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Abstract

Purpose – Due to unceasing declination in environment, sustainable agro-food supply chains have become a
topic of concern to business, government organizations and customers. The purpose of this study is to examine
a problem associated with sustainable network design in context of Indian agro-food grain supply chain.
Design/methodology/approach –Amixed integer nonlinear programming (MINLP) model is suggested to
apprehend the major complications related with two-echelon food grain supply chain along with sustainability
aspects (carbon emissions). Genetic algorithm (GA) and quantum-based genetic algorithm (Q-GA), two meta-
heuristic algorithms and LINGO 18 (traditional approach) are employed to establish the vehicle allocation and
selection of orders set.
Findings – The model minimizes the total transportation cost and carbon emission tax in gathering food
grains from farmers to the hubs and later to the selected demand points (warehouses). The simulated data are
adopted to test and validate the suggested model. The computational experiments concede that the
performance of LINGO is superior thanmeta-heuristic algorithms (GA andQ-GA) in terms of solution obtained,
but there is trade-off with respect to computational time.
Research limitations/implications – In literature, inadequate study has been perceived on defining
environmental sustainable issues connected with agro-food supply chain from farmer to final distribution
centers. A MINLP model has been formulated as practical scenario for central part of India that captures all
the major complexities to make the system more efficient. This study is regulated to agro-food Indian
industries.
Originality/value –The suggested network design problem is an innovative approach to design distribution
systems from farmers to the hubs and later to the selected warehouses. This study considerably assists the
organizations to design their distribution network more efficiently.
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Sets and indices

n The set of hubs n ∈ N

m The set of farmers m ∈ M
i The set of warehouses i ∈ I

v Set of vehicles, v ∈ V

k, l Node in suggested model k & l ∈ (M ∪ N)

Parameters

HQm The harvest amount of quantity proposed to supply from the farmer m
Avaln Availability of food grains at the collection hub n

Qi The demanded quantity by warehouse i

d
f ;f

0

km Distance among farmer k to farmer m ðk≠mÞ
df ;chmn Distance among farmer m to collection hub n

d
ch;w
ni Distance between collection hub n to warehouse i

cT1 Transportation cost ($/miles) during collection of foods from different farmers

cT2 Transportation cost ($/miles) from collection hub n to warehouse i

cfc1 Carbon emission taxation cost ($/miles) during collection

cfc2 Carbon emission taxation cost ($/miles) from collection hub n to warehouse i

αf ;chv Capacity of the vehicles used for collection

αch;wv Capacity of the vehicles moving in between collection hub n to warehouse i

ηch;wv Average mileage of vehicle moving at the speed where economical fuel consumption
occurs during shipment from collection hub n to warehouse i

ηf ;chv Average mileage of vehicle moving at the speed where economical fuel consumption
occurs during collection

pkl The amount of product shifting from node k to node l
LT Lead time
RS Range of speed of vehicle
Decision variables

Sniv Average speed of vehicle v moving from collection hub n to warehouse i
Smnv Average speed of vehicle moving from farmer k to hub n, and farmer k to farmer

m, k∈Mðk≠MÞ
qniv Quantity moving from collection hub n to warehouse i with assigned vehicle v
qmnv Quantity moving from farmer m to hub n with assigned vehicle v
nch;wv Number of vehicles required to shipment from collection hub n to warehouse i
nf ;chv Number of vehicles required for collection from different farmer locations

x
ch;w
niv ¼

�
1; if vehicle 0v0 assigned for shipment from collection hub 0n0 towarehouse 0i0

0; otherwise

y
f ;f

0

klv ¼
�
1; if vehicle 0v0 assigned for shipment from any farmer node 0k0to farmer node 0l 0

0; otherwise

y
f ;ch
knv ¼

�
1; if vehicle 0v0 assigned for shipment from any farmer node 0k0 to collection hub 0n0

