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Abstract

A task with ideal execution time L such as the execution of a computer pro-
gram or the transmission of a file on a data link may fail, and the task then
needs to be restarted. The task is handled by a complex system with features
similar to the ones in classical reliability: failures may be mitigated by using
server redundancy in parallel or k-out-of-n arrangements, standbys may be
cold or warm, one or more repairmen may take care of failed components,
etc. The total task time X (including restarts and pauses in failed states) is
investigated with particular emphasis on the tail P(X > z). A general alter-
nating Markov renewal model is proposed and an asymptotic exponential form
P(X > ) ~ Ce™ " identified for the case of a deterministic task time L = /.
The rate v is given by equating the spectral radius of a certain matrix to 1,
and the asymptotic form of v = v(¢) as £ — oo is derived, leading to the
asymptotics of P(X > z) for random task times L. A main finding is that X is
always heavy-tailed if L has unbounded support. The case where the Markov
renewal model is derived by lumping in a continuous-time finite Markov pro-
cess with exponential holding times is given special attention, and the study
includes analysis of the effect of processing rates that differ with state or time.

Keywords: Alternating renewal process, computer reliability, data transmis-
sion, failure rate, fault-tolerant computing, heavy tails, Markov renewal equa-
tion, matrix perturbation, phase-type distribution, RESTART, tail asymptotics,
Perron-Frobenius theory, phase-type distribution, spectral radius, Tauberian
theorem.



1 Introduction

This paper studies some systems typically identical to those of interest in Reliability
Theory and Availability ([4], [5], [19]). The system consists of a large number of
components and at a given time it has a state depending on the characteristics of
the components (operating, under repair, in cold or hot standby, rebooting etc.). In
brief, a finite state space £ is partitioned into two subspaces, D and Y (Down/Up,
or Operating/Failed, etc.). Individual components may be failed and under repair
also in an Up state, but the system as a whole can only operate in the Up states
and is paused upon exit from there to remain in the Down states until all necessary
repairs have been undertaken.

In classical reliability theory one is interested in the length of time the system
is in some Up state (the longer without failure, the better). Repair time is of less
importance. Availability is concerned with the fraction of time that the system is in
an Up state, taking into account the multiplicity of processors (thus the availability
fraction could be greater than 1). In this paper we focus on the processing of a task
of length L (the task time) which can only finish processing after the system has
been in the set U of Up states for a time greater than L (L may be random or
constant, L = ¢). If during processing the system fails and goes to a Down state, the
performed work is lost and when entering an Up state again, the processing has to
be restarted from scratch. That is, each time the system leaves U and goes to D, it
must start over when reentering /. The quantity of interest is the total task time X.

The study of total task times in problems of this type have a long tradition in
many specific and distinct failure recovery schemes. In particular in the RESUME
(also referred to as preemptive resume) scenario, if there is a processor failure while
a job is being executed, after repair is implemented the job can continue where it
left off. In the REPLACE situation (also referred to as preemptive repeat different),
if a job fails, it is replaced by a different job from the same distribution. Here, no
details concerning the previous job are necessary in order to continue. For these
two schemes, see Kulkarni et al. [14], [15]. Further models and methods of failure
recovery are in Chlebus et al. |9] for restartable processors and in De Prisco et al. [10]
(stage checkpointing)

As indicated above, we are here concerned with RESTART (also referred to as
preemptive repeat identical). There are many examples where this is relevant. The
obvious one alluded to above involves execution of a program on some computer. If
the computer fails, and the intermediate results are not saved externally (e.g., by
checkpointing), then the job must restart from the beginning. As another example,
one might wish to copy a file from a remote system using some standard protocol
as FTP or HTTP. The time it takes to copy a file is proportional to its length. A
transmission error immediately aborts the copy and discards the partially received
data, forcing the user to restart the copy from the beginning. Yet another example
would be receiving ‘customer service’ by telephone. Often, while dealing with a
particular service agent, the connection is broken. Then the customer must redial
the service center, and invariably (after waiting in a queue) ends up talking to a
different agent, and having to explain everything from the beginning.

Computing expected values and transforms is usually easy in any of the models



mentioned above. Also the important problem of tail behaviour, that is, the probabil-
ity of long delays, has been succesfully attacked in a number of the above references.
However, for the RESTART policy it resisted detailed analysis until the recent work of
Sheahan et al. 18] and Asmussen et at. [2] where the tail of H was found in a variety
of combinations of tail behavior of F' and G. A main and surprising finding was that
the tail of H is always heavy-tailed if ' has unbounded support. The consequence
is that delays can be very severe in the RESTART setting. For further recent work in
this direction, see Jelenkovié¢ et al. [11], [12].

2 Statement of main results

We now proceed to a more precise description of the model. Without the task being
processed (equivalently, with task time 7" = 0), the system is assumed to develop
according to an alternating Markov renewal process with state space £ = U UD and
imbedded Markov chain at jump times &y, &, ... If § = u € U, the first sojourn in
state & terminates at time 7, and then state & € D is entered, and if g = d € D,
the first sojourn in state & terminates at time T,; where state & € U is entered.
When it is unimportant to specify whether states are in &/ or in D, they are just
denoted by 7,J ...; when a state in £ is denoted by u, it is silently understood that
u € U, and similarly for d € D.
The transition rules are thus specified by the set of probability measures

qu(t):Pd(Td§t7€1:u)7 dED,UEU,
Fu(t) =Py(T; < t, & =d), weU,deD,

F;; = 0 when 4,7 are either both in ¢ or both in D. In particular, the transition
probabilities p;; of the Markov chain & are given by pg, = Fyu,(00), pua = Fua(00),
pi; = 0 when ¢, j are both in either ¢ or in D, and we have

Fy(t) =Py(Ty<t) =) Fu(t), Fut)=Pu(T,<t)=) Ful(t)

The term alternating comes from only transitions from U to D and vice versa being
possible, not ones within U or D. At the time T, or Ty of the first state space change,
the process repeats itself with new starting value &;. See |1, pp. 206-7| for more detail
on the basics of Markov renewal processes.

