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Abstract The management of Agri-food supply chains is a
complex task, given the unique product characteristics, per-
ishability, uncertain demand, and specific storage require-
ments. This research introduces an innovative approach to
optimizing product allocation among producers, brokers,
wholesalers, and retailers, focusing on minimizing trans-
portation costs and network delivery time through multi-
objective programming. To address uncertainties, supply
and demand constraints are modelled using a gamma dis-
tribution, and the maximum likelihood estimation method
determines their parameters with specified probabilities.
The study conducts a case analysis to showcase the model’s
practical effectiveness, and a numerical comparison with
alternative approaches is included. The primary goal of
this study is to enhance the efficiency of agri-food supply
chain management practices, providing valuable insights for
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practitioners in the field, with a focus on cost reduction and
improved delivery time.
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1 Introduction

Agri-Food Supply Chains (SC) play a pivotal role in ensur-
ing the timely and efficient delivery of agricultural and food
products, especially in the context of products character-
ized by a shorter shelf life and high perishability. Effectively
managing the distribution networks within these supply
chains is critical for resilience and efficiency (Kumar and
Singh 2021). Agri-food SCs encompass a complex network
of facilities and distribution options that facilitate the pro-
curement of raw materials, their transformation into finished
products, and their distribution to end customers (Gupta
et al. 2018a, b). This intricate network underpins the ability
of organizations to provide finished goods to customers in
a cost-effective and timely manner (Gupta et al. 2021a, b,
c). Balancing the supply and demand within the SC is para-
mount for achieving profitability, yet it presents a formida-
ble challenge for organizations (Baral et al. 2021). Effective
management of resources, supplies, and the delivery of the
right products to the right locations and customers at the
right cost is the essence of supply chain management. In the
case of agri-food SCs, this task is further complicated by
the perishable nature of the products and their vulnerability
to disruptions (Kumar and Singh 2021; Mishra et al. 2021).

The agri-food industry faces a multitude of challenges,
including the pressures of rapid industrialization, the dynam-
ics of oligopoly-based distribution systems, and the need
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to adhere to stringent food safety standards. In the face
of these challenges, the efficient management of distribu-
tion networks becomes not just a necessity but a strategic
imperative. Mishra et al. (2021) highlight the adaptability
of agri-food SC networks in modifying their conventional
procurement and inventory planning approaches to meet
evolving customer demands. This shift underscores the
growing importance of optimizing supply chain networks
in the agri-food industry.

In this context, Lim et al. (2023) shed light on omnichan-
nel strategies within agricultural supply chains, with a spe-
cific focus on traceability technologies, services, adver-
tisements, and holding costs. The research by Sarkar et al.
(2019; 2021) delves into sustainability, carbon emissions
control, and product quality enhancement in a three-echelon
supply chain. Dey et al. (2021) underscore the criticality of
reducing lead time and variance within smart manufacturing
systems integrated into supply chains. Ullah et al. (2021)
investigate the implications of remanufacturing within
closed-loop supply chains, emphasizing the significance of
hybrid policies and cost-related factors. Yadav et al. (2021)
address the imperatives of waste reduction and carbon emis-
sions management within sustainable supply chains, utiliz-
ing concepts like cross-price elasticity of demand and pres-
ervation technology to maximize profit while minimizing
waste.

1.1 Problem description and research objectives:

Agri-food products are usually unique and perishable, so
these items cannot be stored at any node of the SCN for a
very long time (Violi et al. 2019). Agri-food SCs intrinsic
sources of ambiguity have a detrimental effect on perfor-
mance and stability. Several authors (Borodin et al. 2016;
Galal and El-Kilany 2016; Kamble et al. 2019; Banasik et al.
2019) have stated that agri-food SC development models
must be updated to take an account the consequences of
existing sources and consumer peregrination across the
chain. Allocation of optimal order at different nodes of the
agri-food SC under an uncertain environment is a challenge
task. Researchers have mainly considered network optimisa-
tion for products with a long life cycle (Eskandarpour et al.
2015; Kumar et al. 2016; Banasik et al. 2017; Gupta et al.
2018a). Therefore, the focus of this study is to determine
the compromised order allocations for optimising Agri-food
SCN. In this study, a random and probabilistic model of
agri-food SC has been developed and formulated with some
imprecise input information. As we know, decision makers
are often not familiar with the numerous values of shipping
costs and shipment time in real-life scenarios, interpreting
these as fuzzy coefficients would be more suitable. In this
study, the parameters are represented through an interval
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type-2 triangular fuzzy parameter which are converted into
a crisp form by using an appropriate ranking formula.

Additionally, when formulating real-life scenarios, cir-
cumstances may occur, when we do not understand exactly
the right side of the constraints. In order to solve this condi-
tion, we regarded these parameters to be random variables
following a Gamma distribution. Apart from it, we have
used the maximum likelihood estimation (MLE) approach
to obtain the Gamma distribution’s scale and location param-
eter. Different types of optimization techniques like Goal
Programming, Lexicographic or Pre-emptive Goal Program-
ming, Weighted or Mini-sum Goal programming, Fuzzy
programming, Fuzzy Goal Programming, AHP, TOPSIS,
VIKOR, have been used to solve the formulated Agri-Food
SC problem for getting an optimal result. Researchers have
found that network optimisation for optimal order allocation
is a challenging task for SC managers and is not very well
researched specifically in developing countries like India
(Singh et al. 2018). This study aims to identify the best
ordering allocation for finished goods from each producer,
agent/broker, wholesaler, and retailer in the Agri-Food SCN.
To demonstrate the proposed model in this study; a numeri-
cal case study has been provided.

In this study, we have identified the research objective by
examining the gaps in the existing literature that need to be
solved. For this study, we have conducted have conducted a
literature review to identify the challenges and opportuni-
ties in the agri-food SCN. Based on the literature review,
we have identified the need for an optimisation model that
can address the uncertainties and complexities in the supply
chain distribution network. Following the research objective
of this study:

1. To develop a novel fuzzy stochastic programming model
that can optimize the allocation of products from each
stage of the SCN, including producers, agents/brokers,
wholesalers, and retailers, while considering the uncer-
tain parameters of supply and demand constraints.

2. To use the maximum likelihood estimation method to
estimate the unknown parameters of the probabilistic
distribution with a specified level of probability, thereby
enhancing the accuracy of the proposed model.

3. To compare the performance of different optimization
approaches, such as value function, e-constraint, fuzzy
goal programming, weighted fuzzy goal programming,
and pre-emptive fuzzy goal programming, in terms
of their effectiveness and computational efficiency in
obtaining the optimal order allocation of products.

By achieving these objectives, the study aims to contrib-
ute to the existing literature on agri-food SCN by proposing
a robust and effective approach to optimizing the alloca-
tion of products in agri-food SCN, which can enhance their
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overall efficiency and profitability. The remaining paper has
the following structure: In Sect. 2, the SCN and Agri-food
SCN literature are briefly reviewed. Section 3 describes the
mathematical model formulation with fuzziness and ran-
domness for Agri-food SCN and the proposed optimization
approach used to solve the problem. Section 4 illustrates the
application of the proposed framework with a case scenario.
Finally, in Sects. 5, the concluding remarks are presented.

2 Literature review

Various studies have focused on using the fuzziness and
randomness theories to address the ambiguity in SCN prob-
lems (Petrovic et al. 1998; Sakawa et al. 2001; Chuu 2011;
Nepal et al. 2011; Cakici et al. 2012; Petridis 2015; Zokaee
et al. 2017; Choi et al. 2017; Singh et al. 2018; Yaghin et al.
2020). Mishra et al. (2018) conducted a survey of the current
literature on SCN performance measurements and metrics,
and gave a critical evaluation of 234 publications published
over the course of the previous 24 years in SC. In most real-
life scenarios, parameters are assumed to take determinis-
tic values, but sudden change in related things may lead to
uncertainty. In such cases, if the uncertain prevails within
the parameters but presumed to take in some set of probable
values, a solution can be developed that is feasible for all
uncertain parameters. Further, to solve an uncertain opti-
mization problem, it is important to transform the problem
into a deterministic form using some ranking function that
could be equally generalizable to the related deterministic
optimization problem. Before formulating the problem under
study, a literature review was conducted and presented in the
following sections.

2.1 Agri-food supply chain network design

Research in the optimization of Agri-food SCNs has taken
various approaches and dimensions. Higgins et al. (2004)
conducted real-world research in the Australian sugar indus-
try, utilizing simulation to enhance production and distri-
bution efficiency. Akkerman et al. (2010) delved into the
intricacies of Agri-food SCNs and logistics, addressing
processes like brand integration, packing, bundling, seal-
ing, and stock management. The typical Agri-food SCN
encompasses a range of operations spanning agriculture,
processing, storage, transportation, delivery, and advertis-
ing, forming a "land-to-fork" sequence (Iakovou et al. 2012).
In the agri-food SCN context, Mirabella et al. (2014) scruti-
nized the environmental and economic impacts of loop clos-
ings through real case studies. Eskandarpour et al. (2015)
provided a comprehensive review of mathematical models
applied in Agri-food SCNs, categorizing them into deter-
ministic frameworks, such as linear programming, dynamic

programming, mixed-integer linear programming, goal pro-
gramming, and fuzzy programming. They underscored the
need for advancements in Agri-food supply chain modeling,
especially concerning biodiversity, emphasizing its unique
research context. Tavana et al. (2017) contributed by devel-
oping an integrated supplier selection model for milk firms,
incorporating analytic network process with quality function
deployment.

Moreover, Banasik et al. (2017) conducted an analysis of
financial and environmental aspects within the mushroom
supply chain, emphasizing closed-loop technologies. They
introduced a multi-objective (mixed-integer) linear program-
ming method to aid decision-making for manufacturing and
distribution by optimizing resource flows in closed-loop
supply chains. Esteso et al. (2018) observed that existing
agri-food supply chain network (SCN) development models
often overlooked consumer-related factors like food quality,
safety, and environmental considerations, as well as product
diversity. Their two-phase approach involved devising a con-
ceptual framework for agri-food SCN development, integrat-
ing mathematical programming models and accounting for
inherent ambiguities. In a second phase, this framework was
applied to evaluate established agri-food SC models. Allaoui
et al. (2018) introduced a two-stage hybrid methodology
for sustainable agri-food supply chain networks, combining
multi-criteria and multi-objective decision-making, with a
focus on sustainability aspects including carbon and water
footprints, as well as overall costs. Liu et al. (2019) pro-
posed an innovative model that integrated fuzzy numbers,
Analytic Hierarchy Process, and Order Preference Model
to comprehensively assess both quantitative and qualitative
parameters. Sharma et al. (2020) conducted a systematic
review of machine learning applications in agri-food supply
chain networks, aiming to address complex issues. De and
Singh (2020) and Tomasiello and Alijani (2021) established
an integrated framework to assess overall supply chain per-
formance and reviewed the application of fuzzy logic in the
agri-food supply chain, considering land suitability, manu-
facturing techniques, water management, cold storage, trans-
portation, waste disposal, environmental sustainability, and
drought management. Recent studies have explored diverse
aspects of sustainable supply chain management in the food
industry, such as Kalantari and Hosseininezhad’s (2022)
focus on reducing economic costs, environmental impacts,
and maximizing employment in a global food supply chain
with risk considerations. Alinezhad et al. (2022) proposed a
methodology for designing sustainable closed-loop supply
chain networks that account for customer satisfaction and
carbon footprint, even under uncertain conditions. Lastly,
Gholian-Jouybari et al. (2023) addressed challenges related
to greenhouse gas emissions, water consumption in farm-
lands, and supply chain issues caused by rapid population
growth. They presented a mathematical model to enhance
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sustainability within agricultural food supply chain net-
works. These studies collectively underscore the pressing
need to prioritize sustainability in the food industry and offer
promising strategies to tackle the intricate challenges within
supply chains.

