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Abstract: Many production line imbalances have been observed in the pursuit of higher profits.
A sustainable production line, also called balanced, leads to lower costs, good production
environments, and green manufacturing. A decision analysis method, such as production line
evaluation, is often employed to help decision makers make sustainable decisions. In this study,
a sustainable decision-making model is proposed for the evaluation of engine manufacturing. To solve
uncertainties in manufacturing industries while maintaining lower costs and an efficient production
environment, evidential reasoning is used in order to evaluate the sustainable production line
effectively. First, uncertainties in the engine production line and deficiencies in the existing methods
for evaluating the sustainable production line are analyzed. Then, evidential reasoning evaluation
of the sustainable engine production line model is proposed and an example is presented; to be
specific, the analysis of three production line plans is conducted using evidential reasoning, and plan
P3 is found to be the best. Finally, a FlexSim simulation is used to prove the feasibility of evidential
reasoning evaluation, verifying its suitability for achieving sustainable production line evaluation.

Keywords: sustainability; production line evaluation; engine manufacturing; evidential reasoning;
FlexSim simulation

1. Introduction

With the development of the world economy, requirements for production line sustainability
are increasing. Many production line imbalances have been observed in the pursuit of higher profits.
The balance of production lines affects production efficiency and cost. Thus, industries seek to
optimize production lines. Furthermore, a sustainable production line must also be balanced as it
leads to lower costs, good production environments and green manufacturing. Thus, to develop a
sustainable production line, its balance problem must be addressed efficiently. A mixed production
line processes different types of products, and therefore maintaining production line balance presents
greater difficulty. To achieve a balanced production line, there is higher requirement for sustainable
production options and evaluation. Hence, sustainable production line evaluation is an important
topic for study.

Sustainable production line evaluation involves decision analysis and plan management for
helping decision makers make informed evaluations and select alternatives with the aim of contributing
to the attainment of incommensurate and often conflicting objectives, and in the presence of limited
resources and other constraints. A sustainable production line is considered balanced and leads to
lower costs, good production environments, and green manufacturing. However, production line
evaluation, simplified as a sustainable production line evaluation problem in this study, is more
challenging because of the following reasons: (1) The traditional single production line has become the
current hybrid production line. This requires the coordination of various products in the production

Sustainability 2017, 9, 1811; d0i:10.3390/su9101811 www.mdpi.com/journal/sustainability


http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
http://dx.doi.org/10.3390/su9101811
http://www.mdpi.com/journal/sustainability

Sustainability 2017, 9, 1811 2of 14

line; (2) Previous production line evaluation methods, such as the analytical hierarchy process [1] and
data envelopment analysis [2], require more detailed evaluation data; (3) The cost of production line
evaluation simulation is high, and it needs professional simulation software. This is also the research
motivation of this article.

The main contribution of this study is modeling and solving the sustainable production line
evaluation problem using the evidential reasoning (ER) method. An ER production line evaluation
model for the engine manufacturing industry is proposed in this study. Polymerization is the
indicator of production line sustainability using the ER aggregation rules. This method uses the
Dempster-Shafer(D-S) theory to address engine production line uncertainty. Moreover, the different
types of uncertainty data are turned into a unified structure rule base by this method. Thus, the ER
method is used to achieve logical reasoning and plan the evaluation. Finally, an engine production
line balance plan for sustainable selection is used to illustrate the advantages of the method, and its
feasibility is verified using a FlexSim simulation.

The remainder of the paper is structured as follows: Section 2 presents the literature review as well
as previous theories and approaches and their relationship with the proposed methodology. Section 3
describes the sustainable production line problem in the engine manufacturing industry. Sections 4
and 5 build the model and provide a detailed description of the application of sustainable production
line evaluation based on the ER theory. Finally, Section 6 presents the FlexSim simulation used to verify
ER in the sustainable production line. Section 7 concludes the study with a summarizing discussion.