0; otherwise

1. Introduction
India is an agricultural nationwithmajority of its population reliant on agriculture in a direct or
indirect manner (Gouda et al., 2018). The food supply chain commits significantly toward
sustainable ecosystem of the nation (Allaoui et al., 2018). It coordinates the main factors (such
as information related to the farmer hubs, network connectivity across hubs, distribution
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centers, various transport routes, etc.) related with the production and dispersion of
agricultural food products. In India, the federal government and the state governments are
actively involved in regulating and controlling the production, distribution and processing of
food products. Food Corporation of India (FCI), a federal government agency actively
participates in purchase and distribution of food grains and other agriculture products. FCI in
consultation with the state governments, has established a number of purchase centers
(mandis) at various locations to smoothen the purchase of food grains. The role of FCI and
other state agencies is to safeguard the interest of farmers such that they are not obligated to
sell their products for less than theminimum support price. FCI procures directly from farmers
(or through its agents) from the surplus producing states and performs distribution
throughout the country via its various warehouses and other state-controlled storage houses
(Prakash, 2018). Despite the government interventions, various inefficiencies exist in the Indian
food supply chain. The current procurement system via designated markets (mandis) fail to
address the entire country uniformly. The farmers are required to travel large distances to
reach the adjacent mandi and numerous times they have to wait to get their grain unloaded in
the mandis (Mogale et al., 2019). In India, majority of farmers have small and fragmented land-
holdingswhichmake themvulnerable toweather risks, lesser surplus crop andmoney-lenders
(Dev, 2012). The above problems result in construction of long marketing channels, with
multiple intermediaries and ultimately poor farmer bargaining power. These intermediaries
have direct influence on cost inflation and information asymmetry in agriculture, specifically
for non-Minimum Support Price crops. Due to purchases, traffic, other taxes and service fees
imposed ondifferent layers, a perversely long supply chain leads to a sharp increase in the total
cost. As a result of such shortcomings in the supply chain, it has been anticipated that the
farmers obtain less amount that the consumer pays. Also, there exists a large gap between
agriculture-warehousing supply and demand. Prioritizingmarketingmanagement and linking
farmers directly to consumers is one of the solutions to counter the agricultural pressure
confronted by the farmers (Arulananth and Vishwanathan, 2020).

Another important issue in agro-supply chain is the cost of transportation. The medium
and large-scale farmers can afford to bear the logistics cost in meeting the market
requirements but it is the marginal farmer, who cannot bear the cost. Therefore, the marginal
farmers suffer at the hands of the intermediaries. Also, most of the farmer’s production is
transported through tractors and via not so good village roads, leading to non-efficient mode
of transportation. Hence, on the sustainability front the greenhouse gas (GHG) emissions are
also a major concern to the policy planners. Indian agro-food industries are striving to deal
with the logistics providers, farmers’ assembly center and food vendor centers to moderate
the carbon emissions generated because of increased fuel consumption during
transportation. The present study features few research objectives reflected below:

RO1. To address the concern of the farmers’ highlighted above for enhancing the agro-
supply chain efficiencies.

RO2. To minimize the costs associated with the movement of food grains.

RO3. To centralize the collection of the farmers’ production and transportation issues.

The present study attempts to address the above highlighted concerns related to agro-supply
chain efficiencies through integrated logistics planning for upstream food grain purchase.
The present study has some contributions to the literature:

(1) A mathematical model is suggested to minimize the costs related with transportation
and carbon emissions via centralized planning for the movement of food grains from
farms to the purchase hubs and subsequently to the required warehouses in the
country.
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(2) The centralization for the collection of farmers’ production and transportation can be
performed through optimized routes and vehicle planning.

(3) The study will assist organizations to address the sustainability issues (farmers’
interests, cost of purchase and carbon emissions) in purchase and optimal
transportation of food grains.

The study is drafted in six sections. Section 1 presents an introduction to the study. Section 2
reviews the relevant literature related to agro-food supply chain and carbon emissions. In
Section 3, problem description and problem statement is discussed. In Section 4, the different
solution approaches adopted for the study are highlighted. Section 5, highlights the results
and discussions. Finally, conclusion, limitations and future research directions are presented
in Section 6.

2. Literature review
The agro-food segment contributes a potential part toward the Indian economy. Still, scant
studies are evident in the literature associated to agro-food supply chains. Currently,
sustainable supply chain (SSC) requires that they meet the three aspects of sustainability
(Dwivedi et al., 2019; Moktadir et al., 2019, 2020). In this study, environmental aspect of
sustainability is considered in the agriculture domain. The literature review segment is
segregated into studies based on agro-food supply chain and carbon emission on supply
chain network.

