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ABSTRACT

Some stochastic approaches to biological aging modeling are studied. We assume that an
organism acquires a random resource at birth. Death occurs when the accumulated dam-
age (wear) exceeds this initial value, modeled by the discrete or continuous random vari-
ables. Another source of death of an organism is also taken into account, when it occurs
as a consequence of a shock or of a demand for energy, which is a generalization of the
Strehler-Mildwan’s model (1960). Biological age based on the observed degradation is
also defined. Finally, aging properties of repairable systems are discussed. We show that
even in the case of imperfect repair, which is certainly the case for organisms, aging
slows down with age and eventually can even fade out. This presents another possible
explanation for the human mortality rate plateaus.

Keywords. damage accumulation, redundant systems, degradation of organisms, aging
distributions, mortality rate, biological age.



1. INTRODUCTION

The literature on numerous biological theories of aging is quite extensive. Various sto-
chastic mortality models are reviewed, for instance, in Yashin et al. (2000). Most authors
agree that the nature of aging is in some “biological wearing” or “wear and tear”. Reli-
ability theory possesses the well-developed tools for modeling wear in technical systems;
therefore it is rather natural to apply this technique to biological aging. (Finkelstein,
2005). As even the simplest organisms are much more complex than the technical sys-
tems usually considered in reliability analysis, these analogies should not be, however,
interpreted too literally. Therefore, the implications of the corresponding stochastic mod-
eling should be considered rather carefully.

Besides organism'’s structural complexity of all kinds and on all levels, populations of
biological objects, unlike populations of technical devices, evolve in accordance with
evolutionary theory. Various maintenance and repair problems (including those with lim-
ited resources) had been intensively studied by reliability theory, but the crucial for bio-
demography notion of reproduction was obviously mostly out of sight, although the birth
and death processes can certainly be useful for the corresponding modeling. On the other
hand, popular evolutionary theories (e.g., Kirkwood's “disposable soma’ concept (Kirk-
wood, 1977, 1997)) try to link mortality, fertility, maintenance and repair, but do not yet
possess the sufficient biological knowledge, analytical tools and ‘machinery’ for consid-
ering appropriate stochastic models of repair and maintenance in a proper evolutionary
context. This means that existing and to be investigated reliability models can enrich bio-
logical aging theory and vise versa, as, for instance, a kind of a disposable soma concept
can be really helpful for optimal allocation of spare parts in some ‘structurally homoge-
neous engineering systems.

It is worth noting that evolutionary theories tend toward a rather controversial view
that all damage in principle is repairable, that natural selection can shape the lifetime tra-
jectory of damage and repair, constrained only by physical limitations of available re-
sources (Steinsaltz and Goldwasser, 2006). However, not all damage in organisms can be
reversed, for instance, damage to central nervous system and heart tissue is usually irre-
versible. In any case, importance of different repair mechanisms for survival of organ-
isms is evident, which brings into play stochastic modeling of all types of repairable sys-



tems: perfectly, minimally and imperfectly repairable ones. This topic had been studied in
reliability theory, but still there are many open problems.

Most likely, the future general theory of biological aging should be built out of some
‘blocks’ connected and shaped by the evolutionary principles (and not necessarily in the
current version), and ‘reliability block’ and maybe even reliability-based network will be
an important part of this scheme. Some interesting discussion on general “quality man-
agement” of organisms and pros and contras of exploiting the existing reliability ap-
proaches for biological aging are presented in Steinsaltz and Goldwasser (2006). Mean-
while helpful for this future general theory reliability considerations (for repairable and
non-repairable objects) can be studied and developed, and this is the topic of the current
paper.

Vaupel’s (2003) conjecture that “after reproduction ceases, the remaining trajectory of
life is determined by forces of wear, tear, and repair acting on the momentum produced
by the Darwinian forces operating earlier in life” resulted in reliability modeling of
Finkelstein and Vaupel (2006). These authors state: “As the force of natural selection di-
minishes with age, structura reliability concepts can be profitably used in mortality
analysis. It means that the design of the structure is more or less fixed at this stage and
reliability laws govern its evolution in time. However, it does not mean that these con-
cepts cannot be used for mortality modeling at earlier ages, but in this case they should be
combined with the laws of natural selection”.