2.2 Approaches adopted for supply chain network
design

The SCN is increasingly recognized as a vital driver of com-
petitiveness in dynamic economies (Altiparmak et al. 2006).
Nevertheless, its productivity and effectiveness face chal-
lenges arising from various sources of uncertainty, spanning
demand, supply, manufacturing, and planning aspects. It is
undeniable that supply chain instability raises concerns for
every manager (Charles et al. 2019). The literature contains
numerous studies addressing the design of supply chains,
with Sabri and Beamon (2000) standing out for creating
an integrated model capable of simultaneously addressing
multi-objective supply chain challenges, encompassing both
strategic and operational planning, including manufactur-
ing costs and delivery times under uncertain demand. Lee
et al. (2010) endeavored to optimize supply chain networks,
focusing on objectives related to optimal location, alloca-
tion, and routing to minimize costs. Meanwhile, Peidro et al.
(2010) developed an uncertain mathematical programming
model for strategic supply chain management. Their objec-
tive was to centralize multiple node options to efficiently
utilize available resources over time, ultimately delivering
customer demands at a reduced cost.

Yeh and Chuang (2011) developed multi-objective
optimzation model for partner choice in SCN. They con-
sidered four competing objectives, including optimization
of overall manufacturing costs and time for manufacturing
and shipping and, also tries to optimize product quality and
green evaluation score, and solved them by utilizing two
separate multi-objective genetic algorithms. Nasiri et al.
(2014) designed the three-tier SC models for different dis-
tribution hubs, manufacturing facilities and vendors with
an unpredictable stochastic demand. Trisna et al. (2016)
addressed different SC issues formulated through the use
of multi-objective optimization techniques. The authors
provided a study of several techniques used for formulating
the mathematical model for different types of SCNs and,
also classified different modelling methods based on linear
and non-linear programming, different kinds of techniques
used for solving the multiobjective programming problems,
and also categorized the models into various kinds of robust
and non-robust techniques used for solving the mathemati-
cal models. Kumar et al. (2016) addressed a two-echelon
integrated procurement and production model for both
the producer’s and the customer’s embedded SCN model.
The authors proposed a new technique for evaluating the
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expected fuzzy shortage throughout the inventory period.
Kim and Sarkar (2017) designed a SCN model that includes
probabilistic demand for lead time, commercial credit pol-
icy, enhancement in product quality, lower costs for ven-
dors and a fluctuating back-order rate. In order to handle the
complicated supplier selection problem in SCM, (Pandey
et al. 2017) suggested a two-phase fuzzy goal programming
technique that was integrated with a hyperbolic membership
function. Haddadsisakht and Ryan (2018) built a closed-
loop SCN model, which incorporates forward as well as
backward product flows of an item along with a change in
demand of fresh and re-produced items. Gupta et al. (2018a)
developed a comprehensive technique to programming the
SCN issues efficiently. The author employed interactive
fuzzy programming to reduce concurrently the overall trans-
portation cost and entire delivery time in association with
inventories, actual stock present at each source, as well as
market demand and useable storage facilities at each site.
Subsequently, Gupta et al. (2018b) formulated SCN as a
two-tier programming problem with the principal purpose
of identifying optimal product assignment orders for which
demand and product supply was deemed to be inherently
ambiguous. In hybrid uncertain conditions, including recy-
cling and disposal operations, Farrokh et al. (2018) explored
the development of a closed- loop SCN model. The authors
proposed a mixed-integer programming model which opti-
mized SCN configuration in terms of both interruption and
risk management. Bhosale and Latpate (2019) took into
consideration the demand of milk products for one cycle
that follows probabilistic weibull distribution within the
decentralized and centralizing SC for the perishable goods.
Arasteh (2020) developed a three-level SC for manufacturer/
distributor/customer in which the customer demand, per-
centage of customer returned the items and delivery time of
distributors to customers were considered fuzzy variables.
Qiu et al. (2021) developed a distributionally resilient opti-
misation strategy for retailers that buy several items from
many suppliers with a limited budget in which the demand
for a product is supposed to rely on the existing inventory
level. Dohale et al. (2022) created a multi-product, multi-
period model for aggregate production planning in order to
meet the needs of customers in terms of capacity and lead
time in order to achieve market competency in the aggregate
industry. Table 1 summarises approach adopted by different
researchers for solving SCN problem.

Table 1 shows that very few researchers have used
the MLE technique to obtain the desired shape, scale and
location value of an uncertain parameter. That can be seen
as the biggest disadvantage when dealing with uncertainty
that has been identified from all the previous work carried
out by different researchers. However, decision makers
(DMs) sometimes find it difficult to evaluate the accurate
values of parameters to their full understanding in real
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Fuzzy Probabilistic  MLE Case study

Table 1 Summary of SNo Authors
approaches adopted for SCN
problems 1 Sabri and Beamon (2000)
2 Lee et al. (2010)
3 Peidro et al. (2010)
4 Yeh and Chuang (2011)
5 Nasiri et al. (2014)
6 Kumar et al. (2016)
7 Kim and Sarkar (2017)
8 Haddadsisakht and Ryan (2018)
9 Gupta et al. (2018a)
10 Gupta et al. (2018b)
11 Farrokh et al. (2018)
12 Bhosale and Latpate (2019)
13 Charles et al.(2019)
14 Banasik et al. (2019)
15 Ali et al. (2019)
16 Liu et al. (2019)
17 Violi et al. (2019)
18 Ghomi-Avili et al. (2019)
19 Arasteh (2020)
20 Yaghin et al. (2020)
21 Qiu et al. (2021)
22 Ali et al. (2020)
23 Gupta et al. (2021a)
24 Gupta et al. (2021b)
25 Alinezhad et al. (2022)
26 Kalantari & Hosseininezhad (2022)
27 Gholian-Jouybari et al. (2023)

28 Present study

Tllustrative example
Tllustrative example
Automobile industry
Tllustrative example
Tllustrative example
Rice mill industry
Illustrative example
Numerical illustration
Numerical illustration
Numerical Illustration
Illustrative example
Milk manufacturing industry
Tllustrative example
Mushroom production
llustrative example
Illustrative example
Agri-food industry
Glass manufacturing industry
Ilustrative example
Clothing industry
Illustrative example
Illustrative example
Tllustrative example
Numerical illustration
Dairy industry
Ilustrative example
Saffron business

<UX XL X X< L < X< X XL Q< <X X< < < < X XXX

< X X X X< X X X X X X X X X< X X X X X X X X X X XX

LU LU X X X X R X L X X X X XX

Agri food industry

\/ and X indicates the nature of parameter used and not used in the respective paper

life problems. Therefore, the novelty of this study lies in
the fact that we have used the MLE approach for getting
the desired shape and scale parameter of the considered
probabilistic parameters. Moreover, the authors used only
hypothetical numerical examples to demonstrate the pro-
posed methodology in the past. However, in this paper,
the problem of an agri-food SCN is considered with the
major objective is to identify the best ordering for each
manufacturer, agent/contractor, wholesaler and retailer’s.
The unique points of this research are as follows:

i. In earlier studies, Agri-food SCNs were seen as a sin-
gle objective programming problem, but to get the effi-
ciency in SC process in Agri-food we have extended
it to a multi-objective problem with some time con-
straint.

ii. An Agri-food SCN with multi-objectives is studied
with interval type-2 fuzzy variables among the ship-
ment cost and delivery time coefficient.

iii. Stochastic programming is used to resolve the inequali-
ties between various supply and demand constraints.

iv. The considered probabilistic demand and supply
parameters are studied in conjunction with the use of
MLE to model the best fit value for uncertainty.

After discussing the brief literature on Agri-food SCN
and different approaches adopted by researchers in previ-
ous studies, the next section describes the formulation of
the proposed mathematical model.
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3 Proposed mathematical model

Designing suitable effective strategies to handle agri-food
SC to meet consumer demand has become a complicated,
demanding issue while addressing the constantly rising
changes in life styles and dietary preferences. There can be
no doubt that the SC management has increased the agri-
food company priority significantly over the last few years.
The SC is now widely recognized as having the key to both
cost reduction and service enhancements in several sectors.
Its function is now especially important for the food sec-
tor, due to the increasing demands of more strong retailers
on suppliers. The concentration of retailers has become a
way of life in many areas and increases as global merchants
emerge. The suppliers need to reassess their SC strategy
since they are demanding a just-in-time delivery, better prod-
uct quality and tailor-made logistical solutions. Agri-food
SCN comprise of farming, postharvest activities, distribu-
tion and retailing. Optimising distribution network is a chal-
lenge for managers. Here, in this section, we have formu-
lated the multi-objective Agri-Food Supply Chain Network
(MOAFSCN) model with some imprecise data. Following
are the assumptions considered for the model formulation
in this study:

e The system produces single type of item.

e Shipping cost and delivery time are considered as uncer-
tain and represented by interval type-2 fuzzy number.

e Demand and supply are considered as uncertain param-
eter follows continuous probability distribution function.

e Order is placed only once.

¢ No cash discount are considered.

e No shortage and backlogging are allowed.

Nomenclature:
The following notations have been used to formulate the
Agri-food supply chain problem:

Indices
i— Retailers index,{i = 1,2, ...... 1}
Jj— Wholesalers index, {j = 1,2, ...,J};
k— Agent/brokers index, {k = 1,2, ...,K};
[— Producers index,{l=1,2,....,L};
t— Objective index, {t = 1,2, ....,T};

Parameters
D,— Monthly demand from the i Retailers,
P,— The prospective volume of the k" Agent/brokers,
S,— The monthly supply volume of the /" Producers,
W,— The prospective volume of the 7™ Wholesalers,
SCy— The shipping cost of a single unit from different
supply sources to different agent/brokers,
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SC;;— The producing and shipping cost of a single unit
from different agent/brokers to different wholesalers,

SC,;— The producing and shipping cost of a single unit
from different agent/brokers to different retailer,

SC;— The shipping cost of a single unit from different
wholesalers to different retailers,

DT};— Time is taken for delivering single unit from dif-
ferent agent/brokers to a different wholesaler,

DT,;— Time is taken for delivering single unit from dif-
ferent agent/brokers to a different retailer,

DT;— Time is taken for delivering single unit from dif-
ferent wholesalers to different retailers.

