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BEYOND GREEN BORDERS: AN INNOVATIVE MODEL FOR SUSTAINABLE
TRANSPORTATION IN SUPPLY CHAINS

THIZIRI SIFAOUIM>*® AND MEZIANE AIDER>%*

Abstract. Modern requirements necessitate the establishment of sustainable transportation systems,
considering the substantial growth in transportation activities over recent years, which is expected
to continue. Companies are facing the challenge of modeling their system transport to align with
green principles. Sustainable transport relied on involving diverse stakeholders, particularly scientific
research, in the development of this field. In light of this, maintaining sustainable transport quality
involves conducting thorough investigations into an innovative study focusing on an uncertain interval
programming model for a multi-stage, multi-objective, multi-product transportation challenge within
budget constraints and safety measures in a green supply chain. Human languages often contain im-
perfect or unknown information, inherently lacking certainty; achieving precision in describing existing
states or future outcomes is frequently unattainable. In probability theory, sufficient historical infor-
mation is crucial for estimating probability distributions; while in fuzzy theory, determining a reliable
membership function proves challenging; hence, there is often a hesitant estimation of the degree of
belief in the occurrence of each condition. Addressing such uncertainties, the theory of uncertain in-
tervals proves highly valuable. Given these considerations, the elements of the specified problem are
recognized as uncertain intervals. To manage this lack of assurance, a fusion of interval theory and
methods from uncertain programming is used to formulate two distinct models: an expected value
model and a chance-constrained model. The equivalent deterministic models are then formulated and
solved utilizing Weighted Sum Method, fuzzy programming, and goal programming. Following this, a
numerical example is utilized to assess the model’s performance, and the results obtained are compared.
Finally, the document concludes with a sensitivity analysis and outlines future directions.
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1. INTRODUCTION

The Supply Chain, also known as the logistics chain, encompasses various activities aimed at planning,
coordinating, and controlling the flows of products, information, and finances. Its mission extends from the
warehouses of the initial supplier to the delivery at the final customer’s location. Road freight transport serves
as a traditional sector dedicated to enhancing the efficiency of coordinating physical movements throughout
every stage of the logistics chain. The origins of the problem date to Hitchcock in 1941 [21], considering both
the source and destination. Haley [19] introduced a third index that refers to modes of transport, in which a
homogeneous product is transported from sources to destinations using various modes of transport, known as
conveyances, including cargo flights, freight trains, trucks, etc.

Transportation problem (TP) knew considerable extensions and innovations to meet the market’s demand.
Hirsch and Danzig [20] introduced the concept of fixed charge (FCTP) that incorporates fixed charges or
costs in addition to the variable transportation costs. Baidya and Bera [3] extended the framework of Solid
Transportation Problem (STP) to incorporate budget constraints to limit the expenses and guiding resource
allocation. Baidya and Bera [4] included safety factors in STP, which encompass measures aimed at ensuring
secure transportation, risk avoidance, and compliance with safety regulations.

Real-world applications in engineering, economics, and logistics involve multi-objective aspects. The multi-
objective problem presents a challenge for decision-makers, as they navigate between competing objectives, each
with its own set of priorities and trade-offs. Balancing these multiple objectives requires a thoughtful and often
complex decision-making process to arrive at the most suitable solutions that address these varied concerns.
Giitmen et al. [18] provided an overview of weighted objective programming applied to a multi-objective trans-
port problem. Akram et al. [1] addressed the complexity of handling multiple conflicting objectives. Khalifa
and Kumar [23] employed a goal programming approach for solving multi-objective linear fractional problem
with LR possibilistic variables. Yu et al. [40] applied an interactive approach for addressing the multi-objective
transportation problem involving interval parameters.

Accurately analyzing past events or predicting the future is challenging due to uncertainties arising from
unpredictable factors like weather, fluctuating traffic patterns and infrastructure problems. Various theories
have been developed to address these uncertainties. Probability theory relies on historical data for estimating
probability distributions, while applying fuzzy theory depends on establishing a reliable membership function,
which poses a significant challenge. Liu [24] introduced uncertainty Theory, focusing on the assessment of
belief degrees within human language. This theory provides a means to accurately evaluate the subjective
beliefs held by experts through an uncertain measure. In the literature, there are many works done in the
field of transportation problems under a lot of theories. Garg and colleagues [32] focused on addressing a fuzzy
fractional two-stage transshipment challenge wherein all parameters are expressed using fuzzy numbers. Fathy
[8] introduced an innovative approach to address the linear programming problem in the context of interval-
valued intuitionistic fuzzy sets. Zhu and team [42] conducted investigations into a transportation problem with
a fixed charge, focusing on the handling of fragile items in an uncertain environment. Ghosh et al. [9] tackled
the challenges of waste management in the Department of Agriculture and Forestry by applying Pythagoras’
hesitant fuzzy environment. Mardanya et al. [31] developed a Multi-Modal Transportation Problem by taking
parameters in the form of rough intervals. Mardanya et al. [30] introduced a novel approach to address the
multi-objective multi-item solid transportation problem using trapezoidal fuzzy numbers. Sifaoui and Aider
[36] addressed the uncertain interval multi-objective multi-product fixed charge solid transportation problem,
incorporating a budget constraint and integrating a safety measure.

Indeed, the environmental impact of transportation cannot be overlooked. Transport stands as a substantial
contributor to greenhouse gas emissions, making sustainability a pressing concern. Achieving global emission
reduction targets necessitates significant reductions in emissions from freight and passenger transport.

Green supply chains offer a solution, merge logistics optimization with environmental responsibility. Compa-
nies must find a balance between environmental benefits and impacts in their logistics planning. In recent years,
there has been a notable increase in the focus and significance given to the study of sustainable development.
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Tseng et al. [39] conducted a comprehensive literature review focused on green supply chain management,
during which they scrutinized current trends and identified upcoming challenges in the domain. Sheng et al.
[35] presented a critical review that delved into the concept of green supply chain management as a means to
promote sustainability in the manufacturing industry in China. Tian et al. [38] conducted a survey exploring
various multi-criteria decision-making techniques applied in the context of green logistics and low-carbon trans-
portation systems. Das et al. [7] addressed the multi-objective solid transportation-location problem, accounting
for variable carbon emissions in inventory management.

Our article proposes an innovative model, an uncertain interval programming framework designed for a
multi-stage, multi-objective, multi-product solid transportation challenge, incorporating budgetary and safety
constraints within the context of a sustainable supply chain.

This research paper makes several key contributions, which can be outlined as follows:

— Development of an innovative Uncertain Interval Programming Model for a transportation problem involving
multi-objective, multi-stage, multi-product solid fixed charge, budget constraints, and safety measures within
a green supply chain.

— Integrating budget constraints and safety measures optimizes economic efficiency, minimizes risks, and intro-
duces crucial trade-offs in transportation model performance. Strategic resource allocation and a global
perspective ensure a balanced and sustainable transport system.

— Integrating Liu’s uncertainty theory with interval-based programming methods to tackle the green supply
chain characterized by uncertainties in parameters.

— Fusion of elements related to environmentally conscious logistics into the uncertain interval model for multi-
objective, multi-stage, multi-product solid fixed charge, budget constraints, and safety measures, underscor-
ing the importance of sustainability in supply chain management.

— Utilization of uncertain interval parameters to express the intrinsic uncertainty in the parameters of a multi-
stage, multi-objective, multi-product fixed charge solid transportation problem within the framework of
green logistics.

— Resolution of the deterministic model using diverse optimization techniques such as the Weighted Sum
Method, fuzzy programming, and goal programming.

— Integration of environmental externalities and their potential impact on the quality of life for future gener-
ations into the problem formulation.

— Conducting a comparative study to analyze and compare the optimal solutions obtained using different
approaches.

— Implementation and analysis of results to examine the effects of coefficient changes and determine the
parameter value ranges.

— Illustration of the integration of budget constraints and safety measures into a transportation model.

— Demonstration of the practical relevance of the proposed model through an industrial problem, showcasing
its applicability to multi-stage, multi-objective, multi-product fixed charge solid transportation problems
with budget constraints in the uncertain interval context of green logistics.

The rest of the document is structured as follows: Section 2 provides a comprehensive summary of relevant
literature. Section 3 offers the core principles of uncertain interval programming. Section 4 delves into the
mathematical model, encompassing the notation. Section 5 devises uncertain programming utilizing methods
of expected value and chance constraints within the proposed model. Section 6 establishes the deterministic
equivalent of the analyzed models. Section 7 outlines three methods for addressing the models and introduces
relevant theorems. Section 8 includes practical examples of application. Section 9 presents the results and
discussions. Section 10 performs a sensitivity analysis of the acquired results. Section 11 concludes the manuscript
and suggests directions for future research.
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In the field of TP, the existing literature is large and covers a vast amount of work. The following four tables
refer to recent reviews of various TP variations under conditions of uncertainty. Despite significant advances in
this field, there are still notable gaps in the literature on transport problems. To the best of our knowledge,
none of the previous studies has explored an interval-based programming model under uncertainty for a multi-
stage, multi-objective, multi-product fixed charge solid transportation while taking into account budgetary
constraints and safety measures as part of an environmentally-friendly supply chain. This paper presents a
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2. REVIEW OF RELEVANT LITERATURE

novel transportation problem that has not been previously explored.
The objective of the four tables presented below is to illustrate the comparative study:

Articles

Objective

Parameters Sustainable

Stage

Contribution of the paper

Ghosh
et al. [10]

Multi

Neutrosophic  Yes

Single

Integrating the solid transportation problem, budget
constraints, and carbon emissions into the context of
maximizing probable profits involves employing a neu-
trosophic environment. This approach incorporates
neutrosophic linear programming, fuzzy programming,
and the global criterion method to determine a com-
promise solution for the multi-objective transportation
problem.

Ghosh
et al. [9]

Multi

Hesitant
Fuzzy

Single

This study explores the implications of implement-
ing carbon emission reduction strategies in the opti-
mization of multi-objective solid waste transportation
within a Pythagorean Hesitant Fuzzy framework. This
research employs a ranking approach to convert uncer-
tain data into a deterministic form and utilizes both
fuzzy programming and Pythagorean Hesitant Fuzzy
programming to derive a Pareto-optimal solution.

Ghosh
et al. [11]

Multi

Type-2
zigzag Yes
uncertain

Single

Developing a model for the multi-objective fixed-
charge solid transportation problem involves introduc-
ing key criteria such as time window restrictions and
preservation technology, with the parameters consid-
ered as type-2 zigzag uncertain variables. Employing
the expected value operator to convert this uncer-
tainty into a deterministic model, the approach utilizes
fuzzy programming, Pythagorean hesitant fuzzy pro-
gramming, and the global criterion method to identify
Pareto-optimal solutions.

Mondal
et al. [33]

Multi

Intuitionistic

Fuzzy No

Single

Present a model to promote sustainability in the con-
text of a multi-objective, multi-product, multi-choice
fixed-charge solid transport problem in a fuzzy intu-
itionistic environment. The model takes into account
customer satisfaction and social aspects. To deal with
the uncertainty in the problem, a ranking concept
based on total integral values is developed. In addi-
tion, a new solution method, the intuitionistic fuzzy
game theory method, is proposed to deal efficiently
with deterministic models.
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Articles Objective  Parameters Sustainable  Stage  Contribution of the paper

Study of an approach that aims to maximize profits
while simultaneously minimizing item breakage, car-
bon emissions, and transportation time within a multi
objective, multi product, fixed charge solid transporta-
tion problem, the associated parameters are modeled
using triangular intuitionistic fuzzy numbers, and a
score function is applied to transform the intuitionistic
fuzzy problem into a deterministic one. Subsequently,
a comprehensive methodology is devised to solve the
proposed model, accounting for various driving styles.

Bind Multi Triangular

et al. [5] Intuitionistic Yes Single

The focus of the study is the analysis of a time-variant
multi-objective linear fractional transportation prob-
lem. The investigation incorporates interval-valued
parameters, which are utilized to convert the prob-
lem into a deterministic form through a novel transfor-
mation technique. Subsequently, fuzzy programming is
applied to solve the transformed problem.

Mardanya

and Roy [29] Multi Interval Yes Single

The investigation is focused on minimizing trans-
portation costs, carbon emissions, and delivery times
within the Neutrosophic Multi-Objective Green Four-

Giri and Multi Neutrosophic  Yes Single pimen.sional Fixed C.harg.e Trans.portation Problem

Roy [13] including source, destination, vehicle type, and road
condition, using («, 3,7) cuts to transform the model
into interval form, then two distinct approaches, Neu-
trosophic Programming (NP) and Pythagorean Hes-
itant Fuzzy Programming (PHFP), are employed to
identify an optimal compromise solution.

Introduce a multi-stage multi-objective fixed-charge
solid transportation problem. Use the expected value
operator to transform the proposed model into a deter-
Midya Multi Intuitionistic Yes Multi ministic 01.16. Subsequen'tly7 apply Yveighted Tcheby-
et al. [32] fuzzy cheff metrics programming and min-max goal pro-
gramming. These methodologies are designed to yield
Pareto-optimal solutions.

