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Abstract: The resilience of technical systems is an internal characteristic whose values of reliability, maintainability and
availability parameters must be estimated in the design process. The difficulty of this approach derives from the fact that the
resilience parameters are influenced by the behaviour of the technical system during its operation. For this reason, an analysis
of the technical resilience of a technical system in operation is required, the analysis that the present research also makes.
The current work aims to provide a tool for analyzing the evolution of technical resilience parameters - reliability,
maintainability and availability during the operation of technical systems, useful in the decision-making process of
maintenance management. The main purpose of the work is to determine the evolution of the score of the resilience parameter
of a technical system in the mechanical field during operation. The parameter, taken from the specialized literature, used for
the calculation of resilience is based on the Safety in operation indicators - mean time between failures (MTBF) for system
reliability and mean time to repair (MTTR) for maintainability. These two parameters were calculated from the data obtained
after the operation of a honing machine, including information about the moments of appearance of the defects, the repair
time and the type of defect. The resilience evolution is given by a regression line generated by the least squares method on
the measured and calculated data series. The regression analysis proposed in this research follows the evolution of the values
of the technical resilience parameter over the time horizon over which the technical system was observed in order to the
maintenance management decision process for the analyzed system in accordance with the quality and production policies.
The research methodology is specific to a quantitative analysis applied to a technical process, continuing the formulation of
the problem, the literature study on the researched topic, the determination and analysis of the series of values for the
evaluated parameters, and the generation of conclusions on the analyzed phenomenon. This research's results are compared
with those from the specialized literature that evaluates technical resilience through metrics on different mathematical models.
Also, the research results are essential due to the comparative analysis of resilience in systems from other technical fields.
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1. INTRODUCTION

The The quality of the products was, is and will be an increasing trend that is imposed and demanded by the
beneficiaries. Thus, this evolution has a direct projection on the technical flow of production by following the
permanent improvement of the values of its performance parameters - reliability, maintainability and availability
of technical production systems. The problem of determining the balance between the renewal of morally worn
systems VS the extension of their physical duration of operation must be continuously analyzed to ensure the
required quality of the products. The optimization of the use of the means of production determines the superior
utilization of technical and human resources and the increase of labour productivity, which is reflected in an
increase in the quality of the products. Measuring and estimating the quality level of production means is a
permanent concern of system engineers. The quality of technical systems is an internal characteristic equivalent,
in most cases, to their level of resilience, [1].

Technologists want to know the level of resilience of a technical system right from its design phase. This is
extremely difficult to predict due to the impossibility of accurately modelling the real working conditions of a
technical system, which equates to a complex multicriteria structure of quantification, numerical analysis and
modelling problems defined in this field, [2, 3].

Engineering resilience modelling must be viewed from two perspectives: statistical models based on the analysis
of technical dimensions that characterize resilience engineering [3,4] and mathematical modelling based on
numerical data from the operation of technical systems, [5].

The ability of a technical system to be resistant to external and internal disturbances is a characteristic that can be
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measured by the reliability parameter [6], and the ability to quickly recover in the event of an interruption due to
a defect can be measured by the parameter of maintainability, [7].

RAM analysis methodologies (reliability, availability and maintainability analysis) for productive assets were
developed by [8].

Resilience quantification is analyzed based on different types of analysis, such as forward propagation,
backpropagation, sensitivity analysis and information theory on Bayesian networks [9].

From a statistical point of view, the resilience of a system is correlated with the maintenance functions and the
allocation of human and technical resources in order to ensure its operational continuity function [10, 11]. In the
specialized literature, there are correlations between the resilience levels of a technical system with the different
maintenance strategies applied to it [12], but mathematical modelling of the maintenance strategy-resilience-
systemic topology type is impossible to achieve due to the increased variability of the mathematical model.

The metrics used to calculate the resilience characteristic belong to complementary and very diversified fields:
probabilistic [12], mathematical [13], Bayesian networks [14], statistical techniques [15], Monte Carlo simulation
[5], fuzzy systems - relationships modelled by linguistic expressions and using fuzzy set theory [16]. Such a theory
based on fuzzy mathematics constitutes support for the subjective or natural descriptors of the system
characteristics and offers a methodology as natural as possible to allow the modelling of resilience from the design
process of technical systems, [17].

The present paper proposes an application of a metric for technical resilience based on the least squares method.

The regression rights for modelling the resilience parameter as a function of time provide future information for
the analysis of the depreciation of the technical system. The relationship amortization - technical resilience -
sustainable operation represents a system whose analysis methodology can also include current research results.