The model for how the task is handled is that processing only occurs in an up
state u of the Markov renewal process and then the processing rate is p,(t) at time
t < T, for a suitable stochastic process p,. Thus, if the task length is L = ¢ and
& = u € U, the task finishes processing in the first Markov renewal interval [0, T;,)
at time

() = inf{t >0 /Otpu(s) ds = e}

if 7,(¢) < T,,. Otherwise, no processing takes place in the down state d € D entered
after T, and at the time where the next state & in U is entered, the whole process
is restarted with the same processing time ¢ but in Markov state &. No specific



assumptions are made at the moment on the dependence between T, p,, &1, but to
avoid trivialities, we need P(7,(¢) < T,) > 0 for at least one u € U, ensuring that
the task will eventually be finished.

The main example of processing rate modeling is of course p,(t) = 1 for all u
and ¢, and this may safely be used as basis for intuition for quite a while. We return
to time-varying rates in Section 7.

Our main example of the Markov renewal set-up comes from continuous-time
finite Markov processes modeling the time evolution of models in classical reliability
theory ([4], [5], [19]). We present this in Section 3. However, there are others, e.g.
vanilla RESTART with repair. Here we can take U, D as one-point sets U = {u},
D = {d}, and p,(t) = 1. Then F, can be seen as the distribution of either the
operating time or the failure time (denoted G in [2]), F; the distribution of the repair
time, and the Markov renewal model allows for incorporating general distributions
of F,, Fy, not just exponential ones.

Our main result on the general set-up with deterministic task length is the fol-
lowing;:

Theorem 2.1. Consider a deterministic task length L = € and denote by R(«) the
& x € matriz with entries

Tdu(a) :]Ed[eaTd; 51 = U} ’ d e D7 u eu)
]Eu[eaT“;Tu(ﬁ)ZTd,&:d], ueld,deD,

Tud(Q)

all other r;;(a) = 0. Assume there exists v = y({) such that R(7) is irreducible with
spectral radius 1. Then P;(X > x) ~ Cie™ 7" as x — oo, with C; = C;({) specified in
Corollary 4.1 below.

The assumption that v exists is automatic is essentially a condition on light tails
of the T}, for example that each T, is gamma-like. By this we mean that the density
exists and has asymptotic form

bt e~ (2.1)

We discuss this in more detail in Section 4. The case of heavy tails of some T} is not
included by Theorem 2.1 but can be treated as well. For example, we have:

Theorem 2.2. Consider a deterministic task length L = ¢ and assume that each
T; has a subexponential density, more precisely that there exists a subexponential
density o(y) such that for all d P(T,; € ) is absolutely continuous for large y with
a density of asymptotic form cqp(y). Then Pi(X > z) ~ C;i®(z) as © — oo, with
C; = C;(0) specified in (6.4) below and ®(z) = [ ¢(y) dy.

[See (6.2) below for the definition of a subexponential density. The constants C;
are obviously not the same as in Theorem 2.1; similar slight abuse of notation occurs
throughout the paper].

For a random task length L, conditioning on L = ¢ gives

]P’Z-(X>x):/OOIP’i(X>x\L:€)]P’(Led€). (2.2)



Since now / is a variable (and not constant, as previously assumed), we write y(¢)
rather than ¢, R(«, {) rather than R(«) to stress the dependence on both variables.
In (2.2), P;(X > x|L = () has an asymptotic exponential form as x — oo by
Theorem 2.1. Further, the rate v(¢) goes to 0 as £ — oo since R(0,00) equals the
spectral radius one mtarix P. We thus obtain the following easy but notable result:

Corollary 2.3. If the task length L has unbounded support, the distribution of the
total task time X is heavy-tailed in the sense that e**P(X > x) — oo for all § > 0.

The key step for obtaining more precise results turns out to be to identify the
asymptotics of y(¢) as £ — co. Our result is:

Theorem 2.4. Assume that the assumptions of Theorem 2.1 on R(a,t) hold for
all large ¢, and that for some function ¢(¢) it holds that

k:d@) = IP)(Tu > Tu(g)v §1 = d) ~ kud@(g) (23)

as ¢ — oo for some set of constants such that k,q > 0 for at least one pair u € U,
d € D. Then

Z kud

ueU,deD

Z mE T

€€

y(l) ~ pp(l) as l — oo, where = (2.4)

and ® = (7;)ice = (Ti)icuup 15 the stationary distribution of the Markov chain &,
that is, the invariant probability vector for the matriz P = R(0, 00).

Remark 2.5. In practice, ¢(¢) will be found by first determining the growth rate
of the h},(0) = P(T, > 7,(£), & = d) and taking ¢ as the largest one. O

Given Theorem 2.4, it is easy to adapt the calculations of [2] to get the tail of X,
in more or less sharp forms depending on the form of the distribution of L. For
example:

Corollary 2.6. Assume that L is Gamma-like as in (2.1), that P,(1,(¢) — o0) =1
for all u and that the assumptions of Theorem 2.4 hold with p({)t = e~ for some q.

Then .
log" " x

with C given in (5.7) below.

The paper is organised as follows. Section 3 presents some main examples and a
general class of models is described where the Markov renewal model is derived by
lumping in a continuous-time finite Markov process with exponential holding times.
This case provided our main motivation, but the Markov renewal conversion is neces-
sary because of non-Markovian features of the Restart mechanism. Section 4 contains
the proof of Theorem 2.1, where the main ingredient is a suitable set of Markov re-
newal equations. Also the form of the knowns and unknowns are specialized to the
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Markov model. Section 5 contains the proof of Theorem 2.4. Perron-Frobenius the-
ory for nonnegative matrices plays a main role (see [1, 1.6] for a short introduction
and [6], [17] for more extensive treatments). However, the proof is by bare-hand ar-
guments rather than general perturbation theory. The proof of Theorem 2.2 is given
in Section 6; it involves discussion of Markov renewal equations with heavy tails, a
less established topic than the light tailed case. Non-constant processing rates p,(t)
are studied in Section 7 and leads into matrix formalism and differential equations
somewhat similar to the theory of fluid reward models and multivariate phase-type
distributions. Finally, Section 8 sketches via an example how non-exponential dis-
tributions may be incorporated in the Markov model, and some preliminaries and
technical steps are deferred to the Appendix.

