
Received 13 August 2022, accepted 5 September 2022, date of publication 12 September 2022, date of current version 19 September 2022.

Digital Object Identifier 10.1109/ACCESS.2022.3205728

A Novel Multiobjective Game IDEA
Cross-Efficiency Method Based on Boolean
Possibility Degree for Ranking Biomass
Materials With Interval Data
NARONG WICHAPA AND SUPHAN SODSOON
Department of Industrial Engineering, Faculty of Engineering and Industrial Technology, Kalasin University, Kalasin 46000, Thailand

Corresponding author: Narong Wichapa (narong.wi@ksu.ac.th)

This work was supported by Kalasin University.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

ABSTRACT The concept of processing biomass materials into charcoal briquettes is a viable solution for
every developing nation’s energy crisis. However, the important properties of each biomass material must
first be considered to find suitable biomass materials for processing into charcoal briquettes. Sometimes
these qualities are measured with imprecise values, making it exceedingly challenging to rank biomass
materials’ decision-making units (DMUs). This problem is one of the interval data envelopment analysis
(IDEA) ranking issues that make it difficult to calculate and rank all DMUs. In this paper, the concepts
of the Game IDEA cross-efficiency method and Boolean possibility degree were utilized to solve the IDEA
ranking problems. Unlike existing IDEA rankingmodels, a newmulti-objectiveGame IDEA cross-efficiency
(MO-G-IDEA-CE) method was used to obtain the Game interval cross-efficiency (GICE) scores of each
DMU simultaneously. After that, the Boolean possibility degree was used to transform GICE scores into
crisp values for ranking all DMUs. Three numerical examples, including a simple numerical example of
China’s primary schools and seven biomass materials problems, are provided to demonstrate and validate
the effectiveness of the proposed model. For the case study of seven biomass materials, after the Spearman
correlation test, the correlation coefficients (rs) for the proposed method andWang’s method, andWu et al.’s
method are calculated as rs = 1.000 and 0.964, respectively. In addition, it is worth noting that the proposed
MO-G-IDEA-CE method has a very high correlation with the other ranking methods for all three numerical
examples.
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INDEX TERMS Multi-objective game cross-efficiency method, Boolean possibility degree, biomass,
interval data envelopment analysis.

I. INTRODUCTION20

Energy is essential to every nation’s sustainable development21

and quality of life. Urbanization and industrialization in mod-22

ern cities are connected to high energy demand. Currently,23

fossil fuels are employed to supply the growing need for24

energy. However, the availability of fossil fuels continues to25

decline. There is a significant increase in the price of con-26

ventional fuels, and the combustion of these fuels generates27

air pollution, such as unburned carbon, oxides of nitrogen,28

The associate editor coordinating the review of this manuscript and

approving it for publication was Jamshid Aghaei .

and sulfur. Therefore, an alternative fuel is required to address 29

these issues. Renewable energy sources are one of the most 30

effective solutions to these issues. Biomass energy is one of 31

the cheapest and most accessible kinds of renewable energy 32

that may be produced from decomposing organic waste. 33

Biomass is a fuel obtained from organic waste products. It is 34

a renewable and sustainable energy source that can produce 35

electricity or other forms of energy, like heat energy. 36

Forest debris, scrap lumber, manure, some crops, and 37

agricultural waste leftovers are all examples that can be 38

used to create biomass fuels. As biomass is abundantly 39

available, renewable, and environmentally beneficial, it is 40
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gaining increasing attention [1]. The concept of processing41

