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The present paper contributes to the literature in two ways. First, it develops a novel p, q Quasirung 
Orthopair Fuzzy (p, q QOF) based group decision making framework to modify a recently developed 
multi-criteria decision making (MCDM) model such as Comparisons between Ranked Criteria 
(COBRAC). Second, the paper ruminates on the Strength-Weakness-Opportunity-Threat (SWOT) 
of the sugarcane supply chain (SSC) in India vis-à-vis adaptation of the advanced technologies 
featuring Industry 4.0. To set the sub-factors of various dimensions of SWOT, the theoretical ground 
of Technology-Organization-Environment (TOE) framework has been used. The sub-factors of SWOT 
have been derived through an informal in-depth discussion with the experts of the sugar industry. 
Then using a Likert five-point linguistic scale the experts rated the sub-factors based on their relative 
importance. To determine the weights the modified COBRAC method has been applied. In subsequent 
stages the reliability of the model has been tested and sensitivity analysis has been carried out to check 
the stability of the result. The analysis reveals that while experience, by-product utilization and high 
demand provides strength and create opportunities for SSC, the areas of concern are lack of variety, 
fragmented nature of supply chains, shortage of next-gen talent and inadequate infrastructure. 
However, there are enough promises for SSC. The paper shall provide impetus to strategic decision 
makers for the sugar industry and puts forth a new decision-making framework for the analysts.
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Sugar is an inevitable part of the items daily consumed by human beings. It is used as a source of sweeteners, 
energy and preservations1. Sugarcane is one of the main sources for production of sugar and other related by-
products2. Sugar production is one of the oldest industries across the world in the agri-food sector, producing 
sugar and several by-products like biomass, bagasse, and molasses that are used for several purposes such as 
generation of electricity, renewable fuels, papers, chemicals and organic and bio-products3. A sugarcane supply 
chain (SSC) is a set of interconnected activities starting from field to mill and then distribution to customers’ 
end including grow, harvest, transport, processing and recycling4. According to a recent study5, Indian sugar 
industry contributes around 10% of India’s agricultural GDP and is a significant contributor to manufacturing 
output of the country.

While SSC is enjoying a higher market demand with multi-faceted use, there are a number of challenges such 
as lower yield rate (as compared with the countries like Brazil), inefficient allocation of resources, stagnancy 
in productivity, lack of varieties, increasing health consciousness among the consumers, growing competition 
and lack of resilience to economic, social, and environmental issues, mismatch of profit allocation among the 
members of SSC, fragmented in nature, and climate change6–8. In this regard, there is a need to embrace advanced 
technologies, building of digital capabilities, develop sustainable agro-techniques, overhauling of conversion 
processes7,9.
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The present age is characterized by a massive technological development started with Industry 4.0. Industry 4.0 
has revolutionized all facets of socio-economic and business environment through a cyber-physical ecosystem. 
The supply chains also need to embrace the power of Industry 4.0 to stay existent and competitive10. Industry 4.0 
enables the supply chains to predict and critically analyze potential risks and showcase resilience11,12, enhancing 
transparency, scalability and flexibility, and productivity13, fostering real-time governance and collaboration, 
evidence-based decision-making14,15, improving communications and better understanding consumer needs16 
and contributes toward sustainability through lean and agile SCM17. Hence, Industry 4.0 is relevant for SSC. 
SSCs need to leverage Industry 4.0 to usher a transformed journey in quest of achieving sustainable development 
while meeting its potential growth. However, Indian sugar industry is at the crossroad. The one side of the 
story is sugar industry has a lot of potentials while the other part sheds light on a number of shortcomings. 
The adaptation of advanced technologies can bridge the gap between two contradictory aspects. Thus, it is 
required to carry out a strategic scanning of the environment for SSC. In this regard, the current work proposes 
a strength-weakness-opportunity-threat (SWOT) framework for SSC vis-à-vis embracing the advanced digital 
technologies. Whilst a good number of past studies found on sugarcane industry and SSC18,19, there is an 
apparent scantiness of work focusing on SWOT analysis of SSC vis-à-vis technology adaptation.

SWOT analysis intends to figure out the internal and external factors impacting the business performance20. 
The extant literature shows several examples of application of SWOT analysis in various context. Examples 
include digital ecosystem20, assessment of pharmaceutical environment for supply chains in India21, digital 
transformation of hospitals22, milk processing system23, barriers and future prospect of hydrogen driven 
economy24 among others. In the context of sugarcane industry and its supply chain management, there has 
been a number of contributions in past. Ayu et al.25 conducted a SWOT analysis on sugar industry in Indonesia 
to prioritize business strategies by using AHP method. Debnath and Roy26 used AHP-TOPSIS methodology to 
unearth key drivers for inclusive growth in defence. Szum and Nazarko19 developed an extended SWOT model 
to explore the determinants of successful implementation of Industry 4.0 in SSC. Kassem et al.27 worked on 
formulating an appropriate strategy for contract farming in the Egyptian sugar industry. Asrol et al.18 worked 
on identification of failure modes and their mitigation strategies to improve supply chain performance. The 
authors used Supply Chain Operation Reference (SCOR) framework and Fuzzy-Analytic Hierarchy Process 
(AHP) approach to draw the critical factors through SWOT analysis. Salehi et al.28 concentrated on finding 
out the obstacles for adaptation of information technology in SSC Khuzestan province. The researchers used 
SWOT analysis and applied DEMATEL method to determine the weights of the factors. In the context of circular 
economy, the work of Jesus et al.29 provided a SWOT analysis to figure out the barriers and implementation 
strategies for sugarcane ethanol sector in Brazil.

