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Abstract

For critical systems, such as satellites and aircraft, survivability can be extremely important as
failures can result in irreversible economic loss and even casualties. A mission abort policy and the
subsequent rescue procedure are effective tools for increasing the survivability of systems performing
missions of fixed or variable duration. However, it comes at a price of decreasing the mission success
probability. Therefore, a reasonable trade-off should be achieved. This problem has been studied in
numerous publications, however, we are the first to discuss general multi-component coherent sys-
tems. Moreover, the new methodology based on signatures describing coherent systems is employed
for description and defining a criterion of abort. Several optimization problems are formulated and
discussed. The detailed numerical examples illustrate our findings and justify the developed innovative

approach.
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tem survival probability.

1 Introduction

1.1 Motivation and related literature

In practice, the survival of critical systems can have even higher priority than the completion of a
mission. This happens when a failure of a system during a mission results in a substantial economic loss.
Real examples of critical systems are spaceships, aircraft, drones, satellites, and data-processing computer
systems. However, a mission of such systems can be aborted when a certain malfunction condition occurs

or a certain number of components fail, and then a rescue procedure can be initiated to save the system
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and prevent casualties, economic loss, and significant environmental hazards. Thus, the two metrics, i.e.,
mission success probability and system survivability, and their interplay are of interest (see, e.g., Peng et

al. (2016) and Liu et al. (2018)).

Many critical systems are required to complete missions over a predetermined period of time. A mission
abort policy is a valuable tool for maximizing the survivability of a system. Aborting a mission under
certain conditions can help minimize the potential failures while increasing its chances of survival. This
policy can be instrumental in reducing economic losses by increasing the system’s survival probability
and thereby, providing greater protection against risk. A mission abort policy can also reduce operating
costs by improving efficiency and reliability. Myers (2009) in his seminal work on mission abort policies
for a k-out-of-n system with exponentially distributed components lifetimes proved the efficiency of such
policies in reducing the overall failure probability compared to those without abort policies. This work
provided the foundation for further investigations into mission abort policies for complex systems with
multiple sources of uncertainty. Recently, Zhao et al. (2023b) investigated the system structure and joint
optimization of condition-based mission abort policy for the k-out-of-n: G warm standby system, which
takes into account the dynamic arrival of tasks with a random amount of work. These systems have a few
warm standby components that provide fault tolerance while the rest components operate in active mode
initially.

Cao and Wang (2023) have extended the mission abort policy to the generalized k-out-of-n system.
Levitin et al. (2017) extended this model to heterogeneous systems and adaptive abort policies. However,
these models do not take into account the dynamic nature of the stochastic environment and its influence
on the system’s behavior and performance. To address this shortcoming, Levitin and Finkelstein (2018a)
and Levitin and Finkelstein (2022) have investigated the mission abort policy for systems in a random
environment modeled by shocks. Levitin and Finkelstein (2018b) have considered a threshold for mission

aborting in each interval after dividing the whole mission time into numerous intervals.

In another point of view, one can also consider a case involving multiple attempts, where a mission is
aborted and then repeated after successfully rescuing a system. Levitin et al. (2019) have discussed this
setting when completing a mission is extremely important. Recently, Levitin et al. (2023a) proposed a
new model of multiple attempts performed consecutively with a prespecified activation delay by different
components. Levitin et al. (2023b) have investigated a mission abort policy in a multi-attempt scenario
when the number of attempts is limited. For maximizing the aborting policy for a system that has multiple
distinct tasks to complete within a predetermined mission time, Levitin et al. (2024) model and optimize
the aborting policy that each task can be attempted multiple times until it is successfully completed or

the system fails or the mission time expires.

Several research papers have explored the behavior of systems experiencing major and minor failures
when dealing with mission abort protocols. These studies aim to understand how such systems respond to
different failure scenarios and improve the effectiveness of mission abort procedures. For example, Cha et

al. (2018) have considered systems that experienced both major and minor failure modes, where repairable
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failures were maintained through minimal repairs, and the number of minimal repairs was chosen as the
decision variable of the abort strategy. Qiu et. al (2020) proposed a dynamic abort policy that takes into

consideration the number of minor failures and time elapsed since the start of a mission.

Another kind of system that has been studied in the context of mission abort policies is multi-state
systems. These systems, consisting of various interconnected states or modes, have been the subject of
extensive research and analysis. Multi-state systems encompass a wide range of applications, including
aerospace, automotive, and telecommunications industries. Levitin et al. (2020) have studied a mission
abort policy for multi-state systems with variable performance. Levitin et al. (2022) developed and im-
proved mission abort policies for multi-state systems that have product storage. These systems have the
ability to store excess product in the event that system performance exceeds needed demand and to make
up for any product shortages. According to Zhao et al. (2022), the joint optimization of a mission abort

policy and a protective device selection policy for multi-state systems should be considered.

In addition to numerous papers addressing mission abort strategies, we would like to recommend the
following papers to readers who are interested in exploring this topic further. Peng (2018) has studied
the joint optimization of routine planning and termination strategies for cooperative UAVs. Zhao et
al. (2019) have discussed the optimal abort policy using Markov decision processes. Qiu and Cui (2019a)
developed the mission abort policy based on the two-stage degradation modeled by the increasing stochastic
processes. Qiu and Cui (2019b) and Qiu et al. (2022) have considered the duration in a defective state as a
decision variable for aborting a mission. Yang and Ye (2019) have investigated abort policies based on the
early warning signal and have studied the analytical properties of the corresponding optimal policy. Gao
et al. (2020) have investigated a mission abort policy for systems with the Weibull-distributed lifetimes.
Zhao et al. (2021) have investigated a multi-criteria mission abort policy subject to a two-stage degradation
process. Finkelstein et al. (2021) have studied systems exhibiting observable degradation, focusing on the
decision-making process regarding mission continuation or termination during inspections. When the
observed degradation exceeds a predetermined optimal threshold, the mission is aborted. Conversely, if
the degradation is below this threshold, the system may either maintain its initial operational regime at
full load or transition to a reduced load regime. Wu et al. (2021) have developed an optimal mission abort
policy for a system consisting of m sectors and comprising of n components. Cheng et al. (2022) have
discussed a mission abort policy according to a system age and degradation degree of monitored health
features. Wei et al. (2023) have studied the control policy that timely aborts the mission system whose
state information can not be completely monitored. Zhao et al. (2023a) have investigated the two-level
rescue depot location policies and the dynamic rescue policies in mission abort policy for unmanned vehicle
systems. Levitin et al. (2023¢) expanded mission abort policy to include the more general and effective
non-monotonic threshold function for systems that have a practical random rescue time. Yang et al. (2023)
utilized incomplete health data to jointly decide whether to abort the mission and whether to carry out
sampling in a dynamic manner, with the goal of minimizing the expected total costs associated with system

