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Abstract: Due to the problems resulting from the COVID-19 pandemic, for example, semiconductor
supply shortages impacting the technology industry, micro-, small-, and medium-sized enterprises
have been affected because the profitability of their business models depends on market stability.
Therefore, it is essential to propose alternatives to mitigate the various consequences, such as the high
costs. One attractive alternative is to replace the physical elements using resource-limited devices
powered by machine learning. Novel features can improve the embedded devices’ (such as old
smartphones) ability to perceive an environment and be incorporated in a circular model. However,
it is essential to measure the impact of substituting the physical elements employing an approach of
a sustainable circular economy. For this reason, this paper proposes a sustainable circular index to
measure the impact of the substitution of a physical element by virtualization. The index is composed
of five dimensions: economic, social, environmental, circular, and performance. In order to describe
this index, a case study was employed to measure the path-planning generator for micro aerial
vehicles developed using virtual simulation using machine-learning methods. The proposed index
allows considering virtualization to extend the life cycle of devices with limited resources based on
suggested criteria. Thus, a smartphone and the Jetson nano board were analyzed as replacements of
specialized sensors in controlled environments.

Keywords: circular economy; sustainability; machine learning; virtual substitution

1. Introduction

Economic development is fundamental for the progress and quality of life of the
population. Likewise, it has a relationship with society, the effects of which are immedi-
ately reflected in the environment [1]. For this reason, in 1983, the United Nations (UN)
established the World Commission on Development and Environment, whose objective
is principally to analyze issues related to the development and the environment and to
promote the commitment of organizations, companies, and governments. This commis-
sion, in the report entitled Our Common Future in 1987, likewise known as the Brundtland
report, the term sustainable development appeared for the first time, defined as meeting
the needs of the present without compromising the ability of future generations to meet
their own needs [2]. Furthermore, members of the UN provided a shared blueprint for
peace and prosperity for people and the planet in 2015. At its heart are the 17 Sustainable
Development Goals (SDGs), which represent an urgent call for action by all developed and
developing countries in a global partnership [3].

Although the SDGs were meant to be obtained by 2030, the COVID-19 pandemic has
had impacts that could delay their aims [4]. Likewise, this situation has caused decreased
supply and increased demand for products such as semiconductors [5]. Due to the scarcity
of silicon, the prices of raw materials have increased. Therefore, the development of
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products and services in the technology industry can result in complications in a short
time frame.

One of the main keys to achieving sustainable development is changing our per-
spective regarding goods production. The two main perspectives are the linear economy
(Figure 1a) and the circular economy (CE) (Figure 1b). In the first perspective, the produc-
tion of goods damages the environment by generating waste. Despite involving recycling
activities, this perspective is not sufficient because resources are limited. On the other hand,
the CE perspective reduces waste and helps restore the environment. Likewise, one of
the main advantages of the CE over the linear economy is the control of the scarcity and
shortage of resources [6].

raw material

waste

Figure 1. Perspectives about economic development. (a) Linear economy. (b) Circular economy.

Furthermore, the CE has the characteristic of utilizing elements that are considered
waste in such a way that an economic value is obtained during the life cycle of a product or
service. Therefore, the damage to the environment is reduced. However, it is challenging
to measure the impact of the benefits in this economic approach compared to the linear
economy.

Different organizations have implemented tools to measure the CE. For example, the
Ellen MacArthur Foundation employed a tool to implement a circular economy model
called the ReSOLVE framework [7]. The foundation quantifies the impact of the CE model
with the Circulytics platform [8]. However, the platform is of limited use as large companies
or organizations essentially use it because their actions have a more significant impact on
the pillars of sustainability. Furthermore, there are tools such as Higg MSI, which is an
index to measure the economic, social, environmental, and technological impacts on the
manufacturing of products [9].

Although the CE model is designed to avoid conflicts in the market, some economic
sectors have still not implemented circular models. For example, the generation of prod-
ucts based on the Industry 4.0 concept provides significant opportunities to reshape the
conventional business operations and effectively cope with unanticipated supply chain
breakdowns [10]. Sustainability and CE models have been used to reduce greenhouse gas
emissions to the atmosphere. Nevertheless, one of the most critical challenges is that the
industry needs to produce innovative goods.

As one of Industry 4.0’s features, the number of devices connected to the Internet has
grown exponentially. According to [11], in 2008, there were 500 million connected devices.
However, by 2020, it was estimated that at least 50 billion devices would be used. It is
important to note that, on average, there are approximately seven devices per person, and
this number is increasing.

