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 A B S T R A C T

This work proposes the development of a metric for the analysis of operational robustness in systems, focusing 
on performance, complexity, and stability as key components. The methodology integrates these factors, 
enabling the assessment of the system’s ability to meet its design requirements, its internal dynamics and 
external interactions, and its capacity to return to equilibrium after disturbances. The metric is applied in 
three case studies: an intensive care unit, process scheduling in operating systems, and traction and braking in 
electric vehicles. The results show that, in scenarios with higher robustness, the contributions of performance, 
complexity and stability are balanced, with performance contributing around 30% and complexity and stability 
each contributing approximately 35%. In contrast, scenarios with lower robustness exhibit greater variation 
in the contributions of these components. These findings suggest that the proposed metric is an efficient tool 
for both quantitative and qualitative analyses, providing more detailed perspectives for decision making in 
complex systems.
1. Introduction

System analysis is often conducted with an exclusive focus on 
performance, a practice considered limiting. Ilgen and Schneider [1] 
emphasize the importance of a multidisciplinary approach in evaluat-
ing system performance. Borman & Brush [2] suggest evaluating the 
overall performance of the system through a multidimensional analysis, 
taking into account the performance of different components of the 
system. This perspective suggests that the overall performance is the 
aggregation of the performance of specific segments of the system [3]. 
Campbell [4] highlights the need to use performance metrics that 
reflect compliance with established requirements, allowing an accurate 
evaluation of the efficiency of the system. Cadwell [5] demonstrates 
that system performance can fluctuate throughout its operation, even 
in the most established systems. The complexity and other dynamics of 
the system must be analyzed, as described by Simon [6], who argues 
that general properties cannot be easily deduced solely from analyzing 
parts and their interactions. Bak & Wiesenfeld [7] attribute significant 
complexity in systems to self-organization, highlighting the ability of 
these systems to autonomously modify their behavior and structure 
over time.
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The complexity of systems emerges from the varied and unpre-
dictable interactions among their elements, as Simon [8], leading to 
multiple levels of complexity. The definition of complexity lacks con-
sensus, with Sussman [9] presenting twenty different definitions, and 
Lloyd [10] proposing a classification based on the difficulty of descrip-
tion and the level of organization. The increase in regulations within 
human organizations adds layers of complexity to the study of complex 
systems [11–13]. Holland [14] and Mitchell [15] argue that the absence 
of a universal definition does not hinder the study of these systems, 
offering approaches to address their emergent nature. Mobus et al. [16] 
emphasize the need for a systemic organization to determine complex-
ity. To quantify this complexity, a variety of metrics are used, including 
entropy, statistical analyses, fractal dimension, algorithmic information 
content, dynamic depth, and system connectivity [17–28], significantly 
enriching the analysis and understanding of complex systems.

Paice & Wirth [29] argue that self-regulation mechanisms ensure 
the stability of complex systems in the face of unforeseen situations. 
Okuyama’s methodology [30], which employs graph theory, is an ef-
fective tool for assessing stability. Pesterev [31] introduces the concept 
of stability sectors in control systems, and the studies by Chestnov 
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and Shatov [32] and Liu et al. [33] demonstrate how stability varies 
under different operating conditions and loads. The research by Zhong 
et al. [34] and Wan & Luo [35] explores the interconnections be-
tween performance, complexity, stability and optimization, suggesting 
methods to optimize problem solving and system modeling. Laddha 
and Ramalingam [36] and Hammami [37] discuss the importance of 
adapting optimization processes to the specific characteristics of the 
systems, considering the heterogeneity of the components.

Advanced optimization techniques are used to define parameters 
that ensure the adaptability of the system to unexpected situations 
while maintaining functional stability [38,39]. Keshtkar et al. [40] 
propose a methodology that integrates concepts of stability and opti-
mization in mechanical contexts. In the specific fields of power systems 
and wind energy, Odintsov et al. [41] and Nassar et al. [42] inves-
tigate the incorporation of stability into optimization procedures to 
achieve solutions that balance stability with compliance with required 
system standards. Research in this area is expanding, addressing un-
certainties in performance evaluation methods, discrepancies in the 
conceptualization of complexity, the importance of considering stability 
alongside performance and complexity in specific operational contexts, 
and the need to adapt optimization processes to include these critical 
dimensions [43].

Although recent advances represent important contributions, cur-
rent methodologies still exhibit significant limitations in addressing 
the interaction between performance, complexity, and stability. Ex-
isting approaches typically assess these aspects in isolation, resulting 
in partial or inconsistent analyses [44]. Performance metrics tend to 
focus primarily on efficiency and compliance with predefined require-
ments [1,2], often neglecting the systemic effects of complexity and sta-
bility. However, even fully optimized systems can show unpredictable 
behavior due to emergent properties and non-linear interactions among 
components [7,8].

Quantifying complexity remains a challenge due to the large num-
ber of definitions and evaluation criteria [9,10]. Although some
methodologies consider structural and organizational aspects [14,15], 
others focus on statistical and algorithmic measures [16]. Similarly, 
stability is often assessed in isolation, without considering its de-
pendence on both the complexity of the system and the operational 
conditions [31,33]. These fragmented perspectives hinder the develop-
ment of comprehensive analyses and limit decision-making processes 
in complex systems.

To overcome these limitations, this study proposes an innovative 
metric that integrates performance, complexity, and stability into a 
unified framework. By jointly considering these three aspects, the 
proposed approach enables a more comprehensive assessment of system 
resilience, supporting more balanced and reliable optimization strate-
gies. This integration is particularly relevant for the development of 
systems capable of maintaining operational consistency under vary-
ing conditions, ensuring both adaptability and resilience in real-world 
applications.

Thus, a gap is identified in current system analysis methods, char-
acterized by the absence of a unified measure that simultaneously en-
compasses the concepts of performance, complexity and stability [45]. 
This study proposes the development of an integrated robustness metric 
capable of efficiently exploring the search space of input variables 
while accounting for the interaction among these three elements. The 
central hypothesis is that, if performance, complexity, and stability can 
be consistently measured in validated models, it becomes feasible to 
construct a metric that combines these dimensions and supports the 
identification of robust solutions.1

1 In this work, system robustness refers to the ability of a system to continue 
operating correctly under adverse or unexpected conditions. Characteristics 
include resilience to faults, tolerance to disturbances, consistent performance, 
and adaptability [46,47].
2 
The originality of the proposed approach lies in the integration of 
these three components into a single criterion, as well as in the in-
troduction of specific methodologies for calculating the stability index. 
This approach differs from previous ones by enabling a more balanced 
and multidimensional evaluation of system robustness, overcoming the 
limitations of conventional metrics. The proposed method can be ap-
plied during both the design phase and in the operation of the system, 
with the potential to support decision making in various domains, such 
as engineering, computer science, economics, finance, and healthcare, 
especially in scenarios where adaptability is a key factor for sustained 
performance.

This study is organized as: Section 2 is dedicated to the theo-
retical foundation, presenting concepts such as systems, models, and 
optimization processes, which are required to understand the adopted 
methodology and the analysis of results. Section 3 details the proposed 
methodology, covering the entire process from model construction 
to results acquisition. Section 4 discusses the results obtained, while 
Section 5 concludes the study.

2. Theoretical background

This section presents the theoretical foundations that support the 
methodological proposal of the study. The chapter discusses the metrics 
commonly used in system analysis: performance, complexity, stability, 
and robustness, as well as their conceptual and operational limitations. 
The section also includes reflections on the nature of complex sys-
tems and the challenges associated with evaluating their properties in 
practical contexts.

2.1. Nature of the problem and sensitivity analysis of the parameters

Stacey [48] proposes classifying problems as simple, complicated, 
complex, or chaotic based on the level of disagreement and uncer-
tainty about the problem and the uncertainty regarding the methods to 
address it. Simple problems are well understood and have known solu-
tions, while chaotic problems are characterized by a lack of agreement 
and the absence of known methods for resolving them. The relationship 
between complexity, uncertainty, and resolution methods indicates that 
as the complexity and uncertainty of a problem increase, the choice of 
an appropriate method becomes more critical [49]. Fig.  1(a) illustrates 
these concepts using the Stacey matrix, which organizes problems 
according to the levels of disagreement and uncertainty. Meanwhile, 
Fig.  1(b) shows the relationship between complexity and uncertainty. 
Fig.  1(c), adapted from Paiva et al. [49], combines these concepts, 
showing how optimization methods can be applied to different regions 
of the matrix, depending on the nature of the problem.

In Fig.  1(c), deterministic methods are suitable for simple problems, 
while more unpredictable problems require sophisticated methods. For 
complicated issues, various methods can be used, such as deterministic, 
heuristic, and inferential approaches, depending on the level of uncer-
tainty. Complex problems require heuristic, stochastic, or inferential 
approaches, whereas chaotic problems necessitate stochastic methods. 
Gomes [28] notes that uncertainty in systems emerges from varia-
tions in input parameters due to environmental changes that impact 
the output. Experiments with different parameter configurations allow 
the evaluation of performance under various circumstances, enabling 
sensitivity analyses to better understand the system behavior.

Sensitivity analysis is a technique that evaluates the impact of 
each input parameter on variations in the system’s output [50,51]. 
According to Homma and Saltelli [52], this analysis quantifies the 
contribution of each input to the output of the real system or model. 
It is necessary for several purposes: (i) identifying the need for model 
simplification, (ii) investigating errors, (iii) assessing the system’s sen-
sitivity to variations, (iv) confirming the correct processing of input 
parameters, (v) reducing computational effort by converting irrelevant 
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Fig. 1. Relationship between uncertainty, complexity, and disagreement: (a) Stacey Matrix, (b) optimization concepts, and (c) overlap of Stacey Matrix with optimization concepts.
input variables into constants, and (vi) identifying areas of interest in 
terms of system complexity and stability [51,53,54].

Sensitivity analysis can be local or global, depending on how the in-
put parameters are varied. Local analysis alters one parameter at a time 
while keeping the others fixed at reference values, whereas global anal-
ysis considers the integrated variations of all input parameters [55,56]. 
Studies such as those by Hamby [57] and Frey and Patil [54] present 
various techniques for sensitivity analysis, comparing ten methods, 
including four analytical, five statistical, and one graphical approach. 
Saltelli et al. [51] provide a review of sensitivity analysis methods, with 
a focus on scientific models. This analysis is able to examine both the 
structure and dynamics of the system [58–60]. Among visual methods, 
Eschenbach and McKeague [61] propose the use of the spider diagram.

Fig.  2, adapted from Gomes et al. [28], presents the spider diagram 
for the sensitivity analysis of a system with two parameters, which 
can be generalized to 𝑛 input parameters 𝑥1, 𝑥2,… , 𝑥𝑖,… , 𝑥𝑛. In local 
sensitivity analysis, the reference values that optimize system perfor-
mance, known as the baseline case ⃖⃗𝛽, are identified by (1). In the 
spider diagram, the vertical axis represents the system outputs, while 
the horizontal axis indicates the variation of parameters relative to 
the reference value. The blue and red curves represent the simulation 
results for parameters 𝑥1 and 𝑥2, allowing for the evaluation of the 
sensitivity of each parameter based on the distance of the curves from 
the baseline axis. 
⃖⃗𝛽 = [𝑥𝛽1 , 𝑥

𝛽
2 ,… , 𝑥𝛽𝑖 ,… , 𝑥𝛽𝑛 ] (1)

During each cycle of the analysis, one parameter is varied while 
the others remain constant at their reference values. This creates new 
scenarios by combining different values of the parameter under analysis 
with the reference values of the other parameters. These scenarios are 
then applied to the real or simulated system and the corresponding 
outputs are recorded, allowing for the evaluation of the sensitivity of 
3 
Fig. 2. Spider diagram for a system with two input parameters.

each parameter 𝑥𝑖. In Fig.  2, the analysis range varies from [−80%, 60%], 
with parameters adjusted within the interval [−100%, 100%] from their 
reference values. However, in practical applications, certain parameters 
may be subject to physical or strategic limitations that restrict this 
range. Even with such restrictions, a parameter may still be highly 
sensitive, with its variation exerting a significant impact on the system’s 
output.

