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Abstract: The complexity, increasing flow number and volumes, and challenges of last-mile logistics
(LML) motivate or compel companies, authorities, and the entire community to think about ways
to increase efficiency, reliability, and profits, reduce costs, reduce negative environmental impacts,
etc. These objectives can be met by applying Industry 4.0 (I4.0) technologies, but the key question is
which one. To solve this task, this paper used an innovative method that combines the fuzzy analytic
network process (fuzzy ANP) and the fuzzy axial-distance-based aggregated measurement (fuzzy
ADAM) method. The first was used for determining criteria weights and the second for selecting
the best variant. The best solution is e/m-marketplaces, followed by cloud-computing-supported
management and control systems and blockchain. These results indicate that widely adopted and
implemented technologies are suitable for last-mile logistics. Newer technologies already producing
significant results have serious potential for further development in this area. The main novelties
and contributions of this paper are the definition of a new methodology based on multi-criteria
decision-making (MCDM) methods, as well as its application for ranking I4.0 technologies for LML.

Keywords: last-mile logistics; industry 4.0; logistics 4.0; technology; selection; MCDM; fuzzy ANP;
fuzzy ADAM

MSC: 90B06; 90B50

1. Introduction

Different societies and countries were, and still are, solving the problems of market
underdevelopment and monopolization with different historical dynamics. Customers
used to have access to products and services from only one or a few manufacturers or service
providers. Through political, economic, scientific, technological, and cultural development,
as well as the influence of globalization, economies now offer a wider range of products
and services. Today, in some countries, supply and demand differentiation has reached
such proportions that the opposite challenge has arisen: the problem of choosing one of
many possibilities, i.e., a kind of “tyranny of choice” [1]. Users choose the manufacturer, the
seller, the product (different sizes, packaging, etc.), the purchase (traditional or online) and
collection (collection at the store, home delivery, delivery to the parcel locker, etc.) methods,
and even the method and place of production in the case of additive manufacturing.

With the massiveness, diversity, and volatility of the market, supply, demand, and
flows of goods and services, logistics takes on an increasingly important role, and logisti-
cians are faced with various decisions. Scientific and technological progress and the latest
industrial revolution have contributed to new knowledge, methods, strategies, technolo-
gies, and services in logistics and supply chains. Accordingly, decision-makers often have
the freedom and obligation to choose one of several alternatives. In doing so, their task
is to purposefully and comprehensively define a set of alternatives and a set of appropri-
ate criteria by which to evaluate them and choose the best one. Therefore, multi-criteria
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decision-making (MCDM) methods are an important tool and support for decision making
in logistics. Finally, the choice of the appropriate MCDM method is another multi-criteria
decision, bearing in mind the variety of logistics and supply chain problems to which
they are applied, the number of methods that can be used, the categories of criteria that
must be considered, the different and subjective approaches in evaluating their importance,
different ways of defining and evaluating alternatives according to criteria, etc. Therefore,
developing new methods is a significant contribution to MCDM theory.

There is great interest in I4.0 in the context of LML, both in research and practice.
However, applying I4.0 technologies to LML is much less often the focus of researchers’
attention. Thus, between 2016 and 2022, about 250 papers dealing with I4.0 in LML were
published, but only about 20 papers dealt with technologies or new technologies in LML [2].
The number of papers in which MCDM methods were applied for selecting I4.0 technologies
in LML is even smaller. Furthermore, these and later published papers mainly deal with
different transportation technologies (e.g., drones, green vehicles, cargo bikes, autonomous
electric vehicles, etc.) and receipts of goods (e.g., parcel lockers) [3–6], while ignoring
other technologies, logistics subsystems, processes, and activities (warehousing, inventory
management, data management, etc.). Also, most of these papers do not comprehensively
consider criteria regarding technology evaluation, i.e., they neglect certain technological,
economic, political, and social aspects. On the other side, in logistics practice, there is
interest in applying I4.0 technologies, but mostly in transportation technologies, such as
drones. The current and potential importance of such technologies is evidenced by the
estimate that, in 2022, over 2000 last-mile deliveries were made by drones worldwide [7],
and the prediction that, within the next five years, the share of drone deliveries will reach as
much as 20% [8]. The variety, number, development, and application potentials of this and
other I4.0 technological solutions undoubtedly motivate and will motivate companies to
consider a wide set of technologies for application in LML. Accordingly, there is a need for
a model for the multi-criteria evaluation and selection of the most desirable I4.0 technology
in LML, which will be more comprehensive from the aspect of technologies as well as their
evaluation criteria. The goal of this paper is to compensate for this research gap through
the application of a new MCDM model.

MCDM methods are undoubtedly one of the most useful instruments for choosing
the optimal Industry 4.0 (I4.0) technology for application in last-mile logistics (LML). The
adoption of I4.0 technologies can play a key role in trying to optimize the service, not
only in terms of digitization, automation, and interconnection along the supply chain but
also in its last mile [9]. Although each technology brings certain benefits, there are also
problems and obstacles to its application related to infrastructure, technological integration,
ecology, etc. [10]. Therefore, it is crucial to carefully assess the implementation effectiveness
of certain technologies in LML, especially using MCDM processes. According to the
authors’ knowledge, such undertakings have not yet been made in the literature. Since
choosing a new technology is a multidimensional problem with many interdependencies
between quantitative and qualitative factors, the analytic network process (ANP) method
determines the importance of criteria for technology evaluation and effectively addresses
these requirements [11]. More precisely, given the impossibility of precise assessment, a
fuzzy modification of this method—fuzzy ANP—is suitable for this task. However, the
fuzzy axial-distance-based aggregated measurement (fuzzy ADAM) method is appropriate
for ranking alternatives according to defined criteria. The primary advantages of the
ADAM method compared to other methods lie in its simplicity, ease of understanding,
adaptive nature, resistance to an increasing number of criteria, high intuitiveness, and
minimal risk of changes in ranking [12]. Its fuzzy version was chosen for the same reasons
as in the case of fuzzy ANP.

A model based on two MCDM methods, fuzzy ANP and fuzzy ADAM, was defined
and used to select the most favorable I4.0 technology for LML in this paper. The paper
contributes to research in the areas of MCDM, LML, and I4.0 through the following:
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• The newly developed hybrid mathematical model;
• Model application to solving the defined problem;
• Consideration of a wide range of alternatives and criteria.

This paper is organized as follows. After the introduction, the second section provides
a comprehensive review of relevant research on the application of MCDM methods in
logistics, LML, and I4.0 technologies that are applied in it. A methodology based on fuzzy
ANP and fuzzy ADAM methods is proposed in the third section. In the fourth section, this
methodology is used to select the optimal I4.0 technology for LML after the alternatives
and criteria for their evaluation are defined. The fifth section presents a discussion on
the application of the methodology, results, implications, etc. At the end, concluding
considerations and directions for future research are given.

2. Literature Review

To describe the background of the problem, a comprehensive literature review was
conducted. Google Scholar was used for the literature search. By systematically entering
combinations of two or more terms from two or more groups shown in Table 1, papers
were found, from which relevant and useful ones were selected. Examples of entries are
“last-mile definition”, “home delivery smart technologies”, “selection of I4.0 technologies in
logistics”, “MCDM parcel delivery 4.0”, etc. Sources whose titles contain such combinations
and those that do not but deal with this topic were analyzed. Additionally, the authors
searched the sources using the “divergence of research” system [13].

Table 1. Search keyword groups.

I Group of
Keywords

II Group of
Keywords

III Group of
Keywords IV Group of Keywords V Group of Keywords

last mile,
last-mile, last

miles, final mile,
home, parcel,

B2C, door,
customer

definition,
concept, review

delivery, logistic,
logistics, transport,
storage, warehouse,

loading, package,
inventory, order

technology, new
technologies, 4.0,

industry 4.0, smart, names
of technologies and

corresponding abbreviations
(Internet of things, IoT,

automated guided
vehicles, etc.)

selection, choice, evaluation, ranking,
multi-criteria decision-making,

MCDM, multiple-criteria decision
analysis, MCDA, names of MCDM

methods and corresponding abbreviations
(analytic hierarchy process, AHP,

Promethee, etc.)

2.1. Application of MCDM Methods in Logistics

As previously stated, “the victims” of “the tyranny of choice” are users and those who
provide them with products or services. First, it is necessary to fulfill the heterogeneous
and changing user requirements and simultaneously decide how they will be performed.
Manufacturers, retailers, logistics providers, and other supply chain participants face daily
choices and decisions at the operational, tactical, and strategic levels. Manufacturers choose
between different types of raw materials, their suppliers, production strategies, production
technologies, etc. Sellers choose between manufacturers, sales channels, distribution
channels, etc. Logistics service providers choose between different locations of logistics
facilities, logistics strategies, storage and transportation technologies, routes, etc. In each
of these decisions, it is most often necessary to consider various aspects of efficiency,
functionality, expediency, economic profitability, ecological and social adequacy, etc.

Accordingly, MCDM methods are increasingly important in supply chain management
and logistics. They were applied to the selection of the location of logistics centers and
terminals [14,15], the selection of handling equipment [16], the analysis of country logistics
performance indices [17], the selection of logistics providers [18], the evaluation of concepts,
initiatives, and scenarios of city logistics [19,20], the optimization of cold chain logistics [21],
the selection of the initial delivery point [22], etc.
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In the field of LML, different MCDM methods and their combinations and modifica-
tions have been used for locating logistics centers [23], evaluating logistics providers [24],
and ensuring sustainability [4,25] and smart solutions and strategies [5], for different
concepts based on the same technological solution, e.g., drones [26,27], for the analysis
of barriers to their application in the last mile [28], etc. Recently, MCDM methods have
been used to evaluate I4.0 technologies in various areas and aspects of logistics: logistics
centers [29,30], material handling technologies [31], reverse logistics [32], etc. According to
the authors’ knowledge, the evaluation and selection of technology I4.0 in LML using the
MCDM method have not been carried out in any previous research.

