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Abstract

Motivated by wind energy applications, we consider the problem of optimally replacing a
stochastically degrading component that resides and operates in a partially observable environ-
ment. The component’s rate of degradation is modulated by the stochastic environment process,
and the component fails when its accumulated degradation first reaches a fixed threshold. As-
suming periodic inspection of the component, the objective is to minimize the long-run average
cost per unit time of performing preventive and reactive replacements for two distinct cases.
The first case examines instantaneous replacements and fixed costs, while the second consid-
ers time-consuming replacements and revenue losses accrued during periods of unavailability.
Formulated and solved are mixed state space, partially observable Markov decision process
(POMDP) models, both of which reveal the optimality of environment-dependent threshold
policies with respect to the component’s cumulative degradation level. Additionally, it is shown
that for each degradation value, a threshold policy with respect to the environment belief state is
optimal if the environment alternates between two states. The threshold policies are illustrated
by way of numerical examples using both synthetic and real wind turbine data.

1 Introduction

Rising energy prices, global climate change, escalating demand for electricity, and global energy
supply uncertainties have generated enormous interest in clean, renewable energy sources. Wind
energy, generated by land-based and offshore wind turbines, is poised to play a prominent role in
a global shift towards alternative energy supplies. However, the cost of producing wind energy
remains a significant barrier with operating and maintenance costs contributing as much as 20 to
47.5% of the total cost of energy (see, for example, [32]). These significant costs are attributed
primarily to the replacement of major, critical components (e.g., gear boxes, generators or turbine
blades) that are subjected to randomly-varying loads due to time-varying wind speeds and dynamic
atmospheric conditions (e.g., temperature, humidity, etc.). Discerning the exact state of a wind
turbine’s environment is complicated by the fact that wind conditions depend on the topography of
the immediate surrounding land and the effects of adjacent wind turbines. Furthermore, the wind
turbine components themselves are housed in a protective nacelle whose internal conditions may
differ substantially from those of the ambient atmosphere. Because the environment state is not
known with certainty, a model that accounts for a partially-observed environment, and its influence
on the degradation of critical components, is needed. In this paper, we consider the problem of
optimally replacing a component whose stochastic degradation process is governed by an exogenous
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random environment, which is assumed to be partially-observed, while the component’s degradation
level is known with certainty. Considered are two different replacement models. The first model
assumes the replacement costs are deterministic, while the second model incorporates stochastic
revenue losses (or downtime costs). We formulate stochastic optimization problems to examine the
optimal times at which replacements should occur in order to minimize the long-run average cost
per unit time of performing preventive replacements (those done prior to component failure) and
reactive replacements (those done in response to unanticipated failures).

The optimal replacement or repair of a stochastically-degrading system is a classical applied
probability problem that has received considerable attention in the operations research community.
Some important surveys of this topic are provided in [25, 28, 31]. For wind turbine applications, par-
tially observable Markov decision process (POMDP) models are especially useful, as maintenance
decisions are often made using either incomplete information or imperfect models of degradation.
General POMDP models have found wide applicability in multi-state maintenance optimization
problems (cf. [11, 20, 21, 33] and references therein). Maintenance models pertaining to wind
turbines in particular are fairly sparse with the exception of Byon et al. [4] who formulated a
POMDP model to optimally maintain a wind turbine component whose degradation state evolves
as a finite, discrete-time Markov chain (DTMC). Their objective is to minimize the expected per
period costs, which are related to both maintenance activities and turbine downtime. That model
was extended in Byon and Ding [3] to include multiple components and season-dependent weather
conditions. They used a discounted POMDP model to minimize the total expected discounted cost
of performing corrective maintenance actions. Using a backward dynamic programming algorithm,
they solved the POMDP model and illustrated the optimal policies for a wind turbine gearbox
application.

In a more general setting, Makis and Jiang [22] consider optimally replacing a component
whose degradation evolves as a continuous-time Markov chain (CTMC) on a finite state space and
is observed imperfectly at discrete times. Associated with each observation is a probability mass
function conditioned on the true degradation state. The replacement model is formulated as an
optimal stopping problem, and the long-run expected replacement cost per unit time is minimized.
That work was extended in [16] to include multivariate observations that are normally distributed
with mean and covariance matrices determined by the degradation state. A similar model was
used by Jiang et al. [13] to maximize the component’s long-run expected availability per unit time.
Zhou et al. [35] analyzed a partially observable semi-Markov process (POSMDP) model which is
continuous in both time and state. In their model, component degradation evolves as a Gamma-
based state space model. A Monte Carlo density projection procedure (see [34]) was used to reduce
the infinite-dimensional belief space to a finite-dimensional space so as to formulate the problem
as a Markov decision process (MDP) model on the lower-dimensional space. The MDP model was
solved numerically using policy iteration for both long-run average cost and availability objectives.

Despite the importance of the operating environment, relatively few replacement models take
into account the environment’s impact on accelerating (or decelerating) degradation over time.
Cekyay and Ozekici [5] surveyed condition-based maintenance models that lead to structured
control-limit (or threshold) policies. Waldmann [30] was the first to analyze the structure of an opti-
mal replacement policy for a system subjected to stochastic deterioration in a random environment.
He considered the effects of uncontrollable internal and external factors on the progression of the
system’s deterioration status in a continuous-time shock model and derived sufficient conditions for
the optimality of a threshold policy with respect to the cumulative damage of the system. Ozekici
[23] modeled the deterioration of a system in an uncontrollable environment by its intrinsic age,
where the environment was assumed to evolve as a semi-Markov jump process and the intrinsic age
of the system is determined by the total cumulative degradation. They showed that, if the system’s



lifetime distribution has an increasing failure rate in each environment state, then a threshold-type
policy, with respect to the degradation state, is optimal. Kurt and Maillart [18] examined the
optimal replacement of a system that fails due to random shocks arriving according to a Poisson
process whose rate is modulated by a discrete-time Markov chain. They consider both controllable
and uncontrollable Markovian environments and analyze the structure of the resulting optimal cost
function with respect to the shock arrival rate and the cumulative number of shocks received. Kurt
and Kharoufeh [17] extended that work by relaxing the fixed cost assumption. Relevant to our
work here is a model analyzed by Ulukus et al. [29], who considered the problem of optimally
replacing a component whose operating environment evolves as a CTMC on a finite state space S.
When the environment is in state i, the component accumulates degradation at a constant rate r;
(r; > 0) for : € S. In their model, both the cumulative degradation and the environment state are
assumed to be completely observable, and at each inspection time, a decision maker may choose
to either preventively replace the component or do nothing until the next inspection time. The
problem was formulated using a MDP model with the objective of minimizing the total expected
discounted cost of performing preventive and reactive replacements over an infinite time horizon.
It was shown that, for each environment state, there exists a degradation threshold above which it
is always optimal to preventively replace the component.

In this paper, we consider the problem of optimally replacing a component whose observable
degradation is influenced by its operating environment, which is only partially observable. The
degradation dynamics are similar to those described in [29], but our optimization problem is com-
plicated by the partial observability of the environment. We formulate and solve two problems using
a POMDP modeling framework. The first model assumes that preventive and reactive replacements
are performed instantaneously with fixed, deterministic costs, whereas the second model considers
time-consuming replacements during which revenue losses are accrued at a rate that depends on the
environment state. The objective in both models is to minimize the long-run average cost per unit
time of performing preventive and reactive replacements. For each model, we prove the existence
and optimality of a threshold-type replacement policy with respect to the cumulative degradation
level whose thresholds depend on the decision maker’s belief of the current environment state.
Furthermore, in the case of deterministic replacement costs, the optimality of a threshold policy,
with respect to the environment belief state, is proved for each possible degradation value when
the environment alternates between two states. Numerical solution techniques are presented to
compute optimal policies, and numerical examples using notional and real wind turbine data are
presented to illustrate the replacement policies.

The remainder of the paper is organized as follows. Section 2 describes the stochastic degrada-
tion process and the general POMDP framework of both replacement models. In Sections 3 and 4,
the replacement models and their associated optimality equations are presented for fixed replace-
ment costs and stochastic revenue losses, respectively. Numerical techniques for approximating
the optimal policies of the models are described in Section 5, while Section 6 presents numerical
examples to illustrate the replacement policies.

2 Problem Formulation

Before presenting the general problem formulation that forms the basis of the models in Sections
3 and 4, we first review the stochastic degradation model analyzed by Ulukus et al. [29]. Consider
a component that is placed into service at time ¢ = 0 in new condition. The component degrades
over time due to normal usage and the influence of its operating environment. Once the cumulative
degradation exceeds a critical threshold value £ (£ > 0), the component is considered to be failed.
For each t > 0, the environment can occupy one (and only one) state in the set S = {1,...,/¢}



where ¢ < co. Let Z(t) be the state of the environment at time ¢, and suppose {Z(t) : t > 0} is an
S-valued, continuous-time Markov chain (CTMC) with infinitesimal generator matrix Q = [g;;],
1,7 € S. The CTMC is assumed to be irreducible; therefore, it possesses a unique, positive limiting
distribution vector 7, that satisfies m7,Q = 0 and wze = 1, where 0 is the 1 x £ zero-vector and e is
an ¢ x 1 vector of ones. Let 7 : § — (0,00) be a real-valued, (Borel) measurable function such that
whenever Z(t) = i € S, the component degrades linearly at a unique, constant rate r; (r; > 0).
For convenience, assume r; < ry < --- < 1y and define » = (rq,...,7¢), the degradation rate
vector. We pause here to note that this modeling framework does not assume that the component
degrades linearly overall; rather, it is assumed that the rate of degradation is constant within a
given environment state. Therefore, the degradation process can be characterized by several mean
rates of degradation as a function of time (or usage). Variation about these mean degradation
rates certainly exists, but if the times between transitions are short relative to the overall time to
failure, or if there is ample evidence to suggest a certain growth pattern, this approach provides a
great deal of modeling flexibility, as it allows one to estimate the degradation rate associated with
each state. In practice, it may also be necessary to estimate the number of distinct environment
states (¢) to which the component might be exposed. If the number of environment states is large,
aggregation of the states may be necessary. Two approaches have been suggested for aggregating
and estimating the number of states. Those include: (1) clustering the degradation rates, as
proposed by Kharoufeh and Cox [14], and (2) using the Bayesian inference criterion (BIC), as was
done by Flory et al. [8]. Numerical illustrations in those papers demonstrate that only a few states
(usually not more than three) are needed to adequately approximate the modulating environment
process.

