacturers of products and items do not take any responsibil-
ity in relation to their goods after distribution and then consumption by consumers, and do not
commit to their distributed and consumed products. Today, however, the volume of consumed
products has caused significant damage to the environment, and everyone including consumers
and authorities are concerned about the environmental conditions. So everyone expects from
different manufacturers of goods and items to accept the cost of waste collection resulting from
their products, or at least reduce the waste of consumed products [5]. This growing attention
towards waste management and the introduction of new rules on waste products (especially in
Europe) have led manufacturers to improve their production process, because the cost of dis-
posal and cleaning the environment is very high. The present study seeks to design a multi-
product closed loop logistics network [6]. Lessening transportation costs in forward and back-
ward chains, product purchase costs in assembly section, costs of renewing collected products,
and fixed costs of workplaces for the dividing the parts is the main goal of companies.

So this research is presented in 8 sections. In the first and second sections, the introduction
and literature review are offered. Statement of the problem and the mathematical modeling are
presented in the third and fourth section, respectively. The mechanism of the competition be-
tween players is reviewed in the fifth section, and the case study in the sixth section. To end
with, computational results and conclusions are expressed in seventh and eighth sections, re-
spectively.

2. Literature review

Zailani et al. [7] observed the design of the supply chain network, and proposed linear pro-
gramming based on genetic algorithm. They used linear programming and also genetic opera-
tors. They showed that their method with cplex software is more successful than the traditional
genetic algorithm. Saidinia et al. [8] proposed a nonlinear integer model with solving method of
genetic algorithm for designing a reverse network emphasizing on the number and location of
return centers with the objective of minimizing costs. They considered the balance between the
discount rate of fare and the cost of inventory storage due to the transportation and integration
to determine the exact time of integration of the main collection centers. Zhang et al. [9] pre-
sented an integer linear programming model for planning a supply chain network with stochas-
tic demand and supply. They presented two-stage stochastic optimization approach based on
the integer method, which evaluated location decisions and facility allocations in the first stage
and the flow routing decisions in the second stage. Kalverkamp et al. [10] outlined a reverse lo-
gistics network considering two options of renovation, repair and production simultaneously.
They showed that considering repair in the reverse logistics system along with re-production
can have a great impact on network structure system and costs reduction. Guo et al. [11] studied
the general supply chain network by formulating and optimizing the robust state of the network
using variable non-uniformity theory. Jia et al. [12] investigated the design of the reverse logis-
tics network under uncertainty and provided a two-stage probabilistic programming approach
in which the solving method was the integrated SA heuristic method.

Sahebjamnia et al. [13] proposed a scenario-based stochastic optimization model for design-
ing a supply chain network, in which demand, the number and quality of returns, and all sto-
chastic variables were considered to be stochastic. Uncertainty in the quality of returned prod-
ucts was considered and a mixture of renewable and crushed in return flow were considered as
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stochastic parameters. Pereira et al. [14] presented a multi-objective stochastic two-stage inte-
ger model for reverse logistics programming, considering multi-product, technology selection,
and the transportation costs and the expansion of waste to be probabilistic. Bhattacharya et al.
[15] presented an integer programming model for designing of a large-scale paper renovation
network under uncertainty. Gu et al. [16] developed an integer programming model for simulta-
neous programming and designed a multi-product multi-cycle closed-loop supply chain in which
the given time cycle was divided into strategic time units and these units themselves were divid-
ed to smaller parts. They also considered travel time of flows, processing time of facilities, cate-
gorization of product materials, product disassembly structure and environmental objectives
imposed by law. Hajipour et al. [17] projected a strong optimization model for designing a
closed-loop supply chain network that supposed the number of refunded products, customer
demand, after market, and transportation costs in fluctuating stochastic sets. Hasanov et al. [18]
studied the design of the reverse supply chain network by designing product components and
different levels of quality. They considered the collection of returns from retailers in combina-
tion with the renovation of collected product components using the renovation service network.
Ruiz-Torres et al. [19] provided a reverse supply chain network model that minimized the total
cost of return process of electronic products. As'ad et al. [20] offered an integer linear program-
ming model for designing a reverse supply chain system for programming the renewal of elec-
tronic products in the state of Texas and decreasing the waste flow. Their model measured the
obsolescence of electronic products and the multitasking function of resources. Yu et al. [21]
presented a mathematical model for inventory management in supply chain. They solved the
presented mathematical model using Ant colony algorithm. Using fuzzy numbers in model is one
of the contributions of model. Or$¢ic et al. [22] presented a model for third-party logistics ser-
vice providers in supply chains. Considering sustainability in green supply chain is one of the
contributions of their research. he models incorporates the application of quality measurement
standards and a PDCA cycle system of continuous improvement into indicators. Liang et al. [23]
presented a stochastic mathematical model for remanufacturing in supply chain. Thy proposed
the coordination mechanism to describe relationship between supplier and service provider.
Finally the adaptive immune genetic algorithm was established to solve the model.
An account of the literature review is given in Table 1.