Decision variables

U,,— Amount of products to be sent to various agents/
brokers from various producers,

Xj;— Amount of product to be sent to various wholesalers
from various agent/brokers,

Y,;,— Amount of product to be sent to various retailers
from various agent/brokers,

V;;— Amount of product to be sent to various retailers
from various wholesaler.

In the case of a deterministic parameter, the mathematical
model of MOAFSCN is given as follows:

In alignment with the challenges posed by the perishable
nature of agricultural products, our cost objective function
distinguishes itself from the aforementioned studies (Lim
et al. 2023; Sarkar et al. 2021; Dey et al. 2021; Ullah et al.
2021; Yadav et al. 2021) by placing a primary focus on mini-
mizing transportation costs within agri-food supply chains.
While the previous studies consider factors like traceabil-
ity technologies, carbon emissions, or lead time reduction,
our research hones in on the crucial facet of transportation
cost optimization. By developing strategies that specifically
target cost-effective and efficient transportation of perish-
able goods, we aim to offer agri-food supply chain firms a
dedicated solution to enhance their profitability and deliver
high-quality products promptly to consumers, thereby con-
tributing to the overall effectiveness of the supply chain. For
our study, the first objective function to reduce the expenses
of conveyance of the SCN, can be formulated as:

JoI

L K K 1
Min Z, = 2 E SCpUy + z SCyX,; + E Z SCyYi + Z z SC;iVii, (1)

=1 k=1 k=1 j=1 k=1 i=1 j=1i=1

=~

In the agri-food SC, timely delivery is crucial for
maintaining the quality and freshness of the products.
Any delay in the delivery process can result in spoilage
or wastage of the produce, which ultimately affects the
profitability of the businesses involved. Moreover, in the
highly competitive market, customers expect prompt and
reliable delivery services. Therefore, an efficient delivery
system with a minimum delivery time is vital to ensure
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the smooth functioning of the agri-food SC and meet the
growing demand for fresh and healthy food products. For
our study, the second objective function, which minimizes
the SCN’s delivery time, can be formulated as:

Min Z, = Z ZDTk]Xk] + 2 ZDTk,Yk, + Z ZD i

@)
Effective coordination and integration of different oper-
ations in the agri-food SC is crucial for ensuring optimal
efficiency, reducing costs, and increasing customer satis-
faction. This can involve streamlining processes such as
procurement, production, logistics, and marketing, while
also implementing innovative technologies and tools
that facilitate real-time communication and data sharing
among all stakeholders. By prioritizing coordination and
integration, agri-food SCN can minimize delays, errors,
and waste, while also improving product quality, safety,
and traceability. Ultimately, this can help to enhance com-
petitiveness, drive growth, and foster more sustainable and
resilient SC networks in the agri-food sector. We have con-
sidered the following set of constraints for our model:
Constraint I is the complete amount shipped to the
agent/broker from the producer, it can be presented as:

D UL<S, VI=12,..,L 3)
k=1

Constraint II is the manufactured quantity in the factory
that cannot exceed its potential, it can be presented as:

J
Zyk,+ZXkJ<Pk, Vk=1,2,. 4)

i=1 Jj=1

Constraint III is the amount shipped through the whole-
saler which cannot exceed its capacity, it can be presented
as:

™-

I
—_

Vi<W, Vi=12,..,J (®)]
Constraint IV is the amount transferred to retailers that

must cover the requirement of the customers, it can be
presented as:

J K
Z‘/ji+ZYki >D, Vi=1,2,..,1 (6)
k=1

J=1

Constraint V is the total amount shipped to the whole-
saler and retailers from the agent/broker, which cannot
exceed the quantity of the received raw material, it can be
presented as:

N

||M\
+

[l \g!
§"<
<C
=~
Il
IS

L
Z Uy
=1

Constraint VI is the amount shipped to retailers from the
wholesaler that can not exceed their capacity, it can be pre-
sented as:

Zxk]>z o =12, (8)

with non-negative constraints:
U, >0, V Lk,

X; 20, Vk,j,

Y, >0, Vk,i,

>0, Vj,i

©))
/z

Combining all the equations, we have our model of interest:

Model (1)

J oI

L K K J K I
MinZ =Y D SC U+ 3, D SCXy+ X, 3 SC¥y+ 2, D SC,V;,

=1 k=1 k=1 j=1 k=1 i=1 j=1i=1

Min Z, = 2 ZDTkJXkJ + Z ZDTk,Ykl + Z ZD i

k=1 j=1 j=1 i=1

Subject to

D ULLS, Vi=1,2,..L
k=1

1 J
D Vit D Xy <P Vk=1,2,..K
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ZXkJ 2 Z jio V]: 1,2,...,.]

Up >0, V Lk,
Xy >0, Vkj.
Y, >0, Vk.i,

J,_O Vj,i.

3.1 Uncertain mathematical model

Uncertainty in SCN refers to the decision-making process in
the SC where the DMs do not know exactly what to decide
due to the lack of accountability in the SC and also due to the
impact of viable decisions. The parameters are assumed to take
deterministic values in the above model, but they may take
imprecise values in most practical situations for some of the
possible reasons, as the transportation cost and delivery time
of the item may not be fixed in advance. The transportation
cost and delivery time of one unit transported from the source
to the agent/broker, from the agent/broker to the retailer, from
the agent/broker to the wholesaler, and from the wholesaler to
the retailer is not exactly known to the DM and may vary dur-
ing the shipping time. Increased costs are the primary reason
for uncertainty in demand, most frequently in the form of sur-
plus inventory, and excess manufacturing capacity. Typically,
the firm tries to achieve a SC balance by controlling inventory,
transportation and the distribution process but always tries to
provide the needed quality of service to its customers. Demand
is difficult to predict depending on a number of causes, includ-
ing the consequences of causal variables, incidents, or lumpy
demand. Some of these may be recognized, but there may
also be unforeseen developments that affect the demand for
items. In view of the likely above-mentioned situations, the
uncertain mathematical model of agri-food SCN is typically
represented by substituting all deterministic parameters with
fuzzy parameters,
Model (2)

HM~

- L K K J K 1 J
iz, 33 St + 53+ X T+ 23

=1 k=1 k=1 j=1 k=1 i=1

J 1
MinZ, = 2 Z DTX,; + Z 2 DTY,+ ). Y. DT;V,
k=1 i= Jj=1 i=1

Subject to

K

D ULLS, Vi=1,2,..L
k=1

@ Springer

1 J
ZYk,+2Xk <P, Vk=1,2,.

L
Z szkJ+ZYk,, Vk=1,2,...K

K 1
Y Xy D Vi Vi=12...0
k=1 i=1

U, >0, V Lk,
X;; 20, Vk,j,
Y, >0, Vk,i,
jl_O Vj,i.

In the above-discussed model of agri-food SCN, the
input parameters of both the objective function’s have been
characterised with uncertainty; such uncertain parameters
are as follows: shipping cost of a single unit from different
supply sources to different agent/brokers, sC s producing
and shipping cost of a single unit from different agent/bro-
kers to different Wholesalers,Sﬁ‘\CJ' 4> producing and shipping
cost of a single unit from different agent/brokers to differ-
ent retailer :?Z‘k,; shipping cost of a single unit from differ-
ent wholesalers to different retailers,SC; Ji» time is taken for
delivering a single unit from different agent/brokers to a dif-
ferent wholesaler,ﬁf" o time is taken for delivering a siﬁr\lgle
unit from different agent/brokers to a different retailer, DT;
time is taken for delivering a single unit from different

wholesalers to different retailers,DTﬁ. ‘We have considered
SClk, SC,q, SCk,, SC”, DTkj, ﬁ‘ki, and Bfﬁ as interval type-2
trapezoidal fuzzy numbers.

3.2 Preliminaries

Some important definitions are provided below for the above
defined imprecise parameters are as follows:

Definition 1
fuzzy set,

[Sinha et al. (2016)]: Let SCy; be a type-2
then SC, can be expressed as SCy

={ ((x’ ). gz, (5 u)>0 < g, < 1}, where X is the universe of

discourse and Hse, denotes the membership function ofSC k-
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Then, S’Z‘lk can be expressed as SElk = [ g w/u)
xexuel, U

uel, Clo1].

Definition 2 [Sinha et al. (2016)]: For a type-2 fuzzy
setSCy. if all uge (x,u) = 1then SCy is called an interval
type-2 fuzzy set, i.e.,S’\CJ‘lk = f f 1/, u)/(x,u)

xeX uel,

uel, Clo.1].

Definition 3 [Sinha et al. (2016)]: Uncertainty in the pri-
mary memberships of a type-2 fuzzy set, SC % consists of a
bounded region that we call the footprints of uncertainty
(FOU). 1t is the union of all primary memberships, i.e.,
FOU(SCy) =U, /..

FOU is characterized by the upper membership functions
(UMF) and the lower membership function (LMF), and are
denoted by ﬁs“é,k andp .

-8Cy,
Definition 4 [Sinha et al. (2016)]: An interval type-2 fuzzy
number is called interval type-2 trapezoidal fuzzy number
where the UMF and LMF are both trapezoidal fuzzy num-
bers, i.e.,

SCu =(5C3,5C5) = (((SC}) - (SC), (SCR) 0 (SCR), ) (SCR), Ha (SC ),
(((SCR) > (SC) (SCi) s (SC), )3H (SC)- Ha (ST ))
(10)
where,H, (SCY ) and H,(SC%, ), (r=1,2) denote membership
values of the corresponding elements respectively.

Definition 5 [Sinha et al. (2016)]: Defuzzification of Inter-
val Type-2 Trapezoidal Fuzzy Number.

