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ABSTRACT Supply chain sustainability assessment is key to maintaining and improving the performance
of agroindustry supply chains, particularly in sustainable agroindustry development. The assessment of
agro-industrial supply chain performance is a complex and dynamic process. Hence, there is a need for
an adaptive fuzzy multi-criteria sustainability assessment model as an alternative method of analysis and
improvement. This study aimed to design an adaptive fuzzy multi-criteria sustainability assessment and
improvement model for the sugarcane agroindustry supply chain. In this study: (1) a fuzzy inference
system (FIS) was developed to assess the performance of the sustainability dimensions. This study proposed
24 indicators for four dimensions: economic, social, environmental, and resource. (2) An adaptive neuro-
fuzzy inference system (ANFIS) is designed to aggregate the overall supply chain sustainability performance.
(3) The proposed fuzzy multi-criteria assessment model was compared with the common multidimensional
scaling (MDS) and linear models. This study proved that the proposed synthesis of the FIS and ANFIS
models is powerful and adaptive for evaluating supply chain sustainability and providing accurate results.
(4) The strategies to improve sustainability performance were developed using the cosine amplitude method
(CAM). The proposed model determined that the overall supply chain sustainability value was 68.58%,
which was almost sustainable. Several strategies have been suggested to improve sustainability performance,
including maintaining the sugarcane supply by strengthening the partnership program and improving the
mill’s overall recovery, followed by factory revitalization or new factory investment.

INDEX TERMS Sustainable development, food industry, fuzzy logic, adaptive algorithm, supply chain
management.

I. INTRODUCTION
Sustainable development has been recognized as a global
agenda and defined as ‘‘developments that meet the needs
of the present without compromising the ability of future
generations to meet their own needs’’ [1]. Currently, owing
to the challenges faced by humans and the adoption of
Industry 4.0, the United Nations has resolved to fully imple-
ment sustainable development goals (SDGs) by 2030 [2].
Consequently, SDGs have been implemented in many areas,
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including country and regional sustainability [3], [4], indus-
trial development [5], [6], small medium enterprises [7], food
processing and manufacturing [8], city infrastructure [9],
industry, and fresh-cut vegetables [10]. Owing to the adop-
tion of Industry 4.0, which supports the implementation of
sustainable development [11], [12], there is a need for sustain-
ability assessment and evaluation for industry. Sustainability
implementation in the industry is not only mandatory to
achieve Industry 4.0, but also to maintain customer trust and
satisfaction [13].

Industrial development is mainly driven by supply
chain management (SCM). Sustainability adoption in SCM

VOLUME 10, 2022 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 5497

https://orcid.org/0000-0002-9415-5008
https://orcid.org/0000-0003-1802-0264


M. Yani et al.: Adaptive Fuzzy Multi-Criteria Model for Sustainability Assessment

helps maintain performance, stakeholder coordination, and
customer satisfaction. Sustainable supply chains have gar-
nered much interest from researchers and industrial prac-
titioners to enhance this approach [14], and improvements
in the outcome and goal of the supply chain are recom-
mended [15]. According to one study [16], a sustainable
supply chain is a concept for managing information, mate-
rial, and cash flow through collaboration and information
sharing among stakeholders to achieve supply chain goals
and compromise with the balance of economic, social, and
environmental dimensions. This study proposes supply chain
sustainability performance using multi-criteria assessment
for agroindustry to ensure performance, adopt Industry 4.0,
and achieve sustainability goals.

Sustainability assessment and implementation must
address supply chain goals, factors, and criteria to achieve
performance and competitive advantage [17], [18]. The
implementation of sustainability goals for the agroindustry
potentially minimizes the negative impact of the uncertainty
and dynamism of natural resource management on economic,
social, and environmental impacts [19]. To attain sustainabil-
ity goals, there is a need for current information on supply
chain sustainability performance to assess and formulate
activities for achieving a sustainable supply chain.

The implementation of sustainability in an agroindustry
supply chain faces huge challenges, a dynamic environment,
and uncertainty. One of the main challenges is to maximize
profit, but it should simultaneously control the environment
and social impact. Moreover, sustainability implementation
must consider multidimensional perspectives and indicators,
limitations of information for aggregating data, and multi-
ple stakeholders to efficiently improve the supply chain’s
competitive advantage. Furthermore, a study by [19] men-
tioned that another important and ultimate challenge in the
implementation of sustainability is to realize the current
sustainability performance through an in-depth analysis and
measurement of sustainability dimensions and indicators.

The challenge in acquiring data and information on sus-
tainability performance assessment and implementation is
consistent with another study [20], which found no appro-
priate indicators or frameworks to assess sustainability.
This issue is becoming increasingly challenging for the
agroindustry’s supply chain, which has complex, impre-
cise, and uncertain variables. One study [21] found that the
dimensions and indicators of sustainability have no stan-
dard formulation or measurement systems. Therefore, some
researchers [22] suggested the design of a comprehensive sus-
tainability assessment system and framework for Agroindus-
trial supply chains. To address this issue, an adaptive supply
chain sustainability evaluation model must be designed to
assess sustainability performance and develop an improve-
ment strategy for uncertain and impression environment.
An adaptive model for sustainability performance is designed
to improve the previous model in sustainability evaluations,
which is a qualitative assessment, has high potential in sub-
jective assessment, and potentially increases the error in

fulfilling the assessment of each indicator and less adapt-
ability. Further, a fuzzy approach with multi-criteria assess-
ment for supply chain sustainability can be designed, which
will help in dealing with the uncertainty, ambiguity, and
vague assessment found in supply chains and sustainability
problems.

An adaptive supply chain sustainability assessment model
using multi-criteria for the agroindustry can provide informa-
tion on sustainability performance and recommend efficient
methods for improvement. This model is designed to be
adaptive in accommodating the data dynamism and uncer-
tainty environment of supply chain sustainability indicators,
as found in the real world. This study designs and applies
the model to the sugarcane agroindustry in Indonesia, which
plays a significant role in economic and social aspects, has a
potential impact on the environment, and contributes to gross
domestic products. Designing and implementing a sustain-
able supply chain for the sugarcane agroindustry is impor-
tant because it includes managing natural resources, involves
many stakeholders and communities, and adversely affects
the environment through business process activities.

