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Abstract: Nowadays, one of the main challenges facing production management is how to enhance
the performance of manufacturing processes by utilizing asymmetry input and output data. This
research, therefore, developed a framework for window analysis in data envelopment analysis (DEA)
for evaluating the overall technical efficiencies from asymmetry dynamic input and output data. The
framework was applied to assess the technical (TE), managerial (PTE), and scale (SE) efficiencies
of a blowing machine under three fuzzy input variables (planned production quantity, number of
defectives, and idle time) and a fuzzy output variable (actual or target production quantity). The
efficiency measures were then evaluated for all DMUs at low (L), middle (M), and high (H) data
levels. The obtained optimal fuzzy efficiencies were then transformed into a single crisp optimal
efficiency. The results showed that all seven DMUs of the blowing machine were technically inefficient.
The input and output slacks were estimated and utilized to determine the necessary improvement
actions. Improvement results revealed that the optimal TE, PTE, and SE were significantly improved,
which may result in significant savings in production and quality costs. In conclusion, the proposed
framework is effective in improving the efficiency of the blowing process and can be utilized for
efficiency assessment in a wide range of applications.

Keywords: fuzzy window analysis; technical efficiency; pure technical efficiency; scale efficiency

1. Introduction

Industries across the globe rely on the efficiency evaluation of manufacturing processes
to create quality products and save on expensive manufacturing and quality costs [1,2].
In practice, information asymmetries arise in the only collected data due to subjective
judgments based on experience and historical data or variations, which may significantly
affect the accuracy of the efficiency assessment results and the effectiveness of the improve-
ment decisions [3]. Consequently, developing effective approaches for efficiency evaluation
under asymmetry input and output has become a real challenge. This research, therefore,
develops a framework for window analysis in data envelopment analysis (DEA) to evaluate
efficiency from asymmetry input and output data for manufacturing processes.

Data envelopment analysis (DEA) is a mathematical programming-based non-parametric
approach that is widely used for assessing the relative efficiency of homogeneous decision-
making units (DMUs) [4]. In DEA, process engineers usually rely on multiple crisp inputs
and crisp outputs for assessing process efficiency. In DEA models, a DMUs’ efficiency
is defined by its relative distance from the production frontier [5,6]. Usually, two DEA
techniques are used to evaluate the DMUs’ efficiency, including the Charnes—Cooper—
Rhodes (CCR) [7] and Banker, Charnes, and Cooper (BCC) [8]. The CCR model measures
technical efficiency (TE) by maximizing the output from a given set of inputs at an optimal
scale of operation, or constant returns to scale (CRTS). To gain valuable information about
the source of inefficiencies, TE is composed of two efficiencies: pure technical efficiency
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(PTE) and scale efficiency (SE). The BCC model assumes that a DMU is operating under
variable returns to scale (VRS) and measures PTE by only comparing a DMU to a unit of
a similar scale. PTE assesses the extent to which a DMU utilizes its sources in exogenous
environments and evaluates managerial performance [9,10]. Finally, the scale efficiency (SE),
calculated as TE divided by PTE, is used to evaluate the effect of the scale size on efficiency
and enables management to select the optimal resource size to obtain the target production
level. Inappropriate scale size causes technical inefficiency [11,12]. Scale inefficiency (SIE)
is due to increasing returns-to-scale (IRTS) when the manufacturing process is too small for
its scale of operations. SIE is due to decreasing returns-to-scale (DRTS) when the process is
too large for its scale of operations. To reduce costs and maximize revenues, the process
has to operate at the most productive scale, which is CRTS [13-15]. The traditional DEA
models for evaluating DMUS relative efficiency in various business applications [16-20].

Nevertheless, for DEA models to avoid producing multiple efficient DMUs, the num-
ber of DMUs should be at least two times the sum of the number of inputs and outputs [6].
Fortunately, DEA window analysis was introduced to improve discriminating power by
increasing the number of DMUs when using a limited number of DMUs [2]. DEA window
analysis regards the same DMU in distinct periods, which are then treated as entirely
different DMUs. The TE, PTE, and SE of a DMU in any period can then be estimated
using the inputs and outputs of the same DMU in other periods as well as those of other
DMUs. The window analysis was applied to evaluate process efficiency under crisp input
and output data in a wide range of manufacturing and service applications [21-25]. In
manufacturing systems, however, variations in process and measurement result in asym-
metry data. As a result, the data available for efficiency analysis cannot be presented as
crisp data. Consequently, window analysis should be developed to deal with asymmetry
data, represent real-world problems more realistically, and obtain a reliable assessment of
manufacturing processes.

In this context, this research proposes a DEA window analysis to assess the DMUs
relative efficiency using asymmetry or fuzzy dynamic data. In this research, the relative
efficiency is calculated for each element of the triangular fuzzy number of the input and
output data. Then, the fuzzy efficiency is transformed into a crisp value. The efficiency
evaluation for a blowing machine used to manufacture plastic products during the year
2020 is utilized to illustrate the developed fuzzy window analysis. The remainder of this
paper, including the introduction section, is organized in the following sequence: Section 2
reviews the relevant background on fuzzy DEA techniques and applications. Section 3
presents this research methodology. Section 4 presents an application of the developed
window analysis and research results. Section 5 summarizes the research conclusions.