2.1 Agro-food supply chain network design
Galal andEl-Kilany (2016) studied the results of varying order quantity in agro-supply chain. In
the study, a simulation model was established to involve stochastic demand and time. Further,
Orjuela-Castro et al. (2017) suggested a mathematical model for solving a problem related to
supply chain of perishable foods. A mixed integer linear programming (MILP) approach was
adopted for localization of collection hubs based on multi-echelon-multi-products transport
system. Similarly, Miranda-Ackerman et al. (2017) designed a framework considering the case
of processed food industry. A mixed approach of multi-objective optimization and multiple-
criteria decision-making (MCDM) was embraced for solving the three-echelon green supply
chain model. A literature survey was performed to study agent-based modeling in context of
agro-supply chains (Utomo et al., 2018). An analysis of different models and modeling
approacheswere presented in the study. Further, Sazvar et al. (2018) framed a study examining
the SSC with deteriorating product for an agro-food industry. A mathematical model was
produced for the problemandwas solvedusing anaugmented e-constraint approach. Similarly,
Esteso et al. (2018) suggested a model for designing agro-food supply chains. In the study,
development and analysis of models constructed on mathematical programming was
performed for network design. Mangla et al. (2018) identified and investigated the potential
enablers for successful sustainable plans in the domain of agro-food supply chains. A mixed
approach of ISM-DEMATELwas utilized for analyzing the enablers. Also, Jonkman et al. (2019)
constructed a network design problem related to agro-food industry examining the harvesting
decisions. Further, themodel was practiced considering the case of sugar beet processing chain.
A literature review was performed to identify the indicators for evaluating sustainability for
real cases of supply chain network design (Moreno et al., 2019). Chowdhury et al. (2019a, b)
performed a study to advance a SSC assessment model. The study adopted a combined
approach to develop the model. Supply chain risk assessment was performed in context of
developing countries (Chowdhury et al., 2019a, b; Karuppiah et al., 2020). Hu et al. (2019) studied
four echelon agro-food supply chain with multiple strategies. In the study, a hybrid

MSCRA
2,3

164



coordinationmechanismwas established for quality control of agro-food supply chain. Further,
Ali et al. (2019) presented a framework for risk evaluation in food supply chains. Similarly,
Meena et al. (2019) studied an Indian agro-food supply chain problem and identified the
important factors affecting the agro-food supply chain using Fuzzy analytic hierarchy process
(AHP) method. Chen et al. (2020) designed a knowledge network examining lean supply chain
decisions with respect to agro-food industry. An AHP technique was adopted for attaining
different lean performance objectives in the study. Kamble et al. (2020) identified enablers
related to block chain technology in context of agro-supply chain. The identified enablers were
further analyzed using combined ISM-DEMATELapproach. highlighted the issues to adoption
of circular economy in product recovery systems (Dwivedi et al., 2020; Dwivedi and Madaan,
2020). Kumar et al. (2020) highlighted the challenges to electric vehicle adoption adopting
sharing economy. Further, Chowdhury and Paul (2020) presented a literature review in context
of corporate sustainability adopting MCDM methods.

2.2 Carbon emission
SSC refers to comprehensive assessment of supply chain operations and logistics that
influence the economic, social and environmental aspect of supply chain factors. In domain of,
sustainable agro-supply chain it can be observed as identifying the surplus food producing
region, developing proper purchase and logistic systems, ensuring good returns to the
stakeholders, ensuring good product to the customers and reducing the carbon footprint.
World Health Organization (WHO) recognized global transport energy growth (mainly land
transport) as the major contributor of carbon di-oxide (CO2) and black carbon emissions
produced mainly by diesel vehicles. CO2 has been in the atmosphere for more than a period,
with continuing warming effects (IPCC, 2014). India as a signatory to the Paris Agreement on
Climate (2016) sworn to cut 33–35% emissions related with every unit of economic output by
2030. Researchers gave ample attention to address the carbon footprint in the sustainability
of supply chains. However, most of the studies gave preference to modeling approach when
compared to the case studies.