The ANP method and its modification in a fuzzy environment, fuzzy ANP, have
been applied independently or in combination with other methods to solve numerous
problems in logistics and supply chains. The ANP method was applied independently
for the selection of a logistics provider [33], for the evaluation of logistics performance
indicators [34], etc., but also in combination with the quality function deployment (QFD)
method for selecting a sustainable supplier [35], with benefit–opportunity–cost–risk (BOCR)
analysis for determining the location of the logistics center [36], etc. Decision-making trial-
and-evaluation laboratory (DEMATEL)-based ANP (D-ANP) or the ANP method combined
with the DEMATEL method has been used for supplier selection [37], evaluation of logistics
flows [38], etc. Gray D-ANP was used to identify interactions between production and
logistics systems [39].

The fuzzy ANP method was used independently for the selection of a container
port [40], the risk assessment of a virtual logistics enterprise cooperation [41], etc. It was
also used in combination with fuzzy DEMATEL for logistics personnel selection [42], with
fuzzy DEMATEL and fuzzy VIKOR (Serb. VIšekriterijumsko KOmpromisno Rangiranje) for
city logistics concept selection [19], with fuzzy DEMATEL and fuzzy technique for order of
preference by similarity to ideal solution (TOPSIS) for supplier evaluation [43], etc. ANP
based on type-2 fuzzy sets (type-2 fuzzy ANP) in combination with BOCR was applied for
logistics provider selection [44].

The ANP method and its related and very similar analytic hierarchy process (AHP)
method are the most applied MCDM methods for decision making in the field of I4.0 [45].
Their fuzzy modifications have found significant application in this area, especially in
technology-related decisions. For example, the fuzzy ANP method combined with the
fuzzy AHP method was applied to select the best I4.0 technology in production [46]. Also,
these methods were used to make decisions regarding certain technologies of I4.0. Thus, the
fuzzy ANP method, integrated with the fuzzy ISM method, was used for the comparative
analysis of traditional and supply chains based on blockchain technology [47] and in
combination with the modified total interpretive structural modeling (mTISM) method to
identify the key adoption factors of blockchain technology in freight transport [48]. The
fuzzy AHP method was used independently for the selection of the production process in
additive manufacturing [49], in combination with TOPSIS for the selection of printers for
additive manufacturing [50], etc.

ADAM is a young MCDM method from a new group of so-called geometric methods.
It was applied independently in conventional form for evaluating business models based
on the circular economy in supply chains [12], selecting the starting point of electronically
ordered goods delivery [22], etc. Also, it was applied in combination with other methods
and mathematical approaches, e.g., with the fuzzy factor relationship (FARE) method for
risk analysis of the use of drones in city logistics [51], with mathematical programming for
city logistics concept evaluation [20], with fuzzy Delphi and an extended fuzzy analytic
hierarchy process (AHP) for railway infrastructure manager performance evaluation [52],
etc. The fuzzy ADAM was also developed and applied in combination with different
methods (e.g., fuzzy stepwise weight assessment ratio analysis (SWARA) for the evaluation
of transshipment technologies in intermodal terminals [53]). According to the authors’
knowledge, the combination of fuzzy ANP and fuzzy ADAM has not yet been applied.
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Table 2 provides an overview of the application of MCDM methods in LML. Unlike
earlier studies, in which scoring (additive) (S), distance-based (DB), pairwise comparison
(PC), and outranking methods (O) were used, the model defined in this paper, in addition to
ANP as a PC method, applies the method ADAM, which represents the geometric method
(G) [12]. Also, previous studies dealt with a completely different type of problem (locating,
provider selection, delivery method selection), evaluation of various types of the same I4.0
technology, evaluation of concepts based on it, and selection of the most favorable one from
a narrow set of I4.0 technologies, and/or considered a set of criteria less comprehensive
than defined in this paper. On the other side, some of the previous studies, unlike this one,
considered the stakeholders’ viewpoints.

Table 2. Application of MCDM methods in LML.

Method(s) Field of Application Differences Source

AHP Selection of last-mile logistics
center location

PC method;
the paper does not deal with

technologies but with the problem of
locating the place of delivery

[23]

Fuzzy AHP, fuzzy
measurement of alternatives

and ranking according to
compromise solution

(MARCOS)

Logistics service provider
evaluation

PC and DB methods;
the paper does not deal with

technologies but with the evaluation
of providers

[24]

Fuzzy Delphi, fuzzy FARE,
fuzzy VIKOR

Evaluation of sustainable
delivery solution

S, DB, and O methods;
the paper deals with concepts based

on several I4.0 technologies
[25]

AHP, TOPSIS Evaluation of sustainable
delivery solution

PC and DB methods;
less comprehensiveness of

alternatives; taking into account the
views of different stakeholders

[4]

SWOT (strengths, weaknesses,
opportunities, and threats)

analysis, 2-tuple VIKOR, AHP

Evaluation of smart solutions
and strategies

PC and DB methods;
less comprehensiveness of

alternatives and criteria
[5]

Interval-valued inferential
fuzzy TOPSIS

Evaluation of delivery drone
types

DB method;
the paper deals with the selection of

the type of one I4.0 technology
[26]

Spherical fuzzy MARCOS Evaluation of drone-based
delivery concepts

DB method;
the paper deals with concepts based

on one I4.0 technology
[27]

Fuzzy Delphi ANP Analysis of barriers to the use
of drones in delivery

PC and S methods;
the paper deals with barriers to the

application of an I4.0 technology
[28]

Fuzzy AHP, fuzzy TOPSIS Evaluation of delivery
methods

PC and DB methods;
the paper is not concerned with
technologies but with delivery

methods

[54]

Multi-criteria
decision analysis (MCDA)

Evaluation of transport
technologies

Less comprehensiveness of
alternatives and criteria;

Taking into account the views of
different stakeholders

[6]

Fuzzy ANP, fuzzy ADAM Evaluation of I4.0
technologies for LML

PC and G methods;
greater comprehensiveness of

alternatives and criteria
This study
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2.2. Last-Mile Logistics

Various authors have discussed in detail the definitions of the last mile and the scope
of this and/or related terms (e.g., [55,56]). In most interpretations, this term means the
implementation of logistics operations from the last intermediate point, i.e., the distribution
center, to the user [57]. Although there is much consensus on the coverage of the last
mile as part of the supply chain, there are differences in the understanding of this term
from the perspective of the executor of goods delivery to the desired location of the user.
Namely, while some authors associate the concept of the last mile only with delivery to
the user, which is performed by a seller, manufacturer, or third party (e.g., [58]), others
consider this term to be the distance that, apart from these entities, the user himself can
travel to pick up and deliver goods (traditional shopping) [59–61]. In addition to deliveries
to users, some authors (e.g., [62]) also include deliveries to stores, companies, etc., under
last-mile deliveries. Additionally, some authors link the last mile to the urban area [63,64],
while others also refer to rural areas (e.g., [65]). Definitions and interpretations of the last
mile and related concepts can also differ in terms of starting point, endpoint, involved
operations, etc. [55]. In this paper, the term LML considers operations from ordering
(including order picking and preparation) to delivery at the end user’s home address, or
another desired address, performed by the seller, manufacturer, or third party.

2.3. Industry 4.0 Technologies in Last-Mile Logistics

Smart technologies and I4.0 significantly affect reality and change it in many aspects,
including logistics [66–68]. LML, as an important area of logistics, is also subject to this
influence, so, in recent years, more and more researchers are analyzing the application of
I4.0 technologies in that area. Jose et al. [69] assessed the feasibility of implementing I4.0
technologies in LML processes. Kostrzewski et al. [6] performed a comparative analysis
of modern and conventional last-mile transport technologies. Ferrari et al. [2] analyzed
socio-economic factors influencing the investments and implementing of I4.0 technologies
in LML. The role of these technologies in achieving logistics sustainability has also been
analyzed in numerous papers [10,70]. Tadić et al. [13] comprehensively reviewed the
application of I4.0 technologies in home delivery. Various aspects of the application of
certain I4.0 technologies in LML have been analyzed in numerous studies. Thus, the
application of the Internet of Things in this area was considered in combination with
other technologies, such as drones [71,72], big data [73], blockchain [74,75], the Global
Positioning System (GPS), the transport management system (TMS), cloud computing [76],
etc. Slabinac [77] discussed innovative last-mile transport technologies, analyzing certain
I4.0 technologies. Engesser et al. [78] reviewed research on applying automated guided
vehicles, autonomous vehicles, and drones in LML, and Fehling and Saraceni [79] analyzed
the technical and legal critical success factors. In recent years, there has been more and more
research on the application of artificial intelligence in LML [80,81] and e-commerce [82],
both in urban [83] and rural areas [84]. Naclerio and De Giovanni [85] investigated the
effects of blockchain applications on multi-channel solutions and logistics strategies to
solve last-mile problems and improve performance. In recent years, there has been growing
interest in the impact of additive manufacturing on LML [86,87].

3. Methodology

The problem that is the subject of this paper will be solved by applying a novel
methodology (Figure 1), which consists of the following steps:

Step 1: An extensive literature review of the subject areas is conducted to identify
potential alternatives and criteria for their evaluation.

Step 2: The alternatives and the evaluation criteria are defined based on the litera-
ture review.