Introducing a model focused on optimizing sustain-
ability factors in solid waste management. Utilizing a
rank operator to establish a deterministic model, and
then using neutrosophic linear programming and e-
constraint methodologies to obtain a compromise solu-
tion for the multi-objective transportation problem.

Type-2
Multi intuitionistic Yes Multi
fuzzy

Ghosh
et al. [12]

Developing a multi-objective solid transportation
model targeting waste management challenges within
the agriculture and forest department. Utilizing a
ranking approach to convert uncertain data into
deterministic form. Employing both fuzzy program-
ming and Pythagorean hesitant fuzzy programming to
attain Pareto-optimal solutions for complex problems.

Pythagorean
Multi hesitant Yes Multi
fuzzy

Ghosh
et al. [9]

Developing a model for the Fixed-Charge Solid Trans-
portation Problem under budget constraints, consid-
ering carbon emissions. Therefore employing neutro-
Ghosh Multi Nel%trosophic Ves Multi sophic linear.pro.gramming, fuzzy pr.ogramming, a.nd
et al. [10] environment the global criterion method to obtain a compromise
solution for the multi-objective transportation prob-
lem.
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Articles

Objective

Parameters

Sustainable

Stage

Contribution of the paper

Mardanya
et al. [31]

Single

Rough
interval

No

Multi

Develop a Multi-Modal Transportation Problem by
taking parameters in the form of rough intervals. Then
use rough chance-constrained programming and the
expected value operator to handle these rough inter-
vals.

Mardanya
et al. [30]

Multi

Fuzzy

Single

Investigating the Multi-Objective Multi-item Solid
Transportation Problem in a fuzzy environment, then
using Grzegorzewski’s conversation rule [17] to trans-
form trapezoidal fuzzy numbers into nearly approx-
imation interval numbers. Fuzzy programming and
interval programming techniques are applied to solve
the converted model.

Das
et al. [7]

Multi

Deterministic

Yes

Multi

Aims to address the multi-objective  solid
transportation-location problem, accounting for
variable carbon emissions in inventory management,
using a hybrid approach. This innovative methodol-
ogy relies on an alternating locate-allocate heuristic
and intuitionistic fuzzy programming to achieve the
Pareto-optimal solution for the proposed formulation.

Mondal
et al. [7]

Multi

Intuitionistic
fuzzy

Single

tackles a sustainable multi-objective multi-product
multi-choice step fixed-charge solid transportation
problem. It introduces an innovative defuzzification
technique employing total integral values and trans-
forms models into deterministic forms via binary vari-
ables. Additionally, it introduces the intuitionistic
fuzzy game-theoretic method as an effective approach
for solving these deterministic models.

Goli
et al. [16]

Multi

Robust

optimization

Yes

Multi

Focuses on designing a sustainable supply chain net-
work capable of managing multiple products across
different time periods. It leverages Internet-of-Things
(IoT) technology and integrates both forward and
reverse logistics systems. To handle uncertainties in
the demand parameter, the study adopts a robust opti-
mization approach employing a single-objective model
through Goal Programming (GP) methodology.

Goli
et al. [15]

Multi

The
credibility
theory

No

Multi

Introduces a mathematical model that utilizes pos-
sibilistic programming to design an organ trans-
plant supply chain while considering uncertainty. To
address this uncertainty, a simulation-based optimiza-
tion method is incorporated into the model, leveraging
credibility theory.

Goli
et al. [14]

Multi

The
credibility
theory

Multi

Investigates the development of a closed-loop supply
chain system suitable for perishables, prioritizing sus-
tainability covering, multi-level, multi-products and to
solve the problem, a new hybrid algorithm based on
the Whale Optimization Algorithm (WOA) and the
Genetic Algorithm (GA) is used.

Maity
et al. [27]

Multi

Interval

Yes

Single

This research delves into the examination of a multi-
objective transport problem characterized by time
variation and pollution minimization, where the model
parameters are presented as intervals. To address this,
a function, depends on time, is employed, ensuring
the value falls within the interval [0,1]. This serves
to transform the interval-valued cost parameter into a
real-valued parameter. Subsequently, Goal Program-
ming is employed to solve the deterministic model.
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Articles Objective  Parameters Sustainable  Stage  Contribution of the paper

Investigates a multi-objective, multi-product solid
transport problem with a time-variant factor, empha-
sizing pollution minimization. Parameters are rep-
resented as interval-valued trapezoidal fuzzy num-

Sifaoui and Multi Iz’iez\;al- Yes Sinele bers. To enhance the model, a temporal-dependent
Aider [37] " }fuzlzly & function confines values within [0,1], converting the

interval-valued cost parameter to a real-valued one.
The research employs a hybrid method with various
membership functions to achieve a compromise solu-
tion.

Proposes uncertain interval programming models for
a multi-objective, multi-product fixed charge solid
transportation problem featuring budget constraints
and safety measures. The study employs interval the-
Si”faoui and Multi Uncertain No Single ory and uncertain programming techniques to deV}elop
Aider [36] Interval an Expected Value Model and a Chance-Constrained
Model. Additionally, equivalent deterministic models
are formulated and solved using a linear weighted
method, fuzzy programming method, and goal pro-
gramming method.
Focuses on an exploration of a multi-stage, multi-
objective fixed-charge solid transportation problem
within the framework of a green supply chain network,
incorporating an intuitionistic fuzzy environment. The
Midya[ Multi Intuitionistic Yes Multi study em‘pl.oys Fhe .e)fpe.cte.d value operat.or to trans-
et al. [32] fuzzy form the initial intuitionistic fuzzy model into a deter-
ministic representation. Subsequently, uses weighted
Tchebychef metrics programming and min—-max goal
programming to yield Pareto-optimal solutions.
Introduces an uncertain interval programming model
to tackle a diverse transportation challenge within a
green supply chain. This intricate problem involves
The multiple stages, objectives, and products, all while
. Uncertain . considering budget constraints and safety measures.
proposed Multi . Yes Multi . . .
study interval The Stl.ldy utilizes fam fusion of interval theory and
uncertain programming to formulate two models — an
expected value model and a chance-constrained model.
To achieve a Pareto-optimal solution, the research
employs the Weighted Sum Method, fuzzy program-
ming, and goal programming.

After a thorough examination of the tables above, it becomes clear that the models formulated in previous
studies had inherent limitations. However, our proposed study takes a considered approach to addressing and
overcoming these limitations with a clear objective. We aim to address and improve the following aspects.

— Utilizing uncertain intervals acknowledges the inherent variability, randomness, and incomplete information
prevalent in the world, providing a more realistic and practical means to describe and comprehend real-life
situations. It is noteworthy, according to conducted studies, that within the domain of transportation, there
is a scarcity of research specifically addressing this type of uncertainty.

— Previous studies have not addressed an uncertain Interval Programming Model for a transportation prob-
lem involving multi-objective, multi-stage, multi-product, conveyance, fixed charge, budget constraints, and
safety measures within a green supply chain. This proposed model aims to fill this gap by considering these
diverse factors in a unified framework, presenting a novel and comprehensive approach to transportation
problem resolution within the context of a green supply chain.

— Integrating safety measures and budget constraints into the supply chain is a challenge that hasn’t been
tackled, according to the tables above. Nevertheless, it remains a vital component of modern business,
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encompassing safety standards, regulatory adherence, and operational continuity, necessitating innovative
approaches within supply chain management.

This study introduces a novel approach by integrating Liu’s uncertainty theory with interval-based pro-
gramming methods to tackle uncertainties in green supply chains, focusing on hesitations in decision-making
and uncontrollable factors, which have not been extensively studied in existing literature. This innovative
framework aims to offer a comprehensive strategy for optimizing operations in unpredictable environments,
providing a unique contribution to the field of supply chain management.

The integration of carbon emission charges within an Uncertain Interval Programming Model for complex
transportation problems, spanning multiple objectives, stages, products, and encompassing conveyance, fixed
charges, budget constraints, and safety measures, stands pivotal in ensuring transport sustainability. Remark-
ably, prior literature analyzed in the tables above has yet to comprehensively address this critical aspect of
sustainable transportation.

In the realm of supply chain management, prior studies have primarily focused on efficiency and cost reduc-
tion, neglecting a deep exploration of profit maximization. This uncharted territory presents an exciting
opportunity to investigate how fine-tuning various supply chain components — from procurement to dis-
tribution — could directly influence overall profitability. By unraveling the intricate relationships among
these elements, novel strategies might emerge, paving the way for substantial improvements in the financial
performance of supply chains across diverse industries.

Our proposed methodology for optimizing Green supply chain is currently theoretical. However, the funda-
mental principles we’ve established could potentially be adapted to other real-life problems.

3. PRELIMINARY

Definition 3.1 ([37]). For any uncertain variable y, we can associate an uncertain interval denoted as [xr, xr],
which can also be represented as (xas, xw). Here, xpr = %(XL + xr) and xw = %(XR — xr) depicting the

ambiguous midpoint and radius of the interval, respectively.

Definition 3.2. Let x4 = [Xa., Xar) @a0d XB = [Xb.., Xor) De two intervals, denoted as A and B, and let a € R
be a scalar. Employing set-theoretic definitions and acknowledging that interval numbers are ordered sets of

real numbers, the ensuing four formulas can be derived:
— Addition:

XA +XB = [Xaws Xar) + [Xor, Xor] = Xar + Xbr, Xar + Xor]-
— Subtraction:

XA = XB = [Xars Xan) = [Xbr+ Xor] = [Xar = Xbrs Xar — Xb. -
— Scalar Multiplication:
[aXaL,aXap] fa>0

= k ==
axa (Xa s Xar] {[axaR,aan ifa <0.

— Multiplication:

XA X EB = [Xar> Xar) X [Xbrs Xor]

= [min{XaLXbL7XaLXbR? XaRXbL7XaRXbR}7ma‘X{XaLXbL7X(LLXbRa XaRXbL7XaRXbR}]'

— Division:
XA 1 1 1 ] .
S =xaA X — = , X |—,——|, provided that 0 brs Xbgl-
AR el [Xar s Xar] {XbR o ¢ [XbL Xbr]

Definition 3.3. For any two intervals

XA = Xas Xar] = Xans Xaw) and  XB = [Xor> Xor] = Ebur> Eow )



BEYOND GREEN BORDERS 2193

Xan < Xbar for Xan 7& Xbar (7)

xa = xp if and only if
Xaw 2 wa fOI' Xa]u = Xb]yj'

Furthermore,
x4 < xp if and only if x4 =< xp and xa # Xx5-

Definition 3.4 ([26]). An uncertainty distribution ¢(x) is considered regular if it is a continuous and strictly
increasing function with respect to x and satisfies the following conditions:

0<p(x) <1,
lim, oo ()
limg— 400 p(7) =

0, (8)
1.

Definition 3.5 ([25]). Let x be an uncertain variable with a regular uncertainty distribution (). Then, the
inverse function o ~!(7) is referred to as the inverse uncertainty distribution of y.

Definition 3.6. The uncertain variables x1, ..., X, are said to be independent if:
M{ﬂ(XiE%)}:/\M{XiE%}- (9)
i=1 i=1
Definition 3.7 ([24]). The expected value of the uncertain variable x is defined as:
“+o00 0
B = [z ayde- [ arx<apde (10)
0 —0o0

provided that at least one of the two integrals is finite.

Definition 3.8 ([24]). The representation of the expected value is given by:

Elx] =/O e (v)dy (11)

1

where ¢~ " represents the inverse uncertainty distribution of the uncertain variable x.

Theorem 3.9 ([26]). Let x and n be independent uncertain variables with finite expected values. Then, for any
real numbers ¢ and d, we have:
Elex + do] = cE[x] + dE]q]. (12)

Definition 3.10 ([24]). Consider an uncertain variable y with a confidence level parameter 8 € (0,1]. The
B-optimistic and 8-pessimistic values of x, denoted as xsup(8) and Xint(3) respectively, are defined as follows:

Xint(B) = inf{t | M{x < t} > B}. (14)

4. PROBLEM DESCRIPTION

This study focuses on the development of a sustainable supply chain designed for a multi-stage, multi-
objective, multi-product solid transportation challenge, incorporating budgetary and safety constraints. It exam-
ines economic, environmental, and social factors as objective functions with the aim to identify the quantities of
each a product to be transported from factories through distribution centers and retailers to customers, using
u modes of transport.
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The described scenario involves a system comprising H factories, DC distribution centers, RT retailers,
and B customers, each with specific requirements. Within this framework, each H factory has the ability to
transport different quantities of product A to any DC distribution center using U modes of transport. In these
distribution centers, in turn, this product is transported to RT retailers using U modes of transport. Ultimately,
the RT retailers receive the product from the DC centers and transport it to the B customers using U modes
of transport.

Assumptions

The assumptions of the mathematical model are as follows:

— The supply chain has three main levels, namely factories (h), distribution centers (dc), retailers (rt), and
customers (b), each being characterized by a demand requirement.