One cause of the increase in mobile devices is the generation of electronic waste
(e-waste) [12]. Around 50 million tons of e-waste were generated worldwide, 10% of which
is due to smartphones [13]. In 2017, about 700 million devices were hibernating, meaning
they were not being used, and it was estimated that about 5–10% were recycled. Likewise,
factors such as embedded batteries, broken screens, and difficulty repairing the devices are
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some determinants that result in a user using a device only for 21.6 months [14]. In this
way, smartphones have an end of life, and four alternatives can be highlighted. Figure 2
illustrates the life cycle of a smartphone.

Figure 2. Life cycle of a smartphone. Based on the data: Rizos, Vasileios & Bryhn, Julie & Alessi, Mon-
ica & Campmas, Alexandra & Zarra, Antonella. (2019). Identifying the impact of the circular economy
on the Fast-Moving Consumer Goods Industry: opportunities and challenges for businesses, work-
ers and consumers—mobile phones as an example. https://doi.org/10.2864/775626. Repairing—
not recycling—is the first step to tackling smartphone E-wastE. (19 July 2021). World Economic
Forum. https://www.weforum.org/agenda/2021/07/repair-not-recycle-tackle-ewaste-circular-
economy-smartphones/, (accessed on 2 November 2021). Cordella, M., Alfieri, F., Clemm, C., &
Berwald, A. (2021). Durability of smartphones: A technical analysis of reliability and repairability as-
pects. Journal of cleaner production, 286, 125388. from https://doi.org/10.1016/j.jclepro.2020.125388,
(accessed on 2 November 2021).

On the other hand, based on the artificial intelligence (AI) definition: it is the field
of science that helps machines in the ability to improve their functions; in areas of logic,
reasoning, planning, learning, and perception [15]. A system with limited features can get
advanced features through analysis of the environment to low costs. Consequently, the AI
techniques can replace limited elements for potentializing their characteristics from using
data to solve tasks and not affect the behavior in technological development activities.

According to [16], one of the strategies proposed to achieve a CE is through virtu-
alization, which creates a simulated, or virtual, computing environment as opposed to
a physical environment. Virtualization often includes computer-generated versions of
hardware, operating systems, storage devices, and more [17]. Therefore, virtualization can
replace specific tasks with limited devices employing enhanced features using artificial
intelligence methods.

A proposal for adding innovative functionality to devices with limited features is
presented in [18]. This previous work describes a methodology to use machine learning
(ML) methods to reduce a complex architecture to reuse smartphones. In this case, the
path planning problem was solved through embedded devices, whose principal goal is
obstacle avoidance achieving close to 90%. In this way, virtualization of simulated tasks
using smartphones can be an alternative to extend their life cycle, as shown in Figure 3a.
Likewise, virtual substitution can be part of the CE model ([19]) to establish a service
or replace a physical element in a manufacturing procedure, as is shown in Figure 3b.
Nevertheless, it is necessary to measure the impact generated by this solution to evaluate
the replacement of physical devices and a criterion to determine whether the virtual

https://doi.org/10.2864/775626
https://www.weforum.org/agenda/2021/07/repair-not-recycle-tackle-ewaste-circular-economy-smartphones/
https://www.weforum.org/agenda/2021/07/repair-not-recycle-tackle-ewaste-circular-economy-smartphones/
https://doi.org/10.1016/j.jclepro.2020.125388
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substitution is adequate to be implemented based on the benefit in the proposed five
dimensions: economic, social, environmental, circular, and performance.

Figure 3. Virtualization one opportunity to extend the life cycle of smartphone. (a) Virtualization to
extend smartphone’s end of life. (b) Virtualization approach into circular economy model.

For this reason, the current proposal describes a methodology to build a circular micro
sustainable index to measure the impact of the substitution, optimization, virtualization of
physical elements by ML methods. Thus, the main contribution of this work is to measure
the impact of the substitution of specialized devices by elements with limited features
that try to imitate advanced functions through data analysis, assessing in five dimensions:
economic, social, environmental, circularity, and performance. Likewise, a tool and a
graphical representation of positive benefits are proposed, and a couple of criteria are used
to determine the virtualization feasibility.

The remainder of the paper is organized as follows. The background and research
gaps are detailed in Section 2. The proposed work is presented in Section 3. Moreover, a
case of study is analyzed for describing the proposed index in Section 4. In the end, the
conclusions are presented in Section 5.

2. Background and Research Gaps

Given the importance of controlling waste generation and the deterioration of the
environment, interest in implementing alternatives has increased. According to [20], the
Triple Bottom Line (TBL) of People, Planet, and Profit have become a practical approach all
over the world. This model set up the vital long-term strategies for companies executing the
transition to sustainability, based on three essential dimensions of sustainable development:
environmental quality, social equity, and economic benefits. Therefore, sustainability is the
place where the three dimensions overlap.

