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ABSTRACT

ARTICLE INFO

Manufacturing costs are reduced significantly with the integrated optimiza-
tion of preventive maintenance and quality control. In this paper, a new mixed
integer non-linear programming model is presented. This model determines
the optimal preventive maintenance interval and the optimal parameters of
the (X) control chart, including the sampling interval and the sample size and
the control limit. The production system is considered in the form of a contin-
uous time Markov chain. Formulation of the production process of a machine
in the form of a continuous time Markov chain is a breakthrough in the inte-
grated modeling of repair and quality. The goal is to reduce costs per unit
time. It is assumed that preventive maintenance can be carried out at several
levels either perfect or imperfect. The duration of corrective and preventive
maintenance is not negligible. Considering the length of time for maintenance,
this model is closer to the real production environment. A numerical example
is used to illustrate this new model. Sensitivity analysis was performed to
determine the effect of the model parameters on optimal decisions. This anal-
ysis further shows the relationship between preventive maintenance and
statistical quality control as well as the performance of the new model.
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1. Introduction

The performance of a production system essentially depends on the performance of the floor of
the workshop. The operating policies of the floor of the workshop include maintenance schedul-
ing, quality control and production scheduling. These three aspects of operational planning are
mutually reinforcing. Therefore, their integrated optimization considerably improves the per-
formance of the system [1].

Production planning, quality and maintenance are the main elements of a production system.
Many researchers believe that models that optimize each of these elements independently do
not provide an optimal global solution for the whole production system. Accordingly, the litera-
ture has grown in the field of integrated models [2].

Pandey et al. [3] review articles that optimize quality and maintenances simultaneously.
Hadidi et al. [2] referred to the list of articles that optimize integrated the maintenances and
quality control.

Pandey et al. [4] present an article on simultaneous optimization of maintenance planning,
quality control and production planning. In this study, a model was first developed to integrate
maintenance planning and decision-making related to quality control of the process. Then, with
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attention to the preventive maintenance interval, the sequence of production batches with min-
imization of the production schedule delay was performed.

In another paper, Pandey et al. [5] present an integrated model for optimizing the preventive
maintenance interval and control chart parameters using the Taguchi loss function.

Liu et al. [6] consider a X control chart for a two-unit production system that operates in se-
ries. This system is described using the continuous time Markov chain. In this paper, it is as-
sumed that the system is controlled by a X control chart to avoid cost of failure and an optimiza-
tion model has been developed to obtain optimal control chart parameters for minimizing
maintenance costs. When the control chart gives an out-of-control signal, a complete inspection
is performed if this inspection indicates the partial failure of each system unit, it should immedi-
ately be replaced as a part of preventive maintenance, and if the system stops, that is, a unit of
the system is in a state of failure. In this paper, the length of maintenance is considered negligi-
ble. Xiang [7] provide an article on determining the optimal parameters of the X control chart
and preventive maintenance in the form of a discrete time Markov chain. In this model, the
length of time for preventive and corrective maintenance is negligible.

Zhang et al. [8] integrated a X control chart with a repair plan. This paper proposes a delayed
maintenance policy. This policy takes a delay time to detect after an alarm from the control
chart.

Yin et al. [9] provide an integrated model for statistical quality control and maintenance deci-
sions based on a delay control policy. This mathematical model is solved to minimize the ex-
pected cost.

Tambe and Kulkarni [1] have provided an article to optimize the maintenance and quality
program with the constraint on schedule, availability, and repair time and detection time for a
single-machine production system and a Simulated Annealing algorithm and a Genetic algorithm
are used to solve the model. Bouslah et al. [10] propose an integrated production, preventive
maintenance, and quality control system for a production system, which is subject to deteriora-
tion in quality and reliability. The main objective of this study is to optimize the production, in-
ventory level, parameters of the sampling plan and the overall repair level, minimizing the total
cost imposed simultaneously. Tambe and Kulkarni [11] have presented an approach to integrate
planning of repairs, quality control and production planning. The purpose of this study is to ex-
amine the benefits of the integration of these three issues with regard to the overall expected
cost of the system. Lu et al. [12] presented an integrated model in which the process improve-
ment with PM decisions in a single-machine production system was performed simultaneously.

Nourelfath et al. [13] optimize production, maintenance and quality policies for a complete
process in a multi-period multi-product production system with limited production size.
Shrivastava et al. [14] presented an integrated model for optimizing preventive maintenance
and quality control policies with CUSUM chart. Zhong et al. [15] provide an integrated model for
optimizing control chart parameters and maintenance times in the supply chain.

Ardakan et al. [16] presented a hybrid model for combining control charts and preventive
maintenance (PM) systems to quickly diagnose out-of-control modes and this model reduces
system control costs. In this paper a multivariate control chart (MEWMA) is used to control pro-
cess changes. Khrueasom and Pongpullponsak [17] provide an integrated model for determining
the parameters of the control charts of EWMA and Kolmogorov-Smirnov, with regard to repair
management. Salmasnia et al. [18] provide an integrated model for determining the size of eco-
nomic production, statistical process control, and repair, in a system, with a number of reasona-
ble causes for failure and Particle Mass Optimization algorithms are used to minimize the total
cost expected for each production cycle, according to the limitations of statistical quality. Zhong
and Ma [19] provide an integrated model for statistical process control and maintenance. This
paper optimizes Shewhart individual-residual (Z, — Z,) control chart and repair parameters for
two-step dependent processes, with the goal of minimizing the total cost of repair, inspection
and quality.

In an article, Beheshti Fakher et al. [20] propose integrated production planning, incomplete
repairs and process inspection in a multi-machine system. Rasay et al. [21] presented an inte-
grated model that coordinates the decisions on designing the chi-square chart and the planning

6 Advances in Production Engineering & Management 14(1) 2019
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of maintenance, and an independent maintenance model is also presented for assessing the inte-
grated model, and the performance of these two the model is compared with each other.

The purpose of this paper is to consider a mixed integer nonlinear programming model for
simultaneous optimization of preventive maintenance and quality policies in a jobshop system
in the form of a continuous time Markov chain. In this model, the process has an in control state
and several out of control modes which are invisible. In out of control states, the percentage of
manufactured parts is inconsistent. The failure mode is directly visible and detected immediate-
ly. Preventive maintenance is carried out at several levels, which can be perfect such that the
process is turned into a state of in control or can be performed imperfect, in which case the pro-
cess is converted with a probability to a state that is not worse before, but corrective mainte-
nance is perfect and the process is then turned into a state of in control. Different modes of ma-
chine and sampling and various levels of preventive maintenance and corrective maintenance
and false alarm are considered as nodes of a continuous time Markov chain.

It is assumed that the duration of stay in various machine modes and the various levels of
preventive maintenance and corrective maintenance and inspection for false alarm is an expo-
nential random variable. However, the duration of stay in different modes of the machine until
entering sampling mode and the duration of stay in sampling mode is a hyper exponential ran-
dom variable. This model determines the optimal preventive maintenance interval and X control
chart parameters for each machine at the time of production of each product, so that the cost per
unit time is minimized.

This paper is close to article [7]. In that paper, a discrete-time Markov chain is proposed for
the integrated optimization of X control chart and preventive maintenance. In [7], the length of
time for preventive and corrective maintenance is negligible and, as stated in the article itself,
such a hypothesis is not feasible in practical situations. In the present study, the length of time
for corrective and preventive maintenance is considered, so that the proposed model is closer to
the reality of production systems. According to review articles by Pandey et al. [3] and Hadidi et
al. [2], as well as reviewing the literature presented in this paper and the search, the following
points can be cited as the innovation of this research. (1) All process modes including in control
mode and out-of-control modes, and sampling mode and preventive maintenance at various
levels, and corrective maintenance and inspection for false alarm, are considered as a continu-
ous time Markov chain. (2) The duration of preventive and corrective repairs is not zero and the
duration of their execution is exponential random variable.

The rest of the article is presented as follows. Section 2 describes the problem and provides
an integrated planning model for preventive maintenance and X control chart. In section 3, a
numerical example is solved and sensitivity analysis is performed. In the end, section 4 will pre-
sent a summary of the paper and conclusions and future suggestions.

2. Description of proposed non-linear model

A jobshop system is considered. In this system, several machines work in series at the stations.
In order for the production line machines to work together on balance, at some workstations
several machines work in parallel to provide a specific production rate. The failure of each of the
machines reduces a certain percentage of line production. A component of each machine is consid-
ered as one piece that must be preventive maintenance done on it. The length of time until the
failure of each machine follows exponential distribution. Two failure modes are considered for
each machine. The first one is that the machine breaks down, and the production of the same
moment stops, and the machine cannot continue to work. The second is that machine failure can
reduce the process quality of the machine, which is due to a change in the average of the process.
Therefore, the cost of a breakdown of the first mode includes the cost of stopping the line, the
cost of repair work and the fixed cost of repair and the cost of set up. The second failure mode
affects the product in terms of quality and increases the production rate of the defective product
until the failure has been discovered and the production is stopped, so the cost of defect product
includes quality costs.

Advances in Production Engineering & Management 14(1) 2019 7
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In this paper, it is assumed that the quality of each process can be assessed by measuring a
qualitative key characteristic of the output of that process. It is also assumed that this qualitative
characteristic is a random variable with a certain mean and standard deviation. When the pro-
cess is in control, the average of this variable is within the control limit. This average can be out
of limit due to machine failure or some other external causes such as environmental effects, op-
erator error, use the wrong tool, etc. After this happens, the process is considered out of control.
In this case, it is assumed that the inspection of the machine is carried out without stopping the
process and the cause of the failure is determined. If the cause is due to machine failure, the ma-
chine will be stopped and repairs will be done.

From the above, it is obvious that machine failure and repair affects the quality of the process.
Therefore, the optimization of preventive maintenance and the economic design of the control
chart should be carried out simultaneously. The operation of each machine on each product is
considered as a process. For each process, a controlled state (mode 1) and several (f — 1) modes
out of the control i = 2,3,.., f — 1 are considered. Mode f is a failure mode. A X control chart is
used to evaluate and control the process. The distribution of the qualitative feature of the pro-
cess is supposed to follow the normal distribution. When the process is in control, the mean of
the process is i = g and the standard deviation of the process is o = gy,

The occurrence of the assignable cause causes the change in the mean of the process, but the
process variance does not change. In this case y; = py + 6;0 and 2 < i < f. The average of the
process increases as the machine worsens so that 0 < §; < §, < -+ < 67_5.

In this paper, preventive maintenance can be carried out at several levels; either perfect or
imperfect is considered. The imperfect preventive maintenance is defined as the condition of the
machine that is being repaired is not worse than the previous one, but the machine may not be
turned into in control state, but the perfect preventive maintenance turns the machine into in
control state (mode 1). Different modes of the machine (process) include in control mode and
several out of control modes, failure mode and sampling mode, and different levels of preventive
maintenance and corrective maintenance and false alarm. These modes are nodes of a continu-
ous time Markov chain.

We now describe the integrated model of X control chart and preventive maintenance. First,
we introduce sets, indices, parameters, and variables, and then objective function and a set of
constraints are introduced.

Sets:

M Set of machines

P Set of products

I Set of machine states

L Set of preventive maintenance levels
Indicators:

m Machine

p Product

i Machine mode

s Sampling mode

l Preventive maintenance level mode
f Corrective maintenance, failure mode
ins False alarm mode

Parameters:

aisimp The probability of transferring the mode of the machine (process) m during the pro-
duction of the product p from the state i to the state s, so that the mod s is the sampling
mode.

asiymp, The probability of transferring the machine mode (process) m when producing the

product p from the state s to the state i.

8 Advances in Production Engineering & Management 14(1) 2019
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aslynp The probability of transferring the mode of the machine (process) m during the pro-
duction of the product p from s to state [ such that the state [ is a level of preventive
maintenance.

aliyympy The probability of transferring the mode of the machine (process) m during the pro-
duction of the product p from state [ to state i so that the state [ is a level of preventive
maintenance.

Aijijmp Machine arrival rate (process) m when producing product p from i mode to j mode so
that j mode is worse than i.

Aliymp Machine arrival rate (process) m during production of product p from preventive
maintenance of level [ to mode i.

Ains,,, Machine arrival rate (process) m during production of Product p from inspection mode
of false alarm to in control mode.

Afmp Machine arrival rate (process) m during production of product p from failure mode to
in control state.

Osmp  The length of time to check a sample taken from the product p machine (process) m.

Smp The magnitude of quality shift of the process mean of the machine (process) m during
the production of the productp.

Climp  The cost of each unit time when the machine (process) m is in the state of i during the
production of the product p.

Climp ~ The cost of each unit time when the machine (process) m is at the level [ of the preven-
tive maintenance during production of the product p.

cCMyy,  The cost of each unit time when the machine (process) m is in the corrective mainte-
nance mode when producing the product p.

cStopmy, The cost of each unit time of stopping the machine (process) m during the production
of the product p, which is imposed on the production line during both the preventive
maintenance and corrective maintenance, which is, in fact, the cost of losing output per
unit of time.

Cfmp The fixed cost of each sampling of the machine (process) m during the production of
the product p.

CUmp The variable cost of each sampling unit of the machine (process) m during the produc-
tion of the product p.

cinsy, The cost of each unit of time for inspection of the machine (process) m during the pro-
duction of the product p due to the false alarm.

Variables:

Umyp Type 1 error for machine (process) m when producing product p.

Tiymp  The percentage of production time that the machine (process) m is in state i when pro-
duces the product p.

Ttlymp  The percentage of production time that the machine (process) m during production of
the product p is in the level of [ preventive maintenance.

Tfmp The percentage of production time that the machine (process) m is in the corrective
maintenance mode when producing the product p.

TiNSy,, The percentage of production time that machine (process) m is in the inspection mode
for false alarm when production of product p.

TSmp  The percentage of production time that the machine (process) m is in sampling mode
when production of product p.

AMSyym  The machine arrival rate (Process) m from operating modes i (machine modes) to
sampling mode s when producing product p.

Nnp The number of samples taken from the machine (process) m during the production of
the product p at each sampling time.

kmp The amount of standard deviations allowed for the machine (process) m during the

production of the product p at each sampling time.

Advances in Production Engineering & Management 14(1) 2019 9
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Bmp The probability of the second type of machine error (process) m during the production
of the product p at each sampling time.

hmp The sampling interval of the machine (process) m at during the production of the prod-
uct p.

Tmp The preventive maintenance interval of the machine (process) m at the time of produc-

tion of the product p.

The objective function is of cost type, therefore, should be minimized.

p f-1 M P P
MinZ = Z Z Z ClimpTiimp + Z z CStOPmpTfimp + z 2 CStOPmpTlimp
=1p=1i= m=1p=1 m=1p=11=1
M P L M P M P
+ Z Z z ClimpTlimp + 2 Z CCMypp T frnp + CiNSypy TINS (1)
m=1p=11=1 m=1p=1 m=1p=1
p
Z CfmpTSmp + Z Z CUmpNimpTSmp
m=1p=1 m=1p=

Constraints:

Equations of equilibrium are written for each node (state). Eq. 2 is the equilibrium equation
of the node in-control (node one).

L

. . . . 1
Z aliyimp Aliyimp Ty + NSy minsy,, + 2 [((1 - amp)/’USmp) <W>] TSmp
=1 mp'*mp

f (2)

+ A fmp T fmp — Elijijmpniimp —(f = DaisimpAlSyp =0 i=1, vm € M,Vp € P
j=2
Eq. 3 is equilibrium equations for out-of-control nodes other than failure mode.
L 1 j=i-1
2 alilimpllilimpnllmp + 2asiiyy [(Bmp/USmp) + (W)] TSmp + z Aijjimpﬂijmp
=1 mpTmp j=1 [3)
f
= > Ay iy = (F = Dais, Sy =0 i=2,..,f =1, ¥meMVpeP
j=i+1
Eq. 4 is equilibrium equation for failure node (corrective maintenance).
-1
Z Aijiimp iy — Ay Tfop =0 j=f, Vm€M,Vp€P (4)
i=1
Eq. 5 is equilibrium equation for sampling node.
f-1 1
F -1 Z S p AL Sy T — 2 [((1 — Gl )y ) + <W>] TSy — 2 [(am,,/usmp)

i=1

i=f-1
1 1
- - _ 5
+<95mpn )] RSy — 2 Z Sy [(ﬁmpusmp)+< Bsmpnm)] TS (5)

mp i=2
L
1
7 z(asllmp) [((1 — Bap)M S ) + <W>] TSmp =0 VM EM, Vp€P
=1 mpmp
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Eq. 6 is equilibrium equation for nodes of various levels of preventive maintenance.
f-1
>] TSy — Z Alijimp Alijimp Ty = 0 (6)

i=1

1

2(aslmp) [((1 - ﬁmp)MSmp) + <—

OSmpNimp
vmeM, Vp EP, lel

Eq. 7 is equilibrium equation for inspection node (false alarm).

1
2 [(ampAISmp) + <—95mpnmp )

Eq. 8 calculates the sampling interval.

TSmp — AINSypTiNSyy, =0 VMEM, VpEP (7

hmp = /U;mp Ym € M, VpeP (8)
Eq. 9 calculates the preventive maintenance interval.
1 1
Tmp = ((1 — ﬁmp)(MSmp) ) + (—gmpnm) VmeM, VpeP 9)

Now, Eg. 10, which is necessary to obtain the percentage of process time remaining in each of
the modes.

f-1 L

Z Tiimp + ) Tlimp + Tfipp + TSy + TSy, =1 VmMEM, VpEP (10)
i=1 =1

Eq. 11 calculates the probability of type I error.
Amp = 2¢(—kpmp) VYmMEM, VpeP (11)

¢ (x) is the cumulative distribution function of normal distribution. Eq. 12 calculates the
probability of type Il error.

ﬁmp = ¢(kmp - 6mp ’nmp) - (p(_kmp - 8mp ’nmp) vm e M, VpePrP (12)

It should be noted that the duration of stay in different modes of the machine (process) up to
entering the sampling mode, f — 1 type hyper exponential random variable, is considered. Be-
cause of failure mode, there is no input for sampling mode. The duration until the exit from the
sampling mode is also considered to be a hyper exponential random variable of type 4. Because
after the sampling, the process is detected either in-control or out-of- control, then the probabil-
ity of entering the in control mode is 0.5 and the probability of entering the out-of-control modes
is 0.5. Also, with the probability «, the process enters the false alarm state, and with the proba-
bility B, it is not specified out-of-control of the process, and enters from the sampling mode into
out-of-control modes. In addition, with the probability 1 — a, enters the in-control state and,
with the probability 1 — 8, enters the preventive maintenance state. The duration of stay in each
machine mode (process), as well as the duration of stay in a failure mode, and preventive
maintenance and inspection for false alarm, is an exponential random variable.

3. Results and discussion: Case studies and sensitivity analysis

In order to validate and evaluate the proposed model, a numerical example is presented here,
and then a sensitivity analysis is performed to examine the effect of model parameters on opti-
mal solutions.

Consider a manufacturing system that includes a machine that produces a product by the ma-
chine. The process of controlling the machine is performed by the X control chart. The process of
this machine involves various machine (process) modes and failure mode, which, if the process
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is in a state of failure, corrective maintenance transform the process into a in control state. All
modes of the machine (process) and failure mode, preventive maintenance mode, and sampling
mode and false alarm mode are considered in the form of a continuous time Markov chain. In the
jobshop production system, for each machine and product, a format of the continuous time Mar-
kov chain should be considered and solved. In the numerical example presented, a machine is
considered to produce a product. . The machine has four modes: the in control mode (mode 1),
the out of control modes (mode 2 and 3) and the mode of failure (mode 4). We know that the
process state, in the absence of maintenance, only goes to worse condition. A preventive
maintenance level is considered. The costs, the arrival rates and the probability of transfers and
other assumed parameters, for this example, are presented in Tables 1-4.

To solve the nonlinear model presented in section 2, taking into account the above parame-
ters, a program is written in GAMS software (version 24.9.1). The optimal solution obtained us-
ing the BARON solver is Z* = 94.108, hi; = 134, t{; = 2014, ni, =5, kj; = 2.3. It should be
noted that the unit of time in this example is in minutes.

Sensitivity analysis was performed to observe the effect of model parameters on an optimal
solution. The parameters we are interested in examining their impact are the cost of preventive
maintenance, the cost of corrective maintenance and the magnitude of the changes.

The sensitivity analysis parameters are presented in Table 5. The results of the sensitivity
analysis are summarized in Table 6.

As we see, the change in magnitude §,, affects the value k;;. As §;; increases, k;; also in-
creases. And it is logical that larger process changes necessarily require a larger control limit.

Table 1 The exit rates between each mode (node)

Ajo111 Ajoz11 Atjoz11 Atj1211 Aij1311 Aijz311 Ali1a A1 Ainsyq
0.00025 0.000166 0.000125 0.0002 0.00011 0.000222 0.0222 0.00555 0.05

Table 2 The probability of transition between each mode (node)

aisgiq aisiiq aisyiq asiyqq asizyg asizqy alijoiq aliygqq aliyp1q
0.0001 0.2999 0.7 0.3 0.3 0.4 0.6 0.3 0.1
Table 3 The costs
Cigyg Ciyq Cizgq ccmy, cliyq cfi1 (A48 cinsyy cstopyy
0 100 200 2000 200 20 5 50 1000

Table 4 Other parameters

811 05y
1.5 20

Table 5 Changes ccmy, and clyq; and &, for sensitivity analysis

Different states cemyq cliq1 1)
Statel 1000
State2 4000
State3 100
State4 400
State5 1
State6 3

11

Table 6 Sensitivity analysis results

Different states A hi, 11 nii ki1
Statel 71.220 143 2023 3 1.85
State2 139.748 119 1999 5 2.25
State3 92.610 126 2006 3 1.67
State4 96.983 150 2030 4 2.3
State5 108.999 130 1930 3 1.98
State6 82.409 156 1680 3 2.9

12 Advances in Production Engineering & Management 14(1) 2019



An integrated optimization of quality control chart parameters and preventive maintenance using Markov chain

As shown in Table 6, the cost of preventive maintenance affects both the sampling interval
and the preventive maintenance interval and the sample size. As the cost of preventive mainte-
nance is reduced, the sampling interval and the preventive maintenance interval and the sample
size increases to ensure the performance of the production system.

When the cost of corrective maintenance increases, the sampling interval and the preventive
maintenance interval decreases, but the sample size increases.

From Table 6, we can see that the relationship between the cost changes of model parameters
and the optimal cost derived from the integrated model is not linear. By changing the cost pa-
rameters, the model variables that are related to repair and statistical quality control are
changed so that the total cost of the integrated model is minimized. Therefore, this analysis
shows that a potential cost reduction is done by applying an integrated model for determining
repair and quality control policies. In today's competitive environments, cost reduction plays an
important role in the performance of the production system.

Changing non-cost parameters of the model also affected the optimal cost of the integrated
model. This is also due to changes in the model variables, which simultaneously changed the
variables related to repairs and quality control.

The analysis results show that the change in input parameters affects both the preventive
maintenance policy and the statistical process control policy, and simultaneously optimizes re-
pair and quality control policies by minimizing the total cost of both policies. Moreover, these
results indicate the dependence between these two policies.

4. Conclusion

This paper presents an integrated model for optimizing statistical process control policies (sam-
pling interval, sample size and control limit) and preventive maintenance (the preventive
maintenance interval). The information obtained from the quality control charts was used to
decide on the preventive maintenance interval. The proposed model was modeled in the form of
a continuous time Markov chain, and the model was optimized with the cost-per-unit time scale.

A numerical example is done to clarify the problem, and the sensitivity analysis shows the
dependence between preventive maintenance and statistical process control.

The contribution of this paper was to develop an integrated model to optimize preventive
maintenance policy and statistical process control policy, which was modeled in the form of a
continuous time Markov chain considering the length of time for preventive maintenance and
corrective maintenance. The goal was to reduce costs per unit time.

In this model, the duration of preventive maintenance and duration of corrective mainte-
nance are not zero. Considering the length of time for corrective and preventive maintenance,
this model is consistent with the reality of the production system. In addition, this assumption
makes this model applicable to industrial environments, because in most cases, the duration of
corrective and preventive maintenance is not negligible. This issue has not been considered in
the literature on the integrated consideration of preventive maintenance and quality control of
the process in the form of a Markov chain. This research gap was considered in this article. Ac-
cording to the results and findings of this research, it is possible in future researches to intro-
duce production planning policies in this model. Considering the simultaneous optimization of
production planning, preventive maintenance and statistical quality control is an interesting
topic for future research.
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ABSTRACT

ARTICLE INFO

3D printing or assembly techniques in the micro/nano-world enable produc-
tion of micro-parts for building small machines or structures for biomedicine
applications, such as cultivation of living cells in the field of Tissue Engineer-
ing. Micro-sized assembly requires automated manipulation procedures and
methods for determination of suitable objects for assembly. The latter is pos-
sible by van der Waals force measurement and determination of distance at
the van der Waals peak between two objects in contact. They are dependent
not only on the Hamaker coefficients of the materials in contact and their
geometries, but also on the nano-roughness asperities and crystal structure
asperities of the contact surfaces. A method is presented for measuring van
der Waals® force and determining micro-objects’ (sizes between 10-100 pm)
distances between materials in contact at the van der Waals peak in the pres-
ence of nano-roughness and crystal structure roughness. The proposed model
was validated by experimental lab results between various materials and
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shapes (glass and polystyrene beads, metallic wires).
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1. Introduction

3D printing is becoming an essential part of rapid prototyping in Research and Development
Departments. Today, classic and novel printing technologies enable printing of almost every-
thing that can be designed. Also, the variety of printing materials and composites is increasing
on the market (plastics, imitation wood, metals, etc.), which also makes possible prototyping of
high end industrial products (jet engine blades, high-temperature and high-pressure rocket en-
gine combustion chambers [1], airplane parts, etc.). However, additive manufacturing on a small
scale, such as micro/ nano level 3D printing, presents one of the challenges. Scientists have de-
veloped many different deposition and hardening techniques (electron beam lithography, mul-
tiphoton polymerization, etc.), which enable printing of small objects to a micron level [2]. These
3D printing technologies have in common operating with light sensitive materials, resins, pow-
ders as an additive material which can later be treated for hardening. On the other hand, 3D
printing can also be managed by using micro/nano-objects assembled into a microstructure
layer by layer [3, 4] (micro-machines, gearbox, motor, etc.), or structures with living cells, which
could boost the field of Tissue Engineering.

To be able to assemble given micro-objects into a structure, it is essential to have adequate
equipment and to master the manipulation of material. Automated assembly procedures with
micro/nano-manipulators include sensors to control the assembly process, hence detecting mi-
cro-objects for assembly, which are too small for machine vision applications. Therefore, a
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method is needed to be able to determine if the object for assembly is adequate or not (dust par-
ticle, micro-object not adequate in size or material). In the paper such a method is presented,
where micro-object’ properties are measured by van der Waals force, and distances at van der
Waals peak are determined between materials in contact. Similar measuring methods (atomic
force microscope measurements, X-ray method etc.), are performed very rarely due to the ex-
pensive equipment used, whereas the presented method is quite simple, and gives similar accu-
racy results.

Van der Waals force and distance at van der Waals peak

Even on fine polished solid surfaces of materials (glass or polystyrene microbeads, metal wires,
etc.), asperities are large in comparison with the size of the crystal structure (atoms or mole-
cules) of the solid materials placed in contact. Most materials used in engineering practice have
surface asperities (so-called nano-roughness) greater than few decades of a nano-metre. If two
such solid materials are placed in contact, because of the mentioned asperities, the great areas of
surfaces will be separated by a distance much greater than the molecular range of action [5].
Previously developed models of van der Waals forces [3] for a one-finger gripper, based on the
van der Waals force, demand an accurate calculation of the van der Waals force at the point of
contact. The van der Waals force between two objects in contact is dependent on the geometry
of the objects, their materials (Hamaker coefficients), and the distance between the objects in
contact. This paper focuses on the determination of the distances between objects in contact,
with the presence of nano-roughness asperities and crystal structure asperities on both the con-
tact surfaces (distance at van der Waals peak, Fig. 1). An assembly application of micro struc-
tures from micro/nano-objects [3] demands characterization of material properties, the identifi-
cation and manipulation of micro-objects, and assembly techniques. For identification of the
geometric features of a micro-sized object (size, diameter in the case of spherical or cylindrical
shapes ...), measurements of the van der Waals contact forces are necessary, and demand an
accurate measurement of the surface roughness of the micro-object. Determining the surface
roughness of a micro-object has been proven to be problematic, whereas present methods can
only give an inaccurate estimation or calculation of the roughness and, consequently, the van der
Waals contact force. Three methods exist for measuring or determining the roughness of micro-
sized objects.

The first one, originally described by Rowland and Taylor [6], and later used by Alvarez [7],
calculates the distances at van der Waals peak statistically from the distribution of intermolecu-
lar distances (Fig. 1) between most of the elements in the periodic system against a so-called
oxygen probe. This method is based on the statistical analysis of the intermolecular contacts in
X-ray crystal structures for determining the van der Waals radii. However, with this method,
only the distances at van der Waals peak between the periodic system elements and the oxygen
probe have been determined and published, while the contacts for a variety of other materials
(except sulphur and hydrogen probes) have not yet been studied to the knowledge of the au-
thors of this paper. The second method is the so-called analytical method, first described in
Rumpf [8], and later used as a modified version by various authors [9-12, 14]. For this method,
the square root of the mean square values of the surface roughness is measured with a precise
AFM (Atomic Force Microscope), or by the electron beam evaporation method. The different
models based on this method assume that the asperities are hemispherical caps on a smooth
substrate [8]. Matope et al. [13] have suggested that the adhesion (van der Waals) force on sur-
faces exhibiting asperities should be written as a combination of sphere-sphere and sphere-
plane surface interactions in the form:

AR 1 1
Faan = )
“h " 6 HZ (1 F58Rrms/AZ ' (1+ 182 rms/Hy)? (1)

where A is the Hamaker coefficient, R is the radius of the micro-sized spherical object, Hy is
the contact distance between the surface and the object, rms is the root of mean square values of
the micro-object’s surface roughness, and A is the peak-to-peak distance of the asperities of the
surface roughness of the micro-object. These models calculate the van der Waals force between
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various micro-sized objects (spheres or blunt particles), where the rms of the surface roughness
is measured on only one side of the materials in contact (usually the plane surface), while the
rms of the surface roughness of the probe (sphere) is not measured at all.

Instead, the distance Ho = 2-3 A (1A = 10-10 m) is used between the material and the probe
(sphere). The drawback of this model is that it gives precise results only for Fus, where the
probe has the exact value inside Ho = 2-3 A. Moreover, the difference between F.g, for the case
when Ho = 2 & or 3 A, is more than 40 %. So, this method is quite inaccurate. Of course, this
model is only suitable for calculating the van der Waals force between a plane surface and a
sphere particle. The third method is the so-called computational method, which is in good
agreement with our experiments [14]. The drawback of the third method is its complexity (frac-
tal surfaces, Fourier Transforms), which makes it hard to apply, especially for quick estimations
of the van der Waals force for specific systems.

Our presented method solves all mentioned drawbacks (distances at van der Waals peak are
known only for the elements of the periodic system against an O-probe, the use of only one side
of a surface in contact, the distance Ho = 2-3 A produces huge errors in order to calculate the van
der Waals force, and the complexity of the Eichenlaub’s method). The developed method for
determining the distance at van der Waals peak in the presence of nano-roughness and the crys-
tal structure roughness of contact surfaces, is valid for arbitrary materials (not only pure ele-
ments against an oxygen probe) of micro-sized objects. In addition, it is also suitable for situa-
tions where two objects with different geometries have their own surface roughness. The devel-
oped surface model can also determine the roughness of the materials’ surfaces in contact (dis-
tances at van der Waals peak) between micro-objects with materials 1 and 2, if the previously
determined roughness between micro-objects with materials 1 and 1 and materials 2 and 2 are
known. Moreover, it is simple to use, because its equations rely on only one parameter (distance
at van der Waals peak), which is determined easily from the van der Waals force measurements.
It is not necessary to use an AFM, beam-electron or other expensive microscopes.

The paper structure is as follows. The second section of the paper presents a description of
the method for determining distances at van der Waals peak in the presence of nano-roughness
and crystal structure roughness on contact surfaces. The next section describes the laboratory
set-up and the set of used equations for calculating the van der Waals force of two micro-sized
objects in contact with different geometries, different materials and different roughness of mate-
rials. The third section presents experimental results and analysis, and fourth the conclusion of
the paper.

Van der Waals peak

random

Bonds peak distribution

Number of contacts

Distance between materials in contact

Fig. 1 Scheme for determining the distance between materials in contact at van der Waals peak

2. Materials and methods for surface roughness determination (distance at

van der Waals peak)
The determination of the distance at van der Waals peak demands precise measurements of the
van der Waals force between two objects in contact. We focused on micro-sized objects of differ-

ent shapes: Plane surface, cylinder with a radius of 25 pum, and spheres with a radius of 5-50 pm,
chosen because of their availability on the market, which gives us the following van der Waals
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force measurement pairs: Plane surface-sphere, sphere-sphere, sphere-cylinder and cylinder-
cylinder. The other two possible types of measurements, plane surface-plane surface and cylin-
der-plane surface, are not practical, due to problems with the alignment of both objects. There-
fore, our method is based on four practical geometrical pairs. The laboratory set-up hardware
was designed for 3D movement of both objects against each other.

2.1 Laboratory set-up and materials used in the experiments

The laboratory set-up is shown in Fig. 2a. The nano-precision 3D manipulator system consists of
an optic microscope, a turbo-molecular vacuum pump and a vacuum chamber with nano-
precision 3D manipulator (Fig. 2b) inside. The vacuum can be set as low as 2 pbar. Fig. 2b shows
the nano-precision 3D manipulator mechanism, with x- and y-axes consisting of magnetic linear
incremental encoder sensors that operate as a planar mechanism, and a z-axis with its own line-
ar incremental sensor. Different end-effectors (tools, grippers, etc.) can be mounted on the 3D
manipulator tip at the end of the y-axis. The y-axis is placed on a movable cart that moves along
the x-axis’ linear guide. All three piezo electric motors with sensors are mounted on an alumini-
um block that serves as a vibration-absorber to limit mechanical disturbances from the envi-
ronment. The position accuracy of the robotic tip, along a single axis, is + 3.9 nm in an open loop,
while the position control loop of each axis has an accuracy of + 61 nm. We also used a long dis-
tance focus (21 mm) optical microscope for observations of micro-objects up to 3 um. A more
precise description of the lab set-up can be found in [3, 4, 15].

Different micro-sized objects were used in the experiments: Metal wires, glass (Si0z) and pol-
ystyrene beads, glass surfaces and mica surfaces. The glass beads (radius 25-50 pm and 10-30
um) were purchased from Polysciences, Inc., USA. The polystyrene beads (radius of 30 um) were
purchased from Kisker Biotech GMBH, Germany. The nickel wire (puratronic, radius 25 pm, LOT:
E227008), palladium wire (hard, radius 25 pm, LOT: L15T030), aluminium wire (hard, radius 25
um, LOT: G24Z014), silver wire (Premion, radius 25 pm, LOT: 13467) and gold wire (Premion,
radius 25 pm, LOT: P21A023) were purchased from Alfa Aesar GmbH, Germany. All the metal
wires had 99.99 % trace metals basis. Standard microscope slides (Si0z) were used for the glass
surface plane, purchased from Logitech, UK. The Muscovite mica insulating slides were pur-
chased from EA Elektronika, Slovenia.

vacuum pump pressure measurement
-,

optic microscope

vacuum chamber 8. E
a)

b)
Fig. 2 The nano-precision 3D manipulator system a), and the nano-precision 3D manipulator mechanism b)

2.2 Used methods: Pull-off measurements of the van der Waals force

Small attraction forces, such as the van der Waals forces between micro-sized objects in contact,
are often measured using an AFM microscope. However, the presented pull-off method consisted
of measuring the attraction force using a spring traverse [16]. Fig. 3 shows a schematic diagram
of the four different types of measurements of the van der Waals forces between the geometri-
cally different objects used in our experiments. The attraction force Frr attracts the micro-sized
objects when they have been put into contact. If the lower object is pulled away by the force F
with z-axis (Fig. 3), then the traverse starts to deflect with the distance f. The objects are “at-
tached” together during the deflection due to the attraction force, and the objects in contact keep
this position until the opposite traverse'’s elastic force F becomes equal to the attraction force. At
that moment, the traverse tears away from the lower object towards a position of equilibrium,
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hence, the deflection fis measured. Calculation of the traverse’s deflection force F and inertia I,
[17] for a circular cross-section is presented by Eq. 2:

o _3fEl,  _md* 3fEnd*

, ,=— = Fyg=F=——+— 2
l; z 64 ATR 1%64 ()

where Ir is the length of the traverse, E is its Young’s modulus, and d is its diameter. The meas-
urements of Farg were conducted in a vacuum chamber with pressure lower than 1 mbar to
avoid capillary force effects. The static electric charge on the SiO2 (amorphous) plane surface
was discharged by putting the tip of the traverse into contact with the plane surface for a mo-
ment, thus equalising the electrical charges. Both the traverse and the plane were also grounded
electrically. Consequently, the capillary and electrostatic forces were avoided.