Motivations behind the present study
The motivations of the present work stems from theoretical and methodological gaps in the existing literature. 
In what follows are the primary motivations behind the work.

	a)	� From the review of the past studies, it is apparent that SWOT analysis is a useful framework for strategic 
planning and environmental scanning. However, we do not find extensive use of theoretical frameworks in 
the context of SWOT analysis. This motivates us to develop a theoretical framework for carrying out SWOT 
analysis for adaptation of advanced technologies in SSC.

	b)	� Related to SSC, there has been several studies such as sustainability assessment of SSC30, identification of 
barriers to adopt information technology28, performance assessment and ranking of sugarcane farms31, ma-
terial selection of SSC32, assessment of climate change effect33 among others. These studies used MCDM 
models. However, there is a gap in the literature using MCDM model based comprehensive SWOT analysis 
of critical factors to adapt advanced technologies in SSC.

	c)	� There has been evidences of using MCDM models to determine the weights of the factors in SWOT analysis. 
We notice that past studies used subjective opinions and carried out uncertain model based analysis. How-
ever, we find a very limited or no efforts have been given to examine the robustness of the model through 
consistency checking while carrying out SWOT analysis. Of course, AHP has been used in some cases with 
calculation of reliability. But, AHP has the drawbacks like limitation of the number of criteria/factors and a 
higher number of pairwise comparison (n(n− 1)/2). Thus, there is a necessity to develop a subjective opin-
ion-based robust SWOT framework with MCDM model.

	d)	� We observe a number of works conducted to find out critical issues related to adaptation of new technol-
ogies by using MCDM models34,35. However, there is a limited flexibility in selection of membership and 
non-membership grades.

Research objectives
The current work fills the gap in the literature by fulfilling the following objectives.

RO 1. To carry out a SWOT analysis for SSC supported by the theoretical Technology-organisation-
environment (TOE) framework.

TOE is a theoretical framework for assessment of technology adaptation36. TOE framework consists of three 
dimensions such as technology (relative advantage, perceived cost, compatibility, security, and complexity), 
organization (internal factors like technological readiness, resource availability, financial readiness, and top 
management support) and environment (external factors like government regulation, stakeholder relation, 
structure of the industry, vendors etc.)37. TOE framework has been found widely used in the literature38–41. In 
the context of adaptation of advanced technologies in Industry 4.0, there are a number of contributions made 
by the researchers42–44. Hence, the TOE framework is an appropriate technological framework for carrying out 
SWOT analysis for SSC.
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RO 2. To develop a robust MCDM based framework for carrying out SWOT analysis.
Since SWOT analysis reveals multiple factors of varying importance, the current work applies a MCDM 

model such as COBRAC45 to determine the factor weights based on opinions of a group of experts. To reduce 
the effect of subjectivity, the ongoing work uses a novel p, q-Quasirung Orthopair Fuzzy Number (p, q-QOFN) 
based COBRAC model.

The p, q-Quasirung Orthopair Fuzzy Set (p, q-QOFS) was developed46 as a continuous advancement of the 
traditional fuzzy sets4748, pentagonal fuzzy sets49, intuitionistic fuzzy set50, Pythagorean fuzzy set51,52, spherical 
fuzzy sets53 and q-rung Orthopair fuzzy set54. p, q-QOFS offers more flexibility to the decision makers for selection 
of the degrees of membership (μ) and non-membership (ϑ) for a granular analysis. The underlying condition 
is 0 ≤ µp + ϑq ≤ 1 where, p, q(≥ 1) are the real numbers used as parameters. Here, p > q or p < q or p = q
. By suitably increasing and fixing the values of p and q the DM can set the space of the acceptable Orthopairs. 
The literature shows a limited application of p, q-QOFS based applications55–58. Further, for aggregation of the 
responses of the experts, we use Aczel – Alsina (AA) t-norms and t-conorms based aggregation operator (AO). 
AA based AO provides the advantages like changeability of the parameters, equivalence and reliable results59,60.

In this paper the researchers apply a recently developed multi-criteria decision making (MCDM) model 
such as Comparisons Between Ranked Criteria (COBRAC) method45 to derive the weights of the factors and 
rank them. COBRAC provides a number of advantages such as: a) better consistency in the decision making as 
it removes the need for distant pairwise comparisons; b) lesser number of pairwise comparisons (for attributes, 
COBRAC requires number of local comparisons) to better withstand variations in the decision-making and 
subjective bias; c) ability to provide a large scale range to the decision makers for local pairwise comparisons; d) 
ability to provide a reliable and consistent result even with the presence of a large number of attributes or criteria.

The research questions that the present work aims to address are:

	RQ 1	� What are the key strengths and opportunities for SSC to adapt Industry 4.0 technologies?
	RQ 2	� What are the critical threats and weaknesses of SSC that act as hindrances to adapt Industry 4.0 technol-

ogies?
	RQ 3	� To what extent, on aggregate, do the strengths, weaknesses, opportunities and threats differ?
	RQ 4	� How can a robust p, q-QOFN based MCDM model be developed for group decision-making?

Contributions
The major contributions of the current work are twofold.

a) Theoretical innovation

The present work uses a widely used and established theoretical basis like TOE to design the SWOT analysis. 
The use of such theoretical foundation helps to conduct a comprehensive multi-factors based SWOT analysis 
for identification of critical issues influencing the adaptation of advanced technologies of Industry 4.0 in the 
context of SSC.

b) Methodological innovations

First, the current study provides a rare framework using SWOT, TOE and COBRAC for assessing the critical 
issues and key strengths and opportunities for adaptation of industry 4.0 by SSC in Indian context. Second, 
Recognizing the advantages of COBRAC method, the present work proposes a novel extension of the recently 
developed COBRAC model with p, q-QOFS and Aczel – Alsina (AA) t-norms and t-conorms based aggregation 
operator (AO) for group decision-making that provides changeability of the parameters, equivalence and reliable 
results.

c) Practical relevance

Keeping in mind the sustainable development goals, the present work necessitates the importance of the 
adoption of technologies that support environmental stewardship. The framework used in this paper is tailored 
to withstand the complexities and uncertainties in SSC, unveiling critical issues and major prospects in the 
current landscape of SSC and necessary steps for modernization, facilitating better strategic decisions to enhance 
the competitiveness and efficiency.

The rest of the manuscript is constructed as follows. In section "Preliminary concepts" we describe the 
fundamental definitions and concepts of p, q-QOFS. Section "Research framework" discusses the research 
methodology at length including our proposed extension of COBRAC method. Section "Findings" summarizes 
the key findings while in section "Discussion" we draw critical inferences from the findings. Finally, section 
"Conclusion and future scope" concludes the paper while mentioning some of the future scope.