biomass materials into charcoal briquettes is one good idea42

for resolving the energy shortage problem and is found almost43

everywhere, particularly in agricultural nations. Agricultural44

resources can be used to manufacture biomass briquettes45

for cooking and heating in impoverished nations. Thailand46

is one of the farming countries in Southeast Asia with an47

abundance of unexploited biomass [2], [3]. Several policies48

and regulations are implemented to encourage and promote49

the research sector’s pursuit of renewable energy sources. The50

government encourages and supports processing agricultural51

waste into charcoal briquettes for domestic cooking as one of52

its most critical issues. To find suitable materials for process-53

ing into charcoal briquettes, it is necessary first to analyze the54

essential properties of each category of agricultural waste.55

The choice of agricultural biomass influences the quality of56

the manufactured fuel briquettes. In contrast, the selection of57

residues for briquette production depends on their properties58

(lowmoisture, low ash content, high calorific value, high den-59

sity, andmediumfixed carbon) [4], [5]. Therefore, these prop-60

erties must be considered when selecting biomass sources61

for manufacturing charcoal briquettes. This is, therefore,62

one of the multi-criteria decision-making problems (MCDM63

problems) that all of these criteria must be considered con-64

currently. Furthermore, selecting suitable biomass materials65

requires identifying effective and reliablemethods tomeasure66

and rank the biomass materials, which will provide helpful67

information for further use. In addition, if the values of68

biomass attributes are ambiguous or imprecise, measuring69

and ranking biomass materials becomes more complicated.70

The two most well-known operations research and man-71

agement science approaches are data envelopment analysis72

(DEA) and MCDM. These two approaches are interrelated73

and can be used to solve MCDM problems [6]. Hwang74

and Yoon [7] classified the MCDM processes as Multiple75

Attribute Decision-making (MADM) and Multiple Objective76

Decision-making (MODM).77

MADM is utilized for assessing discrete variables. Experts78

participate in the initial phase of the process by assigning79

weights to the criteria for evaluating alternatives. MODM80

enables the acquisition of a continuous collection of solutions81

for two or more criteria, known as the Pareto front. Many82

methods can be used for MADM problems. Nevertheless,83

the classic MADM approaches can be divided into distinct84

groups based on their shared characteristics [8]: (I) Scoring85

methods such as Simple additive weighting (SAW) and Com-86

plex proportional assessment (COPRAS); (II) Distance-based87

approaches such as Goal programming (GP), Compromise88

programming (CP), Technique for order of preference by sim-89

ilarity to ideal solution (TOPSIS), Multi-criteria optimization90

and compromise solution (VIKOR) and Data envelopment91

analysis (DEA); (III) Pairwise comparison methods such as92

Analytic hierarchy process (AHP), Analytic network pro-93

cess (ANP) and Measuring Attractiveness by a Categorical94

Based Evaluation Technique (MACBETH); (IV) Outranking95

methods such as the Preference ranking organization method96

for enrichment of evaluations (PROMETHEE) and Elimi- 97

nation and choice expressing reality (ELECTRE); (V) Util- 98

ity/Evaluate methods such as Multi-attribute utility theory 99

(MAUT) and Multi-attribute value theory (MAVT); and (VI) 100

others such as Quality function development (QFD). DEA 101

is a distance-based approach that is widely used in solving 102

MADM problems. In the decision matrix, criteria can be 103

viewed as inputs and outputs for DEA, and alternatives can 104

be considered decision-making units (DMUs). The DEA can 105

be regarded as one of the MCDM tools because it can be 106

used to generate optimal weights of each criterion for ranking 107

alternatives/DMUs. Recently, the DEA is still being used as 108

anMCDM tool in various fields, such as the case of irrigation 109

management [9], the supplier’s selection [10], and the solar 110

PV power plant site selection [11]. According to the relevant 111

literature review [12], despite the wide range of applications 112

of the DEA concept in renewable energy applications, there 113

has been no research using the multi-objective Game interval 114

data envelopment analysis (MO-G-IDEA-CE) approach for 115

evaluating charcoal briquettes. 116

DEA is a popular mathematical method used to measure 117

the performance of a set of DMUs with multiple inputs and 118

outputs. The relative efficiency of each DMU can be obtained 119

by calculating the ratio of the weighted sum of outputs to the 120

weighted sum of inputs. If a DMU has a relative efficiency 121

score of 1, it is defined as efficient. Otherwise, it is specified 122

as inefficient. Over the past several decades, various forms of 123

DEAs, the Charnes-Cooper-Rhodes (CCR) model [13] and 124

Banker-Charnes-Cooper (BCC) model [14], have been used 125

in a wide range of fields, such as banking [15], engineering 126

[16], education [17], agriculture [18], and corporate adminis- 127

tration [19]. The main advantages of DEA are that it does not 128

require any possible assumptions related to the structure of 129

the production function, and the values of inputs and outputs 130

can have different measurement units [20], [21], [22]. The tra- 131

ditional DEAs can estimate the relative efficiencies of DMUs 132

with precise values of inputs and outputs. If the values of the 133

inputs or outputs of DMUs are imprecise, such as interval 134

data, the existing DEAs fail to measure the performance of 135

the DMUs. Hence, many researchers [23], [24], [25] have 136

offered various Interval Data Envelopment Analysis models 137

(IDEA models) to solve this weak point. Cooper et al. [26] 138

first offered the IDEA model to measure the performance 139

of a set of DMUs with inaccurate data. Subsequently, this 140

theoretical approach has contributed to further development 141

by a group of scholars. Despotis and Smirlis [27] converted 142

the DEA-CCR model into the IDEA –CCR model to solve 143

DMUs with interval data, and outcomes were obtained as 144

the lower and upper values of efficiency scores. 145

Entani et al. [28] offered a pair of IDEA models, called 146

the optimistic IDEA and pessimistic IDEA models, to solve 147

IDEA ranking problems for DMUs with interval data of 148

inputs and outputs. However, Wang et al. [29] noted that 149

Despotis and Smirlis’ model [27] employed two different 150

production frontiers to calculate the efficiencies of DMUs, 151

whichmay result in the incomparability of DMU efficiencies. 152
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To address this issue, Wang et al. [29] suggested new153