Table 1 A review of previous research

Author Network Decision- Modeling Datatype Planning Single / Capacity  Objective

structure making type type multi status function
factors product

Zailani (2019) CLSC LA MIP Dtr MP MC UnCap Min cost

Saedinia (2019) CLSC LA MILP Dtr SP SC UnCap Min profit

Jing (2019) RSC FL MILP Dtr MP MC/SC Cap Min cost

Jiaetal. (2019) CLSC Rou MIP Dtr SP SC Cap Min cost

Ruiz-Torres (2019) RSC Flow MINLP Stoch MP SC Cap Min profit

Matthias (2019) CLSC Rou MIP Stoch SP MC Cap Min profit

Guo (2019) CLSC FL MINLP Dtr SP SC UnCap Min profit

Hajipour et al. RSC Allo MIP Dtr SP MC Cap Min cost

(2019)

As'ad CLSC Flow MILP Dtr SP SC UnCap Min cost

etal. (2019)

Bhattacharyaetal. RSC FL MILP Stoch MP MC Cap Min cost

(2018)

Guetal (2018) CLSC Allo MILP Dtr SP SC Cap Min cost

This paper CLSC Flow,Allo MIP scenario MP MC Cap Min cost

As the result of the review of previous research shows, the closed-loop supply chain problem
has attracted many scholars so far. This attention has been intensified over the last few years
due to the importance of economic savings as well as the consideration of environmental aspects
and the increasing global attention to sustainable development of organizations. But the issue of
multi-product closed-loop supply chain regarding the separation line balance has not been stud-
ied so far and is considered as an innovation of this research. Minimizing transportation costs in
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forward and backward chains, product purchase costs in assembly section, costs of renovating
the collected products, costs of customer refunds, collection costs and fixed costs of the work-
stations for separating the parts are the main objectives of the companies. Accordingly, given the
intense competition, the necessity and importance of this research is quite obvious.

3. Statement of the problem

The problem under study in this research is the design of the multi-product closed-loop supply
chain, considering the balance of the separation line of parts. In this study, an integrated model
that mutually optimizes the strategic and tactical decisions of a multi-product closed loop supply
chain is studied. Once defining decision is done, variables and related parameters, the mathe-
matical model of the problem is established. In this problem, strategic level decisions link with
programming the flow of products in the direct and reverse supply chain concurrently. Tactical
level decisions are on the balance of separation lines of parts in the reverse chain. To reach a
viable and competitive closed-loop supply chain network, the separation line of parts and re-
verse distribution processes should be able to work simultaneously. This research is the devel-
opment of a mixed integer mathematical model for solving the problem of designing a multi-
product network chain and balancing the separation line of parts in a closed-loop supply chain.
This model is responsive to market demand for finished products and spare parts simultaneous-
ly, and minimizes the transportation costs in forward and backward chains, product purchase
costs in assembly section, costs of renovating the collected product, and fixed costs of work-
stations for separation of parts. The uncertainty considered is a scenario based. In this type of
uncertainty the proposed model is executed on the number of scenarios considered. Therefore,
the proposed model considers all the scenarios and gives the optimal solution for all the scenar-
ios. It is important to note that different scenarios are likely to occur with deferent possibility.
Therefore, this uncertainty makes decisions at the macro and comprehensive level of supply
chain.