Nevertheless, it is not very easy to measure the implementation of sustainable ap-
proach perspectives. The following contributions offer contributions to sustainable indexes.
For example, a framework for small and medium-sized enterprises is proposed in [21];
a conceptual framework for measuring the suitability of a manufacturing process is de-
scribed in [22]; a green manufacturing index is introduced in [23]; a tool for measuring
the sustainability based on human development is detailed in [24], and an instrument for
assessing the progress towards sustainability according to [25].

It should be emphasized that the contributions that measure the factors of sustainabil-
ity status consider the environment as the priority instead of economic benefits [26]. The
previous works share the characteristics of describing the level of impact of sustainability at
the macro level, which means that factors are determined at model businesses, enterprise,
local, national, and international levels.
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On the other hand, Ref [27] recommends that the processes involve a circular economy
approach, obtaining a higher profit to generate goods. Ref [28] describes the importance
of the CE and the theories and practices to the development of implementation tools.
Likewise, there have been developments of indexes that unite the sustainable approach
and the circular economy perspective [29]. The indexes are composed of elements that are
measurable and related to the same objective. In this way, tools are developed to measure
the impact [30]. In addition, [31] establishes a circular model for detecting the benefices for
enterprises.

Virtualization is required as a strategy for minimizing resources. Therefore, The
following contributions describe the contributions in this field. Due to the digital age,
a proposal for achieving a digital circular economy in [32]. A comprehensive study on
digital technologies beneficial for a digital circular economy is presented at [33]. Through
the approach of connecting devices to the internet, proposals are developed based on
data tracking for decision making for the recruitment and use of products shown in the
works [34,35].

Likewise, virtual objects can be used to replace some physical elements in order to
reduce costs. For example, in the edition of videos to make movies, physical elements have
been replaced mainly to develop scenery and costumes, helping to reduce development and
economic times for all the physical resources required to provide a good experience [36].

In recent years, terms such as ML have enabled machines to acquire novel features.
In this way, devices with limited characteristics can perform specific tasks through the
virtual representation of physical elements. In the same way, [37] has implemented the
substitution of physical elements by a virtual representation such as the camera with
specialized elements for improving images with depth effects self-portrait mode.

Despite the economic impacts of these contributions in cost reduction, they have a
very particular objective. Therefore, virtualization strategy has been used to simulate,
predict, optimize and improve functions. However, it has not been used extensively to
replace physical elements with virtual elements to perform complex tasks.

As virtualization being a current field of research, the tools to estimate a sustainable
impact are limited. For this reason, we propose an indicator that allows describing the
benefit of five dimensions involved in the substitution of physical elements: economic,
social, environmental, circular, and performance. Furthermore, a case study based on path
planning is evaluated to determine the relationship between the five proposed dimensions.

3. Procedure to Create the Proposed Micro Index

Due to the features of virtual substitution, complex architectures can be reduced and
replace physical elements. Therefore, the index has a limited scope. Since the sustainable
index in previous works measures on a macro level, some indicators are inadequate to
consider relevant factors because this approach focuses on performing a particular task. In
this way, it is proposed a micro index. The following phases compose the procedure.

• Phase 1—Selection of sustainability, circularity and performance indicators
• Phase 2—Tool to measure the impact for each dimension
• Phase 3—Micro index and graphical representation
• Phase 4—Criterion to evaluate decision

3.1. Phase 1—Selection of Sustainability, Circularity and Performance Indicators

A large number of contributions have identified factors that impact the analysis of
sustainability and circular economy. For example, papers [38,39] have identified factors
focused on the three dimensions of sustainability. Due to the scope of the factors that have
a macro level, a methodology was proposed based on TOPIS-Fuzzy (TF) [40,41] to select
the relevant elements for the scope of the micro index, considering the benefit and the
distance to order the relevant factors.

The proposed methodology analyzes a linguistic value from different approaches for
developing projects focused on the three dimensions that make up sustainability. In this
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approach, experts are required to determine the impact of each of the sustainability factors.
One of the principal challenges for this development is the collaboration with experts
related to the relationship of sustainable products. For this reason, the evaluation was
made based on the frequency of words to assign a value. For example, Figure 4 presents
the distribution of words for the Eco-design approach. The frequency of words offers a
level of consideration to assess each factor represented by the linguistic value. Thus, the
experts are the following approaches: Life Cycle Assessment (LCA) [42], Eco design [43],
Eco-innovation [44], Eco-QFD [45] and Eco-efficiency [46].

