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ARTICLE INFO ABSTRACT

Keywords: This paper addresses both the modeling and the resolution of the replacement problem for a population of
Machine replacement problem machines. The main objective is the computation of a minimum cost replacement policy, which, based on the
Markov Decision Process status of each machine, determines whether one or more machines have to be replaced over a given finite
Dynamic Programming time horizon.

I]::;S;_esgzzze;Eszgﬁﬁflffemme The replacement problem of a set of machines can be regarded as a sequential decision-making problem
under uncertainty. Thanks to this, we propose a novel formulation for such problems consisting of a
composition of discrete-time multi-state Markov Decision Processes (MDPs), one for each specific machine. The
underlying optimization problem is formulated as a stochastic Dynamic Programming (DP), and then solved
by using the principles of the backward DP algorithm. Moreover, to deal with the curse of dimensionality due
to the high-cardinality state-space of real-world/industrial applications, a new generalized multi-trajectory
Least-Squares Temporal Difference (LSTD) based method is introduced. The resulting algorithm computes an
approximate optimal cost function by: (i) running Monte Carlo simulations over different trajectories of a
given length; (ii) embedding the policy improvement step within the recursive LSTD iterations; (iii) enforcing
an off-policy mechanism to improve the LSTD exploration capabilities. A study on the convergence properties
of the proposed approach is also provided. Several numerical examples are given to illustrate its effectiveness
in terms of parametric sensitivity, computational burden, and performance of the computed policies compared
with some heuristics defined in the literature.

1. Introduction machine may have to be replaced by a new one when its operating
costs become too high. There is a fixed purchase and installation cost

The machine replacement problem has been addressed since a long associated with new machines. Our main objective is the computation
time and is a relevant topic in industrial engineering and management of a minimum cost replacement policy, specifying the “keep” or the

science (Jones et al., 1991; Gress et al., 2012; Pan and Thomas, 2010).
In a typical industrial ecosystem, machines are under constant usage,
and their key performance indicators can deteriorate over time (Wang,
2002; Jiang et al., 2022; Lin and Dou, 2015). As a result of this, such
machines need replacement at a certain point in time, otherwise the
efficiency of the overall industrial ecosystem can suffer a lot. Proper
maintenance measures need to be put in place in order to make a trade-
off between the replacement costs and the ones related to degraded
operational conditions (e.g., production losses).

“replace” actions for all the machines at each time slot over a given
finite time horizon.

Machine replacement problems can be regarded as sequential
decision-making problems under uncertainty, and can be tackled using
Markov Decision Processes (MDPs) and Dynamic Programming (DP)
methods, see Gress et al. (2012), Pan and Thomas (2010) and Bert-
sekas (2017). We model the overall machine replacement problem
as a composition of Markov Decision Processes (MDPs), one for each

In this paper, we are interested in modeling and solving the re- specific machine. In principle, the resulting stochastic DP problem can
placement problem for a population of machines. A fixed number be solved exactly by using the backward DP algorithm for the finite
of machines is in operation at all times. The operating cost of each time horizon case, while the Value Iteration (VI) algorithm or the
machine increases as time passes and the machine gets older. An older Policy Iteration (PI) algorithm can be adopted for the infinite time
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horizon case (Bertsekas, 2017, 2012). However, the usage of these exact
techniques in real-world applications is limited by the so-called curse
of dimensionality, since complex systems are involved, formulated
through models featured by high-cardinality state spaces (Bertsekas,
2012; Li et al., 2012; Hu et al., 2022; Forootani et al., 2020a). For this
reason, efforts have been devoted to finding suitable techniques able
to address such issue in an approximate way (Forootani et al., 2022a;
Bertsekas, 2019). This research field has evolved under different names
(e.g., Approximate Dynamic Programming (ADP) and Reinforcement
Learning (RL), see Bertsekas (2012, 2011a) and Gari et al. (2021)),
and owes its results to the fruitful cross-fertilization among artificial in-
telligence, optimal control theory, and operations research (Bertsekas,
2011a; Forootani et al., 2019; Iervolino et al., 2021).

In this paper, we introduce a multi-trajectory Least-Squares Tem-
poral Difference (LSTD) based method to solve machine replacement
problems with large state spaces. This method falls within the category
of cost function approximations (Bertsekas, 2011a). A cost function
gives the expected cumulative cost when starting from a specific state,
and then following a given policy (with the expectation performed
over all the possible trajectories). An optimal policy is one minimizing
the cost function for each state (Bertsekas, 2012). The main technique
to cope with systems with large state spaces is to approximate such
cost function via a more compact parametric representation in the
subspace of selected features (which is also referred to as the approx-
imation architecture Bertsekas, 2012), and then perform Monte Carlo
simulations to collect samples and solve the underlying optimization
problem (Bertsekas, 2011b; Geist and Pietquin, 2013).

The paper main contributions together with its organization can be
summarized as follows:

+ After providing some preliminaries about MDP, DP, and ADP in
Section 2, we formulate the replacement problem of a set of
machines in terms of a composition of MDPs in Section 3. As also
shown in the following paragraph, to the best of our knowledge,
this modeling has never been reported elsewhere.

The generalized multi-trajectory LSTD algorithm is presented in
Sections 4 and 6. This algorithm computes an approximate op-
timal cost function by running Monte Carlo simulations over
different trajectories of a given length, by embedding the pol-
icy improvement step within the recursive LSTD iterations, and
enforcing an off-policy mechanism to improve the LSTD explo-
ration capabilities. A study on its convergence properties is also
provided. Moreover, some practical implementation aspects are
given in Section 7.

In Section 8, both the exact DP algorithm and the generalized
multi-trajectory LSTD algorithm are applied to solve machine
replacement problems formulated as a set of MDPs. To this aim,
a MATLAB-based application has been developed to formulate
and solve such problems as well as to analyze and evaluate the
corresponding computed policies. In particular, the parametric
sensitivity of the proposed algorithm is shown, its computational
burden measured, and the performance of the computed policies
compared with some heuristics defined in the literature.
Moreover, still in Section 8, we show and examine the results
of the generalized multi-trajectory LSTD algorithm in its differ-
ent configurations and for different sets of features to prove its
flexibility. Section 9 concludes the paper.

Finally, it is worth highlighting that the proposed multi-trajectory
LSTD algorithm can be applied to any (not necessarily industrial)
application formulated as a sequential decision-making problem under
uncertainty (and featured by a large state space). In this regard, we
can mention energy management systems (Zhu et al., 2022), electric
vehicle fleet operations (Lee and Boomsma, 2022), railway traffic man-
agement (Ghasempour and Heydecker, 2019), and capacity allocation
problems in the service industry (Schiitz and Kolisch, 2012).
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1.1. A short literature review

To the best of our knowledge, most of the existing papers dealing
with machine replacement problems (and more in general, with main-
tenance issues of deteriorating systems Wang, 2002) address single-
machine systems (or systems with very few machines, each responsible
for specific tasks). For instance, in Ouaret et al. (2018), the problem of
simultaneous production planning and replacement control of a single
manufacturing machine was addressed. Random phenomena, such as
the quality deterioration and customers’ demand, were formulated via
a continuous-time dynamic model. In Ouaret et al. (2019), the same
authors focused on the production and replacement problem of a hybrid
manufacturing system composed of a manufacturing machine and a
remanufacturing machine. An MDP formulation, based on the extension
of the state space of the system (operational, repair and replacement),
was conceived for the resulting control law to take into account the
history of breakdowns and repairs. The problem of joint optimization
of production and replacement policies was studied in terms of the
evolution of finished product inventory, returned product inventory,
and the history of machine breakdowns and repairs. The underlying
machine dynamics were described by a continuous time stochastic
process with a discrete state transition representation. In both the
papers, the corresponding optimality conditions were formulated and
solved by using a second-order approximation of Hamilton-Jacobi—
Bellman (HJB) equations (Bertsekas, 2017). The robustness analysis
of the computed control policy versus specific model parameters was
also performed. In Dong et al. (2021), a periodic replacement policy
and an inspection replacement policy for a single unit system (subject
to both stochastic deterioration and external shocks) are compared to
determine which one is more profitable in terms of the relative gain on
the average maintenance cost rate.

A hierarchical decision making approach in production and re-
pair/replacement planning of a single machine was presented in Nodem
et al. (2009). The main goal of the paper was to determine the pro-
duction rate and the repair/replacement policy minimizing the total
expected cost when the machine deteriorates with age, and is subject
to damage failures. The authors showed how to operate the machine as
the machine aged or when a higher number of breakdowns occurred.

The integration of replacement and preventive/corrective mainte-
nance for a single machine subject to failures is another relevant topic
addressed in the literature, see Sharifi and Taghipour (2021), Leu and
Ying (2020), Cassady and Kutanoglu (2005) and Nodem et al. (2011).
In this regard, an interesting overview can be found in Nowakowski
and Werbinka (2009), where three different classes of maintenance op-
timization models were presented, that is to say, the block replacement
models, the group maintenance models, and the opportunistic mainte-
nance models. Moreover, an example of a two-unit system maintenance
process was provided in order to compare various maintenance policies.