2. Literature Review

The traditional DEA models were reported as powerful techniques for efficient evalu-
ation of homogeneous DMUs from crisp input and output process data. In reality, however,
production processes are usually volatile and complex, which makes it difficult to obtain ac-
curate or precise input and output data. Therefore, significant research efforts were directed
at developing DEA models that can evaluate the relative efficiency of DMUs for a manu-
facturing process from fuzzy input and output data. For example, Guo and Tanaka [26]
proposed two fuzzy DEA models for evaluating the efficiencies of DMUs from fuzzy input
and output data. The efficiencies were represented by fuzzy numbers to reflect the inherent
fuzziness of evaluation problems. The fuzzy DEA models extended the CCR model to more
general forms that can handle crisp, fuzzy, and hybrid data. Lertworasirikul et al. [27]
transformed fuzzy DEA models into possibility DEA models by using possibility measures
of fuzzy constraints. The fuzzy membership functions of fuzzy data were of the trapezoidal
type. Liu and Chuang [28] proposed a DEA approach to determine the fuzzy efficiency
measures embedded with the assurance region (AR) concept. The fuzzy DEA /AR model
was transformed into a family of crisp DEA/AR models by calculating the lower and
upper bounds of efficiency scores at a specific level. A study of twenty-four university
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libraries in Taiwan was employed to illustrate their model. Wen and Li [29] proposed
a credibility measure in the fuzzy DEA model, followed by DMUs ranking. A hybrid
algorithm combined with the fuzzy simulation and genetic algorithmgenetic algorithm
was used to solve the model for trapezoidal or triangular fuzzy inputs and outputs. Puri
and Yadav [30] proposed the concept of fuzzy input mix-efficiency and evaluated the
fuzzy input mix-efficiency using the a-cut approach. A real case study from the State
Bank of Patiala in the Punjab state of India, with districts, was provided for illustration.
Wanke et al. [31] employed bootstrapped regressions and fuzzy-DEA (FDEA) models to
capture vagueness in the input and output measurements obtained from Nigerian airports.
Barak and Dahooei [32] proposed FDEA and fuzzy multi-attribute decision-making (F-
MADM) for ranking the airlines’ safety. The FDEA was adopted to estimate criteria weights,
which were then employed to rank each airline using MADM methods. Arana-Jiménez
et al. [33] considered a slacks-based additive inefficiency measure and compared it with
the existing fuzzy DEA methods. However, their model could not discriminate between
efficient and weakly efficient DMUs. Khoshandam and Nematizadeh [34] proposed an
inverse network DEA model for two-stage processes to evaluate the amount of change in
one or more indicators of one stage of a process by changing indicators of another stage
to preserve the level of efficiency in the presence of undesirable factors. The model was
implemented in poultry farming. Mohanta et al. [35] developed an intuitionistic fuzzy DEA
(IFDEA) model based on triangular intuitionistic fuzzy numbers (TIFNs). The weighted
possibility means for TIFNs were then utilized to compare and rank the TIFNs.

Little research has been reported on using window analysis to assess efficiency when
the input and output data are asymmetry and dynamic. For example, Wang et al. [36]
combined DEA window analysis and fuzzy techniques for order of preference by similarity
to the ideal solution to assess the capabilities of 42 countries in terms of renewable energy
production potential. Three inputs (population, total energy consumption, and total renew-
able energy capacity) and two outputs (gross domestic product and total energy production)
Peykani et al. [37] developed credibility-based fuzzy window analysis to evaluate the dy-
namic performance of hospitals during different periods of data ambiguity. The proposed
approach was implemented on a real data set to evaluate the performance of hospitals
in the USA. Al-Refaie [2] proposed a DEA window analysis and Malmquist productivity
index under fuzzy data. The proposed window analysis was based on providing crisp
efficiency scores by solving a single model.

This research provides an extension to ongoing research [38—40] by developing a
framework for window analysis with asymmetry data. The collected input and output
data are represented by triangular fuzzy numbers. Process efficiency is then calculated
at three levels and transformed into a single, crisp optimal efficiency. The proposed DEA
window analysis contributes to literature and practice by: (1) providing reliable assessments
of process efficiency under asymmetry input and output data; (2) determining effective
improvement actions based on slack analysis of inputs and outputs that lead to enhanced
process performance; and (3) transforming the fuzzy efficiency into a crisp score that
facilitates understanding and interpreting process efficiency.

3. Research Methodology

The developed framework for window analysis with asymmetry data are depicted in
Figure 1.

The steps of the developed window analysis with asymmetry data are presented
as follows:

Step 1: Specify the fuzzy input variables (planned production quantity, number of
defectives, and idle time) and a single fuzzy output variable (actual production quantity)
for the manufacturing process under consideration. Classify the variables into inputs and
outputs for DEA window analysis, where input (output) variables are these variables to be
minimized (maximized) [7]. Then, collect asymmetry data for those variables over a time
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horizon (T). It is assumed that the input and output data follow triangular fuzzy numbers
(TENSs).

Select a process — Blowing machine
Planned production
Number of defectives =
Idle time < Collect fuzzy data
Actual production
¥ Inputs:
Qutput: . Planned production
Actual productian Classify inputs and outputs for DEA data Number of defectives
Idle time
v
Drvade the tiime horizon mnto windows " | Eachwindow covers
six months
) ) ) Technical efficiency
(]:3%]?2::5:;:1 Calculate DMU’s efficiency at each window period »l Pure technical efficiency
Scale efficiency
v h
Estimate the average DMU’s efficiency Obtain mput and output slacks
[ [
¥ ¥
DMU’s efficiency | +— Analyze and compare efficiency results | | DMUz and Periods

Y

Operation’s scale size
increasing/decreasing

Scale inefficiency |+ Determine inefficiency sources | Managerial inefficiency
- Recommend improvement actions ——»] Managerial actions

Figure 1. Research methodology.