— Factories (h) can deliver multiple heterogeneous products to distribution centers (dc), which, in turn, can
ship products to retailers (rt). Retailers receive products and deliver them to customers (b) using various
conveyances.

— Buyers can purchase various products at prices with limited budgets for each destination.

— The initiation of transportation imposes a fixed charge, constituting a consistent expense unaffected by
variables such as usage, output, or sales fluctuations.

— Carbon emission charges are included to ensure transport durability and minimize damage.

— Different modes of transport are taken into account at each stage of the supply chain.

— Safety measures are implemented at every stage for reducing risks and guaranteeing the safe passage of
goods.

— The model optimizes multiple conflicting objectives, including profit maximization, carbon emission reduc-
tion, and time minimization, under the same constraints.

— All parameters are considered as uncertain interval.

Notations

— h: Index related to the factories.

de: Index related to the distribution centers.

— u: Index related to the transportation modes (conveyances).

— a: Index related to the products.

— rt: Index related to the retailers.

— b: Index related to the customers.

— [€as . €A, h]: An uncertain interval for the amount of the available product at the hth factory for the ath

product.
- [be s &b, ] An uncertain interval for the demand of the bth customer for the ath product.

[§EL ,561 ]: An uncertain interval for capacity of uth conveyance to move the product in stage 1.
[§ ,562 ] An uncertain interval for capacity of uth conveyance to move the product in stage 2.
- [§ ,563 ] An uncertain interval for capacity of uth conveyance to move the product in stage 3.
[

— §Ca . ,f ]: An uncertain interval cost for transporting the ath product from the hth factory to the
dcth dlstrlbutlon center using the uth conveyance.

— [§Czd ,fga » ]: An uncertain interval cost for transporting the ath product from the deth distribution
center to the Ttth retailer using the uth mode of transport.

- [&ce o, ]: An uncertain interval cost for transporting the ath product from the rtth retailer to the
bth customer using the uth conveyance.

- ¢ P Epe } An uncertain interval fixed charge for transporting the ath product from the Ath factory
to the dcth dlstrlbutlon center using the uth conveyance.

— [&pe € Fa ]: An uncertain interval fixed charge for transporting the ath product from the dcth distri-

Ldcrtu crtu
bution center to the rtth retailer using the uth conveyance.



BEYOND GREEN BORDERS 2195

- ¢ Fgoo £ Fgrtbu}: An uncertain interval fixed charge for transporting the ath product from the rtth retailer
to the bth customer using the uth conveyance.

— [§Tghdcu7§T§hdw]: An uncertain interval transportation time from the hth factory to the dcth distribution
center using the uth conveyance for the ath product.

- [§T(demu , §T§dmu]: An uncertain interval transportation time from the dcth distribution center to the rtth
retailer using the uth conveyance for the ath product.

— [é12 " ’ng%mu]: An uncertain interval transportation time from the rtth retailer to the bth customer using
the uth conveyance for the ath product.

- [gnaLh Cu,fn% Cu}: An uncertain interval carbon emission charge per unit of transportation from the hth
factory to the dcth distribution center using the uth conveyance for the ath product.

- [§n%dcrt“,§n%dmm]: An uncertain interval carbon emission charge per unit of transportation from the decth
distribution center to the rtth retailer using the uth conveyance for the ath product.

- [{nzrtbu,ﬁn%”bu]s An uncertain interval carbon emission charge per unit of transportation from the rtth
retailer to the bth customer using the uth conveyance for the ath product.

— «: Carbon tax per unit of carbon emission («a > 0).

- [fsidc , 55?{@]: An uncertain interval selling price per unit for the ath product at the dcth distribution center.
55%” , 55&%]: An uncertain interval selling price per unit for the ath product at the rtth retailer.

£ s, 55?21)]: An uncertain interval selling price per unit for the ath product at the bth customer.

fVLah , £VRah]: An uncertain interval purchasing cost per unit for the ath product at the hth factory.

§VE,.t , fv;;rt]f An uncertain interval purchasing cost for the ath product at the rtth retailer.

€Bgr, - & Bngc]: An uncertain budget at the deth distribution center.

{Bgy,,>$Bgr,,): An uncertain budget at the rtth retailer.

~ [§Bgr, +§Bgr, ): An uncertain budget at the bth customer.

= T} 4ops Unit amount of ath product to be transported from the hth factory to the deth distribution center
using the uth conveyance (decision variable).

~ Yqerte: Unit amount of ath product to be transported from the dcth distribution center to the rtth retailer
using the uth conveyance (decision variable).

— 2z, Unit amount of ath product to be transported from the rtth retailer to the bth customer using the
uth conveyance (decision variable).

~ 0'(2% 4.,): Binary variable in stage 1, with a value of 1 indicating the utilization of factory h and 0 otherwise.

~ 0*(y4,,.,): Binary variable in stage 2, with a value of 1 indicating the utilization of distribution center dec
and 0 otherwise.

— 03(2%,,): Binary variable in stage 3, with a value of 1 indicating the utilization of retailer r¢ and 0 otherwise.

— [€mspe €Mspa | An uncertain interval of desired safety measure for transporting ath product from the
hdcu hdcu

hth factory to the dcth distribution center using the uth conveyance.
- & Mspa yEMs Ra ]: An uncertain interval of desired safety measure for transporting ath product from the
crtu dertu

dcth distribution center to the rtth retailer using the uth conveyance (decision variable).
~ [€ms,a 1EMspe |0 An uncertain interval of desired safety measure for transporting ath product from the
rtbu ‘rtbu

[
[
[
- [§VLgc , §V1%dc]: An uncertain interval purchasing cost for the ath product at the deth distribution center.
[
[
[

rtth retailer to the bth customer using the uth conveyance (decision variable).
— For all h and V h: denote h ranging from 1 to H.
— For all dc and V dc: denote dc ranging from 1 to DC.
— For all v and V u: denote u ranging from 1 to U.
— For all vt and V rt: denote rt ranging from 1 to RT.
— For all b and V b: denote b ranging from 1 to B.
— For all @ and V a: denote a ranging from 1 to A.
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The formulation of the proposed model in mathematical programming is presented as follows:

(P1)

T. SIFAOUI AND M. AIDER

, A H DC U
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3(,a
—|éya éya ]*[Eca ]) b1 *[Epa , }9 2t by }
[ Lyt "Rry Lrtvu gy ]) 000 Lrtvu THRrsbu (=%
, A H DC U A DC RT U
) a a
winz? =l 50050 5 Mg gy }zhdmz g, e oo
a=1h=1de=1u=1 hdcu hdeu a=1de=1rt=1u=1 dertu dertu
A RT B U
a
48 S S S an e et
a=1lrt=1b=1u=1 rtbu rtbu
A H DC U A DC RT U 2
a
SEAED o Vi Sl oll VR TN C R ol Slib oD ol S [l
a=1h=1de=1u=1L Lhdcu Rpdeu a=1dec=1rt=1u=1L Ldertu Rdc'r‘tu
A RT B U
F8 S S S ferg ery [0 ()
a=1rt=1b=1u=1L Lrtbu Rytpu
DC U
a
Zzhdcu,:[ﬁaa »€qa ] Vh,a
de=1u=1 Lp Ry
RT U
a
> Frtbu = |:§b“ s Epa } Vb, a
rt=1u=1 Ly Ry
A H DC
a
Z Thdeu = |:§el €1 :| Vu
a=1h=1dc=1 Lu  “Ru
A DC RT
a
> ydcrtu:[fe2 1€.2 ] Vu
a=1dc=1rt=1 Loy Ry
A RT B
a
S5 = e e v
a=1rt=1b=1 u Ry
A H U {([ 1( )
> > fve Eva }‘*‘[ﬁc o $Cpa Dwzm {spa Epa ]8 w%dcu}
a=1h=1u=1 Lp 'R Lhdew  Fhdeu Lhdew  Bhdeu
3 » € Vde
{Bngc Bargy
A DC U {([ 2( )
S 5 S {([eve, evp |+ [eons  ope  |)uerut [erp ierp |02 (serea) |
a=1de=1u=1 Lagec Rae Licrtu  Ricrtu Licrtu  Rdertu
[ngLrt ’ ﬁBgth } vt
A RT U {({ S( )
S S S {([eve evg |t [t tope [)taut g erg ]0 ()
a=1rt=1u=1 L R Litbu Ritbu Loytbu Rytbu
A H DC U
a
S5 S S huew = [faapy  Earega | Vay b deru
hdcu

a=1h=1dc=1u=1 hdcu

A DC RT U

a —
S S S S e = [earepe  Eareps ]
a=ldc=1rt=1u=1 dertu ‘dertu

A RT B U
a —

> > o = [earepe arepa |
a=1rt=1b=1u=1 Ttbu rtbu
H U RT U

a
> Z Thdcu = 2 Z Ydertu
h=1u=1 rt=1u=1
DC U B U

a a
D0 2 Ydertu = 2. 2 Frtbu
dc=1u=1 b=1u=1

i 2@
Lif o geq >0
0 otherwise

el(wﬁdcu) = {
0® (ygc'r‘tu) = {

0% (=) =

Lif 4Gey > 0
0 otherwise

a
1 rtby > 0
0 otherwise

na a a
Thdeu 2 O Ydertu = 9 Zrpy = 0

Va,dc, rt, u

Va,rt, b, u

Va, h,dc, u

Va,de, rt, u

Va,rt, b, u

Vh,

de, u, rt.

(1.

1)

.2)

.3)

.4)

)

.6)

.7)

.8)

.9)
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A feasible solution within the framework of model (P;) is considered under the following conditions:

H B
Z €ag = Z Eoy, Va,
h;l ;
> Cag, 2 > Eo, Va,
h=1 b=1

U
> b, = Z&L > Z&; Va,
u=1 u=1

% U
de}a deRu Z&Ru 2 Zfb Ya.
u=1 u=1

In our model, we address three objectives characterized by uncertain intervals, with each parameter falling
within an interval defined by upper and lower limits. Our primary objective is to optimize the total profit, while
the secondary objective focuses on minimizing carbon emissions, the third objective is geared towards minimizing
the overall transportation time necessary for delivering items from factories to customers. All parameters within
the constraints are confined by uncertain upper and lower limits.

Constraint (1.4) signifies the quantity of products “a” that needs to be transported from factory “h”, bounded
by lower and upper limits. Constraint (1.5) concerns the overall demand for products “a” from customers
constrained by both a lower and an upper limit. Constraints (1.6)—(1.8) address the transportation capacity
considerations at the initial stage, second stage, and final stage of various transportation modes within the
SCN system. Constraints (1.9)—(1.11) emphasize the importance of aligning the total cost and purchase price
of items with the budget allocated to each recipient. Constraints (1.12)—(1.14) ensure the safety facture at each
stage. Constraints (1.15) and (1.16) are associated with the flow of conversation within the system. Constraints
(1.17)—(1.19) ensure the imposition of fixed charge when transporting products through stage 1, stage 2, and
stage 3, respectively. Constraint (1.20) guarantees the non-negativity of the decision variables.

Mq

5. FORMULATION OF THE UNCERTAIN PROGRAMMING MODEL

In this section, we introduce the uncertain programming model for the proposed framework, applying the
principles delineated by Alefeld and Herzberger [2] and Moore [34]. These principles are employed to describe
the equivalents of the upper bounds Z},, Z%, Z3, the lower bounds Z}, Z%, Z?, and the central values Z},, ZZ,

2, of the objective functions in the original problem P;.
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Using Hu and Wang’s method [22], we derive the equivalent constraint representation:

DC U
€ea < 30 3 @hdeu < €aa Vh,a
Lh  de=1u=1 Rp
RT U
fpa < > Zribu < €pa Vb, a
Ly ri=1u=1
A H DC
a
€1 < 20 2 Thdeu S €1 Vu
Loy a=1h=1dc= u
A DC RT
a
o £33 Y e <6 va
Ly a=1ldc=1rt=1 Ry
A RT B
€.3 = D Zrtbu S €3 Vu
Ly  a=1rt=1b=1 L
A H U (fve +éva +éc,a +E0,a Epa +&pa
DS Lp Rp Lhdeu Bhdeu {a ) "Lhdew Rhdeu g1 a
Thdcu Thdcu
a=1h=1u=1 2 2
£B +€éB
< de  TIRac Vde
- 2
A DC K fya +€&ya +€c,q + €C ha Epa + &pa
Lde Rae Ldertu Raertu | a . Ldcrtu Racrtu (y2( a
> Ydertu 5 Ydertu
a=1de=1k=1
3 + €
Bar,, BIR,., Vrt
- 2
a
A RT U [(&V +&ya +E&c, 4 +£CLa Epa + &pa
> s Lrt Rt Lty Ritbu | a + Lrtbu Bribu (43¢ a
Zrtbu Zrtbu
a=1rt=1u=1 2 2
£B +éB
9L, IRy Vb
- 2
A H DC U
a
EMspa <X 3 X Y Thdew < €Mspa Ya, h,de, u
hdeu  a=1h=1dc=1u=1 ‘hdcu
A DC RT U
a
YRS S DD il DRt ARSIV Va,de, vt
dertu a=1ldc=1rt=1u= dertu
A RT B U
a
EMspa S 2 20 3 e Arpu S éEMspa Va,rt, b, u
rtbu  a=1rt=1b=1 u=1 “rtbu
(1.15)—(1.20).
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The uncertain programming model may be given as follows:

(P2)
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Th
dertu 2( a
2 6 (ydcrtu)

Ya, h,dc, b

Ya, h,dc,u

Ya,dc, rt,u

Ya,dc, rt,u

Ya,rt,b,u

Ya,rt,b,u

Vde

Vb

(2.

