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Abstract: In this paper, we are observing a reparable system comprised of several 

components. The aim is to determine at which repair rate the system achieves the highest 

availability. To accomplish that, the procedure for the calculation of the repair rate in 

function of the desired level of availability for the system with a predetermined repair 

rate threshold is created. The presented approach is based on the exploration of the 

probability density function (PDF) of a system's repair time by observing the probability 

that repair rates of its components surpass a determined threshold. The obtained results 

can be applied in reliability theory, maintenance planning, and many other fields. To 

prove the application of the developed model, the results are verified by a numerical 

example for an unmanned vehicle system. 

Keywords: Repair time, maintenance, availability, probability density function, 

threshold. 

MSC: 90B25, 60K10, 62N05. 

                                                 
* Corresponding author 



2 N. Kontrec et al. / Availability based  maintenance analysis 

1. INTRODUCTION 

In reliability theory, systems can be classified into repairable and non-repairable. A 

non-repairable system is a system that can be removed or just replaced with a completely 

new one. With repairable systems, we have a completely different situation. After a 

failure, the system is returned to an operating condition and can be used again after 

certain maintenance activities. At the same time, it should be taken into account that the 

occurrence of a failure is not a single process, but rather a recurring event [1]. In such 

systems, an important performance measure is called the intensity of the failure or failure 

rate. 

If the observed system is renewed through maintenance or repairs, in the case of the 

repairable systems, the expected time of failure-free operation is known as Mean Time 

Between Failures (MTBF). In the case of the so-called non-repairable systems, we talk 

about the mean time to the first failure, or simply the Mean Time To Failure (MTTF). 

Both functions should always be used when the failure density function is specified 

because the level of reliability that can be attributed to a certain value of MTBF or MTTF 

depends on the shape of that function. With repairable systems, we have another variable, 

which is Mean Time To Repair the system (MTTR) i.e. the time needed to return the 

system to its operational state. The mean time between two failures is a sum of MTTF 

and MTTR [2]. 

The effect of immediate post-failure repair is a key feature for models of repairable 

systems and it is related to its failure rate. Reviewing the literature, we noticed that a 

great number of research papers are dealing with repairable systems in which the effect 

of the repair is minimal. After the repair, such a system returns to the same state it was in 

before the appearance of failure. As described in the literature [3] [4] [5], this type of 

repair is denoted as minimal repair. 

In addition to minimal repair, the literature often talks about perfect repair. A perfect 

repair means that after repair, the system is again in an "As Good as New” state. This 

type of repair can be classified as a restoration process and is discussed in works [6] and 

[7]. 

In this paper, we deal only with repairable systems with perfect repair. That means 

that systems that return to their original state after the fault has been removed. We will 

model such a system with the alternating renewal process, which in the general case, 

models a system that alternates between two states over time. For example, we observe a 

device that is in a functional state until a failure occurs, after which the device is repaired 

and returned to its original state. The basic assumption is that pairs of random times spent 

successively in two states form independent, identically distributed sequences. In the 

beginning, the system is working and remains in that state for some time, then it goes into 

the failure state, which also has a certain duration.  

Let us denote the consecutive times of the system operational states as X = {X1, X2, 

X3…XN} and the consecutive times of repair rates as Y = {Y1,Y2,Y3…YN}. In the 

beginning, the state of the system is operational. The distribution function of X and Y is 

entirely unidentified. The application of alternated renewal process and its application 

has been described in papers [8] [9] [10] [11]. Usually, in maintenance theory, authors 

are emphasizing the importance of failure prediction but the determination of repair time 

is somehow neglected.  

For that reason, in this paper, we are observing a reparable system with an alternating 

renewal process where MTTF is Rayleigh distributed and we are investigating the repair 
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process in function of availability. Availability is defined as the probability that a system 

is performing according to instructions in the defined time interval. This research is based 

on the result of the paper [10] where the authors presented the method for determination 

of the annual repair rate for system units to attain the requested availability. Considering 

the system’s repair rate PDF calculated as the probability that repair rates of its 

components surpass the determined threshold, we will predict in which time interval 

switching, repair, or replacement should be performed. The repair time threshold serves 

as a decision point for maintenance activities, allowing operators to prioritize repairs 

based on the impact of repair duration on system availability. The key idea is to prevent 

prolonged downtimes by ensuring that repairs are completed within a time window that 

maintains the system’s desired availability level. 

Also, the following assumption was made:  

 The system alternates between operational and failure states; 

 MTTF is Rayleigh distributed as in [10];  

 After being repaired, the system starts to behave as brand new.  

 This paper is organized into several sections. Section 2 provides literature review 

while Section 3 presents the method for maintenance decision making based on the 

define thresholds. Section 4 presents results and discussion while Section 5 is reserved 

for conclusion.  