The first stage in designing an adaptive multi-criteria sup-
ply chain sustainability assessment model is to determine the
indicators and dimensions of the sustainability assessment.
This study designs a model for the sugarcane agroindustry.
The indicators and dimensionswere adopted fromfield obser-
vations and a literature review, and were then validated by
experts, as described in [23]. The developed supply chain
sustainability assessment model must adapt uncertain vari-
ables and the dynamic values of variables, as found in the real
world [24]. For data and system adaptability, we implemented
a fuzzy logic approach, that is, a fuzzy inference system (FIS)
and an adaptive fuzzy inference system (ANFIS), to evaluate
supply chain sustainability. FIS and ANFIS perform well in
processing uncertainty and imprecision variables, and quan-
titative and qualitative data of sustainability indicators in the
supply chain and agriculture [25]–[28]. Fuzzy logic has also
been recommended to adapt ambiguous and uncertain data,
as found in SCM, and to deliver proper recommendations for
maintaining supply chain sustainability [4].

Strategies need to be developed to improve supply chain
sustainability. This study develops an improvement strategy
by analyzing key indicators of sustainability dimensions.
In this stage, the cosine amplitudemethod (CAM) is proposed
to identify the key indicators of the sustainability dimension,
as proposed in Ref. [29]. Subsequently, an improvement strat-
egy was developed based on key indicator analysis and expert
discussion.

The objective of this study was to design an adaptive fuzzy
multi-criteria assessment model and formulate a strategy for
improving supply chain sustainability. The novelty and con-
tributions of this study are as follows. First, the indicators
and dimensions for sustainability assessment in the sugarcane
agroindustry supply chain with adaptive fuzzy-based model-
ing are presented. To the best of our knowledge, no studies
thus far have provided a detailed value and benchmark for
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FIGURE 1. General research framework.

sustainability indicators and dimensions using qualitative and
quantitative approaches. Second, considering the issues of
ambiguity, uncertainty, and vagueness during the data acqui-
sition stage, an adaptivemodel withmulti-criteria sustainabil-
ity assessment modeling was proposed. A complete stage and
framework for model development applied to sustainability
performance assessment and improvement of agroindustry
supply chains was provided for practical application and
contributions. Finally, this study contributes to sustainability
improvement strategies in the sugarcane supply chain based
on sustainability assessment results.

This paper is organized as follows: Section II describes
the detailed process of model development; Section III
presents the model testing and validation for the sugarcane
agroindustry; and Section IV presents the conclusions and
recommendations.

II. METHODOLOGY
A. RESEARCH FRAMEWORK
The research framework is illustrated in Figure 1. The frame-
work is organized into three main parts: indicators, FIS mod-
eling, and ANFIS modeling. The FIS was developed to assess
the performance of sustainability dimensions, while ANFIS
assessed the aggregate dimensions of overall supply chain
sustainability performance.

The design of an adaptive sustainability multi-criteria
assessment model requires dimensions and indicators with
respect to the sugarcane supply chain configuration. To obtain
indicator data in the sugarcane agroindustry and agricul-
ture, which have many challenges [30], a special approach
is required [31]. Data of indicators in sustainability must
avoid a Boolean or categorical data type, and should provide
a specific formulation to define sustainability performance.
Therefore, in this case, FIS and ANFIS can manage data and
infer solutions.

Specifically, the FIS environment was applied to accom-
modate the uncertainty and imprecision of indicator data in
the sugarcane supply chain. The FIS model also accommo-
dates qualitative and quantitative data from field observa-
tions. FIS modeling in a qualitative and quantitative data
environment is proposed as one of the novelties of this study.
FIS also enables the process of transforming the uncertainty
and vagueness of a multi-criteria input into a crisp output for
practical decision-making.

B. RESEARCH STAGES
Figure 2 illustrates the research stage. The study begins with
the identification of the supply chain mechanism to analyze
the business processes and stakeholders involved in the sys-
tem. The sugarcane agroindustry in East Java, Indonesia,
as the central producer of sugar [32], was selected as the case
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FIGURE 2. Research stages.

study. This study analyzes the phenomenon of the sugarcane
agroindustry supply chain and sustainability to validate the
sustainability assessment model using a fuzzy multicriteria
approach. The research stages are as follows:

1) SUPPLY CHAIN IDENTIFICATION AND SUSTAINABILITY’S
INDICATORS FORMULATION
In supply chain research, the first stage is to identify the sup-
ply chain configuration [33], [34]. In this case, supply chain
identification is required to define the stakeholders involved
in the model and to assist in constructing the dimensions
and indicators. Formally, the supply chain identification stage
analyzes the stakeholders, business process activities, and
supply chain mechanisms to produce and deliver products to
consumers.

Dimensions and indicators are required to assess cur-
rent performance when designing a sustainability assessment
model. These dimensions reflect the value of sustainabil-
ity from many perspectives, while indicators describe the

performance of the sustainability dimension for an organiza-
tion [35]. Dimensions and indicators should reflect the objec-
tive of the study, such as the sugarcane agroindustry supply
chain. With respect to Ref. [23], [36], [37], the dimensions
and indicators in this study were defined through a literature
review, expert, stakeholder, and practitioner validation, and
field observation activities.

According to the literature, sustainability indicators should
include the following considerations: they should be validated
by experts and supply chain stakeholders [23], provide quali-
tative or quantitative data. and supported by data availability
in the field [38], [39], whereas a sustainability dimension
should be organized by at least six indicators [19]. Assessing
the indicators using qualitative and quantitative approaches
helps avoid subjective assessment and potential errors in
managing indicator scoring found by the expert, as found in
previous research [19]. In addition, a qualitative and quantita-
tive approach to the indicator can track the performance value
and easily adapt to other sectors.
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Based on these considerations, this study defined 24
qualitative and quantitative indicators to describe the eco-
nomic (E), social (S), environmental (N), and resource
(R) sustainability dimensions. The economic, social, and
environmental dimensions are triple bottom lines that have
been theoretically and practically assigned to assess sus-
tainability performance, as found in previous research [6],
[17], [40]. Furthermore, this study also considers the resource
dimension as it discusses the sugarcane agroindustry that
encounters problems in resource allocation [41]–[44] and the
high utilization of natural resources with low machine per-
formance [45], [46], which is found to be the main problem
in developing countries [38]. Considering that the resource
dimension for sustainability assessment was applied in Ref.
[47]–[49], to avoid any overlap between the dimensions in
this study, the resource dimension is restricted to labor, raw
material quality, and production machinery, which are the
main issues in the sugarcane agroindustry. Six indicators for
each dimension were validated by experts and sugarcane sup-
ply chain stakeholders (Table 1). Indicators were identified
through a literature review and validated in the field by an
expert through in-depth interviews. Experts contributed to
validating each indicator based on real-world conditions. The
identification and verification of the indicators along with the
literature review are shown in upcoming Table 5.