Step 2: Let the collected fuzzy input and output data of DEA variables at time f; t = 1,
..., T, be denoted as J?f; i=1,..,m and 9“5, r=1,...,s, respectively. The time horizon, T, is
then divided into n windows. Let z denote window width. Let w; denote the jth window,
which can be determined as follows: wy: t; — t;, wp: tp = t,41, ..., and so on. Finally,
treat each window as a Decision-Making Unit (DMU).

Step 3.1: Evaluate the technical efficiency (TE) of each DMU; (=1, ..., n). Let 6, be the
efficiency of DMUj (k € j). Then, the objective of the optimization model aims to maximize
0, [2,9]. Generally,

Max 6. — virtual output — ugyyx + uayor + . .. + UsYsk 1)
K7 virtual input — v1X1x + UaXog + - . .+ U Xk

where u, (r=1,...,s) and vy, (i = 1,..., m) are the input and output weights. The ratio of the
virtual output versus the virtual input of DMU; cannot exceed one. Then, the following
constraints are formulated [3, 8]:

Uiyij + UzYyoj +...+ UsYsj <1 vi
U1X1j + V2 Xpj +...+ UmXmj e

2



Symmetry 2023, 15, 1650 50f17
u, >0, Vr 3)
0; >0, Vi (4)

Let s; and s, denote the negative input and positive output slacks, respectively.
The equivalent dual problem of the input-oriented fractional model (Formulas (1)—(4)) is
formulated as [7]:

Min6, ®)
Subject to:

n
O xik — Z )\]‘xl‘]‘ -5, = 0, Vi (6)

j=1

n
Z /\]yr] —Yrk — Sj_ =0, Vr (7)
=1

Aj >0,V ®)
s; >0, Vi ©)
s;r >0, Vr (10)

Let 9; denote the optimal efficiency of DMUy. Then, DMUj is identified as CCR-
efficient if 9;; is equal to one and all slacks are zeros. Otherwise, DMUy is identified as
CCR-inefficient.

Because the input and output X;; and y,; are fuzzy numbers, then 5; is a triangular

;;, 9;24, and 9;5, denote the low, middle, and high levels of the
optimal TE values, respectively. Let the fuzzy input Xj;x = (@, bisk, Cirre), where ajgy, by
and c;y denote the low (L), middle (M), and high (H) elements for fuzzy ith input;i=1,...,
m, of DMUy; k € j. In addition, the fuzzy output ¥, = (dywk, €4k, frix), Where dyy, e, and
frik represent the L, M, and H levels of fuzzy rth output; r =1,..., s, of DMUjy; k € j. For
illustration, the representation of the collected data for a window of six periods of DMU; is

displayed in Table 1.

fuzzy numbers [28]. Let 6

Table 1. Representation of the fuzzy data for the six periods of DMUj.

Inputs/Outputs of DMU; t=1 =6
(k=1 xi11=(ai11,bi11,€i11) xi61=(ai61,Di1,Ci61)
X111 = .
X161 = (1161, b161, C161)
(111, b111, €111) +U161s
Xo11 = ~
X, (a211, bo11, €011) X261 = (261, b2e1, C261)
Xint = (a1, byt cint) 211, 9211, €211
5511111 =

(a 11, b1, € 11) Xmel = (am()l/bmmlcmél)
mlils¥milsr=m
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Table 1. Cont.

Inputs/Outputs of DMU; ~ t=1 ~ t=6
(k=1 xi11=(an1,bi11,¢i11) Xi61=(ai61,Di61,Ci61)

i = (e e

(d111, €111, f111) Y161 = (d161, €161, f161)
Yo11 = T (d

~ 261 = (d261, €261, f261
Ve = (dr1, e, fri1) (da11, €211, fo11) Y ( fae)
Vo1 = (ds11, €11, fs11) -+ Yso1 = (ds61, €561, fo61)

The optimal low TE, 6;1[;, of DMUj at a specific time q; g € wy, in window k is estimated
using the dual formulation of the CCR model as follows:

Min 6} (11)
Subject to:
ggkaiqk — Z /\l‘aitk — S; = 0, Vi (12)
tewy

Z Mg — dqu - Sj_ =0, Vvr (13)

tewy
s; 20, Vi (14)
s >0, vr (15)
At >0, YVt € wg (16)

Table 2 displays the optimal TE and PTE efficiencies from low-level input and output
data for DMU;j.

Table 2. The optimal TE and PTE values from low-level input and output data for DMUj.

Inputs/Outputs of DMU;

t=1 " t=6 * *
(k =1) at Low-Level Data O ‘qu
a111 a161
az11 a261
ain
*«L xL G*L «L L L
am11 Ame1 11Y21%31 11921931
*L %L xL J*L *L kL
din d161 41Y51%1 41951%1
do11 dos1
drtl
ds11 dss1
Averages of optimal TE and PTE at low-level data GIL 5IL

The middle and high optimal efficiencies 9;5 for the remaining periods in window k;
t € wy and t # g, are estimated similarly. Repeat this step to obtain the optimal efficiencies