In the recent work (Liu et al., 2021), a Conditional Based Mainte-
nance (CBM) model for a two-unit system over a finite time horizon
was considered. In particular, the maintenance problem was modeled
via an MDP framework and the maintenance cost was optimized by
employing the backward procedure of the exact DP algorithm. The
influence of both economic dependence and degradation processes on
the optimal policy was also assessed. However, the applicability of the
idea was limited to small size problems. In Schouten et al. (2022),
a single component model for maintenance optimization under time
varying costs was presented. The life of the component was modeled
as a discrete-time MDP and two policies were evaluated, i.e., age-
based and block-based replacement. The authors derived a periodic-age
replacement policy under mild conditions as the optimal solution. In
another line of research shown in van Staden et al. (2022), the his-
torical machine failures and maintenance records were used to derive
future failure estimates and schedule preventive maintenance. The
optimization problem was formulated via a finite time horizon MDP,
and a data driven solution was computed to determine when to deviate
from the planned preventive maintenance.
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In Childress and Durango-Cohen (2005), the authors also considered
to model the parallel machine replacement problem via MDPs. By
taking into account classes of replacement cost functions, the optimal
policy was computed analytically with predefined assumptions. Despite
of having valuable results, this work differs from our framework since
we seek to compute more general and practical solutions based on
approximate cost functions and Monte Carlo simulations. In the more
recent work (Li, 2020), the authors studied the replacement problem
of economically interdependent machines with the three actions: keep,
replace, and general repair. They proved that, under common cost as-
sumptions, there was an optimal policy such that machines in the same
state were either all generally repaired or none of them. In Seif et al.
(2019), parallel machine replacement problems were formulated as a
two-stage stochastic program with an uncertain planning horizon and
applied to construction projects. Numerical analyses were conducted to
obtain managerial implications.

The distinction between our work and the existing literature can
be highlighted as follows. First of all, in our paper, the replacement
problem of a set of machines is modeled as the composition of discrete-
time multi-state degradation Markov processes. Then, a multi-trajectory
LSTD based method is used to solve replacement machine problems
with a large state space by approximating the original cost function
via a parametric representation in the subspace of selected features.
The initial state of each trajectory is selected by applying a probability
distribution different from the frequencies of the associated MDP at
hand in order to generate a richer mixture of state visits. In the
literature, there exist some examples of ADP/RL methods used to solve
machine replacement problems. However, they do not usually address
the scalability issue of real-world machine replacement problems. For
instance, in Huang et al. (2019), the basic look-up table Q-learning
algorithm was adopted to solve machine preventive replacement prob-
lems in serial production lines. In that paper, the authors themselves
suggested the adoption of cost function approximations to deal with
systems featured by a larger state space. Further similar examples can
be found in Yousefi et al. (2020) and Zhang et al. (2021).

2. Preliminaries on MDPs, DP and ADP

This section provides an essential background on the mathematical
models and tools we will exploit for the machine replacement problem
formulation and the relative proposed solution. The basic structure of
an MDP can be defined as follows Bertsekas (2012) and Forootani et al.
(2020a)

« X = {x!,...,x?)} is the finite set of states, where x* € X and
x € X denote two generic elements of this set and |X| = € its
cardinality. The state variable at timeslot k € 7,7 = {0, 1,...,T},
is denoted by x(k), with x(k) € X.

* U = {uy,...,u,} is the finite set of actions (or decisions), where

u € U denotes an element of this set and |[U| = o. We also

define u(x¥,k) : X X T — U as the time-varying control function

mapping that maps the state x” into action u at the time slot k.

U(xY) denotes the set of admissible actions at state x".

The state transition probability function is defined as P, v, (u) :=

[PGe(k+1) = x?|x(k) = x°,u)], P : XxUXX - [0, 1]. It represents

the probability that an action u € U performed in the state x* € X

at the time slot k leads the system to the state x¥ € X at time slot

k+1. We denote with P € R?*%€ the state transition probability
matrix with elements P, ().

» g(x%,u) : X XU — [0, +o0) is the cost per stage function.

By using MDP based frameworks, it is possible to formulate and
solve stochastic sequential decision problems. At the core of such
frameworks, there is the resolution of a stochastic optimization prob-
lem (Bertsekas, 2012).

Let # = {u(0),...,u(T — 1)} denotes the policy, that is to say, the
sequence of control vector functions u(k) applied on the whole state
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space X over the finite time horizon T. More specifically, u(k) is a
vector function with components u(x(k), k), Vx(k) € X,Vk € T.

To evaluate the performance of a given policy = over the finite
time horizon T, we need to introduce the following (cumulative) cost
function

T-1
I (x(0) = E{gr(x(T)) + Z akg(x(k), u(x(k), k)) } (€)]
k=0

where E{-} is the expectation operator, 0 < a < 1 is the discount
factor, g (x(T)) is a given bounded terminal cost, and x(T') is the state
at the terminal time T. Solving sequential decision making problems
over a finite time horizon means finding an optimal policy z* =
{u*(0), ..., u*(T—1)} minimizing the cost function (1) from any possible
initial state x(0)

J*(x(0)) = min J (x(0)), @)

where J*(-) is called optimal cost function.

The expressions (1) and (2) can be easily extended to the infinite
time horizon case by computing their limit value for T — o and
setting g to zero (Bertsekas, 2012). In such a case, the optimization
problem (2) only addresses stationary policies, i.e., 7 = {u,u,... },
where u is the stationary control vector function with components
ux(k)) : X - U,Vx(k) € X. As a result, the stationary optimal policy
x* = {u*, u*, ... } can be computed (Bertsekas, 2012). Later in the paper,
stationary policies are also denoted with .

By defining a generic vector cost function J : X — R® as a vector
with components J(xV), we can introduce the optimal Bellman operator
F* : R? s R? whose components are

F* NG r=min(eGw+a Y, Prow@d (1)) (3)
uet xeX

The Bellman operator 7* can be viewed as a mapping that transforms
the vector cost function J on X into the vector function 7*J on X. The
optimal cost function J* for the infinite time horizon case is the fixed
point of Bellman equation J* = F*J* (Bertsekas, 2012).

When we refer to a specific stationary policy = = {u, u, ..., } (either
optimal or not), we can introduce the Bellman operator F : R? - R?
with components

FIHE) = g0 p N+ Y Proguo ()T (x). @
xex

As shown in Forootani et al. (2022a), the two operators can be ex-

pressed in a more compact vector form. In particular, (4) becomes

FJ =g+aPJ, (5)

where g is the cost per stage vector with components g(x’, u(x")) and,
with a slight abuse of notation, the explicit dependency of P and g
from the specific stationary policy has been removed. Likewise, we
can define the transition probability matrix and the cost per stage
vector associated to the optimal stationary policy z* with P* and g*,
respectively. Thus, the optimal Bellman operator (3) can be expressed
in a more compact vector format as follows (Forootani et al., 2022a)

F*J =g* +aP*J. (6)

We will denote by 7' the composition of the mapping F with itself I
times, that is for all / we write

(Fr)a = (P(F19) ), x e x. @

When / — oo, the associated cost satisfies the fixed point mapping (Bert-
sekas, 2012),

Jp(x) = lim (F’J)(x”). (8)
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2.1. On solving stochastic DP problems

In case of computationally tractable problems, we can use the exact
Bellman DP algorithm to solve exactly the optimization problem (2)
over the finite time horizon (Bertsekas, 2017), while the Value Iteration
or the Policy Iteration algorithms can be used to solve it exactly over
the infinite time horizon (Bertsekas, 2012).

On the other hand, in case of large scale stochastic optimization
problems, we can employ ADP methods, which basically address the
so-called curse of dimensionality via architecture approximations and
simulations (Bertsekas, 2011a). In this paper, we approximate any
cost function J(xV) by means of a parametric architecture of the form
J(x¥,r) (or J : X xR - R in its vector function representation),
where r € R’ is a parameter vector with the component r; and has
to be computed by training the selected architecture (y < ). More
specifically, a linear feature-based parametric architecture is chosen
and J(x’,r) is defined as the inner product ¢(x’)'r, where ¢(x’) =
[$1(x"), ... b, (x¥)] is referred to as the feature vector with y given fea-
tures as components (in this paper, the symbol ’ denotes the transpose
operator).

As a result, the vector cost function J can be approximated by a
vector in the feature subspace 4 = {®r|r € R”}, where @ € R is
called feature matrix with each row ¢(x")’. In other words, we consider
the approximation of the cost function J in the form of J =~ &r,
where the feature matrix @ is defined by the designer by exploiting the
knowledge of the system at hand and r € R” is the parameter vector
that has to be computed via Monte Carlo simulations approaches,
e.g., the LSTD method (Bertsekas, 2011b). This leads us to address
the following weighted least-squares minimization problem (Bertsekas,
2011a, 2012)

F=argmin ||J — @ 2, 9
7= arg min | ril 9
where € € ]Rf with |le||; = I is a weighting vector. As shown later in

the paper, we conveniently choose as weighting vector the steady state
probability vector associated with the stochastic dynamics of the system
at hand (Bertsekas, 2019). In this paper, the parameter vector used to
approximate the optimal cost function J* and the cost function J of
a specific stationary policy = are denoted with 7 and F, respectively
(note that the explicit dependency on the policy = has been removed).
Moreover, the following two assumptions are made throughout this
paper.

