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Abstract: A complex multi-state redundant system with preventive maintenance subject to multiple
events is considered. The online unit can undergo several types of failure: both internal and those
provoked by external shocks. Multiple degradation levels are assumed as both internal and external.
Degradation levels are observed by random inspections and, if they are major, the unit goes to a
repair facility where preventive maintenance is carried out. This repair facility is composed of a single
repairperson governed by a multiple vacation policy. This policy is set up according to the operational
number of units. Two types of task can be performed by the repairperson, corrective repair and
preventive maintenance. The times embedded in the system are phase type distributed and the
model is built by using Markovian Arrival Processes with marked arrivals. Multiple performance
measures besides the transient and stationary distribution are worked out through matrix-analytic
methods. This methodology enables us to express the main results and the global development in
a matrix-algorithmic form. To optimize the model, costs and rewards are included. A numerical
example shows the versatility of the model.

Keywords: reliability; redundant systems; preventive maintenance; multiple vacations

1. Introduction

Redundant systems and preventive maintenance are of fundamental importance
in ensuring reliability, preventing system failures and reducing costs. These questions,
therefore, are of considerable research interest.

The occurrence of total, unexpected system failure can provoke severe damage and
major financial loss. To avoid such an outcome, various reliability-enhancing methods
can be applied, chief among which are redundancy and preventive maintenance. In this
respect, cold, hot and warm redundant standby and k-out-of-n systems have been proposed.
Among researchers who have addressed these questions, Levitin et al. [1] considered an
optimal standby element sequencing problem (SESP) for 1-out-of-N: G heterogeneous
warm-standby systems, while Zhai et al. [2] constructed a multi-value decision diagram
with which to analyse a demand-based warm standby system. In related papers, Cha
et al. [3] considered preventive maintenance for items operating in a random environment
subjected to a shock Poisson process, Levitin et al. [4] evaluated the probability of mission
success given an arbitrary redundancy level, and Osaki et al. [5] analysed the behaviour of
a two-unit standby redundant system.

Preventive maintenance enhances system reliability and performance, reduces costs,
for both repairable and non-repairable systems, and decreases the probability of sudden
equipment failure. Various maintenance systems were studied by [6,7] who developed a
new model for the hybrid preventive maintenance of systems with partially observable
degradation. Levitin et al. (2021) [8] modelled the (time-consuming) procedure of task
transfer, in an event transition-based reliability analysis of standby systems in which
preventive replacements are performed according to a predetermined schedule. The aim of
this approach is to optimise preventive replacement scheduling and hence to maximise
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reliability. In another approach to this situation, Yang et al. [9] discussed a preventive
maintenance policy for a single-unit system subject to failure by internal deterioration
and/or sudden shock, according to a non-homogeneous Poisson process whereby the
process of internal failure is partitioned into two stages.

Complex systems that have a finite number of performance levels and various failure
modes, each producing different effects on system performance, are termed multi-state
systems (MSS). This concept was first discussed by [10] and has since been developed
extensively. For example, Levitin et al. [11] described various MSS measures and considered
problems of MSS optimisation, and Lisnianski et al. [12] conducted a comprehensive
analysis of the question.

One of the main problems encountered with multi-state complex models is the exis-
tence of intractable expressions for their modelling and/or of difficulties in their interpreta-
tion. In this respect, matrix-analytic methods are a valuable means of analysing complex
systems, preserving the Markovian structure and obtaining manageable results. This ap-
proach is usually based on two elements—phase-type distributions (PHD) and Markovian
arrival processes (MAP)—which enable the results to be expressed and complex systems
modelled in an algorithmic, computational form. PHD were first introduced and detailed
by [13]. MAP is a counting process in which PH distributions play an important role. This
method was described by [14] and comprehensively reviewed by [15,16]. A special case
is that of the MAP with marked arrivals (MMAP), which enables us to count different
types of arrival. Moreover, the arrival probabilities of events, for the discrete case, can
be customised for different situations. MAP and MMAP theory were further developed
by [16].

Many multi-state reliability systems, over time, are subject to events such as repairable
or non-repairable failure, inspections or external shocks. These systems can be modelled
using appropriate Markov processes, i.e., PHD and MAP ([17,18]). In parallel, unitary
complex systems subject to multiple events have been discussed by [19,20]. Matrix algo-
rithmic methods have also been used to model multi-state complex redundant systems.
Ruiz-Castro (2020) [21] developed a k-out-of-n: G system, in which the units are subject to
repairable and/or non-repairable failure and receive random inspections. In this system,
the potential loss of units is included; thus, when a non-repairable failure occurs, the
unit is removed and the system continues to be operational. In the context of complex
models, a repair facility with a single repairperson is usually assumed. Thus, Ruiz-Castro
et al. [22,23] analyse redundant complex systems with a general number of repairpersons
and the potential loss of units, determining the optimum number of repairpersons in
each case.

In brief, redundancy and preventive maintenance are incorporated into complex
systems in order to enhance their reliability, and must also be included in the modelling
of such systems. In theory, a unit is repaired either immediately after failure if the system
is unitary or when the element in next in line in the repair facility queue. However, this
might not be the case in a real scenario. For example, a failed unit might not be repaired
immediately in a small or medium-sized firm that cannot afford to employ a full-time
repairperson. Furthermore, when there is no failed unit to be attended to in the repair
facility, what should a repairperson do? Instead of remaining idle during this period, the
repairperson may take a ‘vacation” and/or use the time to do other work, thus optimising
resources and reducing costs. A repairperson is on vacation when absent from the repair
facility, whether or not it is empty. The economic implications of this situation should be
considered, taking into account that the vacation policy applied might impact both on
performance and also on economic rewards/costs. In studies of this question, two time
points are of particular importance: the start and end times of the vacation. Moreover, the
services provided may be exhaustive or non-exhaustive. In the first case, the repairperson
cannot be on vacation when the repair facility is not empty, but in the second, even if an
item has been sent to the repair facility, the repairperson may be on vacation. Another
possibility that must be considered is that of interruption, i.e., the repairperson may take
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a vacation while a unit is being repaired. The vacation end time determines when the
repairperson resumes work. Finally, depending on the maintenance system adopted, the
vacation may occupy a single period of time or multiple periods.

Vacation policies have been considered in queuing theory and in reliability analysis,
among other areas. Thus, Doshi [24] provided a wide-ranging analysis of vacation system
models and Ke et al. [25] examined the application of two vacation policies (one single
and the other multiple) in a repairable system. Zaiming et al. [26] developed a reliability
system with multiple, but finite, vacation periods and Wu et al. [27] analysed the reliability
of a two-unit cold standby system with a single repairperson, entitled to take a vacation.

Vacation periods have also been considered for systems governed by a Markov model.
In this respect, Shrivastava et al. [28] presented the case of an exhaustive vacation policy,
whereby the repairperson could only take a vacation when the repair facility was empty.
Under the Markovian modelling described by [29], the repairperson could take a vacation
if there were no failed units in need of repair, but had to return as soon as any unit failed. In
another approach, Zhang et al. [30] modelled a k-out-of-n system with a single repairperson,
assuming a phase-type distribution for the vacation time and an exponential distribution
for the lifetime of the units. In this system, the repairperson could take a vacation whenever
there was no failed component in the system. On return, the repairperson might or might
not encounter failed components waiting for repair. In the second case, the repairperson
would remain within the repair facility, idle, until a failed component arrived. Finally,
Ruiz-Castro et al. [31] modelled a multi-state complex system subject to multiple events
and where preventive maintenance was applied. In this case, the repairperson had various
duties and, moreover, was entitled to take a vacation.