2) FUZZY INFERENCE SYSTEM (FIS) MODELING FOR
ASSESSMENT OF MULTI-CRITERIA SUSTAINABILITY
DIMENSIONS
The fuzzy approach was first proposed in Ref. [50], and
the FIS is part of the fuzzy approach for decision-making.
To infer and provide a conclusion, the FIS converts the pro-
cess of uncertainty and vague multi-criteria input into a crisp
output for the decisionmaker. In inference processing, the FIS
is organized by data input and fuzzification, generating rules,
implication, aggregation, defuzzification, and output. This
study applies the Mamdani inference system type because
the model is simple, accommodates expert judgment, and is
appropriate for supply chain sustainability, which involves a
complex and comprehensive assessment [22], [51], [52]. The
details of each FISmodel stage for sustainability performance
evaluation are explained below.

a: FUZZIFICATION AND NORMALIZATION OF
MULTI-INDICATORS SCORE
The input and fuzzification sections of the FIS model repre-
sent indicator data (Table 1). All indicators were normalized
and scaled into [0, 1] with five levels of linguistic values:
very low (VL), low (L), moderate (M), high (H), and very
high (VH) with respect to each indicator’s target. Transform-
ing the actual data of each indicator to normalize the value
yields a different formula for qualitative and quantitative data.
The normalization stage is required to prepare the data in
different directions to adapt to the fuzzy system input and
fuzzification [4], [52].

As qualitative indicators are collected by expert group
assessment through a fuzzy scale, they need to be aggre-
gated and normalized, which is referred to as fuzzy logic
operations. The fuzzy expert assessments were aggregated
by an ordered weighted average, as defined in Ref. [53].
The aggregated expert assessment was transformed into
an interval value, as defined in Ref. [54]. Suppose that
X (x1, x2, x3) and Y (y1, y2, y3) are triangular fuzzy num-
bers, and α is the confidence level. The fuzzy operations are
described in Equations 1 and 2 with g and h as interval values.
Quantitative indicators were collected using direct measure-
ments according to the formula presented in Table 1. The
normalized values of the indicators with the maximum (max)
and minimum (min) targets were measured using Equations
3 and 4, respectively. Suppose that N (Ii) is the normalized
value of the indicator i (Ii). T (Ii) represents the target of
indicator i and the maximum (max(i)) or minimum (min(i)).
The indicator data were normalized to intervals of 0–1.

Fuzzification is a process that transforms actual data into
fuzzy numbers using a specific membership function. Some
fuzzy numbers include triangular fuzzy number (TFN), trape-
zoidal, and a mix of TFN-trapezoidal types. In this study,
the decision to apply the fuzzification model of membership
functions was made to refer to the error test of the model
and compare it with the MDS and linear calculation results.
The errors were compared using the root-mean-square error
(RMSE).

Xa = [(x2 − x1) a+ x1,− (x3 − x2) a+ x3] = [g1, g2]

(1)

Ya = [(y2 − y1) a+ y1,− (y3 − y2) a+ y3] = [h1, h2]

(2)

N (Ii) =


Ii − min(i)

T (Ii)− min(i)
; if Ii ≤ T (Ii)

1; if Ii ≥ T (Ii)
(3)

N (Ii) =

{
1; if Ii ≤ T (Ii)
max(i)−Ii

max(i)−T (Ii)
; if Ii ≥ T (Ii)

(4)

b: FUZZY RULES GENERATION
The FIS rules are required to assess the performance of sus-
tainability dimensions using a combination of six indicators.
Table 1 presents six indicators for each dimension. The num-
ber of rules for each dimension is determined by the number
of linguistic levels in the membership function (Nj) for the
jth variable input, as defined in Equation 5. Because there are
five linguistic levels for each indicator and six indicators for
each dimension, 15,625 rules must be prepared for each FIS
model in the economic, social, environmental, and resource
dimensions.

Number of fuzzy rules =
n∏
i=1

Nj (5)

The FIS rule is organized into antecedent and consequent
parts. The antecedent part consisted of the input variables of
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TABLE 1. Indicators for supply chain sustainability in sugarcane agroindustry.

the FIS dimension model. In this study, each input variable
is related to the operator ‘‘and.’’ This consequence reflects
the dimensional performance, which, in the Mamdani model,
is represented by a linguistic label. The linguistic label of
the dimension’s performance was organized into five levels:
very low, low, moderate, high, and very high. The reflections
of the variable input relations were validated by experts to
determine the appropriate consequence part of the fuzzy rule.
Moreover, because the initiation rule generation is validated
by experts, this study applies a method to generate rules,
as proposed in Ref. [55].

Supply chain sustainability is determined by four dimen-
sions: economic (E), social (S), environmental (N), and
resource (R). The fuzzy rules are defined and developed as
follows:

• The linguistic scales of the fuzzy input were transformed
into integers. Five levels of fuzzy input, namely, very

low, low, moderate, high, and very high, are transformed
to 1, 2, 3, 4, and 5, respectively.

• The sustainability dimensions were represented by
15,625 rules. For example, for the fuzzy rule number
10,955 of economic dimensions, the antecedent part of
the rule is If (risk is high) and (production loss is very
high) and (profit allocation is very high) and (reference
price is moderate) and (agility performance is very low)
and (return on investment is high); then, economic sus-
tainability is high (1). The transformed value is defined
as follows:

Transformed value (TV) for rule No. 10, 955

= 4+ 5+ 5+ 3+ 1+ 4 = 22

The consequence is further defined based on the
sum of TV.
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• The output value of the antecedent parts for the dimen-
sions is categorized into five classes according to the
consequent linguistic levels. For instance, the economic
dimensions show that the output values range from six
to 30. Furthermore, the classification of the transformed
output value to determine the consequent rule is as fol-
lows:

Fuzzy set consequent part

=



VL; if 6 ≤ TV ≤ 10
L; if 11 ≤ TV ≤ 15
M; if 16 ≤ TV ≤ 20
H ; if 21 ≤ TV ≤ 25
VH ; if 26 ≤ TV ≤ 30

c: DEFUZZIFICATION AND FIS MODEL COMPARISON
The FIS model for assessing the sustainability dimensions
performance for this study applies an implication method
‘‘min’’ and aggregated by ‘‘max’’ function. Finally, defuzzi-
fication was applied to determine the output of the dimension
performance. Defuzzification techniques include centroid,
mean of maximum (MOM), largest of maximum (LOM),
smallest of maximum (SOM), and bisector. To select the
technique for use in the model, the lowest error in the model
should be compared with the MDS and linear calculation
results.