(2.

17)

.18)

.19)

.20)

.21)

.22)

.23)

.24)

2201

The Expected Value Model (EVM) and the Chance-Constrained Model (CCM) are important frameworks
for addressing uncertainty in classification tasks. These models offer distinct methodologies tailored to handle

a wide range of preferences and constraints when dealing with uncertainty.

5.1. The Expected Values Model

Liu [25] introduced the expected value model of uncertain programming, optimizing specific objective expected
functions subject to expected constraints. In this context, we express our problem formulation within the

framework of the EVM.
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(1.15)—(1.20).
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5.2. Chance Constrained Model
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(3.7)

(3.8)

(3.9)

(3.10)

(3.12)

(3.13)

(3.14)

(3.15)

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

The chance constrained model, initially introduced by Charnes and Cooper [6] and subsequently expanded by
Liu [25] for uncertain programming, offers a robust approach to model uncertain decision systems. This model
posits that uncertain constraints will be satisfied with a confidence level denoted as «, providing a safety margin
determined by the decision maker.
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We formulate the chance constrained model for our specific problem as follows:

max?lU, min?zL, min73L
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U fya +E&ya +é&c + € Epa + &pa
s Lh Rp Lhdeu Rhdeu |a . Lhdeu Rpdeu |1 (8 o)
“hdcu 2 Thdcu

NgES
M=

lu=1 2

M
a=1h

€Bg ¢B
Lg."BRy,
7w <00 >BRg,, Vde (4.17)

A e U [(VE, VR, Ty, TR Fhperrn T Raerrn |2 (0
Moy 3 X Yertu + | —derte———dertu o2 (43 )

2 2

———ort o Tort < 0} > ﬁBgrt Vrt (4.18)

378 +&ya +€&c + & Epa + &R
Lt Ry Litbu Ry | o [ Lribu Ritbu |43 &
rtbu rtbu

2

EB,; +¢B
L
- By < > BBg, vb (4.19)
A H DC U
A > Thdew — EMspa 200 20Mspa Va, h,de, u (4.20)
a=1h=1dc=1u=1 hdcu hdcu
A H DC U
Ma SN > hdeu €Ms pa <00 > BuMspa Va, h,de, u (4.21)
a=1h=1dc=1u=1 hdcu hdcu
A DC RT U
a
A > Ydertu — EMspa 200 28Ms;a Va,de, rt, u (4.22)
a=1ldc=1rt=1u=1 dertu dertu
A H DC U
M Z Z Z Z ygc'rtu - EMsRa <0, 2> ﬁMsRa Va,dc, rt, u (4.23)
a=1h=1dc=1u=1 ‘dertu dertu
A RT U
a
Mq > D> Frtbu —€Mspa 200 >BMs;a Ya,rt, b, u (4.24)
a=1rt=1b=1u=1 rtbu rtbu
A H DC U
a
MS S>3 S 2tpn — EMs pa <00 > 6Mspa Ya,rt, b, u (4.25)
a=1h=1de=1u=1 rtbu rtbu

(1.15)—(1.20).
In CCM,

1, O, (3, ﬁa%ha ﬁa%h, ﬁb%b’ Bb%b’ 6@}%) ﬂe}?ﬂa 66%1“,’ 66?31;’ ﬁe%ua ﬁe%“v ﬁBgdCa BBgMa 63;7;,7 ﬁMsL;Ldeuv

BMspe > BMspa s BMspe > BMspa > BMsya
hdcu dertu dertu rtbu Tt

bu

respectively, are predetermined confidence levels. The objectives ﬁU, ﬁL, ﬁL determine the critical val-
ues corresponding to the first, second, and third constraints, respectively. The first constraint establishes the
a1-optimistic value of the overall profit for the aj-transportation plan, the second constraint determines the
ao-pessimistic value of atmospheric pollution in relation to the as-transportation plan, and the third con-
straint establishes the az-pessimistic value of shipping/transportation time for the ag transportation plan. The
remaining constraints will also hold at their corresponding confidence levels:

ﬁa(ih’ ﬁa%h’ ﬂbibv ﬂb"Rba Be}‘ua Beguv ﬂe%uv ﬂe%u7 ﬁeiu7 ﬁe%u7 /BBgdcv ﬂBng and
BBo By, > OMong, o Prtong > Brtsng > Brtsne, o Prtor,,
respectively.

6. DETERMINISTIC EQUIVALENTS OF THE MODEL

We employ the theorem outlined by Majumder et al. [28] to deduce the equivalent of the proposed model, as
follows:
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Theorem 6.1 ([28]). Let

) gF“

Lhdcu

) gF“

Rpdeu

gs‘zdcv fS%dca gVLaha fvgha gca 3 gca

Lhdcu Rpdeu

» &sz v Esp o Cve o Gve s G o

2 )
Racrtu

CFf g SFRyn $58,0 858, v o v s Sop s Sog s SEp s SR S S S

u7 gT]%dcrtu’ é.TErt

derta

gn%dcrtu7 é-7]%’7%17117 é-”/]%':”tbu’ é-Ta ’ é-TI% é‘TE

) ET‘I
Lhdcu u R

hdeu’ b rtbu’ §a(ih ’ ga%h ’ gb%b ’ fb%b ’ 5elLu ’

fe}?u7 §E2Lu’ 66%’%7 feiuv ge%uv ngdea ngRdc7 é-BLrt7 éBRMa gBLba EBRba gﬂj\/stchuv gﬁMstdcua gﬂNIsLa ’

dertu

gﬁ]\/IsRa ) EﬂM.;Ra ’ gﬁMsLa
dertu rtbu

Ttbu

be independent uncertain variables associated with the reqular uncertainty distributions

(;SES‘idC ’ qs&s%{dc ’ ngVl(‘lh ’ qsgvﬁh ’ (’bfczhdcu ’ d)gcﬁhdcu ’ ¢£F£hdcu ’ ¢£F%hdcu ’ qsgs{ll’rt ’ d)gsaRh ’ QS&VE'dC ’ ¢£V}%dc ’

(rbfca ) ¢£C% . ’ (ZS&ngcrtu’ ('ZS‘EFI"%d

Lacrtu dertu

Y ¢§s%b7 d)gsﬁb) ¢£Vgrt’ ¢£V}%rt, d)gcirtbu? d)gcl}l%rtbu? stpgr Y

crtu

¢Epa ) ¢£na ) ¢E,,a ) ¢Ena ) ¢§T,a ) ¢§T,a ) (bﬁna s ¢§Ta 5 ¢§Ta ) ¢§Ta ) ¢§Ta )
Bytbu Lhdecu Bhdcu Lacrtu Racrtu Lirtbu Bribu Lhdeu Bhdcu Lacrtu Racrtu

¢ETErtbu ’ ¢§Tﬁ”bu ) ¢§aih ) ¢§atkh ) (i)&b%b ) ¢Eb%b ) ¢Ee1Lu ) QSEe}%u ) d)ge%uv QSEe%%u ) (bée:iu ) (b&e:lg%u ) ¢§BngC ) ¢£B_quc ’

QS&BLﬁ ) ¢EBR” ’ ¢£BLb ’ ¢£BRb ) (bﬂMsLﬁdcu ’ ¢B1\/ISR;11dcu ’ d)ﬂMngcrm ) QsBMSR;cmu ) (bﬂMngtbu ’ d)ﬁj\/jsl‘gtbu

respectively.

Then the deterministic equivalents of the EVM and the CCM are presented by the models (Ps) and (Pg)
presented below.

6.1. Expected Value Model

Model (P3) is equivalent to the subsequent formulation.
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Lhdcu

A H DC U 1
P 1 _ —_ - x
maxs[zh]= & S ¥ % K/ ¢£sa @aa- [ 4»5 <A>dA fecl, <A)dA) fdeu
=1 dem1 = de

,/ ¢5Fa (A)dae! (z‘ﬁdw,)}

Lhdecu
A DC RT U
a
+3 X /4’ (A)dA /¢§Va (A)dA — /¢§C“ (D) dA | Y eria
a=1ldc= 17‘f lu 1 de T gerta
2
_/ ¢§Fa (A)dAs (ygcrtu)
Lacrtu
A RT B 1 1
1 1 a
A)dA — A)dA — A)dA
+a§”tz: ; [(/ d>§ , @ /0 “ep (a)d /0 P (ayd )zrtbu
) - g rtbu

1. 3
_/0 Oy (A)dAg (zﬁ'tbu):|
A H DC 1 i
1 —1 —
maxE[zC} =3 > > [( A ¢5S%d (A)dA—/O qsg (A)dA / %Céhd (A)dA)zzdw
C cu

,/d)

(A)da et (J;chu>:|

Fchdcu
A DC RT U
+ /¢ AdA/d) AdA/¢> A)dA |yg
agld(‘zfl'rtflu* @ fvll ) scé @ dertu
Tt dertu
2
flesl,  @aa ()}
Cdertu
A RT B 1,
— a
= =1lb= Cribu
! Ayda 63 (=2
“Jo ¢£F“ (A)d (zrtbu,)
Crtbu
) A H DC U A DC RT U
mnp[z3]= 3 ¥ S % [lep @anefge, + 3 > S 3 [Tog (ESRENT:
a=1h=1dc=1u=1 R dew a=lde=1rt=1u=1 "Raertu
A RT B
+Y XX z/ oe (8)da =y,
a=1rt=1b=1u=1 thbu
A H DC U 4 A DC RT
minB[23] = 3 3 > [ eek (Aaasly, + > > Z/ e (A)dA Yoy
a=1h=1dc=1u=1 "Chdecu a=lde=1rt=1u=1 Gaertu
A RT U,
+3 X [Tegl @aasty,
a=1rt=1b=1u=1"0 “n¢& .
s A H DC U L A DC RT R
. - a g
mlnE[ZR}: P DD /0 Pepa (A)dae (Thdcu)‘*' > X Z/ ¢§Ta (A)dae (ydm"tu)
a=1h=1dc=1u=1 Rhdeu a=lde=1rt=1lu=1 Ricrtu
A RT B U . 5
- a
XX 2N [, @420 (2

Rortbu

A H DC U A DC RT U

mnpz]= 3 % 3 2 [ Vg @aa0i(ala)+ 2 S 5 % freat,  @aa0(uhen)

a=1h=1dc=1u=1 Chdeu a=1ldc=1 rt—lu 1 Chertu

A RT B U

1 P
+2 X S Y [Tet,  ane’(zl,)
a=1rt=1b=1u=1 Cribu

(5.1)

(5.4)

(5.5)

(5.6)
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Subject to:
DC U 1
—1
X Y ehaeu 2 [ 0g), @)aa,
de=1u=1 “Lh
DC U 1
S wfaen < [ 6l (A)da,
de=1u=1 " /0 5“"}1%
RT U
-1
PP > st > [ o oy, (a)da,
RT U
DB DRI Y J@aa.
rt=1u=1
H DC

> Thdeu 7/ «b (A)da,
u

a=1h=1dc=1
A H DC

IO I DI TR SR SR

a=1h=1dc=1
A DC RT

S X 3 vz f) ¢>52 @) aa,

a=1ldec=17rt=1
A DC RT

> X X y3c7-tu5/ ¢§2 (A)da,

a=1ldc=1rt=1 “Ru
A RT B

S5 S stz f) el (Aaa,

a=1rt=1b=1
A RT B

Ry

u

DOED D DRI ¢5 (a)aa,
a=1rt=1b=1
oo (el 4 (A)rm+/ ‘e . <A>dA /%c @as+ [! Geh,  (Maa
hdcu hdc'u. a
agl hgl u§1 2 2 Thdecu
/1 o) (») dA+/ o) (a)da /1 P (A)dAJr/l P (A)da
a a
+ ? Flndew "Rndeu 0L (28 go) b < ° ngde 0 EBngc
> hdeu) (= 5
(P5)
A DC U s L
1 1
A)dA + — A)dA + — A)dA + —
a§1d§1u§1{( / qbEVa &) / ¢EV“ &) 2/0 d)ECLa ) 2/0 ¢£CRa
dc dertu dertu
1 1
/¢£Fa Wdﬁ*/ Vepa  (MaA [reel  @aas [Tezl o (a)aa
Ldcrtu FRgertu 02 (40 0 9Lyt 0 9IRyy
(ydcrt'u.) =
2 2
1 1
A)dA A)dA A)dA A)dA
PR /¢5va()+/¢5a()+/0¢50La()+/0¢5CRa()
Tt rtbu rtbu 2%
rtbu
a=lrt=1u=1 2
1y 1, ) )
¢ <A>dA+/ 3 (A)da ¢t (A)dA -1 A)da
o &Fg o £rg + /¢ (a)
I Lrtbu Rrtbu 0® (=20 /0 By, /0 $Byg,
> rtbu 5
A H DC U )
> X > ehdeu 2 [ %ey, (8)aa
a=1h=1dc=1u=1 o SLE
A H DC U .
DD IR DD T}deS/ Ents (a)da
a=1h=1dc=1u=1 0 SRE
A DC RT U 1
> 2 X Vdertu 2 J Yey,. (a)da
a=1ldc=1rt=1u=1 b dertu
A DC RT U 1
XY Y X vien < ) 0y (a)aa
a=ldc=1rt=1u=1 0 *RY
crtu

A RT B

> X XX zrtbufv/ gMS (a)da

a=1rt=1b=1u=1 rfb'u

<

A RT B

S5 S S s [leg), | @as

a=1rt=1b=1u=1 Ttbu

(1.15)—(1.20).