Let us consider an interval type-2 trapezoidal fuzzy number
SCy, given by Eq. (10). The expected value of interval type-2
trapezoidal fuzzy number is SC;, defined as follows:

o= (4 (k) (5ck), ) x4 3 (((n(sc)+ (u(s<5)))))
(11

Similarly, the same definition holds for other types of fuzzy
parameters SC iR SC ki> SC o DT i DT i and DT i respectively.
Using the above-defined definitions of Interval Type-2 Trap-
ezoidal Fuzzy Number, the crisp transformation of the consid-
ered fuzzy parameters of objective functions can be presented
as:

MinZ, = ZL“ i SCR Uy + i

J
=1 k=1 =

K I s
S’TCA,X&, + Z Z 5C ¥, + Z Z S’Té,iv,u
k=1 im =

1 i j=1 i=

1

To show the crisp transformation of the first objective func-
tion in a precise manner, we have divided the above objective
function into four parts:

Ist part of objective function Z; can be presented as:

33

—~

) Clk Ulk’

scY

k>

SC} ) Uy,

[ (((5CH),- (SCH),0 (5CE),. (5CE), i (). (5CE)): ]U
(((5CH),- (SCE),-(SCE) (SCE ), )it (56 ). Ha(5C5)

r=1

7 2 (((sc§), +(s¢q),)) %

1

3 2 (((H(sc)) + (H,~(SCh))))>Uu,

=1

<

2nd part of objective function Z; can be presented as:

U L
(scg.sct)x,,

[ (((scs), (se5), (5c5), . sct),Jm (5c5) (5 ). ]X
({5, (s ) (55 ) (5 ) oot st |

Il
M =
M-

3 (0 (5c)+ (Hr(SCt))))>Yk,»

@ Springer
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Similarly, the 1st part of objective function Z, can be pre-
sented as:

K J
-y (DTZ,DT@X,Q.,

g o[ (((0r0) o). (o) (ort) o ort o)), ),
‘24«%M%MmMWMM%mme‘

Il
‘M”
M\

,.
i

<
I

(((or2),+ (072))) <4 (o)) (o)) Y

r=1

D=
—
B e
-

2nd part of objective function Z, can be presented as:

M~
S
=
;;<

Il

~
Il
-
l
-

Il
M =
M~

(DT, DTL)Y,,

,,
i
[N

-

~
il
i

wwmwmwuwmmwmww%h
(((ort), (o7t (ot ) (ot ) oot .o ))

1]
M=
M-

(((pTg), + (D),

(0r)+ (1 0rE))

=
/~

INES
M-

m~

=~
1

r=1

3rd part of objective function Z, can be presented as:

Tji Vji’

M~
™-
o

@ Springer

1
= 2, 2, (DT DTV,

(((er),. (o), (075) - (0757, s (DTﬁ)ﬂz(DTﬁ’))-] :

=§4<wﬂowwmxwmw@mmwm

In most of the real scenarios, we may have the difficulty
of having a partial knowledge of the input values of some or
all of the parameters; such a situation falls under probabilistic
or stochastic programming. In this circumstance, a solution
which is feasible for all potential parameters and which can
serve to optimize a set of the specified objective function can
be considered, if the parameters are uncertain, however pre-
sumed to be in certain potential values. Here we explored a
scenario in which the demand and supply parameters of the
agri-food SCN is probabilistic or random in nature and follows
a gamma distribution. The importance of gamma distribution
has been observed in several fields such as reliability, engi-
neering, operational research etc. The Gamma distribution has
two-parameters which belong to a continuous probability dis-
tribution. Gamma distribution has been used for modelling the
aggregated volume size of the real-world problems. Gamma
distribution is widely utilized for a wide range of applica-
tions, including insurance claims, forecasting of rainfall,
satellite connectivity, oncology, neurology, microbial energy
metabolism, genetics, etc. Many authors have been worked
on this distribution in many areas such as, Harter et al. (1965)
examined the parameter evaluation problem for the popula-
tions of gamma and weibull distributions with completion and
censoring of the samples. Choi and Wette (1969), Coit and
Jin (2000), and Zaigraev and Karakulska (2009) obtained the
estimated parameter’s of the samples when the samples fol-
lowed the gamma distribution. In the light of the above situa-
tions, the uncertain formulation of the agri-food SCN problem

with fuzziness and randomness is conventionally expressed as:
Model (3)

>

J

K 1 J 1
DIPNIRIED IR ARDIP N7
i=1 i=1

k=1 j=1 k=

MinZ, = SCL Uy +
=1 k=1

\\Ma

K J K 1 Jo
MinZ, = Z Zﬁijkj + Z ZﬁkiYki + Z Zﬁji%i
k=1 j=1 e =1 =1

k=1

Subject to

K
Pr(Z Uy < S,> >1-y, Vi=1,2,..,L

k=1
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1 J
Zyk,+Zij<Pk, Vk=1,2,.

=
~

U,>0, V[Lk,
Xy 20, Vk,j,
Yki>0 Vk,i,
>0, Vj,i

]l

where 0 < y; < 1and 0 < f; < 1, are the specified probability
levels associated with demand and supply constraints. We
assume that this probabilistic constraint follows a Gamma
distribution. The probability density function of Gamma
distribution w1th shape a and scale @ parameter is given by:

J@) = =X "5, x>0, a>0, §>0.

Since we have considered the problem of MOAFSCN
under probabilistic environment also, two different cases
occur for probabilistic constraints when it follows Gamma

distribution, which can be presented as:

K
CaseI When Pr<z Uy < S,> >1-y,l=1,2,..,L
k=1

K
2 Up 25
=1

The probability density function of S, (I =1,2, ...,
given by

or, Pr <y, l=12,.,L

L)is

1 -
f(S,0,,q) = msll

1 l

51
1__
e %, 20, 0,>0, 6,>0

12)

Hence, the probabilistic constraint can be presented as:

/ f(S[’ 0[’ al) d(S]) S 71, l= 152? ""L

K
2 Uy
=i

13)

Equation (13) can be expressed in the integral form as:

St
0” _9_;dS <y, =12,..,L
/ alr‘ o ( [) 4] (14)
K
Uy
k=1
Let,
Sl
o =V dS;=0udy 5)
1

Using Eq. (15), the integral can be further presented as:

(s8]

/ galr O e dy <y, =12, L
@

(16)
XUy [ 6
k=1
On rearranging, we obtain
L / yiledy <y, 1=1,2,..,L
I'e; an

K
YU [ 6
fo

where I',(x)

(s

= [ t*"'e7'dt an upper incomplete Gamma
X
function.

After simplification, we obtain

K
2 Uy
1 k=1

T |6,

<7 I=12,..,L

After rearranging, we obtain

K
Z Ulk
k=1

l

(18)

—1 —
< (Tay), 1=12,..L

Finally, the probabilistic constraint can be transformed
into a deterministic linear constraint as:

K
DU <O, (Tayyy), 1=1,2,..L (19)
k=1

where I'_'(u) = {x : u=T,(x)} is an inverse gamma func-
tion solved by using R software.
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Case 11
J K

ZVﬁ+ZYki2D[ >1-p, i=12,.,1
j=1 k=1

The probability density function of D; (i = 1,2,...,1) is
given by

W hen Pr

1 a;/—1
0r " Tayr '

l

DI
f(D;, 61, a;0) = e, D;>0, af>0, 6;>0

(20)

Hence, the probabilistic constraint can be presented as:

/ f(D, O a0y dD) >1—p, i=12 .1
K
+3

@

Equation (21) can be expressed in the integral form as:
1 a;/—1 —% .
——D." e w"dD) 21-p, i=12,..1
01 " Ta,r
+2

(22)

_y = dD,; —6dy and 2

J=1

-+ ZYM =5 @)

Using Eq. (23), the integral can be further presented as:

(o]

/ —g,a/r GON e 0d(yr) > 1-p;, i=1,2,..,1

S 0,
(24

On rearranging, we obtain

FL / on“ e dyn 2 1-p, i=1,2,..,1
5161

(25)

After simplification, we get

Lr(2)21-p, i=1,2,.1
e,/ 9/

or,
J K
2 Vit XYy,
1 =1 k=1
s @ 0. z1=pp i=1.2.1

@ Springer

After rearranging, we obtain

k=1
0./

1

J
Z i Z th
. >T7!((Fay (1 (26)

-8))), i=12..1
Thus finally, the probabilistic constraints can be trans-
formed into a deterministic linear constraint as:

Ty (1 - /3,.))), i=1,2,..1

27
where F;l(u) = {x Tu= Fw(x)} is an inverse Gamma func-
tion solved by using R software. The solution obtained from
the MOAFSCN will be the compromised quantity to be
transported from different sources to different destination
i.e., different sources to different agent/brokers, different
agent/brokers to different wholesalers, different wholesalers
to different retailers, and from different agent/brokers to dif-
ferent retailers. For multi-objective, the concept of optimum
with several objective functions changes because in multi-
objective problems the aim is to find a good compromised
solution. Belhoul et al. (2014) stated that “the compromised
solution is a feasible solution, which is the closest to the
ideal, and a compromised means an agreement established
by mutual concessions”. In this study, we have used two
different types of approach for getting the optimized result,
which are discussed below.

3.3 The value function approach

The value function approach is a method that reflects the
preferences of a decision-maker when dealing with objec-
tive vectors. Different decision-makers working on the
same problem may have distinct value functions, and this
approach provides a systematic way to order the objective
functions based on these preferences. Value functions are
not only explicitly used to solve multi-objective optimiza-
tion problems but also play a crucial role as a theoretical
framework in the development of solution methods. It is
often assumed that the value function is implicitly known in
many multi-objective optimization problems, and based on
this knowledge, it is selected by the decision-maker (Zionts
1997a,b).

One of the primary advantages of the value function
approach is that it provides a structured and intuitive means
for decision-makers to express their preferences and make
informed choices when faced with multiple conflicting
objectives. Additionally, value functions are versatile and
can accommodate various types of objective functions, mak-
ing them applicable to a wide range of real-world problems.



IntJ Syst Assur Eng Manag (June 2024) 15(6):2019-2041

2031

Furthermore, value functions are generally presumed to
exhibit a decreasing nature, meaning that a decision-maker’s
preference will increase if the value of an objective function
decreases, while keeping all other objective values constant
(Rosenthal 1985). This inherent property of value functions
simplifies the decision-making process and aids in identify-
ing optimal solutions that align with the decision-maker’s
preferences. The Model (3) may be expressed as a value

function approach:
T

Minimize [ Y. Z, |.

t=1

K
Subject to Pr<z Uy < S,> >1—y,Vi=1,2,..L
k=1

1 J
D Y+ Y Xy <P Vk=12,..K

i=1 i=1

™-

Il
—_

Vi<W, Vi=12,..J

J K
Pr<z Vit X Yy le) >1-p.Vi=1,2,..1
j=1

k=1

J I
Uy 2 Zij + z Yiis
1 = i=1

~

l

M=

1
Xy YV Vi=12,..J
i=1

o~
1l
—

Ug >0, V 1Lk
Xy >0, Yk,
Y, >0, Vki,
V>0, Vj,i.

where ¢(.) is a scalar function which summarizes each
objective function’s significance. The value function ¢(.)
takes an appropriate value to the nature of the optimization
problem for each problem. In this article, we define @(.) as
the weighted sum of squared of both the functions. Model
(3) under this 7cpnjecture becomes:

Minimize Y 4,Z,.