Preliminary concepts
The ongoing section is constructed to describe some of the fundamental definitions and operational rules of p, 
q-QOFS.

Definition I.  Intuitionistic Fuzzy Set (IFS).

Let, ÃI  is an IFS from the universe of discourse ∪ and ÃI  is defined50 as

	 ÃI = {x, ⟨µI (x) , ϑI (x)⟩ : x ∈ ∪}� (1)
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Here, µI (x) → [0, 1] and ϑI (x) → [0, 1] are denoting the membership degree (MD) and non-membership 
degree (NMD) respectively. The MD and NMD satisfy the condition 0 ≤ µI (x) + ϑI (x) ≤ 1; ∀x ∈ ∪.

Definition II.  Pythagorean Fuzzy Set (PyFS).

The PyFS was developed51,52 as an extended version of IFS. Let, ÃP  is an PyFS from the universe of discourse ∪. 
Then we have the definition as

	 ÃP = {x, ⟨µP (x) , ϑP (x)⟩ : x ∈ ∪}� (2)

The underlying condition is 0 ≤ µP (x)2 + ϑP (x)2 ≤ 1; ∀x ∈ ∪ and the hesitancy or indeterminacy degree 
(ID) is derived as

	 πP =

√
1− (µP (x))2 − (ϑP (x))2; ∀x ∈ ∪� (3)

Definition III.  Fermatean Fuzzy Set (FFS).

Let, ÃF  is an FFS from the universe of discourse ∪. Then ÃF  is defined61,62 subject to the underlying condition 
0 ≤ µF (x)3 + ϑF (x)3 ≤ 1; ∀x ∈ ∪ as

	 ÃF = {x, ⟨µF (x) , ϑF (x)⟩ : x ∈ ∪}� (4)

The indeterminacy degree (ID) is obtained as

	 πF =
3

√
1− (µF (x))3 − (ϑF (x))3; ∀x ∈ ∪� (5)

Definition IV.  q Rung Orthopair Fuzzy Set (q ROFS).

Using the natural integer q as the power, the scholars54,63,64 defined the q ROFS ÃQ is defined as

	 ÃQ = {x, ⟨µQ (x) , ϑQ (x)⟩ : x ∈ ∪}� (6)

The condition satisfied is 0 ≤ µQ (x)q + ϑQ (x)q ≤ 1; ∀x ∈ ∪ and ID is defined as

	 πQ = q

√
1− (µQ (x))q − (ϑQ (x))q; ∀x ∈ ∪� (7)

By changing the values of q, the other variants are obtained, for example, q = 1(IFS); q = 2(PyFS); q = 3(FFS).

Definition V.  (p, q) Quasirung Orthopair Fuzzy Set (p, q-QOFS).

To proceed towards a further generalization, the p, q-QOFS AQu is defined as46

	 Ãp,q = {x, ⟨µp,q (x) , ϑp,q (x)⟩ : x ∈ ∪}� (8)

The values of the natural numbers p, q lead to the following condition.

	 0 ≤ µp,q (x)
p + ϑp,q (x)

q ≤ 1; ∀x ∈ ∪� (9)

Here, p, q ≥ 1 and p >,=, < q.
Subsequently, ID is computed as

	 πp,q =
ε

√
1− (µp,q (x))

p − (ϑp,q (x))
q; ∀x ∈ ∪� (10)

Here, ε is a small number and ε = L.C.M(p, q).
For further definitions and simple explanations, Seikh and Mandal46 used Quasirung Orthopair Fuzzy 

Number (p, q-QOFN) to represent Ãp,q. Let, A = (µ, ϑ) is any p, q-QOFN following the definitions given by the 
Eqs. (8) to (10).

The p, q-QOFN A is changed to IFN or PyFN or FFN as follows65

•	 If p = q = 1 then A is an IFN
•	 If p = q = 2 then A is an PyFN
•	 If p = q = 3 then A is an FFN
•	 If p = q then A is an q ROFN
•	 If p = 3; q = 4 then A is a 3,4 Quasirung Fuzzy Number66

Definition VI.  Basic operational rules for p, q-QOFN.
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Let, A = (µ, ϑ),A1 = (µ1, ϑ1) and A2 = (µ2, ϑ2) are the three p, q-QOFNs. Then the following definitions are 
obtained46

	

VIa) A1 ≤A2 iff µ1 ≤ µ2 and ϑ1 ≥ ϑ2

VIb) A1 =A2 iff µ1 = µ2 and ϑ1 = ϑ2

VIc) A1 ⊕ A2 =

(
p

√
µp
1 + µp

2 − µp
1µ

p
2, ϑ1ϑ2

)� (11)

	
VId) A1 ⊗ A2 =

(
µ1µ2,

q

√
ϑq
1 + ϑq

2 − ϑq
1ϑ

q
2

)
� (12)

	 VIe) λA = ( p

√
1− (1− µp)λ, ϑλ)� (13)

where λ(≥ 0) ∈ R is a scalar quantity

	 VIf) Aλ = (µλ, q

√
1− (1− ϑq)λ)� (14)

where λ(≥ 0) ∈ R

	 VIg) Ac = (ϑ, µ)� (15)

Definition VII.  Score and Accuracy function.

The score function for a p, q-QOFN A is defined as46

	
ℑ(A) = 1 + µp − ϑq

2
; 0 ≤ ℑ(A) ≤ 1� (16)

In response to an increase in µ, the score function also monotonically increases while it monotonically decreases 
as ϑ increases.

The accuracy function is defined as46

	 λ̄(A) = µp + ϑq; 0 ≤ λ̄(A) ≤ 1� (17)

Rules for comparing two p, q-QOFNs.

	 i)	� If ℑ(A1) < ℑ(A2) then A1 ≺ A2

	ii)	� If ℑ(A1) > ℑ(A2) then A1 ≻ A2

	iii)	� If ℑ(A1) = ℑ(A2) then 
λ̄(A1) < λ̄(A2) ⇒ A1 ≺ A2

λ̄(A1) > λ̄(A2) ⇒ A1 ≻ A2

λ̄(A1) = λ̄(A2) ⇒ A1 = A2

Definition VIII.  Aggregation operators (AO).