IDEA models based on a common frontier to determine154

each DMU’s interval efficiency. A minimax regret-based155

technique was used to rank the interval efficiencies of each156

DMU.157

Wang et al. [30] presented a virtual anti-ideal DMU into158

an IDEA model to combine optimistic and pessimistic view-159

points. Later, Azizi and Jahed [31] pointed out a disadvantage160

of Wang’s model [28] when determining the range of interval161

efficiency of each DMU, and they offered a pair of improved162

IDEAmodels to overcome this disadvantage. Toloo et al. [32]163

developed the pessimistic IDEA and optimistic IDEAmodels164

for identifying the specific states of each imprecise dual165

role factor. Sun et al. [33] offered alternative IDEA models166

with common weights for evaluating and ranking all DMUs.167

Wu et al. [34] presented an IDEA cross-efficiency model168

based on secondary goals and a new TOPSIS to evaluate and169

rank DMUs with interval data. Wang et al. [35] proposed a170

cross-efficiency IDEA model based on entropy for assessing171

and ranking DMUs with interval data. In this model, inter-172

val cross-efficiency values are firstly generated. After that,173

an entropy formulation is used to obtain the criteria weights174

of interval efficiency. Finally, the relative Euclidean distance175

from the positive solution is used to rank all DMUs.176

Although there are several DEA cross-efficiency meth-177

ods, the Game cross-efficiency method presented by178

Liang et al. [36] is one of the most popular and effective tech-179

niques for solving DEA ranking problems. Liang et al. [36]180

demonstrated the existence of equivalence between the181

value of the game cross-efficiency and Nash equilibrium182

for the game with a specific continuous concave payoff.183

This approach can produce a unique efficiency value in a184

pair-wise game between competing DMUs, without affect-185

ing the efficiency of other DMUs. Based on the concept186

of game cross efficiency, this method is widely accepted187

and utilized in numerous applications, such as the supplier188

selection problem [37], urban public infrastructure invest-189

ment [38], survey of ecological efficiency of the area [39],190

energy efficiency [40] and land utilization efficiency [41].191

Therefore, this research is worth extending the concepts of a192

cross-efficiency method to the Game IDEA cross-efficiency193

concepts for finding other effective ways to rank charcoal194

briquettes with interval data.195

There are many ranking methods for interval numbers.196

However, the possibility degree method is a popular method197

for ranking them. The principle of the possibility degree198

method can be described as follows. Let a and b be two199

interval numbers; the possibility degree of a ≥ b is defined200

as p (a ≥ b). The higher value of p (a ≥ b) means that201

the possibility degree of a over b is a greater value [42].202

Nakahara et al. [43] and Nakahara [44] first developed the203

possibility degree, and the formula was utilized to tackle a204

fuzzy mathematical model. Facchinetti et al. [45] proposed205

the alternative possibility degree formula for comparing two206

fuzzy triangular numbers. Wang et al. [46] offered new pos-207

sibility degree formulae for generating weights from interval208

comparison matrices. Li et al. [47] proposed a new possibility 209

degree formula that is easy to use but powerful. They also 210

presented the Boolean matrix to overcome previous studies’ 211

disadvantages for ranking interval numbers. Based on this 212

ranking method [47], this paper should use the possibility 213

degree formula and Boolean matrix to rank DMUs with 214

interval efficiency. 215

Themain contributions of this research are in the following 216

ways: 217

1) Based on the idea of Wang et al. [29], we formulated a 218

new multi-objective interval data envelopment analysis CCR 219

model (MO-IDEA-CCR) for measuring the interval efficien- 220

cies of DMUs with interval data. 221

2) Based on the idea of Liang et al. [36], we formulate 222

a new multi-objective Game IDEA cross-efficiency method 223

(MO-G-IDEA-CE) to evaluate the Game interval cross- 224

efficiency (GICE) scores of each DMU. 225

3) Based on the idea of Li et al. [47], we also apply a 226

Boolean possibility degree formula, a combination of the 227

possibility degree formula and Boolean matrix, to transform 228

the lower and upper values of GICE scores into Boolean 229

possibility degree scores for ranking all DMUs, which is 230

simple but effective. 231

4) We apply the proposed method to a real case of the fuel 232

briquette problem; this will be extremely valuable for study 233

in this field in most, especially farming, nations. 234

The rest of this paper is structured as follows: In Section II, 235

we first offer existing IDEA-CCR models, IDEA cross- 236

efficiency method, and IDEA cross-efficiency method based 237

on secondary goals. Next, Section III provides a new solution 238

for measuring and ranking DMUs with interval data. Then 239

three examples, a simple numerical example, China’s primary 240

schools, and a biomass materials problem, are provided to 241

illustrate the idea proposed in Section IV. Finally, Section V 242

is the conclusion. 243

II. BACKGROUND 244

A. IDEA-CCR MODELS 245

Consider a set of n observed DMUs to be measured, 246

DMUs: {DMUj / j = 1, 2, 3, . . . , n}. Each DMUj con- 247

sumes m different inputs and produces s different outputs, 248

denoted as yrj and xij, respectively. Due to the ambiguity, 249

only their bounding intervals [x lij, x
u
ij] and [ylrj, y

u
rj], with 250

x lij > 0 and ylrj > 0, are identified. To solve the IDEA problem, 251

Wang et al. [29] offered two linear programming models to 252

obtain the bounded interval efficiency [E lkk , E
u
kk ], as follows: 253

Max E l
kk
=

s∑
r=1

urk · ylrk 254

s.t.
s∑

r=1

urk · yurk −
m∑
i=1

vik · x lij ≤ 0, ∀j, j = 1, 2, . . . , n 255

m∑
i=1

vik · xuik = 1, ∀k, k = 1, 2, . . . , n 256

vik , urk ≥ 0, ∀i, ∀r, ∀k (1) 257
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Max Eu
kk
=

s∑
r=1

urk · yurk258

s.t.
s∑

r=1

urk · yurk −
m∑
i=1

vik · x lij ≤ 0, ∀j, j = 1, 2, . . . , n259

m∑
i=1

vik · x lik = 1260

vik , urk ≥ 0, ∀i, ∀r, ∀k (2)261

In Equations (1) and (2), DMUk is to be measured. Let vik262

and urk be the weights of the input i and output r , respectively.263

Then, E lkk and Eukk are the lower and upper efficiencies for264

each DMUk , respectively. In the above two models, it is clear265

that DMUk can be defined as an efficient DMU if its optimal266

solution is Eukk = 1, or it is inefficient if Eukk < 1.267

B. IDEA CROSS-EFFICIENCY METHODS268

After solving the IDEA-CCR models in Equation (1) and269

Equation (2), let ul
∗

rd and u
u∗
rd be the lower and upper bound of270

the optimal output weights for a specific DMUk , respectively.271

If vl
∗

id and vu
∗

id are the lower and upper bound of optimal272

input weights for a particular DMUk , respectively, then the273

small cross-efficiency scores of each DMUj peer-evaluated274

by DMUk , are provided by275

E lkj =

s∑
r=1

ul
∗

rky
l
rj

m∑
i=1

vl
∗

ikx
u
ij

, k, j = 1, 2, . . . , n (3)276

As a result, the average cross-efficiency (ACEl) score of277

DMUj is defined as278

Ē lj =
1
n

n∑
k=1

E lkj, k, j = 1, 2, . . . , n (4)279

Similarly, the values of large cross-efficiency can be280

defined as281

Eukj =

s∑
r=1

uu
∗

rk y
u
rj

m∑
i=1

vu
∗

ik x
l
ij

, k, j = 1, 2, . . . , n (5)282

As a result, from Sexton et al. [38], the ACEu of DMUj can283

be defined as284

Eukj =

s∑
r=1

uu
∗

rk y
u
rj

m∑
i=1

vu
∗

ik x
l
ij

, k, j = 1, 2, . . . , n (6)285

After computing all cross-efficiency scores, an interval286

cross-efficiency matrix (ICEM) can be generated according287

to Table 1. It is noted that the elements on the main diag-288

onal are self-assessed limits that can be computed using289

IDEA-CCR models, Equation (1) and Equation (2).290

TABLE 1. An interval cross-efficiency matrix (ICEM).