The paper only contains one numerical example (a more extensive set will be
presented elsewhere). Nevertheless, it should be stressed that our aim is computa-
tional. In particular, we have chosen a finite state set-up leading to explicit and
numerically implementable matrix formulas rather than a general state one where
one would need to impose many not easily verifiable technical conditions, operators
would take the role of matrices, etc.

3 From Markov to semi-Markov models

In many examples, the Markov renewal structure may be derived from embedding
into a larger Markov process J(t) with state space £* = U* UD*. In a state u € U*,
the task is processed at rate r, and no processing can take place in a state d € D*.
We then take U C U* as the subset of states that can be entered from D and D C D*
as the subset of states that can be entered from Y. If {, = J(0) = u € U, we further
let T, = inf{T" > 0: J(t) € D*} (and similarly for T;) and p,(t) = 7).

It should be noted that in this Markovian scheme, the F,, F;; become phase-
type (PH) and the F,4, Fy, defective PH, so that standard matrix-analytic formulas
apply to rewrite the expressions in the general set-up in terms of matrix expressions
(matrix inverses and matrix-exponentials). More detail is given later.

The Markovian imbedding scheme is illustrated in the following examples, where
the states in U are dark green, the ones in U* \ U light green, and similar dark and
light red coloring is used for the states in D and D* \ D

Example 3.1. Consider a system with two exponential parallel servers, hot backup
and two repairmen. The failure rate of a server is (3, the repair rate is A, and a
task can be (re)started if at least one server is up. We can take E* = {2,1,0}, with
J(t) =i meaning that i servers are up (and thus 2 — ¢ down, i.e.under repair).

2) A
0 |—=| 1 |/ 2
B 2p

Figure 1: Parallel servers.

We have U* = {1,2}, U = {1}, D* = D = {0}; note that 2 € U since that even
if the first service may be started in state 2, none of the following ones will be so

6



because a failed period (a sojourn in state 0) cannot be terminated by a jump to 2.
The rates are ry = 1, ro = 2 if both servers can work on the task and ry = ry = 1 if
only one can (hot back-up).

With only one repairman, 2\ should be changed to A, and with cold back-up, 23
should be changed to . Everything else remains unchanged. O

Example 3.2. Consider the system in Example 3.1 with the modification that 2
servers have to be up before a service can start. We then take F* = {2, 14+,1—,0},
with 0,2 having the same meaning as before, and 1— meaning that there is one
repaired server and one under repair, 14 that there is one operating and one under
repair. Assuming that a server that is repaired but waiting for the other to be

repaired before going in to operation cannot fail, we have the transition diagram in
Fig. 2.

A=
NEREY,

Figure 2: Start requires both servers up.

We have U* = {2,1+}, U = {2}, D* = {0,1—-}, D = {0}. Again depending on
the interpretation, we may take riy =ro=1orri, =1, ry =2. O

Example 3.3. Consider again the system in Example 3.1, this time modified such
that the two servers a, b are heterogeneous, i.e. with failure rates ,, 8, and repair
rates A, \p. We take E* = {0,1a,1b,2}, with 0,2 having the same meaning as
before and la meaning that server a is up and server b down, and vice versa for
1b. Cf. Figure 3(A) for the case of homogeneous rates. We have U* = {2, la, 1b},
U = {la, 1b}, D* =D = {0}.

(A) (B)
Aa A Aa Ay
1 la |——| 2
0 2 0
5&) 1b ‘% % 1b —H)\a 20
b a b Ba

Figure 3: Heterogeneous parallel servers. (A) homogeneous service rates, (B) heteroge-
neous service rates.



Non-preemptive service and heterogeneous service rates r, # 1, for the servers
can be handled by splitting state 2 into two states 2a, 2b, cf. Figure 3(B). Then

T2¢ = T'q = Tas T2b = T'1p = Tp. O

4 Theorem 2.1: proof and amendments

Proof of Theorem 2.1. For i € &, let Z;(x) = P;(X > x). If i = d € D, then service
starts at the time T} of exit from d, so that the whole of T); contributes to the total
task time X and for X > x to occur, only delay (x — Ty)™ needs to be accumulated
after Ty. Conditioning on y = T}, considering the cases y > x and y < x separately,
and partitioning according to the possible values u = & € U gives

2u(w) = 2w) + Y [ Zulo = o) Fula)

ueld V0
where z4(x) = Py(Ty; > x) and ﬁ’du = Fy,. If i = u € U, then the task will be
terminated before y = T,, if y > 7,(¢) so that X > z if and only if 7,(¢) > z. This
gives

Zule) = @)+ Y [ Zule = ) B(Tu € dy. 7ll) > . & = 0
dep V0

where z,(z) = IP’(Tu > 7,(0) > x) Recalling that transitions within & or within D
need not be taken into account and letting

Fua(t) =P(T, <t, 7,(0) > T,, & =d),
this can be summarised as the set
Ziw) = @)+ Y [ Za ) By i€ €. (@)
jeg 70

of Markov renewal equations where ]:;,-j = 0 if 45 are both in U or both in D.
That the Z;(z) decay exponentially at rate v then then follows immediately from
assumption on R(«) via the generalisation of the key renewal theorem stated in
Lemma A.1. In more detail, that result also gives the form of the C; which we next
state separately. O

Corollary 4.1. Let v = (v;)ice, h = (h;)ice be the left, resp. right, eigenvectors of
R(v) corresponding to the eigenvalue . Then C; = h;C1/Cy where

ueU
1 o
+ — Z I/d/ (€7 — 1] Fy(dy) (4.3)
deD 0
Cy = Z Vuhd/ yewIF’(Tu(E) >y } T, = y) Fua(dy) (4.4)
u€lU,deD 0

+ Z thu/ ye’ Fy,(dy) (4.5)
0

deD,ucld



Proof. For d € D, integration by parts gives that

'y/ P zq(x)da = 7/ P(Ty > x)dx
0 0

reduces to the integral in (4.3). For u € U,
7/ ez, (z)der = ’y/ P(T, > 1 (f) > x)dx
0 0