Step 3: The evaluation scale for criteria and alternatives is defined. Considering the
methods that will be applied, it is necessary to make evaluations using descriptive ratings,
which are translated into triangular fuzzy numbers, as shown in Table 3.
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Table 3. Alternative and criteria evaluation scale [51].

Linguistic Term Abbreviation Fuzzy Scale

“None” “N” (1, 1, 2)

“Very low” “VL” (1, 2, 3)

“Low” “L” (2, 3, 4)

“Fairly low” “FL” (3, 4, 5)

“Medium” “M” (4, 5, 6)

“Fairly high” “FH” (5, 6, 7)

“High” “H” (6, 7, 8)

“Very high” “VH” (7, 8, 9)

“Extremely high” “EH” (8, 9, 10)

Step 4: The ANP method is used to determine the weights of the criteria. First, it
is determined whether there is mutual dependence between criteria, both within criteria
groups and between them. Then, the group of experts declares the importance of criteria
or criteria groups concerning other criteria or criteria groups using one of the descriptive
evaluations offered in Table 3. These evaluations are transformed into corresponding fuzzy
numbers. For each pair of criteria or criteria group, the arithmetic mean of the fuzzy
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numbers obtained by the experts is determined. The arithmetic mean of multiple triangular
fuzzy numbers is a triangular fuzzy number whose lower, medium, and upper values are
obtained as the arithmetic means of the lower, middle, and upper values of those fuzzy
numbers. The fuzzy number from Table 3, closest to the obtained arithmetic mean, is taken
as the overall evaluation of the entire focus group. Therefore, the following equation holds:

∼
a ij ≈

1
∂
⊙
(
⊕∂

k=1

∼
E

i,j

k

)
, (1)

where Eij
k is the assessment of the importance of criterion i according to criterion j by the

k-th expert, for i, j = 1, . . . n, (n is the number of criteria, ∂ is the number of experts from the
focus group), and

∼
a ij is the overall valuation of the importance of criterion i according to

criterion j by the entire expert group.
The matrix was obtained by mutual comparison of the following criteria:

∼
A =


∼
a11

∼
a12 · · · ∼

a1n
∼
a21

∼
a22 · · · ∼

a2n
...

... · · ·
...

∼
an1

∼
an2 · · · ∼

ann

 (2)

where
∼
a ij =

(
lij, mij, uij

)
represents the importance of element i according to element

j, i = j = 1, 2, . . ., s expressed in fuzzy values, and n is the number of criteria (in the
case of comparison of criteria), that is, the criteria group (in the case of comparison of
criteria group).

The logarithm of the matrix
∼
A is determined according to the following equation:

ln
∼
a I J ≈

(
ln lij, ln mij, ln uij

)
, i, j = 1, 2, . . . , n, (3)

that is, the logarithm of the triangular fuzzy score
∼
a I J can still be viewed as an approximate

triangular fuzzy number, whose membership function can be defined as follows:

µij

(
ln

(
wi
wj

))
=


ln (wi/wj)−ln lij

ln mij−ln lij
, ln
(

wi
wj

)
≤ ln mij

ln uij−ln(wi/wj)
ln uij−ln mij

, ln
(

wi
wj

)
≥ ln mij

(4)

where µij

(
ln
(

wi
wj

))
is the membership degree of ln

(
wi
wj

)
belonging to the approximate

triangular fuzzy score ln
∼
a I J ≈

(
lnlij, lnmij, lnuij

)
, and wi is the crisp values of the prior-

ity vector

W = (w1, . . . , wn)
T > 0,

n

∑
i

wi = 1). (5)

It is necessary to find a crisp priority vector to maximize the minimum member-
ship degree

λ = min
{

µij
(
ln
(
wi/wj

))
| i = 1, . . . , n − 1; j = i + 1, . . . , n

}
(6)

The resulting model can be constructed as

Maxλs. t.
{

µij
(
ln
(
wi/wj

))
≥ λ, i = 1, . . . , n − 1; j = i + 1, . . . , n

wi ≥ 0, i = 1, . . . , n,
(7)

or
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Max1 − λ
s. t.

lnwi − lnwj − λ· ln (m ij/lij
)
≥ lnlij, i = 1, . . . , n − 1; j = i + 1, . . . , n,

−lnwi + lnwj − λ· ln (u ij/mij

)
≥ −lnuij, i = 1, . . . , n − 1; j = i + 1, . . . , n,

wi ≥ 0, i = 1, . . . , n.

(8)

In order to avoid a degree of membership λ taking a negative value, the variables of
non-negative deviation δij and ηij for i = 1, . . ., n − 1, and j = 1, . . ., n are introduced to
satisfy the following inequalities:

lnwi − lnwj − λ· ln (m ij/lij
)
+ δij ≥ lnlij, i = 1, . . . , n − 1; j = i + 1, . . . , n,

−lnwi + lnwj − λ· ln (u ij/mij

)
+ ηij ≥ −lnuij, i = 1, . . . , n − 1; j = i + 1, . . . , n,

(9)

The values of deviation variables are most desired to be as small as possible. Accord-
ingly, the following nonlinear priority model based on LFPP is proposed to calculate the
weight (wi):

Min J = (1 − λ)2 + M·
n−1
∑

i=1

n
∑

j=i+1

(
δ2

ij + η2
ij

)

s. t.


xi − xj − λ· ln (m ij/lij

)
+ δij ≥ lnlij, i = 1, . . . , n − 1; j = i + 1, . . . , n,

−xi + xj − λ· ln
(
uij/mij

)
+ ηij ≥ −lnuij, i = 1, . . . , n − 1; j = i + 1, . . . , n,

λ, xi ≥ 0, i = 1, . . . , n,
δij, ηij ≥ 0, i = 1, . . . , n − 1; j = i + 1, . . . , n.

(10)

where xi,j = ln wi,j for i = 1, . . ., n, j = i + 1, . . ., n, and M is a sufficiently large constant
(M = 103).

Let x∗i (i = 1, . . . , n) be the optimal solution for model (9). The normalized weights

for the matrix
∼
A =

(∼
a I J

)
n×n

can be obtained as follows:

wi
∗ =

ex∗i

∑n
j=1 ex∗j

, i = 1, . . . , n, (11)

This method gives crisp normalized weights. To control the result, the consistency
ratio CR is calculated for each matrix as follows:

CR = CI/RI. (12)

CI represents the consistency index and is calculated as follows:

CI =
λmax − n

n − 1
, (13)

where λmax is a principal eigenvalue of matrix
∼
A, and RI is a random index whose values

for matrices of different sizes are given by Saaty [88]. Comparisons are only acceptable if
CR values are less than 0.10.

Step 5: An evaluation of the defined alternatives according to the defined criteria is
carried out by the experts in the same way as in the case of the criteria evaluation.

Step 6: The fuzzy ADAM method is used to rank the alternatives according to the
criteria and select the most favorable one.
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The following matrix is defined:

∼
E =

[∼
e qj

]
g×n

, (14)

where
∼
e qj = (pe, re, te ) is the evaluations of alternatives q in relation to criteria j, and g is

the number of alternatives.
The following matrix is defined:

∼
F =

[∼
f qj

]
g×n

, (15)

where
∼
f qj =

(
p f , r f , t f

)
represents the normalized evaluations eqj obtained as

p f = pe

maxte

r f = re

maxte

t f = te

maxte

(16)

The following matrix is defined:

∼
S =

[∼
s qj

]
g×n

(17)

where
∼
s qj(ps, rs, ts) denotes the evaluations of

∼
f qj sorted in descending order.

Fuzzy coordinates
(∼

vqj,
∼
yqj,

∼
zqj

)
, of the fuzzy reference

∼
Oqj and fuzzy weighted refer-

ence
∼
Nqj points are determined:

∼
vqj = (pvqj , rvqj , tvqj) = (psqj × sinαj, rsqj × sinαj, tsqj × sinαj), ∀q = 1, . . . , g; ∀j = 1, . . . , n;
∼
yqj = (pyqj , ryqj , tyqj) = (psqj × cosαj, rsqj × cosαj, tsqj × cosαj), ∀q = 1, . . . , g; ∀j = 1, . . . , n;

∼
zqj = (pzqj , rzqj , tzqj) =

 (0, 0, 0), f or
∼
Oqj

(pwj , rwj , twj), f or
∼
Nej

, ∀q = 1, . . . , g; ∀j = 1, . . . , n;

(18)

where αj is obtained as follows:

αj = (j − 1)
90◦

n − 1
, ∀j = 1, . . . , n. (19)

Fuzzy coordinates are used to form complex polyhedra for each alternative.
Polyhedra are made of pyramids obtained for each pair of criteria as combinations of

all possible reference and weighted reference points.
Then, fuzzy values of the volume of complex polyhedra are obtained as

∼
V

C

q = ⊕n−1
k=1

∼
Vk, ∀q = 1, . . . , g; (20)

where
∼
Vk is fuzzy volumes of the pyramids determined by each pair of two consecutive

criteria, obtained as
∼
Vk =

1
3

B̌k ⊗
∼
hk, ∀k = 1, . . . , n − 1; (21)
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where
∼
Bk is fuzzy values of the surface areas of the pyramid bases, calculated as

∼
Bk =

∼
c k ⊗

∼
ak ⊕

∼
ak ⊗

(∼
bk ⊖

∼
c k

)
2

, (22)

where
∼
ak = (pak , rak , tak ) is fuzzy values of Euclidean distances in which

pak = min
(√(

tvj+1 − pvj)
2 +

(
tyj+1 − pyj)

2 ,
√(

pvj+1 − tvj)
2 +

(
pyj+1 − tyj)

2 ,

rak =

√(
rvj+1 − rvj)

2 +
(

ryj+1 − ryj)
2

tak = max
(√(

tvj+1 − pvj)
2 +

(
tyj+1 − pyj)

2 ,
√(

pvj+1 − tvj)
2 +

(
pyj+1 − tyj)

2
) (23)

∼
bk =

(
pbk , rbk , tbk

)
and

∼
c k = (pck , rck , tck ) are equal to:

∼
bk =

∼
z j (24)

∼
c k =

∼
z j+1 (25)

Following Equations (23)–(25), Equation (22) can be expressed as
∼
Bk =

(
pBk , rBk , tBk

)
,

where
pBk = pck × pak +

pak×(pbk−tck )
2

rBk = rck × rak +
rak×(rbk−rck )

2

tBk = tck × tak +
tak×(tbk−pck )

2

(26)

∼
hk =

2

√
∼
s k

(∼
s k −

∼
ak

)(∼
s k−

∼
dk

) ∼
(s k −

∼
e k

)
∼
ak

(27)

where
∼
hk is the fuzzy values of the height of the pyramid, and

∼
s k is the fuzzy values of

the semicircumference of the triangles defined by the reference points of two consecutive
criteria and the coordinate origin.