2. Literature Review

Recently, the concept of sustainability has been encouraged widely in the economy [3-5]. Galal
and Moneim [6] addressed the sustainable product mix with a mathematical programming approach.
In the research [6], a sustainability index for a manufacturing facility was proposed. A smart factory
for ensuring sustainability is a popular topic, and a smartness assessment framework with the
analytic network process was used to assess smart, sustainable factories [7]. Sustainable performance
assessment is important for sustainability, and a fuzzy analytical hierarchy process was used to
determine sustainable supply chain management [1]. Further, the sustainable development of Japanese
automobile suppliers was studied using an integrated approach [8]. Sustainable assessment with
multiple attribute decision-making methods was applied for analyzing aerosol pollution [9], and
significant criteria for brownfield land redevelopment strategies in urban areas were established [10].
Guo et al. [11] used a fuzzy multi-criteria decision-making approach to evaluate and select a “green”
supplier. In the study, a fuzzy multi-criteria decision-making model was established in manufacturing.
Wei et al. studied listed Chinese sustainability companies, and the analytical hierarchy process was
used to analyze indicators [12].

Many factors influence the sustainability of a production line, and a combination of qualitative and
quantitative methods are needed to discover them. To resolve these issues, namely, the identification
of the type of underlying impact factors, uncertainty of the influencing factors, and incompleteness
of the evaluation information, the researchers used the evaluation method with analytical hierarchy
process [13,14] and simulations [15] in the industries. The production line was streamlined by using
many methods. The production line service was proposed by T. Levitt [16] in 1972. From that time, the
production line was considered an important research area. Kltosowski et al. [17] proposed a fuzzy
logic controller for machine load and developed two models of manufacturing systems to balance
production tasks by machine tools. A model for assessing comparative production efficiencies for
product line management was proposed by using an appropriate data envelopment analysis score [2].
Mastor [18] proposed production line balancing techniques to investigate and evaluate production
line balancing problems. Infrared imaging was used to address the problem of production line quality
control by increasing productivity and cost-effectiveness [19]. Chen et al. analyzed production lines by
developing mathematical models [20], and a platform-driven production line was planned by using
bi-level models with an optimization method.
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Engine manufacturing research has great significance. Shin et al. [21] used a unified
system-framework in the engine manufacturing industry to improve instrumentation systems.
A study about grating ruling engine in manufacturing showed improvement in a practical
application [22]. A mathematical model was proposed to evaluate manufacturing productivity and
energy efficiency [23], which involved stochastic efficiency frontier analysis in manufacturing.

Simulations achieved a great deal in manufacturing, as they are widely used in production line
research. A simulation to analyze the differences in the “chasing-overtaking” production line was
proposed [24]. In this simulation [24], this production line showed good production capacity and
adaptability to worker differences. A simulation framework was used in engine-control unit inspection
in the manufacturing phase [25]. Alrabghi et al. used a simulation to study the industrial case with
maintenance systems [26], and the research achieved optimization of maintenance in industrial systems.
A numerical simulation was applied in engine bearings by integrating vibration and wear analysis
techniques [27], and a fixed cycle production line model was established with linear constraints for
the evaluation of production facilities. Boysen [28] used FlexSim simulation to illustrate the reasons
for the balance of the production line. Borisovsky et al. [29] examined the overall situation and found
constraints on the line; they eliminated the bottleneck process to put forward the ideal solution in a
further simulation using FlexSim. In addition, Peng [30] conducted a simulation for the optimization
of a hybrid production line by using FlexSim. The author analyzed the layout of the production line,
designed its details, and then used simulation optimization.

However, these methods are not enough to evaluate the above problem correctly, and the cost
of the simulation method is high. Furthermore, this method is not sustainable. As mentioned
above, a sustainable production line involves lower costs, good production environments, and
green manufacturing. ER is used widely to conduct the multi-attribute decision analysis under
uncertainty [31]. Wu [32] used the ER-based cognitive reliability and error analysis method in human
reliability analysis of the maritime accident process. A general ER algorithm was proposed to conduct
the multi-attribute decision analysis under interval uncertainty [33]. Then, Liu et al. [34] used an
ER rule-based approach to conduct evaluation, ranking, and selection of research and development
projects. Additionally, an ER approach for production modeling [35] was proposed for improving
products items. Finally, to address the uncertainty in the production line, ER was introduced.