=1
Subject to

K
Pr<z Uy < S,> >1-y, VI=1,2,..,L
k=1

1 J
D Y+ DXy <P Vk=1,2,..K

i=1 j=1

=
~

Uy >0, ¥ 1Lk,
X; 20, Yk},
Yy >0, Vi,
V>0, Vi
2
where Y 4, =1, 4, >0,Vr=1,2,..,T are the weights

=1
according to the relative importance of the objective func-
tions. The step by step procedure of using the value function
approach can be easily understood from (Ghomi-Avili et al.
2019; Ghufran et al. 2020).

3.4 The € constraint approach

The e-constraint approach, as introduced by Haimes et al.
(1971), involves selecting a single objective function for
optimization, while imposing upper bounds on all other
objectives. In this method, decision-makers are required
to identify the most critical objective function. The advan-
tage of this approach lies in its ability to simplify decision-
making and provide a clear focus on the primary objective,
streamlining the optimization process and facilitating more
straightforward, informed choices. Additionally, by reduc-
ing the complexity associated with multi-objective opti-
mization, it enhances the decision-maker’s ability to man-
age and understand trade-offs among various objectives,
ultimately aiding in the development of more efficient and
effective solutions. The problem of acquiring a compro-
mise solution can be expressed under this approach as:

Minimize Zt, t=12,....T

Subject to

@ Springer
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et —1

K
Pr| YU, < Sl> >1—y, VI=12,..,L
k=1

1 J
D Y+ Y Xy <P Vk=12,..K

i=1 j=1

U, >0, V Lk,

X;; 20, Vk,j,

Y,; 20, Vk,i,

Vi20, Vji.

where the tth objective function, t € {1,2,...,t — 1}, is
assumed to be most important and rth is a predetermined
bound for the ¢ — / remaining objective functions that have
the least importance. In practice, Z, is nothing but one of
the solutions from two objective function that have the least
importance according to the decision-maker, can be obtained

as:
Minimize ,, r=1,2,...,t—1.

K
SubjeCttO PI‘(Z U[k S Sl> Z 1 - yl’ Vl = 1,2,...,L
k=1

1 J
Y+ D Xy <P Vk=12,..K
i=1 J=1

1
Vi<W, Vji=1.2,..J
i=1

k=1

L J I
Z Uy 2 Zij + Z Vi
=1 =1 i=1

J K
Pr<2 Vit X Yy ZD,.> >1-p,Vi=12,.,1
j=1
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Up 20, V Lk,
X 20, Vk.j,
Y, >0, Yk i,
V>0, Vji.

The step by step procedure of using the e—constraint
approach can be easily understood from (Liu and Papageor-
giou 2013; Mohebalizadehgashti et al. 2020).

4 Case illustration: agri-food supply chain
network design

To explain the above algorithm, we applied our proposed
model to a distribution network of agricultural products in
India. In the food industry, freshness and quality of products
are the most important criteria to satisfy customers. Custom-
ers always opt for fresh food items at all times. In the recent
past, demand for Agri-food products has been continuously
increasing. The network of the Agri-food SC, which used
to be marked mainly by flexibility and agent sovereignty, is
now moving rapidly into integrated networks with a broad
variety of complex connections. Maintaining a fresh SC in
the face of rising economic and regulatory stresses is a chal-
lenge for suppliers, brokers, wholesalers and retailers. In
India, linking and convergence in the SC between the differ-
ent players play a very important role in making the entire
SC productive and competitive. But there is a shortage of
forwarding and backward alignment between the farmers
and other stakeholders in the SC of the Agri-food sector
in India. Higher amounts of food processing is resulting in
low fruit and vegetable wastage. The agri-food SC requires

Retailer
‘Wholesaler

Agent/Broker
Producer

N =

‘ gT‘ =
X N
PN\ S5

Fig. 1 Agri-food supply chain
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Table 2 The fuzzy shipping
cost of a single unit from
different supply sources to
different agent/brokers

Producer Agent/broker
1
1 ((170, 190,210,230; 0.91,0.92)
(160,180,200,220;0.92,0.93))
2 ((295,305,315,325;0.92,0.93)
(290,300,310,320;0.93,0.94))
3 ((490,500,510,520;0.87,0.88)
(485,495,505,515;0.88,0.89))
4 ((390,400,410,420;0.90,0.91)
(385,395,405,415;0.91,0.92))
5 ((590,600,610,620;0.91,0.92)

(585,595,605,615;0.92,0.93))

((80,90,110,130:0.89,0.90)
(70,100,120,140:0.90,0.91))

((145,155,165,175:0.90,0.91)
(140,150,160,170;0.91,0.92))
((120,130,140,150;0.87,0.88)
(115,125,135,145:0.88,0.89))
((295,305.315,325:0.92,0.93)
(290,300,310,320:0.93,0.94))
((690,700,710,720:0.88.0.89)
(685,695,705,715:0.89,0.90))

((145,155,165,175:0.88,0.89)
(140,150, 160,170:0.89,0.90))
((195,205.215,225:0.91,0.92)
(190,200,210,220;0.92,0.93))
((200,210,220,230;0.86,0.87)
(195,205,215,225:0.87.0.88))
((240,250.260,270:0.90,0.91)
(235,245,255,265:0.91,0.92))
((295,305.315,325:0.92,0.93)
(290,300,310,320:0.93,0.94))

((120,130,140,150:0.87,0.88)
(115,125,135,145:0.88,0.89))
((195,205.215,225:0.91,0.92)
(190,200,210,220;0.92,0.93))
((200,210,220,230;0.86,0.87)
(195,205,215,225:0.87,0.88))
((270,280.290,300:0.86,0.87)
(265,275,285,295,0.87,0.88))
((340,350.360,370:0.92,0.93)
(335,345,355,365:0.93,0.94))

*shipping cost in thousands of rupees

Table 3 The fuzzy shipping cost of a single unit from different agents/brokers to a different retailer

Agent/broker Retailers
1 2 3 4 5 6 7 8

1 ((295,305,315,325; ((430,440,450,460; ((340,350,360,370; ((430,440,450,460; ((240,250,260,270; ((340,350,360,370; ((390,400,410,420; ((470,480,490,510;
0.92,0.93) 0.85,0.86) 0.92,0.93) 0.85,0.86) 0.90,0.91) 0.92,0.93) 0.90,0.91) 0.87,0.88)
(290,300,310,320; (425,435,445,455 (335,345,355,365; (425,435,445,455; (235,245,255,265; (335,345,355,365; (385,395,405,415; (465,475,485,495;
0.93,0.94)) 10.86,0.87)) 0.93,0.94)) 0.86,0.87)) 0.91,0.92)) 0.93,0.94)) 0.91,0.92)) 0.89,0.90))

2 ((340.350.360,370; ((490.500,510,520; ((295.,305.315.325; ((370,380,390,400; ((270,280,290,300; ((370,380,390,400; ((470,480.490,510; ((430.,440,450.460;
0.92,0.93) 0.87,0.88) 0.92,0.93) 0.89,0.90) 0.86,0.87) 0.89,0.90) 0.87,0.88) 0.85,0.86)
(335,345,355,365; (485.495,505,515; (290,300,310,320; (365,375,385,395; (265,275,285,295; (365,375.385,395; (465,475,485.495; (425.435,445,455;
0.93,0.94)) 0.88,0.89)) 0.93,0.94)) 0.90,0.91)) 0.87,0.88)) 0.90,0.91)) 0.89,0.90)) 0.86,0.87))

3 ((430,440,450,460; ((470,480,490,510; ((340,350,360,370; ((340,350,360,370; ((295,305,315,325; ((370.380,390,400; ((430,440,450,460; ((470.480.490,510;
0.85,0.86) 0.87,0.88) 0.92,0.93) 0.92,0.93) 0.92,0.93) 0.89,0.90) 0.85,0.86) 0.87,0.88)
(425,435,445,455; (465,475,485,495 (335,345,355,365; (335,345,355,365;0.93,0.94)) (290,300,310,320; (365,375,385,395;0.90,0.91)) (425,435,445,455;0.86,0.87)) (465,475,485,495;
0.86,0.87)) :0.89,0.90)) 0.93.0.94)) 0.93.0.94)) 0.89,0.90))

4 ((490,500,510,520; ((430,440,450,460; ((320,330,340,350; ((390,400,410,420; ((320,330,340,350; ((390,400,410,420; ((430,440,450,460; ((430,440,450,460;
0.87,0.88) 0.85,0.86) 0.86,0.87) 0.90,0.91) 0.86,0.87) 0.90,0.91) 0.85.0.86) 0.85,0.86)
(485,495,505,515; (425,435,445,455; (315,325,335,345; (385,395,405,415; (315,325,335,345; (385,395,405,415; (425,435,445,455; (425,435,445,455;
0.88,0.89)) 0.86,0.87)) 0.87.0.88)) 0.91,0.92)) 0.87.0.88)) 0.91,0.92)) 0.86.0.87)) 0.86,0.87))

*Shipping cost in thousands of rupees

Table 4 The fuzzy shipping cost of a single unit from different agents/brokers to different wholesalers

Agent/broker Wholesalers
1 2 3 4 5 6

1 ((295.,305,315,325:0.92,0.93) ((145,155,165,175:0.90,0.91) ((200,210,220,230:0.86,0.87) ((200,210,220,230:0.86.,0.87) ((120,130,140,150;0.87,0.88) ((295,305,315,325:0.92,0.93)
(290,300,310,320;0.93,0.94)) (140,150,160,170:0.91,0.92)) (195,205,215,225:0.87,0.88)) (195,205,215,225;0.87,0.88)) (115,125,135,145:0.88,0.89)) (290,300,310,320;0.93,0.94))

2 ((390,400,410,420;0.90,0.91) ((120,130,140,150;0.87,0.88) ((200.210,220,230:0.86,0.87) ((240,250,260,270;0.90,0.91) ((270,280,290,300:0.86,0.87) ((310,320,330,340:0.91,0.92)
(385,395,405,415;0.91,0.92)) (115,125,135,145;0.88,0.89)) (195,205,215,225:0.87,0.88)) (235,245,255,265:0.91,0.92)) (265,275,285,295:0.87,0.88)) (305,315,325,335;0.92,0.93))

3 ((540.550,560,570:0.86,0.87) ((145,155,165,175:0.90,0.91) ((200,210,220,230:0.86,0.87) ((295,305,315,325:0.92,0.93) ((240,250,260,270:0.90,0.91) ((295,305,315,325:0.92,0.93)
(535,545,555,565:0.87.0.88)) (140,150,160,170;0.91,0.92)) (195,205,215,225;0.87,0.88)) (290,300,310,320;0.93,0.94)) (235,245,255,265:0.91,0.92)) (290,300,310,320;0.93,0.94))

4 ((640.650,660,670:0.89.0.90) ((340,350,360,370:0.92,0.93) ((295.,305,315,325:0.92,0.93) (170, 190,210,230; 0.91,0.92) ((295.,305,315,325:0.92,0.93) ((310,320,330,340:0.91,0.92)

(635,645,655,665;0.90,0.91))

(335,345,355,365:0.93,0.94))

(290,300,310,320:0.93,0.94))

(160,180,200,220;0.92,0.93))

(290,300,310,320:0.93,0.94))

(305,315,325,335;0.92,0.93))

*Shipping cost in thousands of rupees

a massive transportation system to ship the processed food

at the minimum time to different destinations. However, as
compared to other countries, food processing in India is very

weak and has a huge scope for improvement.