2. LITERATURE REVIEW 

The optimization of maintenance and system reliability has been extensively 

researched in both theoretical and practical domains. The primary focus has been on 

minimizing system downtime, maximizing availability, and reducing maintenance costs. 

In this section, we will review the latest research on maintenance optimization strategies, 

specifically focusing on repairable systems and models that consider perfect and 

imperfect repairs, as well as threshold-based decision-making. Maintenance optimization 

has been a critical area of research as industries struggle to prolong the operational life of 

their systems while minimizing repair and failure costs. Availability optimizations has 

been discussed in several papers [12] [13] [14]. In [15], De Jonge and Scarf provided a 

review of maintenance optimization methods, emphasizing the importance of balancing 

preventive maintenance and repair activities to enhance system availability. The concept 

of imperfect repair is elaborated in [16] where authors analyzed systems with multiple 

failure modes. Their research introduced a model that accounts for imperfect repairs by 

considering both preventive and corrective actions, emphasizing the need to optimize 

maintenance schedules based on failure severity and repair quality. Jain and Singh [17] 

extended this by focusing on fault-tolerant systems with multi-type failures and imperfect 

repairs. Their model considered the degradation of components over time and proposed 

strategies to optimize availability in systems that experience gradual wear and tear. In 

systems that experience degradation over time, Pedersen et al. [18] introduced a model 

that combined two-stage degradation processes with hard failures and imperfect repairs. 

Their research demonstrated the importance of monitoring system degradation and 

adjusting maintenance strategies accordingly to extend the life of the system. Threshold-

based maintenance approaches have been used to optimize maintenance schedules and 

reduce unnecessary repairs. These methods rely on defining critical thresholds that 

trigger maintenance actions based on system performance data. Our research expands on 

this approach by introducing a threshold-based model that calculates the probability of 
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repair rates surpass predetermined thresholds. This ensures that components with the 

highest repair times are prioritized for maintenance, and therefore the system's overall 

availability. Additionally, our model incorporates a stochastic repair rate estimation 

which allows us to account explain the variability and uncertainty in repair times. This 

makes the model more adaptive to real-world conditions, where the timing of failures and 

repairs is not always predictable. By focusing on the components with the highest repair 

times and utilizing probability-based thresholds, our approach offers greater precision in 

optimizing system availability, reducing both unnecessary maintenance and the risk of 

unexpected system failures, thus enhancing the overall effectiveness of the maintenance 

strategy. 

3. MAINTAINENCE DECISIONS BASED ON THE THRESHOLD 

As mentioned above, one of the most important reparable system parameters is steady 

availability which can be defined as the probability that in time t, the system will be in an 

operational state. It can be calculated as lim ( )
t

A t


 but usually is complicated to get 

explicit results. So, according to the renewal theorem [19] the availability of the system 

can also be calculated as: 

( )
,

( ) ( )

E X
A

E X E Y



                (1) 

where E(X) is a mathematical expectation that the system is in an operational state and 

E(Y) denotes the expectation that the system is nonoperational. According to the 

literature when failure and repair time are exponentially distributed that means that 

1/MTTF    and then, we can express the availability as : 

.
MTTF

A
MTTF MTTR


 

 
                (2) 

The Eq. (2) due to its simplicity is easier to use than Eq. (1). 

Since the failure time is exponentially distributed as stated earlier, its square value has 

Rayleigh distribution:  
22
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                                                                      (3) 

where x is a distribution parameter defined by relation E(t2)=x. Based on that, MTTF is: 
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In the already mentioned paper [10] the authors have calculated the PDF of the repair 

rate as: 
2 2
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                                                             (5) 

where x0 is the expected value of x for the observed part of the failed system. 

The Eq. (5) presents the mathematically characterized random process of repair. The 

repair process modeled this way provides us with the sample value of the repair process 

for the corresponding value of MTTF and availability. Based on the above approach, the 
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dynamical characteristics of system performance could be obtained by simulation of the 

repair rate process by generating its samples. 

The above-presented expression delivers the PDF of the repair rate for a system unit. 

This paper aims to calculate the probability of the system’s repair rate when its units 

surpass the determined threshold, in order to predict at which time interval switching, 

replacement, or repair should be completed to accomplish the required availability. We 

will observe a system consisting of two or more units or components. Let p1(μ) be the 

PDF function of the first component given with [20]: 
2 2
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with cumulative distribution function (CDF) of this component expressed as: 
2
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Similarly, we can express the PDF of the second part p2(μ), which belongs to the 

observed system by: 
2 2
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with CDF of this component expressed as: 
2
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Based on these expressions authors calculated maximal and minimal repair time [21]. 

The main contribution of this paper is the definition of a threshold that serves to 

determine which part of the observed system has the greatest impact on its availability 

and therefore has priority during the repair. 

We will observe two components in this case. We will define µT, the repair threshold. 