C. IDEA CROSS-EFFICIENCY METHOD BASED ON 291

SECONDARY GOALS 292

To enhance its efficiency ratio, the DMU under assessment 293

considers the inputs and outputs of a few favorable DMUs, 294

while ignoring the rest. In addition, optimal weights deter- 295

mined with models (1) and (2) are not typically unique. 296

As a result, the calculating software may give varying 297

ideal weights, rendering the cross-efficiency scores arbitrary. 298

To address this deficiency, an interval cross-efficiency eval- 299

uation method is employed. DEA’s cross-efficiency process 300

uses peer evaluation rather than self-evaluation. It can define 301

the cross-efficiency ratings of DMUs based on their inter- 302

val [29]. Some choices of weights in the traditional cross- 303

efficiency approach may result in a lower cross-efficiency for 304

some DMUs and a higher cross-efficiency for others. To alle- 305

viate the ambiguity, a secondary goal function is introduced. 306

Model (7), proposed by Wu et al. [34], can calculate the 307

values of small cross-efficiency for interval data. 308

Max E l
kk
=

s∑
r=1

ulrk · y
l
rk 309

s.t.
s∑

r=1

ulrk · y
u
rk −

m∑
i=1

vlik · x
l
ij ≤ 0, ∀j, j = 1, 2, . . . , n 310

m∑
i=1

vlik · x
u
ik = 1, ∀k, k = 1, 2, . . . , n 311

s∑
r=1

ulrk · y
l
rk = E lkk

m∑
i=1

vlik · x
u
ij, ∀j, j = 1, 2, . . . , n 312

vlik , u
l
ik ≥ 0, ∀i, ∀r, ∀k (7) 313

Similarly, the values of large cross-efficiency can be cal- 314

culated using model (8). 315

Max Eu
kk
=

s∑
r=1

uurk · y
u
rk 316

s.t.
s∑

r=1

uurk · y
u
rk −

m∑
i=1

vuik · x
l
ij ≤ 0, ∀j, j = 1, 2, . . . , n 317

m∑
i=1

vuik · x
l
ik = 1, ∀k, k = 1, 2, . . . , n 318

s∑
r=1

uurk · y
u
rk = Eukk

m∑
i=1

vuik · x
l
ij, ∀j, j = 1, 2, . . . , n 319

vuik , u
u
ik ≥ 0, ∀i, ∀r, ∀k (8) 320
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FIGURE 1. The proposed framework.