The MDS model for sustainability assessment was intro-
duced in Ref. [56] to assess the sustainability of fisheries.
MDS has been applied in many research areas; moreover, it is
restricted to nominal or ordinal assessments. The model is
based on the root mean square and Euclidean distance, which
have beenwell defined in [5] and [10]. Furthermore, the linear
calculation method is a simple model for comparing the FIS
sustainability model assessment using equal weights for each
dimension’s indicators.

Suppose ijk is indicator j of sustainability dimension k , and
wjk is the weight of indicator j of sustainability dimension k .
As the weight is determined by the equal weight and each
dimension is organized by six indicators, wjk is equal to 1/6.
The linear calculation model for comparison with the FIS
sustainability model is expressed in Equation 6.

Linear sustainability model =
∑
j,k

ij,k × wj,k (6)

Further, the decision to use the appropriate function and
model in the FIS to assess supply chain sustainability was
evaluated using the RMSE. Finally, Table 2 summarizes the
function and model applied to generate the FIS model for
evaluating sustainability dimension performance.

3) ANFIS MODELING FOR DETERMINING OVERALL SUPPLY
CHAIN SUSTAINABILITY PERFORMANCE
ANFIS was first proposed in [57] as a hybrid model of
an artificial neural network (ANN) and FIS. ANFIS helps
adaptively design the membership functions (MFs) of the

TABLE 2. Parameters for generating FIS model.

TABLE 3. Parameters to design the ANFIS model.

input variables based on the training process. In designing
ANFIS for aggregating supply chain sustainability perfor-
mance, some aspects must be considered, such as the initi-
ation model (grid partition or subtractive clustering), number
of MFs of input variables, number of data training pairs,
epochs, and model error tolerance.

First, there are two initiations of membership func-
tion (MF) modeling in ANFIS: grid partition and subtractive
clustering. For the grid partition, all variables were organized
by five linguistic MFs, ranging from very low to very high.
For subtractive clustering, MFs are developed automatically
based on data input relative to the parameters of the sub-
tractive cluster technique [58]. The performance of the two
initiations was evaluated to find a suitable model with the
lowest error and computation time for aggregating supply
chain sustainability.

This study applied a Gaussian membership function model
because it appropriately describes the data distribution of a
real-world problem [59] and has the lowest error on average
compared with training and testing data [27]. For the training
data model, a hybrid learning model was applied as a com-
bination of gradient descent and least-squares estimation to
identify the linear parameters of the adaptive network [57].
To train the model, 200 epochs were set with zero-error
tolerance. The error tolerance number is given in Ref. [60]
that a fit ANFIS model must have an error lower than 0.01.
The parameters used to set and develop the ANFIS model for
the aggregated supply chain sustainability of the sugarcane
agroindustry are listed in Table 3.
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TABLE 4. Expertise area/institutions involved in the research.

4) KEY PERFORMANCE ANALYSIS AND IMPROVEMENT
STRATEGY FORMULATION USING COSINE AMPLITUDE
METHOD
To improve supply chain sustainability, key indicators must
be determined. In this stage, sustainability is assessed, and
key indicators are identified by developing an improvement
strategy. The cosine amplitude method (CAM) proposed in
Ref. [29] was applied to analyze the key sustainability indi-
cators. The CAM is proposed, as it performs well in synthe-
sizing the fuzzy indicators applied in this study.

The key indicators analysis stage using CAM is described
as follows:

1. CAM finds similarities between indicators i and j(rij).
Indicators i and j have n datasets withm linguistic levels
of fuzzy MF. The similarity between indicators i and j
is determined using Equation 7:

rij =

∑m
k=1 xikxjk√(∑m

k=1 x
2
ik

) (∑m
k=1 x

2
jk

) ; i; j = 1, 2, . . . , n

(7)

2. Key indicator analysis using six indicators (n) of sus-
tainability dimensions and five MF (m)

3. The similarity values of the indicators were organized
as pair-way comparisons to determine each indicator
score.

4. The lowest score is defined as the key indicator for
improving future supply chain sustainability perfor-
mance.

Improvement strategies were developed through expert
group discussion. The key indicators were analyzed, and an
improvement agenda was found to maintain supply chain
sustainability.

C. DATA COLLECTION
Assessing supply chain sustainability in the sugarcane
agroindustry requires a certain definition of each sustain-
ability indicator. As mentioned earlier, 24 indicators with
four sustainability dimensions were defined and classified

as qualitative and quantitative data needs. Qualitative and
quantitative data were also collected.

The quantitative data of sustainability indicators were col-
lected by analyzing related documents, studying previous
research, and conducting in-depth interviews. The data were
analyzed using a specific formula to determine the perfor-
mance of each indicator (Table 1).

Qualitative data were collected through in-depth
interviews, field observations, expert group opinions, and
assessments. The expert personnel group consisted of pro-
fessionals with various perspectives, institutions, business
actors, researchers, and academicians in the sugarcane supply
chain and sustainability field. This study involved ten experts
in the field of the research objective, and the areas of expertise
are presented in Table 4.

As a limitation of the actual data availability to build the
model, this study generated 1,000 datasets using the Monte
Carlo method with probabilistic distributions to develop the
ANFIS model. This methodology was referred to in Ref.
[56]–[58], proving that the data and model are valid. As men-
tioned by Ref. [64], 70% of the dataset was required for
training, and the rest for testing. Therefore, 650 datasets were
prepared as the training dataset and the rest as the testing
dataset.