Vh,a

Vh,a

Vb, a

Vb, a

Yu

Vu

Vu

Vu

Vu

a
(&) dA) Ydertu

Va, h,dec, u

VYa, h,dc,u

Va,de, rt, u

Va,de, rt, u

Va,rt,b,u

Va,rt, b, u

.7)
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6.2. Chance Constrained Model
The model (Py) is equivalent to the following model (Fs).

(Pg)

max 210, min2z2%°, min23°

A H DC U 1(1) 1(1) 1 (l)a 1 (1)1(a )
PED D DD DN K at) =g (a7) — ¢ a) | @hdgen — Pz al)el (zf 4
dS1 RS dem1d=1\ $SG, Svo Scp, cw TEpa cu

A DC RT U

LPVIDVIDD 2(¢g;¢t (wl%%égjal)wggsm(al))y;mf«»g;a (1) (verra)

a=ldc=1rt=1u=1

55 5 5 (kD) —ogly () = oidy () o5y ()0 () 2 7
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aZ1riZ1v u=1\ oSg fve, S e Tere, e
A H DC U L o a A DC RT U -
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+ > >3 el (o). < 22
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Z Z Z Z ¢g; (03)91<mzdcu)+ Z Z Z Z ¢g;a (0’3)62(9307‘tu>

a
a=1h=1dc=1u=1 hdcu a=ldc=1rt=1u=1 dertu

A RT B U 1 3\ .3 —I
— a 3
+X 3 2 Yoegt, (0)6 (sha) < 7
a=1rt=1b=1u=1 rtbu
DC U 1
S 3 sfaen—og), (fag )20
de=1u= fag, \ "Ly
DC U 1
. _
S 3 e og), (17 Rag ) <0
de=1u=1 5“%2,1 Bh
RT U 1
. _
S5 st o, (s, ) 20
rt=1u=1 Ly b
RT U 1
. _
S 2w — d>§bn’ (1 - [95«11? ) <o
rt=1u=1 Ry b

A H DC 1
. )
S5 S e -ogt (s )20
a=1h=1dc=1 °Lu Lu
A H DC 1

. .
S S a0 (1oaa ) <o
a=1h=1dc=1 “Ra u

1
R
A DC RT 1
. _
S5 S dhera-ogh (o3 )20
a=1ldc=1rt=1 T Loy

A DC RT

> Ydertu — ¢512 (1 - B,2 > <o
a=1dc=1rt=1 R Ry
A DC B )
SO S tua-egh (s )20
A = 3 e}
a=1dc=1b=1 T w
A RT B T
SN S ol (1m0 ) <o
a=1rt=1b=1 “Ru w
—1 -1 -1 -1

A H U %Vf (BBgdc) + ¢§V]% (ﬁBQdc) + ¢§cLa ('BB-‘?dc) + d’EcRa ([’Bgdc)
Z Z Z h h hdcu hdcu ‘T(il),dcu
a=1h=1u=1 2

—1 -1 1 1

T (BBgdc)+¢§FRa (6B94.) ben (BBog.)teen (BBgg.)

Lac ngc <o

hdcu "hd 1(,a
cu > cu 0 (zhdcu)

P] =

Vh,

Vh,

Vb,

Vb,

Yu

Vu

Yu

Vde

a

a

a

a

(6.1)

(6.2)

(6.4)

(6.6)

(6.9)

(6.10)

(6.11)

(6.12)

(6.13)

(6.14)

(6.15)
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—1 -1
A DC U ¢§Va. (ﬁBg1't)+¢§Va (ﬁqut)'*'qucL (BBq7t)+¢§cR (BB.‘?Tt)
Z Lac Rac dertu dertu yg .
crtu
a=1ldc=1u=1 2
—1 -1
Yep,q (ﬁBth)+¢§FRa (95,4) %epy,  (PBore)tocy,  (PBgrt)
+ dertu dertu Bz(ygcrm) _ Lyt 5 Ryt <o vt (6.16)
2 ,
-1 —1
4 rr v |[%eve (8Bgy) + 451 (ﬁBb)Jr")&c (BBb)+¢€c (4B4;)
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(Pg)d & H DS U .
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cu
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A DC RT U
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a=1ldc=1rt=1u=1 ﬂNIng . dertu
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A RT B U
SED IED DD DI (r=orrepa, ) =0 vartbu  (6.23)
a=1rt=1b=1u=1 5M5Rat thu
rtbu

(1.15)—(1.20).

7. METHODOLOGIES FOR DETERMINISTIC EQUIVALENCE
7.1. Linear Weighted Method

Linear Weighted method commonly solves Interval multi-objective optimization problems, by transforming
them to Single Objective optimization problems. Weights signify objective importance, assessed by the decision-
maker.
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For the EVM, the Linear Weighted Method can be described in the following manner:

(P7)

min AR E[ZR]| - A& E[2E] + ZRE[2R] + 2 E[28] + 2R E[2%] + A& B[22
DC U
22 hdeu Z/ ¢5 (A) da
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(1.15)—(1.20).

Vh,a

Vh,a

Vb, a

Vb, a

Yu

Yu

Yu

Va, h,dc, u

dVa, h,dc,u

Va,dc,rt, u

Va,de,rt, u

Ya,rt,b,u

VYa,rt,b,u
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(7.2)

(7.3)

(7.4)

(7.6)

(7.7)

(7.8)

(7.9)

(7.10)

(7.11)

(7.12)

(7.13)

(7.14)

(7.15)

(7.16)

(7.17)

(7.18)

(7.19)
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For the chance constrained model, the Linear Weighted Method can be described in the following manner:

min(f)\1;+ A2z2 A?’ﬁ) (8.1)
DC U
SO egen — ¢t (8 >0 Vh (8.2)
Thdcu £ a af = ,a .
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u
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A H DC U 1
S Y ofacs - % (sares )20 Vahdeuw  (8.15)
a=1h=1dc=1u=1 BMsL?d hdcu
A H DC U 1
Y Y Y whacu - o L Pty ) <0 Vo deu  (816)
a=1h=1dc=1u=1 BMbRﬁd cu
A DC RT U 1
S S S S e — 0, (sar0 )0 Vardertu (57
a=ldc=1rt=1u=1 MgLu. : dertu
c u
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)SED S DD DR NN (1= g ) =0 Va,de,rtiu (.18)
(Pg){ a=ldc=1rt=1u=1 BMSRZ . ‘dertu

A RT B U 1

.
D SID D SECHNE s (ar0a ) 20 Vot (5.19)
a=1rt=1b=1u=1 JWSL"‘f rtbu
A RT B u 1
> D 2 Ftbu — g <lfﬁMsRa ) <o Ya,rt, b, u (8.20)
a=1rt=1b=1u=1 BMs pa . rtbu

rtbu

(1.15)—(1.20)

At eaZ2 a3 =1

AL, A2,08 € o, 1].

Theorem 7.1 ([36]). A feasible solution of the EVM as presented in model (Ps) possesses the following char-
acteristics:

— is an optimal solution for the compromise model (Pr) if and only if it is Pareto optimal for the multi objective
model (Ps).

— It stands as a Pareto optimal solution for the multi objective model (Ps) if and only if is an optimal solution
for the compromise Model (Pr).

— A similar theorem can be readily established for the multi-objective model (Pg) and the compromise model
(F3).

7.2. Fuzzy programming method

In 1965, Zadeh [41] introduced the concept of fuzzy set theory, and subsequently, in 1978, Zimmermann
developed fuzzy programming techniques for addressing multi-objective linear programs. Fuzzy set theory has
since become a vital tool for handling and analyzing optimization problems, serving as a robust mathematical
framework for managing incomplete and imprecise information.

For the EVM, the fuzzy programming method can be described in the following manner:
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1
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2
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(9.2)

(9.3)

(9.4)

(9.6)

(9.7)

(9.8)

(9.9)

(9.10)

(9.11)

(9.12)

(9.13)

(9.14)

(9.15)

(9.16)
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DC RT U

A
IOND IR DR DR R A Peats
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fEEL L L
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(A)da
dcu
(A)da
dcu
(A)da
dcrtu
(A)dA
dcrtu
(A)yda
(A)da

(1,15)7(1.20),

For the CCM, the fuzzy method can be described in the following manner:

Va, h,de, u

Va, h,de, u

Va,dec, rt, u

Va,dc, rt, u

Va,rt, b, u

VYa,rt,b,u

(9.17)

(9.18)

(9.19)

(9.20)

(9.21)

(9.22)
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A DC U %eva (’33971) T (ﬁBg'r't) + ‘i’écL,,, ('HBT't) + d)écRa (ﬁBgrt)
Ldc Rac dertu dertu a
Z Z 2 Ydertu
a=1ldc=1u=1
-1 -1 -1 -1
d)EFLa (BBQM) +¢5FRa (ﬁBg”) d’&B (BBQM) +¢§B ('BBQTt)(BBg’V‘t)
dertu dertu 2, a _ Lyt IRy
+ > 0" (Ydertu) 2 <0

A nr v [[(Peve (o) Foele @Cna)tees  (Bma) e, (PBoy)

Z Z Z Lrt ‘Tt rtbu thbu thbu
a=1lrt=1u=1 2
er o (FBgy) +ogg (bBg,) st (BBgy)+er  (BBgy)
Bng b ngRb 9b

L
rtbu rtbu 3( a
+ 4 (zrtbu) - P <0

Vh,a

Vh,a

Vb, a

Vb, a

Yu

Vu

Vu

Vrt

(10.

(10.

(10.

(10.

(10.

(10.

(10.

(10.

(10.

(10.

(10.

(10.

(10.

(10.

(10.

(10.

(10.

n

2)

6)

7

8)

10)

16)

18)



BEYOND GREEN BORDERS 2217

A H DC U )
a _
X X X Thdeu ~ %¢ g (ﬁMsLa )20 Va, h,de, u (10.19)
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cu
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crtu
A RI B U
G b — bt 8 >0 Va,rt, b 10.23)
POED DD DD DT Yeps Mspa 2 a,rt, b, u (10.
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> > Zrtbu €5 Mspa < a,rt, b, u .
a=1rt=1b=1u=1 AlSRafb rtbu
rtbu
(1.15)—(1.20)

where ZlL, Z2L, 73" denote the lower boundaries, and ZIU, ZQU, 73Y signify the upper limits for the objectives
VANVANAS

Theorem 7.2 ([36]). A feasible solution of the EVM as presented in model (Ps) possesses the following char-
acteristics:

— is an optimal solution for the compromise model (Py) if and only if it is Pareto optimal for the multi-objective
model (Ps).

— It stands as a Pareto optimal solution for the multi-objective model (Ps) if and only if is an optimal solution
for the compromise model (Py).

— A similar theorem can be readily established for the multi-objective model (Ps) and the compromise model

(Po)-

7.3. Goal programming method

The goal programming technique, initially formulated by Charnes and Cooper in 1961 [6], centers on defining
a series of goals for each objective function, delineating the benchmarks that a Decision Maker (DM) aims to
achieve. This method prioritizes minimizing the deviation between the current solution and its predetermined
objectives. A fundamental element of this technique involves embedding a reference point within the objective
function, introducing a distance variable to steer the exploration.

For the EVM, the goal programming method can be described in the following manner:
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where —E[Z'Y | E[Z%|F, E[Z3]F represent the lower bounds of the objectives —E[Z1], E[Z?], E[Z3], respectively.
For CCM, the goal programming method can be described in the following manner:
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Theorem 7.3 ([36]). A feasible solution of the EVM as presented in model (Ps) possesses the following char-
acteristics:

— is an optimal solution for the compromise model (P11) if and only if it is Pareto optimal for the multi
objective model (Ps).

— It stands as a Pareto optimal solution for the multi objective model (Ps) if and only if is an optimal solution
for the compromise model (Pi1).