Figure 4. Word frequency description for Eco-design perspective.

The following procedure describes the analysis performed to identify and rank the
factors considered to contribute to the evaluation of the proposed index.

Step 1: To define the fuzzy decision matrix, which is represented as described in (1)
through a linguistic value (Table 1 [47,48]) to each of the sustainability factors based on the
experts approaches.

xij = (aij, bij, cij) (1)

Table 1. The linguistic terms and related fuzzy numbers of evaluation ratings.

Linguistic Value Fuzzy Number

Very low (L) (0,0,3)

Low (LM) (0,3,5)

Medium (M) (3,5,7)

High (MH) (5,7,10)

Very high (H) (7,10,10)
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Step 2: for each factor, based on the rates of experts, the range and the fuzzy average
are determined.

aij = min
k

{
ak

ij

}
, bij =

1
k

k

∑
k=1

bk
ij, cij = max

k

{
ck

ij

} (2)

Step 3: the fuzzy decision matrix is normalized. In addition, a criterion must be
identified to perform the normalization where a benefit criterion is maximized, as is
described in (3).

rij =

(
aij

c+j
,

bij

c+j

cij

c+j

)
and c+j = max

i

{
cij
}
(bene f it)

(3)

Step 4: detection of the most similar solutions, as the Fuzzy Negative Ideal Solution
(FNIS) through of (4).

A− = (v−1 , v−2 , ..., v−n ), where v−j = max
i

{
vij1
} (4)

Step 5: for ordering the sustainability factors related to the experts is compute the
distance from each alternative to the FNIS using (5).

d(x, y) =

√
1
3
[(a1 − a2)2 + (b1 − b2)2 + (c1 − c2)2] (5)

Once the distance has been calculated, the alternatives with the best results are ordered
with a distance greater than 0.5. Thus, the factors are considered the most relevant for
establishing the micro index. Table 2 describes the results of the selection of sustainabil-
ity factors.

Table 2. Analysis of sustainable factors.

Dimension Factor LCA Eco
Design

Eco
Innovation Eco QFD 4 Eco

Efficiency 5 Distance Rank

Environment Reduce the use of harmful
raw materials MH H H MH H 0.7104 1

Reduce energy use LM H H M H 0.5965 4

Reduce greenhouse gas emissions H M MH MH H 0.6293 2

Green product design MH H MH M H 0.6293 3

Noise interference L L L L L 0 8

Validity of reverse logistics
system L L L L L 0 9

Supplier monitoring effectiveness H M LM M H 0.5554 5

Increase the use of green energy LM LM LM LM M 0.3030 6

Use of green buildings M LM L L M 0.2754 7

Social Increase local community
employment opportunities L L LM L L 0.1205 6

Green image L LM LM L M 0.2635 4

Managers’ commitment to green
supply chain management MH MH MH L H 0.5398 2

Employee environmental training L L L L L 0 7

Employment practices L L L L L 0 8

Local community feedback LM LM L L M 0.2635 5

Personnel turnover rate L L L L L 0 9

The effectiveness of discipline
management MH H H LM H 0.6137 1

Zero customer complaints
or returns L M M H LM 0.4835 3
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Table 2. Cont.

Dimension Factor LCA Eco
Design

Eco
Innovation Eco QFD 4 Eco

Efficiency 5 Distance Rank

Economic Product cost LM M LM H MH 0.5175 5

Ordering costs and logistics costs L L L M MH 0.4272 6

On time delivery L L L L L 0 8

Quality assurance M H H H H 06806 1

Rejection rate L H M H MH 0.5476 4

Technology level M H H M H 0.6377 3

Research and design capability MH H MH MH MH 0.6627 2

Governance of the company L L LM L L 0.1205 7

Corporate transparency and
accountability L L L L L 0 9

The number of shareholders L L L L L 0 10

Investment L L L L L 0 11

The factors that determine the CE based on [29] are shown in Table 3. These factors
determine the impact of the circularity of an element that stores the virtual representation.
In this case, the element to measure the circularity is the embedded system as a smartphone
with limited features. Likewise, these factors are evaluated to identify the importance
within this dimension using the methodology TF.

Table 3. Analysis of circular factors.