Denote by X (t) the cumulative degradation of the component at time ¢, and let T'(§) = inf{t >
0: X(t) > &} be the first passage time of the process {X(¢) : t > 0} to the critical threshold £. The
cumulative degradation at time ¢ is

X (t) = X(0) —I—/O rz(u)du, (1)

where we assume P(X(0) =0) =1 and

]P’(/()t|rz(u)|du<oo> -

to ensure X (t) is well-defined. The strict positivity of = ensures that the sample paths of {X(¢) :
t > 0} are monotone increasing with probability 1 (w.p. 1). The following additional notation will
be used throughout. All random variables are defined on a common and complete probability space
(Q,#,P). For an event A € .Z, denote by I(A) the indicator function with I(4) = 1 if A occurs
and I(A) = 0 otherwise. For any a,b € R, let a A b = min{a, b} and a V b = max{a, b}.

The component is inspected (or observed) periodically at times in the set I = {ké : k € N}
for some § > 0, where each time in I represents a decision epoch. A period is the time between
two consecutive decision epochs. For decision epoch n € I, let X,, be the cumulative degradation
of the component and Z,, be the state of the environment at this time. Our models assume that
X,, is completely observable (i.e., degradation can be discerned with certainty), but that Z, is
only partially observable through a probability distribution (i.e., the environment state is inferred
from an observed degradation increment and represented using the concept of a belief state). For
example, some forms of wind turbine degradation are fully observable, such as the length of a crack
on a turbine blade, or the oil contamination level in the wind turbine’s gearbox, whereas other
forms can be discerned through a signal of degradation, such as a vibration signal, as in Gebraeel



et al. [9]. Furthermore, there is ample evidence to suggest that the environment is only partially
observable. For instance, it is well known that several factors contribute to the random evolution
of the environment, including wind speed, wind turbulence, ambient air temperature, humidity,
and the degradation levels of other components within the wind turbine. While many of these
environment conditions can be monitored, measurement errors and the inability to measure these
conditions at all points spatially and temporally leads to partial observability. Indeed, character-
izing the operating environment of a wind turbine is known to be very challenging, as noted by
Duenas-Osorio and Basu [7] and Peinke et al. [24]. Immediately following an inspection, a deci-
sion maker chooses one of two feasible actions in the set A = {0,1}, where action 0 means “do
nothing,” and action 1 means “preventively replace” the component. Inspections are assumed to
be performed instantaneously at a fixed cost ¢y (co > 0). If an inspection reveals that the system
is not failed, the decision maker can perform a preventive replacement at a fixed cost ¢; where
0 < ¢g € 1 < 0o. On the other hand, the decision maker may elect to do nothing until the
start of the next period. Should the component fail during any period (between two consecutive
decision epochs), it is immediately, reactively replaced at a fixed cost ¢; + co where ¢ > 0 is a
penalty cost for unplanned replacements. For the model in Section 3, both preventive and reactive
replacements are assumed to be performed instantaneously. However, in Section 4, this assumption
is relaxed, and the penalty cost ¢y is replaced by stochastic downtime costs (revenue losses) that
are incurred due to time-consuming replacements. Whenever a preventive or reactive replacement
occurs, the cumulative degradation level is reset to 0 at the start of the next period. The objec-
tive is to minimize the long-run average cost per unit time of performing preventive and reactive
replacements.

To address this problem, we use a partially observable Markov decision process (POMDP)
model. The states of the POMDP model are vectors of the form (z,7), where x € [0,£] is the
component’s degradation level and 7 € Rﬂ_ is the belief state of the environment whose belief space
is the /-dimensional probability simplex

II = { [77(1),...,7?([)} : Zﬂ'(i) = 1} .
1€S
The belief space of the POMDP model is B = [0, ] xII. At the nth decision epoch, x,, is the observed
degradation, and the belief state of the environment is the probability vector 7w, = [m(f), . ,Wﬁf)],
where
70 =P(Z, = i|AXp, Tn 1), i€ S,

n
and AX,, = X,, — X,,_1 is the (random) degradation increment during the nth period. Immediately
following the observation of a degradation increment, the belief state is recursively updated. Let
Wij(x,t) = P(X(t) <2, Z(t) = j|Z(0) =) for i,j € S and t > 0, and define the probability density
function

r=u

where w;;(u) is defined for all u € (1 6,7, 9) such that u # r; 6 for all k € S. For j € S, define

Tj(u,m) = P(Zpt1 = jIAX, =u,mp =7) = ZIP’(Z,LH = jlAX, = u, Zy, = i)n,

€S
where
wij(u)
) ‘ =, u€(rid,rd)and u#ryd, Vk €S,
P(Zpi1 = §|AXy = u, Zy = i) = D pes Wik(w)
I(j = k), u =10 for some k € S.



The quantity 7)j(u, ) is the probability that the environment is in state j at the next decision
epoch, given an initial belief state m and an observed degradation increase u = x,41 — z, over
the period. Given 1, = 7 and a realized degradation increment u, it follows that m,+1 = T'(u, ),
where T'(u, 7)) = [T1(u, m), To(u,m),. .., To(u,)].

Let the belief state at the nth decision epoch be denoted by b = (zpn, ), n € I. For two
states in B, (z,7) and (2/, '), define the conditional probability

K((z,m), (xlvﬂ-,)) =P(AXp11 < x’ — Ly Tp+1 = 7T,|7Tn = 7).

Note that K((z,7), (2, 7")) = K((0,7), (2’ — z,7")), where for u > 0,

/ Z q(v]i)m@dv + Z]I(u > r;i0)7 W exp(qii 0), 7 = T(u,),
K((Oaﬂ-)v(u7ﬂ-/)) = 0 jes €S
0

) 7T/ 7é T(U, 7T)7

and q(v|i) = 3_;cswij(v). Denote the transition kernel density between (z,7) € B and (2/,7') € B
as

k(' —z,7) = %K((O,W), (u, 7))

u=x'—x

where for u > 0,

Zq(u|j)7r(j), uzr;dforalies,
k(u,m) = q jes
7@ exp(qi; 0), u=r;0 for some i€ S.

In Sections 3 and 4, we consider the POMDP model formulation under two different cost struc-
tures, respectively. The first model excludes the cost of downtime due to replacements, while the
second includes this cost explicitly. For both models, it is shown that a threshold replacement policy
is optimal with respect to the component’s cumulative level of degradation, and these thresholds
depend on the decision maker’s assessment of the environment state.

3 Replacement with Fixed Costs

For this first model, as described in Section 2, inspection and preventive and reactive replace-
ments are assumed to be instantaneous and impose fixed costs. All components are assumed to
begin operation in the belief state (0, 7). Define a policy as a function a : B — A, where a(X,, m,)
is the action taken in state (X,,,m,) € B, and let P denote the set of all possible policies. The
objective is to find the policy a* that minimizes the long-run average cost of replacements per unit
time, v, given by

N
. . 1 ~
v = i&f)E“ {A}gréo N g co + 1 l{a(Xp,m) =1} + (a1 + c2) {a(X,, ) = 0, H(X,,, 1) = 1}}

n=1

where H (Xn,m,) is an indicator for the event that the component fails between decision epochs n
and n + 1, given (X,,m,) € B.

The optimality equations are now provided. Let V(z,7) be the minimum relative cost per unit
time, given that a component starts operation in (z,7) € B, and define Vy(x, 7) and Vi (z, ) as the
relative costs if either no action or preventive replacement, respectively, are taken in (z,7) € B.



The expected survival time of the component in the next period, given (x,7) € B, is denoted
7(z,7), where

5
T(z,m) = Z Z/ Wij (& — 2, t)dt| =,
ieS |jes’0

The optimality equations are
V(z,m) = min{Vi(x,n), Vo(z,7)}, (z,7)€ B, (2)
where for IT(z,u) =I(x +u > &), I (z,u) =I(z + u < £), and Vi(z,u) = V(x +u, T (u, 7)),
Vi(z,m) = co+c1+V(0,75) (3)
Vo(z,m) = ¢+ /OOO I (z,u) [c1 4+ c2 + V(0,75)] k(u, m)du

+ /000 I (x, u) Ve (z, u)k(u, m)du — y7(z, 7). (4)

An exact analytical solution for the optimality equations (2) is attainable only in trivial cases.
Nonetheless, it is possible to prove some basic structural results to characterize the optimal re-
placement policy.