3. Problem Description

Balance in the industrial production line affects production efficiency and costs, and it has been a
constant goal for many companies seeking optimization [36—40]. In a mixed production line, which
processes different types of products, achieving balance presents greater difficulty.

This study focuses on the case of an engine production line in the engine manufacturing
industry [41]. Here, the daily production capacity of each line is 70 units, and each line has 42 stations
in the industry. This study examines a production line used to manufacture four products—A, B, C,
and D—in the ratio of 4:3:2:1. Figure 1 presents the original data. The chart also shows the processing
time of the longest process of each product. In A, the longest production process is “hoisting cylinder
head” with a processing time of 298 s; in B, the longest production process is “hoisting cylinder
head” with a processing time of 293 s; in C, the longest production process is for the “starter” with a
processing time of 306 s; and in D, the longest production process is “hoisting cylinder head” with a
processing time of 257 s. Analysis of the original data showed that the production line has low balance
(54.19%). The balance rate can be calculated by (1) as follows [41]:

Y. N;F;
sy N;

BalanceRate = x 100% @
where N; is the yield of production i, F; is the sum of the processing time, s is the number of processing
steps, and c; is the time required for the bottleneck process. Therefore, the balance rate of this
production line is 54.19%, which is low balance rate.
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Figure 1. Processing time of each process.

Hence, the hybrid engine production line has several problems with many bottlenecks, frequent
downtimes, and the need for human treatment [41]. The processing times of “fastening the gear
chamber cover” and “pulley” are lower than that of “process beat”. The processing times of “hoisting
cylinder head” and “starter” are higher than that of “process beat”, which is a bottleneck process. The
rule of the production line is to conform to the order form, whose limit is the production amount
boundary. Hence, the production capacity of the production line cannot reach the maximum.

Many factors affect the production line, and the impact of these factors is uncertain as the
information is incomplete. Combining industrial engineering, logistics theory, and related tools,
the study analyzes the problem with low cost production environments and so on to improve its
production line balance and productivity. The ER method is used to evaluate and select the total
capacity of the improvement scheme. Additionally, it is analyzed using the following factors: economic
benefits; worker’s salary; implementation difficulty; machine cost, and; factory logistics. (Machine cost
includes the cost of purchasing the machine and machine maintenance. Factory logistics refers to raw
materials or semi-finished products in line-edge logistics and finished products in factory-transport
logistics.) Finally, the FlexSim simulation software is used to verify the accuracy and feasibility of
the scheme.

4. Sustainable Production Line Evaluation Based on ER

ER was proposed by Yang [31] to address the uncertainty in decision-making. This method has
been used widely in the assessment of solutions for the treatment of uncertain information. There are
diverse ways to assess the influencing factors of sustainable production line plans, both qualitatively
and quantitatively, but the information is incomplete here as well. The evaluation index includes
subjective data on the natural expressions given by experts, such as high or low factory logistics.
Quantitative data may provide the specific value of a worker’s salary. Uncertainty of the information
refers to probabilities, ambiguities, and the unknowns.

To address diversity and uncertainty of the underlying data of the sustainable production line, the
data should be unified before the model is established. In this study, the belief of the Dempster-Shafer
theory [31] is used to unify the underlying data. The ER method for evaluation consists of four steps.
First, construct the corresponding belief rule base, which is the core of ER. Second, convert the input
information into a form with a belief structure. This process involves the conversion of multiple data
types. After data conversion, the input data on the degree of activation of the belief rule base are
calculated. Finally, evidence evaluation algorithm is used to calculate the final evaluation result of the
input information.
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The rule base is composed of a number of “if ... then ...” rules, where “if ...” is a prerequisite and
“then ...” is the result of the corresponding premise. The belief structure (BS) uses belief B to represent
uncertainty and incomplete information. The belief structure (identified as BS in the equation) consists
of numerical and reliability parts. It is described as follows [31]:

S(BS):{(xi,ﬁi),xiGX,ﬁiGB,i:LZ,...,N} (2)

where X is a set of numerical or competency levels, B is the belief set, and N is the number of elements
in set X.