In accordance with a conventional definition of reliability of atechnical object, it isa
probability to perform a designed function under given conditions and in a given interval
of time (Hoyland and Rausand, 1993). Clearly, this definition can be applied for a prob-
abilistic description of a lifespan of organisms T, where its designed function is just to
be alive. For instance, the main demographic model for the lifetime of humans is the
Gompertz (1825) law of mortality defined by the exponentially increasing mortality rate

u(t):

F(t)=Pr(T <t)=1- exp{—%[exp{ﬂt} —1]} , L)

ut)y=aexp{pt}, a«>0,8>0.



This is a direct descriptive way to model the lifespan random variable T . It is well
known that human mortality data, at least in the age interval from 30-35 to 90-95, per-
fectly complies with this model.

In accordance with reliability terminology, the Gompertz law belongs to a family of
IFR (increasing failure rate) distributions. This is the simplest and the most commonly
used in reliability theory aging family for description of various degradation processes in
engineering systems (Barlow and Proschan, 1975). There were a number of attempts in
the past decades to justify the exponential form of the human mortality rate by some
mechanism or model, but most of them exploit additional assumptions, which are explic-
itly or implicitly equivalent to the desired exponentiality. (Strehler-Mildwan, 1960; Wit-
ten, 1985; Koltover,1996; Gavrilov and Gavrilova, 2006).

In what follows we will consider several important applications of reliability-based
stochastic reasoning, united by issues of aging and degradation and therefore contributing
to the mentioned above reliability block of the future biological aging theory.

2. UNOBSERVED OVERALL RESOURCE

Following Finkelstein (2003), assume that an organism at birth (t =0) acquires an over-
all unobserved random resource R with adistribution function F,(r): F,(r)=P(R<r).
Assume also that the process of organism’s aging is described by an increasing, determi-
nistic for simplicity cumulative damage function W(t) (W(0) = 0) to be called wear. The
wear increment in [t,t+dt) is defined as w(t)+o(dt). Let additionally W(t) > as
t — o . Under these assumptions we arrive at the well-known in reliability theory accel-
erated life model (ALM):

P(T<t)=F(t)=F,(W(t)) = P(RSW(t)), 2
W(t) = 'tfw(u)du; w(t)>0; te[0,00).
The death occurs when the wear W(t) reaches R.

Substituting the deterministic wear W(t) in (2) by the increasing stochastic process
W,,t=>0 leadsto the following relation (Finkelstein, 2003):



F(t) = P(T <t) = P(R<W,) = E[F,(W)], )
where the expectation is taken with respect to W,,t > 0. As the mortality rate is a condi-

tional characteristic, one cannot obtain it from (3) as a simple expectation:
u(t) = E[w, 1, (W,)] and the proper conditioning should be performed (Y ashin and Man-

ton (1997)):
p(t) = Elwiar,(W) [T > 1, (4)

where w, denotes the stochastic rate of diffusion: dW, = w,dt, and the baseline mortality
rate u,(t) isdefined by the distribution F,(t).

A good candidate for W,,t >0 is the gamma process, which, according to definition,
has stationary independent increments and W, —W; (t > ) has the gamma density with

scale 1 and shape (t—s). The Levy process, as a more general one, is often suitable for

this purpose as well. The Weiner process can be also sometimes used for modeling wear
but it does not possess the monotonicity property, which is natural for the processes of

wear.