If the value of the repair rate is higher than some defined threshold, that part does not 

affect the availability of the system as much as the time of its repair, i.e. service or 

replacement takes less time. Such repair times are generally overlooked. In that case, we 

observed and service the subsystem that has a lower repair rate, which means that the 

repair time lasts longer and that it has a more significant effect on the duration of the 

repair, i.e. downtimes and therefore availability. In such case, a PDF of such repair rate 

could be calculated according to: 
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while the CDF of such repair rate could be calculated according to: 
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          (11) 

Based on the obtained CDF we can determine the reliability of the system. After 

substituting Eqs. (6)-(9) into (9) and (10) we can obtain this system repair rate 

characteristic based on which we could predict the interval of switching, repairing, or 

replacement.  



6 N. Kontrec et al. / Availability based  maintenance analysis 

4. RESULTS AND DISCUSSION 

The proposed repair rate threshold model has several advantages over traditional 

maintenance strategies. Firstly, it allows for real-time adjustments based on the repair 

rate of individual components, optimizing maintenance intervals and preventing 

unnecessary downtime. By incorporating different Mean Time to Failure (MTTF) values 

for key components, the model tailors maintenance strategies, enhancing overall system 

availability. It effectively maintains high availability levels by prioritizing repairs based 

on stochastic behavior, minimizing unexpected failures. By PDFs and CDFs, the model 

accounts for the random nature of failures, leading to more accurate maintenance 

predictions. 

The model is analyzed using the data from [22]. The focus is on one realization of the 

unmanned aerial vehicle (UAV). Two critical components, the engine and propeller, have 

been considered. The insufficient level of reliability of current UAV solutions leads to a 

high probability of failure occurrence [10]. The following characteristics have been 

observed: UAV aircraft has 1440 flight hours; MTTF of the engine is 750 flight hours; 

MTTF of the propeller is 500 flight hours. 

Based on the expressions presented in the previous section, a numerical analysis was 

conducted to calculate the probability that repair rates of its components surpass the 

determined threshold of an UAV system comprised of three components in order to 

acquire availability of A=0.75, А=0.95 by emphasizing the stochastic nature of this 

process.   

Figure 1 shows the PDF of the repair rate threshold, representing the likelihood that 

the repair rate exceeds a specific threshold. The peaks of the curves indicate the most 

probable thresholds at which maintenance should occur. Higher availability levels (A = 

0.95) require more stringent thresholds (lower μ values), indicating more frequent 

maintenance, whereas lower availability (A = 0.75) allows for more lenient thresholds 

and less frequent maintenance actions.  

 
Figure 1: PDF of threshold-based on system repair rate random process in a function of system 

availability 
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Figure 2: CDF of threshold-based system on repair rate random process in a function of system 

availability 

In Figure 2 CDF values of the threshold based on the system repair rate random 

process as a function of system availability have been presented.  

The presented figures show that repair conducted in a certain time frame will provide 

the desired level of system availability. By selecting the optimal level of repair rate 

threshold μT, obtained information can be efficiently used for planning of system’s 

maintenance activities.  

The repair rate threshold model enables cost-effective, predictive maintenance by 

ensuring that repairs are performed when needed to maintain the desired level of system 

availability. This approach optimizes maintenance intervals based on real-time data and 

stochastic modeling, reducing unnecessary repairs and enhancing system reliability. The 

model is particularly valuable in complex systems like UAVs, where operational 

efficiency and high availability are critical. 

5. CONCLUSION 

In this work capitalizing on the PDF and CDF of repair rate which present the precise 

mathematical characterization of repair as a stochastic process, we have presented an 

approach how to determine the probability that repair rates of its components surpass the 

determined threshold for the system comprised of multiple subsystems or components. 

Further, we have observed the proposed model by applying it to the UAV system 

comprised of three major component subsystems and we have graphically presented the 

PDF and CDF of the threshold-based repair rate system process. Based on this data we 

can designate and predict the time interval in which maintenance action should be 

completed in order to reach the requested level of availability.  This method can be 

applied in the same manner to other repairable systems that alternate between operational 

times and downtimes, and the results can be used in maintenance activities planning, and 

in the process of dynamical system maintenance.   
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While the proposed approach offers many advantages, it is not without limitations. 

First, the model assumes perfect repair after failure, which may not always be realistic in 

real-world systems where imperfect or partial repairs are more common. Incorporating 

imperfect repair into the model could provide a more accurate representation of real-

world conditions and improve the model’s applicability to a broader range of systems. 

Despite these limitations, the repair rate threshold model represents a valuable tool for 

improving the maintenance and reliability of repairable systems, particularly in 

applications where maximizing system availability is critical. 

Funding: This research was funded by the Ministry of Education, Science and 

Technological Development, Republic of Serbia, grant number 451-03-65/2024-03/ 

200123. 
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