A large amount of carbon associated concerns such as carbon emissions trading put stress
on organizations to record their emissions and report them across their supply chains. In
reply, carbon identification and measurement specify a method for handling and accessing
risks and prospects associated with climate business (Lash and Wellington, 2007). Pratap
et al. (2019) described an multi-objective model of shipping network design and analyzed the
influence of carbon emission tax on shipping of cargo goods. Sundarakani et al. (2008)
performed a study related to measurement of carbon footprints across the supply chains.
Wittneben and Liyar (2009) while examining automobile supply chain, highlighted the
importance of quantifying direct GHG and critical role of suppliers and site-operations.
Sundarakani et al. (2010) studied the carbon footprint through analytical model adopting the
Lagrangian and Eulerian methods. The findings reflect that carbon emissions across
different stages in the supply chain can pose a major risk that requires consideration during
the supply chain design phase. In context of agro-supply chain, Wakeland et al. (2012)
specified an outline of success factors associated with transportation and accommodation of
food from production to the retailer. The study implemented carbon review approaches to
recognize opportunities for reduction in GHG emissions. Ingrao et al. (2015) performed a
study for the environmental evaluation of agro-biogas supply chain with special reference
point as carbon footprint analyses in the operations. Accorsi et al. (2016) performed a study
related to design carbon balanced and cost effective agro-supply chains. A land network
problem was considered in the agro-food network design and solved using linear
programming model. Mogale et al. (2019) developed a decision support model considering
network of purchase centers, central warehouses and fair-value stores for sustainable food
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grain supply chain. The study adopted multi-objective algorithms to solve the problem and
performed sensitivity analysis using multiple scenarios. The model investigates to minimize
cost and CO2 emissions. A model for intermodal freight transportation was proposed in
context of emerging economies (Shardeo et al., 2020a, b).

2.3 Motivation for the study
In the previous section, literature review suggests a lot of studies related to SSC context, here
the studies in modeling carbon footprint aspect of sustainability has been piecemeal. The
present study attempts to model the carbon footprint by taking into account the type of
transportation route and the vehicle speed, which are important determinants of the carbon
emissions from a vehicle. An attempt has been made to solve the facility allocation model
while minimizing the transportation cost and the carbon emissions. The complex nonlinear
integer mathematical model motivates us to explore three different solution methodologies to
come up with best solution.

3. Problem description
In the agricultural sector, demand and procurement is highly unstructured. For a particular
season, varying need and purchasing of the food products via purchase hubs comprises of
various costs. The disaggregated collection process where the farmer comes to the hubs
(mandis) to sell his products results in enhancement of the the total costs acquired in the
supply chains. The farmers travel to the nearest market hub results in high transportation
costs, carbon emissions and reduced profitability for the farmers. To counter this situation, a
centralized assembly of the food products from the farmers’ location to the hub is provided.
This results in reduced role of intermediaries and enhanced profitability of the individual
farmers. Due to the government policy, the logistic service provider has to pay carbon
emission tax. This carbon emission tax is directly proportional to the fuel consumption of
vehicles (which is the function of the vehicle/truck speed and load). A mathematical model is
framedwith an objective of minimizing the transportation and carbon tax cost and satisfying
different constraints linked with food grain supply chain. The suggested model is designed
for single period and employs numerous vehicles with constant capacity. Further, the model
reflects the maximum cost associated with the distance covered by the vehicle in terms of
transport and carbon emission tax.

3.1 Problem statement
In the present study, aMINLPmodel is formulated for a two-echelon vehicle routing problem.
Themodel is expected to have a single time demand, one product, multihubs, multiwarehouse
and multiple vehicles with a fixed transportation cost and a fixed travel capacity at a
maximum limited distance. The total cost includes the transportation cost spent across
farmers to a hub, anthropogenic gas emission cost and vehicle routing cost. To reduce the
total cost, it is necessary to identify the farmers’ allocation to hubs. The fuel emission rate is
directly related to the fuel consumption rate given by the carbon emission index parameters
(Bektas and Laporte, 2011).

In the study, a set of geologically dispersed farmers are considered that generate single
type food grain products for an inbound food product collection system as shown in (Figure 1)
below. A number of vehicles are sent to accumulate the product from the hubs. The vehicles
are allocated from the hub to the nearest villages, based on the availability at the village and
the demand at the warehouses. Numerous restrictions are imposed for the capacity of vehicle,
supply at villages, demand at hub and warehouses.
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The purpose of the suggested model is to reduce the fixed and variable transportation costs,
and the carbon emission costs. Further, the formulated model is expected to improve the
farmers’ profitability and develop sustainable food grain supply process. The proposed
model addresses the below mentioned questions:

(1) The amount of quantity dispatched from farmers to the hub on demand from the
availability of farmers’ products and the hub.