3.1 Structural Results

Here, we examine attributes of the cost function and establish structural results that lead to a
characterization of the optimal policy in Section 3.2. For (z,7) € B, let

3
H(m,ﬂ)z/o It (z,u)k(u, ) du

be the probability that the component fails in the next period starting in state (x,7), i.e., the
probability that the component’s cumulative degradation exceeds the failure threshold £ prior to the
next decision epoch, given the current belief state is (z, 7). The first result provides a nonnegative
lower bound for the optimal average cost ~.

Lemma 1. The average cost of an optimal policy is bounded below as follows:

€o

> (5)

Proof. The lower bound can be established by considering the average cost of a policy for the case
when ¢; = ¢o = 0. Note that, immediately following replacement, it is optimal to do nothing;
otherwise, v = oo. Set V(0,75) = 0 and observe that V (0, 7s) = V5(0,75) = 0. This implies that

co+ (c1 4+ c2)H(0,75) + / I (2, u)Vz(0,u)k(u, m)du — y7(0,75) = 0. (6)
0
Solving (6) for v gives

co+ (c1+ c2)H (0, 75) —I—/ I (0,u)Vz(0,u)k(u, m)du .
0 0

= —. ]
7 7(0,75) ”3




The lower bound (5) is not tight; however, its existence is useful to establish basic properties
of the optimal policy. Lemma 2 bounds V' (z,7) from above.

Lemma 2. For all (z,7) € B,
V(z,m) < Co=co+c1+V(0,ms).
Proof. For an arbitrary state (z,7) € B,
V(z,7) = min{Vy(z, ), Vi(z,7)}
< Vi(z,m)
= ¢+ +V(0,7g). O

To facilitate the discussion that follows, let the subset of B where preventive replacement is
optimal be denoted by D = {(z,7) € B : Vi(x,7) < Vy(x,m)}, and let D¢ be its complement.
Additionally, let D, = {x : (x,7) € D} and D, = {7 : (x,7) € D}. Characterizing the optimal
policy is tantamount to describing the structure of the region D; however, it is difficult to determine
properties of D, such as convexity or even connectedness. Fortunately, Theorem 1 and Corollary 1
provide bounds on the region.

Theorem 1. If the component survives the next period w.p. 1 for (x,m) € B, then (z,7) € DC.

Proof. If the component survives in the next period w.p. 1 for (z,7) € B, then

Volz,m) = co—l—/ I (z,u) Vi (z,u)k(u, 7)du — 9
0

IN

o —I—/ I (z,u)[co + 1 + V(0,75)|k(u, 7)du — v (by Lemma 2)
0

= 2¢p+c1+V(0,75) — 0
< Co+01+V(0,7T8)
= Vi(x,m).

Therefore, (z,7) € D°. O

Intuitively, preventive replacement is never optimal if the likelihood of component failure before
the next decision epoch is zero. Theorem 1 leads immediately to Corollary 1, which provides some
insights into the structure of the set D.

Corollary 1. Let Ds = {(z,m) € B:x € ({ —r¢0,&]}. Then D C Dj.

Proof. For all (z,7) € B such that z € [0, —7r, 0], the component will survive the next period with
certainty since the maximum degradation increment cannot exceed 1, in the next period. Hence,
D§ = {(z,m) € B:z € [0, — 0]} C D° The result follows by taking the complements of both
sets. U

Corollary 1 confines D to a subset of B where x > £ — r;d so that the probability of failure
before the next decision epoch is nonzero. Figure 1 depicts this bound in the case of a two-state
environment.

It is tempting to conclude that a sufficient condition for the optimality of preventive replacement
in (x,7) is the certainty of failure in the next period; however, a stronger condition is required to
account for pathological cases, e.g., the inspection interval is longer than the component lifetime.
A sufficient condition for the optimality of preventive replacement is provided in Theorem 2, which
requires the next lemma.



Figure 1: Depiction of boundary for preventive replacement region D.

Lemma 3. An upper bound for ~y is
Te
v <co+(a +62)€-
Proof. Applying Lemma 1 of [15], it can be shown that T(¢) > &/ry; w.p. 1. Therefore, an upper

bound for the optimal cost can be obtained by considering the average cost of allowing a component
to operate continuously at rate ry (without intervention) until failure. In such a case,

(7)

\j’éJ co+c1+ e v,
v < d 3 SCO+(01+C2)€- O

Te

Similar to the lower bound (5), the upper bound (7) is not particularly tight; however, its
existence is useful to establish a sufficient condition for the optimality of preventive replacement.

Theorem 2. If the component fails w.p. 1 in the next period for (x,m) € B, then it is optimal to
preventively replace if

c2§

co + (Cl + 02)7’3.

T(z,m) <

(8)
Proof. Suppose failure is certain in the next period. Then
Vo(z,m) = co+ / It (z,u) [e1 + 2 + V(0,75)] k(u, m)du
0

+ /00 I (z,u) Vi (2, w)k(u, 7)du — y7(x, )
= ¢+ 0+ co +V(0,ms) — y7(z, ).
Preventive replacement is optimal if Vy(x,7) > Vi(x, ), or equivalently,
cot+c1+co+V(0,m) —y1(z,m) > o+ 1+ V(0,7s),

which implies ¢o — y7(z,7) > 0. From Lemma 3, it follows that
Ty
co —7(T, M) > 00 — [co + (1 + 02)2} T(z, 7).

9



Hence, a sufficient condition for preventive replacement is

or equivalently,

co — [co + (e1 + @)%] T(x,m) >0,

2§

. g
co + (Cl + 62)7’5

T(z,m) <

3.2 Optimal Policy for Fixed ©

The main result of this section is Theorem 3, which asserts the optimality of a threshold policy
with respect to the cumulative degradation level x for each m € II. That is, for each belief state
of the environment, there exists a control limit above which it is always optimal to preventively
replace the component. To help prove this result, the next lemma establishes bounds for Vj(z, 7).

Lemma 4. For each (x,m) € B, Vy(z,m) is bounded as follows:

where

YO(‘Tvﬂ') < VO(‘T?T") < V()(%,?T),

Volz,m) = (Co—c1)+ (a1 +c2)H(z,7) — y7(2,70),
Vo(z,m) = co+Co+ (c2—co)H(x,m) —y7(z, ).
Proof. By Lemma 2, V (z,u) < Cy for all u > 0. Let M =¢; + co + V(0,75), then

Wl(z,m) =

Likewise, V(z,7) > V(0,7s)

W(z,m) =

v

co + /OO I (z,u)[c1 + 2 + V(0, 7))k (u, m)du
0
+ /OO Iz +u < &§Vr(z,u)k(u, 7)du — y7(x, )
0
co + M/OO It (z, u)k(u, m)du
0

+ /OO Iz +u < &)Vi(x,u)k(u, 7)du — y7(x, ™)
0

co+ H(x,m)M + Cy[l — H(x, )] — y7(x,7)
co+ Co+ (M —Cy)H(z,7) — 7 (2, 7)
co+ Co+ (g — co)H (z, ) — y71(x, 7).

for all 7w € II. Therefore,

co+ M /OO It (2, u)k(u, 7)du
0
+ /00 Iz +u < &)Vi(z,u)k(u, 7)du — y7(x, 7)
0
co+ M /OO It (z,u)k(u, 7)du
0

+V(0,7s) /000 I(z+u < §k(u, m)du — y7(z, )

co+ H(z,m)M + (Co — co — 1)[1 — H(z,m)] — y7 (2, 7)
(Co—c1)+ [M =V (0,75)|H(z,7) — y7(2,7)
(Co—c1)+ (c1 +c)H(x,m) —y7(x,m). O

10



Although the monotonicity of Vy(x,7) in x, and by extension V(z, ), are not guaranteed,
the lower bound (10) and upper bound (11) are both monotone increasing in z. Therefore, as x
increases, it can be shown that Vy(x,7) will eventually exceed Vj(x,7) (which is constant in x),
implying the existence of a threshold of cumulative degradation above which preventive replacement
is optimal. A depiction of the relationship between V(z,7) and the bounds of Lemma 4 is provided
in Figure 2.

CotCytC, vl

2¢ytCy

CotCy

Value Function

Co

0 g X
Preventively Replace
Figure 2: Depiction of the value functions and their bounds.

The next lemma states that if preventive replacement is optimal for some degradation level in
a fixed environment state, then preventive replacement is also optimal for all higher degradation
levels. The lemma is particularly useful because it establishes that a single interval comprises D;;.

Lemma 5. For each w € 11, if (x,7) € D, then («',7) € D for all 2’ > x.

Proof. For 7 fixed, assume that (z,7) € D and there exists some x* > z such that (z*,7) € D°.
Let Bg* ) be the subset of B that is reachable from (z*, 7) under the policy defined by D prior to

a replacement event. Consider a policy defined by D* that is obtained by modifying D as follows:
(i) Set D* = D\ {(z,m)};

(ii) For all (y,7') € BP set D* = D*U{(y +x — 2", 7")} if (y,7') € D; otherwise, set

(z*,m)°

D* =D\ {(y +z — 2*,7)}.

Note that, prior to a replacement event, the evolution of two sample paths starting from (zx,)
and (z*,7) under the policy defined by D* differ only through a translation of degradation levels
by z* — z. For any sample path starting at (z*,7) that exceeds the threshold at some time ¢, the
corresponding sample path starting from (x,7) will not exceed the threshold at time ¢. Therefore,
vpr < vp, and the policy defined by D cannot be optimal. This implies that (z',7) € D for all
x> . O

Using the lower bound of (9) and Lemma 5, the following theorem establishes the existence of
a threshold policy with respect to x for a given belief state .

Theorem 3. For each w € 1I, there exists a threshold z, (rr < &) at which it is optimal to
preventively replace for all © > x.