Let, Aj = (µj, ϑj); j = 1, 2...n is a family of p, q-QOFNs. Then, the p, q-QOF weighted averaging (p, q-QOFWA) 
and p, q-QOF weighted geometric (p, q-QOFWG) AOs are defined as46

	

p, q −QOFWA(A1, A2, ....An) =
n
⊕
j=1

ωjAj =




p

1−
n

j=1

(1− µp
j)

ωj ,

n
j=1

ϑ
ωj
j




� (18)

	

p, q −QOFWG(A1, A2, ....An) =
n
⊗
j=1

A
ωj
j =




n
j=1

µ
ωj
j ,

q

1−
n

j=1

(1− ϑq
j)

ωj




� (19)

ωj  denotes the weight of Aj  such that ωj > 0;
n∑

j=1

ωj = 1.

Definition IX.  Aczel–Alsina (AA) t-norm.

The AA t-norm and AA t-conorm are given as65
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Tα
AA(x1, x2) =





TD(x1, x2); if α = 0

Min(x1, x2); if α = ∞

e−((− ln x1)
α+(− ln x2)

α)
1
α ; otherwise

� (20)

For special cases T∞
AA = min, T 0

AA = TD, T
1
AA = TP

	

Sα
AA(x1, x2) =





SD(x1, x2); if α = 0

Max(x1, x2); if α = ∞

1− e−((− ln(1−x1))
α+(− ln(1−x2))

α)
1
α ; otherwise

� (21)

For special cases S∞
AA = max, S0

AA = SD, S
1
AA = SP .

Let, α ∈ [0,∞] is the parameter of AA norms, and x1 and x2 are the elements of ∪. Then we have

	

TD(x1, x2) =




x1; if x2 = 1

x2; if x1 = 1 (drastic t - norm)
0

� (22)

	 TP (x1, x2) = x1x2 (product t - norm)� (23)

	

SD(x1, x2) =





x1; if x2 = 0

x2; if x1 = 0 (drastic t - conorm)
0

� (24)

	 SP (x1, x2) = (x1 + x2−x1x2) (probabilistic sum)� (25)

It may be noted that AA t-norm and t-conorm are dual to each other.

Definition X.  AA aggregation operators.

For a family of p, q-QOFNs Aj = (µj, ϑj); j = 1, 2...n, the p, q-QOF AA weighted averaging (p, q-QOFAAWA) 
is defined as under65.

	

p, q −QOFAAWA(A1, A2, ....An)

=




p



1− e
−(

n
j=1

ωj(− ln(1−µ
p
j ))

α)
1
/α

q



e
−(

n
j=1

ωj(− lnϑ
q
j)
α)
1
/α




� (26)

Research framework
In this section we provide a step-by-step description of the research methodology.

Identification of the factors under SWOT
First, we identify the factors under each category such as S, W, O, and T. In this regard, the factors are identified 
based on the related past studies and informal discussions made with the experts. The theoretical framework of 
TOE is used. A group of ten experts took part in the study. The sample size satisfies the minimum requirement 
for group decision-making67,68. The experts are selected mostly from the sugar industry (six numbers). These 
experts are having substantial experience of working (more than 15 years) at various functional areas in industry, 
such as operations and supply chain management (five), HRM (one), marketing (two), finance (one). One of the 
experts has been selected from academia (faculty member of operations and supply chain management). Table 1 
provides the list of factors based on SWOT analysis.

The experts have been engaged in the SWOT analysis and then rating of the factors (identified through 
SWOT analysis) using the linguistic scales given in Table 2.

p, q QOFN based COBRAC method using p, q-QOFAAWA
Let, Fj (j = 1, 2....m) are the factors under a given category of SWOT framework with corresponding weights 

as ωj(ωj ≥ 0;
m∑
j=1

ωj = 1).

Ei (i = 1, 2....n) are the experts who took part in the study.
Aij = (µij, ϑij) is the rating (using p, q QOFN scale) of the jth factor given by expert Ei.
ϕj = (µj, ϑj) is the aggregated p, q QOFN for the jth factor.
The steps of p, q QOFN based COBRAC method using p, q-QOFAAWA are described below.
Step 1. Aggregation of the responses of the experts for each factor.
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Using the definition of p, q-QOFAAWA operator the individual responses (for each factor) are aggregated 
as under.

	

ϕj = (µj, ϑj) = p, q −QOFAAWA(A1, A2, ....An)

=




p



1− e
−(

n
i=1

wi(− ln(1−µ
p
ij))

α)
1
/α

q



e
−(

n
i=1

wi(− lnϑ
q
ij)

α)
1
/α




� (27)

Linguistic rating scale Code μ ϑ

Very High 5 0.85 0.25

High 4 0.70 0.40

Medium 3 0.55 0.55

Low 2 0.40 0.70

Very Low 1 0.25 0.85

Table 2.  Linguistic rating scale and corresponding p, q QOFNs.

 

S/L Factors Category Dimension

S1 Experience of the industry (more than 120 years old)

Strength (S)

Tech

S2 Lower attrition rate resulting into knowledge retention Org

S3 Supply chain capacity utilization Org

S4 Simple supply chain structure Tech

S5 Availability of sustainable materials Tech

S6 Lower conversion cost Tech

S7 Optimum utilization of by products and waste Org

W1 Compatibility issue to adapt cutting-edge technologies

Weakness (W)

Tech

W2 Old generation industry, learning from other industries is very less Org

W3 Mostly rural based remote operations Env

W4 Emigration of next-gen fresh talent Org

W5 A higher average age of the workmen ((55 years and above—60%) Org

W6 Inadequate support from top management Org

W7 Inadequate infrastructure to embrace digital technologies Org

W8 Internet connectivity and availability of electricity Env

W9 High cost of installation Tech

W10 Lack of advanced decision support system and R&D facilities Tech

W11 Resistance to accept changes Org

W12 Lack of standards and systems Org

OP 1 Opportunity for development of famer economy and inclusive growth

Opportunity (O)

Env

OP 2 Multi-faceted use of products in various industries resulting into collaborations Env