Dimension Factor LCA Eco
Design

Eco
Innovation

Eco
QFD

Eco
Efficiency

Distance Rank

Circular Efficiency of recycling H H MH MH H 0.1632 1

Utility during use phase M MH H M MH 0.0 3

Recycled materials and

reused components
M H MH M H 0.0346 2

Although virtualization is a CE strategy, it is an independent dimension of the micro
index called performance. The factors of this dimension are based on the requirements
of the computer systems. The management of local resources such as CPU performance,
memory performance, and use of space memory [49] are essential parameters to consider.
Moreover, the user interface must be helpful for the operator, easy to learn and use.
Consequently, the operation must be transparent to the operator. Besides, the system must
respond quickly and be unobtrusive. Currently, embedded systems have the excellent
computational power to perform operations in a portable way due to their small dimensions
compared to personal computers [50]. The time of response is essential [51] when a system
achieves at least ten evaluations per second is considered a real-time system. Due to
different challenges about using virtual elements with the physical world [52], the accuracy
level is essential for validating whether the virtual representation is efficient to replace the
physical element. The factors for performance dimension are listed and ordered in Table 4.

Table 4. Analysis of performance factors.

Dimension Factor LCA 1 Eco Design 2 Eco
Innovation 3 Eco QFD 4 Eco

Efficiency 5 Distance Rank

Performance Efficiency of local
resources H MH H H H 0.5506 2

User interface LM LM LM LM LM 0.0 4

Response time H MH MH MH H 0.5067 3

Level of similarity to
the physical system H H H H H 0.6403 1
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3.2. Phase 2—Tool to Measure the Impact for each Dimension

In order to assign a numerical value to each of the factors of the proposed index, the
following sentences in Table 5 are associated by a Likert scale [53] with ten levels based
on [54]. Since the dimensions are normalized, indexes can have similar values. Therefore,
the weights avoid this issue because of factor receives a value according to the grade of
importance.

Table 5. Proposed sentences for a virtual substitution assessment.

Dimension Weight Factor Sentence

Environment 0.40 Reduce the use of harmful raw materials Virtual substitution helps to reduce the use of raw materials

0.30 Reduce greenhouse gas emissions Virtual substitution reduces greenhouse gases

0.15 Green product design Virtual substitution has a green design

0.10 Reduce energy use Virtual substitution reduces energy use

0.05 Supplier monitoring effectiveness The implementation of the device is affordable

Social 0.60 The effectiveness of discipline
management The personnel have the necessary tools

0.40 Managers’ commitment to green supply
chain management The importance of using green supplies is indispensable

Economic 0.50 Quality assurance The cost-benefit is adequate

0.30 Research and design capability The team can design and conduct a research

0.20 Technology level The team has the appropriate technology to develop a virtual substitution

Circular 0.50 Efficiency of recycling The device performs adequately to virtualize a physical element

0.30 Recycled materials and reused
components The elements are recycled

0.20 Utility during use phase Virtual substitution provides a positive benefit

Performance 0.40 Level of similarity to the physical
system

How is the similarity of the virtual system compared to the physical
element?

0.30 Efficiency of local resources Virtualization makes efficient use of device resources

0.20 Response time The response time is adequate to replace a physical element

0.10 User interface The user interface is valuable and functional

3.3. Phase 3—Micro Index and Graphical Representation

Once factors are identified, the five dimensions determine a value that describes
the state of the benefit obtained. For each dimension the average is calculated environ-
mental (6), social (7), economic (8), circular (9), and performance (10). Subsequently, the
averages are calculated to determine the value of the micro index described in (11). In this
way, the five dimensions are related by a radar chart shown in Figure 5.

environmental = ∑ environmental f actors
Number environmental f actors

(6)

social = ∑ social f actors
Number social f actors

(7)

economic = ∑ economic f actors
Number economic f actors

(8)

circular = ∑ circular f actors
Number circular f actors

(9)

per f ormance = ∑ per f ormance f actors
Number per f ormance f actors

(10)
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micro_index =
environmental + social + economic + circular + per f ormance

5
(11)

Environmental

Economic

Social

Circular

Performance

Figure 5. Micro index graphical representation.

3.4. Phase 4—Criterion to Evaluate a Decision

The following scale is proposed in Table 6 to measure the impact of the index. Since
the value of the micro index increases when the factors tend to have a better evaluation,
the index is divided into quartiles. Accordingly, the quartile with the best evaluation (76–
100%), described by the green color, recommends virtualization as a successful substitution
alternative. The subsequent quartile (51–75%), represented by the yellow color, describes
virtualization as an option of a possible improvement. Nevertheless, virtualization is not
advisable as a replacement alternative in the last two quartiles (0–50%), represented by red.

Table 6. Micro index scale. Green color:successful substitution alternative. Yellow color:virtualization
as an option of a possible improvement. Red color:virtualization is not advisable.