Fig. 4a shows the measurement tool on the robotic tip with a mounted golden traverse and a
glass plane, where the spherical object is glued. Fig. 4b shows the golden traverse touching the
spherical glass object. The traverse and the object in Fig. 4b were observed through a micro-
scope (the diameter of the traverse is 50 um).

glued spherical glued spherical
object to traverse ¢yjindrical traverse (d=50um) objecttotraverse cylindrical traverse (d=50um)
S\ pp— : —
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g § 20

= glued spherical = ~.glued surface

. object to z-axis ° 2-axis plane to z-axis

s I z-axis ‘E I - -

£ - I B ‘ b

=4 —_— = -_—
= o
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‘ force F
force F
a) b)
cylindrical traverse (d=50pm) cylindrical traverse (d=50pm)
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S L BN S aEEE—— = =
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c) d)

Fig. 3 Schematic diagram of the four methods used for measuring attraction forces: a) Between micro-sized spheres,

b) Between micro-sized spheres and the surface plane, c) Between micro-sized spheres and a cylinder and d) Between
two perpendicular cylinders

h M plane for ibjects

a) b)
Fig. 4 Measurement tool a), and zoomed view - traverse touching a spherical object b)

2.3 Proposed model for determining the distance at van der Waals peak

Four models were developed for determining (calculating) the distance at van der Waals peak
from the measured van der Waals force F = Farr (Eq. 2) which are presented next. The models
for determining the distance at van der Waals peak for the following examples: Sphere-sphere
(Fig. 3a), sphere-surface plane (Fig. 3b), and between two perpendicular cylinders (Fig. 3d) are
easy to develop from known analytical equations for the van der Waals force between different
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geometrical objects [18-20]. The equations used for determining the average contact distance d
or the distance at van der Waals peak are as follows:

a) For sphere - sphere geometrical combination:

- ARR, o4 ARR, 3)
"~ (R, + R,)6d2 ~ (R, + R,)6F

b) For sphere - surface plane there is an approximate formula:

AR AR
F=— = d= |—

4
6d? 6F )

) And for two infinite perpendicular cylinders of the same radius, there is again an approximate
formula:

AR AR
c — d= c

=< 5
6d? 6F )

F

where A is the Hamaker coefficient, Ri, Rz, R are the radii of the spheres, R. is the radius of the
cylinder, and F is the van der Waals force in contact (Farr), measured and calculated by Eq. 2. The
situation is far more complex in the case when the distance at van der Waals peak is determined
between a cylinder and a sphere. We found two sources [19, 21] where the authors claimed that
they had developed an analytical expression for the van der Waals force between a sphere and
an infinitive cylinder. Unfortunately, the expression used by Montgomery [19] was proven ex-
perimentally to be incorrect, due to an imprecise use of the Maclaurin series. Ref. [21] showed
promising results when the expression was verified experimentally for the van der Waals force
in contact. We have tried, unsuccessfully, to repeat the analytical development of the final result
of ref. [21]'s complicated expression, which is written as:

AR {(4+ 25 + SDE (%) —s(1+s)K (%)}

24¢5/2R>*52p3/2

c

F = (6)

where p = 14+ 5/2, s = ((d + Rs)? — R?)/(2cRc), c = R. + R+ d, d is the distance between the
sphere and the cylinder, R, is the radius of the cylinder, R; is the radius of the sphere, K and E are
the complete elliptic integrals defined as:

/2
E(z) = f 1 — zsin%0d#, (7
0

/2
K(z) = f 1/4/1 — zsin?6d0. (8)
0

Instead of Eq. 6 [21] we derived our equation (9) for van der Waals force calculation between
an infinite cylinder and a sphere from the same mathematical and physical assumptions. Both
Eq. 6 and Eq. 9 were compared between themselves. We can confirm that the original equation
derived in [21] is correct, because both equations gave the same numerical results for F when
the distance d was used between 0.2 nm to 200 nm. Unfortunately, both Eq. 6 and Eq. 9 are not
completely analytical, because it is not possible to derive analytical equations from them for the

distance d.
Rs+Rc+d
F = AR? f r(c? —r*+R{) i ©)
= T
’ c(-1% + (e = RODV2 (% = (c + RYDV2(r? — R

Re+d

Both equations demand numerical calculation of the complete elliptic integrals or finite inte-
grals. In order to calculate the distance d from the van der Waals force F, the theory of Artificial
Neural Network was used to approximate the nonlinear inverse function of Eq. 6 and Eq. 9. The
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classical backpropagation learning rule was used for a two-layer feedforward neural network,
with one input, one output, ten neurons in a hidden layer, and one neuron in the output layer of
the network. The learned Artificial Neural Network serves as a nonlinear calculator for the dis-
tance d (distance at van der Waals peak) between a sphere and an infinitive cylinder when the
measured van der Waals force F is used, (see Fig. 3c) [22]. The tolerance, between the approxi-
mated and reference value of distance at van der Waals peak, after the Artificial Neural Network
learning phase (150 iterations), was lower than 0.1 % for all the reference values of distance at
van der Waals peak between 0.1 nm to 200 nm. The learning input samples (training vector)
consisted of 100 pairs of distance at van der Waals peak and their corresponding values of the
van der Waals force F. The Artificial Neural Network was learned in only 100 samples of the
training vector. The approximated values of distance at van der Waals peak were also valid and
accurate between the mentioned learning points, due to the generalization between data pairs.

2.4 Determining the distance at van der Waals peak when both interacting objects have roughness

The experiments published in [9-12] studied the nano-roughness, distribution of nano-
roughness asperities and contact distances in the case where the measurement of an SiO; spher-
ical probe roughness was not known, but assumed to be between 2-3 A. Our newly proposed
method takes into account both contact surfaces and their roughness affected by nano-
roughness asperities and the crystal structure roughness of the contact surfaces - mentioned as
the distance at van der Waals peak. Fig. 5 shows the scheme for describing contact surfaces with
nano-roughness asperities and asperities due to the crystal structure of the material. The
scheme in Fig. 5a shows the distance at van der Waals peak due to roughness d;; between two
objects of material 1. Fig. 5b shows the distance at van der Waals peak due to the roughness d,
between two objects of material 2, while Fig. 5¢ presents the distance at van der Waals peak due
to the roughness di2 between two objects of both materials 1 and 2.
The following equation can be stated hypothetically:

dip = %"‘ % = dy1 =2dy5 —dyy; = dyy =2dq; —dyq. (10)

So, if we can determine distances di1 and dz, then we can determine the distance di3, or vice

versa. Therefore, if two distances at van der Waals peak are determined, it is possible to calcu-

late a third one. In the following section, the experimental laboratory measurements are pre-

sented, proving Eq. 10 and the models for calculating the van der Waals force in contact, de-
scribed by Eq. 3, Eq. 4, Eq. 5 and Eq. 9.

material 1 curve of nano-roughness
asperity

asperities due to crystal structure
of material

N

dn

material 2
\ AN
d2z | '
material 2
curve of nano-roughness 3)

asperities due to crystal structure

asperity

of material b)

material 1

diz=dha/2 + dzzl’z[

w material 2 ;

<)
Fig. 5 The scheme of a cross-section of the distance at van der Waals peak due to nano-roughness asperities and the
crystal structure asperities of the material in contact

Advances in Production Engineering & Management 14(1) 2019 21



Bratina, Safari¢, Uran, Safari¢

3. Results and discussion

Three different geometries and several different materials of micro-objects were used in the
experiments, as described in subsections 2.2 and 2.3: Au cylinder, Ag cylinder, Al cylinder, Ni
cylinder, Pd cylinder, polystyrene sphere, SiO; sphere, SiO; plane and a mica plane.

3.1 Measurements

Thirty-two sets of measurements were done between different combinations of materials and
geometries. Every set of measurements was done with twenty repetitions of measurements of
deflection f. After that, the measurements were eliminated which departed heavily from the av-
erage (1-6 measurements out of 20).

The measured van der Waals force Fi, (see Eq. 2) and the corresponding Standard Deviations,
were calculated from the remaining measurements of deflection. Fig. 6 shows the elimination of
the first three measurements of deflection for the measurement between two aluminium cylin-
ders with the same diameter (d = 50 pm). The first three are marked with a diamond, while the
remaining 17 measurements are marked with a star. Fig. 7, left, presents Hamaker coefficients
A1z [z]] between two materials across the vacuum used in measurements and calculations in our
models. We used [23] as a source for the Hamaker coefficients between the metals (Ag, Al, Au,
Ni, Pd) and the sapphire in a vacuum. We used [24] as a source for the Hamaker coefficients of
the polystyrene, SiO; and sapphire in a vacuum, and we used [25] as a source for the Hamaker
coefficient of mica in a vacuum. Eq. 11 was used to calculate all the Hamaker coefficients Ahmadi
[24] presented in Fig. 7, left.

Aqp = \JA11 Az (11)

Fig. 7, right, presents the measured values of van der Waals force F,, [uN] and their Standard
Deviations calculated from the measured deflections. The same Fig. 7, right, also presents the
calculated van der Waals force F, [uN] obtained from the contact model of van der Waals forces
using Eq. 3, Eq. 4, Eq. 5 and Eq. 9 for control check using calculated van der Waals distance d. [A].
The distances at van der Waals peak d,, [A] between different materials and geometrical appear-
ance were determined from Eq. 3 for the sphere-sphere geometrical combination, from Eq. 4 for
the sphere-surface plane geometrical combination, from Eq. 5 for two infinite perpendicular
cylinders with the same radius, and from the neural network for a cylinder-sphere combination.

x 10°

95

gt + * * -
85t 4 -
al + i F o4
. 0T
—_ +*
€75 b 1
&
g 7 " + ]
E e
Eesf 4
E- B
55t © 1
o
5t 4
&
dg Il 1 'l 'l 1 1 1 '
0o 2 4 6 8 10 12 14 16 18 20

Measurement No

Fig. 6 Elimination of the deflection measurements that deviated significantly from the average value in contact be-
tween two aluminium cylinders, both with diameters d = 50 pm

Calculated distances at van der Waals peak d. [A] were cross-calculated with Eq. 10 from de-
termined distances at van der Waals peak di; or dz; or di1. Both distances at van der Waals peak
dn [A] and d. [A] for materials used in the experiment are presented in Fig. 8, left. The absolute
value of percentage deviation |F4| [%] between measured and calculated van der Waals forces Fn,
and F. were compared to validate the models for determining the van der Waals force in con
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tact and presented in Fig. 8, right. So, for example, when material 1 is Ag and material 2 is Ag, the
measured van der Waals force F,, with a value of 5.52 + 0.32 pN was measured (see Fig. 7, right)
using the method described by Eq. 2 and Fig. 3d. Then, the value d,, = di1 = 6.25 A for the Ag-Ag
combination of materials was calculated using Eq. 5 (see Fig. 8, left). The same was done for an
Al-Al combination of materials with the value dn = d22 = 4.62 A, and an Ag-Al combination of
materials with the value dn. = di2 = 5.52 A. After that, using Eq. 10, the value d. = di» = d11/2 +
d22/2 =6.25A /2 + 4.62 A /2 = 5.43 A was calculated. The value d. was used to obtain the calcu-
lated van der Waals force F, = 5.47 pN for the case of the Ag-Al combination of materials, using
Eq. 5 again (see Fig. 8, right). The values F. = 5.47 puN and F,, = 5.35 # 0.57 pN for the Ag-Al com-
bination of materials were compared, and, finally, the absolute value of percentage deviation
between both values F; = 2.6 % was calculated (see Fig. 8, right). With the same method, the
measured and calculated values were cross calculated, and statistical validity was verified for
the proposed method and model. This method used Eq. 3, Eq. 4, Eq. 5 and Eq. 9 for calculating
van der Waals forces in contact.

Finally, the average values d. = di11 were calculated for material combinations where both
materials are the same (Ag-Ag, Al-Al, Au-Au, Ni-Ni, Pd-Pd, Polystyrene-Polystyrene, Si0;-Si0O>).
By using Eq. 10, we calculated all d. = di1 by using all possible combinations of the d,, = di de-
termined values. For example, to calculate the average d. = di1 = 6.24 A (see Fig. 8, left) for the
material combination of Ag-Ag, six determined values of d, = di» material combinations can be
used; Ag-Al (dm=di2=5.52 A), Ag-Au (dn=di;=6.30 A), Ag-Ni (dm=d12=5.36 A), Ag-Pd
(dm=di2 = 6.84 A), Ag-Polystyrene (dn = di» = 4.34 A) and Ag-SiO2 (dn = d1» = 4.81 A). From
the value d. = di1 for the material combination of Ag-Ag, obtained from the material combination
of Ag-Al, we get dc = d11 (of Ag-Ag) = 2dn (of Ag-Al) - di (of Al-Al), as seen in Eq. 10. In this way,
we obtained values d. = d1; for the material combination of Ag-Ag from all five remaining mate-
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d,.d, 10" m)

Pd cylinder

Polystyrene sphere
Material 1 Si0, sphere
Si0, plane

Pdoyinder  praterial 2
Polystyrene sphere
SIDZ sphére
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Fig. 8 Determined dm [A] and calculated d. [A] distances at van der Waals peak and for materials used in the experi-
ment, and Absolute value of percentage deviation |F4 | [%] between Fi, and F.
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rial combinations (Ag-Au, Ag-Ni, Ag-Pd, Ag-Polystyrene, Ag-Si0;). These six values d. = d11 were
averaged to achieve a final validation of the determined and calculated value of d. = d11 = 6.24 A
for the material combination of Ag-Ag.

3.2 Analysis of the results and discussion

The calculated van der Waals force F. corresponded with the measured van der Waals force Fp,
inside the -8.4 % to 12.5 % band. The most inaccurate values are in the column called SiO;
sphere, the highest F; [%] gives the experimental measurements between the SiO, sphere and
the SiO; sphere (12.5 %), and between the SiO; sphere and the Au cylinder (-8.4 %). The reason
for this is that the micro-sized and nano-sized roughness of the SiO, spheres was “huge” in com-
parison with other materials. The asperities of roughness for the SiO, spheres were so big that
the spherical geometry of the SiO, sphere was compromised (see Fig. 9, left). Consequently, the
correct radius of the SiO; sphere was not determined, and this fact produced a relatively huge
error in calculating the distance at van der Waals peak d from the measured van der Waals force.
Fig. 9 shows the micro-sized and nano-sized irregularities on the surface of some of the used
materials in the experiment. We tried to avoid these irregularity problems by repeating the
measurements of the deflection fin various places. Consequently, we had to move the contact
points of measurement by a few micrometres each time. These problems were the source of oc-
casionally scattered data of deflection measurements (Fig. 6), where the first three measure-
ments were eliminated from the set of data used for calculating the average van der Waals force
and its Standard Deviation. The next reason for the mistake was, again, the radii of spheres and
cylinders used in the experiment. They were determined with an accuracy of + 1 um, which can
lead to an error in calculating the van der Waals force up to + 4 %. Another source of errors in
the model of the van der Waals force in contact could be the Hamaker coefficients used in the
experiments. Different sources give different values for the Hamaker coefficients of the used
materials, however, this didn’t increase the relative deviation (Fs [%]), but increased the abso-
lute error of the calculated van der Waals forces and the determined distances at van der Waals
peak.

Of course, distances at van der Waals peak, determined by [7], (da), have to be smaller than
our values di1, di2 and d»;, because he used the crystallographic method to determine these.
Therefore, their measurements were “not spoiled” by asperities of nano-roughness and the
“roughness of the crystal structure” of the materials used in the experiment. Distances at van der
Waals peak determined by our method were always higher than those obtained by Alvarez (dis-
tances at van der Waals peak determined for Ag-O is dag = 5.2 A, for Al-O is da = 4.0 A, for Au-0
is dau= 4.0 A, for Ni-0 is dxi = 4.1 A, for Pd-0 dpa = 4.2 A and for 0-0 is dp= 3.3 4; 0 presents the
oxygen probe, such as SiO, Al;03, etc) from the source [7] just for comparison with our deter-
mined distances at van der Waals peak. The distances at van der Waals peak determined by our
method were always higher than those obtained by Alvarez [7]. There is only one exception,
where the distance at van der Waals peak was determined and calculated between the Ag cylin-
der and the SiO; sphere. We double checked our force measurements, but the determined values
of distances at van der Waals peak were always between 4.8-4.9 A. We believe that in [7] there is
an error in obtaining the distance at van der Waals peak by using the crystallographic method
for the Ag-O measurements, because the author claimed that “Ag-0 has a poorly defined peak and
larger uncertainty in its position”.

Si0: sphere Pd cylinder Ag cylinder

Fig. 9 SEM images of geometrical shapes and roughness of some of the materials used in the experiments
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It can also be confirmed by calculating the van der Waals radius for Ag. This can be seen in
[27, 28], where van der Waals radius for Ag deviates from [7]. However, other data agree on the
majority of other elements of the periodic system. Young’s modulus E in Eq. 2 is also an example
of an error in measuring the van der Waals force in contact using the pull-off method. Young’s
modulus for gold varies between 79-80 GPa, which brings measurement error of up to 1 %. For
the final experiment, we built a one-layer triangle structure (Fig. 10) by using many micro ob-
jects (spheres) scattered on the plane surface. By using the presented method, we were able to
determine the proper size of the micro-objects from Hamaker coefficient, geometry, and dis-
tance at van der Waals peak, prior to manipulation of the objects. If the measured van der Waals
force was not as expected (too small or too big), the object was not suitable to be part of the mi-
crostructure.
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Fig. 10 Scattered micro-objects on the plane (left), and built triangle with cca. 30 pm spheres in diameter

4. Conclusion

The paper presents a method for micro/ nano 3D assembly, where visual information about the
objects is not available. By knowing the material type and geometry, a micro-object’s properties
(e.g. size) can be determined based on van der Waals force measurement and distance at van der
Waals peak determination. We present a new model for determining the distance at van der
Waals peak and, consequently, measuring the van der Waals force in contact between micro-
sized objects, the micro-sized objects being of different materials (metallic wires...), shapes,
nano-sized roughness and crystal structure roughness. We have demonstrated experimentally
that the distance at van der Waals peak determined with our pull-off method determines the
sum of the van der Waals radius, the average impact of nano-sized asperities and the crystal
structure roughness of the materials’ contact surfaces effectively. Our model for measuring the
van der Waals force in contact is more accurate than [13], and easier to use than the methods
previously published in [9-12], because they used more sophisticated methods with more ex-
pensive equipment (AFM, X-ray devices). An important outcome is the experimental confirma-
tion of Eq. 10, where, if the distances at van der Waals peak are determined between one type of
material and a second type of material, we can derive the distance at van der Waals peak for a
mixture of both types of material. Consequently, an accurate value of the van der Waals force can
be calculated for both materials in contact. The drawback of the presented pull-off method for
measuring van der Waals forces in contact is that it is highly sensitive to micro-sized irregulari-
ties, e.g. both, or even only one of the materials in contact, have micro-sized irregularities on
their surface.
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ABSTRACT
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Machining of nickel based alloys is in most of the times affected via high me-
chanical and thermal loads, causing high wear tendency of carbide tools, even
at relatively low cutting speeds. On the other hand, ceramic as a cutting mate-
rial, is more chemically stable and retains its hardness even at higher temper-
atures (> 800 °C) when machining difficult-to-cut materials. Therefore, to
increase productivity, as an alternative to carbide tools, full body ceramic
milling tools are proposed. In this paper, high speed milling process, using full
body ceramic end milling tools, was analysed in parallel to carbide tools. Tool
life of ceramic tools was compared with tool life of more widely used carbide
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1. Introduction

Nowadays, we are increasingly focused on the sustainability of machining processes, trying to
avoid conventional machining where oil based cooling lubrication fluids (0ilCLFs) are used.
Those are increasing manufacturing expenses and are known to be one of the contaminants in
environment, as well are harmful to human’s health. Therefore, significantly cleaner and more
environmentally friendly machining process would be dry machining. However, lack of cooling
and lubricating effect, especially when machining difficult-to-cut materials, can reflect in high
temperatures in the cutting zone, which shorten tool life and decrease productivity. In such cas-
es, one of the options to increase productivity is to use other cooling lubrication techniques, such
as cryogenics [1], or different tool materials, as ceramic, which can withstand higher tempera-
tures then widely used carbide tools.

Ceramic, as a cutting material, appeared relatively early (in 1935, USA), but its use was not
economically justified until the 1960s. Ceramics main advantage is that it is stable even at high
temperatures and in such retains its hardness (high compressive strength), has a good wear
resistance and is chemically stable at elevated temperatures. To manufacture ceramic end mill-
ing tools, sintering manufacturing process is used. The fine-grained powder is pressed under
high pressure and bounded at temperatures between 1200-1800 °C. Properties of the ceramic
tools depend of the composition, the density of the structure, size and distribution of the grain

27



Grguras, Kern, Pusavec

and the sintering temperature. Due to these unique ceramic properties, ceramic tools are mainly
used for machining of difficult-to-cut materials, primarily thinking of titanium and nickel based
alloys that are unable to be machined with carbide tools without 0ilCLFs [2, 3]. An additional
advantage of ceramic tools is that the cutting speed is three to ten times higher as at carbide
tools, which contributes to a higher material removal rate (MRR) and consequently higher
productivity [4]. However, researches [5] marked poor resistance of ceramic tools to dynamic
mechanical stress, as main disadvantage of these tools.

Narutaki et al. [6] were observing tool wear of three different ceramic tools when turning
Inconel 718. They realized, if they use lower cutting speeds (100-300 m/min), best durability
offers ceramic Al,03 with added silicon carbide. If, however, the cutting speed is raised to a 500
m/min, more durable tool turns to be Al,03; with added TiC. They have explained this by diffusiv-
ity tests and temperature measurements. When machining with high cutting speeds, flank face
has reached 1250-1300 °C, while the melting point of the Inconel 718 is 1550 °C. At such high
temperature, diffusion is evident; when using ceramic tool with added SiC, diffusion of nickel
from the workpiece material into the tool occurs. When using Si3N4 ceramics, silicon passes into
Inconel 718 and chromium backwards into the tool. They marked Al,03-TiC tool as most stable
tool in such working conditions. Kitagawa et al. [7] also came to the same conclusion.

Performances of ceramic tools reinforced with SiC, when milling Inconel 718, were re-
searched by Elbestawi et al. [8]. They noticed three types of tool wear: (i) abrasion on the flank
face, (ii) notch wear and (iii) the cavity on the rake face. Notch wear was the main reason for the
tool failure when milling at full depth, with cutting speeds from 200 to 400 m/min. When milling
with higher cutting speeds (400-700 m/min) and a smaller depth of cut, flank wear and wear on
the secondary edge were the most dominant.

Li et al. [9] have analysed performance of SiAION ceramic tools (SizN4-Al;03) when turning
Inconel 718. For SiAION ceramic tools notch wear with minimal damage of the cutting edge at
low cutting speed (120 m/min) is noticeable. That begins to change at 240 m/min. When the
speed is increased to 300 m/min, it is already possible to see a decrease in the notch formation
and increase in flank wear.

From most of published scientific researches, it has been observed that removable ceramic
cutting tools - inserts were used. There are only a few scientific studies in which full body ce-
ramic cutting tools were used. The reason for this lies in the complex manufacturing processes
of ceramic rods and in complex grinding processes to manufacture full body ceramic tools. Some
improvements on this field are presented in a paper of Uhlmann and Hubert [10], where proved
that the nature of these ceramic cutting tools heavily depends on its composition.

Celik et al. [11] investigated wear mechanisms of solid SiAION ceramic tools when milling
Inconel 718. They showed that there were present severe adhesion of workpiece and formation
of diffusion layer due to chemical interaction of the tool flank face and the workpiece. Addition-
ally, high operating temperature of the tools (>1000 °C) was observed. It was found that thermal
expansion coefficient of the diffusion layer on the tool is lower than expansion coefficient of the
tools material. Therefore, thermal micro cracks were formed causing tool wear.

Wang and Liu [12] made another study on full body ceramic tools, where they investigated
cutting performances of different solid ceramic end milling tools in comparison with carbide tool
in machining hardened AISI H13 steel. They came to conclusion that cutting forces of ceramic
end milling tools are lower than that of the carbide tool, mainly due to low chemical activity of
ceramic with workpiece material. Overall, Ti(C, N) ceramic end milling tools present best cutting
performance considering cutting forces, surface quality and tool life.

Many industrial applications demand machining process to be carried out in tight and narrow
pockets and this can be only done with usage of solid end milling tools. According to the above
presented review on the state of the art, it can be found that most of the studies were performed
on the Inconel 718, as workpiece material, and with usage of ceramic cutting inserts, as a cutting
tool. Moreover, there is a lack of studies using full body ceramic tools. To fulfil that gap, authors
performed preliminary experiments [13] using full body ceramic milling tools in machining of
Inconel 718, where they confirmed their suitability for milling of Inconel 718. Their cutting per-
formance, when machining other workpiece materials, and their cost efficiency, in comparison
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to conventional carbide tools, were still questionable. Thus in this paper, full body ceramic end
milling tools were used to machine two difficult-to-cut materials, i. e. nickel based alloy Inconel
718 and austenitic stainless steel (SS) 316L, under different cooling lubrication conditions. Fo-
cus is placed on analysis of tool wear, tool life, workpiece surface and nevertheless, the produc-
tivity and costs.

2. Materials and methods
2.1 Workpiece materials

Difficult-to-cut nickel based alloy Inconel 718 and austenitic stainless steel (SS) 316L in the form
of rods, with a diameter of 50 mm and a length of 200 mm, were used as a workpiece materials.
Physical properties of both materials are presented in Table 1. Properties as high melting point,
heat and wear resistance and high hardness at room temperature, are causing difficulties in ma-
chining operations.

Nickel based alloy Inconel 718 is used in the most demanding operating conditions, in the
presence of high pressures and high temperatures. Inconel 718 is often used in gas turbines for
turbine blades in turbo-compressors as the rotor, in the nuclear power plants, in racing cars,
weapons, the high temperature heat exchangers, etc. Machining of Inconel 718 with convention-
al machining processes with oil CLFs is difficult, due to remarkable strain hardening [16]. Thus,
when machining Inconel 718, aggressive strategy is what we are looking for in order to increase
the temperature to cause material softening that improves machining performances. In this
manner, ceramic tools can be used due to their high temperature resistance [17-19].

Stainless steels are chromium-nickel alloys and can be divided into three basic groups: mar-
tensitic steels, ferritic steels, and austenitic steels [20]. Most stainless steels are austenitic and
are non-magnetic and cannot be quenched, but they can be welded. Moreover, they are also clas-
sified as difficult-to-cut alloys. Austenitic stainless steel 316L, also used in this research, is due to
its properties widely used in the food, aerospace and pharmaceutical industry [21].

Table 1 Physical properties of nickel alloy Inconel 718 and stainless steel 316L [14, 15]

Physical property Inconel 718 SS316L
Density [g/cm3] 8.2 7.9
Hardness [HRc] 36 25-39

Tensile strength [MPa] 1240 485

Thermal conductivity [W/m-K] 114 15

Specific heat [J/kg-K] 435 500
Melting point [°C] 1260-1336 1375-1400

2.2 Cutting tools and cutting parameters

Ceramic tools have unique physical and mechanical properties, such as high hardness and low
chemical reactivity with steels and many other materials. Consequently, they can be used to ma-
chine difficult-to-cut materials that are hard to be carried out with traditional tool materials.
Thus, in this work, the solid ceramic end mills are compared with widely used carbide cutting
tools. 6 edge flat Kennametal EADE (0600A6ARF) solid ceramic end milling tools, based on Si-
AION ceramic with CVD alumina coating and grade KYS40, were chosen. They have optimised
geometry for roughing nickel based high temperature alloys and are not suitable for finishing
applications. Chosen carbide tools were 5 edge Kennametal HARVI II series (UCDEQO600A5ASA)
KC643 grade, PVD coated with fine grain grade AITiN coat. Diameter D of the tools was 6 mm.

First experiments were carried out on machining Inconel 718 with ceramic end milling tools
using cutting parameters as proposed by manufacturer. However, tool breakage occurred relat-
ed to the failures of cutting edges and/or tool stems, as shown in Fig 1.
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Fig. 1 Failure of cutting edges (left) and tool stem (right)

Table 2 Cutting parameters
Teeth per Rotational Cutting Depth of Width of Feed speed, Feed per

Workpiece tool,z[/] speed of speed, cut, cut, ve[mm/min] tooth,
material thetool, vc[m/min] ap[mm] @ge[mm] fz[mm/tooth]
n [min-1]
Ceramic Inconel 718
tool and SS 316L 6 31830 600 0.375 4.0 4583 0.024
Carbide Inconel 718 5 2122 40 9.00 1.8 202 0.019
tool SS 316L 5 4244 80 9.00 1.8 615 0.029

With further experiments, we came to conclusion that tools failed due to mechanical overload in
radial direction because of too big depth of cut (@, = 4.5 mm) and small width of cut
(a. = 0.6 mm). To change the direction of mechanical loads, from radial to axial direction, milling
strategy was changed. Depth of cut was reduced and width of cut was increased without affect-
ing the MRR, consequently milling strategy was changed from side to face milling. New cutting
parameters for ceramic tools were determined in collaboration with the tool manufacturer and
are shown in the Table 2. Cutting parameters for carbide tools, also shown in Table 2, were given
by the manufacturer.

2.3 Execution of experiments

Milling of nickel based alloy Inconel 718 and stainless steel 316L were performed under differ-
ent cooling lubrication conditions: in a dry, with minimal quantity lubrication (MQL), and with a
blast of air in the case of ceramic tools and, in the case of carbide tools, flooding with emulsion.
The third scenario represents the reference scenario for both.

As a machining strategy on a high speed machining center Sodick MC 430 L, spiral strategy
towards the center of the workpiece (Fig. 2) was chosen. Thus, continuous machining without
interruptions and consequentially with less temperature fluctuations, which can result in tool
damage, has been assured. The machining surface of workpiece rod was top end surface, which
was clamped as shown in Fig. 2. One spiral milling from the outer diameter to the center of the
round represents one level. After every level of removed material, the wear of the cutting tool
was measured. The measurement were executed on 3D measuring device Alicona InfiniteFocus
SL, where flank wear values were determined reaching the criteria VB = 0.3 mm or VBmax = 0.6
mm. Thus, tool life was obtained. Moreover, workpiece surface was analysed over energy-
dispersive X-ray spectroscopy (EDX) using the scanning electron microscope (SEM) Jeol JSM
5610. Chips were also analysed. In addition, to get justification of the process from financial
point of view, cost analysis was carried out.

Milling direction

Fig. 2 Workpiece clamping (left), shrink-fit ceramic tool clamping (middle), spiral milling strategy (right) [13]

30 Advances in Production Engineering & Management 14(1) 2019



Cutting performance of solid ceramic and carbide end milling tools in machining of nickel based alloy Inconel 718 and ...

3. Results and discussion
3.1 Tool life and tool wear mechanisms

During the experiments, the flank wear of end milling tools were measured with 3D measuring
device Alicona InfiniteFocusSL. Tool life shown in Fig. 3 was recorder when the flank wear of the
tools reached VB = 0.3 mm or VBmsx = 0.6 mm. However, this requirement was not always
reached. In case fracture of the cutting tool/edge has been observed, this has also been treated
as end of the tool life.

In the experiments, where carbide tools were used for machining SS 316L, cooling and lubri-
cation conditions had major influence on the tool life. Tool life in dry machining was only 25.9
min, while in MQL and flood conditions tool life was prolonged to more than 375 min (for both
conditions equally). In all of the experiments, no significant flank wear could be noticed. Before
the cutting edge breakage, no flank wear was noticed, minor damages of cutting edge occurred,
i.e. chipping (Fig. 4). Tool life of carbide tools, when machining Inconel 718, was significantly
shorter in comparison to those used for machining SS 316L. Due to strain hardening of Inconel
718, breakage of the cutting edge is the main reason for tool failure. Best result of 6.0 min was
achieved when flooding was used, while in dry the tool life reached 2.3 min and with MQL 3.8 min.

In the experiments, where ceramic tools were used for machining SS 316L, flank wear was
evident. In dry conditions, the main wear mechanism was diffusion, the threshold of tool life was
achieved in 1.2 min. When air-blast and MQL were used, tool life was longer (4.8 min and 4.4
min, respectively). As the tool wear increased, the amount of BUE also increased, influencing the
cutting geometry in the cutting zone. Main wear mechanism was diffusion (also confirmed in
[11]), chipping of the cutting edge was also present, unlike when machining Inconel 718, where
this was the main wear mechanism (Fig 5). Because of chipping, geometry of the cutting edge
changed, what resulted in chips being welded on the cutting edge (BUE). As a consequence, se-
vere deformation of the workpiece material occurred, which resulted in even more severe mate-
rial strain hardening. This normally increases forces applied to the end milling tool and loads on
the cutting edge. Additionally, the flow of the workpiece material also changes, what was evident
by the fact that there was much more chip side flow present. In dry condition, the tool life equals
3.1 min, when using air-blast it was 3.2 min, and when using MQL, it was only 0.8 min (due to
breakage of the cutting tooth). Thus, it can be concluded that carbide tools have significantly
shorter tool life when machining nickel-based alloy in comparison with stainless steel. This dif-
ference is not so significant when using ceramic cutting tools.

Carbide Ceramic
30.0
| |
25.0
5
£ 20.0
=
&
= m SS 316L
S 150
= = Inconel 718
10.0
5.0
0.0
Dry maL Flood Dry MaQL Air-blast
Machining parameters: Machining parameters:
SS316L: Inconel 718: SS 316L and Inconel 718:
v, =80 m/min V. =40 m/min v, = 600 m/min
£,=0.029 mm/tooth £,=0.019 mm/tooth f,=0.024 mm/tooth
a,=9mm a,=9mm a,=0.375mm
a,=1.8mm a,=1.8mm a,=4mm

Fig. 3 Tool life achieved when milling Inconel 718 and SS 316L with ceramic and carbide tools

Advances in Production Engineering & Management 14(1) 2019 31



Grguras, Kern, Pusavec

Carbide Ceramic

]

(s

-

o

a

-3

-l

[

@

=

3

=

3000 pum

Machining parameters: Machining parameters:
553161 Inconel 718: §5 3161 and Inconel 718:
v, = B0 m/min v, = 40 m/min v, = 800 m/min
£,=008 mmftooth  £,=0.019 mm/fteoth | | f,=0.024mm/tooth
a,=9 mm g =9 mm a, =0.375 mm
g,=1.8 mm g, =1.8mm g, =4 mm

Fig. 4 Wear mechanisms of ceramic (with air-blast) and carbide tools (with flood) when milling Inconel 718
and SS 316L

Chipping

. Workpiece,
- :
~ material . - ;
smearing : + Workp.lece
- 1 _material

smearing

__Ch ipping

| Machining parameters: v, = 600 m/min; f,=0.024 mm/toath; @, =0.375 mm; 4, =4 mm ]

Fig. 5 Wear morphology for ceramic end milling tool (when dry machining Inconel 718) [13]

Furthermore, using scanning electron microscope (SEM) images of new and worn ceramic
end milling tool were taken and analysed, as shown in Fig. 6. On different locations of the tool,
energy-dispersive X-ray spectroscopy (EDX) was performed to get chemical characterization or
elemental analysis of specimen’s analysed section. When new ceramic end milling tool was ana-
lysed, EDX spectrum showed that it consists mainly of the Si, Al, O elements, which was antici-
pated, as this are the main elements of SiAION ceramics. When worn out ceramic end milling tool
was analysed, EDX analysis was performed on 3 different sections of the specimen. As it can be
seen from the Fig. 6, the first section with label 1, contains Cr, Ni, Fe and other elements that fit
into the chemical composition of Inconel 718 alloy. This means that workpiece material was
smeared over the tool surface (also shown in Fig. 5). Under this layer of workpiece material,
diffusion is taking place. This layer has different thermal expansion coefficient as material of the
tool, what means that during temperature fluctuations tool expands differently as main material.
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This result in the occurrence of micro cracks on the cutting tool and its edges. Spectrum analysis
of section 2 in Fig. 6 showed that this is the area of the tool where the surface of the tool already
chipped away during milling and consists out of elements that are found in used ceramic materi-
al. Section 3 consists of C, CL, K and other elements which are not main components neither of
workpiece or tool material. Darker spots in Fig. 6 are impurities that have been left on the tool
after the machining process, during the transportation and handling with the specimen.

Ceramic tools achieved longer tool life than carbide tools only for dry machining of Inconel
718. Based on tool life alone, it seems that ceramic performance was lower than that of the car-
bide tools. However, ceramic tools used in this research have optimized geometry for roughing
and therefore, are not suitable for finishing applications. Therefore, volume of removed work-

Carbide Ceramic
00— - -
35.0
§ 300
s
g 250
g
E WSS 3161
2 200
g W Inconel 718
£ 150
o
[
£ 100
o
>
5.0
0.0
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Machining parameters: Machining parameters:
S5 316L: Inconel 718: S5 316L and Inconel 718:
Ve =80 m/min v =40 m/min v, = 600 m/min
f,=0.029 mm/tooth  f,=0.019 mm/tooth f,=0.024 mm/tooth
a,=9mm a,=9mm a,=0.375mm
a,=1.8mm a.=1.8mm g, =4mm

Fig. 7 Volume of removed material when milling Inconel 718 and SS 316L with ceramic and carbide tools
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piece material (productivity) was taken into consideration. Fig. 7 shows volume of removed ma-
terial that each tool removes in its lifetime. In all the experiments, where SS 316L was used, car-
bide tools outperformed ceramic end milling tools. On the contrary, when machining Inconel
718, ceramic tools in two experiments (out of six) removed more material then carbide tools.
Ceramic tools in dry machining of Inconel 718 removed 17.5 cm3 and 18.2 cm3 when air-blast
was used. The highest amount removed with carbide tools was 15.6 cm3, in flood cooling lubrica-
tion conditions. The results show that ceramic end milling tools are capable of removing more
workpiece material, regardless of their shorter lifetime. This is possible due to their much higher
material removal rate.

3.2 Workpiece surface analysis

Fig. 8 is showing SEM and EDX images/results of SS 316L before and after machining, where two
different structures were found. EDX spectroscopy showed that structure with label 1 is small
ceramic particle, part of the tool, which chipped away during machining. Other darker structures
(with label 2) are made primarily from carbon, what indicates some organic dirt/impurities.

E| Fe Fe
n [2]

55 3161 — before machining
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35 3161 - after machining with ceramic

- ol 1] 5 10 kev 0 5 0 key
Machining parameters: v, = 600 m/min; f, =0.024 mm/tooth; 2, =0.375 mm; g, =4 mm

Fig. 8 SEM-EDX analysis of SS 316L; before and after machining with ceramic tool
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Fig. 9 SEM-EDX analysis of Inconel 718; before and after machining with ceramic tool
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These two structures (small ceramic structures and dirt) can only be found on the parts of the
machined workpiece surface where the material side-flow appeared during machining process.

EDX analysis of Inconel 718 workpiece (Fig. 9), before and after machining, showed that in
machined surface many imperfections can be found. In these recesses, different dirt/impurities
are stuck which mainly consists out of carbon.

3.3 Chip shapes

During the milling experiments, chips were collected for further analysis and comparison. The
chips formed at different experiments are shown in Fig. 10. In all the experiments, where work-
piece (SS 316L and/or Inconel 718) was machined with carbide tools, either with a new or worn
out tool, no major differences in chip thickness, width and all in all appearance was noticed.
Their length was 9.00 mm, width 0.54 mm and their thickness was 0.096 mm. The only differ-
ence that can be observed between chips are some scratch marks on the chips produced while
machining with worn tool. After further analysis, it was seen that the tool’s cutting edge was
damaged, via noticed chipping of the cutting edge.

In experiments, where ceramic end milling tools were used, the cutting speed was much
higher than for carbide tools. Consequentially, temperature in the cutting zone was also higher.
This plays an important role in cutting performance [22]. If the temperature in the cutting zone
is lower than softening temperature of the work material, then it is easier for this material to
strain harden [23]. Therefore, beneficial in those machining application is to reach the cutting
temperature that is higher than critical temperature, reducing the cutting forces and prolonging
the tool life. The observations from this are consistent with results presented in [24]. With other
words, cutting temperature plays a very important role in cutting of Inconel 718 and, at the
same time, it influences the chip formation. In experiments, where ceramic end milling tools
were used, chips were small, in shape of dust and small particles, regardless of workpiece mate-
rial machined. With the progression of tool wear, chips were getting smaller and a few elemen-
tary curled swirl chips occurred. During milling, these chips were formed from side flow material.

From the cooling lubrication point of view, regardless of the strategy that was used in both
cases, when carbide or ceramic tools were used, there was no significant difference in form of
chips (dry, air-blast, MQL or flood) observed.