9:2/1 and 9:: for all periods in window k; t € wy, of DMUj. In a similar manner, obtain the

optimal efficiencies G;M and B;H from the middle and high levels of input and output data.
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Step 3.2: Evaluate the pure technical efficiency (PTE) of DMU;. Let 5 s oM gk » a0 nd &y gk 7
denote the low, middle, and high optimal PTE efficiencies, respectwely For 1llustrat1or1, the
optimal PTE, 5;;, at the low data level DMUj is estimated using an input-oriented BCC
model without slacks [2]. Mathematically,

Min ok (17)
Subject to:
Z )\tdrtk - dmk >0, Vr (18)
tewy
Spettige — Y Mg >0, Vi (19)
tewy
n
Y Ai=1 (20)
j=1
A >0, Vt € wy (21)

The obtained optimal values of g:kL are shown in Table 2. Similarly, the ;5;5 values are

Calculated at the remaining periods (f # q) of DMUy. In a similar manner, the (S*M nd

5 gj + are obtamed at window periods of DMUj; (j # k). Table 3 summarizes the calculated
*L *M

6 Gt]. L0 (Stk,étk ,and (Stk

tj’ tj /

Table 3. Summary of the fuzzy optimal TE and PTE values.

DMU
DMU; t=1 t=2 t=6 t=7 t=11 t=12 EfﬁCIency
61’51
*L *M *H *H
DMU 11- %11 /Y11 912,912,912 961’961 ,9 0 5 W
1 SL g g gl M il st 5t 5*11 1, 91 W1
11-11-11  %12/%12/%12 617961
«H «H
DMU 922/922 ,922 962/ 962’962 075,675, 67, 0. 5wl
2 «L  «M  xH 27 Yo, Wo
522' 522 ’ 522 (562' 562 ’ 562 572’ (572 ’ 572
«H «H *H
DMU 666, 066 O 976' 976 , 976 911 67 611 60116 05w
6 ISR S e i o 6 % “6
667 Y66 7 “66 76776 776 (511 67 (Sll 67 (Sll 6
*L *M *H *L *M *H
DMU 77: Y77 /Y77 911 7/911 7/9117 9127/912 7/9127 0. 5w
- A o 7, 07, Wy
771977 1977 577/ 577/‘5 577! 577/‘577
Period Al sl w2 w2 w2 6 6 6 7 7 7 A1 11 11 M2 12«12
. 07,6 ,w 60,6, w 67,6, w” 0,8, w 0,0, w 0,0, w
efficiency

Step 3.3: Calculate the elements of the TE and PTE averages @(G;L,G;M,Q;TH) and
3; (5;L, 5;M, 5;H), respectively, of DMUj; j =1, ..., n. For example, in Table 2, the low-level
optimal efficiency of DMUj, 6, %, is the average of the period efficiencies 5;1, 5;1, ...,and

521. Similarly, the low-level optimal PTE of DMUyj, S&iL
Step 4: To provide a more practical interpretation of the optimal fuzzy TE and PTE, the

6 j (0 i Gj , GjH) and 37 ((5j , (5]. ,(5;H) are transformed into single crisp values. Let D denote
the defuzzified optimal efficiency, which is calculated as follows [25]:

D:%((UfL)Jr(MfL))nLL 22)
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where U, M, and L are the high, middle, and low of efficiency TFN, respectively. Use
Equation (22) to calculate the optimal 9; and 5; of DMU;;j=1, ..., n, respectively, as follows:

» 1
* 1 *«H *L *M *L *L
Step 5: Calculate the optimal SE, a);-‘, as follows:

Table 3 also summarizes the values of w]?* for all DMUs.

Step 6: Let 9”, (S*t, and w*f denote the TE, PTE, and SE at period ¢, respectively. Obtain
0" and & as follows. Firstly, calculate the average period TE, GM, at low-level data,
from the values of GIJ»L for the DMUs that include the period t in window j, as shown in
Equation (26).

L6y

0" = = (26)

where n’ denotes the number of DMUs that include period t in window j. Similarly,

calculate the 6" and 6" in a similar manner. Apply Equations (23) and (24) to calculate

the crisp 6" and 5", respectively. Finally, calculate the values of w*! using Equation (25).
The results are shown in Table 3.

Step 7: Analyze the results for the DMUs and period fuzzy and crisp optimal efficien-
cies (TE, PTE, and SE). Determine and examine the input and output negative and positive
slacks for all DMUs and periods. Recommend the required actions to improve process
performance. Finally, validate the anticipated improvement.

4. Research Results

The efficiency evaluation of the blowing machine in the plastics industry was consid-
ered and is presented as follows. In steps 1 and 2, the relevant fuzzy input and output
data for a blowing process were collected for 12 months; t =1, ..., 12, from the production
reports. The planned production quantity (¥1), number of defectives (x), and idle time (x3)
were treated as the inputs, whereas the actual production quantity in production units (¥)
was set as the output for all periods in the DEA model as shown in Table 4. The length of
each window consisted of six periods. Hence, seven DMUs; DMU; to DMUjy for t1—tg, ta—t7,
..., and t;—t1p, respectively, were obtained.

Table 4. DEA data (Units) for blowing machines.

Inputs Output
PertiOd Planned Production Defectives Idle Time ProductioE Quantity
x1 X2 X3 Y
1 (24150, 24192, 25100) (179, 185, 192) (1383,1426, 1483) (21099, 22300, 23103)
2 (24100, 24192, 24300) (91, 94, 97) (7756, 7996, 8315) (15550, 15731, 17832)
3 (24000, 24192, 25159) (66, 69, 71) (3054, 3149, 3274) (20549, 21419, 22318)
4 (24000, 24192, 25000) (94, 97, 100) (6221, 6414, 6670) (18231, 18359, 23721)
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Table 4. Cont.