Let A = {Al, Ay, ..., ATk} be the set of prerequisites, and Ty be the number of elements in this
set. Let R = {rq,2,...,r.} be the conclusion items, and L is the number of elements in set R. Set
B = {B1,B2,...,BL} is the belief set.

Hence, belief rules can be described as follows:

R:if AiNAyN.. A ATk , then {(Tl,ﬁl) A (1’2,‘32) N... (VL/,BL)} 3)

The belief rule base is composed of these belief rules, and it is a traversal of all possible
combinations of prerequisites.
(1) Belief rule matching degree calculation [42]. Let input data be expressed as

{(x1,€1), (x2,€2),..., (x1,€1)}

where x; indicates the input value of the underlying indicator of the sustainable production line; ¢; is
the input belief of x;, which reflects the input uncertainty of sustainable production line i.

The rule is a special case of a prerequisite item and conclusion item. If the input data are similar
to the prerequisite item of a rule, then the result of the evaluation is similar to the conclusion of the
rule. The ER method uses the matching degree to describe the degree of similarity between the inputs
to the rule. The matching degree calculation consists of calculating the matching degree between the
input and rules in the established rule base. The matching degree directly affects the weight of each
rule when the next rule is synthesized.

First, calculate the matching degree between the input and rules of sustainable production line [42]
as follows:

T(xi, ) = {(Aij, i), i =1,2,... ;i =1,2,... ];} 4)
,A
wi = Z’(xz l])el )
E go(xi/Al])
j=1

where ;; € [0,1], A;j is the value of rule prerequisites, and a;; is the matching degree of input x; to the
rule prerequisites A;j. ¢(x;, A;j) is called the similarity function, which is defined as follows:

Ai —Xj .
Feony A | = KA < 2 < Aigey)-
. L) — XifAl‘ .
A = mS j=k+1 ©

0, j=12.. |Alj#kk+1.

If the prerequisite value is a discrete sequence, it can be assumed that it is a monotonically
increasing sequence whose input is a single point.

If the input is described with a belief structure, the input belief should be matching degree a;; = ¢;.

Second, aggregate the prerequisite matching degree in the same rule. Matching degree aj can be
obtained between the input and each rule.
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If the rule in a prerequisite can be described by the logical symbol “A”, then
e
K = H () ()
i=1
where 6;; = %{(5}{}, Oy is the relative weight of k-th rule prerequisite A, and dy; € (0,1]. af is the
1=

matching degree of the k-th rule prerequisite Ai-‘, and aﬁ‘ € [0,1]. It can be seen that a; < i?Tk{af}

according to (7). If and only if zx;‘ =1(0=12,...Ty), a, = 1.
If the rule in a prerequisite can be described by the logical symbol “V”, then

hj( = 5](]' X IX? (8)

) = I )

i1y = (i) + (1= a)hf g (10)
X = Xk(Ty) (11)

wherei=1,2,..., T, —1,j=1,2,...T;,and h;‘ is the matching degree of the k-th prerequisite.
(2) Brief rule activation degree calculation. Brief rule activation degree calculation w refers to
the degree of input data in every rule [42]. It is represented by

Ortk

K
Y O
i—1

wy = (12)

where 0y, is the rule weight, and wy = 0 means that the rule is not activated.

If the matching degree is higher between the input data and the rule, the rule activation degree
will be higher. The activation degree is the weight of the rule during rule synthesis.