Gomes et al. [28] propose the area method for determining the 
sensitivity indices of the input parameters of the system. In this method, 
the contribution of each parameter is evaluated on the basis of the area 
formed between its curve and the baseline axis, which represents the 
system’s output in the baseline case. In Fig.  2, the contributions of the 
parameters 𝑥  and 𝑥  are highlighted in blue and brown, respectively. 
1 2
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The sensitivity index of parameter 𝑥𝑖 is calculated using (2), where 𝑆𝑎𝑥𝑖
is the sensitivity index, 𝐴𝑥𝑖  is the area under the curve of parameter 𝑥𝑖, 
and 𝑛 is the total number of input parameters [28]. 

𝑆𝑎𝑥𝑖 =
𝐴𝑥𝑖
𝑛
∑

𝑖=1
𝐴𝑥𝑖

(2)

2.2. Measures of performance, complexity, stability, and robustness

Ilgen and Schneider [1] and Borman and Brush [2] state that 
performance reflects the degree to which a system meets imposed 
constraints in multiple aspects considered in the analysis. In essence, 
system performance results from the interaction between the perfor-
mance of each system component that performs specific functions [3]. 
Therefore, performance metrics should provide quantitative values that 
allow comparisons between different system operation scenarios [4]. 
According to Fetsch and DeBasio [62], performance refers to the extent 
to which the system’s objectives are achieved. High performance is 
achieved when the system operates optimally using available resources, 
yielding satisfactory values for performance metrics [63,64]. To de-
velop a system performance metric, it is necessary to integrate relevant 
information on the aspects considered significant by analysts.

Complexity emerges from interactions between parts, leading to 
unpredictable behavior [14]. Page [65] suggests combining techniques 
from different fields to address complex problems due to the variety 
of approaches available. Even simple systems can exhibit complexity 
due to the multitude of interactions [66]. In addition to the unifying 
characteristics proposed by the science of systems, complex systems 
display non-linearity, emergence, self-organization, diversity, and inter-
dependence [66–68]. These characteristics are analyzed to determine 
the level of complexity [28]. Emergence results from simple rules that 
generate complex behavior [15]. Self-organization is derived from the 
ability of parts to adjust their operations [65,69,70]. Diversity allows 
each part to contribute uniquely [65,71]. The interdependence shows 
how the removal of parts affects the whole [11]. Complexity metrics 
evaluate these and other characteristics [15,72]. Mitchell [15] indicates 
that these metrics are useful for comparing different systems. Gomes 
et al. [28] propose the natural complexity metric, which assesses the 
importance of connections. This metric considers interactions between 
entities, resources, and queues, calculating the complexity of the system 
during simulation.

In the natural complexity metric, interactions are recorded in the 
relationship matrix during each processing step, without considering 
the direction of the information flow. Calculating system complex-
ity takes into account the probability that each connection 𝑐 occurs, 
considering the number of active entities, resources, and queues in 
the system. The natural complexity, given by (3), is determined by 
the active connections and their respective relevance 𝛾, which are 
calculated based on the sensitivity indices of the parameters in (2), 
associated with each connection and weighted by the probability that 
the connection occurs 𝑃 (𝑐) [28]. 

𝜓(𝑐, 𝛾) =
𝜌
∑

𝜅=1

[

𝛾𝜅 − 𝑃 (𝑐𝜅 ) ⋅ log2 𝑃 (𝑐𝜅 )
]

(3)

System stability refers to its ability to return to equilibrium af-
ter disturbances [73]. This involves minimizing internal and external 
oscillations to achieve a balanced state. To maintain stability, the 
system requires self-regulation mechanisms to adapt to unexpected 
changes [29,74]. The ability to maintain equilibrium is important for 
systems, and Xue et al. [75] and Qiaoge et al. [76] suggest that this 
can be assessed using specific metrics. Bai and Zhou [77] recom-
mend defining different thresholds for system output when evaluating 
stability and organizing scenarios within a coincidence detection ma-
trix. Pesterev [31] identifies stable operating ranges, referred to as 
stability sectors, using concepts from Lyapunov’s quadratic functions. 
4 
Okuyama [30] proposes a method based on mapping trajectories within 
a state transition matrix to calculate system stability. Finally, the 
stability metric proposed by Liu et al. [33] enables the calculation of 
stability indices, detecting parameter configurations that may lead to 
instability.

The robustness of the system is its ability to maintain functional-
ity in the face of internal and external changes or disturbances [65,
73]. When the system deviates from its usual operating pattern, it 
is considered a disturbance, which introduces uncertainty about its 
future states [78,79]. According to Klomp et al. [80], robustness can 
combine both material and symbolic aspects, such as the durability 
of the equipment and the competence of the operators, respectively. 
The design of robust systems requires a variety of methods and tools 
to manage uncertainties and resource constraints, including robust 
design techniques [81,82]. Lempert and Collins [83] emphasize the 
importance of identifying diverse scenarios beyond the one optimized 
for making robust decisions. Schlesinger [84] suggests that in addition 
to performance, other characteristics of the system can contribute to its 
robustness. Croskerry [85] stresses that robust design must recognize 
the vulnerabilities of different scenarios and evaluate the trade-offs 
between them, which requires the analyst to take careful judgment.

3. Methodology

This section presents the methodology proposed in this work. Ini-
tially, the context of the study is established, followed by the in-
troduction of the proposed metrics. The techniques for calculating 
performance, complexity index, and stability index are detailed, and 
subsequently, the method for measuring robustness is introduced. Fi-
nally, the optimization process to be used in the modeling of the three 
systems for the case studies is described.

3.1. Contextualization of the proposal

The primary objective of this work is to develop a metric to identify 
robust solutions among the various possible options. The methodology 
begins with models of real systems and verifies these models through 
simulation. In constructing the metric, the concepts of performance, 
complexity, and stability are utilized to produce the measure of ro-
bustness. The approach starts with the system optimized solely for 
performance. With the optimized input parameters, a baseline value is 
obtained. Using this baseline, it is possible to construct a spider diagram 
to perform sensitivity analysis, measure complexity, and formulate the 
stability metric. Fig.  3 illustrates the flow of the proposed methodology.

The methodology begins with the definition of the baseline scenario 
𝑐𝛽 , which represents the efficient operation of the system with optimal 
use of its resources. The determination of 𝑐𝛽 can be achieved through an 
optimization process or by consulting experts. When the optimization 
process is used to determine 𝑐𝛽 , performance metrics are typically 
used. Fig.  4 illustrates the flow of activities required to calculate 
performance, using the modeling of the discrete event system.

In Fig.  4, the first step is to obtain and simulate the system model. 
For discrete event systems, the simulation process and application of 
the performance metric should be repeated according to the number 
of replications necessary to eliminate bias. This number can be deter-
mined by combining the knowledge of the system with the application 
of measures of central tendency to the output values obtained from 
successive replications. The scenario with the best performance after 
these successive replications is considered the baseline scenario 𝑐𝛽 .

The second step is to obtain the sensitivity indices of the parameters 
considering 𝑐𝛽 , which are used in the process of determining the com-
plexity index. The calculation of sensitivity indices is necessary because 
the chosen complexity metric, which contributes to the robustness 
metric, is based on connections weighted by these indices. The area 
method is used to determine the values of the sensitivity indices [28].
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Fig. 3. Flowchart of the proposed methodology.
Fig. 4. Flowchart for obtaining the best performance.
3.2. Proposal for natural complexity and stability indices

The third step is the calculation of the natural complexity index 
𝑖𝜓 . This index indicates the degree of proximity between the system’s 
complexity in a given scenario and its natural complexity. The index 
ranges from 0 ≤ 𝑖𝜓 ≤ 1, decreasing or increasing as the complexity of 
the scenario diverges from or converges toward the natural complexity. 
Thus, 𝑖𝜓 (𝑐𝑖) is considered the complexity index of scenario 𝑐𝑖, and using 
(3) as described by Gomes et al. [28], 𝑖𝜓  is defined by (4). In this 
context, 𝑐𝑖 represents the 𝑖th scenario and 𝑐𝛽 is the baseline scenario. 

𝑖𝜓 (𝑐𝑖) =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

|𝜓(𝑐𝑖) − 2 ⋅ 𝜓(𝑐𝛽 )|
𝜓(𝑐𝛽 )

𝑖𝑓 𝜓(𝑐𝑖) > 𝜓(𝑐𝛽 )

𝜓(𝑐𝑖)
𝜓(𝑐𝛽 )

𝑖𝑓 𝜓(𝑐𝑖) ⩽ 𝜓(𝑐𝛽 )
(4)

The proposed stability index is calculated based on the spider 
diagram, illustrated in Fig.  5, which pertains to the sensitivity analysis 
of the system with three parameters: 𝑥1, 𝑥2, and 𝑥3. The 𝑥-axis repre-
sents the percentage variation of each parameter’s value relative to its 
reference value. The 𝑦-axis represents the measured system output for 
each percentage variation of the parameters. It is noted that each line 
segment of the spider diagram curves exhibits an angle of inclination 
relative to the horizontal axis, with the first three angles of each curve 
highlighted.
5 
In general, each of the 𝑛 curves in the spider diagram can be divided 
into a different number of points 𝑝, resulting in lines 𝑚 = 𝑝 − 1. This 
variation occurs because, in the sensitivity analysis process, different 
ranges of variation may be applied to each input parameter of the 
system. Thus, for each input parameter 𝑥𝑖 of the system, it is possible to 
determine the vector ⃖⃖⃖⃖⃗𝐼𝑥𝑖 = (𝛼𝑖,1, 𝛼𝑖,2,… , 𝛼𝑖,𝑚), which contains the values 
of the angles formed between the lines of its curve and a line parallel 
to the 𝑥 axis.

These vectors can be grouped into the vector ⃖⃗𝐼 =
[

⃖⃖⃖⃖⃗𝐼𝑥1 , ⃖⃖⃖⃖⃗𝐼𝑥2 , ⃖⃖⃖⃖⃗𝐼𝑥3 ,… ,

⃖⃖⃖⃖⃗𝐼𝑥𝑛
]

, which contains the angles 𝛼 corresponding to all the curves in the 
spider diagram. Obtaining ⃖⃗𝐼 is the first step in calculating the stability 
index. To calculate the angular mean of ⃖⃗𝐼 , the arc-tangent function of 
two parameters is applied to the average of the sines and cosines of the 
angles contained in ⃖⃗𝐼 , as given by: 

𝛼𝑚𝑒𝑑 (𝐼) = arctan 2

(

1
𝑗

𝑗
∑

𝑖=1
sin 𝛼𝑖,

1
𝑗

𝑗
∑

𝑖=1
cos 𝛼𝑖

)

(5)

where 𝛼𝑚𝑒𝑑 (𝐼) is the angular mean of ⃖⃗𝐼 , 𝑗 is the number of elements in 
⃖⃗𝐼 , and 𝛼𝑖 is the 𝑖th angle in ⃖𝐼 . Considering the upper limit 𝛼𝑚𝑎𝑥 = 90◦ for 
the angles contained in ⃖⃗𝐼 , the stability index can be calculated by 
dividing the absolute difference between 𝛼𝑚𝑒𝑑 (𝐼) and 𝛼𝑚𝑎𝑥 by the value 
of 𝛼𝑚𝑎𝑥, as given by: 

𝜉 =
|𝛼𝑚𝑒𝑑 (𝐼) − 𝛼𝑚𝑎𝑥| (6)
𝛼𝑚𝑎𝑥



J.R.B. Paiva et al. Knowledge-Based Systems 318 (2025) 113527 
Fig. 5. Spider diagram for a system with three input parameters.
Fig. 6. Flowchart for obtaining the stability index.

The stability value is adjusted to the range 0 ≤ 𝜉 ≤ 1, where a higher 
value of 𝜉 indicates a more stable system in a given scenario. Unlike 𝑖𝜓 , 
which has a fixed value for each 𝑐𝛽 , the value of 𝜉 can vary within 𝑐𝛽 . 
Fig.  6 illustrates the process for obtaining the proposed 𝜉.