Inputs Output
Pertlod Planned Pyoduction Defectives Idle Time Production Quantity
X1 X X3 g
5 (20113, 20736,21565) (170, 176, 183) (1876, 1935, 2012) (17128, 17221, 19762)
6 (26818, 27648, 28753) (137,142, 147) (49, 51, 53) (26810, 27620, 27640)
7 (23466, 24192, 25159) (116, 120, 124) (3317, 3420, 3556) (18089, 19456, 22941)
8 (20113, 20736, 21565) (51,53, 55) (2018, 2081, 2164) (19012, 19616, 20000)
9 (13409, 13824, 14376) (31,32,33) (657, 678, 705) (12984, 13500, 13561)
10 (10056, 10368, 10782) (70, 73, 75) (2769, 2855, 2969) (8195, 8318, 9939)
11 (15085, 15552, 16174) (111,115, 119) (2873, 2962, 3080) (13294, 13350, 15230)
12 (21790, 22464, 23362) (237, 245, 254) (2268, 2339, 2432) (20137, 20750, 22252)
In step 3.1, the input-oriented CCR model was employed to estimate the optimal TE;
G;FJ-L, G:JM, and 9:;{, at the low, middle, and high levels respectively. Table 5 displays the
obtained optimal values of 9:;,9:;\4,9;{ ,and Q;L.
Table 5. Optimal technical efficiency.
DMU Period ¢t
j 1 2 3 4 5 6 7 8 9 10 11 12 e;L CV%
1 0.8739 0.7024 1.0000 0.8193 0.8518 1.0000 0.8746  13.01%
2 0.7024 1.0000 0.8193 0.8518 1.0000 0.7789 0.8587 14.01%
3 0.9015 0.7795 0.8518 1.0000 0.7738 1.0000 0.8844 11.45%
4 0.7702 0.8518 1.0000 0.7725 0.9737 1.0000 0.8947 12.31%
5 0.8518 1.0000 0.7725 0.9737 1.0000 0.8152 0.9022 11.21%
6 1.0000 0.7725 0.9737 1.0000 0.8152 0.8815 0.9072  10.90%
7 0.7961 0.9762 1.0000 0.8416 0.9101 0.9544 09131 8.77%
6: L 0.8739 0.7024 09672 0.7971 0.8518 1.0000 0.7777 0.9795 1.0000 0.8240 0.8958 0.9544
CV% 0.00% 0.00% 5.88% 3.25% 0.00% 0.00% 1.20% 1.18% 0.00% 1.85% 2.26% 0.00%
j 1 2 3 4 5 6 7 8 9 10 11 12 6" CV%
1 09227 0.6941 1.0000 0.8048 0.8313 1.0000 0.8755 13.81%
2 0.6941 1.0000 0.8048 0.8313 1.0000 0.8122 0.8571  14.08%
3 0.9299 0.7777 0.8313 1.0000 0.8080 1.0000 0.8912  11.06%
4 0.7665 0.8313 1.0000 0.8062 0.9668 1.0000 0.8951 11.79%
5 0.8313 1.0000 0.8062 0.9668 1.0000 0.8031 0.9012  10.80%
6 1.0000 0.8062 0.9668 1.0000 0.8031 0.8593 0.9059 10.37%
7 0.8235 0.9687 1.0000 0.8215 0.8790 0.9459 0.9064 8.41%
6;M 0.9227 0.6941 09766 0.7885 0.8313 1.0000 0.8104 0.9738 1.0000 0.8092 0.8692 0.9459
CV% 0.00% 0.00% 4.14% 246% 0.00% 0.00% 0.84% 151% 0.00% 131% 1.60% 0.00%
j 1 2 3 4 5 6 7 8 9 10 11 12 e;fH CV%
1 0.9575 0.7737 1.0000 1.0000 0.9533 1.0000 0.9474  9.28%
2 0.7737 1.0000 1.0000 0.9533 1.0000 0.9506 0.9463 9.27%
3 0.9524 1.0000 0.9533 1.0000 0.9506 1.0000 0.9761  2.69%
4 0.9944 0.9533 1.0000 0.9497 0.9815 1.0000 0.9798 2.35%
5 0.9533 1.0000 0.9497 0.9815 1.0000 0.9589 0.9739 2.37%
6 1.0000 0.9497 0.9815 1.0000 0.9589 0.9796 0.9783 2.12%
7 0.9638 0.9829 1.0000 0.9721 0.9925 1.0000 0.9852 1.52%
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Table 5. Cont.

DMU

Period t

6,H
CV%

09575 0.7737 09841 0.9986 0.9533 1.0000 0.9524 0.9855 1.0000 0.9633 0.9861 1.0000
2.79% 0.28% 0.00% 0.00% 0.59% 0.83% 0.00% 0.79% 0.93% 0.00%