OP 3 Demand is always high and stable Tech

OP 4 Increase in ethanol use Env

OP 5 Government focus on sugarcane-based products Env

OP 6 Branding and promotion Tech

T1 Fragmented supply chain with a lot of unorganized players and interventions

Threat (T)

Env

T2 Misalignment of incentives among the players of the supply chains Env

T3 Lack of awareness of modern technologies across the supply chain Org

T4 Intra-industry rivalry: Unhealthy competition Env

T5 Fluctuation of raw material price while sugar price is regulated Env

T6 Limited quota (e.g., Molasses) and regulation Env

T7 Lack of variety and volume of production Tech

T8 Availability of substitute products Env

T9 Environmental uncertainties resulting into less yield and supply Env

Table 1.  List of factors identified through SWOT analysis.
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In this case, wi denotes the weight assigned to the expert Ei.
Step 2. Calculation of the score values for the aggregated p, q QOFNs.
Using Eq. 16, the score value for each factor Fj  is computed as

	
ℑ(ϕj) =

1 + µp
j − ϑq

j

2
; 0 ≤ ℑ(ϕj) ≤ 1� (28)

Next, the steps of the conventional COBRAC method45 are followed.
Step 3. Ranking of the factors.
Assuming that Fk(k ∈ [1,m]), any factor from the set, is the dominant (most influential for the 

decision-making, i.e., most important) one, the ranking (as per relative importance) order is obtained as 
Fk(1) > Fk(2) > ...... > Fk(t) where t ∈ [1,m] is the rank of the factors.

Step 4. Pairwise comparison of the factors.
After pairwise comparison of the factor, each pair is assigned with a preferred value ξ. For instance, ξ1,2 is the 

assigned value to the first and second ranked factors and ξm−1,m is the assigned value to the second-to-last and 
last ranked factors. Then the values ξ1,2, ξ2,3, ....ξm−1,m meet the condition ξ ∈ [0, 1]. For example, for the two 
factors Fj(m−1) and Fj(m) where Fj(m−1) > Fj(m), the value ξm−1,m = 0.64 indicates that Fj(m−1) holds 64% of the 
interval [0,1] while the contribution of Fj(m) is 36%.

Step 5. Calculation of the weights of the factors.
The COBRAC method performs (m− 1) number of pairwise comparisons for m factors. Hence, there are 

(m− 1) number of relationships formulated as given below

	

ω1 : ω2 = ξ1,2 : (1− ξ1,2);

.....

ωm−1 : ωm = ξm−1,m : (1− ξm−1,m);

� (29)

According to the condition of transitivity, we can write

	

ωm−1

ωm
− ξm−1,m

(1− ξm−1,m)
= 0� (30)

However, in reality there could be some deviations from the consistency. Hence, the objective is set to minimize 
the deviations, i.e., 

∣∣∣ωm−1
ωm

− ξm−1,m

(1−ξm−1,m)

∣∣∣ ≤ 0; j = 1, 2...m. Accordingly, the model for calculating the weights of 
the factors is formulated as

	

min max
j

{∣∣∣ωm−1
ωm

− ξm−1,m

(1−ξm−1,m)

∣∣∣
}

s.t.
m∑
j=1

ωj = 1;ωj ≥ 0 ∀j
� (31)

The above model can be then expressed as a non-linear model (i.e., final model) for calculating the weights as

	

Minχ

s.t.∣∣∣ωm−1
ωm

− ξm−1,m

(1−ξm−1,m)

∣∣∣ ≤ χ, ∀j
m∑
j=1

ωj = 1;ωj ≥ 0∀j

� (32)

The methodological steps are depicted in Fig. 1.

Findings
Under this section we highlight the findings of the data analysis. The responses of the experts (i.e., ratings of 
the factors derived through SWOT analysis) are recorded in Table A.1 to A.4 (see Online Appendix A). Now, by 
using p, q-QOFNs (as given in Table 2) we obtain the ratings of the factors for further analysis. In what follows 
is the demonstration of the calculation of weights of the factors. Let us start with the category Strength (S). Table 
3 exhibits the rating of the factors expressed in p, q-QOFNs.

To begin with the analysis the first step deals with the aggregation of individual ratings for each factor using 
p, q-QOFAAWA (see Eq. (27)). In this case, the number of factors under Strength category is m = 7 and the 
number of experts (rated the factors) is n = 10. We have assumed an equal importance for all experts. Thus, 
weight for each expert is wj =

1
j =

1
n = 1

10 = 0.1. Table 4 shows the aggregated ratings (in p, q QOFNs) for all 
factors.

Next, we calculate the score values for S1, S2, S3, ….. S7 using the Eq. (28). After that the steps of the COBRAC 
method are followed by applying Eqs. (29) to (32) to formulate the final model and calculation of the weights of 
the factors. Table 5 exhibits the calculation of the weights.

Final model (to calculate the weights of the strength factors)
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Fig. 1.  Flowchart of research methodology.
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Min χ

s.t∣∣∣ω1ω7 − 1.1130
∣∣∣ ≤ χ,

∣∣∣ω7ω2 − 1.0985
∣∣∣ ≤ χ,

∣∣∣ω2ω4 − 1.1956
∣∣∣ ≤ χ,

∣∣∣ω4ω3 − 1.1025
∣∣∣ ≤ χ,∣∣∣ω3ω6 − 1.2416

∣∣∣ ≤ χ,
∣∣∣ω6ω5 − 1.4081

∣∣∣ ≤ χ

ω1 + ω2 + ω3 + ω4 + ω5 + ω6 + ω7 = 1;

ω1, ω2, ω3, ω4, ω5, ω6, ω7 > 0

� (33)

It is found that χ = 0.000001 which indicates that there is a negligible deviation and thus, the model shows 
significant consistency. In the similar way, we calculate the weights of various factors under weakness, opportunity 
and threat categories (See Tables 6, 7, 8).

We then move to find out the composite score of each category of SWOT by aggregating the p, q-QOFNs of 
constituting factors using p, q-QOFAAWA. In this case we use the calculated weights of the factors. After that 
we apply the procedural steps of COBRAC method (as demonstrated above) to determine the weights of SWOT 
categories (see Table 9).