To show the efficacy of the developed model of Agri-food

SCN, a numerical instance is selected with multiple produc-
ers, agent/brokers, wholesalers, and retailers respectively.

We took an examples to model and optimize a problem for
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Table 5 The fuzzy shipping cost of a single unit from different wholesalers to different retailers

Wholesaler Retailers
1 2 3 4 5 6 7 8

1 ((145,155,165,175; ((180,190,200,210;0.81,0.82) ((150,160,170,180; ((170, 190,210,230; 0.91,0.92) ((150,160,170,180;  ((190,200,210,220;0.89,0.90) ~ ((190,200,210,220;0.89,0.90) ((150,160,170,180;
0.90,0.91) (175,185,195,205;0.82,0.83)) 0.91,0.92) (160,180,200,220; 0.91,0.92) (185,195,205,215:0.90,0.91))  (185,195,205,215:0.90,0.91)) 0.91,0.92)

(140,150,160,170; (155.165,175,185: 0.92,0.93)) (155,165,175,185; (155,165,175,185;
0.91,0.92)) 0.92,0.93)) 0.92,0.93)) 0.92,0.93))

2 ((110,120,130,140; ((190,200,210,220:0.89,0.90) ((150,160,170,180; ((150,160,170,180; ((180.190,200,210;  ((180,190.200,210:0.81,0.82)  ((190.200,210,220:0.89,0.90) ((170, 190,210,230; 0.91,0.92)
0.85,0.86) (185,195,205,215;0.90,0.91)) 0.91,0.92) 0.91,0.92) 0.81,0.82) (175,185,195,205:0.82,0.83))  (185,195,205,215;0.90,0.91)) (160,180,200,220:0.92,0.93))
(105,115,125,135; (155,165,175,185;  (155,165,175,185; (175,185,195,205;
0.86.0.87)) 0.92,0.93)) 0.92,0.93)) 0.82,0.83))

3 ((120,130,140,150:0.91,0.92) ((120,130,140,150;0.87,0.88) ((145,155,165,175; ((170, 190,210,230; 0.91,0.92) ((180,190,200,210;  ((180,190,200,210:;0.81,0.82)  ((180,190,200,210:0.81,0.82) ((170, 190,210,230; 0.91,0.92)
(115,125,135,145:0.92,0.93)) (115,125,135,145:0.88.0.89)) 0.90,0.91) (160,180,200,220; 0.81,0.82) (175,185,195,205:0.82,0.83))  (175,185,195,205:0.82,0.83)) (160,180,200,220:0.92.0.93))

(140,150,160,170;  0.92,0.93)) (175,185,195,205;
0.91,0.92)) 0.82,0.83))

4 ((125,135,145,155:0.81,0.82) ((150,160,170,180; ((135,145,155,165;  ((180,190,200,210; ((190,200,210,220;  ((170, 190,210,230; 0.91,0.92) ((180,190,200,210:0.81,0.82) ((170, 190,210,230; 0.91,0.92)
(120,130,140,150;0.82,0.83)) 0.91,0.92) 0.88,0.89) 0.81,0.82) 0.89,0.90) (160,180,200,220;0.92,0.93))  (175,185,195,205:0.82,0.83)) (160,180,200,220;0.92,0.93))

(155,165,175,185; (130.140.150,160:  (175,185,195.205; (185.195,205,215:
0.92,0.93)) 0.89,0.90)) 0.82,0.83)) 0.90,0.91))

5 ((135,145,155,165:0.88.,0.89) ((150,160,170,180; ((145,155,165,175;  ((180,190,200,210; ((190,200,210,220;  ((150,160,170,180; ((190.200,210,220:0.89,0.90) ((170, 190.210.,230: 0.91,0.92)

(130,140,150,160:0.89,0.90)) 0.91,0.92) 0.90,0.91) 0.81,0.82) 0.89,0.90) 0.91,0.92) (185,195,205,215;0.90,0.91))  (160,180,200,220;0.92,0.93))
(155,165,175,185; (140,150,160,170;  (175,185,195,205; (185,195,205,215;  (155,165,175,185;
0.92,0.93)) 0.91,0.92)) 0.82,0.83)) 0.90,0.91)) 0.92,0.93))

6 ((170, 190,210,230; 0.91,0.92)((145,155,165,175;0.90,0.91) ((145,155,165,175; ((120,130,140,150; ((190,200,210,220;  ((180,190,200,210:0.81,0.82)  ((190,200,210,220:0.89,0.90) ((150,160,170,180;

(160.180,200,220:0.92,0.93)) (140,150.160.,170:0.91,0.92)) 0.90,0.91) 0.87.0.88) 0.89,0.90) (175,185,195,205:0.82,0.83))  (185,195,205,215:0.90,0.91)) 0.91,0.92)
(140,150,160,170;  (115,125,135,145; (185,195,205,215; (155,165,175,185;
0.91,0.92)) 0.88,0.89)) 0.90,0.91)) 0.92,0.93))

*Shipping cost in thousands of rupees

the Agri-food SCN with some imprecise data taken into
account which is represented by the interval type-2 trian-
gular fuzzy numbers. Based on the availability of some
past research, we transformed the deterministic data into
uncertainty and represented it with interval type-2 triangu-
lar fuzzy numbers. An Agri-food SCN consists of multiple

producers, agent/brokers, wholesalers, and retailers, in dif-
ferent geographical regions or locations. In this problem, we
have considered a multi-staged Agri-food SCN scenario in
which a logistics company is dealing with the transportation
of products from multiple producers to multiple retailers.
It is assumed that five different producers are shipping the

Table 6 The fuzzy delivery time of a single unit from the different agent/brokers to different retailers

Agent/broker Retailers
1 2 3 4 5 6 7 8

1 ((41,43,4547; ((65,67,69,71; ((50,52,54,56; ((60,62,64,66; ((30,32,34,36; ((48,50,52,54; (70,72,74,76; ((75,77,79.81;
0.88,0.89) 0.90,0.91) 0.90,0.91) 0.91,0.92) 0.90,0.91) 0.81,0.82) 0.94,0.95) 0.89,0.90)
(40,42,44,46; (64,66,68,70; (49,51,53,55; 0.91,0.92)) (59,61,63,65; (31,33,35,37; (47,49,51,53; (71,73,75,77; (74,76,78,80;
0.89,0.90)) 0.91,0.92)) 0.92,0.93)) 0.91,0.92)) 0.82,0.83)) 0.95,0.96)) 0.90,0.91))

2 ((30,32,34,36; (55,57,59,61; ((41,43,45,47; ((35,37,39.41; ((20,22,24,26; ((48,50,52,54; ((65,67,69,71; ((75,77,79,81;
0.90,0.91) 0.91,0.92) 0.88,0.89) 0.82,0.83) 0.81,0.82) 0.81,0.82) 0.90,0.91) 0.89,0.90)
(31,33,35,37; (54,56,58,60; 0.92,0.93)) (40,42,44 46; (34,36,38,40; (19,21,23,25; (47,49,51,53; (64,66,68,70; (74,76,78,80;
0.91,0.92)) 0.89,0.90)) 0.83,0.84)) 0.82,0.83)) 0.82,0.83)) 0.91,0.92)) 0.90,0.91))

3 ((70,72,74,76; ((65,67,69,71; ((70,72,74,76; ((75,77,79,81; ((55,57,59,61; ((65,67,69,71; ((70,72,74,76; ((80,82,84,86;
0.92,0.93) 0.90,0.91) 0.94,0.95) 0.89,0.90) 0.86,0.87) 0.90,0.91) 0.94,0.95) 0.92,0.93)
(71,73,75,77; (64,66,68,70; (71,73,75,77; (74,76,78,80; (54,56,58,60; (64,66,68,70; (71,73,75,77; (79,81,83,85;
0.93,0.94) 0.91,0.92)) 0.95,0.96)) 0.90,0.91)) 0.87,0.88)) 0.91,0.92)) 0.95,0.96)) 0.83,0.84))

4 ((90,92,94,96; ((90,92,94,96; ((75,77,79.81; ((80,82,84,86; ((55,57,59.61; ((65,67,69,71; ((75,77,79.81; ((65,67,69,71;
0.88,0.89) 0.88,0.89) 0.89,0.90) 0.92,0.93) 0.86,0.87) 0.90,0.91) 0.89,0.90) 0.90,0.91)
(91,93,95,97; (91,93,95,97; (74,76,78,80; (79,81,83,85; (54,56,58,60; (64,66,68,70; (74,76,78,80; (64,66,68,70;
0.89,0.90)) 0.89,0.90)) 0.90,0.91)) 0.83,0.84)) 0.87,0.88)) 0.91,0.92)) 0.90,0.91)) 0.91,0.92))