= /OOO H,(dy) /000 Y P (1, (O)1{7,(0) <y} > = } T, =y)dzx
_ /Oo Hu(dy)E[e"/m(ﬂ)l{m(é)éy} -1 | T, = y]

Considering the cases 7,(¢) < y and 7,(¢) > y separately gives the integral in (4.2).
Inserting in (A1.1) gives the expression for C;. The one for Cy follows from (A1.2)
by similar manipulations. O]

Remark 4.2. In the simplest case p,(t) = 1, the integral in (4.2) reduces to
(e —1) / F,(dy) = (" = 1)P(T, > ¢)
¢

and the one in (4.4) to

l
/ ye™ Fuu(dy) = E[T,e™ T, < (.6 =d] . 0
0

Remark 4.3. The expressions for v are implicit even for simple RESTART ([2]), so
in the present generality, numerical evaluation seems inevitable. This has two steps.
The first is computing the elements of R(«). How difficult this is depends on the
specific model parameters (but see Section 7 below). The next step is then evaluating
eigenvalues of R(«) and finding the roots of the equation 1 = spr(R(«)) which can
be done using standard software.

The dimension of the matrices can be reduced from € x € tod x U or D x D
by noting that [spr(R(«))]* = spr(R(«)?), and hence the equation determining ~ is
(in obvious block notation)

1 = spr(Rup(v)Rpu(v)) = spr(Rpu(v)Rup (7)) - ¢

We proceed to discuss Theorem 2.1 in the setting of the Markov model of Sec-
tion 3. In the following, we will use the partitioning

Q= (Qu*u* Qu*D*>
Qou+ Qp+p-
of the generator @ of the Markov process J on £* = U* U D*. Recall the definition
of a phase-type (PH) distribution and its parameters commonly denoted as rate
matrix, initial vector and exit vector given in, e.g., |1, III.4]. Let further e, denote
the U*-column vector with 1 at entry u € U* and 0 otherwise (and similarly for e;),

and e the column vector with 1 at all entries (of dimension U* or D* depending on
the context).



Proposition 4.4. In the Markov model,

o [,y is defective PH with rate matriz Quey-, initial vector el and exit vector
Qu-p-eq;

o Fy, is defective PH with rate matriz Qp-p~, initial vector e} and exit vector
Qp-u-eu;

o [, is PH with rate matriz Qs+, initial vector eZ and exit vector Qup~€;

o [y 1s PH with rate matrix Qp«p+, initial vector edT and exit vector Qp-y-e€.

Remark 4.5. The implication of Proposition 4.4 is that standard matrix-analytic
machinery becomes available to rewrite many expressions considered so far in terms
of matrices (facilitating computer implementation). For example,

. —1
z4(x) =P(Ty > 1) = eje9P P %e | rg(a) = edT(—aI — QD*D*) Qo€ -

Similarly, with constant processing rate p,(t) = 1, we have 7,(¢) = £ and so

¢
rug(a) = B[ T, < (, & =d] = / e™e et YQy.peqdy
0
- el(—aI — Qu*u*)_l (e‘weQ”*“*g — I) Qpu-ey

We return in Section 7 to the question of how to evaluate such quantities in more
general settings than p,(t) = 1. O

We also have
Proposition 4.6. In the Markov model v always exists and is unique.

Proof. From general results on phase-type distributions based on Perron-Frobenius
theory, the tail of Fj, has asymptotic form cg,z"4e~®* for suitable constants o*,
Nud, Cau (if Qpp is irreducible, —a* is the eigenvalue of maximal real part and all
Nuq = 0). Thus the 74,(a) are defined for a < a* and some have limit oo as o 1 a*.
Further, letting p* = maxyey pu, Twa(a) can be bounded by E[e*T+; T, < ¢/p*] which
is finite for all a. Thus spr(R(a)) is defined for all & € [0,a*) and by dominated
convergence, it is continuous in that domain. The limit at a = 0 is < 0 because R(0)
is a proper subtransition matrix (some row sums are < 1 because of the condition
T, < 7,(¢) imposed), and the limit as o T a* is co by Lemma A.2. Also that
lemma gives that spr(R(a)) is strictly increasing in «. Putting these facts together
completes the proof. n

5 Theorem 2.4: proof and amendments

Let h(¢) be the right Perron-Frobenus eigenvector of R('y(é), €) corresponding to the
eigenvalue 1 and normalized by wh(¢) = 1. Since v(¢) — 0 and hence R(y((),() —
P as ¢ — oo, one expects the following lemma to hold in view of Pe = e, we = 1;
we include the proof since it is short.
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Lemma 5.1. h({) — e as { — oc.

Proof. Assume that h(¢,) — e fails for some sequence {¢,,}. The assumption wh({) =
1 and m > 0 for all i ensures that the sequence {h(¢,)} is relatively compact, so if
passing to a subsequence if necessary we may assume that h(¢,) — e+ f with f # 0.
From R(v({),¢)h((,) = h((,) and R(y((),() — P we then get P(e + f) = e+ f.
Since P is a transition matrix, we have Pe = e and so f is an eigenvector of P
corresponding to the eigenvalue 1. Thus f = ce for some ¢ by the Perron-Frobenius
theorem, and
l=nh(l,) > 7m(e+ f)=1+cmre=1+c

then gives ¢ = 0, a contradiction. O]

Proof of Theorem 2.4. Let K*(¢) denote the £ x €& matrix with udth element £ ,(¢)
and the U x U-, D x U- and D x D blocks identically 0, Let further A(c,?) be the

matrix with elements

Y4 00
ayq(a, l) = /0 (e —1—ay) Hu(dy), ag(a,l)= /0 (€Y — 1 — ay) Hy(dy)

for u € U,d € D and all other a;;(a, () =0, let M*(¢) be the matrix with elements