3.3. Proposal for the robustness metric

The proposed robustness metric integrates all concepts of perfor-
mance 𝜇𝑑 , complexity 𝑖𝜓 , and stability 𝜉. Fig.  7 illustrates the flow for 
obtaining robustness, highlighting in gray the steps where the values 
of each of the three components are obtained. The proposed metric is 
given by: 
𝜏 = 𝑓 (𝜇𝑑 + 𝑖𝜓 + 𝜉) (7)

3.3.1. Mathematical formalization of the proposed model
The proposed robustness metric, 𝜏, is defined as a combination of 

three fundamental system components: (i) performance 𝜇𝑑 , (ii) com-
plexity 𝑖𝜓 , and (iii) stability 𝜉. Its mathematical formulation is ex-
pressed in (7), where the function 𝑓 must satisfy certain mathematical 
properties to ensure that the metric adequately represents the ro-
bustness of the system. Each component must be within the interval 
𝜇𝑑 , 𝑖𝜓 , 𝜉 ∈ [0, 1], ensuring comparability and consistency within the 
integrated metric. Consequently, it follows that: 
0 ≤ 𝜏 ≤ 3. (8)

The monotonicity property of the metric 𝜏 establishes that it must 
be non-decreasing with respect to each of its components, that is, an 
increase in any of them must not result in a decrease of the overall 
6 
metric, as shown in (9). This ensures that improvements in any indi-
vidual dimension contribute positively to the global robustness value. 

𝜕𝜏
𝜕𝜇𝑑

≥ 0, 𝜕𝜏
𝜕𝑖𝜓

≥ 0, 𝜕𝜏
𝜕𝜉

≥ 0. (9)

The linearity and relative weighting of the metric components can 
be expressed as a weighted average of the three factors, with adjustable 
coefficients reflecting the relevance of each criterion, as shown in (10). 
Here, 𝑤𝑑 , 𝑤𝜓 , and 𝑤𝜉 are normalized weights such that 𝑤𝑑 +𝑤𝜓 +𝑤𝜉 =
1. 
𝜏 = 𝑤𝑑𝜇𝑑 +𝑤𝜓 𝑖𝜓 +𝑤𝜉𝜉. (10)

If no preference is given among the three factors, equal weights are 
adopted, i.e., 𝑤𝑑 = 𝑤𝜓 = 𝑤𝜉 = 1

3 , resulting in (11). This formulation 
ensures the consistency of the metric while allowing for adjustments 
based on the specific context of the analysis. 

𝜏 = 1
3
(𝜇𝑑 + 𝑖𝜓 + 𝜉). (11)

To verify the consistency of the metric and ensure that 𝜏 accurately 
reflects the robustness of the system, its behavior is analyzed under 
extreme scenarios: (i) for an ideally robust system, where 𝜇𝑑 = 𝑖𝜓 =
𝜉 = 1, we have 𝜏 = 1

3 (1+ 1+1) = 1, (ii) for an extremely fragile system, 
where 𝜇𝑑 = 𝑖𝜓 = 𝜉 = 0, we obtain 𝜏 = 1

3 (0 + 0 + 0) = 0, and (iii) for 
a system with imbalanced factors, for example, 𝜇𝑑 = 1, 𝑖𝜓 = 0.5, and 
𝜉 = 0.2, we have 𝜏 = 1

3 (1 + 0.5 + 0.2) = 0.5667. This illustrates that the 
metric adequately captures the heterogeneity of the characteristics of 
the system.

Traditional metrics often evaluate performance, complexity, and 
stability separately. For example, the efficiency metric 𝜇𝑑 ignores struc-
tural complexity and system resilience, the structural complexity metric 
𝑖𝜓  does not account for operational stability, and the stability metric 
𝜉 does not consider the impact of performance and complexity. By 
integrating these three elements, the metric 𝜏 enables a more balanced 
assessment that is better aligned with the characteristics of complex 
systems.

3.4. Optimization using the robustness metric

The optimization process determines the values of the parameters 
of a given scenario 𝑐𝑎 and presents them to the simulator, which then 
calculates the performance 𝜇𝑑 (𝑐𝑎), the natural complexity indices 𝑖𝜓 (𝑐𝑎), 
and the stability 𝜉(𝑐𝑎). In this process, the value of 𝜏(𝑐𝑎) in (7) is 
considered the evaluation function 𝑓  of the optimization process. 
𝑒𝑣𝑎𝑙
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Fig. 7. Flowchart for obtaining the proposed robustness metric.
Fig. 8. Flowchart of the optimization process based on the robustness metric.
Taking into account values in the range 0 ≤ 𝜏 ≤ 1 for each component 
of the robustness metric, the maximum possible value is 𝑓𝑒𝑣𝑎𝑙 = 3. Since 
higher values of 𝜇𝑑 (𝑐𝑎), 𝑖𝜓 (𝑐𝑎), and 𝜉(𝑐𝑎) are preferable, the problem can 
be defined as a maximization problem. Using algebraic manipulation, 
the maximization problem can be transformed into a minimization 
problem, and thus the evaluation function is defined as: 

𝑓𝑎𝑣𝑎𝑙 =
1

𝜏(𝑐𝑎)
(12)

Fig.  8 illustrates the flow of the optimization process, where the 
optimized scenario 𝑐𝑎∗  is obtained at the end of the process. Even if 
the system does not achieve the highest values for 𝜇𝑑 , 𝑖𝜓 , and 𝜉, the 
system is guided to operate robustly when the optimized values for the 
input parameters are used, encompassing performance, complexity, and 
stability aspects together.

4. Models for case studies

To apply the proposed methodology, three well-established and 
distinct systems from the literature are used. All systems are modeled 
using discrete event systems. The first model is an intensive care unit 
system, the second model is a process scheduling system, and the third 
model is an electric vehicle traction and braking system.
7 
4.1. Intensive care unit system

An intensive care unit (ICU) is a dedicated space for patients who 
require constant supervision and medical care. In addition to healthcare 
professionals, this environment is equipped with devices that support 
the functioning of vital systems in the body during the treatment 
of serious diseases [86]. Various procedures are performed in the 
ICU, including adverse events that may result in extended hospital-
ization, disability, or death, caused by incompetence, negligence, or 
accidents in healthcare delivery. The occurrence of adverse events 
burdens the ICU system as a whole, increasing both financial costs and 
psychological impacts.

The ICU system model is described in detail by Gomes et al. [28] and 
illustrated in Fig.  9. When an ICU bed is requested, the patient waits 
in a priority-based first-in, first-out (FIFO) queue until the necessary 
resources are available and the intensivist confirms admission. If ac-
cepted, the resources are allocated to the patient, who is then admitted 
to the system. If denied, the bed request is canceled. When the patient is 
discharged, either due to recovery or death, the resources are relocated.

The parameters considered in this ICU model are: (i) number of 
beds, (ii) percentage of supplies, (iii) percentage of medical personnel, 
(iv) arrival rate, and (v) adverse event rate. The performance of the 
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Fig. 9. Flowchart of the ICU model.
ICU model is calculated based on the relationship between the number 
of admissions 𝑛𝑎, the average length of stay 𝑡𝑠, the average number 
of patients in the queue 𝑛𝑝𝑓 , and the average number of beds in use 
𝑛𝑙, as given by (13), where 𝜇𝑑 (𝑈 ) represents the performance of the 
ICU system, and 𝑛𝑎𝑟𝑒𝑓 , 𝑡𝑠𝑟𝑒𝑓 , 𝑛𝑝𝑓𝑟𝑒𝑓 , and 𝑛𝑙𝑟𝑒𝑓  correspond to the reference 
values for 𝑛𝑎, 𝑡𝑠, 𝑛𝑝𝑓  and 𝑛𝑙, respectively. The complexity of the ICU 
system is determined based on the relationships between patients and 
the elements of the system. Fig.  9 illustrates these relationships. 

𝜇𝑑 (𝑈 ) = 1
4
⋅

(

2 +
𝑛𝑎
𝑛𝑎𝑟𝑒𝑓

−
𝑛𝑝𝑓
𝑛𝑝𝑓𝑟𝑒𝑓

+
𝑛𝑙
𝑛𝑙𝑟𝑒𝑓

−
𝑡𝑠
𝑡𝑠𝑟𝑒𝑓

)

(13)

4.2. Process scheduling system

The process scheduling (PS) system is the part of the operating 
system that coordinates the execution of processes during computer 
usage [87]. In modeling the system, processes are considered entities 
8 
that utilize the following resources: (i) central processing unit (CPU), 
(ii) random access memory (RAM), (iii) input/output devices, and 
(iv) hard drives (HD). The concept of quantum is used, which deter-
mines the maximum CPU usage time allowed per process [88]. When 
a process’s CPU usage time reaches the quantum value, its execution is 
interrupted. The interrupted process must wait for another opportunity 
to use the CPU.

The flow illustrated in Fig.  10 represents the system’s dynamics. 
The first steps are: (i) creating the process, (ii) waiting for RAM 
availability in a FIFO queue, (iii) waiting for CPU availability in a 
priority-ordered FIFO queue, and (iv) executing the process at the front 
of the queue until either the quantum value is reached, the process 
requires an input/output device or HD, or its CPU demand is met. The 
flow proceeds as follows: (i) if the process execution is interrupted due 
to the need for an input/output device or HD, the process is sent to 
the corresponding resource queue, (ii) when the input/output device or 
HD becomes available, the first process in the respective queue uses the 
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Fig. 10. Flowchart of the PS model.
resource, and (iii) processes that either finish execution due to reaching 
the quantum or complete the use of input/output devices or HD are 
returned to the CPU waiting queue.

The states defined for the processes are: (i) created, (ii) in queue 
for RAM usage, (iii) in queue for CPU usage, (iv) in queue for in-
put/output device or HD usage, (v) using CPU, (vi) using input/output 
device or HD, and (vii) finished. The modeled events are: (i) pro-
cess creation, (ii) RAM allocation, (iii) CPU usage, (iv) input/output 
device or HD usage, (v) processing interruption due to quantum ex-
haustion, (vi) processing interruption for input/output device or HD 
access, (vii) process completion, (viii) RAM deallocation, (ix) CPU 
deallocation, and (x) input/output device or HD deallocation.

The modeled parameters are: (i) number of CPUs, (ii) amount of 
RAM, (iii) number of input devices, (iv) number of output devices, and 
(v) number of HDs. Unlike traditional metrics, the proposed metric for 
calculating the performance of the PS system is based on: (i) the ratio 
between the amount of work demanded and the amount of work com-
pleted, as proposed by Lynch [89] and Sacha [90], (ii) the percentage 
of resource utilization: CPU by Kung et al. [91] and Menezes et al. [92], 
RAM by Chen & Bershad [93] and Kayande & Shrawankar [94], input 
9 
and output devices by Page [95] and Priem & Rosenthal [96], and 
HD by Katz et al. [97] and Guo et al. [98], and (iii) the waiting 
time of processes in system queues by Cutler & Lenzmeier [99], Bohm 
et al. [100], Pierre [101], and Shah et al. [102]. Thus, the performance 
of the PS system is given by: 

𝜇𝑑 (𝐸) =
1

(2 ⋅ 𝑧) + 1
⋅

[

𝑝𝑓
𝑝𝑔

+
𝑧
∑

𝑖=1
𝑢𝑟(𝑖) +

(

1 −
𝑡𝑓𝑟(𝑖)

max
(

𝑡𝑓𝑟(𝑖)
)

)]

(14)

where 𝜇𝑑 (𝐸) is the performance, 𝑝𝑓  is the number of completed pro-
cesses, 𝑝𝑔 is the number of processes generated during the simulation, 
𝑧 is the number of system resources, 𝑢𝑟(𝑖) is the percentage of utilization 
of the 𝑖th system resource, 𝑡𝑓𝑟(𝑖) is the average waiting time in the 
queue for the 𝑖th system resource, and max(𝑡𝑓𝑟(𝑖)) is the longest average 
waiting time in the queue for the 𝑖th system resource.

Fig.  11 illustrates the flow of the PS model, in which there are nine 
processes in the system: 𝑃1 to 𝑃9. When a process uses the CPU, input 
devices, output devices, or HD, processes 𝑃1 to 𝑃4, with connections 𝐶1
to 𝐶8, two connections are taken out per process: one with the resource 
and one with RAM. If the process is waiting in a queue for the release 
of a resource, except for RAM, two connections are also counted per 
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Fig. 11. Diagram of the scheduling system with nine processes.
process: one with the queue of the required device and one with RAM, 
processes 𝑃5 to 𝑃8, with connections 𝐶9 to 𝐶16. Furthermore, if the 
process is waiting in a queue for RAM to be released, process 𝑃9, with 
connection 𝐶17, only one connection is accounted for.