*Delivery time in hours
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Table 7 Fuzzy delivery time of Agent/broker Wholesalers
single unit from different agent/
brokers to different wholesalers ! 2 3 4 3 6
1 ((25,27,29.31; ((15,17,19.21; ((15,17,19.21; ((10,12,14,16; ((25.27.29.31; ((25.27.2931;
0.91,0.92) 0.81,0.82) 0.81,0.82) 0.89,0.90) 0.91,0.92) 0.91,0.92)
(24,26,28,30; (14,16,18,20; (14,16,18,20; (11,13,15,17; (24,26,28,30; (24,26,28,30;
0.92,0.93)) 0.82,0.83)) 0.82,0.83)) 0.90,0.91)) 0.92,0.93)) 0.92,0.93))
2 ((35,37,39,41; ((15,17,19,21; ((20,22.24.26; ((25.27.29.31; ((25.27.29.31; ((35.37.39.41;
0.92,0.93) 0.81,0.82) 0.90,0.91) 0.91,0.92) 0.91,0.92) 0.92,0.93)
(34,36,38,40; (14,16,18,20; (21,23,25,27; (24,26,28,30; (24,26,28,30; (34,36,38,40;
0.93,0.94)) 0.82,0.83)) 0.91,0.92)) 0.92,0.93)) 0.92,0.93)) 0.93,0.94))
3 ((50.52.54.56; ((55.57.59.61; ((50,52.54.56; ((55.57.59.61; ((55.57.59.61; ((35.37.39.41;
0.90,0.91) 0.86,0.87) 0.90,0.91) 0.86,0.87) 0.86,0.87) 0.92,0.93)
(49,51,53,55; (54,56,58,60; (49,51,53,55; (54,56,58,60; (54,56,58,60; (34,36,38,40;
0.91,0.92)) 0.87,0.88)) 0.91,0.92)) 0.87,0.88)) 0.87,0.88)) 0.93,0.94))
4 ((80.82.84.86; ((55.57.59.61; ((41,43,45.47; ((41,43.4547; ((65.67.69.71; ((65,67.69.71;
0.92,0.93) 0.86,0.87) 0.88,0.89) 0.88,0.89) 091,0.92) 0.91,0.92)
(79,81,83,85; (54,56,58,60; (40,42,44,46; (40,42,44,46; (64,66,68,70; (64,66,68.70;
0.83,0.84)) 0.87,0.88)) 0.89,0.90)) 0.89,0.90)) 0.92,0.93)) 0.92,0.93))
*Delivery time in hours
Table 8 The fuzzy delivery time of a single unit from a different wholesaler to different retailers
‘Wholesalers Retailers
1 2 3 4 5 6 7 8
1 ((15,17,19,21; ((15,17,19,.21; ((20,22,24,26; ((25.27.29.31; ((20,22.24.26; ((20,22,24,26; ((30,32.34.36; ((30,32.34.36;
0.81,0.82) 0.81,0.82) 0.90,0.91) 0.91,0.92) 0.90,0.91) 0.90,0.91) 0.89,0.90) 0.89,0.90)
(14,16,18,20; (14,16,18,20; (19,21,23,25; (24,26,28,30; (19,21,23,25; (19,21,23,25; (29,31,33,35; (29,31,33,35;
0.82,0.83)) 0.82,0.83)) 0.91,0.92)) 0.92,0.93)) 0.91,0.92)) 0.91,0.92) 0.90,0.91)) 0.90,0.91))
2 ((20,22,24,26; ((15.17.19.21; ((20,22,24,26; ((20,22,24.26; ((27.29.31,33; ((27.29.31,33; ((30,32,34.36; ((25.27.29.31;
0.90,0.91) 0.81,0.82) 0.90,0.91) 0.90,0.91) 0.91,0.92) 0.91,0.92) 0.89,0.90) 0.91,0.92)
(19,21,23,25; (14,16,18,20; (19,21,23,25; (19,21,23,25; (26,28,30,32; (26,28,30,32; (29,31,33,35; (24,26,28,30;
0.91,0.92)) 0.82,0.83)) 0.91,0.92)) 0.91,0.92)) 0.92,0.93)) 0.92,0.93)) 0.90,0.91)) 0.92,0.93))
3 ((20,22.24.26; ((15.17,19.21; ((20,22,24,26; ((30,32,34.36; ((30,32,34,36; ((35,37,39.41; ((41,43,45.47; ((35.37.39.41;
0.90,0.91) 0.81,0.82) 0.90,0.91) 0.89,0.90) 0.89,0.90) 0.92,0.93) 0.88,0.89) 0.92,0.93)
(19,21,23,25; (14,16,18,20; (19,21,23,25; (29,31,33,35; (29,31,33,35; (34,36,38,40; (40,42,44,46; (34,36,38,40;
0.91,0.92)) 0.82,0.83)) 0.91,0.92)) 0.90,0.91)) 0.90,0.91)) 0.93,0.94)) 0.89,0.90)) 0.93,0.94))
4 ((15,17,19.21; ((20,22,24,26; ((20,22,24,26; ((25,27.2931; ((27,29.31,33; ((25,27,29.31; ((25,27,2931; ((20,22,24,26;
0.81,0.82) 0.90,0.91) 0.90,0.91) 0.91,0.92) 0.91,0.92) 0.91,0.92) 0.91,0.92) 0.90,0.91)
(14,16,18,20; (21,23,25,27; (19,21,23,25; (24,26,28,30; (26,28,30,32; (24,26,28.30; (24,26,28,30; (19,21,23,25;
0.82,0.83)) 0.91,0.92) 0.91,0.92)) 0.92,0.93)) 0.92,0.93)) 0.92,0.93)) 0.92,0.93)) 0.91,0.92)
5 ((15,17,19.21; ((15,17,19.21; ((15,17,19.21; ((14,16,18,20; ((35,37,39.41; ((35,37,3941; ((35,37,39,41; ((41,43,4547;
0.81,0.82) 0.81,0.82) 0.81,0.82) 0.91,0.92) 0.92,0.93) 0.92,0.93) 0.92,0.93) 0.88,0.89)
(14,16,18,20; (14,16,18,20; (14,16,18,20; (13,15,17,19; (34,36,38,40; (34,36,38,40; (34,36,38,40; (40,42,44,46;
0.82,0.83)) 0.82,0.83)) 0.82,0.83)) 0.92,0.93)) 0.93,0.94)) 0.93,0.94)) 0.93,0.94)) 0.89,0.90))
6 ((15,17,19,21; ((10,12,14,16; ((15,17,19.21; ((14,16,18,20; ((35.37.39.41; ((30,32,34,36; ((41,43.4547; ((27.29.31,33;
0.81,0.82) 0.81,0.82) 0.81,0.82) 0.91,0.92) 0.92,0.93) 0.89,0.90) 0.88,0.89) 0.91,0.92)
(14,16,18,20; 9,11,13,15; (14,16,18,20; (13,15,17,19; (34,36,38,40; (29,31,33,35; (40,42,44,46; (26,28,30,32;
0.82,0.83)) 0.82,0.83)) 0.82,0.83)) 0.92,0.93)) 0.93,0.94)) 0.90,0.91)) 0.89,0.90)) 0.92,0.93))

*Delivery time in hours

products to four different agent/brokers. Once the product  and then according to the demand shipped to the different
reaches to agents/brokers, they deal with the further ship-  retailers. Figure 1 demonstrates a complex Agri-food SCN
ment of the products either to the six different wholesalers ~ comprising multiple producers, agents/brokers, wholesalers
or directly to the eight different retailers. The left product  and retailers. The related transportation costs and delivery
at the agents/brokers is shipped to the different wholesalers
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Table 9 Supply volume of the producers (‘000 units)

S 180, 180, 182, 180, 182, 180, 182, 182, 181, 180, 179, 181
S, 478, 475, 475, 476, 476, 476, 476, 477, 477, 476, 475, 478
S3 197, 198, 197, 196, 199, 198, 198, 198, 195, 199, 197, 195
Sy 199, 197, 200, 200, 200, 200, 200, 197, 199, 201, 199, 199
Ss 295, 294, 294, 295, 294, 294, 292, 294, 295, 294, 293, 293

*Supply in thousand units

Table 10 Demand from the retailers(‘000 units)

D, 92,91, 94,91, 93, 93, 90, 90, 92, 93, 93, 90
D, 50, 53, 51, 52, 51, 54, 52, 52, 51, 51, 52, 51
D, 88, 88, 87, 86, 88, 90, 88, 89, 90, 89, 87, 88
D, 63, 62, 65, 64, 65, 65, 62, 63, 64, 63, 63, 62
Dy 60, 64, 60, 62, 61, 64, 61, 61, 61, 63, 64, 62
D¢ 111, 109, 111, 110, 111, 109, 110, 108, 112, 109, 111, 108
D, 112,111, 110, 110, 112, 111, 112, 110, 112, 109, 109, 109
Dyg 80, 81, 82, 80, 80, 80, 79, 80, 82, 80, 79, 80

*Demand in thousand units

time are provided for each potential route for various stages
in Table 2, 3, 4, 5, 6, 7 and 8 respectively.

Let us assume a scenario in which characteristics of
demand and supply are known for more than one state. Dis-
tribution centers are confronted every time with the chal-
lenge of assessing their consumers’ demand. If the projected
needs for distribution centers are less than those of their
customers, their profit will be affected. Due to this, there
will be a marginal loss because of not matching the rate
of surplus demand. On the other hand, the manufacturer
must constantly know how much a product it has to supply
to distribution centres, in order to get rid of its losses in a
worse market condition. The data in Table 9 do not expressly
state how many units the producer should produce to fulfil
the random demand in order to optimize its profit for future
supply. In addition, the information given in Table 10 does
not directly notify retailers of the number of units that they
need to optimize their profit every single time. Since the
DM’s demand and supply patterns are partially based on
more than one demand and supply points, demand and sup-
ply can be treated as a random variable in order to compute

Table 11 Estimated values of parameters with a specified probability level

RHS variable Data sets Probability Shape Scale RHS Value
S, 180, 180, 182, 180, 182, 180, 182, 182, 181, 180, 179, 181 a; = 0.90 17.40 14.47 178
S, 478, 475, 475, 476, 476, 476, 476, 477, 477, 476, 475, 478 a, =091 20.36 32.59 477
S5 197, 198, 197, 196, 199, 198, 198, 198, 195, 199, 197, 195 a; =0.92 26.87 9.88 197
S, 199, 197, 200, 200, 200, 200, 200, 197, 199, 201, 199, 199 a, =0.89 20.46 13.34 202
Ss 295,294, 294, 295, 294, 294, 292, 294, 295, 294, 293, 293 as =0.88 16.72 24.57 297
D, 92,91, 94, 91, 93, 93, 90, 90, 92, 93, 93, 90 p, =0.75 23.09 3.57 93
D, 50, 53, 51, 52, 51, 54, 52, 52, 51, 51, 52, 51 p, =0.76 21.60 2.07 52
D, 88, 88, 87, 86, 88, 90, 88, 89, 90, 89, 87, 88 p; =0.717 19.92 3.97 87
D, 63, 62, 65, 64, 65, 65, 62, 63, 64, 63, 63, 62 py =0.78 18.97 3.01 67
Dy 60, 64, 60, 62, 61, 64, 61, 61, 61, 63, 64, 62 s =0.79 20.58 2.58 62
D¢ 111, 109, 111, 110, 111, 109, 110, 108, 112, 109, 111, 108 fs =0.74 18.62 5.23 111
D, 112,111, 110, 110, 112, 111, 112, 110, 112, 109, 109, 109 p, =0.73 19.89 4.84 109
Dyg 80, 81, 82, 80, 80, 80, 79, 80, 82, 80, 79, 80 g =0.72 19.21 3.71 80
Table 12 Obtained results Approach Results

Value function approach

€ constraint approach

7,=277,615 and Z,=25,326

U, = 178, Uy, =276, U,, =70, Uy, = 197, U, =98,
X3 =52, X,, =188, X,, = 177,

Yy, =87, Y5 =62, Yo =95,

Vo1 =93, Vou =67, Vog =17, V35 =52, Vyg =16, V47 = 109, V43 = 63
Z,=308.,196 and Z,=27,799

U, = 178, Uy, =73, Uy, =275, U, = 197,

X,y = 187.X,, = 177.X,, = 70,

Y, =93.Y,, =29.Y,s = 62,Y,, = 111,

Vyy = 52.V,y = 87.V,, = 38,V, = 53,V,; = 109,V 4 = 80
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the predicted demand/supply value using a variety of prob-
ability distributions.