)= [ ), w0 = [y
for w € U,d € D and all other m;;(a, ¢;1) = 0, and let M = limy_,.. M((), i.e. M
is the matrix with elements
Muyd = /OooyHud(dy) =E[T; & =d], mau = /OooyHud(dy) =E[Ty; & =4
and all other m;; = 0. We then have the identity
A(a,l) =R(a,l) — P+ K*({) —aM*({). (5.1)

Write for convenience h(¢) = e + y({)n(¢). Taking a = y(¢) in (5.1) and multi-
pying by h(¢) to the right, we obtain

0(7(6)2) =e+y(l)n(l) — Pe —vy({)Pn(¢)
+ K*(Oe+ (O K*(O)n(l) — y()M*(£)e — y(£)>M*(()n(0)

Noting that Pe = e and wP = m, that y({)n(¢{) — 0 by Lemma 5.1 and that
7n({) = 0 because of wh({) = 1, it follows by multiplication by 7 to the left that

o(y(0)) =mwK*(l)e + v(O)m K*({)e — v(O)m M*(()e
o(1) = K" (0)e + mK*(0)n(l) — mM*(0)e

7€)
Since mM*({)e - wMe and K*(¢) = o(1) by (2.3) , this gives
_ o [P T (Oe _ o 90
mMe = lim [fy(f) o(¢ + 0(1)] = WWKG

)
where K = lim K*(¢)/p(¢) is given by (2.3). Hence

L) mK (e
=00 (/) wMe

11



Corollary 5.2. Consider the Markov model with p,(t) = 1, assume that Q-
18 irreducible, let — be the eigenvalue with maximal real part and hyy, vy~ the
corresponding right and left eigenvectors normalized by vyshy~ = 1. Then y(£) ~
pue=% as ¢ — oo, where

ILL _ (ﬂ'u* hu*) . (Vu*e)
7y (—Qury ) "te + mp- (—Qpp-)le

with 7* = (s« 7p~) the stationary distribution of Q.
Proof. By Perron-Frobenius theory, —d is a simple eigenvalue and
wa(0) =P(T, > 7(0), & = d) = P(T, > {, & = d)
= e, exp{Qu-u-L}Yeq ~ eu(hyvi-)eq - e
Thus we may take p(¢) = e~°" and the expression for p then easily comes out. [

Remark 5.3. The assumption of Qs+ being irreducible holds in all the examples
we present. For an example where it fails, assume

—a a 0
u={1,2}, D*={3}, Q=0 -a a
b ¢ —-b—-c

with at least a,b > 0. Here the eigenvalue —a of Q4+ is not simple and Qs+« is re-
ducible (1 cannot be reached from 2). Nevertheless, the assumptions of Theorem 2.4
hold since Q4+ is the rate matrix of an Erlang(2, a) distribution and so

]P)1<T1 > g, 51 = 3) = I[Dl(Tl > E) = aﬁefaz + e*ag,
]PQ(TQ > g, §1 = 3) = PQ(TQ > f) = e_az .
Le., we may take p(¢) = fe% and get ki; = a, kj; = 0. In general, dealing with

reducibility and eigenvalues that are not simple lead into the Jordan canonical form;
we omit the details. O

Proof of Corollary 5.2. We use once more formula (2.2) for a random task length L,
stating that

IP’Z»(X>x):/OO]Pi(X>x|L:€)IP>(Led€). (5.2)

It is shown in [2] that here it is permissible to insert the approximations in Theo-
rem 2.4, 2.4, leading to

Piy(X > z) ~ / hiCy/Cy exp{—pe %} ae™*de. (5.3)

Lo

Here h;, Cy,C5 depend on ¢. Now h; — 1 by Lemma 5.1 and similarly v; — m; as
¢ — oo. It then follows from the assumption P,(7(¢) — oo) = 1 that Cy,Cs have

12



limits

Dy =) m-1-04) mET, =) 7ETy (5.4)

uel deD deD

Dy = > wu.1/ y-1-1Fq(dy)+ > 7rd~1/ y-1Fu(dy)  (5.5)
€U, deD 0 deDueld 0
€€

The asymptotics of the integral in (5.3) is determined in Lemma A.3, and the result

follows with I(6/q)D
- q)L1

C = —M6/qan2 ) (5.7)

O]

Remark 5.4. Given Theorem 2.1, the asymptotics of P(X > z) can easily be found
in a variety of combinations of the forms of ¢(¢) and the distribution of L. To this
end, simply insert in the integral estimates of [2] (note that in many cases only
logarithmic asymptotics comes out). We omit the lengthy statement of all of the
available results, but remark that the case where ¢(¢) and the distribution of L are
somewhat alike is particularly nice. More precisely, with the assumption

-1

P(L € db) = g (0) (pp(0))” Lo (2(0))

on the density of L where 5 > 0 and L is slowly varying at 0, a Tauberian argument
gives
['(8)Dy Lo(1/x)

P(X ~ .
(X > x) D, o O

Example 5.5. The asymptotic parameter, v, depends heavily on the type of system
under examination. But it is still of interest to get some idea of how it behaves. A
detailed study of this set of problems will be presented elsewhere, but we consider
here the simplest system, a single server (ON state) that has an exponential failure
rate of 3, and a single repairman (DOWN state) with exponential repair rate, \.
In this case, the equation spr(R(a)) = 1 reduces to the root finding formula,

A B[l — e )]
A-—a) (B-q)

From Figure 4 we see that v depends heavily on both ¢ and A. The property that
~v(0|A, B) = X is an artifact of the fact that the repair time distribution is expo-
nential(\), and for 6 = /8 < 1 the probability that the system will fail one more
time is of order d. One expects in general that the behavior of 4 near ¢ = 0 should
be dominated by the asymptotic failure distribution, namely 74 exp(Qppt)e. For
large ¢, the exponential decay of v given by Theorem 2.4 is confirmed by the figure
at least for the simple system examples given. O

fla=n) = ~1-0.
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— 1=0.5
— A=1.0
— =20

— A=co

Figure 4: v(¢| A, B) as a function of ¢ for A € {0.5, 1.0, 2.0, oo } and 5 =1,
for the simplest system of one UP and one DOWN state. For this system,