In the present study, we model a cold standby system with the potential loss of units.
The system evolves in discrete time; the online unit is multi-state and subject to internal
failure, repairable or otherwise, to external shocks with diverse consequences, and to
random inspection. When a non-repairable failure occurs, the faulty unit is removed and
the system continues working with one unit less. An external shock may provoke any
of the following consequences: degraded system performance, a repairable failure of the
online unit or its total (non-repairable) failure. Damage to the internal performance of the
online unit may be minor or major. During system inspection, the internal status of the
online unit is observed. If major damage is present, the faulty unit is sent to the repair
facility for preventive maintenance. According to the case presented, the repairperson
may perform corrective repair or preventive maintenance. The complexity of the system is
determined as follows. In modelling the system, the vacation policy employed in the repair
facility is determined by the number of operational units included. A general number
R of operational units is considered. If the repairperson returns from a vacation period
and there are fewer than R operational units, the repairperson must then remain in the
facility. Otherwise, a new vacation period begins. As the system is subject to a loss of
units, when there are fewer than R units in the system, the repairperson must remain in the
facility while this situation persists. The times embedded are PH distributed and a MMAP
is constructed to model the system. In modelling this system, the following measures are
calculated: availability, reliability and expected times (in both transient and stationary
regimes). Rewards and costs are incorporated, and a numerical optimisation is performed
to determine the optimum threshold R and to decide whether preventive maintenance is
profitable or not.

The rest of this paper is organised as follows. In Section 2, we describe the system to
be modelled, after which we present the corresponding MMAP in Section 3. In Section 4,
we detail the measures applied to the transient and stationary regimes, and calculate the
transient and stationary distributions. The latter is obtained both algorithmically and
computationally. The system costs, rewards and associated measures are then derived in
Section 5. Taking advantage of the favourable properties of PHD and MMAP, the study
findings are obtained in a matrix algorithmic form. Section 6 presents a numerical example,
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including an optimisation exercise. Finally, the main conclusions drawn are summarised in
Section 7.

2. Assumptions of the System: The State Space

A cold standby system composed of # units is initially assumed. One unit is online
and the others are waiting on standby without degrading. The online unit is multi-state,
where the internal performance is partitioned into major and minor states. It is subject to
multiple events. This can suffer internal failures, repairable or not, and external shocks.
Each external shock can provoke three different consequences: total failure (non-repairable),
modification in the internal behaviour or an internal repairable or non-repairable failure.
When a repairable failure occurs, the unit goes to the repair facility for corrective repair. The
corrective repair time distribution is PH. The repair facility is composed of one repairperson
who can take vacations. As it has been mentioned above, the internal performance of the
online unit is partitioned into major and minor states. A major state is a state from where
the online unit has a greater risk of suffering a failure. To avoid serious damage and major
financial losses random inspections are carried out. The inspector observes the online
unit and if this one is operational in major damage, the unit goes to the repair facility for
preventive maintenance. Preventive maintenance time is also PH distributed. When the
online unit undergoes a failure, one cold standby occupies the online place, if any. The new
online unit will start executing from the initial distribution of the internal performance,
because after repairing or preventive maintenance the unit is as good as new. The system
is also subject to loss of units. After a non-repairable failure the unit is removed and the
system continues working until there are no units in the system. If only one unit is in the
system and a non-repairable failure occurs, the system is restarted.

One repairperson can be in the repair facility who can develop two different tasks:
corrective repair and preventive maintenance. To optimise the system, the repairperson is
allowed to take vacations, for a random duration, according to certain criteria.

Initially, all units are operational and the repairperson is on vacation. After returning,
a new vacation begins if there are R or more operational units in the system. Equivalently,
if there are k — R + 1 = N or more failed units needing to be repaired, where k is the number
of units in the system, k = 1,..., , the repairperson must remain in the repair facility.

After finishing a repair, the repairperson begins a new period of vacation if R units
are then operational. As the system can lose units, the repairperson must always remain in
the facility (or interrupt the vacation to return) when fewer than R units are in the system.

The following Section “The Assumptions” specifies the assumptions of the system.

The Assumptions

The system follows the following assumptions.

Assumption 1. The internal performance time is PH distributed with representation
(«, T), and with order m (number of internal stages). The internal failure probability de-
pends on the states. The column vectors T? and T, contains the probabilities of repairable
and non-repairable failures, respectively.

Assumption 2. The internal performance of the online unit is multi-state where the n;
first units are minor and the rest are major according to damage.

Assumption 3. The external events occur according to a PH-renewal process where
the time between two consecutive shocks is a PH distribution with representation (v, L),
with order t.

Assumption 4. An external shock can provoke a total non-repairable failure of the
online unit with a probability equal to «°.

Assumption 5. After an external shock the internal performance state can undergo a
modification. This modification between any two internal states occurs according to the
transition probability matrix W. The column vectors WC and WY, contains the probabilities
of repairable and non-repairable failures respectively provoked by an external shock.
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Assumption 6. The time between two consecutive random inspections is PH dis-
tributed with representation (1, M), with order e.

Assumption 7. The vacation time is distributed following a PH distribution with
representation (v, V), with order v.

Assumption 8. The corrective repair time is PH distributed with representation
(B1,S1), with order z;.

Assumption 9. The preventive maintenance time is PH distributed with representation
(B2, S2), with order z;.

The behaviour of the system is shown in Figure 1, for inspection and repairable failure,
Figure 2 for non-repairable failure, and Figure 3 for the vacation policy.

Internal repairable failure and inspection

InspectionTime( .M ) | Repairableinternalfailure (a.T)

M T’
/ - —

External shock
(v.L)L

J

O
i

[ w11

minor damage:
continues working

“."D -

] ]
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OOoan
JOO =
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Repair Facility

: Comrective repair
: Preventive mamntenance

Figure 1. Internal repairable failure and inspection in the system.

Non-repairable failure

Non-repairable Non-repairable failure due to external shock (7-L) L
internal failure +  Extreme failure of the unit: of .
(a.T) T + Internal damage from externalshock W,
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Figure 2. Non-repairable failure in the system.
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lacation policy
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Figure 3. Vacation policy in the system.

3. Modelling the System. The Markovian Arrival Process with Marked Arrivals

The system is governed by a Markov process vector in discrete time. In this section
the state space is described and, to model the proposed complex system, the behaviour of
the online unit and of the repair facility is developed separately.