To generate the data, suppose that vout is the sustainability
value and the expected value of the ANFIS model; vi as
input data classified by economic, social, environmental, and
resource dimension values and are generated by Monte Carlo
simulation; and pi is the probabilistic value of vi with respect
to Ref. [48]. The Monte Carlo simulation with a probabilistic
distribution to generate data for developing the ANFIS model
is explained in Equations 8–11.

vout =
∑n

i=1
vi × pi (8)

vout ≤ 100 (9)

vi = [1, 100] (10)∑n

i=1
vi = 1 (11)

D. MODEL VERIFICATION AND VALIDATION
The model verification and validation of this study are pre-
sented in Ref. [65]. The verification stage ensured that the
formula and model were correct. At this stage, it is ensured
that the formulation of the sustainability indicators in the FIS
model is consistent with the current model and supported by
the literature review. For the FIS and ANFIS models, verifi-
cation was ensured by the lowest error of the model compared
with real-world conditions. Validation is defined as ensuring
that the model satisfies the system requirements and captures
the current real-world conditions. In this stage, validation is
performed by face validity, which requires expert knowledge
to assess the model and illustrate the current condition of the
real world.

A conceptual validation of the model is realized by ensur-
ing that the sustainability indicator formula is correct, accord-
ing to the literature review. As mentioned earlier, there are
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24 indicators of the four sustainability dimensions used to
assess supply chain sustainability performance. All sustain-
ability indicators were determined through field surveys,
expert opinions, and literature review. The proof of the veri-
fication of the sustainability indicator based on the literature
review is presented in Table 5.

Furthermore, the performance of FIS and ANFISmodeling
should be evaluated to ensure that themodels are verified. The
FIS model was evaluated using RMSE. As these parameters
need the actual value, the results of the FIS sustainability
assessment model were compared with those of the MDS
and linear calculation models, as defined in the previous
subsections.

The ANFIS model was also evaluated using parameters
such as the RMSE, mean square error (MAPE), mean abso-
lute error (MAE), computation time to generate rules, number
of MFs and rules, training, and testing error.

Suppose that xi is the targeted and expected value, yi repre-
sents the observed value of the model, n is the number of the
data; then, RMSE, MAPE, and MAE are explained in Equa-
tions 12–14. The number of MFs, computation time, training,
and testing errors were obtained in the model development
phase.

RMSE =

√∑n
i=1 (xi − yi)

n
(12)

MAPE =
1
N

∑n

i=1

(
|xi − yi|

yi
× 100

)
(13)

MAE =
1
n

∑n

i=1
|xi − yi| (14)

III. RESULT AND DISCUSSION
A. SUPPLY CHAIN CONFIGURATION AND SUSTAINABILITY
INDICATORS
The supply chain of the sugarcane agroindustry involves both
primary and secondary stakeholders [66]. Secondary stake-
holders assist primary stakeholders in ensuring the proper
operation of the supply chain’s business process. In Indone-
sia’s sugarcane supply chain, secondary stakeholders include
cooperative organizations and marketing offices. Moreover,
this study considers primary stakeholders such as farmers,
sugar mills, and distributors, who are responsible for the
supply chain business, utilize natural resources directly, and
impact the environment and society. Farmers provide raw
materials for sugarcane processing in sugar mills Distributors
are responsible for allocating consumed sugar to retailers
and consumers. The sugarcane agro-industrial supply chain
is illustrated in Figure 3.

Supply chain sustainability is determined by four dimen-
sions: economic (E), social (S), environmental (N), and
resource (R). Based on a literature review, field observations,
and expert validation, 24 dimensions were selected to assess
the supply chain sustainability of the sugarcane agroindustry.
The dimensions were validated through expert discussions
and literature review (Table 5).

TABLE 5. Sustainability indicators verification through literature review.

FIGURE 3. Sugarcane supply chain configuration.

The indicators in this study are related only to primary sup-
ply chain stakeholders, which were also applied in Ref. [22]
and [63], who determined the overall value of supply chain
sustainability performance. The indicators, minimum, max-
imum, and target values for assessing the supply chain sus-
tainability of the sugarcane agroindustry are listed in Table 6.
Indicators with linguistic labels were qualitative indicators,
and the rest were quantitative indicators.

The proposed model was designed using qualitative and
quantitative data as recommended in Ref. [67]. Qualitative
data were collected through expert judgments of five fuzzy
linguistic levels, whereas quantitative data were obtained
through interviews, observations, and measurements.

B. SUPPLY CHAIN SUSTAINABILITY DIMENSION
PERFORMANCE
The FIS model is applied to determine the performance
of the sustainability dimensions, which are organized by
six indicators. FIS models accommodate the uncertainty,
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FIGURE 4. The framework for sustainability dimensions assessment using FIS.

FIGURE 5. The membership function of (a) fuzzy input and (b) output for sustainability dimension performance.

handling qualitative data from expert judgment and the quan-
titative data to process into a robust final score. Qualitative
and quantitative data acquisitions are considered limitations
and uncertain real-world conditions in agricultural business
processes. As mentioned earlier, the Mamdani FIS inference
model was implemented with five-level TFN MFs, six indi-
cator inputs, and one sustainability dimension output. The
completed framework of sustainability dimension evaluation
is shown in Figure 4.

The TFN membership function was chosen to model the
sustainability assessment because it has a lower error than

the other membership function types. To evaluate the error
and prove that the TFN model is suitable, the RMSE was
organized and compared with the MDS technique and linear
calculation error. The results of the Mamdani and TFNmodel
validation are presented in Table 7.

Four models were developed for the sustainability assess-
ment of the economic, social, environmental, and resource
dimensions using FIS. As there are six indicators for each
dimension, 15,625 rules (56) must be generated to infer the
sustainability performance of each dimension. The MF of
the fuzzy input–output of the FIS model to determine the

5506 VOLUME 10, 2022



M. Yani et al.: Adaptive Fuzzy Multi-Criteria Model for Sustainability Assessment

TABLE 6. Dimension and indicators for assessing supply chain sustainability for sugarcane agroindustry.

sustainability performance of each dimension is shown in
Figure 5.

In this study, the fuzzy rule related to the methodology
proposed in Ref. [55]. The FIS framework for determining the
performance of supply chain sustainability for each dimen-
sion is depicted in Figure 6, while the 3-D view of the rule
surface is depicted in Figure 7. Some rule examples for each
dimension generated by the FIS are as follows:

1. If (supply chain risk is moderate) and (production loss
is high) and (profit allocation is very high) and (farmer
reference price is low) and (agility is low) and (ROI is
low), then (economic sustainability is high).