4.3. Electric vehicle traction and braking system

The electric vehicle (EV) traction and braking system is a key area 
of research to improve energy conservation and battery efficiency [103,
104]. Fig.  12 illustrates the components and connections considered in 
the modeling of this system with an electric machine. Near each con-
nection, the following representations are shown: (i) control connection 
between components 𝙲, (ii) electrical connections in direct current (DC) 
and alternating current (AC), labeled as 𝙲𝙲 and 𝙲𝙰, respectively, and 
(iii) torque connection 𝚃.

Fig.  12 illustrates the diagram of the electric vehicle (EV) system, 
where the blue arrows indicate traction. In this scenario, the accel-
erator pedal communicates with the system controller, which sends 
the desired speed to the DC/AC inverter. The alternating current is 
supplied to the electric machine which operates as a motor. Finally, the 
power from the electric machine, converted into torque, is transferred 
to the EV’s wheels. The red arrows indicate braking. In this case, the 
brake pedal communicates with the system controller, which informs 
the regenerative braking system of the desired deceleration rate. During 
braking, the kinetic energy from the inertial motion of the wheels forces 
the electric machine to rotate in the opposite direction, causing it to 
function as a generator and recharge the batteries. The green arrows 
indicate the external energy source used to charge the batteries.

Taking into account the direction of the arrows in Fig.  12, seven 
connections occur in the system during traction. During braking, eleven 
connections are involved. If the electric vehicle (EV) has more than one 
electric machine and the urban or sport driving modes are activated 
during the simulation, the connections between the additional ma-
chines and their adjacent elements must be taken into account [105]. 
Thus, if the EV is in traction mode, an additional two connections 
should be considered for urban mode or six additional connections 
for sport mode. If the EV is in regenerative braking mode and the 
urban or sport driving modes are activated, four or twelve additional 
connections should be counted, respectively. When the system is in 
battery charging mode from an external source, seven connections are 
considered.

When using two or four electric machines, each is installed on one 
axle of the vehicle or on the wheels, respectively. The modeled electric 
10 
vehicle (EV) features the following driving modes: (i) economical, 
where only one electric machine is activated on the front axle, (ii) ur-
ban, where two machines are activated on both axles, and (iii) sport, 
where four machines are activated on the wheels [106]. The flow of 
actions modeled for the electric vehicle traction and braking (EVTB) 
system is illustrated in Fig.  13. The model considers the following 
states: (i) traction, (ii) braking, (iii) battery charging from an external 
source, and (iv) off. The modeled events are: i) activation of the EV, 
(ii) charging of the battery pack from an external source, (iii) selection 
of driving mode, (iv) traction operation, (v) regenerative braking op-
eration, (vi) interruption of battery charging from an external source, 
(vii) shutdown of the EV due to battery depletion, and (viii) shutdown 
of the EV at the driver’s request. The movement of the EV is influ-
enced by the following forces: (i) rolling resistance, (ii) aerodynamic 
resistance, iii) incline resistance, and (iv) inertial forces.

The modeled parameters are: (i) battery power, (ii) electric machine 
power, and (iii) number of electric machines. After simulating the 
model, the performance of the system is calculated based on battery 
consumption and the range of the electric vehicle (EV), as given by 
(15). In this expression, 𝜇𝑑 (𝑉 ) represents the performance of the EVTB 
system, 𝑐𝑚𝑒𝑑 is the average battery consumption during the trip, 𝑐𝑚𝑎𝑥
is the maximum battery consumption recorded during the trip, 𝑎𝑟 is 
the range of EV, calculated based on the remaining battery level and 
average consumption, and 𝑎𝑟𝑒𝑓  is the reference range defined by the 
manufacturer of the EV. 

𝜇𝑑 (𝑉 ) = 1
2
⋅
(

𝑐𝑚𝑒𝑑
𝑐𝑚𝑎𝑥

+
𝑎𝑟
𝑎𝑟𝑒𝑓

)

(15)

5. Results

In this section, the results obtained from applying the proposed 
methodology to the case study models are presented. Computational 
experiments were conducted to calculate all the variables necessary to 
determine the robustness of the systems. Following the presentation 
of the results, a comprehensive discussion of the findings is provided. 
Fig.  14 illustrates the process used to present the results for each case 
study. Initially, the baseline scenario 𝑐𝛽 for each model is presented. 
Then, the configurations for each model are determined, which refer 
to the specifications kept constant throughout all simulations. After 
defining the configurations, the optimization process based on the 
proposed robustness metric is carried out and the optimized scenarios 
are presented. Finally, an analysis of the scenarios for each model is 
performed.
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Fig. 12. Diagram of the electric vehicle traction and braking system.
To ensure the reliability and feasibility of computational experi-
ments, simulation intervals were defined based on two main criteria: 
(i) the operational relevance of the systems, with ranges established to 
encompass both typical and extreme scenarios, allowing the evaluation 
of system behavior under varying conditions, and (ii) the feasibility 
of conducting the experiments, with adjustments made to ensure that 
processing time remained compatible with available computational re-
sources without compromising result accuracy. Preliminary tests were 
performed to determine the minimum number of replications required 
to obtain statistically significant results.

For the ICU model, the simulation period was set to 365 days, 
reflecting a full annual operating cycle, including seasonal effects and 
variations in patient arrivals. For the PS model, a 24-h simulation 
period was adopted to capture fluctuations in processing demand over 
the course of a typical operational day. Finally, in the EVTB model, the 
simulation interval corresponded to complete driving cycles, including 
acceleration and braking under real-use conditions, with variations in 
terrain.

5.1. Determination of 𝑐𝛽 and parameterization of the ICU model

The base case 𝑐𝛽 for the ICU problem was defined based on the 
study by Gomes et al. [28], which indicates that the configuration 
𝑐𝛽 = (10, 100, 105, 12, 36) represents a typical scenario for this 
type of system, validated by healthcare specialists. This scenario was 
considered the most efficient in terms of hospital resource utilization 
and patient demand. It corresponds to a regular operating condition 
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in which the ICU operates with 10 beds, 100% of resources, 105% of 
medical staff (including an additional 5% due to partial shift overlap in 
specific cases), an adverse event rate of 12%, and a patient arrival rate 
of 𝑇𝐶 = 36 h. The performance value calculated for 𝑐𝛽 was 𝜇𝑑 = 0.7288, 
obtained as the average of the results of 100 simulation replications, 
as defined by (13). This base case was used as the foundation for the 
subsequent simulations.

The simulations conducted with the ICU model followed the same 
configurations as those adopted by Gomes et al. [28]. For each patient 
who arrived at the ICU during 365 days of simulation, a priority was as-
signed as follows: 35% of patients had Priority 1, 50% had Priority 2, 
7% had Priority 3, 7% had Priority 4, and 1% had Priority 5. Patients 
waited for treatment in a FIFO queue organized by their priority, from
Priority 1 to Priority 5. When resources were available, the intensivist 
evaluated the first patient in the queue, with a 10% refusal rate for 
admission, in which case the patient did not enter the ICU room. When 
a patient was accepted, the following allocations were made: (i) a bed, 
(ii) between 6% and 12% of the total resources, following a uniform 
distribution 𝑈 (6; 12), and (iii) between 6% and 12% of the working 
hours of the medical personnel, also following a uniform distribution 
𝑈 (6; 12).

The average length of stay for patients in the ICU, in days, is defined 
according to their priority. Assuming a normal distribution, the follow-
ing parameters were adopted: Priority 1 with 𝑁(8; 3), Priority 2 with 
𝑁(5; 2), Priority 3 with 𝑁(7; 1), Priority 4 with 𝑁(7; 1), and Priority 5
with 𝑁(30; 7). During their stay in the ICU, each patient involved in 
an adverse event has their stay extended by an additional 15 to 45
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Fig. 13. Diagram of the electric vehicle traction and braking system.
Fig. 14. Flow of results for each studied model.

days, following a uniform distribution 𝑈 (15; 45), with a probability 
of death 20%. Whether due to death or recovery, when a patient is 
discharged from the ICU, the allocated resources are freed up. Patients 
discharged are classified as follows: (i) recovered without a history of 
adverse events, (ii) deceased without a history of adverse events 𝐸𝐴, 
(iii) recovered with a history of adverse events, and (iv) deceased with 
a history of adverse events.

5.1.1. Application of the robustness metric in the ICU model
The application of the proposed robustness metric to the ICU model 

allowed studies related to unit resource size: beds 𝑛𝐿, supplies 𝑝𝐼 , 
and medical staff 𝑝𝐸𝑄, which are used to meet the demand for care, 
established by patient arrival rates 𝑇  and adverse event rates 𝑡 . 
𝐶 𝐸𝐴
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The metric application also allowed for an examination of robustness 
behavior when parameter values were varied. The variation in robust-
ness is related to: (i) the number of admissions to the unit, length of 
stay, size of the admission queue and number of beds in use, (ii) the 
dynamics of the unit, considering its connections, and (iii) the ability 
to maintain equilibrium when the quantity of hospital resources and 
the rates determining care demand are altered. To obtain scenarios 
with robustness greater than 𝑐𝛽 , an optimization process was performed 
using the particle swarm optimization (PSO) algorithm with a swarm 
of 20 particles, as described in (12). The lower and upper bounds used 
for parameter values in the optimization were given by: 

𝑀𝑙𝑖𝑚 =

⎡

⎢

⎢

⎢

⎢

⎢

⎣

𝑛𝐿𝑙 𝑛𝐿𝑢
𝑝𝐼𝑙 𝑝𝐼𝑢
𝑝𝐸𝑄𝑙 𝑝𝐸𝑄𝑢
𝑡𝐸𝐴𝑙 𝑡𝐸𝐴𝑢
𝑡𝐶𝑙 𝑡𝐶𝑙

⎤

⎥

⎥

⎥

⎥

⎥

⎦

(16)

where 𝑛𝐿𝑙  and 𝑛𝐿𝑢  are the lower and upper bounds of 𝑛𝐿, 𝑝𝐼𝑙  and 𝑝𝐼𝑢
are the lower and upper bounds of 𝑝𝐼 , 𝑝𝐸𝑄𝑙  and 𝑝𝐸𝑄𝑢  are the lower and 
upper bounds of 𝑝𝐸𝑄, 𝑡𝐸𝐴𝑙  and 𝑡𝐸𝐴𝑢  are the lower and upper bounds of 
𝑡𝐸𝐴, and 𝑡𝐶𝑙  and 𝑡𝐶𝑢  are the lower and upper bounds of 𝑡𝐶 , as presented 
in Table  1, where the subscript 𝑙 denotes the lower bound and the 
subscript 𝑢 denotes the upper bound.

The stopping criteria adopted in the optimization process were: 
the maximum number of iterations of the method, 𝑖𝑡𝑚𝑎𝑥 = 100, or an 
evaluation function value below 𝑓𝑎𝑣𝑎𝑙 < 10−6. The inertia coefficient 
𝑤 was calculated in each iteration based on (17), with 𝑤𝑚𝑎𝑥 = 1.2 and 
𝑤𝑚𝑖𝑛 = 0.9, to balance global and local exploration during optimization. 
For particle acceleration coefficients, values of 𝑐1 = 1.5 for the cognitive 
term and 𝑐2 = 0.5 for the social term were used. The choice of a higher 
value for the cognitive term, relative to the social term, is justified by 
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Table 1
Lower and upper limits used for parameter values in the optimization of the ICU
model.
 Parameters Limits

 
𝑛𝐿

𝑛𝐿𝑙 𝑛𝐿𝑢  
 1 20  
 
𝑝𝐼

𝑝𝐼𝑙 𝑝𝐼𝑢  
 15 200  
 
𝑝𝐸𝑄

𝑝𝐸𝑄𝑙
𝑝𝐸𝑄𝑢

 
 15 200  
 
𝑡𝐸𝐴

𝑡𝐸𝐴𝑙 𝑡𝐸𝐴𝑢   5 24  
 
𝑡𝐶

𝑡𝐶𝑙 𝑡𝐶𝑢  
 15 50  

Table 2
Relevance factors and probabilities of occurrence for each type of connection in the 
ICU model.
 Type of connection 𝛾 𝑃 (𝑐)  
 Patient – priority Queue 𝑆𝑎

𝐶
Experimental probability 

 Patient – bed 𝑆𝑎
𝐿

1∕𝑛𝐿  
 Patient – supplies 𝑆𝑎

𝐼
0.9  

 Patient – medical team 𝑆𝑎
𝐸𝑄

0.9  
 Patient – adverse event 𝑆𝑎

𝐸𝐴
1∕𝑡𝐸𝐴  

the nature of the ICU model optimization problem, which presents a 
multimodal search space with multiple near-optimal solutions. The ICU 
system parameters were adjusted within ranges that reflect the actual 
operational capacity of this type of unit. The number of beds ranged 
from 1 to 20, the availability of supplies and medical personnel ranged 
from 15% to 200%, the adverse event rate was established between 5% 
and 24%, and the patient arrival rate ranged from 15 to 50 h. 