As shown in Fig. 1, the raw materials are carried from suppliers to assembly centers. Then the
products are sent to retailers and eventually to customers. Renewable products move to collec-
tion centers. Finally, these products are detracted from the collection centers to disposal and
separation centers which the renovated products are directed to the assembly centers.

assembly
center

Suppliers

Collection
Renovation
Center

Collection
Center

Disposal =
Center

Separation Separation
Center Center

Fig. 1 The flow of products and raw materials in the problem
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The main aim of this problem is to estimate the amount of products and parts transported from
different centers to each other, as well as allocating and balancing the separation line of parts to
minimize system costs.

The innovations of this research are as follows:

e regarding a Stackelberg game in the multi-level multi-product closed loop supply chain
and multi-product closed loop,

e considering the balance of the separation line of parts with the objective of minimizing all
cost elements,

e developing a model for a multi-product integrated supply chain considering disposal, ren-
ovation and collection centers,

e considering scenarios of market recession and boom,

e consideringthe information security in the supply chain using the game mechanism design.

4. Materials and methods
4.1 Background on the Stackelberg game

In a study on the market economy, Stackelberg used a hierarchical model to describe the market
situation for the first time. The model of Stackelberg games is a type of economic games in which
the first player initially moves, and then the second player. This model illustrates that there are
different decision-makers in the market, and they act according to their own needs which often
have different goals but are proportional to the decision of others. Suppose, in the simplest state,
there are only two decision makers. So this model models a two-level hierarchy simultaneously,
one of them independently managing the market and the other one acting independently (fol-
lower). In such games, the first player plays a leading role, and the second player follows the first
player. In such games, the follower player observes the move of the leader player and then
moves accordingly. Therefore, the best move of the second player is the same move that the
Stackelberg balance predicts. A leader can dictate his objectives to the market, but has to wait
for the consequences of this decision. The decision of customer determines the profits of the
leader.

4.2 Mathematical modeling
Model assumptions are as follows:

e the capacity of all facilities in forward and backward flows is constrained and constant,

¢ the costs of transportation, purchase, renovation and workstations are definite and pre-
identified,

o the rates of collection, disposal, and separation of parts are pre-identified and the amount
of renovation is a certain percentage of customer demand and other parameters,

o all workstations can perform operations at the same cost,

e each product is completely separated.

Index
i  Suppliers p Index of scenario
j  Assembly centers ¢ Index of parts
k Retailers g Index of products
[ Consumers s Workstations for separation of parts
m  Collection centers t Index of separation operation
r Renovation centers a Index of nodes
d Separation centers
Parameters
d;j Distance between supplier i and assembly center j
d; Distance between assembly center j and retailer k

Advances in Production Engineering & Management 15(2) 2020 237



Babaeinesami, Tohidi, Seyedaliakbar

dkl
dlm
Ay

dmd
drk
ddj
dg
Agcip
bgip
Cakp
Ugip
€gmp
f grp
ggcdp
tc

Sgci
Wyr
CCqim
pcgcd
T'f glm
wdcg,

Wtime
Variables

chi}'p
Ygjkp
Wgkip
Agimp

bg mrp

Sgmdp
Egrip
Zgcdjp

Fngp

Tgcap

CTap
M tsdp

Ltdp
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Distance between retailer k and consumer /

Distance between consumer / and collection center m

Distance between collection center m and renovation center r
Distance between collection center m and separation center d
Distance between renovation center r and retailer k

Distance between separation center d and assembly center j
Distance between separation center d and disposal center
Capacity of supplier i for part c of product g in scenario p

Capacity of assembly center j for product g in scenario p

Capacity of retailer k for product g in scenario p

Demand of consumer [ for product g in scenario p

Capacity of collection center m for product g in scenario p
Capacity of renovation center r for product g in scenario p
Capacity of separation center d for part c of product g in scenario p
Transportation cost