∼
s k =

∼
ak⊕

∼
dk ⊕

∼
e k

2
, (28)

where
∼
dk can be expressed as

∼
dk =

(
pdk , rdk , tdk

)
, where

pdk =
√
(pvj)

2 + (pyj)
2

rdk =
√
(rvj)

2 + (ryj)
2

tdk =
√
(tvj)

2 + (tyj)
2

(29)

and
∼
e k can be expressed as

∼
e k = (pek , rek , tek ), where

pek =
√
(pvj+1)

2 + (pyj+1)
2

rek =
√
(rvj+1)

2 + (ryj+1)
2

tek =
√
(tvj+1)

2 + (tyj+1)
2

(30)
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Following Equations (29) and (30), Equation (28) can be expressed as
∼
s k = (psk , rsk , tsk ),

where
psk = pak+pdk+pek

2

rsk = rak+rdk+rek
2

tsk = tak+tdk+tek
2

(31)

And, Equation (27) can be expressed as
∼
hk =

(
phk , rhk , thk

)
, where

phk =
2
√

psk |psk−tak ||psk−tdk ||psk−tek |
tak

rhk =
2
√

rsk |rsk−rak ||rsk−rdk ||rsk−rek |
rak

thk =
2
√

tsk |tsk−pak ||tsk−pdk ||tsk−pek |
pak

(32)

According to the transformed Equations (22) and (28), Equation (21) can be expressed

as
∼
Vk =

(
pVk , rVk , tVk

)
, where

pVk = pBk×phk

3

rVk = rBk×rphk

3

tVk = tBk×thk
3

(33)

and Equation (20) can be expressed as
∼
V

C

q =
(

pVC
q , rVC

q , tVC
q
)

, where

pVC
q =

n−1
∑

k=1
pVk

rVC
q =

n−1
∑

k=1
rVk

tVC
q =

n−1
∑

k=1
tVk

(34)

Alternatives are ranked according to crisp values (adapted from [89])

Crisp
(∼

V
C

q

)
=
(

4 × rVC
q + tVC

q + 2pVC
q
)

/3
(

tVC
q − 2pVC

q
)

(35)

4. Methodology Application for the Selection of I4.0 Technology for LML

The technologies most often considered in the context of I4.0 in logistics are [66]
additive manufacturing, advanced robotics, artificial intelligence, augmented reality, au-
tomatically guided vehicles, drones, and autonomous vehicles, big data and data mining,
blockchain, e/m-marketplaces, the Internet of things, and cloud-computing-supported
management and control systems.

Additive manufacturing (A1), or 3D printing, involves creating objects layer by layer
from digital models. It enables the complex and customized design and fast production of
items. Some authors (e.g., [90]) believe that additive manufacturing can lead to changes
similar to those caused by the advent of personal computers and the Internet. In LML,
this technology is applied through the implementation of “fab shops” in which additive
production is carried out and from which delivery is made to users, but also through
production in the households of end users [13]. In the field of additive manufacturing,
various decisions require the use of MCDM methods [91].

Advanced Robotics (A2) includes designing and developing robots with sophisticated
capabilities, precision, efficiency, and autonomous action. They are used in production,
healthcare, research, and logistics to perform various tasks. In LML, they are used for
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activities in logistics centers (warehousing processes, order picking, palletizing, etc.) [92],
performing partial or complete deliveries [13].

Artificial Intelligence (AI) and Augmented Reality (AR) (A3) are technologies whose
applications may also have significance for LML. AI refers to developing machines capable
of intelligent behavior while AR overlays digital information with the real world. These
technologies enhance human capabilities, experiences, and decision making. Artificial
intelligence methods, such as neural networks, genetic algorithms, the ant colony opti-
mizer, the fuzzy logic model, etc., are applied in various fields [84,93–96]. Some of the
applications in LML are various operations in warehouses and logistics centers, dynamic
data analysis and intelligent delivery scheduling, demand and delivery time forecasting,
distribution optimization and shipment tracking, projecting movement information onto
vehicle windshields during transportation, etc. [13].

Automated guided vehicles (AGVs), drones, and autonomous vehicles (AVs) (A4) are
transportation systems with a certain degree of autonomy. They are used both in logistics
centers and for the delivery itself. AGVs transport materials in controlled environments,
drones perform aerial operations for various purposes, and AVs are most commonly used
for ground-based autonomous delivery. These technologies are often integrated with other
traditional or modern technologies. Thus, drones are often combined with trucks and other
conventional freight road vehicles [27], but also with solutions such as tricycles [97].

Big Data and Data Mining (A5) are also increasingly used in logistics, including
LML. Big data refers to large amounts of information generated and collected from various
sources. Data mining is the process of analyzing those data to uncover trends and useful
information. These technologies are widely used in business, healthcare, research, etc. In
LML, they have been applied for the real-time routing optimization of delivery vehicles,
planning, and implementation of crowd delivery processes [98].

Blockchain (A6) is a decentralized data storage system that uses a series of linked
blocks to ensure the transparency and security of transactions. The key characteristics of
blockchain technology, essential for logistics and supply chains, are anonymity, persistence,
decentralization, and verifiability [99]. This technology, often associated with cryptocur-
rencies, can be used for supply chain tracking, logistics, and digital records, and has great
potential for LML applications. Currently, it is applied [13] for collecting commodity data,
security monitoring, delivery assurance, and the cooperation of courier express and parcel
services (CEPs) for establishing micro-hubs.

E/M-marketplaces (A7) have received growing attention in recent decades. E-marketplace
implies a form of electronic trade on the Internet where goods and services can be bought
and sold. M-marketplace refers to the mobile market, where trade takes place via mobile
devices. These platforms are practical and offer a wide range of products worldwide.
Delivery in the last mile can be generated by different systems of ordering goods (in person,
by phone, by mail, by fax, interactive TV, etc.), initiated by ordering via the Internet, i.e.,
e/m-marketplaces [65].

Internet of Things (IoT) (A8) involves connecting different entities to the Internet to
exchange data and communicate with each other. This technology is applied in smart
homes, industry, healthcare, etc. It is also widely applied in logistics [100]. In LML, it
is used, among others, for real-time tracking, vehicle data collection, goods and security
tracking, delivery assurance, virtual customer addressing, etc. [13].

Cloud Computing-supported management and control systems (CC-supported MCSs)
(A9) are technologies that help to manage and control business processes. These include
software for inventory tracking, project management, data analytics, and similar tools
that facilitate decision making and the efficient management of organizations. Systems
such as electronic data interchange (EDI), enterprise resource planning (ERP), intelligent
transportation systems (ITSs), etc., are used in LML independently or in integration with
other technologies for the digitization and monitoring of activities in the logistics system,
optimization of delivery time and distance, organization of crowd delivery, etc. [13].
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The considered criteria are divided into three groups [32]: technological (C1): organiza-
tional readiness, implementation complexity, security, degree of development, adaptability,
integration possibility (modularity), standardization possibility; economic (C2): investment
costs, logistics services quality, impact on the labor market, efficiency of energy consump-
tion; political–social (C3): safety, regulatory framework, political framework, cultural
framework, and environmental impact (Figure 2, Table 4).

Organizational readiness (C11) determines the number of changes within the orga-
nization, such as changes in business procedures and operations, required to achieve the
technology’s full potential. Although almost all I4.0 technologies, in a certain sense, have
disruptive characteristics significantly different from the previous ones, those that require
more changes in the organization are less favorable. Additive manufacturing, advanced
robotics, artificial intelligence, AGVs, and AVs imply significant organizational changes.
Therefore, the score according to this criterion is lower than for other technologies.

Mathematics 2024, 12, x FOR PEER REVIEW 14 of 30 
 

 

The considered criteria are divided into three groups [32]: technological (C1): organ-
izational readiness, implementation complexity, security, degree of development, adapt-
ability, integration possibility (modularity), standardization possibility; economic (C2): in-
vestment costs, logistics services quality, impact on the labor market, efficiency of energy 
consumption; political–social (C3): safety, regulatory framework, political framework, 
cultural framework, and environmental impact (Figure 2, Table 4). 

 

Figure 2. Criteria network. 

Table 4. Criteria for evaluating alternatives. 

Technological Criteria (C1) Description Source(s) 

Organizational readiness (C11) 
The number of changes within the organization implies 
procedures, employees, etc., required to realize the full 

potential of the technology 
[32,101–103] 

Implementation complexity (C12) 
The amount of effort required to implement the technology 

implies workforce training, software, hardware, and 
supporting systems 

[32] 

Security (C13) 
Implies the vulnerability of technology to unauthorized 

download, misuse, or deletion of data [32,101] 

Degree of development (C14) 
The degree of technology development, the activities for 

which it is applied, and the methods of application [32] 

Figure 2. Criteria network.