Comparative analysis
It is important to ascertain the reliability of the result of any MCDM model as it may be susceptible to the 
variations in the external conditions and underlying assumptions69. As a common practice followed in the past 
studies70–74, the present paper compares the calculated weights of the factors with the other methods like LBWA, 

Factor Score ξ 1-ξ ξ/(1-ξ) ω Rank

W4 0.6153 0.5177 0.4823 1.0735 0.1009 1

W7 0.5732 0.5108 0.4892 1.0442 0.0990 2

W10 0.5490 0.5179 0.4821 1.0743 0.0938 3

W1 0.5110 0.5070 0.4930 1.0283 0.0885 4

W8 0.4969 0.5064 0.4936 1.0260 0.0874 5

W6 0.4843 0.5276 0.4724 1.1169 0.0874 6

W2 0.4336 0.5280 0.4720 1.1186 0.0854 7

W3 0.3876 0.5259 0.4741 1.1093 0.0816 8

W5 0.3495 0.5301 0.4699 1.1281 0.0809 9

W9 0.3098 0.5540 0.4460 1.2421 0.0739 10

W11 0.2494 0.5065 0.4935 1.0262 0.0641 11

W12 0.2430 0.0571 12

Sum 1.0000

Table 6.  Calculation of weights of weakness factors (COBRAC method). (χ = 0.00000)

 

Factor Score ξ 1-ξ ξ/(1-ξ) ω Rank

S1 0.6247 0.5267 0.4733 1.1130 0.2051 1

S7 0.5613 0.5235 0.4765 1.0985 0.1843 2

S2 0.5110 0.5446 0.4554 1.1956 0.1678 3

S4 0.4274 0.5244 0.4756 1.1025 0.1403 4

S3 0.3876 0.5539 0.4461 1.2416 0.1273 5

S6 0.3122 0.5847 0.4153 1.4081 0.1025 6

S5 0.2217 0.0728 7

Sum 1.0000

Table 5.  Calculation of weights of strength factors (COBRAC method).

 

Factor S1 S2 S3 S4

Aggregated Rating 0.7445 0.4040 0.6465 0.4983 0.5312 0.6120 0.5672 0.5725

Factor S5 S6 S7

Aggregated Rating 0.3605 0.7768 0.4639 0.6895 0.6904 0.4544

Table 4.  Aggregated rating of the factors (Strengths) (expressed in p, q QOFNs).
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FUCOM and PIPRECIA. Table 10 shows that the result of Spearman rank correlation test (SRCT) for the factors 
under strength category. It is evident that COBRAC maintains a consistency with other MCDM models.

In the similar way we compare the results of COBRAC method with other MCDM models for all other 
categories of SWOT framework and find the consistency.

Sensitivity analysis
One of the important requirements for MCDM models is its stability of the result which often gets violated 
because of changes in the defined conditions, for instance, changes in the criteria and alternative set, variations 
in the parameter value for aggregation and so on75. In this work there are three vital parameters used in 
aggregation, such as p, q and α. To figure out whether changes in the values of these parameters affect the 
calculated weights of the factors and their subsequent rankings, the sensitivity analysis is performed. Guided by 
the previous studies76–78, we vary the parameter values (see Table 11) and calculate the weights of the factors. 

Method Coefficient COBRAC

FUCOM Spearman’s rho 0.964*

LBWA Spearman’s rho 0.964*

SWARA Spearman’s rho 0.929*

PIPRECIA Spearman’s rho 0.929*

BWM Spearman’s rho 0.857*

Table 10.  Comparison of COBRAC with other MCDM methods. *Significant at 0.05 level (two-tailed).

 

Category Score ξ 1-ξ ξ/(1-ξ) w Rank

OP 0.5710 0.5260 0.4740 1.1096 0.2795 1

T 0.5146 0.5115 0.4885 1.0469 0.2518 2

S 0.4916 0.5133 0.4867 1.0545 0.2406 3

W 0.4662 0.2281 4

Sum 1.0000

Table 9.  Calculation of weights of SWOT (COBRAC method). (χ = 0.00000)

 

Factor Score ξ 1-ξ ξ/(1-ξ) w Rank

T1 0.6347 0.5040 0.4960 1.0160 0.1530 1

T7 0.6247 0.5273 0.4727 1.1157 0.1506 2

T9 0.5599 0.5109 0.4891 1.0444 0.1350 3

T3 0.5362 0.5416 0.4584 1.1814 0.1293 4

T6 0.4538 0.5213 0.4787 1.0892 0.1094 5

T4 0.4167 0.5258 0.4742 1.1087 0.1005 6

T5 0.3758 0.5681 0.4319 1.3153 0.0906 7

T2 0.2858 0.5233 0.4767 1.0978 0.0689 8

T8 0.2603 0.0627 9

Sum 1.0000

Table 8.  Calculation of weights of threat factors (COBRAC method). (χ = 0.000002)

 

Factor Score ξ 1-ξ ξ/(1-ξ) w Rank

OP 3 0.6530 0.5149 0.4851 1.0612 0.2094 1

OP 2 0.6153 0.5089 0.4911 1.0363 0.1973 2

OP 4 0.5938 0.5147 0.4853 1.0604 0.1904 3

OP 1 0.5599 0.5472 0.4528 1.2085 0.1795 4

OP 5 0.4633 0.6651 0.3349 1.9858 0.1486 5

OP 6 0.2333 0.0748 6

Sum 1.0000

Table 7.  Calculation of weights of opportunity factors (COBRAC method). (χ = 0.00000)
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Figure 2 showcases an example of the ranking distribution of the factors under the opportunity category subject 
to variations in the parameter values during sensitivity analysis. It is noticed that the ranking does not show any 
significant variation. Hence, it may be contended that our model provides a stable solution.