Purchase cost of part c of product g from supplier i

Cost of renovation for product g at center r

Cost of collection for product g from consumer [ to center m

Cost of separation for part c of product g at center d

Cost of refund to customer [ for product g to collect to center m
Cost of disposal for part c of product g

Fixed cost of workstation

Number of parts c in product g

Maximum percentage of collected products

Minimum percentage of collected products

Percentage of the product sent from collection centers to renovation centers
Percentage of parts sent from separation centers to assembly centers
Set of artificial nodes on chart of separation operation

Set of natural nodes on chart of separation operation

Time of separation operation t

Maximum number of workstations in separation center d in scenario p
Working time

Amount of part ¢ of product g sent from supplier i to assembly center j in scenario p
Amount of product g sent from assembly center j to retailer k in scenario p

Amount of product g sent from retailer k to consumer [ in scenario p

Amount of product g sent from consumer [ to collection center m in scenario p
Amount of product g sent from collection center m to renovation center r in scenario

p
Amount of product g sent from collection center m to separation center d in scenario

p
Amount of product g sent from renovation center r to retailer / in scenario p

Amount of part ¢ of product g sent from separation center d to assembly center j in
scenario p

Amount of part c of product g disposed from separation center d in scenario p
amount of part c obtained from the separation of product g at separation center d
Cycle time of separation center d in scenario p

1, If the separation operation t is allocated to workstation s at separation center d in
scenario p; otherwise 0

If the separation operation t is done at separation center d in scenario p.
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Model of the first player

Objective Eq. 1 is the minimization of transportation costs between all facilities of closed-loop
supply chain and the cost of purchasing parts from the supplier. Constraint Eq. 2 shows that the
total amount of purchased parts from suppliers can’t exceed their capacity in each scenario.
Constraint Eq. 3 states that the production amount of finished products should not exceed the
production capacity of the assembly center in each scenario. Constraint Eq. 4 ensures that the
amount of products distributed by the retailer to the consumer can’t exceed the distribution
capacity of retailer. Constraint Eq. 5 ensures that the demand of all consumers is satisfied. Con-
straint Eq. 6 ensures that the amount of parts purchased from the supplier and the amount sent
from the separation center to the assembly center is equal to the amount of product that was
made at the center assembly of these parts and sent to the retailer.

Model of the second player

2= 5 by 43 S5 S

geEG meM leL peP gEG MEM TER pEP
#2222 Somipdmat ), ) ) o
gEG mEM deD peP JEG KEK TER pEP
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gEG mEM TER pEP g€EG meM leEL peP
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gEG meM leL peP gEG ceC deD peP
DWIITALE
SES dED peEP
z gmrp T Zngdp < €gmp VgeGmeM,p€eP (8)
T€ER deD
Z Egrip < fgrp VgeEGreRpEP 9
keK
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Objective function Eq. 7 is to minimize transportation between supply chain facilities, renova-
tion costs of collected products, refund costs to the customer for the collection of products, costs
of product collection and the cost of disposal of parts.

Constraint Eq. 8 indicates that the amount of products sent from the collection center to the
renovation center can’t exceed the capacity of the collection center. Constraint Eq. 9 indicates
that the amount of products sent to the retailer from the renovation center can’t exceed the ca-
pacity of the renovation center. Constraint Eq. 10 shows that the amount of parts sent from the
separation center to the assembly and disposal center can’t exceed the capacity of the separation
center. Constraint Eq. 11 shows that the amount of products sent from the assembly center and
the amount sent from the renovation center to the retailer is equal to the amount sent from the
retailer to the consumer. Constraint Eq. 12 ensures that the amount of products collected from
consumers should be between minimum and maximum of collection rates. Constraint Eq. 13
ensures that y percent of the products collected from consumers is equal to the amount of prod-
ucts sent from the collection center to the renovation center. Constraint Eq. 14 ensures that the
amount of products that is renovated in the renovation center is equal to the amount sent to the
retailer from that center. Constraint Eq. 15 ensures that the remaining amount of the collected
products is sent to the separation centers. Constraint Eq. 16 ensures that the amount of parts
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that is obtained at the separation center and in unusual conditions is equal to the amount dis-
posed. Constraint Eq. 17 ensures that the remaining amount of parts in the separation center in
the usable conditions is equal to the amount sent from the separation center to the assembly
center. Constraints Eq. 18 and Eq. 19 ensure that exactly one branch of the part separation graph
is selected in each period. Constraint Eq. 20 ensures that each separation operation is exactly
assigned to one of the work stations. Constraint Eq. 21 ensures that the time spent on each
workstation should not be longer than the cycle time; the cycle time is obtained from dividing
the working time into the amount of the separated parts. Constraint Eq. 22 implements the non-
negativity constraint on decision variables. Constraint Eq. 23 shows binary variables.