2. If (institutional support is moderate), (supply chain
infrastructure is high), (CSR is very high), (waste com-
plaints are high), (local labor presentation is moderate),
and (stakeholder partnership is low), then (social sus-
tainability is moderate).

3. If (Odor and dust disruption to community is moderate),
(CO2 emission by electricity used is high), (noise level
is very high), (water quality is low), (ambient air quality
is very high), and (suspended waste is moderate), then
(environment dimension sustainability is high).

4. If (accessibility for labor is moderate), (sugarcane field
conversion is high), (labor performance is very high),
(raw material quality is high), (overall recovery is very
high), and (adequacy of raw material is very high), then
(resource dimension sustainability is moderate).

Defuzzification is the last part of the FIS model used to
evaluate supply chain sustainability for each dimension and
define the output model by processing the fuzzy input (indi-
cator data). This model applies the centroid defuzzification
function related to the lowest error. In this study, MOM,
LOM, SOM, bisector, and centroid were examined. Defuzzi-
fication functions were evaluated using RSME related to the
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TABLE 7. FIS-fuzzification model performance evaluation using RMSE.

TABLE 8. Defuzzification model performance evaluation using RMSE.

FIGURE 6. The framework of FIS model to assess sustainability
dimension performance.

FIGURE 7. The surface of the fuzzy rules.

MDS and linear calculation results. The RMSE test results
are presented in Table 8.

After several tests, the FIS model is used to evaluate
the sustainability performance of the supply chain for each
dimension. To determine the performance value of the sus-
tainability dimensions, the normalized values of the indica-
tors were set as the input of the FIS model. The economic,
social, environmental, and resource performance dimen-
sions were determined based on the data in Table 6 and

FIGURE 8. The sustainability dimensions performance.

the FIS model. The economic, social, environmental, and
resource dimensions for the sugarcane agro-industry sup-
ply chain were 64.33, 75.69, 73.72, and 69.05, respectively.
Figure 8 shows the supply chain sustainability dimensions
performance for the sugarcane agroindustry.

Some indicators in each dimension threaten supply chain
sustainability. These indicators must improve the overall
sustainability performance of the supply chain. In terms of
economic dimensions, fair profit allocation and supply chain
risk lead to low performance, which affects economic sus-
tainability. Fair profit allocation is an important issue in
supply chain sustainability because it describes a fair and
efficient business to improve stakeholder motivation and pro-
duce high-quality products [68]. Generally, the agro-industry
supply chain faces an unfair profit distribution, especially for
smallholder farmers [66], [69]. The data analysis shows that
the supply chain profit distribution in the sugarcane supply
chain is low and requires immediate improvement. Supply
chain risk may affect the efficiency of the overall supply
chain [70]; therefore, it should be minimized. Supply chain
risk is related to uncertainty factors and causes supply chain
loss [47], and experts agree that sugarcane supply chain risk
is moderate.

In the social dimension, the partnership indicator is
noteworthy. In the agroindustry and agribusiness, partner-
ships are required to improve coordination in providing
resources and raw materials. Moreover, partnerships may
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improve stakeholders’ bargaining position, especially small-
holders [71]. The partnership performance of the supply chain
is focused on the number of smallholder farmers joining the
partnership scheme at the sugar mill to provide rawmaterials.
The data show that the partnership only increases by 3%–
4% a year, more than the supply chain operation reference
(SCOR) recommends of 15% [72]. Another issue is that
farmers’ field areas for sugarcane production decreased year
by year, as shown in Ref. [73] and [74], which affect supply
chain partnership performance.

For the environmental dimension, three dimensions have
low sustainability performance: odor and dust disruption to
the community (N1), CO2 emissions arising from electrical
use (N2), and noise level (N3). Odor and dust disruption
indicators were assessed through qualitative data by obtain-
ing community responses to this disruption in daily life
around sugar supply chain activities. The aggregated value
of respondents shows that odor and dust disruption are high,
although they should be low. CO2 emissions were calculated
as the total electricity required to produce a supply chain
product. Excessive use of electricitymay increase greenhouse
gas effects and affect global warming [75]. The calculation of
CO2 emissions is referred to in a study [76], and the result is
0.188 ton-CO2/ton product, whereas the benchmark value is
adopted from [77] with 0.236 ton-CO2/ ton product. As the
target value of the indicator is minimized, the normalized
formula shows that CO2 exhibits low performance.
For the resource sustainability dimension, three indicators

had low performance: sugarcane field conversion (R2), raw
material quality (R4), and overall recovery (R6). The field-
conversion issue has a significant impact on ensuring the
availability of rawmaterials. This issue is supported by major
infrastructure development, industrialization in agricultural
areas, and a shift to other commodities that offer higher prof-
its [78]. The number of field conversions was obtained from
historical data compared with field availability for sugarcane
farming in the current year, and the result was 8.16%. Further,
this result is very high, referring to the benchmark at 10%, and
is associated with a study by Ref. [79].

The rawmaterial quality indicator is obtained using the FIS
technique with sugarcane productivity and sugar content as
input variables, and represents the main factors that ensure
agroindustry performance [80]. The analysis showed that
the sugarcane productivity performance after normalization
was 0.424, whereas the sugar content was 0.363. This value
affected the rawmaterial quality performance using an FIS of
0.478, which indicates a low performance. The productivity
and sugar content of sugarcane must be improved to support
the production of sugar for domestic demand [44]. Addition-
ally, the overall recovery indicator, which reflects machinery
performance in transforming sugarcane to sugar as the main
product of the sugarcane supply chain, needs to be improved.
Data analysis showed that the overall recovery was 82.5%,
while the international benchmark was 87.5% [45], [81].
Therefore, the overall recovery of Indonesian sugar mills is
below the world standard.

C. THE ANFIS MODEL FOR AGGREGATING SUPPLY CHAIN
SUSTANABIILTY
1) ANFIS MODEL DEVELOPMENT
The previous stage showed the performance of each sus-
tainability dimension of sugarcane supply chains; therefore,
it requires an aggregated value to reflect the overall supply
chain sustainability performance. The ANFIS is a supervised
model proposed in Ref. [57] as a hybridmodel of an ANN and
FIS. As ANFIS is a supervised model, the implementation of
the aggregation of supply chain sustainability performance
requires a dataset for training and testing the model. A dataset
was prepared and organized using four inputs of economic,
social, environmental, and resource, and one output of sus-
tainability performance at intervals of 1 to 100 related to
sustainability value, as classified by Ref. [82].