Carbide

New tool Wom out tool

Machining parameters:

3| v, =80 m/min
£.=0.029mm/tooth

a,=9mm

g, =1.8mm

Ceramic

New tool

Machining parameters:
v, =600 m/min

£, =0.024mm/tooth
a,=0.375mm

g, =4mm

Fig. 10 Chip shapes formed when milling SS 316L with ceramic and carbide tools (dry conditions)
3.4 Cost analysis

Selection of tools in industrial applications is not only performed based on tools’ performance,
but also on its costs. In this research, total manufacturing cost for using ceramic or carbide tools
were calculated. Ciowl is defined by Eq. 1, where Cioo1 is the total tooling cost, Cenange is the total
cost of tool changes, and Cmachining is the cost of machining time required. All three costs are nor-
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malized in the way that present expenses required to remove 1 cm3 of workpiece material. In
this way, the productivity (MRR), as well as costs, can be compared between different tool per-
formances. With this omitted is the problem with presenting results in relation to different MRR
values of processes. Ciool can be written as Eq. 2, where Cioo1 is the cost of the tool and Vil is the
volume of removed material with single tool. For calculations, cost of 93 € per ceramic tool and
44.2 € per carbide tool were considered. Cchange can be calculated using Eq. 3, where Cmachining iS
the cost of machining per unit time, including machining labour cost, i.e. 40 €/h and tchange that
represents the time to change a single tool (that includes a collection of non-machining time, set
to 5 min). Cmachining can be calculate by Eq. 4, where MRR is material removal rate given by Eq. 5,
where T presents the tool life.

Ciotal = Ctool + Cehange T Cmachining (1
Ctool = Ctool/ Viotal (2)
Cmachinirégo' Lchange ;

Cehange = Vo (3)
Cmachining = Cmachining/ (MRR - 60) (4)
MRR = Viotal /T (5)

Cost analyses were performed and compared for experiments where longest tool life have
been achieved. Results presented in Fig. 11 are showing that regardless of workpiece material,
ceramic tools are more expensive than carbide tools. In experiments, where carbide tools were
used for machining SS 316L (in flood conditions), the main expenses were machining costs. Tool
costs and tool changing costs were insignificant due to long tool life. On the contrary, in other
three experiments, tool life results were significantly shorter, which reflected in tool costs as the
main expense. Regarding productivity, ceramic milling tools are offering 115 % higher MRR than
carbide tools only when machining Inconel 718. However, there are still 39 % higher overall
expenses of ceramics over carbide tools, as saved time due to higher productivity has less impact
on total machining costs than purchase price of the tool.

Inconel 718 SS 316L

6.00
5.00

4.00

Costs of tool changes [€/cm”3]
3.00
® Machining costs [€/cmA3]

Costs [€/cm?3]

| Cutting tool costs [€/cmA3]

2.00

1.00

v
—

0.00

Carbide (Flood) Ceramic (airblast) Carbide (flood) Ceramic (airblast)
Machining parameters: Machining parameters:
Carbide: Ceramic: Carbide: Ceramic:
v, =40 m/min v, = 600 m/min v = 80 m/min v, = 600 m/min
f,=0.019 mm/tooth f,=0.024 mm/tooth f,=0.029 mm/tooth f,=0.024 mm/tooth
a,=9mm a,=0.375mm a,=9mm a,=0.375mm
a,=1.8mm a,=4mm a,=1.8mm a,=4mm

Fig. 11 Cost analysis when milling Inconel 718 and SS 316L with ceramic and carbide tools
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4, Conclusion

This research comparatively investigates the cutting performance of solid ceramic end milling
tools in machining of nickel based alloy Inconel 718 and austenitic stainless steel 316L, under
different cooling lubrication conditions. Main objective was to determine machining perfor-
mance of solid ceramic end milling tools in comparison with solid carbide tools, as most of the
studies were done using interchangeable cutting inserts. Tool wear, tool life, workpiece surface
and chip shapes and machining costs were analyzed. From the results concluded can be that:

e (Ceramic end milling tools have the longest tool life in dry milling conditions, i.e. 3.1 min
(dry) or 3.2 min (air-blast). In addition, air blasting can improve chip evacuation and
therefore, can prolong tool life of the ceramic tools. Furthermore, carbide tools should be
used only in wet cooling and lubrication conditions (flooding with emulsion).

e Main tool wear mechanism, using ceramic tools, is chipping of the cutting edge. This wear
is especially pronounced when using MQL, which indicates that ceramic tools are prone to
brittle fracturing when they are exposed to fast temperature changes.

e Carbide tools with appropriate cooling and lubrication outperforms ceramic tools when
machining SS 316L. It can be seen, that carbide tools in comparison with ceramic tools,
had longer tool life and removed more material, which resulted also in a lower overall
costs.

e Ceramic tools provide better cutting performance in comparison with carbide tools only
when machining of nickel based alloy Inconel 718 is performed dry. Moreover, ceramic
end milling tools, which are offering higher MRR, removed more material in lifetime (18.2
cm3) than carbide tools (15.6 cm3). However, it is still questionable, if these differences are
sufficient to cover the 39 % higher overall expenses of ceramics over carbide tools.
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ABSTRACT

ARTICLE INFO

The main goal of this paper was to introduce the methodology for product
design selection. The proposed methodology combines two classical methods
to find the most appropriate design for the new product, through a reduced
number of alternatives (product variants) and experiments for the selection
process. In the first stage, the multi-criteria decision-making method, PRO-
METHEE was used for selecting the most suitable design, according to the
chosen preferences and criteria. In the second stage, the Taguchi method was
used in order to define the most appropriate parameters for selected suitable
design. The fundamental scientific contribution of this paper refers to a bene-
fit introduced by combining these methods. This benefit is related to the re-
duction of product development time which has a significant effect on manu-
facturing process time due to the high market pressure. The proposed meth-
odology was applied to find the appropriate table design for CNC milling ma-
chine located in the Lean Learning factory. However, this is just one case
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study to present the proposed methodology which can be applied for other
optimization of other product designs. Before applying the proposed method-
ology for this case study, the methodology is validated on a simple example.

© 2019 CPE, University of Maribor. All rights reserved.

1. Introduction

Decision-making support in production is very important because it increases the competitive-
ness of companies. The digitalization introduction into the production system brings better sup-
port for decision-making. This is especially expressed during the development process of a new
product. Embedded in 3D software, which is widely used for product design, there is also a very
popular function of the Finite Element Method (FEM) simulation. During the development peri-
od of a new product, the methodology is very important because of the consequences that can
affect cost and quality. Simulation helps to visualize how will the new product “behave” in its
environment under the influence of different environmental factors. The step where it is neces-
sary to choose the optimal design of that product represents the step of decision-making. This
step means that the decision-maker identifies and selects an alternative from the set of alterna-
tives (new product variants) based on its own preferences. Usually, there are several criteria to
deal with, thus creating the multi-criteria problem and requiring multi-objective optimization.
However, product design is a very complex problem, since the criteria are very often mutual-
ly conflicting, resulting with engineering trade-off when some product properties are deliberate-
ly weakened in favour of some more important property. It means that the decision-makers
preferences are known and that enables solving product design problems with some of the Mul-
ti-Criteria-Decision-Making (MCDM) methods. MCDM is a discipline that includes mathematics,
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management, informatics, psychology, social science and economics. To solve the problem of
choice and ranking, PROMETHEE method is often used [1]. MCDM methods are very popular in
different areas, especially in operation research and logistics [2-4]. Avikal et al. [5] integrated
Fuzzy Analytic Hierarchy Process (AHP) and PROMETHEE method in order to select tasks for
assignment to the disassembly line. Fuzzy AHP was used to calculate the weights of each select-
ed criterion while the PROMETHEE method was used for ranking the tasks. Peko et al. [6]
showed the conduction of three different methods (AHP, Fuzzy AHP and PROMETHEE) to
choose an appropriate additive manufacturing process. By comparing the results of each meth-
od, it is apparent that all methods gave the same rank of observed alternatives. Vinodh et al. [7]
used PROMETHEE evaluation to select the best sustainable manufacturing concepts. There are
three sustainability orientations according to production methodology, material and product
design. They stated that the change of material is the best way to improve sustainability for the
observed case. Can and Unuvar [8] present application of Taguchi method which enables reduc-
tion of experiments, when searching for the optimal parameters in the drilling process. On the
other hand, Chang and Chen [9] integrated Taguchi method and TOPSIS algorithm to enhance
the attractiveness of the product form.

Another example of using the Taguchi method in product design development is given by Oz-
tekin et al. [10]. The method is used to determine the combination of product properties to find a
design which takes consumer emotions into consideration. All of the above studies are dealing
with MCDM methods to solve various problems and some of them used Taguchi method to re-
duce the number of experiments. This paper combines the strengths of both methods (PROME-
THEE and Taguchi) to choose the optimal design.

The multi-objective optimization approach to product design selection is based on complex
algorithms for shape optimization or its special case - the topology optimization. These algo-
rithms are searching for the optimal design (shape) by considering, or not considering, some
constraints. Usually, they are based on FEM and if the decision-maker preferences are unknown,
it takes a dozens of days or weeks till the algorithm proposes the optimal shape or Pareto set of
optimal shapes. In this research, that kind of approach is avoided, instead, it uses a different ap-
proach based on a priori knowledge [11] about product variants and decision-maker preferences.

The two-stage methodology is proposed for selecting the most appropriate design for the
new product. In the first stage, the multi-criteria decision-making method PROMETHEE is used
for selecting the most suitable design according to the chosen preferences and criteria. In the
second stage, the Taguchi method is used in order to define the most appropriate parameters for
selected suitable design (parameters like the diameter of the steel bar, the thickness of the steel
tube, etc.). The methodology is developed so it could be applied in the Learning Factory envi-
ronment, within the “Development of integrative procedure for management of production and
service improvement process” (DEPROCIM) project funded by the Unity through Knowledge
Fund (UKF).

The Lean Learning Factory (LLF) is the realistic factory environment created in the Laborato-
ry for industrial engineering, at the University of Split, Faculty of Electrical Engineering, Mechan-
ical Engineering and Naval Architecture (FESB). The LLF idea at FESB is to create an environ-
ment for research and development to provide knowledge transfer into the economy [12].
Learning factories should ensure appropriate and up-to-date knowledge about innovations [13].
It allows you to simulate various tasks that appear within a real-world manufacturing environ-
ment what helps students and industrial participants to gain knowledge faster [14]. The connec-
tion between digital models and methods, including simulation and 3D visualization, is done to
integrate planning, implementation, control and on-going improvement [15].

This paper is organized as followed. In section 2, the observed problem is described. Section
3 shows steps of proposed methodology for product design selection. Section 4 explores the case
study from the Lean Learning factory and emphasizes the advantage of using proposed method-
ology instead of classical methods. Section 5 sums up the contribution of this paper.
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2. Problem description

Within the DEPROCIM project, the improvement of the case study on FESB, as one project goal,
required further development of existing milling machine in order to support assembly line with
the production of certain parts necessary for assembly. This paper presents modelling and simu-
lation for choosing an optimal table design for the milling machine in the LLF environment,
shown in Fig. 1. The compact design will increase the rigidity of the milling machine because the
table legs will overtake feed forces necessary for the milling process. Other improvements on
this milling machine include steel T-slot plate and improved linear guides.

Three different designs of tables had been taken into consideration. 3D models of each table
design are shown in Fig. 2. For all table designs, the material is construction steel (St 44-2). The
legs, frame, stiffener and table base are made of tubes with the quadratic cross-section, with
thickness 3 mm. The table width, length and height are predefined. There is also the steel T-slot
plate which is predefined.

Table design 1 Table design 2 Table design 3

Fig. 2 3D models of Table design 1, 2 and 3

3. Proposed method for product design selection

This study uses the combination of two classic methods for product design selection, PROME-
THEE (Preference Ranking Organization Method for Enrichment Evaluations) method and
Taguchi method. The PROMETHEE method was used for selecting the most suitable design be-
tween proposed ones. The selected design was further used in Taguchi method for evaluation of
the most appropriate combination of parameters. In order to gain all the necessary data for the
mentioned methods, the first step was the creation of 3D models and their simulation by using
the FEM analysis. The idea of FEM is a piecewise approximation. The solution to a complicated
problem is obtained by dividing the region of interest into small regions (finite elements) and
approximating the solution over each sub-region by a simple function [16]. This method has
become popular and it represents a powerful analytical tool for studying different engineering
problems [17, 18]. The PROMETHEE method combined with Taguchi method is carried out ac-
cording to the input criteria provided by decision-maker and simulation results, Fig 3.

Data PROMETHEE Taguchi
collection |~ method |=| ~method = Results
product design product parameters

3D model |=| Simulation =

Fig. 3 Methodology for decision making for product design
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3.1 PROMETHEE method

The PROMETHEE method is widely used because it has the adaptability to different problems
and its implementation is simple [19-21]. This method was developed by ]. P. Brans. Input in-
formation for the PROMETHEE method is a definition of several important criteria and decision-
makers’ preferences. It represents the definition of the function of decision-makers’ preferences
[22]. The function of preferences provides quantitative determination of how decision-maker
prefers an alternative a in relation to alternative b. The function of preferences is defined for
each criterion and its values may be in the range between 0 and 1. If the function of preferences
is low, it means that the indifference between two alternatives is bigger for the decision-maker.
If the value of the function of preferences is close to 1, then the preference of one alternative is
bigger than the other. Complete preference of one alternative means that the function of prefer-
ences is 1. The function f{a) represents the assessment of alternative a for specific criteria and
alternative a belongs to the set A. If the two alternatives, a and b, are taken from the set 4, the
relation of preference of the alternative a according to the alternative b is defined by function
P(a,b). In this example the function P(a,b) is P(d) where d represents:

d = f(a)—f(b) (1)
The function of preferences has six different types. Those types cover most cases in practice and
decision-maker should define parameters according to the chosen criteria [23].

3.2 Taguchi method

The founder of the Taguchi method is Genichi Taguchi. His robust design method was applied in
the quality field but it can be applied to different problems in many industries. It is also the sup-
port for decision making. There are three important design stages in the Taguchi method [24].
System design, which is characterized by definition of the problem and application of knowledge
and achievements to develop a prototype that represents the initial state of the product or pro-
cess features. Parameter design determines the initial states of all features, which will minimize
product or process variations. In recent years, Taguchi method has become a powerful tool for
improving products and processes [25]. The orthogonal field is selected depending on the num-
ber of controlled parameters. The experiments are performed based on the orthogonal field, the
data are analysed and the optimal state is identified. Tolerance design determines the tolerance
of features, which will minimize product or process variations. P-diagram used as the base mod-
el for the Taguchi method is shown in Fig. 4.

control factors

product or process |—> response (Y)

noise factors

signal
factor (M)

Fig. 4 P-diagram [24]

There is the signal factor and the response, but there are also control and noise factors that af-
fect the process or the product. The main goal of the Taguchi method is to reduce losses of prod-
uct or process due to deviations from its properties of the desired value. Taguchi defines quality
loss as:

L(y) = k(y —m)? (2)
Where y is the quality characteristic of a product, m is the target value for y. The k is constant
and represents the coefficient of quality loss. There are four variations of the quadratic loss func-
tion: nominal the best, smaller the better, larger the better and asymmetric. This paper uses the
smaller the better variation of the loss function.
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4. Case study: Results and discussion

To demonstrate the advantages of the proposed methodology that will be used for concrete
problem, table design for CNC milling machine, its application on less complex design was intro-
duced in the beginning of this section. Besides the structure complexity, less complex design
means a smaller number of overall possible alternatives and thereby, a smaller number of total
experiments that need to carry out. In the PROMETHEE method, for the simple example, all al-
ternatives were included in the selection of the design for Taguchi, to show the comparison of
the final result obtained with the classic method and proposed methodology.

4.1 Simple example — PROMETHEE method

The basic principles to implement the PROMETHEE method is a pairwise comparison of alterna-
tives evaluated according to determined criteria which have to be maximized or minimized. Ac-
cording to the literature, there are many different criteria for selection. The choice depends on
the concrete problem. The aim of this following example is to show the choice of criteria and
selection of appropriate design, Fig. 5. For each product design, three criteria (legs, frame and
stiffener) were selected. Each of these criteria has two levels: the first level of legs is 40 mm and
second 50 mm, criteria frame has 40 mm and 50 mm; criteria stiffener 20 mm and 30 mm re-
spectively. These designs were loaded with force to demonstrate displacements through X, Y and
Z-axis. The legs, frame and stiffener are made of tubes with the quadratic cross-section, with 2
mm thickness. The width, height and material of construction are predefined.

Through these combinations of levels, 8 alternatives were generated for each product design.
That represents all possible alternatives of variants A and B. The preference functions for each of
these criteria are determined according to Fig. 6. For each criterion, despite the determination
min or max of function preferences, it was necessary to define the relative importance (the
weights). These values of the weight coefficient are present in percentage with the total amount
of 100 %. For criteria that have determined linear as preference function, the value of indiffer-
ence threshold g and the value of strict preference threshold p are also defined. For each alterna-
tive, required data were entered and thus an input matrix was formed, Fig. 6.

Positive outranking flow, Phi+, is an aggregated outranking sum of each alternative over the
other alternatives, while negative outranking flow, Phi-, shows how alternative is dominated by
the other alternatives [26]. According to the usage of mentioned outranking flows, it is possible
to define two approaches for alternative ranking, PROMETHEE I and PROMETHEE II. PROME-
THEE I represents the partial ranking of alternatives and PROMETHEE II represents the full
ranking of alternatives.

For this example, the PROMETHEE method was conducted two times. The first approach in-
cludes all possible alternatives of design A and design B. It gives their overall ranking, as is
shown in Table 1. The best rank belongs to B4 alternative.

The second approach presents the first step of the proposed methodology. Instead of ranking
all potential combinations (16 in this case), a selection between two potential designs was made.
The analysis shows that B variant should be observed for further optimization, Fig. 7.

1000 kg 1000 kg
.
:
800 mm

Fig. 5 Variants of product design
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Scenariol Mass Displ.X Displ.Y Displ.Z
Unit kg mm mm mm
Cluster/Group | | ¢ [
Preferences
Min/Max min min min min
Weight 0,25 0,25 0,25 0,25
Preference Fn. Linear Linear Linear Linear
Tresholds absolute absolute absolute absolute
-Q: Indiference 0,00 0,0000 0,0000 0,0000
-P: Preference 2,75 0,5000 0,5000 0,5000
-S: Gaussian n/a nfa n/a nfa
Statistics
Evaluations
Al 8,16 0,5540 0,0470 1,8330
A2 8,76 0,5280 0,0394  1,7400
A3 8,60 0,3450 0,0780 1,3410
A4 9,19 0,3390 0,0790 1,2280
A5 O 9,19 0,3620 0,0485 1,4520
A6 | ] 9,78 0,3510 0,0356 1,4010
A7 O 9,69 0,3000 0,0590 0,9910 0 A4 A3 B1 A5 A6 Al A2
A8 0 1028 02930 0,0515 0,9710 B B7/(BE, BaEIFAY) B2 RSLAR
B1 [e3 7,53 0,4340 0,0313 1,6250
B2 ¢ 8,37 10,2800 0,2090 11,1370
B3 L 2 7,97 0,2940 0,0600 1,2500
B4 < 8,82 0,2110 0,0502 0,9900
B5S & 8,59 0,2840 0,0363 1,3340
B6 @ 941 02080 0,0387 1,0340 25% 25% 25% i
B7 O 9,08 0,2500 0,0313  0,9390
B8 Y 9,92 0,1970 0,0323 0,7950 Mass Displ.X Displ.Y Displ.zZ

Fig. 6 Input matrix and results according to PROMETHEE I and PROMETHEE II (for all variants)

Table 1 All alternatives of product variants

Alter- Legs Frame Stiffener Displ. X Displ. Y Displ. Z Mass [kg] PROMETHEE
native [mm] [mm] [mm] [mm] [mm] [mm] rank
Al 40 40 20 0.5540 0.0470 1.8330 8.16 15
A2 40 40 30 0.5280 0.0394 1.7400 8.76 16
A3 40 50 20 0.3450 0.0780 1.3410 8.60 11
A4 40 50 30 0.3390 0.0790 1.2880 9.19 10
A5 50 40 20 0.3620 0.0485 1.4520 9.19 13
A6 50 40 30 0.3510 0.0356 1.4010 9.78 14
A7 50 50 20 0.3000 0.0590 0.9910 9.69 6
A8 50 50 30 0.2930 0.0515 0.9710 10.28 9
B1 40 40 20 0.4340 0.0313 1.6250 7.53 12
B2 40 40 30 0.2800 0.0209 1.3700 8.37 7
B3 40 50 20 0.2940 0.0600 1.2500 7.97 5
B4 40 50 30 0.2110 0.0502 0.9900 8.82 1
B5 50 40 20 0.2840 0.0363 1.3340 8.59 8
B6 50 40 30 0.2080 0.0387 1.0340 9.41 4
B7 50 50 20 0.2500 0.0313 0.9390 9.08 2
B8 50 50 30 0.1970 0.0323 0.7950 9.92 3

Scenariol Mass Displ.X Displ.Y Displ.Z

Unit kg mm mm mm Phis
Cluster/Group [ ] & @ p
Preferences ¥
Min/Max min min min min 7
Weight 0,25 0,25 0,25 0,25
Preference Fn. Linear Linear Linear Linear _
Tresholds absolute absolute absolute absolute
-Q: Indiference 0,00 0,0000 10,0000 0,0000
-P: Preference 2,75 0,5000 0,5000 0,5000 }:] Variant A |
-5: Gaussian n/a n/a n/a n/a i Variant B _ i
Statistics
Evaluations

variantA [l 9,78 0,3510 0,0356 1,4010 25% 25% 25% 25%

VariantB 9,41 0,2080 0,0387 1,0340

Mass Displ.X Displ.Y Displ.Z

Fig. 7 Input matrix and results according to PROMETHEE [ and PROMETHEE II (for two designs)
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4.2 Simple example — Taguchi method

In order to create the plan of experiments, it was necessary to define parameters and their levels
as it is mentioned before. To reduce the number of experiments, the orthogonal arrays are used
in the Taguchi method. It represents the partial plan of experiments. The orthogonal arrays ena-
ble the observation of the effect on an individual parameter regardless of the evaluation of the
effects of other system parameters. Definition of key parameters and their levels determines an
appropriate orthogonal array. For this example, the L4 is chosen as an orthogonal array because
there are three key parameters on two different levels which are shown in Fig. 1. Orthogonal
array L4 covers 4 experiments, according to the literature [24]. Parameters and their levels were
entered in Design Expert 11.0, where Taguchi method is used to find the best combination of
parameters according to chosen levels. Data about the given combination for B variant are
shown in Table 2.

To conduct the Taguchi method for this example, due to dispersion of response data, it was
necessary to include two more experiments to gain a significant model that can be used to navi-
gate the design space. The value of signal to noise ratio for this model is 16.43 and that indicates
an adequate signal. The analysis of variance for response displacement Z is shown in Table 3, F-
value is 36.17 which implies that the model is significant. There is only 2.70 % chance that F-
value could appear due to noise. p-values less than 0.05 indicate that the model factors (A, B, C)
are significant.

The main aim during the analysis of responses was the minimization of displacements and
mass. For the purposes of analysis, it was necessary to define the importance for each response.
According to the conducted FEM analysis, the chosen vertical loads have the greatest influence
on the movements in the direction of the Z-axis, hence response displacement Z has the highest
importance. The selected combination of parameters for this example is shown in Table 4.

The Taguchi optimum obtained with the proposed methodology is B design with dimensions
of 40x50x30 mm. By comparing this final solution with the PROMETHEE solutions in Table 1, in
which rang 1 means real optimum design (B4 design), i.e. the most suitable choice, it is obvious
that these two methods show the same final solution.

Table 2 The plan of experiments for B variant

Run Legs Frame Stiffener Displ. X Displ. Y Displ. Z Mass
[mm] [mm] [mm] [mm] [mm] [mm] [kg]

1 40 40 20 0.4340 0.0313 1.6250 7,53
2 50 50 20 0.2500 0.0313 0.9390 9,08
3 40 50 30 0.2110 0.0502 0.9900 8,82
4 50 40 30 0.2080 0.0387 1.0340 9,41
5 50 40 20 0.2810 0.0364 1.3320 8,59
6 50 50 30 0.1970 0.0323 0.7950 9,92

Table 3 ANOVA for selected factorial model, response: displacement Z

Source Sum of squares df Mean square F-value p-value

Model 0.4551 3 0.1517 36.17 0.0270 significant
A-legs 0.1060 1 0.1060 25.28 0.0374

B-frame 0.1550 1 0.1550 36.97 0.0260

C-stiffener 0.0807 1 0.0807 19.24 0.0482

Residual 0.0084 2 0.0042

Cor Total 0.4635 5

Table 4 Selected solution
Legs Frame Stiffener  Displ. X  Displ. Y Displ. Z Mass
[mm] [mm] [mm] [mm] [mm] [mm] (kg]
1 40 50 30 0.245 0.050 1.014 8.83 0.242 selected

No. Desirability
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4.3 Table example — Criteria formation and analysis of the results obtained by PROMETHEE method

According to the presented problem in section 2, the input data necessary to select the best al-
ternative for table design using the PROMETHEE method is defined, as is shown in Fig. 8. For
this purpose, five criteria for three variants are observed. As the cost of the table is the most
important factor which should fit in the limited budget, the development of three variants of the
tables is done in order to get different table shapes for the approximately same cost. Considering
that the cost for each table design does not deviate significantly, it is not taken as criteria for the
PROMETHEE method. The preference functions for each of the criteria are determined according
to [23, 27]. For criteria mass and displacements, the preference function is linear. Linear func-
tions are the best for quantitative criteria (for example: prices, costs, power, etc.). In the case of
the small number of levels, on the criterion scale (that is 5-point scale) for qualitative criteria,
the usual preference function is recommended and therefore used [22].

For this scenario, criteria are defined according to subjective opinion. In the preference cate-
gory, it is necessary to define max or min preferences for each criterion, which is the maximum
for construction criterion and minimum for the rest. The construction criterion for this case is
based on qualitative assessment of the construction strength, with regard to its shape and as-
sembly. In this case, the assembly is not included as individual criterion because this product
will be assembled in LLF. Generally, when using this method, the complexity of assembly could
be included as a criterion. Through this criterion, it is possible to have an effect on the assembly
process, which will reflect on whole manufacturing process efficiency. However, the contribu-
tion of this criterion on the assembly process will be affected by the definition of criteria
weights, preference functions and its values.

The most suitable solution is the one that acquires the overall preference as close as possible
to the value +1 (greatest possible preferences). PROMETHEE I shows the ranking of alternatives
at the left side of Fig. 9. The alternative with the highest priority is table design 1 and it has dom-
ination above other designs. Table design 2 and 3 are incomparable with each other because
table design 2 has the better score on Phi+ and worse score on Phi- and vice versa for table de-
sign 3. At the right side of Fig. 9, there is a complete ranking with PROMETHEE II, which con-
firms our previous statements. The results of partial and complete ranking demonstrate that the
table design 1 is the most favourable, with the preferences of +0.1801, hence this alternative is
used for further optimization with Taguchi method.

Scenariol Construction Mass Displ.X Displ.Y Displ.Z
Unit 5-point kg mm mm mm
Cluster/Group & [ |
Preferences
Min/Max max min min min min
Weight 0,20 0,20 0,20 0,20 0,20
Preference Fn. Usual Linear Linear Linear Linear
Tresholds absolute  absolute  absolute  absolute  absolute
-Q: Indiference nfa 5,00 0,0000 0,0000 0,0000
-P: Preference nfa 25,00 0,5000 0,5000 0,5000
-$: Gaussian n/a nfa nfa nfa nfa
Statistics
Minimum 4,00 234,00 0,0062 0,0186 0,0035
Maximum 5,00 244,00 0,0077 0,0215 0,0180
Average 4,33 239,00 0,0070 0,0201 0,0113
Standard Dev, 0,47 4,08 0,0006 0,0012 0,0060
Evaluations

TableDesignl D very good 244,00 0,0062 0,0201 0,0035
TableDesign2 O good 239,00 0,0072 0,0186 0,0123
TableDesign3 | 4 good 234,00 0,0077 0,0215 0,0180

Fig. 8 Input matrix for PROMETHEE method
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PROMETHEE I PROMETHEE II
1.0 0.0 M TableDesignl +1.0

TableDesign2

0.1801 TableDesignl

Phi+ Phi- 0.0

-0.099 '_Desixnz

TableDesignl

V4
Tablepesigna

TableDesign2 M 0.0 1.0 -1.0

Fig. 9 Partial ranking with PROMETHEE I and complete ranking with PROMETHEE II for the best table design

4.4 Table example - Criteria formation and analysis of the results obtained by Taguchi method

Table design 1 has domination above other designs and its key parameters were defined. The
data about experiments are shown in Table 5. For each variant of table design 1, generated by
software Design Expert, from 1 to 9, displacement and mass were calculated by using NX Sie-
mens 10.0 software.

To calculate displacement, it was necessary to define loads for table design 1. The loads are
shown in Fig. 10 and the fixed constraint is set on the surface of legs that lay on the floor.

Table 5 The plan of experiments from Design Expert 11.0 software

Run Factor 1: Factor 2: Factor 3: Response Response Response 3:  Response 4:
Legs & frame Stiffener Table base 1: Displ. X 2: Displ. Y Displ. Z Mass [kg]
[mm] [mm] [mm] [mm] [mm] [mm]
1 50 40 50 6.60E-03 2.10E-02 3.93E-03 239.67
2 70 40 40 6.10E-03 2.33E-02 3.56E-03 252.27
3 60 40 60 4.80E-03 1.44E-02 2.99E-03 255.96
4 50 50 60 5.40E-03 1.60E-02 2.83E-03 251.12
5 60 30 50 5.80E-03 1.87E-02 3.74E-03 244.72
6 70 50 50 5.10E-03 1.73E-02 2.55E-03 263.38
7 70 30 60 4.50E-03 1.37E-02 2.72E-03 260.95
8 60 50 40 6.60E-03 2.40E-02 4.23E-03 247.39
9 50 30 40 8.20E-03 2.85E-02 5.52E-03 228.42
200N G
00N _|, \ 200N
e 200
oo @
N

Fig. 10 The load distribution for table design 1
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The results of the experiments are analysed and significant parameters are detected. The analy-
sis of variance (ANOVA) verifies the influence on system response when parameters are chang-
ing [28]. The ANOVA shows F-value 76.88 which means that the model is significant. It is 1.29 %
chance that F-value could appear because of noise. p-values that are less than 0.05 indicate mod-
el terms are significant. In this case, legs & frame and table base are significant in model terms.
Stiffener has p-value that is higher than 0.1, that means that it is not significant in model terms.
S-N ratio measures the signal to noise ratio which is 24.98. When this ratio is greater than 4, it
indicates an adequate signal as it was mentioned in a simple example. The main effect plots are
shown in Fig. 11 for displacement Y. It is visible that stiffener is not significant for the model.

The ANOVA for response mass shows F-value 14519.51 which means that the model is signif-
icant. It is 0.01 % chance that F-value could appear because of noise. In this case, legs & frame,
stiffener and table base are significant in model terms. S-N ratio is 380.858 and it is desirable. It
indicates an adequate signal. Displacement and mass were chosen as responses that should be
minimum. The importance is higher for the displacement than for the mass. For displacement Y
lower limit is 0.0137 mm and the upper limit is 0.0285 mm. For mass, the lower limit is 228.42
kg and the upper limit is 263.38 kg. The optimal solution is found and parameters for table de-
sign 1 are: legs & frame 60 mm, stiffener 40 mm, table base 60 mm. For this combination of pa-
rameters, displacements and mass are shown in Table 6. The Taguchi method has found 24 solu-
tions. As the optimal solution it gives the combination of parameters under the run 3, which is
part of the previous plan of experiments, shown in Table 5.

3.00E-02 3.00E-02 3.00E-02

2,50E-02 2.50E-02 2.50E-02

2.00E-02 T 2.00E-02-~ 2.00E-02

Displacement Y (mm)
.

Displacement Y (mm)
-

Blsplnrom.em Y (mm)
-

& 1.50E-02 L.50E-02- & L50E-02

1.00E-02 L.OOE-02 1.00E-02

50 60 70 30 40 50 40 50 60

A: legstframe (mm) B: stiffener (mm) C: table base (mm)

Fig. 11 Main effects for response displacement Y, change of each factor depending on level

Table 6 Solution for the best parameters of table design 1
No. Legs&Frame  Stiffener Table base  Displ. X Displ. Y Displ.Z  Mass Desir-
[mm] [mm)] [mm] [mm)] [mm)] [mm)] [kg] ability
1 60 40 60 0.005 0.014 0.003 256 0.579  selected

4.5 Two stage selection of product design using PROMETHEE and Taguchi method: Discussion

The main aim of this paper was to show an advantage of the proposed methodology with an em-
phasis on the number of experiments that have to be done. Table 7 shows the comparison of
differences between classical methods and proposed methodology in terms of the number of
variants on the simple example presented in section 4 and the design of table for CNC milling
machine. The simple example consists of 2 designs with 3 factors on 2 levels, which means that
for the PROMETHEE method it is necessary to prepare 16 variants. If the design of table for CNC
milling machine is chosen using the mentioned method, it will be necessary to prepare 81 vari-
ants. The simple example was conducted to verify the final result of the proposed methodology
with the result obtained by the classical method. It can be seen that the real optimum result from
PROMETHEE method coincides with Taguchi optimum gained by the proposed methodology.
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Table 7 Comparison of different approaches and number of necessary variants to include in the selection

Simple example Design for CNC milling
(section 4) machine

Approach ; ;L(i:ins, 3 factors, 3 des%nlz,v?élfsactors, Optimum
Classical selection of the best variant - 2x23= 3x33= real
PROMETHEE method 16 variants 81 variants optimum
Classical selection of the best variant - 2x4= 3x9= Taguchi
Taguchi method 8 variants 27 variants optimum
Two-stage product design selection (2-1)+4= B3-1)+9= Taguchi
using PROMETHEE and Taguchi method 5 variants (+2)* 11 variants optimum

* For this example it was necessary to include two more experiments to gain a significant model; detailed explanation
is in subsection 4.2

5. Conclusion

The research on how to combine different methods and find an optimal solution is presented in
this paper. Today, time is the crucial factor in the design product stage and decision-making
support is an important part in manufacturing or research and development process. The longer
period of the design phase has effects on the production of a product. This situation is character-
istic when it is not clear what properties product should exactly satisfy. Proposed methodology
shows the reduction of variants and number of its experiments with help of criteria that should
be defined in the beginning in order to reduce search space. It is visible that the number of ex-
periments increases significantly when there is just a small increase in the number of designs, in
fact, search space becomes larger. The advantages of the proposed methodology are identified
through the comparison of different approaches. Time is saved for the search of appropriate
variants and optimum is reached as in the case of the “whole space search”. The PROMETHEE
method helps to find the best solution according to the decision-makers’ selection. Combining it
with the Taguchi method, the number of experiments is reduced and it is easy to find out which
parameter is significant and how each parameter affects the whole system (product or process).
Usage of the strengths of both methods resulted in the two-stage methodology. This new combi-
nation of methods mostly contributes in the product design phase while searching for the most
appropriate solution according to the “a priori” defined alternatives and criteria.
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ABSTRACT

ARTICLE INFO

A novel configuration of assembly lines was proposed in this research, namely
parallel adjacent U-shaped assembly lines (PAUL). Typically, in a multiple U-
line facility, each U-line is designed to work independently which may cause
some workstations were not fully functioned. The PAUL aimed at increasing
the utilisation of the whole facility by allowing cross-trained workers to work
on the opposite legs of the adjacent U-lines (multi-line workstations). This
configuration is easier to implement than parallel U-lines due to no restriction
in terms of the lengths of U-lines to be paralleled and hidden expenditures
that could be incurred in shop floor reconstruction. Since the line balancing of
the PAUL is NP-hard and many conflicting objectives need to be optimised
simultaneously, the evolutionary meta-heuristic which was the hybridisation
of the multi-objective evolutionary algorithm based on decomposition
(MOEA/D) and particle swarm optimisation (PSO), namely MOEA/D-PSO, was
developed to effectively solve the problem. In addition, the decoding algo-
rithm to convert the solutions obtained from MOEA/D-PSO into the PAUL’s
configuration was proposed. The performance of MOEA/D-PSO was evaluated
against MOEA/D and multi-objective particle swarm optimisation (MOPSO).
The experimental results reveal that MOEA/D-PSO outperformed its rival
algorithms under the convergence-related performance.
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1. Introduction

Nowadays, manufacturers are encountering shortened product life cycle because of ever-

’

escalating technological innovation, fierce market competition and rapid change in customers
taste. To maintain their competitiveness and survive in heavily competitive businesses, the just-
in-time (JIT) philosophy has been adopted to reduce wastes and excessive inventories in pro-
duction systems. As a result of JIT implementation, the traditional straight-shaped production
lines are switched to the U-shaped ones (hereafter called U-lines) to improve their production
efficiencies. Moreover, the mixed-model production, another main integral ingredient of JIT,
supersedes the mass production of one model of a single product to cope with the swift growth
of product varieties in a cost-effective manner.

In view of the production, a U-line offers more options in task-to-workstation assignments
since workers are allowed to work on both sides (Front and Back) of the line in crossover work-
stations apart from regular workstations which are placed only on any single side of the line.
This provides a higher opportunity to consolidate more tasks into workstations resulting in
higher compact workload, better workload distribution and greater line utilisation. The popular-
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ity of U-lines is attributed to lots of benefits gained from production volume flexibility, operator
flexibility, less number of workstations, no special material handling equipment needed, less
space requirement, greater workplace visibility, increased communication and teamwork, multi-
skilled workers, lower inventory, easier production planning and better quality control [1].

In most manufacturing companies which adopt JIT, after a period of production, they may no-
tice that their current capacities are not enough to fulfil increasing demands because their busi-
nesses are flourishing and extra orders are received continuously. These orders may be the
same products previously offered or even new products never been done before. The simplest
way to deal with this problem is to add more duplicated or newly designed lines into the system.
Since the planning and operations of these lines are conducted independently as if they cannot
interact with others, the system as a whole comprising many unrelated lines is normally un-
derutilised.

Recently, Gokcen et al. [2] proposed a new line configuration, namely parallel lines, where
one or more straight-lines are allowed to work simultaneously under common resources (e.g.
workers or equipment) through multi-line workstations to increase the capacity of the system
without the cost of additional lines. This concept was further adapted to fit in the environment of
U-lines by Kii¢ilikko¢ and Zhang [3], namely parallel U-shaped lines (PUL), where two U-lines are
placed in parallel to one another to take advantages of multi-line workstations which bestride
between both adjacent U-lines.

Although the concept of the PUL is theoretically sound, a number of practical issues could be
uncovered as follows. First, the application of this configuration is limited only when the lengths
of both adjacent U-lines are more or less the same. If the outer U-line is much longer than the
inner U-line and multi-line workstations are located between the Bottoms of both lines, the
workers who work in these workstations have to walk back and forth between two legs of the
lines in a long distance. This makes multi-line workers unhappy because their jobs are more
tired than those working in other places and perhaps they would refuse to work in such work-
stations.