failure, sampling, and mission failure. In their review of the mathematical models for mission abort policy,
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da Silva et al. (2023) focused on criteria for achieving a balance between the probability of mission success
and the probability of system survival. Cheng et al. (2024) investigated a multi-component system with
failure interaction to determine the optimal joint inspection and mission abort policy. They took into
account the proportional hazards model to describe the impact of a single component. Liu et al. (2024)
suggested the mission payload and stochastic dependence, and determine the specific mission abort policy
depending on the mission’s duration and component health. In order to optimize the expected cumulative
reward during the mission, a Markov decision process-based dynamic mission abort decision-making model

is subsequently developed.

It follows from the aforementioned literature review that the primary interest in the literature on mis-
sion abort was systems without considering their structures. It should be noted that Myers (2009) had
considered the simplest k-out-of-n system with exponentially distributed lifetimes of components (see also
Cao and Wang (2023)). Thus, most papers on mission abort policy deal with the black-box systems with-
out considering their structures. However, information on internal failures of components in systems is
extremely valuable as it shows the level of systems’ deterioration. If a substantial number of components
in the operating system have failed, this means that the probability of the system’s and a mission failure
is large and the possibility of mission abort should be considered. This, obviously, was not considered in

the existing literature, as the structure of a multi-component system was ‘out of the picture’.

In order to analyze the performance of multi-component coherent systems we employ and justify a pow-
erful signature-based methodology that provides a structural approach for evaluating relevant reliability
characteristics. There is no other way in describing the reliability functions of coherent systems allowing
for expressions that are derived in this combinatorial way that can be used for our purpose. The usual
structure functions as multi-linear polynomials cannot be used for this purpose. This methodology enables
to consider the number of failed components as a decision variable for a mission abort. Signatures provide
information on performance and reliability at the components level as well as at the system level. The de-
velopment of this topic for more general coherent systems is the main objective of the current paper. This
task requires the implementation of the signature-based approach to obtain mission success probability
and system survivability. To our knowledge, this methodology for the probabilistic description of systems
with the possibility of abort and rescue has not been considered in the literature yet. In our proposed
policy, when a certain number of components fail, a mission may need to be aborted to reduce the risk of

failure, thereby necessitating immediate activation of the rescue procedure.

A coherent system is a system with an increasing (in each argument) structure function, and each
of the components is relevant (see, e.g., Barlow and Proschan, 1981). A well-known tool for studying
the reliability of a coherent system is the signature vector; see for example Kochar et al. (1990) and
Samaniego (2008). Let a coherent system consist of n components with lifetimes X7, Xs, ..., X, that are
independent and identically distributed following a common continuous distribution function F'(¢). Denote

by Xi1.n, Xomn, ---, Xn:n the order statistics corresponding to X;’s. The system’s signature is then defined
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as
Si :P(T:in)v i = 1a2a"'an7 (1)

where T denotes the system’s lifetime. In fact, s; is the probability that the component with lifetime
X;., causes the system to fail (i.e., the ith component failure in the system results in its failure.) The
probability vector s = (s1, S2, ..., $,) is then called the signature vector of a coherent system. It can be
verified that s; = 74, where n; is the number of ways that distinct X1, X»,..., X,, can be ordered so that
the ith ordered quantity corresponds to the system’s failure. Under this setting, the reliability (survival)

function Fr(t) of the system can be represented as

Fr(t) =P(T >t)=> sP(Xim >1t), t>0. (2)
i=1
It is well-known that the representation (2) holds for every coherent system with components having

exchangeable and absolutely continuous lifetimes of components; see, for example, Navarro et al. (2005).

1.2 Main contributions of the paper

We propose an innovative approach to obtaining an optimal mission abort policy for coherent systems
with independent and identically distributed components (or, at least, exchangeable). It is based on
describing the reliability of these systems via the corresponding signature vectors. To the best of our
knowledge, this methodology has not been developed in the literature on mission abort so far. As justified
by our theoretical findings and computational results, it presents an effective tool for defining and describing
the advanced optimal mission abort strategies by considering relevant optimization problems and discussing
the main stochastic properties of the proposed model. It also forms the basis for future generalizations
in the case of heterogeneous components. The detailed numerical illustrations and the corresponding

discussion justify our theoretical findings.

1.3 Organization of the paper

The remainder of the paper is organized as follows. In Section 2, we investigate the mission abort
policy for a coherent system consisting of n independent components, and then we obtain the mission
success probability and system survival probability for the system. Afterward, we obtain the probability
of coherent system failure according to the mission abort. In Section 3, we present different methods for
the proper selection of mission abort parameters. In Section 4, we investigate the mission abort policy
with multiple thresholds for a coherent system. In Section 5, by presenting a numerical example and a
simulation study, we examine different properties of the mission abort policy. Finally, brief concluding

remarks are given in Section 6.
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2 Description of the mission policy

Before introducing our strategy, we provide in the following an overview of the notations and abbre-
viations used throughout the paper. This will facilitate a better understanding of our strategy and its
implications.

MSP  Mission success probability
SSP  System survival probability
n  Number of components in the system
X1, Xs,..., X, Component lifetimes
X1, X2y ey X Ordered component lifetimes
F;.n(t) Distribution function of Xj.,
tr(zy Duration of recovery or rescue period
ty Mission duration
Tyy Random time at which an abort occurs
Qr.n Probability of failure for a system having an abort policy upon Lth failure
Cr  Cost of mission failure

Cr, Cost of system failure

2.1 Description of a strategy

Consider a coherent system consisting of n statistically independent and identical components that
perform a mission of a fixed or variable duration ¢,;. In critical systems, the survival of the system is of
utmost importance, and failure of such critical systems can cause substantial economic loss. To avoid the
failure of a coherent system, we propose the following mission abort policy: If a predetermined number
L e{1,2,...,n— 1} of components fail, then, to increase the system survival and decrease the probability
of a loss of the system, one should abort the mission and immediately activate the rescue or recovery
procedure. Note that the parameter L is a decision variable in this approach. In section 3, we shall
present two important measures that are useful in studying and evaluating the optimal mission abort

strategies.