11



Proof. A sufficient condition to replace in (z,7) € B is that Vy(z,7) > Vi(z, 7). Therefore,
Vo(z,7) > Vi(z,7) implies that

(Co — Cl) + (Cl + CQ)H(.Z',T(') — ’yT(x,ﬂ') > Cy,
which implies
(c1 +co)H(z,m) — y7(2, ) > 1. (12)

Note that the left-hand side of inequality (12) is increasing in x as H(x, ) is increasing in = and
~y7(x, ) is decreasing in x. Furthermore, the inequality is strict at the point (&, 7) for all 7 € II
since H(¢,m) =1 and 7({,7) = 0. Let 2/ = inf{z : (¢1 + co)H(z,7) — y7(x,7) > ¢1}. Then 2/ < ¢
and (12) is satisfied for all z > a’. Therefore, {x : © > 2’} C D,. Moreover, it follows by Lemma
5 that Dy = {z : © > x,} for some z, < & However, since {x : © > 2/} C D, it follows that
Ty <. U

3.3 Optimal Policy for Fixed z

Subsection 3.2 established the fact that, for each belief state 7, there exists a threshold degra-
dation level, x,, above which preventive replacement is always optimal. It is natural to inquire
whether an optimal threshold policy exists with respect to the belief state for each degradation
level. That is, for each degradation level x (z € [0,£)), is there a threshold belief state 7, for which
it is optimal to replace the component whenever the belief state is worse (in some sense) than 7,7
To answer this question definitively, it is necessary to characterize the set D, = {7 : (z,7) € D},
which is difficult to do in general. However, the following proposition provides at least one attribute
of D, — namely that it is an increasing set in x.

Proposition 1. For all x and x' such that x < ', D, C D,/.

Proof. Consider m € D, for & > x,. Then for 2’ > x, (2/,7) € D by Theorem 3, which implies that
m € Dy. Therefore, D, C D,. O

Proposition 1 asserts that the subset of Il in which preventive replacement is optimal for a given
degradation level x will tend to grow larger as = increases. However, characterizing this subset is
nontrivial.

The main result of this subsection (Theorem 4) establishes the optimality of a threshold policy
for each fixed x in a particular case. Specifically, for the case when ¢ = 2, it is possible to establish
a threshold policy with respect to the belief state w, provided that @Q and r satisfy certain mild
conditions. Assume the environment has infinitesimal generator @ and degradation rate vector r
given by

—Q

a=3 5 =l

where a > 8 > 0 and r; > rg > 0. In what follows, we parameterize the belief state so that
m(p)=[1—p,pl €l for0<p<1.

Theorem 4. For x € [0,&] fized, if it is optimal to replace in state (x,7(p)), then it is optimal to
replace for all (z,7(p')) € B such that p < p’ < 1.

Proof. The detailed proof is provided in the Appendix. O
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Theorem 4 asserts that, for fixed x, if preventive replacement is optimal in a particular belief state,
then it is also optimal for any belief state that assigns a higher probability to the more detrimental
environment state.

For environments in which ¢ > 2, it is natural to order the belief states via standard stochastic
orders. Two of the most common stochastic orders are the usual stochastic ordering and the
likelihood ratio ordering of two belief states m and /. The following definitions are adopted from
Maillart and Zheltova [21].

Definition 1. Suppose ™ and 7' are two belief states in the {-dimensional simplex II. Then, ' is
larger than 7 in the usual stochastic order if and only if, for allm =1,2,...,¢,

In such case, we write m < 7. Belief state ' is larger than 7 in the likelihood ratio order if and

only if
a0 > 7))

for all j > 1. In such case, we write ™ <, 7.

Next, we will show that when ¢ > 2, the existence of an optimal threshold policy with respect
to m, for each fixed degradation level x, cannot be guaranteed. To that end, note that, in either
the usual stochastic or likelihood ratio orders, the /-dimensional simplex Il has a largest element,
namely ey = [0 0--- 1], where e; denotes the ith unit vector for each i € S. We formalize this fact
in Proposition 2.

Proposition 2. Under the usual stochastic order and the likelihood ratio order, e, = [0 0---1] is
the largest element in the probability simplex

M= {[W(w...ﬂw] zzzzﬂm _ 1}_

i=1
More specifically, there does not exist any w € I where m # ey such that ™ =g ey or ™ =, €.

Proposition 3 establishes conditions under which the replacement region is non-empty but no
threshold belief state 7 exists for at least one z € [0,¢). In what follows, z; and z., denote the
degradation thresholds corresponding to belief states @ and ey, respectively.

Proposition 3. If for some @ € Il such that @ # e, we have that xz < xe, <&, then
1. Dy, #0;

2. For degradation level %, there does not exist a threshold m,_ € Il such that, for all m =g 7,
or T = Ty, preventive replacement is optimal.

Proof. By Theorem 3, for fixed 7, it is true that (x#,7) € D, which implies that 7# € D,_. Hence,
D, is non-empty. For part (2), by contradiction, assume there exists a threshold belief state
above which preventive replacement is optimal. By Proposition 2, we have that m,. = e, and
Tz, =Ir €7, which implies (z#,e7) € D = x4 € De,. By Theorem 3, z € D,, if and only if x > w,,.
Therefore, x; > x¢,, but this is a contradiction. Hence, there does not exist such a threshold. [
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Proposition 3 provides sufficient conditions under which a threshold policy does not exist for
a given degradation level = € [0,£). To see that these conditions can, in fact, be met, consider
the following numerical illustration. Suppose the environment infinitesimal generator matrix and
degradation rate vector are, respectively,

~1 4/5 1/5 0
o -1 45 15
Q=109 o 21 1
1/3 1/3 1/3 -1

and r=1[5 6 7 8.

The fixed costs are ¢g = 1, ¢y = 10, ¢ = 5, and the failure threshold is & = 24 units. In this
case, it can be shown that z., = 17.6 and x., = 17. Hence, the conditions of Proposition 3 are
met. Thus, there does not exist a threshold policy with respect to m# when z = 17. Moreover,
consider any degradation value & € (17,17.6). Then, (Z,e3) € D, so D; # (); however, (&,e4) ¢ D
since & < 17.6. Therefore, there does not exist a threshold belief state m; above which preventive
replacement is optimal, as ey is the largest element of II (in the usual stochastic and likelihood
ratio orders).

4 Replacement with Stochastic Downtime Costs

Realistically, wind turbine component replacements are time-consuming and require a shut-
down period during which no power is generated and revenue is lost. This section extends the
model of Section 3 to consider non-instantaneous replacements and the cost of downtime, which
depends explicitly on the state of the random environment. To set the stage for this model, we
first discuss the costs. Inspections are performed instantaneously at a fixed cost ¢g. If a preventive
replacement is elected (at cost ¢p), it is initiated immediately at the start of the period, and if
reactive replacement is required (also at cost ¢), it likewise begins immediately upon failure. The
deterministic time required to complete a preventive (reactive) replacement is d; (d2), and these
durations are such that 0 < § < §; < d2. The assumption that §; < 09 is justified since, in the
event of an unplanned replacement, additional time is required to assemble the resources needed to
complete the replacement (e.g., a large crane, specialized equipment and personnel). In addition
to the fixed replacement cost ¢y, a stochastic downtime cost is accrued for each replacement type
at a rate that depends on the environment state. Let d; denote the downtime cost (or revenue
loss) rate for a replacement that commences while the environment is in state i € S, and define
the vector d = (dy,ds,...,dy). Let Cp(m) be the expected total downtime cost of preventive re-
placement starting in belief state (7), and C,(z,7) be the expected total downtime cost of reactive
replacement commencing in state (z,7) € B.

Let V(z,7) again be the minimum relative cost per unit time starting in state (x,7) € B, and
Vo(x, ) and Vi (x, ) are the relative costs of doing nothing and performing preventive replacement,
respectively, starting in state (z, 7). The optimality equations,

V(z,7) = min{Vy(z,7), Vo(z,7)}, (z,7)€ B, (13)

are identical to those of Section 3 with the exception of additional downtime cost terms in the
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relative cost functions. The modified functions are
Vl(xa 7T) = ¢ t+c+ Cp(ﬂ.) + V(07 7'('5) - 51'77 (14)
Vo(z,m) = co+[c1 + Cr(z,m) — oy + V(O,ﬂ's)]/ It (2, u)k(u, 7)du
0

+ /00 I (x, u) Ve (z, u)k(u, 7)du — y7(z, 7). (15)
0

The next subsection provides expressions for the expected downtime costs Cp(m) and Cy(z, ),
followed by structural results for this model.