2. MATERIALS AND METHODS

Provide Production systems are designed to function and perform the functions for which they were created in an
efficient, profitable and sustainable way. The sustainability of technical equipment is given by operational
continuity and resistance to internal and external disturbances. Moreover, this technological system's
sustainability function is also provided by a third characteristic - the short recovery time after the occurrence of a
defect [11].

Reliability is the probability that a piece of equipment will remain operational for a specified time. The metric
that most naturally characterizes the reliability of a technical system is the mean time between two failures
(MTBF) [18]. On the other hand, maintainability can be calculated by the probability that a system will be repaired
within a specific time interval. The most frequently used maintainability metric is the mean time to repair (MTTR)
[19]. Both parameters together constitute an Availability indicator (A) according to equation (1):

MTBF

A= (1)
MTBF + MTTR

The technical resilience value is directly proportional to the availability A and inversely proportional to the
recovery time t of the availability function after the occurrence of a defect. Thus, the A/t ratio is used to describe
the degree of technical resilience [20]. The time value t is logarithmized to use to balance the level of effects
between the availability of A and the recovery time t [21]. The value of resilience is considered to be the product
AJ/In(t) before and after the appearance of external disturbances that lead to the functioning of the technical system
[22].

The research methodology includes the following stages: the collection of numerical data from a mechanical
honing machine, followed for 18 months, during which the moments of downtime caused by defects, the
downtime, and the defect code were extracted. All these time points were reported to a time to, the start time of
the research.

The technical resilience parameter has a decreasing dynamic depending on the operating time of the technical
system; moreover, it depends on the frequency of occurrence of defects and the repair time. After the appearance
of a fault and the repair operation to remove its effects, availability, as a function of probabilities, is reduced.
The data were parsed in a numerical system so that all the variables in equation 2 [20] could be calculated.

. Al Z”: Al x Al o
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Where: R=Resilience value; A= availability at the immediate moment of the appearance of the defect; A4=
availability at the time of completion of the repair and commissioning of the technical system; ti= the start-up
time after repairing the technical system; t=the moment of appearance of the defect state; Al=availability on the
first observation interval; t:= first observation interval; n=faults number.

The resulting data were grouped by time intervals of different sizes, each containing ten stationary moments of
the technical system.

The level curves for the values of the resilience parameter on these time intervals were realized, and the slopes of
the regression lines determined by the least squares method were analyzed.

The regression curve for the resilience parameter was determined, and its mathematical expression provides
information about the future performance of the analyzed system.

3. RESULTS AND DISCUSSION

Analysis of the evolution of the value of the resilience parameter over time for a technical system, followed for
18 months, during which the following information was collected: fault code - [Job 1D], downtime - [Down (HH:
MM)], time of occurrence of the defect — [Date: Time Started], time of intervention completion — [Date: Time
Completed].

The information was parsed in the following format (all moments of time are reported at time t, — the starting
moment of the resilience study): no of defects [autonumber], time of good operation [hour: min], time of good
operation [min], technical system downtime [min], the sum of good functioning times [min], the sum of idle times
[min].

The values of reliability parameters [MTBF], maintainability [MTTR], availability [A] in 2 points on each failure
interval (JA2] and [A3]), resilience on each interval [Ri], cumulative resilience [S_R], system resilience [R].
The data were centralized on different time intervals delimited to every ten faults that appeared (table 1). RO
represents the resilience scores over the time interval bounded by defects [1-10], R1 represents the resilience
scores over the time interval determined by defects [11-20] and so on.

Table 1. Resilience values depend on the time

Fault/time RO R1 R2 R3 R4 R5

1 0.0274 0.0287 0.0285 0.0281 0.0269  0.026018
2 0.0259 0.0295 0.0283 0.0279 0.0267  0.025995
3 0.0288 0.0299 0.0286 0.0277 0.0266  0.025931
4 0.0282 0.0301 0.0287 0.0274 0.0265  0.025852
5 0.0282 0.0300 0.0289 0.0273 0.0265  0.025833
6 0.0299 0.0298 0.0289 0.0272 0.0263  0.025799
7 0.0295 0.0297 0.0287 0.0271 0.0260  0.025751
8 0.0294 0.0294 0.0284 0.0271 0.0258  0.025735
9 0.0288 0.0288 0.0283 0.0271 0.0259  0.025677
10 0.0294 0.0288 0.0282 0.0269 0.0259

The graphs of the values of the resilience function as a function of time for every ten defects that appeared in the
system after the stabilization period of the technical system operation are presented in Figure 1.