Level Range Description

A 0.76–1.00 Successfully: virtualization is recommended

B 0.51–0.75 Middle: It is recommended to consider virtualization

C 0.00–0.50 Low: Virtualization is not suitable with these characteristics

Furthermore, another criterion is proposed to ensure a better decision. The criterion
is based on the following condition (12) between a current system and a possible virtual
replacement. The dimension regards the value of 1 when the difference is positive and
greater than 0.5. In the other cases, the dimension takes the value of zero. Subsequently,
the values of the diagnostics are summed. Thus, it is determined that virtualization must
be considered when at least three dimensions obtain a significant change. This criterion
employs a diagonal to evaluate the virtualization, as is described in Table 7.

xi =

{
if xvirtual − xcurrent > 0.5 then 1
else 0

(12)
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Table 7. Diagonal to evaluate the virtualization as a strategy.

Envvirtual Socialvirtual Ecovirtual Circularvirtual Perforvirtual

Envcurrent x1

Socialcurrent x2

Ecocurrent x3

Circularcurrent x4

Perforcurrent x5

Result ∑n
i xi

4. Case of Study: Path Planning Generator
4.1. Path Planning Problem

Path planning problem requires coordination between the environment and the agent.
Consequently, it is essential to define rules for the transition between states to achieve an
objective. The path planning problem has mainly two modules based on the definition
of AI. The first is the planner, while the second module is the perception of the environ-
ment, it is illustrated in Figure 6 [55]. The problem is complex according to the robotic
system’s characteristics, such as the battery, dimensions, and technologies to perform the
environment’s perception, including obstacles, illumination, and other agents in motion.

Action

x,y,z

(a)                                            (b)

0 1

2

3 4

Real world

R
e
a
l 
w

o
r
ld

 p
e
r
c
e
p
t
io

n

C
o
n
t
r
o
l 
o
f
 m

o
v
im

e
n
t

Position

Location

Depth 

estimation

Classi cation

and

tracking

Action

Navigation

Meshes

A star

Figure 6. Architecture for path planning generator. (a) Standard architecture. (b) Optimized
architecture. Maldonado-Romo, J.; Aldape-Pérez, M. Interoperability between Real and Virtual
Environments Connected by a GAN for the Path-Planning Problem. Appl. Sci. 2021, 11, 10445. from
https://doi.org/10.3390/app112110445, (accessed on 2 November 2021).

One of the principal features to describe a path is the level of safety for avoiding
obstacles. Therefore, path planning is the shortest distance (13) between the m number of
obstacles O and the best value with the high level of safety in a sequence of points p of
length n (14). After adding a negative sign to the value, the maximum optimization safety
problem is transformed into the minimum optimization problem defined in (15) [56].

distance(pi, pi+1) =
√
(xi − xi+1)2 + (yi − yi+1)2 (13)

length(p) =
n

∑
i=0

distance(pi, pi+1) (14)

sa f ety(p) = −min min
{

minDistance(pi pi+1, Oj)
}

(15)

https://doi.org/10.3390/app112110445
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4.2. Domain Connection by Generative Adversarial Networks Approach

A novel approach using Generative Adversarial Networks (GANs) is described in [57].
This approach proposes a connection between the real world with the generation of a
dataset in the virtual world by a GAN defined in (16) where an authentic sample has
associated a virtual representation.

D : R→ V (16)

Domain R defines the real-world samples, and domain V defines the virtual world
samples. Therefore, a connection between a real-world sample and the virtual world must
generate a one-to-one connection, as is shown in Figure 7a. In other words, this connection
must have the same number of samples in both domains, being impractical. On the other
hand, GAN is used for a domain change. Consequently, it is possible to change domain
from a subdomain r with limited samples to virtual domain V (17), reducing the samples
of domain R shown in Figure 7b.

D : r → V (17)

GAN

(a)                              (b)

R(x) V(x)

V'(x)

V(x)

r(x)

Figure 7. Domain connection approach. (a) Connection one-to-one. (b) Connected domains by
a GAN. Maldonado-Romo, J.; Aldape-Pérez, M.; Rodríguez-Molina, A. Path Planning Generator with
Metadata through a Domain Change by GAN between Physical and Virtual Environments. Sensors
2021, 21, 7667. from https://doi.org/10.3390/s21227667, (accessed on 2 November 2021).