After solving Equation (7) to Equation (8), ACE321

scores of each DMU can be generated according to322

Equations (3) to (6).323

III. THE PROPOSED METHOD324

This section offers a new multi-objective Game DEA-CE325

method (MO-G-IDEA-CE method) based on the possibility326

degree of the Gibbs interval entropy model for ranking a327

group of homogeneous DMUs with interval data. The frame-328

work proposed in this paper appears in Fig.1.329

A. MULTI-OBJECTIVE IDEA-CCR MODEL330

In this section, we provide the multi-objective IDEA-CCR331

model (MO-IDEA-CCR model) based on the combination332

of Equation (1) and Equation (2), with added constraints of333

vuik ≥ vlik , u
u
rk ≥ ulrk ,∀i,∀r,∀k , for obtaining interval CCR334

scores,
[
E lkk ,E

u
kk

]
, as shown in Equation (9).335

Max = E l
kk
+ Eu

kk
336

=

s∑
r=1

ulrk · y
l
rk +

s∑
r=1

uurk · y
u
rk337

s.t.
s∑

r=1

ulrk · y
u
rk −

m∑
i=1

vlik · x
l
ij ≤ 0, ∀j, j = 1, 2, . . . , n338

s∑
r=1

uurk · y
u
rk −

m∑
i=1

vuik · x
l
ij ≤ 0, ∀j, j = 1, 2, . . . , n339

m∑
i=1

vlik · x
u
ik = 1, ∀k, k = 1, 2, . . . , n340

m∑
i=1

vuik · x
l
ik = 1, ∀k, k = 1, 2, . . . , n341

342

vuik ≥ v
l
ik , uurk ≥ u

l
rk , ∀i, ∀r,∀k343

vlik , u
l
rk , v

u
ik , u

u
rk ≥ 0, ∀i, ∀r, ∀k (9)344

B. MULTI-OBJECTIVE GAME IDEA CROSS-EFFICIENCY 345

METHOD 346

In this section, we formulate the multi-objective Game 347

IDEA cross-efficiency method (MO-G-IDEA) for ranking 348

all DMUs with interval data. Based on the concept of 349

a traditional Game cross-efficiency method presented by 350

Liang et al. [36], the MO-G-IDEA method can be defined 351

as 352

Max = E l
kk
+ Eu

kk
353

=

s∑
r=1

ulrk · y
l
rk +

s∑
r=1

uurk · y
u
rk 354

s.t.
s∑

r=1

ulrk · y
u
rk −

m∑
i=1

vlik · x
l
ij ≤ 0, 355

s∑
r=1

uurk · y
u
rk −

m∑
i=1

vuik · x
l
ij ≤ 0, ∀j, j = 1, 2, . . . , n 356

m∑
i=1

vlik · x
u
ik = 1, 357

m∑
i=1

vuik · x
l
ik = 1, ∀k, k = 1, 2, . . . , n 358

αld ×

m∑
i=1

vldij x
u
id −

s∑
r=1

uldrj y
l
rd ≤ 0 359

αud ×

m∑
i=1

vudij x
l
id −

s∑
r=1

uudrj y
u
rd ≤ 0 360

vuik ≥ v
l
ik , uurk ≥ u

l
rk , ∀i, ∀r, ∀k 361

vlik , u
l
rk , v

u
ik , u

u
rk ≥ 0, ∀i, ∀r, ∀k (10) 362

If
[
αlj , α

u
j

]
=

[
1
n

n∑
d=1

s∑
r=1

uldrj y
l
rj,

1
n

n∑
d=1

s∑
r=1

uudrj y
u
rj

]
, then 363[

αlj , α
u
j

]
is called the Game interval cross-efficiency (GICE) 364

score of DMUj (j= 1, 2, . . . , n). Based on Equation (10), the 365

iteration algorithm leading to Nash-equilibrium is: 366

Step I: To obtain the GICE scores, the MO-IDEA-CCR 367

model in Equation (9) must be computed first. For each 368

DMUj, let t = 1 and
[
αld , α

u
d

]
=
[
αl1d , α

u1
d

]
=
[
Ē ld , Ē

u
d

]
. 369

Step II: Solve Equation (10). Let 370[
αl2j , α

u2
j

]
371

=

[
1
n

n∑
d=1

s∑
r=1

uld
∗

rj (αl1d )y
l
rj,

1
n

n∑
d=1

s∑
r=1

uud
∗

rj (αu1d )yurj

]
372

or 373

[
αlt+1j , αut+1j

]
=

[
1
n

n∑
d=1

s∑
r=1

uld
∗

rj (αlt+1d )ylrj, 374

1
n

n∑
d=1

s∑
r=1

uud
∗

rj (αut+1d )yurj

]
375
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where
[
uld
∗

rj (αltd ), u
ud∗
rj (αutd )

]
represents an optimal solution of376 [

uldrj , u
ud
rj

]
when

[
αld , α

u
d

]
=
[
αltd , α

ut
d

]
.377

Step III: If
∣∣∣αlt+1j − αltj

∣∣∣ ≥ ε and
∣∣∣αut+1j − αutj

∣∣∣ ≥ ε378

for some j, where ε is a specified small positive value,379

then let
[
αld , α

u
d

]
=

[
αlt+1j , αut+1j

]
and go to step II.380

If
∣∣∣αlt+1j − αltj

∣∣∣ < ε and
∣∣∣αut+1j − αutj

∣∣∣ < ε for all j, then381

stop.
[
αlt+1j , αut+1j

]
is the GICE score given to DMUj.382

C. BOOLEAN POSSIBILITY DEGREE383

Based on the solutions of the MO-G-IDEA method, GICE384

scores of all DMUs can be utilized for ranking all DMUs385

using the Boolean possibility degree. Li et al. [47] offered386

a ranking method of interval numbers based on the Boolean387

matrix. A higher Boolean possibility degree value means a388

better DMU ranking. The possibility degree formula can be389

described as follows. Let ⊗G1 =
[
x l1, x

u
1

]
and ⊗G2 =390 [

x l2, x
u
2

]
. Then the possibility degree of ⊗G1 ≥ ⊗G2 is391

determined by:392

p(⊗G1 ≥ ⊗G2)393

= 0.50

[
1+

(xu1 − x
u
2 )+ ( x l1 − x

l
2)∣∣(xu1 − xu2 )∣∣+ ∣∣(x l1 − x l2)∣∣+ l⊗G1⊗G2

]
394

(11)395

where396

l⊗G1⊗G2 = min

{
max

{
xu1 −max

{
x l1, x

l
2

}
, 0
}
,

max
{
xu2 −max

{
x l1, x

l
2

}
, 0
} },397

l⊗G1⊗G2 is the length of⊗G1 ∩⊗G2. If⊗G1 ∩⊗G2 = φ,398

then l⊗G1⊗G2 = 0. In the following, the Boolean possibility399

degree was proposed to rank a set of grey numbers. For grey400

numbers⊗G1,⊗G2, . . . ,⊗Gn, the ranking algorithm can be401

described as follows.402

Comparing any two grey numbers⊗Gi,⊗Gj, we generate403

pij = p(⊗Gi ≥ ⊗Gj) and establish the possibility degree404

matrix P = (pij)n×n, i, j = 1, 2, .., n. Establish the Boolean405

matrix Q = (qij)n×n, where406

qij =

{
1, pij ≥ 0.50
0, pij < 0.50

407

Q is the ranking matrix of the grey numbers. Let408

λ′i =

n∑
j=1

qij, we have the ranking vector λ′ =409

(λ′1, λ
′

2, . . . , λ
′
n).410

Rank the grey numbers based on the value λ′i; a higher411

value λ′i is better.412

D. CHARCOAL BRIQUETTE MANUFACTURING PROCESS413

This study aims to make compressed charcoal from seven414

biomass resources, including Bagasse, Incense reed, Water415

hyacinth, Rice husk, Coconut shell, Sawdust, and Sensitive416

plant, in the form of 100 percent weight charcoal briquettes.417

The manufacture of charcoal briquettes can be broken down418

TABLE 2. The data set of the simple numerical example.