Mathematics 2024, 12, 2010 15 of 29

Table 4. Criteria for evaluating alternatives.

Technological Criteria (C1) Description Source(s)

Organizational readiness (C11) The number of changes within the organization implies
procedures, employees, etc., required to realize the full

potential of the technology

[32,101–103]

Implementation complexity (C12) The amount of effort required to implement the
technology implies workforce training, software,

hardware, and supporting systems

[32]

Security (C13) Implies the vulnerability of technology to unauthorized
download, misuse, or deletion of data

[32,101]

Degree of development (C14) The degree of technology development, the activities for
which it is applied, and the methods of application

[32]

Adaptability (C15) Ability to modify and/or improve technology to adapt
to changes in the business environment

[3,104]

Integration possibility (C16) Compatibility and likelihood of joint application with
other technologies and concepts

[32,101,104]

Standardization possibility (C17) Possibility of standardization of technological aspects,
such as processes, procedures, equipment, etc.

[32,103]

Economic criteria (C2) Description Source (s)

Investment costs (C21) Costs of equipment, software, worker training,
technology development, and implementation [32,103,105,106]

Logistics service quality (C22)
Reliability, speed, user needs understanding, flexibility,

availability, accuracy, visibility, traceability, real-time
monitoring, sustainability, etc.

[32,102,103]

Impact on the labor market (C23) Effect on increasing or decreasing the number of jobs or
their transformation [32]

Efficiency of energy consumption (C24) Degree of efficiency of use and protection of limited
energy resources [32,105]

Political–social criteria (C3) Description Source (s)

Safety (C31) Impact on the safety of the environment, population,
ecosystem, facilities, workforce, etc. [6,32]

Regulatory framework (C32) Favorability of legal conditions at different levels [6,32,101,103]

Political framework (C33) Favorability of political conditions at different levels,
influence of political entities, degree of political will [32]

Cultural framework (C34) Favorability of cultural conditions, degree of acceptance
of innovations [32,102,103]

Environmental impact (C35)
Effects on the environment in terms of greenhouse gases,

noise, vibrations, particulate emissions, waste
generation, space occupation, etc.

[6,32,101]

Implementation complexity (C12) implies effort required to implement the technology,
including finding the right workforce, training and education, software and hardware
development, and developing and implementing various supporting systems [32]. Some
technologies are particularly complex to implement due to the necessary and complex
training (e.g., additive manufacturing) or the required infrastructure (e.g., specialized
sensors and network infrastructure for IoT, infrastructure for the movement of AGVs
and AVs, infrastructure for the takeoff and landing of drones, etc.). Some are somewhat
simpler to implement, but even those face certain challenges (e.g., adapting to the specific
organization’s needs).

Security (C13) refers to the vulnerability of technology in terms of the unauthorized
download, misuse, or deletion of data. Most of the I4.0 technologies exchange a large
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amount of sensitive data and are therefore more or less susceptible to abuse by persons who
want to harm their users or to achieve their benefit in some way. There are risks related to
electronics, operating systems, and other software, networking, machines, and people [107],
and they can refer to the introduction of the I4.0 concept or certain technologies. The level
of risk of misuse, their potential consequences, ways, and complexity of solving risks and
consequences determine the level of acceptability of technologies according to this criterion.
The risks of endangering the security and privacy of data with technologies such as big
data, IoT, and CC-supported MCSs are particularly pronounced, as are the risks of the
unauthorized and harmful modification of the algorithms on which artificial intelligence,
AR, and advanced robotics are based. Another important barrier to using drones concerns
security and privacy issues [28,108].

Degree of development (C14) implies the level of the technology development, i.e.,
whether it is in the stage of an idea, concept, pilot, or real-life application [32], as well as the
areas and activities for which it is applied. Technologies in later stages of development and
with a wider range of applications are more likely to be considered for LML. Technologies
such as additive manufacturing are not sufficiently developed for widespread use in LML
and are still in the pilot project phase. However, solutions widely used in LML are e/m-
marketplaces, the main generators of deliveries in the last mile, and the CC-supported MCS.
Other solutions that have already been implemented still have significant development
potential but require improvements (e.g., security risks, challenges of full autonomy in the
A4 alternative, etc.). Also, additional affirmation of adopting these technologies in LML
is needed.

Adaptability (C15) implies the possibility of modifying and/or improving technology
to adapt to changes in the working environment [32]. Schließmann [109] believes that
adaptability makes human work superior to technology. As in the case of the possibility
of integration, adaptability is a desirable and often represented characteristic of all I4.0
technological solutions in LML, but there are also certain peculiarities and differences
between technologies. For example, advanced robotics can be reprogrammed and adapted
to different work tasks, types of goods, logistics units, etc. Artificial intelligence implies
algorithms that can be easily changed. AR enables easy changes in the way that information
is displayed. The inherent properties of additive manufacturing are adaptability and
variability according to user needs. However, some experts emphasize the flexibility and
adaptability provided by blockchain and IoT [110].

Integration possibility (modularity) (C16) implies compatibility and the probability of
joint application of I4.0 technologies, as well as application with other, earlier, current, or
future technologies and concepts [32]. Highly compatible and modular technologies are
significantly more favorable for application. Although one of the general characteristics
and qualities of almost all I4.0 technologies is the possibility of integration, there are certain
differences. Thus, additive manufacturing has a lower integration possibility than other
technologies, while there are numerous integration examples of technologies, such as AI,
CC-supported MCSs, and IoT [73,74,76,77,111].

Standardization possibility (C17) refers to certain technological aspects, such as pro-
cesses, procedures, or equipment [32]. Standardization is key to adopting I4.0 technolo-
gies [112]. The greater the standardization possibility, the more suitable the technology is
for application in LML. A certain degree of standardization has been achieved in applying
the technologies in question. However, additional standardization is being sought and
worked on, which can be challenging due to various tasks. Standardization possibility
is generally less, with technologies still at a lower level of development given that the
characteristics of these technologies are still different, insufficiently uniform, etc.

Investment costs (C21) include equipment, software, employee training, technology
development, and implementation. Technologies that require higher investment, especially
in the initial stages of implementation, are less favorable. Investments depend on the char-
acteristics of the technologies. Thus, in the case of additive manufacturing, it is necessary
to acquire printers, materials for production, modeling software, etc. In the application
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of IoT, the purchase and implementation of sensors and IoT devices for monitoring and
collecting data on inventory, transportation, storage, etc., are required. The application of
CC requires a subscription to cloud platform services, implementation, etc.

Logistics service quality (C22) refers to various aspects, such as reliability, speed,
understanding and analysis of user needs, flexibility, availability, accuracy, visibility, trace-
ability, monitoring of logistics flows in real time, sustainability, etc. [32,113,114]. Although
one of the main goals of applying I4.0 technologies in LML is precisely to increase the
quality of logistics services, in this context, additive manufacturing, advanced robotics, arti-
ficial intelligence, and blockchain stand out, making a special contribution [113]. However,
certain technologies can improve service quality, especially in certain areas of logistics (e.g.,
IoT in cold chain logistics) [115].

Impact on the labor market (C23) implies the effect on increasing or decreasing the
number of jobs or their transformation, i.e., potential simplification or complexity of
work tasks, etc. Automation and digitization reduce the need for manual work, so there
may be a reduction in the number of jobs [32]. On the other side, their introduction
can lead to the transformation of work positions, i.e., the creation of new, simpler jobs,
primarily in the field of technology supervision [110]. Since LML jobs can be physically
demanding, highly automated technologies affect an aging workforce [116]. However,
there are challenges in retraining and training the workforce, with the scale of these
challenges depending on the complexity and user-friendliness of the technology. Opinions
are divided about the impact of certain technologies on the labor market. Thus, while some
experts believe that advanced robotics will completely replace people in warehouses, which
will resemble “robot beehives”, others believe that people and robots will perform work
tasks together [110]. Based on the above, it can be concluded that the assessment of each
technology according to this criterion reflects its effects on the number of jobs, complexity
of work tasks, training needs, etc.

Efficiency of energy consumption (C24) refers to the protection of limited energy
resources, i.e., the use of alternative energy sources, the use of renewable energy, lower
consumption, and better use of energy [32]. Technologies that enable more efficient energy
consumption are significantly more favorable. Research shows that some technologies can
reduce energy consumption to a greater extent, e.g., additive manufacturing [117], AR [118],
and IoT [119,120], or, to a lesser extent, e.g., advanced robotics [121].

Safety (C31) refers to the positive or negative impact of the technology application
on the environment (population, ecosystem, facilities, etc.), the workforce involved in the
process, etc. Although the goal is to maximize safety, none of the I4.0 technologies are
absolutely safe. As already stated, most of these systems imply greater digitization and
automation, that is, the performance of numerous functions without constant, direct human
control. Given that technologies can often achieve greater precision, continuity, speed,
and uniformity of work, they provide greater safety. However, the absence of direct and
continuous control, numerous unresolved technical and technological challenges, insuffi-
cient worker adaptation to the new technologies, and malicious behavior of individuals
aimed at taking control over technologies contribute to the fear of the I4.0 technologies
application in LML. The main risks are the drone falling or being misused and consequently
endangering the health and lives of people and the environment, displaying unwanted,
confusing, and harmful information on AR devices, malicious modification of artificial
intelligence algorithms and advanced robots, etc.