2.2 Mission success probability

The probability of mission success, which is the probability that a system will complete a specific mission
within a given deadline, is an important measure of performance in the mission abort context (see, e.g.,
Levitin and Finkelstein (2018a), Levitin and Finkelstein (2022)). The probability of a mission success can
be obtained as a joint probability of two events: the lifetime of the system is greater than t;; and the
lifetime of the Lth failed component is greater than tj;, where 1 < L < n — 1. In accordance with this

criterion, using the law of total probability and properties of order statistics (Kochar et al., 1999), the
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mission success probability can be obtained in a straightforward way as

MSP = MSP(tM,L) ZP(T > tar, Xpon > tM)

(T >ty Xpan > tu, T > Xipen) + P(T > tag, X > tar, T < Xpin)

= Z]P(T > tMaXL:n > tMan:n > Xrm | T= X]n)]P)(T = Xj:n)

]P(T > tM;XL:n > tMan:n < XL:n | T = X]n)]P)(T = Xj:n)

n
™

n L
= Sj]P)(XLm >tM +ZSJP jm >tM)
j=L+1 Jj=1

L
= SLIP(XL;n > tM) + ZSj]P’(Xj;n > tM),
j=1

where S, = > i—r+154- Thus, we have

L-1 n L j-1 n
wsP =50 3 () F@V (Fy ™+ 305 s (1) {Fa0 P Ry ™
k=0 J=1 k=0

By changing the order of summations in the second term on the right-hand side of the last equation, we
obtain the more compact form

L-1 L

MSP =5, ( ){F ) Y (tan) )" + Z > s (Z) {F(ta) Y {F(tar)}" "
k=0 k=0 \j=k+1
=35 (}) (P Ry, ®)

For more details on the distribution theory of order statistics, we refer the interested reader to David and

Nagaraja (2003) and Arnold et al. (1992).

Note that, the MSP is increasing in L € {1,2,...,n — 1}. This follows easily from (3) or from the fact
that

[T>tM7XLn>tM] [T>tMaXL+1n>tM]

The result is illustrated by Figure 1 where we plot the MSP for a structure consisting of two bridge systems
connected in series whose common components lifetimes are Weibull-distributed with shape parameter 1

and scale parameter 10 (see the numerical example given in Section 5).

Remark 2.1. It may be an interesting problem to compare two coherent n-component systems based
on their mission success probabilities. Let S; and Sz be two coherent systems with respective signature
vectors s; and s3. Then, it can be verified that if the discrete random variables corresponding to s;
and sy are ordered in the sense of the usual stochastic order, and the component lifetimes of S; and Ss
are also ordered in the sense of the usual stochastic order, then MSP®) < MSP® where MSPU) is
the mission success probability corresponding to system S;, j = 1,2. We refer the reader to Shaked and

Shanthikumar (2007) for definitions and basic properties of various stochastic orders.

7
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Figure 1: Mission success probability for L = 1,2, 3.

Remark 2.2. The relationships between mission abort time, mission time, and mission completion prob-
ability can provide valuable insights for mission planning and decision-making. By analyzing these rela-
tionships, mission planners can identify critical variables that influence mission success and make informed

decisions about mission time and aborting the mission, if necessary, to achieve the best possible outcome.

Remark 2.3. One can define the probability of the mission success probability by taking into account
the variability of the mission time. In fact, one can consider the mission time Tj; as a random variable
depending on the external conditions: weather, air masses, currents, etc. Based on the above, we may
approximately assess the probability of attaining the objectives, while the environmental conditions are
variable and uncertain, which is opposite to the previous analysis where mission time was taken as fixed.
This refined approach will help in building a resistant and adaptive mission plan due to which the chances of
mission success would be increased irrespective of the unpredictable environmental influence. Let fr,, (tar)
be the probability density function of T,. Using the total probability law, the mission success probability

can then be obtained as
MSP:MSP(T]V[,L):]P’(T>TM,XL;,1 >TM) (4)

o0
= / P(T > Tr Xoon > Tor | Taa = tar) fro, (Ear ) dtar
0

oo L—1

= 73 5 () tresn P ey it

2.3 Rescue procedure (RP)

As we have mentioned at the beginning of the preceding section, in our proposed mission abort model,
the rescue procedure is triggered only when the Lth component of the system fails at a random time X7,
preceding the mission duration time t¢3;. A coherent system does not fail in this period if the difference
between the system lifetime and the time that mission abort starts is greater than the fixed time t,.(z),
given that the lifetime of the system is greater than the lifetime of the Lth component and the Lth order

statistic is less than ¢j;. This can be also interpreted in terms of the corresponding remaining lifetime after

8
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aborting. In fact, the system lifetime should be greater than or equal to Xr., +%,(1), emphasizing the fact
that the initiation of the rescue procedure cannot be predetermined before a mission starts. Therefore, we

define a new measure for the effectiveness of the rescue procedure as the probability
RP = RP(tM,LtT(L)) P(T - Xp.m >t L)|T>XLn,XLn<tM)

In accordance with this definition, using the law of total probability, equations (1) and (2), and properties

of order statistics, the following can be easily derived

RP =P (T — X > 12995 | Xr.n < min(T, tM))

I
[M]=

IP(T — X1 > tr(L) | Xpm < min(T, tM),T = X]n)P(T = Xj:n)

.
I
—

I
M=

Sj]P(ij — Xr.m > tr(L) | Xrn < min(T, tM),T = Xj;n)

.
I
=

2%
Sj/ ]P)(X] mn— XL > tr(L) | Xim < min(Xj;n,tM),XL;n = LL‘)fXLm (m)dm
0

I
[M]=

<.

tam
s, / P(Xjn —2 > try | Xom <tar, Xpon = 2) fx,p., (7)d

[}

<.
+
=

|
I Il
hM: =

5]/ P Jn>-r+tr(L |XLn_I)fXLn( )dl‘

S
—
(=)

<.
[

*M: L;M: §M§

i
~
+
=

Jj— 1

tar [e%e]

5 / / XX (] 2) . (2)dtda
0 z+i.(1)

L—

% ()

) /otM (F(x —’—lti(;)’zm_) a) ) k (1 = 1F Ex;(;;(”))nk fxyp., (v)dz. (5)

[}

Remark 2.4. Starting a rescue procedure might not be an appropriate choice of action when the Lth
component fails close to the mission time (¢57). Our model can be generalized by introducing the new
decision parameter {-the time after which abort is not executed— similar to Levitin and Finkelstein (2018a).
However, we will address this in future research, where we will consider a system with heterogeneous

components and derive the optimal £ using an approach that differs from existing literature.