into six steps: Step I: Collection of biomass materials. 419

Agricultural biomass is collected, sorted, diced into smaller 420

pieces, and then dried in the sun. Step II: Biomass car- 421

bonization. The collected biomass materials are burned in 422

an oil drum. After burning, the carbonized biomass mate- 423

rials must be collected and weighed. Step III: Preparation 424

of binder. The binding substance strengthens the charcoal 425

briquettes. For every 10 kilograms of complete carbonized 426

charcoal powder, combine 0.5 to 0.6 kilograms of starch or 427

cassava flour with 5 to 10 liters of water to create a binder. 428

Step IV: Mixing. Ensure that the binder is uniformly dis- 429

tributed throughout the carbonized charcoal’s particles. It will 430

enhance the adhesion of the charcoal and produce uniform 431

briquettes. Step V: Briquetting. A briquetting machine is 432

used to turn the charcoal mixture into charcoal briquettes. 433

To manufacture briquettes of the same size, pour the mixture 434

immediately into the briquetting machine. Step VI: Drying. 435

Each charcoal briquette is air-dried outdoors. For the bri- 436

quette quality test, important properties (moisture content, 437

ash content, heating value, and fixed carbon) are analyzed 438

using ASTM D3173, ASTM D3174, ASTM D5865, and 439

ASTM D3172, in that order. These properties can be con- 440

sidered inputs and outputs of each charcoal briquette/DMU 441

in terms of DEA. The selection of suitable biomass materials 442

from agricultural products for processing into fuel briquettes 443

is a complicated decision-making problem due to themultiple 444

interval qualities that must be considered simultaneously. 445

Consequently, the proposed approach is utilized to evaluate 446

each biomass material. 447

IV. NUMERICAL EXAMPLES 448

A. THE SIMPLE NUMERICAL EXAMPLE 449

Wu et al. [34] proposed a simple numerical example. There 450

are six DMUs with two inputs and two outputs. The data set 451

of the simple numerical example is shown in Table 2. 452

The calculation procedure is as follows. Firstly, by solv- 453

ing Equation (9) (MO-IDEA-CCR model), the interval CCR 454

scores are obtained as in the last column of Table 2. After 455

that, the optimal weights of inputs and outputs are utilized to 456

calculate the interval ACE scores of each DMU, according to 457

Equations (3) to (6). As a result, the interval ACE scores for 458

each DMU are achieved, as shown in Table 3. 459
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TABLE 3. Interval cross-efficiency scores for the simple numerical
example.

TABLE 4. The GICE scores of the simple numerical example.

Table 3 shows that the main diagonal elements are460

self-assessed limits computed using Equation (9) (MO-461

IDEA-CCR models). In this paper, the interval ACE score462

of arbitrary strategy is set as the initial solution for itera-463

tion 1, while ε is set to 0.001. Then, using Equation (10)464

through three ranking steps of the MO-G-IDEA-CE method465

in Section B, the GICE scores for all iterations are shown in466

Table 4.467

Table 4 shows that the final GICE scores for all DMUs468

were achieved at Iteration 7. After obtaining the GICE469

scores of all DMUs, the possibility degree formula, Equation470

(11), was used to generate the possibility degree matrix,471

P = (pij)6×6. For example, the possibility degree score when472

⊗DMU1 ≥ ⊗DMU2 is473

p(⊗G1 ≥ ⊗G2)474

= 0.50

[
1+

(xu1 − x
u
2 )+ ( x l1 − x

l
2)∣∣(xu1 − xu2 )∣∣+ ∣∣(x l1 − x l2)∣∣+ l⊗G1⊗G2

]
475

p(⊗DMU1 ≥ ⊗DMU2)476

= 0.50
[
1+

(1.0000− 0.6094)+ (0.6364− 0.4167)
|(1.0000−0.6094)|+|(0.6364−0.4167)|+0

]
477

= 0.50 [1+ 1] = 1.478

Details of P are shown in Table 5.479

TABLE 5. The possibility degree matrix (P) for the simple numerical
example.

TABLE 6. The Boolean matrix (q) for the simple numerical example.

TABLE 7. Ranking comparisons of the proposed method and the other
techniques for the simple numerical example.

After obtaining Table 5, the possibility degree matrix (P) 480

was transformed into the Boolean matrix (Q). If the possibil- 481

ity degree score of DMUi vs DMUj (pij) ≥ 0.50, the Boolean 482

value of DMUi vs DMUj (qij) = 1. Otherwise, qij = 0. 483

Details of Q are shown in Table 6. 484

After that, the ranking vector (λ′i), λ
′
i =

n∑
j=1

qij, was cal- 485

culated. For example, λ′1 = 1 + 1 + 1 + 1 + 1 + 1 = 6. 486

After obtaining the λ′, λ′ = {6, 5, 4, 3, 2, 1}, DMUs were 487

ranked in descending order following the value of the higher 488

value of λ′i, so we have DMU1 ≥ DMU2 ≥ DMU3 ≥ DMU4 489

≥ DMU5 ≥ DMU6. In addition, ranking comparisons of the 490

proposed method and the other methods for all DMUs, are 491

shown in Table 7. 492
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FIGURE 2. The Convergence procedure of the MO-G-IDEA-CE method for
lower values of GICE scores.

FIGURE 3. The Convergence procedure of the MO-G-IDEA-CE method for
upper values of GICE scores.