(2) The vehicle route assigned for each hub.

(3) The total number of vehicles required.

Objective function

min

(X
n∈N

X
i∈I

X
v∈V

cT2 d
ch;w
ni nch;wv xch;wniv þ

X
n∈N

X
i∈I

X
v∈V

cct2
dch;wni

ηch;wv

nch;wv xch;wniv

)

þ

8>>>>><
>>>>>:

cT1

 X
k∈Mðk≠MÞ

X
n∈N

X
v∈V

df ;ch
kn nf ;chv yf ;chknv þ

X
k∈Mðk≠MÞ

X
l∈Mðk≠MÞ

X
v∈V

df ;f
0

kl yf ;f
0

klv

!

þcct1

 X
m∈M

X
n∈N

X
v∈V

df ;ch
mn

ηf ;chv

nf ;chv yf ;chmnv þ
X

k∈Mðk≠MÞ

X
l∈Mðk≠MÞ

X
v∈V

df ;f
0

km

ηf ;chv

yf ;f
0

klv

!

9>>>>>=
>>>>>;

(1)

subjected to

qnivx
ch;w
niv ¼ Qi; ∀n∈N ; i∈ I ; v∈V (2)

qnivx
ch;w
niv ≤Avaln; ∀n∈N ; i∈ I ; ∀v∈Vs (3)

Zone 1

CH

f1

f2

f3

f4

fn

Zone 2

CH

fn+1

fn+2

fn+3

fn+4

fn+l

Figure 1.
A model for the

assembly of food
products
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qmnv

�
yf ;chmnv þ yf ;f

0

klv

�
≤HQm; ∀m∈M ; n∈N ; ∀v∈V ; k∈ ðM∪NÞ; l ∈ ðM∪NÞ (4)X

n∈N

X
v∈V

xch;wniv ¼ 1; ∀i∈ I (5)

X
k∈ðM∪NÞ

X
v∈V

yf ;f
0

klv ¼ 1; ∀l ∈L (6)

X
k∈ðM∪NÞ

X
v∈V

yf ;f
0

lkv ¼ 1; ∀l ∈L (7)

yf ;f
0

klv ¼
8<
:

1; if
X
m∈M

qmnv ≤ αf ;ch
v

0; otherwise

∀k∈K; l ∈L; n∈N ; v∈V (8)

X
n∈N

X
v∈V

yf ;chmnv ¼ 1; ∀m∈M (9)

X
k∈ðM∪NÞ

yf ;f
0

kjv ¼
X

l∈ðM∪NÞ
yf ;f

0

jlv ; ∀; v∈V ; j& j∈ ðK∪LÞ (10)

X
m∈M

qmnvx
f ;ch
mnv ≤

X
v∈V

αf ;ch
v ; ∀n∈N (11)

qnivx
ch;w
niv ≤

X
v∈V

αch;w
v ; ∀n∈N ; i∈ I (12)

pnj ¼ pkl � pn; if n∈M ; ∀k∈K; j∈ ðM∪NÞ (13)X
k∈ðM∪NÞ

X
l∈ðM∪NÞ

X
v∈V

yf ;f
0

klv þ
X

k∈ðM∪NÞ

X
n∈N

X
v∈V

nf ;chv yf ;chknv þ
X
n∈N

X
i∈I

X
v∈V

nch;wv ych;wniv ≤G (14)

nch;wv ¼
P
n∈N

P
i∈I

qnivx
ch;f
niv

αch;f
v

; ∀v∈V (15)

nch;fv ¼
P
n∈N

P
i∈I

qnivx
ch;f
niv

αch;f
v

; ∀v∈V (16)

dch;w
niv

Sniv

xch;wniv þ df ;chmnv

Smnv

yf ;chknv þ
df ;f

0

klv

Smnv

yf ;f
0

klv ≤LT; ∀n∈N ; ∀m∈M ; k∈M ; l ∈M ; ðk; l ≠MÞ;
v∈V

(17)