Discussion
The study reveals several noteworthy observations. Experts believe that factors like experience in the industry 
(S1), optimum utilization of by-products and waste (S7), and lesser attrition rate (S2) are the top strengths of 
SSC. The researchers79,80 argued that maturity in terms of the number of years of existence in business helps the 
firms to build capabilities, withstand vulnerabilities and embrace changes in the environment. The maturity of 
the supply chains provides an opportunity to assimilate knowledge and improve technological strength81. The 
sugar industry is more than 120 years old, which is an indication of the maturity of SSC. The utilization of by-
products and waste has emerged as a second necessary strength. Experts from the sugar industry indicated that 
molasses is used for ethanol production and is sold to the government. The residue part (bagasse) is used for 
boiler fuel to generate captive power. These are also sold to the State grid, paper industry, and manufacturing of 
MDF furniture. Therefore, SSC is enabled to contribute towards sustainability, which is an essential driver for 
adopting new technology and helps firms satisfy their stakeholders82. For adaptation to a new technology, it is 

Fig. 2.  Outcome of the sensitivity analysis (for opportunity factors).

 

Cases

Parameter values

Cases

Parameter values

p q α p q α

Initial 3 2 1 Case 13 3 5 1

Case 1 4 2 1 Case 14 3 7 1

Case 2 5 2 1 Case 15 3 9 1

Case 3 7 2 1 Case 16 3 10 1

Case 4 9 2 1 Case 17 3 20 1

Case 5 10 2 1 Case 18 3 50 1

Case 6 20 2 1 Case 19 3 2 2

Case 7 50 2 1 Case 20 3 2 3

Case 8 1 2 1 Case 21 3 2 4

Case 9 2 2 1 Case 22 3 2 5

Case 10 3 1 1 Case 23 3 2 7

Case 11 3 3 1 Case 24 3 2 9

Case 12 3 4 1

Table 11.  Experimental cases for sensitivity analysis.
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essential to have stable human resources. The lower attrition rate helps retain knowledge within the organization. 
As a result of knowledge retention, the firms can reap the advantage of a learning curve, integrate the learnings 
over time, build dynamic capabilities, and embrace technological changes83,84. Thus, the identified top three 
strengths encourage SSC to adopt digital technologies.

Going to the weakness factors, we observe that emigration of next-gen fresh talent (W4), inadequate 
infrastructure to embrace digital technologies (W7), and lack of advanced decision support system and R&D 
facilities (W10) are the top three factors. It is understood that next-gen talents are reluctant to join a conventional 
business-like sugarcane processing. As a result, SSC needs more new ideas and innovative work systems, which 
are essential cornerstones for technology adaptation. Furthermore, being an age-old industry, SSC needs more 
modern setups and R&D to support the implementation of advanced technologies. Also, the experts noted that 
SSC works in a traditional way, where there is a need for more advanced analytical models powered by AI/ML. 
The outdated working style, lack of learning, digital capabilities, and shortage of next-gen innovative talents pose 
significant challenges for SSC to adapt to new technologies85,86.

However, SSC enjoys the advantage of having a high demand (OP 3), providing stability to the firms. The 
researchers87 argued that a stable and high market demand drives firms to stretch their efforts to fulfil customers’ 
requirements and, therefore, urge them to adopt new technologies. The multi-faceted use of products in various 
industries (OP 2) has bolstered the market demand. The experts mentioned the extension of demand from B2B 
to B2C. As a result, the firms take advantage of the increasing possibility of building collaborations with other 
industries and economic sustainability through innovative financing88. The surge in the use of ethanol (OP 4) 
has also provided a notable opportunity for SSC. Experts mentioned that 20–25% of ethanol-based fuels are 
used for the automobile sectors in India, helping the country reduce import dependency. Thus, SSC has many 
opportunities for future growth and sustainable development.

Considering the threats, it is noted that fragmentation of SSC (T1), lack of variety and volume of production 
(T7), and environmental uncertainties (T9) pose considerable threats to SSC. SSC is comprised of several 
players, including a large number of unorganized intermediaries. As a result, there needs to be more clarity 
about balancing the incentives across the chain and matching the digital capabilities and goals across SSC. 
Collaboration among the partners across SSC is a critical success factor89. It poses a significant threat to the 
successful adaptation of advanced technologies. Because of a high number of failure modes, the volume of 
production and yield is inferior, as remarked by the experts. Further, SSC suffers from a lack of product varieties 
vis-à-vis competition and market demands. However, these threats necessitate the adaptation of advanced 
technologies in SSC to achieve sustainability and competitive advantage.

Theoretically, COBRAC model provides an inherent robustness check through solving the MILP model. It 
provides an advantage of a lesser number of pairwise comparisons of (n− 1) numbers within a local domain. 
The counterparts like BWM requires (2n− 3) number of comparisons. FUCOM also requires (n-1) number 
of comparisons but not in a local interval. SWARA and PIPRECIA requires an additional sorting of criteria 
at the initial and depend significantly on the selection of rating values. These show the theoretical benefits of 
COBRAC. For numerical validation, Table 10 shows the reliability and Fig. 2 demonstrates the stability of the 
outcome of COBRAC based analysis.

Research impact and implications
The current research offers several impactful insights and implications for both practitioners and researchers.

a) Managerial and Policy Implications

The ongoing work provides many insights for managerial decision making and policy formulation. First, by 
integrating the theoretical framework of TOE with SWOT analysis the present work brings in a comprehensive 
strategic planning approach. This proposed approach helps the decision-makers not only to identify the 
critical factors for adaptation of advanced technologies in SSC but also showcases their dynamics. In effect, 
the organizations can successfully utilize the TOE-SWOT framework to formulate futuristic action plans to 
overcome the challenges (weaknesses and threats) while leveraging the strengths and opportunities. Second, the 
ongoing work sheds light on the requirement to align sustainable development goals with technology adaptation, 
especially through the utilization of by-products like molasses for ethanol production. The findings of this 
study necessitate adoption of contemporary practices contributing to environmental conservation and resource 
efficiency. Third, the current study reveals two crucial challenges such as talent retention and upgradation of 
infrastructure within SSC for sustainable growth riding on advanced technologies. These findings reinstate the 
need to invest in human capital development and modern infrastructure for embracing technological changes 
and creating an ecosystem for innovation. Fourth, the results of the present work indicate an increasing demand 
for ethanol paving the way towards B2C models. A thorough analysis and understanding of the market trends 
and shift in business enables to decide strategic initiatives and technology investments which helps the firms to 
stay ahead of the competition. Fifth, the present study offers some significant actionable insights such as need for 
collaboration, financial incentive planning and creating a conducive ecosystem to foster innovation and develop 
organizational capabilities to embrace future technologies.

b) Technical Implications

The current work provides a novel, robust group decision-making framework that may be utilized for complex 
problem-solving. The use of p, q QORFS extends a greater flexibility to the decision maker for dealing with 
imprecise information under uncertainty. This framework allows stakeholders to evaluate multiple criteria 
effectively, leading to more informed and strategic decisions regarding technology adoption. Compared to 
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earlier studies, the current work provides COBRAC model-based SWOT analysis which not helps to obtain a 
reliable outcome but also supports the consistency in decision-making. Hence, the proposed methodology of the 
current work can be effectively used for other industries in various contexts of strategic analysis.