Table 7 shows that the proposed method was compared493

with the IDEA-CCR model [29] and Wu et al.’s method [34].494

Wang’s model [29] proposed the minimax regret approach495

(MRA) for IDEA ranking problems. The lower value of the496

smallest maximum loss of efficiency means better ranking.497

Wu et al.’s method [34] used the distance model based on498

TOPSIS to generate the relative Euclidean distance (RED)499

from the positive solution. The lower value of the REDmeans500

better rankings. It is noticeable that all methods have the same501

ranking. After the Spearman correlation test, the correlation502

coefficients (rs) for the proposed method and IDEA-CCR503

model [29] and Wu et al.’s method [34] are calculated as504

rs = 1.000 and 1.000, respectively.505

In addition, we demonstrate the Convergence procedure of506

the MO-G-IDEA-CE approach, which utilizes the relevant507

efficiency score from an arbitrary strategy. We set ε = 0.001,508

and Fig. 2 and Fig. 3 demonstrate that after seven iterations,509

all DMUs generated by the proposed method attain constant510

GICE scores, which means the optimal solutions are the Nash511

equilibrium points, as demonstrated in [36].512

B. CHINA’S PRIMARY SCHOOLS513

Wang et al. [35] proposed the data set of China’s primary514

schools listed in Table 8. There are twenty-five primary515

TABLE 8. The data set of China’s primary schools.

schools (DMUs) with five inputs and one output. The number 516

of staff (⊗x1), building area (⊗x2), copies of books (⊗x3), 517

fixed assets (⊗x4), and budget (⊗x5) are inputs. The output 518

variable (⊗y1) is the number of students in each school. 519

The calculation procedure is the same as in Section A. 520

Firstly, by solving Equation (9), the interval CCR scores are 521

obtained as in the last column of Table 8. After that, the 522

interval ACE scores of each DMU are obtained according to 523

Equations (3) to (6). As a result, the interval ACE scores for 524

all DMUs are achieved as in the second column of Table 9. 525
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TABLE 9. The GICE scores of China’s primary schools.

After obtaining the ACE scores of each DMU, the interval526

ACE score of arbitrary strategy is set as the initial solution for527

iteration 1, while ε is set as 0.001. Finally, using Equation (10)528

through three ranking steps of the MO-G-IDEA-CE method529

in Section B, the GICE scores for all iterations are shown in530

Table 9.531

Table 9 shows that the final GICE scores for all DMUs532

were achieved at Iteration 7. After obtaining the GICE533

scores of all DMUs, the possibility degree formula, Equation534

(11), was used to generate the possibility degree matrix,535

TABLE 10. The possibility degree matrix (P) for the primary schools.

TABLE 10. (Continued.) The possibility degree matrix (P) for the primary
schools.

P = (pij)25×25. Details of the possibility degree matrix (P) 536

are shown in Table 10. 537
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TABLE 10. (Continued.) The possibility degree matrix (P) for the primary
schools.

TABLE 10. (Continued.) The possibility degree matrix (P) for the primary
schools.

TABLE 10. (Continued.) The possibility degree matrix (P) for the primary
schools.

TABLE 11. The Boolean matrix (q) for China’s primary schools.

After obtaining Table 10, the possibility degree matrix 538

(P) was transformed into the Boolean matrix (Q). If the 539

possibility degree score of DMUi vs DMUj (pij) ≥ 0.50, 540

the Boolean value of DMUi vs DMUj (qij) = 1. Otherwise, 541

qij = 0. Details of Q are shown in Table 11. 542
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TABLE 11. (Continued.) The Boolean matrix (q) for China’s primary
schools.

TABLE 11. (Continued.) The Boolean matrix (q) for China’s primary
schools.

TABLE 11. (Continued.) The Boolean matrix (q) for China’s primary
schools.

TABLE 11. (Continued.) The Boolean matrix (q) for China’s primary
schools.
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TABLE 12. Ranking comparisons of the proposed method and the other
methods for China’s primary schools.

After that, the ranking vector (λ′i) was calculated.543

As a result, ranking comparisons of the proposed method544

and the other methods for all DMUs, are shown in545

Table 12.546

Table 12 shows that the proposed method was compared547

with Wang et al.’s [35]. In the Wang et al. method [35],548

the distance model based on entropy and TOPSIS was used549

to generate the relative Euclidean distance (RED) from the550

positive solution. A lower value of the RED means better551

rankings. After the Spearman correlation test, the rs for the552

proposed method and Wang et al.’s method [35] were deter-553

mined to be rs = 0.994 (Sig.= 0.000). It is worth noting that554

the proposed ranking method has a very high correlation with555

Wang et al.’s method [35]; see the correlation test presented556

in Fig. 4.557

In addition, we demonstrate the Convergence procedure of558

the MO-G-IDEA-CE approach, which utilizes the relevant559

efficiency score from an arbitrary strategy. We set ε = 0.001,560

and Fig. 5 and Fig. 6 demonstrate that after seven iterations,561

FIGURE 4. The correlation test for the proposed method and the Wang et
al.’s method.

FIGURE 5. The Convergence procedure of the MO-G-IDEA-CE method for
lower values of GICE scores.

all DMUs generated by the proposed method attain constant 562

GICE scores, which means the optimal solutions are the Nash 563

equilibrium points, as demonstrated in [36]. 564

C. APPLICATION OF SEVEN BIOMASS MATERIALS 565

Thailand is an agricultural-based economy with various agri- 566

cultural residue resources that can be used for manufacturing 567

charcoal briquettes. In developing countries, biomass from 568

farm residues can be transformed into charcoal briquettes to 569
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FIGURE 6. The Convergence procedure of the MO-G-IDEA-CE method for
upper values of GICE scores.