3.1. The State-Space
The state-space is composed of macro-states and it is denoted by S = {U", vl Ut },

where U contains the phases when there are k units in the system. In turn, these macro-
states are partitioned as follows

k _ kv ko k,0 kv ko kv pknv gkno kno | .
Ut = {E§ B, B BBy B BB B ik 2 R

Uk = {ER7 B, Bk > R

where EX* contains the phases when there are k units in the system and s of them are in
the repair facility and the superscript x indicates if the repairperson in on vacation (v) or
not (nv). Initially the repairperson begins to operate the first time that he comes back from
vacation and the system has at least N = k — R + 1 units in the repair facility. He remains
working until N — 1 units are in the repair facility. At this moment the repairperson goes
on vacation. In any case, the order of the units in the repair facility has to be saved in
memory, and there are two types of repair, corrective and preventive maintenance. For this

reason, the macro-state E¥* is composed of the first level of macro-states Eflx i

These macro-states contain the phases when there are k units in the s,ys,tem, with s
of them in the repair facility, and the type of repair is given by the ordered sequence iy,
..., Is. The values of i; are equal to 1 or 2 if the unit is in corrective repair or preventive
maintenance, respectively.

When the number of units in the system is R — 1 units, then the repairperson occupies
his place work immediately. The inspection time is restarted each time that one unit

occupies the online place.
e Fork=1,...,R—-1
ES" = (k0 ju);i=1,...,m, j=1,...t, u=1,...¢}
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o0 k,n
EO

g = {Ek’w ;i =1, 2'1:1,...,5} fors=1,...,kwhere

fliw, ={(ksijur;i=1...,m j=1,... ,t,bu=1,...,er=1,...,z2} fors<k

Ek”v ={(kkjr);j=1,. t,uzl,...,s,rzl,...,zil}

Fork N,...,n

B = {(k0;iju0)i=1,...,m j=1,. 4t u=1..,e0v=1,...,0}
Ef’”:{E’,‘” Z,11_121—1 }fors:l,...,kwhere

Eﬁ”ls ={(ks;i,juv);i=1,....,m, j=1,...,t, u=1,...,e,v=1,...,v} fors<k
k, . i _ _
Eilf]wik:{(k,k,],u,v),]—l,..., u=1,...,v=1,...,0}

B — {Ezf'ff{is;i, —1,2;1 = 1,...,5} fors=N, ...,k where

Eicltw,l —{kSZ],L[T)lIl ]_1 t,u=1,. er=1,. Zil} fors <k
k,
Eilf?,k_{(kk]'u 1’)]—1 tu=1,. ,r:1,...,2i1}

The phase (k,s; i, j,u, m,r) indicates that there are k units in the system, with s in the

repair facility; the internal performance of the online unit is in state 7, the external shock
time is in state j, the cumulative damage caused by external shocks is given by u, m is the
current phase of the inspection time and r is the corrective repair/preventive maintenance
phase for the unit currently being attended to in the repair facility. If the repairperson is
taking a vacation, the phase is indicated by v.

The order of these macro-states is as follows:

o=m-t-gs < k oy =m-t-e-(z1+22)2 L s =k, oEk,nv:t~(zl+zz)2k*1
k

El"

o =M -tog s < Kk Opo=1m-t-€-25 5=k 0o =121
Ogk Ef Ef

3.2. Modelling the Online Unit

The online unit can undergo different types of event at any time. These are noted and

defined as:

A: Internal repairable failure

B: Major revision

C: Non-repairable failure

O: No events

Two of them are described below, and the rest are given in Appendix A.
The elements of auxiliary matrices U; and U, are defined as

N1 i=gi=1,0.,n N1 i=gi=m 41,0000
Ul(l'])_{ 0 ; otherwise Ui ] >_{ 0 ; otherwise

Throughout this work the symbol @ denotes the Kronecker product and, given a

matrix A, we denote this as A to the column vector A’ = e — Ae, e being a column vector
of units with appropriate order.

3.3. No Events at a Certain Time (O)

We assume that the online unit is operational and at this time it continues working.

This occurs because of different situations:

The internal performance continues in the same phase or changes to another, equally
operational state. There is no external shock (T ® L), and no inspection takes place
(M). The matrix that governs this transition for the online unit is given by T ® L ® M.
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e  The online undergoes an external shock but total failure does not occur (Loy(l - wo) )-
This external shock might modify the internal performance but does not produce internal
failure (TW). No inspection takes place (M). The matrix is (TW ® L%y(1 — o)) @ M.

e  An inspection takes place and the time preceding the next one begins (M’n). The
inspector observes that the online unit does not need preventive maintenance and no
external shock occurs (U; T ® L). The matrix is UjT ® L ® M.

e  Aninspection takes place and the time preceding the next one begins (Mn). One ex-
ternal shock also takes place without total failure (LOy (1 — wo) ). This shock provokes
a change in the internal performance without failure and the inspection observes
minor damage (U; TW). This matrix is (U;TW ® L%y (1 — w?)) @ M.

Therefore, the matrix that governs this transition for the online unit is given by
Hp — (T®L+TW®LOy(1 - wo)) QM + (U1T®L+U1TW®L0y(1 - w0>> ® M

3.4. Non-Repairable Failure (C)

The online unit is assumed to be operational and at the next time point a non-repairable
failure occurs, because:

An internal non-repairable failure occurs with no external shock, T, & ® L.
An external shock occurs, but does not provoke total failure. This shock provokes a
non-repairable internal failure or, irrespective of the shock, the online unit may experi-

ence a non-repairable internal failure. The matrix is (Tgr + TW?,,) a® L0y (1— wo).

e An external shock provokes total failure. In this case the internal behaviour is irrele-
vant. The matrix is ea @ LOyw?.

This transition is independent of the inspection time. After the online unit experiences
a non-repairable failure, the online place is occupied by a substitute, identical unit. Then,
the matrix is given by

Hc = [Tg,a®L+ (Tﬁr +Tw2,)a®L°y(1 - wo) +ea® Lyw’| ® en.

If only one unit is operational and online (i.e., all others are under repair), this unit
experiences a non-repairable failure and no repair occurs, no immediate substitution can
be made and therefore the system does not restart. The matrix is given by

H = {T?lr QL+ (T?,r + TW‘,’W) ® Loy<1 — wo) +eaLlya’| @e

3.5. The Markovian Arrival Process with Marked Arrivals (MMAP)

The behaviour of the system is governed by a MMAP. The representation of this
MMAP is given from the types of event shown below:

A: Internal repairable failure (default without D)

B: Major revision (default without D)

C: Non-repairable failure (default without D)

D: The repairperson resumes to work (default without A, B, C)

AD: Internal repairable failure and the repairperson resumes work

BD: Major revision and the repairperson resumes work

CD: Non-repairable failure and the repairperson resumes work

NS: New system

O: No events
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The representation of the MMAP is (DO, D4, DB, D, DP, DAP, DBD, DCD, DNS).
The transition probability matrix associated to the embedded Markov chain from the
MMAP is given by D = - D".
Y

Two matrices DY are described in the next section. The rest are given in Appendix B.

The Matrices D” and DB

The matrices D and D? govern the transition when a repairable failure or a major
inspection takes place, respectively. These matrices are composed of matrix blocks that
contain the transitions between macro-states U. This is a diagonal matrix block given
that the number of units in the system does not change in this transition. The matrix D}
contains the transition probabilities when there are k units in the system and the event Y
occursforY=AorBandk=1,...,n. Then,

DY

for Y=A, B.