This study designs ANFIS with subtractive clustering and
a grid partition initiation model to find the best-fit model
to determine supply chain sustainability performance. The
evaluation of each initiation model was based on the com-
putation time, number of rules, and RMSE. For the grid par-
tition model, an ANFIS model was used to aggregate supply
chain sustainability organized by a Gaussian model with five
MF levels. As it is decomposed into four input variables
of sustainability dimension performance, it generates 15,625
fuzzy rules to generate one output as the overall supply chain
sustainability performance. The interval of the five levels of
MF is distributed fairly with respect to the dataset for training
with the grid partition technique.

For the subtractive clustering initiation model, the subtrac-
tive cluster should be set to generate rules. This study sets the
range of influence (0.5), squash factor (1.25), acceptance ratio
(0.5), and reject ratio (0.15) to produce rules for generating
the ANFIS model to aggregate the supply chain sustainabil-
ity performance. Furthermore, model testing is required to
ensure a fit model as a further phase of model training. In this
phase, 350 datasets were tested, and the errors of each grid
partition and subtractive clustering error were defined.

2) PERFORMANCE EVALUATION OF THE ANFIS MODEL
The ANFIS subtractive clustering and ANFIS with grid par-
tition must be evaluated to find which model performs better
and simulates the sustainability performance based on the
sustainability dimension input. The evaluation of this model
considers training and testing errors, computation time, num-
ber of generated fuzzy rules, RMSE, MAPE, and MAE.
Table 9 presents an evaluation of the ANFIS model.

First, regarding computation time, ANFIS with the grid
partition model required more time to develop than the sub-
tractive model. For the topology, the grid partition model was
developed using four inputs of sustainability dimensions with
five MFs, while the subtractive clustering model was devel-
oped using five inputs with 26MFs. The training data process
shows that ANFIS with the subtractive clustering model gen-
erates 26 rules to evaluate sustainability performance, which
is better than the grid partition’s number of rules. ANFIS

VOLUME 10, 2022 5509



M. Yani et al.: Adaptive Fuzzy Multi-Criteria Model for Sustainability Assessment

TABLE 9. ANFIS model performance evaluation.

training is a meaningful stage in developing a model and
finding a set of parameters with the lowest error. The data
training for the ANFIS model with grid partition shows an
error of 3.1 × 10−5, whereas subtractive clustering with
1.3 × 10−7. The training errors of both models fulfilled the
error condition of 0.01 [60]. Moreover, subtractive clustering
requires less time to generate a model with 2.50 minutes,
while grid partition must deal with 24 h for each 200 epochs
with 1,000 datasets.

The testing shows that a model with grid partition achieved
2.04 error, while that with subtractive clustering achieved
only 1.7 × 10−7. The ANFIS model with grid partition
and subtractive clustering was also tested using the RMSE,
MAPE, and MAE.

The RMSE, MAPE, and MAE parameters for the ANFIS
performance evaluation showed that the ANFIS model with
subtractive clustering performed better than the ANFIS with
the grid partition model. The lowest RMSE, MAPE, and
MAE scores confirmed that the model is appropriate for real-
world conditions. Overall, based on the evaluation parame-
ters, ANFIS with a subtractive clustering model had a better
fit to accommodate sustainability supply chain aggregation.

3) ANFIS TOPOLOGY AND SIMULATIONS
The important aspects of ANFIS modeling are the MF and
ANFIS topologies. The MFs of ANFIS with grid partition
and subtractive clustering models after the training phase are
shown in Figure 9.

After the training phase, the ANFIS shows a Gaussian
membership function, which is also defined in the initiation
model. The MF scales changed dynamically at every linguis-
tic level, indicating that the model accurately represented the
training data. The classification model shows that data train-
ing plays an important role in organizing the MF to predict
output. Therefore, data training must be validated prior to the
model training phase. This study applies the Monte Carlo
method with probabilistic distribution for data acquisition,
and studies have also proven that the approach is valid for
the data training acquisition phase [61], [62], [83]. More-
over, with the ANFISmodel evaluation mentioned earlier, the
ANFIS model with subtractive clustering was found to be the

fittest model to aggregate the overall supply chain sustainabil-
ity performance, as proposed. Subsequently, ANFIS topology
with subtractive clustering was explored.

ANFIS with subtractive clustering model initiation suc-
ceeded in designing four inputs of sustainability dimensions,
26 clusters and fuzzy rules, and one output of aggregated
supply chain sustainability performance. The architecture of
the ANFIS with a subtractive clustering model after testing
and training is shown in Figure 10. The rule surface of the
model is required to examine the relationships between the
dimensions to define sustainability performance. The rule
surface, which is generated from the ANFIS model with
subtractive clustering initiation, is important for predicting
and proposing the performance of machine learning to assess
supply chain sustainability.

As 26 rules have been designed by the ANFIS model for
an adaptive evaluation model, a sugar agroindustry practi-
tioner can explore the current performance of supply chain
sustainability and define activities for improvement. The 3D
rule surface of the ANFIS model, organized by economic,
social, environmental, and resource dimensions, is depicted
in Figure 11.

Finally, the ANFIS model with subtractive clustering is
implemented to infer the aggregated value of supply chain
sustainability performance. This study validated the perfor-
mance of the sustainability dimensions using the ANFIS
model to perform the aggregated supply chain performance.
The validation results show that the aggregated performance
of supply chain sustainability for the sugarcane agroindustry
is 68.58, according to Ref. [82], and is practically sustain-
able. The simulation of the supply chain sustainability per-
formance for the sugarcane agroindustry using an adaptive
model of ANFIS is depicted in Figure 12.

A computerized model was used to verify the model accu-
racy. The FIS model verification results are presented in
Tables 7 and 8. The verification results show that the FIS
model, which applies the Mamdani, TFN MF, and centroid
defuzzification models, has the lowest error compared to
the MDS and linear models. This model also fires well to
define the sustainability dimensions of the sugarcane agro-
industry. The ANFIS model verification to define the overall
sustainability performance was verified using error values.
The ANFIS model with subtractive clustering showed the
lowest error, and it was accepted as the verified model.