𝑤 = 𝑤𝑚𝑎𝑥 −
𝑤𝑚𝑎𝑥 −𝑤𝑚𝑖𝑛

𝑖𝑡𝑚𝑎𝑥
⋅ 𝑖𝑡 (17)

in which 𝑖𝑡 is the current iteration number. Based on various experi-
ments, such as those by Sun & Xiong [107], values in the range of [0.9, 
1.2] are proposed for 𝑤𝑚𝑖𝑛 and 𝑤𝑚𝑎𝑥, respectively. The calculation of 
each component of the metric was performed during the optimization, 
allowing the robustness value of each evaluated scenario to be deter-
mined. Performance was calculated using (13), with 100 replications 
carried out for each scenario. To assess the complexity of the scenarios 
evaluated during optimization, it was necessary to obtain sensitivity 
indices for each scenario, the probabilities of occurrence for each type 
of connection and their respective relevance factors.

The sensitivity indices for each scenario were calculated consider-
ing: (i) the parameter values of the scenario as reference values, (ii) a 
variation range of [−90%, 100%] for the parameter values, constrained 
by the lower and upper limits presented in Table  1, and (iii) an analysis 
interval of [−90%, 100%]. For each scenario evaluated, the connection 
probabilities 𝑃 (𝑐) provided in Table  2 were used. Table  2 shows the 
relevance factors 𝛾 for each type of connection in the model, where 𝑆𝑎

𝐶
, 

𝑆𝑎
𝐿
, 𝑆𝑎

𝐼
, 𝑆𝑎

𝐸𝑄
, and 𝑆𝑎

𝐸𝐴
 are the sensitivity indices for the model parame-

ters. The complexity of the scenarios, weighted by the relevance factors, 
was calculated using the probabilities listed in Table  2. The complexity 
index for each scenario was calculated using (4). The stability indices 
for each scenario evaluated during optimization were calculated using 
(6).

After completing the optimization process, five scenarios with a 
𝜏 value higher than that calculated for 𝑐𝛽 were identified. The best 
swarms, the quantities of resources for each scenario, the percentage 
of adverse events 𝐸𝐴, the arrival rate 𝑇𝐶 , the optimization robustness 
index, the performance and the complexity are detailed in Table  3. Each 
particle 𝑐𝑎𝑖  in the swarm, where 𝑖 = 1, 2,… , 20, represents a distinct 
scenario. The sensitivity, stability, complexity, and robustness indices 
for each of the five scenarios are provided in Table  4.
13 
Table 3
Best swarms, resources, arrival rate, robustness index, performance and complexity of 
the ICU model.
 𝑐 𝑎𝑖 Bed Supplies Team 𝐸𝐴 [%] 𝑇𝐶 [h] 𝜏(𝑐 𝑎𝑖 ) 𝜇𝑑 (𝑐 𝑎𝑖 ) 𝜓(𝑐 𝑎𝑖 ) 
 𝑐 𝑎19 13 122 97 11 35 0.8921 0.7279 25.32  
 𝑐 𝑎8 11 127 141 11 30 0.8912 0.7211 25.06  
 𝑐 𝑎5 11 138 137 10 39 0.8897 0.7110 25.89  
 𝑐 𝑎4 9 130 122 9 37 0.8803 0.7002 24.33  
 𝑐 𝑎20 12 109 112 10 28 0.8797 0.6998 24.93  

Table 4
Sensitivity, stability and complexity indices for the ICU model.
 𝑐 𝑎𝑖 𝑆𝑎

𝐿
 [%] 𝑆𝑎

𝐼
 [%] 𝑆𝑎

𝐸𝑄
 [%] 𝑆𝑎

𝐸𝐴
 [%] 𝑆𝑎

𝐶
 [%] 𝜉(𝑐 𝑎𝑖 ) 𝑖𝜓 (𝑐 𝑎𝑖 )  

 𝑐 𝑎19 40.09 9.16 3.76 20.23 26.76 0.9532 0.9861 
 𝑐 𝑎8 5.81 27.06 30.27 4.85 32.01 0.9609 0.9914 
 𝑐 𝑎5 13.36 24.09 31.13 1.68 29.74 0.9822 0.9757 
 𝑐 𝑎4 30.11 2.08 20.31 30.75 16.75 0.9782 0.9624 
 𝑐 𝑎20 16.47 3.27 31.68 11.84 36.74 0.9532 0.9861 

5.1.2. Analysis of scenarios for the ICU model
The multidimensional nature of the robustness metric allows both 

quantitative studies that focus solely on robustness and qualitative 
studies that consider the value of each component of the metric. Fig.  15 
shows the amount of resources for the eight scenarios with the highest 
robustness values identified after the optimization process for the ICU 
model on the 𝑥-axis. The 𝑦-axis represents the performance values 𝜇𝑑 , 
the complexity index 𝑖𝜓 , the stability index 𝜉 and the robustness 𝜏 for 
each scenario.

In the qualitative analysis, it is observed that the performance value 
of 𝑐𝛽 was the highest obtained, with the ICU satisfactorily meeting 
the demand of patients and effectively using the available hospital 
resources. The 𝜇𝑑 values measured in scenarios with a higher 𝜏 than 
that recorded for 𝑐𝛽 were slightly lower than the 𝜇𝑑 value measured 
for 𝑐𝛽 , with a minimal increase as 𝜏 increases. The three scenarios 
with 𝜏 values greater than that of 𝑐𝛽 and higher 𝜇𝑑 values were 
(13, 122, 97, 11, 35), (11, 127, 141, 11, 30) and (11, 138, 137, 10, 39). In 
scenarios with high 𝜇𝑑 values: (i) the number of admitted patients was 
high, (ii) the average length of stay in the ICU was reduced, (iii) the 
number of patients waiting for a bed in the ICU was reduced, and 
(iv) the occupancy rate of the bed was close to 85%.

In the qualitative analysis, it is observed that the highest value 𝑖𝜓
was found for 𝑐𝛽 , as this scenario serves as the reference for the index. 
The three scenarios with 𝜏 values greater than that recorded for 𝑐𝛽 , 
which had the highest 𝑖𝜓  values, were (13, 122, 97, 11, 35), (11, 127, 141,
11, 30), and (12, 109, 112, 10, 28). In contrast to the values 𝜇𝑑 and 𝑖𝜓 , 
the value 𝜉 for 𝑐𝛽 was the lowest recorded. The scenarios with values 
of 𝜏 higher than those of 𝑐𝛽 and with the highest values of 𝜉 were 
(11, 138, 137, 10, 39), (9, 130, 122, 9, 37), and (11, 127, 141, 11, 30).

Considering both the quantitative and qualitative analyzes, the fol-
lowing scenarios stand out: (i) (12, 109, 112, 10, 28), which has the third 
highest 𝑖𝜓  and is the fifth highest in 𝜏, (ii) (9, 130, 122, 9, 37), which has 
the second highest 𝜉 and is the fourth highest in 𝜏, (iii) (11, 138, 137, 10,
39), which has the third highest 𝜇𝑑 and the highest 𝜉, being the third 
highest in 𝜏, (iv) (11, 127, 141, 11, 30), which has the second highest 𝜇𝑑
and 𝑖𝜓  values and the third highest 𝜉, making it the second highest in 
𝜏, and (v) (13, 122, 97, 11, 35), which has the highest 𝜇𝑑 and 𝑖𝜓  values, 
being the scenario with the highest 𝜏. Examining the two scenarios 
with the highest 𝜏 values, it shows that the scenario (11, 127, 141, 11, 30)
has the highest 𝜉, while the scenario (13, 122, 97, 11, 35) has the highest 
values 𝜇𝑑 and 𝑖𝜓 . The relevance level assigned to each component of 
the metric should guide the final choice between the scenarios by the 
analyst.

5.2. Determination of 𝑐𝛽 and parameterization of the PS model

For the PS model, the base case parameter values 𝑐𝛽 were deter-
mined through Monte Carlo optimization, considering 20,000 possible 
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Fig. 15. Components of the metric and robustness × resource quantities for the ICU model.
combinations. The configuration 𝑐𝛽 = (4, 32, 2, 2, 2) was identified 
as the most efficient based on the performance metric. Consequently, 
four processing units, 32 megabytes [MB] of RAM, two input devices, 
two output devices, and two hard drives are assumed to constitute 
the computational resource configuration that adequately meets the 
demand for the problem. The performance value obtained for 𝑐𝛽 was 
𝜇𝑑 = 0.8271, corresponding to the average of the results from 100 
simulation replications, as defined in (14).

The random sample yielded a standard deviation of 0.2388 and a 
total error rate of 𝜖 = 0.005. The variables considered were: number of 
processing units 𝑛𝐶𝑃𝑈 , amount of RAM 𝑡𝑅𝐴𝑀 , number of input devices 
𝑛𝐷𝐸 , number of output devices 𝑛𝐷𝑆 , and number of hard drives 𝑛𝐷. 
The lower and upper bounds used for the parameter values during the 
optimization process were: 

𝑀𝑙𝑖𝑚 =

⎡

⎢

⎢

⎢

⎢

⎢

⎣

𝑛𝐶𝑃𝑈𝑙 𝑛𝐶𝑃𝑈𝑢
𝑡𝑅𝐴𝑀𝑙

𝑡𝑅𝐴𝑀𝑢
𝑛𝐷𝐸𝑙 𝑛𝐷𝐸𝑢
𝑛𝐷𝑆𝑙 𝑛𝐷𝑆𝑢
𝑛𝐷𝑙 𝑛𝐷𝑢

⎤

⎥

⎥

⎥

⎥

⎥

⎦

(18)

where 𝑛𝐶𝑃𝑈𝑙  and 𝑛𝐶𝑃𝑈𝑢  are the lower and upper limits of 𝑛𝐶𝑃𝑈 , 𝑡𝑅𝐴𝑀𝑙
and 𝑡𝑅𝐴𝑀𝑢

 are the lower and upper limits of 𝑡𝑅𝐴𝑀 , 𝑛𝐷𝐸𝑙  and 𝑛𝐷𝐸𝑢  are 
the lower and upper limits of 𝑛𝐷𝐸 , 𝑛𝐷𝑆𝑙  and 𝑛𝐷𝑆𝑢  are the lower and 
upper limits of 𝑛𝐷𝑆 , and 𝑛𝐷𝑙  and 𝑛𝐷𝑢  are the lower and upper limits of 
𝑛𝐷, as listed in Table  5, where the subscript 𝑙 denotes the lower limit 
and 𝑢 denotes the upper limit.

The same configurations for the PS model were maintained in all 
simulations. A simulation period of 24 h was considered, with new 
processes created every 300 ms on average, following a normal distri-
bution 𝑁(300; 60). Regarding processing demand, each created process 
required CPU usage for an average of 1.2 s, with a normal distribution 
𝑁(1.2; 0.36). The amount of RAM needed to allocate each process, 
𝑡𝑅𝐴𝑀𝑝𝑟𝑜𝑐

, was on average 2 MB, with a normal distribution 𝑁(2; 1). Each 
generated process was assigned a priority that determines its position in 
the FIFO queue of processes that wait for CPU availability. The priority 
distribution was as follows: 1% with Priority 1, 7% with Priority 2, 
7% with Priority 3, 35% with Priority 4, and 50% with Priority 5, 
where lower priority precedes higher priority.