These blocks are composed of further blocks.
e  If the number of units is less than R—1, the repairperson is always in his workplace.
Then, fork=1,...,R-1
Eéc,nv Elk,nv E;’W E}fl’;v E]f,nv
E(;c,nv 0 D())’l,k,nv

k,nv Y,k,nv Y, k,nv
DY — El Dll D12
k . .
k,vn Y.k,nv Y, k,nv
Ek—l Dk—l,k—l Dk—l,k
k,nv
E! 0

The block Dz]fk'”” contains the transition, when there are k units in the system, from
i units in the repair facility to j (a type event Y occurs) and the repairperson is in his
workplace. For instance, the cases Dg‘l’k’"v and Dgik’”v(transition EN™ 5 EF™ for type A
and B respectively) are analyzed.

In both cases, there are k units in the system and none of these is in the repair facility
(all operational). The online unit goes to the repair facility if it undergoes an internal
repairable failure (H4) or a major inspection (Hp). In both cases a new unit will occupy
the online place if the number of units in the system is greater than one. If the event is a
repairable failure, then the unit will begin the repair given that the repairperson is not on
vacation (B1). If the event is a major inspection, the initial distribution for the preventive
maintenance would be 3;.

e  If the number of units is greater or equal than R, the repairperson can be on vaca-
tion or not. If the repairperson returns and there are less than R operational units
then he remains at his workplace. Given that these events A and B occur when a
repairable or major inspection occurs (without returning to work) then, for k = R,
..., n (N =k —R+1, the limit of the number of units in the repair facility for the
repairperson to remain):
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B OEY LB EY B BN EYES Bl Bn BT ES
E;" (0 Dy 3
EM 0 |
EY, 0 D, |
Ey' 0 DY |
Eill 0 |
D, = |
B 0 D
B 0 !
o G -
El\‘,f: i Dxfllvﬁ D};/iln\HZ
EY i D, ﬁ A Vv
E:.nv } 0
This matrix is partitioned into two great matrix blocks depending on the transition
between macro states; continues on vacation and continues in the repair facility.
The block DY k¥ contains the transition, when there are k units in the system, from i
units in the repair facility to j (type Y) and the repairperson continues on vacation. For
instance, the cases Dy and DE/** correspond to the transition Ef° — EX* for type A
and B, respectively.
These matrices are fork=1,... ,nand R > 1
D(,)ql,k,nv = ((I{k>1}HA + I{kzl}H;‘) ® ﬁl,O);Dgik,nv = (o, (I{k>1}HB + I{k:l}H%) ® [52>,
The rest of matrices foor this matrix block are as follows. o
DA,k,nv _ HA ® S] ® [51 0 . DB,k,nv _ 0 HB ® S1 by [52 )
HA®S‘2’®61 0 ) it 0 HpeSY® B,
Forr= ,k—1
127 2® (HA®81®'31/ )
DA,k,nv o 12’*2 ® (HA ® SO ® By, )
" Lo ® (HA 8§ B1,0)
L ® (HA © 83 By,0)
L2 ® (0, Hpy ® SO ® [51)
0
. Iy »® (0 Hy 90 @ B,
r,r -
L2 ® (0 Hpz ® Sz X ﬁl)
L2 ® (0 Hj © S B))
Forr:max{l,k—R+1},... Jk—1
Ak [ 1@ ((I{r<k—1}HA + I{r:k—l}H;x) ® 51,0> 0
rr+l 0 L1 ® ((I{r<k_1}HA + I{r:k—l}H:Lx) ® Sy, 0)
S [ @ (0 (T Ha + Ty H ) 1) 0
+1 =
v 0 L1 ® (0, (I{r<k71}HA + I{r:kfl}H;l) ® Sz)
Forr=1 ,k—land k>R

DA ko _ (HA ® (V + I{k2R+1}V0V)10)} Dgf’v — (0, Hp ® (V + I{kZRJrl}VOV))
D/ =y ((I{KH}HA + I{r:kfl}H;\> ® (V + I{KN,HVOV),())
DRSS S (0, (I{r<k—1}HB + 1{r:k-1}H§9) ® (V + I{r<N—1}VOV>>-
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4. Measures

Multiple interesting measures in transient and stationary regime can be worked out
and are described in this section.

4.1. The Transient and the Stationary Distribution

The transient distribution is determined by the initial distribution and the transition
probability matrix of the vector Markov process given in Section 3.3.

Initially the online unit is new and the inspection time begins. Then, the initial
distribution of the Markov process is ¢ = [& ® v @ 1,0] where v, is the stationary
distribution of the phase-type renewal process with transition probability matrix L + L.

Therefore, vs; = [1,0] [e‘ (L+L% —1) ’ } -
The probability of occupying the macro-state EN® at time v is worked out by matrix
blocks as p¥ phe = (¢DV)Iku where I indicates the range for the corresponding states.

Evidently, p is the transient distribution at time v.

To calculate the stationary distribution in a matrix-algorithmic form, we have par-
titioned the matrix D for the transitions between the macro-states U’ into the following
blocks,

Duy Dy 0 .. 0 0

0 Dnfl,nfl anl,nfz cee 0 0

D= : : - ERE :
0 0 ... ... Dy Dy
Dln 0 e o ‘e Dll

where

D; =D + D +Df + DP + DAP + DD i=1,... ,n

D;; 1 =D¢+DPi=2,.. 0

Dy, = DN

The stationary distribution 7 verifies the balance equations D = 7 and the normal-
ization equation 7te = 1. This vector is partitioned into the macro-states U/, j units in the
system, then, T = {m,, 7,,_1, ..., 7} for the macro-states U”, ..., U, respectively.

The solution of this matrix system is t; = mR;;j=2, ..., n, being R; = ]+l Gjnj=

GlnGn,n—l s G]qu,]‘; ] =2, ,n—1, R, = Gl,n and Gl']' = Dl‘]‘(l — D]]) for (l,]) €
{(Ln), (m,n—1), (1 =1,n—2),...,(3,2)}

The transition probability Vector for the macro-state U! can be worked out from the
normalization condition and one balanced equation as

-1
(I-Dyq — R2D21)*> ,

™ = (1,0)<e+ iRje

j=2

where * is the corresponding matrix without the first column.
From the stationary distribution and considering the macro-states, multiple propor-
tional time measures can be defined:

e  Proportional time that the system has k units: 7t ;.
e  Proportional time that the repairperson is in the workplace:
m; - Rzl i T[Ek o€ + Z Z TtEk,nve-
k=1s= k=Rs=k—R+1 *
. Proportlonal time that the repairperson is on vacation:
Yv =1- an
e  Proportional time that the repairperson is working;:
R-1 k

w = Z Z 7'[Ek11ve+ E Z nEk/nve
k=1 s= k=Rs=k—R+1 °
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e  Proportional time that the repairperson is idle:
Y. =Y,-Y,.

1

4.2. Availability and Mean Times

It is interesting to calculate the availability of the system, the mean time in each macro-
state and the mean operational time. This has been summed up in Table 1 in both regimes,
transient and stationary.

Table 1. Availability and mean times in transient and stationary regime.