In contrast, if the inner U-line is much longer than the outer U-line, there will be no multi-line
workstation at the Bottoms of both lines since no Bottom of the outer line is existed. Without the
Bottom of the outer line, two legs (Front and Back) of the outer line are split apart and hence
material transfers between these legs need a great help from material handling equipment or
floating workers bringing about additional operational costs.

Second, in order to reconfigure the system according to the PUL, in case of two U-lines are
originally working independently, the lines must be reorganised by moving one U-line to en-
compass with the other. The cost of line relocation may be quite excessive, particularly when
heavy machines are parts of the workstations and the foundation on the shop floor for machin-
ery placement needs further reconstruction.

In this paper, an alternative layout of multiple U-lines is proposed, namely parallel adjacent
U-lines (PAUL). This layout has no limitation as of the PUL and it is much easier to implement in
practice since less machinery movement is required. The PAUL’s environment comprises two or
more U-lines adjacently located as ubiquitously found in industry. Instead of treating each U-line
as an independent entity, multi-line workers are allowed to handle tasks on both legs of the ad-
jacent U-lines, i.e. Front of one U-line and Back of the other U-line (Fig. 1). As a result, the un-
derutilised capacity of independent lines on some workstations, if any, could be unleashed by
implementing the PAUL. To our best knowledge, this novel configuration has never been ad-
dressed in literature before.

To systematically form the PAUL so that the production is flown smoothly, the disparity of
workloads among workers should be minimised to minimise the unused capacity of the lines.
This problem is known as the PAUL balancing problem (PAULBP). In this paper, we assume that
each U-line of the PAUL produces mixed-model products to reflect real-life applications. In addi-
tion, many conflicting objectives are optimised simultaneously. Because the problem is NP-hard,
evolutionary algorithms seem to be an effective solution technique. As a result, the multi-
objective evolutionary algorithm based on decomposition (MOEA/D) hybridised with particle
swarm optimisation (PSO) is proposed to solve the PAULBP.
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Fig. 1 PAUL configuration: (a) without station number, and (b) with station number

The remaining sections are organised as follows. The detailed description of the PAUL is pre-
sented in Section 2. The approach to solving the PAULBP is proposed in Section 3. Experimental
designs, results and discussions are explained in Section 4. Finally, the conclusion and future
research are discussed in Section 5.

2. Problem definition

Obviously, in a production system (e.g. electronics and electrical industry) where several U-lines
are located close to each other (i.e. the walking time between adjacent U-lines of multi-line
workers is negligible) could provide an opportunity for better line balancing. In this research,
the layout of two U-lines laid out adjacently side-by-side is considered (Fig. 1). The entry and
exit points of both lines are on the same side. By this arrangement, an additional form of work-
stations could be realised apart from regular and crossover workstations as typically found in
traditional U-lines. This type of workstation is called a multi-line station which could occur be-
tween the Back of Line 1 and the Front of Line 2. The worker who is assigned to perform tasks in
a multi-line station is cross-trained to manipulate different product families and models belong-
ing to both U-lines of the PAUL. The assumptions used in this research are as follows: (a) both U-
lines produce mixed-model products, (b) task times, cycle times and precedence diagrams of
products on both U-lines are given and fixed, (c) cycle times of both U-lines could be different,
(d) workers are cross-trained, and (e) walking time of the worker is negligible regardless of
workstation types.

2.1 Objective functions

Five objectives related to line efficiency and workload distribution are employed in this re-
search. The reasons for using many objectives as such is to evaluate the effectiveness of the pro-
posed algorithm in dealing with the problems with high dimensional search space and the prob-
lem itself is a multi-objective optimisation in nature. Note that these objectives are conflicted
with each other; therefore, trade-offs among them are inevitable. The followings are the formu-
lations and descriptions of the objectives.

(1) Minimise the number of workstations (Ny,): If the workloads assigned to all workstations in
the PAUL are equal or nearly equal to the cycle time of the system, the efficiency of the sys-
tem will be high resulting in less number of workstations required.

f1 = Minimise Ny, (1
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(2)

(3)

(4)

(5)

Minimise workload variations between workstations (Bj): This objective attempts to equal-
ise the workload assigned to each workstation as much as possible. Highly unbalanced
workload causes a bottleneck, inequality of workers and also fatigues to the worker who
works in the bottleneck workstation.

2
N N, 3 S 1
f, = Minimise B, = —*—%" " 3" (kb _ @)
N, —14=k=14=p=1\TAD N

w

Minimise unbalanced workloads within the workstation (B,,): This objective is trivial in a
single-model assembly line. However, it is vital for a mixed-model assembly line in which
the task times of different product models could be varied. The effect of this problem is ap-
parent while sequencing products into the line since a worker may have to work much
longer than the cycle time in some cycle, but very short in another cycle. In some cases, utili-
ty workers may be called upon to ease the problem.

M Ny, M 1\
= Minimise B, = —2 2 S —— 3
/s YN, (M —1)4=k=1 m=1< fem M) 3
Dm M
O = ;0<q, <1 and zm=1qm=1 (4)
Z7n=1 m
M
0, if Z 9nSkm
m=1
Skm - qmskm (5)

, otherwise
t m=1 qm km

Minimise unrelatedness of tasks in the workstation (TUR): Two tasks assigned to a work-
station are related to each other if both of them are directly interconnected in the prece-
dence diagram. Their relationships are the predecessor or successor of the other. The relat-
ed tasks normally require similar tools and skill of workers; hence, assigning related tasks
to the same workstation facilitates skill development and expertise to a worker resulting in
high system efficiency. Chutima and Chimklai [4] proposed the formulation to measure the
unrelatedness of assigned tasks in the workstation as follows.

N

w

fo = Minimise TUR = N, — T (6)
X2 SN,

where SN, is the network of tasks that are directly related in workstation k.

Minimise the number of stations (N): The line length of the system comprising many U-
lines laid down adjacently can be measured by counting the number of stations which are
compactly arranged in a longitudinal direction. Shop floor utilisation will be high if the sys-
tem’s line length is short. This objective can also be used to penalise the system configura-
tions that are not an authentic PAUL which will be discussed in the next section.

fs = Minimise N; (7

2.2 Authentic PAUL configuration

An authentic PAUL must consist of at least one crossover workstation and one multi-line work-
station, possibly incorporated with or without any regular workstation. Many system configura-
tions that claim to be the PAUL but, in reality, they are just look alike. As a result, the benefits of
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the PAUL may not be realised from such unauthentic PAULs, particularly low N,, and short line
length which will be illustrated in the following examples.

Fig. 1 illustrates the authentic PAUL configuration in which one crossover workstation is
found in Line 1 and Line 2, one multi-line workstation is located between the adjacent legs of
Line 1 and Line 2, and two regular workstations are on Line 1 and Line 2. In this case, the num-
ber of stations in the system (i.e. line length Nj) is three.

Fig. 2 depicts the two-line system which consists of four regular workstations on Line 1 and
Line 2, and one multi-line workstation located in between Line 1 and Line 2. This configuration
is not an authentic PAUL since no crossover workstation exists. In fact, this system is parallel
lines and the line length is five.

Another example of unauthentic PAULs is shown in Fig. 3. The system consists of a U-line and
a straight line working in parallel. There are two regular workstations and one crossover work-
station on Line 1, four regular workstations on Line 2, and one multi-line laid between Line 1
and Line 2. The line length of the system is 5.
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Waorkstation
Front [r == -~~~
| WS
()
Line 1 A4
Back _,__.__I
) ws2 | | wss e n e e mmmn e mm—n mm -
“““ ; Line 1 | Station1 Y Station2 [ Station3 ! Station4 ! Station 5}
1 .) 1 Maulti-line | e e
H 1 Workstation poWs2 ---—J ws7 i ws3 i ws1 J—s
[ pp—— WS-6 fo - ——— - _—_— _ _

Workstation|

I
I
I
I
I
Line 2[;=——— === ===
e L — WS-9 :l' WS-10 a. WS-5 _j—»

1 ] 1 1
I ! 1 1
i J Multi-line . H
I ! 1 1
1 ] 1 1

_____

Front {
WS- ws2 § 0 N e e e e
. [ Station 1 V’Staﬁonl Y ion3 ¥ Station4 ¥ Station3
1 Station3 | Station4 | Station3
Li 1 \ Crossover ~ - | !
ine Workstation Front [~ =~~~ o | !
' .) —s I owsz ! | 1
. 2SS ——_— | |
Back : | WS ! | !
______ Line 1 I Crossover ! : : :
] .) I, Multi-Line e L ! Workstation | | X X
|
9 worstation b N I I
Front Back T T I I
_.| | | |l | | |
N 211 1 | | 1
| g WS4 | | 1
Line 2 ! ) Multi-Line 1 | | )
Line2 | | Workstation ! | | !
A = e 1] == F---- pup— |
Back — w3 ] WS-8 ws7 [ ws6
ws-6 1f L ws7 ! [ & [ SRR PR T ]

Fig. 3 One U-line and one straight line (N = 5)

3. Materials and methods
3.1 Hybridisation between MOEA/D and PSO (MOEA/D-PSO)

Much effort of the early research in the line balancing has been emphasised on a single objective
optimisation. However, in practice, line balancing is a multi-objective optimisation problem
(MOP) since many conflicting objectives need to be realised simultaneously as mentioned in
Section 2. When solving this problem, we usually discover numerous optimal solutions which
are non-dominated to each other, so-called Pareto optimal solutions (POSs). The best contour of
these POSs plotted in the objective space is called the Pareto front (PF).

Various Pareto-based evolutionary multi-objective optimisation algorithms have been devel-
oped to solve MOPs. However, with these algorithms, when the number of objectives grows
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more than three, known as many-objective optimisation problems (MaOPs), the dominance
among solutions becomes weakened considerably resulting in worsening selection pressure
towards the PF and sluggish the convergence rate of the algorithm.

Recently, the novel algorithm to effectively tackle MaOPs namely multi-objective evolutionary
algorithm based on decomposition (MOEA/D) in which an original MaOP is bisected into numer-
ous subproblems using different weight vectors which are uniformly distributed along the objec-
tive domain was developed by Zhang and Li [5]. These single objective optimisation subproblems
are collaboratively optimised simultaneously in each generation. Since the fitness assignments of
MOEA/D are determined by the scalar aggregation function rather than the Pareto domination
as conventional, the number of objectives has a minimal effect to its selection pressure.

MOEA/D normally uses genetic operators as an offspring generating mechanism, e.g. single
point crossover. However, such genetic operator has a serious drawback in computational ex-
pensive when compares with particle swarm optimisation (PSO) [6]. As a result, the genetic op-
erator of MOEA/D is replaced with the mechanism of PSO in this research to improve the con-
vergence rate. The hybrid algorithm is afterwards called MOEA/D-PSO.

PSO was developed by Kennedy and Eberhart [7] to mimic the collaborative social movement
of the large biological swarm in searching for food such as a bird flock or fish school. PSO is a
population-based meta-heuristic which stochastically manipulates its offspring generation
mechanism without any evolutionary operator like appearing in GA, e.g. crossover and mutation.
As a result, many relative advantages offered by PSO include fast convergence, fewer parameter
settings, less memory consumption, etc.

In the context of PSO, a particle denotes an individual solution of the problem, a swarm rep-
resents the population of solutions, and the optimum solution is the food. Each particle has three
key attributes, i.e. position (its current solution), velocity (magnitude and direction of the trajec-
tory towards the optimum solution), and fitness (relative performance). The particle navigates
its flight by regularly adjusting its velocity with the supervision from two sources, i.e. its own
best flying experience (personal best known as Pbest) and entire population best flying experi-
ence (global best known as Gbest). The pseudo code of MOEA/D-PSO is described as follows.

Pseudo code of MOEA/D-PSO

1. Generate weight vector A for the population size N using simplex lattice design.

2. Define the parameters of the algorithm, i.e. the neighbourhoods (T) of each weight vector,
inertia weight w, and learning factors ¢; and c¢5.

3. Determine particle position vector X; for each particle j = 1,..., N whose size equals the
total number of tasks (d) in the PAUL using R[0,1].

4. Determine particle velocity vector (V;) for j = 1,..., N whose size equals the total number
of tasks (d) in the PAUL using R[0,1].

5. Determine the configuration of the PAUL using the decoding algorithm (to be explained in
the next section) and calculate all m objectives of each X;.

6. Determine the minimum and maximum values of each objective, i.e. z,, and fm(max).

7. Set the initial values of Pbest (P) and Gbest (G) of each particle by P; = X; and G; = X;.

8. Find the non-dominated solutions in the current population, add them into the external
population (EP), find the non-dominated solution in EP, and trash all dominated solutions
from EP (note that the initial EP = ¢).

9. Find the velocity vector of each particle j using V;(t+ 1) = wV;(¢) + clrl(Pj () — X; (t)) +
ca12(Gj(¢) — X;(t)) and then find its new position vector using X; (t + 1) = X;(¢) + V; (¢ + 1).

10. Find the new configuration of the PAUL using the decoding algorithm and calculate all m
objectives of each X;.

11. Update zy, and f(max)-

Ji™%i_ for each X;, P; and G;.

12. Find normalised values of each objectives using f, =
fitmax)—2%;
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13. Update Pbest of each X; by comparing the Tchebycheff function (minimize g;(x) =
1229 {4 |£,1}) between P; and X;. If X; is better than P;, set P; = X;; otherwise, maintain
current ;.

14. Update Gbest by comparing the Tchebycheff function between G; of the randomly selected
neighbourhoods and X;. If X; is better than G;, set G; = X;; otherwise, maintain current G;.

15. If the termination condition is not met, go to step 8; otherwise, stop the algorithm.
3.2 Decoding algorithm

The solution string in this paper is represented by a priority-based scheme where the number
under the task indicatesitsassignment priority. For example, nine (A1l,..,A9) and seven (B1,...,B7)
tasks are produced by Line 1 and Line 2, respectively, as shown in Fig. 4. According to the ar-
rangement of String 1, the priorities of tasks from highest to lowest are B6, B4, B7,..., A5 and A8.

Task
String as
A2 A3 A4 A5 A6 A7 A8 A9 B1 B2 B3 B4 B5 B6 B7
1 8 13 12 10 15 9 11 16 6 5 4 7 2 14 1 3

Fig. 4 An example of solution strings

The decoding algorithm to transform the solution string into the corresponding PAUL is as
follows.

Decoding algorithm

1. Determine the total number of to-be-assigned tasks by adding the number of tasks in Line 1
with Line 2.

2. Determine the assignable task list which is a set of tasks that are eligible for the assignment
without violating the precedence constraint. For U-line, the assignable tasks are those that
locate on the left-hand side of the precedence diagram without any predecessor (assign to
the Front) and on the right-hand side of the precedence diagram without any successor (as-
sign to the Back).

3. Let S1 be the set of tasks that can be assigned to the Front of Line 1, S2 be the set of tasks
that can be assigned to the Back of Line 1, S3 be the set of tasks that can be assigned to the
Front of Line 2, and S4 be the set of tasks that can be assigned to the Back of Line 2. Group
all assignable tasks into their appropriated sets, i.e. S1, S2, S3 and S4.

4. Open a new workstation.

5. Select the task with the highest priority from the assignable task list and assign it to the cor-
responding side (i.e. S1, S2, S3 and S4) of the U-line.

6. Reduce the number of to-be-assigned tasks by 1. If the number of to-be-assigned tasks is
equal to 0, then the algorithm is completed; otherwise, go to (7).

7. Compute the remaining available time of the workstation.

8. Update the assignable task list by considering only those that their task times are less than
the remaining available time of the current workstation without violating the precedence
constraint as follows:

a) Ifthe assigned task is in S1 (the Front of Line 1), the assignable tasks are those that are in
S1 (to form a regular workstation) and S2 (to form a crossover workstation).

b) If the assigned task is in S2 (the Back of Line 1), the assignable tasks are those that are in
S1 (to form a crossover workstation), S2 (to form a crossover workstation) and S3 (to
form a multi-line workstation).

c) If the assigned task is in S3 (the Front of Line 2), the assignable tasks are those that are in
S2 (to form a multi-line workstation), S3 (to form a regular workstation) and S4 (to form
a crossover workstation).

d) If the assignable task is in S4 (the Back of Line 2), the assignable tasks are those that are
in S3 (to form a multi-line workstation) and S4 (to form a regular workstation).

Advances in Production Engineering & Management 14(1) 2019 57



Chutima, Suchanun

10.

11.
12.

13.

If the assignable task list is empty and the to-be-assigned tasks still exist, then go to (4);
otherwise, select the task with the highest priority from the assignable task list and assign it
to the classified side of the line.

Reduce the number of to-be-assigned tasks by 1. If the number of to-be-assigned tasks is

empty, then the algorithm is completed; otherwise, go to (11).

Compute the remaining available time of the workstation.

Update the assignable task list by considering only those that their task times are less than

the remaining available time of the current workstation without violating the precedence

constraint as follows:

a) If the recently assigned task still forms a regular workstation with the previously as-
signed tasks, the assignable tasks can be found in the same way as 8(a)-8(d).

b) If the recently assigned task forms a crossover workstation with the previously assigned
tasks, the assignable tasks are those that belong to S1 and S2, or S3 and S4, depending on
the line (Line 1 or Line 2) where the crossover workstation is located.

c) If the recently assigned task forms a multi-line workstation with the previously assigned
tasks, the assignable tasks are those that belong to S2 and S3 only.

Repeat steps 9-12.

Assume that the precedence diagrams of the products to be assembled on Line 1 and Line 2

are shown in Fig. 5. The common cycle time of the lines is 30. The numerical example of the algo-
rithm is demonstrated in Table 1. Fig. 6 depicts the resultant PAUL which consists of three regu-
lar workstations on Line 1, one crossover workstation on Line 1, one regular workstation on
Line 2, one crossover workstations on Line 2, and one multi-line workstation.

R OO ONIONONO
u.ﬁ ﬁb &)
® ©,

(a) Line 1 (b) Line 2

Fig. 5 An example of solution strings

Table 1 Task-to-workstation assignment (cycle time = 30)

= Assignable Task
< 8 - - Task Idle
s B Line 1 Line 2 Select . .
= £ ST 3 3 2 Time Time
Al A9 B1 B3, B6, B7 B6 12 18
1 Al A9 B1 B3, B5, B7 B7 10 8
Al A9 B1 B3, B5, B4 B4 6
Al A9 B1 B3, B5 B1 1 1
Al A9 B2 B3, B5 B2 10 20
2 Al A9 B3, B5 B3, B5 A9 16
Al A8, A6, A7 B3, B5 B3, B5 A7 3 1
3 Al A8, A6 B3, B5 B3, B5 B3 7 23
Al A6, A8 B5 B5 B5 10 13
4 Al A8, A6 - - Al 15 15
A2, A3 A8, A6 - - A6 15 0
5 A2, A3 A8 - - A3 10 20
A2 A8 - - A2 9 11
6 A4 A8 - - A4 13 17
A5 A8 - - A5 10 7
7 A8 A8 - - A8 12 18
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Fig. 6 The resultant PAUL

4. Results and discussion
4.1 Experimental design

Problem set

Twelve problems were used to test the performances of MOEA/D-PSO. The problems were mod-
ified from previously published research to fit in the PAUL’s environment and they were classi-
fied into three sizes, i.e. small, medium and large. The number of tasks ranged from 30-50, 50-
100 and 100-170 for small, medium and large, respectively. In each problem, the cycle times of
the lines were assumed unequal and varied in three levels; hence, the common cycle time of the
system was determined according to [2]. In addition, mixed-models of the product were pro-
duced by each U-line. Table 2 shows the detail of each problem.

Parameter settings of the algorithms

Three algorithms were tested in this research, i.e. MOEA/D, MOPSO and MOEA/D-PSO. MOPSO is
the conventional PSO algorithm but applying the Pareto-based fitness scheme to guide its search
trajectory. In order to provide a fair-play contest, all algorithms were carefully coded and tuned
so that they could execute at their best performances. The parameter tuning of the algorithms
was based on the result obtained from statistical analyses of the experimental designs, particu-
larly the general full factorial design. All programs were coded in MathLab on a notebook com-
puter using Intel® Core™ i7-7700HQ CPU@2.8GHz 8.00 GB RAM 64-bit operating system oper-
ated under Microsoft Windows 10 Pro.

Two parameters of MOEA/D including the number of weight vectors in the neighbourhood
and the maximum number of solutions replaced by each offspring were set at 10% and 20%,
respectively. The values of inertia weight, cognitive learning parameter and social learning pa-
rameter (learning) for MOPSO were set at 1, 1.5 and 1, respectively. For MOEA/D-PSO, the val-
ues of the number of weight vectors in the neighbourhood, the maximum number of solutions
replaced by each offspring, inertia weight, cognitive learning parameter and social learning pa-
rameter were set at 10 %, 20 %, 1, 1.5 and 1, respectively. The number of populations in each
algorithm was 133. The number of generations was 1000, 1500 and 2000 for small, medium and
large problems, respectively.

Pareto-based metrics

To evaluate the relative performances of the algorithms in a Pareto sense, several metrics were
employed in this research. The metrics which are related to the convergence performance of the
algorithms including generational distance (GD), inverted generational distance (IGD), ratio of
non-dominated solutions (self-comparison, Ryps1) and ratio of non-dominated solutions (Pare-
to-optimum comparison, Ryps,). Spread is a metric to indicate the diversity of non-dominated
solutions. The detailed formulations of all Pareto-based metrics were discussed by Coello Coello
and Cortés [8] and Chutima and Olarnvanitchai [9].
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Table 2 Problems used in the experiments

Linel | Line2 Common
No. Cycle Cycle Total Cycle
Problem Models = MPS . Problem Models = MPS . Task :
Time Time Time
15 10 30
1 Mitchell 3 2:1:2 18 Jackson 2 3:1 12 32 36
21 14 42
9 18 18
2 Jackson 3 1:2:1 11 Rozieg 2 3:1 22 36 22
13 26 26
17 34 34
3 Mitchell 2 2:1:2 21 Rozieg 3 1:2:1 18 46 126
21 21 21
21 42 42
4 Rozieg 3 1:2:1 25 Rozieg 3 2:1:2 50 50 50
16 32 32
138 205 28290
5 Heskiaoff 3 1:1 205 Heskiaoff 2 1:1 216 56 44280
216 324 648
41 41 41
6 Gunther 3 1:1 54 Sawyer 2 2:3 54 65 54
81 81 81
79 138 10902
7 Killbridge 3 1:1 110 Heskiaoff 2 2:3 205 73 4510
110 216 11880
57 79 4503
8 Killbridge 2 1:1 92 Kilbridge 2 1:3 110 90 5060
110 110 110
79 410 32390
9 Killbridge 3 2:1:2 110 Tonge 3 1:2:1 468 115 25740
110 527 57970
320 320 320
10 Tonge 3 1:1:1 207 Tonge 2 3:1 270 140 6210
293 220 64460
220 270 5940
11 Tonge 2 3:1 252 Wee-mag 3 1:1:1 84 145 252
303 101 303
6842 6842 6842
12 Arcus1 3 1:1:2 7571 Acrus1 3 1:2:1 7571 166 7571
6309 6309 6309

4.2 Experimental results

Table 3 in Appendix A shows the relative performances of all algorithms in tackling the PAULBP.
As mentioned earlier, two performance aspects can be evaluated when facing MOPs, i.e. conver-
gence and spread. The first convergence-related metric is GD which indicates the distances be-
tween the non-dominated solutions (NDSs) on the PF obtained by the algorithm and the closest
NDSs on the approximated true Pareto front (ATPF). Note that ATPF is constructed by applying
non-dominated sorting to the combined PFs of all algorithms obtained after the algorithm is
terminated. If GD is 0 (the best value of GD), the PF of the algorithm is perfectly overlapped with
the ATPF. It is obvious that GDs of MOEA/D-PSO are always lowest, followed by MOEA/D and
MOPSO, regardless of the problems’ sizes. In addition, GDs obtained by MOEA/D-PSO are always
very close to 0 meaning that most of its obtained NDSs are on the ATPF.

IGD is similar to GD, but it measures the distances between the NDSs on the ATPF and the
closest NDSs on the PF obtained by the algorithm. As a result, IGD also implies the coverage of
the extreme points on ATPF by the algorithm. The algorithm with a lower IGD is the better one
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(the best value of IGD is 0). It is obvious that MOEA/D-PSO always has the lowest values of IGD
comparing with MOEA/D and MOPSO, regardless of problem’s sizes and cycle times.

Ryps1 and Ryps, are another important convergence-related metrics. They specify how many
of the NDSs on the PF of the algorithm belongs to the ATPF. Ryps; compares this number with its
owned number of NDSs on the PF; whereas, Ryps, compares this number with the NDSs on the
ATPF. The higher the values of Rypgs; and Ryps, are the better algorithm. The results show clear-
ly that MOEA/D-PSO often outperforms MOEA/D and MOPSO. When the results from Ryps; and
Ry ps» are interpreted along with GD and IGD, it conveys about the PF of MOEA/D-PSO that it is
located pretty close to the ATPF and all of its NDSs are almost on the ATPF. In addition, the PF of
MOEA/D-PSO covers the extreme point on the ATPF.

Spread is used to assess the distribution of NDSs produced by the algorithm which is related
to the diversity of the solutions. This metric determines how much difference between the dis-
tance between two adjacent NDSs and the average distance. The lower Spread (i.e. more uni-
form distribution) is the better algorithm. Although MOPSO often provides the best Spread, par-
ticularly in large sizes’ problems, its value is marginally lower than MOEA/D and MOEA/D-PSO.
This result comes with unsurprising since there is no diversity preservation mechanism embed-
ded in any algorithm tested in this research.

Another aspect observed during the experiments, but does not present in this paper because
of page limitation, is the number of workstations (N,,) and stations (Ng) created by each algo-
rithm. It is found that the best value of N, created by all algorithms is almost the same as the
ideal number which calculates from dividing the total task time by the cycle time. MOEA/D-PSO
always obtains the best N, comparing with the other algorithms. In addition, the best value of
Ns generated by each algorithm is the same. This reflects the effectiveness of the decoding
method that is proposed in this research, as well as the PAUL'’s configuration.

In theory, the PAUL’s concept is viable and could be extended to integrate more than two or
even all U-lines located in close vicinity of each other to form a multi-PAUL facility. However, in
practice, a number of issues that should be carefully addressed are as follows. For some factories
that do not plan to utilise the PAUL in advance, it may be necessary to re-arrange their existing
U-lines to be aligned with the PAUL layout.

The distance between the adjacent U-lines which will be used to form the PAUL should not be
too long. In addition, multi-line workers should be more appropriate to work in a standing pos-
ture since they will have to travel back and forth between two legs of different U-lines. The need
to walk while working could cause fatigue in the workplace with workers.

The features of tasks assigned to two legs of a multi-line workstation of the PAUL must not be
too much diverse, e.g. soldering IC’s pins (expert hands) and visual inspection (expert eyes). If
possible, they should be in the same category, i.e. requiring the same skill. In fact, multi-skilled
workers should not be bombarded with too many skill trainings since it could prevent them
from being an expert in the field. In addition, higher wages should be paid to multi-line workers
since their responsibilities are much higher than workers in regular workstations.

5. Conclusion

A novel assembly line configuration widely found in many multiple U-lines facilities but no one
has ever utilised it, namely a PAUL, is proposed in this paper. This configuration is developed to
increase the productivity of two or more U-lines placed adjacently and some of their work-
stations are underutilised (i.e. high idle time) while they are operated independently. To in-
crease the utilisation rate of the whole system, paralleling these U-lines is done by allowing the
formation of multi-line workstations located between their adjacent legs (Front of one U-line
and Back of the other adjacent U-line). Multi-skilled labours are allocated such workstations to
ensure the smoothness of mixed-model production flow on the PAUL. Several conflicting objec-
tives of the PAULBP are optimised simultaneously and evaluated under a Pareto sense. Since the
problem is NP-hard, the decomposition-based algorithm to generate good layouts of the PAUL is
proposed namely MOEA/D-PSO which is the hybridisation between MOEA/D and PSO. The algo-
rithm is tested against MOEA/D and MOPSO to assess their relative performances. Several prob-
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lems with different sizes, number of tasks, product mixes and cycle times are employed as test-
bed cases. The results reveal clearly that MOEA/D-PSO outperforms MOEA/D and MOPSO in
terms of convergence-related metrics while their performances are indifferent in diversity-
related metric. In addition, the decoding algorithm is quite effective in generating good PAUL
layouts. The further research directions could be extended to the PAULBP Type II, considering
the walking time of the worker, various skilled labour [10], asynchronous U-lines [11], or simul-
taneous balancing and sequencing [12].
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the impacts of the number of service workers, the charging pile replacement
policy and the charging pile maintenance times on an electric vehicle charging
station's profits. An orthogonal test can achieve the following optimal re-
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source scheduling results when their range is known: (1) In the lifetime of the (Tang, M.)

charging pile, seven maintenance times are needed; (2) Even if the charging
pile is still in normal condition, it needs to be replaced in order to achieve the
maximum profits for the charging station; (3) a comprehensive analysis of
service efficiency and service costs indicates that 8 service workers are need-
ed to achieve the optimal profits for the charging station. Therefore, the scien-
tific contribution of this research is to establish one resource scheduling
simulation model that can assess the effects of the number of service workers,
the charging pile replacement policy and the charging pile maintenance times
on charging station revenues and to obtain the optimal results. In addition, if
the model parameters change, we can still obtain the optimal results.
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1. Introduction

To revitalize sustainable transportation, China is vigorously developing electric vehicles (EVs).
By virtue of clean energy and total emissions reductions, electric vehicles address low-carbon
emissions regulations under the new requirements and new tasks in China's auto industry [1, 2].
The next decade or even decades will be a strategic opportunity for EVs. In addition to satisfying
the need for sustainable transportation, more charging stations are being built to meet the daily
charging demand. Charging piles and service workers are the most important resources for elec-
tric vehicle charging stations. Charging piles are distributed in different charging stations, and
each pile has a certain income if it operates normally. If failure occurs, repair or replacement is
necessary, and charging piles require maintenance over the lifetime of the machine; otherwise,
there is a high probability of failure. Therefore, we need to allocate charging station resources to
achieve optimal charging station profits and sustainable transportation.

Limited by the developmental phase of the EVs industry, resource scheduling for charging
stations has not been paid adequate attention. If resource scheduling is not taken into considera-
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tion, the EV industry may not develop properly, which will hinder sustainable transportation.
Simulation technology is used to model the relationships and behaviors between individuals in
the whole system, and computer simulations are used to establish a model that can reproduce
the real system in order to obtain an optimal solution. Therefore, based on the conception mod-
el, this paper obtains a resource scheduling mathematical model of a charging station and ana-
lyzes the model based on simulation theory using the AnyLogic tool. From the simulation point
of view, this paper studies the effects of the number of service workers, the equipment replace-
ment policy (equipment refers to the charging pile, and this is the same as follows) and the
equipment maintenance times on charging station profits. Reasonable resource scheduling will
result in proper electric vehicle industry development and achieve sustainable transportation.

This paper is organized as follows. We first conduct a comprehensive review, which forms the
theoretical foundation of this study. In section 3, an analytical model is proposed that forms the
base of the research problem. In section 4, we present the mathematical materials and methods.
In section 5, we verify the simulation model through a case study. Finally, conclusive remarks
are presented.

2. Literature review

EVs are environmentally friendly and are becoming increasingly popular in sustainable trans-
portation. However, factors including the mileage (battery life), charging time, charging conven-
ience, purchase price, and vehicle performance hinder the development of the EV industry [3-6].
An adequate charging infrastructure, rational national guidance and locally targeted construc-
tion planning, that is, reasonable resource scheduling, can be an effective way to solve these
problems of the EV industry.

In the actual operations of EV charging stations, personnel time and effort are necessary, thus
requiring the scheduling of a larger workload [7]. Therefore, theories and methods are needed
to guide resource scheduling. Scholars have made many achievements in their research, includ-
ing experience summarization, mathematical programming models, and artificial intelligence
algorithms.

The initial research was basically a summary. Due to the lack of scheduling experience, Miller
turned to the mathematical programming model [8], and Cook viewed the scheduling problem
as essentially an NP (Non-deterministic Polynomial) problem [9]. Many scholars have studied
specific problems. Xi et al. used a linear integer program to simulate the number of L1 (level 1)
and L2 (level 2) EV charging stations required at work and public locations and predicted the EV
travel flows in central Ohio as well as the number, type, and location of EVs charging stations
[10]. Zhang et al. optimized direct current, fast EV charging station allocation and temporal utili-
zation to maximize eVMTs (electric vehicle miles traveled) through a set-cover problem. This
work showed that random and late charging will increase the grid demand in the afternoon,
while early, inexpensive, and reserve strategies evenly distribute charging throughout the day
[11]. Chen et al. developed a mixed-integer optimization program considering budgetary con-
straints, which limit the total number of EV charging stations to be deployed. The forecasted
parking demand was used as an input to the mixed-integer optimization program, which strate-
gically locates 80 public charging stations across 900 traffic analysis zones in the Seattle, Wash-
ington region [12]. Yi and Bauer formulated an optimal energy-aware charging infrastructure
placement framework. The multi-objective decision model located the EV charging stations to
maximize the number of reachable households under an energy constraint while minimizing the
overall transportation energy consumption of charging actions [13].

For complex production scheduling, a simple mathematical model cannot cover all the fac-
tors, and the solution process is very complex. Therefore, people have developed artificial intel-
ligence technology to solve scheduling problems; for example, in Mehar [14], a modified GA (ge-
netic algorithm) that considers an objective function based on investments and transportation
costs was used to optimize charging station locations. By contrast, Bendiabdellah et al. [15] and
You and Hsieh [16] employed a hybrid GA to determine the optimal number and size of public
charging stations, which found the optimal location by minimizing the investments and travel
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costs. Tang et al. [17] applied multi-phase particle swarm algorithm to solve resource scheduling
problem. The main shortcomings of Al are its low precision and easy divergence, thus making Al
solutions non-optimal.

By combing the literature, we find that the existing scheduling theories have a record of solv-
ing the resource scheduling problem for EV charging stations. However, EV charging stations
have their own characteristics, and many specific factors can influence resource scheduling, such
as different policies, policymakers, charging station planners, battery technologies and EV manu-
facturers [18-21]. On the other hand, some studies have discussed the layout of EV charging sta-
tions [22-26], but they paid minimal attention to the resource scheduling of EV charging sta-
tions. Based on the mathematical model and simulation method [27], this paper builds the re-
source scheduling agent model of the EV charging station and analyzes the effect of the number
of service workers, the equipment replacement policy and the equipment maintenance times on
charging station profits.

3. Problem description

The problem of resource scheduling in EV charging stations is as follows. The service workers
are concentrated in a certain area. When they receive the message "equipment maintenance”,
"equipment repair” or "equipment replacement” sent by the message center, they go to a charg-
ing station location to complete the corresponding task. In the service process, if the equipment
cannot be repaired, the worker can directly replace the equipment, and if the equipment can be
repaired, the worker checks whether the equipment needs maintenance. Considering the overall
profits of the charging station, the service worker can replace equipment that is in a working state.
There are three main situations related to resource scheduling in charging stations.

Single service worker and single equipment

In the model for "single service worker and single equipment”, the status of the equipment de-
termines the worker's working time (drive time) and agenda (equipment replacement, equip-
ment repair or equipment maintenance) (Fig. 1). The worker checks whether there is demand
(equipment failure) for the equipment.If there is demand, the service workerdrives to the charg-
ing station location to complete the service and finally returns to the worker center.

Message Service

center worker Equipment
Monitoring equipment Idle
failure
Time is
neglected
Receiving service
message
Driving
Service worker .

arrive Equipment
maintenanc

€]
Equipment

repair;

Equipment
Service is replacemen

finished t

|
v 22

Fig 1 Situation 1
Single service worker and more equipment

In this case, there are two pieces of equipment and only one service worker (Fig. 2). When
equipment 1 detects a fault and sends a service request to the message center, the message cen-
ter immediately notifies the service worker, and the service worker quickly drives to the desig-
nated charging station location to finish the service. Equipment 2 also detects a fault, which also
sends a service request to the message center; however, the request of equipment 2 cannot be
answered until the service for equipment 1 is finished.
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Fig 2 Situation 2

More service workers and single equipment

In this case, two workers can provide service for the same equipment (Fig. 3). The message cen-
ter sends an equipment failure message to all service workers. At first, two service workers are
idle, so they receive the messages and check their messages at the same time. Then, only one
worker arrives at the designated charging station location to complete the service, and the other
worker remains idle. In reality, it is a combination of the above three conditions.

Message Service worker Service worker
center 1 2
- Idle Idl
Monitoring o e
equipment failure Monitoring
equipment
failure
N Receiving
6 service
No message message
Driving
Idle
A 4 ¥

Fig. 3 Situation 3

The remainder of this paper will analyze the impacts of the number of service workers, the
charging pile replacement policy and the charging pile maintenance times on the electric vehicle
charging station's profits based on the mathematical model of resource scheduling and the idea
of simulation modeling.

4. Materials and methods
4.1 Model definition
The assumptions in this paper are as follows:

e equipment needs maintenance, repair and replacement, and service workers can complete
the above tasks,

o there are fixed costs in the process of equipment maintenance, repair and replacement,

e there is no specific running routine for the workers, and they move at a fixed rate,

e workers can provide service all day,
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e workers can complete the task each time,
e workers can always arrive at the nearest charging station regardless of the running costs.

There are two types of worker-equipment constraints in the process of the worker reaching
the demand point: the physical condition and the operational condition. These constraints are

set as follows:
m
Vi = v, Z b] =B
=1

idle(v) = Vigie (1)

Z Vidie = z Btype

Viate = Brype = (Bo, By, B3, B3) = service(v;) = b;

n
i=1

where v; is the worker, b; is the equipment demand (maintenance, repair and replacement), V is
the worker set, B is the demand set, idle(v;) is the condition of the worker, V,;, is the worker
condition set, B, is the demand type set, and service(v;) = b; means that worker i provides
service for demand j. Only if the demand type matches the worker type can service start. There-
fore, the matrix of worker -equipment constraints is set as follows:

Y11 Y12Y13 - Vin
Y21 ™ :
Y1 o :
A= Yij E (2)
| ;|
|~ym1 """ yan
where 0 <i<nand 0 <j<m.
_ (1 worker v; provides service for demand b; 3
Yij = {0 worker v; cannot provide service for demand b; (3)

With the worker-equipment constraints, we aim to optimize the profits of the charging station
and ensure the satisfaction of demand. The initial setting of the parameters is shown in Table 1.

Table 1 Initial setting of parameters

Parameter Memo
V, Number of service workers
B, Amount of equipment

Equipment in different states (working, repair, maintenance or

Bob;, B1b;1, Byb;i1, Bgbjim AN
0%y P1%y P25y P38 replacement); j, j',j",j" =1, 2,..,.B,

ty Daily revenues generated by the equipment
t, Daily payment for the workers
t3 Equipment repair costs
ty Equipment maintenance costs
ts Equipment replacement costs
t17(B3) jm Battery replacement policy
t16(B2) Equipment maintenance times
Xijk Equipmentj is serviced by worker i in sequence k

Vi Equipment-worker constraints

The objective function in the model gains the maximum profits for the EV charging station.
The charging station’s total costs include worker costs, equipment maintenance costs, equip-
ment repair costs and equipment replacement costs.