4.3. Virtual Substitution on Physical Elements Performance

The following architecture illustrated in Figure 8 describes the steps implemented in
a complex system on limited devices such as embedded devices. As the first step, each
virtual sample associates a virtual path generated by the A* algorithm into the simulator,
as is shown in Figure 8a. Besides, three deep learning solutions are proposed to estimate a
path, and a deep convolutional network estimates a characteristic vector which is shared for
them, as is represented in Figure 8b. The third step describes the connection between both
domains through a GAN. This network changes from the physical domain to the virtual
domain. Hence, the samples in real domains are reduced to avoid a one-to-one connection,
as it is shown in Figure 8c. Since the GAN requires considerable time, the transfer learning
reduces this issue [58]. The fourth step replaces the GAN and characteristic vector called
Domain changes with the transfer learning approach. Therefore, a new model with fewer
layers is trained to determinate the characteristic vector, but with fewer operations, as
described the Figure 8d. Nevertheless, it is necessary to consider that the Domain changes
system estimated 50 samples for implementing transfer learning. Subsequently, the last
step, instead of employing the GAN, and characteristic vector as separate systems, both
are included and placed for estimates of the virtual path with the three deep learning
approaches from authentic samples displayed in Figure 8e. In this way, the architecture

https://doi.org/10.3390/s21227667
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is optimized, and its performance is improved for embedded devices achieving a 90%
for avoiding obstacles in a controlled environment, and with at least 10 FPS considered a
real-time system, as is presented in Figure 8f.

1
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Auto-encoder
Clustering

Transfer learning

virtual path by A*
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(a) (b)

GAN

(c) (d)

(e)

virtual

sample

virtual

path

(f)

Domain changes

virtual

path

real

sample

characteristic vector

DCNN

Hierarchical

Auto-encoder
Clustering

Figure 8. Interoperability between real and virtual environments by a GAN. (a) Each virtual sample
has associated a virtual path based on A*. (b) Three deep learning solutions for estimating the
virtual path. (c) GAN for connecting real with the virtual domain. (d) Transfer learning approach to
reduce the domain changes generated by a GAN. (e) The transfer learning model replaces each deep
learning solution with a few operations for estimating characteristic vectors, connecting real samples
with virtual paths. (f) Virtual substitution of a complex problem on an embedded device. Based on
Maldonado-Romo, J.; Aldape-Pérez, M. Interoperability between Real and Virtual Environments
Connected by a GAN for the Path-Planning Problem. Appl. Sci. 2021, 11, 10445. from https:
//doi.org/10.3390/app112110445, (accessed on 2 November 2021).

4.4. Evaluation of Micro Index

Virtualization as a strategy is considered a way to replace a complex element achieving
a benefit. In this analysis, the complex system uses a Kinect [59] sensor, a battery with large
dimensions, and an external computer executes the process. Due to the characteristics of
the complex system, it is necessary to substitute the current system with a system with
fewer resources. In order to evaluate the micro index and its graphical representation,
two devices with limited resources are proposed, which are an android device as Moto X4
and a Jetson nano 2G. Each of the devices implemented a path generator with a reduced
architecture using virtual substitution of specialized sensors. Table 8 describes the weights
for each sentence to evaluate all dimensions for different systems. Likewise, each of the
dimensions and the micro index is calculated and presented in Table 9.

https://doi.org/10.3390/app112110445
https://doi.org/10.3390/app112110445
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Table 8. Case of study: Path planning generator by embedded devices.

Sentence Moto X4 Jetson Nano Complex
System

Virtual substitution helps to reduce

the use of raw materials
10 10 1

Virtual substitution reduces greenhouse

gases
10 10 1

Virtual substitution has a green design 10 10 1

Virtual substitution reduces energy use 10 10 1

The implementation of the device is

affordable
8 6 1

The personnel have the necessary tools 7 6 8

The importance of using green supplies is

indispensable
5 5 1

The cost-benefit is adequate 9 7 1

The team can design and conduct a

research
9 9 9

The team has the appropriate technology

to develop a virtual substitution
9 8 2

The device performs adequately

to virtualize a physical element
7 10 1

The elements are recycled 8 5 1

Virtual substitution provides a positive

benefit
10 10 1

How is the similarity of the virtual

system compared to the physical element?
9 9 10

Virtualization makes efficient use of

device resources
9 10 10

The response time is adequate to replace

a physical element
8 10 10

The user interface is valuable and

functional
8 5 10

Table 9. Values to determine the micro index of each device.