Example 1. As a specific case of the unobserved reserve model, consider now a discrete
resource R=N with a distribution: F,(n) = P(N <n). The following simple reliability
interpretation is meaningful: Let N be a random number of initially (at t =0) operable
i.l.d. components with constant failure rates 4. Assume that these components form a
parallel system, which, according to Gavrilov and Gavrilova (2001) can model the life-
time of an organism (the generalization to the series-parallel structure is straightforward).
In each realization N =n,n =1 our degradation process W,,t > 0 for this setting is just a
counting process for the corresponding process of pure death: when the number of events
(failures of components) reaches n, the death of an organism occurs. The transitions

rates of the corresponding Markov chain are: n4,(n—-1)A4,(n—2)4,... Denote by x,(t)
the mortality rate, which describes T - the time to desth random variable for the fixed

N=n,n=12,.... (n=0 is excluded, as there should be operable components a t =0).



Similar to (4), the mortality rate is given as the following conditional expectation with
respect to N :

u(t) =Eluy )T >1]. ©)
Note that for small t:

(O = Lty 1= 3 Pty (0. ©

where P, = P(N =n), but the limiting transition, as t — 0, should be performed in this
case carefully. Itisclear that ast — o :
ut) >4, (7)

As the conditional probability (on condition that the system is operable) that only one
component is operable, tendsto 1.

Assumethat N is Poisson-distributed with parameter 7 . Taking into account that the
system should be operableat t = 0:

__expf{-nin" .
" oni@-exp{-7})’

=12,....

It isclear that

F(t)=P(T <t)= il n!?ff){e;g?:]})(l— (1—exp{-At})")

(8)
_ 1—exp{—n exp{-1t}}
1-exp{-n}
The corresponding mortality rate is
(t) = F'(t) = niexp{-At} ©)

1-F(t) exp{nexp{-At}}-1"

It can be seen that the mortality plateau (7) takes place for the mortality rate (9) as well.
This function is very far from the exponentially increasing Gompertz law (Steinsaltz and
Evans, 2004). In fact, the Gompertz law can erroneously result, if approximation (6) is
used formally, as in Gavrilov and Gavrilova (2001).



It turns out that simple reliability models of wear of the described type are helpful for
lifespan modeling. This will be illustrated in the next section while defining the virtual

age of an organism.

3. DEGRADATION AND VIRTUAL (BIOLOGICAL) AGE

The reasoning of the previous section is helpful for discussing an important and challeng-
ing notion of virtual (biological) age. Assume for simplicity, as previously, that deteriora-
tion of an organism can be modeled by a single, predictable, increasing stochastic process

with independent increments W,,t > 0. Observing its state at time t can give under cer-

tain assumptions an indication of a ‘true’ age defined by the level of the observed deterio-
ration. We shall call this characteristic an information-based virtual (biological) age of a
system or of an organism. If for, instance, someone of 50 years old looks like and has vi-
tal characteristics (blood pressure, level of cholesterol etc) are as of an ‘ordinary’ 35
years old one, we can say that this observation indicates that his virtual (biological) age
can be estimated as 35. This is, of course, a rather vague statement, which can be made
more precise for some simple, specific model settings and under certain assumptions.

Example 2. Consider a system of n+1 components (one initial component and n cold
standby identical ones) with constant failure rates A . Note, that in the previous example
we had described a system with a hot (loaded) redundancy. The failure occurs when the

last component fails. Thus W,,t>0 in this case is just a counting process (number of

failed components) for the stopped Poisson process with rate 4. A possible biological
interpretation: the limited number of repairs (Vaupel and Yashin, 1987) or cell replica
tions. When, for instance, a cell divides, one of the daughter cells will have a maintained
telomere length, the other will have a shorter length (Olofsson, 2000). When this length is
shorter than some critical value, the cell stops dividing. The mortality rate of the de-

scribed system is an increasing function of the form (Hoyland and Rausand, 1993):

Aexp{— At} (At)" /nl
exp(-1 . )

u(t) = (10)




Consider the following conditional expectation:

D(t) = E[N(t) | N(t) < n] = E[N@) | T >1]

N (At)’
i exp{—/”tt};l ( “)

(11)

exp(-py. A
0 I.