Total worker costs: t,V;,

Total equipment repair costs:

By
ts ) (Biby)

=
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Total equipment maintenance costs:

By
2 ). (Baby)
jll=1

Total equipment replacement costs:

By
o> Gy
=1

Total charging station costs:

aZmeuZ@~H%Zw3wﬂz

j =1 ] =1 111_1
4.2 Model construction

The total revenues of the charging station, which are generated by the normal working equip-

ment, are as follows:
By

t ) (Bob)

j=1

The following maximizes the profits for the charging station when considering t16(B2):

t16(B2) Byp 00 By
MaX tl Z Z(BO m}) Z Z(szm'j” t3 Z(Blb )
th(BZ)
m=ty6(B;) j=1 j'=1
(4)
t16(B2) Bp Bn
_t4 Z Z (Bme,j” - ts Z (B3b]'”’) - tan
m=1 j”=1 jlll=1
The following maximizes the profits for the charging station when considering t;7(B3) jm:
t16(Bz) By 0 By
RS DIDICIMERPNPICIID
v, m=1 j=1 m=tye(By) j=1
t17(B3)jm
By t16(B2) By (5)
_t3 Z (Blb]’) - t4 Z Z (BZ m]” t5 Z (B3b ”’) {maX(t17(B3)]m + 1 0)} - tz
=1 m=1 j7=1 j=1
if t17(B3)jm =0
t16(B2) Bn I By B,
tM&X) ty Z Z(Bo m]) Z Z(szm,j Z (Bsbj) ¢ —t3 Z (Blbj’)
16 2 . 4
m=t16(Bz) j=1 j"=1 j'=1
t17(33)1m
t16(B2) Bp B, (6)
_t4 Z Z (BZ m]” t5 Z (B3bj’”) {max(t17(B3)jm - 1,0)} - tan
— ,’_1 I’I_l

if t1;(B3)jm =1

Considering the equipment-worker constraints, the objective function is as follows:
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th(Bz) Bn 9] Bn
tl\g(ax) lek 51 Z Z(Bobm.j) - Z Z(szm.j)
lvn m=1 j=1 m=t16(B,) j=1
t17(33)1m
t16(B2) Byp
- t3 Z (Blb ) t4_ Z Z (szm‘]'” (7)
] _1 m=1 j”=1

- t5 Z (ng]'”’){max(t17(B3)jm + 1,0)} - tan

=1
if t17(B3)jm =0
t16(B2) By
Max Xy |t Z Z(Bo ) Z Z(Bz ) = Z(Bs )
1Vn m=ty1(B;) j=1 j'=1
t17(B3)jm
t16(B2) Bp
- t3 Z (Blb ) t4 z Z (BZ m]!! (8)
—_ ”_1
- t5 Z (B3bj”’){max(t17(B3)jm - 1,0)} - tan
j=1
if t17(33)jm =1
Subject to
V, B,
ZZXW >1, where i=12..V, 9)

=0 j=0
Eq. 9 indicates that each instance of equipment demand can be assigned to the worker more
than two times.

ZXUR = 1, Where ] = 112J "'an (10)

Only one equipment demand can be served by the worker at a time (Eq. 10).

Z Biype = 1 (11)

Equipment failure (work, repair, maintenance or replacement) can occur only once at a time,
and type = 0 means that the equipment is in normal working condition (By), (Eq. 11).

t16(B2) € [1,M] (12)

M is a positive number. Eq. 12 means that there is a certain limit for the equipment maintenance
times according to the equipment operations and charging station profits.

Xijik < ¥ij»¥ij €{0,1} (13)

The equipment service must meet the equipment-worker constraints in Eq.13.
Matrix y;; should consider the conditions below:

e whether the worker is in an idle state,
o whether the equipment is in a failure state,
e whether the equipment failure times reach the service limit.
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1
Z ti7(B3)jm =1,j=12..B, (14)

m=0
To increase the total profits of the charging station, even equipment in a normal working state
can be replaced. Therefore, t;;(B3) jo = 1 indicates that normal equipment needs to be replaced,
and t;7(B3)j; = 0 indicates that normal equipment does not need to be replaced (Eq. 14).

We can obtain the feasible solution using the Cplex model if I, = 1 and B, = 2, while it will
be difficult to calculate the solution if more agents (equipment and workers) are included in the
model. Due to the relationship complexity of the two agents and the dynamic demand of re-
source scheduling in the charging station, this paper develops the simulation method to model
and simulate the resource scheduling for EV charging stations using the AnyLogic platform
(AnyLogic platform is the leading simulation software invented by AnyLogic Company).

5. Case study

The AnyLogic simulator is developed to build equipment and worker simulation models. Our
settings are shown in Table 2.

The output mainly includes the amount of equipment in operation, the amount of equipment
in maintenance, and the amount of equipment in replacement or repair when changing
t16(B2), t17(B3) jo,and V}, so that we can calculate the profits of charging stations. With respect to
the equipment and worker simulation model, their message models are involved in the resource
scheduling of the EV charging station.

Table 2 The simulation settings

Model Item and memo

Worker model Equipment variable
Daily payment for worker
Number of service workers

Equipment model Equipment replacement time
Equipment maintenance time
Equipment repair time
Equipment replacement probability
Equipment maintenance period
Basic equipment failure rate
Equipment failure rate
Workers
Last maintenance time for equipment
Last replacement time for equipment
Equipment age
Time since last maintenance
Equipment replacement policy
Equipment maintenance times
Daily revenue generated by equipment
Equipment replacement costs
Equipment repair costs
Equipment maintenance costs

Message Equipment replacement or repair queue
Equipment maintenance queue
Equipment sent request for replacement or repair
Equipment sent request for maintenance
Request for replacement or repair is activated
Request for maintenance is activated

5.1 Equipment simulation model

There are many factors that can affect the use of charging station equipment, such as the equip-
ment failure rate, the equipment maintenance times, the equipment replacement policy, and the
equipment maintenance cycle. In this model, there are four rules for each equipment agent.
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Equipment failure rate

Whether a piece of equipment needs service is determined by its failure rate. The failure rate is
affected by three factors: the equipment maintenance delay, the equipment age and basic fail-
ures. In this case, equipment maintenance delay = max (1, timeSinceMaintenance / Mainte-
nancePeriod), age = max(1, ages/Flifetime), and equipment failure rate = basic failure x equip-
ment maintenance delay x equipment age, where timeSinceMaintenance is the period since the
equipment maintenance was completed, MaintenancePeriod is the maintenance period of the
equipment, Flifetime is the rated life span of the equipment, and Fliftime = 3 x MaintenancePeriod.

Equipment maintenance times

After the equipment maintenance cycle, the equipment cannot work until it is serviced. Howev-
er, the maintenance times K is limited by M; that is, the equipment can receive maintenance only
if K<M; or it is directly scrapped.

Equipment replacement policy

When the equipment breaks down, the worker replaces or repairs it. Equipment replacement is
also affected by the equipment replacement policy, which refers to the fact that the worker can
directly replace the equipment that is still in working condition.

Equipment maintenance cycle

When the equipment repair is finished, the worker also checks whether the equipment needs
maintenance. When the equipment maintenance period comes (timeSinceMaintenance >
MaintenancePeriod), the worker immediately starts the maintenance service on the equipment.
The operation of the equipment simulation model in AnyLogic is shown in Fig. 4.

Graphic description: The equipment is working at first. Then, it breaks down (Fails) according to
the failure rate and sends the required service message to the message center. When the worker
receives the request information through the message center, he or she goes to the charging
station location (SCArrivaldForRepair). In this case, there are two ways of handling the issue:
repair or replacement. If it is in the condition of replacement, the worker replaces the equipment
(StartReplacement) after the replacement time (FinishReplacement); otherwise, the worker re-
pairs the equipment (StartRepair) after the repair time (FinishRepair). If timeSinceMaintenance
> MaintenancePeriod, the equipment needs maintenance (MaintenanceDue) after the mainte-
nance time (FinishMaintenance); otherwise, if the maintenance cycle (MaintenanceNotDue) is
not reached, the equipment can begin to run after the completion of the repairs. In addition, con-
sidering the equipment replacement policy and the overall charging station profits, we can re-
quire workers to check the working equipment (SCArrivedForMtce) even if it is still in normal
condition.If it meets the equipment replacement policy, the worker should replace the working
equipment (PlannedReplacement); otherwise, equipment maintenance (JustMaintenance) should
be performed.

— statechart FinishMaintenance
FinishReplacement ( §
(" Working ) P ; .
|_ | | Maintenance |
. A [ —
|" Replacement | failure SCAl'rivedF:thce
j—‘\/ JustMaintenance
PlannedReplacerent
MaintenanceNotDue
\ MaintenanceDue
|" Failed
\ I FinishRepare
s
SCArrivaldForRepai | Repare |
. _
‘ J

StartReplacement StartRepare

Fig. 4 Equipment agent operation
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5.2 Worker simulation model

The workers will check the equipment service request from time to time. When the demand in-
formation is found and the worker is idle, the worker quickly drives to the designated charging
station to complete the corresponding service. Thus, an eight-tuple is used to represent the level
of worker service capability:

Cap—servive (xloc, leC, Snumber: Sidleornot: Scost' Sworktime: Smiles' Sarea)

The first two terms of the eight-tuple represent the geographical coordinates of the worker's
location, S;,;mperindicates the number of workers, S;;ie0rnot indicates the current status of the
worker, S;g1eornot = 1 indicates an idle state, S;j;00rnot = 0 indicates a busy state, S;,4; is the pay-
ment for the worker, S, o ktime 1S the worker service time per day, S;,;jesis the maximum miles
that a worker can drive every day, and S, is the largest service area. The service process of the
worker agent in AnyLogic is shown in Fig. 5.

Graphic description: At first, the worker is in the idle state S;4;00rnot = 1 and checks the service
message from the message center (Check Request Queue). After receiving the equipment failure
information (RequestsWaiting), the worker drives (DrivingtoWork) to the charging station (Ar-
rived) and finishes the corresponding service (Working), which includes replacement, repair
and maintenance. When the equipment sends out the "Finished" information, the equipment
reenters the working state, and the worker is in an idle state again (IAmstillEmployed).If there
are new requests for equipment service, the worker can be scheduled again, or the worker
leaves the system (laidoff). If there is no equipment failure information (NoRequest), the worker
returns (DrivingHome) to the original location (ArrivedHome) and assumes an idle state
(Sidieornot = 1)- Considering the overall profit of the charging station, we need to calculate the
appropriate number of workers (checkiflaidoff).

( state

ArrivedHome

I ctatechart _.__lr Idle L |r DrivingHome-\]
hs JI I'\. _
i
checkiflaidoff .
lCheckRequestQueue
laidoff |
)= -
i MoRequest
LamstillEmployed RequestsWaiting

|
|" Drivi ngtoWorE‘l

. A

Arrived

. "y

Finished ”eri‘ng_

Fig 5 The service process of a worker
5.3 Message Center

Due to the "single service worker and more equipment” situation, the "first come, first service"
mode is used to finish the corresponding service. The equipment failure information (replace-
ment or repair) will be sent by the message center. The equipment failure information (mainte-
nance) will also be sent by the message center. The worker checks the service message (re-
placement, repair, or maintenance) from the message center, and then the worker drives to the
charging station and finishes the corresponding service.
In the simulator, we can obtain working equipment, in-service equipment, in-maintenance

equipment and failed equipment.
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6. Results and discussion

According to the mathematical model and simulation model, this paper can obtain the simula-
tion results using the AnyLogic tool. The parameter setting and their values are shown in Table 3.
Note: t14(B5), t17(B3) jo or t17(B3) j1, V, are the decision variables, and the simulation time unit is
years.

We need to analyze the number of service workers, the equipment replacement policy and
the equipment maintenance times. When t;4(B;) = 5,t;7(B3) jo = 1and ¥}, = 5, the correspond-
ing statistics of the worker and equipment are as shown in Fig. 6. In Fig. 6, most workers will be
driving or working, and few workers are idle. In addition, most equipment are working, a few
pieces are in the failed state, and a few pieces of equipment are in the maintenance state, repair
state or replacement state. Based on the above statistical results, we can calculate the revenues
of the charging station for years.

Table 3 Parametersettingand their values

Parameter Memo Distribution(value)
ty Daily revenues generated by equipment  U[150,250]
t, Daily payment for worker U[700,800]
t3 Equipment repair costs U[250,450]
ty Equipment maintenance costs U[100,200]
ts Equipment replacement costs U[3000,4000]
te Equipment repair time Tri[ts, - 0.5,t5q, tsq - 2.5],t51n U[0.5,1.5]
tg Equipment maintenance time Tr[t; - 0.5,t5,t; - 1.5],t,~U[0.3,0.7]
tio Equipment replacement time Tri[tg - 0.5, tq, tg - 1.5], tg~U[1.5,2.5]
t1y Equipment replacement rate EXP[A],A =10
ti, Equipment maintenance cycle U[80,100]
ti3 Last maintenance time for equipment U[-t12,0]
tiy Last replacement time for equipment U[-3t12,0]
tis Basic equipment failure rate EXP[A,],2=100/3
t16(B2) Equipment maintenance times 5
t17(B3)jot17(B3)j1 Equipment replacement policy t17(B3)jo = lort;;(B3)j; =0
tig Worker driving miles per day U[400,600]
Va Worker number 3
B, Equipment number 100
tyy Service area 300000

Equipment availability [annual averages]
100%

SO0%

0%
217N 2175

mn Working
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Fig. 6 Simulation results
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It can be seen from Fig. 6 that the revenues, costs and profits of the charging station are held at a
constant level when t;4(B,) = 5,t17(B3)jo = 1and ;; = 5, and the profits are 4,800,000 yuan
annually.

The goal of resource scheduling for EV charging stations is to achieve the maximum profits.
Therefore, it is necessary to comprehensively consider the number of workers, equipment
maintenance times and equipment replacement policy. Here, the number of workers isl}, = 3
€ [1, o], the equipment maintenance times is t;4(B;) € [1, o] and the equipment replace-
ment policy ist;;(B3)jo = 1ort;;(B3)j; =1. Fig. 7 shows the different situations. When
t16(B2) = 6,t17(B3) jo = 1and I}, = 4, the corresponding statistics of the worker and equipment
can also be obtained, and the profits are 5,300,000 yuan annually (Fig. 7). When t;4(B;) =
7,t17(B3)jo = 1and 1, = 2, the profits are approximately 3,200,000 yuan in one year (Fig. 8).
Similarly, when t;4(B;) = 8,t17(B3)jo = 1and V}, = 3, the profits are approximately 5,000,000
yuan in one year.

It is therefore impossible to calculate the optimal results through sensitivity analysis due to
the infinite simulation results. An orthogonal test is developed to solve such a problem. In this
paper, an orthogonal test is used to select some representative points in a nonstop way until the
optimal situation is found. The parameter setting is given in Table 4.

The simulation time is 20 years, and the maximum number of iterations is 2000.The setting of

the other parameters is shown in Table 2. The optimal results are obtained after 104 iterations
(Table 5).

Equipment availability [annual averages]
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Fig. 7 Statistics of results 1

Table 4 Parameter setting in the orthogonal test

Parameter Type The minimum The maximum Step size
t16(B2) Integer 2 8 1
t17(B3)jo Boolean - - -
|4 Integer 1 9 1
Table 5 The optimal results

Decision variables Results

t16(B2) 7

t17(B3) jo t17(B3)jo=0o0rt;;(B3)j; =1

Vi 8
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Fig 8 Statistics of results 2

Based on the results in Table 5, we can achieve additional profits of 5,928,336 yuan in one year.
Therefore, we need to incorporate the following.

e Seven equipment maintenance instances. In Table 5, we known that the maximum number
of maintenance instances is 8 and the minimum is 2, while it needs 7 maintenance in-
stances for equipment during its life cycle. Therefore, it is not “the bigger, the better” for
equipment maintenance. In this model, t;4(B;) = 7.

e Replace equipment that is still in working condition. After a comprehensive analysis of la-
bor costs, equipment maintenance costs, equipment replacement costs and equipment re-
pair costs, equipment needs to be replaced even if it is working normally. In this model,
t17(B3)jo =0orty7(B3)jp = 1.

o Eight workers are necessary for a charging station to achieve the optimal profits. Fewer
workers will lead to a low service efficiency, and too many workers can create very large
service costs. In the model, 1, = 8.

7. Conclusion

The development of EVs is an important way to improve sustainable transportation, energy se-
curity and the low-carbon economy. According to the statistics of the ISO in 2009, 25% of newly
purchased vehicles (approximately 50 million) will be EVs by 2030. China has achieved a great
deal in terms of the infrastructure, marketing and standardization of the EV industry. In particu-
lar, more charging stations will be built around central areas of cities. Investors or governments
should optimize the resource scheduling in order to reduce investment costs due to the limited
charging facilities. However, poor management, that is, unreasonable resource scheduling (in-
cluding service workers and charging piles), will affect the revenues and the future development
of the EV industry, thus hindering sustainable transportation; accordingly, resource scheduling
for EV charging stations should be a top priority.

Therefore, this paper models and simulates the resource scheduling of an EV charging sta-
tion. A mathematical resource scheduling model of a charging station is established. Due to the
solution problem of the mathematical model, AnyLogic implements the communication mecha-
nism of the multi-agent, including the worker agent, equipment agent and the message model, in
order to acquire the model’s results. For the simulation results, it is possible to know the effect
of the number of service workers, the charging pile replacement policy and the charging pile
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maintenance times on charging station revenue. Our findings are mainly the following: (1) In the
lifetime of the charging pile, seven maintenance times are needed; (2) Even if the charging pile is
still in normal condition, it needs to be replaced in order to achieve the maximum profits for the
charging station; (3) A comprehensive analysis of service efficiency and service costs indicates
that 8 service workers are needed to achieve the optimal profit for the charging station; (4) We
can still obtain the optimal results if the model parameters change.
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supply chain members and increases whole supply chain profit but also in-
creases the final product quality level and reduces harmful air pollutant emis-
sions.
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1. Introduction

In today’s globalized economy, supply chain management is one of the most useful management
practices for industries to increase their profit and competitiveness. Nowadays product quality
is one of the key competitive dimensions of industries. Industries are always trying to increase
their profits, and mines are one of these industries whose profit depends on their product's
quality level; but product quality level improvement in mine industries usually emits air pollu-
tants that are serious threats to human health and environment. On the other hand, since rapid
economic development brings huge amounts of pollutant emissions, governmental pressures
such as cap-and-trade regulation are made to force companies to find new methods to reduce
these emissions across all the stages of their supply chains. Under a cap-and-trade regulation,
companies get predetermined free emission credits from the government [1]. They could
sell/buy credits in the air pollutants trading market when they have surplus/lack credits; this
emission credit price is determined by the market. There are two common practices for improv-
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ing product quality in mine industries: (1) Technology changing and (2) Practical policies. Since
the first method is very costly, the second method is a competitive advantage for miners; there-
fore, one of the most important concerns miners have is how to increase their profit through
product quality level enhancement by operational approaches without increasing harmful pollu-
tant emissions.

There are two decision making systems in a supply chain: centralized and decentralized. In
the centralized system, supply chain members operate jointly as a single firm and make their
decisions to maximize the total profit of the system; but in the decentralized system, supply
chain members make their decisions separately to maximize their own profits. The decision
making system in most supply chain models such as this study is assumed to be decentralized.
To improve the overall performance of the supply chain, a coordination mechanism is needed.
Different definitions and perspectives on the supply chain coordination exist in the literature
(refer to [2, 3]) for the comprehensive review of supply chain coordination. A supply chain is
coordinated when the members make the decisions that are optimal for the whole supply chain.
For coordinating a supply chain, contracts are designed to reduce the difference between the
outcome of a centralized system and a decentralized system. Different kinds of contracts such as
commitment to purchase quantity, credit option, two-part tariff, revenue sharing [4, 5], buy
back, sales rebate, and mail-in-rebate, have been used in supply chains as the ways improving
supply chain performance. Revenue sharing is one of the widely used contracts in the supply
chain that is between an upper and lower level of supply chain, where the upper level provides
better selling condition to the lower level and then the lower level shares a fraction of its reve-
nue with upper level.

There are three streams of literature related to the research in this paper. The first stream fo-

cuses on improving the quality level of products in the supply chain. Many efforts have been
made to improve product quality in the supply chain. Radej et al. provided an overview of the
quality tools and methods such as quality techniques and linked it to manufacturing process
quality and manufacturing cost-effectiveness; [6]. Singer et al. studied a single product distribu-
tion channel and suggested a contract that simultaneously increases profit and improves quality
[7]. Xiao et al. presented a game-theory model to show how the manufacturer coordinates the
supply chain by revenue-sharing contract [8]. El Ouardighi discussed the potential coordinating
power of revenue-sharing contracts in supply quality management [9]. Yan explored a joint pric-
ing and product quality decision problem in a two level decentralized supply chain [10]. Zhu et
al. investigated a supply chain, where the buyer has the option to invest in the supplier’s quality
improvement [11]. Gao et al. considered quality improvement effort coordination in a decentral-
ized supply chain with a partial cost allocation contract [12].
The second part of literature explores operational decisions in the supply chain under the cap-
and-trade regulation in order to reduce harmful gas emissions. The cap-and-trade regulation is a
mechanism to control air pollutant emissions [13]. Many researches have studied the problems
in supply chains considering the cap-and-trade regulation and it has been recommended by
many senior researchers such as [14] and [15] and implemented in many parts of the world. Xu
et al. studied the joint production and pricing problem of a manufacturer under cap-and-trade
and carbon tax policies. [16]. Gong and Zhou proposed an optimal manufacturing strategy under
carbon trading policy through a dynamic model [17]. Hua et al. explored how companies manage
carbon footprints in inventory management under the carbon-trading regulation [14]. Xu et al.
investigated the production and pricing problems in make-to-order supply chain under cap-and-
trade regulation. [18]. He et al. considered the impact of cap-and-trade regulation on company’s
carbon emission decisions [19]. Zhang and Xu investigated a company’s optimal manufacturing
quantities under cap-and-trade regulation. [13]. Benjaafar et al. studied the multi-period opera-
tional decision-making of a company under cap-and-trade regulation [20].

The last subset of literature related to this research is the supply chain coordination under
revenue sharing contract. Cachon provided a good survey on this contract [21]. Cachon and
Lariviere proved that revenue sharing contracts for decentralized supply chains are beneficial in
achieving coordination for various types of supply chains [22]. Qin and Yang used the Stackel-
berg game to model the revenue sharing contract problem. They showed that the party that
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keeps more than half the revenue should serve as the leader of the Stackelberg game [23]. Hsueh
presented a new revenue sharing contract embedding corporate social responsibility to coordi-
nate a two level supply chain [24]. Yao et al. proposed a revenue sharing contract to coordinate a
two stage supply chain. They illustrated that the provision of revenue sharing in the contract can
increase supply chain performance more than a price-only contract [25]. Palsule-Desai proposed
a game theory model for revenue-dependent revenue sharing contracts in which the supply
chain revenue is shared among the members depending on the quantum of revenue generated
[26]. Zhang et al. discussed the revenue sharing contracts for coordinating a supply chain in
which demands are disrupted [27]. Hu et al. studied supply chain coordination via revenue shar-
ing contracts in a three-stage supply and a two-stage supply chain [28].

However, a few researches have been done on the three level supply chain coordination with
revenue sharing contract considering environmental aspects under cap-and-trade regulation;
also the three-level supply chain coordination research literature mentioned above neither take
the product quality improvement into account nor focuses on mining metal supply chain coordi-
nation. Therefore the main purpose of this study is to design a revenue sharing contract for a
mining metal three level supply chain in order to: 1) coordinate supply chain and provide a win-
win condition for all its members and decrease the difference between the outcome of a central-
ized system and a decentralized system, 2) reduce air pollutant emissions in the supply chain
under cap-and-trade regulation, 3) improve the final product quality level of the supply chain.

The rest of this paper proceeds as follows. Section 2 presents the notations definition and the
supply chain descriptions and assumptions used in this paper. We have analysed the decision
behaviour the decentralized and centralized supply chain in Section 3. Section 4 develops a new
revenue sharing contract for coordinating the decentralized supply chain. Section 5 provides a
numerical example to illustrate the proposed contract performance. Conclusions are provided in
Section 6.

2. Model description and assumptions

A decentralized mining metal three-stage supply chain in which minerals will convert to concen-
trate after extraction is assumed in this paper. The considered supply chain is consists of a sup-
plier (extractor), a processor, and a manufacturer. The first level extracts processed minerals
and sells them to second level who processes minerals and sells the mineral concentrate to the
manufacturer, who in turn produces mineral products such as pellets and ingots and sells them
to the customers. The product price of each supply chain level depends on the quality of that
product. Therefore all of these supply chain members try to increase their product quality.

(o]

Ry =
Processed materials

Extracted materials

Supplier Processor Manufacturer

Level 1 Level 2 Level 3

Fig. 1 Mining metal three level supply chain

The following notations are used to describe the proposed model:

Index for supply chain levels; S for supplier, P for processor and M for manufacturer

Jo Minimum acceptable product quality level in considered supply chain

P;j  selling price of unit product produced at the supply chain level i with quality level j

d;  The amount of product quality level improvement in supply chain level i

C; Constant production cost for a unit product in supply chain level i

cdy; fostlc.oefficient for increasing product quality level with quality level j in supply chain
evel i

a;  Price increasing coefficient for product produced in supply chain level i per unit product
quality improvement in supply chain level i

82 Advances in Production Engineering & Management 14(1) 2019



Product quality improvement and air pollutant emission reduction in a mining metal three-stage supply chain ...

Bi Price increasing coefficient for product produced in supply chain level i per unit product
quality improvement in supply chain levels before level i

i Quality improvement cost increasing coefficient in supply chain level i per unit product
quality improvement in supply chain levels before level i

T; Supply chain level i profit

¢, Processor's revenue share, 0 < ¢p; < 1

¢, Manufacturer's revenue share, 0 < ¢, < 1

cp; Unit air pollutant emissions trading price for supply chain level i

K;  Air pollutant emissions cap for supply chain level i

gi Amount of air pollutant emission for a unit product quality level improvement in supply
chain level i

In this paper d;, ¢, and ¢, are decision variables. Product quality level improvement at the sup-
plier level doesn't emit air pollutants because improving product quality at that level is done by
some activities such as more samplings for accurate identification of underground mineral veins
(Fig. 3) and performing explosive operation optimally (cps = 0 ). But product quality improve-
ment in supply chain levels 2 and 3 emit air pollutants; the emitted air pollutant type at the pro-
cessor level is usually dust because of the physical processes at this level and the emitted air
pollutant at the manufacturer level is of the chemical type, such as SO2, due to chemical process-
es. That is why the parameter cp for the manufacturer is higher than the processor (cpy; > cpp).
The government monitors pollutant emissions of the supply chain members by online measur-
ing equipment (Fig. 2). Product quality level improvement is not mandatory for supply chain
members but supplier must supplies raw material with minimum quality level j,. Product quali-
ty improvement for each supply chain member requires more operating costs but these cost
enhancements are different for each member because of different production processes in each
supply chain level and it is assumed to be a nonlinear ascending.

The product quality improvement cost increases from supplier to manufacturer due to the in-
creasing complexity of production processes from supplier to manufacturer (cds; < cdp; < cdpy;).
[t is a mention worthy assumption that in this type of supply chain, increasing the quality of the
product at each supply chain level creates an added value for both that level (with coefficient )
and the next levels (with coefficient ), but increases next levels’ product quality improvement
costs (with coefficient y). For example the cost for increasing 5 quality levels from level 60 to
level 65 is more than the cost for increasing 5 quality levels from level 30 to level 35.

In our study we assume that all members are in full capacity production and all their prod-
ucts will be sold. Therefore, the consideration of the demand parameter in the problem is ne-
glected. Also the shipment costs are not considered in this model due to equality in centralized
and decentralized system.

Mineral Veins

Fig. 2 Air pollutant online monitoring equipment in Golgohar Fig. 3 Mineral Veins
mining & Industrial Co.

3. Decision analysis

In this part, we propose the decision model for the decentralized and centralized systems. After
solving both the system models, we obtain the quantitative relationships among the profits and
the decision variables under the centralized and decentralized systems.
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3.1 Analysis of the decentralized system

We assume that all members in the considered supply chain try to improve their products quali-
ty in order to increase their profit, but in the decentralized supply chain they try to maximize
their own profit. Considering the model assumptions the supplier's profit for each unit product
extraction in the decentralized system is

g = PSjO (1 + asds) - CS - Cdsjod_g (1)

where the first part denotes a unit extracted material selling price with minimum quality level
plus the selling price enhancement due to product quality level improvement by the supplier
(ds). The second part is the constant extraction cost for a unit product at the supplier level. Simi-
lar to previous studies [29, 30] the third part shows the supplier’s cost for increasing product
quality level. As mentioned before, at this supply chain level we don't have environmental costs
for product quality improvement.

The processor’s profit for processing one unit product in the decentralized system is

mp = Ppj, (1 + Bpds + apdp) — Pp;, (1 + asds) — Cp — cdpj,di (1 + ypds) — cpp(gpdp — Kp) (2)

where similar to Eqg. 1, the first part shows a unit processed material selling price with minimum
quality level plus the selling price enhancement due to product quality level improvement by
processor (dp) and supplier (ds). The second part is the purchasing price of a unit extracted
product from the supplier. The third part is the constant processing cost for a unit product in
processor and the fourth term shows the processor’s cost for increasing product quality level
and the last part is the cost (income) from buying (selling) extra dust emission permits for the
processor.
The manufacturer’s profit for manufacturing one unit product in the decentralized system is

Tty = Pyjy (1 + By (ds + dp) + aydy) — Ppj, (1 + Bpds + apdp) — Cy
— cdj,cd? (1 + yu(ds + d)) — cpr (Iudu — Kur) (3)

where the first part represents a unit manufactured product selling price with minimum quality
level plus the selling price enhancement due to product quality level improvement by the manu-
facturer (dy,) and its previous levels (ds + dp). The second part is the purchasing price of a unit
processed product from the processor. The third part is constant manufacturing cost for a unit
product at the manufacturer level. The fourth part shows the manufacturer’s cost for increasing
product quality level and the last term is the cost (income) from buying (selling) extra chemical
pollutant emission permits for the manufacturer.

As mentioned before, all members in the decentralized supply chain try to maximize their
own profit so the members’ optimal decision will be as follows.

Proposition 1: The optimal product quality level improvement by the supplier in considered de-
centralized supply chain is
. _ %sPsj,
s = (4)
2Cd5j0
Proposition 2: The optimal product quality level enhancement by the processor in considered
decentralized supply chain is
. apPpj —cppgp )
P 2cdpj (1 +ypd3)
Proposition 3: The optimal product quality level improvement by the manufacturer in consid-
ered decentralized supply chain is

dy

_ apPuyj, — cPMIm 6)
2¢dp;, (1 + yu(ds + dp))

Therefore the optimal value of the whole decentralized supply chain profit without coordination

can be written as
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Ty = Mg + Tp + Ty (7)
And optimal product quality improvement for final product without coordination can be calcu-
lated as follows
dr =ds+dp +dy (8)
3.2 Analysis of the centralized system

In the centralized system, all supply chain members operate jointly as a single company and
determine the optimal value of product quality level improvement to maximize the total profit of
the whole supply chain. In this scenario, the total supply chain profit function can be formulated
as
¢ = —cdgj,d§ — cdpj di (1 +ypds) — cpp(gpdp — Kp)

+ Pyj, (1 + Bu(ds + dp) + aydy) — Cy — Cs — Cp )

- CdeOdI%/I(l +ym(ds + dM)) = com(Gmdm — Ku)
Proposition 4: The optimal product quality level enhancement by the supplier in considered cen-
tralized supply chain is
dF = ﬁMPMj0 - CdeOVsz% - CdeOdI%/IVM (10)

S 2Cd5jo

Proposition 5: The optimal product quality level improvement by the processor in considered

centralized supply chain is

d = BMPMjO - CdeOVMdzzw — CPpdp (11)
F 2cdpj, (1 +ypds)

Proposition 6: The optimal product quality level improvement by the manufacturer in consid-
ered centralized supply chain is

. ayPyj, — cPMIm
dy

- (12)
2cdyj,(1 +ym(ds + dp)

It is mention worthy that unlike the decentralized system, in centralized system we have to ob-
tain optimal value of dg, dp and d;; by solving the systems of three equations.

4. Supply chain coordination with revenue sharing contract

Since the product quality level improvement by the supplier increases the processor and manu-
facturer's profit, they share a portion of this profit enhancement with the supplier. Based on the
designed revenue sharing contract, whenever the supplier increases the quality of his product
(ds), he will receive more profit from the processor. Considering this revenue sharing contract,
the supplier's profit for each unit product extraction is

g = ¢1Ppj Bpds + P102Puj, uds + sto(l + agdg) — Cs — cdgj ds (13)

where the first and second terms show a portion of processor's profit which the supplier re-
ceives from the processor due to increasing the product quality improvement (dg). It is clearly
understandable that if the supplier doesn't increase his product quality level he will receive no
shared profit from the processor. The other parts of the Eq. 13 are similar to Eq. 1.

According to the presented revenue sharing contract, when the processor delivers product
with higher quality to the manufacturer, he will share his profit more with the processor. But
some percent of this product quality improvement is done by supplier and the rest of product
quality improvement is done by the processor. Therefore the processor shares a portion of the
profit received from the manufacturer which is related to the supplier's product quality im-
provement with the supplier. Hence, considering the above contract descriptions, the proces-
sor’s profit for processing one unit product under the proposed revenue sharing contract is
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mp = ¢2PMj0.3M((1 —¢1)ds +dp) + Ppj, (1 + (1 — ¢1)Ppds + apdp) — Ps; (1 + asds)
— Cp — cdpj,dp(1 + ypds) — cpp(gpdp — Kp)

where the first part is a portion of the manufacturer's profit which the processor receives from
manufacturer minus a part of it that the processor gives to supplier. The second part denotes a
unit processed material selling price with minimum quality level plus the selling price enhance-
ment due to product quality level improvement by the processor (d,) and the supplier (ds), mi-
nus a part of it that the processor gives to the supplier proportionate to (dg). Based on the de-
signed contract even if the processor doesn't like to increase his product quality, it's beneficial
for him to motivate the supplier to improve product quality. The other parts of Eq. 14 are similar
to Eq. 2.

According to the proposed contract, the manufacturer will share a part of his profit caused by
product quality improvement in previous supply chain levels with the processor, so the manu-
facturer’s profit for manufacturing one unit product based on the presented contract can be
written as

Tty = Py, (1 + (1 — ¢2)Bu(ds +dp) + aydy) — ijo(l + Bpds + apdp) — Cy
- chde,%,(l +yu(ds + dM)) — com(gudy — Ku)

where the first term shows a unit manufactured product selling price with minimum quality
level plus the selling price enhancement because of product quality level improvement by the
manufacturer (d),) and its previous levels (dg + dp) minus a part of it that manufacturer gives to
the processor proportionate to (dg + dp). The other parts of Eq. 15 are similar to Eq. 3.

After considering the proposed revenue sharing contract in the supply chain all members still
try to maximize their own profit due to the decentralization of the supply chain. Therefore the
members’ optimal decisions can be written as follows.

(14)

(15)

Proposition 7: The optimal product quality level improvement by the supplier after considering
revenue sharing contract in supply chain will be

$1BpPpj, + G102 Puj, + asPsj,

d,* —
S 2Cd5j0

(16)

Proposition 8: The optimal product quality level enhancement by the processor in assumed de-
centralized supply chain after considering revenue sharing contract is

$2BmPumj, + apPpj, — cdpgp

5 = -
g 2cdpj (1 +ypdys)

(17)
Proposition 9: The optimal product quality level improvement by the manufacturer in consid-
ered decentralized supply chain based on designed contract is

ayPyj, — cPMIm
2cdpjy (1 +yy(ds +dp))

dy; = (18)

Proposition 10: The other decision variables in considered contract are ¢ and ¢, ,whose opti-
mal values can be calculated as follows

. 2asPg; + CdpjodeZVP — $2BuPumj, — BrPpj,
! —2(¢)2BuPuj, + BrPpj,)

(19)

and

b; = 1 cdujodif¥Ym _cdpjp(1+ Vpds)(2¢1Bp Ppj, + asPs;,) + cds;j,(2apPpj, — cppgp) (20)
272 2BuPuj, 2¢dpj,(1 + vpds)d1BuPuj, + 2¢dsj fuPuj,
[t is necessary to note that we have to obtain the optimal values of ¢p; and ¢, by solving the sys-
tems of two equations.
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Therefore, the optimal value of total supply chain profit under revenue sharing contract can be
written as

nr =n + mp + my (21)
Also, optimal product quality improvement for final product can be calculated as follows
di =dg +dp +dy (22)

The amount of air pollutant emissions depends on product quality improvement at the proces-
sor and manufacturer levels. In other words, the more product quality improvement at the pro-
cessor and manufacturer levels, the greater air pollutant emissions. The Propositions 11 and 12
obtain the upper bound and the lower bound for the decision variable ¢, respectively and guar-
antee that processor and manufacturer’s air pollutant emissions after considering proposed
revenue sharing contract is less than that without the coordination case.

Proposition 11: The optimal product quality level improvement by the processor in considered
decentralized supply chain without coordination is more than the coordinated with designed
revenue sharing contract case (dp’ < dp) if

< d)lﬁPPPjo(aPPPjo — cppgp)
BuPuj, (ZCdsjo + aSPSjO) — ®1BuPuj,(@pPpj, — cPpgp)

Proposition 12: The optimal product quality level improvement by the manufacturer in consid-
ered decentralized supply chain without coordination is more than the coordinated with pro-
posed revenue sharing contract case (dy; < dy,) if

b2 (23)

2cd}; (aPPP' - CPPQP)
(ZCdsjo + VP(¢1ﬁPPPjU + ¢1BuPuj, + assto)) ( Zéiisjo T ;;]PaSPSjU — cdpj 1BpPpj, | — ZCdfjo (aPPPjo - CPPQP)

(24)

b, >
BuPuj, (ZCdéjD + ¢ cdpj, (ZCdeU +vp(¢1BpPpj, + $1BuPuj, + “ssto)))

5. Results and discussion

In this section, we provide a numerical example in order to illustrate the designed revenue shar-
ing contract performance by using the parameters below: Cs; = 150; Cp = 250; C; = 350;
Psj, = 20; Ppj, =30; Pyj, =40; as=3; ap=5; ay=7; Bp=6; By =20; yp =yu =10;
cdgj, = 4; cdpj, = 5; cdyj, = 6;cpp = 2; cpy = 5; gp = 3; gu = 4; Kp = 50, and K)y = 40.

The MATLAB software is used to solve the numerical example considering mentioned parame-
ters and its results are presented in tables 1-3 and Figs. 4-6.