4.1 Expected Downtime Costs

Here, we show how to obtain the expected downtime costs Cp(7) and Cy(z, 7). We begin by
defining the cumulative downtime cost accrued during a replacement up to time ¢, D(t), given by

t
D(t) = D(O) +/ dz(u)d’u,,
0

where P (D(0) = 0) = 1, i.e., a replacement that consumes no time accrues no downtime costs. For
i,jeSandt>0,let Fi;(y,t) =P(D(t) <y, Z(t) = j|Z(0) =), and define the density function

0F;;(y,t
fitu,t) = 2D

y=u

The expected total downtime cost accrued during a replacement commencing in environment state
i and requiring a duration of ¢ time units, denoted C;(t), is

Ci(t) = E(D@®)[Z(0) =1)
td,
td;exp(gi; t +Z/ u fij(u,t)d

JES

Therefore, the expected total downtime cost of a preventive replacement in belief state () is

Cp(m) = E(D(81)|m) = Y _ Ci(d1)x. (16)
€S

For the downtime cost of reactive replacement, let Y (x, 7) be the elapsed time from the current
inspection until failure in the next period starting in state (z, 7). To simplify notation, we suppress
the dependence of Y on (z,7) and write simply Y. For u > 0, define the row vector T™(u,7) =
[T} (u,m)], i €S where

> pM(E - ,ilj)nY)

€S
T (u,m) =P(Z(u) =i|m,Y =u) = < :
> (e = a, jlk)x®)
jeS kes
where W (w10
Wi g i) = Wia(v,u)
pIE— 2, gl) = —5- e
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Therefore, starting in state (x, 7), the expected total downtime cost of a reactive failure in the next
period is

Colwm) = E(D(Y +5)[D(Y) = 0,X(Y) = £ — ,7)
_ /1Zci(52m*(u,7r)dp(y$u), (17)
Ve eS8

where v; = [r; (£ —x)| Ad, i € S.
As before, we assume all new components begin operation in state (0, 7s), and the objective is
to minimize the long-run average replacement costs per unit time given by

acP N—oco N
n=1

N
~ = inf E, { lim 1 ZCO + g Ha(X,, ) = 1}
+ 1+ DY 4+ 62) — D(Y)| Ka(X,,, m,) =0,Y < (5}} :

Obtaining structural results for (13) is considerably more difficult than for (2). In the next subsec-
tion, we provide some results that help characterize the optimal replacement policy.

4.2 Structural Results

In this section, we present several results that hold under somewhat strong conditions. The main
result of this section establishes necessary conditions that ensure the optimality of a threshold-type
control policy. The first result bounds the optimal cost from below.

Lemma 6. The average cost of an optimal policy is bounded below as follows:

Co
d+ 0y

v >

Proof. Set V(0,7s) = 0, and note that the optimal action immediately following replacement is
a = 0, so that V5(0,75) = V(0,75) = 0. Substituting equation (15) for V;(0,7s) and solving for
yields
o+ e+ GO ) HO. ) + [ 170,00V (0, uk(u, m) du
0
7(0,75) + 62 H (0, 7s) '

’y:

which shows that

co + [e1 + Cr(0,75)] H(O, 75) __

. g
7(0,75) + 02 H (0, 75) 0+ d9

In contrast to the model of Section 3, it is not necessarily optimal to delay preventive replace-
ment when the component survives the next period with certainty. This is because it may be
advantageous to initiate preventive replacement in an environment state with lower downtime costs
(e.g., when wind conditions are mild). But when failure is imminent in the next period, preventive
replacement is always optimal if the difference between preventive and reactive downtime costs
exceed a certain threshold, as shown in Lemma 7.
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Lemma 7. Starting in state (z,7), if the component fails w.p. 1 in the next period, then a sufficient
condition for the optimality of preventive replacement is

B co(d2 — 01)
Cr(z,m) — Cp(m) > 510,

Proof. Choose any state (z,m) € B for which failure is certain in the next period. Now, preventive
replacement is optimal if V;(z, ) < Vp(z, 7) or, equivalently, if

co +c1+ Cp(m) +V(0,75) — 017 < co +¢1 + Cr(w,m) — oy + V (0, 75) — y7 (2, 7). (18)
Rearranging the terms of (18) shows that
dg — 0
Cp(ram) — Cylm) = 7 [0 — 61 + 7y )] > 202 =)
O+ 09
where the second inequality follows from Lemma 6. O

The next three lemmas are needed to prove the optimality of a threshold policy with respect
to the degradation level z (for 7 fixed). The first establishes a lower bound for Vj(z,7), and the
remaining two assert some properties of the downtime cost function C,(z, 7).

Lemma 8. For each m € 11,
Vo(z,m) > Vy(x,m) = co+ [e1 + Cr(z,7)] H(z,7w) — 7 [02H (2, 7) + 7(x, )] + V (0, 75). (19)
Proof. For (z,m) € B and u > 0, Vy(z,u) > V(0,7s). Therefore,

Vo(z,m) = co+[c1 + Cr(z,m) — 2y + V (0, 75)] /000 It (2, u)k(u, 7)du

+ /OOO I (z,u) Vi (2, w)k(u, 7)du — y7(x, )

> ¢+ [Cl +Cr($a77)] H($77T) _752H($77T)
+V(0,75)H (x,7) + V(0,7)[1 — H(z,7)] — y7(x,7)
= co+[c1 +Crlz,m)] H(x,7) — v [6oH (z,7) + 7(x,m)] + V(0,75). O

Unfortunately, the non-monotonicity of C;(z,7) in x precludes us from asserting the monotonicity
of Vo(x,m) via (19). By contrast, the properties of the lower bound (10) were transparent.

Lemma 9. For all m € 11,
Cr(&,m) =Y Ci(6a) .
€S
Proof. When z = &, the remaining lifetime is zero w.p. 1, and dP(Y < u) = w(u), where w(u) is
the Dirac delta function. Therefore,

cem = GO (et
= > Ci(82)T;7(0,)
€S
= ) Ci(6)P(Z(0) = ily =0,7)
€S

i€S
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Lemma 10. For e >0 and (z,7) € B such that £ — x < €,

Cr(z,m) > Z C’i(52)7r(i) exp(qii€/T;).

1€S

Proof. Choose € < dr; and x such that £ —x < e. Then

€/r1
Crz,m) = / > Ci(62)T (u, m)dP(Y < )

e/re jes
e/r
-/ DGR =Y = w By <)
€T jes
€/r1
_ / S Ci(02)dP(Z(w) = 4, Y < ulr)
c/re jes
e/r
> / W€ {e/r; i € SHS Ci(0)dP(Z(w) = 4,V < ulm)
€/ry jeS
= 2N CedB(Z(w) = 4.Y <),
i€S jeS
> ) Ci(6)dP(Z(u) =i, Y < ulm)|y—epr,
€S
= > ) CilE)AP(Z(w) =i, Y < ulZ(0) = K) gy, 7Y
€S keS
= 33 Clb)P(Z(e/rs) = i, X (e/rs) = € 2(0) = k) 7
1€S keS
> Y Gil0)P(Z(e/ri) =i, X (e/ri) = | 2(0) = i) )
€S
= Z C’i(52)7r(i) exp(qi€/ri). O
€S

We are now prepared to state the main result of this section, namely the optimality of a
threshold policy under certain conditions. Specifically, such a policy is optimal for belief states in
which the expected difference between the downtime costs of reactive and preventive replacements
is sufficiently large. When these conditions are met, the optimality of preventive replacement can
be established for all x sufficiently close to the failure threshold &.

Theorem 5. If for some m € 11,

co(d2 — 01)

51 0, < Z [Ci(d2) — Ci(61)] F(i), (20)

1€S

then there exists an € > 0 such that preventive replacement is optimal for all (x,m) € B such that

T e (6 -6 é]'

Proof. By Lemma 8, a sufficient condition for the optimality of preventive replacement in state
(x,m) € Bis Vy(x,m) > Vi(x, ), which implies

co+c1+ Cr(x,ﬂ) — 0oy + V(O,ﬂ's) >co+c+ Cp(ﬂ') +V(0,7s) — 1. (21)
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Rearranging the terms of (21) and applying Lemma 7 shows that

; co(d2 — 61)
Cr(z,m) = Ci(01) 7 = 4(63 — 1) > ,
ics 0+ 02
which with further simplification yields
co(02 — 01)

Cr(z,m) 2> Ci(d) 7 + (22)

= 0+ do

Evaluating (22) at (£, 7) by applying Lemma 9 and rearranging terms gives condition (20). Now,
assuming (20) is satisfied at £, it can also be shown to be satisfied for = € (£ — ¢, ] for some € > 0
as follows. Assume condition (20) is satisfied and rearrange terms so that

3 CiE)r® > 3 CE)r® + (2 -0) _
i€S i€S 0+ 02
which implies
Z CZ((SQ)W(Z) —K=K;>0. (23)
€S

By Lemma 10, for € > 0 and all = such that £ —x <'¢,

Cr(z,m) > Z CZ'((SQ)?T(i) exp(qii€/Ti).

1€S

Choosing € such that 1 — exp(giie/ri) < K1/ ;c5Cj(d2) for all i € S and using (23) yields

Cr(z,m7)— K > Z C’i(ég)w(i) exp(qiie/ri) — K

1€S
—17
> (Z C’i(52)7r(i)> 1- Ky (Z ci(52)> - K
1€S 1€S ]
—17
= K1 1-— <Z 02(52)71'@)) <Z CZ(5Q)>
€S 1€S
> 0, )

where the last inequality holds by (23). Since Cy(z,7) — K > 0 implies inequality (22) holds, it is
optimal to replace for all x € (§ — ¢€,£]. O

That a replacement threshold does not necessarily exist for each environment belief state in Theorem
5 indicates that information about the environment is especially critical when downtime costs are
incurred as a result of replacement actions.

The next section describes the means by which we obtain optimal policies for the models
presented in Sections 3 and 4. Subsequently, we illustrate these policies by way of a few numerical
examples.
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5 Solution Techniques

This section describes numerical solution techniques to solve the optimal replacement models
of Sections 3 and 4. These techniques require discretization of the belief space B and application of
either the policy iteration algorithm (cf. Puterman [26]) or the linear programming (LP) approach
to solving Markov decision process (MDP) models. We approximate the integrals in equations (4)
and (15) as Riemann sums and formulate MDP models on a discrete, finite state space.