where N(t) isthe number of events in the interval [0,t] for the Poisson process with

therate 4. Aswe observe an operable system, relation (11) defines the expected value of

the number of its failures (measure of degradation) on condition of survival in [0,t]. The
function D(t) is monotonically increasing, D(0) =0 and lim,_,_ =n. This function de-

fines an average degradation curve for the defined system. Denote the corresponding in-
formation-based virtual age by V(t). Our definition for this specific model is:

V(t)=D"(k), (12
where D7*(t) is an inverse function to D(t). If k=D(t), then: V(t)= D *(D(t)) =t.
Similar:

k<D{)=>V(t)<t, k>D(t)=>V(t)>t.
Thus, in this example, the information-based virtual age is obtained via the average deg-

radation curve D(t). If n is sufficiently large. Then D(t) = At and in accordance with

(12):

v =X,
U

A general case of degrading objects can be considered in the same way. Let D, be an

increasing, smoothly varying (predictable) stochastic process of degradation with a mean

D(t). Assume for simplicity that this is a process with independent increments, and
therefore it possesses the Markov property. Similar to (12), observation, d, at time t de-

fines the information-based virtual age. Formally:



Definition. Let D, be anincreasing, predictable, with independent increments stochas-
tic process of degradation with a mean D(t), and let d, be an observation at time t.

Then the information-based virtual age is defined as
V(t)=D7(d,).

Thus, considering degradation in a simple reliability structure resulted in a rather general
definition and in a helpful for studying of aging approach.

4. SHOCK MODELS AND DEGRADATION

Technical systems and organisms are usually subject to shocks-random in time and mag-
nitude harmful events that can cause a failure or death, respectively. We assume for sim-
plicity that durations of shocks are negligible. In mechanical and electronic systems, for
instance, shocks occur when the applied load exceeds the strength. Diseases, viruses,
heart attacks, or more generally,-demands for energy, as in the Strehler-Mildwan model
to be discussed in this section, can be interpreted as shocks for organisms. The stochastic
theory of shocks was extensively studied in reliability literature, although there are till a
lot of opened questions from theoretical and practical points of view. Traditionally, two
basic cases, cumulative shock model and extreme shock model were considered. The for-
mer means that the system fails when the cumulative shock magnitude enters some criti-
cal region (Sumita and Shantikumar, 1985). The latter means that the system breaks
down as soon as the magnitude of an individual shock goes into some given critical re-
gion (Shantikumar and Sumita, 1983). In what follows in this section, we shall revisit the
Strehler-Mildwan model in more general assumptions and justify this approach from the
probabilistic point of view, proving that it is valid only under the additional assumption
that the shocks (demands for energy) occur in accordance with the Poisson process.
Consider a univariate first passage-type model with shocks. Let, as previously,

W,,t >0 denote an increasing stochastic process of damage accumulation (e.g. the
gamma process) and R(t) be a function that defines a corresponding boundary. In Sec-
tion 2 it was arandom constant: R(t) = R. Assume for simplicity that R(t) isdeterminis-

tic.



Let P,t>0 be a point process of shocks with rate A(t) and independent from
W,,t > 0. Assume that each shock, independently from the previous ones, results in death
with probability #(t) and is‘survived’ with the complementary probability 1-8(t) . This
can be interpreted in the following way: each shock has a random magnitude
Y. =Y,i =12,... with adistribution function ¥ (y). The death at age t occurs when this
magnitude exceeds the margin: R(t) — w(t), where w(t) denotes the increasing sample

path of the process of degradation. Therefore:

o(t) = Pr(Y > R(t) —w(t)) =1—- W (R(t) —w(t)) .

In the original Strehler-Mildvan (1960) model, which was widely applied to human
mortality data, our R(t) —w(t) has a meaning of organisms vitality. It was also supposed
that this function linearly decreases with age and that the distribution function W(y) is
exponential (Yashin et al, 2000). We do not need these stringent assumptions for the
forthcoming considerations.