Table 1 Optimum value of key variables for centralized supply chain

Key variables dg dp dy dr g p Ty Ty
Optimum value 99.92 0.0793 0.214 100.21 -34093 11834 61908 39649

Table 1 shows the optimum value of key variables for the centralized supply chain. As it can be
observed from Table 1, the highest increase in product quality level in the centralized supply
chain is done by the supplier (ds > dp, ds > d),) and that is why that his profit is negative. It is
necessary to note that the negative profit of the supplier in the centralized supply chain is not
important because all members in the centralized supply chain operate jointly as a single com-
pany and achieving the win-win condition for supply chain members is not important in this
case.

Table 2 Optimum value of key variables for decentralized supply chain without coordination

Key variables dg dp dy dr g p Ty Ty
Optimum value 7.5 0.1894 0.2781 7.9675 95 773 4669 5537
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Fig. 4 Key variables change percentage of the decentralized supply chain without coordination compared to
centralized supply chain

From Table 2 and Fig. 4, we observe that the profit of all supply chain members, whole supply
chain profit, product quality improvement by supplier and the final product quality in decentral-
ized supply chain without coordination are much lower than that in the centralized case; But
product quality improvement by the processor and manufacturer in decentralized supply chain
is higher than that in the centralized system. As mentioned before, since the air pollutant emis-
sions depend on the product quality improvement at the processor and manufacturer level of
supply chain, so increasing product quality improvement by the processor and manufacturer
leads to the enhancement of air pollution emissions; therefore we can say that air pollutant
emissions in the decentralized supply chain are higher than that in the centralized system.

As mentioned before, we obtain the optimal values of ¢; and ¢, by solving the systems of two
equations using Egs. 19 and 20. In this example, the lower bound and upper bound for the deci-
sion variable ¢, are obtained -0.102 and 2.879, respectively and the conditions mentioned in
Propositions 11 and 12 are satisfied because the optimal values of ¢; and ¢, are obtained 0.438
and 0.190 respectively.

Table 3 Optimum value of key variables for coordinated decentralized supply chain with
designed revenue sharing contract

Key variables dg dp dy dr g p Ty Ty
Optimum value 25.67 0.1148 0.0836 25.8684 2507 3127 11944 17579

3000,00% 2538,95%
2500,00%
2000,00%
1500,00%

1000,00%
500,000 ~>¥227% 224,67% 304,53% 155 810, 217,48%

VALUE] - 0
ooy, W@ NZH6Z% a T -
-500,00% d*S d*p d*M d*T *s P ™M T

Fig. 5 Key variables change percentage of the coordinated decentralized supply chain compared to
without coordination case

As it is shown in Table 3 and Fig. 5, the designed revenue sharing contract increases the whole
supply chain profit and total product quality improvement by 217.48 % and 224.67 % respec-
tively; Also the proposed revenue sharing contract increases the supplier, processor and manu-
facturer's profit by 2538.95 %, 304.53 % and 155.81 % respectively so we can say that this con-
tract provides a win-win condition for all supply members. It should be mentioned that we can
never increase the whole supply chain profit and the final product quality of the decentralized
supply chain to its centralized case due to the necessity of the win-win condition for all members
in the decentralized supply chain. Also we can say that the designed revenue sharing contract
decreases air pollutant emissions 39.39 % and 69.94 % at the processor and manufacturer sup-
ply chain level respectively.
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Fig. 6 shows supply chain members and the total supply chain profit for different values of ¢,
by fixing the decision variable ¢; to its optimum value 0.438 after coordinating supply chain
with the proposed revenue sharing contract. The purple line in Fig. 6 indicates the value of ¢,
which maximizes the manufacturer’'s profit. Also the numbers on intersection points of this line
with the other curves can be seen in Table 3.

4
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35 T T T T T T T T T
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Fig. 6 Supply chain members and total supply chain profit for different values of ¢, by fixing ¢,
to its optimum value

6. Conclusions

One of the main concerns of miners is to increase the quality level of their products because the
mining metals price depends on their quality level; but increasing the quality level of these
products has different costs at different levels of the supply chain. These costs usually increase
after extractor level. The two main practices for increasing product quality in industries are
technology changing and practical policies; the first method is rarely used by miners because it's
very expensive, so miners try to increase their profit through product quality level improvement
by operational approaches without increasing air pollutants emissions. This paper studied the
coordination issue of a decentralized three-level mining metal supply chain with one supplier
(extractor), one processor and one manufacturer under cap-and-trade regulation and compared
it with the centralized system. Due to different product quality improvement costs of supply
chain members, a revenue sharing contract designed and optimal product quality level for each
of them was obtained. It is necessary to say that the proposed model is designed for some kinds
of metals that have impurities and will be processed after extraction (such as Iron and Copper)
Finally, the numerical example illustrated that the proposed revenue sharing contract can (a)
increase the final product quality level, (b) provide a win-win condition for all supply chain
members, (c) increase the whole supply chain profit, and (d) reduce harmful air pollutant emis-
sions in the supply chain. The authors' suggestions for future researche is to use other coordina-
tion mechanisms and consider the quality dependent demand in the model.
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Appendix A
Proof of Proposition 1:

Since the g is concave in dg, there exists a unique optimal product quality level improvement d;
that maximizes supplier's profit because the second derivative of equation 7p is negative

omn?
az—ds = —ZCdeO <0
Therefore the optimal value of d can be obtained as follows
s . asPsj
a_ds =0- (Zspsjo - ZCdeodS =0- dS = zcdsjo

This completes the proof.

Proof of Proposition 2:

Since the mp is concave in dp, there exists a unique optimal product quality level improvement

d, that maximizes the processor's profit because second derivative of the function 7, is nega-

tive
on3
9%dp

Therefore the optimal value of d,can be obtained as follows

= —ZCdeO(l + ]/pds) < 0

aPPPjO —CPpdp
ZCdij(l + de;)

danp
ddp
This completes the proof.

=0- aPPPjO - ZCdijdp(l + ypds) - Cppgp =0- d; =

Proof of Proposition 3:

Since the my, is concave in d,, there exists a unique optimal product quality level improvement
d,, that maximizes the manufacturer's profit because second derivative of the function m, is

negative
oz
Therefore the optimal value of 4,, can be obtained as follows
0y ayPuj, — cPmIm

=0 - ayPyj, — 2cdyj,du(1 +yu(ds + dp)) — comgu =0 > dy =

ddy 2cdpj (1 +yy(ds +dp))

This completes the proof. Proof of Propositions 4 and 7 is similar to proof of Proposition 1.
Proof of Propositions 5 and 8 is similar to proof of Proposition 2. Proof of Propositions 6
and 9 is similar to proof of Proposition 3.

Proof of Proposition 10:

Since the 7, is concave in ¢, and there exists a unique optimal value for ¢, that maximizes the
processor's profit because second derivative of the function 7, is negative. It should be noted
that before the derivation of 7, we should replace Eq. 16 in Eq. 14.

omp?
2%, = —2(¢2BmPuj, + BPPPjO) <0
Therefore, the optimal value of ¢; can be obtained as follows
O} , .
67;: = 0 > 2asPsj, + cdpj, d5’yp — O2BuPuj, + BePpj, + 201 (P2BmPuj, + BpPpj,) = 0 > @1

_ 2a5P; + Cdpjod{DZVP — ¢28uPuj, — BrPpj,
—2(¢)2BuPumj, + BrPpj,)
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This proofs Eqg. 19.

In the following, 7, is concave in ¢, and there exists a unique optimal value for ¢, that maxim-
izes the processor's profit because second derivative of the function 7, is negative. It should be
noted that before the derivation of 7}, we should replace Egs. 16 and 17 in Eq. 15.

a”zlv% — By P <¢1BMPMjO " ,BMPMj0 > <0
= —ByPyi
0%¢, Jo cdsj, cdpj,(1 +ypds)
Therefore the optimal value of ¢, can be calculated as follows
om, 1B Pu;j BuPuij , ®1Ppj, BrBuPuj
" = ﬁ< - ) (BuPujy — cdujodidyn) - —— 2o —
da¢, 2cdg;, 2cdpj, (1 +ypdy) 2cdg;,
PPjoaPﬂMPMjo ¢1ﬁMPMj0 ﬁMPMjO ¢1ﬂPPPj0 a’PPPjO — CPpJp
~ — 2¢2BuPuj, ~ | — BuPuj, + 7
2cdpj, (1 +ypdy) 2cdg;j, 2cdpj, (1 +ypdy) 2cdg;, 2cdpj, (1 + ypds)
=0 ¢;
_ 1 B Cdeod;v%VM B Cdpjo(l + )’pdé)(Z(ﬁlﬂpijo + a’SPSjo) + Cdeo (zaPPPjO - CPPQP)
2 2BmPuyj, 2cdpj, (1 +vpds)d1BmPuj, + 2¢dsj, BuPuj,

This completes the proof.
Proof of Proposition 11:

®2BuPuj, + apPpj, — CPpgp < apPpj, — cppgp
2Cdpj0 (1 + deg*) 2Cde0(1 + de;)

dp <dp -

By replacing Eq. 16 in Eq. 17 and replacing Eq. 4 in Eq. 5 we have:
b2BmuPumj, + apPpj, — copgp apPpj, — COPGp
2cdgj) + D1BpPpj, + P1902BmPuj, + asPsj,  2cdgj, + asPsj,
¢1,3PPPjO (aPPPjO — CPpgp)
BuPuj, (ZCdsj0 + “SPSjO) — &1BuPuj,(@pPpj, — cPpgp)

- ¢, <

This completes the proof.
Proof of Proposition 12:

apPyj, — cPMIm < apPyj, — cPMIm
2¢dpj, (1 +yy(ds" +dp))  2cdpj,(1+yp(ds + dp))

dy <dy -
Comparing Egs. 18 and 6 it is clear that numerator in both equations is the same so we have
= 2¢cdp; (1 + vy (ds" +dp)) > 2cdp (1 +yp(ds + dp)) = (ds" + dp) > (d§ + dp) = (ds = d3) > (dp — df)

N b1BpPpj, + P102BmPuj, + asPsj, _ asPsj, apPpj, — cPpYgp B ¢28mPuj, + apPpj, — cPpgp
2cdg;, 2cdgj, ~ 2cdpj, (1 +ypds) 2cdpj, (1 +ypdy)

2¢d; (“PPP' - CPPQP)
(ZCdeO +p(91BpPrj, + 1 BuPuj, + aSPSjO)) ( Zéiisjo T ;/OPaSPS/'D — cdpj,$1BpPpj, | — 2¢dd; (apPpj, — cPpgp)

b >
.BMPMjo <2Cd§j0 + ¢1Cdpjo (ZCde0 + VP(¢1.BPPP1'0 + ¢1.8MPMj0 + aspsjo)))

This completes the proof.
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Efficient and reasonable inventory control can help enterprises improve in-
ventory management efficiency, reduce inventory cost, and ensure the full
utilization of resources. Considering that there are many attributes of materi-
al, different materials have different effects on enterprises. A multi-attribute
material classification model based on grey rough set and probabilistic neural
network is proposed, and an inventory control strategy model based on mate-
rial classification is constructed according to the characteristics of different
types of material. Based on the construction of the relevant models, taking the
inventory materials of sample Enterprise A as an example, the grey rough set
algorithm is used to reduce the redundant material attributes, and the sample
data of normalized reduction attributes are used to classify and discriminate
the materials by probabilistic neural network. The results are simulated by
MATLAB to obtain the efficient and reasonable classification of the materials
of enterprises. Finally, with the sample data of different types of representa-
tive materials, a matching model of inventory control strategy based on mate-
rial classification is applied in practice, and the applicability and feasibility of
the model are illustrated, providing a scientific basis for enterprises to make
decisions on material management and inventory control.
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1. Introduction

Material is the premise of enterprise production. In order to ensure the production needs, en-
terprises should keep part of the material as a turnover inventory. However, due to a variety of
reasons, enterprises generally have high inventory, resulting in inventory overstocking and
waste of resources, affecting the economic efficiency of enterprises. Inventory control of enter-
prise materials is a hot issue in scientific management of materials as an important tactical deci-
sion-making of enterprises [1]. Its main objective is to minimize the inventory cost of materials
on the premise that the needs of production and operation of enterprises are met [2].

As the premise of enterprise inventory control, material classification is the focus of enter-
prise procurement, production, and sales. Therefore, the basic task of inventory control is to
complete the classification, storage, and safekeeping of materials through warehouses. Efficient
and reasonable inventory is helpful for enterprises to expedite the flow of materials, reduce
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costs, ensure the smooth progress of production, and achieve effective control and management
of resources [3]. Traditional enterprise inventory control focuses on the quantity control of in-
ventory materials to optimize the single inventory cost; it even insists that its main content is to
maintain a certain quantity of materials. However, as far as the content of inventory control is
concerned, quantity control constitutes only one of the important items and not the whole con-
tent of inventory control. Excessive inventory and confused classification will not only engage a
large amount of operating capital of enterprises, affect the turnover of capital, increase the cost
of commodity inventory, waste allocation time, but also increase the market risk of enterprises.
On the contrary, extremely low inventory quantity and too fine classification will affect the
smooth progress of normal production and operation activities of the enterprises and waste a
substantial amount of manpower, material resources, and costs, and even make the enterprises
lose market opportunities. Efficient inventory control is a prerequisite for production control
and job routing decision-making in a multi-objective stochastic manufacturing system [4].
Therefore, it is necessary to adopt scientific material classification and inventory control meth-
ods to ensure that enterprises establish an efficient inventory control and classification mecha-
nism on the basis of the normal production and business operation activities. In this way, enter-
prises can make full use of their limited resources, implement feasible order execution and sup-
ply plan, respond quickly to market and customer demand, minimize inventory and operating
cost, and improve the economic efficiency of enterprises. It is in this context that research on
inventory control based on multi-attribute material classification has become a controversial
topic among scholars.

2. Literature review

In order to facilitate inventory management and control, it is necessary to classify inventory
materials according to certain rules. ABC classification is a classic and widely used method.
However, ABC classification has the defect of single classification index in practical application.
Therefore, some scholars tried improving the method from the perspective of classification in-
dex optimization based on different scenarios. For example, Xiao et al. (2011) proposed a loss-
based classification method to overcome the cross-selling effect in ABC classification, and the
profit loss of cross-effect was considered as an important rule of classification [5]. Kabir and
Hasin (2013) classified the inventory materials with the multi-criteria ABC classification inte-
grating fuzzy analytic hierarchy process (AHP) and neural network methods [6]. Sari¢ et al.
(2014) concluded that the multi-criteria classification approach combined with AHP, neural
network and clustering analysis was more effective than the traditional single-criteria ABC in-
ventory classification approach in inventory control [7]. Douissa and Jabeur (2016) took ABC
classification as an assignment problem, and the multi-criteria classification method PROAFTN
was used to classify the inventory materials [8]. May et al. (2017) proposed an improved multi-
criteria weighted non-linear ABC optimization method, which offered a better multi-criteria
classification method for inventory materials [9]. In addition, some scholars tried improving the
classification algorithm of material classification ABC. Hu et al. (2015), for example, adopted K-
MEANS algorithm of clustering to overcome the division error in the classification boundary of
the traditional ABC classification method [10]. Chen et al. (2008) established a multi-factor clas-
sification matrix model, in which ABC classification was combined with the complexity of the
supply market and the classification criteria was expanded from three to multiple categories
[11]. The above research on multi-attribute material classification provides a scientific basis for
formulating inventory control strategy.

Studies on inventory control strategies are actually concerned about the timing and manner
of ordering, leading scholars to formulate corresponding inventory control strategies conducive
to different conditions. Typical inventory control strategy model has been widely used. For ex-
ample, Strijbosch and Moors (2006) deduced the safety factor of (R, S) inventory control strategy
with modified normal distribution and pointed out that the safety factor of normal distribution
of general standard should be increased, otherwise, the level of customer service would be re-
duced [12]. Rossetti et al. (2013) analyzed the influence of aggregation utility of demand fore-
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casting time on inventory control under (Q, R) inventory control strategy. The results indicated
that the longer the interval was, the more stable the data performance would be. It could be easi-
ly forecasted by a simple model, but it was also easy to ignore the problem of satisfaction rate
[13]. Liu (2015) adopted (s, S) strategy for class A and B materials with a stable demand for
spare parts inventory control strategy, and improved the parameter calculation. The (Q, R)
strategy was adopted for class C materials [14]. Liu and Jiang (2017) studied the ordering of core
materials of auto parts manufacturing enterprises with the improved (Q, R) inventory control
strategy [15]. It can be seen from the above analysis that different scholars have different choic-
es of inventory control strategies. For example, the application of (Q, R) strategies needs to be
specific to the actual situation.

However, in most cases, the material demand of enterprises is not always fixed and tends to
exhibit a certain degree of randomicity. Zhang (2007) put forward a quantitative inventory con-
trol model under the condition of stochastic demand, according to which the optimal ordering
strategy was obtained. It used stochastic demand to obtain the expected value, and then, adopt-
ed EOQ model to solve the problem to obtain the optimal order quantity with this expected value
[16]. Gller et al. (2015) studied a stochastic demand situation where demand was influenced by
price, and pointed out that demand would be influenced by both current price and reference
price. The safety inventory was used as a decision variable for modelling and solving. The results
showed that the optimal level of inventory increased with the increase of reference price [17].
Zhao (2016) constructed a multi-echelon inventory control model for the supply chain under
stochastic demand by the application of control theory [18]. Gocken et al. (2017) proposed an
optimization approach to find the initial inventory, reorder point and determine the optimal
value of the order in a completely stochastic supply chain environment through Optimization via
Simulation (OvS) approach [19]. Moreover, demand not only exhibits stochastic, but also shows
the characteristics of being non-stationary. Strijbosch et al. (2011) studied the interaction be-
tween forecasting and inventory control under the condition of non-stationary demand, extend-
ed the research scope to non-stationary demand by using simulation method, and analyzed the
cumulative effects of the optimal estimator, optimal forecasting parameters, and correct vari-
ance [20]. Rahdar et al. (2018) put forward a three-tier optimization model in the case of uncer-
tain demand and lead time. That model satisfied uncertain demand and lead time by rolling plan,
so as to minimize the total order cost [21]. Li et al. (2011) proposed the use of confidence infer-
ence to solve the problem of non-stationary demand, and confirmed that this approach was su-
perior to the traditional approach [22].

Based on the above literature, it can be found that, for the inventory control of multi-attribute
materials, such as raw materials of manufacturing enterprises or spare parts of a certain enter-
prise, it is generally necessary to classify materials first and then adopt corresponding inventory
control strategies for different classifications. According to the current material classification
methods, the multi-criteria classification method, based on ABC classification and matrix classi-
fication, is the most widely used and studied method. If multi-criteria material classification is to
be carried out, the selection of classification indicators and the determination of classification
grade are keys to achieving material classification.

In view of the above analysis, the following questions are raised: (1) How to select appropri-
ate indicators for effective classification of multi-attribute materials? (2) Which material classifi-
cation method is the most suitable? (3) How to propose targeted inventory control strategies for
different classifications of materials? In order to answer these three questions, this paper pro-
poses a material classification method based on rough set probabilistic neural network. This
method reduces the duplication and redundancy of material attributes of the enterprise. The
attribute reduction algorithm of grey rough set is adopted to reduce the attribute index of mate-
rials. The probabilistic neural network (PNN) approach is used to build the material classifica-
tion model based on the reduced attributes; the probabilistic distribution of multi-Gaussian mix-
ture of approximate data in different material classifications is used to solve the problem of ma-
terial classification. On this basis, based on the classification results, from the point of view of the
demand characteristics of different types of materials, an inventory control strategy model of
different types of materials is proposed. Finally, an empirical analysis is carried out using a spe-
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cific example. In this paper, a material classification model based on rough set probabilistic neu-
ral network and an inventory control strategy model for different materials are proposed, which
are tested by practical cases. It is helpful for enterprises to improve the intellectualization, cred-
ibility, and scientific nature in material management, and has strong practical significance for
inventory control and management of enterprises.

3. Inventory model building

3.1 Evaluation index system of material attributes

The traditional ABC material classification is based on the value of material (average capital oc-
cupancy), but in reality, an indicator is obviously insufficient to show the importance of material.
Therefore, a set of scientific and reasonable evaluation index system of material attributes is
first needed, so as to express and realize the effective classification of multi-attribute materials
by quantitative indicators, such as the importance, availability, difficulty in obtaining, cost pro-
portion, and strategic importance of materials to enterprises. With reference to the determina-
tion of material attribute indexes in the relevant literature [23-25], this paper intends to use
three first-level indicators to describe the characteristics of materials, namely procurement risk,
value proportion, and strategic importance; and then determine the second-level indicators. The
evaluation index system of material attributes is shown in Table 1.

Table 1 Evaluation index system of material attributes

Second-level Index

First-level Index

Name Serial No.
Impact of supplier interruption C1
Procurement risk Numb.er ofs.l%ppliers Cz
Substitutability C3
Degree of difficulty in obtaining Ca
Product complexity Cs
Total amount of purchase Ce
Proportion of the value Proportion of total procurement expenditure C7
Proportion of total cost Cs
Impact of fluctuations in the price of certain materials on profits Co
Bargaining power of suppliers Cio
Strategic importance Influence degree of materials on product quality Cn
Losses caused by shortage of materials C12

e Procurement risk

Procurement risk mainly refers to the unexpected situations that may occur in the procurement
process. It is mainly used to describe the extent of the influence of the unexpected situations
encountered in the procurement process on production. The main factors influencing the risk
degree of material procurement should be fully considered in determining the second-level in-
dex of procurement risk, which mainly come from two aspects: material suppliers and them-
selves [23, 26]. For suppliers, factors such as the impact of interruption of suppliers and the
number of suppliers should be taken into account. For materials themselves, the substitution of
materials, the difficulty of obtaining materials and the complexity of products are the important
factors influencing the risk of material procurement.

e Proportion of the value

The proportion of the value mainly represents the value of materials, that is, the contribution of
materials to products. In order to better assign resources and enable enterprises to attach great
importance to those materials that contribute greatly to enterprises, factors such as the total
amount of purchase, the proportion of total procurement expenditure, the proportion of total
cost and the influence of fluctuation in the price of certain materials on profits should be fully
taken into account in the process of constructing the second-level index of value proportion [24].
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e Strategic importance

From the perspective of the influence of materials on production, strategic importance mainly
focuses on the strategic influence on production plan, and the influencing factors mainly come
from suppliers and materials themselves [27]. Therefore, the strategic importance of materials is
represented by three factors in this paper, namely, the bargaining power of suppliers, the influ-
ence degree of materials on product quality, and the losses caused by shortage of materials.

3.2 Classification model of multi-attribute materials

Based on the evaluation index system of material attributes established above, a material classi-
fication model based on grey rough set and PNN is proposed in this paper. Firstly, by taking the
advantage of the attribute reduction of grey rough set, the important attributes in the classifica-
tion and evaluation system are extracted, and the input complexity of the evaluation index sys-
tem of material attributes in the classification and decision-making system is reduced. Then,
inventory classification is carried out combined with the strong classification ability of PNN. This
method fully combines the advantages of grey rough set and PNN, simplifies the input complexi-
ty of material classification system, reduces the complexity of sample training and machine
learning in PNN approach, improves the accuracy of material classification, and achieves the
purpose of better assisting enterprises to classify materials correctly and guiding enterprises to
implement different inventory control strategies according to different material classification.

Grey rough set attribute reduction algorithm

In order to solve the problem of duplication and redundancy, the attribute reduction algorithm
of grey rough set is proposed in this paper. Let S = (U,A4,V) be a multi-attribute information
system, while U = {1, 2,---,n} is a non-empty finite set of objects andn = 2; A = {a, ay, -, @}
is a non-empty finite set of attributes, including the set of efficiency indexes € and the set of cost
indexes D; the larger the index attribute value of set C, the better, while the smaller the index
attribute value of set D, the better. Let A, and A, be the subscript sets of efficiency indexes and
cost indexes, respectively, where = A, UA,;, A N A; = @ and m = 2. The indexes are divided
into conditional attribute C, and decision attribute Dy, andC, UD, =A,C4N D, =@, V,€ U,
Vg€ A,V represents the set of the value of indexes, and v;; represents the observed value of the
object i about the indicator a;.

In the system, each index in the indicator set has different dimensions and attributes, and the
type of attribute value has two forms, namely clear number and linguistic items, and the attrib-
ute value of the same attribute has the same information form. For convenience, let A; and
A, respectively denote the attribute subset whose attribute values are clear number and the
formal information of the linguistic items. Ay = {41,452, -, An}, A; = {Ans1, Ansor s A,
and A; U 4; = A; Let S; and S, be the subscript sets of attribute subsets A; and 4;, respectively.
S =1{1,2,--,h},S; ={h+1,h+ 2,---,m}. For attribute values, the specific description is as
follows:

o Ifa; € Ay, thenv;; =v';;,j € Sy,i € U, where v';; is a real numeric value, without losing gen-
erality, here suppose v';; = 0.

o Ifa; €A, thenv;; =v";,j €S5,,i € U, where v";; is a linguistic item, v"’;; € P. Here P is a

set of linguistic items, P = {Pt|t =01, ,% — 1,%,% +1, ~--,L}, where P; represents the

(t + 1)-th linguistic item in P, and (L + 1) represents the number of items in P. When L = 6,
P = {po, P1, D2, D304 Ps, Pe} = {PP(particularly poor), Wo(worse), P(poor), M(medium), We(well),
B(better), EW (especially well)} when z > b, P, is better than or equal to Py; if P, is better than
or equal to P, then max{p,,p,} = P,, min{p,,p,} = P,; when b = L — z, inv(p,) = pp, where
inv is an inverse operator. The specific normalized calculation formulas are respectively ex-
pressed, as shown below:

(a) If a; € Ay, then the normalized calculation formula is as follows:
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! N
v l']'—‘lij
PV, i€U,jES NA,
Gi=9{ o, . ()
vi—v'ij i€ U,j €S, NAy
vP—pN
where
vf = max[maxlsiSn(v”ij)] ,j ES; (2)
v]N = min[minlsiSn(v”ij)] ,j ES; (3)

(b) If a; € A}, then the normalized calculation formula is as follows:

L U”ij ,lEU,]ESzﬂAC
Gij = { " . . (4)
inv(v"y;),i € U,j€S,NnAq
Linguistic item Gilj can be converted into corresponding triangular fuzzy number GiTjFN
thatis, G/"¥ = (G};,G#, G); the calculation formula is shown thus:
TFN _ 1,2 ,,3) — t-1 t . (t+1
o = (o ,qo,fp)—[maX(L ,0),L,mm(L 1)] (5)
1 2 2 2
64 = 316) + (63)" + (@)'] )

After dimensionless processing of v;;, dimensionless feature values of object behaviour
can be obtained. Any two objects f,k € U on the indicator Vg€ A, grey correlation coef-
ficient §j’;k, and correlation degree .§?k of indicator set A, correlation cluster analysis can
be carried out for each scheme. The calculation formula to calculate the grey correlation
coefficient g"}’ck and correlation degree §?k of the scheme f, k on attribute a; and attribute
set A is shown as Eq. 7.
min m‘in|x,]{ —xij| + Omax max|x,]{ —xi]|
L L
: )

|x,£ —xij| + Bmiax m]ax|x,£ —X;

] =
fk

A 1 j
gfk = EET:l g}k (8)
On this basis, grey incidence matrix between objects can be established as follows:

A LA A A
Si1 S12 T Sk T Sim
A LA A A
$1 2 7 ST Som
_ H 1 H a ‘. ;1 ‘. A:
4 g S &

A A A A
6(Cnl (’an §nk gnn
According to the grey incidence matrix, f?kis the correlation degree of the decision objects

f, k on attribute set 4, which represents the possibility that the object belongs to the same classi-
fication, and the best critical value can be determined by the Bayesian criterion. The specific
method is as follows:

(i) C,, C,,,, and C,, respectively denote that objects f, k have a high correlation degree Alil(“’ﬁ ) (n),

a medium correlation degree MBja'ﬁ) (n), a low correlation degree DNja’ﬂ) (n); E(Car), E(Crre)
and E(C,) respectively denote the expected loss function, and that object f belongs to

AESP (), MB{* (n) and DN[*P ().
The calculation formula of expected loss function is shown as Eq. 9, Eq. 10, and Eq. 11:
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E(Car) = 6aalh + 8an (1 - &) 9)
E(Conic) = Smalle + Smp (1= £5) (10)
E(Cur) = sl + 6w (1= &4 (11)

where 6,4, 6,4 and 8,4 respectively indicate the loss function, and that the decision makers
take under a high correlation degree AFA(a’B )(n). Sap, Omp and &, p respectively indicate the loss
function, and that the decision makers take under low correlation degree DN;“’B) (n).

(ii) According to the Bayesian decision criterion, the optimal action plan needs to be selected as
the action set with the minimum expected loss. The specific decision rules are as follows:
Decision rules ofAIfq(a'ﬂ): if both E(Cyy) < E(Cpyi) and E(Cyy) < E(Cyy) are true, then

k € AFSP) (n);

Decision rules of MB[E“‘B): if both E(Chy) = E(Cpyy) and E(Cyy) = E(C,y,) are true,

thenk € MBja’B)(n);

Decision rules ofN[E“'B): if both E(Cyy) < E(Cux) and R(Oy |k) < R(Oy |k) are true,

then k € DN[E“'B)(n).

(iii) According to Bayesian reasoning, the rules for simplifying decision-making are as follows:

If 5},( = a and 5?,( > a, then the correlation degree of decision object f, k is high;

Ifg < g‘}k <aandf < fﬁk < a, then the correlation degree of decision object f, k is medium;

If 5},{ < f and f?k < B, then the correlation degree of decision object f, k is low;

whereVf, k € U,Va; EA0< B <a<1
The correlation degree of object f about attribute set A is divided as follows:

AEP () = {k e U], = o} (12)
MB*P () = {k e U|p < &, < o} (13)
pNSEP ) = {k e U], < ) (14)
The calculation formulas of ¢ and  are:

(6aD - SmD)
a= 15
Bap — Smo) T Bun — S) 1

Smp — O

B = (Gmp up) (16)

(5mD - 6uD) + (8uA - 6aA)
Finally, based on the classification of critical values a and S, the attributes are reduced, and

the reduction methods are as follows:

e Q< CyIND(Q) ={(e,w) EU?|Va € Cye =w,q(e,a) = q(w,a)}, and IND(Q) divides the
object U into z equivalence classifications, which is denoted as U / Q = {xy, x5, **,x,};

e Ris the equivalent relation in A and r € R, if IND(R) = IND(R — {a}), then is reducible in R,
otherwise, r is irreducible in R. If each r is irreducible, then r is independent;

o IfW € Rand W is independent, at the same time, IND(W) = IND(Q), then, W is the reduc-
tion of U on attribute set Q.

To sum up, the problem to be solved in this paper is how to obtain the reduction scheme of all
indexes through a multi-attribute reduction method based on multi-attribute information sys-

tem S, attribute correlation coefficient 5}]‘%, and correlation degree .§?k. The algorithm of attrib-
ute reduction based on grey rough set is as follows:

Step 1: Normalize the attribute index data with multiple information forms according to Eq. 1
to Eq. 6.
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Step 2: Obtain the correlation degree between objects according to Eq. 7 to Eq. 8, and then es-
tablish the incidence matrix of characteristic variables.

Step 3: Obtain the optimal critical value of the correlation degree of each object according to
Eq. 9 to Eq. 16 and categorize the objects accordingly.

Step 4: Reduce the attribute index according to the division of the correlation degree.
PNN material classification discriminate model

Probabilistic Neural Networks was proposed by Specht in 1990, it is a neural network suitable
for classification [28]. According to Bayesian classification rules, it takes the mixed form of mul-
ti-Gaussian function to approximate the probability of data in each classification and select the
one with the maximum probability value as the classification as the data belongs to. In essence, it
is a parallel algorithm based on Bayesian minimum risk criterion. Therefore, based on the reduc-
tion results of material attributes, the PNN approach is used to build the classification and dis-
crimination model of materials. This model applies Bayesian criterion to estimate the posterior
classification probability P(c; / x), that is, the unknown vector x belongs to the probability of all
possible classification c. According to Bayesian criterion, this probability is proportional to the
product of prior probability ; (the ratio of the unknown vector belongs to each classification)
and the probability density function f;(x) (probability density function of each classification of
vector), that is, P(c; / x) « m;f;(x), where the probability density function of classification i is as

per Eq. 17:
(x - xij)T(x = xij)
fl(x) (27-[)20-17 k Z xp [ 207

where x;; is the j-th training sample belonglng to classification i, k; is the number of training
samples in classification i, o; is the smoothing parameter, and v is the dimension of each sample.
If the prior probability is unknown, it can be estimated by the occurrence frequency of each clas-
sification sample in the training set as per Eq. 18:

;= ki/jZ;kj (18)

If all kinds of prior probabilities are assumed to be the same and constant terms are ignored,

then:
- xij)T(x — xi))
202

(17)

L

P(c; / x) x Z exp [— (x (19)

PNN can be obtained through three layer neural network: (a) the input layer accepts input
vectors and formats them; (b) in the layer of radial basis neuron, the distance between the input
vector and the training sample is first calculated and then multiplied by the threshold vector,
calculated by the radial transfer function at last; (c) in the competitive layer, the calculation re-
sults of nodes in the first layer are accepted and the output belonging to the same classification
is synthesized. Finally, the classification of unknown vectors is judged according to the size of
each output result. It can be seen that PNN is obtained by combining radial basis function neural
network with competitive neural network. It is a new classification tool, which considers both

input layer layer of radial basis neuron competitive layer

r N N I

radial

basis

neuron

N AN v

Fig. 1 The specific structure of PNN
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the inhomogeneity of the input samples and the classification and pattern recognition capability
of the competitive neural network. The specific structure of PNN is shown in Fig. 1.

As shown in Fig. 1, R represents the number of input vector elements; Q is the number of
neurons in the second layer; P is the sample matrix of input; || dist || represents the distance
between the input vector and the weight vector; n! is the distance between the sample matrix of
input IW 1! and weight matrix multiplied by the threshold b?; a} represents the i-th element of
a'; while a® is the output from radial basis neuron layer, a? is the output from competitive lay-
er, and a} = radbas(ll; IW't —p || b}); ¥y = a? = compet(IW?* — a?), where radbas() is the
radial basis function, compet() is the competitive function; IIW?! is the weight matrix of the radi-
al basis network layer; IW1 is the i-th row vector of the weight matrix IW?, IW? is the weight
matrix of the competitive layer; module C represents the competitive transfer function, that is
the maximum value of each element in its input vector n? is calculated, the output of neurons
corresponding to the maximum value is set to 1, and the output of neurons of other classifica-
tions are set to 0. Specifically, the input weight of the first layer of the PNN network /W is the
transport matrix of the input sample PT; after calculation by || dist ||, the output vector of the
first layer represents the approximation degree between the input vector and the sample vector,
then multiplies with the threshold vector and is then calculated by the radial transfer function.
When the input vector is approximate to the samples, all the elements corresponding to a® will
be Is. The weight of the second layer IW?? is set as the expected value vector matrixT; only one
element in each row vector is 1, representing the corresponding classification; the remaining
elements are 0, and then the product Ta! is calculated. Finally, n? is obtained through the com-
petitive transfer function of the second layer; the larger element is 1 and the others are 0. At this
point, the PNN network can complete the classification of input vectors [29, 30].

Due to the large quantity and complexity of the materials, the classification results should be
simplified as far as possible. The attributes of materials are various, and the degree of influence
and importance of materials are different for different equipment. The maximum and minimum
values of expert evaluation classification score D are extracted, and then the value interval is
divided into four equal parts; each sub-interval corresponds to a score, equal to the scores of 1,
2, 3, and 4. Here, the materials are divided into four grades, according to the range of materials:
strategic materials, bottleneck materials, general materials, and leverage materials. Among
them, strategic materials mainly include materials that are of vital importance to the products or
industrial processes of the enterprise. These materials often have a high supply risk, mainly be-
cause of the shortage of supply or transportation difficulties. The bottleneck type is mainly char-
acterized by the fact that the price of the material itself may be not very expensive, but it is still
difficult to obtain. The main characteristics of general materials are relatively rich supply, little
influence on procurement costs, and high standardization of products. Leveraged materials are
relatively simplified and shared in specifications, which have a significant influence on cost and
have the characteristics of a large number of suppliers and fierce market competition.

3.3 Inventory control strategy model based on material classification

Different types of materials are suitable for different inventory control strategies. In this paper,
the appropriate inventory control strategy model will be selected according to the characteris-
tics of each kind of materials (strategic materials, bottleneck materials, general materials, and
leveraged materials). Therefore, it constructs a matching model based on material classification
and inventory control strategy, as shown in Fig. 2.

‘ (O, R) strategy model F—‘ ’—,‘ (T, S) strategy model

bottleneck materials strategic materials

general materials leveraged materials

(s, §) strategy model }4—‘ \—y‘ (T, s, §) strategy model

Fig. 2 Matching model of inventory control strategy based on material classification
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Strategic materials - (T, S) strategy model

Strategic material has a high value, great complexity, and strong professionalism, and the suppli-
er has great influence on it. The inventory level should be reduced as much as possible, and a
good cooperative relationship should be established with the strategic material suppliers.
Therefore, the (T, S) strategy model can be adopted. The inventory cycle interval of the (7, S)
strategy is relatively long; it checks the inventory level through time T and sets the inventory to
the maximum inventory level S. In the (7, S) strategy model, three parameters need to be deter-
mined: order cycle T, maximum inventory level S, and order quantity Q.

e Ordercycle T

The order cycle T is a fixed value. Generally speaking, the order cycle T needs to be determined
according to the consumption of materials.

e Maximum inventory level S

S should satisfy the consumption of order cycle T and the order lead time. Meanwhile, safety
inventory should also be considered in order to prevent the uncertainty of demand. Assuming
that the demand in order cycle and lead time is normal distribution, the mean value is g, the
standard deviation is g, the lead time is p, the safety inventory is Iss, and the safety coefficient is
k. Then, the expression of the maximum inventory level S is:

S =1Iss+ u(T +p) (20)

Iss = ko T +p (21)

e Order quantity Q

Let the inventory level at time t be It and the order quantity be Q% From the operation process of
(T, S) strategy model, the expression of Qt is as follows:

Qe=S—1 (22)

However, in practice, materials are usually composed of a unit package, that is there is a min-
imum package unit Qy, and the order quantity should be several times the minimum package
unit. Therefore, it can be further written as follows:

Q: =nQo (23)
- Stk
n = roundup (Qo ) (24)
where, roundup () represents the upward integer function.