Deterministic values of the Right Hand Side (RHS) of
constraints have been obtained by using the chance-con-
strained programming approach as defined in the above sec-
tion. We suppose that supply and demand parameters follow
a Gamma distribution with a given degree of probability.
We have also used a MLE approach for obtaining the shape,
and scale parameters of the random variables and calculated
values are given in Table 11.

In this study, we considered a scenario where there is no
fixed or known value for the parameters of the MOAFSCN
problem, but somehow, we know the range of the param-
eters. By using the above information, the problem can
be formulated as a MOAFSCN. In order to overcome the
uncertainty condition, we considered that the parameters of
supply and demand of the constraints followed a Gamma
distribution and maximum likelihood estimation approach
has been used for getting the desired value of shape and
scale parameter at a specified probability level. Using an
optimization software LINGO 16.0, on a PC Core i3 2.50-
GHz processor, the formulated problem has been solved
after converting the probabilistic and fuzzy parameters into
deterministic ones. LINGO 16.0 is the most well-known
software used for solving the mathematical programming
problems. The best feature of LINGO 16.0 is that it tells the
decision maker about the feasibility of the model formu-
lated. In our case, the model formulated with uncertainty
is found to be feasible for the both the objective functions
and after that we have checked the feasibility of the model
formulated using the value function approach and e con-
straint approach, respectively. LINGO 16.0 software solved
the multi-objective problem formulated for both the value
function approach and e constraint approach in 81 and 104
iterations, and within a time duration of 0.461 s and 0.583 s
respectively. For the given data, the MOAFSCN proposed
model (Egs. 1 to 31) is solved and the results are evaluated.
Table 12 shows the optimized value of the transportation
cost and delivery time along with the amount of product to

Compromise Solution
400000
350000
300000

250000

200000

150000

100000

50000
0 — — hd fed =
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Value Function € Constraint  Simple Additive Pre-Emptive

HZ1l W72

Fig. 2 Graphical presentation of obtained result

be shipped from different sources to different agent/brokers;
the amount of products to be shipped from different agent/
brokers to different wholesalers; the amount of products to
be shipped from different agents/brokers to different retail-
ers and; the amount of products to be shipped from different
wholesalers to different retailers. Figure 2 gives graphical
presentation of results.

For solving the formulated problem of SCN, in this
study, authors have used different types of optimization
approaches namely, value function approach, and e— Con-
straint approach, and respectively compared the results with
a simple additive approach, weighted additive approach and
pre-emptive approach. Using the imprecise information
as given in Tables 2, 3, 4,5, 6,7, 8, 9, and 10, and also
after obtaining the crisp value of the demand and supply
parameter as defined in Table 6, we obtain the final com-
promise solution of the MOAFSCN problem. Among all
the used optimization approaches, we have found that the
value function approach optimizes the formulated problem
more efficiently as compared to other approaches. Relative
comparison is presented in the Fig. 2. The solution to the
MOAFSCN problem involves four stages of transportation.
In the first stage, goods are transported from various produc-
ers to different agents/brokers. The agreed-upon allocation
of shipments includes 178,000 units from producer(1) to
agent/broker(4), 276,000 units from producer(2) to agent/
broker(2), 70,000 units from producer(2) to agent/broker(4),
197,000 units from producer(3) to agent/broker(2), and
98,000 units from producer(4) to agent/broker(2).

In the second stage, goods are transported from the
agents/brokers to different wholesalers. The agreed-upon
allocation of shipments includes 52,000 units from agent/
broker(2) to wholesaler(3), 188,000 units from agent/bro-
ker(4) to wholesaler(4), and 177,000 units from agent/bro-
ker(2) to wholesaler(2).

In the third stage, goods are transported from the agents/
brokers to different retailers. The agreed-upon allocation
of shipments includes 87,000 units from agent/broker(2) to
retailer(3), 62,000 units from agent/broker(2) to retailer(5),
and 95,000 units from agent/broker(2) to retailer(6).

In the fourth and final stage, goods are transported from
the wholesalers to different retailers. The agreed-upon
allocation of shipments includes 93,000 units from whole-
saler(2) to retailer(1), 93,000 units from wholesaler(2) to
retailer(1), 67,000 units from wholesaler(2) to retailer(4),
17,000 units from wholesaler(2) to retailer(8), 52,000
units from wholesaler(3) to retailer(2), 16,000 units from
wholesaler(4) to retailer(6), 109,000 units from whole-
saler(4) to retailer(7), and 63,000 units from wholesaler(4)
to retailer(8).

The solution to the MOAFSCN problem, which involves
the efficient allocation of shipments in the different stages of
the SC, is crucial in the agri-food SCN. Efficient allocation
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Table 13 Comparison of results

Approach

Result

Simple Additive fuzzy goal programming approach

Weighted Additive fuzzy goal programming
Approach

Pre-emptive fuzzy goal programming approach

7,=282,788 and Z,=27,479
U, = 184,U,, = 273,U,, = 80,U;, = 200, U,, = 108,

Xy, = 177, Xo3 = 53, X, = 192,

Y, =91, Y, = 89, Y,s = 63,

Vo =2, V,, =65, Vog = 110, Vi, =53, V= 111, Vg =81
Z,=368,301 and Z,=38,185

U, = 138, U}, =46, U, =80, Uy, =200, Uy, = 201,

Xy =42, Xp5 = 178, Y,, =55, Yp5 = 63,

Yy =29, Yy = 110, Yoy = 111, Yag = 77,

V,, =38, Vo =40, Vs, = 53, Vg, = 60, Vs, = 65

7,=282,788 and Z,=27,479

U,, = 184, Uy, =273, U,, = 80, Uy, = 200, U, = 108,

Xy, = 177, Xy3 = 53, X, = 192,

Y, =91, Yys = 89, Yas = 63,

Vy =2, V,, =65, Ve = 110, V4, = 53, V,; = 111, Vg = 81
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Fig. 3 Sensitivity of result

of shipments in the agri-food SCN is critical to ensure that
food products reach their intended destinations in a timely
and cost-effective manner. Inefficient allocation of shipments
can result in product waste, delay in delivery, and increased
transportation costs, which can have adverse effects on the
overall SC performance. Effective allocation of shipments in
the agri-food SCN requires collaboration and coordination
among the different stakeholders involved in the SC. It also
involves the use of advanced technologies such as transpor-
tation management systems, inventory management systems,
and SC analytics to optimize the allocation of shipments and
improve SC efficiency.

In order to compare the proposed methodology with
fuzzy goal programming, weighted fuzzy goal program-
ming and pre-emptive fuzzy goal programming approaches,
the demand and supply units have been kept constant, and
the obtained result are given in Table 13. The compromise
values of the first objective function (Z;) and the second
objective function (Z,) are changes with the change in the
methodology. The delivery time of the model remains almost
the same for all the methodology but increases minorly with

@ Springer

the use weighted fuzzy goal programming approach. The
best value (minimum) for the first and second objective func-
tion is attained by the value function approach. This trend is
observed as other presented techniques give more preference
to the membership functions of objective function and less
significance to feasibility degree. Figure 2 represents the
change in the values of objective functions by using different
methodologies presented in this study along with the fuzzy
goal programming, weighted fuzzy goal programming and
pre-emptive fuzzy goal programming approaches. Compared
to other methods, the benefit of using the value function
and e—constraint approach is that they significantly reduces
the possibility of an infeasible solution. Although far from
a panacea, the value function and e—constraint approach
often represents a substantial improvement in the model-
ling and analysis of the real-life situation for a bi-criterion
problems. The value function and e—constraint approach are
not similar to the fuzzy goal programming, weighted fuzzy
goal programming and pre-emptive fuzzy goal program-
ming approach in the sense that they all use scalarization
technique that uses the combination of multiple objectives
into one function.

To demonstrate the impact of quantity on the numerical
solution, we performed ten additional experiments by vary-
ing the demand and supply units. For each experiment, we
held all certain and uncertain parameters constant, except for
the change in quantity. We generated ten new compromise
solutions for each experiment using the same methodology
as the original problem. The results in Fig. 3 indicate that
changing the quantity significantly affects transportation cost
and delivery time due to the reallocation of units from one
source to another destination. The uncertain change in the
quantity of agri-food products can have a significant impact
on the SC, particularly in terms of transportation cost and
delivery time. As the demand for certain products fluctuates,
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it can create a mismatch between supply and demand, lead-
ing to an increase in transportation costs and delays in deliv-
ery. For instance, if the demand for a particular product sud-
denly increases, farmers may struggle to produce enough
to meet the demand, resulting in delays in delivery and
higher transportation costs as farmers transport their goods
to the market. On the other hand, if the demand suddenly
decreases, farmers may be left with excess stock, leading
to wastage and financial losses. Therefore, it is essential for
the Agri-food SCN to have proper planning and manage-
ment strategies in place to minimize the impact of uncertain
changes in quantity on transportation cost and delivery time.

5 Conclusions, limitations and future scope

The management of AFSCN poses significant challenges
due to the unique nature of agricultural products, season-
ality, and specific transportation and storage requirements
(Yadav et al. 2021). These challenges are compounded by
the constant threat of risks from various sources, including
demand fluctuations, supply chain disruptions, production
uncertainties, and planning complexities. In this study, we
tackled the Multi-Objective Allocation Problem in AFSCN
with fuzzy and probabilistic parameters. We employed the
value function and e-constraint approach to optimize deci-
sion-making in this intricate environment, with a primary
focus on minimizing shipping costs and delivery times. The
results obtained from our proposed model outperformed
existing approaches, offering a promising avenue for enhanc-
ing the efficiency and competitiveness of AFSCN.

However, this study has its limitations. One notable
constraint is that our model solely addresses fuzziness and
probabilistic uncertainties, while real-world scenarios may
involve multi-choice decision-making. Therefore, it is advis-
able to subject our fuzzy and probabilistic model to compre-
hensive testing in a true-life setting, where multiple deci-
sion alternatives are present. Additionally, future research
should involve a comparative analysis of various approaches
to address this problem. As cost control and efficient deliv-
ery times are crucial in today’s competitive environment,
the implications of this study can serve as a valuable policy
framework for supply chain managers, enabling them to
make more cost-effective and timely decisions. To further
validate our proposed model, it should be applied to supply
chain networks in other industries. Looking ahead, research-
ers may explore more complex probability distributions,
multi-choice parameters, and the integration of intuitionistic
fuzzy set theory, thereby expanding the scope of research in
the field of Agri-food Supply Chain Management.
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