Assumption 1. For each admissible stationary policy = (and, hence,
for the optimal policy z*), the underlying Markov chain is irreducible
(i.e., it has a single recurrent class and no transient states Bertsekas,
2012). The related stochastic matrix P (and, hence, P*) has unique
steady state probability vectors ¢ with components ¢, > 0 (¢* € Rf
with components €7, > 0).

Assumption 2. The matrix @ has rank y.

Thanks to them, as shown in Bertsekas (2011a), one can sample
according to such steady probability distributions in order to compute
via Monte Carlo simulations the parameter vector r of linear cost
function approximations. All these aspects are exploited in the paper.

3. The machine replacement problem and its stochastic DP formu-
lation

The machine replacement problem definition for a single machine
can be found in Bertsekas (2017). More in general, let us consider the
problem of operating m different machines over the finite time interval
7 in an efficient way. Each machine M; (with i € {1,...,m}) can be
in any of © operating states,! denoted by xl."" with v; € {1,...,Q2}. It is

1 For the sake of simplicity and without loss of generality, it is assumed the
same number of possible states for all the machines.
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assumed that the conditions of the machine in the state x;', with v; €
{1,...,2—1}, are better than those ones associated with the state xll.)‘H,
and the state xl.1 corresponds to a machine M; in its fully operational
conditions. Moreover, by denoting with ci(x[.u’) the operating cost per
time slot (or stage) when machine M; is in state x?, we have the
following

GO < () < - < x), (10)

which is known as non-decreasing cost function.
At the beginning of each time slot k € 7, we know the state
xf.}" of each machine M; and one of the following two actions can be

performed:

+ Let the machine M; operate one more time slot in the state it
currently is, i.e., the action y; is set to 0.

 Replace the machine M; with u; = 1 at a cost R; and restart from
the perfect state x!.

During any time slot of operation k € 7, in case y; = 0, the
state of any machine can become worse or it may stay unchanged.
Hence, the state transition probabilities P v« (0) satisfy the conditions
P (0) = 0 G o; > w;) and (P uyor (0)=Pui i (0)) = 0, known as in-
créasling failure rate. Note that non-decreasing cost function and increas-
ing failure rate are common assumptions in the literature (Childress and
Durango-Cohen, 2005).

In case we decide to replace (u; = 1), we assume that the time
required for the machine replacement is negligible with respect to the
time slot needed to assess the operational conditions of the machines.
As a result, the addressed machine M; moves to the state x! with
probability equal to 1 and stays in that state x,.l for at least the current
time slot. In the subsequent ones, it may deteriorate according to the
state transition probabilities P v w;. At each time slot, it is assumed
that more than one machine can be replaced simultaneously.

The state transition probability graph for one single machine can be
found in Bertsekas (2017). The main objective of the machine replace-
ment problem is to assess the level of deterioration of each machine
at which it is worth paying the cost of the machine replacement, say
R;, thereby obtaining the benefit of smaller future operating costs. As
a result, the replacement decision incurs a cost of R; + c(x,.l), while the
decision of not replacing the machine implies an operating cost equal
to c,-(xll.]’ ).

By exploiting the stochastic DP formulation used by the authors to
formulate resource allocation problems (see Forootani et al. (2020a,
2019, 2021a) and Forootani et al. (2021b)), we can model each ma-
chine M; as an MDP by defining the tuple M; = (X;,U;,P;,g;) as
follows

« X, is the state space, X; = {x!,x?,...,x{}. The state variable at

time k is denoted with x;(k), where x;(k) € X,. Moreover, we
denote with x;" and x;" two generic states of the machine M,.

U; = {1,0} is the finite set of actions (also called control inputs or
decisions). Its element is denoted by u;, with u; = 1 representing
the replace action and u; = 0 the action of continuing to operate
the machine M;. The control function at time k is denoted as
ui(x;(k), k).

P; is the state transition probability matrix with elements

P i i (1) 2= Plxik+ 1) = X |x (k) = x"uy). an

g,-(x‘.ui,u,-) 1 X; X U; — [0, ) is the cost per stage function

8 ) = ¢ = up) +uy (R + ¢(x). a2

Note that, for the sake of the simplicity, we use the same notation
for the machine and its related MDP representation.

The composition of m MDPs associated with each machine M; gives
rise to the formulation of the overall machine replacement problem M.
In particular, such problem can be modeled as an MDP, defined by the
tuple M = (X,U, P, g) where
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- X is the entire state space, X = {x" = (x?‘, ,xﬁ'”)’ € XL, X;}.
To simplify the complexity in the notation and with a slight abuse
of notation, we denote with x(k) the state variable at time k.
Moreover, x¥ = (xiyl,xgz,...,x,b;{")’ and x¥ = (xT‘,x;)Z,...,x,“,f’”)’
are two generic states of the process.

*u = (uy,...,u,) € U is the overall control input, with U =

XL, U;. In line with the notation introduced in the previous

section, the control function at time k is denoted as u(x(k), k) =

(g (X1 (KD, K)o s iy (6, (KD, KDY

P is the state transition probability matrix with elements

m
Py (1) 1= pr:;,-x;ﬂ; (u;). 13)
i=1

g(x%,u) : X XU — [0, 00) is the cost per stage function

g u) = ) gi(x' ). as
i=1

By using (1) and (14), the cost function of a given policy z for the

overall machine replacement problem M over the finite time horizon
T can be formulated as follows

T-1 m
T2 (x(0) = E | gr((M) + Y a* Y g,6x,06), py(x,(K), k) | (15)
k=0 i=1

3.1. Remarks on the proposed machine replacement problem formulation

In the following, we present some useful properties and remarks on
the introduced MDP formulation used to model the machine replace-
ment problem.

Property 1. If we denote by N, [(x;)i ,u;) the number of state transitions for
a given state xi”" when the control input u; is applied to a specific machine
M, it is easy to verify that

N Q-v;+1, ifu;=0,
N[(x,.b‘,u[) — { i i

16
1, ifu; = 1. (16

More in general, for the overall set of machines, the total number of
state transitions N (x",u), when applying an admissible control input u to
any given state x°, is

N u) = H N, up). a7

i=1

Lemma 1. The transition probability matrix corresponding to a single
machine M; is upper triangular when the control input “keep” is applied.

Proof. The proof simply follows from the definition of the problem
since P v wi (0)=0, Vw; <v;. [

Lemma 2. Consider the MDP formulation M; for a specific machine.
Assume that, Vv, € {1,...,2 -1}, it is

@ 0<Pu s <1

(ii) P v wi (0) # 0, for at least one w; > v;.

. « » Q .
If we always apply the control input “keep”, the state x;° is an attractive
equilibrium state.

Proof. Let us define with px, (k) the vector whose elements p v (k)
correspond to the probability that the state of the machine at time k
is xll.)’. Moreover, for the sake of simplicity, let us define P v w; :=
P_oi o (0). The probabilities of the underlying Markov chain ‘en'tering
specific states at time k + 1 are related to the ones of the previous time
step k by the expression Py, (k + 1Y = le(k)’Pl- (0) (Luenberger, 1979).
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By applying Lemma 1, such relationship can be written as follows for
the machine M;

Pk +1) =P apa (k) as)

pxlz(k +1)= Pxilxisz’l (k) + Px’leszlg(k), 19

Ptk + D=Paoapi(k)+Paspak)+Pospsk), 20

@D

pyo (k+1)= PX’; 2Py (k) + leleg Px,?(k) + ot Pxfzx;(sz{z k). (22)

Being the sum of all the row elements of any transition probability
matrix equal to 1 and from Lemma 1, we have P o0 = 1. The
equilibrium point p,, of the above system of linear iterative equations
can be computed by letting k — co. In particular, by denoting with j_v;
the generic element of p, , we have the following '

B =Paabys 23

Pa=Paoba+Ppoobe, @9

P =Puoba +Paiba+Pasbs. (25)

(26)

byo =Puoba +Poopo+ - +Poopo. @7
From the assumption (i) and by considering that P.o o = 1, it

easy to verify that xig is the (unique) solution of the aboxl/e'systern of
equations. Thanks to the assumption (ii) (i.e., for each state xll.”, there
is always the possibility of entering at least one state x:.‘”" with w; > v;)
and Lemma 1 (i.e., it is not possible to enter a state x,.”f once entering a
state x:.”" with w; > v;), the equilibrium point xfz is also attractive. []

Corollary 1.  We define with P;(u;) the transition probability matrix
associated with the machine M; when the control input u; is applied on its
entire state space. Similarly, P(u) is the transition probability matrix of the
overall machine replacement problem M when the control input u is applied.
Then, the following relation holds

Pu) = P] (u,) ® Pz("z)"' ® Pm(um), (28)

where ® denotes the Kronecker product.”

Corollary 2. From Lemma 2 and Corollary 1, the vector (x, x, ..., x:2)/
is the equilibrium point of the overall machine replacement problem M if the
policy “keep” is always applied to all the machines M,.

Remark 1. The Markov chain corresponding to the policy used in
Corollary 2 (i.e., u; = 0 in all the states, for all the time steps and
all the machines) is not irreducible (indeed, each machine has 2 — 1
transient state), and thus such policy does not fulfill Assumption 1. In
the remaining parts of the paper, we always consider stationary policies
fulfilling Assumption 1. In particular, as for the machine replacement
problem M, it is sufficient to consider stationary policies with the as-
sociated Markov chains satisfying at least the following two properties
for each machine M;:

(i) in the state xfz, we always apply the replacement action u; = 1;
(i) for each state x:."” there exists at least one w; > v; such that
P vi 0i (0) # 0.