Bottleneck materials - (Q, R) strategy model

Due to the low value of bottleneck materials—great complexity, strong professionalism, and
high influence of suppliers on them—it is necessary to keep abreast of the inventory status of
such materials, set up safe inventory, and adopt high security inventory strategy to reduce the
inventory level. Therefore, the strategy model (Q, R) is selected in this paper. The fixed-point
quantitative (Q, R) strategy of continuous inventory is mainly applicable to the bottleneck mate-
rials with large demand and great uncertainty, and no shortage is allowed. Once the shortage
occurs, the cost of shortage is very high.
Suppose the order and purchase cost of bottleneck material i is C,;, then:

Cyi = Pipp,, (25)
where P; represents unit price of material i; up,, is the average demand of material i in time .
The total ordering business cost ;" within time t can be expressed as:

#Dit

Ci’ =G Qi

(26)
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where C; is the single order cost (including storage cost, travel cost, etc.); Q; is the order quantity
of material i.
The total storage cost of material i in time t is C;,, and then:

Qi
Cs=St (L+R —up,) (27)

where S; represents the storage cost of per unit material in unit time of material i; R; is the order
point of material £
If the demand D;;, of material 7in lead time is greater than the order point R;, there will be a

shortage. The average value of shortage is:

+00
fRi (Dip —Ri) *h - (Dyp) - d(Dyp) (28)
If the shortage rate ism, the number of possible shortages in t time is % - 7. If the unit cost of
loss due to the shortage of material i is C;,, then the average cost of shortage in time tis C,:
.uDi + 00
on 1 Jey (Dip = Ri) k- (Dyp) - d(Dip) (29)

Therefore, the objective function namely C;; is the total inventory cost of material i in time ¢:

Cp=Ciy-

Cit=62i+CiI+CiS+CT7=

#Dit
Q;

400
o ko,
+S"'t'<7l+Ri—#mp)+Cin' S-t'”'f(Dip—Ri)-h-(Dip)-d(Dip) (30)
L
R;

Pipp, + C; -

The partial derivatives of the sum of Eq. 30 are respectively obtained, and the result is:

aCi .uDi +00
a—R:=Sit—Cl-,7- - ”'fRi (Dip = Ri) -k~ (D) - d(Dy)
ocu sit Ho[CermxCix e (Dip=Riy e (Dip)d(Dip)] (31)
R 2 Q7
Set Eq. 31 equal to zero; then get:
+0o0 XCipXpp; —Sit Qi
fR- (Dip —Ri)-h- (Dip) ' d(Dip) = ;7;0 xtu .
3 in”MDi¢
(32)

o 2Hpy[CotnxCi [ (Dip=Ri)h(Dip )} d(Dip)|
Qi - Sit

General materials - (s, S) strategy model

General materials have a low value, strong universality, and low influence from suppliers, which
are suitable to adopt (s, S) strategy model. The (s, S) strategy is also known as maximum and
minimum strategy. In this strategy model, four parameters need to be checked, namely invento-
ry check time, and reorder point s, order level s, and order quantity Q.

e Inventory check time

The inventory level is gradually reduced with consumption, while the continuous inspection
strategy does not mean to check the inventory at any time, which is not feasible in practical op-
eration, especially for the material inventory of various manufacturers. Therefore, it is necessary
to determine an inventory inspection cycle and checkpoint, which should be consistent with the
production plan that is keeping in step with the material demand plan.

e Reorder point

In this strategy model, when the inventory level drops to s or below, the order will be issued; so
the inventory of the ordering point needs to meet two consumption conditions: one is the inven-
tory consumption in lead time, and the other is to guarantee the service level so as to avoid the
shortage caused by an increase in supply or demand.
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If it is subject to the normal distribution during the lead time, with a mean value of x and
standard deviation of g, the lead time is p, and the demand of each period is independent from
each other; D is the demand of lead time, and the standard deviation is o,. According to the na-
ture of normal distribution, then:

D =up (33)

op =/ po? (34)

The safety factor is k, and then the expression of safety inventory Iss is:

Iss=k-op=k-\po?=k-\p -0 (35)
Therefore, the expression of reorder point s is:
s =up +Iss (36)

e Determination of maximum S

Maximum S is the order level S. Since the strategic materials belong to the material with high
value, their inventory level S should be reduced as much as possible. That is, the consumption
within the lead time can be satisfied on the basis of reorder point s. The expression of S is:

S=s+up (37)
e Order quantity Q

The order quantity at time t is set to Q; and according to the operation process of (s, S) strategy,
the expression is:
Qe=5—-1 (38)

The (s, S) strategy also needs to consider the constraints of the minimum order unit when or-
dering. Therefore, it can be further written as follows:

Qr =nQ (39)

n = roundup (S Q_01t> (40)

Leveraged materials - (T, s, S) strategy model

Leveraged materials have a high value, strong universality, and low influence from suppliers.
Some materials should be selected to set the inventory and reduce the times of purchase. There-
fore, the (T, s, s) strategy model is more appropriate. (7, s, S) strategy is a comprehensive strate-
gy that combines (s, S) strategy with (T, S) strategy, which can provide greater flexibility than
the fixed-cycle, unified ordering strategy (7, s). Where T represents the basic order interval time,
s and S respectively represent the order point and maximum inventory of materials. According
to this strategy, materials are inspected periodically, and each material adopts an independent
and periodic (s, S) strategy. Inventory is checked at intervals of T. If the inventory level of mate-
rial i is below or equal to its order point, it will be replenished to the maximum inventory S.
Therefore, four parameters need to be determined, namely T, s, S and Q.

e Ordercycle T

Similar to (7, S) strategy model, the order cycle T of (T, s, S) strategy is a fixed value. Generally
speaking, order cycle T needs to be determined according to the consumption of materials.

e Order points

Different from the continuous inventory, the corresponding period of time to determine the de-
mand to be met by the inventory at the ordering point is not only the lead time of order, but also
an inventory cycle. Replenishment may be not replenished at the time of inventory when taking
periodic inventory. If there is no replenishment, the opportunity for replenishment is at the next
time of inventory. It can be seen that the service level to meet the material demand is within the
time range (T + p) when periodic inventory is adopted. Safety inventory and order point are
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determined on the basis of total demand in time (T + p), and the value is s = u(T + p) + Iss.
Where u(T + p) is the expected value of the total quantity demanded in time (T + p); Iss is the
safety inventory. For the given service level requirement «, the corresponding safety factor k can
be obtained by referring to the standard normal distribution table. In addition to meeting the
demand in lead time, the order point of each cycle also meet the demand within the inventory
period, thus:

s=u(T +p)+ ko(T +p) (41

where ko (T + p) is the safety inventory, and o(T + p) is the standard deviation.

e Maximum inventory S

The determination method of maximum inventory S is the same as in (s, S) strategy, so the value
of maximum S should be as small as possible, that is, the consumption in advance period can be
satisfied on the basis of the order point S, which is the mean value of p in advance period, and
the expression of S is:

S=s+u(T+p) (42)

e Order quantity Q
Let the order quantity at time t is Q;, and the expression for Q; is:
Qe=S5—1 (43)

The constraint of the minimum order unit should also be considered when ordering. There-
fore, it can be further written as:
Qc =nQ (44)
S—I,

n = roundup (Q_o) (45)

4. Results and discussion: Inventory model application model application

In this paper, a chemical Enterprise A was selected as the research sample to apply the multi-
attribute material classification model and the inventory control strategy matching model. The
inventory of enterprise A mainly includes the following 60 types of materials, as shown in Table 2.

Table 2 Main material categories of Enterprise A

No. Name No. Name No. Name
Metallurgical materials and . . . .
1 . . 21  Labour protection articles 41 Welding materials
cast iron pipes
2 Petroleum special pipes 22 Oil special equipment 42 Fasteners
3 Common steel 23 Specie'll equipment for refining and 43 Bearing
chemical industry
4 Wire and metal ropes 24 Construction machinery and equipment 44 Valves
5 :]eOSI;Ze;:g;tserrrilslt:]S and pro- 25 Lifting and conveying equipment 45 Fire equipment
6 Building hardware 26  General machinery and equipment 46 Other mechanical equipment
7 Petroleum and products 27  Metalworking machinery and equipment 47 Special tools for petroleum
8 Coal 28 Power equipment 48 :;e;cir:sleum drilling equipment acces-
9 Non-metallic building mate- 29 Transportation equipment 49 Accessgries for refining and chemi-
rials cal equipment
10 Cement and products 30  Textile equipment 50 Textile equipment and accessories
11 Wood and products 31  Electrical and electrical equipment 51 Industrial and mining accessories
12 Petroleum special chemical 32 Electrical materials 52 Pipe fittings
products
13 Catalyst and additive 33 Electrical components 53 Sealing elements
14 Rubber and products 34  Daily-use electric appliances 54 Internal combustion engine parts
15 Plastic and products 35  Communication equipment 55 Heavy-duty auto parts
16 Paint and pigments 36  Electronic industrial products 56 General auto parts
17 General chemical products 37  Petroleum special instruments 57 Flttl.ngs for waterway railway
equipment
18 Glass instrument 38 Universal instruments 58 Other mechanical parts
19 Pyrotechnic products 39 Small machinery 59 Packing materials
20 Textile products 40  Tools and measuring tools 60 Miscellaneous products
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4.1 Application of multi-attribute material classification model

Based on the evaluation index system of material attributes, this paper adopted 12 attribute
indicators (Table 1) to classify 60 kinds of material attributes of Enterprise A. Firstly, the evalua-
tion index of material attributes was reduced by the grey rough set algorithm, and then, based
on the reduction results, the PNN discrimination model was used to realize the effective classifi-
cation of 60 types of materials.

e Application of material attribute reduction algorithm based on grey rough sets

Before the material classification of Enterprise A, attribute reduction was needed to remove du-
plicate and redundant indicators. This process adopted the grey rough set algorithm, which can
effectively support the whole process from data pre-processing to attribute reduction analysis.
Among these 12 attribute indicators, C,, C4, C; and Cg were clear number information,
and Cy, C3, Cy, Cs, Cq, Cy, Cy1 and C;, were linguistic item information. Due to the large variety of
materials, partial material sample data with multiple information forms are listed, as shown in
Table 3.

In order to solve the problem of indicator reduction, the calculation process using the algo-
rithm given above is briefly explained below.

Firstly, material classification indicator data with multiple information forms will be stand-
ardized according to Eq, 1 to Eq. 6 as shown in Table 4.

Table 3 Partial material sample data with multiple information forms
C1 G2 Cs Ca Cs Ce C7 Cs Coy Co Cuu  Ci2

Metallurgical materials and cast

) : B 20 M We M 109 8 7 B B B EW
iron pipes

Petroleum special pipes EW 7 P B B 260 12 10 B EW B EW
Common steel We 26 B M P 100 5 3 M B We We
Wire and metal ropes B 18 EW P P 80 3 2 P We We M

Table 4 Standardization of sample data of some materials with various forms of information

C1 C2 C3 Cs Cs Ce C7 Cs Co C1o Cn Ci2
Metallurgical materials g, 050 052 068 052 079 088 088 084 084 084 095
and cast iron pipes

Petroleum special pipes 095 0.08 034 084 084 039 082 081 084 095 084 095
Common steel 068 084 084 052 034 073 093 096 052 084 068 0.68
Wire and metal ropes 084 052 095 034 034 093 096 098 034 0.68 0.68 0.52

Secondly, the grey correlation degree of attribute set among materials was calculated accord-
ing to Eq. 7 and Eq. 8. Then, according to Eq. 9 to Eq. 16, considering the losses faced by Enter-
prise A in material classification and assuming loss functions, then:
a4 = 0.26, 6,4 = 0.64, 64 = 0.72,8,p, = 0.79, 6,,p = 0.67, 6,p = 0.09. The optimal critical
value can be obtained as follows:

(8ap — Omp)
a= = 0.600
(6aD - (SmD) + (6uA - 6mA)
Omp — O
B — ( mD uD) — 0.558

(6mD - 6uD) + (6uA - 6aA)

According to the optimal critical value, the set of all the materials with a high correlation de-
gree, medium correlation degree, and low correlation degree can be determined, as shown in
Table 5.

Table 5 The correlation degree division of materials

u AFSP (n) MBP (n) DNSP ()

I {12,57-81237,47) {3-4,6,9-11,13-36,38-46,59-60} {48-58)

2 {1,2,58,12,24,31,37) {3-4,6-7,9-11,13-23,25-30,32-36,38-48,52,56,58-60} {49-51,53-55,57}
3 {3-4,69-11,13-2132-36,38,40-45)  {1-2,5,7-8,12,37,47-60} {22-31,39,46)

4 {4,11-19,35-44,48-52,60} {1-3,5-10,20-23,31-34,45-47,53-59) {24-30}
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According to the division of material correlation degree shown in Table 5, the correlation de-
gree of materials can be determined thus: {1-2,5,7-9,22-30,46}, {3-4,6,10-20,32-39,42-45,47-
49,58-60}, {21,31,40-41,50-57}; that is:

{1—2,5,7—9,22—30,46};
X=U/C, = {3—4,6,10—20,32—39,42—45,47—49,58—60};
({21’31’40_41’50_57}

Finally, index reduction is carried out according to the classification of correlation degree.
Conditional attribute indexes are found and deleted. By calculation, reduction is as follows:
X1 =U/(C=C); X, =U/(C—C); X3=U/(C—C3); X4 =U/(C—Cy); Xs =U/(C —Cs);
Xe=U/(C—Ce); X, =U/(C—Cy); Xg =U/(C—Cg); Xo =U/(C—Co); X10=U/(C—Cyp);
X171 =U/(C = C11); X2 = U/(C = Cyp).

Reduction results of

U/(C—C), U/(C—Cy—C), U/(C—Cy—Cy — C),
U/(C—C;—C—Co—Cg), U/(C—Cy —C— Co — Cg — (),
U/(C—C;—Co—Co—Cg—Cy—Cyp),and U/(C — C; — C4 — Co — Cg — Cy — C9 — C12)

are equal, and it is found that the reduction does not influence the classification results. There-
fore, the minimum set of attributes can be obtained as {C;, C3, Cs, C;, C,1}; that is, the original 12
indicators can be reduced to 5.

e Application of PNN material classification discriminate model

Based on the material attribute reduction, the materials of Enterprise A are classified into four
grades from material value, importance, complexity, and risk by experts’ evaluation, according
to the five attributes of material attributes reduction (each attribute of each classification is
scored with a score of 0-10 points). The classification result is verified by PNN. The four grades
of materials after material classification are: I (strategic material), II (bottleneck material), III
(general material) and IV (leveraged material).

As can be seen from the material attribute reduction results, there are five main attributes
that influence the material classification of Enterprise 4, namely the influence of supplier inter-
ruption, substitutability, product complexity, proportion in total procurement expenditure, and
the influence of materials on product quality. Therefore, the input layer of PNN has five nodes
corresponding to these five characteristic parameters. In this paper, cross-validation is applied
to cross-train and tests the 60 sample data in Table 2. The number of radial basis neurons is de-
termined by the number of the training samples and the number of the neurons in the second
layer of PNN is equal to the number of the classification patterns, which are I (strategic material),
IT (bottleneck material), Il (general material), and IV (leveraged material). Therefore, the num-
ber of the neurons in the second layer of PNN is four. The transfer function of the second neuron
layer is a competitive transfer function, which selects the results with the largest distance
weight values as the network’s output; that is, the most possible classification pattern results,
corresponding to the input vectors, are taken as the output.

In this paper, Matlab is used to write the simulation program, and network training adopts
the method of cross-validation [30].

Step 1: Randomly select a number of sample data (32 groups) from each category of expert
evaluation for PNN training and the remaining 28 groups for testing. The training re-
sults and prediction effect of PNN are shown in Fig. 3 and Fig. 4.

Step 2: Test data in Step 1 (28 groups) are used for training, while the 32 groups training data
in Step 1 are used for testing. The training results and prediction effect of PNN are
shown in Fig. 5 and Fig. 6.
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This is equivalent to testing all the data in this way. The probability of each category is ob-
tained by cross-validation. Finally, the classifications are given. Combining the results of the two
rounds of training tests, the total accuracy of 98.3 % is obtained by calculation. From the classifi-
cation results, the established PNN has the ability of accurate classification recognition.

4.2 Application of inventory control strategy matching model based on material classification
o Application of (T, S) strategy model

According to the inventory control strategy matching model, it can be seen that (7, S) strategy is
suitable for the inventory control of strategic materials. This paper takes material 26 (general
machinery and equipment) as an example to apply the (7, S) strategy model. According to the
personnel experience of inventory management of material 26, the inspection cycle is generally
set for 12 weeks, thus T = 12; the lead time of order is four weeks (i.e., p = 4); the service level is
95 %, and the minimum number of packages is four. According to the table of customer service
level and safety factor (Table 6), the safety factor k= 1.65, and according to the normal distribu-
tion test results of enterprise demand prediction, u = 41 and ¢ = 22. Thus, there are:

Maximum inventory S = Iss + u(T + p) = 1.65 X 4 X 22 + 41 x 12 = 801.2
Check that the inventory level at the beginning of the month is 779, and order quantity is
Q = roundup [(801.2 — 779)/4] X 4 = 24.

Table 6 Common customer service level and safety factor table

99 98 97 96 95 90
2.33 2.05 1.88 1.75 1.65 1.28

100
3.09

85
1.04

80
0.84

Service level (%)
Safety factor

e Application of (Q, R) strategy model

From the matching model of inventory control strategy, it can be seen that (Q, R) strategy is suit-
able for the inventory control of bottleneck materials. This paper takes material 48 (petroleum
drilling equipment accessories) as an example to apply (@, R) strategy model. According to the
inventory information of material 48, its purchase price is p = 79.19 yuan/piece, the cost of a
single order is (; = 24885 yuan/time, the single shortage cost is C;,, = 420 yuan/piece, and the
unit storage cost is S; = 2.5 yuan/piece/week. According to the fitting result of material 48 de-
mand data in time t (¢ = 36), the demand distribution of material 48 in unit time is
D;~N (185, 8). Therefore,demand distribution in time tis D;;~N(6660,362 x 8); that is: Wp, =

6660, op,, = 72+/2; lead time p = 8, and the demand distribution within the lead time p is:
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Dl-p~N(1480, 82 x 8), that is Hp,, = 1480, Op;, = 16v/2; the service level is 95 %, and the
shortagerates = 0.05,and set H(R;) = fRfm(Dip —R;)h-(D;y) - d(Dsp)-Eq.32 isrewritten thus:

XCipXpp;, —SitQi

H(R;) =
( L) UXCi,]X#Dit (46)
o 2up{citmxcy| op, Pxh®R)~(Rimup,, )x(1-H(RD)]}
L Sit
H(R)) = 0.05x420X6660-25x36xQ; _ 1 _ _900;
0.05x420X6660 139860 47
. 2><6660{24885+0.05><420[512xh(RL-)—(Ri—1480)xlzggéio]} (47)
Qi = 2.5x36

Take Q; = JZ” Bl \/“6265":32:885 = 1919.11 and substitute Q, = @, in Eq. 1 for Eq.47 to ob-
tain Ry; then R; = R, in Eq. 2 is substituted with Eq. 47 to obtain Q,; substitute Q; = Q, in Eq. 1
for Eq. 47 to obtain R,; then R; = R, in Eq. 2 is substituted with Eq. 47 to obtain Q5; iterate over
and over again until the convergence state of Q.1 = Qf is reached. At this point, Q) and R, are
solved. The final solution is:

Q. = 2064

{Rk = 1848

e Application of (s, S) strategy model

From the matching model of inventory control strategy, it can be seen that (s, S) strategy is suit-
able for inventory control of general materials. This paper takes material 59 (packaging materi-
als) as an example to apply (s, S) strategy model. According to the personnel experience of inven-
tory managers, the lead time of material 59 is two weeks, the service level is 90 %, and the safety
factor is 1.28, which is obtained by Table 6. The mean demand in lead time is ¢ = 7198 and the
standard deviation is ¢ =3288. Therefore,

Order points = u X p +k-\/p-o =7198 x 2 + 1.28 X V2 x 3288 = 20348 pieces;
Maximum inventory level S = s + up = 20348 + 7198 X 2 = 34744 pieces;

Material 59 is inspected once a week. If the inventory level is 18,000 on Monday, which is less
than 20,348 at the ordering point, the order should be issued. If the minimum number of packag-
ing units for the material is 1,000, then:

Order quantity Q = roundup [(34744 — 18000)/1000] x 1000 = 17000 pieces.
o Application of (T, s, S) strategy model

According to the matching model of inventory control strategy, it can be seen that (7, s, S)
strategy is suitable for inventory control of leveraged materials. This paper takes Material 2 (pe-
troleum special pipe) as an example to apply (7, s, S) strategy model. According to the personnel
experience of inventory management of Material 2, the inspection cycle is generally set for eight
weeks; thus, T = 8, the lead time is two weeks, that is p = 2; the service level is 95 %, and the
minimum packing number is 2 tons. From the common customer service level and safety factor
table (Table 6), the safety factor k = 1.65. According to the normal distribution results of enter-
prise demand prediction, p = 18, o0 = 7. Therefore,

Order points = u(T + p) + ka(T + p) = 18 X 10 + 1.65 X 7 X 10 = 295.5 tons;

Maximum inventory level S = s + u(T + p) = 295.5 + 18 X 10 = 475.5 tons.

If the inventory level after inspection is 280 tons, less than the order point 295.5 tons, and the
minimum package quantity is 2 tons, then:

Order quantity Q = roundup[(475.5 — 280)/2] X 2 = 196 tons.
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5. Conclusion

Inventory control is an important issue in supply chain management. There are many attributes
of inventory materials in enterprises, and the degree of influence of different materials on en-
terprises is also different. Faced with the new production and delivery, the manner of scientifi-
cally classifying the materials of the enterprises and making scientific inventory control strategy
are of great practical significance for effectively reducing the operating costs of enterprises, im-
proving the ability of material support, and further promoting the development, transformation
and upgrading of the enterprises.

In this paper, the classification and inventory control strategies of multi-attribute materials
were systematically studied. Firstly, the evaluation index system of material attributes was con-
structed from three aspects: procurement risk, proportion of the value and strategic importance.
Then, the grey rough set algorithm was used to reduce the attribute of the material attribute
index to achieve the aim of removing repetitive and redundant attributes. On this basis, the dis-
criminate model of material classification was constructed based on the PNN approach. It is
simple and practical; it has a fast training speed and a good output effect on network simulation,
which can solve the material classification problem well. Then, based on the classification re-
sults, different inventory control strategy models for strategic materials, bottleneck materials,
general materials and leveraged materials were proposed. That is to say, an inventory control
strategy matching model based on material classification was built to provide a powerful basis
for enterprises to formulate targeted inventory control strategies. Finally, taking a chemical en-
terprise (i.e., Enterprise A) as an example, using the classification approach, inventory control
strategy and the corresponding model proposed in this paper, the material classification scheme
of Enterprise A was obtained, and the order schemes under different inventory control strate-
gies were obtained by calculation. The results strongly illustrate the feasibility and validity of the
model and the method built in this paper.

The limitation of this paper is that only static inventory control strategy is considered. How-
ever, the improvement of other inventory control strategies, such as the dynamic inventory con-
trol strategy and the static-dynamic inventory control strategy need to be further studied.
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ABSTRACT

ARTICLE INFO

This paper deals with an economic lot size model when demand follows a
power law and changes with time, owing to the fact that this kind of pattern is
suitable for so many real situations. Production rate is presumed to be pro-
portional to demand rate. Also since that demand is price sensitive in reality,
we suppose that demand decreases linearly with price. With regard to these
points, in this article a joint pricing and inventory model is presented where
demand depends on time with a power pattern and price linearly, production
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rate changes pro rata with demand rate and multiple items are considered.
The principal consideration of the study is to satisfy the demand and optimize
the profit for all items in the system, simultaneously. Setup, holding, backlog-
ging and production costs are involved in the inventory system. The aim is to
maximize total profit function and achieve optimum values of scheduling
period, reorder point and price. Employing mathematical modelling and op-
timization methods, the existence of the optimal solutions is proved, and then
a simple heuristic algorithm is presented to maximize total inventory profit
and determine the best values of variables. A numerical analysis is carried out
to illustrate the applications of the proposed models.
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1. Introduction

The constant demand rate is one of the presumptions of the conventional Economic Production
Quantity (EPQ) model proposed by Taft [1] that is not common in practice. In the most real situ-
ations demand of consumers varies with time. Therefore, many researchers have worked on
time-varying inventory models. Barbosa and Friedman [2] worked on a special type of time-
varying demand to find a complete solution. Mitra et al. [3] used a demand pattern that increases
or decreases with time in an inventory system. A multi-period inventory model is presented by
Sakaguchi [4] assuming that demand varies with time. Also Khanra et al. [5] proposed a quadrat-
ic-time demand for an EOQ with shortages and allowable delay in payments. Sarkar et al. [6]
studied a production system with demand depending on time and price together with consider-
ing the influence of inflation and reliability. Escuin et al. [7] discussed inventory models using
stochastic and time varying demand for a paper manufacturer.

In this paper, we use a kind of demand pattern called power demand. It can be applied for the
situations that a high percentage of requests for products happen at the beginning of the cycle,
like breads, yogurt, fruits, prepared food, vegetables, fresh meat, etc., or at the end of the cycle,
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like tea, coffee, sugar, oil, etc. Naddor [8] introduced an inventory system with a power demand
pattern. Lee and Wu [9] presented an optimal order quantity model allowing for shortages,
power demand and deteriorating items. Singh et al. [10] studied an EOQ model where demand
has a power pattern and partial backlogging and perishable products are allowed. Sicilia et al.
[11] analyzed systems with deterministic power demand pattern and different situations: with
and without shortages, with full backordering or completely lost sales. Rajeswari and Vanjikkodi
[12] worked on an inventory system considering Weibull deterioration and demand following a
power law. Mishra and Singh [13] proposed an economic ordering model with demand having a
power pattern, perishable units and partially backordered shortages. Sicilia et al. [14] offered an
optimal order size model taking into account power demand along with constant deterioration
rate. Sicilia et al. [15] presented an optimum lot size model in which demand has a power pat-
tern, production rate changes pro rata with demand rate and backordered items are allowed.
Sicilia et al. [16] studied lot size models where demand follows a power law and the replenish-
ment rate is uniform. San-José et al. [17] analyzed an inventory system with demand following a
power law and partial backordering.

Demand of consumers is price sensitive, so that pricing is one of the most important decisions
in a company. Tripathi et al. [18] investigated inventory dependent demand with a power rate
and holding cost functions for two situations. Lau et al. [19] worked on a joint ordering and pric-
ing problem with deteriorating products and a two period life. Yang et al. [20] studied a model
considering price dependent demand, deterioration and partial backordering. Banerjee and
Sharma [21] investigated an inventory model in which seasonal demand varies with time and
price. Soon [22] developed a review of multi-products pricing models. Maihami and Kamalabadi
[23] proposed a joint inventory and pricing system with deteriorating products, price dependent
demand and partial backordering. Shavandi et al. [24] presented a constrained inventory and
pricing model with multiple items. Pal et al. [25] studied an economic ordering model with mul-
tiple products and price break sensitive demand. Zhu [26] worked on joint production, replen-
ishment and pricing policies where demand is random and price sensitive and there is a supply
disruption. Qin et al. [27] employed joint lot-sizing and pricing policies for fresh products with
deterioration. Liu et al. [28] studied a joint investment and pricing problem for perishable prod-
ucts considering price and quality dependent demand. Panda et al. [29] presented a replenish-
ment and pricing problem for a high tech item in a dual-channel supply chain. Alfares and
Ghaithan [30] worked on a pricing and inventory system considering price dependent demand
and time-varying holding cost along with quantity discounts. Chiu et al. [31] investigated the
impact of delayed differentiation on a vendor-buyer system with rework and multiple items.
Gholamian and Heydari [32] developed a mixed integer stochastic programming model by using
METRIC stochastic relations in a location-routing-inventory problem.

The remainder of this paper is organized as follows. In Section 2 problem definition and
mathematical model are presented. Concavity and optimal decision are proposed in section 3. A
procedure for determining the optimum values can be found in section 4. Numerical analysis is
presented in section 5. Finally, in section 6 some conclusions and future researches are given.

2. Problem definition and mathematical model

Consider a factory which produces N different items (where i = 1,2,.., N). Each item has an av-
erage demand v; that must be satisfied. The demand varies with time with a power pattern and
decreases linearly with price. Also the production rate changes pro rata with demand rate. The
manager desires to satisfy the customer demand and optimize the total profit of the system,
simultaneously. The inventory cycle starts with s units of net stock at time 0. At the same time
t = 0, production begins with the production rate P;(t), at time t;; reaches zero and continues
until ¢t = 7; for each product i, consequently the replenishment quantity Q; will be produced.
Also during the interval [0, t;], the inventory level of product i increases at a rate P;(t) — D;(t).
After that the stock level decreases up to t = t,; according to demand. Finally, during the inter-
val [t,;, T], demand is backlogged. Assume that I;;(t) and I,;(t) are the on-hand inventory levels
of item i at time t in the intervals [0, ;] and [z}, T], respectively. The scheduling period, the
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backorder size and the selling price are three decision variables of the system. In the following,
an approach is presented to find the optimal values.
The following notation will be applied in the rest of the paper.

T Scheduling period (time)

N Number of items

Q; Production quantity for item i (units)

S; Reorder point for item i (units)

D; Demand quantity during the inventory cycle for item i (units)
T; Production period length for item i (time)

Vi Average demand v; = D; /T for item i (units)

A; Production setup cost for item i ($/replenishment)
Pi Selling price for item i, where p; > ¢; ($/unit)

C; Unit producing cost for item i ($/unit)

e Unit carrying cost for item i ($/unit/unit time)

w; Unit backlogging cost for item i ($/unit/unit time)
I1;(t) Net stock level at time t foritem i (0 <t < T;)

I (t) Net stock level at time t foritemi (0 <t < T)
P;(t) Production rate at time ¢t for item i (0 < t < t;)
D;(t) Demand rate at time t foritemi (0 <t < T)

CH; Cost of holding for item i ($/unit time)

CB; Cost of backordering for item i ($/unit time)

CS; Cost of setup for item i ($/unit time)

CP; Cost of production for item i ($/unit time)

SR; Sales revenue for item i ($/unit time)
TP;(pi,si,T) Total profit for item i ($/unit time)

(p,s,T) Total profit of the system ($/unit time)

The following assumptions are considered:

e The planning horizon is infinite.
e Shortages are fully backordered.
e Demand rate changes with time with a power pattern and decreases linearly with price.

So, the demand rate is assumed to be D;(t) = (a; — bigoi)Z—i(%)l/Ki_l, with 0 <t < T, where
0<1<i<00,ai>0,bi>0.

e Multiple items are assumed for the inventory system.

e The demand rate is less than the production rate for each item.

e The production rate P;(t) is proportional to demand rate D;(t) for each item i at any time
t(0 <t < 1;) and is defined by P;(t) = a;D; (t) with a; >1.

The demand over the scheduling period [0, T] is defined by the following:

T T v t 1/k;—1 (1)
f D;(t)dt = f (a; — bipi)_(_) dt = (a; = bip)viT
0 0 K \T
The differential equations governing the system are as following:
dll(t) V; t 1/Ki—1
T = Pl(t) - Dl(t) = (a’l‘ - 1)Dl(t) = (a’l‘ - 1)(ai - bl}’]L)K—Z(T) , (2)
111'(0) =S 0<t< Ti
dl,;(t) v; (t\1/xim1
dlt =-D;(t) = —(a; - bil’i)x_z(?) , LT =s;, 1,<t<T (3)

With regard to the boundary conditions, I;;(0) = I,;(T) = s;, Eq. 1 and Eq. 2 are solved and the
solutions are:
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t 1/x
Ili(t) =S + (ai - 1)(ai - bl-;?i)viT (?) ’ 0<st< T; (4)
t 1/x;
L) = s; + (a; = bip)viT — (a; — bip)vT (;) , T sStsT (5)

At time t; the production cycle of lot size is finished and the maximum inventory level can be
calculated by both Eq. 4 and Eq. 5. So that 7; and stock level at 7; are respectively:

T
Rt (6)
a; — 1
li(r) = s+ ——(a; = bip)viT (7)
L
Also the lot size Q; for product i is calculated by
T Ti v t 1/x;—1
Qi = f P (t)dt = f a;(a; — biﬁi)—(f) dt = (a; — byp)viT (8)
0 0 K;

As it was expected, the lot quantity is equal to the demand of scheduling period. We assume that
I(z) = 0ands; < 0, So that —(a; — b;p;) L=

a
zero in the production period at time t;;. Since I;;(t;;) = 0, from Eq. 4 we obtain t;; for item i
according to decision variables s; and T:

rT < s; < 0. Suppose that the stock level reaches

t; = ( S )n T
Y (g = D) (a; — bip)viT

The net stock level of interval [t;, T] reaches zero at time t,;. Solving equation I,;(t,;) = 0, ty;
can be obtained for item i according to decision variables s; and T:

9)

Si n
S (PR S (o)
2 (a; — bip)viT
We consider four various cost in the inventory system for each product i as follows. Note that
the average number of production runs is %

The carrying cost:

A (T £\ 1/ki
CHy =24 [si + (= D@ — b (2 ] dt
T ), T
tai £\ /i
+ f [Si + (a; = bip)viT — (a; — bip)viT (f) ] dt) =
-
' (11)
_ (_Gsi+ (@i = bipviT)™ N (—s)t!
(k; + D(a; — bip)*iviiT* — (x; + D(a; — D*i(a; — byp) ivy*iT™
_(ai=bipviT
(Ki + 1)ai‘<i :
The shortage cost:
w; tqg £\ 1/%i
CBi = —T<f [Si + (ai - 1)(ai - bi#?i)viT (%) ]dt
0
T £\ /¥
+f [Si + (a; = bip)viT — (a; — bip)viT (f) ]df> =
ta2i (12)
_ (_Gsi+ (@i = bip)viT)1*" N (=s;) ! _ (a; = bipviT
(k; + D(a; — byp) v iT  (k; + D (a; — D*ia; — bypy) iv T (k; +1)

—Si>wi
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The production cost:

0Q;
CP; = Ci?l = (a; — bipciv (13)
The setup cost:
Aj
CSi == (14)
The sales revenue is:
0Q;
SR; = 2191'71 = (a; — bip)pvi (15)

The total profit of product i can be calculated then as:
TPi(jOi,Si,T) = SRl - CHl - CBl - CPl - CSl =
(si + (a; = bip)viT) (A + wy)
(k; + D (a; — byp) v iT™i

= (a; — bip)pivi —

3 (=s)"* (A + wy) N (a; = bip)viT ( Hi ) (16)
(k; + D(a; — D*i(a; — bypy)*iviT™ (k;+1) Ay '
Aj
twisi - — (@ — bipev,

Now we define g = (pq, #2, ..., #n) and s = (54, Sy, ..., Sy)- So that the total profit of the sys-
tem can be obtained as follows:

N
@357 = ) TR@isT) a7)
i=1

3. Concavity and the optimal decision

With regard to the purpose of this paper that is finding the best production policies to maximize
the total profit per unit time for the multi-product inventory system, we first prove that for any
given g, the optimum solution of (s, T) not only exists but also is unique. Because I1(p, s, T)is a
function of p,s and T, so for any given g, the essential conditions to maximize the total profit
per unit time is equaling partial derivatives of the I1(#,s,T) to zero, with respect to decision
variables s; and T, simultaneously. Thus,

ol(p,s,T) (=s) i + wy) (s; + (a; = bip)viT) i (A + wy)

- _ _—ovi (18
Js; (a; — D¥i(a; — byp) v iTx (a; — bip) v T tuwn=0vi (18)

oNG,3,T) i i (=) (A + )
aT B = (Ki + 1)(ai - 1)Ki(ai - bi#?i)KiViKiTKi-'-l

N
B 2 (si + (a; = bip)viT)"((a; = bip)viT — k;5) (A + w)
£ (i + D(a; — bigp)iv ST+ (19)

=0

N
(a; = bipv; ( hi ) N YA
(Ki + 1) ai“i t T2

Theorem 1: For any given p, The total profit function I1(p, s, T) is concave.

Proof: Please see Appendix A.
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_s;
(ai=bip)viT
equivalentto 0 < x; < a;—_l and Eq. 18 and Eq. 19 are respectively equivalent to

Defining a new variable x; by x; = , the region —(a; — 1301)( D7 < 5;<0is

(1= x)% — x; ki Wi (20)
' (=D A+
N ) N .
2 kixi (@ — bip)vilhi + wy) z (1 = x)" (1 + kix)(a; — bipi)vi(hy + )
- (x; + D(a; — D £ (k; + 1)
- - 21
. ) (21)
(a; — bip)v (ﬁ w) + Yi=14i _ 0
kK +1) \q ' T2
Proposition: There is a unique solution x;* for the function (1 — x;)* — il _wi =0, on

(a;—1)%i hitw;

i

Proof: The proof is similar to proposition 1 in [15].

The optimal solution of Eq. 20 can be obtained using any numerical method like the Newton-
Raphson method (see, i.e. [33]). Also from Eq. 20 we have

ot Wi _ (22)
(a; — Dxi (= x)" hi +w; =0

Substituting Eq. 22 in Eq. 23 we obtain following equation

N N
B Z (@i = bip)vi(Ai + wi) (1 —x)" Z K;(a; — bipi)viwix;

(x; + 1) - (x; + 1) )3
N y (23)
(a; — bipi)v; ( A w-) N Yi=1hi _ 0
(x;+1) \aqX ' T2

Then substituting the optimal solution x;* obtained by Eq. 20 in Eq. 23, the best cycle length T*
for a given p is

N
T* = i=1 4 (24)

(ai=bipivi ; % hi
?:1[(%)((/% +w) (1 — X)) + Kpwx™ — (a, -+ Wi))]

Also, the best reorder point and the optimal lot quantity are s;* = —x;*(a; — b;p;)v;T* and
Q;" = (a; — bjp;)v;T* respectively.

Now for any s;%, 557, ...,sy", T", the first order condition to maximize the total profit function
(s, T") is

OTI(F, 5, T*) bv,T* [ A,
T op  WViT 2bjpivi + biciv; — (xll—-Ll-l) (a - i)

(25)

(si"+(ai=bip)viT ) i((ai=bip)ViT" —kisi") Ki(=s;") it ]

+(hy + w0y (ki +1)V (T (ai=bip)*itt (ai—D¥i(a—bp)itt]”

— Sy

Theorem 2: The total profit function I1(p, s*, T*) is a concave function of p for a given (s*,T*).

Proof: Please see Appendix B.
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4. Procedure for determining the optimal values of the model

In this section, with regard to that solving Eq. 25, using numerical methods takes a noticeable
time and the optimized answers are hard to achieve, a simple procedure is presented to obtain
good values for p, s, T and I1.

Step 1: For each product i; p; = c;, where ¢; < % If
4

N
Diz1 A

(ai=bipi)vi K X
?:1[(%)((/% +w) (1 — %)+ kpwrxg* — (
calculate period length T* and find out s*and I[1(, s*, T*); otherwise, there is no feasible

solution and then go to Step 5.

=0

= )

Lt )]

[liKl

Step 2: For each producti (i = 1, ..., N), do: suppose that p; = p; + €and p; = p;, Vj # i. Then,
calculate the best reorder vector, the economic scheduling period and total profit func-
tion, and name them (5*;, T*;) and I1;(p, s*;, T*;), respectively.

Step 3: Choose the product m that has the conditions below:

e T, can be calculated.
o P < Z—Z
e I,,(#,5,,,T" ) is greater than the previous II(p,s*,T*) and greater than all
n;,(p,5,T"),vj = m.

If there is no product with these conditions, the best solutions are 5%, T*, II(#,s*, T*) and
go to Step 5.