Smnv; Sniv ∈RS; ∀n∈N ; ∀m∈M ; k∈M ; l ∈M ; ðk; l ≠MÞ; v∈V (18)

xch;wniv ; yf ;chmnv; y
f ;f

0

klv ¼ f0; 1g; ∀n∈N ; ∀m∈M ; k∈M ; l ∈M ; ðk; l ≠MÞ; v∈V (19)

In the objective function (Eqn 1), first part computes the total transportation cost and taxation
costs associated with carbon emission for shipment of quantity from collection hub to
warehouse. The other part computes the total transportation cost and carbon emission
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taxation cost associated with carbon emissions for collection of food items from different
farmer places. The constraint (2), is assigned to ensure that the amount of product movement
must be greater than or equal to the demand form the warehouse. The purpose of constraint
(3), is to assure that the quantity of products shifting from farmers to the hub must be less or
equal to the availability at the collection hub. Constraint (4) is introduced to limit the amount
of productmovement from farmer to the collection hub. This limit should be less than or equal
to the available amount of product with the farmers. Constraint (5) is suggested to safeguard
that a single collection hub is assigned to a single warehouse. The constraint (6), signifies the
arrival of vehicle at any node l from any node k occurs once. Constraint (7), signifies the
departure of vehicle from any node l to any node k occurs once. Constraint (8), reflects that if a
vehicle reaches to gather the food product and leaves the hub in the practice of gathering
product from the farmers. Constraint (9), ensures the maximum capability of the vehicle is
greater than the amount provided by the farmers. Constraint (10), is the maximum load
transferred in between the node k and node l. The constraint (11) is to constrain the total
quantity assigned for collection through assigned vehicle must be less or equal to the
total available capacity of the assigned vehicles. Constraint (12) is reflected to constrain the
total quantity assigned for shipment from collection hub to the warehouse must be less or
equal to total available capacity of assigned vehicles. Constraint (13) reflects the maximum
weight delivered in between the node k and node l and is represented by means of
conservation flow. Constraint (14) confirms that the number of vehicles necessary for routing
must be below the available number of vehicles (G). Eqns (15) and (16), compute the number of
vehicles essential for shipment from collection hub to thewarehouse and for collection of food
items fromdifferent farmers respectively. Constraint (17), ensures that the lead time should be
less than or equal to the total traveling time, whichmainly depends on the speed of the vehicle
and this speed promotes the carbon emission. Constraint (18), represents the vehicle speed
that lies within the specified range of speedwhich the green economical fuel consumption can
meet. Constraint (19), is the binary decision variables constraints.

4. Solution approach
4.1 Approach 1: LINGO optimization tool
To obtain the solution for the producedMINLPmodel, LINGO 18 traditional optimization tool
with computational machine configuration; 64-bit, Intel core i-7, 8 GB RAM is adopted.
LINGO is a proficient for resolving different forms of programming methods such as linear
and nonlinear programming, mixed integer programming, quadratic programming, etc.
(Prajapati et al., 2020).

4.2 Approach 2: Genetic algorithm (GA)
Genetic algorithm (GA) is a stochastic approach and motivated by the Darwin theory of
evolution. Holland 1975 studied an adaptive artificial system and used the genetic operator’s
crossover and reformation of new chromosomes, mutation of the parent and new
chromosome and finally evaluates the fitness function. (Pratap et al., 2015; Prajapati et al.,
2019) used GA in the scheduling problem to reduce the operational delay.

The generated random solution form chromosomes, the best feasible chromosome have to
be selected and proceed for the next operator, i.e. crossover. In one-point crossover operations,
the strings have to be selected and swappedwith the parents’ chromosomes. The feasibility of
child chromosomes to be checked and then proceed for the next operator, i.e. mutation. The
mutation operator mutates between the strings of chromosomes to improve the solution
within the feasible solution space. Finally, fitness function is employed to determine the
solution on the basis of selected chromosome.
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4.3 Approach 3: quantum-based genetic algorithm (Q-GA)
The quantum-based genetic algorithm is encouraged by the quantum computing. The random
solutionof chromosomeswithcertainpopulationsaregeneratedas similar toGA.Thebestpopulation
has to be selected among the generated feasible chromosomes. The crossover reforms and generate
child chromosome and the concept of quantum entanglement and intercedes updates the solution
(Prakash and Vidyarthi, 2013; Niu et al., 2010; Xiao et al., 2010). The process are as follows:

A t bit solution in n bit string can be defined as mentioned in Eqn (20) below:�
γ1ðtÞγ2ðtÞγ3ðtÞ . . . γmðtÞ
θ1ðtÞθ2ðtÞθ3ðtÞ . . . θmðtÞ

�
(20)

where jγij2 þ jθij2 ¼ 1; i ¼ 1; 2; 3 . . . n
The random initial population is generated as mentioned in Eqn (21) below:

ptðmÞ ¼ ½p1ðmÞ; p2ðmÞ; p3ðmÞ . . .PtðmÞ� (21)

where, ptðmÞ is defined as mentioned in Eqn (22) below:

ptðmÞ ¼
�
γ1ðtÞ γ2ðtÞ γ3ðtÞ . . . γmðtÞ
θ1ðtÞ θ2ðtÞ θ3ðtÞ . . . θmðtÞ

�
(22)

The solutions are updated by adopting quantum rotation operators.UðΔfÞfor chromosomes
up-to 2 lengths is described as mentioned in Eqn (23) below:

UðΔwÞ ¼
�
cosðΔfÞ � sinðΔfÞ
sinðΔfÞ cosðΔfÞ

�
(23)

Δf is the magnitude and sign denoting the angle and direction of rotation. The value ofΔf is
to influence the value of convergence and algorithm efficiency. The chromosome’s phase is
updated for each t bit byΔf in the direction of global optimal solution. The phase relationship
between these t bits, rotated population can be evaluated as mentioned in Eqn (24) below:�

γ1ðt þ 1Þ
θ1ðt þ 1Þ

�
¼ UðΔfÞ

�
γ1ðtÞ
θ1ðtÞ

�
(24)

The quantum-basedmutation operators are used to improve the local search optimal solution
and reduce the probability of adolescent convergence. The random number is spawned
between the range [0, 1] in respective generation. If (pm) is mutation probability and is greater
than generated random number, then chromosome can be selected randomly and location of
the quality parameters will be exchanged.

Let us assume the random chromosome number is ½γ1ðtÞ θ1ðtÞ�T, then mutation will be
converted as mentioned in Eqn (25) below:�

γ1ðtÞ
0

θ1ðtÞ
0

�
¼
�
θ1ðtÞ
γ1ðtÞ

�
(25)

The pseudo-code for (Q-GA) approach is reflected below in theAppendix section. The steps of
all the associated operators for updating the solutions and the fitness function are reflected
below in (Table A1).

5. Results and discussion
In this study, a real-life problem has been considered associated with central part of India.
The simulated dataset has been used to validate the model. Total 10 case instances have been
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generated from small to large complex scenario (by increasing the number of source and
destination points). The code has been run on LINGO andMATLAB software on I7 processor
and 8 GB RAM, 1 TB ROM in windows 10 platform.

5.1 Input data
To obtain the maximum possible results, the model is established in the LINGO optimization
tool. To validate the model, 10 farmer nodes and 2 food hubs are inspected in the first case
instance. The data for the supply of food from farmer to hub are presented below in (Table 1):

The distance matrix from the farmer to farmer and farmer to hub nodes are presented in
the (Table 2) below:

The obtained values associated with different parameters are presented in (Table 3) below:

5.2 Output results
In the present study, LINGO optimization solver andmeta-heuristic approach (GA andQ-GA)
are adopted. The model has been tested on ten different instances and scenarios. The
convergence graph for first and fifth instances of GAandQ-GAare shown in (Figure 2) below:

The computational experiments for 10 different instances (cases) and the associated objective
function value (total cost in US$) along with the computational time for all the instances is
presented in (Table 4) below. An increase in the number of nodes from first instance to the 10

Parameters Values Parameters Values

cfc1
3($/hrs.) cT1 10($/miles)

cfc2
1($/hrs.) cT2 15($/miles)