4.3 Competition mechanism of players as Stackelberg game

Realization of information security among supply chain components has always been one of the
concerns of supply chain players. Each member of the supply chain is trying to minimize their
costs, but none of them are willing to inform other supply chain members of their objective func-
tions and amount of cost minimization. So in this study, using a Stackelberg game, a game is de-
signed to cover these objectives. This game consists of two players: the first player includes:
Suppliers, assembly centers, retailers and customers, and the second player includes collection
centers, renovation centers, separation centers and disposal centers. The payoff of each actor is
minimizing their own objectives, and the objective of the game is the unawareness of the mem-
bers of the chain from the objectives of other members (information security). Also due to the
inherent uncertainty of the mentioned problem, the parameters and decision variables are con-
sidered as scenario-based. Therefore, the uncertainty used in this paper is scenario-based. The
scenarios considered in this study include three scenarios:

e market recession,
e normal market conditions,
e market boom.

Table 2 shows design of scenarios:

Table 2 Design of scenarios

Scenario Scenario description Demand
Scenariol market recession Up to 2000
Scenario?2 normal market Up to 1000
Scenario3 market boom Up to 500

So the designed game mechanism is as shown in Fig. 2.

Generate initial Calculate
solution (First «‘—-l decision
player) variables

If demand
satisfied?

rcncrac initial
solution
(Second
layer

Calculate
objective es
function

If Z(gedjp) <0

r <
<

es

Fig. 2 Designed game mechanism
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In order to implement the game mechanism, first, the first model (first player model) will be
solved then the value of the variable ag;,;,, will be calculated. This value will enter into the sec-
ond model, and then the model of the second player will be solved. If the value of z;.,;, is nega-
tive, the solving mechanism is complete; otherwise the decision variables of the second model
will be solved and if the demand is satisfied, the model is complete; otherwise, the first model
will be solved again to satisfy the demand.

5. Results and discussion
5.1 Case study

Simachob company, the largest and only Iranian company in the field of wood industry, is locat-
ed on an area of 50,000 square meters using the most advanced machinery, the most experi-
enced specialists, employing 320 skilled workers, more than 30 contracting companies, having
over half a century of experience in the field of designing and producing various types of park
furniture (benches, trash cans and gazebos), park fitness equipment, polyethylene play tools for
children, park granule flooring and equipping parks, passages and streets. This company has been
investigated for the case study. The factory has 5 suppliers, 3 assembly centers, 6 retailers, 4
collection centers, 3 separation centers, 3 products, 3 renovation centers and 5 major customers.

Below are some of the parameters of the first model.

Table 3 shows the distance between the collection center m and the separation center d. The
distances are in meters. For example, the distance between the collection center 3 and the sepa-
ration center 2 is 8700 meters.

Table 4 shows the demand for the product from customers in different scenarios. As can be
seen, the first scenario is market boom, the second scenario is normal conditions and the third
scenario is market recession. Thus, according to the following table, the amount of demand for
the first product in the third scenario for the fourth customer is 80 units.

Also, some of the parameters of the second model are as follows. For example, the capacity of
the renovation center for the product g in the scenario p is given in Table 5. For example, the
second product's capacity in the third scenario at the third renovation center is 800 units.