(3) Rule aggregation based on the Dempster-Shafer theory. Before rule aggregation, the rule
brief will be revised [42]. It is defined as

B = HiB (13)
where
E (gl s )
)Y a;;
i=1 ¢ j=1 v . 1 Rule Ry includes sub — Capability c;
M= T 9lki) = 0 else
L oki)
1=

Uy is the revised factor, which indicates the revision of input incomplete information. Ty is the
number of prerequisites of rule k (I = 1,2,...L, k =1,2,...K). If the activated rule is complete, then

| At _
Zﬂéij =1, Uk = 1, lBkl = ,Bkl-
j=1

After rule revision, the basic brief number is construed.
Let m;  be the basic brief number, which represents the basic brief number of the first conclusion,
and let mp m ; represent the k-th basic brief number [42].

mg=web ! =12,...,Lk=12,...,K (14)

L
=1
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Let mpy) be the uncertainty with weight wy, and mp) is the uncertainty from the
incomplete information.

mgy = 1 — wy (16)
L J—
e = wr(1= Y Bri) 17)
=1
MRk = MR | + MRk (18)

Then, rule aggregation based on the Dempster-Shafer theory is described as in [42] as follows:

K K ]
ZK[H(ml,k+mR,k+ﬁRk HmRk—l—mRk ,121,2,...,L (19)
k=1 k=1 |
B K N K 1
g = x| [ [ (iige+ige) — [ [ 7irk (20)
k=1 k= ]
K
mRr =K HmRrk (21)
k=1
L K K -1
= | Y [ [(myp + T + ritg i) — D] [ (g + g ) (22)
I=1k=1 k=1

where m; is the basic brief number of the first conclusion. Assessment of the sustainable production
line can be done after all the sub-indicators are aggregated. It satisfies the following [42]:

my
= 1=1,2,...,L 2
,Bl 1—7RI 74y 7 (3)
MR
24
ﬁR—l—*R (24)

where B is the brief of first level of target ability, and Br represents the incomplete brief in target
capability assessment. Hence, the assessment of sustainable production line plans can be ranked by
Br. The ER method can be used in the evaluation of the sustainable production line.

5. Case Study for ER

The bottom impact factor used in this study for the sustainable production line in engine
manufacturing includes economic benefits, worker’s salary, implementation difficulty, machine cost,
and factory logistics. The two evaluation ratings, high and low, are presented in Table 1.

Table 1. Evaluation Ratings of Production Impact Factors.

Code Influencing Factors’” Capability Name Capability Value
P Total capacity of the plan (high, low)
C1 Economic benefits (high, low)
C2 Worker’s salary (high, low)
C3 Implementation difficulty (high, low)
Cc4 Machine cost (high, low)
C5 Factory logistics (high, low)

It is assumed that the weights of rules in the rules base are equal, and rule prerequisites are also
equal. The rule base is presented in the Appendix A.
The ER structure is established in Figure 2.
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Economic benefits C1

Worker's salary Cz

Program P

Implementation difficulty C3

Machine cost C4

Factory logistics Cs

Figure 2. The evidence reasoning structure.

In this study, concrete measures of the sustainable production line are developed by combining
“fastening gear chamber cover” and “pulley”, and increasing workers in the “hoisting cylinder head”
and “starter”. Otherwise, production rules of the production line are adjusted, the optimal order of
production is calculated, and batch production is used.

The total capacity of the three plans is calculated by ER as follows:

(1) Original plan: Cq = {(high, 0.8), (low, 0.2)}; C, = {(high, 0.4), (low, 0.6)}; C3 = {(high, 0.25), (low,
0.75)}; C4 = {(high, 0.4), (low, 0.6)}; and Cs = {(high, 0.8), (low, 0.2)}. The above underlying data
are substituted to activate the rule base, and the result is calculated by the formulas in Section 3,
Py =(0.7393, 0.2626).

(2) Plan 2: C; = {(high, 0.2), (low, 0.8)}; C3 = {(high, 0.25), (low, 0.75)}, C4 = {(high, 0.2), (low, 0.8)};
and Cs = {(high, 0.2), (low, 0.8)}. Then, the result is calculated as P, = (0.7983, 0.2029).

(3) Plan 3 is different from Plan 2 with C; = {(high, 0.2), (low, 0.8)}. Similarly, P3 = (0.8552, 0.1454).

Comparing the total capacity of the plan,
P3 > P, > Ps.