Example 2.5. Consider an airplane performing a mission. During the mission, it should cover a certain
distance. The adversary uses electronic interference (shocks) to destroy the airplane’s control systems,
which consist of n components, which can cause the airplane to crash. Each subsequent interference
attack is due to overheating and deterioration of the onboard interference filter, which can then fail a
critical component. Attacks and then failure of critical components are detected by the sensors and the
mission attempt can be aborted upon the occurrence of a predetermined number of failed components.
The rescue procedure presumes to return to the original (or nearest available) airport after changing the

flight altitude, which causes a reduction of the interference attack rate. After landing, the interference

9
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filters are changed and the next attempt to perform the mission starts. If, during any of the attempts, an

attack succeeds in destroying the electronic equipment, the airplane is lost and the mission fails.

2.4 System survival probability

System survival probability (SSP) is another crucial indicator that is used by decision-makers to deter-
mine the possibility that a mission and any associated rescue procedure will be successful (Levitin and
Finkelstein (2018a), Levitin and Finkelstein (2022)). A few of the factors taken into account are the re-
maining time for the mission, the possibility that the rescue procedure will be successful, and other risks
or issues. There is always a potential that a system will malfunction or fail while it is in use, endangering
the mission’s success. To lessen these risks, a company can create a mission abort policy that details
what to do in the event of a system failure. A rescue procedure to save the system and complete the
mission may be launched as part of the mission abort policy. The SSP is a measure of the probability that
either the mission or any associated rescue procedures will be completed successfully, without any further
issues or complications. It provides decision-makers with valuable insight into the feasibility of initiating a
rescue procedure and the potential outcomes. By calculating the SSP, decision-makers can determine the
probability of successfully rescuing the system. This information can help them make informed decisions
about whether to initiate a rescue procedure and if so, what steps to take to ensure the best possible

outcome.
The SSP is a measure of the probability that the mission or its associated rescue procedure will be

completed successfully. In other words, it captures the probability of success for a given mission and any

related rescue procedures and is defined as

SSP = S(tM,L,tT(L))
= P[(T >ty, X > tM) U (T —Xr.n > tr(L),XL:n < min(T, tM))}

where the second term on the right-hand side represents the probability that the rescue procedure can

successfully save the system. Also

P(Xpm <min(T,tar)] =Y P(T > Xpo, Xpin < tar | T = Xju)P(T = X))
1

<.
Il

n
$iP(Xjin > Xpi, Xpon < tar) = Z $iP(Xpm < tar)
1 j=L+1

> (" (F tan) YL P ()
L§<k> M M

[
M=

<.
Il

I
N

This is the probability that the system has not completed its mission and it survive until the mission is
aborted. The survival probability of a system refers to the probability of successfully completing a mission
and associated rescue procedures without any major failures or challenges. When the length of the mission

period increases, the system survival probability obviously decreases.

10
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Let s, = min{i : s; > 0} and s* = max{i : s; > 0}. It makes sense to choose L so that L € {1,2,...,s*}.
In Section 3, we shall discuss about various methods for choosing an optimal value of L. If L < s,, then

MSP(tM,L) = P(XL;n > tM) and
S(tm, L, tr(L)) P(Xp. >ty) +P(T — XLn>tr(L)aXLn<t]W)

On the other hand, if L = s,, the rescue procedure starts at the failure time of the first component which
can cause the system failure. In this case, MSP(tp;, L) = P(X ., > tar). Also, in the case where L = s*,
S(tar, Lytyry) = MSP(ty, L) = P(T > tyr), meaning that it is preferable to not begin the rescue process

because there is no chance that it will succeed.

This statement provides more detail and explanation of the different scenarios based on the relative lengths

of mission and recovery periods and how the value of L can impact the probability of system survival.

2.5 Failure of a system

The lifetime of the system and the duration of the rescue procedure are two elements that have an
impact on the probability of system failure. The system faces the risk of failure if the system’s lifetime is
shorter than the lifetime of the Lth component or if the system malfunctions during an attempted rescue
procedure. This shows that the probability of system failure also increases as the system’s lifetime shortens
or when the rescue procedure becomes protracted. The system operators can reduce the probability of
system failure by performing regular maintenance and testing or the rescue procedure should be shorter
by recognizing these conditions and taking the necessary action. Overall, using mission abort policy and
a thorough understanding of the factors that influence system failure probability can help to increase
the probability of a successful mission outcome while minimizing the risk of damage to the sensitive and

expensive systems involved.

The system failure probability can be defined as
QL:n = Q(tMa Lvtr(L)) = ]P(T < XL:n) + P(T —Xpin < tr(L) ‘ X < min(T7 tM))

=2 BT < X | = Xjun) + 3 BT = X < tyny | Xpon < min(T,41), T = X i)
=1 j=1

<.
Il

[
M:

P(XJH<XL7L —|—ZSJ/ ]n—x<tT(L) |Xjn>XLn7XLn—x)fXLn( )dﬂj

<.
Il
a

I
Mh

Z 5]/ Xj;n <z+ tr(L) ‘ Xpim = x)fXLm(x)dx

j=1 j=L+1

L ta pobtecn)

Y Y Il s o, @
Jj=1 j=L+1

s+ z”: "X‘:L . (n;L) /OtM (F(x Ti(?z{) F(x))k (1—fEmFJr(;;u)))”"“fXM(x)dx’

j=L+1k=j—L
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where §; = S

j=1 Sj.

3 Choosing the optimal value of L

Choosing the optimal abort parameter is crucial in defining a mission abort policy. The abort parameter
L represents the threshold for the number of component failures that can occur before the mission is
aborted. To obtain an optimal value for the abort parameter, several methods can be used, including
the trade-off between mission success probability and system survival probability, the trade-off between
mission success probability and system loss, the mission failure cost and system loss cost, the signature
vector of a coherent system, statistical analysis, simulation, and expert judgment. Statistical analysis
involves analyzing data on components’ failure rates and determining the optimal threshold based on
statistical models and methods. Simulation involves creating a virtual model of the system and using it to
simulate different scenarios to determine the optimal threshold. Expert judgment involves consulting with
subject matter experts to determine the optimal threshold based on their experience and knowledge. By
using these methods, the system operators can determine the optimal abort parameter that minimizes the
risk of system failure while maximizing the probability of a successful mission outcome. Overall, selecting
the optimal abort parameter is a critical step in defining the mission abort policy, and requires careful
consideration and analysis. It should be noted that, in general, there is no universal method to choose
optimal L; it is determined by the conditions and priorities of a given system. For example, if minimizing
costs is a must, then the cost function will be the best method to determine L. On the other hand, if
system survival is crucial, then the optimal value of L should be chosen by balancing the mission success
probability against the system survival probability, such that the balance meets the requirement that the
probability of system survival is above some predefined minimum value. In the following, we describe some

optimization methods.