— A similar theorem can be readily established for the multi-objective model (Pg) and the compromise model

(P12).
8. NUMERICAL EXAMPLES

An eminent fertilizer manufacturing enterprise in Algeria specializes in producing two categories of fertiliz-
ers: natural and mineral. The company manages two production facilities (H = 2) located at three distribution
centers (DC = 3). Additionally, two retailers (RT = 2) strategically serve three different regions, while three
customers (B = 3) are situated in distinct cities within the nation. The logistics network entails the transporta-
tion of fertilizers from the production facilities to customers through distribution centers and retailers. This
transportation is facilitated by two types of conveyances (U = 2): medium and small trucks. Initiating a trans-
port operation from production facilities A to customers b, routed through distribution centers and retailers,
necessitates reserving a specific vehicle u, incurring a predetermined charge. This fixed charge is combined with
the direct transportation costs 0% (2¢,..,)s 0*(YSuren), and 03 (2%,.).

1 if z¢ >0
01 a _ hdcu ’
(hdcu) { 0 otherwise

92( a ) — 1 if ygcrtu > 07
dertu 0 otherwise

1 ifz%, >0,
eg(z;ltb“) - {O oth:e;bv?fise

x?deu > 0’ ylcibcrtu > 0’ thbu > 0.

The primary aim of the director of the production company is to optimize the overall profit while concur-
rently minimizing both the required time and the total CO2 emissions. Parameters like Unit transportation
costs, fixed charges, transportation times, supplies at factories, demands at each destination’s in three stages,
conveyance capacities, budget constraints at destinations, selling prices, CO- emissions, purchasing costs, the
safety factor, and the desired safety measure are in the context of interval zigzag variables. We consider the
profit in euro per ton, fixed-charge are defined in euros for open road, time is measured in hours, CO5 emissions
are quantified in kilograms, and penalty expenses for CO2 emissions are expressed in euros. The model includes
penalty charges, with the company incurring a penalty of o = 0.2 euros per kilogram for exceeding 150 quintals
(1 quintal =100kg) of CO5 emissions, payable to the government. And we consider the desired safety measure
at each stage as follows:

[Z]200, 220, 300]; Z|250, 255, 300]]
[Z]220, 250, 280|; Z|200, 225, 290||
[Z]260, 270, 310]; Z|210, 225, 390)].

For the formulation and resolution of the models, we utilize two separate soft-computing tools, namely
MATLAB and LINGO-17.0. The specified data used for this example are reported in Tables 1-36.
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TABLE 1. The amount of the available product at the hth factory for the ath products [fai ;fa}% ]
h h

h 1 2

[gAlL ;gA}%] (238,40, 42|; Z|72,85,100[]  [Z]29,30, 31]; Z|50, 90, 110]]
h h

[gA% ;gA%] [2]4,30,40]; Z|72,85,110]]  [2]38,40,42]; Z|68,70,72]
h “h

TABLE 2. The demand of the bth customer for the ath product [§b1L s & ]
b b

b 1 2 3

[gblL ;gb}%] [Z]18,20,23]; 2|25,27,30]]  [Z]17,18,19]; Z|25,35,65]  [Z|25,55,85|; Z|45, 65, 85]]
b b

[gb% ;gb%] [Z]16,40,45|; Z|25,50,65|]  [Z]15,20,65]; 2(40,50,75)]  [Z]15,20,65|; 2|25, 45, 85)]
b ‘b

TABLE 3. Capacity of uth conveyance to move the product [£c, ,&cp, |-

u 1 2
[&Lu ; EeRu] [Z]60,63],67|; £]93,95,100]] [Z]90, 100, 110[; £]140, 150, 160|]

TABLE 4. The cost for transporting the ath product from the hth factory to the deth distribution
center using the uth conveyance.

a=1 dec=1 de =2 de=3

h=1 [Z]8,9,16]; Z£]10,20,25|] [Z]2,12,13]; Z|20,22,25]] (212,14, 26|; Z]20, 24, 28]
h=2 [Z|1,13,18]; Z|10,13,23]|] [Z]18,19,20[; Z|19,20,21]] [Z]10,15,18]; Z|13,15,28]]
u=1

a=2 dc=1 dec =2 de=3

h=1 [Z]8,12,21]; Z|10,12,22]] [Z]8,25,27|; Z|(8,25,27]] [Z]10,15,17|; 211,12, 23]
h=2 [Z]10,11,21]; Z|13,14,27|] [Z]5,25,28|; Z]9,25,30]] [Z]2,17,18|; Z|14, 16, 30|]

2221
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TABLE 5. The cost for transporting the ath product from the hth factory to the dcth distribution
center using the uth conveyance.

a=1 de=1 de =2 de =3

h=1 [Z2]10,11,14]; £]12,22,27|] [Z]|4,14,15]; Z|22,24,27|] [Z]14, 16, 28|; £]23, 26, 30]]
h=2 [Z]2,17,20]; £16,23,25|] [Z2]19,20,23|; £|22,25,33]] [Z]12,17,19]; £]23,25,38]]
u =

a=2 de=1 de =2 de=3

h=1 [Z]18,22,31]; £]20,22,32|] [Z]10,35,37|; Z|28,55,57|] [Z]13,17,19|; Z|18,22,23]|]
h=2 [Z]6,9,18]; Z|3,10,22|] [Z]1,35,38|; Z|19,35,40]] [Z]22,27,28|; Z]34,36,40]]
u=2

TABLE 6. The cost for transporting the ath product from the dcth distribution center to the
rtth retailer using the uth mode of transport.

a=1 rt=1 rt =2

de=1 [Z5,10,12]; Z|15,20,22]  [Z]4,14,16|; Z|23,24,27|]
de=2 [Z|4,11,14]; Z|14,16,20]]  [Z]15,19,21]; Z[17,19,20]]
de=3 [Z]10,15,22]; £|13,27,32|] [Z£]10,22,23]; Z|20, 25, 33]]

a=2 rt=1 rt =2

de=1 [Z5,10,16]; Z[12,14,19]  [Z]7,20,22|; £|6,12,17|]
de=2 [Z]12,14,17); £|18,19,22|] [Z]4,19,25; Z[10,17,25|]
de=3 [Z]6,8,10; Z|11,14,16]] [£]13,19,20|; Z|16,17, 23]

TABLE 7. The cost for transporting the ath product from the dcth distribution center to the
rtth retailer using the uth mode of transport.

a=1 rt=1 rt =2

de=1 [Z]8,10,13]; Z|14, 20, 25|] [Z]8,12,15|; Z|22,24,27|]
de=2 [Z2]2,37,40]; Z6,33,35|] [Z]29, 30, 33|; Z|42,45,43|]
de = [Z]4, 20, 26]; Z]4,10,12[] [Z|14,15,20]; Z|4,7,10]]

u =2

a=2 rt=1 rt =2

dc = [Z2]18,22,31]; £|20,22,32]] [Z]10,35,37]; Z|28,55,57|]
de=2 [Z]6,9,18]; Z|3,10,22|] [Z|1, 35, 38]|; Z|19, 35,40
de=3 [Z]6,10,16]; Z|2,6,10|] [Z|4,7,9]; Z]9,10,12]]




BEYOND GREEN BORDERS 2223

TABLE 8. The cost for transporting the ath product from the rtth retailer to the bth customer
using the uth conveyance.

a=1 b=1 b=2 b=3

rt=1 [Z]5,10,12|, £]15,20,22]] [Z]4,14,16|, 2|23,24,27|]  [Z]15,16,19|, Z|19, 20, 24]]
rt=2 [Z4,11,14], £]14,16,20]] [Z]15,19,21|, £]17,19,20]] [Z|12,13,15|, Z|16,17,20]]

u=1

a=2 b=1 b=2 b=3

rt=1 Z|5,10,16]|, Z|12,14, 19| Z|7,20,22|, Z|6,12,17| Z|12,17,19|, Z]15, 19, 22|
rt=2 Z|12,14,17|, Z|18,19,22| Z|4,19, 25|, Z|10, 17, 25| Z|4,12, 14|, 216,17, 20|
u=1

TABLE 9. The cost for transporting the ath product from the rtth retailer to the bth customer
using the uth conveyance.

a=1 b=1 b=2 b=3

rt=1 [Z]8,10,13|, £14,20,25|]  [Z]8,12,15|, £]22,24,27]  [Z]14,16,28|, £|23, 26, 30]]

rt=2 [Z]2,37,40|, Z|6, 33, 35|] [£]29, 30, 33|, £|42,45,43|] [Z2]42,47,49|, Z|43,45,48|]
u=2

a= b=1 b=2 b=3

rt=1 [Z]18,22,31], £]20,22,32|] [Z]10,35,37|, £|28,55,57|] [Z]13,17,19], Z|18,22,23]|]
rt=2 [Z£]6,9,18|, Z|3,10,22|] [Z]1, 35, 38|, £]19, 35,40 [Z2]22,27,28|, Z|34, 36, 40|]
u =2

TABLE 10. Fixed charge for transporting the ath product from the hth factory to the decth
distribution center using the uth conveyance.

a=1 de=1 de =2 dc=3

h=1 [Z]2,7,11], Z]6,9,20|] [Z]5,11,13|, Z£|2,14,17|] [Z]11,12,18|, Z£|11, 29, 32|]
h=2 [Z]1,17,20], Z|12,19, 28] [Z]14,24, 26|, £|26,27,30]] [Z|11,12,14]|, Z|19, 20, 30
u=1

a=2 dec=1 de=2 de =3

h=1 [Z]20,28,33], £|24,28,36|] [Z]20,39,40], Z|38,45,47|] [Z]|11,12,16|, Z|18,20,29|]
h=2 [Z]14,16,19], £|13,20,33]] [Z]5,9, 25|, £]29, 35, 60|] [Z]20, 26, 30|, £|44, 46, 60|]
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TABLE 11. Fixed charge for transporting the ath product from the hth factory to the dcth
distribution center using the uth conveyance.

dc=1

dc =2

dc=3

(2]4,6,9], 2110, 11, 12]]
[212,4,6], Z/9, 10, 11]]

[2]1,2,5], 2]9,10,15]]
[£]9,10,13|, Z|14,15,19)]

[Z]11,12,13|, Z|15, 19, 20]]
[Z]11,12,16], 2|19, 20, 24|]

de=1

dec =2

dc=3

[213,5,7], 19,10, 12]]
[214,5,8], Z19,11,12]]

(£]4,5,7], 28,10, 15]]
[£12,3,7], Z]8,9,10]]

[213,6,8], 219,11, 19]]
[Z£]12,13,15|, £]17,19,20]]

a=1
h=1
h=2
u=2
a=2
h=1
h=2
u=2

TABLE 12. Fixed charge for transporting the ath product from the dcth distribution center to
the rtth retailer using the uth conveyance.

a=1 rt=1 rt=2

de=1 [Z]2,4,7|, Z|8,10,12|] [Z]4,14, 16|, Z£|18, 20, 22|]
de=2 [Z]5,9,11], Z|16,19,23|] [Z]11,12, 14|, Z|16,19, 22|]
de=3 [Z2]6,12,16], 2]19,22,25]] [Z]10,16, 19|, |22, 25, 29]]
u=1

a=2 rt=1 rt =2

de=1 [Z]3,4,5], £]9,10,12|] [Z]5,6,7|, Z]9,10, 11]]
de=2 [Z]2,4,7|, Z]8,9,10|] [Z]4,6,9]|, Z|10, 11, 15]]
de=3 [Z]2,3,4], 2/5,6,7| [2]2,4,5], 28,9, 10]
u=1

TABLE 13. Fixed charge for transporting the ath product from the dcth distribution center to
the rtth retailer using the uth conveyance.

a=1 rt=1 rt =2

de=1 [Z2]8,13,18], Z|7,9,19]] [Z]3,10, 17|, Z]10, 12, 26|]
de=2 [Z2]6,8,9], Z|8,20,26|] [Z|1,8,11], Z|7,12,28|]
de=3 [Z]9,17,19], Z|1,9,17]] [Z]6,10,13|, Z|5,8,9|]
u=2

a= rt =1 rt =2

de=1 [Z]23,44,52], Z|29,60,72|] [Z]15,16,17|, £]10,22, 31|]
de=2 [Z|4,10,27], Z|8,19,19]] [Z]5,8,29|, Z|10,11,15|]
de=3 [Z]8,10,12], Z|15, 26, 30]] [Z]2,4,5], Z|6, 10, 20|]
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TABLE 14. Fixed charge for transporting the ath product from the rtth retailer to the bth

customer using the uth conveyance.

a=1 b=1 b=2 b=3

rt=1 [Z]2,3,4], Z|5,6,7|] [Z2]5,7,8], Z£]9,10,12|] [Z]4,5,7]|, Z]9,10, 11|]
rt = [Z]5,6,9], Z|6,7,15]] [Z]2,3,33], Z2]4,5,9]] [Z2]2,7,9], 2|9, 12, 14]]
u=1

a=2 b=1 b=2 b=3

rt = [Z]1,2,3|, 216,7,9]] [2]1,5,7], 2[8,9,17]]  [Z]3,7,9], £[10, 12, 13]
rt = [Z]4,5,8], Z|10,12,17|] [Z|1,5,8], Z]9,10,14]] [Z]2,7,8]|, Z|10, 11, 14]]
u=1