The maximum allowed CPU usage time (quantum) per process was 
set to 200 ms, and the probability of a process requiring input/output 
devices or HD usage during its execution was fixed at 5%. Normal 
14 
Table 5
Lower and upper limits used for evaluating the performance of the PS model.
 Parameters Limits

 
𝑛𝐶𝑃𝑈

𝑛𝐶𝑃𝑈𝑙 𝑛𝐶𝑃𝑈𝑢   1 8  
 
𝑡𝑅𝐴𝑀

𝑡𝑅𝐴𝑀𝑙
𝑡𝑅𝐴𝑀𝑢

 
 4 64  
 
𝑛𝐷𝐸

𝑛𝐷𝐸𝑙 𝑛𝐷𝐸𝑢  
 1 4  
 
𝑛𝐷𝑆

𝑛𝐷𝑆𝑙 𝑛𝐷𝑆𝑢  
 1 4  
 
𝑛𝐷

𝑛𝐷𝑙
𝑛𝐷𝑢

 
 1 4  

distributions were used for the usage time (in seconds) of the input de-
vices, output devices, and HD by processes, with parameters 𝑁(3; 0.3), 
𝑁(5; 0.5), and 𝑁(2; 0.3), respectively.

5.2.1. Application of the robustness metric in the PS model
The application of the proposed robustness metric to the PS model 

allowed an analysis of the computational resources required to meet 
a given processing demand. This application allowed for examination 
of robustness behavior as parameter values varied. The robustness 
variation is related to: (i) the ratio of completed processes to demanded 
processes, considering resource utilization and process queue time, 
(ii) the connections made during the PS dynamics, and (iii) the abil-
ity to maintain balance when processing power is altered. To obtain 
scenarios with greater robustness than 𝑐𝛽 , an optimization process was 
performed using the PSO algorithm, with the evaluation function given 
by (12). The swarm consisted of 15 particles, and the lower and upper 
limits used for the parameter values in optimization are specified in 
Table  6.

The stopping criteria for the optimization process were: the max-
imum number of iterations, 𝑛𝑖𝑡𝑒𝑟 = 50, or a value of the evaluation 
function below 𝑓𝑎𝑣𝑎𝑙 < 10−6. The inertia coefficient 𝑤 was calculated 
at each iteration of the method, as defined in (17), with 𝑤𝑚𝑎𝑥 = 1.2
and 𝑤𝑚𝑖𝑛 = 0.9. Equal values were adopted for the particle acceleration 
coefficients 𝑐1 = 𝑐2 = 2.0, in order to assign equal importance 
to local and global exploration. During the optimization process, for 
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Table 6
Lower and upper limits used in the optimization of the PS model.
 Parameters Limits

 
𝑛𝐶𝑃𝑈

𝑛𝐶𝑃𝑈𝑙 𝑛𝐶𝑃𝑈𝑢   1 16  
 
𝑡𝑅𝐴𝑀

𝑡𝑅𝐴𝑀𝑙
𝑡𝑅𝐴𝑀𝑢

 
 4 128  
 
𝑛𝐷𝐸

𝑛𝐷𝐸𝑙 𝑛𝐷𝐸𝑢  
 1 8  
 
𝑛𝐷𝑆

𝑛𝐷𝑆𝑙 𝑛𝐷𝑆𝑢  
 1 8  
 
𝑛𝐷

𝑛𝐷𝑙
𝑛𝐷𝑢

 
 1 8  

Table 7
Relevance factors and probabilities of occurrence for each type of connection in the PS 
model.
 Type of connection 𝛾 𝑃 (𝑐)  
 Process – CPU 𝑆𝑎

𝐶𝑃𝑈
1∕𝑛𝐶𝑃𝑈  

 Process – CPU queue 𝑆𝑎
𝐶𝑃𝑈

1  
 Process – RAM 𝑆𝑎

𝑅
𝑡𝑅𝐴𝑀𝑝𝑟𝑜𝑐

∕𝑡𝑅𝐴𝑀 
 Process – RAM queue 𝑆𝑎

𝑅
1  

 Process – input device 𝑆𝑎
𝐷𝐸

1∕𝑛𝐷𝐸  
 Process – input device queue 𝑆𝑎

𝐷𝐸
1  

 Process – output device 𝑆𝑎
𝐷𝑆

1∕𝑛𝐷𝑆  
 Process – output device queue 𝑆𝑎

𝐷𝑆
1  

 Process – HD 𝑆𝑎
𝐷

1∕𝑛𝐷  
 Process – HD queue 𝑆𝑎

𝐷
1  

each evaluated scenario, the metric components and the corresponding 
robustness values were calculated.

Performance was measured according to (14), with 100 replications 
performed for each scenario. The complexity was determined by cal-
culating the sensitivity indices, taking into account each configuration, 
the probability of occurrence, and the relevance factors associated with 
each type of connection. The parameters of the PS model were adjusted 
within limits that reflect the processing and storage capacity of a typical 
computing system in the year 2024. The number of processing units 
ranged from 1 to 16, RAM varied from 4 MB to 128 MB, input devices 
ranged from 1 to 8, output devices from 1 to 8, and hard drives from 
1 to 8.

The sensitivity indices for each scenario were calculated consider-
ing: (i) the parameter values of the scenario as reference values, (ii) the 
variation range of [−90%; 100%] for the parameter values, restricted by 
the lower and upper limits specified in Table  6, and (iii) the analysis 
interval of [−90%; 100%]. The probabilities of occurrence 𝑃 (𝑐) and the 
relevance factors 𝛾 for each type of connection in the model are 
provided in Table  7, where 𝑆𝑎

𝐶𝑃𝑈
, 𝑆𝑎

𝑅𝐴𝑀
, 𝑆𝑎

𝐷𝐸
, 𝑆𝑎

𝐷𝑆
 and 𝑆𝑎

𝐷
 represent the 

sensitivity indices relative to the model parameters.
The six best scenarios, with the highest 𝜏, were selected and

recorded for 𝑐𝛽 . The complexity of these scenarios was calculated based 
on the probabilities and relevance factors provided in Table  7. The 
complexity index for each scenario was calculated according to (4). 
The stability index for each scenario assessed during the optimization 
was calculated using (6). Table  8 displays the best swarms, resources, 
robustness index, performance, and complexity of the PS model after 
the optimization process. Each particle 𝑐𝑎𝑖  in the swarm, with 𝑖 =
1, 2,… , 15, represented a distinct scenario. The values of the sensitivity, 
stability and complexity indices for the PS model in each scenario are 
presented in Table  9, where ID and OD refer to the input device and 
the output device, respectively.

5.2.2. Analysis of scenarios for the PS model
Analyzing Fig.  16, it is possible to observe that the 𝑥-axis represents 

the resource quantities for the eight scenarios with the highest robust-
ness values found after the optimization process. The 𝑦-axis shows the 
15 
Table 8
Best swarms, resources, robustness index, performance, and complexity of the PS
model.
 𝑐 𝑎𝑖 CPU RAM [MB] ID OD HD 𝜏(𝑐 𝑎𝑖 ) 𝜇𝑑 (𝑐 𝑎𝑖 ) 𝜓(𝑐 𝑎𝑖 ) 
 𝑐 𝑎9 5 37 3 2 3 0.8965 0.7993 25.89  
 𝑐 𝑎3 6 41 2 2 2 0.8956 0.8090 28.00  
 𝑐 𝑎8 5 39 2 2 3 0.8952 0.8193 27.59  
 𝑐 𝑎1 11 81 4 3 3 0.8887 0.8093 29.00  
 𝑐 𝑎6 10 28 3 3 3 0.8877 0.8100 28.00  
 𝑐 𝑎2 4 47 2 2 2 0.8858 0.8004 27.57  

Table 9
Sensitivity, stability, and complexity indices for the PS model.
 𝑐 𝑎𝑖 𝑆𝑎

𝐶𝑃𝑈
 [%] 𝑆𝑎

𝑅𝐴𝑀
 [%] 𝑆𝑎

𝐷𝐸
 [%] 𝑆𝑎

𝐷𝑆
 [%] 𝑆𝑎

𝐷
 [%] 𝜉(𝑐 𝑎𝑖 ) 𝑖𝜓 (𝑐 𝑎𝑖 )  

 𝑐 𝑎9 25.98 32.52 3.14 31.25 6.11 0.9199 0.9702 
 𝑐 𝑎3 25.98 33.52 3.14 31.25 6.11 0.9268 0.9509 
 𝑐 𝑎8 17.75 22.71 25.30 0.53 33.71 0.8999 0.9664 
 𝑐 𝑎1 8.07 23.39 17.53 46.87 4.14 0.9432 0.9135 
 𝑐 𝑎6 15.87 5.72 13.56 17.36 47.49 0.9022 0.9510 
 𝑐 𝑎2 2.38 20.91 35.10 5.49 36.12 0.8900 0.9668 

performance values 𝜇𝑑 , the complexity index 𝑖𝜓 , the stability index 𝜉
and the robustness 𝜏 for each scenario.

Taking into account the quantitative analysis, the highest value of 
𝜏 was observed for scenario (5, 37, 3, 2, 3), followed by scenarios 
(6, 41, 2, 2, 2), (5, 39, 2, 2, 3) and (11, 81, 4, 3, 3). The scenarios that 
succeeded 𝑐𝛽 on the 𝑥-axis displayed similar 𝜏 values, with variations 
in 𝜇𝑑 , 𝑖𝜓 , and 𝜉. Qualitative analysis showed that the highest 𝜇𝑑 was 
achieved when the model was simulated with 𝑐𝛽 , effectively meeting 
the processing demand with the appropriate use of available computa-
tional resources. The 𝜇𝑑 values measured for scenarios with higher 𝜏
than the one recorded for 𝑐𝛽 were slightly lower than the 𝜇𝑑 measured 
for 𝑐𝛽 . In scenarios with high 𝜇𝑑 values, such as (5, 39, 2, 2, 3), 
(10, 28, 3, 3, 3), and (11, 81, 4, 3, 3): (i) resource idleness was low, 
(ii) process wait times in queues were reduced, and (iii) the ratio of 
generated to completed processes was high.

Further qualitative analysis shows that the highest value of 𝑖𝜓
corresponds to 𝑐𝛽 , since it serves as the reference index. The three 
scenarios with 𝜏 values higher than those recorded for 𝑐𝛽 and with the 
highest 𝑖𝜓  values are (5, 37, 3, 2, 3), (4, 47, 2, 2, 2), and (5, 39, 2, 2, 3). 
From a complexity perspective, one of the most important factors was 
the size of the queues for resource utilization, while from a performance 
perspective, the time processes spent in queues was one of the most 
significant factors.

In contrast to the values of 𝜇𝑑 and 𝑖𝜓 , the 𝜉 value for 𝑐𝛽 was the 
lowest recorded. The highest value 𝜉 was observed for the scenario 
(6, 30, 2, 2, 2). However, not only does this scenario not have a 
higher 𝜏 value compared to 𝑐𝛽 , but it also has considerably lower 
values for 𝜇𝑑 and 𝑖𝜓  than those of 𝑐𝛽 . The scenarios with values 𝜏
higher than those recorded for 𝑐𝛽 and with the highest values 𝜉 are 
(11, 81, 4, 3, 3), (6, 41, 2, 2, 2) and (5, 37, 3, 2, 3). Considering 
both quantitative and qualitative analyses, the following scenarios are 
notable: (i) (11, 81, 4, 3, 3), which has the third highest 𝜇𝑑 value and 
the highest 𝜉 value, being the fourth highest in 𝜏, (ii) (5, 39, 2, 2, 3), 
which has the highest 𝜇𝑑 value and the third highest 𝑖𝜓  value, being the 
third highest in 𝜏, (iii) (6, 41, 2, 2, 2), which has the second highest 
𝜉 value, being the second highest in 𝜏, and (iv) (5, 37, 3, 2, 3), which 
has the highest 𝑖𝜓  and the third highest 𝜉 value, being the highest in 𝜏.