Fig. 1 shows a schematic diagram of the replacement problem for a
single machine with @ = 3 states. To have a better understanding of the
machine replacement problem formulation, we present the following
two illustrative examples.

2 The joint transition probabilities are given by the product of the single
transition probabilities being the machine state evolutions independent.
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Fig. 1. Schematic diagram of machine replacement problem for a single machine with
3 states.

1-7,, 1

Example 3.1. Consider a machine replacement problem for a single
machine with 2 = 5 states and with the following state transition
probabilities

1

P (u) = N (29)
More specifically, the state transition probabilities with u = 0 are

P (u=0) =Py (u=0) =P;3(u=0) =Py (u=0)=P;5(u=0) = %

Py (u=0) =Py3(u=0) =Py (u=0)=Py(u=0) = ‘l‘

7)33(” = 0) =P34(" = 0) = Pss(“ = 0) = %

Puslu=0) =Pis(u=0) = 1.

while, with u = 1, we have
Pulu=1)=Py(u=1)=Py(u=1)=Py(u=1)=Ps;(u=1) = 1.

We applied the exact DP algorithm with the two different replace-
ment costs R =4 and R =5 to evaluate their impact on the computed
control action for each state. The results are presented in Figs. 2 and 3.
It is straightforward to see that, if we decrease the replacement costs,
the obtained DP policy tends to use u = 1 more often. Such results also
comply with the conclusion reported in Childress and Durango-Cohen
(2005), i.e., in case of increasing failure rates and non-decreasing
replacement costs, it is optimal to replace the machine if it enters any
state worse than a particular state. In this example, for the case of
replacement cost R = 4, it is optimal to replace the machine in any
state worse than x" = 2, while, for the case of replacement cost R = 5,
it is optimal to replace the machine in any state worse than x* = 3.

Example 3.2. Now suppose to apply the exact DP algorithm for the
case of two machines each having Q, =5, i = 1,2 states with different
transition probabilities and different replacement costs. We assume
that the first machine M| has the same state transition probabilities
as defined in (29), while the second one M, has the following state
transition probabilities

Ny(x32,0)-0;

U2 Wy
, ifx.? =x.2,
N GI20) 2 2
P oy s (u =0) = . Na(xp2 0)-0; (30)
2% T
Np(x57,0) i U w
Ny(x52,00-1

while the state transition probabilities are equal to 1 in case the replace-
ment action is carried out in any state. The results of this experiment
are shown in Figs. 4 and 5. Being the cardinality of the state space
Q =25, it is not convenient to show the state-control pairs for the entire
time horizon as we did in Example 3.1. Instead, we performed the exact
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DP algorithm and saved its result as a lookup table. Then, we ran a
Monte Carlo simulation to observe the visiting states, while employing
the optimal control action extracted from the computed lookup table.
Fig. 4 shows the visited states and the applied control actions for M,
while Fig. 5 presents the same information for the second machine. It is
worth highlighting that M, is replaced less frequently than M, thanks
to the lower state transition probabilities. Indeed, from (30), it is easy
to verify that if we apply the control action “not-replacement(u, = 0)”,
it is more likely that M, stays in its current state rather than being
deteriorated.

4. The generalized multi-trajectory LSTD algorithm

In this Section, we introduce the generalized multi-trajectory LSTD
algorithm. In short, this algorithm computes an approximate optimal
cost function by running Monte Carlo simulations over different tra-
jectories of a given length and enforcing both off-policy or on-policy
mechanism to improve the LSTD exploration capabilities.

The proposed algorithm is a generalized ADP method that belongs
to the family of LSTD based enhanced exploration approaches. In
particular, the proposed algorithm integrates on-policy single trajectory
LSTD (Bertsekas, 2017), off-policy LSTD (Forootani et al., 2022a; Sutton
et al,, 2016; Forootani et al., 2022b), and multi-trajectory greedy
LSTD (Forootani et al., 2020b) approaches. A study on its sufficient
convergence properties is also provided.

To start with, let us fix a specific stationary policy u. Note that we
consider the fixed policy regardless of the finite or infinite time horizon.

Later in this Section, we include the policy improvements in our
proposed approach within Monte Carlo trajectories.

The family of LSTD based algorithms makes use of Monte Carlo sim-
ulations to take samples for cost function of a fixed policy for the MDP
at hand (see Bertsekas (2017, 2011a) for more details). Based on the
sampling algorithm these methods are generally divided into on-policy
and off-policy approaches (Sutton et al., 2016). The main challenge in
Monte Carlo simulation approach is to enhance the exploration of the
state space of the MDP, hence reaching better approximation. In this
regard we use the multi-trajectory Monte Carlo simulation method. By
doing so we are capable to visit more states and capture the nature of
the MDP at hand.

In particular, we generate Q simulated trajectories, the states of
a trajectory are generated according to the transition probabilities
Pyogw (u(x)), where y is the stationary policy under evaluation, the
transition cost is discounted by an additional factor « with each tran-
sition, and following each transition to a state x", the trajectory is
terminated when we reach to the maximum length L.

Once a trajectory is terminated, an initial state for the next tra-
jectory is chosen according to a fixed probability distribution e(0) =
(€41(0), ..., €(0), ..., €,2(0)), where

€,0(0) = Pr(x"(0)), (31)

and Pr(-) denotes any fixed probability distribution over the state space
X, and xV(0) the initial state.

Let the jth trajectory have the form (x%/(0), x*/(1), ..., x%/ (L)), j =
1,...,Q, where x”/ (0) is the initial state, and x"/ (L) is the state at which
the trajectory is completed. For each state x*/(l), / =0, ..., L — 1, of the
jth trajectory, the accumulative simulated cost by setting the terminal
cost function to its approximation ¢(x*/ (L)),rs is given by

-1
Aalr) =D ™ g (xP (1), (™ (1)) + a7 (x0 (L) 7, (32)
q=I
where @r, is the representation of cost function J at stage s under any
stationary policy y and we assume it is given.

In particular, once the cost function 4; ,(r,) is computed for all states
x%I (1) of the jth trajectory and for all trajectories j = 1, ..., Q, the vector
rey1 is obtained from r by a least-squares fit of these values

0 L-1 )

o =t i 323 (400 - )

j=11=0

(33)
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Fig. 2. State-Control pairs for the case of single machine, with time horizon 7 = 30 and replacement cost R = 4.
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Fig. 3. State-Control pairs for the case of single machine, with time horizon 7 = 30 and replacement cost R = 5.
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Fig. 4. State-Control pairs for M|, with time horizon 7" = 30 and replacement cost
R, =4 in one experiment.
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Fig. 5. State-Control pairs for M,, with time horizon 7 = 30 and replacement cost
R, = 6 in one experiment.

It is worth highlighting that we can view (33) as a policy evaluation
step in the policy iteration algorithm of the DP where r,; corresponds
to the new policy that is being evaluated and r, corresponds to the
old policy. We can write the solution of least-squares problem (33)
explicitly as

Pl = <§, LZI B(x" )b

j=11=0

-1 Q
(x() ) Zqu (x(D) Ay (ry)- 34

j=11=0

In the following, we provide more details about multi-trajectory
LSTD method.

To gain the insight regarding (33), let us utilize (5) and view F/*1J
as the vector of total discounted costs over a horizon of (/ + 1) stages
with the terminal cost function being J, and write one iteration of the
Bellman’s operator in the vector form

FJ=g+aPJ. (35

Indeed over a horizon with (/ + 1) stages and the terminal cost
function J, in vector form we have
i
FlHly = oI +1pi+lp 4 Zaqpqg’
q=0

., L—1. (36)

As a result equivalently, we can write

1
(P ) = E{aH' J(x"U+ D) + ) a%g(x", u(x"(9))) }

q=0
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1=0,...,L—1. 37)

Hence (Pl* Ly )(x”) can be seen as the expected value of (/ + 1)-stages
cost of the policy under evaluation starting at state x. Now consider
to replace the terminal cost function J with its approximate value,

ie. J~ (cbrs)(x”), then we have

!
(F@ry ) = E{a’“qﬁ(x“(l + D)7+ Y alg(x", ux () }

q=0

1=0,...,L—1. (38)

Comparing (38) with the right hand side of (32) follows that cost
sample 4, ,(r,) produced by the simulation earlier can be used to
estimate ( F/*! (dbrs))(x”) for all x” by Monte Carlo averaging. The final
estimation formula is

1

Z o 8(xva(l) = xv)

(r (@r, ))(x”) ~ Jim,

L

[
YY) = x) Ay (), (39)

j=11

Il
o

where for any event, we denote by 5(event) the indicator function of
the event.

Suppose we denote by 5, the probability of being at the state x”
after exploring the state space with Q trajectories each having the
length L, then by using the definition of the projection with respect
to this probability distribution, we can write

2
Fepp = arg m]}{r; Z Hyw (¢(x”)’r - (F‘L(dws))(xv)) . (40)
re xteX
From (39) and consistency of Monte Carlo simulation for policy
evaluation (Bertsekas and Tsitsiklis, 1995), the simulation based solu-
tion of above relation is in the form of

0 L-1
Fyy1 = arg min Z Z( (x()'r - Aj(rs )) (41

which is (33).