Advantages and limitations
The proposed work on technology adaptation in the sugarcane supply chain (SSC) presents several advantages 
and limitations. The advantages of the current work include: a) the SWOT analysis framework grounded on 
TOE provides a comprehensive and theoretically sound approach to unearth the factors influencing technology 
adaptation. This framework can be utilized in several other contexts (other industries and technologies) in 
Industry 4.0 transitioning to society 5.0; b) the proposed framework enhances the flexibility and accuracy of 
evaluations. This tool allows decision-makers to consider varying degrees of membership and non-membership. 
The proposed methodology can be utilized for several other complex problem solving; c) the findings accentuate 
the need to utilize by-products and waste focusing towards sustainability; d) the application of robust decision-
making framework for imprecise information and lesser subjective bias.

However, there are some limitations. First, the present work is limited to only environmental scanning. It does 
not show any explicit direction for establishing any causal relationship. Hence, the analysis does not adequately 
capture the dynamicity. Second, participation of a limited number of experts limits the generalizability. Third, 
lack of empirical substantiation is another area of concern. The present work is confined to limited opinions 
and a specific industry only. Fourth, from methodological point of view, this study uses a particular aggregation 
such as Aczel-Alsina aggregator. Despite its advantages, this operator is a bit complex than Dombi and does not 
consider the neutrality effect explicitly like neutrality aggregator. Fifth, the current work intends to unearth the 
relative importance of the factors pertaining to SWOT for bring in a strategic perspective from environmental 
scanning. For that reason, we consider strategic decision-makers/ experts’ subjective rating. However, the same 
can be supplemented to an operational level analysis using objective information and defined indicating variables. 
Sixth, there is a possibility to examine how do the factors can be optimized using the approach followed by Sadhu 
et al.90 to generate desired competitive advantage.

Conclusion and future scope
The researchers have designed the present work to discern the critical factors for adaptation of advanced 
technologies to SSC in Industry 4.0. Through a SWOT analysis based on experts’ opinions, the factors have been 
identified under the theoretical framework of TOE. The identified factors have been rated by ten experts and a 
MCDM model using p, q-QOFN based COBRAC method has been applied to prioritize the factors pertaining 
to each category of SWOT framework. For aggregation of experts’ rating, p, q-QOFAAWA approach has been 
followed. The results reflect that there is enough scope for availing a number of opportunities while capitalizing 
the strengths and improving the weaknesses. It is noted that the organizations must focus on attracting, 
developing and retaining next-gen talents and develop necessary infrastructure. Also, it is required to extend the 
product line and infuse varieties. The MCDM model used in this paper provides a reliable and stable solution.

Future scope
The present work provides several opportunities for further extensions in future. In what follows are some of 
the future scopes:

	a)	� The present work does not provide a detailed empirical validation, especially, related to possible causal rela-
tionship among technology adaptation, organizational performance, and sustainability outcomes in the SSC. 
In a future work, one can try to establish and validate a causal model in this regard by using a large-scale 
empirical survey.

	b)	� For implementation of any new technology, soft factors like open-ended organizational culture and moti-
vational climate, leadership support, employee engagement among others play critical roles. Understanding 
the status of the firms regarding these factors and their influence on technology adaptation can be a subject 
matter of future research.

	c)	� Besides adaptation of an advanced technology, it is also important to study the technology journey and 
success/failure case studies. It provides a deep introspection of organizational capability building and their 
impact on firm performance. Thus, a future work may address a longitudinal assessment of the dynamics of 
adaptation and the evolving nature of the supply chain.

	d)	� Likewise, SSC, there are other traditional yet large-scale agro-industries in operation. The present work can 
be extended to include a comparative study of several such industries with SSC in regard to adaptation of 
advanced technologies. In this context, it may be an interesting idea to compare technology adaptation by 
SSC of several other countries towards developing a comprehensive framework.

	e)	� A future work may explore the readiness and challenges to adapt specific technologies like digital twin, 
blockchain, IoT, smart drone, 3D printing, AI/ML and others in SSC. Subsequently, a comparative analysis 
may be carried out and investigations can be made to see how these technologies can enhance efficiency, 
transparency, and sustainability in the supply chain.

	f)	� For adaptation of advanced technologies, it is important to get policy support. The sugar cane industry is 
a regulated one. Hence, future research could focus on developing comprehensive policy frameworks that 
support technology adaptation in the SSC. This could involve analyzing the effectiveness of existing policies 
and proposing new initiatives.

	g)	� Climate change is one of the greatest concerns for SSC. From the present work, an initiative can be taken 
to delve deep into several sustainability issues pertaining to SSC. Future studies could concentrate on how 
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climate-related factors influence technology adaptation in the SSC to overcome environmental challenges 
and develop resilient supply chains.

	h)	� SSC is a fragmented in many respects with a lot of organized and unorganized players involved. Hence, a fu-
ture work may concentrate on multi-stakeholder engagement and its impact on technology implementation.

	i)	� In this paper we have developed a p, q-QOFN based COBRAC with p, q-QOFAAWA. In a further work one 
may use different other aggregations to examine the robustness of methodological framework.

	j)	� As a gradual extension, several other fuzzy numbers like p, q, r spherical fuzzy number or rough numbers 
can also be utilized for developing comprehensive MCDM models.

Nevertheless, the current work underscores the importance for a deep introspection of SSC at the crossroad 
under phenomenal growth of advanced technologies and provides a robust decision analysis framework for the 
policy makers and analysts.
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