Evaluation of sustainable production lines through ER shows that Plan Pj is the best, and the
original plan, Py, is the worst. Therefore, combining the “fastening gear chamber cover” and “pulley”
and increasing workers in “hoisting cylinder head” and “starter” can allow the production line to
have a good effect. Otherwise, adjusting the production rules of the production line, calculating the
optimal order of production, and using batch production can yield a better result for the sustainable
production line. Additionally, ER is an efficient method for sustainable production line evaluation.
It can address the uncertainty problem in sustainable production line assessment and can been easily
performed using a computer. Moreover, ER costs less.

6. Simulation Modeling and Analysis Verification Using FlexSim

To verify the feasibility of ER in the evaluation of a sustainable production line, a FlexSim
simulation is used. The application-based FlexSim simulation has been widely used, as it can efficiently
evaluate a production line. Therefore, after evaluating the sustainable production line, a simulation is
necessary to objectively verify that ER has a good effect on the evaluation.

For establishing the simulation model, based on the status quo of the problem, a simulation flow
chart can be built as shown in Figure 3.
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Figure 3. Simulation flow chart.

According to the data [41], the simulation model is established as in Figure 4.

e
Lt ot

Figure 4. FlexSim simulation modeling.

The three plans in Section 3 were modeled separately. Input of the underlying data in Section 3 is
adjusted for modeling the relevant process entities and parameters.

(1) Original plan 1.

(2) Plan 2, which combines “fastening the gear chamber cover” with “pulley” and increases the
workers appropriately in the “hoisting cylinder head”, and the “starter”.

(3) Plan 3, in which the production line is adjusted based on Plan 2. The best producing order is
calculated and, subsequently, batch production is used.

This simulation sets the simulation time equal to one workday (36,000 s) and runs five iterations
to find the average values.

The simulation result is as follows:

From Table 2, it can be seen that combining the processes and increasing the workers are good for
the production capacity. Plan 3 adjusts the production capacity from 70 to 80 based on Plan 2, and it
has the best effect.
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From the simulation results in Figure 5, it is verified that it would be effective to use ER in engine
production line evaluation and selection. Through the simulation results, it can be deduced that the
ER and simulation results for the three plans are consistent. In the ER evaluation, plan P3 was found
to be the best, followed by plan P,, and finally plan P;. According to the simulations of the three
plans, Plan 3 is the best and Original plan 1 is the worst. Therefore, the best plan for this sustainable
production line involves combining “fastening gear chamber cover” and “pulley” and increasing
workers in the “hoisting cylinder head” and “starter”, adjusting the production rules of the production
line, calculating the optimal order of production, and using batches for production.

Table 2. Average Production Capacity of the Plan.

Plans Daily Production (Unit)
Original plan 1 70

Plan 2 72

Plan 3 80

82

80

78

76

74

72

Original plan 1 Plan 2 Plan 3

Figure 5. Simulation results.

Given the above results, ER is a scientific method for evaluating a sustainable production line.
7. Conclusions

7.1. Result Analysis

A case study evaluating a sustainable production line in engine manufacturing is used to verify
the proposed method. The production line has several problems: the processing times of “fastening
gear chamber cover” and “pulley” are shorter and those of “hoisting cylinder head” and “starter”
are longer than that of “process beat”, which is a bottleneck process. The rule of the production line
is to conform to the order form, for which the limit is the production amount boundary. Hence, the
production capacity of the production line cannot reach the maximum. Therefore, in order to balance
the production line, three plans are proposed. Then, the three production line plans are analyzed using
ER. The result is P; = (0.7393, 0.2626), P, = (0.7983, 0.2029), and P53 = (0.8552, 0.1454). It can be seen that
plan P3 is the best. Moreover, a FlexSim simulation is used to verify the ER method’s applicability to
the evaluation of the sustainable production line. The result of the simulation for the three plans is the
daily output (Original plan 1 = 70, Plan 2 = 72, and Plan 3 = 80), and Plan 3 is found to be the best.



Sustainability 2017, 9, 1811 11 of 14

Therefore, the ER and simulation results are the same. This proves that the ER method is applicable in
the evaluation of a sustainable production line.