Operational validation was performed using face validity.
In this scheme, the model is tested and validated by an expert
to ensure that it describes the real-world condition and fulfills
the system requirements, which were agreed upon by the
expert group. Currently, the sugarcane supply chain agroin-
dustry faces sustainability and productivity problems that are
affected by many indicators.

D. KEY INDICATORS FOR SUPPLY CHAIN SUSTAINABILITY
IMPROVEMENT
Using the CAM approach, the key indicators to improve
the sustainability performance of the sugarcane agroindustry
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FIGURE 9. After training membership function for ANFIS model.

were revealed. The key indicators were examined for sustain-
ability dimensions, including economic, social, environmen-
tal, and resource. The CAM indicates that indicators with low
scores should be improved to maintain sustainability.

For the economic dimensions, the key indicators for
improving supply chain sustainability for the sugarcane
agroindustry are agility performance (E5), supply chain risk
(E1), and profit allocation (E3). The key indicators for social
dimensions are institutional support (S1), corporate social
responsibility (CSR) (S3), and stakeholder partnership (S6).

The key indicators for the environmental dimensions were
ambient air quality (N5), noise level (N3), and solid waste
(solid/product) (N6). Finally, the resource dimension should
focus on the following indicators: sugarcane field conver-
sion (R2), labor competitive performance (R3), and overall
recovery (R5).

Further, improvement strategies were developed based on
key indicators. A panel discussion with an expert group
was conducted to develop the strategy. Table 10 shows
the detailed strategy improvements for every key indicator.
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FIGURE 10. The architecture of ANFIS model for aggregating supply chain sustainability performance.

FIGURE 11. Rule surface of the adaptive model for sugarcane agroindustry supply chain sustainability assessment for (a) social and
economic dimension, (b) environment and social dimension, (c) resource and social dimension, and (d) resource and environment
dimension.

We summarize the formulated strategy for improving sug-
arcane agroindustry supply chain sustainability as follows:
improving the supply chain agility and flexibility to achieve

raw material availability by an engineering assessment to
understand the current mill efficiency situation to plan for
a new facility or machinery revitalization, supply chain
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FIGURE 12. Sustainability assessment simulation for sugarcane agroindustry supply chain.

stakeholders’ coordination, collaboration in risk management
and fair profit allocation, and maintenance of a partnership
program with incentives and services for sugarcane farmers.

E. MANAGERIAL IMPLICATION
This study provides managerial insights for the indus-
try to implement sustainable development. Assessments of
sustainability are crucial for sustainable development. This
study developed and validated an adaptive model to assess
the sustainability of the sugarcane supply chain. The model
can adaptively provide supply chain sustainability perfor-
mance to implement in supply chains, which are things to be
prepared.

Management must provide a section to monitor sustain-
ability actively and collect data. For easy access to the data
by all supply chain stakeholders, the focal company (in this
case, the sugar mill) must actively collaborate and coordinate
with others. Specific datamight be available from suppliers or
distributors, although most data and information are available
at the focal company. The indicator data obtained from the

secondary and primary data were both qualitative and quanti-
tative. Secondary data, which are available in the production
data, are easily accessed by the company. Primary data were
obtained from expert assessment. This information must be
updated periodically to ensure consistency with the current
conditions.

To achieve a sustainable supply chain, the sugarcane
agro-industry must focus on all dimensions. Often, the eco-
nomic dimension, which has the lowest sustainability perfor-
mance, can also affect the other sustainability dimensions.
To improve sustainability, managers should concentrate on all
dimensions and indicators with a focus on the performance
of the lowest indicator. From a complementary perspective,
the industry should realign its business and supply chain into
sustainability goals if unsustainable performance is found to
achieve global competitiveness.

Improvement strategies have been proposed for supply
chain sustainability based on key indicators and validated
by a group expert. In the implementation of a supply chain,
stakeholders should be involved in the system. Sugar mills
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TABLE 10. The improvement strategy for supply chain sustainability.

play a significant role in the strategy implementation. Other
primary supply chain stakeholders should be coordinated in
the implementation, involving sugarcane farmers, coopera-
tive organizations, associations, and distributors. After that,
the secondary stakeholders are also coordinated to ensure the
supply chain activities run well.

IV. CONCLUSION AND RECOMMENDATION
A. CONCLUSION
This study designed an integrated fuzzy multi-criteria model
for sustainability assessment of the sugarcane agroindustry
supply chain based on FIS and ANFIS. Strategies for main-
taining supply chain sustainability have also been proposed,
based on sustainability assessment results and expert group
panel discussions. The proposed sustainability assessment
model is more accurate and applicable than typical MDS and
linear models.

The developed FIS model could assess the sustain-
ability performance of the sugarcane agroindustry supply
chain on each dimension, that is, economic, social, envi-
ronmental, and resource, as 64.33% (almost sustainable),
75.69% (almost sustainable), 73.72% (almost sustainable),
and 69.05% (almost sustainable). The FIS model was com-
pared with the current MDS to assess the sustainability
assessment and linear calculation models. The proposed FIS
model yielded a more accurate value, that is, the lowest error
value.

The ANFIS with subtractive clustering initiation model
was designed to aggregate supply chain sustainability

performance in each dimension. The ANFIS model showed
a lower training and testing error, which implied that it was
capable of aggregating supply chain sustainability perfor-
mance with better results. Model validation showed that the
overall supply chain sustainability performance of the sug-
arcane agroindustry was 68.58%, which implied that it was
almost sustainable.

This study also proposes a strategy to improve supply chain
sustainability performance by focusing on key indicators. The
main strategy suggested is maintaining the sugarcane supply
by strengthening the partnership program and improving the
mill’s overall recovery, followed by factory revitalization or
new factory investment.

B. RECOMMENDATIONS
Using the proposed model, the individual dimensions, as well
as the overall sustainability of the sugarcane supply chain
sustainability performance can be determined. This study also
proposed a strategy to improve sustainability. However, there
is a need for a detailed requirements analysis and engineering
assessments. The role of supply chain stakeholders in improv-
ing overall supply chain sustainability performance should be
assessed and developed.

This study was limited to sugarcane factories that have
partnerships with farmers to provide sugarcane resources.
How this partnership should be strengthened still needs to be
investigated.

Moreover, the proposedmodel can be applied to other com-
modities supply chain sustainability performance improve-
ments, such as the palm oil agroindustry supply chain,
by indicator adjustment.
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