3.1 Trade-off between MSP and SSP

It is possible to obtain the optimal value of L by balancing between several items. For example, by
balancing between MSP(ty, L) and S(tar, L, (1)), to maximize the MSP while providing a desired level
of system survivability S*, one can provide a solution for the restricted optimization problem (Levitin and

Finkelstein, 2018a)

maxMSP(tM,L) s.t. S(tM,L,tT(L))ZS*. (7)

Another possible approach to obtain the optimal value of L involves balancing multiple factors, such as

MSP(ty, L) and Q(tar, L, ty(1)), to maximize the MSP while ensuring a desired level of system failure,
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denoted by ¢* ( Levitin et al., 2019)

maxMSP(tM,L) s.t. Q(tMaL,tr(L))Sq*- (8)

3.2 Determining an optimal value of L based on cost

When choosing a suitable value for the mission abort parameter L, the cost of mission failure and system
loss is a crucial factor. In particular, the value of L should be chosen so that the system’s cost for mission
failure and system loss is kept to a minimum. The system operators can perform a cost analysis that
considers the potential costs of mission failure and system loss to establish the optimum value for L. The
cost of maintaining or replacing damaged parts, the price of the personnel and equipment needed for the
operation, and any other pertinent expenditures can all be included in this analysis. The system operators
can construct a suitable decision parameter for the mission abort policy by choosing the value of L that
minimizes the overall cost incurred on the system. Overall, this cost-based approach provides a practical
and objective method for selecting an appropriate value for the mission abort parameter L. By taking into
account the potential costs associated with mission failure and system loss, the system operators can make
informed decisions that balance the risk of system failure against the cost of maintaining and operating
the system. We can formulate a cost minimization problem with relation to the decision parameter L by
considering the associated costs of mission failure and system loss, denoted by Cr and Cp, respectively. In
particular, we can think about the probability of system loss, which is represented by 1 — S(tar, L, t,(1)),
where ¢ is the mission time and ¢, () is the rescue time. If the system is lost, both the mission and the
system would fail, resulting in a total cost of losses of Cr+C,. Additionally, we can consider the probability
of system survival but mission failure, denoted by (S(tas, L, t, (1)) — MSP(tnr, L)), where MSP(ty, L) is
the probability of successful rescue given that a mission failure has occurred. In this case, the system would
survive but the mission would fail, resulting in a cost of losses of C'r. By formulating a cost minimization
problem that takes into account these probabilities and costs, we can determine an appropriate value for
the decision parameter L that minimizes the expected total cost. This can be done using optimization

techniques such as linear programming or dynamic programming (Levitin and Finkelstein, 2018a).

Under the aforementioned conditions, the total cost of the system can be written as
C(tm,L) = (1= S(tam, Lty1)))(Cr 4+ CL) + (S(tn, Ly tr(ny) — MSP(tn, L))Cr.

Our objective is to determine the optimal value of L that minimizes the total cost C(tps, L) of the system.

3.3 Using signature vectors as a basis for analysis

The signature vector of a coherent system can be utilized as a means to choose an appropriate value
for the decision parameter L. Given that it offers an accurate representation of the system’s reliability
and failure modes, a signature vector is a helpful tool for choosing a suitable value for L. The chance

of system failure for various values of L can be determined specifically using the signature vector. The
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system operators can construct a suitable decision parameter for the mission abort policy by choosing a
value of L that yields a degree of system failure probability that is acceptable. Overall, using the signature
vector to determine an appropriate value for the decision parameter L can help to ensure the reliability
and safety of the system. It provides a rigorous and quantitative approach to selecting L that takes into

account the system’s structure and component lifetimes.

Consider a coherent system with a signature vector given by
s =(0,0,...,0, Sk, Sk+1, ---, 8¢, 0, ..., 0),

where s; > 0, j = k,k+1,...,£. Many coherent systems have such a signature vector for some fixed values
of k and ¢. The value of L is chosen as the smallest value that satisfies a certain condition related to the
signature vector of the system. In this approach, a fixed threshold value ¢ € (0, 1) is chosen by the domain
expert, and the value of L is selected such that the sum of the first L elements of the signature vector

exceeds the threshold value ¢; that is,

L*:min{j:Zsi>q}. 9)

For the signature vector of the form given above, it is evident that k < L* < /.

4 Mission abort policy with multiple thresholds

In scenarios where sensitive and expensive systems are involved, it may be beneficial to divide the mission
into several intervals. By doing so, the mission abort policy can be applied separately to each interval,
which can help to improve the efficiency of the overall mission (Levitin and Finkelstein (2018b), Levitin
and Finkelstein (2022)). This approach can also enable the system operators to identify potential issues
early on and take corrective actions before they become critical. Additionally, dividing the mission into
intervals can help to reduce the impact of any failures or malfunctions that may occur, as they can be
limited to a specific interval rather than affecting the entire mission. Overall, this strategy can increase
the probability of a successful mission outcome while minimizing the risk of damage to the sensitive and
expensive systems involved. During each interval of a mission that is divided into multiple parts, the
mission may be aborted if the number of components that fail exceeds a predetermined threshold. This
threshold is set for each interval and represents the maximum number of component failures that can
occur before the mission becomes unfeasible or too risky to continue. By establishing such a threshold, the
system operators can ensure that the mission is halted before it reaches a critical point, thus preventing
further damage or loss of resources. Additionally, setting a predetermined threshold for each interval can
help to identify potential issues early on, allowing the system operators to take corrective actions before
they become critical. Overall, this approach can increase the probability of a successful mission outcome

while minimizing the risk of damage to the sensitive and expensive systems involved.
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Consider splitting the mission duration tp; into H smaller intervals [tar, _,,ta, ), b = 1,2, ..., H, where
tym, = 0 and tar, = tas. If the number of component failures in a given interval exceeds a predetermined
threshold, denoted by Ly, for h = 1, ..., H, then the mission is aborted and the rescue procedure is activated.
This threshold is set for each interval and represents the maximum number of component failures that
can occur before the mission becomes unfeasible or too risky to continue. The vector L = (Lq,...,Lpy)
and tyr = (tarn, -, tar, ) determine the mission abort policy. Similar to the use of a single threshold for
determining mission abort, it is possible to introduce multiple thresholds for determining the probability
of mission success. A mission succeeds if the system’s total lifetime expectancy is greater than ¢,;, and
whether the lifetime expectancy of the L,th components in interval h is also greater than ¢, . The MSP

is defined as
MSP(tM,L) = P(T > tM;XL;L:n > tJth for h= 1,2, ,H)