In order to solve the least-squares minimization problem for com-
puting r,, we note that by using (38) (which is the approximation of
(37)) and replacing into (40) we have

Fgp1 = arg min Z Mxv

reR?

! 2
x <¢<x”)’r - E{a’+1 S+ 1) ry+ Y alg (' ux(@)) }) :

q=0
(42)

and by taking gradient from above relation with respect to r, equiva-
lently we have

-1
Fopr = < > nxv¢<x“>¢(x”>’> (Z nxu¢(x”>(FL<¢rS))<x”)>. (43)

xveX xveX

In the following we try to find an operative implementation formula
for (43) by using simulations, therefore we replace r,,; by its estimated
one, computed via simulation, that, with some abuse of notation, we
still denote with r

Let #,» be the empirical relative frequency of state x” during the
simulation, given by

L-1
iy S(x™ () =x"). 44
T2

Note that 7, is the long-term occupancy probability of state x”
during the simulation process.
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If we replace (44) into (43), then the simulation-based estimate (34)
can be written as

0 L-1 -1
r5+1=<2 (x (D) p(x™ (1)) >

=1 1=0

L-1

Q —_
YDA D) Ay )

j=11=0

Q L- - Q L-1 )
< D Z (x”>¢<x”>’> DD S(x ) = x") Agyry)
xVeX j=1 1=0 xVeX j=1 1=0
-1
= oY ) . v
(xéX ) xveX Q
0 L-1 '
XY S (x ) = x) 4y )
j=11=0
T2 T 6 () = x")
= 7o PO p(x"Y - (")
<x”€X > XEX Q XL

5
Z o 8(x() = xv) (3 1%

If we define

S(x (1) =x") A, (r). (45)

L-1

1. ~§

A () = 8(x" (1) = x) Ay (ry),  (46)
Q z /—0 (xvvl(l) = x”) j=11=0 s
then finally have
-1
Fort = < ) ﬁxu¢<x”)¢(x">'> Y () Ag(ry). 47
xveX xveX

Since (F((brs) (x¥) = limy_ o, Ap(x*) and 7,0 = limy_, fi,c hence
we see that the iteration (43) and the simulation-based implementation
(47) asymptotically coincide. For a general discussion on the consis-
tency of Monte Carlo simulation for policy evaluation step see section
5.2 in Bertsekas and Tsitsiklis (1995).

In the following we provide some remarks that will be discussed in
the rest of the paper.

Remark 2. It is noticed that one can consider the length of each
trajectory different from another. In the sense that if we consider Q
trajectories then length of trajectory L; may differ from L;,,. In this
case we have

L-

J
) x/(l) =xY (48)
1=0

0
e = L1+L2+ +LQ2;

accordingly we can modify the rest of formulas for the new framework.

Remark 3. If O = 1 then the solution of the least-squares minimization
(33) will be single trajectory Monte Carlo simulation method and it is
considered as an on policy LSTD approach (see Bertsekas (2017) for
more details).

Remark 4. If Q > 1 and L = 1 then the multi-trajectory simula-
tions method is categorized as an off-policy LSTD or off-policy LSPE
approach, where the projection is with respect to the weighted sup-
norm corresponding to probability distribution of the initial state of
each trajectory (Bertsekas, 2017) (see (31)).

Remark 5. If 0 > 1 and L > 1 then the multi-trajectory simulations
method is categorized as an on-policy LSTD approach since the number
of visiting states within multiple trajectories are considerably greater
than the number of initial states of the trajectories.

Remark 6. If the probability distribution of selecting initial state
of the next trajectory i.e. ¢(0), was corresponding to the steady state
distribution of the policy under evaluation with the transition proba-
bility matrix P, then the method is simplified to the single trajectory
on-policy LSTD method.
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Remark 7. The least-squares minimization of the form (33) can run
into some practical issues: (i) collecting whole samples at once and
computing the new parameter vector r,, from r is susceptible to
simulation noise in optimistic policy iteration setting (see discussion
in Thiery and Scherrer (2010)); (i) for the MDPs with a large state
space and a large action space including policy improvement step in
policy iteration algorithm in the form of (33) is impractical since it
requires the collection of many samples between policy updates (see
section 6.3.5 in Bertsekas (2017)); (iii) in the case of large policy space
and practical size MDPs it is difficult to determine the base policy to
initialize the Monte Carlo simulation for collecting samples (Forootani
et al., 2020b), and finally (iv) implementation of (33) requires summa-
tion of whole trajectory (one-shot) which makes it difficult for real time
update of the parameter vector r, ;.

In the next section, we will discuss the convergence property of the
proposed generalized multi-trajectory LSTD approach in the extreme
case when the condition of Remark 4 holds. Moreover a modified
version of (33) will be presented which allows to integrate policy
improvement step within the Monte Carlo simulations and address the
susceptibility to simulation noise.

5. Discussion on the convergence of the generalized multi-trajec-
tory LSTD approach

The probability distribution in (31) to select the initial state of
each trajectory is important for the convergence of the proposed LSTD
algorithm, especially when the length of each trajectory is short. In
particular, the extreme case as mentioned in Remark 4 occurs when
we set the length of each trajectory equal to 1, i.e. L = 1. By doing so,
the generalized multi-trajectory LSTD method is categorized as an off
policy approach whereby sufficient condition is required to guarantee
its convergence. Indeed if the length of each trajectory is long the recur-
sive algorithm which computes estimated parameter vector r gradually
forgets its initial state that started the Monte Carlo simulation. In the
following, we consider the most critical case where the length of each
trajectory is L = 1 since the other cases are derived from this case,
hence providing the sufficient condition for its convergence covers the
rest.

Note that in this case FL' = F and the initial probability distribution
€, in (31) coincides with #,. defined in the previous section.

The policy that we consider within a trajectory is fixed, hence we
suppress in our notation the dependency of the transition probability
matrix P to control u. Therefore we say P to represent the whole
matrix.

Inspired by the work (Bertsekas and Yu, 2009), in this paper we
formally assume that the initial state of each trajectory is chosen based
on the probability distribution ¢ derived from the irreducible transition
probability matrix P which is defined as follows (Bertsekas, 2017)

P =( - BP + BD, (49)

where I is the identity matrix, B is a diagonal matrix with diagonal
components f; € [0, 1), and D is another transition probability matrix*
with the elements d ... In this framework, at state x", the next state x*
is generated with probability 1 — §; according to transition probabilities
P, and with probability f; according to transition probabilities
d,v,w. It is worth highlighting that a computer program is required to
generate state transitions based on 2. Moreover, the pair (x’, x**) with
d, v needs not correspond to physically plausible transitions. With this
choice the projection that we introduced in the LSTD method is based
on the following relation in the vector form

@&r = [TF(Pr), (50)

3 In our case, P is irreducible if P is.
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where
I =o@E0)" o' =, (51)

and = € R is the diagonal matrix, having e along its diagonal.
The following Lemma provides the sufficient condition to preserve
the convergence of ITF.

Lemma 3 (Forootani et al., 2022b). Assume that P is an irreducible state
transition probability matrix and that e is its unique steady-state probability
vector with positive components. Then, F and IT1F are contraction mappings
with respect to || - ||, and the associated modulus of contraction is at most
equal to @, where

a=a/\1-p, with ﬂ:._rrllax b (52)

Note that the relation f < 1 — a2 has to be fulfilled for ITF to be a
contraction mapping w.r.t. 0 < a < 1.

Since ITF is a contraction mapping w.r.t. ¢ and by exploiting the
assumption that @ has full rank y, it is easy to prove the following
lemma, which extends the Proposition 6.3.1 of Bertsekas (2017).

Lemma 4. Let the assumptions of Lemma 3 hold, and let the matrix & be
of full column rank y. Then, we have

”Jp - q>r”€ <1/(V1- aZ)‘

where r is the unique solution of the projected Bellman equation (50) and
Jy is the fixed point of the mapping F.

s (53)

€

h—ﬁh|

Proof. The fact that @ has full column rank y guarantees that the
unique fixed point of the operator ITF can be represented by a unique
parameter vector r. Moreover, we have

o7 = orl = Jr = 1+ |1~ r]

= ”JF - 1J, §+ ”ﬁrJF - ﬁr@r)uj

< | —I'IJF”§+(22”JF - or j (54)

where the first equality uses the Pythagorean theorem,* the second
equality holds because J is the fixed point of 7 and @r is the fixed
point of ITF, and the last inequality uses the contraction property of
ar. O

Unfortunately the computation of IT requires the matrix inversion
and multiplication with large size matrices, which is impractical for
large scale MDP problems. To tackle this practical issue, in the follow-
ing, we discuss the construction of simulation based approximations
to the projected @r = ITF(dr) and related convergence analysis. In
this regard, let us consider the iterative estimation of the parameter
vector r given by @r.,, = ITF(dr,). By expressing the projection as a
least-squares minimization, we see that r is given by