7.2. Discussion

This ER model is proposed to address the sustainable production line evaluation problem.

With an illustrative example in the engine manufacturing production line, the economic benefits,
worker’s salary, implementation difficulty, machine cost, and factory logistics are considered. Some
highlighted results of this case study can be summarized as follows:

(1) Comparing with existing production line evaluation methods, ER evaluation model needs less
clear input data. With the ER model, the overall capacity for the production line evaluation is
obtained by using the underlying indicator status to activate the rule base.

(2) The cost of ER is considerably low. Most of the existing methods for production line evaluation do
not meet the sustainability criteria, as they are relatively expensive. For instance, production line
evaluation through FlexSim is a widely used method, which can achieve good results. However,
an industrial simulation of a production line needs investigation of the production line factors
and collection of multiple sets of specific industrial data. Moreover, professional simulation
software is necessary for modeling. Therefore, the cost of production line simulation is high.

(3) Ithas been shown that ER model is effective in evaluation problem with uncertainty. Strict logical
reasoning is necessary in the decision-making process, and the synthesis of evidence in ER model
can be used to describe the rules in real world with the rigorous process, which is important in
production line evaluation.

7.3. Summary

The plan for production line sustainability and balance is a popular issue in the modern industrial
economy. However, improving a sustainable plan involves many factors, and the incomplete
information poses difficulties for the decision maker. The purpose of sustainable production line
development is achieving balance in the production line. Further, a sustainable production line
involves lower costs, efficient production environments, green manufacturing, and so on. Hence,
sustainable production line evaluation is a meaningful and challenging problem.

To deal with the problem described above, ER is employed to evaluate a sustainable production
line, and a FlexSim simulation is used to verify its feasibility. Furthermore, ER is a good method
that requires low cost for addressing the industrial problems of uncertain information, information
diversity, and incompleteness of information. However, indicators of sustainable production lines
evaluation are simplified to some extent; therefore, as a next step, some more complicated indicators
can be obtained to evaluate sustainable production lines using ER.
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Appendix A

The rule base is as follows:

12 of 14

Numbers Prerequisites Conclusions
C1 C1 = {(High, 0.8), (Low, 0.2)}
C1 C1 = {(High, 0.9), (Low, 0.1)}
2 C2 = {(High, 0.4), (Low, 0.6)}
2 C2 = {(High, 0.2), (Low, 0.8)}
c3 C3 = {(High, 0.25), (Low, 0.75)}
C3 C3 = {(High, 0.2), (Low, 0.8)}
c4 C4 = {(High, 0.4), (Low, 0.6)}
c4 C4 = {(High, 0.2), (Low, 0.8)}
C5 C5 = {(High, 0.7), (Low, 0.3)}
c5 C5 = {(High, 0.8), (Low, 0.2)}
1 (Cl=High)A(C2 = High)A(C3 = High)A(C4 = High)A(C5 = High) P = {(High, 0.65), (Low, 0.35)}
2 (C1 = High)A(C2 = High)A(C3 = High)A(C4 = High)A(C5 = Low) P = {(High, 0.5), (Low, 0.5)}
3 (C1 = High)A(C2 = High)A(C3 = High)A(C4 = Low)A(C5 = High) P = {(High, 0.68), (Low, 0.32)}
4 (C1 = High)A(C2 = High)A(C3 = High)A(C4 = Low)A(C5 = Low) P = {(High, 0.65), (Low, 0.35)}
5 (C1 = High)A(C2 = High) A(C3 = Low)A(C4 = High)A(C5 = High) P = {(High, 0.6), (Low, 0.4)}
6 (C1 = High)A(C2 = High)A(C3 = Low)A(C4 = High) A(C5 = Low) P = {(High, 0.69), (Low, 0.31)}
7 (C1 = High)A(C2 = High)A(C3 = Low)A(C4 = Low)A(C5 = High) = {(High, 0.8), (Low, 0.2)}
8 (C1 = High)A(C2 = High)A(C3 = Low)A(C4 = Low)A(C5 = Low) = {(High, 0.6), (Low, 0.4)}
9 (C1 = High)A(C2 = Low)A(C3 = High)A(C4 = High)A(C5 = High) P = {(High, 0.65), (Low, 0.35)}
10 (C1 = High)A(C2 = Low)A(C3 = High)A(C4 = High)A(C5 = Low) P = {(High, 0.52), (Low, 0.48)}
11 (C1 = High)A(C2 = Low)A(C3 = High)A(C4 = Low)A(C5 = High) P = {(High, 0.66), (Low, 0.34)}
12 (C1 = High)A(C2 = Low)A(C3 = High)A(C4 = Low)A(C5 = Low) P = {(High, 0.65), (Low, 0.35)}
13 (C1 = High)A(C2 = Low)A(C3 = Low)A(C4 = High)A(C5 = High) P = {(High, 0.78), (Low, 0.22)}
14 (C1 = High)A(C2 = LowA(C3 = Low)A(C4 = High)A(C5 = Low) P = {(High, 0.65), (Low, 0.35)}
15 (C1 = High)A(C2 = Low)A(C3 = Low)A(C4 = Low)A(C5 = High) P = {(High, 1), (Low, 0)}
16 (C1 = High)A(C2 = Low)A(C3 = Low)A(C4 = Low)A(C5 = Low) P = {(High, 0.67), (Low, 0.33)}
17 (C1="Low)A(C2 = High)A(C3 = High)A(C4 = High)A(C5 = High) = {(High, 0.8), (Low, 0.2)}
18 (Cl=Low)A(C2 = High)A(C3 = High)A(C4 = High)A(C5 = Low) P = {(High, 0), (Low, 1)}
19 (Cl=Low)A(C2 = High)A(C3 = High)A(C4 = Low)A(C5 = High) P = {(High, 0.4), (Low, 0.6)}
20 (C1 = Low)A(C2 = High)A(C3 = High) A(C4 = Low)A(C5 = Low) = {(High, 0.2), (Low, 0.8)}
21 (C1 = Low)A(C2 = High)A(C3 = Low)A(C4 = High)A(C5 = High) P = {(High, 0.55), (Low, 0.45)}
2 (C1 = Low)A(C2 = High)A(C3 = Low)A(C4 = High) A(C5 = Low) P = {(High, 0.65), (Low, 0.35)}
23 (C1 = Low)A(C2 = High)A(C3 = Low)A(C4 = Low)A(C5 = High) = {(High, 0.5), (Low, 0.5)}
24 (C1 = Low)A(C2 = High)A(C3 = Low)A(C4 = Low)A(C5 = Low) P = {(High, 0.65), (Low, 0.35)}
25  (C1=Low)A(C2 = Low)A(C3 = High)A(C4 = High)A(C5 = High) P = {(High, 0.49), (Low, 0.51)}
26 (C1 = Low)A(C2 = Low)A(C3 = High) A(C4 = High) A(C5 = Low) P = {(High, 0.65), (Low, 0.35)}
27 (C1 = Low)A(C2 = Low)A(C3 = High) A(C4 = Low)A(C5 = High) = {(High, 0.2), (Low, 0.8)}
28 (C1 = Low)A(C2 = Low)A(C3 = High)A(C4 = Low)A(C5 = Low) P = {(High, 0.22), (Low, 0.78)}
29 (C1 = Low)A(C2 = Low)A(C3 = Low)A(C4 = High)A(C5 = High) P = {(High, 0.45), (Low, 0.65)}
30 (C1 = Low)A(C2 = Low)A(C3 = High) A(C4 = High) A(C5 = Low) P = {(High, 0.18), (Low, 0.82)}
31 (C1 = Low)A(C2 = Low)A(C3 = Low)A(C4 = Low)A(C5 = High) = {(High, 0.6), (Low, 0.4)}
32 (C1 = Low)A(C2 = Low)A(C3 = Low)A(C4 = Low)A(C5 = Low) P = {(High, 0.52), (Low, 0.48)}
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