Also, the rescue procedure for the coherent system can be written as

H
RP(tM,L,tT.(L)) = ZP(T — XLh:n > t,.(L) | XLh,:n < min(T, ch)).
h=1

The system is considered to have survived if it successfully completes either the mission or the rescue

procedure. Thus, one can define the SSP as

S(ty, Lty r)) = MSP(ty, L) + RP x P[Xp, ., <min(T,tp,) for h=1,2,.. H]

5 Sensitivity analysis and illustrative examples

5.1 Sensitivity analysis

In this section, to explain how one can utilize the models introduced in Section 2, we provide a numerical
example to examine the theoretical results of the paper. All results, including figures and numerical
computations, are obtained using Mathematica Program System version 10. Suppose there are two bridge
systems connected in series as shown in Figure 2, and all component lifetimes follow the Weibull distribution
with shape parameter ¢« = 1 and scale parameter A = 10. Note that in practice, signature vectors of
critical systems correspond to the higher redundancy (more zeroes before the first nonzero component
of the vector). However, the considered example illustrates better and sufficiently our approach. The

signature vector for this 10-component system can be calculated as follows:
s =1(0,4/45,19/90,3/10,86/315,34/315,2/105,0,0,0);

see, for example, Da et al. (2012).

Using Equation (3), we have determined the mission success probability which is plotted in Figure 3. As
it is observed, if the mission abort occurs at the first order statistic (i.e., the first component failure), the

probability of mission success is the lowest. This is because a mission abort at this early stage indicates a
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Figure 2: Reliability block diagram of a 10-component coherent system.

critical failure that may have a significant impact on the success of the mission. On the other hand, as the
order statistic for mission abort increases (i.e., the mission can continue despite more components failing),
the probability of completing the mission increases, too. This is because the system is still functioning
despite the loss of one or more components, which indicates a higher level of redundancy and resilience in

the system.
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Figure 3: The mission success probability for L = 1,2, 3, 5.

Some numerical values of the MSP are also summarized in Table 1. This table reflects the relationships
between two variables - mission time (¢;7) and mission success probability - while holding another variable
(L) constant, as well as the relationships between two variables - aborting mission (L) and mission success
probability - while holding another variable (tps) constant. The results in Table 1 demonstrate that when
the value of L rises, the probability of the mission succeeding increases for a certain value of tp;. This
suggests a positive relationship between mission abortion and mission success probability, suggesting that,
in some cases, mission abortion may increase the probability of success. The connection between the two
may be explained by the fact that delaying a mission could offer more time to plan, organize, and carry it

out, possibly improving the probability of success.
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Figure 4: The rescue procedure for L = 1,2,3,5 and ¢, 1y = 0.5.

Table 1: Mission success probability for different values of L and t¢,;.

ty =05 ty=2 ty=3 ty=6 ty=7 ty=9

0.6065 0.1353  0.0497 0.0024 0.0009  0.0001
0.9175 0.4349 0.2239 0.0228 0.0101  0.0019
0.9603 0.8303 0.6529 0.2072  0.1283  0.0449
0.9901 0.8600 0.7242 0.3352 0.2444 0.1229

SIS
I
N R~ N

On the other hand, we can see that, for any given value of L, the probability of completing the mission

decreases as the mission time (tps) increases.

Using Equation (5), we have also determined the probability of completing the rescue procedure for
different scenarios where the mission abort occurs at different order statistics, as shown in Figure 4. As
expected, the probability of completing the rescue procedure is higher when the mission abort occurs at
the first order statistic, indicating a critical failure that has a significant impact on the rescue procedure’s
success. Conversely, if the mission abort occurs at a higher order statistic, the probability of completing
the rescue procedure is lesser. This is because the system has experienced multiple failures, indicating
a lower level of redundancy and resilience, which can increase the risk of further failures and reduce
the probability of completing the rescue procedure successfully. Understanding the impact of L on the
probability of completing the rescue procedure is crucial in designing reliable and robust systems for
emergency situations. By determining a suitable L, one can improve the probability of mission success
and ensure the safety and security of the rescue operation and its personnel.

According to Figure 4, it is clear that, for various values of L, the probability of successfully completing
the rescue process gets larger with an increase in the duration of the mission. Hence, according to Table 2,
for various values of L, the probability of successfully completing the rescue procedure gets larger with an

increase in the duration of the rescue period.
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Figure 5: System survival probability for L =1,2,3,5 and ¢,y = 0.5.

Overall, careful planning and preparation are necessary to ensure that the risks are minimized and the
rescue procedure can be carried out successfully. This includes identifying the appropriate mission time and
recovery period duration, ensuring that all necessary resources and equipment are available, and having
a well-trained and experienced rescue team. By taking these measures, the probability of successfully

completing a rescue procedure can be increased, even in the face of unforeseen challenges and risks.

Table 2: Probability of completing rescue procedure for components having W (1, 10) distribution.

trr) = 1 trL) = 2 trLy = 3 trLy = 5 trL) = 7 trL) = 10

L=1 0.5074 0.6941 0.7628 0.7973 0.8020 0.8027
L=2 0.1472 0.3393 0.4660 0.5702 0.5944 0.6000
L=3 0.0234 0.1004 0.1891 0.3098 0.3572 0.3743
L=4 0.0019 0.0160 0.0437 0.1068 0.1482 0.1716

Figure 5 depicts the graph of the probability of system survival computed by Equation (5). As we have
mentioned earlier, this measure takes into account both the success of the mission and the success of any
associated rescue procedure. The system survival probability decreases as the length of the mission period
increases for different values of L. This is because a longer mission duration increases the probability
of encountering unforeseen challenges or equipment failures during the mission, which can make it more

difficult to successfully complete the mission and associated rescue procedures.