FIGURE 7. A sample biomass charcoal briquette.

replace fossil fuels. The appearance of a biomass charcoal570

briquette is shown in Fig. 7.571

The moisture content (MC), ash content (AC), heating572

value (HV), and fixed carbon (FC) are essential properties of573

agricultural residues for manufacturing charcoal briquettes.574

In the IDEA model, biomass residues can be viewed as575

DMUs. The moisture and ash content can be viewed as576

inputs because, according to IDEA principles, a lower value577

is better. The heating value and fixed carbon can be defined578

as outputs because the higher value, the better. The char-579

acteristics of input data of charcoal briquettes are shown580

in Table 13.581

The properties of the seven biomass charcoal briquettes582

are shown in Table 14, including seven agricultural residues583

(DMUs) with interval data of inputs and outputs. Let moisture584

content (%) and ash content (%) be input 1 (⊗x1) and input 2585

(⊗x2), respectively. The heating value (kcal/kg) and fixed586

carbon (%) are output 1 (⊗y1) and output 2 (⊗y2),587

TABLE 13. The characteristics of input data of charcoal briquettes.

respectively. The DMU1, DMU2, DMU3, DMU4, DMU5, 588

DMU6, and DMU7 are Bagasse, Incense reed, Water 589

hyacinth, Rice husk, Coconut shell, Sawdust, and Sensitive 590

plant, respectively. 591
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TABLE 14. The data set of the biomass charcoal briquettes.

TABLE 15. Interval cross-efficiency scores for biomass charcoal
briquettes.

The calculation procedure is the same as in Section A.592

By solving the MO-IDEA-CCR model; the interval CCR593

scores were obtained as in the last column of Table 14.594

After getting the optimal weights of inputs and outputs from595

the MO-IDEA-CCR model, the interval ACE scores were596

calculated according to Equations (3) to (6). As a result, the597

interval ACE scores achieved for each DMU are shown in598

Table 15.599

After obtaining the interval ACE scores for each DMU,600

the GICE scores were calculated using the MO-G-IDEA-CE601

method. As a result, GICE scores were achieved, as shown in602

Table 16.603

Table 16 shows that the final GICE scores for all604

DMUs were achieved at Iteration 10. After obtaining the605

GICE scores of all DMUs, the possibility degree formula,606

Equation (11), was used to generate the possibility degree607

matrix, P = (pij)7×7, as shown in Table 17.608

After obtaining Table 17, the Boolean possibility degree609

matrix (Q) was generated using Equation (11). Details of Q610

are shown in Table 18.611

TABLE 16. The GICE scores of biomass charcoal briquettes.

TABLE 16. (Continued.) The GICE scores of biomass charcoal briquettes.

TABLE 17. The possibility degree matrix (P) for the biomass charcoal
briquettes.

After obtaining the λ′, λ′ = {5, 4, 2, 3, 7, 6, 1}, ranking 612

DMUs in descending order in accordance with the higher 613

value of λ′i, we have DMU5 ≥ DMU6 ≥ DMU1 ≥ DMU2 ≥ 614

DMU4 ≥DMU3 ≥DMU7. In addition, Wang et al.’s method 615

[29] and Wu et al.’s method [34] were used to solving this 616

problem for ranking comparisons. The ranking comparisons 617
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TABLE 18. The Boolean matrix (q) for the biomass charcoal briquettes.

TABLE 19. The ranking comparisons of the proposed method and the
other techniques for the biomass charcoal briquettes.

FIGURE 8. The Convergence procedure of the MO-G-IDEA-CE method for
lower values of GICE scores.

of the proposed method and the other techniques for all618

DMUs are shown in Table 19.619

After the Spearman correlation test, the rs for the proposed620

MO-G-IDEA-CEmethod and the IDEA-CCRmodel [29] and621

Wu et al.’s method [34] are evaluated as rs= 1.000 and 0.964,622

respectively.623

FIGURE 9. The Convergence procedure of the MO-G-IDEA-CE method for
upper values of GICE scores.

Fig. 8 and 9 demonstrate that after ten iterations, all 624

DMUs generated by the proposed method attain constant 625

GICE scores, which means the optimal solutions are the Nash 626

equilibrium points, as demonstrated elsewhere [36]. 627

V. CONCLUSION 628

In developing countries, agricultural residuals can be used to 629

make biomass charcoal briquettes for cooking and heating. 630

This idea is one good idea to solve the energy shortage 631

problem of almost every agricultural country. However, the 632

important properties of each biomass material must first 633

be considered to find suitable biomass for processing into 634

charcoal briquettes. Sometimes these qualities are measured 635

with imprecise values, making it exceedingly challenging 636

to rank biomass materials (DMUs). To solve this problem, 637

this paper offers the new MO-G-IDEA-CE method based 638

on the Boolean possibility degree to tackle the IDEA rank- 639

ing problems, including seven biomass materials with inter- 640

val properties and a simple numerical example. Unlike the 641

existing IDEA models, the proposed models can be used to 642

generate the lower and upper bounds of interval efficiencies 643

for all DMUs simultaneously. The optimal weights of inputs 644

and outputs from the proposed models satisfy the entire 645

IDEA, but the optimal weights of inputs and outputs from 646

the existing models do not. Through three examples, we find 647

that the proposed method has a very high correlation with 648

the other methods and provides a new direction for IDEA 649

ranking problems based on the ideas of the traditional Game 650

cross-efficiency method and the Boolean possibility degree. 651

In particular, for the case study of seven biomass materials, 652

after the Spearman correlation test, the correlation coeffi- 653

cients (rs) for the proposed method and Wang’s method, and 654

Wu et al.’s method are calculated as rs = 1.000 and 0.964, 655

respectively. 656

Although three numerical examples have illustrated our 657

method’s advantages, potential, and applications, the limi- 658

tation of the proposed method is that using it for solving 659

more significant IDEA problems or other IDEA problems 660
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with various data may be more challenging to calculate the661

equilibrium point, or it may take a more significant number of662

calculation iterations. However, for future work, we believe663

the proposed method can be extended or adapted to tackle664

other complicated IDEA problems in real-world situations.665

In addition, it is hard to develop the proposedmethod with the666

fuzzy cross-efficiency evaluation method to measure DMUs667

with fuzzy or missing data, but this direction is worth further668

investigation.669
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