Transient Regime

(up to Time v) Stationary Regime
n v v n
Availability A(v) =1 —]ER (p pbo €T Prin e) A=1 —IER (”Et" e T e)
R)il N R-1
- p 1 € - Tt o e
1 b k=1 B
. . v
Mean time in E’S‘w’. Eig,nv \bk,s (v) =Y (ng,v e+ ng,nv . e> Pps = T[Ek,v e+ TCE’."’”’ .e
m=0 s s s s
Mean time in EF k P
ean time in Pe(v) = ¥ Wgs(v) Y= L Bgs
s=0 s=0
Mean operational time K k-1 K k=1
P Hop (v) = kgl SEO Pis (v) Hop = kgl sgo Wy s

4.3. Time up to First Time That the System Is Replaced

A system composed of n units is replaced by a new and identical one when all units
undergo a non-repairable failure. The time up to this event is phase-type distributed with
representation (¢, D’) where D’ = D° + D4 + D? 4 D¢ 4 DP 4 DAP 4 DBP + DCD,

4.4. Expected Number of Events

The expected number of events up to time v is determined using the Markovian
Arrival Process with Marked arrivals developed in Section 3.3. If the event considered is
denoted by Y then the corresponding expected number of events is given by

v
AY(V) — 2 pu_lDYe,
u=1

ForY=A,B,C,D,AD, BD, CD, NS. This value in stationary regime is AY = nDYe.
Another mean number of events can be calculated as follows.

4.5. Mean Number of Repairable Failures
A repairable failure can occur when the repairperson resumes work or not at the same

v

time. Then, the mean number up to time v is A"?(v) = ¥ p*~ (D4 +D4P)e and in
u=1

stationary regime it is A"” = 7t(D# + D4P)e.

4.6. Mean Number of Major Inspections
Analogously to the repairable case, a major inspection can occur when the repairperson
occupies the workplace or not at the same time. Then, it is in transient regime A" (v) =
v .
Y. p* 1 (D? + DPP)e and in the stationary case it is A™ = 7(D? 4+ DBP)e.
1

u=
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4.7. Mean Number of Non-Repairable Failures (No Provoking System Failure)

The mean number of non-repairable failures up to time v is
A%
AN"(v) =) p* ! (DC + DCD) e.
u=1

This value in the stationary case is A" = (D" + D P)e.

4.8. Mean Number of Times That the Repairperson Resumes to Work

The mean number that the repairperson resumes and remains in his workplace up to
a certain time is given by

Arefoined vy — i pi1 (DD 4+ DAD 4 DBD 4 DCD>e
u=1

In the stationary case this is A" = (DP + DAP + DBP 4 DCP)e.

4.9. Mean Number of Times That the Repairperson Resumes and Begins a New Period of Vacation

The mean number that the repairperson resumes and begins a new period of vacation
up to a certain time is given by

v

Arfb(v) _ Z pulee'

u=1
where Q is a matrix described in Appendix C. In the stationary case it is A’ "? = 7Qe.

4.10. Mean Number of New Systems

When the system is composed of only one unit and a non-repairable failure occurs,
the system is restarted with n new units. The mean number of new systems up to time v is

v
ANS(V) — 2 puleNSe.

u=1
This measure in stationary case is ANS = aDN%e,

5. Rewards and Costs

To analyze the effectiveness of the model from an economic point of view, costs and
rewards have been taken into account. A net profit vector associated to the state-space is
built. Previously, multiple values are introduced:

B: Gross profit per unit of time if the system is operational.

co: expected cost per unit of time depending on the operational phase while the system
is operational.

crq: expected corrective repair cost per unit of time depending on the repair phase.

crp: expected preventive maintenance cost per unit of time for a unit that was

observed with major damage depending on the preventive maintenance phase.

H: repairperson cost per unit of time while the repairperson in idle.

C: loss per unit of time while the system is not operational

G: fixed cost associated to each return of the repairperson (independently of if he

stays or not).

fer: fixed cost each time that the online unit undergoes a repairable failure from the

online unit.

fmi: fixed cost each time that the online unit undergoes a major inspection.

fnu: cost for a new unit (n-fnu cost of a new system).
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5.1. Net Profit Vector

When the system occupies a determined state, a net profit value is produced. Costs
and rewards from the online unit and the cost provoked by the repairperson have been
taken into account to build the net profit vector.

5.1.1. Online Unit

If only the online unit is considered when the system visits the macro-state EIS""U, a net
reward for the phases of this macro-state is worked out. The profit net vector for the online
unit if the repairperson is in his workplace (Els(’"v) isfork=1,...,n,

Bemte — co ® et ; =0
knov __ _ . _ _
nr,” " = Bemt£25*1(21+zz) Co & €1e0s1(zy+4zp) 7 5T L. k=1
—C . et2571(21+22) ; S = k

This can be expressed for any number of units in the repair facility as the following

I "N/
N0 o’ L kno
column vector nl];"otul = (I‘llj(; o .,l‘ll‘k

If the number of units in the repair facility is N or more, then the repairperson remains

. . . . . no ko ko’ !
at his workplace without vacation. In this case we define mj}r omN = (nrN R 1 5 ) .

For cased when the repairperson is on vacation, the profit net vector for the online
unit for the macro-state EX? is

. Beptep — ¢o ® egep ; s=0
nry’ = ¢ Beppes —CReppps ; s=1,...,k—1
—-C- €4y2s , S= k.
For any number of units in the repair facility the column vectornt®. , = (ne®?’; .. . ;e /
orany er o s erep cility the co vectornry, = (nry”;...;nry

is defined.
Then, if the total state space is considered then the net reward, according to the state
visited, for the online unit is

n—1,0'.  _n—1nv’. .Nov ! _ Nno /.
Total DX fromny 7+ -3 My SOy nr

nov !, ___nno I,
nr nr Total 7 ="~ fromN /

N—1n0', _N—-1n0’, BT AN
Total » =" fromN *

Total T Ty 00 [ nr

nr = (nr A |l i

5.1.2. Repair Facility
If only the repair facility is considered, when the system visits the macro-states Ef,
a cost vector for the phases of the corresponding macro-state, fork=1, ..., nis

H - ey ; s=0

€95-1 & CIp
;o os=1,...,k
et(ms)l{s<k} ® ( e257] ®Cr2 > ;S 7 2

nclg'”” =

For any number of units in the repair facility, the following column vectors are defined,

k,Vl'U _ k,i’lU/_ . k,i’l‘l}/ / k,nz] o k,VlU/. . k,l’lU/ /
ncy. = (ncO PR 1 ) el = (ney . ne

For any k and s while the repairperson is on vacation the cost of the repair facility is

zero, then the following column vector is defined for this case as nc]s(’v =0 . For
(me) {s<k} py2s
I AN
any number of units in the repair facility it is defined as nc%’m[ = (ncg’v O ;nci’v ) .

Then, the cost vector associated to the state space due to repair is given by

n,ol. n,no

’ a 1o’ / I 1! 1! 1 n'
’ncfromN;nCn 1,0 n—1,nv’", v NU N,nv N—-1,nv", N—1,nv", MU

nec = <nc ;ncfromN ARERAL ;ncfromN AL T AL 17 B L ¥
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Therefore, the net profit vector corresponding to the online unit and the repair facility
for the global state space is given by

C
Cnfl
c=nr—nc= . ,
ol
where ,
k koo ! ko ! _
= <anotal ncy.. ) fork=1,... ,R—1,
k _ ko' kol knv /_ kno ! ! _
= (nr neineg, N NGy fork=R,...,n.