It is worth noting that the rate A(t) does not define an arbitrary point process. How-

ever, it can be defined viaits complete intensity function (Cox and I sham, 1980):

A(GH,) = lim Pr{N(t,t +At)=1|H,} |

At—0 At
where H, specifies the point process up to time t (history). Thus A(t;H,)dt can bein-
terpreted as the probability of a shock occurrence in [t,t + dt) , given the process history

up to t. Therefore, the conditional mortality rate in our model is:

41, (t,H,)dt = Pr{T e [t,t+dt) | H,, T(H,) >t} = 8(t)At, H, ), (13)

where condition T(H,) >t means that all shocksin [0,t) were survived. It is clear from
the definition of the Poisson process that only for this specific case equation (13) re-
duces to the usual, not history-dependent mortality rate u(t) (unfortunately Strehler-
Mildwan (1960) model did not consider this crucial assumption):



He (L H ) = O(A() = (1) . (14)

Therefore, the conventional exponential representation for the corresponding survival
function is

F(t) = exp{— je(u)}t(u)du} (15)

and this completes the proof for the specific case of the Poisson process of shocks for the
case when shocks are the only source of death. The technical proof of this fact can be
found, e.g., in Brown and Proschan (1983). Another meaningful interpretation of this re-
sult is via the thinning of the initial Poisson process with rate A(t), which results in the
Poisson process with rate (t)A(t) . Therefore, the survival function till the first event in
this process (death) is given by equation (15).

Coming back to our setting, when formally death can also result from crossing the in-

creasing w(t) with the boundary R(t), equation (15) is obviously modified to:

exp{— j[e(u)/i(u)du},t <t,

0, t>t

F(t)=

r

where t, is defined as the minimal solution of equation R(t) = w(t). If the curves do not
cross, then t, = oo . Humans and other organisms do not usually dye directly from accu-

mulated damage, which is a slowly increasing process. Therefore, we can assume that
formally t, = and relations (14) and (15) hold.

We have derived equations (14) - (15) for the sample paths w(t) and deterministic
R(t) . A general case of the processes W,,t >0 and R ,t >0 can be also considered un-
der reasonable assumptions. Then probability €(t) turnsto a stochastic process 6,,t >0,
whereas mortality rate u(t) also startsto be stochastic and conditioning similar to those
in equations (4) and (6) should be used.

Equation (14) states that the resulting mortality rate is just a simple product of the rate
of the Poisson process and of the probability €(t) . Therefore, its shape can be easily ana



lyzed. When R(t) —w(t) is decreasing, the probability of death 6(t) is increasing with
age, which goes in line with the conventional accumulation of degradation reasoning. If,
additionally, the rate of shocks A(t) is not decreasing, or decreasing not faster than 6(t)
is increasing, the resulting mortality rate u(t) isalso increasing. In conventional settings
R(t) isusually assumed to be a constant, therefore R—w(t) is decreasing automatically.

On the other hand, it can be easily seen that in principle certain reasonable combinations

of shapes of functions €(t) and A(t) can result in decreasing or ultimately decreasing
mortality rates (negative senescence). For instance, R(t) can increase faster than w(t) -

an organism is ‘earning or obtaining’ additional vitality in the course of life.
The considered in this section approach, in fact, deals with two dependent sources of
death: degradation and shocks as specific case of traumetic events. More generally, the

mortality rate process due to a traumatic part is «(W,) and under the assumption that

there are no deaths due to degradation as such, it is the only part. Conditioning similar to
(4) should be used in order to arrive at the mortality rate u(t).

Example 3. Following our previous examples, assume that the degradation process is
given by the counting measure of the Poisson process with rate 4 and that there are no
deaths due to direct degradation. On the other hand, let the traumatic mortality rate be
constant for the degradation level n (number of events in the Poisson process):
u,,n=012,.... It isreasonable to assume that mortality rates are increasing with degra-

dation: u, < i, < i, <.... Then the stochastic mortality rate (the mortality rate process)

can be compactly written via the corresponding indicator function as:
zut = Z/unl (Sn S t < Sn+l); t 2 O'
n=0

where S, isthe time of the nth event arrival, S; = 0. The observed (marginal) mortality
rate u(t) can be in principle obtained from this equation by direct integration on condi-

tion that there were no deathsin [0,t), but the resulting formulais rather cumbersome.