TABLE 15. Fixed charge for transporting the ath product from the rtth retailer to the bth

customer using the uth conveyance.

a=1 b=1 b=2 b=3

rt [Z]15, 20, 32|, £|25,60,72|] [Z]14,24,36|, £|33,44,57|] [Z]25,26,29|, Z|39, 50, 64]]
rt = [£]3,9,10], Z|11, 15,19]] [Z]3,11,15], Z|8, 10, 15]] [£]9,11,21], £|19, 24, 60|]
u =2

a= b=1 b=2 b=3

rt=1 [Z]8,12,20], £|11,20, 30]] [Z]5,11, 30|, 24,9, 13|] [£]2,9,10], Z|12,14,19]]
rt = [Z]8,9,11], Z]11,13,19]] [Z]3,8,10|, Z£]12, 14, 22|] [Z]3,11,12|, £]13,15,19]]
u=2

TABLE 16. Transportation time from the hth factory to the dcth distribution center using the

uth conveyance for the ath product.

a=1 de=1 de =2 dc=3

h=1 [2]1,2,5],Z]6,7,10]] [Z]4,5,9], 25,6, 10]] [Z11,2,3|, 215,6,9]]

h = [Z1]4,9,20], Z|21, 22, 24|] [Z]10,12,16|, £|20,22,25|] [Z|11,12, 14|, Z|20, 25, 30]]
u=1

a=2 dec=1 de=2 de =3

h= [Z]22,38,33|, £|54,68,76|]] [Z]10,19,20|, £|18,25,37|] [Z|1,2,6], Z]8,30,39|]
h= [Z/4,6,9], Z|33, 40, 53|] [Z]15,19,22]|, £Z|9, 55, 70]] [Z£]10,17,34], Z|55, 77, T1|]
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TABLE 17. Transportation time from the hth factory to the dcth distribution center using the
uth conveyance for the ath product.

a=1 de=1 de =2 de=3

h=1 [Z]12,14,17], £|20,21,22|]] [Z]|11,12,15], Z|19,30, 35]] [Z2]1,2,3], Z]5,9,20]]

h = [Z]2,4,6], Z]|19,40, 51|] [Z]19,50, 73|, Z|77,95,100|] [Z|1,12,16], Z|6,60,67]|]
u =2

a=2 de=1 de=2 dc=3

h=1 [2]3,5.7,2/9,10,12] (214,591, /9,10, 15]] (213,681, /8, 21,29)]
h=2 [Z]4,5,8],Z]9,11,12|] [Z]2,3,7], Z|8,9,10]] (212,13, 15|, Z]27, 29, 30|]
u =

TABLE 18. Transportation time from the dcth distribution center to the rtth retailer using the
uth conveyance for the ath product.

rt=1

rt =2

[Z]8,9,16], £]10,20, 25|]
[Z]6,7,11|, Z[15,19,23]]
[Z]12, 14, 26], 2|20, 24, 28]]

[Z]2,12,13|, Z|20, 22, 25]]
[£]6,8,9], |15, 19, 24]]
[Z]10,11, 18|, Z(19, 25, 38]]

rt =1

rt =2

[Z]5,8,14], Z[11,13,24]]
[2]1,13,18|, £]10,13, 23]
[Z]10,15, 18], £[13, 15, 28]

[Z]8,20,28|, 2|8, 20, 28]
[Z]18,19, 20|, Z[19, 20, 21]]
[Z]3,15,16|, |9, 12, 21]]

a=1
dc =
dc =2
de=3
u=1
a =

de=1
dec =2
dc=3
u=1

TABLE 19. Transportation time from the dcth distribution center to the rtth retailer using the
uth conveyance for the ath product.

rt=1

rt =2

[Z]8,10, 15|, Z£|11,13, 25]
[2]5,7,8], 2[9,10, 11]]
[Z]8,15,20|, 2|16, 18, 34]]

[Z]8,10,12|, 2|8, 10, 18]
[£16,7,9], |11, 14, 19]]
[Z]9,10,11], £]12,13,17]]

rt =1

rt =2

a=1
de=1
dc =2
de=3
u=2
a =

de=1
de =2
dc=3

[Z]8,12, 21|, |10, 12, 22|]
[Z]10,11, 21|, Z[13, 14, 26|]
[2]10,15,17], Z[11,12, 23]

[Z]8,25,27|, Z|8,25,27]]
[Z]24, 26, 28], Z[27, 29, 30|]
[Z]8,20,22|, |10, 20, 25]]
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TABLE 20. Transportation time from the rtth retailer to the bth customer using the uth con-
veyance for the ath product.

a=1 b=1 b=2 b=3

rt=1 [Z]10,11,21], £|13,14,26]] [Z]24,26,28], £|27,29,30]] [Z]8, 20, 22|, Z|10, 20, 25|]
rt = [Z|10,11,21], 2|13,14,27|]  [Z]5,25,28|, Z|9, 25, 30] [Z]2,17,18|, Z|14, 16, 30]]
u=1

a=2 b=1 b=2 b=3

rt=1 [Z|4,14,21], Z|16, 18, 34|] [Z|10,11,21|, Z|8, 16, 20]] [Z|1,17,18|, Z]14,15,29]]
rt=2 [2]5,6,10], Z]5,7,12]] [214,5,10], Z[5,6,11]] 2167, 10|, Z/9, 10, 19]]
u=1

TABLE 21. Transportation time from the rtth retailer to the bth customer using the uth con-
veyance for the ath product.

a=1 dec=1 de =2 de =3

h=1 [2]2,7,11], Z]6,9,20|] [Z]5,11,13|, 22,14, 17]] [Z|11,12,18|, Z]|11, 29, 32|]
h=2 [Z]1,17,20, £12,19,28]] [Z|14,24,26], £|26,27,30|] [Z|11,12,14], Z|19,20, 30]]
u =2

a=2 de=1 de=2 de=3

h=1 [2014,814,2(8,9,17] (214,510, 2[6,7,13] (268,10}, 2/7,9,16]

h = [Z|4,7,8], Z|9, 10, 11|] [Z/4,5,12], Z]6,7,13]] [Z]9,11,15]|, Z|11,12,22|]
u=2

TABLE 22. Carbon emission charge per unit of transportation from the hth factory to the decth
distribution center using the uth conveyance for the ath product.

a=1 de=1 de=2 dc=3

h=1 [Z]8,9,10], Z|11,13,20|] [Z]8,9,10|, Z]8,10,17|] [Z]8,9,10], £|10,11,19|]
h= [Z]5,10,12|, Z|7,17,20]] [£]7,9,10], Z£]9,10,20]] [Z]|2,10,12], Z|2, 19, 20|]
u=1

a=2 de=1 de =2 de =3

h=1 [Z]6,10,12], Z|6, 14, 16|] [2]7,8,12|, Z]9,10,14|] [Z]10,12,18|, Z|12, 14, 20|]
h=2 [Z]6,10,20],Z|10,11,23|] [Z]5,6,10|, Z|5,10,13]] [Z]6,10,15|, Z|6,10,19|]
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TABLE 23. Carbon emission charge per unit of transportation from the hth factory to the dcth
distribution center using the uth conveyance for the ath product.

a=1 de=1

dc =2

dc=3

h=1 [2]10,12,15], Z[15,19,23]]
h=2 [Z]5,10,12], Z|7,17,20|]

[Z]12,15,20], Z[18,20,27|]  [Z]17,19,40|, 2|19, 21,22]]
[Z]16,18,20], £(33,39,40(]  [Z]32,50,52|, Z|32, 39, —0]]

a=2 dec=1

dc=2

dc=3

h=1 [Z]10,10,22], Z|18,19,23|]
h=2 [Z]9,30,50], Z|50,61,63|]

[Z]17,20,32], Z[29,60,64]]  [Z]33,32,38|, 2|32, 34, 60[]
[Z]24,26,40], Z|35,50,53|]  [2]23,26,45|, 2|33, 50, 79]]

TABLE 24. Carbon emission charge per unit of transportation from the dcth distribution center
to the rtth retailer using the uth conveyance for the ath product.

rt=1

rt =2

[Z14,6,16|, Z[8,9,17]]
[2]7,10,16|, Z|11,18,19)]
[Z]8,10,15|, Z£]10,11,20]]

[Z]4,6,10], Z[5,7,12]]
[2]2,7,14], 216, 8,16]]
[Z]6,10,13|, |9, 11,19]]

rt =1

rt =2

[Z]6,8,14], Z|8,10, 18]
[Z]11,13,14], Z|22, 25, 28]
[Z£]10,11,20|, £[10, 12, 32]]

[Z]5,8,14], Z|7,9,16]]
[Z]11,13,14], Z[13, 14, 16|]
[Z]12,13,16], Z[22,26,31]]

a=1
dc =
dc =2
de=3
u=1
a =

de=1
dec =2
dc=3
u=1

TABLE 25. Carbon emission charge per unit of transportation from the deth distribution center
to the rtth retailer using the uth conveyance for the ath product.

rt=1

rt =2

[Z]10,13,17], (13,18, 47|]
216,9, 10|, £]9, 10, 11]]
[Z]13,19, 22|, Z(9,18,19)]

[Z£]22,26,40|, |14, 18, 20]]
[£]12,19, 20|, Z[22, 23, 27]]
[Z|11,12,14], Z|6,7,10|]

rt =1

rt =2

a=1
de=1
dc =2
de=3
u=2
a =

de=1
de =2
dc=3

(2]5,9,10], 215,9, 10]]
[Z]23, 25, 29|, Z|24, 26, 27]]
[2]12,19,20], £[30, 32, 33]]

[Z]11,12,18], 2|11, 18, 22|]
[Z]10,12,19], (11,17, 20]]
[Z]18,19, 23], (10,22, 31|
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TABLE 26. Carbon emission charge per unit of transportation from the rtth retailer to the bth

customer using the uth conveyance for the ath product.

a=1 b=1 b=2

b=3

rt=1 [Z|11,13,14], £[15,17,18]] [Z]8,10, 14|, Z|18,21, 23]
rt=2 [Z|11,13,14], Z|18,22,24]] [Z|11,13,14|Z|15,18,19]]

[Z]10,11,12], Z|11,13, 14|]
[Z]11,13,14], Z|20, 22, 25]]

u=1

a=2 b=1 b=2 b=3

rt=1 [Z|1,6,10], Z|10,11,14|] [Z]11,13,14], £|14,15,20]]  [Z]2,9,10], (10,11, 14|]
rt=2 [Z[8,9,10], £|13,15,20|] [Z]8,9,10|, £|9, 14, 15]] [Z]8,9,10|, |10, 11, 16]]
u=1

TABLE 27. Carbon emission charge per unit of transportation from the rtth retailer to the bth

customer using the uth conveyance for the ath product.

a=1 b=1 b=2

b=3

rt=1 [Z]8,9,10],Z[11,13,20]]  [Z£]8,9,10], Z[8,10,17|]

[Z]8,9,10], Z|10, 11, 19]]

rt=2 [Z]5,10,12|,Z|7,17,20]]  [Z]7,9,10|, Z]9,10,20]] [Z]2,10,12], Z|2,19,20]]
u=2

a=2 b=1 b=2 b=3

rt=1 [Z]6,10,12], Z|6,14, 16]] [Z2]|7,8,12|, £]9,10,14]] [Z]10,12,18]|, Z|12, 14, 20]

rt=2 [Z]6,10,20|, £/10,11,23]] [Z]5,6,10], Z5,10,13|]

(216,10, 15, 2|6, 10, 19)]

TABLE 28. Selling price per unit for the ath product at the dcth distribution center.

dc 1 2

3

[gSidC,gS}l%dc] [£]22,24,28|, £]28,29,32|]  [Z222,23,24], £]22,32,36|] [Z]22,25,28|, Z|24, 26, 28]

[gsi ,55%] [2|21,23,24], 2|22,24,25]]  [2]20,25,30], 2|33,35,37|]  [2]20,25,30|, 2|24, 26, 30]]
de de

2229
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TABLE 29. Selling price per unit for the ath product at the rtth retailer.

rt 1 2

[5% ,gs}{] [2]26,28,30], 2|32,33,36]]  [Z]24, 26, 28|, Z|24, 34, 38|
rt rt

[§Si ,gslz%] [2]24, 26, 28|, Z]25,28,29]]  [2]30, 35, 40|, 2|37, 39, 40]]
rt rt

TABLE 30. Selling price per unit for the ath product at the bth customer.

b 1 2

[g%b,gs}%] [Z]32,37,40|, Z(36,38,39|]  [2]28,29,30], 2|26, 37, 40]]

[gS%b,gsf%b] [2]28,30, 34|, Z|39,40,43|]  [240,45, 48|, 2|48, 50, 51|]

TABLE 31. The purchasing cost per unit for the ath product at the hth factory.

h 1 2

[évih , gvéh} [2]10,13,16], Z|12,14,20]]  [Z]10,13, 14|, Z[12, 18, 20]]

[gvgh,gvéh} [Z£]2,14,15, £[8,19,20]]  [Z]8,12,15], £[11,20,25]]

TABLE 32. The purchasing cost for the ath product at the dcth distribution center.

de 1 2 3

[ngl v } [Z]16,19,21|, Z[22,24,30]] [Z]9,10,11|, £[11,15,19]  [Z]7,11,15|, Z|11,19,29]]
dc "dc

[ngz vz } [2]6,9,22|, Z|22,25,29]] [Z£]10,19,22|, £(23,26,29]] [Z]9,16,19|, Z|32, 34, 40]]
de dc

TABLE 33. Purchasing cost for the ath product at the rtth retailer.

rt 1 2

[gvgm,gvém] [Z]11,14,19], £|22,24,30|]  [Z|17,19,22|, Z|22,23,29]]

|:€VL2Tt7§V}%Tt:| [2‘77 19722"Z|257307 34H [Z‘]‘Ov 13a 14‘7Z|21a287 30H
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TABLE 34. Budget availability at dcth distribution centers.