Regulatory framework (C32) includes legal mechanisms at different levels (local,
national, and international) and represents the legal basis and prerequisite for technology
application. The essence of this criterion is legal obstacles and ways to solve them. The most
common obstacles in this context are [122] the complexity of determining the subject, i.e.,
areas of legal regulation; the lack of developed legal categories and concepts; the problem of
the inertia of legal regulation, i.e., the imbalance between the speed of adoption of laws and
the fulfillment of expectations; the lack of legal means to minimize risks to people; the need
to develop new criteria for the quality of legislation and the complexity of their definitions;
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the lack of favorable national jurisdiction; and the problem of ensuring digital sovereignty.
The evaluation of technologies depends on the extent of these obstacles and the complexity
of their solutions. For example, legal challenges related to data security and privacy exist in
technology applications such as CC and big data, particularly in the application of IoT [123].
Additionally, the greatest barrier to drone use is the lack of appropriate regulations [28].

Political framework (C33) refers to the actions taken by administrations at different
levels (city, state, and international) and other political actors to affirm or degrade certain
technologies. The results of these actions are seen in the form of development strategies,
plans, incentives, or subsidies [32], but also in positive or negative media campaigns. The
support of the administration and political elites for the development of certain technologies
in most countries leads to their wider application. However, resistance from certain, usually
conservative, political subjects to technological development or certain achievements often
affects the acceptability of I4.0 technologies among their followers.

Cultural framework (C34) refers to tradition, historical development, value system,
way of life, openness, propensity for innovation, etc. The acceptability of innovations
depends not only on the technology type and characteristics but also on the culture or
society in which they should be accepted. Technologies that require more radical changes in
people’s habits and perceptions tend to be less favorable and less acceptable. In this sense,
technologies that directly replace and imitate human physical or mental work (advanced
robotics, artificial intelligence), and especially delivery vehicles (AGVs, AVs, and drones)
receive greater visibility and attention, and thus a greater number of well-founded or
unfounded criticisms, which are most visible to end users. Some users do not have a high
level of education and information about scientific and technological development. The
good or bad cultural perception of certain technologies is also contributed by the user’s
experience with commercial applications. An example is the application of the well-known
AR-based Pokemon game, which experienced great popularity among fans of the animated
series of the same name but also received negative reviews and was even banned in some
countries due to accidents during its use. Although the “fear of the unknown” and the
new also exist when it comes to the application of technologies such as blockchain or
big data, these technologies are largely related to computer systems, which have become
widely accepted due to decades of mass application. Additionally, just as the positive
aspects of technologies like drones are more obvious, representative, and attractive to the
wider community, their negative aspects are also more in focus compared to technologies
like big data. This is because the lack of knowledge, ‘invisibility’, and intangibility of
such technologies contribute to less interest in the potential risks and dangers that they
may bring.

Environmental impact (C35) implies the effects of technology in terms of greenhouse
gases, noise, vibrations, particle emissions, waste generation, occupation of public spaces,
etc. At the same time, there are effects of exploitation, but also effects of the production
and implementation of technologies and the infrastructure that they require. Automation,
digitization, and integration, as the basic processes and characteristics of I4.0 technologies,
require the introduction of new equipment and infrastructure, which, on the other side,
leads to the additional consumption of materials, energy, issues of dealing with old equip-
ment, etc. [124]. The impacts of I4.0 technologies on the environment are twofold [121],
which could be explained using the drone example. Although the application of drones
reduces the use of road transport and its numerous negative effects on the environment,
there are also some bad environmental effects. The range and payload of drones for com-
mercial delivery are still small. Therefore, their application requires the construction of
many logistics centers, which implies the occupation of significant space. Also, research
indicates that the toxicity caused by the production of drone parts is not negligible [125].
Finally, drones can threaten parts of the ecosystem (e.g., birds) and create noise.

To define the input data (existence and intensity of mutual influence and dependence of
the criteria, their importance, and evaluation of alternatives according to them), 30 experts
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with different years of experience were interviewed, half of them from the field of LML, or
city logistics, and half from the field of I4.0 (Table 5).

Table 5. Characteristics of focus group members.

Sector Number of Experts Years of Experience

Last-mile logistics/City
logistics

4 <5
6 5–15
5 >15

Industry 4.0
4 <5
7 5–15
4 >15

They determined whether there is mutual dependence between the criteria, both
within groups of criteria and between them (Table A1). Most experts from the first sector
were primarily guided by the technological functionalities, possibilities, and advantages
of applying technologies in city logistics and LML. That is why these experts gave the
greatest importance to technological criteria and investment costs, as an unavoidable
economic criterion, but also to criteria more directly related to logistics, such as logistics
service quality. For all experts in this sector, the technological criteria of implementation
complexity and organizational readiness are among the most important, and are largely
expected and logical, but also indicative, bearing in mind their personal professional
experiences, knowledge of business practice, its organizational aspects, and development
projects. However, as expected, the technological criteria had the greatest importance for
experts in the field of I4.0. These experts also consider implementation complexity and
organizational readiness, characterized by a strong mutual connection, to be very important.
That is why these two criteria gained the most importance in the combined evaluations
of the two sectors. Most experts from both sectors also highlighted the safety criterion as
important, which is justified considering the importance of protecting people, property,
and the environment from potential safety risks.

An example of the evaluation of the importance of criterion C11 according to criterion
C17 by experts from both sectors is shown in Table 6. For easier notation, the evaluation

labels
∼
E

i,j

k are shown as Ek. The arithmetic mean of the evaluations of all experts is equal
(5.83, 6.83, 7.83), so the evaluation (6, 7, 8), i.e., “High” (H), was taken as the unit evaluation
of the entire focus group. The arithmetic mean of city logistics/LML experts’ evaluations
(6.27, 7.27, 8.27) is slightly higher, and the arithmetic mean of I4.0 experts’ evaluations
is slightly lower (5.40, 6.40, 7.40) than the arithmetic mean of all experts’ evaluations.
According to experts from the first sector, the importance of organizational readiness
concerning standardization possibility is “High” while, according to experts from the
second sector, it is “Fairly high”.

Table 6. Evaluations of the importance of criterion C11 in relation to criterion C17 by experts.

Last-Mile Logistics/City Logistics

E11 E14 E4 E13 E3 E6 E7 E12 E2 E4 E5 E8 E10 E1 E9 mean

(4, 5,
6)

(4, 5,
6)

(5, 6,
7)

(5, 6,
7)

(6, 7,
8)

(6, 7,
8)

(6, 7,
8)

(7, 8,
9)

(7, 8,
9)

(7, 8,
9)

(7, 8,
9)

(7, 8,
9)

(7, 8,
9)

(8, 9,
10)

(8, 9,
10)

(6.27,
7.27,
8.27)

“M” “M” “FH” “FH” “FH” “H” “H” “VH” “VH” “VH” “VH” “VH” “VH” “EH” “EH” “H”

Industry 4.0

E17 E22 E16 E20 E25 E28 E15 E18 E19 E21 E23 E24 E30 E26 E29 mean

(3, 4,
5)

(3, 4,
5)

(4, 5,
6)

(4, 5,
6)

(4, 5,
6)

(4, 5,
6)

(5, 6,
7)

(5, 6,
7)

(6, 7,
8)

(6, 7,
8)

(7, 8,
9)

(7, 8,
9)

(7, 8,
9)

(8, 9,
10)

(8, 9,
10)

(5.40,
6.40,
7.40)

“FL” “FL” “M” “M” “M” “M” “FH” “H” “H” “H” “VH” “VH” “VH” “EH” “EH” “FH”
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Based on focus group interviews, criteria comparison matrices were defined by pairs
(Equations (1) and (2)). The pairwise comparison of groups and the criteria within groups
are shown in Table 7. In the same way, a comparison of pairs of criteria belonging to differ-
ent groups was performed. They were then transformed into fuzzy triangular numbers
according to Table 3.

Table 7. Mutual comparison of criteria and groups of criteria.

Technological Criteria Economic Criteria

C11 C12 C13 C14 C15 C16 C17 C21 C22 C23 C24

C11 “N” “L” “FL” “M” “H” “H” C21 “L” “M” “FH”
C12 “L” “FL” “M” “H” “H” C22 “FL” “FH”
C13 “L” “FL” “FH” “FH” C23 “VL”
C14 “L” “FL” “FL” C24
C15 “VL” “VL”
C16 “N”
C17

Political and Social Criteria Criteria Groups

C31 C32 C33 C34 C35 C1 C2 C3

C31 “N” “FL” “M” “H” C1 “L” “FL”
C32 “L” “FL” “FH” C2 “VL”
C33 “FL” “M” C3
C34 “FL”
C35

Based on Equations (3)–(6), the logarithms of these matrices, the membership functions
of approximate triangular fuzzy numbers, the priority vector, and the minimum degree of
membership are obtained, respectively. After that, the minimum membership degree is
maximized with the given constraints (Equations (7) and (8)). To avoid the membership
degrees taking a negative value, additional variables are introduced to fulfill Equation (9).
Since the values of deviation variables should be as small as possible, a nonlinear priority
model based on LFPP is introduced to calculate the weight (Equation (10)). Then, according

to Equation (11), the normalized weights for the matrix
∼
A are determined. Based on

Equations (12) and (13), the consistency index and coefficient are calculated. For all criteria
comparison matrices, the values of this coefficient are less than 0.1, which means that the
evaluations are consistent. The result of applying the ANP method is the criteria weight
vector [0.130, 0.192, 0.070, 0.061, 0.016, 0.009, 0.010, 0.103, 0.047, 0.031, 0.015, 0.106, 0.067,
0.043, 0.082, 0.016] for C11, C12, . . ., C34, and C35, respectively.