4. AGING OF REPAIRABLE SYSTEMS



Although it is widely admitted by the evolutionary and non-evolutionary theories of ag-
ing that repair and repair mechanisms on all levels play a crucial role in senescence, very
little had been done in terms of stochastic repair modeling in organisms. On one hand, it
is clear that different theories require different *machinery’, on the other, there are certain
general principles and approaches developed (or to be developed) by reliability theory
and the theory of stochastic processes that can be applied to various biological setting.

Consider some hypothetical repairable object, to be called for convenience a compo-
nent, which starts functioning at t = 0. Assume, as usually in renewal theory, that repair
is perfect (after the repair a component is as good as new. Then the sequence of inde-
pendent, identically distributed inter-arrival times {T,}., with a common distribution
function F(t) forms a standard renewal process. The repair times in this case are given
by the sequence T,, T, +T,,T,+T,+T;,... Assume that the generic F(t) e IFR, which
means that the corresponding failure rate A(t) is not decreasing. Therefore F(t) is an
aging distribution. What can be said about the aging properties of the renewal process? It
is reasonable to conclude, that as the repair is perfect, there is no aging in this process, as
after each perfect repair the age of acomponent is 0. Thus, the perfect repair clearly does
not lead to accumulation of damage in the described sense. But this is not so when the
repair is not perfect, which is definitely the case in nature and in most technical systems.
Note, that even the complete overhaul of a system, which is usually considered as a per-
fect repair, is not such, as even switched off standby items also age.

We have two major possibilities. The first one is when the imperfect repair reduces
wear only of the last cycle. It is clear that in this case the overall wear increases and un-
der some reasonable assumptions this operation only decreases the rate of accumulation
of wear for the process. This ant-aging mechanism is described in Finkelstein (2003).
Situation starts to be much more interesting, at least from the modeling point of view,
when the current repair reduces the overall accumulated wear. We shall model this set-

ting in the following way: Assume now that the repair at t =t, (realization of T,) de-
creases the age of a system not to O as in the case of a perfect repair, but to

v, =qt,,0<g<1, and the system starts the second cycle with this initial age in accor-



dance with the distribution of the remaining lifetime 1— F (v, +t)/F (v,) . The constant g

defines the quality of repair. The forthcoming results can be generalizes to the cases of
random quality of repair (the time-dependent q(t) can be also considered).
Thus, the reduction of wear is modeled by the corresponding reduction in age after the

repair. Note that, as the failure rate of a component A(t) isincreasing, the described op-

eration also decreases its value and the failure rate at the beginning of the new cycle is
smaller, than it was at the end of the previous one. The forthcoming cycles are defined
in a similar way to form a process of general repair (Kijima, 1989; Finkelstein, 1992,

2000). The sequence of ages after the i th repair {V,},., inthismodel is defined as

Vo =0, Vi=qi;V, = Q(Vl +T2)1""1\/i = q(\/i—l +T; ) (16)
and distributions of the corresponding inter-arrival times for realizations v, are given by:

E(t)=% E

Denote the distribution of age at the start of the (i +1)th cycle by A% (v), i =1.2,....

(v=0 at the start of the first cycle) and by A (v),i =12,... the corresponding age distri-

bution at the end of the previous i th cycle. It is clear that in accordance with our model
(16):

A% () = AS(v/ Q)i =12,..
This can be easily seen, as

Ai«su(V) =Pr(v,° <v)= Pr(qViE V)= Pr(ViE <v/q),

i+1 —

where V.°

° isarandom age at the start of (i +21) th cycle, whereas V. -at the end of the
previous one. The following results (Finkelstein, 1992, 2000) state that the age processes
under consideration are stochastically increasing and are tending to a limiting distribu-

tion.

a. Random ages at the end (start) of each cycle in the general repair model (16) form the
stochastically increasing sequences.