In Table 1, it can be seen that each of the five evaluation intervals of the resilience parameter R1...R5 shows a
series of decreasing values. What is very important, besides the idea of reducing resilience over a certain period
of time, is also the rate of decrease of this parameter.

The slope of the decrease in resilience over different time intervals related to time to will be graphically analyzed
in Figure 1 and Figure 2. The equations of the regression lines that approximate the point level of resilience on
each interval are determined by the method of least squares (processing carried out in MS Excel 2021), which
minimizes the approximation errors.

A variation of the slopes of the regression curves for the resilience parameter is observed. Thus, the values of the
angles of the regression lines are increasingly higher from -5x107 to -1x10*, which corresponds to a decrease in
the resilience parameter of the technical system in the 18-month interval.

Figure 2 shows the evolution of the technical resilience parameter.

Figure 1 does not show the regression curve for technical resilience levels because, over this interval of ten faults,
the level of resilience is an increasing one, a fact due to the large intervals between defects and their nature (defects
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that involved short downtimes of the technical system). This can also be seen in Figure 2 when the first part of
the temporal analysis of resilience shows an increase until the stabilization of the functioning of the technical

system.
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Fig. 2. Technical resilience as a function of time
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In Figure 2, an increase in the level of resilience can be observed in the first part of the observation time of the
technical system (approximately 10% of the observation time), after it decreases in an approximately linear

function.

4. CONCLUSIONS

The analysis of the resilience parameter needs to be done right from the design period of the technical system.
This characteristic is closely related to the amortization parameter of the technical system, which must be
evaluated as correctly as possible before it is introduced into the production flow. In this sense, estimating the
resilience parameter as a function of time is imperatively necessary.
The quantitative analysis carried out by this research leads to conclusions in accordance with the technical
achievement, namely that the values of the technical resilience parameter decrease during the operation of the
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technical system after a "break-in" period in which it reaches a maximum. The regression curves provided on
operating data can provide values of the resilience parameter in the future operation of the technical system so
that the system engineer can anticipate the moment when he must make a decision: repair action or change the
technical system.

The research methodology proposed by this paper, the technigues used and the innovative approach to the analysis
of resilience on time intervals reported at the moment to are useful for simplifying the evaluation of the
multivariable system Maintenance - Reliability - Resilience — Economic depreciation. Furthermore, the least
squares prediction method is also known for its performance, and the application of resilience points in these
instances provides easy-to-interpret information for the future functioning of the technical system.

The current research done on the resilience score of the mechanical system leads to results consistent with the
specialized literature — the slopes of the regression curves for the resilience parameter over consecutive time
intervals have values that are increasingly higher from -5x10° to -1x10*, which corresponds to a decrease in the
resilience parameter of the technical system in the 18-month period. It should be noted that using this model for
the resilience score, based on the availability values of the system depending on the number of defects, initially,
the value of the resilience score increases until it stabilizes (normal operating mode) and then decreases on as long
as the technical system works.

The research is helpful from the point of view of the proposed practical tool that contains a methodology for
assessing the resilience score over time intervals that engineers can use in system maintenance.

The limitations of the research are related to the choice of the reference moment for the calculation of resilience
on time intervals because it can be observed that for the chosen system, the first interval shows increasing levels
of the resilience parameter (rare defect with small repair intervals). Thus, the slope of the regression curve of the
resilience function is different depending on the reference moment t, chosen.

If the research methodology - methods, the punctual calculation of the resilience function as a function of time,
has a general character, being able to be applied to any technical system, the results obtained are particular for
each one.

Funding: This paper was supported by the “Institutional development through increasing the innovation,
development and research performance of TUIASI - COMPETE 2.0" project funded by contract no. 27PFE /2021,
financed by the Romanian government.

This research was also supported by "Gheorghe Asachi" Technical University from Iasi (TUIASI) through the
Project "Performance and Excellence in postdoctoral research 2022".

REFERENCES

1. Durén, O., Vergara, B., (2022). Maintenance Strategies Definition Based on Systemic Resilience. Mathematics,
10(1677), 1-16, https://doi.org/10.3390/math10101677.

2. Fiksel, J., Polyviou, M., Croxton, K. L., Pettit, T. J., (2015). From Risk to Deal With Disruption, MIT Sloan
Management Review, 56(2), 77-88.

3. Zarei, E., Ramavandi, B., Darabi, A. H., Omidvar, M., (2021). A framework for resilience assessment in process
systems using a fuzzy hybrid MCDM model, Journal of Loss Prevention in the Process Industries, 69, 104375, 1-
11.