Overall evaluations of the alternatives according to the criteria, obtained after inter-
viewing the focus group in the same way as in the case of criteria, are given in Table 8. It can
be seen that there are no drastic differences in the evaluations of the alternatives according
to the criteria; that is, most of them range from “Fairly low” (3, 4, 5) to “Very high” (7, 8, 9).
The opinions of experts from the first sector are mostly influenced by their experiences and
knowledge about the qualities and risks of applying certain technologies in LML, which
they confirmed. Although there were similarities in many evaluations between the two
sectors, experts from the second sector influenced the structure of alternatives evaluations
toward a more critical attitude. This is certainly a consequence of better knowledge of the
various features of these technologies and important aspects of their development. It is
interesting that experts from the first sector with fewer years of experience better favored
solutions with great visual appeal, such as augmented reality and autonomous vehicles,
than the rest of the experts from the same sector and experts from the second sector, who
make up the majority and whose evaluations are therefore certainly influenced by the better
ranking of other alternatives.
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Table 8. Alternatives evaluation (ADAM method).

C11 C12 C13 C14 C15 C16 C17 C21 C22 C23 C24 C31 C32 C33 C34 C35

A1 “FL” “FL” “VH” “L” “VH” “H” “M” “FL” “VH” “FL” “EH” “H” “FH” “FH” “M” “H”
A2 “M” “H” “FH” “FH” “EH” “VH” “FH” “FL” “EH” “M” “H” “FH” “M” “H” “M” “FH”
A3 “M” “H” “M” “H” “EH” “EH” “VH” “FL” “EH” “H” “VH” “M” “FL” “FH” “M” “H”
A4 “M” “FL” “M” “H” “FH” “VH” “FH” “M” “H” “M” “FH” “M” “FL” “FH” “M” “M”
A5 “H” “H” “M” “H” “EH” “VH” “VH” “H” “FH” “VH” “FH” “FH” “M” “H” “VH” “VH”
A6 “FH” “VH” “H” “FH” “VH” “H” “FH” “H” “EH” “VH” “FH” “VH” “H” “H” “VH” “VH”
A7 “H” “H” “H” “VH” “EH” “EH” “H” “H” “FH” “FL” “FH” “H” “EH” “VH” “EH” “EH”
A8 “H” “FL” “FH” “EH” “VH” “EH” “VH” “FH” “VH” “FH” “EH” “H” “L” “FH” “H” “VH”
A9 “VH” “M” “M” “VH” “EH” “VH” “H” “H” “H” “H” “H” “VH” “FH” “EH” “VH” “VH”

The values shown in Table 8 are transformed into fuzzy values according to Table 3
(Equation (14)). Then, these values are normalized (Equations (15) and (16)) and sorted

in descending order (Equation (17)). Then, fuzzy coordinates of the fuzzy reference
∼
Oqj

and fuzzy weighted reference
∼
Nqj points are determined, which are used to form complex

polyhedra for each alternative (Equations (18) and (19)). Then, the fuzzy values of the
volumes of complex polyhedra are obtained (Equations (20)–(34)). Finally, based on the
crisp values of the alternatives (Equation (35)) and the software application, the final
ranking is obtained (Table 9).

Table 9. Ranking of alternatives according to criteria (ADAM method).

Alternatives Volume Rank

A1 0.026570 7
A2 0.026451 8
A3 0.027665 6
A4 0.021221 9
A5 0.032206 4
A6 0.033538 3
A7 0.037400 1
A8 0.031686 5
A9 0.035496 2

When solving various mathematical problems, a small change in the input data can
lead to significant changes in the results, which may indicate that the solution is not stable
enough. Therefore, a sensitivity analysis of the obtained solution was carried out. In
addition to the basic scenario (Sc. 0), the results of which were previously presented,
18 other scenarios were defined (Table 10).

Table 10. Criteria weights in scenarios.

C11 C12 C13 C14 C15 C16 C17 C21 C22 C23 C24 C31 C32 C33 C34 C35

Sc. 0 0.13 0.192 0.07 0.061 0.016 0.009 0.01 0.103 0.047 0.031 0.015 0.106 0.067 0.043 0.082 0.016
Sc. 1 0.13 0.144 0.07 0.061 0.016 0.009 0.01 0.103 0.047 0.031 0.015 0.106 0.067 0.043 0.082 0.016
Sc. 2 0.13 0.096 0.07 0.061 0.016 0.009 0.01 0.103 0.047 0.031 0.015 0.106 0.067 0.043 0.082 0.016
Sc. 3 0.13 0.048 0.07 0.061 0.016 0.009 0.01 0.103 0.047 0.031 0.015 0.106 0.067 0.043 0.082 0.016
Sc. 4 0.13 0 0.07 0.061 0.016 0.009 0.01 0.103 0.047 0.031 0.015 0.106 0.067 0.043 0.082 0.016
Sc. 5 0.098 0.192 0.07 0.061 0.016 0.009 0.01 0.103 0.047 0.031 0.015 0.106 0.067 0.043 0.082 0.016
Sc. 6 0.065 0.192 0.07 0.061 0.016 0.009 0.01 0.103 0.047 0.031 0.015 0.106 0.067 0.043 0.082 0.016
Sc. 7 0.033 0.192 0.07 0.061 0.016 0.009 0.01 0.103 0.047 0.031 0.015 0.106 0.067 0.043 0.082 0.016
Sc. 8 0 0.192 0.07 0.061 0.016 0.009 0.01 0.103 0.047 0.031 0.015 0.106 0.067 0.043 0.082 0.016
Sc. 9 0.13 0.192 0.07 0.061 0.016 0.009 0.01 0.103 0.047 0.031 0.015 0.08 0.067 0.043 0.082 0.016

Sc. 10 0.13 0.192 0.07 0.061 0.016 0.009 0.01 0.103 0.047 0.031 0.015 0.053 0.067 0.043 0.082 0.016
Sc. 11 0.13 0.192 0.07 0.061 0.016 0.009 0.01 0.103 0.047 0.031 0.015 0.027 0.067 0.043 0.082 0.016
Sc. 12 0.13 0.192 0.07 0.061 0.016 0.009 0.01 0.103 0.047 0.031 0.015 0 0.067 0.043 0.082 0.016
Sc. 13 0.13 0.192 0.07 0.061 0.016 0.009 0.01 0.077 0.047 0.031 0.015 0.106 0.067 0.043 0.082 0.016
Sc. 14 0.13 0.192 0.07 0.061 0.016 0.009 0.01 0.052 0.047 0.031 0.015 0.106 0.067 0.043 0.082 0.016
Sc. 15 0.13 0.192 0.07 0.061 0.016 0.009 0.01 0.026 0.047 0.031 0.015 0.106 0.067 0.043 0.082 0.016
Sc. 16 0.13 0.192 0.07 0.061 0.016 0.009 0.01 0 0.047 0.031 0.015 0.106 0.067 0.043 0.082 0.016
Sc. 17 0 0 0.07 0.061 0.016 0.009 0.01 0 0.047 0.031 0.015 0 0.067 0.043 0.082 0.016
Sc. 18 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063
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In the scenarios of Sc. 1–Sc. 4, the weight of criterion C12 was reduced by 25%, 50%,
75%, and 100%, respectively. In the next 12 scenarios, the same procedure was performed
for the next three most important criteria (C11, C31, and C21). In the penultimate scenario
(Sc. 17), the four most important criteria were excluded from the analysis while, in the last
one, the importance of all was equal. The ranking of alternatives by scenario is shown in
Table 11 and Figure 3.

Table 11. Ranking alternatives in different scenarios.

Sc. 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

A1 7 7 7 7 8 7 7 7 7 7 7 7 7 7 7 8 8 7 7
A2 8 8 8 8 7 8 8 8 8 8 8 8 8 8 8 7 7 8 8
A3 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6
A4 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9
A5 4 4 4 4 4 4 4 4 5 4 4 4 4 4 4 4 4 4 3
A6 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 5
A7 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
A8 5 5 5 5 5 5 5 5 4 5 5 5 5 5 5 5 5 5 4
A9 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
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5. Discussion

It is certain that the results of the application of the model, i.e., the ranking of the
e/m-marketplaces and CC-supported MCS as the two best variants, are the result of al-
ready developed applications. The technological, economic, political, and social challenges
of their application have already been addressed in logistics practice. The first-ranked
technology is one of the basic generators of last-mile deliveries while the second-ranked is
widely used in last-mile distribution logistics systems. However, the ranking of blockchain
technology indicates that even technologies not yet widely accepted in LML have extraor-
dinary potential. Interestingly, the four worst-ranked alternatives (A1–A4) are precisely
those technologies that are considered visually attractive and modern, which companies
often highlight as examples of innovation in their own logistics practices and which are the
favorites of logisticians and, to an even greater extent, of those who do not have logistics
education or experience. Although these technologies undoubtedly have importance and
great potential for application in LML, this indicates that the selection of I4.0 technology
cannot be based only on aesthetic and marketing-promotional criteria but must be the
subject of a deeper analysis.
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One of the theoretical implications of the research is the possibility of applying the
mathematical model defined for similar or different problems in different areas. Another
theoretical implication is identifying technologies that require additional research attention,
both those recognized as most suitable for application and those ranked as the lowest.
The latter represent areas where overcoming obstacles to broader adoption is necessary.
The results indicate that there are problems in the application of additive manufacturing,
AI, AR, AGVs, AVs, and drones in LML from the aspects of implementation complexity,
standardization, and safety, but also from economic, political, and social aspects, and it
requires further investigation of the ways for overcoming them.