To that end, let I = {7y, 79,..., 71, } be a discretization of II, where 7j € Il and L is a
positive integer. Let X' = {0} U [r10, & + 7, d] be the set of possible degradation levels in the
numerical procedure, and define b as the step size between the discrete points in [r10, £ 414 §] where

b=1[{+ (rg—71)0] /Lo,

and Ly (Ly > 2) is a positive integer. The ordered set X = {0, i1, @, . .. , 1,41} is the discretization
of X, where
ip=r0+(k—1)b, k=1,2,...,Lo+1.

The complete discretized belief space is denoted B = (I x X)U{(0,7,)}, where 7, is the stationary
distribution of the environment process. Define L = |B| = L1(Lo+2)+1, and let .Z = {0,1,...,L}.
The ith belief state in B is denoted by b; = (&;,7;), where (&;,7;) € I x X, i € £\ {0} and
bo = (0,7s). The set of cumulative degradation levels attainable from state i),-, given no replacement,
is X; = {i‘il,i‘ig, ... ,:1_71'704_1}, where Tij = Ti+ 7110+ (] — 1)b and C' = |Xz| = Lé(’r’g —rl)/bj, 1€ .2,
j=0,1,...,C+1.

Estimating the transition probabilities between discretized belief states consists of three steps.
First, for a given state bi, compute II; = {mi1, iz, ..., Wi, c41}, where m;; = T(Z;5, 7;) is the updated
belief state obtained from b; by observing an increase in degradation of Z;; in the next decision
epoch, i € £\ {0}, j = 1,2,...,C + 1. Next, approximate each 7;; with a discretized 7;; € 11,
where

7 =min||7; -7, i€, j=0,1,...,C+1,
well
and let IIY = {7}, 75, ... ,77;-‘70“}. Finally, compute the row vector P; = (Pi1, Pizs - - > Pi,C+1)s
where p;; is the transition probability between b; and the updated belief state (&; + Z;j, ij), given
no replacement. To compute p;;, define R(z; 7y, z,) = P(Xp41 < x|2y, m,), the probability that
the cumulative degradation during period n + 1 does not exceed x, given b = (Tp,mp). A simple
conditioning argument shows that

R(z; 7, 0) = P (Xpy1 < 2|20, ™)

= ZZ]P’(Xl <x =y, 21 = jlzg = i)wg)

i€S jES
= Z Z Wij(x — xn, §)m.
€S jES

The transition probability p;; is computed as

Ri(Zij +b/2 N & — Ri(in V&5 —b/2), i€, j>0,
pij:{ (@1 +b/2 Niost) = Rilla Vg —b/2), i€ 2, j> o

0, 1=0, j=0,
where R;(z) = R(x;7;,&;) is approximated using a technique described in Theorem 4.1 of Bladt

et al. [2]. Computing (IT}, A;, Py) for all b; € B provides the transition probabilities between each
pair of discretized belief states, given no replacement occurs.
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Now the optimality equations are stated on B for the model of Section 3. Let V(i) = V(b;)
denote the relative cost, starting in state b;. Then

V(i) = min{Vy(i), Vi (3)}, i€ .2, (25)

where V(i) = Vo(b;) and Vl(z) = V1 (b;) denote the relative costs of doing nothing and preventive
replacement, respectively, in b;. The relative cost of action a = 1 (preventive replacement) in b; is

Vl(i):Co—l-Cl—i-V(O), 1€ Z.

For action a = 0 (do nothing), the relative cost is obtained by conditioning on the event of com-
ponent survival in the next period. Denote the single-period transition probability between b; and

b;, given the component survives, by ¢;;, where
Gij = POUTY = by b = by, iy <€)
_ Dy
Ri(§)

Let 7; be the expected survival time in the next decision period, given b;, where

4
=) /ij(g—j;,-,t)dt, ic.Z.
0

JES keS

Then the relative cost of doing nothing starting in state b; is

L

Vo(i) = co + (e1 + ca + V(0) Ri(€) + Ri(€) > _V(§)dij —vmi» i€ .2,
i=0

where R;(§) =1 — R;(£).

The optimality equations (25) can be solved using the policy iteration algorithm, but for larger
problem instances, the LP approach, which facilitates use of a commercial solver, is preferred. By
convention, the solution of the LP primal formulation of a MDP model corresponds to the optimal
relative cost of each belief state, whereas the solution of the LP dual formulation corresponds to the
optimal action for each belief state. The primal and dual objective function values both equal the
long-run average cost per unit time under the optimal replacement policy. Before presenting the
primal formulation, observe that setting V(O) = 0 leads to the following set of optimality equations
for each discretized belief state i € £

V(i) =min{ co+c1, co+ (c1+ c2) Ri(€) + Ri(€) Z V(§)dig — i ¢ - (26)

L
Jj=0

Equation (26) can be expressed as the pair of linear constraints

V(i) <co+ e, (27a)
L
V(i) = Ri(&) Y V(i) + 77 < co+ (e1 + c2) Re($). (27b)
=0
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Using constraints (27a) and (27b), the primal LP formulation is

max vy (28a)
st. V(i)<co+e, VieZd (28b)
L
V(i) = Ri(9) D V(s + 7 < co+ (1 + ) Ril§), Vi€ £ (28¢)
j=0
v eR.

The dual LP formulation follows directly from the primal formulation (28). Let x;, denote the
limiting probability of being in belief state ¢ and taking action a, a € {0,1}. The dual formulation
is

L

min Z Ti0 [co + (1 + c2)R; (5 (co+ 1 ZZEM (29a)
i=0

s.t. w0+ i1 — Z (jji R](f) Tjo = 0,Vie¥ (29b)

L
ZTZ' T0 = 1, (290)
=0
Tia >0, Vi€ 2, ac{0,1}.

From a computational viewpoint, obtaining the optimal policy via formulation (29) can be prob-
lematic because the belief space of the POMDP model is comprised of many transient states, and
the dual formulation can assign optimal actions only to recurrent states (see Puterman [26]). To
circumvent this complication, the optimal policy can be alternatively obtained from the primal so-
lution. Consider a component that begins operation in b; € B. Preventive replacement is optimal
in state b; only if the expected total bias incurred for immediate preventive replacement, followed
by resumption of the optimal policy, does not exceed the expected total bias for doing nothing in
a single period, i.e., if

L
co+ (c1 + e2)Ri(€) — vy + Ri(€ Zq i) > co+ci,
§=0
or equivalently,
L .
o+ Ryi(€ Zq ) — (c1+¢2) | —ym > 0. (30)

Therefore, the optimal policy is obtained by first solving the primal LP formulation (28) to obtain
v and V (i), i € £. Subsequently, condition (30) is checked for each discretized belief state to
obtain the corresponding optimal action.

For the replacement model of Section 4, the optimality equations on B follow in a similar
manner. Let V(i ) = V(b ) denote the relative cost given that the component starts operation in 4,
and let V(i) = Vo(b;) and Vi (i) = Vi(b;) denote the relative costs given no action and preventive
replacement, respectively, in state i, i € Z. Then

V(i) = min{Vy(i), V1 (3)}, i€ .2, (31)
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where

Mh

Vo(i) = o + [e1 + C10) = b7+ V(0)] Rul

Vl(z) =cy+c+ Cp(l) — 6y + V(O),

V QZ j — Vi,

and the downtime costs Cp(i) and C,(i) are obtained via (16) and (17), respectively. Setting

V(0) = 0, we have for each i € .2,

L
V(i) = min {co +e1+ Cp(i) — 61y, co+ (1 +Cr(i) — 62y R Z V(j J)ij — 77’1} ,
7=0
which is equivalent to the pair of linear constraints
V(i)+oy<co+ec + Cp(i), (32a)
L
V(i) = Ri() D V(s + v [1 + 02 Ri(9)] < co + (e1 + Cr(d)) Ri(©). (32b)
j=0
Using constraints (32a) and (32b), the primal LP formulation is
max 7y (33a)
st. V(@) +61y<coter+Cpli), VieZL (33b)
. L .. —
V(i) — Ri(§) Z V(§)Gij + [7i + 02Ri()]
j=0
<co+ (14 Cr(i)) Ri(§), VieZ (33c)
v eR.
The dual LP is then formulated directly from the primal as
L
min Z Tio [co + (c1 4+ Cr(2)) Ri(€)] + (co + c1 + Cp( Z x4 (34a)
i=0
s.t. w0+ a1 — Z dji Rj(f) zjo =0, Vie £, (34b)
L L
Z [7i + 62 Ri(&)] wio + 61 Z zip =1, (34c)
=0 1=0
Tig >0, Vie L, ac{0,1}.
Analogous to (30), preventive replacement is optimal in a given belief state only if
— L ..
co+ (c1 4 Cr(i) = 627) Ri(€) + Ro(€) Y V(§)diy — 17 = co + e1 + Cpli) — b1,
j=0
or equivalently,
— L ..
v (61 — 1) + (Cr (i) — 27) Ri(€) + Ri(€) Zv(j)‘jij —c1| —Cp(i) > 0. (35)



Therefore, the optimal policy is obtained by solving the primal LP formulation (33) to obtain ~
and V' (i), for i € Z. Then condition (35) is checked for each discretized belief state to assign the
optimal actions.

6 Numerical Examples

This section presents two numerical examples that illustrate optimal policies obtained from
the model of Section 3 and elucidate the advantages of the POMDP policies. The models were
solved using the LP approach described in Section 5. The first example illustrates the case in which
replacements are instantaneous and only fixed costs are involved.