0.00%

0.00%

From Table 5, the following remarks are obtained: Firstly, the estimated optimal
TE listed at each period (column) reveals a stable performance because almost all the
percentages of the coefficient of variation, CV%, are smaller than 0.05 for all columns.
However, the CV percentages corresponding to the DMUs (rows) are greater than 0.05,
which implies significant dispersion or trend in the TE scores of the same window. Secondly,
the averages of G;L,G;M, and G;H are found to be smaller than one for all seven DMUs, and
thereby it can be concluded that the blowing process was TE-inefficient at all data levels.
Furthermore, the optimal TE values for each window period; 9%, G*tM, and 6™ were
estimated and found to be equal to one in two, two, and three out of twelve periods,
respectively. In step 3.2, the optimal values of the pure technical efficiency; 5:; ,5;-M, and
(5:H, were calculated at low, middle, and high data levels to explain the causes of the TE
inefficiency (TIE) for all window periods. Table 6 displays the results of the optimal PTE,
where it is found that: (1) the CV% indicates the existence of less dispersion in PTE scores
than the TE scores of the same window for all DMUs. For example, the (51%(:0.9785) for
DMU; implies that the same output level could be produced by 97.85% of the recourses.
In other words, about 2.15% of recourses could be saved by enhancing the machine’s
performance to the highest level, and (2) the averages of (S;L,&;M, and 5;H are smaller than
one for all seven DMUs, and thereby the blowing machine is judged PTE-inefficient in all
DMUs. Further, the optimal PTE at each window period; 5*tL,5*tM, and 5%) was calculated
and found to be equal to one in six, six, and eight out of the twelve periods, respectively.

Table 6. Optimal pure technical efficiency.

2

3

Period t
4 5 6 7 8 9 10 11 12 5L CV%

0.9467

0.9624
0.9624

1.0000 0.9620 1.0000 1.0000 0.9785 2.47%
1.0000 0.9620 1.0000 1.0000 0.9520 0.9794 2.34%
1.0000 0.8380 1.0000 1.0000 0.8571 1.0000 09492  8.32%

0.7707 0.8665 1.0000 0.7824 1.0000 1.0000 0.9033  12.29%
0.8665 1.0000 0.7824 1.0000 1.0000 1.0000 0.9415 10.03%
1.0000 0.7824 1.0000 1.0000 1.0000 0.9088 0.9485 9.40%

0.8134 1.0000 1.0000 1.0000 0.9118 1.0000 0.9542 8.12%

0.9467

0.9624
0.00%

1.0000 0.8832 0.9466 1.0000 0.8283 1.0000 1.0000 1.0000 0.9103 1.0000
0.00% 10.77% 7.72% 0.00% 8.13% 0.00% 0.00% 0.00% 0.23% 0.00%

4 5 6 7 8 9 10 11 12 oM CV%

0.9967

0.9703
0.9703

1.0000 0.9669 1.0000 1.0000 0.9890 1.61%
1.0000 0.9669 1.0000 1.0000 0.9413 0.9798  2.48%
1.0000 0.8571 1.0000 1.0000 0.8571 1.0000 09524 7.75%

0.7681 0.8424 1.0000 0.8125 1.0000 1.0000 0.9038 11.95%
0.8424 1.0000 0.8125 1.0000 1.0000 1.0000 0.9425 9.51%
1.0000 0.8125 1.0000 1.0000 1.0000 0.8825 09492  8.62%

0.8497 1.0000 1.0000 1.0000 0.8825 1.0000 0.9554 7.32%

0.9967
0

0.9703
0.00%

1.0000 0.8898 0.9370 1.0000 0.8476 1.0000 1.0000 1.0000 0.8825 1.0000
0.00% 10.81% 9.21% 0.00% 5.92% 0.00% 0.00% 0.00% 0.00% 0.00%
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Table 6. Cont.

Period t

2

3

4 5 6 7 8 9 10 11 12 (s]fH CV%

0.9803 1.0000

1.0000

1.0000 1.0000 1.0000 1.0000 0.9967 0.81%
1.0000 1.0000 1.0000 1.0000 0.9832 0.9972  0.69%
1.0000 1.0000 1.0000 1.0000 0.9661 1.0000 09944 1.39%

1.0000 0.9603 1.0000 0.9521 1.0000 1.0000 0.9854 2.31%
0.9603 1.0000 0.9521 1.0000 1.0000 1.0000 0.9854 2.31%
1.0000 0.9521 1.0000 1.0000 1.0000 0.9942 09911 1.94%

1.0000 1.0000 1.0000 1.0000 0.9955 1.0000 0.9993 0.18%

5 H
CV%

0.9803  1.0000

0

0.00%

1.0000 1.0000 0.9841 1.0000 0.9676 1.0000 1.0000 1.0000 0.9949 1.0000
0.00% 0.00% 221% 0.00% 2.08% 0.00% 0.00% 0.00% 0.09% 0.00%

Table 7 displays the estimated optimal fuzzy values of 0; and (5; for all DMUs. It is
obvious in Table 7 that the existence of variations in the input and output data results

in reasonable differences between the G;L, Q;M, and G;H values. A similar conclusion is
obtained when comparing between (S;L,(S;M, and J;H values. Such differences may lead
to erroneous improvement directions and complications in the decision-making process.
Consequently, in step 4, the defuzzified values of the optimal TE and PTE, 9; and (5;,
respectively, were calculated using Equations (23) and (24), respectively. From Table 7,
the optimal TE is found to be smaller than one for all DMUs. Hence, all DMUs can be
characterized as TE-inefficient. Moreover, the optimal PTE is smaller than one for all
DMUs, and consequently, the seven DMUs can be identified as PTE inefficient (PTIE).
Step 5 follows to determine the optimal SE, w]’.‘, values shown in Table 7. Figure 2 depicts
the optimal TE, PTE, and SE for all DMUs, where the optimal PTE is found to be larger
than the corresponding SE in four DMUs: DMU; to DMU3; and DMUy;. Consequently,
the reason behind the TIE for these DMUs was scale inefficiency. whereas the TIE was
caused by managerial inefficiency for the remaining three DMUs, DMU, to DMUg. The
largest differences (A ;> 0.05) between PTE and SE correspond to DMU;, DMU,, and DMUy4.