Bg:  [2]1980, 2000, 2020/, Z|1990, 2000, 2010]]
Bga  [2]1400, 1500, 1600/, 21300, 1500, 1700]]
Bgs  [2]2000, 2500, 3000/, Z|2400, 2500, 2600)]

TABLE 35. Budget availability at rtth retailers.

Bgi  [Z]2000,2000,2010|, Z|2100, 2200, 2300)]
Bgs  [Z]1200, 1700, 1900|, Z|1900, 1950, 2000]]

TABLE 36. Budget availability at bth customers.

Bgi  [Z]1500, 1600, 19000|, Z|1960, 1990, 2000|]
Bgs  [Z]1100, 1200, 1200/, Z|1300, 1450, 1500]]

TABLE 37. Optimal results obtained by the Expected Value Model (EVM) and Chance Con-
strained Model (CCM) for uncertain variables using the Weighted Sum Method.

2231

Weights EVM CCM
cly cla

M A As E[Z] E[Z5)] E(Zs) 7 7 7 7 7 7

04 0.4 0.2 [269,1.1351] [33,58] [72.5,100] [275,1165] [31,70] [70,100] [215,1000] [30,40] [70,80]
02 04 04 [269,1.1351] [33,58]  [72.5,100] [270,1160] [30,90] [75,80] [95,1025] [30,40] [70,80]
04 0.2 04 [269,1.1351] [33,58] [72.5,100] [270,1160] [30,90] [75,80] [85,1005] [25,30] [70,75]
0.5 0.25 0.25 [269,1.1351] [33,58] [72.5,100] [270,1160] [30,90] [75,90] [95,1025] [30,40] [70,80]
0.25 0.5 0.25 [269,1.1351] [33,58] [72.5,100] [270,1025] [30,90] [75,80] [95,1025] [30,40] [70,80]
0.25 0.25 0.5 [269,1.1351] [33,58] [72.5,100] [270,1160] [30,90] [75,80] [95,10250] [30,40] [70,90]
01 0.1 08 [2251175] [29.8,60.8] [75.3,100] [270,1160] [30,90] [75,80] [95,1025] [30,40] [70,80]
0.1 0.8 0.1 [225,1175] [29.8,60.8] [75.3,100] [225,1175] [49,58] [70,110] [85,1005] [25,30] [70,75]
0.8 0.1 0.1 [225,1175] [29.8,60.8] [75.3,100] [225,1175] [49,58] [70,110] [85,1005] [25,30] [70,75]
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TABLE 38. Results obtained by the EVM.

Name of method zZt z? z3

Weighted Sum Method [269,1135], [30,55], [73,125]
Fuzzy Programming Method  [269,1135], [30,55], [73,125]
Goal Programming Method  [223,970], [32,59], [75,130]

TABLE 39. Results obtained by CCM class 1.

Name of method Z? Z> z3
Weighted Sum Method [224,782],  [36,59], [73,125]
Fuzzy Programming Method [285,1032], [36,55], [72,75]
Goal Programming Method  [285,1032], [36,55], [72,75]

9. RESULTS AND DISCUSSION

In this section, we present the results obtained from both models:

- EVM.
- CCM.

Subsequently, deterministic models were solved using three distinct methodologies:

— Linear Weighted method.
— Fuzzy Programming.
— Goal Programming.

Results for EVM and CCM, along with their corresponding transportation plans, are provided. In the case
of CCM, cl; includes chance levels from 0 to 0.5, while cls includes chance levels from 0.5 to 1.
For clq, chance level values are set as:

Va,h,dc,rt,b,u, a3 =as=asz=0.4;
Pay,, = Py, = Pos, =Dy, = Pep, =Bey, =Peg, = Bey, =Py, = Pntony,, = Ontog,, = Pitong,

= BMspa = BMspa = BMspa = BBgs. = PBg,. = BBy, = 0.45.

rtu

For cls, chance level values are set as:

Va,h,dc,rt,b,u, a1 =as=ag=0.8;

6a(ih = ﬁb‘ih = ﬁb%h = /Beiu = 55}%u = ﬁe%u = ﬁe%u = /Be%u = 5e%u = BJWSL(;:,dcu = ﬁMsRﬁdcu = ﬁMSLa

dertu

= ﬁMsRa = ﬁMngtbu = ﬁMngtbu - ﬁBgdC = ﬁBg,,t == ﬁng = 085

dertu

The Weighted Sum Method results for the EVM and CCM using varied weights A1, Ao, and A3 are summarized
in Table 37. Optimal values for EVM and CCM vary according to specified A1, Ao, and A3 values, reflecting adap-
tation to decision-maker preferences. Notably, results from EVM and CCM remain non-dominated, highlighting
the impact of diverse weight configurations.

Tables 38-41 present the results of the deterministic equivalent of the EVM and CCM employing three
methodologies (Weighted Sum Method, fuzzy programming, and goal programming). For the Weighted Sum
Method, A1, A9, and A3 remain constant.
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TABLE 40. Results obtained by CCM class 2.

Name of method Ve Z? z3

Weighted Sum Method [85,1005], [25,30], [70,75]
Fuzzy Programming Method  [85,1005], [25,30], [70,75]
Goal Programming Method  [85,1005], [25,30], [70,75]

TABLE 41. Results obtained by the CCM for zigzag uncertain variables.

Chance levels Zigzag uncertain variables
Objective values of model
a1 a2 a3 Zl Z2 Z3
0.1 0.1 0.1 [300,1165] [40,70] [75,100]
0.2 0.2 0.2 [275.9,1175] [45,60] [70,110]
0.3 0.3 0.3 [195,1225] [30,65] [70,80]
04 04 04 [225,1195] [40,70] [70,110]
0.5 0.5 0.5 [190,1220] [40,70] [70,100]
0.6 0.6 0.6 [185,1215] [60,70]  [80,120]
0.7 0.7 0.7 [180,1215] [40,50]  [70,90]
0.8 0.8 0.8 [115,1065] [25,40] [70,75]
09 09 09 [75933] [20,30] [65,75]

Table 38 presents EVM results. The fuzzy method and the weighted sum method produce same non-dominated
solutions, both are different from the goal programming method.

Table 39 presents results for CCM cly. In this case, the fuzzy method and the goal programming method
produce same solutions, which are not dominated by the solutions from the weighted sum method.

Table 40 presents results for clo and emphasizes that solutions generated by these three methods are the
same.

Across Tables 38-40, the linear weighted method shows better computational efficiency relative to fuzzy
programming and goal programming for both EVM and CCM. It provides solutions that are in harmony with
the decision-maker’s preferences.

In conclusion, based on the data in Tables 37—40, an increase in transportation time is likely to associate with
higher pollution levels. It is essential to find a balance between the need to minimize transport costs for financial
gain and the need to consider environmental concerns to optimize profits while implementing pollution control
measures in the context of transport issues. This requires strategic decision-making to maximize economic
benefits while ensuring responsible and sustainable practices in the transport sector.

10. SENSITIVITY ANALYSIS

Sensitivity analysis is essential for understanding the consequences of changing the coefficients of objective
functions in optimization problems. Table 41 shows the results of sensitivity analysis for CCM, using the linear
weighted sum. The same values are assigned to A\;, Az, and A3, and varying the chance levels a1, as, and as.

When a1, as, and ag are in the interval [0, 0.5], the other parameters are fixed:

Bag,, = Bog, = P, =Pey, =By, =By, = Oz, = O, =Py, = Otong,, = Ovtong, = Prtosy,,,

= ﬁMsRa

0 = ﬂMSLi‘ftbu = ﬁMsR?«tbu = BBgy. = BBg,: = BBg, = 0.45 for all h,dc,rt,b,u,a.
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FIGURE 1. The chance constrained model (CCM) at various chance levels oy, aa, ag concerning
Z.

When a1, ag, and as are in the interval (0.5,1], the other parameters are fixed:

ﬁa(ll’h - ﬁb(i’h - ﬂb%h - ﬁeiu - ﬂe}au - /Be%u - /36?%” - ﬁeiu - /Be%u - ﬁMsL?xdcu - ﬁMSRchu - /3M8La

dertu

= BMspy = Bspe, = BMspa, = BBgs = BBy, = BBy, = 0.85 for all h,de,rt,b,u,a.

Table 38 shows the difference between optimal solutions, which are not dominated by each other. The consid-
erable impact of parameter values on the quality of solutions underlines the importance of sensitivity analysis
in guiding well-informed decision-making.

Obviously, the values assigned to the parameters have a considerable influence on the quality of the model’s
solutions. Consequently, the implementation of a sensitivity analysis becomes imperative for decision-makers
in their decision processes. In both models, as the values of ay, as and a3 increase, the stability of Z; (to be
maximized) is generally observed, though with a small decrease. Conversely, the values of Zy and Zs (to be
minimized) decrease as these parameters increase.

To illustrate this relationship visually, Figures 1-3 graphically show the variations in Z;, Z5, and Z3 across
different ay, a9, and ag values, respectively.

11. CONCLUSION AND FUTURE RESEARCH SCOPES

The proposed model introduces an innovative approach to addressing complex challenges in transportation
systems globally. It integrates uncertain interval programming into a multi-stage, multi-objective framework tai-
lored for robust transport logistics. The model stands out by simultaneously optimizing profit, time efficiency,
and environmental impact, specifically carbon emissions’ reduction. It incorporates budgetary constraints and
safety considerations, aligning with real-world practicalities for transportation planners. Notably, the model’s
ability to manage uncertainty, including weather fluctuations and unexpected incidents, makes it a valuable
tool for risk evaluation and mitigation. Emphasizing sustainability, the model supports environmentally-friendly
practices in supply chain management, contributing to global sustainable development goals and compliance
with environmental regulations. As a robust decision support system, it provides actionable insights by eluci-
dating trade-offs among objectives, facilitating informed decision-making across diverse industries. The model
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FIGURE 2. The CCM at various chance levels aq, ag, ag concerning Z.
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FIGURE 3. The CCM at various chance levels o, oo, a3 concerning Zs.

represents a significant advancement in creating resilient, efficient, and sustainable transportation systems,
offering a transformative approach to complex challenges in various sectors.

This research formulates and resolves two distinctive models: the EVM and the CCM. Employing varied
solution techniques, including the Linear Weighted method, fuzzy programming, and goal programming, the
study investigates the efficacy of these models. A thorough assessment is performed using a comprehensive
numerical example, and the results are rigorously compared. Additionally, a sensitivity analysis is conducted to
discern and interpret the implications of changes in objective function coefficients.

In the context of this study, several limitations have been identified, each suggesting specific avenues for future
research. Firstly, given the absence of real scenario data, a potential future direction would involve developing
a comprehensive documentation system that integrates real-time data, potentially utilizing IoT devices and
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exploring blockchain technology for secure and transparent data management. Concerning algorithms specifically
designed for small instances, a relevant future orientation would be to work on improving their scalability to
larger instances, focusing on advances in parallel computing, distributed systems, and integrating adaptive
tuning mechanisms based on machine learning techniques. To extend the study to optimal route selection
within the supply chain, a promising future perspective would involve the integration of real-time tracking,
predictive analytics, and machine learning algorithms, thereby creating a dynamic model capable of adapting
to changing conditions and forecasting potential disruptions.

The model’s capacity to address a wide array of applications is truly striking. Whether it’s enhancing waste
management practices, fine-tuning pharmaceutical distribution, managing the complexities of perishable goods
logistics, tackling supplier selection challenges, optimizing inventory control, or delving into portfolio opti-
mization — the model emerges as a versatile powerhouse. The potential implications across various sectors are
undeniably exciting. Aligning with future research paths, customization for specific industries through in-depth
case studies, collaboration with industry stakeholders, and integrating feedback loops becomes crucial. This
approach ensures continuous refinement and relevance in dynamic business environments, making the model
not just versatile but also finely tuned to meet the unique demands of specific sectors.
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