Analyzing the two scenarios with the highest 𝜏 values, it is evident 
that in the scenario (6, 41, 2, 2, 2), the values of 𝜇𝑑 and 𝜉 were higher, 
while in the scenario (5, 37, 3, 2, 3), the value of 𝑖𝜓  was higher. The 
final choice between the scenarios should be based on which metric 
components are considered most relevant in the analysis.
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Fig. 16. Components of the metric and robustness × resource quantities for the PS model.
5.3. Determination of 𝑐𝛽 and parameterization of the EVTB model

In the EVTB model, the base case was defined through consultation 
with experts in automotive engineering, who provided typical values 
for electric vehicle parameters. The configuration 𝑐𝛽 = (400, 75, 2) was 
selected to achieve the best performance in terms of average battery 
consumption and driving range, in economic driving mode with the 
electric motor active on the front axle and a driving cycle standardized 
by the New European Driving Cycle (NEDC) [108], derived from the 
Federal Test Procedure (FTP-75) [109].

Thus, when simulating the model with a 400 kWh battery, two 
electric motors rated at 75ℎ𝑝, an energy demand corresponding to three 
driving cycles, and a total distance of 53.5 km, the system objectives are 
met. In the context of the EVTB model, idleness refers to situations in 
which the battery level remains above 50% at the end of the route, 
while overload occurs when the battery level falls below 8% or when 
the energy supplied by the battery set is insufficient. Therefore, based 
on (15), the performance for 𝑐𝛽 was calculated, resulting in 𝜇𝑑 = 0.9031.

The urban driving cycle defined by the NEDC, which is derived from 
the FTP-75, consists of: (i) a cold-start transient phase, lasting 505 s, 
covering a distance of 5.8 km with an average speed of 41.2 km∕h, (ii) a 
stabilized phase, lasting 866 s, covering a distance of 6.2 km with an 
average speed of 25.8 km∕h (iii) a stop phase, lasting approximately 
10 min, and (iv) a hot-start transient phase, lasting 505 s, covering 
a distance of 5.8 km with an average speed of 41.2 km∕h. The maxi-
mum and average speeds in the cycle are 91.2 km∕h and 34.1 km∕h, 
respectively, and the minimum, average, and maximum accelerations 
are −1.5 m∕s2, 0 m∕s2, and 1.5 m∕s2, respectively.

The electric vehicle (EV) with a mass of 1580 kg, a height of 
1565 mm, a width of 1790 mm and a length of 4480 mm was considered. 
The maximum cargo capacity of the electric vehicle was established at 
415 kg. For the activation probabilities of each driving mode at any 
given time, the following values were adopted: 30% for the economic 
mode, 65% for the urban mode and 5% for the sport mode. The 
activation of each driving mode depends on the remaining battery level 
of the EV, with the economic mode available at any time, the urban 
mode available only when the battery level is above 10%, and the sport 
mode available only when the battery level is above 50%. The power 
ratings considered for the DC/AC and AC/DC inverters of the electric 
vehicle were 87 kW and 48 kW, respectively.
16 
The reference minimum range 𝑎𝑟𝑒𝑓  adopted was 450 km. The bat-
tery level defined for the electric vehicle at the beginning of each 
simulation was 100%. To calculate the resistive forces acting on the EV 
in each simulation instant, the following were considered: the standard 
acceleration due to gravity 9.81 m∕s2, the sum of the masses of the 
EV and its maximum cargo capacity 1995 kg, a fixed tire diameter of 
647 mm, a fixed frontal area of 2.8 m2, and a variation of the incli-
nation of the pavement (in degrees) following a uniform distribution 
𝑈 (0, 10). Concerning atmospheric factors, 1.22 kg∕m3 was used for air 
density [110], and an average wind speed of 4.5 m∕s was adopted. In 
the simulations, a value of 0.23 was used for the aerodynamic drag 
coefficient, considering an EV with a hatchback body type [111]. The 
same settings for the EVTB model were maintained in all simulations 
performed.

5.3.1. Application of the robustness metric in the EVTB model
In assessing the robustness of the EVTB model using the proposed 

metric, aspects related to the design and operation of the modeled 
electric vehicle (EV) were examined. From a design point of view, the 
accuracy of battery power size 𝑝𝐵 , electric machine power 𝑝𝑀 , and 
the number of electric machines 𝑛𝑀  was analyzed. From an opera-
tional perspective, the analysis allowed for the evaluation of robustness 
behavior as parameter values varied. The variation in robustness is 
related to: (i) battery consumption and EV range, (ii) connections made 
during EV operation, and (iii) the ability to maintain balance when 
EV characteristics are altered. To identify scenarios with robustness 
values higher than those calculated for 𝑐𝛽 , an optimization process was 
carried out using the particle swarm optimization algorithm (PSO) with 
a swarm of 15 particles, considering (12) as the evaluation function. 
The lower and upper bounds used for the parameter values in the 
optimization were given by: 

𝑀𝑙𝑖𝑚 =
⎡

⎢

⎢

⎣

𝑝𝐵𝑙 𝑝𝐵𝑢
𝑝𝑀𝑙

𝑝𝑀𝑢
𝑛𝑀𝑙

𝑛𝑀𝑢

⎤

⎥

⎥

⎦

(19)

where 𝑝𝐵𝑙  and 𝑝𝐵𝑢  denote the lower and upper bounds of 𝑝𝐵 , 𝑝𝑀𝑙
 and 

𝑝𝑀𝑢
 denote the lower and upper bounds of 𝑝𝑀 , and 𝑛𝑀𝑙

 and 𝑛𝑀𝑢
 denote 

the lower and upper bounds of 𝑛𝑀 . These bounds are listed in Table  10, 
where the subscript 𝑙 represents the lower bound and 𝑢 represents the 
upper bound.
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Table 10
Lower and upper limits used in the optimization of the EVTB model.
 Parameters Limits

 
𝑝𝐵

𝑝𝐵𝑙 𝑝𝐵𝑢  
 100 1000 
 
𝑝𝑀

𝑝𝑀𝑙
𝑝𝑀𝑢

 
 37.5 180  
 
𝑛𝑀

𝑛𝑀𝑙
𝑛𝑀𝑢

 
 1 4  

Table 11
Probabilities of connection occurrence in traction and braking states.
 State 𝑃 (𝑐) 
 Traction 0.5  
 Braking 0.5  

The stopping criteria for the optimization process were defined by 
the maximum number of iterations, 𝑛𝑖𝑡𝑒𝑟 = 50, or by achieving an 
evaluation function value below 𝑓𝑎𝑣𝑎𝑙 < 10−6. For the inertia coefficient 
𝑤, the values 𝑤𝑚𝑎𝑥 = 1.2 and 𝑤𝑚𝑖𝑛 = 0.9 were adopted. The particle 
acceleration coefficients were established at 𝑐1 = 𝑐2 = 2.0. The 
parameters of the EVTB model were adjusted within ranges that reflect 
the technical specifications of electric vehicles available on the market 
in 2024. The battery power ranged from 20 kW to 100 kW, the electric 
motor power from 10 kW to 50 kW, and the number of electric motors 
from 1 to 4, covering the economic, urban and sport driving modes.

Each component of the metric was calculated during the optimiza-
tion process, allowing the robustness value to be determined for each 
evaluated scenario. The performance of each scenario was calculated 
on the basis of (15). Each simulation consisted of 100 replications. 
To ensure that the second term in the numerator of expression (15) 
is greater than or equal to 1, the following conditions were adopted: 

𝑎𝑟 =
{

𝑎𝑟 𝑖𝑓 𝑎𝑟 ≤ 𝑎𝑟𝑒𝑓
𝑎𝑟𝑒𝑓 𝑖𝑓 𝑎𝑟 > 𝑎𝑟𝑒𝑓

(20)

To calculate the complexity of the scenarios evaluated during opti-
mization, it was necessary to obtain sensitivity indices for each sce-
nario, considering the probabilities of occurrence for each type of 
connection and their respective relevance factors. The sensitivity in-
dices for each scenario were calculated based on: (i) the values of 
the scenario parameters as reference values, (ii) a variation range of 
[−90%; 100%] for the values of the model parameters, restricted by 
the lower and upper bounds listed in Table  10, and (iii) an analysis 
interval of [−90%; 100%]. The probabilities of connection occurrence 
𝑃 (𝑐) when EVTB states are provided in Table  11. Since only traction 
and braking states occur during the operation of the electric vehicle, the 
probability that the model is in either of these states is 50%. Therefore, 
all connections between elements involved in vehicle traction (shown 
in blue in Fig.  12) have the same probability of occurring. The same 
reasoning applies to the elements involved in the braking process 
(shown in red in Fig.  12).

Table  12 presents the relevance factors 𝛾 for each type of connec-
tion in the model, where 𝑆𝑎

𝐵
, 𝑆𝑎

𝑀
 and 𝑆𝑎

𝑁𝑀
 are the sensitivity indices 

related to the model parameters. Control connections require the entire 
modeled system to be operational, therefore, they are influenced by all 
parameters and have a relevance factor of 𝑜𝑛𝑒. CC and CA connections 
are influenced by the electrical power provided by the battery. Torque 
transfer connections are affected by both the mechanical power pro-
vided by the electric machine and the number of electric motors. The 
complexity of the scenarios was calculated considering the probabilities 
listed in Table  11, weighted by the relevance factors given in Table  12. 
The complexity index for each scenario was calculated using (4). The 
stability indices for each scenario evaluated during optimization were 
calculated using (6).
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Table 12
Relevance factors for each type of connection in the EVTB model.
 Type of connection 𝛾  
 Control 𝑆𝑎

𝐵
+ 𝑆𝑎

𝑀
+ 𝑆𝑎

𝑁𝑀
 

 DC and AC 𝑆𝑎
𝐵

 
 Torque 𝑆𝑎

𝑀
+ 𝑆𝑎

𝑁𝑀
 

Table 13
Best swarms, resources, robustness index, performance, and complexity of the EVTB 
model.
 𝑐 𝑎𝑖 B [kWh] M [ℎ𝑝] NM 𝜏(𝑐 𝑎𝑖 ) 𝜇𝑑 (𝑐 𝑎𝑖 ) 𝜓(𝑐 𝑎𝑖 ) 
 𝑐 𝑎12 670 175 2 0.9261 0.8722 12.47  
 𝑐 𝑎3 331 121 2 0.9085 0.8754 13.10  
 𝑐 𝑎14 729 173 2 0.9018 0.9022 13.37  
 𝑐 𝑎7 607 115 4 0.8969 0.8827 13.60  
 𝑐 𝑎13 462 142 2 0.8500 0.8932 13.98  

Table 14
Sensitivity, stability, and complexity indices for the EVTB model.
 𝑐 𝑎𝑖 𝑆𝑎

𝐵
 [%] 𝑆𝑎

𝑀
 [%] 𝑆𝑎

𝑁𝑀
 [%] 𝜉(𝑐 𝑎𝑖 ) 𝑖𝜓 (𝑐 𝑎𝑖 )  

 𝑐 𝑎12 18.80 63.42 17.78 0.9437 0.9623 
 𝑐 𝑎3 50.89 45.76 3.35 0.9399 0.9102 
 𝑐 𝑎14 11.09 62.15 26.76 0.9154 0.8877 
 𝑐 𝑎7 8.93 30.21 60.86 0.9402 0.8679 
 𝑐 𝑎13 51.84 3.29 44.87 0.8200 0.8367 

Among the various simulations, the five best were selected based on 
robustness. Table  13 presents the best swarms, resources, robustness, 
performance, and complexity indices of the EVTB model obtained after 
the optimization process. Each particle 𝑐𝑎𝑖  in the swarm, with 𝑖 =
1, 2,… , 15, represents a distinct scenario. The sensitivity, stability, and 
complexity indices for the EVTB model for each scenario are listed 
in Table  14. Two scenarios were found with 𝜏 greater than the value 
recorded for 𝑐𝛽 . In Table  13, B denotes the electrical power supplied by 
the battery, M denotes the mechanical power provided by the electric 
machine, and NM denotes the number of electric machines.

5.3.2. Analysis of scenarios for the EVTB model
Fig.  17 shows the resource quantities for the eight scenarios with 

the highest robustness values identified after the optimization process 
on the 𝑥-axis. The 𝑦-axis displays the performance values 𝜇𝑑 , the 
complexity index 𝑖𝜓 , the stability index 𝜉 and the robustness 𝜏 for each 
scenario. From a quantitative perspective, only two scenarios have 𝜏
greater than 𝑐𝛽 : (670, 175, 2) and (331, 121, 2). However, scenarios 
(729, 173, 2) and (607, 115, 4), which are near 𝑐𝛽 , exhibit satisfactory 
𝜏 values. There is a noticeable proximity between the values of 𝜏 of 
scenarios close to 𝑐𝛽 , with variations in 𝜇𝑑 , 𝑖𝜓  and 𝜉. Therefore, a 
qualitative analysis is conducted.