5.2. Expected Net Profits and Total Net Profit

Net reward measures are worked out, in transient and stationary regimes, to analyze
the effectiveness of the system from an economic point of view.

5.2.1. Expected Net Profit from the Online Unit Up to Time v
The expected net profit up to time v by considering only the online unit is

In stationary regime this is given by &, ; = 7t - nr.

5.2.2. Expected Cost from Corrective Repair and Preventive Maintenance
The expected cost because of corrective repair and preventive maintenance up to time
v is calculated. This is respectively

v v
oy =) p”"-mc” and @, = Y p"-mc?”

m=0 m=0

where mc is the vector nc with cr, = 0,, and mcP” is the vector nc with c¢ry = 0,,, being
0, a column vector of Os with order a.
If the stationary regime is considered, then

@,  =m-mc” and ,, ; =7 mc™

5.2.3. Total Net Profit

If costs, fixed costs and profits are considered, the total net profit up to time v is

DY = DY — DY — D, — (1 + ANS(V)) - fru— AP (v) - for — A™(v) - fmi— ATV (v) - G
In the stationary case this is
® =D, — D,y — Dy — (1+AN5) - fau— NP - fer — A™ - fmi— ATV G

6. A Numerical Example

The system modelled in this paper can be applied to real-world engineering problems.
It would be interesting to examine whether or not preventive maintenance is profitable
and to determine the optimum distribution for vacation time and hence the corresponding
value of R.
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6.1. The System

We assume a standby system composed of four units initially as described in this
work. Each unit is composed of four performance internal states where the first two are
considered minor damage and the last two as major damage. The transition probability
matrix for wearing out time is given by

096 0.03 0 0
T 0 097 001 O
N 0 0 08 006 |7

0 0 0 06

Beginning in the initial state (x = (1, 0, 0, 0)). From each state, only a transition to
failure or to next performance level state can occur. The transition probability to repairable
and non-repairable failure depending on the performance state are given by the column

0.008 0.002
vectors T) = 88;2 and TY, = 88(1)3 respectively.
0.32 0.080

The online unit is subject to external shocks. The time between two consecutive

external shocks follows a phase-type distribution with representation (y, L) being y = (1,0)
0.9 0.05

and L = < 0 05 )

The mean time between two consecutive accidental external failures is equal to 11
units of time.

Each time that the system suffers an external shock the internal performance can be
modified by producing a repairable or non-repairable failure. The matrix that governs the
changes into the operational states is

02 01 03 01
0 01 03 01
0 0 03 01
0 0 0 01

W:

0.3 0
: . —— 0.4 0 0.1
and the change to a repairable and non-repairable is W = 05 and W, = 01
0.6 0.3

respectively.

When an external shock occurs, a total failure can also be produced with a probability
equal to w® = 0.2.

Inspections occur randomly where the inter-inspection time is phase-type distributed
with representation (1, M) being

0.85 0.1
n=(1,0), M= < 045 04 )

When a unit undergoes a repairable failure or inspection observes major damage, this
goes to the repair facility. Therefore, two types of tasks can be developed by the repairper-
son, corrective repair and preventive maintenance. Both are phase-type distributed with
representation for the corrective repair time,
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02 04 03
B1=(1,0,0)and S; = 02 02 05
03 02 03
and for the preventive maintenance time,
02 03 0.1
B, =(1,0,0)and S, = | 0.1 0.1 04
02 02 02

The mean corrective repair time is 7.3810 units of time and for the preventive mainte-
nance case this is equal to 2.5 units of time.

6.2. Costs and Rewards

Different costs and rewards have been considered as described in Section 5. We
assume a gross profit while the system is operational, equal to B = 60. This is also the loss
per unit of time while the system is not operational, C = 60. The online unit has a cost while
it is operational depending on the operational phase. This vector is ¢y = (5,12,30,40)".
The repairperson can be on vacation or in his workplace. Each time that the repairperson
returns on his vacation a cost equal to G = 20 is produced. While the repairperson is idle, a
cost equal to H = 15 is produced.

The online unit can undergo a repairable failure. In this case, the unit goes to the
repair facility for corrective repair. A fixed cost is considered for each failure equal to fcr =
10. Once in corrective repair, a cost depending on the state is given by cry = (18,18,18)’.

When inspection observes major damage, the unit also goes to the repair facility for
preventive maintenance. A fixed cost is produced, fmi = 5. Once in the repair facility
the cost will depend on the preventive maintenance state. This is given by the vector
cry = (15.5,15.5,15.5)". Finally, when all units undergo a non-repairable failure the system
is re-started. It has a cost per unit equal to frnu = 100.

6.3. Optimization Analysis

The repairperson can take a vacation, for a random duration, and inspections may take
place at random intervals. This circumstance raises two interesting questions. Firstly, if a
distribution class is assumed for the duration of the vacation, from an economic standpoint
what is the optimum distribution and the optimum value of R (i.e., the limit value of the
number of operational units needed to require the repairperson to remain in the facility
on returning from vacation) from an economic standpoint? Secondly, is it profitable to
perform preventive maintenance?

To answer these questions, we consider two classes of distributions, the geometric
distribution and the Erlang distribution, from which optimum values for R and the other
parameters can be determined.

6.3.1. The Geometric Distribution Case

We assume that the vacation time of the repairperson is distributed geometrically with
parameter p. Then, the p.m.f. is P{X = n} = p" 1(1-p);n=0,1,2,...

The stationary net profit depending on p for the system with and without preventive
maintenance is shown in Figure 4. This has been worked out from Section 5.2. We can see
that, when the geometric distribution is considered, the optimum value is reached for the
preventive maintenance case with p = 0.8 and R = 3. In this case, and in the stationary case,
the net profit per unit of time would be equal to 22.0571.
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Stationary net profit
Stationary net profit

" o1 0z 03 04 05 06 07 08 039 1
P

Stationary net profit
Statianary net profit

. L L . . L 4 . L . . . L L .
0 01 02 03 04 05 068 07 08 08 1 0 01 02 03 04 05 08 07 08 09 1
P P

Figure 4. Stationary net profit depending on p and R (with preventive maintenance, continuous line;
without preventive maintenance, dashed line).

6.3.2. The Generalized Erlang Distribution Case

Analogously to the geometric case, we assume now that the vacation time is dis-
tributed as a Generalized Erlang distribution with parameter shape equal to 2. This
distribution can be expressed as a phase-type with representation (v, V) being

_ v_ [ P 1—P1>
=(1,0); V= .
v=(1,0) (0 .

Figures 5 and 6 show the stationary net profit depending on the parameters p; and p;
and R for the case without preventive maintenance and with preventive maintenance, re-
spectively.

R=3 . R=4

Figure 5. Stationary net profit for the system without preventive maintenance depending on R and
the parameters of the vacation distribution.
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]
22.4364

Figure 6. Stationary net profit for the system with preventive maintenance depending on R and the
parameters of the vacation distribution.

We can see that, when the generalized Erlang distribution is considered for the vaca-
tion time, the optimum value is reached for the preventive maintenance case with p; = py =
0.67 and R = 3. In this case, a stationary case, the net profit per unit of time would be equal
to 22.4364.