Also, it is evident from Figure 5 that the system survival probability initially decreases rapidly with
increasing the mission duration and then levels off at a lower value. However, the rate of decrease in the
survival probability varies for different values of L, with a higher value of L resulting in a steeper decrease
in the system survival probability. Therefore, careful consideration of the appropriate values of the mission
duration ty; and L is crucial during the planning and preparation stages of a mission and its associated

rescue operation. By selecting appropriate values for these parameters, we can minimize the risks involved
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and increase the system survival probability. This may involve incorporating redundancy and backup
systems into the mission design and providing comprehensive training for the crew to handle emergency
situations. Moreover, it may also involve establishing protocols for communication, decision-making, and

coordination between the mission control center and the crew in the field.

To determine the optimal value of L in this example, we shall examine various methodologies. For
example, formula (9) can be used to derive L at an optimum value by varying predetermined values of
parameter ¢, as illustrated in Table 3. If the system expert considers the parameter ¢ to be 0.3, the
signature vector indicates that the optimal value of parameter L is 3. On the other hand, if the expert
deems g to be 0.7, the optimal value for L is 5. These results highlight the importance of selecting an
appropriate value for ¢ to determine the optimal value of L and emphasize the significance of the trade-off

between mission success and system survival in this decision-making process.

Table 3: Choosing L* according to various values of q.
q 2{21 S L*

0.1 0.089 2
0.3 0.300 3
0.5 0.600 4
0.7 0.873 5

Recall that the optimization problem (7) provides an alternative approach to determine the optimal
value of L by weighing a trade-off between the probability of mission success and system survival. Assume
that S* = 0.65. Also, suppose that the recovery period length is held constant at ¢,y = 0.2. On the other
hand, if the mission period length is extended in comparison to the recovery period, such as t3; = 10, the
optimal value for L would be 2, indicating that the probability of system survival is significantly higher

than that of mission success. In such a scenario, it is advisable to abort the mission without delay.

Table 4: The optimum values of L* for S* = 0.65 and various values of t,;.

tmy LT MSP(t]\,j,L*) S(t]\,j,L*,O.Q)

3.7 4 0.5250 0.6526
6 3 0.0915 0.6509
10 2 0.0063 0.8223

The probability of mission success and system survivability for various choices of L are shown in Table 5.
As observed, the probability of system survival exceeds the specified value of S* = 0.65 for L values of 1, 2,
and 3. Notably, among all the values of L shown in the table, L = 3 demonstrates the best probability of
mission success. It is important to note that the selected value of L affects the chances of mission success
and system survivability, with different values of L leading to varied results. The significance of choosing an

ideal value for L that strikes a balance between mission accomplishment and system survival is highlighted
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by these findings. Overall, this statement provides more detail and explanation of the methodologies and
results presented, highlighting the significance of selecting an appropriate value for L based on the trade-off
between mission success and system survival, recovery, and mission period lengths, and the predetermined

probability of system survival

Table 5: The values of SSP and MSP for t); = 4, S* = 0.65, and various values of L.

L S(tm,L,0.2) MSP(ty, L)
1 0.9636 0.0183
2 0.8594 0.1083
3 0.7194 0.2900
4 0.6196 0.4730
5 0.5848 0.5630
6 0.5811 0.5799
7 0.5810 0.5810
8 0.5810 0.5810

Figure 6 portrays the relationship between the total cost of the system and the cost of system loss for a
cost of mission failure Cr = 1. The graph indicates that if the ratio Cf,/CF is reduced (signifying that the
success probability of the mission is more significant than the system survival probability), the total cost
incurred by the system decreases. Additionally, for small Cp,/CF, as the value of L increases, the overall
cost imposed on the system decreases, implying that the mission’s completion probability is of paramount
importance. In such a scenario, it is better to abort the mission with a high value of L, and in fact, it may
be preferable not to abort the mission at all. Furthermore, for large C1,/CFp, as the value of L increases,
the total cost incurred by the system also increases, implying that the system’s survival is of utmost
importance. In such a scenario, it is better to abort the mission with a lower value of L. Overall, these
findings underscore the importance of selecting an optimal value for L to balance the trade-off between

mission success and system survival, as it has a significant impact on the total cost incurred by the system.

Our analysis of total system cost versus mission duration in Figure 7 reveals some key insights. For mis-
sions with a duration approaching the rescue period length, cost decreases with a higher abort component
index L. This demonstrates aborting later system components is optimal when the mission timeline nears
the rescue duration. In such cases, the short mission period means system survival probability remains
high, even without abort. Thus, delaying aborts minimizes disruptions and costs. Conversely, for mis-
sion durations much longer than the rescue period, cost increases with larger L. Here, late abortions are
suboptimal. As the mission progresses well beyond rescue length, system reliability declines. Late aborts
therefore raise the probability of total system failure and associated costs. In essence, the optimal abort
depends on the ratio of mission duration to rescue period. When mission time is comparable to rescue
time, delaying aborts maintains system integrity while minimizing disruptions. But for long missions,

timely abort is needed to avoid failure.
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Figure 6: The total cost of the system for L =1,2,3,5 and ¢,y = 0.5.
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Figure 7: The total cost of the system for L =1,2,3,5 and t,(z) = 0.5.
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Figure 8: The system survival probability for L =1,2,3 and ¢,(z) = 0.5.

Finally, we compare the system reliability function (2), which does not consider the mission abort at
all, with the system survival probability (6) which takes into account the mission abort policy described
in the paper. As depicted in Figure 8, the non-abort model demonstrates a slightly higher probability for
short mission durations (i.e., for small ;7). However, as tj; increases, the models incorporating mission

abort, obviously, exhibit a greater probability of survival.