Further, the averages of optimal 9;, 5;, and w? were calculated from all DMUs and found
0.9169, 09672, and 0.9501, respectively. Consequently, it is concluded that TIE was caused
by SIE.

Table 7. Summary of optimal TE, PTE, and SE.

TE

PTE

SE

DMU

oL

*M
0;

‘H
0;

‘L
9

sM

‘H
9

s,

]

) ]

NGk W=

0.8746
0.8571
0.8844
0.8947
0.9012
0.9059
0.9064

0.8755
0.8587
0.8912
0.8951
0.9022
0.9072
0.9131

0.9474
0.9463
0.9761
0.9798
0.9739
0.9783
0.9852

0.8992
0.8874
0.9172
0.9232
0.9258
0.9305
0.9349

0.9785
0.9794
0.9492
0.9033
0.9415
0.9485
0.9542

0.989

0.9798
0.9524
0.9038
0.9425
0.9492
0.9554

0.9967
0.9972
0.9944
0.9854
0.9854
0.9911
0.9993

0.9881
0.9855
0.9653
0.9308
0.9565
0.9629
0.9696

0.9101
0.9005
0.9501
0.9918
0.9679
0.9663
0.9642

0.0780
0.0850
0.0152
—0.0610
—0.0115
—0.0034
0.0055

Average

0.9169

0.9672

0.9501

0.0154
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DMU

Figure 2. Comparison between the TE, PTE, and SE scores.

The period averages of TE, PTE, and SE were analyzed in step 6 and then shown in
Figure 3. It is noted that the TIE in months 1 to 3, 5, 8, 10, and 12 were caused by SIE,
whereas the TIE was caused by PTE in months 4, 7, and 11. Finally, the process operated at
an optimal TE in months 6 and 9.

9800 R AP L N S
goued AR Gt
. \ agase® S
09300 | & N 77 S \ /¥
0.9000 v , 4 e
0.8800 \\ N e \ v

0.8600 A\ ° NG

0.8400 . °

0.8200 \
0.8000 \ /
0.7800 v
0.7600

o/
0.7400 %
0.7200 ¢

0.7000 1 2 3 4 5 6 7 8 9 10 11 12
-------- PTE 0.9746 0.9776 1.0000 0.9243 0.9559/1.0000 0.8812 1.0000/1.0000 1.0000/0.9292 1.0000
— ® -TE 0.9180 0.7234 0.9760 0.8614 0.8788|1.0000 0.8468 0.9796/1.0000 0.8655/0.9170 0.9668
—e¢- =SE |0.9420 0.7400/0.9760 0.9319 0.9193 1.0000 0.9610/0.9796 1.0000/0.8655 0.9869|0.9668

DMU

Efficiency

Figure 3. Comparison between the monthly TE, PTE, and SE scores.