6 Theorem 2.2: proof and amendments

For Theorem 2.2, one needs a Markov renewal version of the key renewal theorem
with defective heavy tails. This appears, however, not to be in the literature. One
may note in this connection that already for an ordinary renewal equation

2(z) = 2(x) + / " Z(a - y) P(dy) (6.1)

(with only one unknown function Z), such a result is relatively new and was only
given fairly recently in Asmussen, Foss & Korshunov [3]. The details of this analysis
are quite technical and one needs to go somewhat beyond the ordinary subexponen-
tial setting by imposing conditions not only on the tail of F' but also on the local
behavior. This involves the definition of a distribution F' to have a subexponential
density, namely that there exists ¥ < oo such that F' has a density f(z) on [T < 00)
and that

= _Q/fx_ F(dy) + / - i)y~ 2(@), oo (62)

A complete and rigorous treatment of the relevant version of the Markov key
renewal theorem will be presented elsewhere, with Lemma 6.1 stated below without
proof being the main extension of [3], but we present here the basic intuition. If § =
J.° F(dz) < 1 in the simple case of (6.1), the idea in [3] is to use the convolution
structure of the renewal equation to view Z(z) as the density of the sum of a
geometric sum of r.v.’s with distribution F/6 and a r.v W with density z(z)/[z.
Three cases arise according to the balance between the heaviness of z and the tail

14



of F. The one corresponding to the present case is z(z) being heavier than the
density f of F, and here the contribution from the geometric sum vanishes, giving

In the setting of Theorem 2.2, the representation in [1], Prop. 4.4 p. 209, of the
solution (Zz(x))Ze ¢ to the set of Markov renewal equations (4.1) can be written as

ZZ/ zj(z — &(0) = j, Su(l) € dy) (6.3)

n=0 je&

with the following notational conventions: N is defined as the Markov renewal epoch
at which the task is processed, A is some extra absorbing state A, and £(¢) is a
Markov chain with state space EU{A} such that &, (¢) =&, forn < N and &,(¢) = A
for n > N. Further, S, (¢) =15 +---+ 1 for n < N, S,(¢) = oo for n > N where
given the Markov chain £(¢), the T} are independent with 7} distributed as 7; on
the event & (¢) = i (the definition of S,(¢) for n > N is redundant but one may
take, e.g., S,,(¢) = co. We need the following extension of Propositions 7,8 of [3]:

Lemma 6.1. Let G1,...,G 4 be a finite set of distributions such that each G, admits
a subexponential density g,(x) with g.(x) ~ cap(x) for some subexponential density
o(x). Then for any nq, ..., ng

<g§z1 % ook 92A><;p) ~ (nicg + -+ cana)p(z),

and for any € > 0, there exists C¢ such that

(g;ll k oeee ok gZA)<x) < Ce(l + €)n1+~--+nASO<I'),

Now the transition probabilities p;;(¢) of £(¢) are given by paa(€)(£) = 1, pau(¢) =
Pdu,

pud(g) = ]P)u (Td < Tu<€>a gl = d) y  Dun = 1— Zpud Td > Tu(g))

deD

all other p;;(¢) = 0. Since A is absorbing, spr(P(¢)) < 1 and so Perron-Frobenius
theory gives the existence of b < 1 such that the n-step transition probabilities pj; (0)
decay at rate at most b". For j # A one has P; (fn( ) = j) = pi(¢) and letting Wy
be a r.v. with density 27 (y) = z;(y)/Z; where Z; = [~ z;(y) dy, we can rewrite (6.3)

ZZPU )ZE gn] )(-T)}

n=0 je&

where g, ; is the conditional density of S, (¢) given &, = 7,&,...,&,—1. By the first
part of Lemma 6.1, g, ,(z) ~ cyp(z) for some (random) c,. Further, the z4(z)
are heavier than ¢(x) (that ®(z)/¢(x) — oo is a standard estimate in the heavy-
tailed area), and so (g, * z7)(z) ~ 2j(z) by Proposition 7 of [3]. Choosing e with
(1 +¢€)b < 1, we can then use the second part of Lemma 6.1 and a dominated
convergence argument to conclude that

2)~ Y O PEOZ 2 () ~ Y > Pl (0)ead ()
n=0 je& n=0 je&
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This completes the proof of Theorem 2.2, with the expression

for the C; where ¢ is the vector with j-th entry ¢4 for ¢ = d € D and 0 for ¢ =
u€elU. m

Example 6.2. Consider as in Section 2 vanilla RESTART with repair, U = {u},
D = {d}, and p,(t) = 1. Then F, is the distribution of the failure time (denoted G
so far), F; the distribution of the repair time, and with heavy-tailed Fy;, Theorem 2.2
immediately gives that the total task time X has tail proportional to F(x).

A particular case of a heavy-tailed Fj could arise if repair means rebooting of the
processor, such that the ideal time for rebooting is B but that rebooting may fail at
Poisson() times and then itself needs to be restarted. This means that given B = b,
Ty is the RESTART total task time with exponential(3) failure and task length b, so
that by [2] Fq ~ C(b)e "7 with the values of C(b),n(b) given there. For a random
B with unbounded suport, T; becomes heavy-tailed. For example, for a Gamma-like
B we have that (again by reference to [2])

— log®™!
Falt) ~ Cag—mr
with ¢a.s, a5 specified in [2]. Thus Fj is regularly varying and Theorem 2.2 applies.
O

7 Time-varying processing rates

As is clear from the formulas presented so far, a main problem for numerical imple-
mentation beyond the simplest case p,(t) = p is evaluation of quantities like

9ua() =P(T, > 1,(0), & =d) = ]P’(/OTu pu(t)dt > 0,& = d) .