Step4: pry = pm + & and p; = p;,Vj#=m, T =T, I(H,5,T*) = ,,(H,5*m, T"1y) and go to
Step 2.

Step 5: End.

5. Results and discussion

In this section a numerical example is provided in order to illustrate proposed model and then
numerical analyses are presented.

Example: Consider a production system with one item and the following values for the input
parameters. A = 100, # =4, w = 5,v = 1200, a = 100, b = 2, c = 10, « = 1.5 and the index of

. 3 5 .
the power demand pattern k = 3. Now we have to solve equation (1 — x)3 — Ox? =5 Using New-

ton method, x* = 0.161603. Also T* = 0.0735, Q* = 3438.5, s* = —570.1081, p* = 30 and TP*
= 957280. Also the graphical representation of I1(g,s*,T*) is shown in Fig. 1 using input pa-
rameters of the example. Also according to the following values of parameters, Table 1 is provid-
ed: A=100, 4 =4, w =5,v=1200, a = 100, b = 2 and k = 3. Optimum policies of the inven-
tory system considering several combinations of parameters a and c are shown in Table 1.

4 L L
10 15 20 25 30 35 40 45 50
Fig. 1 Graphical representation of I1(p, s*, T*)
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Table 1 Optimal policies for the proposed EPQ model, considering several values for a and ¢
A=100,A4 =4,w =5v=1200,a =100,b =2andk = 3

Production Production .

rate cost r st o r H*
a=11 c=10 0.064156 0.1580 -486.6977 7394.1 30 958730
c=15 0.1714 -448.7131 6785.3 33 733230
c=20 0.1825 -421.4925 6347.0 35 538900
c=25 0.2040 -376.9944 5626.0 38 373420
c=30 0.2235 -344.1472 5089.3 40 239110
a=13 c=10 0.135125 0.0900 -583.7937 4211.0 30 957780
c=15 0.0976 -538.2312 3864.3 33 732350
c=20 0.1039 -505.5802 3614.7 35 538080
c=25 0.1162 -452.2047 3204.1 38 372680
c=30 0.1273 -412.8045 2898.2 40 238430
a=15 c=10 0.161603 0.0735 -570.1081 3438.5 30 957280
c=15 0.0797 -525.6137 31554 33 731890
c=20 0.0849 -493.7281 2951.6 35 537640
c=25 0.0949 -441.6038 2616.3 38 372290
c=30 0.1039 -403.1273 2366.5 40 238080
a=17 c=10 0.170823 0.0666 -546.0560 3115.7 30 957000
c=15 0.0722 -503.4388 2859.1 33 731630
c=20 0.0769 -472.8984 2674.5 35 537400
c=25 0.0860 -422.9732 2370.7 38 372070
¢ =30 0.0942 -3861199 2144.4 40 237880
a=19 c=10 0.174358 0.0630 -527.5052 2948.8 30 956830
c=15 0.0684 -486.3358 2706.0 33 731470
c=20 0.0728 -456.8329 2531.2 35 537250
c=25 0.0814 -408.6038 2243.7 38 371940
c=30 0.0891 -373.0025 2029.5 40 237760

Table 2 shows the optimal policies of the system considering combinations of parameters k
and c using following parameters: A = 100, # = 4, w = 5,v = 1200,a = 100, b = 2and « = 1.5.

Table 3 shows the optimal policies of the system considering different values of a using fol-
lowing parameters: A = 100, A =4, w = 5,v=1200,b =2, c =10,k =4and a = 1.7.

Table 2 Optimal policies for the proposed EPQ model, considering several values for K and ¢
A=100,4 =4,w =5v=1200,a =100,b =2and a = 1.5

Production Production .

rate cost T* S* Q* 3!7* H*
k=0.5 c=10 0.081199 0.0744 -290.1504 3482.8 30 957310
c=20 0.0860 -251.2777 2989.7 35 537670
k=1 c=10 0.148148 0.0750 -533.3328 3508.8 30 957330
c=20 0.0866 -461.8791 3012.0 35 537690
K=2 c=10 0.175842 0.0756 -638.0297 3536.6 30 957350
c=20 0.0873 -522.5499 3035.8 35 537710
k=3 c=10 0.161603 0.0735 -570.1081 34385 30 957280
c=20 0.0849 -493.7281 2951.6 35 537640

Table 3 Optimal policies for the proposed EPQ model, considering different values of a
A=100,A4 =4, w =5v=1200,b=2,c=10,k=4anda = 1.7

a e T = 0* P T
a =100 0.170823 0.0666 -546.0560 3115.7 30 957000

a =200 0.0444 -819.0840 4741.4 30 4855500
a = 300 0.0356 -1021.6 5937.5 30 11754000
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Table 4 Optimal policies for the proposed EPQ model, considering different values of b
A=100,A4 =4, w =5v=1200,a =100,c =10,k =4anda = 1.7

b * T* pe Q" " e
b=1 0.170823 0.0628 -579.1799 3352.6 55 2426800
b=2 0.0666 -546.0560 3115.7 30 957000
b=3 0.0722 -503.4388 2814.1 22 486130

Table 4 shows the optimal policies of the system considering different values of b using fol-
lowing parameters: A = 100, 4 =4, w = 5,v = 1200,a = 100,c = 10,k = 4and a = 1.7.

Figs. 2 and 3 show the cycle length and the total profit as functions of unit production cost,
when input parameters are used from Table 1. In each figure different values of « are considered
(¢ =1.1,1.3,1.5,1.9).

Figs. 4 and 5 show changes of the lot size and total profit respect to the changes of the index
of demand pattern using Table 2. In each figure two values of production cost ¢ are considered
(c =10, 20).

Figs. 6 and 7 show changes of the price respect to the changes of the parameters a and b using
Table 3 and 4, respectively.

Some managerial insights can be expressed as follows.

In Table 1, by fixing the replenishment rate parameter «, if the unit production cost ¢
increases then the total profit function I1*, the best lot size Q* and the value of s* decrease.
However, the optimal cycle length T* and the optimum price p* increase in the same situation.

In the same Table 1, fixed the unit production cost c, the total profit function IT*, slightly, the
best scheduling period T* and the economic lot quantity Q* decrease as the production rate «
increases. However, In the same conditions the optimal price p* does not change.

Cycle Length
Total Profit

01r a=15
=1
0.08 - o=19

0.06 L 1 L L L 2 L I I L I L I I L
10 12 14 16 18 20 22 24 26 28 30 10 12 14 16 18 20 22 24 26 28 30

Unit Production Cost Unit Production Cost

Fig. 2 Changes of cycle length respect to the changes of unit  Fig. 3 Changes of total profit respect to the changes of
production cost using Table 1 unit production cost using Table 1

3600 T T T T -250
c=10

3500 /\- -300

-380
3400 4

-400
3300 B

480

Lot Size

3200 B

Rearder Point

-500

3100 B
580

3000 /—/\ sl

2900 L

. .
05 1 15 2 25 3 05 1 15 2 245 3
Index of power demand pattern Index of power demand pattern

‘ . 650 :

Fig. 4 Changes of lot size respect to the changes of k using Fig. 5 Changes of reorder point respect to the changes
Table 2 of k using Table 2
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Fig. 6 Changes of price respect to the changes of parame-  Fig. 7 Changes of price respect to the changes of parame-
ter a using Table 3 ter b using Table 4

Using Table 2, by fixing the index of power demand k unit production cost c, if the unit
production cost ¢ increases then the total profit function IT*, the economic lot quantity Q* and
the value of s*decrease. In the same conditions the best price p* and the optimum cycle length
T* increase.

In Table 3, fixing ¢, a, k and b, if parameter a increases then the total profit function IT*, the
price p* and the economic lot quantity Q* increase. However the optimal scheduling period T*
decreases in the same conditions.

In Table 4, fixing ¢, a, k and q, if parameter b increases then the total profit function IT*, the
best price p* and the economic lot quantity Q* decrease. However the optimum scheduling
period T* increases in the same conditions.

6. Conclusions and future research

In this paper, an economic production model has been presented using kind of demand rate
named power demand. Also it is supposed that demand of customers dependes on price linearly
and production rate changes pro rata with demand rate. Multiple products are assumed to be in
the inventory system and shortages are allowed and fully backlogged. Mathematical modeling
and optimization methods are used to find optimal solutions for both single-product and
multiple-products situations. Also since that achieving optimum inventory policies for second
situation is hard a simple heuristic procedure is proposed to obtain the near-optimal solutions
for multi-items form. Several examples are presented to illustrate the applications of the model
using various values of parameters. The outcomes reveal that fixing the production rate
parameter, if the unit production cost increases then the total profit function and the economic
lot size decrease, while the best cycle length and the optimum price increase. The total profit func-
tion slightly, the best scheduling period and the optimal lot quantity decrease as the production
rate increases. By fixing the index of power demand, if the unit production cost increases, the
total profit function and the economic lot quantity decrease while the best price and the optimal
cycle length increase. In the end, the following suggestions for further research are made:

e The proposed model can be extended using deterioration in the inventory system.

o Allowing for shortages that are lost sales or partially backorderd could be considered.

e Imperfect items are produced in many production systems as well as perfect items. So it
could be considered in the inventory system.

o Since that different price functions may be possible in the real world situations, they could
be considered in the inventory system.

e The proposed model can be considered with manufacturing disruption costs.

o Taking sustainability concerns into account could be another interesting recommendation.
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1. Introduction

The split-delivery vehicle-routing problem (SDVRP) was formally introduced by Dror and Tru-
deau [1] in 1989. In SDVRP, the constraint in which each customer is visited only once, which is
imposed in the classic VRP, is relaxed [2]. In other words, in SDVRP, delivery to a demand point
can be split among any number of vehicles [1-3]. This relaxation can further optimise the VRP in
terms of the number of vehicles used, travel distance, and carbon emissions, which have recently
become a significant environmental protection problem. The fractional capacity of a vehicle can
be better utilised. When the remaining capacity of the vehicle is insufficient to provide complete
service to a customer, that vehicle can still provide service to the customer that is equal to the
residual capacity, and the remaining customer demand can be served by other vehicles. The
transportation cost can be reduced because of the following reasons. (1) The optimal solution of
the number of vehicles used in SDVRP might be lower than that used in the VRP. (2) Largest sav-
ings are obtained when the average customer demand is only more than half of the vehicle ca-
pacity, and the variance in the customer demands is low [4, 5]. Therefore, the SDVRP has quickly

125



Min, Jin, Lu

become an important branch of VRP since it has been introduced and has received increasing
attention over time [2].

Studies have mainly focused on attempting to solve the problem in designing heuristic and
meta-heuristic solution approaches [2]. Dror and Trudeau [1] proposed a first heuristic algo-
rithm for the SDVRP. Two types of methods were introduced: the first method is the k-split in-
terchange, i.e. a customer demand is split into different routes in which the remaining capacity is
sufficient for the split customer. The second method is route addition, i.e. a split customer is re-
moved from all the routes where the customer lies and a new route is created, which is com-
posed of that customer only. The computational results showed that main savings are achieved
for large values of customer demands. Archetti et al. [4] proposed the first tabu search algorithm
(TSA) called SPLITABU. At each iteration, a neighbour solution is obtained by removing a cus-
tomer from a set of routes in which the customer is currently visited and inserting the customer
into either a new route or an existing route with sufficient residual capacity. A numerical exper-
iment proved that this is much more effective than the algorithm of Dror and Trudeau [1] even
though it is obviously much slower. Chen et al. [5] proposed the first hybrid heuristic algorithm.
In this algorithm, the initial solution is obtained using the Clarke-Wright saving algorithm for the
VRP. Then, an endpoint mixed-integer program (EMIP) is applied to this initial solution to opti-
mally reallocate the endpoints of each route. The solution obtained from EMIP is then improved
using a variable-length record-to-record travel algorithm. The computational results showed
that the performance of this approach is better than that of the TSA in [4] under the same set of
instances even if the CPU time tends to be quite high in large instances. Archetti et al. [6] pro-
posed an improved three-stage algorithm based on the TSA proposed in [4]. First, the SDVRP is
solved by applying the TSA in [4]. Then, the solutions are analysed to ascertain particular infor-
mation, namely, (1) if an edge is often traversed in these solutions, then this edge is included in
high-quality solutions with a high probability, and (2) if a customer is never or rarely split in the
TSA solution, then that customer is probably not split in high-quality solutions. Once the TS
ends, the information from (1) is used to reduce the original graph by discarding those edges
that are never or rarely traversed by the TSA. All possible routes are constructed based on this
reduced graph. The information from (2) is used to construct a route-based formulation to iden-
tify the best routes among the set of generated routes. Finally, the mixed-integer linear pro-
gramming (MILP) model is repeatedly applied on small subsets of routes in the ascending order,
which is sorted according to the ‘desirable’ parameter. The computational results of this algo-
rithm improved those produced under the same set of instances presented by the TSA in [4] in
many cases. Gulczynski et al. [7] allowed split deliveries only if a minimum fraction of a custom-
er demand was serviced by a vehicle and developed an EMIP with an enhanced record-to-record
travel algorithm to solve this problem. Wilck IV and Cavalier [8] developed a construction heu-
ristic algorithm to solve the SDVRP, and their computational results showed that its perfor-
mance is better than the two-phase method under the same data set in terms of travel distance
and computation speed. Liu et al. [9] proposed the k-means clustering algorithm and designed
two different algorithmic approaches: one was the grouping first and routing later; the other
was the routing first and grouping later. A comparison of these two approaches indicated that
the approach of grouping first and routing later exhibited better performance. Lu et al. [10] pro-
posed a routing optimisation algorithm for different electric-vehicle-movement situations. A
multi-agent simulation model was run using city real data. Wang et al. [11] proposed a bee-
colony optimisation model for the SDVRP based on the reaction threshold and stimulatory value.
The experimental results indicated the feasibility of the algorithm. Zhu et al. [12] addressed a
multi-depot capacitated VRP where the client demand is composed of two-dimensional
weighted items. A quantum-behaved particle swarm optimisation and an exploration heuristic
local search algorithm were proposed, and computational experiments on the benchmark in-
stances were effectively carried out. Wen [13] proposed a multi-re-start iteration local search
(MRSILS) algorithm. First, a large travelling salesman problem (TSP), which includes all custom-
er points, is solved by adopting GENIUS. The solution is partitioned into groups according to the
vehicle capacity in order for each group to meet the load-demand limitations. Then, for each
point, a greedy point re-insertion algorithm is used to delete a point from its current group and
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re-insert it into an optimal position in the current solution by considering the delivery-split tac-
tics. This re-insertion is iterated until no further improvement occurs. Finally, the ‘perturbation’
and solution pool are adopted to repeat the re-insertion in order to obtain the optimisation re-
sult. The experimental results on the benchmark data set showed that the MRSILS is competi-
tive. Wu et al. [14] introduced a multi-objective algorithm to solve VRPs using time windows.
The algorithm combines a discrete particle swarm optimisation based on a set-decoding scheme
and variable neighbourhood searches to find the Pareto optimal routing solutions. Tang et al.
[15] developed a model and the corresponding multi-phase particle swarm optimisation algo-
rithm for bulk-cargo port scheduling. Xiang et al. [16] proposed a clustering algorithm of ‘routing
after grouping’. The grouping is based on the ‘nearest’ principle. A split threshold is set to limit
the vehicle load to within a certain range, and the ant-colony optimisation algorithm is used to
arrange the routes. Cao et al. [17] proposed an improved wolf-pack algorithm to solve the VRP
using multiple fuzzy-time windows. Johanyak et al. [18] proposed a modified particle swarm
optimisation algorithm, which was combined with a local-search technique, to solve large-scale
nonlinear optimisation problems. Wang et al. [19] adopted a hybrid fruit-fly optimisation algo-
rithm integrated with three local search methods (two-opt, swap, and insert) to solve the multi-
compartment VRP.

Research in the SDVRP solution also extends to exact algorithms [2]. Belenguer et al. [20]
proposed a cutting-plane approach wherein a polyhedron model was built. Some facet-inducing
and other valid inequalities were embedded in the cutting-plane algorithm. They solved a rela-
tively smaller problem and achieved satisfactory results. Lee et al. [21] proposed the shortest-
path approach in which the SDVRP is formulated as a dynamic programming model, where the
routes are sequentially constructed using a labelling algorithm. The solution space and corre-
sponding states were reduced according to the k-split-cycle property. They tested their ap-
proach on instances with up to seven customers. Jin et al. [22] proposed a two-stage algorithm
with valid inequalities (TSVI). The first stage divided the customers into clusters and established
a lower bound. The objective function minimised the clustering cost in which the cost of each
cluster was initially set to zero. The second stage calculated the minimum travel distance in each
cluster by solving the corresponding TSP. The sum of the minimum distance travelled over all
clusters yielded an upper bound. The minimum distance of each TSP was used to update the
objective function in the first stage, and the procedure was iterated. Valid inequalities were de-
veloped and added to strengthen the MILP model. The approach was able to solve instances with
up to 22 vertices but with a large computational effort. Archetti et al. [23] implemented a
branch-price-cut algorithm based on the principle of problem decomposition. Each column gen-
erated by the sub-problem represented a route with delivery quantities. The generated columns
were used to find an optimal heuristic solution to the problem. Both cases where the fleet of ve-
hicles was unlimited and limited to the minimum possible number of vehicles were considered.
The computational results showed that the algorithm reduced the optimality gap in most of the
benchmark instances. Archetti et al. [24] proposed a branch-price-cut algorithm for a commodi-
ty-constrained SDVRP. They solved up to 40 customers with three commodities per customer.
Luo et al. [25] proposed branch, price, and cut for the SDVRP with time windows and linear
weight-related cost. Ozbaygin et al. [26] proposed an exact flow-based formulation using vehicle
indexes. The size of this vehicle-indexed formulation was reduced via a relaxation procedure by
aggregating the decision variables over all vehicles. The optimal solutions could be obtained either
by locally extending the formulation using the vehicle-indexed variables or by node splitting.

Most techniques used in this research field are heuristic and meta-heuristic methods. These
are time-consuming methods because multiple iterations or comparisons of many results are
necessary to find the optimal solution. Meanwhile, most of the exact algorithms provided in the
literature can only solve small-size SDVRPs. To solve these time-consuming and large-scale
problems, we propose an algorithm of ‘clustering first and routing later’ [27]. It consists of firstly
clustering the domain of the customer points according to the ‘nearest’ principle, adjusting the
load demands for each sub-domain according to the maximum vehicle-load capacity, and finally
routing each sub-domain to minimise the travel distance. In this manner, a near-optimal solution
can be obtained in less time. To obtain more optimised results, the modified version of the first
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two stages are provided, and TS is used in the third stage in this study. More case studies on the
benchmark data set are used, and the computational results are compared to verify the feasibil-
ity and effectiveness of the algorithm proposed in this study. The proposed algorithm can be of
practical value for both reducing the time consumption and shortening the travel distance.

The remainder of this paper is organised as follows. In Section 2, the SDVRP is described. In
Section 3, a three-stage algorithm based on the ‘clustering first and routing later’ strategy plus
TS (CRTS) for the SDVRP is presented. In Section 4, the computational results are shown and
discussed. Finally, the conclusion is presented in Section 5.

2. Problem description

SDVRP is undigraph G = (V,E), where V is the vertex set, i.e.V = {0,1, ..., m}. 0 stands for the
depot, and the other vertices stand for the customer points. E is the edge set. ¢;; is the length of
edge (i,/) (¢;j € E); it is non-negative and satisfies the triangle inequality. d; stands for the de-
mand of customer point i, where i € V — {0}. The vehicles in the fleet are homogenous, and the
maximum load capacity of a vehicle is Q. The lowest vehicle number is [Y.7-, d;/Q] [2]. Each ve-
hicle starts from and ends at the depot. The customer demands should be completely satisfied.
The carrying weight of a vehicle in each route cannot be larger than Q. The following notations
are used.

xl?’j is equal to one when vehicle v directly moves from i to j; otherwise, xl?’j = 0.y;, is the
quantity of the demand of i delivered by vehicle v.

The objective function is to minimise the total travel distances of the vehicles and is formu-
lated as follows:

n n m
min ), ), D 7 (1)
i=0 j=0v=1
s. t.
n m
szg}jZl,]’:O,l,...,n 2)
i=0 v=1
n n
le!’p - Zx;j = O,p =012, .. n,v=12,...m (3)
i=0 ]:O
xf < 1S = 1,v =1.2,..,m; SSI-{0} ”
i€S jeS
n
Yo < d; xg’j,i =12,...m;v=12,..,m (5)
j=0
m
Vip =d;, i =12,...,n (6)
v=1
n
ZyiVSinzl;Z,...,m (7)
=1
x}’j €{0,1},i,j=01,...,m;v=12,...,m ()
Y 20,i=12,..,mv=12.m 9)

Eq.2 states thateach customer point can be visited atleast once.Eq.3 is the flow-conservation
constraint. Eq.4 is the sub-route elimination constraint. Eq.5 states that customer pointi is
served by vehicle v only if vehicle v visits customer pointi. Eq.6 ensures that all customer de-
mands are met. Eq. 7 ensures that each vehicle does not exceed its maximum load capacity.
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3. Used methods: Proposed algorithm

The proposed algorithm is a three-stage algorithm based on the CRTS. The first stage clusters
the customers. The maximum-minimum distance method (Max-Min dis) is adopted to cluster the
customer points according to their geographic locations. The second stage adjusts the load
weight for each cluster. The ‘push out’ and ‘pull in’ operations are used to adjust the load weight
to collect all possible points in each cluster according to the load demand. The ‘push out’ opera-
tion directs the extra weight away from a cluster, and the ‘pull in’ operation directs some de-
mands from the nearest customer points of neighbour clusters into clusters whose weights are
less than Q. The third stage optimises the route, which uses the TSA. The details of the proposed
algorithm are described in the next sections.

3.1 Pre-processing

Load demand of each customer point d; > Q should be handled before the CRTS. Weight Q can
be transported by one vehicle, and remaining weight d; = d; — Q at this point is handled using
the following procedures.

3.2 Clustering the customers
Basic idea of the maximum-minimum distance

Max-Min dis is a type of pattern recognition method, which can improve the efficiency of divid-

ing the initial data set [28].

Procedure of the Max-Min dis

Step 1: Take x; (normally x; is the depot) as first clustering centre z;.

Step 2: Calculate distances D;; at each pointito z;,i = 1,2, ..., n.

Step 3: Take xj, as second clustering centre z, if D;; = max{D;}.

Step 4: Calculate distances D;; and D;, at each point i to z; and z,.

Step 5: Take x; as third clustering centre z3; if D; = max{min(D;;, D;3)} and D; > 6 - Dy,, Dy, is
the distance of z; and z,, where @is in [0,1], a selectable parameter to meet the require-
ment of [}, d;/Q].

Step 6: Calculate D; = max{min(D;y, D;3, D;3)} and D; > @ - Dy,; if z3 exists, x; is taken as fourth
clustering centre z, and so on until D; < 6 - D,,; finally, end the procedure.

Step 7: Classify all points into the nearest clusters according to the principle of minimum dis-
tance.

3.3 Adjusting the load weight for each cluster

After clustering the customer points, the calculation and adjustment of the load weight for each
cluster is performed as follows.

‘Push out’ procedure

Step 1: If load weight w, of a cluster is in [ Q, Q] and the number of points in this cluster is
two, then these two points form a route. If Hy clusters similar to this exist, then 4, routes

are created.
Step 2: If load weight w;; of a cluster is in [Q,2 - Q] and the number of points in this cluster is

two, then these two points form an inner route, and load w,; — Q is pushed out. If 4, clus-
ters similar to this exist, then A, routes are created.

Step 3: If load weight w, of a cluster is larger than 77- Q(7 > 2), then (7 — 1) inner routes are
formed in this cluster, and the remaining demand w,; — (7— 1) - Q is pushed out. If s,
clusters similar to this exist, then Z;{il(ni — 1) routes are created. After the abovemen-

tioned three steps are completed, clustering of the remaining customer points in these
clusters proceeds to Step 4.
Step 4: The remaining customer points are re-clustered to form [¥i, d;/Q] — u» p= p; + p, +

iy * (17— 1) clustering groups, where o is in [X7.; d;/([Xi=, d;/Q] * @), 1].
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‘Pull in’ procedure

Step 1: The clusters with less than Q are visited according to the cluster number sequence, e.g.
the first one is group A(WgA < Q).

Step 2: Among the neighbours, nearest point t to centre i of cluster A is searched, e.g. cluster B.

Step 3: If point t has load weightd; > (Q - WgA) and the load weight of cluster B wy is larger
than Q, then pointtis split intotandt’,dy = Q —wg, is moved to cluster 4, and
dy =d; — (Q - ng) is maintained.

Step 4: If pointt has demand d; = (Q - ng) and the load weight of cluster B wyp is larger
than Q, then point t is moved (merged) into cluster A.

Step 5: If pointt does not have sufficient load demand d; < (Q — WgA), then pointtis first
moved (merged) into cluster A. Second, pointt’, which is nearest tot in cluster B, is
searched if wyp is sufficient; otherwise, point t' is searched in cluster C of the next near-
est neighbour from cluster A. Third, Step 3 is performed.

Step 6: If the load weight of group A is in [« - Q, @], then handling for cluster A is terminated. If
the load weight of group Awy, < a- Q, then Step 2 is performed.

Step 7: If all groups are visited, the procedure is terminated; otherwise, Step 1 is performed.

3.4 Optimising the routes

The problem domain has been divided into several smaller-sized clusters after the abovemen-
tioned three operations. Thus, many algorithms can be used to optimise the solution. We adopt
the TSA to optimise the route in each cluster. The detailed procedure for the TS is described as
follows.

Step 1: Initialising the variables
Set: tL (tabu length) = T, MIs (terminal condition maximum iterations) = NG,
cN (customerNum) = N
Create tabu [tL];
Generate randomly serialNum [cN] (initial route solution)
Step 2: Calculate the objective function value serialNum [cN] and deposit it into the variable
bestValue
Step 3: If iteration = NG, terminate the program and output the optimal results; otherwise, con-
tinuously iterate and execute the following steps in each loop.
Step 4: Generate rr neighbourhood of the current solution by adopting suitable selection func-
tions (e.g. two-opts).
Step 5: Sort it according to a non-descending order and store it into variable tempDist [rr].
Step 6: If tempDist [0] < bestValue, let (assumed at the mt" iteration):
bestValue = tempDist [0]; currentBestValue = tempDist [0]
bestQueue = the corresponding objects of tempDist[0]
currentBestQueue of NG, = the corresponding objects of tempDist[0]
tabu = corresponding objects of tempDist[0].
Go to Step3
Otherwise, execute the following steps:
Step 7: Analyse the tabu attributes of the corresponding objects of tempDist [rr]
currentBestValue = the best value of tempDist [i] (assume the ith one)
currentBestQueue of NG, = the corresponding objects of tempDist][i]
Step 8: Go to Step3.

4, Case studies

To verify the feasibility and effectiveness of the proposed algorithm, three case studies were
adopted. Case study 1 was from [22] and was compared with its TSVI algorithm. Case study 2
was from [16] and was compared with its clustering algorithm with a splitting threshold and the
k-means clustering algorithm in [9], which are all based on the ‘routing after grouping’ strate-
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gy. Case study 3 involved the benchmark data set from the Capacitated Vehicle Routing Problem
library (CVRPLIB) and was compared with the SPLITABU algorithm in [4] and MRSILS in [13].
The numerical experiments were implemented on C in a Windows 7 64-bit machine with an
Intel (R) Core processor and 8 GB of memory.

4.1 Case study 1

Case study 1 contains three instances (N7L1-N7L3). The number of clients in each instance is N
= 7, the maximum load of the vehicle is one, and the coordinates of the depot are (0, 0). In Table
1, the columns indicate the total travel distance (Dis.), consumed computational (CPU) time (T)
of the TSVI (the data come from [22]) and CRTS, and the relative deviation percentage (RDP) of
the distance between the CRTS and TSVI. RDP (Dis.) is equal to ((Distancecrrs — Distanceagorithm)
/Distanceagoritm)* 100 %, and RDP (T) is equal to ((Timecrrs — Timeaigorithm) / TiMeaigorithm)* 100 %.

The executions in which RDP was equal to or less than 1.0 % comprised 48.49 % of the total
66 executions. The executions in which RDP was larger than 5.0 % were 12.12 % of the total 66
executions.

The CPU time (T) of CRTS listed in Table 1 is equal to 100 times the actual value (to save dis-
play space), which indicates that the consumed CPU time of the CRTS is much lower than that of
the TVSIL.

The results of the total travel distance obtained by the CRTS and TSVI in the three instances
in case study 1 are shown in Fig. 1. The good consistency of the curves of the two different algo-
rithms indicates that the CRTS algorithm is feasible and effective.

Table 1 Comparisons of the results between the CRTS and TSVI

N7L1 execution results N7L2 execution results N7L3 execution results
No. TSVI CRTS RDP TSVI CRTS RDP TSVI CRTS RDP
Dis. T Dis. T % Dis. T Dis. T % Dis. T Dis. T %
Q1 52.33 <1 5534 0.2 5.75 65.48 <1 66.04 0.2 0.86 38.35 <1 4122 0.2 7.48
Q2 54.47 <1 5534 02 16 66.70 <1 66.70 12 0 39.21 <1 4122 0.2 5.13
Q3 64.67 <1 64.16 1.2 -0.79 73.02 <1 73.02 12 0 42.60 <1 426 14 0

Q4 77.27 2 79.75 1.1 3.21 81.14 <1 81.70 1.2 0.69 48.89 <1 5118 1.1 4.68
Q5 71.86 <1 71.87 1.3 0.01 77.34 <1 7644 1.2 -116 4595 <1l 47.66 1.1 3.72
Q6  88.67 1 90.34 0.2 1.88 90.11 <1 91.01 02 1.0 53.14 <1 55.62 1.1 4.67
Q7  85.80 <1 87.33 1.1 1.78 99.76 1 110.61 1.1 10.88 55.62 <1 55.62 1.1 0

Q8  96.76 1 98.79 14 21 111.74 1 122.37 1.4 9.51 62.45 <1 6331 1.7 138
Q9 9346 <1 96.35 1.1 3.09 112,52 <1 120.34 1.3 6.95 69.24 <1 7197 1.2 394
Q10 107.60 2 112.76 1.3 4.8 11685 <1 11691 1.6 0.05 71.39 2 72.63 1.4 174
Q11 101.79 <1 10179 0.2 O 136.10 <1 136.10 02 0 83.52 <1 8518 1.2 199
Q12 12026 2 12486 1.2 3.83 120.04 <1 120.04 1.1 0 78.59 <1 7859 1.2 0

Q13 12850 23 12954 13 0.81 11439 1 119.56 1.3 452 61.92 <l 63.14 1.3 197
Q14 12815 <1 12938 14 096 15824 <1 15855 1.4 0.2 91.37 <1 94.78 1.2 3.73
Q15 13313 2 133.18 1.3 0.04 16142 1 162.69 1.2 0.79 86.84 1 86.84 1.2 0

Ql6 149.70 3 150.53 0.2 0.55 16146 1 166.79 1.1 33 90.37 3 91.82 1.2 16
Q17 14497 <1 14580 0.2 0.57 16191 1 163.85 1.2 12 93.89 1 95.24 1.0 1.44
Q18 164.07 2 166.12 1.4 125 15489 1 156.32 1.2 092 95.13 <1 9797 13 299
Q19 153.07 1 165.20 1.2 7.92 193.60 3 192.71 1.5 -0.46 99.02 5 99.90 1.2 0.89
Q20 15919 7 169.07 1.2 6.21 16449 10 164.81 1.1 0.19 105.11 5 10511 12 0
Q21 180.87 1 185.27 1.2 243 188.13 8 189.16 1.8 0.55 12513 1 12512 11 O
Q22 175.68 8 17648 13 0.46 196.13 2 195.83 1.1 -015 116.02 2 11820 1.1 1.88

Dis Execution results of TSVIand CRTS on N7L1 Dis Execution results of TSVIand CRTS on N7L2 Dis Execution results of TSVIand CRTS on N7L3

=TSV =8=CRTS ==TSVI =B=(RTS —4=TS\1 <B=CRTS
N7L1 N7L2 N7L3

Fig. 1 Computational results of the three instances in case study 1
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4.2 Case study 2

Case study 2 contains three instances. The basic information of the customer number, total cus-
tomer demand, capacity of vehicles, and vehicle number required in each instance are listed in
Table 2.

In Table 3, the columns indicate the total travel distance (Dis.), consumed CPU time (T) of the
k-means clustering algorithm, the clustering algorithm with splitting threshold and the CRTS
(the former two data come respectively from [9] and [16]), and RDP of the distance and time
between the CRTS and each of the above-described algorithms. A positive RDP value indicates
that the CRTS value is large, whereas a negative RDP value indicates that the CRTS value is small.

Table 3 lists the following. (1) From the perspective of the total travel distance, the clustering
algorithm with a split threshold is the lowest in the two instances of N= 15 and N = 20, and the
RDP (Dis.) values are 0.815 % and 4.067 % lower than those of the CRTS, respectively. Mean-
while, the CRTS at N = 36 is the lowest, and the RDP (Dis.) values are 0.805 % and 1.25 % lower
than the resolutions of the other two algorithms, respectively. (2) From the perspective of the
consumed CPU time, the CRTS consumes the lowest CPU time.

Fig. 2 clearly shows that the CRTS is feasible and effective. The curves in Fig. 2(a) show that
the gap in the total travel distances of the three algorithms in each of the three instances, name-
ly, N=15, N = 20, and N = 36, is relatively small. The CRTS obtains better results. Fig. 2(b) shows
that the CRTS performance is between that of the k-means and split-threshold approaches in
terms of the total travel distance.

Table 2 Basic information of each instance in case study 2

Instance Customer number Total demand Capacity of vehicles Vehicle number
2-1 15 4,881 500 10
2-2 20 40 5 8
2-3 36 15.29 1 16

Table 3 Computational results of the three algorithms

N k-means Split threshold CRTS
Dis. T RDP(Dis)% RDP(T)% | Dis. T RDP(Dis)% RDP(T)% Dis. T
15 1,800.27 5.276 -3.18 -81.8 1,7289 1.33 0.815 -27.82 1,742.99 0.96
20 182.712 5.5 -0.90 -81.8 173.99 1.35 4.067 -30.37 181.07 0.94
36 354.7 4.26 -1.25 -44.1 3531 299 -0.805 -20.40 350.26  2.38
pis.  Resultsof the three algorithms in three instances 5  RDPs(Dis) of two competing algorithms versus CRTS
2000 5
1300 O—Hﬂﬂ.l.l___‘_ﬂ_m__g_. 1742987 4
1600
3
1400
1200 —+—N=15 !
1000 1 mK-means ROP(Dis.}
800 Bl [1] mSplit threshold RDP(Dis.}
600 N-36 N 15 R —
400 54T 531 3502578 2
200 B ——— - ase——l 151066
0 3
K-means Splitthreshold CRTS -4
(a) (b)
Fig. 2 Computational results of the three instances in case study 2
4.3 Case study 3

To evaluate the CRTS performance on larger sized instances, we adopted six instances in case
study 3 from CVRPLIB and compared the results obtained by SPLITABU in [4] and MRSILS in
[13]. The basic information of customer number, total customer demand, capacity of vehicles,
and vehicle number required in each instance is listed in Table 4.

In Table 5, the columns indicate the total travel distance (Dis.), consumed CPU time (T) by
each of the three algorithms (the former two data come respectively from [4] and [13]), and RDP
of the CRTS distance compared with those of the other two algorithms.
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Table 4 Basic information in each instance in case study 3

Instance Name Customer number Total demand Capacity of vehicles Vehicle number
3-1 vrpncl 50 777 160 5
3-2 vrpnc2 75 1,364 140 10
3-3 vrpnc3 100 1,458 200 8
3-4 vrpnc4 150 2,235 200 12
3-5 vrpnc5 199 3,186 200 16
3-6 vrpncll 120 1,375 200 7

Table 5 Computational results of the three algorithms

N SPLITABU MRSILS CRTS
Dis, T RDP(Dis.)% Dis. T RDP(Dis)% Dis. T

50 527.66 17 5.69 531.03 24 5.02 557.71 2.18
75 853.61 64 7.91 831.85 24 10.74 921.16 5.94
100 840.12 60 12.61 834.52 24 13.37 946.06 6.26
150  1,055.08 440 14.45 1,066.04 24 13.28 1207.57 10.42
199  1,338.36 1,900 16.06 1,343.67 24 15.60 1553.32 13.38
120 1,056.96 39 2.04 1,048.00 24 2.91 1,078.47 8.34

The execution results for the three algorithms
in six intances

Dis.

1800
1600 1553.32
1400
1200
1000
800
600
400
200

W igPo—spLTABU
== MRSILS
CRTS

50 75 100 150 199 1200 N

Fig. 3 Computational results for six instances in case study 3

Table 5 indicates the following. (1) The total travel distance of the CRTS is the highest among
the three algorithms, and RDPs (Dis.) of SPLITABU and MRSILS are all positive. (2) When N = 50
and N = 75, the RDP (Dis.) values of SPLITABU and MRSILS are lower than or very close to 10 %.
(3) When N = 120 in which all customer points are in a cluster distribution around the depot, the
RDP (Dis.) values of SPLITABU and MRSILS are lower than 3 %. (4) The consumed CPU time by
the CRTS is much lower than those by the other two algorithms.

Fig. 3 clearly shows that the CRTS is feasible and effective. Fig. 3 shows the curves of the total
travel distances of the three algorithms in each of the three instances, namely, N = 50, N = 75,
and N = 120. It also shows that the gap in the total travel distances between SPLITABU and the
CRTS in each of the three instances, namely, N = 50, N = 75, and N = 120, is relatively small. The
CRTS achieves near-optimal results even though no iteration is performed in the first two stages.

5. Conclusion

In this study, a mathematical model for SDVRP was described. On the basis of the CRTS, a three-
stage algorithm was proposed. In the first stage, clustering was employed to partition the do-
main of customer points into sub-domains. In the second stage, ‘push-out’ and ‘pull-in’ opera-
tions were adopted to adjust the load demand in each sub-domain according to vehicle capacity Q.
In the third stage, a proven TSA for TSP was used to optimise the total travel distance. Nu-
merical experiments for the three cases were performed, and the computational results showed
that the proposed CRTS algorithm provides feasible and effective solutions to the SDVRP in most
parts of the test data set. The CRTS obtained approximate optimal solutions in 75 % of the in-
stances. Three competing algorithms, namely, TSVI, k-means clustering method, and clustering
method with a split threshold, were evaluated alongside the proposed method. These algorithms
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were based on a ‘routing after grouping’ strategy. The CRTS performance in cases 1 and 2 was
very close to that of the other three evaluated algorithms in finding the total travel distance.
Comparison was also conducted for the computational results in case 3, which is a benchmark
data set. When N = 50 and N = 75 in which the customer points were uniformly distributed
around the depot, the RDP (Dis.) values were 5.69 % and 7.91 %, respectively. When N =120, i.e.
where the customer points were in a cluster distribution around the depot, RDP (Dis) was less
than 3 %. Interestingly, the consumed CPU time by the proposed algorithm was much lower than
that of any of the other algorithms evaluated in this study.
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