Dimension Smartphone Jetson Nano Complex System

Enviromental 0.99 0.98 0.10

Social 0.62 0.56 0.52

Economic 0.90 0.78 0.36

Circular 0.79 0.85 0.10

Performance 0.87 0.91 1.00

Micro index 0.834 0.816 0.416

According to the data, the smartphone had an excellent evaluation for the environ-
mental dimension because it is a reused device to employ a circular economy. Nevertheless,
it is difficult to find devices that are not too damaged to be used. The social dimension
requires adequate tools to develop substitution, but it needs capable equipment to analyze
the data. In the economic dimension, it is appropriately qualified because it helps to
reduce the use of specialized sensors, but it requires maintenance because the battery is
embedded. Although the smartphone is not the best in specifications, it complies with
good performance. Conclusively, the performance dimension offers an adequate score
because it performs well in replacing the route generator. In addition, the handling of the
interface provides more significant interaction with the user.
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Alternatively, the Jetson nano 2G is not considered a reusable device because the
manufacturer still supports it, but it is designed to use low energy and performs better
than a smartphone. In the social aspect, it shares the same features as the smartphone.
However, it has a lower rating in the economic dimension because external accessories
such as a camera, battery, and screen have to be purchased. The CE dimension does not
show a significant impact because the device is not considered obsolete. Furthermore,
performance is satisfactory because it has the technology to employ tasks efficiently. One
crucial point, the current devices have efficient performance. Therefore, five years could be
reused to replace physical elements with a significant impact because they are designed to
employ advanced algorithms with low energy.

The scale facilitates the impact to determine the feasibility of implementing virtual-
ization as a substitution strategy shown in Table 10. It is observed that both devices are
considered as an alternative to implementing virtual substitution. Furthermore, Figure 9
describes the efficiency of each device to substitute a physical element.

Table 10. Level for each system by the micro index scale. Green color:successful substitution alterna-
tive. Yellow color:virtualization as an option of a possible improvement. Red color:virtualization is
not advisable.

Device Value Level

Moto X4 0.834 A

Jetson nano 0.816 A

Complex 0.416 C

Environmental

Economic

Social

Circular

Performance

Figure 9. Micro index graphical representation.

According to the distribution of each dimension, the complex system has limitations in
the environmental and economic dimensions principally. In order to make a better decision,
the diagonal evaluation is employed. Table 11 shows the level of the benefited dimensions,
which for both cases, a value of +3 was obtained, meaning that three dimensions have a
positive benefit. Consequently, virtualization is widely considered to replace a physical
element to perform a particular task.
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Table 11. Diagonal evaluation for mobile and Jetson devices.

Envvirtual Socialvirtual Ecovirtual Circularvirtual Perforvirtual

Envcurrent 1

Socialcurrent 0

Ecocurrent 1

Circularcurrent 1

Perforcurrent 0

Result 3

This study used two devices with limited resources to perform a virtual substitution
to implement a path planning generator without specialized equipment. According to the
behaviors, the smartphone has a higher sustainability and performance magnitude behavior
because it has been a reused device from 2017 that was not developed to perform specialized
tasks. However, the Jetson nano scores better because it was designed to perform data
analysis approaching a good performance in terms of circularity. We contemplate that in
5 years, smartphones will have technology that is currently used. Consequently, many
devices may replace physical elements obtaining better results in all dimensions.

5. Conclusions

Due to shortage problems in some economic sectors, virtual elements can replace
physical resources. In order to measure the behavior of virtual representations, tools are
needed to determine the level of benefit using a virtual substitution. Therefore, this pro-
posal focused on creating an instrument to describe the behavior of a virtual substitution of
physical elements. In this work, we investigate the impact of virtualization by evaluating
the following dimensions: economic, social, environmental, and circularity. However,
related works measure the impact of the dimensions at a macro level. Therefore, not all
macro-level factors can be covered. Thus, we limited the scope to a micro-level through a
procedure based on linguistic criteria to determine the most relevant factors for each di-
mension. Besides, we proposed performance as the fifth dimension based on requirements
for virtualizing tasks, and a graphical representation was presented to visually perceive
the benefit of virtualization.

In order to measure the benefits, a micro index helps evaluate the virtualization of a
solution for a complex system, such as the path planning problem using limited devices to
reuse them in circular models. Likewise, a tool determines the level of each factor given by
a priority weight for generating more variation among the devices to be evolved. Similarly,
the graphical representation describes more representative information compared to the
ideal state. Although the graphs bring a visual representation of virtual performance, we
contemplate determining some criteria that will allow us to decide. The proposed criteria
are a scale and an evaluation diagonal. Likewise, we analyze to achieve at least a benefit
on three dimensions. In this way, this work helps to consider virtualization as a strategy
to reuse devices with limited characteristics to replace virtual elements. According to the
problem and the results, we determine that it is feasible to implement a virtual substitution
in a controlled scenario. In future work, we explore applying this methodology in other
problems to evaluate the criteria to adjust the weights better because other problems may
require special needs.
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