- ; 2
Fs41 = arg min |or — F(@ryll;, (55)
or equivalently

2
ron =argmin Y e, <¢(X”)’r— {sc uxn +a Y Px.v,w-¢<xw>’r.s}> :

xveX xveX
(56)

which is identical to (40) with L = 1. By setting the gradient of the
minimized expression above to 0 we have

-1
Fopl = < Z exl,v(;l)(xl’)(j)(xw)’)

xveX

4 It is noticed that from the Pythagorean theorem we have

o o] = 10, 0] + - -0
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Fig. 6. The basic simulation scheme.

x < Y et g6 u) +a Y, quxm(x“')’rs}). 7)

xveX xeX
In spite of considering a model-based method in this paper, the
approach can be extended to model-free cases by assuming that a
computer simulation can be employed to generate samples accord-
ing to the probability distribution e,, and the transition probability
P (Bertsekas, 2012, 2019).
In particular, such a simulator can generate the needed samples
along the Monte Carlo trajectories, that is to say, the sequence of states
{x”(O),x”(l), } and the sequence of state

{(x”(O),x“’(O)),(x”(l),x“’(l)),...}. In other words, we estimate the

transitions

above recursive equation by using its sampled version

s -1
Fopl = < ¢(x”(t))¢>(x”<z>)’)
0

1=

x (Z $(x'0) (8(x" @, mx @) + a¢(xW<r))’r,)>, 58)
t=0

which is the same as (45) for L = 1. The probabilistic mechanism in
(58) is subject to the following conditions:

1. The sequence {x”(O),x”(l),“.}
tribution e associated with P in (49), which defines projection

norm || - ||, in the sense that with probability 1,

is generated based on the dis-

N
lim ,Zé §(x"=x")/(s+ D =€w, Vx'€EX, (59)

where () denotes the indicator function.
2. The sequence {(x”(O), x%(0)), (x°(1), x**(1)), } is generated ac-

cording to stochastic matrix P with state transition probabilities
Pyoyw, that is

X
X 8(x() = xV, x () = x)
sll»ngo 25 6(x“(t) - x”)
1=0 -

Fig. 6 shows the basic simulation methodology which consists of
generating states {x"(0),x"(1), ... } according to the distribution ¢, and
a sequence of transitions { (x2€0), x(0)), (x¥(1), x**(1)) ;.

For the convergence analysis of the proposed algorithmic implemen-

tation, it is useful to express the least-squares minimization (55) in the
following form

=P, Vx'.x* € X.  (60)

rysy = arg min [|&r = (g + aPor)|I7. (61)

By setting to O the gradient with respect to r of the above quadratic
expression, we obtain the orthogonality condition

' E(Drg, — (g — aPdry)) =0, 62)
which yields

rsp1 =rs = G(Cry—y), (63)
where

C=0'Z(I-aP)b, y=d'Zg G=(d/Z0)" 64)
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We approximate the matrix C and vector y by

!
5

€= 16+ 1) Y o< 0) (#(x'0) - ad(x"()))

(65)
=0

and

yo=1/G+1) Y (x"(0)) g (x (), u(x“ (1)) (66)

t=0

where we estimate the probabilities e,, and P, by their empirical
frequencies in the Monte Carlo simulations as follows

o - z Yo 8(xv() = xV)

b(x")
§ = s+ 1

s S(x? — u’ w — W 4

ivex Yoo 8(xv() = xv)

and finally

= e:,x»¢<x”><¢<x”>—a )y ﬁ,,xl«vxu-rb(x“’)). (68)
xveX xveX

Similarly we can write

Vo= ) G (g, uxY). (69)

xveX

Since the empirical frequencies ¢, ,» and P, ... asymptotically con-
verge to the probabilities e, and P« respectively, we have with
probability 1, C; —» C and y, — y (Bertsekas, 2011b).

Considering the Assumptions 1 and 2, the following results guaran-
tee the convergence of the algorithm described above.

Lemma 5 (Forootani et al., 2022a). Matrix C is positive definite.

Lemma 6 (Forootani et al, 2022a). G~' = (@' E®)~! exists and it is
symmetric positive definite.

Theorem 7 (Forootani et al., 2022a). If matrix C is positive definite (but
not symmetric in general) then the following holds: (i) Eigenvalues of C have
positive real parts, (ii) det(G~'C) < 1, (iii) G~'C is positive definite, (iv)
I — G7'C has the eigenvalues strictly within unit circle.

Corollary 3. Since I — G~'C has the eigenvalues strictly within unit circle

as proven in Theorem 7, then the recursive iteration (63) or equivalently
(58) is convergent.

Note that the multi-trajectory LSTD approach proposed above is
scale free. Indeed let us define the set

A= {@rlreR"}. (70)
For any invertible m x m matrix @ such that @ = 76 then we have

A={PfIf eR}, (71)
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hence A can be represented as the span of a different set of basis
functions, and any vector @r € A can be written as ©f, where the
weight vector f is equal to Or. In addition, each row ¢(x)', i.e. the
feature vector of state x in the representation based on @, is equal
to w(x)'O, i.e. the linearly transformed feature vector of x in the
representation based on ¥. Consider to denote by C,4 and y, 4 the
matrix and the vector corresponding to feature matrix @ (see (65)
and (66)), and denote by C,y, and y,y the matrix and the vector
corresponding to feature matrix . It is straightforward to show that
Cip =0'C;y0 and y, = 0'y, . The following lemma proves that the
LSTD method is scale free.

Lemma 8. If @ = ¥0, then we have &r, =¥ f for all s.

Proof. It is easy to verify that

@r,=®(C,p) v, = ¥O(0'C,y0) '@ vy =¥ (Coyp) vow = V..
(72)

which proves that LSTD is scale free for all s. [

6. Solution to near singularity and policy improvement issues

In this section, we will discuss near singularity issues of matrix C,
and consider the policy improvement step within the Monte Carlo sim-
ulation trajectories. Moreover, we provide more details about feature
matrix selection.

6.1. Solution to near singularity of matrix C

In Lemma 5, we stated that the matrix C is invertible and positive
definite. However, this property may not hold for C, until a sufficient
number of samples in the Monte Carlo simulation are acquired for its
calculation. Near-singularity of C; can be due either to the columns of
@ being nearly linearly dependent or to the matrix £(I — aP) being
nearly singular (see (64)). To resolve this issue, a regularization term
is introduced. More specifically, in each iteration along the Monte
Carlo trajectory, we compute r, by solving the following least-squares
problem

mrin{ (yS—CSr),Z_l(yS—CSr)+0' lr—r ||2}. (73)
By setting the gradient of above function to 0, we have
re = (CZ7C o) (C 27y Hor),  s=1,...,0, 74)

where the quadratic term o||r — r,||> is known as a regularization term
(here, || - || denotes the L,-norm), and has the effect of biasing the
estimate r,,, towards the previous parameter vector estimation r,.
We consider the heuristic guess 7 for the parameter vector ry. It is
based on some intuition about the problem at hand. Moreover, the
matrix ¥ and the coefficient o are respectively positive definite and
positive (Hoffman et al., 2011). To see more discussion on the selection
of matrix X, we refer the reader to Bertsekas (2011b), and for an
empirical study, to Forootani et al. (2022a, 2020b).

The convergence of the iteration (74) follows from C; —» C, y, - y
(see Bertsekas (2011b)), and the following Lemma, the proof of which
can be found in Forootani et al. (2022a).

Lemma 9 (Forootani et al., 2022a). The recursive iteration (74) is conver-
gent.

6.2. Integrating the policy improvement

We can modify (57) in order to integrate the policy improvement
step within Monte Carlo simulations by using the results in Forootani
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et al. (2022a, 2020b) as follows:

reg1 1= arg{gﬁg 2 €
xveX

X <¢(x”> r— min { 8= ux)

xWeX

2
—a Y P uGNG(x) r, }> , (75)

by setting to 0 the gradient of above equation

-1
P = < D exv(;b(x”)d)(x")’)

xveX

X < Z exvqﬁ(x”)n}‘in { g(x”,/l(x”))

xveX

ta Y Pul)(d(x)'r,) }) (76)

xeX

this recursive iteration can be approximately written as

s -1
Fort = <Z ¢<x”<r>>¢<x”<r>>’>
1=0

x <Z O (867 ux" @) +a(d(x0) r,) }) 77)
t=0

where x}/(#) is selected based on the following control law

HEx"(s) 1= argnﬁn(g(x”(s),u(x”(s») + a¢(xz’<s))'rx>, Vs, (78)

in the other words, at the start of the iteration s, we have the current
parameter vector r,, we are at the state x(s), and we have chosen a
control p*(x¥(s — 1)).

6.3. Discussion on feature selection

In many other ADP algorithms based on linear cost-to-go approx-
imation architectures (such as Least-Squares Policy Iteration (Thiery
and Scherrer, 2010), Least-Squares Policy Evaluation (Bertsekas, 2017),
LSTD (Sutton et al., 2016), etc.), the feature vectors enter into the
algorithm as outer products of the form ¢(x?)p(x*) (see Eq. (58)). This
approach works well when the number of features is small, but if it is
desirable to use a large number of features, difficulties are encountered
since computing the outer product becomes computationally expensive.