Similarly, a practical implication of the results is the recommendation and motivation
of companies to adopt certain I4.0 technologies for LML, whose implementation can bring
the greatest benefits. Additionally, it involves highlighting the nature of these benefits
(high scores according to the criteria). However, it can be useful for companies to see
the shortcomings (bad ratings according to the criteria) of these and other, lower-ranked
technologies, which can be part of their plans, pilot projects, and practices. If companies do
not evaluate all technologies according to all significant criteria, their investment in them
could be futile, pointless, and economically destructive. Applied technologies, instead of
an instrument for improving system efficiency, could be a useless innovation, which could
even damage the company’s image.

The ranking of the e/m-marketplace and CC-based MCS as the best alternatives
indicates that these technologies are becoming, or already are, the business standard of
companies that provide LML services. The best ranking of the e/m-marketplace indicates
that companies should develop electronic, multi-channel, and/or omni-channel sales in
order not to lose a step [126]. Considering the massive use of smartphones, developing
quality, user-friendly mobile applications is especially important. However, CC-based
MCSs are increasingly important in the context of large volumes of data in logistics and
supply chains, which need to be stored and managed, as well as the necessary support for
making various decisions. Blockchain as a third-ranked technology should be included in
the practice of companies that provide LML services and other companies in supply chains
due to the growing demands for visibility, transparency, and sustainability in the supply
chain, which this technology can provide [127].

Greater interest in I4.0 technologies in LML, both in research and practice, can lead to
overcoming the shortcomings, increasing the positive effects of application, and increasing
and differentiating possibilities and application methods. Moreover, solving challenges
related to one criterion can lead to, or be a catalyst for, improvement in other aspects. For
example, by solving technological challenges related to adaptability and integration possi-
bility, the degree of development of technologies increases, which, on the other side, can
lead to a reduction in investment costs. Given that criteria related to the broader social and
natural environment (political, regulatory, cultural framework, environmental impact) were
also considered, the model results may have implications that surpass those of researchers
and companies. Primarily, they can be indicative and suggestive for institutions and govern-
ments that can influence I4.0 technologies and their application in different ways (incentives
for research into certain aspects of application, development, and implementation projects,
work on overcoming regulatory obstacles to mass application, etc.).

The model limitation, and thus the space for the expansion and improvement of the
defined model, is taking into account only investment costs but not the costs of operation
and maintenance of technologies. Additionally, the model considers the overall ratings of
the focus group, composed of various experts, researchers, and practitioners. However, it
does not differentiate between the stakeholders, their perspectives, and their objectives as
decision-makers.



Mathematics 2024, 12, 2010 24 of 29

6. Conclusions

The selection of the right I4.0 technology in LML is one of the critical success factors
for companies that want to stay competitive and meet the growing and changing demands
of consumers. However, considering the variety of existing I4.0 technological solutions,
the trends, and the additional development potential, this decision represents a complex
multi-criteria task. Through a detailed analysis of various technological options, this paper
offers guidelines for making this kind of decision.

This paper’s main goals and contributions in terms of previous research in MCDM,
LML, and I4.0 are defining an innovative hybrid MCDM model, which is used to select
I4.0 technology for LML, and taking into account a wide range of alternatives and criteria.
By describing and evaluating alternatives according to criteria, this paper provides insight
into the benefits, shortcomings, and challenges of I4.0 technologies in LML. As such, it can
be indicative of further research in the field but also provide good support in shaping the
strategies, investments, and development projects of companies and governments.

According to the shortcomings and limitations of the model mentioned in the previous
section, the subjects of future research may be extensions or modifications of the model to
respect the complete costs. Also, it is necessary to obtain a clearer picture of the stakeholders’
viewpoints on the observed issue through their integration into the decision-making process.
Thus, the model should be upgraded to consider the opinions of experts in I4.0 and LML
and other important actors (representatives of governments, inhabitants, etc.). It would be
useful and interesting to consider the benefits of various applications of I4.0 technologies in
logistics using the defined or new mathematical model. In conditions of growing natural,
climatic, political, and socio-economic challenges, humanitarian logistics has received
increasing significance and attention, so the application of the I4.0 technologies in this area
should be the focus of researchers and practitioners. When defining the model for this
decision, the differences between the commercial and humanitarian sectors (non-profit
goals, heavier measurability and performance monitoring, dependence on donations, high
degree of unpredictability, greater requirements for speed and flexibility, often increased
safety risks, etc.) should be taken into account. Also, household logistics represents a fertile
application area for I4.0 technologies and thus for a model similar to the one defined in
this paper. People are already implementing I4.0 technologies (e.g., IoT) in their homes,
and there is potential for additional applications. Households represent logistics systems
that are ubiquitous. Household logistics is an important area, but it is still unknown,
underdeveloped, and unstructured. Therefore, it requires greater interest, among others, in
the sphere of the application of I4.0 technologies, and the selection of the most favorable of
them can be the subject of future research. As in the case of humanitarian logistics, it is also
necessary to respect the specifics of the problem (the household is not a classic logistics
system with large-scale flows but a place where people live daily, etc.).
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Appendix A
Table A1. Matrix of mutual influence of criteria.

C11 C12 C13 C14 C15 C16 C17 C21 C22 C23 C24 C31 C32 C33 C34 C35

C11 + + + + + + + + + + + + + +
C12 + + + + + + + + + + + + + + +
C13 + + + + + + + + + + + + + + +
C14 + + + + + + + + + + + + + + +
C15 + + + + + + + + + + + + +
C16 + + + + + + + + + + + +
C17 + + + + + + + + + + + + + + +
C21 + + + +
C22 + + + +
C23 + + + + + + + + + + + + +
C24 + + + + + +
C31 + + + + + + + + + + + + + + +
C32 + + + + + + +
C33 + + + + + + + +
C34 + + + + + + + +
C35 + + + + + + +
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12. Krstić, M.; Agnusdei, G.P.; Tadić, S.; Kovač, M.; Miglietta, P.P. A Novel Axial-Distance-Based Aggregated Measurement (ADAM)
Method for the Evaluation of Agri-Food Circular-Economy-Based Business Models. Mathematics 2023, 11, 1334. [CrossRef]
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25. Krstić, M.; Tadić, S.; Kovač, M.; Roso, V.; Zečević, S. A Novel Hybrid MCDM Model for the Evaluation of Sustainable Last-mile

Solutions. Math. Probl. Eng. 2021, 2021, 5969788. [CrossRef]
26. Nur, F.; Alrahahleh, A.; Burch, R.; Babski-Reeves, K.; Marufuzzaman, M. Last-mile Delivery Drone Selection and Evaluation

Using the Interval-Valued Inferential Fuzzy TOPSIS. J. Comput. Des. Eng. 2020, 7, 397–411. [CrossRef]
27. Kovač, M.; Tadić, S.; Krstić, M.; Bouraima, M.B. Novel Spherical Fuzzy MARCOS Method for Assessment of Drone-Based City

Logistics Concepts. Complexity 2021, 2021, 2374955. [CrossRef]
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67. Winkelhaus, S.; Grosse, E.H. Logistics 4.0: A Systematic Review towards a New Logistics System. Int. J. Prod. Res. 2020, 58, 18–43.

[CrossRef]
68. Wang, K. Logistics 4.0 solution-new challenges and opportunities. In Proceedings of the 6th International Workshop of Advanced

Manufacturing and Automation, IWAMA, Kunming, China, 10–11 November 2016.
69. Jose, R.N.C.; Antonio, P.P.R.; Astrid, S.M.J. Evaluation of the Feasibility of Implementing 4.0 Industry Technologies in the

Last-mile Processes Case: Logistic Operators of the Department of Atlántico. In Proceedings of the 2020 15th Iberian Conference
on Information Systems and Technologies (CISTI), Seville, Spain, 24–27 June 2020; pp. 1–8.
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118. Rodič, B. Industry 4.0 and the New Simulation Modelling Paradigm. Organizacija 2017, 50, 193–207. [CrossRef]
119. Tao, F.; Wang, Y.; Zuo, Y.; Yang, H.; Zhang, M. Internet of Things in Product Life-Cycle Energy Management. J. Ind. Inf. Integr.

2016, 1, 26–39. [CrossRef]
120. Lin, C.-C.; Deng, D.-J.; Chen, Z.-Y.; Chen, K.-C. Key Design of Driving Industry 4.0: Joint Energy-Efficient Deployment and

Scheduling in Group-Based Industrial Wireless Sensor Networks. IEEE Commun. Mag. 2016, 54, 46–52. [CrossRef]
121. Laskurain-Iturbe, I.; Arana-Landín, G.; Landeta-Manzano, B.; Uriarte-Gallastegi, N. Exploring the Influence of Industry 4.0

Technologies on the Circular Economy. J. Clean. Prod. 2021, 321, 128944. [CrossRef]
122. Gromova, E.A.; Koneva, N.S.; Titova, E.V. Legal Barriers to the Implementation of Digital Industry (Industry 4.0) Components

and Ways to Overcome Them. J. World Intellect. Prop. 2022, 25, 186–205. [CrossRef]
123. Habrat, D. Legal Challenges of Digitalization and Automation in the Context of Industry 4.0. Procedia Manuf. 2020, 51, 938–942.

[CrossRef]
124. Oláh, J.; Aburumman, N.; Popp, J.; Khan, M.A.; Haddad, H.; Kitukutha, N. Impact of Industry 4.0 on Environmental Sustainability.

Sustainability 2020, 12, 4674. [CrossRef]
125. Koiwanit, J. Analysis of Environmental Impacts of Drone Delivery on an Online Shopping System. Adv. Clim. Chang. Res. 2018, 9,

201–207. [CrossRef]
126. Hübner, A.; Wollenburg, J.; Holzapfel, A. Retail Logistics in the Transition from Multi-Channel to Omni-Channel. Int. J. Phys.

Distrib. Logist. Manag. 2016, 46, 562–583. [CrossRef]
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