Furthermore, the data projections resulting from the CCR and BCC models were
calculated and then displayed in Table 8 for all DMUs. It is found that the largest input
excesses correspond to IT, followed by DQ for all DMUs. Thus, reductions in excess inputs
should be made to become technically efficient. To illustrate, for DMU; to become CCR-
efficient at the same PQ, the PP, DQ, and IT have to be reduced by 9.77%, 24.93%, and
57.67%, respectively. On the other hand, for DMU; to become BCC-efficient, the PP, DQ,
and IT have to be reduced by 1.54%, 3.82%, and 27.72%, respectively, while the PQ should
be increased by 3.11%. On average, for the blowing process to become CCR-efficient, the
inputs PP, DQ, and IT should be reduced by 8.10, 23.3, and 69.21%, respectively. On the
other hand, to become BCC-efficient, the inputs PP, DQ, and IT should be reduced by 3.83,
14.04, and 34.55%, respectively, while increasing the output by 1.01%.
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Table 8. Slacks and projections.
PP DQ T PQ
Model DMUj; Data Projection B’Z.f)f Data Projection lz,;of)f Data Projection ]()(,;:)f : Data Projection ]3,;:; ’
1 2423550 2186657  —9.77 1257777 9442027  —2493 3471387 1469371  —57.67 2072833 2072833 0.0
2 2416277 2154593 1083 1149997 9220273  —19.82 3801447 1544804 5936 2038487 2038487  0.00
3 2356783 2160467  —833 1082223 8826153  —18.44 2822163 1299394 5396 20,889.97 20,889.97  0.00
CCR 4 2179197 2003983 -804 1022222 8281483  —1899 241311 3663373 8482 1956293 1956293  0.00
5 1945277 180902  —7.00 9816653 7683613  —21.73 1823943 295734  —8379 1768213 17,68213  0.00
6 1850460 1740213  —641 8805557 7332023  —1673 1994057 204472  —8523 1700437 17,00437  0.00
7 1773643 1661897  —630 1051113  60.52847  —4241 2372777 957104  —59.66 15963.63 15963.63  0.00
Average -8.10 ~233 ~69.21 0.00
1 242355 2386277  —154 1257767 1209733 382 3471387  2509.017  —27.72 2072833 2137313 311
2 2416277 2381193  —145 114997 11349 ~131 3801447 278073  —26.85 2038487 21,1406 371
3 2356783 2271597  —361 1082233  102.8267  —499 2822163 2194013 2226 2088997 2094523  0.26
BCC 4 2179197 2020047  -730  102.22 763 ~2536 241311 102195  —57.65 1956293 1956293 0.0
5 1945277 1847257 504 9816333 7477667  —23.82 1823943  1076.643  —4097 1768213 1768213  0.00
6 185046  17,80233  —426  88.05667 6947333  —21.10 1994057  1107.037  —44.48 17,00437 17,00437  0.00
7 1773643 17007.87 360 1051133 8635333  —17.85 2372777 1853293  —21.89 1596363 15963.63  0.00
Average —3.83 —14.04 —34.55 1.01
In practice, the optimal SE and PTE obtained enable the identification of the causes of
DMUs technical inefficiency: managerial or scale inefficiencies. Management actions, such
as controlling resources to improve PTE, expanding/decreasing operational scale to boost
overall technical efficiency, implementing effective quality control procedures to reduce
defectives, increasing the sampling and testing scale to avoid producing defective outputs,
and adopting efficient production scheduling and sequencing to reduce idle time (IT) and
better utilize input resources and available production capacities, are needed.
Implementing these actions, the optimal TE, PTE, and SE, 6; 5;, and w]’f, respectively,
were estimated and then displayed in Table 9. It is noted after improvement that all the
optimal TE, 9;, values are less than one, which implies that the blowing process is still
technically inefficient. Comparing the 9; values in Table 6 with the corresponding values
in Table 9, it is obvious that the TE efficiency has improved for all DMUs. Moreover, the
TIE is still caused by SIE in three DMUs (DMU; to DMUj3), while it is caused by PTIE
in the remaining four DMUs. Nevertheless, all the differences are less than 0.05. The
averages of 9;, 5;, and w]’-‘ after improvement are 0.9481, 0.9692, and 0.9784, respectively.
On average, the cause of the TIE is managerial inefficiency because improvement actions
take longer to take effect. Despite that, these 9;, (5;, and w]’f averages are larger than their
corresponding values in Table 4. Figure 4 compares the optimal TE, PTE, and SE before
and after improvement actions.
Table 9. Validation of TE, PTE, and SE.
' T v = : . oy = : . o
DMU; 9]. 91. 9]. 6,- (5]. 5]. (5]. (5]. w; A] 5, w;
1 0.9183 0.9193 0.9465 0.9280 0.9429 0.9881 1.0000 0.9770 0.9499 0.0271
2 0.9251 0.9324 0.9553 0.9376 0.9538 0.9888 1.0000 0.9809 0.9559 0.0250
3 0.9286 0.9358 0.9545 0.9396 0.9614 0.9782 0.9938 0.9778 0.9610 0.0168
4 0.9394 0.9542 0.9633 0.9523 0.8873 0.9624 0.9679 0.9392 1.0139 —0.0747
5 0.9473 0.9635 0.9752 0.9620 0.9438 0.9709 1.0000 0.9716 0.9902 —0.0186
6 0.9356 0.9512 0.9654 0.9507 0.9363 0.9589 0.9938 0.9630 0.9873 —0.0243
7 0.9588 0.9654 0.9744 0.9662 0.9446 0.9806 1.0000 0.9751 0.9909 —0.0158
Averages 0.9481 0.9692 0.9784
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Figure 4. Improvement analysis. (a) Technical efficiency. (b) Pure technical efficiency. (c) Scale
efficiency.
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From Figure 4, the following remarks are obtained: (a) the optimal TE after improve-
ment is larger than its corresponding before-improvement TE for all DMUs; (b) the optimal
PTE after improvement is larger than its corresponding PTE before improvement for al-
most all DMUs. The optimal PTE after improvement started to become larger than the
corresponding before-improvement optimal PTE from DMUj;. The reason behind such
a delay may be attributed to improving quality and production procedures that require
time to take effect, and (c) the SE after improvement is larger than its corresponding
before-improvement SE due to the improvement of the optimal technical efficiency for
all DMUs.

The improvement analysis shows that the proposed DEA window analysis is effective
in evaluating and enhancing the performance of the blowing process under asymmetry
input and output data. Further, the improvement actions conducted based on the proposed
efficiency analyses have resulted in significant improvements in the process’s technical
efficiency and, thereby, savings in costly production and quality resources.

5. Conclusions

Efficiency assessment is a critical aspect of an improvement program that helps
decision-makers optimize process resources to achieve maximum performance. This re-
search, therefore, developed a framework for DEA window analysis to assess the efficiency
of blowing machines in the plastic industry from asymmetry input and output data. The
framework was implemented to evaluate the technical, pure technical, and scale efficiencies
of the blowing process. Results showed that the blowing process was technically inefficient
due to the inefficiencies in PTE and SE. Improvement actions were conducted to enhance
scale and management efficiencies. The averages of 6;, 5;, and wj after (before) improve-
ment are 0.9481 (0.9169), 0.9692 (0.9672), and 0.9784 (0.9501), respectively. An improvement
analysis revealed that the actions taken have resulted in a significant improvement in the
technical efficiency of the blowing process. In conclusion, the developed framework for
fuzzy DEA window analysis can provide valuable feedback to production engineers on
how to boost the technical efficiency of the blowing process under asymmetry data. In
practice, the incorporation of fuzziness in the input and output data during efficiency
evaluation provides reliable assessment and prediction results for process performance and
helps implement effective improvement actions. Nevertheless, this framework requires
significant computational effort and time, which can be solved by developing professional
software in future research. Moreover, machine learning techniques can be utilized to
predict process performance.
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