From the qualitative analysis, it was observed that the 𝜇𝑑 value 
for 𝑐𝛽 was the highest obtained. In this scenario, the electric vehicle 
can complete the proposed route using the charge of the battery pack 
effectively, meeting the travel demand. The two scenarios with the 
highest values of 𝜏 have values of 𝜇𝑑 lower than those calculated for 
𝑐𝛽 . However, the following scenarios with values 𝜏 close to 𝑐𝛽 recorded 
satisfactory 𝜇𝑑 values: (729, 173, 2), (462, 142, 2) and (490, 128, 2). 
In these scenarios with satisfactory 𝜇𝑑 values: (i) the average battery 
consumption of the EV during the route approached the maximum 
recorded consumption, indicating less variation in battery consumption 
and (ii) the remaining autonomy and the minimum reference autonomy 
were closer, reflecting the efficiency of battery pack sizing considering 
the traveled route.

In the qualitative analysis, the highest value 𝑖𝜓  was observed for 𝑐𝛽 , 
since this scenario serves as reference for the index. Including 𝑐𝛽 , the 
two scenarios with the highest values of 𝜏 also exhibited the highest 
values of 𝑖 . Although the scenario (729, 173, 2) did not have a 𝜏 value 
𝜓
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Fig. 17. Components of the metric and robustness × resource quantity for the EVTB model.
greater than 𝑐𝛽 , it had the third highest 𝑖𝜓  value. In contrast to 𝜇𝑑 and 
𝑖𝜓 , the value of 𝜉 for 𝑐𝛽 was not the highest, being the second lowest 
recorded. Scenarios with 𝜏 values higher than 𝑐𝛽 had the highest and 
third highest 𝜉 values, respectively. The scenario (607, 115, 4), although 
it did not have a value of 𝜏 greater than 𝑐𝛽 , had the second highest value 
of 𝜉.

Based on quantitative and qualitative analyses, it is observed that: 
(i) scenario (331, 121, 2) exhibited the second highest value 𝑖𝜓  and 
the third highest value 𝜉, with the second highest 𝜏 value and (ii) the 
scenario (670, 175, 2) had the highest values 𝑖𝜓  and 𝜉 and also the 
highest value 𝜏. The final criterion for choosing between scenarios 
should be the relevance assigned to each component of the metric in 
the analysis.

In a general analysis, the values of the three components of the 
robustness metric contribute differently to the 𝜏 value. To determine 
the contribution of performance to the robustness value, (21) should be 
used. To determine the contributions of the complexity index and the 
stability index to the robustness value, the numerator in (21) should be 
replaced by 𝑖𝜓  or 𝜉, respectively, as: 

𝜇𝑑
𝜇𝑑 + 𝑖𝜓 + 𝜉

(21)

Analyzing Fig.  18, the percentage contribution of each component 
of the metric to the value 𝜏 can be observed for the scenarios listed in 
Tables  3 and 4, 8 and 9, 13 and 14. Taking into account Figs.  18(a), 
18(b), and 18(c), which correspond to the ICU, PS, and EVTB models, 
respectively, it is observed that in these robustness scenarios, the 
contributions of the components to the value 𝜏 are approximately equal. 
Specifically, the contribution of 𝜇𝑑 ≈ 30%, while the contributions of 
𝑖𝜓  and 𝜉 ≈ 35%.

The intervals between the values of 𝜇𝑑 , 𝑖𝜓 , and 𝜉 for 𝑐𝛽 and the 
values near them can be used as radii to define regions of interest for 
analysis. For example, the interval between the 𝜉 value for 𝑐𝛽 and the 
highest 𝜉 value observed in the scenarios analyzed can define a region 
containing 𝜉 values indicative of robust solutions. Thus, scenarios lo-
cated at the intersection of regions of interest related to 𝜇𝑑 , 𝑖𝜓 , and 𝜉
constitute the robustness region. Therefore, scenarios exhibiting greater 
robustness than the base scenario are included in the robustness region.

As the values of 𝜏 decrease, the contribution of 𝑖𝜓  to the value of 𝜏
tends to decrease, while the contributions of 𝜇𝑑 and 𝜉 tend to increase 
in the ICU and PS models, with 𝜉 showing a higher contribution. In the 
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EVTB model, the contribution of 𝑖𝜓  to the value 𝜏 increases in scenarios 
close to the robustness region and continues to increase in scenarios 
further from this region. This behavior is attributed to the decrease 
in performance and stability index in scenarios with lower associated 
robustness, along with the fact that these scenarios have complexity 
indices close to one.

5.4. Discussion

This work developed a multidimensional robustness metric that 
integrates performance, complexity, and stability, enabling a compre-
hensive and detailed analysis of various scenarios in discrete models. 
The proposed approach was applied to three distinct models: an in-
tensive care unit (ICU) system, a process scheduling (PS) model, and 
an electric vehicle traction and braking (EVTB) model. The robustness 
metric effectively identified robust scenarios by considering the sys-
tem’s ability to maintain performance and stability under parameter 
variations, providing a valuable tool for analyzing and optimizing 
complex systems.

The sensitivity of the systems with respect to the robustness in-
dicator was evaluated by sensitivity analysis. Specifically, in the ICU 
model, the analysis indicated that the patient arrival rate and the rate 
of adverse events had a significant impact on system performance and 
stability. In the PS model, the most sensitive parameters were the 
amount of RAM and the number of processing units, directly affecting 
processing time and resource utilization. In the EVTB model, battery 
power and number of motors were identified as the most critical factors 
that influence vehicle range and energy consumption. These findings 
were instrumental in identifying the most robust scenarios for each 
model. In summary, the analyses highlighted the parameters with the 
greatest influence on robustness, providing valuable input for system 
adjustment and optimization.

The best results were achieved in scenarios where performance 
was slightly lower than baseline, but stability was significantly higher. 
These scenarios, located within the robustness region, demonstrated 
efficiency in maintaining system functionality even under adverse con-
ditions. Specifically, in the ICU model, the scenario (13, 122, 97, 11, 35)
emerged as the most robust, balancing performance and stability. In 
the PS model, scenario (5, 37, 3, 2, 3) exhibited the highest robustness 
index, while in the EVTB model, scenario (670, 175, 2) showed the 
highest robustness.
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Fig. 18. Contribution in [%] of 𝜇𝑑 , 𝑖𝜓 , and 𝜉 to the value of 𝜏 for: (a) ICU model, (b) PS model and (c) EVTB model.
The results align with previous studies in the literature that em-
phasize the importance of considering multiple dimensions when eval-
uating the robustness of the system. The research by Mitchell [15] 
and Holland [14] has already highlighted complexity and emergence 
as critical factors in the evaluation of complex systems. The proposed 
metric supports this perspective by integrating various aspects of the 
system, enabling a more comprehensive and well-founded analysis. In 
addition, the findings reinforce the notion that robust scenarios are 
not necessarily those with the best isolated performance, but rather 
those that maintain a balance between performance, complexity, and 
stability [112].

However, some results differ from traditional approaches that pri-
oritize maximum performance as the primary optimization criterion. 
In models where stability and complexity are not considered, focus 
solely on performance can lead to the selection of scenarios that, 
although efficient under normal conditions, do not maintain robustness 
when faced with disturbances or changes in the operational environ-
ment [113,114]. This study demonstrates that by integrating robustness 
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with other dimensions, potential failures that would not be identified 
in a performance-only analysis can be avoided.

The comparison among the three case studies demonstrates both 
the flexibility and consistency of the proposed method. In all mod-
els, ICU, PS and EVTB, the robustness metric was able to capture 
significant variations in input parameters, coherently reflecting their 
impacts on performance, complexity and stability. Although systems 
differ in nature (healthcare, computational and automotive), a common 
pattern was observed: Robustness tends to increase in configurations 
with lower relative complexity and greater stability, provided that 
performance remains within acceptable operational limits.

Even so, each system exhibited specific sensitivities. In the ICU 
model, external factors, such as patient arrival rate and adverse events, 
were the most influential. In the PS model, internal hardware re-
sources, namely RAM and CPU, had the greatest impact. In the EVTB 
model, robustness was strongly associated with the energy configu-
ration, particularly battery power and the number of motors. These 
differences demonstrate that, although the method is applicable in 
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diverse contexts, its effectiveness depends on the proper identification 
and characterization of the most relevant parameters in each domain, 
which reinforces the importance of the integrated approach proposed 
in this study.

The main gap identified in the literature is the lack of a uni-
fied metric that efficiently integrates the dimensions of performance, 
complexity, and stability. This work addresses this gap by proposing 
a metric that can be applied across different contexts, providing a 
more comprehensive approach to the analysis of complex systems. 
Furthermore, the methodology used can be extended to other types 
of system, including those with continuous variables, suggesting new 
avenues for future research.

The primary challenges encountered during this work were the 
extensive time required for simulations and the limited information 
available about the systems, particularly in the PS model and the EVTB 
model. However, the use of parallel computing helped mitigate the is-
sue of simulation time, and expert consultations, along with a thorough 
review of the literature, were important in accurately parameterizing 
the models. Any errors in the modeling process were addressed by 
successive simulations and iterative adjustments.

Considering the challenges encountered throughout this study, it is 
important to acknowledge certain limitations of the proposed method, 
particularly its application to simulatable models. In such cases, the 
metric depends on the availability of validated models and the precise 
definition of parameters related to performance, complexity, and stabil-
ity. In real-world systems, on the contrary, the metric can be applied 
directly, provided that variable values are continuously monitored or 
through sampling. Simplified representations are only necessary when 
reliable data or adequate models are not available. However, when 
robustness is calculated directly in real systems, the computational 
effort required for sensitivity analysis and the optimization process 
tends to increase significantly with the dimensionality of the search 
space. Therefore, future research should explore strategies to reduce 
computational complexity in these scenarios and evaluate the appli-
cability of the method in models with limited data availability or 
nonsimulatable dynamics.

These considerations open new perspectives for the use of the metric 
in operational systems, where robustness can be monitored over time 
to support strategic decision making. Potential application domains 
include financial systems, platforms for tracking socioeconomic indi-
cators (such as the Human Development Index and Gross Domestic 
Product), and other complex environments subject to external fluctu-
ations and multiple sources of uncertainty. In such contexts, the metric 
can contribute to early detection of vulnerabilities and adjustment of 
operational parameters based on resilience and stability criteria.

6. Conclusion

This study was based on the hypothesis that, if performance, com-
plexity, and stability can be measured consistently, it would be feasible 
to integrate these dimensions into a unified robustness metric. To 
investigate this hypothesis, a method was proposed that enables the 
calculation of robustness through the weighted combination of these 
three indicators. The metric was validated using three distinct models: 
an Intensive Care Unit (ICU) system, a Process Scheduling (PS) model, 
and an Electric Vehicle Traction and Braking (EVTB) system, each 
presenting different operational and structural characteristics.

The application of the metric revealed that robustness is enhanced 
by solutions that combine performance efficiency, low complexity, and 
stability under varying operational conditions. Each system demon-
strated sensitivity to specific parameters: in the ICU model, patient 
arrival rate and adverse event rate; in the PS model, the amount of 
RAM and the number of CPUs; and in the EVTB model, the battery 
power and the number of electric motors.

The analysis reinforced the importance of addressing performance, 
complexity, and stability in an integrated way, providing a tool capable 
20 
of evaluating and optimizing the resilience of complex systems. There-
fore, it is concluded that the proposed metric can effectively represent 
robustness across different systems, supporting the identification of re-
silient solutions and enhancing decision making in diverse operational 
environments.

As a natural extension of this work, the proposed metric can be 
applied to other domains, such as logistics systems, power grids, and in-
dustrial processes. Furthermore, integrating the method with machine 
learning techniques could further enhance its potential, particularly in 
tasks such as automatic hyperparameter optimization and the identifi-
cation of operational patterns related to robustness. These extensions 
may strengthen the predictive and adaptive capabilities of the model, 
contributing to the development of more resilient systems in uncertain 
and dynamic environments.
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