Q1 20 LT1 4h
Q2 20 LT2 4h

cT1 10($/miles)

cT2 15($/miles)

m1 m2 m3 m4 m5 m6 m7 m8 m9 m10 n1 n2

m1 0 26.15 9.51 20.52 28.04 24.8 8.99 7.06 22.63 19.79 12.79 13.86
m2 26.15 0 14.37 15 13.61 9.48 18.2 26.2 23 5.36 15.53 16.34
m3 9.51 14.37 0 17.2 25.53 19.46 5.66 11.75 23.53 14.73 11.25 12.55
m4 20.52 15 17.2 0 16.82 9.07 11.7 22.76 9.29 12.75 27.43 28.24
m5 28.04 13.61 25.53 16.82 0 7.76 20.12 28.14 21.27 8.24 23.89 24.89
m6 24.8 9.48 19.46 9.07 7.76 0 16.88 24.9 13.52 5.72 20.62 21.43
m7 8.99 18.2 5.66 11.7 20.12 16.88 0 11.23 19.2 12.12 14.71 18.2
m8 7.06 26.2 11.75 22.76 28.14 24.9 11.23 0 24.88 20.14 16.44 18.91
m9 22.63 23 23.53 9.29 21.27 13.52 19.2 24.88 0 19.23 34.13 34.94
m10 19.79 5.36 14.73 12.75 8.24 5.72 12.12 20.14 19.23 0 15.89 16.7
n1 12.79 15.53 11.25 27.43 23.89 20.62 14.71 16.44 34.13 15.89 0 10
n2 13.86 16.34 12.55 28.24 24.89 21.43 18.2 18.91 34.94 16.7 10 0

Farmers n1 n2 m1 m2 m3 m4 m5 m6 m7 m8 m9 m10

Quantity 0 0 12 10 6 5 9 6 6 6 6 4

Table 3.
The obtained value for
different parameters

Table 2.
Distance from farmer
to farmer ðdf ;f

0

km Þ and
farmer to hub ðdf ;hmnÞ

Table 1.
The supply of food

products from farmers
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different instances is evident. Further, the total number of increased variables and constraints
increases the complexity to solve themodel. The LINGOperforms better than the proposedmeta-
heuristic approaches in minimizing the total cost, but with relatively longer time (Table 4). The
two meta-heuristics have been used to determine the near optimal total cost and discovered that
Q-GA performs better than GA, simultaneously in the term of computational time.

6. Conclusion, limitations and future research directions
In the present study, a SSC network problem for an Indian agro-food is proposed. A MINLP
model is presented to consider all themajor complex constraints that influence the flow of agro-
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food products from source to final destination points. In this model, the significance of the
decline in transportation costs and carbon emission tax for a complex food supply chain was
established. The proposed mathematical model is formulated to accomplish maximum
throughput efficiency during transportation of agro-food products and justifying the financial
benefits to the farmers. The objective function and constraintswere developed and the data sets
adopted were put to test for attaining the effectiveness of the model using LINGO and meta-
heuristic approaches (GA andQ-GA). The data setswere acquired from the central part of India
(FCI data) for obtaining better insights from the actual problem. Further, the suggested model
was tested with LINGO, and the results reveal that LINGO performs better than the meta-
heuristic approaches (GA and Q-GA) in catering to the transportation, aggregation and
collection of food grains. The effectiveness of this study is to assist the food grain aggregator in
better addressing the upstream food grain supply chain and also contributes theoretically by
establishing better performance of LINGO in addressing the MINLP.

The present study reflects some directions for future research. Suggested algorithms can
be paralleled with different meta-heuristic techniques such as simulated annealing, ant
colony optimization, particle swarm optimization, etc. Recent studies have reflected that
hybrid meta-heuristics might perform better than individual meta-heuristics for resolving
nonlinear models (Diabat, 2014). Hybridization of the meta-heuristics methods may provide
novel insights in the context of agro-supply chain network design. Simulation-based
optimization can be performed rather than mathematical programming techniques, which
may lead to motivating results.
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At t 5 0, Initialize Population
PðtÞQ ¼ Pfð Þ1pt; ð Þ1pt . . . ; ð ÞNptg
Decode P(t)Q in accordance with the problem
Calculate the fitness values of each individual solution in decoded population PQ(t)
Observe the best solution and store it
If the stopping criteria is satisfied, then go to step 9
At t 5 tþ1 update PQ(t) to PQ(tþ1) by applying the quantum rotation
Again, decode PQ(tþ1) in accordance with the problem
Calculate the fitness value of each individual; solution in decoded population PQ(t)
Observe the best solution and store it
Execute mutation operator
If satisfied, then solution obtained
If the stopping criterion is not satisfied, go to step 5

Table A1.
Pseudo-code of

quantum-based genetic
algorithm
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