6.4. The Optimum System with the Generalized Erlang Distribution

In section above we have worked out the optimum system. It is given when the
generalized Erlang distribution is considered with parameters (2, 0.67, 0.67) and R = 3. In
this section the performance measures of this system are analysed.

Firstly, the time up to first time that the system is replaced (all units undergo a non-
repairable failure), described in Section 4.3, has been analysed. The reliability function is
plotted in Figure 7. Two cases are shown, with and without inspection.

09r

Reliahility
o o o 2 o o
[45] - m o = o
T T T T T T

=
[
T

01r

0 1 L 1 1 L 1 1 =
0 50 00 150 200 250 300 350 400 450 500
Time

Figure 7. Reliability function of the time up to a new system (with inspection, continuous line;
without inspection, dashed line).
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From the corresponding phase-type distribution, the mean time up to a new system
has been calculated in both cases. Thus, the mean time up to replacing the system for the
case without inspection is 167.7631 u.t., and with inspection 172.5269 u.t.

Multiple measures have been achieved for this system with and without inspection.
These measures are described in Section 4. Table 2 shows the stationary distribution for
macro-states UF, k units in the system. They can be interpreted as the proportional time
that the system is in these macro-states.

Table 2. Proportional time in macro-state Uk

TT; u! Tty 2 TO 3 TT; Ut
Without inspection 0.3043 0.2411 0.2306 0.2240
With inspection 0.3057 0.2410 0.2299 0.2234

Performance measures are developed for the optimum system with and without
inspection following Section 4. Table 3 shows the results.

Table 3. Performance measures for the optimum system (without inspection between parentheses).

Yo Yo Yo Y; AP A ANS P A
0.6806 03194 03139 03667  0.0409 0.0 00058 224364 08772
(0.6826)  (0.3174) (0.3187) (0.3639)  (0.0432) ' (0.0059)  (21.2077) (0.8752)

The proportional time that the repairperson is on vacation is 0.3194. This fact is
of interest for the total cost. Therefore, the repairperson is in his workplace for 0.6806
proportion of time and working for 0.3139 proportion of time. Then, the 46.12% of the time
that the repairperson is in his workplace, he is working. The remaining time he is idle.

Regarding the mean number of events per unit of time we can observe that this is
0.0409 for repairable failures, 0.0049 for major inspection and 0.0058 for new systems. Thus,
for each 10,000 units of time 58 new systems are expected to be re-started. The availability
is also worked out. For 87.72% of the time the system is operational, a 0.23% increase than
the without inspection case. Really this is low but the difference between both net profits is
important, 5.79% maximum for the case with preventive maintenance.

7. Conclusions

Matrix analysis methods can be used to model a complex discrete cold standby system
subject to multiple events. This method facilitates the algorithmic and computational
development of multi-state complex systems. In the case in question, the online unit
within the system is subject to wear and external shocks and may undergo periodic or
random inspection. The repair facility is composed of a single repairperson, who may take
a vacation (absence) from the repair facility. This repairperson may perform corrective
repair and/or preventive maintenance.

The system described is not the standard one in which units are replaced when they
undergo a non-repairable failure. In the present study, the analysis takes account of the loss
of units following the occurrence of a non-repairable failure. When such a failure occurs,
the system continues working with one less unit. This outcome often occurs in practice,
and is reflected in the study method presented.

The (indeterminate) number of units within the repair facility and the vacation policy
applied determine the behaviour of the repairperson. The vacation time begins when the
number of operational units exceeds a given value, and the repairperson will remain in
place, without taking a vacation, if the number of operational units in the system is below
a pre-determined value.
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The system is modelled in an algorithmic and computational form by means of a
Markovian Arrival Process with marked arrivals. Matrix-analytic methods are used to
obtain the stationary distributions, and multiple measures are derived using a matrix.
These measures are related to system performance and financial results.

The method presented in this paper enables us to analyse optimization problems in
multi-state complex systems. A numerical example of such an optimization is presented.
The results obtained show whether preventive maintenance is profitable and reveal the
optimum number of operational units, hence determining the appropriate policy for the
repairperson’s vacation times.
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Appendix A. Transition Probability Matrix Blocks for the Online Unit Depending on
Type of Event
Hp = (TOL+TWeL'y(1-w’)) @M+ (UiT®L+ U TW R LYy (1 — w’)) @ M’y
Hy =Ta®@L®en + (T9 +TW9)0¢®LOy(1 —w)®en
H,=T'0L®e+ (T9+Tw9) 210y (1- o) @e.
Hp = [Uy(e T @ L+ U;T(e— W)@ Loy(1 - o) | @ My
Hy = [U(e~T) @ L+ UsT(e - W) @ L%(1 - w’)] & M
He = [T aoL+ (Tg, + TW%) a@L0y(1- o) + eax® Loywo} ® en.
He = [T9, @ L+ (T%, + TW),) @ Loy (1 - of) +e@ Lova’| @e

Appendix B
Appendix B.1. Matrices for the Markovian Arrival Process Depending on the Type of Event

The matrices DA and D are developed in the text. The rest are given below.

Appendix B.2. The Matrix D°

The matrix DO contains the transitions when a none-event occurs. This matrix is
composed of blocks according to the transitions between the macro-states U* for k = 1,
... n. Itis given by

(0]
Dl

Therefore, for the different macro-states, this is given by:
e Fork=1,...,R-1
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Ey D%

kv (N
Eyi Dy

0 .
D, = :

ko 0.k
E DH,L—l
E

S = o e N -
Ey Dy

kv ) 0.y
Eyi v Dy

kv 0.k 0.k,
E4 Dl Dl

knv 0.k, 0.k ,nv
Ey Dt D

with

0=a® (L+L%)®n,

Iy ® I{k:N}e + I{k;gN}HO ® S(1) ®v

Lva @ (I=ny® + IznyHo ) @ SRV

DI = I @ (I{,<k}Ho + Ipegy (L + LOY)) ® (V + I{r<N}VOU>’ r=0,....k

DOOO,k,nv _ HO
Forr=1,...,k

Okov
DN N-1 —

,

' 0 L1 ® (I{r<k}HO + Iy (L+ LOY)) ® S,
DOk _ IgeayHo + I-1y0 ) ® sg
Iy Ho + 1= 0 ) ® S;
Forr=2,...,
Ly ® (I{,<k}Ho + 1{,:k}e) 28 ® B, 0
ok _ 0 L2 ® (I Ho + Iy 8) © 80 @ By
e Ly2® ( Iy Ho + I{r:k}e) ®8)® B, 0
0 Ly2® (I{Kk}HO + 1{,:k}e) 28® B,

Appendix B.3. The Matrix DP
The matrix DP contains the transitions when the repairperson resumes work without
any other event. The structure of this matrix is
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e Fork=R,...

kv

E,
.

EM

E\,
EY
Ey,
D, =
Ef)
EM
Ef/ v
EVh
ELY
E /f v

Forr=N, ...