Also, each of the products of this factory consists of three separate parts. Therefore, the cost
of disposing part c of product g is shown in Table 6. It should be noted that the costs mentioned
are in dollars. For example, the cost of disposing the part 3 of the second product is $ 32.

Table 3 Distance between the collection center and the separation center

d 1 2 3 4
m
1 2500 6200 1000 4600
2 4100 2600 8700 9600
3 14200 9500 4800 6900
Table 4 Demand for each product by customers in each scenario

1 11 12 13 14 15
g.p
glpl 950 860 900 790 880
gl.p2 550 420 450 350 510
g1.p3 120 200 90 80 150
g2.pl 650 710 600 750 790
g2.p2 500 480 530 480 450
g2.p3 230 200 250 300 220
g3.p1 500 550 600 580 560
g3.p2 220 250 260 300 200
g3.p3 100 150 90 120 110
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Table 5 The capacity of the renovation center for the product in each scenario

1 rl r2 r3
g.p
glpl 1500 1500 1500
gl.p2 1000 1000 1000
gl.p3 800 800 800
g2.pl 1300 1300 1300
g2.p2 900 900 900
g2.p3 800 800 800
g3.pl 1800 1800 1800
g3.p2 1200 1200 1200
g3.p3 900 900 900

Table 6 Disposal cost for each part of the product

c cl c2 c3
g
gl 8 15 23
g2 12 5 32
g3 11 9 30

5.2 Computational results

The problem is solved using the GAMS 24 software. Fig. 3 shows the results of the model's solu-
tion in various iterations. As can be seen, in the base model (first model), the amount of costs
decreases with increasing the number of iterations. Also, by increasing the number of iterations,
the cost of the second model gradually increases, and this trend continues until the costs are
almost constant. The reason for the increase in costs in the second model is model’s attempt to
satisfy demand. In the solution approach, at first, the first model declares the amount of demand
to the second model, and since the second model is not able to satisfy demand at first; it there-
fore tries to satisfy the demand as much as possible. And otherwise it will satisfy the rest of the
demand in the next period.

Table 7 shows the amount of products sent from the assembly center to the retailer in each
scenario. For example, the amount of products type 1 sent from the second assembly center to
the fifth retailer in the first scenario is 628 units. Also, the amount of products type 2 sent from
the first assembly center to the sixth retailer in the third scenario is 213 units. Moreover, the
analysis of scenarios shows that the amount of products sent in the market boom scenario is
much more than the other scenarios.

Fig. 4 shows the comparison of different scenarios in terms of the objective function. As pre-
viously mentioned, there are three scenarios including boom, normal conditions and recession
in this study. As shown in Fig. 1, scenario 1 (market boom) has higher trend value of the objec-
tive function than other scenarios. Also, as expected, the second project is in balance and the
objective function in this scenario is in intermediary state. Finally, in the third scenario, which is
recession in the market, the objective function has its lowest value compared to the rest of the
scenarios. It is natural that, when the market is in recession, the values of objective functions are
less than the boom state, since in the event of recession, transportation costs and other costs are
greatly reduced.

1E+09

800000000
i = First model cost
8 600000000 -
3
© 400000000 Second model

200000000

V4 — Total Cost
0 — —

1234567389
Iteration

Fig. 3 Results of model solution for different iterations
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Table 7 The amount of products sent from the assembly center to the retailer in each scenario

gjk p=1 p=2 p=3
glj2.kl 669 371 -
gl,j3.k2 686 368 142
gl,j3.k3 - 323 -
gl,j2.k5 628 - 102
g1,j3.k5 632 - 213
g2.j1.k5 - 323 247
g2.j1.k6 616 - 213
g2.,j2.k1 684 - 104
g2.j2.k2 665 339 247
g2.j2.k3 700 322 -
g2.j2.k4 - 382 119
g2.j2.k6 - 338 119
g2.j3.k2 608 - -
g2.j3.k3 644 302 -
g3.j3.k3 - 301 177
g3.j1.k4 696 - 193
g3.j1.k6 652 363 -
g3.j2.k1 699 321 138
g3.j2.k2 - 333 238
g3.j2.k4 655 - 187
g3.,j3.k1 617 331 -
g3.j3.k4 - 302 105
g3.j3.k5 607 - 231