Example 7.1. A simple example is obtained by letting the server speed depend on
time. E.g. the server slowing down with time could be modeled by the service rate
being proportional to ¢t~ with 0 < o < 1, and then 7,(¢) is proportional to t!=®. []

Another tractable and more interesting case is what we call the independent
Markov rate model where the server speed is determined by an independent external
environment. . This is defined in terms of a set of Markov process I = {I(t) };>0 with
state space {1,...,m} and a set of rates 1, ..., 7y, such that p,(t) = r;u). The basic
assumption is that I is independent of the Markov renewal process. We denote the
rate matrix by A and the initial distribution by «. A natural choice of a is the
stationary distribution for 7, and dependence of the rates on u can be obtained by
taking I complicated enough. Write A, for the diagonal matrix with the r; on the
diagonal.
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Proposition 7.2. Consider the independent Markov model with all r; > 0 and
assume that T,, is independent of & and exponential(d). Then

gud(g) = Pud & eXp{B(d)g}e
where B(§) = A1 A — g(A;leeT +ee'AY).
Proof. Fix u,d and define f(z) as the row vector with elements

Ty

ﬁuazmxlpAww>a1@mw=4)

We shall identify f;(x + h) up to o(h) terms and thereby derive a differential equa-
tion for f(x), giving f(z) = aeB®? from which the result follows by letting x = ¢,
summing over j (corresponding to multiplication by e) and using the assumed in-
dependence of &; to extract the transition probability pyq.

For fOT",ou(t) dt > x + h to occur, we must have 7,(x) < T,. The contribution to
fj(z + h) from the event I(7,(x + h)) = I(7,(x)) = j is therefore

£i(@) (1 + ash/ry)B(T, > 7u(a) + hfry | Ty > 7(x)) +o(h)
= fi(x)(1 + aj;h/r; = oh/r;) +o(1),
where the o(h) terms takes care of, e.g., the possibility of jumps out of j and back in
the time interval (7,(x),7,(z + h)]. Consider next the contribution from the event
I(ru(z)) = k, I(ru(z 4+ h)) = j and a single jump from k to j in the time interval
(Tu(z), Tu(z + h)]. This jump must occur before 7,(z) + h/ry, and its position is
then approximately at 7,(x) + Uh/r; where U is an independent uniform(0,1) r.v.

Passage to x + h must therefore occur at time 7,(x) +Uh/ry+ (1 —U)h/r;, and the
probability that T, survives from 7,(z) to there is approximately

5
E{—0[Uh/ry+ (1 = U)h/r;]} =1— h§(1/rk +1/15).
The asked for contribution is thus
5
> fula) (ansh/ric = b5 (1 +1/m5)) (7.1)
K]

Alltogether,

m

i) = f5(2) + 3 fula) (aash e — b3/t 1/r) + o(h).

k=1

(@) = 3 o) (o = S0+ 171,)).

In matrix notation, this means f’'(x) = f(z)B(0) which together with f(0) = a
gives the desired conclusions. O]
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Remark 7.3. The assumption of T}, being exponential is easily generalized to a PH
distribution at the expense of the differential equations and the form of B become
somewhat more complicated. We omit the details. O

We next turn to the Markov model of Section 3, where the rate generating process
is internal rather than external. That is, the role of I is taking by the J-process of
Section 3.

Proposition 7.4. Consider the Markov model with r, > 0 for allv € U. Then
Jua(l) = eI eXp{A;lQu*u*f}(—Qu*u*)leu*D* €4 -

Proof. Define f(x) as the row vector with elements

A =2

Then f'(z) = f(2)A;'Quwu and thus f(z) = el exp{ A 'Qu-y+x}. Indeed, the
only difference from the proof of Proposition 7.2 is that the §/2 term in (7.1) does
not enter because the possibility T,, € (7,(x), 7 (z + h)] is taken care of by the rows
of Q¢+ not summing to 0 (what is missing is the rates of entering D*). Now just
note that

T,

raw dt >z, J(ru(z—)) = v) , veEU.

Pu(/OT}u(t) dt > 0, & = d) J(ru(t=)) = v)

B / BI exp{Qu-u- (t - Tu(@) }QM*D* eqdt = ez(—Qu*u*)_lQu*D* €q
Tu(£)

O O
Proposition 7.5. Consider the Markov model with r, > 0 for allv € U. Then
ru(a, l) = el (I — exp{ A (Queu- + ozI)E}) (—Qu — aI) ' Qurp-eq.
Proof. We have

Tu
rua(a, ) = E[e®™; & = d] — E[eaT“Q / Ty dt > £, & = d}
0

Ty

= el(—wa — OéI)ilQu*fD*ed — E[eaTu; / TJ(t) dt > g, 51 = d:| .
0
The idea is now to note the identity

et = exp{ar, ()} - exp{a(T, — 7 (0)) }

(valid on the set {T,, > 7,({)}), take care of the first factor by the differential
equation approach and the second by the conditioning argument in the proof of
Proposition 7.4.
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So, define this time f(x) as the row vector with elements

fo(z) = E,[exp{ar,(z)}; /0 urJ(t) dt >z, J(r,(z—)) =v], veU.
Now

exp{ar,(z + h)} = exp{ar,(z)} - exp{ah/ri} ~ exp{aT,(z)} - (1 + ah/ry)

on the set {1}, > 7,(z + h), J(7.(z)) = k}. This gives

f(2) = f(@) AT (Que + o), f(z) = e, exp{ AT (Quevy + al)a} .

Further,

E, [exp{a (T, — 7a(0)) ). / At > 6 & =d| J(ru(l—)) =]
:/()exp{a(t—Tu )}ev exp{Qu*u*(t—Tu(ﬁ))}Qu*D*eddt

= e} (—Qu-u — o) 'Quep-eq.
The rest of the proof is easy manipulations. n

Remark 7.6. In Propositions 7.2-7.5, the assumption of strictly positive rates can
be dispensed with by working with a reduced state space formed only by the states
having rates > 0. Consider for example Proposition 7.2 and assume r; > 0 for
i=1,....,n,r;=0fori=n+1,...,m with 1 <n < m. The f;(x) then only need
to be defined for : = 1,...,n. Dividing A as

A Ap
A pum—
<A21 A22) ’

where Ay is n X n, Ajs n X (m — n) etc., the rate of starting an excursion in
{n+1,...,m} from i and ending it by a jump to j is

Aot
E ajk/ exe”?'e; dt = a;rex(— Ayy) 7! e;,

k=n+1
and so Proposition 7.2 holds if B(9) is modified to

)
A;;lll (AH — All(AQQ)ilAQl) — 2 (Ar 11166 + ee Ar 111)

in obvious block notation for A;;IH.