One possible solution is to exploit the graph structure of the state
space of the MDPs to select the feature matrix. In particular, e.g. for
a fixed policy, the state transition dynamics of the MDP are described
by a Markov chain, where each state x is represented as a node in the
graph and is connected to states that are reachable from x" in one step
with positive probability. In this regard one can define a feature matrix
based on the graph which measures the number of steps necessary
to move from one state to another. To clarify, consider the following
feature matrix

I = () = Y Prowd(x), 79)
xWeX

where 9(x") represents a new feature mapping that accounts for the
structure of the MDP dynamics. More specifically, it demonstrates a
combination of the features at state x” and all states x* that can be
reached in one step from x’. The following Lemma states an important
property of the new feature mapping and proves that the set of vectors
{9(xV)|x" € X} are linearly independent.
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Lemma 10. Assume the feature matrix @ is full column rank. Then the
vectors {9(xV)|xV € X}, where 9(x¥) = ¢p(x¥) — a waex Prowd(x?), are
also linearly independent.

Proof. Consider the real vector space Y spanned by the vectors
{p(xY)|x¥ € X}. It is evident that 9(x") is a linear combination of vectors
in Y, so a linear operator B that maps ¢(x") to 9(x") can be defined

I(x") = Bp(x"). (80)

Since

I =) = Y Prowd(x), (81)
xex

the matrix of B is (I — aP), where I is the identity matrix and P
is the probability transition matrix for the fixed policy. Since P is a
stochastic matrix, its largest eigenvalue is 1 and all other eigenvalues
have absolute value less than 1; thus all the eigenvalues of aP have
absolute value less than or equal to a« < 1. Since all eigenvalues of I
are equal to 1, (I — aP) is full rank and dim(ker(B)) = 0. Hence,

dim({9Gx")|x” € X }) = dim({p(x")|x" € X}), (82)
so the vectors {9(x")|x” € X'} are linearly independent. []

By exploiting the graph structure of an MDP as the future work, we
plan to develop a new family of algorithms similar in spirit to Bellman
residual methods (Antos et al., 2008). Note that Bellman residual
approaches attempt to minimize the error incurred in solving Bellman’s
equation at a set of sample states. However, in our future work by
exploiting kernel-based regression techniques with non-degenerate ker-
nel functions as the underlying cost function ADP architecture, our
algorithms are able to construct cost function for which the Bellman
residuals are explicitly forced to zero at the sample stats. The fol-
lowing remark summarizes our main goal for employing kernel-based
regression in the future work.

Remark 8. By using kernel-based regression techniques, our algo-
rithms will compute only inner products of the feature vectors, which
can be computed efficiently using kernels even when the effective
number of features is very large or even infinite. Thus, our future
approach can allow the use of very high-dimensional feature vectors
in a computationally tractable way.

7. Practical algorithm for generalized multi-trajectory LSTD

In the previous sections, we introduced multi-trajectories and its
various forms in the LSTD-ADP framework. We also discussed the
solution to near singularity of matrix C, at the beginning of the Monte
Carlo simulation. Finally, we considered policy improvement within
Monte Carlo simulation. In this section, we integrate all the previous
steps in one framework to provide a general simulation algorithm as
follows for the generalized multi-trajectory LSTD approach.

1. Choose the number of trajectories O and their length L, set j = 1
and / =0,

2. Initialize the vector r, = 7, the initial state x*!(0), the matrix
C, =0, the vector y, =0, and index s = 0.

3. While j <0, e {l,...,0}:

« While/<L,Ie€{0,1,...,L}:
e Sets«—s+1
» For each u € U(x%/ (1)) do:

— From the current state x”/(I), generate a candidate
next state x2/(/ + 1) by Monte Carlo simulation and
by applying the admissible control u based on the
transition probability matrix P(u)

— Compute the corresponding feature vector q&(xi(l))
and the reward of the current state g(x"/(1), ())
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- Calculate the matrix C,(u)

1 1 v,j v,j v,j !
Cyw) = (1= —=)Co 4 7 b(x ’f(l))(qb(x ’f(l))—ada(xu’f(l+l)))
(83)

- Calculate the vector y,

()8 (5" 1))

1
ysw) = (1 - m)ys_l + P

(84)
- Compute the candidate parameter r (u) as follows

r@) = (ClW="'Cwy+ o)™ (ClW="y,w) +or,_,)
(85)

Choose the pair (r (@), x;’j (I + 1)) and the related greedy
control i by

arg
rsu),xy! (14+1)

min<g(x”~f(1), W) +ag (x2/(1+1)) ’rs(u)) (86)

Set C; « C (@), x*(I+1) « x;’j(l+ 1), rg < ry@), | < 1+1
Setj« j+1,
Generate the new initial state x*/(0) from x%/(I — 1) based
on P in (49).

We can note that the sample computational complexity in the
proposed multi-trajectory LSTD algorithm mainly depends on matrix
inversion operations. In particular, we need to perform a y Xy matrix in-
version (y is the number of features) in order to compute the candidate
parameter vector r (u) for each admissible action u in the current state
x% (1), see (85). Such matrix inversion operation has a computational
cost of O(y?), which can be reduced to O(y?) by using the Sherman—
Morrison formula (Dann et al., 2014). The algorithmic complexity
along with its convergence rate determines the computational resources
needed for evaluating the estimated parameter vector 7 from the
parameter vector values r,, the latter recursively calculated through the
proposed algorithm iterations.

It is known that, for linear function approximation, the convergence
of LSTD-based methods is guaranteed if the states are sampled accord-
ing to the underlying system dynamics (Bertsekas, 2011b). As discussed
in Section 5 and numerically verified in the next one, the asymptotic
convergence rate of the LSTD based methods is not influenced by the
choice of LSTD input parameters (such as ¥ and o, provided that
the matrix X is symmetric positive definite Bertsekas, 2011b; Yu and
Bertsekas, 2009; Nedi¢ and Bertsekas, 2003), but it is influenced by the
state sampling mechanism itself (Bertsekas, 2011b). This means that
the convergence rate of the classical single-trajectory LSTD algorithm
(where the cost of a specific policy is evaluated, see Bertsekas (2012))
is expected to be different from the one of the proposed multi-trajectory
LSTD algorithm (where the policy under evaluation is renewed at each
iteration, see (86)): the two state sampling mechanisms, even though
based on the underlying system dynamics, are different. Thus, the
convergence rate of the multi-trajectory LSTD algorithm is expected to
be slower than the one of the single trajectory LSTD. On the other hand,
besides the feature matrix, two critical parameters are the number of
trajectories Q and their length L. As also shown in the next Section,
they can influence both the quality of the value function approximation
and the convergence rate of the algorithm.

8. Numerical simulation

In this section, we provide some examples to illustrate the effec-
tiveness of the proposed approach for machine replacement problems.
A MATLAB-based application has been developed to construct the
system state space, to define the state transition probability matrix
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concerning the machine replacement, to solve the optimization problem
via both the exact DP and the proposed generalized multi-trajectory
LSTD algorithm (in short, ADP algorithm in this Section), as well as to
perform Monte Carlo simulations for evaluating the computed policies.
To do this, such application takes as input parameters and all the data
necessary to set up the MDP formulation and the related stochastic DP
framework (e.g., the operating cost per stage, the replacement cost, and
the finite time horizon).

For all the simulation examples, we considered the following oper-
ating cost per stage

¢;(x;) = 0.1+ 0.9¢"3, (87)
while the transition probabilities are defined as

1
pxlv)"xw’ (ui) (88)

N,‘(x,?' ,U;) .
It is quite simple to verify that (88) satisfies the condition (PXU,HXW, 0)—
PX:J, Ny (0)) > 0, which implies that there is a higher proBabiiity of

. )i . . i+1
ending at a worse state xl'." if we start at the less operational state x'*".

i
In this paper, for each state xV = (x',x}2, ... ,xom), we define the
following components of the feature vector (note that, in our case,
y=m)

Y pap—

——T— i= 1,2,...
1+e% 3

,m, (89)
where xl.U’ is the state of each machine.

This paper does not address the construction of the feature func-
tions, which is indeed an important research area, see Bertsekas and
Yu (2009), Busoniu et al. (2011) and Barker and Ras (2019). A limited
number of well-crafted feature functions can capture the dominant
non-linearities of cost functions for complex systems, and thus their
linear combination can work well as an approximation architecture,
see Bertsekas (2017) and Busoniu et al. (2011).

The cost function approximation J* = &7* of the machine replace-
ment problem is used over the finite time horizon 7. More specifically,
we can calculate the (stationary) approximate optimal policy i*(-) by
replacing J* as the terminal cost function in the Bellman optimality
operator
~% v H v / W 3%

A7 (x") = arg min | g(x ’u)+ax"-ze:X P () (xO)F* | (90)

It is also worth highlighting that all the policies computed in this
section (i.e., both via the exact DP and the proposed LSTD algorithm) as
well as the heuristics/non-optimal policies have been tested and com-
pared each other via Monte Carlo simulations with initial conditions
randomly generated for each experiment. All the algorithms used for
policy computations and their subsequent testing have been run by
using a laptop equipped with a 2 GHz Quad-Core Intel Core i5 processor
and 16 GB RAM.