4. Shirali, Gh.A., Motamedzade, M., Mohammadfam, |., Ebrahimipour V., Moghimbeigi., A., (2016). Assessment
of resilience engineering factors based on system properties in a process industry, Cognition, Technology &
Work, 8, 19-31.

5. Hamedi, M., Sharafi, S., Tagheh Delshad, M., (2019). Optimization of Preventive Maintenance Scheduling
based on Monte Carlo simulation in Processing Plants, Proceedings of 2019 15th Iran International Industrial
Engineering Conference (I11EC), 18721328, 293-296.

6. Muller, L., Martins, M. R., (2020). The proposition of Reliability-based Methodology for Well Integrity
Management During the Operational Phase, Venice, Research Publishing, Singapore, 10.3850/978-981-14-8593-
0_3682-cd.

7. Duréan, O., Afonso, P., Minatogawa, V., (2020). Analysis of Long-Term Impact of Maintenance Policy,
Mathematics, 8, 2208, 1-24.

8. Clavijo Mesa, M.V, et al., (2021). Asset management strategies using reliability, availability, Journal of the
Brazilian Society of Mechanical Sciences and Engineering, 43(495), 497-511.

9. Buchanan, R.K. et al., (2021). A Framework for Modeling and Assessing System Resilience Using a Bayesian
Network. A Case Study of an Interdependent Electrical Infrastructure System, International Journal of Critical
Infrastructure Protection, Washington, DC 20314-1000: ERDC/ITL MP-21-2.

212



10. Vilcu, A., Verzea, I., Pislaru, M.,Herghiligiu, 1.V., (2019). Fuzzy modelling of dependability optimization for
supporting the production-quality strategies - a case study in technical field, IOP Conference Series: Materials
Science and Engineering, 591.

11. Sun, W., Bocchini, P., Davison, B.D., (2018). Resilience metrics and measurement methods for transportation
infrastructure: The state of the art, Sustainable and Resilient Infrastructure, 1-56.

12. Yang, B. et al., (2021). Resilience Metric of Equipment System: Theory, Measurement and. Reliability
Engineering and System Safety, 215(107889), 1-10.

13. Zurek, J., Matachowski, J., Zidtkowski, J., Szkutnik-Rogo "Z, J., (2020). Reliability Analysis of Technical
Means of Transport, Applied Science, 10(3016), 1-16.

14. Kammouh, O., Gardoni, P., Cimellaro, G. P., (2020). Probabilistic framework to evaluate the resilience of
engineering systems using Bayesian and dynamic Bayesian networks, Reliability Engineering and System,
198(106813), 1-37.

15. Annarelli, A., Battistella, C., Nonino, F., (2020). A Framework to Evaluate the Effects of Organizational
Resilience on Service Quality, Sustainability, 12, 958.

16. Nedosekin, A., Abdoulaeva, Z., Konnikov, E., Zhuk, A., (2020). Fuzzy Set Models for Economic Resilience
Estimation, Mathematics, 8, 1516, 1-16.

17. Sutthibutr, N., Chiadamrong, N., (2020). Integrated Possibilistic Linear Programming with Beta-Skewness
Degree for a Fuzzy Multi-Objective Aggregate Production Planning Problem Under Uncertain Environments,
Fuzzy information and engineering, 12(3), 355-380.

18. Vilcu, A., Verzea, |., Herghiligiu, I. V., (2017). New method to optimize the production functions in the system
of safety in operation management. SIM 2017/14th International Symposium in Management, 238, 1-8.

19. Hu, Z., Mahadevan, S., (2016). Resilience Assessment Based on Time-Dependent System Reliability Analysis,
Journal of Mechanical Design, 138, 111404/1-12.

20. Duran, O., Aguilar, J., Capaldo, A., Arata, A., (2021). Fleet Resilience: Evaluating Maintenance Strategies
in Critical Equipment, Applied Science, 11(38), 1-17.

21. Bukowski, L., Werbinska-Wojciechowska, S., (2021). Using fuzzy logic to support maintenance decisions
according to Resilience-Based Maintenance concept, Maintenance and Reliability, 23(2), 294-306.

22. Cai, B. et al., (2018). Availability-based engineering resilience metric and its corresponding evaluation
methodology, Reliability Engineering and System Safety, 172, 216-224.

Received: May 16, 2023/ Accepted: December 15, 2023 / Paper available online: December 20, 2023©
International Journal of Modern Manucaturing Technologies

213