Scenariol

Scenario3

Fig. 4 Comparison of the costs of different scenarios

Sensitivity analysis of mathematical models shows the sensitivity and importance of effective
parameters on objective functions and model variables. Here, the effects of changes in demand
are examined in two models. As can be seen, with demand increasing, the costs of the first and
second models and the total model will increase. According to Fig. 5, a 30 % reduction in de-
mand will result in a cost of 12490000 for the first model and a cost of 29319900 for the second
model. An increase of 10 % in demand will lead to an increase in the costs of the first model to
23711000 and an increase in the second model to 34420000. Eventually, an increase in demand
up to 30 percent will result in an increase in total costs to 58131000.

Fig. 6 shows the effect of disposal costs on the two models. As can be seen, with the in-crease
in disposal costs, the costs of the first and second models and the total model will increase. Ac-
cording to Fig. 4, a 30 % reduction in disposal costs will result in a cost of 31150000 for the sec-
ond model and a cost of 10374000 for the first model. Also, a 10 % increase in the disposal costs
will lead to an increase in the cost of the first model to 18711000 and an increase in the second
model to 38950000. Eventually, the increase in the disposal costs up to 30 % will lead to an in-
crease in the costs of the first and second models to 21415000 and 45105000 respectively.
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Fig. 5 Sensitivity analysis of the amount of demand Fig. 6 The effect of disposal costs on two models

The reason for the increase in costs in the second model is the attempt to satisfy demand. In the
solution approach, at first, the first model declares demand to the second model; and since the
second model is not able to satisfy demand at first, it tries to solve the model with more itera-
tions which increases the amount of costs.

6. Conclusion

Reverse logistics management and closed-loop supply chains are of the important and vital as-
pects of every business and ensure the production, service distribution, and support of every
kind of products. In today’s business market, which the life cycle of products shortens every day,
product return policies are defined with quick response times and customer service and more
emphasis on return management, renovation and re-storage of the finished products. New gov-
ernment laws and green laws that associate with to return and removal of materials also need
high-level logistics managers and supply chain processors to concentrate more on the reverse
logistics process and the closed-loop supply chain. This survey is the development of a mixed
integer mathematical model for solving the problem of designing a multi-product chain network
and balancing the separation line of parts in a closed-loop supply chain. This model is responsive
to the market demand for finished products and parts simultaneously and minimizes transporta-
tion costs in forward and backward chains, product purchase costs in the assembly section, the
costs of renovating the products, and fixed cost of workstations for separation of parts. Accord-
ing to the importance of the information, a Stackelberg game including two models is presented.
The case study of this research is Simachob, which has 5 suppliers, 3 assembly centers, 6 retail-
ers, 4 collection centers, 3 separation centers, 3 products, 3 renovation centers and 5 major cus-
tomers. So the amount of problem variables has been computed. For example, the amount of
products type 1 sent from the second assembly center to the fifth retailer in the first scenario is
628 units. Also, the amount of products type 2 sent from the first assembly center to the sixth
retailer in the third scenario is 213 units. Sensitivity analysis results indicate that a 30 % reduc-
tion in demand will result in a cost of 12490000 for the first model and a cost of 29319900 for
the second model. An increase of 10 % in demand will lead to an increase in the costs of the first
model to 23711000 and an increase in the second model to 34420000. Eventually, an increase in
demand up to 30 percent will result in an increase in total costs to 58131000. One of the con-
straints of this research is the lack of access to accurate cost information. The following are also
suggested for future studies:

o Considering other types of uncertainty for example stochastic or fuzzy.

e Considering other games in the closed-loop supply chain, for example Nash equilibrium.

e Solving closed-loop supply chain problem using meta-heuristic approaches such as ant
colony algorithm and genetic algorithms.

o Considering the failure rate in disposal centers and separation centers.
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