D,knv __
Dr,r

0

DD

DD
DD

n—1

kv ok
E;E

N+1

L1 ® (1{r=k} (L+L%) + I{r<k}HO) ® VO @By

k,nv
Ek

Iy ® (I{r:k} (L + LOY) + I{r<k}HO) @ Vl® B>

Appendix B.4. The Matrix DP and DBP

The matrices DADP and DBD contain the transitions when the repairperson resumes
work and at same time a repairable failure or major inspection occur. In this case, for Y =

AD, BD we have




Mathematics 2021, 9, 913

24 of 29

e Fork=R,...,n

k,v k,v kv k,v kv
EX EY ... EY EVNE

kv kv kv kv
N+1 Ek—l Ek EN EN+1

k,nv k,nv
. BT OE;
Ek,v

0

Ek,v

Ek,v

N-1

Ek,v

N

Ek,v

N+l

N-1,N

DY,k,nv

Y. k,nv
DN,N+]
ro_
D, = :
kv
Ek—]
kv

Ek
k,nv

EN
k,nv
EN+I
k,nv
Ekfl
k,nv

Ek

U,
=

e Forr=N-1,...,k-1

cavgo _ [ T ® (e B+ Iy Ha) @ V0@ 8,0) 0

rr+1 -

ook _ (1 © (0, (T H + [y g1y Hi ) © VO 2 By ) 0

rr+1

Appendix B.5. The Matrix D¢

0 Ly @ ((I{r:kfl}H;x + I{r<k71}HA> @ Vi@ B, 0)

0 L1 ® (0/ (I{r:k-l}H% + I{r<k—1}HB) 2V ® Bz)

The matrix D¢ contains the transitions when only a non-repairable failure occurs. In

this case the matrix is

0 DS
C
0 D, ,
D¢ = 0
C
D2
0 0
e Fork=2,...,R—1andk#R >3
k—1,nv k—1,nv k—1,nv k—1,nv
) Ef Ef L
Eo,nv DOCék,nv
k,no C k,nv C k,nv
DS — E; Dig Dy
k - .
k,on C,knv C,k,no
Ekfl Dk—l,k—z Dk—l,k—l

k,
Ek no O
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e Fork=R>2

Eéc—l,nv Elk—l,nv E::;,nv E::]l,nv
E}" 0 0
Elk,v
Ey,
D, = EX 0 0
B | DD
Eéc,nv D;’k’nv
B D, DY
ES™ 0 0

e Fork=R+1,...,nwithR <n-1

Eé(fl.v E]kfl,v E;\/:II’V E]I\t;l,v E‘I\t/;l].v . E::;,\ E::]l.v E]I;":I],nv E[I\f/fl,m* E::;,nv E::ll,m*
Eyt (Dt }
Elk,v D[Ci.k.\' i
: !
oy s |
EY [ !
Ey L |
v Ok |
) Ef\c/ll st»fl,.v»fl !
Di = : : :
o !
E D |
L L S
Ey" (DS DG
nv ! nv nv
Ey; ! DY DL
N |
|
B | DL, DI,
E:JW } 0
Ckuv __ !
Forr=0,...,k—=1, DS} =1y ® (1{,:k,1}HC + I{KH}HC) ® (V + I{,<N,1}V0u),
Cknv __ .
D()() - HC/
Forr=1,...,k-1;
!
Ckmo [ L1 ® (I{r:kfl}HC + I{r<k71}HC) ® S 0
rr - ,
0 L ® (I{r=k—1}HC + I{r<k_1}HC> ® Sy
0
DC,k,nv _ HC b2y S1
10 Hc®S)
Ly2®Hc®S) ® By 0
0 Ly2®Hc®S)
Forr:Z,...,k—l,DrC;k_";U: 2 ®Hc®851 @ By

Iy ®He ® S ® By 0
0 Ly » ®@Hc ® S} By
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Appendix B.6. The Matrix DP

The matrix DCP contains the transitions when a non-repairable failure occurs and the
repairperson resumes his work. In this case the matrix is

0 DSP
0 DEP
DD = 0 0
0 0
0
e Fork=R
E(I)c—l,nv Elkfl,nv Elic:;,nv Elic:ll,nv
E(;c,v DgoD,k,nv 0
kv CD,k,nv
El Dll
kv CD,k,nv
Ek—l Dk—l,k—l
D" = g 0 0
ELm 0 0
Ezk,nv
k,nv
Ek—l
Bl 0

The matrix blocks for the case k = R are D&P ko — He @ e
Forr=1,...,k—1

Scpim_ (1@ (1{,:,{,1}1123 + I{KH}HC) Re® P 0
T -
0 L@ (I{r:k—l}H/C + I{r<k—1}HC> ®e® By

e Fork=R+1,...,nand R <n-1

k=lv pk—ly k-1,v k=1y k-l k-lLy k=L k=L gk=Lav k=Lmv k=1
E, E| o BB E o ELEC E\L" Ey o ESMES

N+
kv

E,

El/:,v

CD,k,nv
D.’V*L’V*l

kv
EN*I
Ek,v

N

N+1

DELAm
N.N

D" =
ES,
ES
EL™
Ek.rw

N+1

CD,k,nv
Dk—l,l.—l

kenv
Ek—]

kv
E;

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Y
|
|
|
|
|
|
|
|
|
|
|
|
I
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e  The matrix blocks for the case k = R+1, ... , n are
Forr=N-1,...,k-1

Iy ® <I{r<k—1}HC + I{r:k—l}H,C) DV ® By 0

DCD,k,}'l‘U _
T - / vo
0 Iy ® (I{r<k71}HC + I{r:kfl}Hc> @V ® By

Appendix B.7. The Matrix DN®

The matrix DN® contains the transitions when a failure provokes the system to be
restarted. Obviously, in this case the system is composed of only one unit. When this one is
broken, a new system with 7 units re-starts. When this occurs, the vacation time begins
again. The structure of the matrix is

0
0
DY = 0
D¥ 0
e IfR=1

EyY OB B EYER, B B OEYTEVD BB
DNS=E(';" D0 ... e 0
'EY 0 o0 .. .. 0
EM™ 0o o0 .. 0

with Dé\és’l’” =Hc Qeyv.

e IfR>1
BB BBV BV BB BB LB BN
vaS =E(1),m, Dgi)sslv" 0 .. ... 0
B Lo o . . 0

with D' = He ® v.

Appendix C

To calculate the expected times that the repairperson returns to the workplace, in-
dependently of whether he remains or begins another period of vacation, the following
matrix Q is defined. This matrix is built analogously to the matrix D, but any return is
considered. Therefore, the matrix Q is the addition of the following matrices

Q=0%,+D4, +D? , + D¢, + DP + DAP + DBP L DCP 4 DNS.

The matrices DP, DAP, DBD DD are described in Appendix B. The other matrices
have the same structure for the corresponding event given in Appendix B. These matrices
are of zeros, excepting the following blocks.

e Forr=0,...,k—Randk >R

DY = Iy @ Hp ® Vv
e Forr=1,...,k—R—1and k > R+2

D1 = (Ha ® V'v,0); DF1° = (0,Hp ® VOv)
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DM =1y @ (Hy @ VOv,0)

DY =1y @ (0,Hp ® VOv).
e Forr=0,...,k—R—1and k > R+1

DS = Iy @ He ® VO

o IfR=1,
Dy = He ® Vv
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