5.2 Simulation Study

In this section, we perform a simulation study in order to assess the MSP and RP of a network coherent
system pictured in Figure 9 with an abort threshold policy and all component/vertex (or edge/link)
lifetimes following the Weibull distribution with shape and scale parameters o and A, respectively. The
developed simulation results provide practical insights into how different abort thresholds, mission times
and shape parameters affect the probabilities of mission success and rescue procedure. Each combination
of the mission time and the abort threshold is iterated 10,000 times. All results, including figures and
numerical computations, are obtained using Mathematica Program System version 10 and R Program
System version 4.3.3. Note that in practice, signature vectors of critical systems correspond to the higher
redundancy (more zeroes before the first nonzero component of the vector). The signature vector for this

9-network coherent system can be calculated as follows:
s=(0,0,1/42,1/14,4/21,11/28,5/21,1/12,0);

For simulating the MSP and the RP, one can create a simulation based on the given signature vector
and treat it as a discrete probability distribution. Then, as an example, to simulate the MSP, we iterate
over a large number of trials to estimate the probability that both T" and X7, exceed t;;. The algorithm

is as follows:

1. Generate Component Lifetimes: For each component, generate lifetimes from a distribution

(e.g., exponential or Weibull), reflecting typical failure times.
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2. Determine Order Statistics: For each trial, sort the component lifetimes and extract Xj.,,
where L is the failure threshold chosen for the mission abort and X..,, is the Lth order statistic of

the component lifetimes.

3. Calculate System Lifetime T': Select T based on the signature vector by interpreting it as the
probability of each order statistic defining the system lifetime. To be more precise,
e Draw an index j according to the probabilities s; from the signature vector.
o Set T'= Xju,.
4. e Estimate MSP: For each trial, check if T' > tp;, Xp., > tpy and T — X, > tr(L) hold. Count
the successful trials and divide by the total number of trials to estimate P(T" > Tas, X 1., > Thr).

e Estimate RP: For each trial, check if T > X;., and X.,, < tas. Count the successful trials and

divide by the total number of trials to estimate P (T — Xpin > trry | Xp < min(T, tM)).

Figure 9: Reliability block diagram of a 9-network coherent system. Blue nodes are start/terminal.

Figure 10 illustrates the MSP across various values of the abort threshold parameter, L, for a Weibull
distribution characterized by a shape parameter 2 and a scale parameter 10. The simulation, consisting
of 10,000 repetitions, demonstrates that as the abort threshold L increases, the probability of mission
success also increases. This relationship arises because larger values of L allow for the greater number
of component failures. From a practical perspective, selecting a higher threshold L enables the system
to tolerate additional component failures before reaching the abort criterion, effectively enhancing the
probability of mission completion. Furthermore, an increase in the MSP, as represented by L, suggests

that the system is better equipped to endure further degradation while still achieving its mission objectives.

Figure 11 illustrates the analysis of the MSP as a function of the Weibull shape parameter, with the
threshold parameter L = 3 being constant. Observe that for the sufficiently small values of ¢;;, the larger
Weibull shape parameter correlates with the increased probability of mission success (i.e., a lower proba-
bility of mission abort). This observation can be attributed to the fact that the larger shape parameter
implies that components are more likely to endure the early stages of the mission, resulting in a reduction
of early failures. Consequently, the larger shape parameter indicates greater reliability, suggesting that a

sufficient number of components will function effectively throughout the mission duration. However, this
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Mission Success Probability (MSP) for Different Values of L

o \
)
s \
> \
= \
§ 0.75 .
<] L
a \
& \ 1
8 \
g 0.50 -
(%] \\ 3
c
[}
k7] \ 5
2}
E 0.25 \ N
jo}
“g \
N
@ ~
i ~ o e,
0.00 =-—
0.0 25 5.0 75 10.0
tm

Figure 10: Estimated Mission success probability for L =1,2,3,5 .
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Figure 11: Estimated Mission success probability for a = 0.5,1,1.5,2 .

relationship persists only until a certain time after which the larger Weibull shape parameter leads to the

smaller probability of mission success.

Figure 12 illustrates the simulated rescue probability for various values of the abort threshold parameter
L, utilizing the Weibull distribution with the shape parameter 2, the scale parameter 10 and ¢,y = 0.5.
This simulation, consisting in 10,000 iterations, presents the relationship between the abort threshold L
and the estimated probability of completing the RP for different mission times t,;. It is evident from
the figure that as the L abort threshold increases, the probability of a successful rescue decreases. This
phenomenon can be attributed to the nature of the abort threshold: the larger value of L means that the
system can endure more failures before commencing a rescue procedure, resulting in reduced redundancy

and resilience.

Figure 13 illustrates the probability of successful completion of the RP as a function of the Weibull
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Rescue Procedure Probability (RP) for Different Values of L
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Figure 12: Estimated rescue procedure for L = 1,2,3,5.
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Figure 13: Estimated rescue procedure for a = 0.5,1, 2.

distribution shape parameter a (for a constant abort threshold L = 3 and a rescue time ¢,z = 0.5).
Its analysis is similar to that of the previous figure. We see an interesting phenomenon in these last two
figures: the probability of a successful RP increases with ¢,,. This is because the proportion of successful
events is calculated only for those realizations of system lifetimes that are larger than ¢;;, whereas the
‘severity’ of the restriction imposed by L and leading to aborting increases with ¢;;. Thus, the robustness

of the operating (not aborted) system increases with ¢;.

6 Conclusions

A mission abort policy and the subsequent rescue operation are effective tools for increasing the sur-

vivability of systems performing missions of fixed or variable duration. On the other hand, aborting a
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mission too early decreases the mission success probability, whereas aborting it too late or not aborting at
all will decrease survivability. Therefore, these two aspects should be taken into account when considering
the corresponding optimization procedures. This problem has been intensively studied in recent literature
in various settings. A brief literature review is given in the Introduction. It is important to note that
most existing publications focus on systems without detailed examinations of their underlying structures,
thereby addressing primarily integrated one-component, black-box systems. Thus, valuable information
on the degradation of a system manifested through the dynamic (in time) numbers of failed components

is lost.

In contrast, our study is the first to explore general multi-component coherent systems proposing a
novel methodology based on the corresponding signatures. It enables the consideration of the number
of failed components of a system as the variable influencing the decision to abort. The corresponding
optimization problems are formulated based on the traditional trade-off between mission success probability
and survivability and on minimizing the cost. Furthermore, the approach that suggests the direct setting
of this parameter (e.g., via expert opinions) was also discussed. Our detailed numerical illustrations with

the corresponding analysis, justify theoretical findings.

There is significant potential for further expansion and development of the proposed innovative approach.
It has been noted that characterization through signatures is applicable to the exchangeable lifetimes of
components. Recent literature includes numerous studies aimed at generalizing the concept of signatures
for non-identical and dependent components, which could serve as a foundation for future research on
mission abort scenarios in multi-component systems. Additionally, integrating our methodology with
system maintenance presents an intriguing avenue for exploration, further enhancing our investigations

into mission abort strategies for multi-component systems.
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