Example 8.1. Consider the machine replacement problem M with
m = 3 machines and 2 = 6. The total number of states is 6°. The
operating cost per stage of each machine is shown in Fig. 7, which
satisfies the non-decreasing property of c(x;), see (10). We performed
the exact DP algorithm and saved its results. Then, by considering a set
of 100 experiments with T = 30, we compared the expected cumulative
costs resulted from the exact DP algorithm with the following four
non-optimal policies/heuristics:

» Non-optimal policy (i): choosing a machine based on a round
robin policy, i.e., sequentially replacing machines regardless of
their operating status.

» Non-optimal policy (ii): choosing one or two machines randomly
to replace among them.

» Non-optimal policy (iii): sequentially replacing machines choos-
ing the one with the worst operating status.
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Fig. 7. Non-decreasing behavior of the cost-per stage (87).
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Fig. 8. Comparison of the exact DP with the non-optimal policies in Example 8.1.

» Non-optimal policy (iv): a machine is replaced only if all ma-
chines in worse states are replaced (worse cluster replacement
rule, see Childress and Durango-Cohen (2005)).

The results of the comparison between the exact DP and such
non-optimal polices is shown in Fig. 8. It is evident that the exact
DP policy outperforms the other non-optimal policies and achieves
minimum expected total cost. Fig. 9 shows the number of replaced
machines when applying the exact DP policy together with the ones
corresponding to the above non-optimal policies/heuristics. It can be
noticed that the exact DP policy tends to replace fewer machines than
all the non-optimal policies, with the exception of policies (i) and (iii)
which replace a fixed number of machines in each experiment. Fig. 10
displays the total costs over 100 experiments of the exact DP policies
computed with two different replacement costs R, = 7 and R, = 9.
This way, one can assess the impact of the replacement costs on the
resulting total costs, which are higher in case of machine replacement
problems with higher replacement costs.

Finally, Figs. 11 and 12 compare the results of our proposed LSTD-
based approach with the exact DP by computing, respectively, the
total cost and the total number of replacements over 100 experiments.
As expected, the exact DP provides better performance results, also
achieved with fewer replacement operations. The computational time
required to determine the exact DP policy was 989 s, while it took 413 s
to compute the parameter vector #* in case of the proposed LSTD-based
algorithm (both Q and L were set to 10).
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Fig. 9. Number of replacements with the exact DP approach and the non-optimal
policies in Example 8.1.
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Fig. 11. Comparison of the exact DP with ADP in Example 8.1.

Example 8.2. Consider the machine replacement with m = 6 machines
and @ = 10 operating states. Being | X| = 10°, the problem suffers from
the curse of dimensionality in the state space. Thus, we applied our
proposed ADP method for the following different scenarios:

1. We executed the proposed algorithm 10 times, with Q = 1 and
L = 10000 in each run. Moreover, we applied the same values
for the parameters X, ¢, and 7. and performed the Monte Carlo
simulations for a set of experiments to compute the estimated

parameter vector 7/ from the parameter vector values r, re-
cursively calculated over the ADP algorithm iterations. In this
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Fig. 12. Number of replacements with the exact DP and the ADP in Example 8.1.
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Fig. 16. Computed Norm-2 of the vector r, as in (4) in Example 8.2.

regard, norm-2 of the parameter vectors r, is plotted in Fig. 13.
As we can see, all the curves converge to very close Norm-
2 values. By taking the average of these results, we obtained
7 = [131.6388, 127.3602, 131.8741, 46.7978, 46.8144, 48.1488]'.
The computational time required to determine the parameter
vector 7 for this scenario was 112478 s.

2. In the second scenario, we used the same setup as (1), with the
exception of running the Monte Carlo simulations with different
values of X, ¢ and 7. The outcome of this computation for a set
of 10 algorithm executions is shown Fig. 14. The averaged value
of the parameter vector is 7 = [127.4561, 124.7104, 139.655,
46.9587, 46.9683, 49.8320]'. As expected, the resulting parame-
ter vector is quite close to the one computed in the previous
scenario. The computational time required to determine the pa-
rameter vector #* was almost the same as the previous scenario
since a similar set-up was used.

3. In the third scenario, we considered Q = 200 and L = 1. We
performed 10 algorithm executions with different values of X, ¢
and 7. The outcome of this scenario is shown in Fig. 15. The aver-
aged value of the parameter vector is 7 = [238.35, 234.2, 180.7,
211.6, 177.02, 170.02). As expected, the computed parameter
vector is different from the ones computed in the two previous
scenarios. The computational time required to determine the
parameter vector 7 for this scenario was 1329 s.

4. In the fourth scenario, we considered Q = 200 and L = 100.
We performed 10 executions of the proposed algorithm with
different values of X, ¢ and 7. The outcome of this scenario is
shown in Fig. 16. The averaged value of the parameter vector
is 7 = [135.47, 132.86, 128.13, 48.07, 48.05, 48.61]'. Again, due
to a different choice of the algorithm parameters, we obtained
a different parameter value. The computational time required to
determine the parameter vector 7 for this scenario was 50499 s.

The main goal of Example 8.2 is to verify the convergence of the
proposed multi-trajectory LSTD algorithm (when applied to machine
replacement problems) and assess its parametric sensitivity. In partic-
ular, we considered different number of trajectories O with different
lengths L. The obtained parameter vectors 7 are quite similar for the
cases 1, 2, and 4, where trajectory lengths are sufficiently large to allow
the algorithm to explore the state space over a given trajectory. As for
case 3, the trajectory length is set to 1, and this results in a different
value of the parameter vector #* since the algorithm performs only
one step along a given trajectory. In conclusion, Q and L influence
both the quality of the computed value function approximation and the
convergence rate of the proposed multi-trajectories LSTD algorithm

In the next example, we modify the feature matrix in order to
perform the generalized multi-trajectory LSTD by applying the result
of Lemma 10 on the Machine Replacement problem.
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Fig. 17. Computed Norm-2 of the vector r, for the feature matrix corresponding
Lemma 10 in Example 8.3.

Example 8.3. Consider the machine replacement problem of Exam-
ple 8.2 with the feature matrix resulted from Lemma 10.

The implementation of the our ADP algorithm with the feature
vectors in the form of §(x) = B¢(x) has slower convergence speed
compared to the previous feature vectors ¢(x). This comes from the fact
that the feature vector §(x) requires the generation of the transition
probabilities P, (1), which have to be computed along the Monte
Carlo simulation trajectories. In particular, we also considered the
policy improvement step as explained in Section 6.2, which makes the
simulation speed slower.

In Fig. 17, norm-2 of the resulting parameter vector r is shown. In
particular, we considered the case of Q = 800 trajectories with length
L =1, and run the proposed ADP algorithm 10 times. As we can see, all
the curves converge to very close Norm-2 values. By taking the average
of these results, we obtained 7 = [37.58, 37.26, 36.02, 25.53, 24.05,
12.93]'. The computational time for this example was 5124 s.

As expected, the computed parameter vector based on Lemma 10
has different values compared to the parameter vector of Example 8.2.

Example 8.4. Consider the machine replacement problem with m =5
machines and 2 = 10 operating states. The total number of states is
10°. We performed our proposed ADP approach for the case of L = 1
and O > 1 to compute the associated parameter vector r. We made
use of the feature matrix of the form (89). The computed parameter
vector with this setting is # = [178.5, 179.6, 180.2, 181.2, 184.8].
We considered a set of 100 experiments each having a length of 7' =
50, and by using (90), we compared the result of our ADP approach
with the non-optimal policies defined in Example 8.1. The outcome
of this comparison is shown in Figs. 18 and 19. As shown in Fig. 18,
the ADP approach has lower cumulative costs compared to the other
non-optimal policies over the 100 experiments, and replaces fewer
machines to reach such lower total cost with the exception of the non-
optimal policies (i) and (iii), see Fig. 19. The computational time for
this example was 4051 seconds. Finally, it was not possible to solve
the machine replacement problem of this example via the exact DP
approach in a reasonable time.

9. Conclusion

This paper has presented an approach to formulate the replacement
problem of a set of machines as a composition of Markov Decision Pro-
cesses (MDPs), one for each specific machine. The underlying stochastic
optimization problem has been defined and solved over a finite time
horizon by exploiting the principles of the backward Dynamic Program-
ming (DP) algorithm. This way, a minimum operational cost policy can
be determined, specifying the “keep” or the “replace” actions for all the
machines, at each time slot, over the given finite time horizon.
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in Example 8.4.

We have also introduced the generalized multi-trajectory Least-
Squares Temporal Difference (LSTD) algorithm to solve machine re-
placement problems featured by a large state space. This algorithm
computes an approximate optimal cost function by running Monte
Carlo simulations over different trajectories of a given length and
enforcing an off-policy mechanism to improve the LSTD exploration
capabilities. A study on its convergence properties has also been pro-
vided. Several numerical examples have been reported to illustrate the
effectiveness of the proposed modeling and solution approaches.

As for future work, we plan to model and solve machine replace-
ment problems featured by a set of operational constraints, also ex-
pressing a higher level of interdependence among the machines. The
analytical formulation of the problem can take the form of a compo-
sition of Constrained Markov Decision Processes (CMDPs) with more
complex cost per stage function definitions. Inspired by the avail-
able literature, preventive and corrective maintenance can also be
integrated into the MDP formulation. In this paper, the states are as-
sumed to be fully observed. Finally, the assumption of fully observable
states can be removed to deal with the interesting case of machine
replacement problems with hidden states.
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