Ezample 1. Suppose the component operates in a random environment with ¢ = 3 distinct
states. The generator matrix and degradation rate vector are parameterized so that

-1 0.9 0.1
Q(q) = 0.9 -1 0.1 and r(w)=[1.0 2.0 w].
0.54+¢/2 05+¢q/2 —1—¢q

We consider parameter values (¢, w) in the set {(¢,w) : ¢ € {—0.5,0,1}, w € {3,5,7}}. For the
inspection interval, we set 6 = 1 and set the failure threshold at & = 40 units. The fixed costs of
inspection, preventive replacements and reactive replacements are ¢g = 1, ¢y = 10 and ¢y = 2.5,
respectively. A discretization interval of 0.5 was used for both IT and X"\ {0}, which corresponds
to fixing L1 = 21 and setting Ly = 210, Ly = 220 and Ls = 230 when w = 3, w = 5, and w = 7,
respectively. The respective total number of states when w = 3, w =5, and w = 7 are L = 4,453,
L =4,663, and L = 4,875. The optimal policy costs associated with each environment are shown
in Table 1.

Table 1: Policy cost () for various (g, w).

Parameter values (¢, w) Policy cost (v)

(-0.5,3) 1.4797
(-0.5,5) 1.5664
(-0.5,7) 1.6433
(0,3) 1.4557
(0,5) 1.5084
(0,7) 1.5599
(1,3) 1.4422
(1,5) 1.4709
(1,7) 1.5004

Intuitively, the optimal cost 7 increases as g decreases and the degradation rate in state 3 (w)
increases. As g decreases, the environment spends a greater proportion of time in state 3, thereby
reducing the component’s expected lifetime. Consequently, the replacement frequency increases,
leading to higher policy costs. Likewise, for ¢ fixed, as w increases the component’s expected
lifetime is reduced as degradation progresses more rapidly, and the resulting replacement frequency
increases. Figure 3 plots the optimal replacement thresholds for three environment belief states
as a function of r3 when ¢ = —0.5. For a fixed © and ¢, the threshold z; appears to decrease
monotonically as r3 increases. That is, the policy becomes more conservative in order to avoid
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Figure 3: Optimal replacement thresholds (z;) for ¢ = —0.5.

costly reactive replacement penalties. Likewise, the optimal replacement thresholds tend to be
lower when there is a stronger belief that the environment is occupying the most detrimental state
(state 3).

The performance of the POMDP policies was also evaluated by comparing their costs with those
of classical age-replacement and reactive replacement only policies. To estimate the costs of the
age- and reactive-replacement policies, the c.d.f. of the first passage time to level £ was obtained
numerically from the parameters @ and r using the Laplace transform results of Kharoufeh et
al. [15]. Subsequently, we applied classical results from Barlow and Proschan [1] to compute
the long-run average costs per unit time for these policies. For the age-replacement policy, the
replacement time is the minimum of the failure time or 90% of the component’s expected lifetime,
whichever occurs first. Policy costs were compared for two cases with ¢g = 1, ¢; = 10 and ¢y €
{2.5,5,10,20,30,40}. Define
_C1tco

Cr =
1

as the ratio of the reactive replacement cost to the preventive replacement cost. Figures 4(a)
and 4(b) show a comparison of the policy costs for environments with (¢, w) = (0,3) and (q,w) =
(—0.5,7), respectively, as a function of ¢,. In both cases, the performance of the POMDP policies is
superior to those of the age- and reactive-replacement policies. As ¢, increases and reactive failures
become more punitive, the cost of both the age- and reactive-replacement policies increases at a
much faster rate than the cost of the POMDP policy. The cost discrepancy is more pronounced in
environment (g, w) = (—0.5,7), indicating that information about the environment can be crucial
if there is a significant likelihood that the environment will occupy a very detrimental state for
relatively long periods of time.

Ezxample 2. The second example illustrates an optimal replacement policy for a real wind turbine
shaft bearing. The effective number of load cycles imposed on the bearing up to a fixed time can
be used as a proxy for the cumulative degradation of the bearing. To estimate the environment
parameters, the evolution of degradation was simulated up to a failure threshold & = 107 effective
load cycles using a physics-based bearing degradation model and empirical temperature and rotor
speed observations obtained from a commercial wind turbine. It was assumed that the primary
determinant of the degradation rate at a given time is the kinematic viscosity of the bearing
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Figure 4: Comparison of replacement policy performance.

lubricant. Let p = /11 be the relative lubricant viscosity, where vy and v respectively denote the
specification and actual lubricant viscosity, and a(p) is a life adjustment factor that is a function of
p. If T, denotes the bearing’s specified lifetime — the time to which the bearing is expected to survive
with 90% probability under operational loading conditions — then it is known that T}, o< a(p) (see for
example [10]). The relationship between kinematic lubricant viscosity (in mm?/s) and the lubricant
temperature, 6, (in degrees Celsius, C) can be approximated by the empirical Ubbelohde-Walther
equation [12], given by

In[In(v; +0.8)] = u —vin(f + 273.15), (36)

where u and v are constants that depend on the lubricant type.

Summary data for rotor speed and bearing temperature were available for N = 25,421 10-
minute periods (after discarding periods with spurious or missing data). To simulate degradation
signals, rotor speed and bearing temperature data were bootstrapped by randomly sampling from
4-hour contiguous blocks of wind turbine data. For the ith 10-minute interval, the relative lubricant
viscosity p; is computed as a function of the bearing temperature using equation (36) and assuming
vp = 150 mm?/s. In these calculations, the observed bearing temperature serves as a proxy for the
lubricant temperature 6. The constants v and v of equation (36) were obtained using tabulated data
from a commercial wind turbine lubricant with the following kinematic viscosity characteristics:
150 mm?/s at 40° C and 20.7 mm?/s at 100° C. Using these values, we obtained v = 17.76 and
v = 2.81. The total number of effective load cycles in the ith 10-minute period, denoted by 7}, is

ni=10a(p;)w;, i=1,...,N,

where w; is the rotor speed in revolutions per minute (rpm). The life adjustment factor a(p;) is
first estimated using data for standard steel bearings [6]. Subsequently, this factor is adjusted to
be significantly larger and smaller for relatively small and large values of p;, respectively. This
adjustment is intended to represent a material with amplified degradation characteristics. The
degradation signal at time ¢; (the end of the ith 10-minute period) is given by

)
Y(t)=> uj i=1,..N,
j=1

with Y (0) = 0. Using this physics-based bearing degradation model, we estimated the environment
parameters by simulating cumulative bearing degradation up to the failure threshold ¢ = 107
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effective load cycles. The environment parameters Q and r were inferred from the simulated
observations, {Y (t;) : ¢ = 1,..., N}, by adapting a Markov chain Monte Carlo (MCMC) estimation
procedure for switching diffusion processes (see [8, 19]). The estimated number of environment
states is £ = 2, and the estimated generator matrix and degradation rate vector are, respectively,

—0.0089  0.0089

— —_1n3
Q= 0304 —o0304 and T=10 x [0.7580 2.2585] .

The remaining parameter values were selected as follows: § = 300 min; ¢y = 1; ¢4 = 100; and
co = 200. The POMDP model was solved numerically using a discretization interval of 0.2 for II
and approximately 9.0 x 103 for X \ {0}, which corresponds to setting L; = 6 and Ly = 1,150 for
L = 6,913 total belief states. Figure 5 depicts the optimal replacement threshold as a function of
the probability 72 that the environment occupies the state of rapid degradation. The monotonic-
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Figure 5: Optimal replacement threshold (z) for Example 2.

ity of this curve illustrates the fact that the replacement policy is more conservative if there is a
stronger belief that the environment occupies the more detrimental state. The optimal average cost
of the POMDP model is v = 0.0149, while the costs of the age- and reactive-replacement policies
are 0.0158 and 0.0362, respectively. It is noted that the cost of the POMDP policy is approximately
5.7% less than that of the age-replacement policy. This modest improvement can be attributed to
the fact that the ratio of reactive to replacement costs is ¢, = 3. As ¢, increases, it is expected
that the cost reduction will be more significant, as illustrated in Figure 4(b).

Ezample 3. The third and final example illustrates the existence and behavior of threshold-type
policies for the model of Section 4, which includes stochastic downtime costs. The parameter values
for this instance are as follows: & = 40; 6 = 1; 01 = 0.5; ¢g = 1; and ¢; = 1.5. Considered are
three distinct environment processes, each with ¢ = 3 states. The degradation rate vector, which
common to each case, is 7 = [1 2 5], and the generator matrices are

-1 1 0 -1 05 05 -1 0 1
Q=] 0 -1 1|, Q=105 -105], Q=] 1 -1 0
1 0 -1 05 05 —1 0 1 -1

Matrices Q, and Qs describe the dynamics of cyclic environments for which transitions occur in
the sequences (1 — 2 — 3 — 1) and (3 — 2 — 1 — 3), respectively, and generator matrix Q,
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corresponds to an acyclic environment. In this environment, starting in any one of the states,
the process transitions to either of the other two states with equal probability. To examine the
effect of the reactive replacement duration (d2), optimal replacement thresholds were obtained for
each 09 € {0.75,1,1.5,2,5}. Furthermore, it was assumed that the downtime cost rate vector is
d=[1 11 38|

The optimality equations were solved numerically by discretizing IT and X"\ {0} over intervals
of length 0.2 so that L1 = 21, Ly = 220, and L = 4,663. Figure 6 depicts the optimal replacement
thresholds under the downtime cost rate vector d when the belief state is # = [1 0 0], i.e., when
it is believed that the environment occupies state 1 with certainty. First, it is noted that for each
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Figure 6: Replacement thresholds as a function of dy (7 = [1 0 0]).

of the three cases, the replacement threshold is monotone decreasing in the reactive replacement
time. Intuitively, as the time to complete a reactive replacement increases, the optimal policy tends
to initiate preventive replacements earlier. Second, the thresholds for the environment described
by @5 are consistently larger than those of the environment described by generator matrix Q.
That is, when it is certain that the environment occupies state 1, the policy is opportunistic in
the sense that it prescribes preventive replacement when the downtime cost and degradation rates
are lowest, assuming the environment evolves as per ;. By contrast, assuming the environment
evolves as per 3, the thresholds are higher, indicating a postponement of replacements. Though
not presented here (due to space restrictions), further analysis indicates that, when the belief state
is 7 = [0 0 1], replacement thresholds are comparatively higher than those of the cases 7# = [1 0 0]
and 7 = [0 1 0]. These differences indicate that it is advantageous to avoid initiating replacements
in state 3 due to this state’s high downtime cost rate. In fact, when # = [0 0 1] and 02 < 1.5,
preventive replacement is never optimal.