If in the Markov model D consists of a single state, Proposition 7.4 gives the tail
probability of fOT“ @) dt. This is a ‘fluid reward’, and with the extension sketched
in Remark 7.6, Proposition 7.4 reduces to an well-known expression for the marginal
distributions in the Kulkarni class of multivariate PH distributions, [13]. ]
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8 Phase-type modeling

Standard Markov models assume exponential distributions of failure times, repair
times etc. This may seem intrinsically inherent in the Markovian set-up because of
the memoryless property of the exponential distribution, but there is is fact a simple
approach going far beyond this by using PH distributions. We shall not go into
the general formulation but only consider a basic examples, the Erlang distribution
E, = E,(\) withp = 1,2, ... stages defined as the sum of p i.i.d. exponential(y) r.v.’s
(the stages). The density is \?t?~te=* /T'(p) where I'(p) = (p — 1)!. The Erlang is
therefore just a Gamma with integer shape parameter. However, the important fact is
the probabilistic interpretation in terms of the stages which we model as a Markovian
movement between stages 1,2 and the final one, completion, with transition rate A
for each of the two transitions. In some example the stages may have a physical
interpretation; e.g., stage 1 may be the real repair and stage 2 checking or warm-up.
Usually, the Erlang(p) distribution is, however, mainly used in a descriptive way to
allow for including non-exponential distributions in a Markovian set-up.

We will consider an elaborate example of the use of the Erlang distribution
which from the general view of the paper also illustrates how identical Markov
processes may lead to different Markov renewal schemes. We look at a system with 3
identical components, each with exponential(\) operating times, and two repairmen
with E,(u) repair times. A Markov state of the whole system is specified with the
number ¢ = 0,1, 2,3 of failed components and the stage(s) in which the servers are
currently operating. In Fig. 6, state 2:12 indicates that 2 components are failed and
one server working in stage 1, the other in stage 2. In state 1:2 only one component
is failed, i.e. under repair, and the repairman working on it is in stage 2. In state
3:11, all 3 components are failed, one waiting for repair and the servers working on
the other two are both in stage 1; etc. The system may be parallel as in Figure 5, in
which case U* = {0,1:1,1:2,2:11,2:12,2:22} or, e.g., 2-out-of-3 as in Figure 6 so that
u*=1{0,1:1,1:2}.

A 2

311 | ———— [2:11 | «——— | 11
7

o ay / 3\

A
3:12 | ——— | 2:12 I 0

7

PR

A 24
3:22 | «——— [2:22| —— | 1:2

Figure 5: Es repair times, parallel.



A 2\

31l | ¢—— | 2:11 | «— | 11

7
A
3:12 | «—— | 2:12 2 0
o
wl o ’ 2\
A 24

322 | ¢&— | 2:22 | — | 1:2

Figure 6: Es repair times, 2-out-of-3.
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A Some lemmas

The following result is given in [1, Th. VIL.4.6]:

Lemma A.1. Consider a Markov renewal equation

Zi(x +Z/ (z —y) Fy(dy), i €&,

jeE

with £ finite and the matrix (HZ:;UH) irreducible. Let ri; = [5° ™ Fy;(du), suppose
that for some real v the matric R = (r;;) has spectral radius 1, and choose v, h
with vA =v, Ah="h, v; >0, h; >0,i €. Then Z;(x) ~ hZCl/Cg where

p 00
C) = Zvj/o ez;(x)dz, (A1.1)

Cy = Z vih; / ze* ij (dz) . (A1.2)

k,j=1

The following lemma in unsurprising given the Perron-Frobenius theory, but
included here in this precise form for the sake of easy reference:

Lemma A.2. Let for k =1,2 A(k) = (a;;(k)) be irreducible non-negative matrices
and let y(k) = spr(A(k)). Assume that A(1) > A(2) and that ayj (1) > ay;(2)+b >
0 for at least one pair i'j" and some b > 0. Then (1) > c(b)y(2) for some constant
c(b) > 1 depending only on A(2) and satisfying c¢(b) — 0o as b — 0.

Proof. Trreducibility of A(2) ensures that for some n and all 75 there exists a path
Gty - - ip—1ln With ig = 4,4, = 7, all a;,_,;,(2) > 0 and ix_14; = 4'j’ for some £’
Hence

aij( ) > al] + b H Qi _ 1% > aij(Q)(l + bcl(iaj»
k=1, k£k!
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for some ¢;(i,5) > 0. Thus A(1)" > c(b)"A(2)" where c(b) = (1 + inf;;c1(i, §))".
But with 7 (1) the positive left (row) eigenvector of A(1) corresponding to y(1) and
h(1) the positive right (column) eigenvector of A(2) corresponding to y(2), we have

7(2) A" h(1) ~ ()" (2)h(1),  7(2)A(2)""h(1) ~ v(2)""w(2)h(1)

which in view of A(1)" > ¢(b)"A(2)" and w(2)h(1) > 0 is only possible if v(1) >
c(b)v(2). O

P(3/g) log" " &
Mé/QQa xé/q

Lemma A.3. Let :/ exp{—pe %z} (e ¢ dl. Then I ~ as
0

T — 0OQ0.

Proof. Using the substitution y = pe~%xz, we can rewrite I as

/’“‘ey<10gx—|—log,u—logy>a—1<i)5/qd_y_ 1 logx
0

— T S5Ta 0 s/, 11
q pr/ qy o polagt x0le

where
L = / w(z,y)* 'y eV dy,  w(x,y) =1+logu/logz —logy/logx.
0
Now for z > e and € > 0, we have |w(z,y)| < w*(y) where w*(y) = dmax(y*,y°)
for some d = d.. Choosing ¢ such that e|a — 1| < a, w*(y)* 'y*/9~'e ¥ is integrable,

and since w(x,y) — 1 as * — oo with y fixed, the dominated convergence theorem
implies that I; — I'(d/q), concluding the proof. ]
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