AE (V) > AE(Y), (AS,() > AS (W)t > 0v>0,i =12.... (17)

b. There exist limiting distributions for ages at the start and at the end of cycles:

lim . A°(v) = AL (W), (lim_ A°(v) = AZ(v)). (18)

The proof of these results is rigorous but the interpretation is very simple and meaningful.
Indeed, as the ages at the start (end) of the cycles are random, they should be compared
stochastically. The simplest and the most natural ordering is the ordering of the corre-
sponding distribution functions at every point of support, which is called stochastic order-
ing or stochastic dominance. It follows from (17) that the sequences of the corresponding
mean ages at the start (end) of each cycle are also increasing. Thus, the process as a
whole is aging, because the ages at the start (end) of the cycles are stochastically increas-
ing with i and besides the failure rates of inter-arrival times are also increasing func-
tions. On can loosely describe the process as ‘ stochastic sliding’ to the right along the ge-
neric failure rate A(t), which is definitely can be qualified as aging. On the other hand, it

follows from (18) that the sequences of ages have a finite limit, which means that aging
of the process slows down and asymptotically vanishes!

If the repair process in parts of organisms decreases the accumulated wear and not
only the wear of the last cycle, then the mortality rate (as a function of degradation) of
these parts and of an organism as a whole, slows down at advanced ages and can even
tend to a constant t (mortality plateau). Therefore, our model can explain the decelera-
tion of human mortality at advanced ages (see, e.g., Thatcher (1999)) and even approach-
ing the mortaity plateau. It is worth noting that another possible explanation of the mor-
tality deceleration phenomenon is via the concept of population heterogeneity (see Vau-
pel et al (1979) for basic facts and Finkelstein and Esaulova (2006) for mathematical de-
tailsin ageneral frailty model).

It can be shown under reasonable assumptions that in case of a minimal repair, which
does not reduce wear, or when repair reduces the damage only of the last cycle, the corre-
sponding point process can be described by inter-arrival times of a non-homogeneous
Poisson process with increasing rate. The ages at the start (end) of the cyclesin this proc-
esstend to infinity as i — oo. Thusthis model shows a different asymptotic behavior than

the one considered before.



Example 4. The reduction of accumulated damage was modeled via the reduction of age
(or the decrease in the failure rate). This is a reasonable approach, as under some assump-
tions, the process of damage accumulation can be ‘translated’ into the corresponding in-
creasing failure rate model. In order to illustrate the limiting behavior of our model in a
time-free, direct damage-based reasoning, consider the following simplified setting. As-
sume that each event from the orderly (without multiple occurrences) point process re-
sults in a unit damage which is immediately reduced by the repair mechanism to

0,0<q<1. Therefore, accumulation of damage in this model is given by the following
series: after the first repair it is q; after the second repair it is g(q+1) = g+ q°; after the
third repair it is q(q(q+1)+1) =qg+9*+q°,....Therefore, the accumulated damage in-

creases with each cycle and tends to the limiting, stable value:
b= 9
1-q
which defines the accumulated damage plateau.

5. CONCLUSIONS

Under a conventional assumption that the process of biological aging is a process of “tear
and wear” we consider several approaches useful for modeling and analyzing lifetimes of
organisms. All these approaches are united by the accumulation of damage concept,
which allows incorporating and generalizing engineering-reliability thinking to a wider
class of objects. Aging is an extremely complex biological process, but it does not mean
that it cannot be modeled by some relatively simple stochastic tools.

Repairable and non-repairable systems are considered. We prove that even in the case
of imperfect repair the resulting process of aging under reasonable assumptions slows
down with time and asymptotically fades out. This gives another possible explanation of
the human mortality rate plateau.

Using obtained results we plan to combine them in future work with optimization un-
der constraints tools, developed in reliability theory, in a suitable for the evolutionary the-

ory way.
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