Figure 7 depicts the optimal average costs as a function of the reactive replacement time Js.
Interestingly, the costs associated with the cyclic environments (described by generator matrices Q,
and @Q3) are nearly identical, and those associated with the acyclic environment (described by Q)
are significantly higher when J- is small to moderate. It is surmised that the average cost is higher
in the latter case because it may not be possible to avoid state 3 for at least one period by initiating
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a preventive replacement in states 1 or 2. However, the average costs are more comparable as the
reactive replacement time increases.
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Figure 7: Optimal average cost as a function of Js.
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Appendix: Proof of Theorem 4

Proof. Assume S = {1,2} and the environment process has parameters

—Q

Q:[ﬂ _a5:|7 r=[ro m],

where o > > 0 and r; > rg > 0. Define A = B/a, A =1 — ), andlgzI—l—Q/a, where P is the
transition probability matrix of the uniformized environment process given by

= 0 1

P=[ L)
Recall that W;;(z,t) = P(X(t) < =, Z(t) = j|Z(0) = i) and define the matrix W (z,t) = [W;;(x,1)],
i,7 € S. Sericola [27] obtained a series representation W (z,t) which, for £ = 2, is

_ G —at (at)n . n k n—=k
W (z,t) —Ze TZ <k>a: (1—2)"""C(n,k), (37)
n=0 k=0
where the matrix C(n, k) = [¢;;j(n, k)] is given by
ng(n—l,k‘), i=1,7€{1,2}, ke {0,1,...,n— 1},
pP") | i=1,7€{1,2}, k=n,
cij(n, k) = ( >U Jethz
0, i:27j€{172}7k:07

Aeyj(n — 1,k —1) + Aegj(n — 1,k —1), i=2,j€{1,2}, ke {1,2,...,n}.

For notational brevity, let ¢; (n, k) = ¢;1(n, k) + ¢2(n, k) be the ith row sum of C(n, k), i € {1,2}.
It will be shown that a threshold policy exists with respect to 7 for fixed z if ¢1.(n, k) < co.(n, k)
for all K < mn and n > 0. To prove this condition, we employ an induction argument that requires
a few preliminary lemmas.

Lemma 11. For j € {1,2},

N Fey i (2k — n, 2k — n)
n—k

coj(n, k) = + Z )\"_k_SCQj(%; —n+2s—1,2k—n+s—1)|, k>n/2
s=1
0, k<mn/2
Proof. The result can be obtained by recursive substitution of the function definitions. O

Lemma 12. For n > 1, the n-step transition probability matriz of the uniformized chain is

n—1 n—1

L= (=1FAF S (—1)FaF
—n k=0 k=0
L= (=R D (=1
L k=0 k=0 _
Proof. The result follows directly by induction on n. O
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n—1
Lemma 13. Forn > 1, co (n,n) = )\Zj\k.
k=0

Proof. Using Lemmas 11 and 12 and C(0,0) = 0,

o) = AP, 5 (P) |+ (P, + (PT), )

32 ~n—3 ~n—3 . In—1
X [(P") +(P"7) |+ 4+ AT D + (Do)
n—1
= A MO
k=0
Lemma 14. For alln >0, ca (n,n) < ¢1.(n,n). Moreover, for alln > 1, ca (n,n—1) < ¢1.(n,n—1).

Proof. To prove the first part, note that by Lemma 13,

n—1

ca.(ny,n) = )\Zj\k <1=¢(n,n).
k=0

For the second part, observe that for n > 1 and j € {1,2}, Lemma 11 gives the following:

caj(n,m—1) = Acgj(n—2,n —2) + Aegj(n —3,m—3) + AN%coj(n —4,n —4) 4+ -+ AN eg;(1,1)
+ )\/_\n_262j(0, 0) + /_\n_lcgj(l, 0).

Therefore, we see that

n—3 —
co(n,mn—1) = N\ [Z)\R—FAZ)\'C—FVZ)\R—F---%—)\”_?’
k=0

IN
>
N

2
< A) N
= cn—1,n—-1)=c . (n,n—1),

where the last equality holds by the first part of the lemma. O

Lemma 15. For alln >0 and k <n, co.(n, k) < co(n —1,k).
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Proof. By Lemma 11,

co. (k) = N'Fey (2k —n, 2k —n) + N ey (25 — n 41,2k — n))

1) (2)
—|—/\n_k_2/_\62.(2]{7 -n _1_372]{7 —n+4+ 1) 4+ /\25\62,(71 — 5,k‘ — 3)

®3) (n—k—1)

+ ez (n =3,k —2) + Aea.(n — 1,k — 1)
(n—k)
con—1,k) = NF ey Qk —n+1,2k—n+1)+XN""F ey 2k —n+ 2,2k —n+1)
(1) (2)

AR (26 —n + 4,2k —n+2) 4+ 4+ A2 Ao (n — 6,k — 3)

®3) (n—k-2)
+ Mz (n — 4,k —2) + Aea.(n — 2,k — 1)

(n—k—1)

A pairwise comparison of terms {(3),...,(n —k)} in ¢a.(n, k) with terms {(2),...,(n —k—1)}
in co (n — 1, k) shows that each pair is of the form « ¢y (w,v) and acy (w — 1, v), respectively, where
w<n,v>w/2 and o > 0. Therefore, the paired terms in each set have the same relationship as
the generating expressions, for which (o, w,v) = (1,n, k). It follows that if the recursion is true for
(o, w,v) = (1,n, k), then it holds for all the generated terms by extension. Thus, it is sufficient to
show that the sum of terms (1) and (2) in ¢o (n, k) is less than or equal to term (1) of co (n — 1, k).
To prove this, we first note that ¢;;(n, k) < ¢;j(n,k+1) for all i,j € {1,2}, n > 0, and k < n (see
[27]). The result follows by observing that the sum of terms (1) and (2) in ¢ (n, k) is bounded
above by \"*_ while term (1) of ¢z (n — 1, k) is bounded below by the same quantity. O

Lemma 16. For alln >0 and k <n, co.(n, k) < c1.(n, k).

Proof. In the case where k < n/2, co(n,k) =0 < ¢1.(n, k) by Lemma 11. For k£ > n/2, Lemma 14
proves that the result holds for all n > 0 and k € {n — 1,n}. Assume that co (n,k) < ¢1.(n, k) for
alln>0and k€ {n—(w—1),n — (w—2),...,n} for some integer w > n/2. Then by Lemma 11,
it can be shown that

c1.(n,n —w) =Ky + Aca.(n —2,n —w—1) and

co.(n,n —w) = Ko+ Aca.(n — 1,n —w — 1),

where K; > Ky > 0. By Lemma 15, co.(n — 1,n —w — 1) < ¢a(n —2,n — w — 1) so that
ca.(n,n —w) < e¢q.(n,n —w), and the induction holds for w. O

Proposition 4. Let w(p) = [1 — p,p| for some p € [0,1] and fiz v € [0,£]. Then H(x,m(p)) is
monotone increasing in p, and 7(x,m(p)) is monotone decreasing in p.

Proof. For p € [0,1] and (x,7(p)) € B, we have that

H(I‘,?T(p)) =1- ZZ Wij(x75) W(Z)(p) =p Zwlj(x75) - W2j(x75)

i€S jES jes

34



Therefore, to prove H(x,m(p)) is monotone increasing in p, it suffices to show
> (Wiy(x,8) = Way(x,8) = 0 (38)
JjES

for all z € [0,¢] and 6 > 0. By Lemma 16, ¢1.(n, k) > co.(n,k) for all n > 0 and k& < n. Hence, it
follows immediately from (37) that

> Wj(x,8) = > Waj(x,4).

jES jes

Likewise, to prove that 7(z,7(p)) is monotone decreasing in p, observe that

[ 4
T(xy ﬂ-(p)) = Z Z/ Ww(g —x, U) do ,n.(z) (p)
i€S | jeS 0
4
— /0 l—pZ(le(a:,v) — Wy;(z,v))| do.
JjEeS

The integrand is monotone decreasing in p as is 7(x, 7(p)).
Finally, by Lemma 4, we note that
Vi, m(p)) = Vo(z,7(p)) = (Co — 1) + (e1 + o) H (2, 7(p)) — 7 (2, 7 (p))-

By Proposition 4, Vy(z,7(p)) is monotone increasing in p; therefore, if it is optimal to replace in
state (z,7(p)) € B, it remains optimal to replace for all (z,7(p")) € B such that p < p’ < 1. O
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